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(57) ABSTRACT

A facial tracking system generates a virtual rendering of a
portion of a face of a user wearing a head-mounted display
(HMD). The facial tracking system illuminates portions of
the face inside the HMD. The facial tracking system cap-
tures a plurality of facial data of the portion of the face using
one or more facial sensors located inside the HMD. A
plurality of planar sections of the portion of the face are
identified based at least in part on the plurality of facial data.
The plurality of planar sections are mapped to one or more
landmarks of the face. Facial animation information is
generated based at least in part on the mapping, the facial
animation information describing a portion of a virtual face
corresponding to the portion of the user’s face.
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FACIAL ANIMATION USING FACIAL
SENSORS WITHIN A HEAD-MOUNTED
DISPLAY

BACKGROUND

[0001] The present disclosure generally relates to virtual
rendering, and specifically relates to virtual animation of a
portion of a user’s face within a head-mounted display
(HMD).

[0002] Virtual reality (VR) systems typically include a
display screen that presents virtual reality images, which
may depict elements such as objects and users of the
systems. Users can be represented by an avatar in the virtual
environment. In some VR systems, avatars are depicted with
only one facial expression, e.g., a default smiling or neutral
facial expression, which prevents the user from having a
fully immersive experience in a virtual environment. Facial
tracking systems provide a more immersive interface. Exist-
ing systems that track facial expressions of users include a
dedicated peripheral such as a camera, in addition to markers
that must be positioned on the face of a user being tracked.
These traditional peripherals and markers artificially sepa-
rate the user from the virtual environment. Thus, existing
facial tracking systems are unsuitable for use in a portable,
lightweight, and high-performance virtual reality headset.

SUMMARY

[0003] A head mounted display (HMD) in a VR system,
includes a facial tracking system for tracking a portion of a
user’s face within the HMD. The facial tracking system
illuminates, via one or more light sources, portions of the
user’s face inside the HMD. The facial tracking system
captures a plurality of facial data of the portion of the face.
The facial data is captured using one or more facial sensors
located inside the HMD. The facial sensors may be imaging
sensors, non-imaging sensors, or a combination thereof. In
some embodiments, the facial tracking system identifies a
plurality of planar sections (i.e., small portions of the user’s
face that are approximated with a plane) of the portion of the
face based at least in part on the plurality of facial data. The
facial tracking system may map the plurality of planar
sections to one or more landmarks of the face, and generate
facial animation information based at least in part on the
mapping. The facial animation information describes the
portion of the user’s face (e.g., the portion captured in the
facial data). In other embodiments, the facial tracking sys-
tem provides the facial data to, e.g., a console which
generates the facial animation. The facial tracking system
provides the facial animation to a display of the HMD for
presentation to the user.

[0004] The facial animation information may be used to
update portions of a face of a virtual avatar of the user. For
example, the user views the virtual avatar when using the
HMD, and thus experiences an immersive VR experience.
The VR system can also track the eyes of the user wearing
the HMD. Accordingly, the facial animation information can
be used to update eye orientation of the virtual avatar of the
user.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is a block diagram of a VR system in
accordance with an embodiment.
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[0006] FIG. 2 is a block diagram of a facial tracking
system of a VR system in accordance with an embodiment.
[0007] FIG. 3 is a wire diagram of a virtual reality HMD
in accordance with an embodiment.

[0008] FIG. 4 is a wire diagram of an embodiment of a
front rigid body of the virtual reality HMD shown in FIG. 3,
in accordance with an embodiment.

[0009] FIG. 5 is a cross section of the front rigid body of
the virtual reality HMD in FIG. 4, in accordance with an
embodiment.

[0010] FIG. 6 is a flow chart illustrating a process of facial
animation, in accordance with an embodiment.

[0011] The figures depict embodiments of the present
disclosure for purposes of illustration only. One skilled in
the art will readily recognize from the following description
that alternative embodiments of the structures and methods
illustrated herein may be employed without departing from
the principles, or benefits touted, of the disclosure described
herein.

DETAILED DESCRIPTION

System Overview

[0012] FIG. 1 is a block diagram of a VR system 100 in
accordance with an embodiment. In some embodiments, the
VR system 100 operates in augmented reality (AR) and/or
mixed reality (MR) environments. The system 100 shown in
FIG. 1 comprises a head mounted display (HMD) 105, an
imaging device 135, and a VR input interface 140 that are
each coupled to a console 110. While FIG. 1 shows an
example system 100 including one HMD 105, one imaging
device 135, and one VR input interface 140, in other
embodiments, any number of these components are included
in the system 100. For example, there are multiple HMDs
105 each having an associated VR input interface 140 and
being monitored by one or more imaging devices 135, with
each HMD 105, VR input interface 140, and imaging device
135 communicating with the console 110. In alternative
configurations, different and/or additional components may
be included in the system 100.

