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(57) Abstract: Examples of the disclosure describe systems and methods for decomposing and
sharing 3D models. In an example method, a first version of a virtual three-dimensional model
is displayed via a display of a wearable head device. A request is made to a host device for data
associated with a second version of the virtual three-dimensional model, wherein the second
version of the virtual three-dimensional model comprises a constituent part. It is determined
whether the first version of the virtual three-dimensional model comprises the constituent part.
In accordance with a determination that the first version of the virtual three-dimensional model
does not comprise the constituent part, a request is made to the host device for data associat-
ed with the constituent part. The second version of the virtual three-dimensional model is dis-
played, via the display of the wearable head device. In accordance with a determination that the
first version of the virtual three-dimensional model comprises the constituent part, a request is
not made to the host device for data associated with the constituent part.
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METHODS AND SYSTEMS FOR THREE-DIMENSIONAL MODEL SHARING

CROSS-REFERENCE TO RELATED APPLICATION

i1} This application claims priority to U.S. Provisional Application No. 62/735,675,
filed on September 24, 2018, the contents of which are incorporated by reference herein in

their entirety.
FIELD

2 The present disclosure relates to sharing three-dimensional models between two or

more computing systems, mehuding mixed reality, imaging and visualization systems.
BACKGROUND

131 Modemn computing and display technologics have facilitated the development of
systems for so called “virtual reality,” “avgmented reality,” and “mixed reality” experiences,
wherein digitally reproduced images are presented to a user in a manner such that they seem
to be, or may be perceived as, real. A virtual reality (VR) scenario typically involves
presentation of computer-generated virtual image information without transparency to other
actual real-world visual input. Ae asgmented reality (AR} scenario typically mvolves
presentation of virtual image information as an augmentation to visualization of the actual
world around the user. Mixed reality (MR) 15 a type of augmented reality in which physical
and virtual objects may co-exist and interact in real time. Systems and methods disclosed

herein address vartous challenges related to VR, AR and MR technology.
SUMMARY

i4} Examples of the disclosure describe systems and methods for decomposing and
sharing 3D models. In an example method, a first version of a virtual three-dimensional
maodel 15 displaved via a display of a wearable head device. A request s made to a host
device for data associated with a second version of the virtual three-dimensional model,
wherein the second version of the virtual three-dimensional model comprises a constituent
part. 1t is determined whether the first version of the virtual three-dimensional model

comprises the constituent part. n accordance with a determination that the first version of

the virtual three-dimensional model does not comprise the constitugnt part, a request 1s made
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to the host device for data associated with the constituent part. The second version of the
virtual three-dimensional model is displaved, via the display of the wearable head device. In
accordance with a determination that the first version of the virtual three~-dimensional model
comprises the constituent part, a request is not made to the host device for data associated

with the constituent part.
BRIEF DESCRIPTION OF THE DRAWINGS

I8 Details of one or more implementations of the subject matter described in thig
specification are set forth in the accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from the description, the drawings,

and the claims.

{6} FIG. 1 depicts an illustration of a mixed reality scenario with certain virtual reality

objects, and certain physical objects viewed by a person.

174 FIG. 2 schematically iHustrates an example of a wearable system.
{8} FIG. 3 schematically iHustrates example components of a wearable system.
{9} FIG. 4 schematically thustrates an example of a waveguide stack of a wearable

device for outputting image information to a user.

{16 FIG. 5 is a process flow diagram of an example of a method for mteracting with a
virtual user interface.

11} FIG. 6A is a block diagram of another example of a wearable system which can

comprise an avatar processing and rendering system.

{12} FIG. 6B illustrates example components of an avatar processing and rendering
system
{13} FIG. 7 1s a block diagram of an example of a wearable system including vanious

mpuis into the wearable system.

{14} FIG. 8 is a process flow diagram of an example of a2 method of rendering virtual

content m relation to recognized objects.

[15] FIG. 9 schematically illustrates an overall system view depicting multiple

wearable systems interacting with cach other.

S



WO 2020/068878 PCT/US2019/052798

{16} FIG. 10 hustrates an example process of sharing 3D assets using the system and
methods described herein,

{17} FIG. 11 illustrates an example 3D model sharing system configoration for sharing
3D assets using the svstem and methods deseribed herein.

{18} FIG. 17 illustrates an example 3D model sharing process between a server and

chient using the system and methods described herein.

[19] FIG. 13 illustrates an example 3D model sharing system configuration for sharing

3D asscts using the svstem and methods deseribed herein.

{26 FIG. 14 illustrates an example process for decomposing a full 3D model using the
system and methods described herein.
21} FIG. 15 dhustrates an example full 3D model using the system and methods

described herem.

122} FIG. 16 iliustrates an example set of libraries utilized in a 3D model sharing
application {o store constituent parts of a 3D model using the svsten and methods described

herein.
123} FIG. 17 illustrates an example process for recomposing a full 3D model from its
constituent parts using the svstem and methods described heren.

124} FIG. 18 iHlustrates an example full 3D mode! using the system and methods

described herein.

125} FlGs. 19A-19C illustrate an example mixed reality environment,
{26} Throughout the drawings, reference numbers may be re-used to indicate

corrgspondence between referenced elements. The drawings are provided to llustrate

example embodiments described herein and are not intended to limit the scope of the

disclosure.
DETAILED DESCRIPTION
127} Mixed Reality Environment
{28] Like all people, a user of a mixed reality system exists in a real environment —

that s, a three-dimensional portion of the “real world,” and all of i#ts contents, that are

perceptible by the user. For example, a user perceives a real environment gsing ong’s

Ly
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ordinary hwman senses — sight, sound, touch, taste, smell — and interacts with the real
environment by moving one’s own body in the real environment. Locations in a real
envirtonment can be described as coordinates in a coordinate space; for example, a coordinate
can comprise latitude, longitude, and elevation with respect to sea level; distances in three
orthogonal dimensions from a reference point; or other suitable vahies. Likewise, a vector

can describe a quantity having a direction and a magnitude m the coordinate space.

{29} A computing device can maintain, for example 1n a memory associated with the
device, a representation of a virtual environment. As used herein, a virtual cnvironment is a
computational representation of a three~-dimensional space. A virtual environment can
mclude representations of any object, action, signal, parameter, coordinate, vector, or other
characteristic associated with that space. In some examples, circuitry (¢.g., a processor of a
computing device can maintain and update a state of a virtual environment; that is, a
processor can deternune at a first time ¢80, based on data associated with the virtual
enviromment and/or input provided by a user, a state of the virteal environment at a second
time 7/. For instance, if an object in the virtual environment 1s located at a first coordinate at
time 10, and has certain programmed phyvsical paramcters {¢.g., mass, coefficient of friction);
and an mmput received from user indicates that a force should be apphied to the objectina
direction vector; the processor can apply laws of kinematics to determine a location of the
object at ime ¢/ using basic mechanics. The processor can usc any suitable information
known about the virtual environment, and/or anv suitable mpui {¢.g., real world parameters),
to determine a state of the virtual environment at a time #/. In maintaining and updating a
state of a virtual environment, the processor can execute any suitable software, including
software relating to the creation and deletion of virtual objects in the virtual environment;
software (e.g., scripts} for defining behavior of virtual objects or characters in the virtual
environment; software for defining the behavior of signals (e.g.. audio signals} in the virtual
cnvironment; software for creating and updating paramcters associated with the virtual
environment; software for generating andio signals in the virtual environment; software for
handling input and output; software for implementing network operations; software for
applying asset data {¢.g , animation data to move a virtual shiect over time); or many other
possibiitics.

{30 Output devices, such as a display or a speaker, can present any or all aspects of a
virtual environment to a user. For example, a virtual environment may include virtual objects

{which may include representations of manimate objects; people; animals; lights; etc.) that
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may be presented 1o 3 user. A processor can determing a view of the virtual environment (for
cxample, corresponding to a “camera” with an origin coordinate, a view axis, and a frastum});
and render, to a display, a viewable scene of the virtual environment corresponding to that
view. Any suitable rendering technology may be used for this purpose. In some examples,
the viewable scene may inclade only some virtual objects in the virtual environment, and
exclude certain other virtual objects. Sumilarly, a virtual environment may include andio
aspects that may be presented to a user as one or more audio signals. For instance, a virtual
obiect in the virtual environment may gencrate a sound originating from a location coordinate
of the object {e.g., a virtual character may speak or cause a sound effect); or the virtual
environment may be associated with musical cues or ambient sounds that may or may not be
assoctated with a particular location. A processor can determine an audio signal
corrgsponding to a “histener” coordinate — for instance, an audio signal corresponding to a
composite of sounds in the virtual environment, and mixed and processed to simulate an
audio signal that would be heard by a histener at the histener coordinate — and present the

audio signal to a user via one or more speakers.

{31} Because a virtual environment exists only as a computational structure, a user
cannot directly perceive a virtual environment using one’s ordinary senses. Instead, a user
can perceive a virtual environment only indirectly, as presented to the user, for example by a
display, speakers, haptic output devices, etc. Similardy, a user cannot directly touch,
manipuiate, or otherwise mteract with a virtual environment; but can provide mput data, via
mput devices or sensors, to a processor that can use the device or sensor data to update the
virtual environment. For example, a camera sensor can provide optical data indicating that a
user is trying to move an object in a virtual environment, and a processor can use that data o

cause the object to respond accordingly i the virtual environment,

{32} A muxed reality system can present 1o the user, for example using a transmissive
display and/or one or more speakers (which may, for example, be incorporated nto a
wearable head device), a mixed reality ("MR”) environment that combines aspects of a real
environment and a virtual environment. In some embodiments, the one or more speakers
may be external to the head-mounted wearable unit. As used herein, an MR environment is a
simultaneous representation of a real environment and a corresponding virtnal envivonment.
In some examples, the corresponding real and virtual environments share a single coordinate
space; in some examples, a real coordinate space and one or more corresponding virtual

coordinate spaces are related to each other by one or more transformation matrices (or other

L
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suitable representation). Accordingly, in some embodiments, a single coordinate {along with,
m some examples, a transformation matrix) can define a first location m the real
environment, and also a second, corresponding, location m the virfual environment; and vice

versd.

{334 in an MR environment, a virtual object {¢.g., in a virtual environment associated
with the MR environment) can correspond to a real object {(¢.g., in a real environment
associated with the MR environment). For instance, if the real environment of an MR
environment comprises a real lamp post (a real object) at a location coordinate, the virtual
environment of the MR environment may comprise a corresponding vittual lamp post (a
virtual obiect} at a corresponding location coordinate. As used herein, the real object in
combination with its corresponding virtual object together constitute a “mixed reality object.”
It is not necessary for a virtual object to perfectly match or align with a corresponding real
object. In some examples, a virtual object can be a simplified version of a corresponding real
object. Forinstance, if a real enviromment inclodes a real lamp post, a corresponding virtual
object may comprise a cylinder of roughly the same height and radius as the real lamp post
(reflecting that lamp posts may be roughly cylindrical 1o shape). Staplifying virtual objects
m this manner can allow computational efficiencies, and can simplify calculations to be
performed on such virtual objects. Further, in some examples of an MR environment, not all
real objects in a real environment may be associated with a corresponding virtual object.
Likewise, in some examples of an MR environment, not all virtual objects in a virtual
environment may be associated with a corresponding real object. That is, some virtual
objects may solely in a virtual environment of an MR environment, without any real-world
counterpart. In some examples, not all real objects mayv be associated with a corresponding

real object.

134} In some cxamples, virtual objects may have charactenstics that differ, sometimces
drastically, from those of corresponding real objects. For instance, while a real environment
i an MR environment may comprise a green, two-armed cactus — a prickly inanimate
object — a corresponding virtual object in the MR environment may have the characteristics
of a green, two-armed virtual character with human facial features and a surly demeanor. In
this example, the virtual object resembles its corresponding real object in certain
characteristics {color, number of arms); but differs from the real object in other characteristics
{facial foatures, personality). In this way, virtual objects have the potential {o represent real

objects m a creative, abstract, exaggerated, or fanciful manner; or {o impart behaviors (e.g.,

5
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human personalities) to otherwise inanimate real objects. In some examples, virtual objects
may be purely fanciful creations with no real-world counterpart {e.g., a virtual monster in a
virtual environment, perhaps at a location corresponding {0 an empty space in a real

environment}.

135§ Compared to VR svstems, which present the user with a virtual environment while
obscuring the real environment, a nuixed reality svstem presenting an MR environment
affords the advantage that the real environment remaing perceptible while the virtual
enviromment is presented.  Accordingly, the user of the mixed reality system is able to use
visual and audio cues associated with the real environment to experience and interact with the
corrgsponding virtual environment. As an example, while a user of VR systems may struggle
o perceive or wnteract with a virtual object displayed in a virtual environment — because, as
noted above, a user cannot directly percetve or interact with a virtual environment — a user
of an MR gystem may find 1t mtuitive and natural to mieract with a virtual object by seeing,
hearing, and toaching a corresponding real object in his or her own real environment. This
level of interactivity can heighten a user’s feelings of immersion, connection, and
engagement with a virtual environment. Sinularty, by simultancously presenting a real
environment and a virtual environment, mixed reality systems can reduce negative
peychological feclings (e g, cogritive dissonance)} and negative physical feglings (e.g.,
motion sickness) associated with VR systoems. Mixed reality systems further offer many

possibilities for applications that may augment or alter our experiences of the real world.

{36} FIG. 19A illustrates an example real environment 1900 in which a user 1910 uses
a nuxed reality svstem 1912, Mixed reality systern 1912 may comprise a displav {e.g., a
transmissive display) and one or more speakers, and one or more sensors {(e.g., a camera), for
example as described below. The real environment 1900 shown comprises a rectangular
room 1904A, in which user 1910 is standing; and real objects 19224 (a lamp), 1924A (a
table), 1926A (a sofa), and 1928A (a painting). Room 1904 A further comprises a location
coordinate 1906, which may be considered an origin of the real environment 1900. As shown
m FIG. 19A, an environment/world coordinate system 1908 (comprising an x-axig 1908X a
v-axis 1908Y, and a z-axis 19087) with its origin at point 1906 (a world coordiate), can
define a coordinate space for real environment 1900, In some embodiments, the origin point
1906 of the environment/world coordinate system 1908 may correspond to where the mixed
reality system 1917 was powered on. {n some crobodiments, the onigin point 1906 of the

environment/world coordinate system 1908 may be reset during operation. In some

~3
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examples, user 1910 may be considered a real object in real environment 1900; similarly,
user 1910°s body parts {c.g., hands, foct) may be considered real objects in real environment
1900. In some examples, a user/listener/head coordinate system 1914 {comprising an x-axis
1914X, ay-axis 1914Y, and a z-axis 19147} with its origin at point 1915 (e g,
user/listener/head coordinate) can define a coordinate space for the user/histener/head on
which the mixed reality system 1912 is Jocated. The origin point 1915 of the
user/listener/head coordinate system 1914 mav be defined relative to one or more
components of the mixed reality system 1912, For example, the origin point 19135 of the
pser/listener/head coordinate system 1914 may be defined relative to the display of the mixed
reality system 1912 such as during nitial calibration of the mixed reality system 1912, A
matrix {(which may include a translation matrix and a Quatemion matrix or other rotation
matrix}, or other suitable representation can characterize a transformation between the
user/histencr/head coordinate svstem 1914 space and the environment/world coordinate
system 1908 space. In some embodiments, a left ear coordinate 1916 and a night car
coordimate 1917 may be defined relative to the ongim point 1915 of the user/listener/head
coordmate system 1914, A matnx (which may include a translation matrix and a Quaternion
matrix or other rotation matrix), or other suttable representation can characierize a
transformation between the left ear coordinate 1916 and the right ear coordinate 1917, and
user/listener/head coordinate system 1914 space. The user/listener/head coordimate system
1914 can simplify the representation of locations relative to the user’s head, or to a head-
mounted device, for example, relative to the environment/world coordinate svstem 1908,
Using Simultancous Localization and Mapping (SLAM), visual odometry, or other
techniques, a transformation between user coordinate system 1914 and environment

coordinate system 1908 can be determined and updated in real-time.

137} FIG. 198 illustrates an example virtual environment 1930 that corresponds to real
environment 1900, The virtual environment 1930 shown comprises a virtual rectangular
room 1904B corresponding to real rectangular room 1904A; a virtual object 19228
corresponding to real obiect 1922A; a virtual object 19248 corresponding to real object
1924A; and a virtual object 19268 corresponding to real ohiject 1926A. Metadata associated
with the virtual objects 1922B, 19248, 19268 can include information derived from the
corresponding real objects 19224 1924A, 1926A. Virtual environment 1930 additionally
comprises a virtual monster 1932, which does not correspond to any real object in real

environment 1900, Real object 1928A in real environment 1900 does not correspond to any
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virtual object in virtual environment 1930, A persistent coordinate svstem 1933 (comprising
an x-axis 1933X, a v-axis 1933Y, and a z-axis 19337) with #ts origin at point 1934 (persistent
coordinate), can define a coordinate space for virtual content.  The origim point 1934 of the
persistent coordinate system 1933 may be defined relative/with respect to one or more real
objects, such as the real object 1926A. A matrix {which may include a translation matrix and
a Quaternion matrix or other rotation matrix}, or other suitable representation can
characterize a transformation between the persistent coordinate svstem 1933 space and the
environment/world coordinate svstem 1908 space. In some embodiments, each of the virtual
objects 19228, 1924B, 19268, and 1932 may have their own persistent coordinate point
relative to the ongin pomnt 1934 of the persistent coordinate system 1933, In some
embodiments, there may be multiple persistent coordmnate systems and each of the virtual
objects 19228, 19248, 19268, and 1932 may have their own persistent coordinate point

relative to one or more persistent coordinate systems.

{38} With respect to FIGs. 19A and 19B, envivonment/world coordinate system 1908
defines a shared coordinate space for both real environment 1900 and virtual environment
1930. In the examplc shown, the coordinate space has its origin at point 1906, Further, the
coordimate space is defined by the same three orthogonal axes (1908X, 1908Y, 19087).
Accordingly, a first focation in real environment 1900, and a second, corresponding location
m virtual environment 1930, can be described with respect to the same coordinate space.

This simplifies identifying and displaving corresponding locations in real and virtual
environments, because the same coordmates can be used to identify both locations. However,
in some examples, corresponding real and virtual environments need not use a shared
coordinate space. For instance, in some examples (not shown), a matrix {(which may include
a transiation matrix and a Quatermion matrix or other rotation matnix}, or other suitable
representation can characterize a transformation between a real environment coordinate space

and a virtual environment coordinate space.

{39} FIG. 19C illustrates an example MR environment 1950 that simultaneously
presents aspects of real environment 1900 and virtual environment 1930 to user 1910 via
mixed reality system 1912, In the example shown, MR environment 1950 sunultancously
presents user 1910 with real objects 1922A, 19244, 1926A, and 1928A from real
environment 1900 {¢.g., via a transmissive portion of a display of mixed reality system 1912},
and virtual objects 19228, 19248, 19268, and 1932 from virtual environment 1930 (c.g., via

an active display portion of the display of mixed reality svstem 1912}, As above, origin point
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1906 acts as an origin for a coordinate space corresponding to MR environment 1950, and

coordinate system 1908 defines an x-axis, y-axis, and z-axis for the coordinate space.

