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PERIOCULAR AND AUDIO SYNTHESIS OF A FULL FACE IMAGE
CROSS-REFERENCE TO RELATED APPLICATIONS
[6001] This application claims the benefit of priority under 35 US.C. § 11%e) to
U.S. Provisional Apphication No. 62/421033, filed on November 11, 2016, entitled
“PERIOCULAR AND AUDIO SYNTHESIS OF A FULL FACE IMAGE.” the disclosure of

which is hereby incorporated by reference herein 1n ifs entirety.

FIELD

6062} The present disclosure relates to mixed reality imaging and visualization
systems and more particularly to synthesis and generation of a face image using audio data
and periocular umages.

BACKGROUND

[6003] Modern computing and display techunologies have facilitated the
development of systems for so called "virtual reality”, "augmented reality", or “mixed
reality” experiences, wherein digitally reproduced images or portions thereof are presented to
a user in a manner wherein they seem to be, or may be perceived as, real. A virtual reality, or
"WR", scenario typically mvolves presentation of digital or virtual image mformation without
transparency to other actual real-world visual input; an augmented reality, or "AR", scenario
typically mnvolves presentation of digital or virtual image information as an augmentation to
visualization of the actual world around the user; a mixed reality, or “MR”, related to
merging real and virtual worlds to produce new environments where physical and virtual
objects co-exist and interact in real time. As it turns out, the human visual perception system
is very complex, and producing 2 VR, AR, or MR technology that facilitates a comfortable,
natural-feeling, rich presentation of virtual mage elements amongst other virtual or real-
world 1magery elements 15 challenging. Systems and methods disclosed heremn address

various challenges related to VR, AR and MR technology.

SUMMARY
[0004] Systems and methods for synthesizing an image of the face by a head-

mounted device (HMD} are disclosed. The HMID may not be able to observe a portion of the
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face. The systems and methods described herein can generate a mapping from a
conformation of the portion of the face that 15 not imaged to a conformation of the portion of
the face observed. The HMD can receive an image of a portion of the face and use the
mapping to determine a conformation of the portion of the face that is not observed. The
HMD can combine the observed and unobserved portions to synthesize a full face image.
[0005] Details of one or more umplementations of the subject matter described in
this 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. Neither this summary nor the following detailed description

purports to define or limit the scope of the inventive subject matter.

BRIEF BESCRIPTION OF THE DRAWINGS

[06006] FIG. 1 depicts an illustration of a mixed reality scenario with certain
virtual reality objects, and certain physical objects viewed by a person.

[06007] FIG. 2 schematically illustrates an example of a wearable system.

[6008] FIG. 3 schematically illustrates aspects of an approach for simulating
three-dimensional imagery using multiple depth planes.

[0009] FIG. 4 schematically illustrates an example of a waveguide stack for
outputting image information 1o a user.

[6016] FIG. S shows example exit beams that may be outputied by a waveguide.

[0011] FIG. 6 1s a schematic diagram showing an optical system including a
waveguide apparatus, an optical coupler subsystem to optically couple light to or from the
waveguide apparatus, and a control subsystem, used in the generation of a multi-focal
volumetric display, image, or light field.

6012} FI1G. 7 1s a block diagram of an example of 3 wearable system.

[0013] FIG. 8 15 a process flow diagram of an example of a method of rendering
virtual content in relation to recognized objects.

[6014] FIG. 9 1s a block diagram of another example of a wearable system,

[0015] FIG. 10 1s a process flow diagram of an example of a method for

interacting with a virtual user interface.
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[06016] FIG. 11 ddlustrates an example wearable device which can acquire tmages
of the user’s face.

[8017] FIG. 12 illustrates an example image of a periocular region for one eye.

[6018] FIG. 13 illustrates an example of training a machine learning derved
model which can correlate a conformation in the periocular region and an audio imput with a
conformation in the lower face. FIG. 14 illustrates an example of generating an image of the
face when a portion of the face is not observed by a wearable device.

(6019 FIG. 15A describes an example process of generating a mapping from
periocular images and/or sounds in the audio input to images of a lower face.

[0020] FIG. 15B illustrates another example process of training a mapping which
has face parameters in the periocular region and/or phonemes as input and lower face
parameters as output.

(06021} FIG. 16A describes an example process of synthesizing a full face image
when a portion of the face is not observed by a wearable device.

[6022] FIG. 16B illustrates an example of communicating a full face image of a
first user to a second user’s wearable device.

6023} Throughout the drawings, reference numbers may be re-used to indicate
correspondence between referenced elements. The drawings are provided to illustrate
example embodiments described herein and are not intended to limit the scope of the

disclosure.

DETAILED DESCRIPTION

Overview

[6024] In an AR/VR/MR environment, a wearable device (such as a head-
mounted device) can present a virtual 1mage in a three-dimensional (3D) space. The virtual
image may include a 3D virtual avatar of a user. The 3D virtual avatar may be generated
using an image of the user’s face. However, when a user is wearing a wearable device, a
portion of the face {¢.g., the periocular region surrounding the eyes) may be occluded by the
wearable device. For example, if the mmage 1s obtained using an external camera or an

outward-facing imaging system, movements of the periocular region (e.g., eye or skin



WO 2018/089691 PCT/US2017/060942

movements) may not be wimaged. As ancther example, if the image 1s obtained using an
mward-facing eye camera, the lower face region may not be imaged by the eye camera. Asa
result, it may be difficult to update the 3D avatar of the user’s face to mclude the user’s facial
expressions {such as when the user is speaking) while the user is wearable the wearable
device.

[0025] The systems and methods described herein are directed to solving at least
this challenge by deducing appearance of an unobservable region of the face using the
mmages of a region of the face that can be observed by the camera. The wearable device can
synthesize a full face image using the imaged region and the deduced region. The wearable
device can deduce the unobservable region using a mapping between an observable
conformation of the periocular region and a deduced conformation of the lower face. The
mapping may be generated using inputs such as sounds made by the user (e.g., phonemes m
the user’s speech), facial conformations corresponding to the sounds {(e.g, visemes
associated with the phoneme), images of the user’s periocular region, or the observed images
of the lower face, alone or in combination. The conformations may include face parameters
mn a face model, features of the user’s face, or images generated for the user’s face, etc.
While the user is speaking, the wearable device can sense the audio output, identify
phonemes, and deduce visemes using a mapping from the sensed phonemes in the audio
mput to the corresponding visemes.

[0026] The observed images may be combined with the deduced images to
generate a full face image. The full face image may be used to dynamically epdate the user’s
virtual avatar in an AR/VR/MR experience. A deformable hinear model (DLM} {(or other
shape or texture model) for the face or a neural network can be used to determine, tran, or

apply the mapping.

Examples of 3D Display of a Wearable Svstem

(60271 A wearable system (also referred to herein as an augmented reality (AR)
system) can be configured to present 2D or 3D virtual images to a user. The images may be
stifl images, frames of a video, or a video, m combination or the like. At least a portion of the
wearable systerm can be umplemented on a wearable device that can present a VR, AR, or

MR environment, alone or in combination, for user interaction. The wearable device canbe a
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head-mounted device {(HMD) which 15 used interchangeably as an AR device {ARD).
Further, for the purpose of the present disclosure, the termn “AR” 13 used interchangeably
with the term “MR”.

[6028] FIG. 1 depicts an dlustration 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 is depicted wherein a user of an MR technology sees a real-world park-like setting
110 featuring people, trees, buildings in the background, and a concrete platform 120, In
addition to these items, 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 personification of a bumble bee, even though these elements
do not exist in the real world.

[06029] 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 point in the
display's visual field to generate an accommodative response corresponding to its virtual
depth. If the accommodative response to a display pomnt does not correspond to the virtual
depth of that point, as determined by the binocular depth cues of convergence and stereopsis,
the human eye may experience an accommodation conflict, resulting mn unstable imaging,
harmful eye strain, headaches, and, in the absence of accommodation information, almost a
complete lack of surface depth.

[0030] VR, AR, and MR experiences can be provided by display systems having
displays i which images corresponding to a plurality of depth planes are provided to a
viewer. The images may be different for each depth plane {e.g., provide shghtly different
presentations of a scene or object} and may be separately focused by the viewer’s eyes,
thereby helping to provide the user with depth cues based on the accommodation of the eye
required to bring mto focus different image features for the scene located on different depth
plane or based on observing different 1mage features on different depth planes being out of
focus. As discussed elsewhere herein, such depth cues provide credible perceptions of depth.

[6031] 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 system 200. The wearable system 200 includes a display 220, and various

mechanical and electronic modules and systems to support the functioning of display 220
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The display 220 may be coupled to a frame 230, which 13 wearable by a user, wearer, or
viewer 210 The display 220 can be positioned in front of the eyes of the user 210. The
display 220 can present AR/VR/MR content to a user. The display 220 can comprise a head
mounted display that 1s worn on the head of the user. The head mounted display may be a
heads-up display (HUD) which can display virtual information m pre-determuned locations
within a field of view of the user {as perceived through the HUD). The head-mounted display
may also be a spatial augmented reality (SAR) display which can render 3D objects into the
user’s environment in a perspeciive correct manner {e.g., from the perspective of the user)
such that the virtual objects appear similar to the real world objects. The perspective used for
rendering the virtual objects may also be referred to as rendering viewpoint.

[0032] In some embodiments, a speaker 240 1s coupled to the frame 230 and
positioned adjacent the ear canal of the user (in some embodiments, another speaker, not
shown, 1s positioned adjacent the other ear canal of the user to provide for stereo/shapeable
sound control}). The display 220 can include an audio sensor {e.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, are 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
strear.

[0033] The wearable system 200 can include an outward-facing imaging system
464 {shown in FIG. 4} which observes the world in the environment around the user. The
wearable system 200 can also nclude an mward-facing maging system 462 (shown in FIG.
43y which can track the eye movements of the user. The inward-facing imaging system may
track either one eye’s movements or both eves’ movements. The mward-facing imaging
system 462 may be attached to the frame 230 and may be n electrical communication with
the processing modules 260 or 270, which may process image information acquired by the
mward-facing imaging system to determine, e g., the pupil diameters or orientations of the
eyes, eye movements or eye 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
each eve. The images acquired by the cameras may be used to determine pupil size or eye

pose for each eye separately, thereby allowing presentation of image information to each eve
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1o be dynamically tatlored to that eye. As another example, the pupil diameter or orientation
of only one eve 1s determined (e g, based on images acquired for a camera configured to
acquire the images of that eve) and the eye features determined for this eve are assumed to be
stmular for the other eye of the user 210.

[0034] As an example, the wearable system 200 can use the outward-facing
imaging system 464 or the inward-facing imaging system 462 to acquire images of a pose of
the user. The images may be still images, frames of a video, or a video.

[0035] The display 220 can be operatively coupled 250, such as by a wired lead
or wireless connectivity, to a local data processing module 260 which may be mounted in a
variety of configurations, such as fixedly attached to the frame 230, fixedly attached to a
helmet or hat worn by the user, embedded m headphones, or otherwise removably attached to
the user 210 {e.g., in a backpack-style configuration, in a belt-coupling style configuration).

[6036] The local processing and data module 260 may comprise a hardware
processor, as well as digital memory, such as non-volatile memory {e.g., flash memory), both
of which may be utilized to assist in the processing, caching, and storage of data. The data
may include data a) captured from sensors {(which may be, e.g., operatively coupled to the
frame 230 or otherwise attached to the user 210), such as image capture devices {(e.g,
cameras in the inward-facing imaging system or the outward-facing mmaging system), audio
sensors {e.g., microphones), mertial measurement units (IMUs), accelerometers, compasses,
global positioning system (GPS) units, radio devices, or gyroscopes; 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 retrieval. The local processing and data
module 260 may be operatively coupled by communication links 262 or 264, such as via
wired or wireless communication links, to the remote processing module 270 or remote data
reposttory 280 such that these remote modules are available as rescurces to the local
processing and data module 260, In addition, remote processing module 280 and remote data
repository 280 may be operatively coupled to each other.

[8037] 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 may comprise a digital data storage

facility, which may be available through the internet or other networking configuration in a
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“cloud” resource configuration. In some embodiments, all data 1s stored and all computations
are performed i the local processing and data module, allowing fully autonomous use froma
remote module.

[6038] The human wvisual system 13 complicated and providing a realistic
perception of depth s challenging. Without being limited by theory, it 15 believed that
viewers of an object may perceive the object as being three-dimensional due to a
combination of vergence and accommodation. Vergence movements {i.e., rolling movements
of the pupils toward or away from each other to converge the lines of sight of the eyes 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 eyes, or accommodating the eyes, to change focus from one
object to another object at a different distance will avtomatically cause a matching change n
vergence to the same distance, under a relationship known as the “accommodation-vergence
reflex.” Likewise, a change in vergence will trigger a matching change in accommaodation,
under normal conditions. Display systems that provide a better match between
accommaodation and vergence may form more realistic and comfortable simulations of three-
dimensional imagery.

(6039} FIG. 3 illustrates aspects of an approach for simulating a three-
dimensional imagery using multiple depth planes. With reference to FIG. 3, objects at
various distances from eyes 302 and 304 on the z-axis are accommodated by the eyes 302
and 304 so that those objects are in focus. The eyes 302 and 304 assume particular
accommodated states to bring mto focus objects at different distances along the z-axis.
Consequently, a particular accommodated state may be said to be associated with a particular
one of depth planes 306, which has an associated focal distance, such that objects or parts of
objects in a particular depth plane are in focus when the eve is 1n the accommodated state for
that depth plane. In some embodiments, three-dimensional tmagery may be simulated by
providing different presentations of an image for each of the eyes 302 and 304, and also by
providing different presentations of the image corresponding to each of the depth planes.
While shown as being separate for clarity of illustration, 1t will be appreciated that the fields
of view of the eves 302 and 304 may overlap, for example, as distance along the z-axis

mereases. In addition, while shown as flat for the ease of illustration, it will be appreciated
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that the contours of a depth plane may be curved in physical space, such that all features n a
depth plane are in focus with the eve in a particular accommodated state. Without being
limited by theory, it is believed that the human eye typically can interpret a finite number of
depth planes to provide depth perception. Consequently, a highly believable simulation of
percetved depth may be achieved by providing, to the eye, different presentations of an

image corresponding to each of these limited number of depth planes.