[0013] The HMD 105 presents content to a user. Examples
of content presented by the HMD 105 include one or more
images, video, audio, or some combination thereof. In some
embodiments, audio is presented via an external device (e.g.,
speakers and/or headphones) that receives audio information
from the HMD 105, the console 110, or both, and presents
audio data based on the audio information. An embodiment
of the HMD 105 is further described below in conjunction
with FIG. 3 through FIG. 5. In one example, the HMD 105
comprises one or more rigid bodies, which are rigidly or
non-rigidly coupled to each other. A rigid coupling between
rigid bodies causes the coupled rigid bodies to act as a single
rigid entity. In contrast, a non-rigid coupling between rigid
bodies allows the rigid bodies to move relative to each other.
[0014] The HMD 105 includes an electronic display 115,
an optics block 118, one or more locators 120, one or more
position sensors 125, an inertial measurement unit (IMU)
130, and a facial tracking system 160. The electronic display
115 displays images to the user in accordance with data
received from the console 110. In various embodiments, the
electronic display 115 may comprise a single electronic
display or multiple electronic displays (e.g., a display for
each eye of a user). Examples of the electronic display 115
include: a liquid crystal display (LCD), an organic light
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emitting diode (OLED) display, an active-matrix organic
light-emitting diode display (AMOLED), some other dis-
play, or some combination thereof.

[0015] The optics block 118 magnifies received image
light from the electronic display 115, corrects optical errors
associated with the image light, and presents the corrected
image light to a user of the HMD 105. In an embodiment, the
optics block 118 includes one or more optical elements
and/or combinations of different optical elements. For
example, an optical element is an aperture, a Fresnel lens, a
convex lens, a concave lens, a filter, or any other suitable
optical element that affects the image light emitted from the
electronic display 115. In some embodiments, one or more
of'the optical elements in the optics block 118 may have one
or more coatings, such as anti-reflective coatings.

[0016] Magnification of the image light by the optics
block 118 allows the electronic display 115 to be physically
smaller, weigh less, and consume less power than larger
displays. Additionally, magnification may increase a field of
view of the displayed content. For example, the field of view
of the displayed content is such that the displayed content is
presented using almost all (e.g., 110 degrees diagonal), and
in some cases all, of the user’s field of view. In some
embodiments, the optics block 118 is designed so its effec-
tive focal length is larger than the spacing to the electronic
display 115, which magnifies the image light projected by
the electronic display 115. Additionally, in some embodi-
ments, the amount of magnification is adjusted by adding or
removing optical elements.

[0017] Inan embodiment, the optics block 118 is designed
to correct one or more types of optical errors in addition to
fixed pattern noise (i.e., the screen door effect). Examples of
optical errors include: two-dimensional optical errors, three-
dimensional optical errors, or some combination thereof.
Two-dimensional errors are optical aberrations that occur in
two dimensions. Example types of two-dimensional errors
include: barrel distortion, pincushion distortion, longitudinal
chromatic aberration, transverse chromatic aberration, or
any other type of two-dimensional optical error. Three-
dimensional errors are optical errors that occur in three
dimensions. Example types of three-dimensional errors
include spherical aberration, comatic aberration, field cur-
vature, astigmatism, or any other type of three-dimensional
optical error. In some embodiments, content provided to the
electronic display 115 for display is pre-distorted, and the
optics block 118 corrects the distortion when it receives
image light from the electronic display 115 generated based
on the content.

[0018] The locators 120 are objects located in specific
positions on the HMD 105 relative to one another and
relative to a specific reference point on the HMD 105. A
locator 120 may be a light emitting diode (LED), a corner
cube reflector, a reflective marker, a type of light source that
contrasts with an environment in which the HMD 105
operates, or some combination thereof. In embodiments
where the locators 120 are active (e.g., an LED or other type
of light emitting device), the locators 120 may emit light in
the visible band (i.e., ~380 nm to 750 nm), in the infrared
(IR) band (i.e., ~750 nm to 1 mm), in the ultraviolet band
(i.e., 10 nm to 380 nm), some other portion of the electro-
magnetic spectrum, or some combination thereof.

[0019] In some embodiments, the locators 120 are located
beneath an outer surface of the HMD 105, which is trans-
parent to wavelengths of light emitted or reflected by the
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locators 120 or is thin enough not to substantially attenuate
the wavelengths of light emitted or reflected by the locators
120. Additionally, in some embodiments, the outer surface
or other portions of the HMD 105 are opaque in the visible
band of wavelengths of light. Thus, the locators 120 may
emit light in the IR band under an outer surface that is
transparent in the IR band but opaque in the visible band.