{48} In the example shown, mixed reality objects comprise corresponding pairs of real
objects and virtaal objects (i.¢., 1922A/19228, 1924A/19248, 1926A/19268) that occupy
corresponding locations in coordinate space 1908, Tn some examples, both the real objects
and the virtual objects may be simultancously visible to user 1910, This may be desirable in,
for example, instances where the virtual object presents information designed to avgment a
view of the corresponding real object (such as 1n a muscum application where a virtual object
presents the missing pieces of an ancient damaged sculpture}. In some examples, the virtual
objects {19228, 19248, and/or 19268} may be displaved {e.g., via active pixelated occlusion
using a pixelated occlusion shutter} so as to ccclude the corresponding real objects {(1922A,
1924 A, and/or 1926A). This may be desirable in, for example, instances where the virtual
object acts as a visual replacement for the corresponding real object (such as in an interactive

storvtelling application where an inamimate real object becomes a “living” character).

{41} In some examples. real objects (e.g., 19224, 19244, 1926A) may be associated
with virtual content or helper data that may not necessarily constitute virtual objects. Virtual
content or helper data can facilitate processing or handling of virtual objects i the mixed
reality environment. For example, such virtual content could include two~dimensional
representations of correspondmg real objects; custom asset types associated with
corresponding real objects; or statistical data associated with corresponding real objects. This
mformation can enable or facilitate calculations nvolving a real object without mcurring

unnecessary computational overhead.

142} In some examples, the presentation described above may also incorporate audic
aspects. For mstance, in MR environment 1950, virtual monster 1932 could be associated
with one or more audio signals, such as a footstep sound effect that is generated as the
monster walks around MR environment 1950, As described further below, a processor of
mixed reality system 1912 can compute an audio signal corresponding to a mixed and
processed composite of all such sounds in MR environment 1930, and present the andio
gignal to user 1910 via one or more speakers mcluded 1n mixed reality system 1912 and/or

one or more external speakers.

{43} Mixed Reality Object Sharing

10
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{44} A 3D digital mode! of an object may be displayed as a virtual object to one or
maore real or digital people in an AR/VR/MR (heremnafter referred to as MR for simplicity)
environment. For example, an automotive engineer may wish to share a new car design with
co-workers at their weekly team meeting. Traditionally, design sharing may be accomplished
by providing several different views of the design so the viewer is able to imagine the 3D
object. In this case, the automotive engineer may print out perspective drawings to hand out
to co-workers during the meeting. This may work for simple designs but 1t may be difficult
for the viewer to picce together the 3D object in the viewers mind if the 3D objecthas a
complex shape or design. Altemnatively or additionally, traditional methods of sharing a 3D
design or model may involve creating a physical prototype. In this exampie, the antomotive
engineer would need to spend a time and money creating the phvsical prototype. The
physical prototype may make it casier to understand the designer’s intent, but may only show
a hasic version of the design (viewer can only sce the outside of the design but can’t open it

to view the mtemal components, for example).

{45} Embodiments of the disclosed systems and methods may provide for improved 3D
maodel sharing between computing svstems. Continuing with the example above, the present
mvention may enable an automotive engineer to create a new digital 3D model of a car and
then quickly and efficiently share the model with co-workers during the mecting. The
present invention can also enable fast and casy unplanned sharing. For example, the
automotive engineer’s manager may wish to share a 3D design the manager had previously
designed m order to collaborate with the antomotive engineer. In some embodiments, the
manager is able 1o access the old 3D car design and share with evervone present at the

meeting without requiring people to download the design or click on a link to access.

{46} Typically, m gaming for example, 3D models {(alternatively called 3D assets, or
3D content) are pre-loaded in the game application so when a user starts up the game, all of
the 3D assets that will be viewed by the user are already on the device. When updates are
needed, the application will add new content offline. For example, the game may apply a
patch when the game is not running. and when the application is next opened, the new
content is mstalled and ready for use. This svstem of sharing new 3D models with two or
more computing systems is convenient for infrequent, planned updates, but 1s impractical

when new 3D models are frequently or unexpectedly required.

1471 MR games or applications may be collaborative, where multiple people contnibute

towards a common goal, such as an entire a group of students leaming about the anatomy of a

it



WO 2020/068878 PCT/US2019/052798

frog in school. If the teacher trigs to explain a concept and the students don't understand, it
may be desirable for the teacher to display a virtual 3D model of a frog to the students so they
can see what the teacher is deseribing. Traditional systems would require the students to
download the 3B model or exat and re-enter the application so the teacher can push the new
frog model update to the students. Additionally, such methods may require large amounts of
disk storage in order to house all of the 313 asset data. An alternate method of accessing 35

models without using disk space, may be desirable.

[48] These problems may be solved by methods and svstems for streaming data overa
network between a server and one or more clients. The server may have access to one or
more 3D models and may have a 3D model sharing server application downloaded and
running. The 3D model sharing application may break down the model into constituent data
parts, compress, package, and send the constituent data parts to clients on the network. The
client can receive the constituent parts durning 3D model sharing client application runtime,
reconstruct the 3D model, and view the 3D model. In some embodiments, nintime may be
when the game or application loop is operating, when the screen is displaving application
content, and/or when the computing system is operating with the framework of the
application. Any number of chients may be part of the network. Any number of 3D models
may be send to the clients. Two or more clients may be one person with two or more devices

{c.g. computing sysiems) or may be two or more people cach with one device.

149} An advantage of the present application is enabling 3D content sharing during
runtinge.
H The term host may be used interchangeably with server. The terms 3D model, 3D

asset, 3D content, and 3D mode! may be used interchangeably.

Examples of 3D Bisplav of s Wearable Svstem

{51} A wearable svsiem (also referred to herein as an augmented reality (AR) system)
can be configured to present 2D or 3D virtual images to auser. The images may be still
mmages, frames of a video, or a video, in combination or the like. At lcast a portion of the
wearable system can be mmplemented on a wearable device that can present a VR, AR, or MR
environment, alone or in combination, for user interaction. The wearable device can be used
mterchangeably as an AR device (ARD). Further, for the purpose of the present disclosure,

the torm “AR” 15 used interchangeably with the torm “MR™.
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152} FIG. 1 depicts an illustration of a mixed reality scenario with certain virtual reality
objects, and certain physical objects viewed by a person. In FIG. 1, an MR scene 100 18
depicted wherein a user of an MR technology sees a real-world park-like setting 110
featuring people, trees, buildings i the background, and a concrete platform 120, In addition
to these tems, the user of the MR technology also perceives that he “sees™ a robot statue 130
standing upon the real-world platform 120, and a cartoon-like avatar character 140 flying by
which seems to be a persomification of a bumble bee, even though these elements do not exist

in the real world.

{53} In order for the 3D display to produce a true sensation of depth, and more
specifically, a simulated sensation of surface depth, it may be desirable for each pomt n the
display's visual field to generate an accommaodative response corresponding to its virtual
depth. If the accommaodative response to a display point does not correspond to the virtual
depth of that point, as determined by the binocular depth cues of convergence and stercopsis,
the human eye may experience an accommeodation conflict, resalting in unstable imaging,
harmtul eve strain, headaches, and, in the absence of accommedation information, almost a

corplete lack of surface depth.

154} YR, AR, and MR experiences can be provided by display systems having displavs
m which tmaages corresponding to a plurality of depth plancs are provided to a viewer. The
images may be different for cach depth plane {e.g., provide shghtly different presentations of
a scene or object) and may be separately focused by the viewer’s eves, thergby helping to
provide the user with depth cues based on the accommodation of the eve required to bring
mto focus different image features for the scene located on different depth planc or based on
chserving different image features on different depth planes being out of focus. As discussed

elsewhere herein, such depth cues can provide credible perceptions of depth.

[55] FIG. 2 illustrates an example of wearable system 200 which can be configured to
provide an AR/VR/MR scene. The wearable system 200 can also be referred to as the AR
systern 200, The wearable system 200 can include a display 220, and various mechanical and
clectronic modules and systems to support the functioning of display 220. The display 220
may be coupled to a frame 230, which 1s wearable by a user, wearer, or viewer 210, The
display 220 can be positioned in front of the cyves of the user 219, The display 220 can
present AR/VR/MR content to a user. The display 220 can comprise a head mounted display

(HMD) that 1s wom on the head of the user.
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{56} In some embodiments, a speaker 240 can be coupled to the frame 230 and
positioned adjacent the car canal of the user (in some cmbodiments, another speaker, not
shown, can be positioned adjacent the other ear canal of the user to provide for
stereo/shapeable sound control}. The display 220 can include an audio sensor{c.g., a
microphone} 232 for detecting an audio stream from the environment and capture ambient
sound. In some embodiments, one or more other audio sensors, not shown, can be positioned
to provide stereo sound reception. Stereo sound reception can be used to determine the
location of a sound source. The wearable system 200 can perform voice or speech

recognition on the audio stream.

37 The wearable system 200 can include an ovtward-facing imaging system 464
{shown in FIG. 4) which observes the world in the environment around the user. The
wearable system 200 can also include an inward-facing imaging system 462 {shown in FI(G.
43y which can track the eve movements of the user. The mward-facing imaging system may
track cither one eye’s movements or both eves” movements. The inward-facing imaging
systerm 462 may be attached to the frame 230 and may be in electrical communication with
the processing modules 260 or 270, which may process image information acquired by the
mward-facing imaging system to determine, ¢.2., the pupil diameters or orientations of the
gyes, eve movements or eve pose of the user 210. The inward-facing imaging system 462
may include one or more cameras. For example, at least one camera may be used to image
cach eve. The tmages acquired by the cameras may be used to determune pupil size or eve
pose for each eve separately, thereby allowing presentation of image mformation to each eye

to be dynamically tatlored to that eye.

{58} As an example, the wearable aystem 200 can use the outward-facing imaging
system 464 or the inward-facing imaging system 462 o acguire images of a pose of the user.

The tmages may be still images, frames of a video, or a video.

{59} The display 220 can be operatively coupled 250, such as by a wired lead or
wirgless connectivity, to a local data processing module 260 which may be mounted in a
varicty of configurations, such as fixedly attached to the frame 230, fixedly attached to a
helmet or hat worn by the user, embedded in headphones, or otherwise removably attached to

the user 210 (e g, in a backpack-style configuration, i a belt-coupling style configuration}.

{66} ¢ local processing and data module 260 may comprise a hardware processor, as

well as digital memory, such as non-volatile memory (¢ g, flash memory}, both of which

14
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may be utilized to assist in the processing, caching, and storage of data. The data may
nclude data a) captured from sensors (which may be, ¢.g., operatively coupled to the frame
230 or otherwise attached to the user 2103, such as mmage capture devices {e.g., cameras in
the mward-facing imaging system or the outward-facing imaging system}, andio sensors
{e.g.. microphones), inertial measurement units (IMUs), accelerometers, compasses, global
positioning svstem (GPS) units, radio devices, or gvroscopes; or b) acquired or processed
using remote processing module 270 or remote data repository 280, possibly for passage to
the display 220 after such processing or retrigval. The local processing and data module 260
may be operatively coupled by communication hinks 262 or 264, such as via wired or wircless
cornmunication links, to the remote processing module 270 or remote data repository 280
such that these remote modules can be available as resources to the local processing and data
module 260. In addition, remote processing module 280 and remote data repository 280 may

be operatively coupled to cach other.

61} In some embodiments, the remote processing module 270 may comprise one or
more processors configured to analyze and process data or image information. In some
embodiments, the remote data repository 280 mav comprise a digital data storage facility,
which may be available through the intemet or other networking configuration m a “cloud”
resource configuration. In some embodiments, all data can be stored and all computations
can be performed n the local processing and data module, allowing fully autonomous use

from a remote module.

Example Components of a Wearable Svstem

62} FIG. 3 schematically ilustrates cxample components of a wearable system. FIG.
3 shows a wearable system 200 which can mclude a display 220 and a frame 230, A blown-
up view 202 schematically dlustrates vartous components of the wearable system 200. In
certain implements, one or more of the components itostrated 1n FIG. 3 can be part of the
display 220. The various components alone or 1n combination can collect a varicty of data
{such as ¢.g., audio or visual data) associated with the user of the wearable system 200 or the
user’s environment. It should be appreciated that other embodiments may have additional or
fewer components depending on the application for which the wearable system is used.
Nevertheless, FIG. 3 provides a basic idea of some of the vanous components and types of

data that may be collected, analyzed, and stored through the wearable system.

—
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{63} FIG. 3 shows an example wearable system 200 which can include the display 220,
The display 220 can comprise a display lens 226 that mayv be mounted to auser’s head ora
housing or frame 230, which corresponds to the frame 230. The display lens 226 may
COMPIISE one or more transparent mirrors or diffractive optical elements positioned by the
housing 230 m front of the user’s eves 302, 304 and may be configured to direct projected
fight 338 into the eyes 302, 304 and facilitate beam shaping, while also allowing for
transmission of at least some light from the local environment. The wavefront of the
projected hight beam 338 may diverge to coincide with a desired focal distance of the
projecied light. As illustrated, two wide-field-of-view machine vision cameras 316 {also
referred to as world cameras) can be coupled to the housmg 230 to image the environment
around the user. These cameras 316 can be dual capture visible light / non-visible oo,
mfrared) light cameras. The cameras 316 may be part of the outward-facing imaging svstem
464 shown in FIG. 4. Image acquired by the world cameras 316 can be processed by the pose
processor 336, For example, the pose processor 336 can implement one or more object
recognizers 708 {g.g., shown in FIG. 7} to identify a pose of a user or ancther person in the

pser’s enviromment or to identify a physical object 1n the user’s environment,

[64] With continued reference to FIG. 3, a pair of hight projector modules with display
optics and lens configured to direct light 338 into the eyes 302, 304 are shown. The depicted
view also shows two mindature infrared cameras 324 paired with infrared light (such as hight
emiting diodes “LED”s), which can be configured to be able to track the eves 302, 304 of the
user to sapport rendering and user input. The cameras 324 may be part of the mmward-facing
imaging svstem 462 shown in FIG. 4 The wearable system 200 can further feature a sensor
assembly 339, which may comprise X, Y, and Z axis accelerometer capability as well as a
magnetic compass and X, Y, and 7 axis gyro capability, preferably providing data at a
relatively high frequency, such as 200 Hz. The sensor assembly 339 may be part of the IMU
desenbed with reference to FIG. 2A The depicted system 200 can also comprise a head posc
processor 336, such as an ASIC (application specific integrated civcuit), FPUA (field
programmable gate array), or ARM processor (advanced reduced-mstruction-set maching),
which may be configured to calculate real or near-real time user head pose from wide field of
view image information output from the capture devices 316, The head pose processor 336
can be a hardware processor and can be implemented as part of the local processing and data

module 260 shown in FIG. 2A.
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{65} The wearable system can also mclade one or more depth sensors 234, The depth
sensor 234 can be configured to measure the distance between an object in an environment to
a wearable device. The depth sensor 234 may mclude a laser scanner (¢.g., a lidar), an
wltrasonic depth sensor, or a depth sensing camera. In certain implementations, where the
cameras 316 have depth sensing ability, the cameras 316 may alse be considered as depth

sensors 234,

[66] Also shown 15 a processor 332 which can be configured to execute digital or
analog processing to derive pose from the gyro, compass, or accelerometer data from the
sensor assembly 339, The processor 332 may be part of the local processing and data module
260 shown in FIG. 2. The wearable system 200 as shown in FIG. 3 can also include a
position systen such ag, e.g., a GP5S 337 {global positioning system} to assist with pose and
positioning analyses. In addition, the GPS may further provide remotelv-based {(c.g., cloud-
based) information about the user’s environment. This information may be used for

recogmizing objects or information in user’s environment.

{67} The wearable system may combine data acquired by the GPS 337 and a remote
computing svstem {such as, ¢.g., the remote processing module 270, another user’s ARD,
etc.) which can provide more information about the user’s environment. Ag one exampie, the
wearable system can determine the user’s location based on GPS data and retrieve a world
map {e.g., by communicating with a remote processing module 270) mcluding virtual objects
associated with the user’s location. As another example, the wearable system 200 can
monitor the environment using the world cameras 316 (which may be part of the cutward-
facing imaging system 464 shown in F1G. 4). Based on the images acquired by the world
cameras 316, the wearable system 200 can detect objects in the environment (e.g., by using
one or more object recognizers 708 shown in FiG. 7). The wearable system can further use

data acquired by the GPS 337 to mterpret the characters.

{68} The wearable system 200 may also comprise a rendering engine 334 which can be
configured to provide rendering information that is local to the user to facilitate operation of
the scanners and imaging to the eves of the user, for the user’s view of the world. The
rendering engine 334 may be mplemented by a hardware processor (such as, ¢.g., a central
processing unit or a graphics processing unit). In some embodiments, the rendering engine is
part of the local processing and data raodule 260, The rendering engine 334 can be
communicatively coupled (e.g., via wired or wireless hinks) to other components of the

wearable systemn 200, For example, the rendering engine 334, can be coupled to the eve
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cameras 324 via communication link 274, and be coupled o a projecting subsystem 318
{which can project light o user’s eves 302, 304 via a scanned laser arrangement in a
manner similar to a retinal scanning display) via the communication link 272, The rendering
engine 334 can also be in communication with other processing units such as, ¢.g., the sensor

sl

pose processor 332 and the image pose processor 336 via links 276 and 294 respectively.

[69] The cameras 324 (e.g., nuni infrared cameras) may be utilized to track the eve
pose to support rendering and user input. Some example eve poses may include where the
user is looking or at what depth he or she 1s focusing {(which may be estimated with cye

~
7
b

vergence). The GPS 337, gyros, compass, and accelerometers 339 may be utilized to provide
coarse or fast pose estimates. One or more of the cameras 316 can acquire images and pose,
which in conpunction with data from an associated cloud computing rescurce, may be utilized
to map the local environment and share user views with others.

-~

{76} The example components depicted in FIG. 3 are for illustration purposes only.
Maultiple sensors and other functional modules are shown together for case of illustration and
description. Some embodiments may include only one or a subset of these sensors or
modules. Further, the locations of these components are not hmited to the positions depicted
m F1G. 3. Some components may be mounted to or housed within other componenis, such as
a helt-mounted compounent, a hand-held component, or a helmet component. As one
example, the 1image pose processor 336, sensor pose processor 332, and rendermg engme 334
may be positioned in a beltpack and configured to convmunicate with other components of the
wearable system via wireless communication, such as ultra-wideband, Wi-Fi, Blugiooth, ctc.,
or via wired communication. The depicted housing 230 preferably is head-mountable and
wearable by the user. However, some components of the wearable system 200 may be worn
to other portions of the user’s body. For example, the speaker 240 may be mserted into the

cars of a user to provide sound to the user.

{71} Regarding the projection of light 338 mito the eves 302, 304 of the user, in some
embodiments, the cameras 324 may be utilized to measure where the centers of a user’s eves
arc geometricallv verged to, which, in general, coincides with a position of focus, or “depth
of focus”, ot the eves. A 3-dimensional surface of all points the eyes verge to can be referred
to as the “horopter”. The focal distance may take on a finite number of depths, or may be
mfinitely varying. Light projected from the vergence distance appears to be focused to the

subject eve 302, 304, while light in front of or behind the vergence distance is blurred.
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{72} The human visual system is complicated and providing a realistic perception of
depth is challenging. Viewers ot an object may percetve the object as being three-
dimensional due to a combination of vergence and accommodation. Vergence movements
{e.g., rolling movements of the pupils toward or away from each other to converge the lines
of sight of the eves to fixate upon an object) of the two eyes relative to each other are closely
associated with focusing (or “accommodation”) of the lenses of the eyes. Under normal
conditions, changing the focus of the lenses of the eves, or accommodating the eves, to
change focus from one object to another object at a different distance will automatically
cause a matching change in vergence to the same distance, under a relationship kaown as the
“accommodation-vergence reflex.” Likewise, a change m vergence will trigger a matching
change m accommodation, under normal conditions. Display systems that provide a better
match between accommodation and vergence may form more realistic and comfortable

simulations of three-dimensional imagery.