Waveguide Stack Assembly

[0040] FIG. 4 illustrates an example of a waveguide stack for outputting image
information to a user. A wearable system 400 includes a stack of waveguides, or stacked
waveguide assembly 480 that may be utilized to provide three-dimensional perception to the
eve/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 FIG. 2,
with FIG. 4 schematically showing some parts of that wearable svstem 200 in greater detail.
For example, 1n some embodiments, the waveguide assembly 480 may be mtegrated mto the
display 220 of FIG. 2.

[0041] 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 438, 456, 454, 452 may be lenses. In other embodiments, the
features 458, 456, 454, 452 may not be lenses. Rather, they may simply be spacers {e.g,
cladding layers or structures for forming air gaps).

[8042] The wavegudes 432b, 434b, 436b, 438b, 440b or the plurality of lenses
458, 456, 454, 452 may be configured to send image information to the eye with various
levels of wavefront curvature or light ray divergence. Fach waveguide level may be
associated with a particular depth plane and may be configured to output image information
corresponding to that depth plane. Image injection devices 420, 422, 424, 426, 428 may be
utilized to inject image information into the waveguides 440b, 438b, 436h, 434b, 432b, each
of which may be configured to distribute incoming light across each respective waveguide,
for output toward the eye 410 (which may correspond to the eye 304 i FIG. 3). Light exuts
an output surface of the image 1njection devices 420, 422, 424, 426, 428 and 1s injected into a

corresponding input edge of the waveguides 440b, 438b, 436b, 434b, 432b In some

0.
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embodiments, a single beam of hght (eg., a collimated beam} may be injected mnto each
waveguide to output an entire field of cloned collimated bearns that are directed toward the
eye 410 at particular angles {and amounts of divergence} corresponding to the depth plane
associated with a particular waveguide.

[6043] In some embodiments, the image injection devices 420, 422, 424, 426, 428
are discrete displays that each produce image information for injection into a corresponding
waveguide 440b, 438b, 436b, 434b, 432b, respectively. In some other embodiments, the
image mjection devices 420, 422, 424, 426, 428 are the output ends of a single multiplexed
display which may, e g., pipe image information via one or more optical conduits {(such as
fiber optic cables) to each of the image imjection devices 420, 422, 424, 426, 428,

[6044] A controller 460 controls the operation of the stacked waveguide assembly
480 and the image injection devices 420, 422, 424, 426, 428 The controlier 460 includes
programuming {e.g., Instructions in a non-iransitory computer-readable medium) that
regulates the timing and provision of image information to the wavegides 440b, 438, 436b,
434b, 432b. In some embodiments, the controller 460 may be a single integral device, or a
distributed system connected by wired or wireless communication channels. The controller
460 may be part of the processing modules 260 or 270 (illustrated m FIG 2} in some
embodiments.

[6045] The waveguides 440b, 438b, 436b, 434b, 432b may be configured to
propagate light within each respective waveguide by total internal reflection (TIR). The
waveguides 440b, 438b, 436b, 434b, 432b may each be planar or have another shape {e.g.,
curved}, with major top and bottom surfaces and edges extending between those major top
and bottom surfaces. In the illustrated configuration, the waveguides 440b, 438b, 436h, 434b,
432b may each include light extracting optical elements 440a, 438a, 436a, 434a, 432a that
are configured to extract light out of a waveguide by redirecting the light, propagating within
each respective waveguide, out of the waveguide to output image mformation to the eye 410.
Extracted hight may also be referred to as outcoupled light, and light extracting optical
elements may also be referred to as outcoupling optical elements. An extracted beam of light
is outputted by the waveguide at locations at which the hight propagating in the waveguide
strikes a light redirecting element. The light extracting optical elements (440a, 438a, 436a,

434a, 432a) may, for example, be reflective or diffractive optical features. While illustrated

-10-
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disposed at the bottom major surfaces of the waveguides 440b, 438b, 436b, 434b, 432b for
ease of description and drawing clarity, in some embodiments, the light extracting optical
elements 440a, 438a, 436a, 434a, 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 light extracting optical elements 440a, 438a, 436a, 434a, 432a
may be formed in a layer of matenal that 1s attached to a transparent substrate to form the
waveguides 440b, 438b, 436b, 434b, 432b. In some other embodiments, the waveguides
4400, 438b, 436h, 434b, 432b may be a monohithic piece of matenal and the Light extracting
optical elements 440a, 438a, 430a, 434a, 432a may be formed on a surface or in the interior
of that piece of material

[08046] With continued reference to FIG. 4, as discussed herein, each waveguide
440b, 438b, 436b, 434b, 432b 15 configured to output hight to form an wnage corresponding
to a particular depth plane. For example, the waveguide 432b nearest the eve may be
configured to deliver collimated light, as injected into such waveguide 432b, to the eye 410.
The collimated light may be representative of the optical infinity focal plane. The next
waveguide up 434b may be configured to send out collimated light which passes through the
first lens 452 (e.g., a negative lens) before it can reach the eye 410. First lens 452 may be
configured to create a slight convex wavefront curvature so that the eye/brain interprets light
coming from that next waveguide up 434b as coming from a first focal plane closer inward
toward the eve 410 from optical infinity. Sinularly, the third up waveguide 436b passes its
output light through both the first lens 452 and second lens 454 before reaching the eye 410.
The combined optical power of the first and second lenses 452 and 454 may be configured to
create another incremental amount of wavefront curvature so that the eve/bramn 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 infinity than was light from the next waveguide
up 434b.

[6047] The other waveguide layers (eg., waveguides 438b, 440b) and lenses
{(e.g., lenses 456, 458) are similarly configured, with the highest waveguide 440b in the stack
sending its output through all of the lenses between it and the eye for an aggregate focal
power representative of the closest focal plane to the person. To compensate for the stack of

lenses 438, 456, 454, 452 when viewing/interpreting light coming from the world 470 on the
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other side of the stacked waveguide assembly 480, a compensating lens layer 430 may be
disposed at the top of the stack to compensate for the aggregate power of the lens stack 458,
456, 454, 452 below. Such a configuration provides as many perceived focal planes as there
are available waveguide/lens pairings. Both the light extracting optical elements of the
waveguides and the focusing aspects of the lenses may be static (e.g., not dynamic or electro-
active). In some alternative embodiments, either or both may be dynamuc using electro-active
features.

[60438] With continued reference to FIG. 4, the light extracting optical elements
440a, 438a, 4306a, 434a, 432a mayv be configured to both redirect light out of their respective
waveguides and to output this hight 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
assoctated depth plane In some embodiments, as discussed herein, the light extracting
optical elements 440a, 438a, 430a, 434a, 432a may be volumetric or surface features, which
may be configured to output light at specific angles. For example, the light extracting optical
elements 440a, 438a, 436a, 434a, 432a may be volume holograms, surface holograms, and/or
diffraction gratings. Light extracting optical elements, such as diffraction gratings, are
described in U.S. Patent Publication No. 2015/0178939, published June 25, 2015, which s
mcorporated by reference herein in its entirety.

6049} In some embodiments, the light extracting optical elements 440a, 438a,
436a, 434a, 432a are diffractive features that form a diffraction pattern, or “diffractive optical
element” {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 1s deflected away toward
the eve 410 with each intersection of the DOE, while the rest continues to move through a
waveguide via total internal reflection. The light carrying the image information can thus be
divided into a number of related exit beams that exit the waveguide at a multipheity of
locations and the result is a fairly uniform pattern of exit emission toward the eye 304 for this
particular collimated beam bouncing around within a waveguide.

[6056] In some embodiments, one or more DOEs may be switchable between

“on” state in which they actively diffract, and “off” state in which they do not significantly
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diffract. For mstance, a switchable DOE may comprise a layer of polymer dispersed hiquid
crystal, 1 which microdroplets comprise a diffraction pattern in a host medium, and the
refractive index of the microdroplets can be switched to substantially match the refractive
index of the host matenal (in which case the pattern does not appreciably diffract imcident
light) or the microdroplet can be switched to an mdex that does not match that of the host
medium (in which case the pattern actively diffracts incident hight).

[6051] In some embodiments, the number and distribution of depth planes or
depth of field may be varied dynamically based on the pupil sizes or orientations of the eyes
of the viewer. Depth of field may change mversely with a viewer’s pupil size. As a result, as
the sizes of the pupils of the viewer’s eyes decrease, the depth of field increases such that one
plane that is not discernible because the location of that plane 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 puptil size. For example, a viewer may not be able to clearly 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.

[0052] In some embodiments, the display system may vary the number of
waveguides receiving image information based upon determinations of pupil size or
orientation, or upon receiving electrical signals mdicative of particular pupil size or
orientation. For example, if the user’s eyes are unable to distinguish between two depth
planes associated 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
1o cease providing mmage information to one of these waveguides. Advantageously, this may
reduce the processing burden on the system, thereby increasing the responsiveness of the
system. In embodiments in which the DOFEs 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.
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[6053] In some embodiments, ¢ may be desirable to have an exit beam meet the
condition of having a diameter that 1s less than the diameter of the eye of a viewer. However,
meeting this condition may be challenging n view of the varability in size of the viewer’s
pupils. In some embodiments, this condition 18 met over a wide range of pupil sizes by
varying the size of the exit beam in response to determinations of the size of the viewer’s
puptl. For example, as the pupil size decreases, the size of the exit beam may also decrease.
In some embodiments, the exit beam size may be varied using a variable aperture.

[0054] The wearable system 400 can include an outward-facing imaging system
464 {e.g., a digital 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 13 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 encompasses 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 available for viewing or imaging by a viewer may be referred to as the
field of regard (FOR). The FOR may mclude 4n steradians of solid angle surrounding the
wearable system 400 because the wearer can move his body, head, or eyes to perceive
substantially any direction n space. In other contexts, the wearer’s movements may be more
constricted, and accordingly the wearer’s FOR may subtend a smaller solid angle. Tmages
obtained from the outward-facing imaging system 464 can be used to track gestures made by
the user {¢.g., hand or finger gestures), detect objects in the world 470 in front of the user,
and so forth.

[0055] The wearable system 400 can mnclude an audio sensor 232, eg, a
microphone, to capture ambient sound. As described above, in some embodiments, one or
more other audio sensors can be positioned to provide stereo sound reception useful 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 audio source is located The wearable system 400 can use
mformation from both the outward-facing imaging system 464 and the audio sensor 230
locating a source of speech, or to determune an active speaker at a particular moment in time,

etc. For example, the wearable system 400 can use the voice recognition alone or in
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combination with a reflected 1mage of the speaker {e.g., as seen 1 a mirror) to determine the
wdentity 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 system 400 can parse the sound coming from the speaker’s
position with speech recognition algorithms to deternune the content of the speech and use
voice recognition techniques to determine the identity (eg., name or other demographic
mnformation} of the speaker.

[8056] The wearable system 400 can also mclude an imward-facing imaging
system 466 {e.g., a digital camera), which observes the movements of the user, such as the
eve movements and the facial movements. The inward-facing imaging system 466 may be
used to capture images of the eye 410 to determune the size and/or orientation of the pupil of
the eyve 304. The mward-facing mmaging system 466 can be used to obtain mmages for use n
determining the direction the user 15 looking {(e.g., eye pose) or for biometric identification of
the user {e.g., via iris dentification}. In some embodiments, at least one camera may be
utilized for each eye, to separately determine the pupil size or eve pose of each eye
mndependently, thereby allowing the presentation of image information to each eye to be
dynamically tailored to that eye. In some other embodiments, the pupi diameter or
orientation of only a single eye 410 (e.g., using only a single camera per pair of eyes) 15
deternmimed and assumed to be similar for both eves of the user. The 1mages obtained by the
mward-facing imaging system 466 may be analyzed to determine the user’s eye 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
(e.g., head position or head orientation) using sensors such as IMUs, accelerometers,
ZYTOSCOpEs, i,

[8057] The wearable system 400 can include a user input device 466 by which the
user can input commands to the controller 460 to mteract with the wearable system 400. For
example, the user input device 466 can ionclude a trackpad, a touchscreen, a jovstick, a
multiple degree-of-freedom (DOF) controller, a capacitive sensing device, a game controller,
a keyboard, a mouse, a directional pad (D-pad}, a wand, a haptic device, a totem {e.g.,
functioning as a virtual user mput device), and so forth. A muiti-DOF controller can sense

user input in some or all possible translations {(e.g., left/night, forward/backward, or up/down)
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or rotations {e.g., yaw, 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
controller which supports the translations and rotations may be referred to as 6DDOF. In some
cases, the user may use a finger {e.g., a thumb) to press or swipe on a touch-sensitive mput
device to provide mput to the wearable system 400 (e.g., to provide user input to a user
mterface 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 imput device 466 can be
in wired or wireless communication with the wearable system 400,

[00S8] FIG. 5 shows an example of exit beams outputted by a waveguide. One
waveguide 1s illustrated, but it will be appreciated that other waveguides in the waveguide
assembly 480 may function similarly, where the waveguide assembly 480 includes multiple
waveguides. Light 520 1s mnjected into the wavegwide 432b at the input edge 432¢ of the
waveguide 432b and propagates within the waveguide 432b by TIR. At points where the
light 520 impinges on the DOE 432a, a portion of the light exits the waveguide as exit beams
S510. The exit beams 510 are illustrated as substantially parallel but they may also be
redirected to propagate to the eve 410 at an angle (e.g, forming divergent exit beams),
depending on the depth plane associated with the waveguide 432b. It will be appreciated that
substantially parallel exit beams may be indicative of a waveguide with light extracting
optical elements that outcouple hight to form images that appear to be set on a depth plane at
a large distance {(e.g., optical infinity) from the eve 410. Other waveguides or other sets of
light extracting optical elements may output an exit beam pattern that is more divergent,
which would require the eve 410 to accommodate to a closer distance to bring it into focus
on the retina and would be interpreted by the brain as light from a distance closer to the eye
410 than optical mfinity.

[0059] FIz. 6 15 a schematic diagram showing an optical system including a
waveguide apparatus, an optical coupler subsystem to optically couple light to or from the
waveguide apparatus, and a control subsystem, used in the generation of a multi-focal
volumetric display, image, or light field The optical system can include a waveguide
apparatus, an optical coupler subsystem to optically couple light to or from the waveguide
apparatus, and a control subsystem. The optical system can be used to generate a multi-focal

volumetric, image, or light field The optical system can include one or more primary planar
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waveguides 632a (only one is shown m FIG. 6) and one or more DOFEs 632b associated with
each of at least some of the primary waveguides 632a. The planar waveguides 632b can be
stmilar to the waveguides 432b, 434b, 436b, 438b, 440b discussed with reference to FIG. 4.
The optical system may employ a distribution waveguide apparatus to relay light along a first
axis {vertical or Y-axis in view of FIG. 6}, and expand the light's effective exat pupil along
the first axis {e.g., Y-axis). The distribution waveguide apparatus may, for example, include
a distribution planar waveguide 622b and at least one DOFE 622a (illustrated by double dash-
dot line} associated with the distribution planar waveguide 622b. The distribution planar
waveguide 622b may be simlar or 1dentical 1o at least some respects to the primary planar
waveguide 632b, having a different orientation therefrom. Likewise, at least one DOFE 622a
may be similar to or identical in at least some respects to the DOE 632a. For example, the
distribution planar waveguide 622b or DOE 622a may be comprised of the same materials as
the primary planar waveguide 632b or DOE 632a, respectively. Embodiments of the optical
display system 600 shown in FIG. & can be integrated into the wearable system 200 shown in
FiG. 2.