[0020] The IMU 130 is an electronic device that generates
fast calibration attributes based on measurement signals
received from one or more of the position sensors 125. A
position sensor 125 generates one or more measurement
signals in response to motion of the HMD 105. Examples of
position sensors 125 include: one or more accelerometers,
one or more gyroscopes, one or more magnetometers,
another suitable type of sensor that detects motion, a type of
sensor used for error correction of the IMU 130, and/or some
combination thereof. The position sensors 125 may be
located external to the IMU 130, internal to the IMU 130,
and/or some combination thereof.

[0021] Based on the one or more measurement signals
from one or more position sensors 125, the IMU 130
generates fast calibration attributes indicating an estimated
position of the HMD 105 relative to an initial position of the
HMD 105. For example, the position sensors 125 include
multiple accelerometers to measure translational motion
(forward/back, up/down, and left/right) and multiple gyro-
scopes to measure rotational motion (e.g., pitch, yaw, and
roll). In some embodiments, the IMU 130 rapidly samples
the measurement signals and calculates the estimated posi-
tion of the HMD 105 from the sampled data. For example,
the IMU 130 integrates the measurement signals received
from the accelerometers over time to estimate a velocity
vector and integrates the velocity vector over time to deter-
mine an estimated position of a reference point on the HMD
105. Alternatively, the IMU 130 provides the sampled
measurement signals to the console 110, which determines
the fast calibration attributes. In one embodiment, the ref-
erence point is a point that is used to describe the position
of'the HMD 105. While the reference point may generally be
defined as a point in space, however, in practice the refer-
ence point is defined as a point within the HMD 105 (e.g.,
a center of the IMU 130).

[0022] The IMU 130 receives one or more calibration
parameters from the console 110. As further discussed
below, the one or more calibration parameters are used to
maintain tracking of the HMD 105. Based on a received
calibration parameter, the IMU 130 may adjust one or more
IMU parameters (e.g., sample rate). In some embodiments,
certain calibration parameters cause the IMU 130 to update
an initial position of the reference point so it corresponds to
a next calibrated position of the reference point. Updating
the initial position of the reference point as the next cali-
brated position of the reference point helps reduce accumu-
lated error associated with the determined estimated posi-
tion. The accumulated error, also referred to as drift error,
causes the estimated position of the reference point to “drift”
away from the actual position of the reference point over
time.

[0023] The facial tracking system 160 tracks portions of a
face of a user (e.g., including eyes of the user). The portions
of the face are, for example, portions of the face covered by
the HMD 105 worn by the user. In some embodiments the
facial tracking system 160 collects calibration attributes.
The calibration attributes describes landmarks (e.g., a loca-
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tion of an eyebrow or nose of the user) of the face covered
by the HMD 105. In some embodiments, the facial tracking
system 160 uses the tracked portions of the face (may also
include eye position) and the calibration attributes to gen-
erate facial animation information describing the tracked
portions of the user’s face. The facial tracking system 160
generates tracking information based on, e.g., tracked por-
tions of a face of the user (may include eye position),
calibration attributes, facial animation information, or some
combination thereof. Tracking information is information
passed to the console 110 that may be used for virtual
animation of a portion of a user’s face. The facial tracking
system 160 passes the tracking information to the console
110. In some embodiments, the tracking information does
not include facial animation information which is generated
by the console 110.

[0024] In some embodiments, the facial tracking system
160 includes one or more light sources, one or more facial
sensors, and a controller, which is further described in FIG.
2. In some embodiments, the facial tracking system 160
tracks eye movements of the user, e.g., corneal sphere
tracking to track one or both eyes of a user while the user is
wearing the HMD 105. In some embodiments, the light
sources and the facial sensors are communicatively coupled
to a controller that performs data processing for generating
the facial animation, performing optical actions, and the
like.

[0025] The imaging device 135 generates slow calibration
attributes in accordance with calibration parameters
received from the console 110. Slow calibration attributes
includes one or more images showing observed positions of
the locators 120 that are detectable by the imaging device
135. In some embodiments, the imaging device 135 includes
one or more cameras, one or more video cameras, any other
device capable of capturing images including one or more of
the locators 120, or some combination thereof. Additionally,
the imaging device 135 may include one or more filters (e.g.,
used to increase signal to noise ratio). The imaging device
135 is configured to detect light emitted or reflected from
locators 120 in a field of view of the imaging device 135. In
embodiments where the locators 120 include passive ele-
ments (e.g., a retroreflector), the imaging device 135 may
include a light source that illuminates some or all of the
locators 120, which retro-reflect the light towards the light
source in the imaging device 135. Slow calibration attributes
is communicated from the imaging device 135 to the console
110, and the imaging device 135 receives one or more
calibration parameters from the console 110 to adjust one or
more imaging parameters (e.g., focal length, focus, frame
rate, ISO, sensor temperature, shutter speed, aperture, etc.).