{73} Further spatially coherent light with a beam diameter of less than about 0.7
mitlimeters can be correctly resolved by the human eye regardless of where the ¢yve focuses.
Thus, to create an illusion of proper focal depth, the eve vergence may be tracked with the
cameras 324, and the rendering engime 334 and projection subsystern 318 may be utilized to
render all objects on or close to the vergence in focus, and all other objects at varying degrees
of resolution. Preferably, the svstern 220 renders to the user at a frame rate of about 60
frames per second or greater. As described above, preferably, the cameras 324 may be
utilized for eve tracking, and software may be configured to pick up not only vergence
geometry but also focus location cues to serve as vser inpuis. Preferably, such a display

system is contigured with brightness and contrast suitable for day or night use.

174} In some embodiments, the display system preferably has latency of less than about
20 milliseconds for visual object alignment, less than about 0.1 degree of angular alignment,
and about | arc minute of resolution, which, without being limited by theorv, 18 believed to
be approximately the limit of the human eve. The display system 220 may be integrated with
a localization system, which may involve GPS elements, optical tracking, compass,
accelerometers, or other data sources, 1o assist with position and pose determination;
localization mformation may be utilized to facilitate accurate rendering n the user’s view of
the pertinent world {e.g., such information would faciitate the glasses to know where they

arc with respect to the real world).
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{75} In some embodiments, the wearable system 200 s configured to display one or
more virtual images based on the accommadation of the user’s eyes. Unlike prior 3D display
approaches that force the user to focus where the 1mages are being projected, in some
embodiments, the wearable system can be configured to automatically vary the focus of
projected virtual content to allow for a more comfortable viewing of one or more images
presented to the user. For example, if the user’s eves have a current focus of 1 m, the image
may be projected to coincide with the user’s focus. H the user shifts focus to 3 m, the image
can be projected to coincide with the new focus. Thus, rather than forcing the userfo a
predeternuned focus, the wearable system 200 of some embodiments can allow the user’s eye

to a function in a more natural manner.

176} Such a wearable system 200 may eliminate or reduce the incidenses of eye strain,
headaches, and other physiological symptoms typicallv observed with respect to virtual
reality devices. To achieve this, various embodiments of the wearable system 200 can be
configiired to project virtual images at varyving focal distances, through one or more variable
focus elements (VFEs). In one or more embodiments, 3D perception may be achieved
through a multi-plane focus system that projects images at fixed focal plancs away from the
user. Other embodiments can employ variable plane focus, wherein the focal plane may

move back and forth in the z-direction to coincide with the user’s present state of focus.

{771 in both the multi-plane focus systems and vanable plane focus svstems, wearable
system 200 may employ eve tracking to determine a vergence of the user’s eves, determing
the user’s current focus, and project the virtual image at the determined focus. In other
embodiments, wearable system 200 can comprise a light modulator that variably projects,
through a fiber scanner, or other light generating source, light beams of varying focus in a
raster pattern across the retina. Thus, the ability of the display of the wearable system 200 1o
project irnages at varying focal distances not only eases accommodation for the user to view
objects m 3D, but may also be used to compensate for user ocular anomalies. In some other
embodiments, a spatial hight modulator may project the images to the user through various
optical components. For example, as descrbed further below, the spatial light modulator
may project the tmages onto one or more waveguides, which then transmit the images to the

USeY.
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Wavesuide Stack Assembly

{78} FIG. 4 illustrates an example of a waveguide stack for cutputting image
mformation to a user. A wearable system 400 can include a stack of waveguides, or stacked
waveguide assembly 430 that may be utilized to provide three-dimensional perception to the
eyve/brain using a plurality of waveguides 432b, 434b, 436b, 438b, 4400b. In some
embodiments, the wearable system 400 may correspond to wearable system 200 of Fi(G, 2,
with FIG. 4 schematically showing some parts of that wearable system 200 in greater detail.
For example, in some embodiments, the waveguide assembly 480 may be miegrated mito the

display 220 of FIG. 2.

{79 With continued reference to FIG. 4, the waveguide assembly 480 may also include
a plurality of features 458, 456, 454, 452 between the waveguides. In some embodiments,
the features 458, 4356, 454, 452 may be lenses. In other embodiments, the features 438, 436,
454, 452 may not be lenses. Rather, they may simply be spacers {¢.g., cladding layers or

structures for forming air gaps).

{80 The waveguides 432b, 434b, 436b, 438h, 440b or the plurality of lenses 438, 436,
454, 452 may be configured to scnd image information to the eve with various fevels of
wavefront curvature or light ray divergence. Each waveguide level may be associated with a
particular depth plane and may be configured to output image mformation corresponding to
that depth plane. Image injection devices 420, 422, 424, 426, 428 may be utidized to inject
image information into the waveguides 440b, 438b, 436b, 434b, 432b, cach of which may be
configured to distribute incoming light across each respective wavegwnde, for cutput toward
the eve 410. Light can exit an output surface of the image mjection devices 420, 422, 424,
426, 428 and can be injected into a corresponding input edge of the waveguides 440b, 438b,
436b, 434b, 432b. In some embodiments, a single beam of light {¢.g., a collimated beam)
may be mpected nto cach waveginde to output an entire field of sample exat puml beams that
can be dirgcted toward the eve 410 at particular angles {and amounts of divergence}
corresponding to the depth plane associated with a particular waveguide,

{81} In some embodiments, the image injection devices 420, 422, 424, 426, 428 can be
discrete displays that cach produce image information for injection imto a corresponding
waveguide 440b, 438b, 436b, 434b, 432b, respectivelv. In some other embodiments, the

image injection devices 420, 422 424, 426, 428 can be the cutput ends of a single
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multiplexed display which may, ¢.g., pipe image information via one or more optical conduits

{such as fiber optic cables) to cach of the image injection devices 420, 422, 424, 426, 428,

{82} A controller 460 can control the operation of the display and the 1mage injection
devices 420, 422, 424, 426, 428, The controler 460 can inchide programming {¢.g.,
mstructions in a non-transttory computer-readable medium) that regulates the timing and
provision of image mformation to the waveguides 440b, 438b, 436b, 434b, 432b. In some
embodiments, the controller 460 may be a single mtegral device, or a distributed aystem
connected by wired or wircless conmunication channels. The controller 460 may be part of

the processing modules 260 or 270 (llustrated in FIG. 2) in some embodiments.

183} The waveguides 4400, 438b, 436b, 434b, 432b may be configured {o propagate
light within cach respective waveguide by total internal reflection (TIR). The waveguides
440b, 438b, 436b, 434b. 432b may cach be planar or have another shape (e.g., curved), with
major top and bottom surfaces and edges extending between those major fop and bottom
surfaces. In the iHlustrated configuration, the waveguides 440b, 438b, 436b, 434b, 432b may
cach include optical clements 440a, 438a, 436a, 434a, 432a that can be contigured to
cutcouple light out of a waveguide by diffracting or otherwise redirecting the light
propagating within each respective waveginde. Qutcoupled hight can be cutputted by the
waveguide at locations at which the light propagating in the waveguide strikes a light
redirecting element, such as a diffractive grating, for example. The optical elements (440a,
438a, 436a, 434a, 432a) may, for example, be reflective or diffractive optical features. While
tHustrated disposed at the bottom major surfaces of the waveguides 440b, 438b, 4365, 434b,
4372h for case of description and drawing clarity, in some crmbodiments, the optical clements
4402, 438a, 4364, 4343, 432a may be disposed at the top or bottom major surfaces, or may be
disposed directly in the volume of the waveguides 440b, 438b, 436b, 434b, 432b. In some
embodiments, the optical clements 440a, 438a, 436a, 434a, 432a may be formed i a layer of
material that is attached to a transparent substrate to form the waveguides 440b, 438b, 436b,
434b, 432b. In some other embodiments, the waveguides 440b, 438b, 436b, 434b, 432b may
be a monolithic piece of material and the optical clements 440a, 4383, 4364, 434a, 432a may

be formed on a surface or in the interior of that picce of material.

184} With continued reference to FIG. 4, as discussed herein, in some embodiments,
cach waveguide 440b, 438b, 436b, 434b, 432b can be configured to output light to form an
mmage corresponding to a particular depth plane. For example, the waveguide 432b nearest

the eye may be configured to deliver collimated light, as injected mto such waveguide 432b,
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to the eye 410, The collimated light may be representative of the optical ofinity focal plane.
The next waveguide up 434b may be configured to send out colhimated tight which passes
through the first lens 432 {e.g., a negative lens) before 1t can reach the eye 410, First lens 452
may be configured to create a slight convex wavefront curvatire so that the eye/brain
miterprets light coming from that next waveguide up 434b as coming from a first focal plane
closer inward toward the eyve 410 from optical infinity. Sumilarly, the third up waveguide
436b can pass its output light through both the first lens 452 and second lens 454 before
reaching the eve 410, The combined optical power of the first and second lenses 452 and 454
may be configured to create another incremental amount of wavefront carvature so that the
eve/brain interprets light coming from the third waveguide 436b as coming from a second
focal plane that 1s even closer inward toward the person from optical mfinity than was light

from the next waveguide up 434b.

{85} The other waveguide lavers (e.g., waveguides 438b, 440b) and lenses {¢.g., lenses
456, 458} can be similarly configured, with the highest waveguide 440b m the stack sending
its output through all of the lenses between it and the eve for an aggregate focal power
representative of the closest focal plane to the person. To compensate for the stack of lenses
458, 456, 454, 452 when viewing/interpreting light coming from the world 470 on the other
side of the stacked waveguide assembly 480, a compensating lens laver 430 may be disposed
at the top of the stack to compensate for the aggregate power of the lens stack 458, 456, 454,
457 below. Such a configuration can provide as many perceived focal planes as there are
available waveguide/lens patrings. Both the ight extracting optical clements of the
waveguides and the focusing aspects of the lenses may be static {¢.g., not dynamic or electro-
active}. In some aliemative embodiments, either or both mav be dvnamic using electro-

active features.

{86} With continued reference to FIG. 4, the light extracting optical clements 440a,
438a, 436a, 434a, 432a may be configured to both redirect hight out of their respective
waveguides and to output this light with the appropriate amount of divergence or collimation
for a particelar depth plane associated with the waveguide. As a result, waveguides having
different associated depth planes may have different configurations of light extracting optical
elements, which output hight with a different amount of divergence depending on the
associated depth plane. In some embodiments, as discussed herein, the light extracting
optical cloments 440a, 438a, 436a, 434a, 432a may be volumetric or surface features, which

may be contigured to output hight at specific angles. For example, the light extracting optical
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clements 4403, 4383, 4363, 434a, 432a may be vohume holograms, surface holograms, and/or

diffraction gratings.

{87 In some embodiments, the hight extracting optical elements 440a, 438a, 4364,
434a, 432a can be diffractive features that form a diffraction pattern, or “diffractive optical
clement” (also referred to herein as a “DOE”). Preferably, the DOE has a relatively low
diffraction efficiency so that only a portion of the light of the beam is deflected away toward
the eye 410 with each intersection of the DOE, while the rest continaes to move through a
waveguide via total mternal reflection. The light carrving the image information can thus be
divided mnto a number of related exit beams that exat the wavegwide at a multiplicity of
locations and the result is a fairly uniform pattem of exit emission toward the eve 304 for thus

particular collimated beam bouncing around within a wavegueide,

{88] In some embodiments, one or more DOEs may be switchable between “on” state
i which they actively diffract, and “off” state in which they do not sigmficantly diffract. For
mstance, a switchable DOE may comprise a layer of polymer dispersed Liguid crystal, in
which microdroplets can comprise a diffraction pattern in a host medium, and the refractive
mndex of the microdroplets can be switched to substantially match the refractive index of the
host maternial (in which case the pattern does not appreciably diffract incident hight) or the
microdroplct can be switched to an index that docs not mateh that of the host medium {in

which case the patiem actively diffracts incident light).

{89} In some embodiments, the number and distribution of depth planes or depth of
ficld may be varied dynamically based on the pupil sizes or onentations of the eyes of the
viewer. Bepth of field may change inversely with a viewer’s pupil size. As a result, as the
sizes of the pupils of the viewer’s eves decrease, the depth of field can increase such that one
plane that s not discernible because the location of that planc 1s beyond the depth of focus of
the eye may become discernible and appear more in focus with reduction of pupil size and
commensurate with the increase in depth of field. Likewise, the number of spaced apart
depth planes used to present different images to the viewer may be decreased with the
decreased pupil size. For example, a viewer may not be able to cleardy perceive the details of
both a first depth plane and a second depth plane at one pupil size without adjusting the
accommodation of the eve away from one depth plane and to the other depth plane. These
two depth planes may, however, be sufficiently in focus at the same time to the user at

another pupil size without changing accommodation.
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196} In some embodiments, the display system may vary the number of waveguides
receiving image information based upon determinations of pupil size or oricutation, or upon
receiving electrical signals indicative of particular pupil size or orientation. For example, if
the user’s eves are unable to distinguish between two depth planes assoctated with two
waveguides, then the controller 460 (which may be an embodiment of the local processing
and data module 260) can be configured or programmed to cease providing image
mformation to one of these waveguides. Advantageously, this may reduce the processing
burden on the svstem, thereby increasing the responsivencss of the system. In embodiments
in which the DOEs for a waveguide are switchable between the on and off states, the DOEs

may be switched to the off state when the wavegwide does receive image information.

191} In some embodiments, it may be desirable to have an exit beam meet the
condition of having a diameter that is less than the diameter of the eve of a viewer. However,
mesting this condition may be challenging m view of the variability in size of the viewer’s
pupils. In some embodiments, this condition is met over a wide range of pupil sizes by
varving the size of the exit beam in response to determinations of the size of the viewer’s
pupil. For exaraple, as the pupd size decreases, the size of the exit beanm may also decrease.

In some embodiments, the exit beam size may be varied using a variable aperture.

{921 The wearable system 400 can mclude an outward-facing imaging system 464
{c.g., adigital camera) that images a portion of the world 470, This portion of the world 470
may be referred to as the field of view (FOV) of a world camera and the imaging system 464
is sometimes referred to as an FOV camera. The FOV of the world camera may or may not
be the same as the FOV of a viewer 210 which cncompasses a portion of the world 470 the
viewer 210 perceives at a given time. For example, in some situations, the FOV of the world
camera may be larger than the viewer 210 of the viewer 210 of the wearable system 400, The
entire region avatlable for viewing or imaging by a viewer may be referred to as the field of
regard (FOR). The FOR may include 4= steradians of solid angle surrounding the wearable
system 400 because the wearer can move his body, head, or eves to perceive substantially any
direction in space. In other contextis, the wearer’s movements may be more constricted, and
accordingly the wearer’s FOR may subtend a smaller solid angle. Images obtained from the
outward-facing imaging system 464 can be used to track gestures made by the user {e.g.,

hand or finger gestures), detect objects in the world 470 1n front of the user, and so forth.

{93} The wearable system 400 can include an audio sensor 232, ¢.g., a microphone, to

capture ambient sound. As described above, in some embodiments, one or more other audio
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sensors can be positioned to provide stereo sound reception usefiil to the determination of
location of a speech source. The audio sensor 232 can comprise a directional microphone, as
another example, which can also provide such useful directional mformation as to where the
andio source 18 located. The wearable system 400 can use information from both the
cutward-facing imaging svster 464 and the audio sensor 230 in locating a source of speech,
or to determine an active speaker at a particular moment in time, ctc. For example, the
wearable system 400 can use the voice recognition alone or in combination with a reflected
image of the speaker {¢.g., as seen in a mirvor) to determine the identity of the speaker. As
another example, the wearable system 400 can determine a position of the speaker in an
environment based on sound acquired from directional microphones. The wearable svstem
400 can parse the sound coming from the speaker’s position with speech recognition
algorithms to determine the content of the speech and use voice recognition techniques to

determine the identity {c.g., name or other demographic information} of the speaker.

24} The wearable system 400 can also include an inward-facing imaging system 466
{c.g., adigital camera}, which observes the movements of the user, such as the eye
movements and the facial movements. The inward-facing imaging system 466 may be used

to capture mages of the eve 410 to determine the size and/or orientation of the pupil of the

gve 304, The inward-facing imaging system 466 can be used to obtain images for use in
deternmining the direction the user is looking {c.g., eve pose) or for biometric identification of
the user {e.g., via iris wdentification}. In some embodiments, at Jeast one camera may be
utitlized for each eve, to separately determine the pupil size or eye pose of each eve
independently, thereby allowing the presentation of image information to each eye to be
dvnamically tailored to that eve. In some other embodiments, the pupil diameter or
orientation of only a single eve 410 {e.g., using only a single camera per pair of eyes) can be
determined and assumed to be similar for both eves of the user. The images obtained by the
mward-facing tnaging system 466 may be analyzed to determine the user’s cve pose or
mood, which can be used by the wearable system 400 to decide which audio or visual content
should be presented to the user. The wearable system 400 may also determine head pose
{c.g., head position or head orientation) using sensors such as IMUs, accelerometers,

gyroscopes, ¢fc.

195} The wearable system 400 can include a user input device 466 by which the user
can input commands to the controlier 460 to interact with the wearable system 400, For

example, the user input device 466 can include a trackpad, a touchscreen, ajoystick, a
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multiple degree-of-freedom (DOF) controller, a capacitive sensing device, a game controller,
a kevboard, a mouse, a directional pad {D-pad}), a wand. a haptic device, a totem {c.g.,
functioning as a virtual user input device}, and so forth. A multi-DOF controller can sense
user input in some or all possible translations {e.g., left/right, forward/backward, or up/down)
or rotations {¢.g., vaw, pitch, or roll} of the controller. A multi-DOF controller which
supports the translation movements may be referred to as a 3DOF while a multi-DOF
controtler which supports the translations and rotations may be referred to as 6DOF. In some
cases, the user may use a finger (e.g., a thumb) to press or swipe on a touch-sensitive input
device to provide mput to the wearable system 400 {e.g., to provide user inpot to a user
mierface provided by the wearable system 400). The user input device 466 may be held by
the user’s hand during the use of the wearable system 400, The user input device 466 can be

i wired or wirgless communication with the wearable system 400,

Other Components of the Wearable Svstem

196} In many implementations, the wearable system may include other components in
addition or in alternative to the components of the wearable system descenibed above. The
wearable system may, for example, include one or more haptic devices or components. The
haptic devices or components may be operable to provide a tactile sensation to a user. For
example, the haptic devices or components may provide a tactile sensation of pressure or
texture when touching virtual content {¢ g, virtual objects, virtual tools, other virtaal
constructs). The tactile sensation may replicate a feel of a physical object which a virtual
cbiect represents, or may replicate a feel of an imagined object or character {e.g., a dragon)
which the virtual content represents. In some implementations, haptic devices or components
may be wormn by the user {¢.g., a user wearable glove). In some implementations, haptic

devices or components may be held by the user.