[6066] The relayed and exit-pupil expanded light may be optically coupled from
the distribution waveguide apparatus into the one or more primary planar waveguides 632b.
The primary planar waveguide 632b can relay hlight along a second axis, preferably
orthogonal to first axis {e.g., honzontal or X-axis m view of FIG. 6). Notably, the second
axis can be a vouv-orthogonal axis to the first axis. The primary planar wavegude 632b
expands the light's effective exit pupil along that second axis {e.g., X-axis). For example, the
distribution planar waveguide 622b can relay and expand hight along the vertical or Y-axas,
and pass that light to the primary planar waveguide 632b which can relay and expand light
along the horizontal or X-axis.

[0061] The optical system may include one or more sources of colored light (e g,
red, green, and blue laser light) 610 which may be optically coupled into a proximal end of a
single mode optical fiber 640, A distal end of the optical fiber 640 may be threaded or
recetved through a hollow tube 642 of piezoelectric material. The distal end protrudes from
the tube 642 as fixed-free flexible cantilever 644, The piezoelectric tube 642 can be
assoctated with four quadrant electrodes (not tllustrated). The electrodes may, for example,

be plated on the outside, outer surface or outer periphery or diameter of the tube 642. A core
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electrode (not llustrated) may also be located in a core, center, wnner periphery or inner
diameter of the tube 642

[8062] Drive electronics 650, for example electrically coupled via wires 660,
drive opposing paurs of electrodes to bend the piezoelecitric tube 642 n two axes
mndependently. The protruding distal tip of the optical fiber 644 has mechanical modes of
resonance. The frequencies of resonance can depend upon a diameter, length, and material
properties of the optical fiber 644, By vibrating the piezoelectric tube 642 near a first mode
of mechanical resonance of the fiber cantilever 644, the {iber cantilever 644 can be caused to
vibrate, and can sweep through large deflections.

[6063] By stimulating resonant vibration in two axes, the tip of the fiber
cantilever 644 1s scanned biaxially in an area filhng two-dimensional (2D} scan. By
modulating an intensity of light source(s) 610 in synchrony with the scan of the fiber
cantilever 644, light emerging from the fiber cantilever 644 can form an image. Descriptions
of such a set up are provided in U.S. Patent Publication No. 2014/0003762, which is
meorporated by reference herein o its entirety.

[0064] A component of an optical coupler subsystem can collimate the light
emerging from the scanning fiber cantilever 644, The coliimated light can be reflected by
murored surface 648 into the narrow distribution planar waveguide 622b which contains the
at least one diffractive optical element (DOE) 622a. The collimated light can propagate
vertically (relative to the view of FIG. 6) along the distribution planar waveguide 622b by
TIR, and in doing so repeatedly intersects with the DOE 622a. The DBOE 622a preferably has
a low diffraction efficiency. This can cause a fraction {e.g., 10%) of the light to be diffracted
toward an edge of the larger primary planar waveguide 632b at each point of intersection
with the DOE 622a, and a fraction of the light to continue on its original trajectory down the
length of the distribution planar waveguide 622b via TIR.

[0065] At each point of intersection with the DOE 622a, additional light can be
diffracted toward the entrance of the primary waveguide 632b. By dividing the incoming
light into multiple ouicoupled sets, the exat pupil of the hight can be expanded vertically by
the DOE 622a 1n the distribution planar waveguide 622b. This vertically expanded light
coupled out of distribution planar waveguide 622b can enter the edge of the primary planar

waveguide 632b.
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[0066] Light entering primary waveguide 632b can propagate horizontally
(relative to the view of FIG. 0) along the primary waveguide 632b via TIR. As the light
mtersects with DOE 632a at multiple points as it propagates horizontally along at least a
portion of the length of the primary wavegwide 632b via TIR. The DOE 632a may
advantageously be designed or configured to have a phase profile that 15 a summation of a
linear diffraction pattern and a radially symmetric diffractive pattern, to produce both
deflection and focusing of the light The DOE 632a may advantageously have a low
diffraction efficiency (e.g., 10%), so that only a portion of the light of the beam is deflected
toward the eve of the view with each intersection of the DOE 632a while the rest of the light
continues to propagate through the primary waveguide 632b via TIR.

[8067] At each point of intersection between the propagating light and the DOE
632a, a fraction of the light 1s diffracted toward the adjacent face of the primary waveguide
632b allowing the light to escape the TIR, and emerge from the face of the primary
waveguide 632b. In some embodiments, the radially symmetric diffraction pattern of the
DOE 632a additionally mmparts a focus level to the diffracted hight, both shaping the light
wavefront {e.g., imparting a curvature) of the mdividual beam as well as steering the beam at
an angle that matches the designed focus level

[6068] Accordingly, these different pathways can cause the light to be coupled
out of the primary planar waveguide 632b by a multiplicity of DOEs 632a at different angles,
focus levels, or vielding different fill patterns at the exit pupil. Different fill patterns at the
exit pupil can be beneficially used to create a light field display with multiple depth planes.
Each layer in the wavegiide assembly or a set of layers (e.g., 3 layers) in the stack may be
emploved to generate a respective color {e.g., red, blue, green). Thus, for example, a first set
of three adjacent lavers may be employed to respectively produce red, blue and green light at
a first focal depth. A second set of three adjacent layers may be employed to respectively
produce red, blue and green hight at a second focal depth. Multiple sets may be employed to

generate a full 3D or 4D color image light field with various focal depths.

Other Components of the Wearable Svstem

(0069} in many implementations, the wearable system may include other

components in addition or in alternative to the components of the wearable system described
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above. The wearable systemn may, for example, nclude one or more haptic devices or
components. The haptic devices or components may be operable to provide a tactile
sensation o a user. For example, the haptic devices or components may provide a tactile
sensation of pressure or texture when touching virtual content {e.g., virtual objects, virtual
tools, other virtual constructs). The tactile sensation may replicate a feel of a physical object
which a virtual object 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
of components may be worn by the user {eg., a user wearable glove) In some
mplementations, haptic devices or components may be held by the user.

(0076} The wearable system may, for example, include one or more physical
objects which are manipulable by the user to allow 1nput or mteraction with the wearable
system. These physical objects may be referred to herein as totems. Some totems may take
the form of manimate objects, such as for example, a piece of metal or plastic, a wall, a
surface of table. In certain implementations, the totems may not actually have any physical
mput structures {e.g., keys, triggers, joystick, trackball, rocker switch). Instead, the totem
may simply provide a physical surface, and the wearable system may render a user interface
s0 as to appear 10 a user to be on one or more surfaces of the totem. For example, the
wearable system may render an image of a computer keyboard and trackpad to appear to
reside on one or more surfaces of a totem. For example, the wearable system may render a
virtual computer keyboard and virtual trackpad to appear on a surface of a thin rectangular
plate of aluminum which serves as a totem. The rectangular plate does not itself have any
physical keys or trackpad or sensors. However, the wearable system may detect user
manipulation or interaction or touches with the rectangular plate as selections or mputs made
via the virtual keyboard or virtual trackpad. The user input device 466 (shown i 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-degree-of-
freedom controller, or another physical input device. A user may use the totem, alone or in
combination with poses, to interact with the wearable system or other users.

6071} Examples of haptic devices and totems usable with the wearable devices,
HMD, and display systems of the present disclosure are described in UK. Patent Publication

No. 2015/0016777, which 18 meorporated by reference herein in iis entirety.
; Y N
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Example Wearable Svstems. Environments, and Interfaces

[0072] A wearable system may employ various mapping related techniques in
order to achieve high depth of field in the rendered light fields. In mapping out the virtual
world, 1t 1s advantageous to know all the features and points 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 information about various points 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 o render a more accurate version of the world model. The world model of a
first user can be communicated {e.g., over a network such as a cloud network) to a second
user so that the second user can experience the world surrounding the first user.

6073} FIG. 7 15 a block diagram of an example of an MR environment 700. The
MR environment 700 may be configured to receive input {g.g., visual mput 702 from the
user's wearable system, stationary 1nput 704 such as room cameras, sensory input 706 from
various sensors, gestures, totems, eye tracking, user input from the user nput device 466
etc.} from one or more user wearable systems (e g., wearable system 200 or display system
220} or stationary room systems {e.g., room cameras, etc.}. The wearable systems can use
various sensors {e.g., accelerometers, gyroscopes, temperature sensors, movement Sensors,
depth sensors, GPS sensors, inward-facing imaging system, outward-facing imaging system,
etc.} to determine the location and various other attributes of the environment of the user.
This information may further be supplemented with information from stationary cameras in
the room that may provide 1mages or various cues from 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.

[0074] One or more object recognizers 708 can crawl through the received data
(e.g., the collection of points) and recognize or map points, tag images, attach semantic
information to objects with the help of a map database 710. The map database 710 may
comprise various points collected over time and their corresponding 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.
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[6075] 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 example, the
object recogmizers can recognize faces, persons, windows, walls, user input devices,
televisions, documents {e.g., travel tickets, driver’s license, passport as described in the
security examples herein), other objects in the user’s environment, etc. 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.

[8076] The object recognitions may be performed using a variety of computer
vision techmiques. For example, the wearable system can analyze the images acquired by the
outward-facing mmaging system 464 (shown in FIG. 4) to perform scene reconstruction, event
detection, video tracking, object recogmition {e.g., persons or documents), object pose
estimation, facial recognition {e.g., from a person in the environment or an image on a

document), learning

o0

indexing, motion estimation, or image analysis {e.g., identifying indicia
within documents such as photos, signatures, identification mformation, travel information,
etc.}, and so forth. One or more computer vision algorithms may be used to perform these
tasks. Non-limiting examples of computer vision algorithms include: Scale-invariant feature
transform (SIFT), speeded up robust features (SURF), oriented FAST and rotated BRIEF
(ORB), bmary robust invariant scalable keypoints (BRISK), fast retina keypoint (FREAK),
Viola-Jones algorithm, FEigenfaces approach, Lucas-Kanade algorithm, Horn-Schunk
algorithm, Mean-shift algorithm, visual simultangous location and mapping (VSLAM)
techniques, a sequential Bayesian estimator {e.g., Kalman filter, extended Kalman filter,
etc.), bundle adjustment, Adaptive thresholding (and other thresholding techniques), Hterative
Closest Point (ICP), Sem: Global Matching (SGM]}, Sem: Global Block Matching (SGBM),
Feature Point Histograms, various machine learning algorithms (such as e.g., support vector
machine, k-nearest neighbors algorithm, Naive Bayes, neural network (including
convolutional or deep neural networks), or other supervised/unsupervised models, etc.), and
so forth.

[6077] The object recognitions can additionally or alternatively be performed by
a variety of machine learning algorithms. Once trained, the machine learning algorithm can

be stored by the HMD. Some examples of machine learning algorithms can include
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supervised or non-supervised machine learming algorithms, nchuding regression algorithms
(such as, for example, Ordinary Least Squares Regression), nstance-based algorithms {such
as, for example, Learning Vector Quantization), decision tree algorithms (such as, for
example, classification and regression trees), Bavesian algorithms (such as, for example,
Naive Bayes}, clustering algorithms (such as, for example, k-means clustering), association
rule learning algorithis (such as, for example, a-priort algorithms), artificial neural network
algorithms (such as, for example, Perceptron), deep learning 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, individual 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 {(e.g., a particular user in
the telepresence session), a data set {e.g., a set of additional images obtained of the user in
the telepresence session), conditional situations, or other variations. In some embodiments,
the wearable HMD can be configured to utilize a plurality of techniques to generate models
for analysis of the aggregated data. Other techniques may include using pre-defined
thresholds or data values.

[6078] Based on this information and collection of points in the map database, the
object recognizers 708a to 708n may recogruze objects and supplement objects with semantic
information 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 {(e.g., the door has a
hinge and has a 90 degree movement about the hinge). If the object recognizer recogmzes a
set of points to be a mirror, the system may attach semantic information that the muror 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 nclude a normal of the object. The system can assign a vector whose
direction indicates the normal of the object. Over time the map database grows 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 recogmzed, the mformation may be

transmitted to one or more wearable systems. For example, the MR environment 700 may
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melode information about a scene happening wn California. The environment 700 may be
transmitted to one or more users 10 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 n a different part of the world. The
environment 700 may also use a topological map for localization purposes.

6079} FIG. 8 1s a process flow diagram of an example of a 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 i California.

008G} At block 810, the wearable system may receive input from the user and
other users regarding the environment of the user. This may be achieved through various
mput devices, and knowledge already possessed mn the map database. The user's FOV
camera, sensors, GPS, eve tracking, etc., convey information to the system at block 810, The
system may determine sparse points based on this information at block 820. The sparse
points may be used in determining pose data (e.g., head pose, eye pose, body pose, or hand
gestures) that can be used 0 displaving and understanding the onentation and position of
various objects in the user's surroundings. The object recognizers 708a-708n may crawl
through these collected points and recognize one or more objects using a map database at
block 330, This information may then be conveyed to the user's individual wearable system
at block 840, and the deswred virtual scene may be accordingly displaved to the user at block
850, For example, the desired virtual scene (e.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,

[0081] FIG. 9 15 a block diagram of another example of a wearable system. In this
example, the wearable system 900 comprises a map 920, which may include the map
database 710 containing map data for the world. The map may partly reside locally on the
wearable system, and may partly reside at networked storage locations accessible by wired or

wireless network (e.g., in a cloud system). A pose process 910 may be executed on the
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wearable computing architecture {e.g., processing module 260 or controller 460} and utilize
data from the map 920 to deternune posttion and orientation of the wearable computing
hardware or user. Pose data may be computed from data collected on the fly as the user is
experiencing the system and operating in the world. The data may comprise images, data
from sensors (such as nertial measurement units, which generally comprise accelerometer
and gyroscope components) and surface information pertinent to objects 1n the real or virtual
environment.