[0026] The VR input interface 140 is a device that allows
a user to send action requests to the console 110. An action
request is a request to perform a particular action. For
example, an action request may be to start or end an
application or to perform a particular action within the
application. The VR input interface 140 may include one or
more input devices. Example input devices include: a key-
board, a mouse, a game controller, or any other suitable
device for receiving action requests and communicating the
received action requests to the console 110. An action
request received by the VR input interface 140 is commu-
nicated to the console 110, which performs an action cor-
responding to the action request. In some embodiments, the
VR input interface 140 may provide haptic feedback to the
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user in accordance with instructions received from the
console 110. For example, haptic feedback is provided when
an action request is received, or the console 110 communi-
cates instructions to the VR input interface 140 causing the
VR input interface 140 to generate haptic feedback when the
console 110 performs an action.

[0027] The console 110 provides content to the HMD 105
for presentation to a user in accordance with information
received from one or more of: the imaging device 135, the
HMD 105, and the VR input interface 140. In the example
shown in FIG. 1, the console 110 includes an application
store 145, a tracking module 150, and a VR engine 155.
Some embodiments of the console 110 have different mod-
ules than those described in conjunction with FIG. 1. Simi-
larly, the functions further described below may be distrib-
uted among components of the console 110 in a different
manner than is described here.

[0028] The application store 145 stores one or more appli-
cations for execution by the console 110. An application is
a group of instructions, that when executed by a processor,
generates content for presentation to the user. Content gen-
erated by an application may be in response to inputs
received from the user via movement of the HMD 105 or the
VR interface device 140. Examples of applications include:
gaming applications, conferencing applications, video play-
back application, or other suitable applications.

[0029] The tracking module 150 calibrates the system 100
using one or more calibration parameters and may adjust one
or more calibration parameters to reduce error in determi-
nation of the position of the HMD 105. For example, the
tracking module 150 adjusts the focus of the imaging device
135 to obtain a more accurate position for observed locators
on the HMD 105. Moreover, calibration performed by the
tracking module 150 also accounts for information received
from the IMU 130. Additionally, if tracking of the VR
headset 105 is lost (e.g., the imaging device 135 loses line
of sight of at least a threshold number of the locators 120),
the tracking module 140 re-calibrates some or the entire
system 100.

[0030] The tracking module 150 tracks movements of the
HMD 105 using slow calibration information from the
imaging device 135. The tracking module 150 determines
positions of a reference point of the HMD 105 using
observed locators from the slow calibration information and
a model of the HMD 105. The tracking module 150 also
determines positions of a reference point of the HMD 105
using position information from the fast calibration infor-
mation. Additionally, in some embodiments, the tracking
module 150 uses portions of the fast calibration information,
the slow calibration information, or some combination
thereof, to predict a future location of the HMD 105. The
tracking module 150 provides the estimated or predicted
future position of the HMD 105 to the VR engine 155.
[0031] The VR engine 155 executes applications within
the system 100 and receives position information, accelera-
tion information, velocity information, predicted future
positions, or some combination thereof of the HMD 105
from the tracking module 150. Based on the received
information, the VR engine 155 determines content to
provide to the HMD 105 for presentation to a user. In some
embodiments, the VR engine 155 generates facial animation
information based on tracking information received from the
HMD 105. In alternate embodiments, the VR engine 155
receives facial animation information directly from the
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HMD 105 as part of the tracking information. For example,
the VR engine 155 receives facial animation information
from the facial animation module 260 of the facial tracking
system 160 (further described in FIG. 2). Based on the facial
animation information, the VR engine 155 generates a facial
expression of an avatar and/or a virtual face of an avatar,
including eye movements of the avatar, corresponding to a
user of a HMD 105. For instance, a facial expression or eye
movement of the avatar corresponds to a facial expression or
eye movement that the user performs in real life. The VR
engine 155 provides the virtual face for presentation to the
user via the electronic display 115 of the HMD 105. In
another example, if the received information indicates that
the user has looked to the left, the VR engine 155 generates
content for the HMD 105 that mirrors the user’s movement
in a virtual environment. Additionally, the VR engine 155
performs an action within an application executing on the
console 110 in response to an action request received from
the VR input interface 140 and provides feedback to the user
that the action was performed. For example, the provided
feedback includes visual or audible feedback via the HMD
105 or haptic feedback via the VR input interface 140.

Facial Tracking System

[0032] FIG. 2 is a block diagram of the facial tracking
system 160 of the VR system 100 in accordance with an
embodiment. In the example shown in FIG. 2, the facial
tracking system 160 includes one or more light sources 200,
one or more facial sensors 210, and a controller 220. In other
embodiments, different and/or additional components may
be included in the facial tracking system 160, or the facial
tracking system 160 may be part of a system that is different
from the VR system 100.