197} The wearable system may, for example, include one or more physical objects
which are manipulable by the user to allow input or interaction with the wearable systen.
These physical objects may be referred to heremn as totems. Some totems may take the form
of inammate objects, such as for example, a piece of metal or plastic, a wall, a surface of
table. In certain mmplementations, the totems may not actually have any physical mput
structures {e.g., kevs, tnggers, joystick, trackbali, rocker switch}. Instead, the totem may
simply provide a physical surface, and the wearable system may render a user mterface so as

o appear to a user to be on one or more surfaces of the totem. For example, the wearable
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system may render an image of a computer kevboard and trackpad to appear to reside on ong
or more surfaces of a totem. For example, the wearable system may render a virtual
computer kevboard and virtual trackpad to appear on a surface of a thin rectangular plate of
alumimum which serves as a totem. The rectangular plate may not itself have any physical
kevs or trackpad or sensors. However, the wearable system may detect user manipulation or
mteraction or touches with the rectangular plate as selections or inputs made via the virtual
kevboard or virtual trackpad. The user mput device 466 {shown in FIG. 4) may be an
embodiment of a totem, which may include a trackpad, a touchpad, a trigger, a joystick, a
trackball, a rocker or virtual switch, a mouse, a keyboard, a multi-degreg-of-freedom
controller, or another physical mput device. A user may use the totem, alone or in

combination with poses, to interact with the wearable system or other users.

Example Processes of User Interactions with a Wearable Svstem

{98] FIG. 5 is a process flow diagram of an example of a2 method 500 for mteracting
with a virtaal user interface. The method 500 may be performed by the wearable system
described herein. Embodiments of the method 500 can be used by the wearable system to

detoct persons or documenis in the FOV of the wearable svstem.

[99] At block 510, the wearable system may identify a particular Ul The type of Ul
may be predetermined by the user. The wearable system may identify that a particelar Ul
needs to be populated based on a user input (e.g., gesture, visual data, audio data, sensory
data, direct command, etc.). The Ul can be specific to a security scenario where the wearer
of the system is observing users who present documents to the wearer (e.g., at a travel
checkpoint). At block 520, the wearable system may geunerate data for the virtual UL For
example, data associated with the contines, general structure, shape of the Ul etc., may be
generated. In addition, the wearable system may determing map coordinates of the user’s
physical location so that the wearable system can display the Ul in relation to the user's
physical focation. For example, if the Ul 1s body centric, the wearable system may determing
the coordinates of the user's physical stance, head pose, or eve pose such that a ring UT can be
displayved around the user or a planar Ul can be displayed on a wall or in front of the user. In
the security context described berein, the U may be displayed as if the Ul were surrounding
the traveler who 1s presenting documents {o the wearer of the system, so that the wearer can
readily view the Ul while looking at the traveler and the traveler’s documents. Ifthe Ulis

hand centric, the map coordinates of the user's hands may be determined. These map points
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may be derived through data received through the FOV cameras, sensory input, or any other

tvpe of collected data.

{160} At block 530, the wearable system may send the data to the display from the cloud
or the data may be sent from a local database to the display components. At block 540, the
Ul s displayed to the user based on the sent data. For example, a light ficld display can
project the virtual Ul into one or both of the user’s eyes. Once the virtual Ul has been
created, the wearable system may simply wait for a command from the user to generate more
virtual content on the virtual Ul at block 550, For example, the Ul may be a body centric
rnng around the user's body or the body of a person in the user’s environment {¢.g., a
travelery, The wearable system may then watt for the command (a gesture, a head or eve
movement, voice command, input from a user input device, etc.), and f it 1s recognized
{block 560}, virtual content associated with the command may be displayved to the user (block

570).

Examples of Avatar Rendering in Mixed Reality

{161} A wearable systern may employ various mapping related technigues i order to
achieve high depth of field 1 the rendered bight ficlds. In mapping out the virtual world, it is
advantageous to know all the features and pomts in the real world to accurately portray
virtual objects in relation to the real world. To this end, FOV images captured from users of
the wearable system can be added to a world model by including new pictures that convey
mformation about varicus poimts and features of the real world. For example, the wearable
system can collect a set of map points (such as 2D points or 3D points} and find new map
points to render a more accurate version of the world model. The world model of a first user
can be communicated {¢.g., over a network such as a cloud network} 1o a second user so that

the second user can experience the world surrounding the first user.

{162} FIG. 6A 15 a block diagram of another example of a wearable system which can
comprise an avatar processing and rendering system 690 in a mixed reality environment. The
wearabke system 600 may be part of the wearable systerm 200 shown in FIG. 2. In this
example, the wearable system 600 can comprise a map 620, which may include at least a
portion of the data in the map database 710 (shown n FI(G. 7). The map may partly reside
locally on the wearable system, and may partly reside at networked storage locations
accessible by wired or wircless network {(¢.g., in a cloud system). A pose process 610 may be

cxecuted on the wearable computing architecture {¢.g.. processing module 260 or controlier
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460) and utifize data from the map 620 to determine position and orientation of the wearable
computing hardware or user. Pose data may be computed from data collected on the fly as
the user 1s expeniencing the system and operating in the world. The data may comprise
images, data from sensors (such as mertial measurement units, which generally comprise
accelerometer and gyroscope components) and surface information pertinent to objects in the

real or virtual environment.

{163} A sparse point representation may be the cutput of a simultaneous localization and
mapping {¢.g., SLAM or vSLAM, referring to a configuration wherein the input is
images/visual only) process. The system can be configured to not only find out where in the
world the varicus components are, but what the world 1s made of. Pose may be a building
block that achieves many goals, including populating the map and using the data from the

map.

{164} In one embodiment, a sparse point position may not be completely adequate on its
own, and further information may be needed to produce a multifocal AR, VR, or MR
cxperience. Dense representations, generally refernng to depth map information, may be
utifized to fill this gap at least in part. Such information may be computed from a process
referred to as Siereo 640, wherein depth information is determined using a technigue such as
trianguiation or tunc-of-flight sensing. fmage mformation and active patterns (such as
mfrared patterns created using active projectors), images acquired from image cameras, or
hand gestures / totem 650 may serve as mput to the Stereo process 640. A significant amount
of depth map information may be fused together, and some of this may be summarized with a
surface representation. For example, mathematically definable surfaces may be efficient
{e.g., relative to a large point cloud) and digestible inputs to other processing devices like
game engines. Thus, the output of the stergo process {¢.g., a depth map) 640 may be
combined 1o the fusion process 630, Pose 610 may be an mput to this fusion process 630 as
well, and the output of fusion 630 becomes an input to populating the map process 620. Sub-
surfaces may connect with each other, such as in topographical mapping, to form larger

surfaces, and the map becomes a large hybrid of points and surfaces.

[165] To resolve various aspects i a mixed realitv process 660, various inpuis may be
utifized. For example, in the embodiment depicied in FIG. 6A, game parameters may be
mputs to determine that the user of the system is plaving a monster battling game with one or
more monsters at various Jocations, monsters dving or running away under various conditions

{such as if the user shoots the monster), walls or other objects at various locations, and the
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hike The world map may nclude information regarding the location of the objects or
semantic information of the objects {¢.g., classifications such as whether the object 1s flat or
round, horizontal or vertical, a table or a lamp, eic.) and the world map can be another
valuable input to mixed reality. Pose relative to the world can become an input as well and

can play a kev role to almost any interactive system.

[166] Controls or inputs from the user can be another input to the wearable system 600,
Ag described herein, user inputs can include visual input, gestures, totems, audio input,
sensory input, otc. In order to move around or play a game, for cxample, the user may need
to instruct the wearable systern 600 regarding what he or she wants to do. Bevond just
moving onesclf in space, there can be various forms of vser controls that may be utilized. In
one embodiment, atotem {e.g. a user input device), or an object such as a toy gun may be
held by the user and tracked by the svstem. The system preferably will be configured to
know that the user is holding the item and understand what kind of interaction the user is
having with the item (o.g., if the totem or object 8 a gun, the system may be configured to
understand location and orientation, as well as whether the user is clicking a trigger or other
sensed button or clement which may be equipped with a sensor, such as an MU, which may
assist in determining what 1s going on, even when such activity s not within the field of view

of any of the cameras )

g7 Hand gesture tracking or recognition may also provide mput information. The
wearable systemn 600 may be configured to track and mterpret hand gestures for button
presses, for gesturing left or right, stop, grab, hold, ete. For example, in one configuration,
the user may want to flip through emails or a calendar in a non-gaming environment, or do a
“fiat bump” with ancther person or player. The wearable system 600 may be configured to
leverage a minimum amount of hand gesture, which may or mav not be dvnamic. For
example, the gestures may be simple static gestures like open hand for stop, thumbs up for
ok, thumbs down for not ok; or a hand flip night, or left, or up/down for directional

commands.

{108} Eve tracking can be another input {c.g., tracking where the user is looking to
control the display technology to render at a specific depth or range}. In one embodiment,
vergence of the eyves may be determined asing triangulation, and then using a
vergence/accommodation model developed for that particular person, accommodation may be
determuned. Eve tracking can be performed by the eve camera(s) to determune eve gaze (e.g.,

direction or orientation of one or both eves). Other technigues can be used for eve tracking
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such as, ¢.g., measurement of electrical potentials by electrodes placed near the ove(s) (e g,

clectrooculography).

{109} Speech tracking can be ancther mput and can be used alone or in combination
with other inputs {¢.g.. totem tracking, ¢ve tracking, gesture tracking, etc.}. Speech tracking
may include speech recognition, voice recognition, alone or in combmation. The system 600
can include an audio sensor {¢.g., a microphone) that receives an audio stream from the
environment, The system 600 can incorporate voice recognition technology to determine
who is speaking {(c.g., whether the speech is trom the wearer of the ARD or another person or
voice (e.g., a recorded voice transmitied by a loudspeaker in the environment)) as well as
apeech recognition technology to determine what is being said. The local data & processing
module 260 or the remote processing module 270 can process the audio daia from the
microphone {or audio data in ancther stream such as, ¢.g., a video stream being watched by
the user) to identify content of the speech by applying various speech recogmition algorithms,
such as, ¢.g., idden Markov models, dvnamic time warping (DTW)-based speech
recognitions, neural networks, deep learning algorithms such as deep feedforward and
recurrent neural networks, end-to-end automatic speech recognitions, machine learning
algorithms (described with reference to FIG. 7), or other algorithms that uses acoustic

modeling or language modeling, cte.

{114 ¢ local data & processing module 260 or the remote processing module 270 can
also apply voice recognition algorithms which can identify the identity of the speaker, such as
whether the speaker is the user 210 of the wearable system 600 or another person with whom
the user is conversing. Some example voice recognition algorithms can include frequency
estimation, hidden Markov models, Gaussian mixture models, pattern

matching algorithms, neural networks, matrix representation, Vector Quantization, speaker
diarisation, decision trees, and dynamie time warping (DTW) technique. Voice recognition
techniques can also include anti-speaker techniques, such as cohort models, and world
models. Spectral features may be used in representing speaker characteristics. The local data
& processing module or the remote data processing module 270 can use various machine

learmning algorithms described with reference to F1G. 7 to perform the voice recognition.

111} An implementation of a wearable svstem can use these user controls or mputs via
a Ul Ul clements {e.z., condrols, popup windows, bubbles, data entry fields, etc.) can be
used, for example, to disnuss a display of information, ¢.g., graphics or semantic information

of an object.
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{112} With regard to the camera systems, the example wearable system 600 shown in
FIG. 6A can include three pairs of cameras: a relative wide FOV or passive SLAM pair of
cameras arranged to the sides of the user's face, a different pair of cameras oriented in front of
the user to handle the stereo tmaging process 640 and also to capture hand gestures and
totem/object tracking in front of the user's face. The FOV cameras and the pair of cameras
for the stereo process 640 may be a part of the cutward-facing imaging system 464 (shown in
FI1G. 4). The wearable systern 600 can include eve tracking cameras {which may be a part of
an inward-facing imaging system 462 shown in FIG. 4) onented toward the eyes of the user
in order to triangulate eve vectors and other information. The wearable system 600 may also
comprise one or more fextured light projectors (such as infrared (IR) projectors) to inject

texture into a scene.

{113} The wearable system 600 can comprise an avatar processing and rendering system
690. The avatar processing and rendering systemn 690 can be configured to generate, update,
amimate, and render an avatar based on contextual information. Some or all of the avatar
processing and rendering svstera 690 can be implementied as part of the local processing and
data module 260 or the remote processing module 262, 264 alone or in combination. In
various embodiments, muitiple avatar processing and rendening svstems 690 {(e.g., as
munplemented on different wearable devices) can be used for rendering the virtual avatar 670.
For example, a first user’s wearable device may be used to determine the first user’s intent,
while a second user’s wearable device can determine an avatar’s characteristics and render
the avatar of the first user based on the mient received from the first user’s wearable device.
The first user’s wearable device and the second user’s wearable device (or other such
wearable devices) can commumnicate via a network, for example, as will be described with

reference o FIG. 9.

{114} FIG. 68 illustrates an example avatar processing and rendering system 690, The
example avatar processing and rendering system 690 can comprise a 3D model processing
system 680, a contextual mformation analysis system 688, an avatar avtoscaler 692, an intent
mapping system 694, an anatomy adjustment system 698, a stimuli response system 696,
alone or in combination. The system 690 is intended to tHustrate functionalitics for avatar
processing and rendering and is not intended to be hnuting., For example, in certain
implementations, one or more of these systems may be part of another system. For example,

portions of the contextual information analysis system 688 may be part of the avatar
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autoscaler 692, intent mapping systern 694, stimuli response system 696, or anatomy

adjustment system 698, individuallv or in combination.

[115] The contextual information analysis system 688 can be configured to determing
environment and object information based on one or more device sensors described with
reference to FIGS. 2 and 3. For example, the contextual information analysis svstem 683
can analyze environments and objects (including physical or virtual objects) of a user’s
envirgnment or an environment in which the user’s avatar is rendered, using images acquired
by the cutward-facing tmaging system 464 of the user or the viewer of the user’s avatar. The
contextual information analysis system 688 can analvze such images alone or i combination
with a data acquired from location data or world maps {¢.g., maps 620, 710, 910} o
determune the location and layout of chjects in the environments. The contextual information
analysis system 688 can also access biological features of the user or human in general for
animating the virtual avatar 670 vealistically. For example, the contextual mformation
analysis system 688 can generate a discomfort curve which can be applied to the avatar such
that a portion of the user’s avatar’s body {¢.g., the head) may nct be at an uncomfortable (or
unrealistic) position with respect to the other portions of the user’s body {c.g., the avatar’s
head 1s not turned 270 degrees). In certain implementations, one or more object recognizers
708 (shown in FIG. 7} may be implemented as part of the contextual information analysis

svstem 688,

{116} The avatar antoscaler 692, the micnt mapping system 694, and the stimuli
response system 696, and anatomy adjustment system 698 can be configured to determine the
avatar’s characteristics based on contextual mformation. Some example characteristics of the
avatar can include the size, appearance, posifion, orieniation, movement, pose, expression,
etc. The avatar autoscaler 692 can be configured to automatically scale the avatar such that
the user does not have to ook at the avatar at an uncomfortable pose. For example, the avatar
autoscaler 692 can increase or decrease the size of the avatar to bring the avatar to the user’s
eve level sach that the aser does not need to look down at the avatar or lock up at the avatar
respectively. The intent mapping system 694 can determine an infent of a user’s mteraction
and map the intent to an avatar {rather than the exact user interaction) based on the
environment that the avatar 1s rendered in. For example, an mitent of a first user may be to
communicate with 3 second user in a telepresence session {seg, ¢.g., FIz. 9B}, Typically, two
people face cach other when communicating. The intent mapping system 694 of the first

user’s wearable svstem can deternmune that such a face-to-face mtent exasts during the
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telepresence session and can cause the first user’s wearable system io render the second
user’s avatar to be facing the first user. If the second user were to physically turm around,
mstead of rendering the second user’s avatar in a tumed position {which would cause the
back of the second user’s avatar to be rendered to the first user), the first user’s wtent
mapping syster 694 can continue to render the second avatar’s face to the first user, which is

the inferred intent of the telepresence session (.8, face-to-face intent in this example).

{117} The stimuli response system 696 can wdentify an object of interest in the
environment and determine an avatar’s response to the object of interest. For example, the
stimuli response svstem 696 can identify a sound source in an avatar’s environment and
automatically turn the avatar to look at the sound source. The stimuli response system 696
can also determing a threshold termination condition. For example, the stimuli response
system 696 can cause the avatar to go back fo its original pose afier the sound source

disappears or aticr a period of time has elapsed.

{118} The anatomy adjustment system 698 can be configured to adjust the user’s pose
based on biological features. For example, the anatomy adjustment systern 698 can be
configared to adjust relative positions between the user’s head and the user’s torso or

between the user’s upper body and lower body based on a discomfort curve.

{119} ¢ 3D model processing system 680 can be configured to animate and cause the
display 220 to render a virtual avatar 670, The 3D model processing system 680 can include
a virtual character processing system 682 and a movement processing system 684. The
virtual character processing system 682 can be configured to generate and update a 31 model
of a user {for creating and animating the virtual avatar). The movement processing system
684 can be configured to animate the avatar, such as, ¢.g., by changing the avatar’s pose, by
moving the avatar around in a user’s cuvironment, or by animating the avatar’s facial
expressions, etc. As will further be described herein, the virtual avatar can be amimated usmg
rigging techniques. In some embodiments, an avatar 15 represented in two parts: a surface
representation (¢.g., a deformable mesh) that is used to render the cutward appearance of the
virtual avatar and a hierarchical sct of interconnected joints (¢.g., a core skeleton) for
animating the mesh. In some implementations, the virtual character processing svstem 682
can be configured to edit or generate surface representations, while the movement processing

system 684 can be used to animate the avatar by moving the avatar, deforming the mesh, cic.

(V8]
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Examples of Mapping a User’s Environment

{120} FIG. 7 is a block diagram of an example of an MR environmment 700. The MR
environment 700 may be configured to receive input {e.g., visual input 702 from the user's
wearable system, stationary input 704 such as room cameras, sensory input 706 from various
sensors, gestures, totems, eve tracking, user input from the user input device 466 etc.) from
ong or more user wearable systems (¢.g.. wearable system 200 or display system 220) or
stationary room systems {(¢.g., room cameras, ¢tc.). The wearable svstems can use various
sensors {(¢.g., accelerometers, gyroscopes, temperature sensors, movement sensors, depth
sensors, GPS sensors, inward-facing imaging system, outward-facing tmaging system, etc.} to
determine the location and various other attributes of the environment of the user. This
mformation may further be supplemented with information from stationary cameras in the
room that may provide 1mages or various cues trom a different point of view. The image data
acquired by the cameras {such as the room cameras and/or the cameras of the outward-facing

imaging system) may be reduced to a set of mapping points.

{121} One or more object recogmzers 708 can crawl through the received data (e g, the
collection of points) and recognize or map points, tag images, attach semantic information o
objects with the belp of a map database 710, The map database 710 may comprise various

points collected over time and their comrespondmg objects. The various devices and the map
database can be connected to each other through a network (e g, LAN, WAN, etc.) to access

the cloud.

{122} Based on this information and collection of points in the map database, the object
recognizers 708a to 708n may recognize objects in an environment. For exampie. the object
recognizers can recognize faces, persons, windows, walls, user input devices, telovisions,
documents {¢.g., travel tickets, driver’s license, passport as described in the security examples
heremn), other objects in the user’s environment, ctc. One or more object recognizers may be
specialized for object with certain characteristics. For example, the object recognizer 708a
may be used to recognizer faces, while another object recognizer may be used recognize

documents.