[6082] A sparse point representation may be the output of a simultanecus
localization and mapping (e.g., SLAM or vSLAM, referring to a configuration wherein the
mput s images/visual only) process. The system can be configured to not only find out
where in the world the various components are, but what the world is made of Pose may bea
building block that achieves many goals, including populating the map and using the data
from the map.

[0083] In one embodiment, a sparse point position may not be completely
adequate on its own, and further information may be needed to produce a3 multifocal AR, VR,
or MR experience. Dense representations, generally referring to depth map information, may
be utilized to fill this gap at least in part. Such information may be computed from a process
referred to as Stereo 940, wherein depth information is determined using a techmique such as
triangulation or time-of-flight sensing. Image mformation and active patierns (such as
infrared patierns created using active projectors), images acquired from image cameras, or
hand gestures / totem 950 may serve as mnput to the Stereo process 940. A significant amount
of depth map mformation may be fused together, and some of this may be summanized 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 stereo process {e.g., a depth map) 940 may be
combined n the fusion process 930. Pose 910 may be an mput to this fusion process 930 as
well, and the output of fusion 930 becomes an input to populating the map process 920. Sub-
surfaces may connect with each other, such as in topographical mapping, to form larger
surfaces, and the map becomes a large hybnid of points and surfaces.

16084} To resolve various aspects i a mixed reality process 960, various inputs

may be utilized. For example, in the embodiment depicted in FIG. 9, Game parameters may
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be mputs to determine that the user of the system 1s playing a monster batthing game with one
or more monsters at various locations, monsters dying or running away under various
conditions {such as if the user shoots the monster), walls or other objects at various locations,
and the like. The world map may include information regarding the location of the objects or
semantic information of the objects and the world map can be another valuable input to
mixed reality. Pose relative to the world becomes an nput as well and plays a key role to
almost any interactive system.

[6085] Controls or inputs from the user are another mput to the wearable system
900. As described heren, user inputs can include visual iput, gestures, toterns, audio input,
sensory input, etc. In order to move around or play a game, for example, the user may need
to instruct the wearable system 900 regarding what he or she wants to do. Bevond just
moving oneself in space, there are various forms of user controls that may be utihized. In one
embodiment, a totem {(e.g. a user input device), or an object such as a toy gun may be held by
the user and tracked by the system. The system preferably will be configured to know that
the user 1s holding the item and understand what kind of nteraction the user is having with
the item {e.g., if the totem or object 15 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 element which may be equipped with a sensor, such as an IMU, which may assist
in determuning what 18 gotng on, even when such activity 15 not within the field of view of
any of the cameras )

[6086] Hand gesture tracking or recognition may also provide input information.
The wearable system 900 may be configured to track and interpret hand gestures for button
presses, for gesturing left or right, stop, grab, hold, etc. For example, in one configuration,
the user may want to flip through emails or a calendar in a non-gaming environment, or do a
"fist bump" with another person or player. The wearable system 900 may be configured to
leverage a munumum amount of hand gesture, which may or may not be dynamic. 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 right, or left, or up/down for directional
commands.

[6087] Eve tracking is another input {e.g., tracking where the user 1s looking to

control the display technology to render at a specific depth or range). In one embodiment,
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vergence of the eves may be determined using triangulation, and then using a
vergence/accommodation model developed for that particular person, accormmmodation may
be determined. Eye tracking can be performed by the eye camera(s) to determine eye gaze
(e.g., direction or orientation of one or both eyes). Other techniques can be used for eye
tracking such as, e.g., measurement of electrical potentials by electrodes placed near the
eve(s) {e.g., electrooculography).

[6088&] Speech tracking can be another input can be used alone or in combination
with other inputs {e.g., totem tracking, eye tracking, gesture tracking, etc.). Speech tracking
may mclude speech recognition, voice recognition, alone or in combination. The system 900
can include an audio sensor (e g, a microphone) that receives an audio stream from the
environment. The system 900 can incorporate voice recognition technology to determine
who 1s speaking {e.g., whether the speech is from the wearer of the ARD or another person or
voice {e.g., a recorded voice transmitted by a loudspeaker in the environment)) as well as
speech recognition technology to determine what is being said. The local data & processing
module 260 or the remote processing module 270 can process the audio data from the
nmucrophone {or audio data in another stream such as, e.g, a video stream being watched by
the user) to identify content of the speech by applying various speech recognition algorithms,
such as, eg., hidden Markov models, dynamic time warping {DTW)-based speech
recognitions, neural networks, deep learing algorithms such as deep feedforward and
recurtent 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, etc.

[0089] The 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 900 or another
person with whom the user 1s conversing. Some example voice recognition algorithms can
melude frequency  estimation, hidden Markov models, Gaussian mixture models, pattern
matching algorithms, neural networks, matrix representation, Vector Quantization, speaker
diarisation, decision trees, and dynamic time warping (BTW) technigue. Voice recognition
techmiques can also include anti-speaker techmiques, such as cohort models, and world

models. Spectral features may be used in representing speaker characteristics. The local data
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& processing module or the remote data processing module 270 can use various machine
learning algorithms described with reference to FIG. 7 to perform the voice recognition.

[8090] With regard to the camera systems, the example wearable system 900
shown tn FIG. 9 can mclude 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 pawr of cameras oriented n
front of the user to handle the stereo imaging process 940 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 940 may be a part of the outward-facing imaging system 464
(shown m FIG. 4). The wearable system 900 can include eye tracking cameras {(which may
be a part of an inward-facing imaging system 462 shown in FIG. 4) oriented toward the eyes
of the user n order to triangulate eve vectors and other information. The wearable system
900 may also comprise one or more textured light projectors {(such as infrared (IR)
projectors) to inject texture 1nto a scene,

(6091} FIG 10 1s a process flow diagram of an example of a method 1000 for
mteracting with a virtual user interface. The method 1000 may be performed by the wearable
system described herein. The method 1000 may perform the method 1000 in a telepresence
session.

[6092] At block 1010, the wearable system may 1dentify a particular UL The type
of Ul may be predetermined by the user. The wearable system may 1dentify that a particular
Ul needs to be populated based on a user input {e.g., gesture, visual data, audio data, sensory
data, direct command, etc.). The Ul may be specific to a telepresence session. At block 1020,
the wearable system may generate data for the virtual UL For example, data associated with
the confines, general structure, shape of the Ul etc, may be generated. In addition, the
wearable system may determine map coordinates of the user's physical location so that the
wearable system can display the Ul in relation to the user's physical location. For example, if
the UT 15 body centric, the wearable system may determine the coordinates of the user's
physical stance, head pose, or eye pose such that a ring Ul can be displayed around the user
or a planar Ul can be displayed on a wall or in front of the user. In the telepresence context,
the Ul may be displayed as if the Ul were surrounding user to create a tangible sense of
another user’s presence in the environment {(e.g., the Ul can display virtual avatars of the

+
1
I

participants around the user). If the Ul is hand centric, the map coordinates of the user's
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hands may be deternuned. These map points may be derived through data received through
the FOV cameras, sensory input, or any other type of collected data.

[8093] At block 1030, 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
1040, the UI 1s displayed to the user based on the sent data. For example, a light field display
can project the virtual Ul into one or both of the user’s eves. 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 1030, For example, the Ul may be a body centric
ring around the user's body or the body of a person m the user’s environment {e g, a
traveler). The wearable system may then wait for the command {a gesture, a head or eye
movement, voice command, input from a user mput device, etc), and if it is recognized
(block 1060}, virtual content associated with the command may be displaved to the user

{block 1070).

Examples of a Wearable Device

[6094] FIG. 11 illustrates an example wearable device which can acquire images
of the user’s face. The wearable device may be a head-mounted device (HMD) that is
configured to display AR, VR, and/or MR contents. The tmages acquired by the wearable
device can include still images, animations, individual frames from a video, or a video.

[0095] The wearable device 1150 in FIG. 11 may be part of the wearable system
200 described with reference to FIG. 2. The wearable device 1150 can include an imaging
system 1160 which can be configured to image the user’s 210 face. The imaging system 1160
may be an example of the inward-facing imaging system 462 shown in FIG. 4. For example,
the imaging system 1160 may include sensors such as eye cameras {eve camera 1160z and
eye camera 1160b) configured to image the pertocular region of the user’s eves 1110 while
the user 210 is wearing the wearable device 1150, In this example, the eye 1110b can
correspond to the eye 302 and the eve 1110a can correspond to the eve 304 shown in FIG. 3.

[8096] Each eye camera may have a field-of-view (FOV). For example, the FOV
for the eve camera 1160a can include the region 1120a and the region 1130. The FOV for the
eve camera 1160b can include the region 1120b and the region 1130 The FOV of the eye

camera 11603 and the FOV of the eye camera 1160b may overiap at the region 1130,
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[6097] As shown m FIG. 11, the imaging system 1160 points toward the head of
the user 210. The eye camera 1160a may be configured to image the eye 1110a while the eye
camera 1160b may be configured to image the eye 1110b. In this figure, the optical axis
1140a of the eve camera 1160a 13 parallel to the optical axis 1140b of the eye camera 1160b.

[0098] in some implementations, one or both of the eye cameras may be rotated
such that the optical axes of the two eve cameras are no longer in parallel. For example, the
two eye cameras may point slightly towards each other {e.g., particularly if the eve cameras
are disposed near outside edges of the frame of the device 1150). This implementation may
be advantageous because it can create a cross eved configuration which can increase the
overlap of the FOV between the two cameras as well as to allow the two eve cameras to
image the face at a closer distance,

[0099] Although the example described in FIG. 11 illustrates two eye cameras,
wearable device 1150 1s not required to have two eye cameras. In some embodiments, the
imaging system 1160 may inclode one eve camera imaging the user’s face. The one eye
camera may be configured to 1mage the periocular region associated with one eye or the
periocular regions for both eyes. In other embodiments, the wearable device 1150 may

mclude more than two eye cameras.

Examples of a Face Model

[100] In the contexis of face recognition, synthesis, and rendering, the human
face may be represented using 3D modeling techniques, such as triangular meshes,
parametric surfaces, linear space representations, or other mathematical representations. As
one example, the 3D model may be built using a deformable linear model (DLM). The DLM
can encode the state of deformations of the face with a list of vectors. The deformation
vectors may be associated with a neutral face, making a nose bigger, making a mouth
narrower, or making a face more feminine, etc. The deformation vectors may also be
assoctated with facial expressions, such as smiling, scowling, or frowning, etc. Given the
strength of the facial expression (such as laughing out loud or gently smiling), the
deformation vectors may be scaled by a strength value relative to the neutral face mesh. For
example, the strength value may be bigger if the person laughs out loud because the person

may have more facial movements and therefore bigger deformation with respect to the
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neutral face. On the other hand, the strength value may be smaller if the person smiles gently
because there may be not many facial movements. Although DLM models can be used, the
present disclosure is not himited to DLM models, and in other embodiments, active shape
models (ASM), active appearance models (AAM), morphable models (M}, or any other two-
dimensional (213} or 3D shape or texture model may be used.

[0101] The wearable device 1150 can build a model of the user’s face using the
images of the user’s face acquired by the imaging system 1160. The images may be acquired
by the imaging system 1160 when the user 1s putting on or taking off the device. The images
may also be acquired by scanning the user’s face using the outward-facing imaging system
464 (shown in FIG 4). For example, to scan the user’'s face using the outward-facing
imaging system 464, the user may turn the wearable device 1150 such that the outward-
facing wmaging system 464 1s pointing toward the user’s face (rather than the user’s
environwuent). The wearable device can create a model of the user’s face during an
mitialization phase of the wearable device, such as, e g, when the user first uses the wearable
device, or when a user turns on the wearable device. Examples of generating a face model
using 1mages acquired by the imaging systemn 1160 are also described in U.S. Application
No. 15/717,223, titled “FACE MODEL CAPTURE BY A WEARARLE DEVICE” the
disclosure of which is hereby incorporated by reference herein in ifs entirety.

[6192] The model of the user’s face may be generated based on a base model and
data specific to a user. For example, the wearable device may use a base model pre-generated
from data associated with a group of people and customize the base model based on user
specific mformation obtained by analyzing the images acquired by the wearable device In
some implementations, the base model may be associated with a group of people having
similar demographic information {e.g., age, gender, ethnicity, etc.) to the user of the wearable
device. For example, if the user 13 a female teenager, the wearable device may access a base
model associated with a typical female teenager. As another example, if the user belongs to
certain gender or ethnic group, the wearable device may access a base model coramon to that
gender or ethnic group. The wearable device can also use statistical analysis to determine the
appearnaces of the user’s facial features. For example, the wearable device can determine a
likelihood that a certam facial appearance of the facial feature will apply based on statistical

analysis on images associated with a group of people or the user. The wearable device can
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confirm the appearance of the facial features {such as the appearance of periocular features)
based on images acquired specific to the user.

[0103] The wearable device can also build the face model based on the user
specific images. For example, the wearable device may generate a model of the user’s face
solely from the tmages acquired by the inward-facing imaging system or by the outward-
facing imaging system. In some implementations, the wearable device may update the user’s
face model as more images of the user’s face are acquired. For example, the wearable device
may generate a face model based on the images acquired by the mward-facing imaging
system as the user 13 putting on the device. The wearable device can update the face model
based on new images acquired when the user 1s taking off the device or in the next session
where the user 1s putting on the device again.

[0104] Although these examples refer to building a face model or creating a map
of a user’s face using a wearable device, some embodiments may include the wearable
device communicating with a remote computing device to generate or otherwise obtain a face
model. For example, the wearable device can acquire images of the user’s face and pass the
images {alone or in combination with other information of the user, such as, e.g., the user’s
demographic information} to a remote computing device {e.g., such as a server). The remote
computing device can analyze the images and create the face model and pass the face model
to the wearable device of the user or pass the face model to another user’s wearable device
{(e.g., during a telepresence session).

[6165] A portion of the face model may describe features in the lower face of the
user such as visemes, jaw movements, etc. The conformations of the lower face 1n the face
model may change as the user generates different sounds (such as speaking). For example, a
sound may be associated with a phoneme, which is a perceptually distinct unit of sound in a
particular language. Phonemes are used to distinguish one word from ancther word. Each
phoneme may further be mapped to a viseme, which can represent a facial conformation that
occurs when the phoneme is sounded. In many languages, there is not a one-to-one
correspondence between visemes and phonemes, as several phonemes may correspond to a
single viseme (e.g., each such phoneme looks the same on the face when sounded). A viseme
may be expressed by face model parameter values associated with a certain conformation of

the face. As the user pronounces a different word, the viseme may change. Therefore, the
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conformation of the face may change and the parameters in the face model describing the
lower face may also be updated accordingly.