[0033] The one or more light sources 200 illuminate
portions of a face of the user covered by the HMD 105
wearing the HMD 105, and are positioned at discrete loca-
tions on the HMD 105. In an embodiment, the light sources
200 are positioned in a ring arrangement. In particular, each
light source 200 of the plurality of light sources is positioned
on a circumference of a circle, e.g., a virtual circle overlay-
ing an eyecup assembly of the HMD 105 (further described
in FIG. 4). For instance, each light source 200 is positioned
at an hour hand position of a typical analog clock. In one
embodiment, the one or more light sources 200 are light-
emitting diodes (LEDs) that emit light in the visible band
(i.e., ~380 nm to 750 nm), in the infrared (IR) band (i.e.,
~750 nm to 1 mm), in the ultraviolet band (i.e., 10 nm to 380
nm), some other portion of the electromagnetic spectrum, or
some combination thereof In some embodiments, the light
sources 200 comprise different optical characteristics for
either all of the light sources 200 or between a subset of the
light sources 200. An optical characteristic is a feature of the
light sources 200. For example, an optical characteristic may
be a wavelength of light emitted by the light sources 200, a
temporal coherence that describes the correlation between
light waves of the light sources 200 at different points in
time, or some combination thereof. Further, the light from
the light sources 200 can be modulated at different frequen-
cies or amplitudes (i.e., varying intensity) and/or multi-
plexed in either time or frequency domain.

[0034] The one or more facial sensors 210 capture facial
data of a user of the HMD 105. Facial data describes features
of a face of the user, e.g., features of portions of the face
covered by the HMD 105. The facial sensors 210 may be

Dec. 7,2017

imaging type sensors and/or non-imaging type sensors.
Imaging type facial sensors 210 are, e.g., cameras that
capture images of the portions of the face of the user. The
images comprise a plurality of pixels, and the pixels each
have a level of brightness. Non-imaging type facial sensors
210 are, e.g., audio sensors, strain gauges, electromagnetic
sensors, proximity sensor, or some other non-optical type
sensor. The facial sensors 210 may have plurality of param-
eters such as focal length, focus, frame rate, ISO, sensor
temperature, shutter speed, aperture, resolution, etc. In some
embodiments, the facial sensors 210 have a high frame rate
and high resolution.

[0035] Inan embodiment, imaging type facial sensors 210
are positioned such that reflections in response to light from
the light sources 200 incident upon a user (e.g., incident
upon portions of a face of the user covered by the HMD 105)
can be captured over a range of user movements. In one
example, the facial sensors 210 are positioned off-axis such
that they are outside of a line of sight of the user wearing the
HMD 105, i.e., if the user looks at the display element 115
of the HMD 105, the facial sensors 210 are not located
within the user’s direct line of sight. In other embodiments,
the facial sensors 210 are positioned within the line of sight
of the user wearing the HMD 105, i.e., the user can see the
facial sensors 210 while looking at the display element 115.
[0036] In an embodiment where the facial sensors 210 are
non-imaging sensors, the facial tracking system 160 does
not necessarily need the light sources 200. For instance, the
facial sensors 210 are proximity sensors based on ultra-
sound. Thus, the facial sensors 210 capture facial data
indicating a distance between a facial sensor 210 and
portions of a face of a user. The facial sensor 210 determines
the distance based on a time that an ultrasound wave takes
to reflect off the portions of the face and travel back to the
facial sensor 210. In this case, the facial sensor 210 emits
ultrasound waves toward the face of the user, and the
reflected ultrasound waves are detected by the facial sensor
210.

[0037] The controller 220 controls the facial tracking
system 160. The controller 220 includes a facial tracking
store 225, a facial data capture module 230, a calibration
module 240, a facial sensor processing module 250, an eye
tracking module 255, a facial animation module 260, and a
display interface module 270. In other embodiments, differ-
ent and/or additional components may be included in the
controller 220. In the example shown in FIG. 2, the con-
troller 220 is part of the facial tracking system 160, and thus
also part of the HMD 105. In other embodiments, some or
all of the controller 220 is outside of the HMD 105, e.g., the
controller 220 is included as part of the console 110 or
included in another component and/or system outside of the
system 100. Having the controller 220 outside of the HMD
105 may be an advantage in some embodiments because the
HMD 105 can reduce the required amount of processing
power to execute functions of the controller; in embodi-
ments where the HMD 105 is powered with a rechargeable
battery, reducing the processing power increases the battery
life of the HMD 105.

[0038] The facial tracking store 225 stores data recorded
by, or used by, the facial tracking system 160. Stored data
may include, e.g., tracking information, facial data, eye
tracking information, calibration attributes, facial animation
information, some other information used for facial tracking,
or some combination thereof. Facial data includes informa-



US 2017/0352178 Al

tion about tracked surfaces of a face of a user wearing the
HMD 105. Calibration attributes includes information about
landmarks of the user’s face. Facial data and calibration
attributes are further described below. The facial tracking
store 225 may store information retrieved from a source
outside of the facial tracking system 160, e.g., from the
console 110 or from an online source. Other modules of the
facial tracking system 160 store information to the facial
tracking store 225 and/or retrieve information from the
facial tracking store 225.