{123} The object recognitions may be performed using a variety of computer vision
techmques. For example, the wearable system can analvze the images acquired by the
outward-facing imaging system 464 (shown m FIG. 4) to perform scene reconstruction, event

detection, video tracking, ohject recognition {e.g., persons or documents), obiect pose
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estimation, facial recognition {c.g., from a person in the environment or an image on a
document), learning, indexing, motion estimation, or image analysis {¢.g., identifying indicia
within documents such as photos, signatures, identification mtormation, fravel information,
gtc), and so forth. One or more computer vision algorithms may be used to perform these
tasks. Non-himiting examples of computer vision algorithms include: Scale-mvariant feature
transform (S1FT), speeded up robust features (SURF), oriented FAST and rotated BRIEF
{ORB), binary robust invariant scalabie kevpoints (BRISK), fast retina kevpoint (FREAK),
Viola-Jones algorithm, Eigenfaces approach, Lucas-Kanade algorithm, Hom-Schunk
algorithm, Mean-shift algorithm, visual simoltanecus location and mapping (vVSLAM)
techniques, a sequential Bayesian estimator {e.g., Kalman filter, extended Kalman filter, etc.),
bundle adjustment, Adaptive thresholding (and other thresholding techniques), Herative
Closest Point (JCP), Semi Global Matching (SGM), Senu Global Block Matching (SGBM),
Featurc Point Histograms, various machine learning algorithms (such as ¢.g., support vector
machine, k-nearest neighbors algorithm, Naive Baves, neural network (including
convolutional or deep neural networks}, or other supervised/ansupervised models, etc.), and
so forth.

[124] The object recognitions can additionally or altematively be performed by a vaniety
of machine learning algorithims. Once trained. the machine learning algorithm can be stored
by the HMD. Some examples of machine leaming algorithms can mclude supervised or non-
supervised machine leaming algorithms, including regression algorithms (such as, for
example, Ordinary Least Squares Regression}, instance-based algonthms (such as, for
example, Leaming Vector Quantization}, decision tree algorithms (such as, for example,
classification and regression trees), Bayesian algorithms (such as, for example, Naive Bayes),
chustering alporithms (such as, for example, k-means clustering), association rule leaming
algorithms (such as, for example, a-priori algorithms), artificial neural network algorithmos
{such as, for cxample, Perceptron), deep leaming algorithms {such as, for example, Deep
Boltzmann Machine, or deep neural network), dimensionality reduction algorithms (such as,
for example, Principal Component Analysis), ensemble algorithms (such as, for example,
Stacked Generalization), and/or other machine learning algorithms. In some embodiments,
ndividual models can be customized for individual data sets. For example, the wearable
device can generate or store a base model. The base model may be used as a starting point to
generate additional models specific to a data type {&.g., a particular user in the telepresence

session), a data set {e.g., a set of additional images obtaimed of the user in the telepresence

(V8]
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session}, conditional situations, or other variations. In some embodiments, the wearable
HM can be configured to utilize a plurality of techniques to generate models for analysis of
the aggregated data. Other techniques mayv include using pre~-defined thresholds or data

values.

{125] Based on this information and collection of points in the map database, the object
recogmizers 708a to 708n may recognize objects and supplement objects with semantic
mformation to give life to the objects. For example, if the object recognizer recognizes a set
of points to be a door, the system may attach some semantic information {¢.g., the doorhas a
hinge and has a 90 degree movement about the hinge}. I the object recognizer recognizes a
set of points to be a mirvor, the system may attach semantic information that the mirvor has a
reflective surface that can reflect images of objects in the room. The semantic information
can include affordances of the objects as described herein. For example, the semantic
mformation may include a normal of the object. The system can assign a vector whose
direction indicates the normal of the object. Over time the map database can grow as the
system {(which may reside locally or may be accessible through a wireless network}
accumulates more data from the world. Once the objects are recognized, the information may
be transmitted to one or more wearable systems. For example, the MR environment 700 may
mclude information about a scene happening 1n California. The environment 700 may be
transmitted to one or more users in New York. Based on data received from an FOV camera
and other inputs, the object recognizers and other software components can map the points
collected from the various images, recognize objects etc., such that the scene may be
accurately “passed over” to a second user, who may be in a different part of the world, The

environment 700 may also use a topological map for localization purposes.

1126} FIG. 8 1s a process flow diagram of an example of 2 method 800 of rendering
virtual content in relation to recognized objects. The method 800 describes how a virtual
scene may be presented to a user of the wearable system. The user may be geographically
remote from the scene. For example, the user may be in New York, but may want to view a
scene that is presently going on in California, or may want to go on a walk with a friend who
resides in California.

{127} At block 810, the wearable system may receive tnput from the user and other
users regarding the environment of the user. This may be achicved through various mput
devices, and knowledge already possessed in the map database. The user's FOV camera,

sensors, GPS, eve tracking, etc., convey mformation to the system at block 810, The system
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may determing sparse points based on this mformation at block 820, The sparse points may
be used in deternining pose data (¢.g., head pose, eve pose. body pose, or hand gestures) that
can be used n displaving and understanding the orientation and position of various objects in
the user's surroundings. The object recogmzers 708a-708n may crawl through these collected
points and recognize one or more objects using a map database at block 830, This
mformation may then be conveved to the user's individual wearable system at block 840, and
the desired virtual scene may be accordingly displayed to the user at block 850, For example,
the desired virtual scene {g.g., user in CA) may be displayed at the appropriate orientation,
position, etc., in relation to the various objects and other surroundings of the user in New
York.

Example Communications among Multiple Wearable Svsiems

{128} FIG. 9 schematically thustrates an overall system view depicting multiple user
devices interacting with cach other. The computing environment 900 ncludes user devices
930a, 930b, 930¢. The user devices 930a, 930b, and 930¢ can communicate with each other
through a network 990. The user devices 930a-930c can each include a network interface to
communicate via the network 990 with a remote computing system 920 {which may also
mchude a network interface 971). The network 990 may be a LAN, WAN, peer-to-peer
network, radio, Bluetooth, or any other network, The computing envirgnment 900 can also
mehude one or more remote computing systems 920, The remote computing system 920 may
nclude server computer svstoms that are clustered and located at different geographic
locations. The user devices 930a, 930b, and 930¢ may communicate with the remote

computing system 920 via the network 990,

{129} The remote computing system 920 may include a remote data repository 980
which can maintain information about a specific user’s physical and/or virtual worlds. Data
storage 980 can store information related to users, users’ environment {¢.g., world maps of
the user’s environment), or configurations of avatars of the users. The romote data repository
may be an embodiment of the remote data repository 280 shown in FI(G. 2. The remote
computing svstem 920 may also include a remote processing module 970, The remote
processing module 970 mav be an embodiment of the remote processing module 270 shown
m FIG. 2. The remote processing module 970 may include one or more processors which can
communicate with the aser devices (930a, 930b, 930¢c) and the remote data repository 980.

The processors can process information obtained from user devices and other sources. In
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some implementations, at keast a portion of the processing or storage can be provided by the
local processing and data module 260 (as shown in FIG. 2}, The remote computing system
920 may enable a given user to share mformation about the specific user’s own physical

and/or virtual worlds with another user.

{130} The user device may be a wearable device {such as an HMD oran ARD). a
computer, a mobile device, or any other devices alone or in combination. For example, the
aser devices 930b and 930¢ may be an embodiment of the wearable system 200 shown in
FIG. 2 {or the wearable system 400 shown in FIG. 4) which can be configured to present

AR/VR/MR content.

1131} One or more of the user devices can be used with the user inpot device 466 shown
m FIG. 4. A uvser device can obtaim rnformation about the user and the user’s environment
{c.g., using the outward-facing 1maging sysiem 464 shown in FIG. 4). The user device and/or
remote compoting svstem 1220 can construct, update, and build a collection of images, points
and other information using the information obtained from the user devices. For example, the
user device may process raw information acquired and send the processed information to the
remote computing system 1220 for further processing. The user device may also send the
raw mformation to the remote computing system 1220 for processing. The user device may
recetve the processed mformation from the remote computing svstem 1220 and provide final
processing before projecting to the user. The user device may also process the mformation
obtained and pass the processed information to other user devices. The user device may
communicate with the remote data repository 1280 while processing acquired mformation.
Multiple user devices and/or multiple server computer systems may participate in the
construction and/or processing of acquired images.

{132} The mformation on the physical worlds mayv be developed over time and may be
based on the mformation collected by different user devices. Models of virtual worlds may
also be developed over ime and be based on the inputs of different users. Soch information
and models can sometimes be referred to herein as a world map or a world model. As
described with reference to FIGS. 6 and 7, information acquired by the user devices may be
used to construct a world map 910, The world map 910 may include at least a portion of the
map 620 deseribed i FIG. 6A. Various object recognizers {e.g. 708a, 708b, 708¢ ... 708n)
may be used to recognize objects and tag tmages, as well as to attach semantic information to

the objects. These object recognizers are also described m FIG. 7.
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{133} The remote data repostiory 980 can be used to store data and to facilitate the
construction of the world map 910. The user device can constantly update information about
the user’s environment and recerve information about the world map 910, The world map
910 may be created by the user or by someone else. As discussed herein, user devices (e.g.
930a, 930b, 930¢} and remote computing system 920, alone or in combination, may construct
and/or update the world map 910. For example, a user device may be in communication with
the remote processing module 970 and the remote data repository 980, The user device may
acquire and/or process information about the user and the user’s environment. The remote
processing module 970 mav be in communication with the remote data repository 980 and
user devices {e.g. 930a, 930b, 930¢) to process information about the user and the user’s
environment. The remote computing system 920 can modify the information acquired by the
user devices {e.g. 930a, 930b, 930c), such as, ¢.g., selectively cropping a user’s image,
modifying the user’s background, adding virtual objects to the user’s covironment, annotating
auser’s speech with anxibiary information, ete. The remote computing system 920 can send

the processed information to the same and/or different user devices.

Example Process for 3D Model Sharine

[134] FIG. 10 illustrates an example process 1000 of sharing 3D assets using the system
and methods described herein. At step 1001, the 3D sharing host application can access a 3D
model file from the host system. The host may do this either by creating a new 30 asset on
the host systen or obtaining a 3D asset from an extemnal systerm. The 3D asset may originate
in a 3D modeling application such as AutoCad or 3D Stadio Max, and may be of any file
type. The host may utilize an asset import plug-in {e.g. ASSIMP) to enable graphical format
mterchange. The ASSIMP plugin may support up to 40 different file formats, for example,
such as Filmbox (FBX} in .fbx format or Autodesk Max 3D modeling (3DS) in 3ds tormat.
In some embodiments, a custom program may be written to enable file format interchange.
Any other suitable file format conversion method may be used to enable file reformatting for
use within the host 3D sharing application.

[135] At step 1003, the 3D sharing host application can decompose the 3D asset into
constituent parts. Examples of constituent parts may be geometric data, material data, vertex
tables, one or more {extures, trangle indices, or any other data used to ultimately define a full

representation of a 3D model.
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{136} At step 10035, the constituent parts can be sent 1o chients that are part of a network
with the host. In some embodiments, there may be only one chient. In some embodiments,
there may be two or more clients. In a preferred embodiment, a local area network may be
uttized utilizing a UDP protocol. The network may be a LAN, WAN, peer-to-peer network,
radio, Bluctooth, ad hoc, or any other network. In some embodiments, the network may be
the network 990 as described above. The host may be a remote computing system that may
melude server computer systems that are clustered and located at different geographic
locations, as described above m context of 920. The client may be the user devices 93{a,
930b, and/or 930c¢ as described above. In some embodiments, there may be one host. In
some embodiments, there may be two or more hosts. In some embodiments, each device
connected to the network may be both a host and a client, in effect both sharing and receiving

3D assets from other devices on the network.
{137} At step 1007, the client can receive the constituent parts.

{138} At step 1009, the client can recompose the 3D asset from the constituent parts
received from the host. In some embodiments, the 3D asset can be stored in the client
device’s memory. In some embodiments, the 3D asset may be saved for later use by the

device.

[139] At siep 1011, the client can display the recomposed 3D asset. In some

embodiments, the client may not display the recomposed 31 asset, or may display the asset at
a later time, for example upon user request. In some embodiments, the client may display the
recomposed 3D asset, but the user may not be able to see the recomposed 3D asset because it

1s outside of the user’s FOV.

Example 3D Model Sharing Svstem Confisuration

[140] FIG. 11 ilustrates an example 313 mode! sharing system configuration 1100 for
sharing 31 assets using the svstem and methods described herem. FIG. 11 depicts a system
configaration 1100 comprising one chient (which may be called “remote™} system 1116 and
one server (which may be called “host™) system 1118, The client system and the host system
need not be physically separate systems; for example, in some embodiments, the client and
the server can exist on the same physical device {¢.g., as client and server threads
concurrently executed by one or more processors of the same computer system). In practice,

the 3D sharing system 1100 may geverally require at least one host systern 1118 that may
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function as a source of decomposed 3D assets. The host system 1118 may have authoritative
control over the type and quantity of the 3D models available within the 3D sharing
application. The 3D shanng svstem 1100 may have any number (¢.g. zevo, one, ten, eic.) of
chient systems 1116 operably connected to the host system 1118 through a commumnication
network 1114, The communication network 1114 may be a LAN, for example viilizing a
User Datagram Protocol (UDP). The host system 1118 may comprisc one of more processors
operably coupled to at least one display, and capable of receiving a communication from
other computing systems. In some embodiments, the host system 1118 may be a PC deskiop
computer attached to a computer monitor with a network interface. In some embodiments,
the host system 1118 may be system 200, 930a, 930b, or 930¢ as described above. The user
devices 200, 930a, 930b, and 930c¢ can communicate with each other and other computing
systems through a commuumication network 1114, The user devices 930a-930¢ can cach
mclude a network interface to communicate via the network 1114 with remote computing
systems, such as 920 {which may also include a network interface 971). The client system
1116 may comprise one or more processors operably coupled to at least one display, and
capable of receiving a communication from other computing systems. In some embodiments,
the client system 1116 may be a PC desktop computer attached to a computer monitor with a
network interface. In some embodiments, the client system 1118 may be system 200, 9303,
930b, or 930¢ as described above. The user devices 200, 930a, 930b, and 930¢ can
communicate with cach other and other computing systems through a communication
network 1114, The user devices 930a3-930c¢ can each mclude a network mnterface to
communicate via the network 1114 with remote computing systems, sach as 920 (which may

also include a network mterface 971).

{141} The host system 1118 may have the 3D sharing host application mstalled. The 3D
sharing host application mayv comprise three main modules: an assets module 1108, a
decomposition module 1110, and a transmission module 1112, The assets module 1108 may
comprise one or more full 31 models. The decomposition module 1110 may function to
break a full 3D model into constituent parts, optionally compress the constituent parts, and
place the constituent parts into one or more arrays that are ready to send to a different system.
The arrays may be stored in one or more ibrarics that may contain one or more decomposed
3D models. The ransnussion module 1112 may function to break the constituent parts from

the decomposition modale 1110 into transferrable pieces of data and may manage the
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transmission protocols and processes. The transmission moduie 1112 may send the

transferrable picces of data to other systems connected on the communications network 1114,

{142} The client, or remote, system 1116 may have a 3D sharing chient application
mstalled. The 31 sharing client application may comprise three main modules: a
transmission module 1106, a recomposition module 1104, an assets module 1102, The
transmission module 1106 may function to receive one or more decomposed 3D modcls and
may manage the transmission and networking processes for the client system 1116, The
transmission module 1106 may communicate with the 3D model sharing host application
through messaging protocols. These protocols may be custom built protocols, or may utilize
commonly used protocols. The recomposition module 1104 may function to reassemble the
received decomposed 3D models from other systems on the network. The assets module

1102 maay comprise one or more full 30 models.

Example Process for 3D Model Sharing

143} FIG. 12 ilfustrates an example 3D model sharing process 1200 between a server
and client using the system and methods described herem. The process 1200 may begin at
step 1202, when a server svstem, such as server system 1118, opens a 3D model sharing host

application.

{144} At step 1204, the server may load one or more full 3D model files into the 3D
model sharing host applications. The full 3D model file may originate on the host system
1118 from a different 3D modeling software downloaded on the host system 1118, such as
AutoCad, for example. In some embodiments, the 3D model file may be tnported from an
outside source, such as an external hard drive, a remote computing svstem {ex: 920 from FI1G.
9 above), or from cloud storage. In some embodiments, the 3D model file may originate
from a 3D scanner or a similar device. The 3D model file may be imported using an
ASSIMP, or equivalent, plug-in. The plug-in may convert the 3D model file from one format
to a different file format that is compatible with the 3D model sharing host application. The
plug-in mayv only be utilized by the host system, such as host system 1118 for example,
because the file formatting may disappear at the server during the decomposition proccss, as

described 1 more detail below.

{145} At step 1206, the server system may decompose the 3D model into its constituent

parts. Decomposing the 3D model can comprise identifying constituent parts within the 3D
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model. Becomposing the 3D model can be non-destructive, o that it does not resultin a
change to the 3D model itself {e.g., a loss of information in the 3D model), or a change in
how the 3D model is rendered for viewing. Decomposing the 3D model can comprise
applving data-level changes to the 3D model and/or its constituent parts (¢.g., applying data
formatting changes, or compressing constituent parts to facilitate shaning). The
decomposition process may occur in decomposition module 1110, as described above.
Constituent parts may be sub-sets of the data required to fully define a 3D model. The
constituent parts sub-sets may be defined by pre-exasting bundles of data comprising the 3D
model, such as vertex tables, geometric data, material data, etc. In some embodiments, the
constituent parts sub-sets may be defined in other ways, such as by the 3D model sharing

application programmer.

{146} At step 1214, a client system may open the 3D model sharing client application.
This may mitiate a series of steps related to networking protocols, communications, and

discovery.

[147] At step 1216, the 313 mode! sharing client application may discover a 3D model
sharing host, if a host exists, via a network., The network may be a LAN {¢.g. UDP). In some
embodiments, the local network is private. In some embodiments, a cloud service is not

used.

[148] At step 1208, the server may receive a connection reguest from the client, and the

server may accept the connection request.

[149] At step 1210, the server may send a client info request back to the client. The
client info request may contain a list of evervthing in the library of the 3D model sharing host
application. The chient info request may aliematively be called an asset inventory, or a table

of contents.

R At step 1218, the client may reply back to the server with data specifying which
itoms are missing from the 35 model sharing client application library, when compared to the

3D model sharing server application iibrary.

1151} At step 1212, the server may respond by sending the client the items missing from
the 3D model sharing client application. In some embodiments, the chient may have recently

opened the 3D model sharing apphcation, and thos can start with zero items in its library. In

thig situation, the host may send its entire hbrary to the client. In some ¢mbodiments, the

librarics may be placed in memory, and may thus be crased when the 313 model sharing
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application is closed. In some embodiments, the libraries may be saved to disk, such as the
client systom hard drive, so the 3D modcls may be accessed at a later date. In some
embodiments, the 3D model data that 15 sent to the client 15 a data structure without a file
format. At the end of this step, the 3D model sharing host bbrary may match the 3D model
sharing client bbrary. In other words, both the host system and the client system may now

contain the same constitucnt parts for the same set of 3D models.

(152} In some embodiments, a client may update tems that are outdated when compared
to items stored in a server. For example, the client info request may include version mnnbers
associated with individual assets in an asset mventory. One or more assets in the server’s
asset inventory can correspond to assets stored with the client. The client can identify items
stored in a client asset library that have lower version numbers than a corresponding tem n
the server’s asset inventory. The chient can send data to the server identifying items that
require updating, and the server can respond by sending the chient the corresponding update

items.