[0106] As described herein, in some situations, the face model may not be able to
obtain the updates in the conformations of the lower face of the user by direct measurement
when the user is wearing an HMD (e.g., because an inward-facing eve-tracking camera
typically cannot image the lower face). However, the HMD can use an inward-facing
imaging system {e.g. imaging system 462 or 1160} to observe the user’s periocudar features.
As further described with reference to FIGS. 13 — 16, the HMID can use a machine learning
derived model to map the observed periocular features with parameters the lower face. These
lower face parameters, together with the parameters derived from the periocular images, may

be used to synthesize a full face image of the user.

Examples of a Periocular Region

(0107} As described with reference to FIG. 11, the images acquired by the
maging system 1160 may include a portion of the periocular region of the user. The
periocular region can include the eyes and the regions around the eyes. FIG. 12 illustrates an
example 1image of a periocular region for one eye. In this example, the periocular region
1200a can include an eye 1210a {such as an eve socket) and a region around the eye 1210a.
The region around the eye 1210a may include, for example, an eyvebrow 1220a, portions of
the nose 1230a, cheek 1240a, and forehead 1250a. The periocular region can include one or
more periocular feature, or portions of periocular features. Periocular features may include,
for example, an eye, an eye socket, an eyebrow, a nose, a cheek, or a forehead Other
features or user-specific details of the face may also be considered periocular features. The
periocular region, however, may exclude the mouth or the portion of the nose that is away
from the eyes. In some implementations, the periocular region may be represented by
keypoints, point clouds, vectors and matrices, or other types of mathematical representations.

[0108] The example image 1200a could be obtained from an HMID’s camera
imaging the periocular region 1270 of a user. In this example, the perigcular region 1270
meludes periocular features such as an eye 1210a, an eye socket}, evebrow 1220a, portions
of the nose 1230a, cheek 1240a, and forehead 1250a. Fach periocular feature may have a

variety of characteristics associated with the periocular feature. Some of the characteristics
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may be specific to each periocular feature. For example, the periocular feature eyebrow
1220a may have characteristics including the shape of the eyebrows, the color of the
evebrow, likely movements or movement directions of the eyebrow, etc. The periocular
feature eye 1210a may have characteristics such as, for example, shape, size, location of eye
corners, gaze direction, pupil location, location of eyeball center, shape and folds of the
eyelid, texture of skin around the eyeball, and so forth. Many other characteristics may also
be used to idenufy and track each periocular feature. One or more characteristic of one or
more periocular feature may be represented by kevpoints, point clouds, or other types of
mathematical representations.

[0109] The wearable device can compute and track periocular features and
associated characteristics using neural network or visual keypoints techniques such as scale-
mvariant feature transform (SIFT), speeded up robust features {SURF), onented FAST and
rotated BRIEF (ORB), binary robust invariant scalable keypoints (BRISK), fast retina
keypoint {(FREAK), etc. In some embodiments, a particular facial feature may be tracked
using a detector specifically designed for that particular periocular feature. For example,
pertocular feature characteristics, such as eye corners, nose features, mouth corners, etc., may
be identified and tracked separately using various algorithms. Tracking one or more of these
periocular feature characternistics separately may be advantageous because each periocular
feature and/or charactenistic may be prone to substantial motion while the user making facial
expressions or is speaking. The algorithms used to track these periocular features and
characteristics may take into account the range of mobility. As an example, some periocular
features and/or associated characteristics may be likely to move in certain directions and/or
may be likely to remain more stable i other directions (e.g., eyebrows tend to move up or
down but not left or right).

[0110] The wearable device can analyze the movements of the periocular features
statistically. These statistics may be used to deternune the likelihood that the facial features
will move in a certain direction. The movements of the facial features can be used to
calculate deformations of one or more parameters in a face model. In some embodiments,
one or more periocular features or characteristics may be removed or untracked to reduce
processing demand or to improve reliability. In the situations where it 18 desired to mmprove

reliability, 1t may be advantageous to ignore or mask periocular features or characteristics
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that are more error prone than others. For example, in some embodiments as described with
reference to FIG. 128, the wearable device may i1gnore pixels in a center area 1212 of the eye
1210b so that eye movement is not recognized by the HMD when tracking other periocular
features or characteristics in the periocular region 1270.

(0111 The wearable device can also use wvisual simultaneous location and
mapping (vSLAM) techniques, such as sequential Bayesian estimator {e.g., Kalman filter,
extended Kalman filter, etc), bundle adjustment, etc, to identify and track periccular
features and characteristics. In some embodiments, the wearable device may be configured to
allow depth perceptions and mapping of the user. For example, the wearable device can
construct a dense map, which encodes at least a portion of the face, from data acquired by
one or more cameras. In contrast with a keypoint map, the dense map may comprise patches
or regions of the face whose 3D shape 1s measured.

(6112} The size and content within the periocular region captured by a camera on
the wearable device may depend on the eve camera’s FOV. In some implementations, the eye
camera may not have a large FOV to fit all recognizable periocular features within the
captured periocular region. For example, the images captured by the eye camera may include
the eve socket but not the eyvebrow. Technical specifications of the camera may determine
which periocular features are most likely to remain present in multiple captured frames of a
periocular region and which periocular features are most reliable for tracking.

(0113} As described with reference to FIG. 11, in some situations, although each
eve camera is configured to image an eye, the two eye cameras (one for the left eye and one
for the right eye) may have an overlapping FOV 1130 such that overlapping periocular
regions are imaged by the cameras. This may be because the FOV of the two cameras is
sufficiently wide, the cameras are angled inwardly toward a center of a user’s face, the
cameras are positioned near each other, and/or because the two cameras are sufficiently far
away from the user. As a result, a portion of the user’s face, typically a center portion {e.g,,
nose), may be captured by both eye cameras. The wearable device may combine the images
obtained from the two cameras, determine whether the combined image includes periocular
features, and if periocular features are determined to be present within the images, the

wearable device may identify the periocular features.
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Examples of Generating an Image of the Lower Face with an Image of the Periocular Region

[0114] The images of the periccular region as well as movements in the
periocular region may be used to deduce an image of the user’s lower face, which cannot be
observed directly by the imaging system of an HMD. FIG 13 tllustrates an example of
training a machine learning derived model which can correlate a conformation m the
periocular region and an audio input with a conformation in the lower face In some
situations, the conformation may be represented by vectors in a tace model. The machine
learning derived model can mclude a mapping of one or more parameters representing a
conformation in the periocular region to other parameters representing a second
conformation i the lower face.

[0115] The flow diagram 1300 in FIG. 13 may be performed by the wearable
system described herem. For example, the training of the machine learning derived model
may be performed by the local processing & data module 260, the remote processing module
270 using training data stored in the remote data repository 280 (shown in FIG. 2} As an
example, an HMD can acquire the images and audio mnputs, and communicate them via a
network to another computing device (such as a server) for training the model.

6116} In the flow diagram 1300, a mapping 1330 from the periocular
conformations and/or the audio mput to conformations of lower face 1330 may be generated.
In certain implementations, the mapping 1330 can comprise an adjustment or deformation n
the periodical region of a face model to another adjustment or deformation to the lower face
region in the face model. The adjustment or deformation may be determined relative to a
neutral posttion of the face model. The mapping 1330 may be generated using the images of
the lower face 1312, periocular image 1310, eye specific information 1316, audio input 1314,
alone or in combination. The conformations of the pertocular region may include periocular
images, and/or eye specific information. The conformation of the periocular region may also
be described {(or encoded) by periocular face parameters {e.g., the face space parameters in
the DLM). The conformations of the lower face may include images or features of the lower
face. The conformations of the lower face may be described {or encoded) by lower face
parameters.

(0117} The periocular image 1310, the image of the lower face 1312, and the

audio mnput 1314 may be specific to a user of the HMD or from a group of people. The
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mapping 1330 may be a generic mapping based on mformation from a group of people or an
mndividual specitic mapping using the user specific inputs. The mapping 1330 may also be
based on information generic to a group of people but are further customized based on
individual specific information.

[0118] The periocular images 1310 and the eve specific infformation 1316 may be
acquired by an mward-facing imaging system. The periocular image 1310 may include
pertocular features. The periocular image 1310 may also include eye specific information
1316 such as eye pose, pupil dilation state, eye color, eyvelid state, etc. In some
implementations, the face parameters of a face model may not take mto account eve specific
information 1316, As a result, the wearable system may input the eye specific information
1316 as a separate input together with the perigcular face parameters to train the machine
derived learning model.

[0119] The image of the lower face 1312 may be acquired by a camera external to
the wearable device. The image of the lower face 1312 may also be obtained using reflected
mages of the user’s face as acquired by the outward-facing wmaging system. In some
embodiments, an HMD may include both an outward-facing imaging system and an inward-
facing imaging system {as shown in FIG. 4). When the user 1s near a reflective surface (such
as in front of a mirror), the HMD can simultaneously acquire a reflected image of the user’s
face using the outward-facing imaging system and the image of the periocular region using
the inward-facing imaging system. The wearable device can capture the sound (e.g, the
audio input 1314} when the user is speaking using an audic input sensor such as a
microphone.

[0120] The audio input 1314, the periocular image 1310, and the mmage of the
lower face 1312 may be acquired over time and/or from different users. For example, the
wearable device may record the 1images and the audios over multiple telepresence sessions of
a user. The wearable device may also acquire them from multiple users for generating a
generic mapping 1330.

[0121] The mapping 1330 may be generated using various mmputs. As one
example, the mapping 1330 may be trained using the periocular image 1310 and the image of
the lower face 1312, In this example, the mapping 1330 can correlate a periocular

conformation with a conformation of the lower face. The mapping 1330 may also be

-37-



WO 2018/089691 PCT/US2017/060942

generated using the audio put 1314, the pertocular image 1310, and the image of the lower
face. As a result, the mapping 1330 can correlate a sound and a corresponding periocular
conformation with a conformation of the lower face. In some situations, a conformation can
be associated with a parameter 1n a face model. For example, the parameter may include
mathematical representations on deviations from a neutral face model. The mapping 1330
may include parameters of the periocular region mapped to the parameters of the lower face.

6122} In some embodiments, the mmages of the lower face 1312 may not be
available for traming the mapping 1330, As a result, the training process may involve
identifying a phoneme 1320 from the audio input 1314 and using the phoneme to deternune a
viseme 1318 m the audio input 1314,

[6123] The mapping 1330 may imvolve a correlation between the periocular
image 1310 and the viseme 1318, Additionally or alternatively, the mapping 1330 may be
assoctated with mapping from a sound in the audio input 1314 to a viseme 1318, As further
described with reference to FIGS. 14 and 16, the viseme 1318 may be combined with the
periocular tmage 1310 to generate a face image. The viseme may be determined using data
from a group of people. The viseme may also be determined based on user specific data. For
example, the wearable device can acquire images of the corresponding visemes as the user
speaks. Phonemes may not have a one-to-one mapping to the visual visemes because many
sounds may be pronounced using the same viseme. As a result, the wearable device may
identify the same viseme even though the audio input 1314 1s different.

6124} The wearable device can associate an image of the lower face, an image of
the periocular region, and optionally an audio mput, for example, based on the time of
acquisition. In certain embodiments, the wearable device can also associate an image of the
lower face and an image of the periocular region based on the sound. As one example, the
user may not always be near a reflective surface as the user speaks. As a result, the images of
the lower face may be acquired at different times as the images of the periocular region. The
wearable device can identify a word spoken by the user as well as lower face images
assoctated with the word when the user 1s in front of a nurror and can identify periocular
mmages acquired when the same word 1s spoken by the user. The wearable device can
accordingly connect the lower face images with the images of the periocular region based on

the sound of the word.
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[6125] The output of the mapping 1330 may include an image or face parameters
of at least a portion of the face For example, where the lower face region 1s unobservable by
the wearable device, the wearable device may apply the mapping 1330 to the periocular
mmages {(which are observable by wearable device) and to output an image of the lower face,
lower face parameters, a full face image, or face parameters of the full face.

[0126] The mapping 1330 may include a probabilistic estimate for corresponding
face parameters or the images of the lower face. For example, the user’s periocular region
may have similar appearance even though the user is making a different sound. As a result,
the mapping 1330 may provide a likelihood on whether unobserved face parameters in the
lower face are associated with observed face parameters in the periocular region. The
wearable device may pick the most likely image or face parameters. The likebihood of an
image may also be based on other factors such as audio input, physiological data (such as
puptl dilation state, heart rate, etc.}, and so on, alone or in combination.

[8127] Various machine learnming algorithms may be used for this process. Some
examples of machine learming algorithms that can be used to generate and update the models
can include supervised or non-supervised machine learning algorithms, including regression
algorithms (such as, for example, Ordinary Least Squares Regression), instance-based
algorithms {such as, for example, Learning Vector Quantization), decision tree algorithms
{such as, for example, classification and regression trees), Bayesian algorithms (such as, for
example, Naive Bayes), clustering algorithms {(such as, for example, k-means clustering),
assoctation rule learning algorithms (such as, for example, a-prion algorithms), artificial
neural network algorithms {such as, for example, Perceptron), deep learning 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, mdividual models can be customized for mdividual data
sets. For example, the wearable system can generate a base model. The base model may be
used as a starting point to generate additional models specific to a data type {(e.g., a particular
user}, a data set {e.g., a set of additional mmages obtained), conditional situations {e.g., {it
during gameplay may be different than fit during Internet browsing), or other vanations. In

some embodiments, the wearable device can be configured to utilize a plurality of techniques
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1o generate models for analysis of the aggregated data. Other techniques may mclude using
pre-defined thresholds or data values. Over time, the wearable device can continue to update
the machine learning derived model 1330.

[0128] With reference to FIG. 13, the base model may mnclude a mapping of the
periocular image to the lower face as generated using data from a group of people. The
mapping 1330 may be customized for each of a number of users of the HMD (e.g., a family

may share use of a single HMD and can customize a mapping for each family member).

Fxamples of Svnthesizing a Face Image

[6129] FIG. 14 illustrates an example of generating an image of the face when a
portion of the face 1s not observed by a wearable device. The flow diagram 1400 mn FIG. 14
may be performed by the wearable device described herein. In this example, the wearable
device may include an inward-facing imaging system which can acquire periocular images
1410 of the user. The wearable device can also include audio sensors which can obtain audio
mput 1414 from the user. However, the mward-facing imaging system may not be able to
acquire the image of the user’s lower face.