[0039] The facial data capture module 230 receives facial
data from the facial sensors 210. In an embodiment includ-
ing imaging type facial sensors 210 (e.g., cameras), the
facial data capture module 230 provides instructions to one
or more light sources 200 to illuminate portions of a face of
the user. In conjunction, the facial data capture module 230
also provides instructions to one or more facial sensors 210
to capture one or more facial data frames of the illuminated
portions of the face (e.g., portions inside the HMD 105). In
an embodiment, the facial data capture module 230 stores
the captured facial data frames in the facial tracking store
225 and/or any other database on or off of the system 100
that the facial tracking system 160 can access.

[0040] In an embodiment including non-imaging type
facial sensors 210, the facial data capture module 230
provides instructions to the facial sensors 210 to capture
facial data of a portion of a face of a user wearing a HMD
105. In this embodiment, facial tracking system 160 may not
include the light sources 200. Thus, in some embodiments,
the facial data capture module 230 does not provide instruc-
tions to the light sources 200 in conjunction with the
instructions to the facial sensors 210.

[0041] The facial data capture module 230 coordinates
control of each light source 200. In some embodiments, e.g.,
an embodiment with light sources 200 positioned in a ring
arrangement, the facial data capture module 230 provides
instructions to the light sources 200 such that only one light
source emits light at any given time (e.g., per eye or per
HMD 105). The light sources in the ring emit light, i.e.,
illuminate portions of a face of the user, in sequential order,
e.g., starting at one light source of the ring and emitting in
a clockwise or counterclockwise direction around the eye of
the user. Alternatively, the light sources emit light in any
other order or type of sequence. For example, twelve light
sources 200 are positioned in a ring arrangement, each light
source corresponding to an hour hand position (i.e., 1 to 12)
of'a typical analog clock, around an eye of the user. The light
sources corresponding to the even numbers sequentially
emit light first, and then the light sources corresponding to
the odd numbers sequentially emit light next. Specifically,
the order of light sources emitting is: 2, 4, 6, 8, 10, 12, 1, 3,
5,7,9,and 11. In some embodiments, the order light sources
emitting is random and/or changes over time. The facial data
capture module 230 can repeat the same sequence (or
different sequences) of illumination over a certain period of
time at various rates of illumination. For example, the facial
data capture module 230 repeats a clockwise illumination
sequence at a rate of 60 illuminations per second for a period
of ten seconds. In addition to the ring arrangement, the light
sources 200 may be positioned in any other arrangement
pattern or arbitrary in the HMD 105.

[0042] Following in the same embodiment including the
plurality of light sources 200 positioned in the ring around
each eye of the user, the facial data capture module 230
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provides instructions to the facial sensors 210 to capture
facial data corresponding to each illumination, e.g., each
instance of a light source of the plurality illuminating a
portion of the user corresponds to a frame of facial data.
Thus, the facial data capture module 230 must synchronize
the illuminations and the frame captures. For example, if the
light sources 200 are emitting light at a rate of 24 illumi-
nations per second, then the facial sensors 210 capture
frames at a rate of at least 24 frames per second to achieve
a desired facial data resolution.

[0043] The calibration module 240 calibrates the HMD
105 to a user. The calibration module 240 retrieves calibra-
tion attributes from the facial tracking store 225, an online
calibration server, or some combination thereof, using one or
more selection parameters. A selection parameter is a char-
acteristic of a user that is mapped to calibration attributes. A
selection parameter may be, e.g., age, race, gender, citizen-
ship, spoken language, some other characteristic that can
affect facial expressions, or some combination thereof.

[0044] The calibration module 240 performs a quality
check on the retrieved calibration attributes against captured
calibration attributes. In some embodiments, the actual
calibration attributes is captured during normal operation of
the HMD 105. In other embodiments, the calibration module
240 generates instructions to guide the user through steps of
a calibration process to capture calibration attributes. The
calibration module 240 compares the captured, i.e., actual,
calibration attributes to retrieved calibration attributes. For
example, the expected calibration attributes indicates an
expected set of coordinate points of a landmark representing
the user’s nose. The actual calibration attributes indicates an
actual, i.e., experimentally captured, set of coordinate points
of the landmark. If a difference between the retrieved
calibration attributes and the actual calibration attributes is
less than a threshold value, the retrieved calibration attri-
butes provides sufficient quality for effective use of the
HMD 105. In contrast, if a difference between the retrieved
calibration attributes and the actual calibration attributes is
greater than a threshold value, then the calibration module
240 determines that the expected calibration attributes is too
different from the actual calibration attributes for effective
use of the HMD 105. The calibration module 240 then
uploads the actual calibration attributes and the user’s selec-
tion parameters to the online server. In some embodiments,
the calibration module 240 uploads the selection parameters
and the actual calibration attributes to the online server
regardless of whether or not the retrieved calibration attri-
butes and the actual calibration attributes is greater than a
threshold value. In this manner the online calibration server
is able to augment a global calibration attributes set that is
built from information from many (e.g., thousands) of
different users. As the global calibration attributes set gets
larger the accuracy of calibration attributes retrieved from it
increases, thereby minimizing calibration time on individual
HMDs 105.