{153} At step 1220, the client may recompose one or more 31 models from the new
ttems sent from the server. In some embodiments, the client may now have the same full 3D
models as the server.

[154] At step 1222, the user of the client svsiem may now view the 3D models shared

by the host systent.

Example 3D Model Sharine Svstem Confisuration

{155} FIG. 13 illustrates an example 3D model sharing system configuration 1300 for

sharing 3D assets using the system and methods described heren.

{156} The 3D model sharing system configuration 1300 may comprise a host system
1306 and a client system 1304 operably coupled by a commumnication link 1302, sach as a
network. The client system 1304 may have the 3D mode! sharing client application open and
running, and thus be operating 1n a runtime environment. The host system 1306 may have
the 3D model sharing host application open and running, and thus be operating in a runtime
enviromment. Although FIG. 13 depicts one server system and one host system, this is not
meant to be limiting in scope, and is done for ease of illustration. In practice, the 3D model
sharing system configuration 1300 may have only ong host system 1306, more than one host

system 1306, one client system 1304, more than one chient system 1304, and/or one or more
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systerns that function as both a host (2.g. sends 3D mode! data to other systoms via
communication 1302) and client (e.g. receives 3D model data from other systems via
cornmunication 1302). Further, in some embodiments, a single system can comprise both the
host system and the client system. In some embodiments, host system 1306 may be host
system 1118, In some embodiments, client system 1304 may be client system 1116, The
host system 1306 may comprise one or more processors operably coupled to at least one
display, for example a PC desktop computer attached to a computer monitor. In some
embodiments, the host system 1306 may be system 200, 930a, 930b, or 930c¢ as described
above. The client system 1304 may comprise one or more processors operably coupled to at
cast one display, for example a PC deskiop computer attached to a computer monitor. In
some embodiments, the client systemn 1304 may be system 200, 9304, 930b, or 930c¢ as

described above.

{157} Host system 1306 may comprise a server module 1316, The scrver module 1316
may manage functions and processes specific to being a server, such as transmission and
networking protocols. The server module 1316 may receive and process connection requests,
Like steps 1208, 1210, and/or 1212 in process 1200, In some embodiments, the server module

1316 may comprise transmission module 1112,

1158} Host system 1306 may comprise a host load module 1320, The load module may
contain functions and processes that enable the 3D model sharing host application to import
or load a 3D asset into the 3D model sharing host application or onto the host system 1306,
The load moduiec 1320 may comprise an ASSIMP plug-in. In some embodiments, step 1204
from process 1200 may occur within the load module 1320, In some cmbodiments, step 1001
from process 1000 may occur within the load module 1320, In some embodiments, the assets

module 1108 may comprise the load module 1320

[159] Host system 1306 may comprise a host library manager module 1318, The hibrary
manager module 1318 may contain and manage the data and processes corresponding to 3D
assets that have already been loaded into the 3D asset sharing host application. The hibrary
manager module 1318 may contain and manage the data and processes corresponding to the
3D asset sharing host application’s libraries. This may include the decomposition process,
matntaiming the library table of contents, etc. In some embodiments, step 1206 from process
1200 maay occur in the library manager module 1318, fn some embodiments, step 1003 from

process 1000 may occur 1n the library manager module 1318, In some embodiments, the
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library manager module 1318 may comprise the decomposition module 1110 from system

1100,

{160} Host system 1306 may comprise host world modale 1322, The host world module
1322 may manage the full 3D assets, the 3D virtual world, meshing of the real world, etc. and
the udegration between these. In some embodiments, the host world module 1322 may be
considered a scenegraph, or the tunctional equivalent of a scenegraph. In some
embodiments, the world can draw from items that come out of the world library {i.¢. fully
recomposed 3D model) and create world objects out of them. In some embodiments,
evervihung in the 3D virtual world can be represented as a world object. The world object
may be part of a world “class”. In some embodiments, the host world module 1322 contains
the same data as the cHent world module 1312, by step 1222 of process 1200 or by step 1011
of process 1000 (i.c. after the 3D models have been shared and recomposed locally at the
client). The output from the host world module 1322 may feed into the render path module
1324,

{161} Host systern 1306 may comprise host render path module 1324, The render path
modide 1324 may accept as input data from the host world module 1322, put it through the
host system 1306 render pipeline, and may display one or more 3D models on a display of the

host system 1306,

{162} Client system 1304 may comprise a client modale 1308, The client module 1304
may manage functions and processes specific to being a client, such as transmission and
networking and/or server/chient protocols. The chient module 1308 may manage the server
discovery process and other connection protocols. In some embodiments, this may mclude
steps 1216 and/or 1218 in process 1200. In some cmbodiments, the client module 1308 may

comprise transmission module 1106,

{163} Client system 1304 may comprise a client hibrary manager modale 1310, The
hibrary manager module 1310 may contain and manage the data and processes corresponding
to 313 asset constituent parts that have been received from the 31D asset sharnng host
application. The hibrary manager module 1310 may contain and manage the data and
processes corresponding to the 3D asset shanng chent application’s fibraries. This may
mclude the recomposition process. In some embodiments, step 1220 from process 1200 may
occur in the library manager module 1310, In some embodiments, step 1009 from process

1000 may occur in the library manager module 1310, In some embodiments, the library
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manager module 1310 may comprise the recomposition module 1104 from system 1100, In
some embodiments, the client libraries contain the same data as the host libranes, by step
1222 of process 1200 or by step 1011 of process 1000 (i.e. afier the 3D models have been

shared and recomposed locally at the chient).

{164] Chient system 1304 may comprse client world module 1312, The client world
module 1312 may manage the fully recomposed 3D asscts, the 3D virtual world, meshing of
the real world, etc. and the integration between these. In some embodiments, the client world
module 1312 may be considered a scenegraph, or the functional equivalent of a scenegraph.
In some embodiments, the world draws from 1tems that come out of a world hibrary (e, fully
recomposed 3D model) and creates world objects out of them.  In some embodiments,
gverything in the 3D virtaal world is represented as a world object. The world object may be
part of a world “class”. In some cmbodiments, the chient world module 1312 can contain the
same data as the host world module 1322, by step 1222 of process 1200 or by step 1011 of
process 1000 (e, after the 3D models have been shared and recomposed locally at the client).

The output from the chient world module 1312 may feed mto the render path module 1314

{163} Client system 1304 may comprise client render path modale 1314, The render
path meodule 1314 may accept as input data from the client world module 1312, put it through
the client system 1304 render pipeline, and may display one or more virtual 3D modelson a

display of the chient system 1304,

166} The example 3D model sharing svstem configuration 1300 can enable two or
more devices to share full 3D models during runtime. This can have the advantage of adding
new assets to an application on a computing system faster than traditional systems where the

updates may need to wait vatil the application is closed.

Example Process for Becomposing a 3B Model

{167} FIG. 14 ilustrates an example process 1400 for decomposing a full 3D model
using the system and methods described herein.  In some embodiments, the decomposition
process 1400 may occur in host library manager module 1318, in some embodiments, the
decomposition process 1400 may occur in decomposition module 1110, In some
embodiments, the decomposition process 1400 may be step 1003 in process 1600, In some

embodiments, the decomposition process 1400 may be step 1206 in process 1200.
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{168} The process 1400 mayv start with a full 3D model that can be loaded within the 3B
maodel sharing bost application. At step 1402, the 31 model sharing host application may
copy one constituent part of a 30 model and place the data representing the constituent part
o an array. Some example constituent parts may be one or more vertex posilions, vertex
tables, geometric data, material data, textures, triangle index tables, etc. A counstituent part

may be a portion of the data required to represent a fufl 3D model.

169} At step 1404, the constituent part may optionally be compressed. Standard

compression techniques may be used.

{170} At step 1406, the constituent part may be packaged.
171} At step 1408, the package may be stored in one of the 3D model sharing host

application’s hibrarics. The 3D model sharing host application may have one or more
hibraries used to store and organize the packages. In some embodiments, the ibrary may
compnse three libraries- a mesh library, a material bibrary, and a texture library, as shown in
Fi(;.16. Aliernate Iibrary configurations may be used. The package may be stored n the

corrgsponding library {e.g. textures may be stored n the texture library).

1172} At step 1410, the process may check the 3D model to see if there are additional
constituent parts that need to be added to the library. If there are more constituent parts that
have not been added to the library, the process can start over again at step 1402 until all
constituent parts are added to the library. When all constituent parts have been added, the

library may contain a complete record of the full 3D model, as in step 1412.

1173} In some embodiments, a 3D model can be decomposed into constituent parts pre-
defined by a 313 mode! application. For example, a 3D model application {¢.g.. a computer-
atded design program) can define a 3D model in terms of different data elements (eg., a
mesh and a mesh renderer), each of which can comprise one or more defined constituent parts
{c.g., atriangle array or a texture). Decomposing a 3D model in that case can constitute
applying an operation {¢.g., data formatting) to cach constituent part and storing it in
memory. In some embodiments, methods and systems described herein can be used to
decompose a 3D model into one or more subgroups defined by auser. For example, fora 3D
model of a car, a user can designate a collection of vertices/parts/structures as the “engine.” a
collection of vertices/parts/structures as the “chassis,” a collection of vertices/parts/structures
as the “drivetrain,” and a collection of vertices/parts/structures as the “wheels.” Each

subgroup can then be optionally compressed and sent to a device separately. In some
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embodiments, a 30 model can be decomposed into algorithmically defined subgroups. For
example, an algorithm can have been developed (¢ .g., manually, semi-automatically, and/or
automatically, for example, through machine leaming) to identify a collection of
vertices/parts/structares as an “engine.” An algorithm can first identify the whole 3D model
{e.g.. first identifying the model as a car) before attempting to classity a collection of
vertices/parts/structures from a limited pool based on the initial identification. An algorithm

can also directly attempt to classify a collection of vertices/parts/structures.

Example of a full 3D Model

{174} FIG. 15 illustrates an example full 3D model 1500 using the system and methods
described herein. In some embodiments, a full 3D model may be a complete set of data
describing a 3D renderable digital object. In some embodiments, a full 3D model may be a
set of data representing a digital or virtual object that 1s capable of display when added to a

compatible render pipeline.

1175] At 3D model component 1502, the 3D model can be assigned a name. The name
may be assigned by the user, the import process, and/or may be the original file name used
the 3D model creation software, such as the file name given to a 3D model in AutoCad. The
3D model may have two main types of data: mesh data 1504 and mesh renderer data 1506,
The mesh data may be broken down further into subsets of data, or constituent parts, such as
constituent part A 1508, constituent part B 1510, constituent part 1312, and constituent part
1514, The matenial data 1516 may be broken down farther mnto subsets of data, or constituent
parts, such as material properties 1522, Texiure 1 1518, and Texturc 2 1522, The exact
lavout, categorization, and sub-grouping of 3D model data may vary trom that shown 1n FIG.
15, In some embodiments, there may be any number of constituent parts under mesh 1504,
such as two, three, or ten constituent parts. In some embodiments, there may be multiple
subsets of properties 1522 under matenial data 1516, instead of just one. In some
embodiments, there may be more or fower Texture constifuent parts 1518, 1520, than is
shown i FIG. 15, Any suitable number and categonzation may be used to break down a full

3D model into constituent parts.

{176} In some embodiments, exemplary full 3D model 1500 can be decomposed using
exemplary decomposition process 1400, Full 3D model 1500 can comprise one or more
constituent parts {¢.g., constituent part A 1308, constituent part B 1510, constituent part €

1512, constituent part I 1514, Texture 1 1518, Texture 2 1520, and/or matenial propertics
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15223, Omne constituent part of full 3D model 1500 {e.g., Texture 1) can be copied at step
1402 of decomposition process 1400, The constituent part can be optionally compressed at
step 1404 of decomposttion process 1400, The constituent part can be packaged at step 1406
of decomposition process 1400, The constituent part can be stored at step 1408 of
decomposition process 1400 {e.g., m exemplary set of libraries 1600). Steps 1402, 1404,
1406, and 1408 can be repeated for cach constitucnt part of full 3D model 1500 until all

constituent parts of full 3D model 1500 have been stored {e.g., in set of libranes 1600}

Example of Libraries in a 3D Model Shanngs Application

{177} FIG. 16 illustrates an example set of libraries 1600 utilized in a 3D model sharing
application fo store constifuent parts of a 3D model using the svstem and methods described
herein. The set of librarics 1600 may comprise one or more libraries in order to store and
organize the 3D model constituent parts. In some embodiments, there may be three librarics:
a mesh library 1602, a material ibrarv 1604, and a texture library 1606, The mesh library
1602 may contain a set of constituent parts, in the form of arrays, that describe the 3D model
mesh. Examples arrays that may be stored in the mesh library are a vertex buffer arrav 1608,
anormal buffer array 1610, a UV buffer array 1612, and/or a triangle array 1614, The mesh
library may optionally also contamn one or more string values, such as Matenial “Name” 1616,
Bitmap Texture 1 “Name” 1618, and Bitmap Texture 2 “Name™ 1620, These string valoes
1616, 1618, 1620 may reference the other libraries, such as matenal library 1604 and texture
Library 1606, In some embodiments, a tull 3D model may be represented when all of the data
ts pulled or referenced from the mesh library 1602, In some embodiments, a foll 3D model
for “Name™ may be represented when all of the data is pulled or referenced from all of the

librarics 1602, 1604, 1606 corresponding to a record, or single 31 model, “Name”.

{178} Material library 1604 may contain data representing properties of the material for
a 3D model and the properties associated values. In some cmbodiments, texture bibrary 1606
may contain one or more textures 1622, 1624, In some embodiments, toxture library 1606
may contain one or more bitmaps. In some embodiments, texture librarv 1606 may contain

one or more UV maps, UV coordinates, or other UV space data.

[179] All of the data contained m libraries 1600 of the 3D sharing application may be

combined to represent a full, renderable 3D model

¥
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Example Process for Recomposing a 3D Model

{188 FIG. 17 iHustrates an example process 1700 for recomposing a full 3D moded
from its constituent parts using the system and methods described herein. In some
embodiments, the process may be step 1220 n process 1200, In some embodiments, the
process 1700 may be step 1009 from process 1000, In some embodiments, the process 1700
may occur in the recomposition module 1104, In some embodiments, the process 1700 may

occur in library manager module 1310,

181} The process 1700 may begin at step 1702 by creating an empty object, sometimes
called an empty game object. In some embodiments, the empty game object may comprise
an empty volume in space with a reference coordinate system. In some embodiments, the
empty object 18 essentially a transform that exists in space- a position and orientation. In
some embodiments, the empty object is an empty prism. In some embodiments, the empty

object may correspond to 1502 in FIG. 15,

[182] After the empty object is created 1702, a new mesh 1704 and a new mesh renderer
1708 may be added to the cmpty game object. ln some embodiments, adding a new mesh
1704 roay correspond to mesh 1504 1n FIG. 135 and adding a new mesh renderer 1708 may

correspond to mesh renderer 1506 n FIG. 15

{183} The process 1700 mav procced to steps 1706 and 1710, where the cmpty mesh
buffers can be tilled with the 3D model constituent parts that correspond to mesh data and the
empty mesh renderer buffers can be filled with the 3D model constituent parts that
correspond to mesh render data. In some embodiments, steps 1706 and/or 1710 may un-
compress compressed data. In some embodiments, the mesh data may correspond to
constituent parts 1508, 1510, 1512, 1514 from FIG. 13, In some embodiments, the mesh
render data may correspond to constituent parts 1518, 1520, 1522, The buffers may be filled
with data from the 3D modcl application’s libraries that correspond to a single 3D model. In
some embodiments, the empty mesh buffers may be filled 1706 with data from mesh library
1602. In some embodiments, the empty mesh render buffers may be filled 1710 with data
from material library 1604 and textare library 1606. The process 1700 can be complete when
all of the data corresponding to a single 3D model (i.¢. a single record within the 313 model

sharing application’s Iibrary) has been added to the empty object.

{184} FIG. 18 illustrates an example foll 3D model 1800 using the systerm and methods

described herein. In some embodiments, the full 3D model 1800 may be the output of
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process 1700, In some embodiments, the full 3D model 1300 can be a more detailed version
of examplc full 30 model 1500, where generic constituent component A can be vertex buffer
1808, generic constituent component B can be normal buffer 1810, generie constituent
component € can be UV buffer 1812, and generic constituent component I can be tnangle

mdices 1814, In some embodiments, trangle mdices 1814 may need to be filled in last.

{185} In some embodiments, full 3D model 1800 may be the mput to process 1400, from
which the constituent parts are copted. In some embodiments, fall 3B model 1800 may be
stored 10 world module 1322 and/or 13172 as a world object. In some embodiments, fuil 3D
model 1800 may be the 3D model foaded into the 3D model sharing server application 1 step
1204 of process 1200 and/or 1001 of process 1000, In some embodiments, full 3D model
1860 may be the output from step 1220 of process 1200 and/or step 1609 of process 1000, In
some cmbodiments, full 3D model 1800 mav be an asset stored in assets module 1102 and/or
1108, The Object “Name™ 1802 may match the original file name that was loaded into the
3D model sharing application, car fbx for example, even though the 3D model is no longer in

FBX file format.

Other Examples of 3D Model Shanng

{186} in some embodiments, a 3D model can originate from an MR device (e.g..
wearable system 200). An MR device can capture information about a physical object,
generate a 3D model of the physical object, decompose the 3D model into constituent parts,
send congstituent parts to a clignt device, and the clignt device can generate a 3D model based
on constituent parts. For example, object recognizers 708 can receive mput from outward
facing imaging system 464, lidar sensors, depth sensors, RGB cameras, infrared cameras,
time-of-flight cameras, and/or other sensors on an MR device. This input can be used in
computer vision algorithms and/or machine-leaming trained algorithms to generate a 3D
model based on the physical object. An algorithm can generate a 3D model by first
wdentifving a physical object and then generating a 3D model based on a library of 3D models
associated with the phvsical object. In some embodiments, a 3D model can be generated
from a physical object by assembling subgroups based on pre-defined subgroups in a library
of 31 models. In some embodiments, a 3D model can be decomposed mto subgroups
defined by a user. In some embodiments, a 3D model can be decomposed nto
algorithmically defined subgroups. For example, an algorithm can have been developed
{c¢.g., manually, semi-automatically, and/or automatically, for example, through machine

leaming) to identify a collection of vertices/parts/structares as a subgroup.
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{187} In some embodiments, an algorithm can also generate a 3D mode! directly froma
physical object. For example, an algorithm can identify surfaces and vertices of a physical
object and generate a 3D model of the whole physical object based on observed
characteristics of the physical object. In some embodiments, an algorithm can identify
localized surfaces and vertices of a physical object and generate a 3D mode] of a localized
portion and/or define a subgroup of the physical object based on a library of subgroups. An
algorithm can store data regarding the association of the subgroups to form a complete 3D

model based on the constituent parts.

[188] The 3D model sharing systems and methods described in the present disclosure
can provide a specific solution to the technical problem of how to move a renderable 3D
model from one computing system to a different computing system during runtime. This can
present an improvement over existing technology which only adds new renderable 3D models

to an apphication ottiine.