[0130] To synthesize an image of the user’s face, the wearable device to can
apply the machine learning derived model 1420 to the audio mput 1414 and/or the periocular
images 1410, The machine learning derived model 1420 may produce the mapping 1330
described i FI(. 13. The wearable device can receive an audio stream from an audio sensor
as the user speaks. The wearable device can access the machine learning derived model 1420
which may provide a mapping from a phoneme to a viseme. The wearable device can feed
the audio stream to the machine learning derived model 1420 to obtain visemes 1430 of the
sounds i the audio stream. The visemes may be combined with the periccular images 1410
to produce an 1image of the face 1450,

[0131] Additionally or alternatively, the wearable device can apply the machine
learning derived model 1430 to a combination of the periocular images 1410 and the audio
nput 1414 to obtain visemes 1430 In this example, the machine learning derived model
1420 may produce a mapping from a sound and a periocular image to a viseme.

(6132} As another example, the machine learning derived model 1420 may

include a mapping from periocular rmages to lower face images (or visemes). The wearable
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device can obtain a viseme by applying the machine learming derived model 1420 1o the
periocular images acquired by the mward-~facing imaging system.

(6133} In addition to or in alternative to mapping images, the machine learning
dernived model 1420 may also provide mappings for other types of conformations such as
from periocular face parameters to lower face parameters, from periocular features to lower
face parameters/images, or from periocular features/images/face parameters to a full face
image or parameters. As an example, the wearable device can calculate the periocular face
parameters based on the periocular images 1410, When the user 1s speaking, the wearable
device can input the periocular face parameters as determined from the periocular images
1410 and the sound into the machine learning derived model 1420, The mapping produced
by the machine learning derived model 1420 may output an estimated current viseme 1430,
The current viseme 1430 may be used to produce an estimate for the lower face parameters.
In some situations, the periocular face parameters may not take into account the eye specific
information 1316, As a result, the wearable device may input the eye specific information
1316 nto the machine learning derived model 1420 as a factor {such as a factor separate
from the periocular face parameters) in the mapping for determuning the visernes 1430,

[0134] In some implementations, the machine learning derived model 1420 may
output an image of the face in addition to or 0 alternative to the visemes. For example, the
machine learning derived model 1420 may associate an audio mput 1414 and a periocular
image to an image of the full face Therefore, the wearable system does not have to
synthesize the image of the face 1450 after recetving the output from the machine learning
derived model 1420, In certain implementations, the machine learning derived model 1420
may output face parameters 10 a 3D face model, where the face parameters may be associated
with the visemes 1430 or the image of the face 1450,

[8135] The wearable system can combine the conformations of the lower face and
the periocular region to generate an image of the face 1450 For example, the wearable
system can combine the periocular image with the image of the lower face to create a full
face image. In some implementations, the wearable system can dynamically update a
previously generated face model 1440 with the observed periocular images 1410 and the
estimated visemes 1430 to create images of the face as the user speaks. The face model 1440

may be a generic model generated based on data from a group of people. The face model

-41-



WO 2018/089691 PCT/US2017/060942

1440 may also be user specific. For example, the face model may be generated with images
acquired by the inward-facing imaging system while the user 1s putting on the device.

[0136] The user can also customize the face model, for example, by selecting
different facial features and texture maps. As an example, the user can select the appearance
of a fantasy creature such as a science fiction alien.

[0137] The wearable device can dvnamically update one or more face parameters
of the face model as the user 1s speaking to reflect the facial movements of the user. For
example, the wearable device can update the periocular region of the face model by
calculating changes to the periocular face parameters 1410 based on new images of the
pertocular region. The wearable device can also update the lower face of the user using the
visemes 1430 estimated based on the periocular 1mages 1410,

[0138] Additionally or alternatively, the wearable device can amimate the user’s
facial expressions by combining the images 1410 from the periocular region, visemes 1430,
and other portions of the user’s face. For example, when a user makes a sound, the image
1410 of the periocular region and the image of the viseme 1430 may change based on the
sound. But in some implementations, only one of the image 1410 of the periocular region or
the 1mage of the viseme 1430 may change For example, the user may have the same
pertocular expression while making different sound.

[0139] In some situations, the mapping 1330 may generate at an intermediate
stage a likelthood that each of a set of possible conformations of the lower face matches the
conformation of the observed periocular region. The wearable system may select the
conformation of the lower face that s associated with the highest likelihood if such
conformation passes a threshold criterion. The wearable device may also calculate an
accuracy of the estimated conformation of the lower face based on the input received.

16140} The 1mmage of the face 1450 may be used in a telepresence session. For
example, when two users are in a telepresence session, the wearable device of a user may
communicate updates on the face parameters of the user or the image of the face to the
wearable device of the other user. The other user’s wearable device may therefore update or
provide an amimation of the virtual appearance of the user (e g. the user’s face) based on the

updated face parameters to provide a more vivid antmation as the user speaks.
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[0141] In some implementations, the face parameters may not include the eye
specific mformation 1316. But the mapping may nevertheless incorporate the eyve specific
mformation 1316 as observed by the inward-facing imaging system in the image of the face.
For example, eye specific information may be used as a separate mput when the mapping is
trained. The wearable device can also pass the parameters for the eye specific information
1316 to another user’s wearable device which can include and update the user’s eye
movement in the user’s virtual appearance.

[0142] Although the examples are described with reference to using periocular
images to deduce the conformations of the lower face, similar techniques may also be used to
deduce the movement or image of other unobserved regions of the user, such as the user’s
cheek, or user’s body movements (e.g., waving arms when a user 15 angry), etc. For example,
for certain users, there may be a strong correlation between the head movements and the
facial expressions (such as lower face movements or periocular movements). The wearable
device can acquire head movement data using the IMUs described in FIG. 2 and use the head
movement data to deduce at least a portion of the face parameters or a portion of the face
image face umage. In some situations, the periocular region may not be imaged while other
regions of the user may be imaged. For example, the wearable device may obtain images of
the user’s lower face by, for example, acquiring the reflected the images of the user’s face
using the outward-facing imaging system. As another example, an external camera can be
used to observe the user’s body movements and the movement of the user’s head. However,
the periocular region may not be imaged when the outward-facing imaging system or the
external camera 13 used because the periocular region 1s occluded by the wearable device.
The wearable devices may use similar techniques to deduce the conformations of the
periocular region with observed images of the lower face. The wearable device may generate
a mapping of the conformations of the lower face to periocular conformations and apply the
mapping to determine the periocular conformations using 1mages of the observed regions
and/or audio mmput. For example, the mapping may be from the visemes 1430 to the
periocular images 1410 The wearable device can use the audio nput to determine a
phoneme which can further be used to determine a viseme 1430. The wearable device can
use the viseme 1430 and/or the audio mput to identify a corresponding periocular

image/parameter,
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[0143] In some implementations, the periocular 1mage acquired may include
information for only one eve. The wearable device may generate an image or determine the
periocufar face parameters for the other eye based on the acquired periocular image. For
example, the movements of the two eyes may be in the same direction, the eve colors may be
the same, the shapes for the two eyes may be similar, the two eyes may be symmetric, etc.
The wearable device can use information of one eye {(e.g., the eye 1s looking at a certain
direction when the user speaks a word, the user’s pupil dilates when the user is excited, and
so on) to determine information for the other eye and to mcorporate the periocular images for
both eyes to the image of the face.

6144} Additionally or alternatively, the techniques described herein may also be
used to model skin textures. For example, the skin color of the unobserved lower face may
need to match the skin color of the observed periocular region. In some implementations, a
person’s demographic characteristics (such as age, gender, race, etc) as well as skin
conditions may be determined from the periocular images. The machine learning derived
model 1420 may include a mapping from the observed characteristics of the periocular
features to the characteristics of the lower face features. For example, where a periocular
image includes a lot of wrinkles, the mapping may be used to deduce that the lower face

image should also have wrinkles.

Example Process of Synthesizing a Full Face Imace Using Periocular Imaces

[6145] FIG. 15A describes an example process of generating a mapping between
an 1mage of the periocular region and an 1mage of the lower face. The process 1500 may be
performed by the wearable device described herein.

[6146] At block 1510Ca, the wearable device can access periocular images and
audio mput for a sound. The periocular 1mages and audio input may be obtamed from a
group of people or be specific to a user.

6147} At block 1520a, the wearable device can identify a viseme based on the
periocular images or the audio mput. For example, the wearable device can identify
phonemes n the audio input, where the phonemes may further be associated with visemes.
The wearable device may use machine learning techniques to generate a mapping from the

phonemes to the visemes.

-44-



WO 2018/089691 PCT/US2017/060942

[0148] The wearable device can also associate the visemes with the peniocular
images using machine learning techniques. For example, when a person is angry, the person
may tend to speak certain words (therefore have certain visemes) and may have certain
expressions in the pertocular region. The machine learning derived model can correlate the
periocular images with the visemes to generate a mapping from the periocular images to the
visemes as shown in block 1530a.

[6149] In addition to or in alternative to determining visemes based on phonemes,
the wearable device can also acquire the 1mages of the lower face (including visemes) that
correspond to the periocular images, for example, by using an external camera to image a
person’s face or by acquiring reflected images using the outward-facing imaging system. At
block 1530a, the wearable device can mput the peniocular 1mages, the images of the lower
face, and optionally, the audio mput to generate a mapping from the periocular images, the
audio input, or a combination, to the images of the lower face. The mapping may also be
generated using periocular face parameters. For example, the mapping may correlate
periocular face parameters with lower face parameters. The periocular face parameters may
be calculated based on periocular images while the lower face parameters in may be
calculated based on the visemes.

(6150} At block 15404, the wearable device can optionally tailor the mapping to a
specific user if the mapping 1s generated based on data acquired from a group of people. For
example, the wearable device can access additional audio information, user’s periocular
images, or images of the user’s lower face to incorporate user specific conformations of the
face mmto the mapping. In some embodiments, the mapping may be trained over tume as more
user specific information is obtained. For example, wearable device can record the user’s
speech, the periocular images, or the images of the lower tace over ime. The mapping may
be updated based on the new mformation acquired. As an example, the wearable device may
update the mapping every day, week, month, etc., or based on the user’s interaction with the
wearable device.

[8151] FIG. 15B itlustrates another example process of training a mapping which
has face parameters in the periocular region and/or phonemes as input and lower face

parameters as output. The process 1500b may be performed by the wearable device described
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herein or by a remote computing system. The remote computing system may include
computer servers configured to perform data analvsis on a large data set.

[0152] At block 1510b, a computer system can access training data that includes
pairs of associated periocular images and lower face images. Additionally or alternatively,
the training data can also include pairs of associated audio segments and the lower face
images. These images and audio segments may be associated with the same user or with
multiple users. The training data may be stored in the remote data repository 280 described in
FIG. 2. The periocular images may be acquired using the inward-facing tmaging system 462,
The lower face images may be acquired using the outward-facing imaging system 464 {e.g.,
when a user 15 in front of a mirror). The audio segments may be acquired using an audio
sensor of the wearable device, such as a microphone.

[0153] In one case the feature vector (input to each mapping, that is extracted
from nput periocular images and audio segments) has one subset of iput parameters
corresponding to a phoneme and one subset of input parameters corresponding to periocular
region derived face parameters. There may be multiple mappings one for each of a set of
lower face parameter. Different feature vectors that each have a different list of parameters
can be used in separate mappings for each lower face parameter.

[6154] The computer system can use mmage processing techniques to identify face
parameters (such as periocular face parameters and lower face parameters) of a face model
the periocular images and in the lower face images at blocks 1520b and 1530b, respectively.
The image processing technigues may include neural networks, visual keypoinis techniques,
or other facial feature recognition techniques to 1dentify periocular features and lower face
features.

[6155] At block 1540b, the computer system can extract phonemes from audio
segments by speech processing. For example, the computer system can receive the audio
segments recorded by a wearable device over a period of time. The computer system can use
speech processing techniques to identify syllables in the speech processing. In some
embodiments, the phonemes may further be associated with visemes which may be used to
determine lower face parameters.

[6156] At block 1550b, the computer system can train a mapping using machine

learming techniques. The periocular region parameters may be the mput of the mapping while
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the lower face parameters may be the output of the mapping. In some embodiments, the mput
may also include the phonemes or the audio stream. The output of the mapping may also
include lower face parameter which can be combined with periocular region face parameters
to obtain a set of full face parameters.

[6157] FIG. 16A describes an example process of synthesizing a full face image
when a portion of the face is not observed by a wearable device. The process 1600a may be
performed by the wearable device described herein.

[0158] At block 1610a, the wearable device can access a conformation of the
periocular region. The conformation may be encoded using face parameters {such as, for
examaple, face feature vectors). The conformation may be determined by the penocular
immages acquired as the user speaks. The wearable device can access a machine learning
derived model for generating a conformation of the lower face In this example, the
conformation of the lower face 1s not imaged by the wearable device when the user speaks.
The machine learning derived model may be an example of the machine learning derived
model 1420 described i FIG. 14, For example, the maching learning derived model may
mclude a mapping from an audio wnput alone or in combination with a periocular
conformation to a conformation of the lower face. The mapping can accept the one or more
periocular face parameters as the input and output lower face parameters.

[0159] At block 1620a, the wearable device can receive an audio stream. The
wearable device can include an audio sensor {such as a microphone) that can capture the
sound generated by the user as the user speaks.

[0160] At block 1630a, the wearable device can apply the machime learning
derived model to the audio stream to generate a conformation for the lower face. For
example, the machine learning derived model may include a mapping from a phoneme 0 a
viseme. The wearable device can identify phonemes in the audio stream and generate
corresponding visemes from the audio stream. The visermes may also be encoded by one or
more face parameters (such as lower face parameters). The wearable device can also use the
audio nput together with the 1mage of the periocular region to identify a corresponding
image of the lower face In some embodiments, an image of the periocular region or a
phoneme may be associated with multiple images of the lower face, where each tmage of the

lower face may be associated with a likelihood of a match. The wearable device may pick the
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mmage of the lower face which has the highest likelihood. The hikelithood of a match may
change based on the amount information that the wearable device has. For example, the
likelithood of an image may increase or decrease if the wearable device provides the sound
together with the periocular image as compared to if the wearable device only provides the
pertocular image.

[0161] At block 1640a, the wearable device can combine the conformation of the
pertocular region and the conformation of the lower face to generate a full face image. The
block 1640a may be optionally performed by the wearable device which acquires the
periocular images and the audio stream. In some implementations, where wearable device
only has an image for one eye, the wearable device can generate an image for the other eye
and mcorporate the image for the other eve into the full face image. The wearable device can
also update a portion of an existing face image based on changes in the periocular region and
the lower face.