[0045] As noted above, the calibration module 240 may
capture actual calibration attributes via instructions that
guide the user through steps of a calibration process. The
calibration module 240 provides the instructions to the
electronic display 115 (e.g., via the display interface module
270) for presentation to the user. In one example use case,
the calibration module 240 instructs a user wearing the
HMD 105 to perform one or more facial expressions such as
blinking, squinting, raising an eyebrow, smiling, frowning,
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looking in a particular direction, or maintaining a neutral
face (i.e., a resting face without any particular facial expres-
sions to provide a baseline for comparison against faces with
facial expressions). The facial data capture module 230
works in conjunction with the calibration module 240 to
capture facial data corresponding to portions of the user’s
face as the user is performing the one or more facial
expressions. Then, the calibration module 240 maps the
captured facial data to corresponding facial expressions,
e.g., the calibration module 240 maps a blinking facial
expression to facial data captured after the user was
instructed to blink. The calibration module 240 stores the
captures facial data and the mappings in the facial tracking
store 225 and/or any other database on or off of the system
100 that the facial tracking system 160 can access.

[0046] In another example use case, the calibration mod-
ule 240 identifies landmarks of a face of a user based at least
in part on the captured facial data and the mappings.
Landmarks include locations of, e.g., an eyebrow of the user,
an eyelid of the user, a pupil of the user, a nose of the user,
a check of the user, a forehead of the user, and the like. In
an embodiment, the facial data is represented by images
captured by imaging type facial sensors 210 (e.g., cameras).
The calibration module 240 identifies landmarks by deter-
mining that one or more features indicative of a landmark
are shown in the captured images. For instance, a feature of
a facial expression “raising an eyebrow” is that the user’s
eyebrow will move. Thus, the calibration module 240 iden-
tifies images and/or portions of images that correspond to a
moving eyebrow based on the brightness and/or intensity
levels of pixels of the images. In particular, brightness
and/or intensity levels of one or more pixels of each image
changes over a sequence of images in the plurality of
captured images, e.g., because moving an eyebrow causes
surfaces of a face of the user to move, causing a change in
the brightness (or intensity) of light reflected off of the face.
The calibration module 240 determines coordinate points of
the one or more pixels and maps the coordinate points to a
landmark associated with a location of the eyebrow of the
user. For instance, in a two-dimensional image of the
plurality of captured images, pixels are organized on a plane
with an x-axis and a y-axis. Coordinate (x, y) points (8, 46),
(8, 47), and (8, 48) are mapped to the eyebrow landmark.
Then the calibration module 240 stores the mapping in the
facial tracking store 225 and/or any other database on or off
of the system 100 that the facial tracking system 160 can
access. In one embodiment, if the calibration module 240 is
unable to map captured images to a landmark, then the
calibration module 240 generates instructions for the user to
repeat a facial expression to recapture images corresponding
to the facial expression. The calibration module 240 may
perform facial calibrations passively (e.g., without alerting a
user) or actively (e.g., prompting a user to go through a
series of expressions as previously described). The calibra-
tion attributes is used in normal operation of the VR system
100.

[0047] The facial sensor processing module 250 processes
the facial data captured by the facial data capture module
230. In embodiments with imaging type facial sensors 210,
the captured facial data is based on light reflected off the
user. Light emitted by a light source 200 reflects off of planar
sections of a face and/or eye of a user, the reflected light is
captured by a facial sensor 210. A planar section is a tiny
portion of user’s face which the facial tracking system 160
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approximates as a plane. The captured light is brightest (e.g.,
highest intensity) when an angle of incidence on the surface
equals the angle of the captured light. Thus, in a sample
facial data frame including a plurality of pixels captured by
a facial sensor 210, the brightest pixel of the plurality of
pixels is based on a position and/or orientation of a light
source 200 from which reflected light originated relative to
the planar section that the light was reflected from. The
brightest pixel is, e.g., the pixel that has the greatest intensity
value where the intensity value represents the amount of
light captured by the one or more facial sensors 210. The
facial sensor processing module 250 determines the bright-
est pixel (or brightest pixels) in captured facial data frames
using, e.g., image processing techniques known to one
skilled in the art. In some embodiments, the facial sensor
processing module 250 preprocesses the captured facial data
frames using noise reduction methods to improve the quality
(e.g., resolution of pixel brightness) of the facial data
frames, and thus resulting in a more accurate determination
of brightness of pixels. For instance, if the facial data frame
is too bright or too dim, the facial sensor processing module
250 applies an image brightness offset correction and/or an
image filter to the captured facial data frame.