{189} Although 3D moedels are discussed herein, it is also contemplated that systems and
methods described in this application can apply to other digital asscts other than 3D models.
For example, 2D models can be decomposed, transferred, and reconstructed using systems
and methods described herein {¢ g, into outlings and textures). In some embodiments, an
animation can be decomposed, transferred, and reconstructed using svstems and methods
described herein {¢.g., into a series of meshes, which can each be decomposed further as
described herein). In some embodiments, 3D models can be flattened mto 2D models (e.g.,

to display on a 2D screen or to oreate a 2D map).

Other Considerations

{150} Each of the processes, methods, and algonthms described heren and/or depicted
i the attached figures may be embodied in, and fully or partially automated by, code
modules executed by one or more physical computing systems, hardware computer
processors, application-specific circuitry, and/or electronic hardware configured to execuie
specific and particular computer instructions. For example, computing systems can inchude
general purpose computers {e.g., servers} progranuned with specific computer instructions or
special purpose computers, special purpose circuitry, and so forth. A code module mav be
compiled and linked into an executable program, installed in a dynamic link library, or may
be written in an interpreted programming language. In some implementations, particular

operations and methods may be performed by circmitry that 1s specific to a given function.

W
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{191} Fuarther, certain implementations of the functionality of the present disclosure are
sufficiently mathematically, computationally, or technically complex that application-specific
hardware or one or more physical computing devices {utilizing appropnate specialized
exccutable instructions) may be necessary to perform the functionality, for example, due to
the volume or complexity of the calculations involved or to provide results substantially in
real-time. For example, animations or video may include many frames, with cach frame
having millions of pixels, and specifically programmed computer hardware 1s necessary to
process the video data to provide a desired image processing task or application in a

commercially reasonable amount of time.

192} Code modules or any type of data may be stored on any type of non-transitory
computer-readable medium, such as physical computer storage including hard drives, solid
state memory, random access memory (RAM), read onlv memory (ROM), optical disc,
volatile or non-volatile storage, combinations of the same and/or the like. The methods and
modules (or data) may also be transmitted as generated data signals {e.g., as part of a carrier
wave or other analog or digital propagated signal) on a variety of computer-readable
transmission mediums, including wircless-based and wired/cable-based mediums, and may
take a variety of forms {¢.g., as part of a single or multiplexed analog signal, or as muliiple
discrete digital packets or frames). The results of the disclosed processes or process steps
may be stored, persistently or otherwise, in any type of non-transitorv, tangible computer

storage or may be communicated via a computer-readable transmission medium.

{193} Any processes, blocks, states, steps, or functionalities in flow diagrams described
herein and/or depicted 1o the attached figures should be vnderstood as potentially
representing code modules, segments, or portions of code which mnclude one or more
executable instructions for implementing specific functions (e g, logical or arithmetical) or
steps in the process. The various processes, blocks, states, steps, or functionalitics can be
combined, rearranged, added to, deleted from, modified, or otherwise changed from the
tHustrative examples provided herein. In some embodiments, additional or different
computing systems or code modules may perform some or all of the functionalitics described
herein. The methods and processes described herein are also not limited to any particular
sequence, and the blocks, steps, or states relating thereto can be performed in other sequences
that are appropriate, for example, in serial, in parallel, or in some other manner. Tasks or
events may be added to or removed from the disclosed example embodiments. Moreover, the

separation of various system components 1n the implementations described herein 1s for
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tlustrative purposes and should not be understood as requiring such separation in all
implementations. It should be understood that the described program components, methods,
and svstems can generally be mitegrated together in a single computer product or packaged

mto multiple computer products. Many implementation variations are possible.

[194] The processes, methods, and systems may be tmplemented in a network {or
distnibuted) computing environment. Network environments include enterprise-wide
computer networks, intranets, local area networks (LAN}, wide area networks (WAN}),
personal area networks (PAN), cloud computing networks, crowd-sourced computing
networks, the Internet, and the World Wide Web. The network may be a wired or a wirciess

network or any sther tvpe of communication network,

[195] The systems and methods of the disclosure each have several innovative aspects,
no single one of which is solely responsible or required for the desirable attributes disclosed
herein. The various features and processes described above may be used mdependently of
ong another, or may be combined in various ways. All possible combinations and
subcombinations arc mtended to fall within the scope of this disclosure. Various
modifications to the implementations described in this disclosure may be readily apparent to
those skilled in the art, and the generic principles defined herein may be applied to other
mmplementations without departing from the spirit or scope of this disclosure. Thus, the
claims are not miended to be limited to the implementations shown herein, but are to be
accorded the widest scope consistent with this disclosure, the principles and the novel

features disclosed hersin.

[196] Certain features that are described in this spectfication in the context of separate
mnplementations also can be implemented in combination in a single implementation.
Conversely, various features that are described in the context of a single implementation also
can be implemented in multiple implementations separately or in any suitable
subcombination. Morgover, although features may be described above as acting in certain
combinations and even mitially claimed as such, one or more features from a claimed
combination can in some cases be oxcised from the combination, and the claimed
combination may be directed to a subcombimation or variation of a subcombination. No
single feature or group of features is necessary or indispensable to cach and every

embodiment.

(¥
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3% 4¢

{1971 Conditional language used herein, such as, among others, “can,” “could.” “might,”

“may,” “c.g..” and the like, unless specifically stated otherwise, or otherwise understood
within the context as used, 18 generally miended to convey that certam embodiments include,
while other embodiments do not include, certain features, elements and/or steps. Thus, such
conditional language 1s not generally mtended to imply that features, clements and/or steps
arc in any way required for one or more cmbodiments or that one or more embodiments
necessarily include logic for deciding, with or without author input or prompting, whether
these features, elements and/or steps are inchuded or are to be performed in any particular
embodiment. The terms “comprising.” “including,” “having,” and the like are synonvmous
and are used inclusively, i an open-~ended tashion, and do not exclude additional elements,
features, acts, operations, and so forth. Also, the term “or” 18 used in its inclusive sense (and
not in its exclusive sense) so that when used, for example, to connect a list of elements, the
term “or” means one, some. or all of the elements in the list. In addition, the articles “a,”

“an,” and “the” as used n this application and the appended claims are to be construed to

mean “one or more” or “at least one” unless specified otherwise,

{195} As used herein, a phrase referrning to “at least one of” a list of items refers to any
combination of those items, including single members. As an example, “at least one oft A, B,
or Cisintended to cover: ALB, C. Aand B, Aand C, Band C, and A, B, and C.
Conjunctive language such as the phrase “at least one of X, Y and 2,7 unless specifically
stated otherwise, is otherwise understood with the confext as used in general to convey that
an item, term, ete. may be at least one of X, Y or Z. Thus, such conjunctive language is not
generally intended to imply that cortain embodiments require at least one of X, at least one of

Y and at least one of £ to each be present.

1199} Stularky, while operations may be depicted in the drawings 1n 3 particular order,
it is 1o be recognized that such operations need not be performed 1n the particular order
shown or in sequential order, or that all illustrated operations be performed, to achieve
desirable results. Further, the drawings may schematically depict one more example
processes in the form of a flowchart. However, other operations that are not depicied can be
mcorporated in the example methods and processes that are schematically illustrated. For
example, one or more additional operations can be performed before, after, simultaneousiy,
or between any of the iHustrated operations. Additionally, the operations may be rearranged
or reordered in other implementations. In certain circumstances, nwltitasking and paralicl

processing may be advantageous. Moreover, the separation of varous system components in
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the implementations described above should not be understood as requiring such separation
in all implementations, and it should be understood that the described program components
and systems can generally be mtegrated together in a single software product or packaged
nto multiple sofiware products. Additionally, other implementations are within the scope of
the following claims. In some cases, the actions recited in the claims can be performed in a

different order and still achieve desirable resuits.

Example Embodiments

{268 I. A method comprising:
201} displaving a first version of a virtual three-dimensional model via a display of

a head-wearable device, wherein the first version of the virtual three-dimensional model
comprises a first version of a constituent part;

1202} requesting data associated with a second version of the virtual three-dimensional
maodel from a host device, wherein the second version of the virtual three-dimensional model
comprises a second version of the constituent part;

203} determining whether the first version of the constituent part requires an update
based on the second version of the constituent part;

1204} i accordance with a determination that the first version of the counstituent part
requires an update based on the second version of the constituent part:

205] requesting data associated with the second version of the constituent part from
the host device;

{206} displaying the second version of the virtual three-dimensional model via the
display of the head-wearable device; and

267} in accordance with a determination that the first version of the constitaent part
does not require an update based on the second version of the constituent part

{208} forgoing requesting data associated with the second version of the constituent

part from the host device.

[209] 2. The method of embodiment 1, wherein the constituent part comprises mesh
data.
210} 3. The method of embodiment |, wherein the constituent part comprises texture

data.

W
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{211} 4. The method of embodiment 1, wherein the host device is a server.

212} 5. The method of embodiment 1, wherem the head-wearable device is a first
head-wearable device, and wherein the host device is a second head-wearable device.
{213} 5. The method of embodiment 1, the method further comprising storing the data

associated with the second version of the constituent part in a memory.

214 7. The method of embodument 1, the method further comprising decompressing

the data associated with the second version of the constituent part.

1215} & A system comprising:

216} a head-wearable device comprising a display;

1217} one or more processors configured to execute a method comprising:

{218} displaving a first version of a virteal three-dimensional model via the

display, wherein the first version of the virtual three-dimensional model comprises a first
version of a constituent part;

1219 requesting data associated with a second version of the virtual three-dimenasional
model from a host device, wherein the second version of the virtual three-dimensional model
coraprises a second version of the constituent part;

1220} determning whether the first version of the constituent part requires an update
based on the second version of the constituent part;

221} in accordance with a determination that the first version of the constituent part
requires an update based on the second version of the constituent part:

{222} requesting data associated with the second version of the constituent
part from the host device;

223} displaving the second version of the virtual three-dimensional model
via the display; and

[224] i accordance with a deternunation that the first version of the constituent part
does not require an update based on the second version of the constituent part:

225} forgoing requesting data associated with the second version of the

constituent part from the host device.
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1226} 9. The system of embodiment 8, wherein the constituent part comprises mesh
data.

{227} 10. The svstem of embodiment 8, whergin the constituent part comprises texture
data.

[228] t1. The system of embodiment 8, wherein the host device 1s a server.

{223} 12. The system of cmbodument 8, wherein the head-wearable device 1s a first

head-wearable device, and wherein the host device is a second head-wearable devics.

1236} 13. The system of embodiment 8, the method further comprising storing the data

associated with the second version of the constituent part in a memory.

{231} 14. The system of embodiment 8, the method further comprising decompressing

the data associated with the second version of the constituent part.

232} 15, A non~transttory computer-readable medium storing instructions that, when
exccuted by one or more processors, cause the one or more processors to execute a method
comprising:

233} displaying a first version of a virtual three-dimensional model via a display of
a head-wearable device, wherein the first version of the virtual three-dimensional model
comprises a first version of a constituent part;

1234] requesting data associated with a second version of the virtual three-dimensional
model from a host device, wherein the second version of the virtual three~dimensional model
comprises a second version of the constituent part;

1235} determining whether the first version of the constituent part requires an update
based on the second version of the constituent part;

1236} in accordance with a determination that the first version of the constituent part
requires an update based on the second version of the constituent part:

1237} requesting data associated with the second version of the constituent part from
the host device;

[238] displaving the second version of the virtual three-dimensional model via the
display of the head-wearable device; and

{239} i accordance with a determination that the first version of the constituent part

does not require an update based on the second version of the constituent part:
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1240} forgoing requesting data associated with the second version of the constituent

part from the host device.

{241} 16. The non-transitory computer-readable medium of embodiment 15, wherein the

constituent part comprises mesh data,

242} 17. The non-transitory computer-readable medium of embodiment 15, wheren the

constituent part comprises textare data.

[243] 18. The non-transitory computer-readable medium of embodiment 15, wherein the
host device is a server.

1244} 19. The non-transitory computer-readable medium of embodiment 15, wheremn the
head-wearable device is a first head-wearable device, and wherein the host device 15 a second
head-wearable device.

[245] 20. The non-transitory computer-readable medium of embodiment 15, the method
further comprising storing the data associated with the second version of the constituent past

11 3 MEMory.

{246} 21. The non-transitory computer-readable medium of embodiment 15, the method
further compnsing decompressing the data associated with the second version of the

constituent part.

{247} 22. A method, the method comprising:

[248] accessing a virtual three-dimensional model stored in a memory,;

{249} determining one or more constituent parts of the virtual three-dimensional
model;

[250] storing the one or more constituent parts in gne or morg arravs, wherein the

one of more constituent parts are stored separate from the virtual three-dimensional model;

251} receiving a connection request from a head-wearable device;

1252} sending a list of available constituent parts to the head-wearable device;

253 receiving a constituent part request from the head-wearable device; and

] &

254 sending the head-wearable device a requested constituent part based on the
&

constituent part request.
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{255] 23. The method of embodiment 22, wherein the constituent part compurises mesh
data.

[256] 24. The method of embodiment 22 wherein the constituent part comprises texture
data.

[2587] 25. The method of embodiment 22, the method further comprising compressing

the one or more constituent parts,

[258] 26. The method of embodiment 22, wherein the virtual three-dimensional model is
a first virtoal three-dimensional model, and wherein the method further comprises generating

a copy of the virtual three-dimensional mode! based on the requested constituent part,

[259] 27. The method of embodiment 22, the method further comprising displaying the

requested constituent part via a display of the head-wearable device.

[260] 28. The method of embodiment 22, the method further comprising:
{261} creating a placcholder for a new virtual three-dimensional model; and
1262} updating the placcholder for the new virtual three-dimensional model based on

the requested constituent part.

263 29. A system, the sysiem comprising:

Y 3 £
1264} a head-wearable device;
[265] one or more processors configured to execute a method comprising;
1266} accessing a virhual three-dimensional model stored in a memory;
{267} determining ong or more constituent parts of the virtual three-

dimensional model,;

1268} storing the one or more constifuent parts in One Or MOTe arrays,
wherein the one or more constituent parts are stored separate from the virtual three-

dimensional model;

[269] recetving a connection request from a head-wearable device;

1276} sending a list of available constituent parts to the head-wearable
device;

1271} receiving a constituent part request from the head-wearable device; and
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1272} sending the head-wearable device a requested constituent part based on

the constituent part request,

1273} 30. The svstem of embodiment 29, wherein the constituent part comprises mesh
data.

{274} 31. The system of embodiment 29, wherem the constituent part comprises texture
data.

{278} 32. The system of embodiment 29, the method further comprising compressing

the one or more constituent parts.

{276} 33, The system of embodiment 29, wherein the virtual three-dimensional model is
a first virtual three-dimensional model, and wheremn the method further comprises generating
a copy of the virtoal three-dimensional model based on the requested constituent part.

277 34. The system of embodiment 29, the method further comprising displaying the

requested constituent part via a display of the head-wearable device.

1278} 35. The system of embodiment 29, the method further comprising:
1279} creating a placeholder for a new virtual three-dimensional model; and
[280] updating the placeholder for the new virtual three-dimensional model based on

the requested constituent part.

{281} 36. A non-transitory computer-readable medium storing instructions that, when

executed by one or more processors, cause the one or more processors to execuie a method

comprising;

{282} accessing a virtual three-dimensional model stored in a memory;

1283} determining one or more constituent parts of the virtual three-dimensional
model;

12844 storing the one or more constituent parts in one or more arrays, wherein the

one or more constituent parts are stored separate from the virtaal three-dimensional model;

[285] receiving a conngction request from a head-wearable device;

286 sending a list of available constituent parts to the head-wearable device;
&

1287} receiving a constituent part request from the head-wearable device; and
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{288} sending the head-wearable device a requested constituent past based on the

constituent part request.

{289} 37. The non-transitory computer-readable medium of embodiment 36, wherein the

constituent part comprises mesh data,

290} 33. The non-transitory computer-readable medium of embodiment 36, wherem the

constituent part comprises textare data.

{291} 39, The non-transitory computer-readable medium of embodiment 36, the method

further comprising compressing the one or more constitient parts.

{292} 40. The non-transifory compuicr-readable medium of embodiment 36, wherein the
virtual three-dimensional model i1s a fivst virtual three-dimensional model, and wheremn the
method further comprises generating a copy of the virtual three-dimensional model based on

the requested constituent part.

{293} 41. The non-transitory computer-readable medium of embodiment 36, the method
further comprising displaying the requested constituent part via a display of the head-
wearable device.

294} 42. The non-transitory computer-readable mediom of embodiment 36, the method
further compnsing:

{295} creating a placcholder for a new virtual threc-dimensional model; and

1296} updating the placcholder for the new virtual three-dimensional model based on

the requested constituent part.

287} 43. A system comprising:

{258} a host computing system;

{299} a client computing system comprising a head-wearable display system;

{363 wherein the host computing system comprises one or more processors configured

to execute a method comprising:

[361] accessing a virtual three-dimensional model stored in a memory;

1302} decomposing the three-dimensional modcl into one or more constituent parts;
{3634 sending a list of the one or more constituent parts to the client computing
system;
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{304} recetving a constituent part request from the client computing system;
[365] sendimg one or more constituent parts that correspond to the constituent part

request to the client computing system; and

336 wherein the client computing system Comprises One or Iore Processors
e J

contigured to execute a method comprising:

{307} receiving the list of the one or more constituent parts from the host computing
system

{308} sending the constituent part request to the host computing systom;

{369} receiving the one or more of the constituent parts that correspond to the

constituent part request from the host computing system;

[310] composing a copy of the virtual three-dimensional model from the one or more of

the constituent parts that correspond to the constituent part request.

311} 44. The system of embodiment 43, wherein the constituent part comprises mesh
data.

{312} 45. The system of embodiment 43, wherein the constituent part comprises texture
data.

1313} 46, The system of embodiment 43, wherein the host computing system is a server.
{314} 47. The system of embodiment 43, wheren the host computing svstem comprises

a head~-wearable display system.
[315] 48. The system of embodiment 43, the method further comprising storing the one
or more constituent parts in a memory.

1316} 49, The system of embodiment 43, the method further comprising decompressing

the one or more constituent parts.

(317} 50, A method comprising:

[318] accessing a virtual three-dimensional model stored in a memory;

1319 decomposing the three-dimensional modcl into one or more constituent parts;
{328 sending a list of the one or more constituent parts to a chient computing system

comprising a head-wearable display;
[321] receiving a constituent part request from the client computing svstem;
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{322} sending ong or more constitucnt parts that correspond to the constituent part

request to the client computing system;

323} receiving the list of the one or more constituent parts from a host computing
system;

[324] sending the constituent part request to the host computing svstem;

[325] receiving the one or more of the constituent parts that correspond to the

constituent part request from the host computing system; and

1326} composing a copy of the virtual three-dimensional model from the one or more of

the constituent parts that correspond to the constituent part request.

1327 51. The method of embodiment 50, wherein the constituent part comprises mesh
data.

{328} 52. The method of embodiment 50, wherein the constituent part comprises texture
data.

{329} 53. The method of embodiment 30, wherein the host computing system 1s a server.
{336 54, The method of embodiment 530, wherein the host computing system comprises

a head-wearable display system.