[0162] Optionally at block 1650a, the wearable device can communicate the face
mmage to a wearable device of another user, such as during a telepresence session. In some
embodiments, the wearable device may communicate the lower face conformation and the
periocular conformation to another user’s wearable device. The other user’s wearable device
can combine generate a full face image using the received lower face conformation and the
periocular conformation.

[0163] The wearable device can also communicate the updates on the face image
to the wearable device of the other user. The updates on the face image may be in accordance
with a refresh rate. For example, the user’s face image may be updated at a frame rate of the
wearable device of the other user, or a predefined time interval such as every 1/24 seconds,
1/48 seconds, T second, 2 seconds, etc. The wearable device of the other user can update the
user’s virtual avatar based on the received updates to the other user’s face image.

[0164] In some wumplementations, the wearable device can pass the face
parameters encoding a conformation of the lower face and/or the pertocular region to another
wearable device for synthesizing the full face image. For example, the wearable device can
communicate the face parameters {instead of the full face image) to another wearable device

which will synthesize the full face 1mage using the received face parameters.
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[0165] FIG. 16B idlustrates an example of generating parameters representing a
first user’s face and communicating the parameters to a second user’s wearable device where
they can be used to generate a virtual representation of the first user’s face. The process
1600b described mn FIG. 16B may be performed by the wearable device described herem.

[0166] At block 1610b, the wearable device of the first user can receive a
periocular image of the first user as an input. For example, the inward-facing imaging system
462 can acquire an mmage of the first user’s periocular region and communicate the image to
a processor for extracting face mode parameters from the 1mage of the periocular region at
block 1620b.

[8167] At block 1630b, the wearable device can receive an input audio stream
from a microphone of the first user. The microphone may be part of the wearable device. At
block 1640b, the wearable device can exiract phonemes from the audio stream by speech
processing. The phonemes may also be associated with visemes.

[0168] At block 1650b, the periocular face parameters and the phonemes can be
inputted into a mapping trained by machine learning techniques (such as, e g., the mapping
tramed in block 1550b). The mapping can output a set of lower face parameters
corresponding to the periocular face parameters and the phonemes.

[0169] At block 1660b, the wearable device of the first user can communicate
pertocular face parameters and the lower {ace parameters o a second user’s wearable device.
The second user’s wearable device can use the received periocular face parameters and the
lower face parameters to generate and display an image of the first user’s face at block 1670.
In some embodiments, the wearable device of the first user sends updates to the periocular
face parameters or the lower face parameters (instead of the futll set of face parameters) to the
second user’s wearable device. The second user’s wearable device can accordingly adjust the

first user’s image based on the updates.

Additional Aspects

[6176] In a 1st aspect, a method for generating an image of a face, the method
comprising: under control of a head-mounted device (HMD} comprising a computer
processor, an inward-facing imaging system configured to image a periocular region of a

user and an audio sensor: acquiring an image, by the mward-facing mmaging system, of the
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periocular region of the user; generating, based at least partly on the image, periocular face
parameters encoding a periocular conformation of at least the periocular region of the user;
acquiring, by the audio sensor, an audio stream spoken by the user; identifying a phoneme in
the audio stream; accessing a mapping wherein an input of the mapping comprises a
phoneme and the tmage of the periocular region of the user and an output of the mapping
comprises lower face parameters encoding a lower face conformation of at least the lower
face of the user; and combining the periocular face parameters and the lower face parameters
to generate full face parameters.

[0171] In a 2nd aspect, the method of aspect 1, wherein the periocular face
parameters and the lower face parameters are part of a three-dimensional (3D} face model.

(8172} In a 3rd aspect, the method of aspect 2, wherein the 3D face model
comprises a deformable linear model and wherein the periocular face parameters and the
lower face parameters describe a deformation of the face when the user 1s speaking.

[6173] In a 4th aspect, the method of aspect 3, wherein generating the full face
parameters comprises updating the 3D face model to reflect an update to at least one of the
lower face parameters or the periocular face parameters.

[6174] In a 5th aspect, the method of any one of aspects T — 4, wherein the input
of the mapping further comprises eye specific mformation, comprising at least one of: an eve
pose, a pupil dilation state, an eve color, or an eyelid state of the user.

[6175] In a 6th aspect, the method of any one of aspects T — 5, wherein the lower
face parameters encode visemes which visually describe phonemes n the audio stream.

[6176] In a 7th aspect, the method of any one of aspects 1 — 6, further comprising
communtcating the full face parameters to a wearable device of another user.

(0177} In an 8th aspect, the method of any one of aspects 1 — 7, wherein the
mapping comprises a likelihood that a periocular face parameter is associated with a lower
face parameter, and the lower face parameters are selected to generate the full face image m
response to a deternunation that they pass threshold criteria.

[0178] in a 9th aspect, the method of any one of aspects 1 — 8, further comprising
mferring a skin texture of the face of the user based at least partly on the image of the

periocular region.
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[6179] In a 10th aspect, the method of any one of aspects 1 — 9, wherein the
mward-facing imaging system comprises an eye camera and the image of the periocular
region acquired by the inward-facing imaging system comprises an image of the periocular
region for a first eye.

[0180] in an 11th aspect, the method of aspect 10, wherein generating the full
face parameters comprises: determining periocular face parameters for a second eye based on
the 1mage of the perioccular region acquired by the mward-facing imaging system; and
meorporating the periocular face parameters for the second eye mto the full face parameters.

[0181] In a 12th aspect, the method of any one of aspects 1 — 11, wherein the
mput of the mapping further comprises a body movement or a heart rate.

[0182] in a 13th aspect, the method of any one of aspects 1 — 12, wherein the
image comprises at least one of a photo, a video frame, or a video.

[0183] In a 14th aspect, a method for generating an image of a face, the method
comprising: under control of a head-mounted device (HMD) comprising a computer
processor, an inward-facing imaging system configured to image a periocular region of a
user. acquiring a periocular image, by the inward-facing imaging system, of the periocular
region of the user; generating, based at least partly on the image, periocular face parameters
encoding a periocular conformation of at least the periocular region of the user; accessing a
mapping that generates lower face parameters encoding a lower face conformation of at least
the lower face of the user, the mapping based at least i part on the periocular image of the
periocular region of the user; combining the periocular face parameters and the lower face
parameters to generate full face parameters; and generating an image of the face based at
least partly on the full face parameters.

[0184] In a 15th aspect, the method of aspect 14, wherein the lower face
conformation comprises a viseme and wherein the mapping generates the lower face
parameters based at least partly on the periocular image and an audio input.

[0185] In a 16th aspect, the method of any one of aspects 14 — 15, wherein the
periocular face parameters and the lower face parameters are part of a three-dimensional

(3D} face model.
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[0186] In a 17th aspect, the method of aspect 16, wherein the 3D face model
comprises a deformable linear model and wherein the periocular face parameters and the
lower face parameters describe a deformation of the face when the user 15 speaking.

[6187] In an 18th aspect, the method of aspect 17, wherein generating the full
face parameters comprises updating the 3D face model to reflect an update to at least one of
the lower face parameters or the periocular face parameters.

[0188] In a 19th aspect, the method of any one of aspecis 14 — 18, wherein the
input of the mapping further comprises eve specific information, the eye specific information
comprising at least one of: an eye pose, a pupi! dilation state, an eye color, or an eyelid state
of the user.

[0189] in a 20th aspect, the method of any one of aspects 14 — 19, further
comprising communicating the full face parameters o a wearable device of another user.

[619¢] In a 2ist aspect, the method of any one of aspects 14 — 20, wherein the
mapping comprises a likelihood that a periocular face parameter 1s associated with a lower
face parameter, and the lower face parameters are selected to generate the full face image in
response to a deternunation that they pass threshold criteria.

[0191] In a 22nd aspect, the method of any one of aspects 14 — 21, further
comprising inferring a skin texture of the face of the user based at least partly on the image
of the pertocular region.

[6192] In a 23rd aspect, the method of any one of aspects 14 — 22, wherein the
mput of the mapping further comprises a body movement or a heart rate.

[6193] In a 24th aspect, the method of any one of aspects 14 — 23, wheremn
generating the full face parameters comprises: determining periocular face parameters for a
second eye based on the image of the periocular region acquired by the inward-facing
imaging system; and incorporating the periocular face parameters for the second eve mto the
full face parameters.

[0194] In a 25th aspect, the method of any one of aspects 14 — 24, wherein
generating the image comprises updating the image of the user’s face at a predefined tume
interval.

[0195] In a 26th aspect, the method of any one of aspects 14 — 25, wherein the

image comprises at least one of a still image or a video frame.
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[0196] In a 27th aspect, a system for generating an umage of a face, the system
comprising: an inward-facing imaging system configured to image a periocular region of a
user, an audio sensor, and a computer processor configured to perform any one of the
methods 1n aspects 1 - 26.

(6197} in a 28th aspect, a method for generating a mapping from a first
conformation of a periocular region of the face of a user to a second conformation of the face
of the user, the method comprising: under control of a hardware computer system: accessing
a first plurality of images associated with fust conformations of the periocular region;
determining a second plurality of images associated with second conformations of the face;
training a machine learning derived model using the first plurality of images and the second
plurality of images to generate a mapping from a first conformation of the periocular region
and a second conformation of the face; and outputting the mapping to an augmented reality
device of a user, wherein the augmented reality device inputs an observed first conformation
of the user into the mapping and receives an output of a predicted second conformation of the
user.

[0198] in a 29th aspect, the method of aspect 28, where in the second
conformation of the face comprises a conformation of a lower face of the user.

[6199] In a 30th aspect, the method of any one of aspecis 28 — 29, wherein the
first conformation 1s encoded by periocular face parameters and the second conformation is
encoded by at feast one of lower face parameters or full face parameters.

[0200] In a 31ist aspect, the method of aspect 30, wherein the periocular face
parameters and the lower face parameters are part of a three-dimensional (3D) face model.

[6201] In a 32nd aspect, the method of aspect 31, wherein the 3D face model s a
deformable linear model

6262} In a 33rd aspect, the method of any one of aspects 28 — 32, wherein the
second plurality of images is acquired by at least one of' an cutward-facing imaging system
of a head-mounted device or a camera external to the outward-facing imaging system.

0263} in a 34th aspect, the method of any one of aspects 28 — 33, further
comprising accessing an audio stream corresponding to the first plurality of images, and

wherein the second plurality of the images comprises visemes determined by identifying
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phonemes associated with the audio stream and accessing visemes associated with the
wdentified phonemes.

[0204] In a 35th aspect, the method of any one of aspects 28 — 34, wherein the
machine learning derived model comprises a likelihood that the conformation of the face
matches the conformation of the periocular region.

[0205] In a 36th aspect, the method of any one of aspects 28 — 35, wherein the
machine learning derived model s further trained using at least one of! an audio stream
assoctated with the first plurality of images and the second plurality of images, or eye
spectfic information.

[62086] In a 37th aspect, a method for generating a mapping from a first region of
the face of a user to a second region of the face of the user, the method comprising: under
control of a hardware computer system: accessing a first plurality of images associated with
first conformations of the first region; determining a second plurality of images associated
with second conformations of the second region, wherein each of the first conformations of
the first region 15 associated with at least one of the second conformations of the second
region; and training a machine learning derived model using the first plurality of images and
the second plurality of images to generate a mapping from a first conformation of the first
region and a second conformation of the second region.

06267} in a 38th aspect, the method of aspect 37, wherein the first region s a
periocular region and the second region 13 a full face or a lower face region.

[0208] In a 39th aspect, the method of aspect 37, wherein the fust region 15 a full
face or a lower face region and the second region is a periocular region.

[62609] In a 40th aspect, the method of aspect 38 or 39, wherein images of the full
face and the lower face region are acquired by at least one oft an outward-facing imaging
system of a head-mounted device or a camera external to the outward-facing 1maging system.

[6216] In a 41st aspect, the method of any one of aspects 37 ~ 40, wherein the
first region 1s observable by a head-mounted device while the second region is unobservable
by the head-mounted device.

[6211] In a 42nd aspect, the method of any one of aspects 37 — 41, wherein the

first conformation and the second conformation are encoded by face parameters.
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[0212] In a 431d aspect, the method of aspect 42, wherein the face parameters are
part of a three-dimensional (3D} face model.

[6213] In a 44th aspect, the method of any one of aspects 37 — 43, wherem the
machine learning derived model comprises a likelthood that the first conformation of the first
region matches the second conformation of the second region.

[0214] In a 45th aspect, the method of any one of aspects 37 — 44, wherein the
machine learning derived model 15 further trained using at least one of! an audio stream
assoctated with the first plurality of images and the second plurality of images, or eye
specific information.

[6215] In a 46th aspect, the method of any one of aspects 37 — 45, wheren the
mapping comprises an input comprising conformation of a lower face of the user and an
output comprising conformations of the periocular region.

[6216] In a 47th aspect, the method of aspect 46, further comprising
communicating the mapping to a wearable device to generate an image of the periocular
region based on an image of the lower face of the user.

6217} In a 48th aspect, a system for generating a mapping from a first region of
the face of a user to a second region of the face of the user, the system comprising a
hardware processor configured to perform any one of the methods in aspects 28 — 47.

[6218] In a 49th aspect, a wearable system for animating a user's face during
speech, the wearable system comprising: an inward-facing umaging system configured to
image a periocular region of a user; an audio sensor configured to receive the user’s speech;
a hardware processor programmed to: acquire an mmage, via the inward-facing imaging
system, of the periocular region of the user; generate, based at least partly on the image,
periocular face parameters encoding a periocular conformation of at least the periocular
region of the user; acquire, by the audio sensor, an audio stream spoken by the user; identify
a phoneme in the audio stream; access 3 mapping wheren an input of the mapping comprises
the phoneme and the image of the periocular region of the user and an output of the mapping
comprises lower face parameters encoding a lower face conformation of at least the lower
face of the user, wherein the lower face 1s unobserved by the inward-facing imaging system
when worn by the user; and apply the mapping to the image to generate lower face

parameters; combine the periocular face parameters and the lower face parameters to
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generate full face parameters associated with a three-dimensional (3D} face model; and
generate an animation of the user’s face based at least 1n part on the full face parameters.

[0219] In a 50th aspect, the wearable system of aspect 49, wherein the 3D face
model comprises a deformable linear model and wherein the periocular face parameters and
the lower face parameters describe a deformation of the face when the user 1s speaking.