1331} 55. The method of embodiment 50, the method further comprising storing the one
OF MOTS constitucnt parts in a Mmemory,

{3324 56. The method of embodiment 50, the method further comprising decompressing
the one or more constituent parts,

1333} 57. A non-transitory computer-readable medium storing one or more instractions,
which, when executed by one or more processors, cause the Gne or more Processors o

perform a method comprising:

{334} accessing a virtual three-dimensional model stored in a memory;
[335] decomposing the three-dimensional model into one or more constituent parts;
1336} sending a hist of the one or more constituent parts to a client computing system

comprising a head-wearable display;

337} recetving a constituent part request from the client computing system;
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{338} sending ong or more constitucnt parts that correspond to the constituent part

request to the client computing systemn;

{3383 receiving the list of the one or more constituent parts from a host computing
system;

{340} sending the constituent part request to the host computing svstem;

{341} receiving the one or more of the constituent parts that correspond to the

constituent part request from the host computing system; and

342 composing a copy of the virtual three-dimensional model from the one or more of
-~ o

the constituent parts that correspond to the constituent part request.

{343} 58. The non-transitory computer-readable medium of embodiment 37, wherem the

constituent part comprises mesh data.

{344} 59. The non-transitory computer-readable mednum of embodiment 57, wherein the

constibient part comprises texture data.

{345} 60. The non-transitory computer-readable medinm of embodiment 37, wherem the

host computing system is a server.

[346] 61. The non-transitory computer-readable medium of embodiment 57, whercin the

host computing system comprises a head-wearable display system.

1347 52. The non-transitory computer-readable medium of embodiment 57, the method

further compnising storing the one or more constituent parts in a memory.

{348} 63. The non-transitory computer-readable medium of embodiment 37, the method

further compnsing decompressing the one or more constituent parts.
1349 54, A system comprising:

{350} a host computing system, wherein the host computing system comprises one or

more processors configured to execute a method comprising:

{351} accessing a first virtual three~-dimensional model via a host assets module;
1352} identifying one or more constituent parts via a decomposition module;
[353] copying the one or more constituent paris to a hibrary via the decomposition
module;

[354] accessing the one or more constituent parts via a host transmission module;
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{355] sending the one or more constituent parts 1o a client computing systen: via the host
transmission module; and

[356] the client computing system, wherein the client computing system comprises a
head-wearable display system, and wherein the client computing system comprises one or
more processors configured to execute a method comprising;

{387} recelving the one or more constituent parts from the host computing system via a

client transmission module;

[358] creating an empty object via a composition module;

[359] adding one or more data types to the empty objoct via the composition module;
{360} adding one or more constituent parts to the empty object via the composition
module;

{361} storing a copy of the virtual threc-dimensional model via a client assets module;
and

{362} wherem the host computing system and client computing svstem are

communicably comected via a commumication limk.

[363] 65, The system of embodiment 64, wherein the constituent part comprises mesh
data.

[364] 66. The systemn of embodiment 64, wherein the constituent part comprises texture
data.

{365} 67. The system of embodiment 64, wherein the host computing system is a server.
[366] 68. The system of embodiment 64, wherem the host computing system comprises

a head-wearable display system.

{367} 6Y. The system of embodiment 64, the method further comprising storing the one

or more constituent parts in a memory.

[368] 70. The system of embodiment 64, the method further comprising decompressing

the one or more constituent parts.
{369} 71. A method comprising:

1370} at a host computing system, wherein the host computing sysigm comprises one or

more processors configured to execute a method comprising:
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{371} accessing a first virtual three-dimensional mode! via a host assets module;

[372] identifying one or more constituent parts via a decomposttion module;

1373} copying the one or more constituent parts to a library via the decomposition
module;

1374} accessing the one or more constituent parts via a host transmission module;

[375] sendimg the one or more constituent parts 1o a client computing system via the host

transmission module; and

1376} at the client computing system, wherein the client computing system comprises a
head-wearable display system, and wherein the client computing svstem comprises ong or
more processors configured to execute a method comprising:

{377} receiving the one or more constituent parts from the host computing svstem via a

chient transmission module;

1378} creating an crapty object via a composition module;

1379} adding one or more data tyvpes o the empty object via the composition module;
[380] adding one or more constituent parts to the empty object via the composition
maodule;

1381} storing a copy of the virtual three-dimensional model via a client assets module;
and

{382} wherein the host computing system and client computing system are

communicably connecied via a communication link.

1383} 72. The method of embodiment 71, wherein the constituent part comprises mash
data.

{384} 73. The method of embodiment 71, wherein the constituent part comprises texture
data.

[385] 74. The method of embodiment 71, wherein the host computing system is a server,
{386} 75. The method of embodiment 71, wherein the host computing system comprises

a head-wearable display sysiem.

{387} 76. The method of embodiment 71, the method further comprising storing the one

ot more constitucnt parts in a memory.
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{388} 77. The method of embodiment 71, the method further comprising decompressing
the one or more constituent parts.

{3893 78. A non-transitory computer-readable medium storing one or more instroctions,

which, when executed by one or more processors, cause the processors to perform a method

comprising:

{356 at a host computing system:

[391] accessing a first virtual three-dimensional model via a host assets module;

1392} identifying one or more constituent parts via a decomposition module,;

[393] copying the one or more constituent paris to a hibrary via the decomposition
module;

[354] accessing the one or more constituent parts via a host transmission module;

1395} sending the one or more constituent parts to a client computing system via the host

transmission module; and

{396} at the client computing system, wherein the chient computing system comprises a
head-wearable display system:

{397} recetving the one or more consfituent parts from the host computing svstem via a

chient transmussion module;

{398] creating an ermpty object via a composition module;

{399} adding one or more data types to the empty object via the composition module;
{400} adding one or more constituent parts to the empty object via the composition
module;

1401} storing a copy of the virtual three-dimensional model via a client assets module;
and

{402} wherein the host computing svstem and client computing system are

communicably connecied via a communication link.

1403} 79. The non-transttory computer-readable medium of embodiment 78, wherein the
constituent part comprises mesh data.
{404} 80. The non-transitory computer-readable medium of embodiment 78, wherein the

constitucnt part comprises texture data.
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{465} 81. The non-transitory computer-readable medium of embodiment 78, wherein the
host computing system is a server.
{406} 82. The non-transitory computer-readable medinum of embodiment 78, wherein the
host computing system comprises a head-wearable display system.

puting sy P piay sy
1407 83. The non-transitory computer-readable medium of embodiment 78, the method
further compnsing storing the one or more constituent parts in a memory.
{408} 84. The non-transitory computer-readable medium ot embodiment 78, the method

further comprising decompressing the one or more constituent parts.

409} 85. A system comprising:
410} a host computing system, wherein the host computing system comprises one or

more processors configured to execute a method comprising:

411} accessing a first virtaal three-dimensional model via a load module;

412} identifving one or more constituent parts via the host librarv manager module;
413} copying the one or more constituent parts to a bbrary via the host library manager
module;

[414] storing the first virtual three~-dimensional model via a host world module;

415} rendering the first virtual three-dimensional model! via a host render path module;
416} accessing the one or more constituent parts via a server module;

{417} sending the one or more constituent parts to a client computing system via the

server module; and

418} the client computing system, wherein the client computing system comprises a
head-wearable display system, and wherein the client computing svstem comprises ong or
more processors configured to execute a method comprising:

[419] receiving the one or more constituent parts from the host computing svstem via a

chient module;

1420} generating a copy of the virtual three-dimensional model, wherein generating the

copy of the virtual three~-dimensional model comprises:

421} creating an empty object via a client library manager module; and

-2
[



WO 2020/068878 PCT/US2019/052798

1422} adding one or more constituent parts to the empty object via the client Hibrary

manager module;

{423} storing the copy of the virtaal three-dimensional model via a chient world module;
1424} rendering the copy of the virtual three-dimensional model via a client render path
module;

{425} wherein the host computing svstem and client computing system are

communicably connecied via a communication link.

1426} &6. The system of embodiment 85, wherein the constituent part comprises mesh
data.

427} 87. The system of embodiment 85, wherein the constituent part comprises texturg
data.

[428] &8. The system of embodiment 85, wheremn the host computing system is a server.
429} 89 The system of embodiment 85, wherem the host computing system comprises

a head-wearable display sysiem.

430} 90, The system of embodiment 85, the method further comprising storing the one

ot more constitucnt parts in a memory.

431} 91. The system of embodiment 85, the method further comprising decompressing

the one or more constituent parts.

432} 92. A method comprising:

[433] at a host computing system:

1434} accessing a first virtual three-dimensional model via a load module;

435} identifying one or more constituent parts via the host library manager module;
{436} copying the one or more constituent parts to a library via the host library manager
module;

[437] storing the first virtual three-dimensional model via a host world module;

438} rendering the first virtual three-dimensional model via a host render path module;
1439} accessing the one or more constituent parts via a server module;
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{440} sending the one or more constituent parts 1o a client computing system via the
server module; and

[441] at the client computing svstem, wherein the client computing system comprises a
head-wearable display svstem:

442} receiving the one or more constituent parts from the host computing system via a
chient module;

{443} generating a copy of the virtual three-dimensional model, wherein generating the

copy of the virtual threc-dimensional model comprises:

1444} creating an crapty object via a chient hibrary manager module; and
[445] adding one or more constituent parts to the empty object via the client library

manager module:

{446} storing the copy of the virteal three-dimensional model via a chient world module;
1447} rendering the copy of the virtual three-dimensional model via a client render path
module;

{448} wherein the host computing system and client computing system are

communicably connected via a communication link.

1449} 93, The method of embodiment 92, wherein the constituent part comprises mash
data.

450} 94, The method of embodiment 92, wherein the constituent part comprises texture
data.

[451] 95. The method of embodiment 92 wherein the host computing system is a server.
452} 96. The method of embodiment 92, wherein the host computing system comprises

a head-wearable display sysiem.

{453} 97. The method of embodiment 92, the method further comprising storing the one
ot more constitucnt parts in a memory.

1454} 98. The method of embodiment 92, the method further comprising decompressing

the one or more constituent parts.



WO 2020/068878 PCT/US2019/052798

{455] 99. A non-transitory computer-readable medium storing one or more instructions,
which, when executed by one or more processors, cause the one Or more processors to

perform a method compnising:

1456} a host computing system, wherein the host computing system comprises one or

more processors configured to execute a method comprising:

1457} accessing a first virtual three-dimensional mode! via a load modele;

[458] identifying one or more constituent parts via the host library manager module;
1459} copying the one or more constituent parts to a library via the host hibrary manager
module;

460} storing the first virtual three-dimensional model via a host world modale;

[461] rendering the first virtual three-dimensional model via a host render path module;
1462} accessing the one or more constituent parts via a server module;

{463} sending the one or more constituent parts to a client computing system via the

server module; and

[464] the client computing system, wherein the client computing system compriscs a
head-wearable display svstem, and wherein the client computing svsiem comprises ong or
morg processors configured 1o execute a method comprising:

[465] receiving the one or more constituent parts from the host computing system via a
client module;

{466} generating a copy of the virtual three-dimensional model, wherein generating the

copy of the virtual threc-dimensional model comprises:

1467} creating an erapty object via a chient hibrary manager module; and
[468] adding one or more constituent parts to the empty object via the client library

manager module:

{469} storing the copy of the virtual three-dimensional model via a client world module;
1470} rendering the copy of the virtual three-dimensional model via a client render path
module;

1471} wherein the host computing system and client computing system are

communicably connected via a communication link.

sl
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472} 100, The non-transitory computer-readable medium of embodiment 99,
wherein the constituent part comprises mesh data.

{473} 101 The non-transitory computer-readable medium of embodiment 99,
wherein the constituent part comprises texture data.

1474} 103, The non-transttory computer-readable medium of embodiment 99,
wherein the host computing system is a server.

[475] 104. The non-transitory computer-readable medium of embodiment 99,
wherein the host computing system comprnises a head-wearable display system.

1476} 105, The non-transitory compuicr-readable medium of embodiment 99, the
method further comprising storing the one or more constituent parts in a memory.

477 106. The non-transitory computer-readable medium of embodiment 99, the
method further comprising decompressing the one or more constituent parts.

1478} 167. A system comprising:

1479} a non-~transitory computer-readable memory storing a three~dimensional model
comprising one or more constituent parts, and

[480] a host computing system comprising one or more processors configured to access,
from the non-transitory computer-readable memory, the three-dimensional model, and further

configured execute a method comprising:

{481} storing one of the ong or more constituent parts of the three~-dimensional

model into an array stored in the non-transitory computer-readable memory,

{482} packaging the array into a package in a library of the host computing system.
1483} 108. The system of embodiment 107, wherein the constituent part comprisgs
mesh data.

[484] 109, The system of embodiment 107, wherein the constituent part comprises

texture data.

[485] 110. The system of embodiment 107, wherein the host computing system is
a Server.

{486} [SEN The system of embodiment 107, wherein the host computing system

comprises a head-wearable display system.
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{487} 11z The system of embodiment 107, the method further comprising storing
the one or more constituent parts in a MemMoOTy.

488} 113, The svstem of embodiment 107, the method further comprising
decompressing the one or morg constituent parts.

{489} 114, A method comprising:

{490} storing, via a non-transitory computer-readable memory, a three-dimensional
model comprising one or more constituent paris;

1491} accessing, from the non-transitory computer-readable memory, the three-
dimensional model;

482} storing one of the one or more constituent parts of the three-dimensional model
mto an array stored in the non-transitory computer-readable memaory,

{493} packaging the array into a package in a hibrary of the host computing system.
{494} 115, The method of embodiment 114, wherein the constituent part
comprises mesh data.

{495} 116, The method of embodiment 114, wherein the constituent past
corprises toxture data,

1496} 117. The method of embodiment 114, wherein the non-transitory computer-
readable memory is part of a server.

487} 118, The method of embodiment 114, wheremn the non-transitory computer-
readable memory is part of a head-wearable display system.

458} 11e The method of embodiment 114, the method further comprising storing
the one or more constituent parts in a MEMOry.

499} 124, The method of embodiment 114, the method further comprnising
decompressing the one or more constituent parts.

{300} 121, A non-transitory computer-readable medium storing one or more
mstructions, which, when executed by one or more processors, cause the one or more
processors to perform a method comprising:

501} storing, via a non-transttory computer-readable memory, a three-dimensional

model comprising one or more constitucnt parts;

p |
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1562} accessing, from the non-transitory computer-readable memory, the three-
dimensional model:
1363] storing one of the one or more constituent parts of the three-dimensional model

mto an array stored in the non-transitory computer-readable memory,

{564} packaging the array into a package n a library of the host computing system.
[565] 122. The non-transitory computer-readable medium of embodiment 121,

wherein the constituent part comprises mesh data.

[506] 123, The non-transitory computer-readable medium of embodiment 121,

wherein the constituent part comprises texture data.

{507} 124 The non-transttory computer-readable medium of embodiment 121,

wherein the non-transitory computer-readable memory is part of a server.

{308} 125. The non-transitory computer-readable medium of embodiment 121,
wherein the non-transitory computer-readable memory is part of a head-wearable display
systen.

{509} 126. The non-transttory computer-readable medium of embodiment 121, the
method further comprising storing the one or more constifuent parts in a memory.

{310} 127. The non-transitory computer-readable mediom of embodiment 121, the
method further comprising decompressing the one or more constituent parts,

{511} Examples of constituent parts may be geometric data, material data, vertex tables,
one or more textures, triangle indices, or any other data used to ultimately define a full

representation of a 3D model.
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CLAIMS

1. A system comprising:
a host computing system; and
a client computing system comprising a head-wearable display system,
wherein the host computing system comprises one or more processors configured to
execute a method comprising:
accessing a virtual three-dimensional model stored in a memory;
decomposing the three-dimensional modcl into one or more constituent parts;
sending a list of the one or more constituent parts to the client computing
system;
recetving a constituent part request from the client computing system;
sending one or more constituent parts that correspond to the constituent part
request to the client computing system; and
wherein the client computing system comprises ong or more processors configured to
execute a method comprising:
receiving the list of the one or more constituent parts from the host computing
system;
sending the constituent part request to the host computing system;
receiving the one or more of the constituent parts that correspond to the
constituent part request from the host computing system;
composing a copy of the virtual three-dimensional model from the one or

more of the constituent parts that correspond to the constituent part request.

2. The system of claim 1, wherein the constituent part comprises mesh data.

3. The system of claim 1, wherein the constituent part comprises toxture data.

4, The system of claim 1, wherein the host computing system COmMpPrISSs a SeIver.
5. The system of claim 1, wherein the host computing svstem comprises a head-

wearable display system.

=<1
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5. The systom of claim 1, the method further comprising storing the one or more

constitucnt parts in a mMemory.

7. The system of claim 1, the method further comprising decompressing the one or more

constituent parts.

8. A method comprising:

accessing a virtual three-dimensional model stored tn a memory;

decomposing the three-dimensional model into one or more constituent parts;

sending a hist of the one or more constituent parts to a client computing svstem
comprising a head-wearable display;

receiving a constituent part request from the client computing system;

sending one or more constituent parts that correspond to the constituent part request to
the chient computing system;

receiving the list of the one or more constituent parts from a host computing system;

sending the constituent part request to the host computing system;

recetving the one or more of the constituent parts that correspond to the constituent
part request from the host computing system; and

composing a copv of the virtual three-dimensional model from the one or more of the

constituent parts that correspond to the constituent part request.

9. The method of claim &, wherein the constituent part comprises mesh data.

10 The method of claim 8, wherein the constituent part comprises texture data.

11 The method of claim 8, wherein the host computing system comprises a server.
12, The method of claim 8, wherein the host computing svstem comprises a head-

wearable display system.

13, The method of claim &, the method further comprising storing the one or piore

constituent paris in a memory.

hit
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4. The method of claim 3, the method further compusing decompressing the one or more
constituent parts.
15, A non-transitory computer-readable medium storing one or more instructions, which,

when executed by one or more processors, cause the one or more processors to perfor a
method comprising:

accessing a virtual three~-dimensional model stored in a memory;

decomposing the three-dimensional model info one or more constituent pasts;

sending a list of the one or more constituent parts to a client computing svstem
comprising a head-wearable display;

receiving a constituent part request from the client computing system;

sending one or more constituent parts that correspond to the constituent part request to
the client computing system;

receiving the list of the one or more constituent paris from a host computing system;

sending the constituent part request to the host computing system;

recetving the one or more of the constituent parts that correspond to the constituent
part request from the host computing system; and

composing a copy of the virtual three-dimensional model from the one or more of the

constituent parts that correspond to the constituent part request.

16.  The non-transitory computer-readable medium of claim 15, wherem the constituent

part comprises mesh data.

17, The non-transitory computer-readable medium of claim 15, whercin the constituent

part comprises texture data.

18 The non-transttory computer-readable medium of claim 15, whercin the host

computing Svstem comprises a server.

19 The non-transitory computer-readable medium of claim 15, whercin the host

computing system comprises a head~wearable display system.
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20.  The non-transitory computer-readable medium of claim 15, the method further

corprising storing the one or more constitucnt paris in a MCNOLY.

21, The non-transitory compter-readable medium of claim 15, the method further

comprising decompressing the one or more constituent parts.

22, A method comprising:
accessing a virtual three-dimensional model stored tn a memory;
decomposing the virtual threg-dimensional model into one or more coustituent parts;
storing the one or more constituent parts in one or more arrays, whergin the one or
more constituent parts are stored separate from the virtual three-dimensional model;
receiving a connection request from a wearable head device:
sending a list of available constituent parts to the wearable head device;
receiving a constituent part request from the wearable head device; and
sending the wearable head device a requested constituent part based on the constituent

part request.

23. A method comprising:

sending a connection request fo a host device via a wearable head device;

receiving a list of available constituent parts from the bost device;

sendmg a constituent part request to the host device:

receiving a requested constituent part based on the constituent part request from the
host device; and

recomposing a copy of a virtual three-dimensional model based on the requested

constituent part,
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