[0228] In a 51st aspect, the wearable system of aspect 50, wherein to generate the
full face parameters, the hardware processor 1s programmed to update the 3D face model to
reflect an update to at least one of the lower face parameters or the periocular face
parameters.

[0221] In a 52nd aspect, the wearable system of any one of aspects 49 — 51,
wherein the input of the mapping further comprises at least one of eye specific information, a
body movement, or a heart rate.

6222} In a 53rd aspect, the wearable system of aspect 52, wherein the eye
specific information comprises at least one of an eye pose, a pupil dilation state, an eye
color, or an eyelid state of the user.

[6223] In a S4th aspect, the wearable system of any one of aspects 49 — 53,
wherein the lower face parameters encode visemes which visually describe phonemes in the
audio stream.

[6224] In a 55th aspect, the wearable system of any one of aspects aspect 49 — 54,
wherein the hardware processor 15 further programmed to mnfer a skin texture of the face of
the user based at least partly on the image of the periocular region, wherein the animation of
the user’s face incorporates the skin texture of the face.

[6225] In a 56th aspect, the wearable system of any one of aspects 49 — 55,
wherein the inward-facing imaging system comprises an eye camera and the image of the
periocular region acquired by the inward-facing imaging system comprises an image of the
pertocular region for a first eye.

[0226] In a 57th aspect, the wearable system of aspect 56, wherein to generate the
full face parameters, the hardware processor is programmed to: determine periocular face
parameters for a second eve based on the mmage of the periocular region acquired by the
mward-facing imaging system; and incorporate the periocular face parameters for the second

eve into the full face parameters.
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(62271 In a S8th aspect, the wearable systern of any one of aspects 49 — 57,
wherein to cause the full face parameters to be applied to generate the animation of the user’s
face, the hardware processor is programmed {0 communicate instructions to a wearable
device comprising a mixed reality display wheremn the instructions cause the full face
parameters to be applied to vary the 3D face model from a neutral position.

[0228] In a 59th aspect, a method for amimating a user's face during speech, the
method comprising: accessing an wmage acquired by an inward-facing 1maging system
configured to image a periocular region of a user; determining, based at least partly on the
images, periocular face parameters encoding a periocular conformation of at least the
periocular region of the user; accessing an audio stream spoken by the user acquired by an
audio sensor; wdentifying a phoneme in the audio stream; accessing a mapping wherein an
mput of the mapping comprises the phoneme and the mmage of the periocular region of the
user and an output of the mapping comprises lower face parameters encoding a lower face
conformation of at least the lower face of the user; applying the mapping to the image to
generate lower face parameters; combining the periocular face parameters and the lower face
parameters to generate full face parameters associated with a three-dimensional (3D) face
model; and generating a full face image based at least partly on the full face parameters.

[6229] In a 60th aspect, the method of aspect 59, wheremn the 3D face model
comprises a deformable linear model and wherein the periocular face parameters and the
lower face parameters describe a deformation of the face when the user is speaking.

[623¢] In a 61st aspect, the method of aspect 60, wherein to generate the full face
parameters, the hardware processor 1s programmed to update the 3D face model to reflect an
update to at least one of the lower face parameters or the periocular face parameters.

6231} In a 62nd aspect, the method of any one of aspects 59 — 61, wherein the
full face parameters are combined with eve specific information to determine an animation
assoctated with the user’s face.

[6232] In a 63rd aspect, the method of aspect 62, wheremn the eye specific
nformation comprises at least one of: an eye pose, a pupil dilation state, an eve color, or an

evelid state of the user.
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[0233] In a 64th aspect, the method of any one of aspecis 39 — 63, wherein the
lower face parameters encode visemes which visually describe phonemes in the audio
stream.

[0234] In a 65th aspect, the method of any one of aspecis 39 — 64, wherein the
full face image further incorporates skin textures of the user which are determined based at
least partly on the image acquired by the inward-facing imaging system.

[0235] In a 66th aspect, the method of any one of aspects 59 — 65, wherein the
mapping comprises a likelihood that a periocular face parameter is associated with a lower
face parameter, and the lower face parameters are selected to generate the full face image in
response to a deternunation that they pass threshold criteria.

[0236] in a 67th aspect, the method of any one of aspects 59 — 66, wherein the
image comprise at least one of a still image or a video frame.

[6237] In a O8th aspect, the method of any one of aspects 59 — 67, further
comprising mstructing a head-mounted display to render the full face image in a mixed

reality environment.

Other Considerations

[0238] Each of the processes, methods, and algorithms described herein and/or
depicted in 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 execute
specific and particular computer instructions. For example, computing systems can include
general purpose computers {e.g., servers) programmed with specific computer mstructions or
special purpose computers, special purpose circutiry, and so forth. A code module may be
compiled and linked into an executable program, installed in a dynamic link library, or may
be written in an mnterpreted programming language. In some implementations, particular
operations and methods may be performed by circuitry that 1s specific to a given function,

[023%] Further, certain implementations of the functionality of the present
disclosure are sufficiently mathematically, computationally, or technically complex that
apphication-specific hardware or one or more physical computing devices (utilizing

appropriate  specialized executable instructions) may be necessary to perform the
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functionality, for example, due to the volume or complexity of the calculations mvolved or to
provide results substantially in real-time. For example, animations or video may include
many frames, with each frame having millions of pixels, and specifically programmed
computer hardware is necessary to process the video data to provide a desired image
processing task or application in a commercially reasonable amount of time.

[0240] Code modules or any type of data may be stored on any type of non-
transttory computer-readable medium, such as physical computer storage including hard
drives, sohid state memory, random access memory {(RAM), read only memory (ROM),
optical dise, volatile or non-volatile storage, combinations of the same and/or the ike. 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, mncluding wireless-based and wired/cable-based medioms,
and may take a variety of forms (e g., as part of a single or multiplexed analog signal, or as
multiple discrete digital packets or frames). The results of the disclosed processes or process
steps may be stored, persistently or otherwise, i any type of non-transitory, tangible
computer storage or may be communicated via a computer-readable transmussion medium.

[0241] Any processes, blocks, states, steps, or functionalities i flow diagrams
described herem and/or depicted in the aitached figures should be understood as potentially
representing code modules, segments, or portions of code which include one or more
executable mstructions for implementing specific functions {(e.g., logical or arithmetical} or
steps 1n the process. The vartous processes, blocks, states, steps, or functionalities can be
combined, rearranged, added to, deleted from, modified, or otherwise changed from the
illustrative examples provided herein.  In some embodiments, additional or different
computing systems or code modules may perform some or all of the functionalities 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 exarmple, n senal, in parallel, or in some other manner.
Tasks or evenis may be added to or removed from the disclosed example embodiments.
Moreover, the separation of vartous system components in the implementations described
herein 1s for lustrative purposes and should not be understood as requiring such separation

i all implementations. [t should be understood that the described program components,
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methods, and systems can generally be integrated together in a single computer product or
packaged into moultiple computer products. Many implementation variations are possible.

[0242] The processes, methods, and systems may be implemented in a network
(or distributed} 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 wireless
network or any other type of communication network.

[0243] 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 atiributes
disclosed herem. The various features and processes described above may be used
independently of one another, or may be combined m wvarious ways. All possible
combinations and subcombinations are intended to fall within the scope of this disclosure.
Vartous 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 apphied
to other imaplementations without departing from the spirit or scope of this disclosure. Thus,
the claims are not intended to be linuted to the implementations shown herein, but are to be
accorded the widest scope consistent with this disclosure, the principles and the novel
features disclosed herein.

[0244] Certain features that are described in this specification in the context of
separate implementations also can be implemented 1n combination n a single
mplementation. 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. Moreover, 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 excised from the combination, and the claimed
combination may be directed to a subcombination or variation of a subcombination. No
single feature or group of features is necessary or indispensable to each and every
embodiment.

0245} Conditional language used herein, such as, among others, “can,” “could,”

33 92

“might,” “may,” “eg.” and the like, unless specifically stated otherwise, or otherwise
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understood within the context as used, 1s generally intended to convey that certam
embodiments include, while other embodiments do not include, certain features, elements
and/or steps. Thus, such conditional language is not generally intended to imply that
features, elements and/or steps are in any way required for one or more embodiments or that
one or more embodiments necessarily include logic for deciding, with or without author
mput or prompting, whether these features, elements and/or steps are included or are to be

29 CL:

performed in any particular embodiment. The terms “comprising,” “including,’

2 <k

having,”
and the like are synonymous and are used inclusively, in an open-ended fashion, and do not
exclude additional elements, features, acts, operations, and so forth.  Also, the term “or” 1s
used in its inclusive sense (and not in s 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 in this application and the appended claims
are 1o be construed to mean “one or more” or “at least one” unless specified otherwise.

[0246] As used herein, a phrase referring to “at least one of " a list of items refers
to any combination of those ttems, including single members.  As an example, “at least one
of A,B, or C” s mtendedtocover: A,B,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 Z.” unless specifically
stated otherwise, 1s otherwise understood with the context as used in general to convey that
an item, term, etc. may be at least one of X, Y or Z. Thus, such conjunctive language 1s not
generally mtended to imply that certain embodiments require at least one of X, at least one of
Y and at least one of 7 to each be present.

[6247] Simularly, while operations may be depicted in the drawings 1n a particular
order, 1t 1s to 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 1o the form of a flowchart. However, other operations that are not depicted can be
meorporated in the example methods and processes that are schematically dlustrated. For
example, one or more additional operations can be performed before, after, simultaneously,
or between any of the illustrated operations. Additionally, the operations may be rearranged
or reordered in other moplementations. In certain circumstances, multitasking and parallel

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

different order and stiil achieve desirable resulis.
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WHATIS CLAIMED IS;

I

A wearable system for amimating a user's face during speech, the wearable

system comprising:

2

an inward-facing imaging system configured to image a periocular region of a

an audio sensor configured to receive the user’s speech;
a hardware processor programmed to:

acquire an image, via the mward-facing imaging system, of the
periocular region of the user;

generate, based at least partly on the image, periocular face parameters
encoding a periocular conformation of at least the periocular region of the
user;

acquire, by the audio sensor, an audio stream spoken by the user;

identify a phoneme in the audio stream;

access a mapping wherein an input of the mapping comprises the
phoneme and the tmage of the periocular region of the user and an output of
the mapping comprises lower face parameters encoding a lower face
conformation of at least the lower face of the user, wherein the lower face is
unobserved by the inward-facing imaging system when worn by the user; and

apply the mapping to the image to generate lower face parameters;

combine the periocular face parameters and the lower face parameters
to generate full face parameters associated with a three-dimensional (3D) face
model; and

generate an animation of the user’s face based at least i part on the
full face parameters.

The wearable system of claim 1, wherein the 3D face model comprises a

deformable linear model and wherein the periocular face parameters and the lower face

parameters des
3.

the hardware p

cribe a deformation of the face when the user is speaking.
The wearable system of claim 2, wherein to generate the full face parameters,

rocessor 1s programmed to update the 3D face model to reflect an update to at

least one of the lower face parameters or the periocular face parameters.
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4. The wearable systern of claim 1, wherein the mmput of the mapping further
comprises at least one of eye specific information, a body movement, or a heart rate.

5. The wearable system of claim 4, wherein the eve specific information
comprises at least one of: an eve pose, a pupil dilation state, an eye color, or an eyelid state
of the user.

6. The wearable system of claim 1, wherein the lower face parameters encode
visemes which visually describe phonemes in the audio stream.

7. The wearable system of claim 1, wherein the hardware processor s further
programmed to mfer a skin texture of the face of the user based at least partly on the image
of the periocular region, wherein the animation of the user’s face incorporates the skin
texture of the face.

8. The wearable system of claim 1, wherein the mward-facing imaging system
comprises an eye camera and the image of the periocular region acquired by the mward-
facing tmaging system comprises an image of the periocular region for a first eye.

9. The wearable system of claim 8, wherein to generate the full face parameters,
the hardware processor 18 programmed to:

determine periocular face parameters for a second eye based on the image of
the periocular region acquired by the inward-facing imaging system; and

mncorporate the periocular face parameters for the second eye into the full face
parameters.

10. The wearable system of claim 1, wherein to cause the full face parameters to
be applied to generate the animation of the user’s face, the hardware processor is
programmed to communicate instructions to a wearable device comprising a mixed reality
display wherein the mstructions cause the full face parameters to be applied to vary the 3D
face model from a neutral position.

1t A method for ammating a user's face during speech, the method comprising:

accessing an image acquired by an inward-facing mmaging system configured

1o image a periocular region of a user;

determining, based at least partly on the images, periocular face parameters
encoding a periocular conformation of at least the periocular region of the user;

accessing an audio stream spoken by the user acquared by an audio sensor;
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identifying a phoneme n the audio stream;

accessing a mapping wherein an mput of the mapping comprises the phoneme
and the image of the periocular region of the user and an output of the mapping
comprises lower face parameters encoding a lower face conformation of at least the
tower face of the user;

applying the mapping to the image to generate lower face parameters;

combining the periocular face parameters and the lower face parameters to
generate full face parameters associated with a three-dimensional (3D} face model;
and

generating a full face image based at least partly on the full face parameters.

12. The method of claim 11, wherein the 3D face model comprises a deformable
hinear model and wherein the periocular face parameters and the lower face parameters
describe a deformation of the face when the user 1s speaking,

13. The method of claim 12, wherein to generate the full face parameters, the
hardware processor is programmed to update the 3D face model to reflect an update to at
least one of the lower face parameters or the periocular face parameters.

14. The method of claim 11, wherein the full face parameters are combined with
eve specific information to determine an animation associated with the user’s face.

15, The method of claim 14, wherein the eve specific information comprises at
least one of’ an eve pose, a pupil dilation state, an eve color, or an eyelid state of the user.

16. The method of claim 11, wherein the lower face parameters encode visemes
which visually describe phonemes in the audio stream.

17 The method of claim 11, wherein the fell face image further incorporates skin
textures of the user which are determuned based at least partly on the unage acquired by the
mward-facing imaging system.

18. The method of claim 11, wherein the mapping comprises a hikelihood that a
periocular face parameter 1s associated with a lower face parameter, and the lower face
parameters are selected to generate the full face image in response to a determination that
they pass threshold criteria.

19. The method of claim 11, wherein the image comprise at least one of a still

mmage or a video frame.



WO 2018/089691 PCT/US2017/060942

20. The method of clamm 11, further comprising wstructing a head-mounted

display to render the full face umage in a mixed reality environment.
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