[0048] In an embodiment, the facial sensor processing
module 250 may be configured to analyze facial data com-
prising a plurality of facial data frames captured by the facial
sensors 210. Based on the analysis, the facial sensor pro-
cessing module 250 generates information representing
tracked portions of a face of a user wearing the HMD 105.
In embodiments with imaging type facial sensors 210, the
facial sensor processing module 250 determines which facial
data frame of the plurality of facial data frames includes the
brightest pixel at a particular pixel location. For instance,
each frame of the plurality of frames is a two-dimensional
image with pixel locations indicated by coordinate (X, y)
pairs and has a dimension of 50 pixels by 50 pixels. Each
coordinate pair maps to a particular planar section on the
tracked portions of the user’s face. For each facial data
frame of the plurality of facial data frames, the position
and/or orientation of a light source 200 corresponding to the
facial data frame is different. For example, each of the facial
data frames may have been captured with a different light
source 200 illuminating the tracked portions of the user’s
face. The facial sensor processing module 250 determines
which facial data frame of the plurality of facial data frames
includes the brightest pixel at location (0, 0), and repeats this
process for each pixel location of each facial data frame,
e.g., (0, 1), (0, 2), (0, 3), etc. Accordingly, the facial sensor
processing module 250 is able to identify which of the one
or more light sources 200 results in a brightest pixel for each
coordinate pair, and hence for each corresponding planar
section of the tracked portion of the user’s face. In some
embodiments, the facial sensor processing module 250
simply selects for each coordinate pair the source 200 which
resulted in the brightest pixel value. In alternate embodi-
ments, the facial processing module 250 generates an inten-
sity curve for each coordinate pair using the pixels values
from the captured facial data frames.

[0049] The facial sensor processing module 250 deter-
mines a normal vector to each planar section of the tracked
portions of the user’s surface. Accordingly, for each pixel
there is a corresponding normal vector to a planar section
imaged by that pixel. In some embodiments, for a given
pixel imaging portions of the user’s face, the facial sensor
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processing module 250 determines a normal vector using the
identified light source 200 that resulted in the brightest pixel
value. The orientation of the identified light source 200 is
constant and known relative to the facial sensor 210. The
facial sensor processing module 250 uses the orientation to
estimate a normal vector to the planar section of the user’s
face. The facial sensor processing module 250 determines a
normal vector to a corresponding planar section of the user’s
face for each pixel. In some embodiments, the facial sensor
processing module 250 determines the normal vectors using
intensity curves for each pixel.

[0050] A normal vector to a planar section of the user’s
face describes an orientation of part of the user’s face.
Tracked portions of a user’s face may be described using a
plurality of planar sections, one for each pixel. The facial
sensor processing module 250 determines normal vectors
corresponding to each of those planar sections. The normal
vectors may then be used to generate a virtual surface that
describes the tracked portions of the user’s face. The virtual
surface describes an orientation of an area of the illuminated
portions of the face. For example, the virtual surface
describes the curvature of the user’s nose, eyelid, or cheek.
In an embodiment, the facial sensor processing module 250
stores the information representing the tracked portions of
the face, e.g., the virtual surface, in the facial tracking store
225 and/or any database accessible by the VR system 100.
The facial sensor processing module 250 may also provide
the information representing the tracked portions to the
facial animation module 260 for further processing.

[0051] The eye tracking module 255 processes the facial
data captured by the facial data capture module 230. In an
embodiment, the facial data describes a specular reflection
of light, i.e., light from the light sources 200, and reflection
off the cornea of an eye of a user wearing the HMD 105. The
specular reflection depends on the originating light source
200. In particular, a specular reflection corresponding to a
first light source 200 in certain position and orientation in the
HMD 105 is different than a specular reflection correspond-
ing to a second light source 200 in a different position and/or
orientation in the HMD 105. The specular reflections differ
because reflected light is brightest at the angle of incidence.
Since the facial data capture module 230 coordinates illu-
minating the face, and thus including the eyes, of the user
with capturing facial data, the eye tracking module 255 can
map specular reflections to a particular position of a light
source 200 from which light corresponding to a specular
reflection originated. Based on the mappings, the eye track-
ing module 255 determines eye tracking information (e.g., a
position and/or orientation of the eye of the user), for
example, whether an eye is looking in the straight, left, right,
upward, or downward direction.

[0052] In another embodiment, the eye tracking module
255 determines eye tracking information by identifying the
brightest pixel (or brightest pixels) in a plurality of captured
facial data frames using similar steps as the facial sensor
processing module 250. The eye tracking module 255 maps
information from the captured images (e.g., (X, y) coordinate
points of pixels of the images) and/or light sources 210 to
orientations of an eye of the user, e.g., the eye looking up
towards a forehead of the user, the eye looking downwards
towards a cheek of the user, and the like.

[0053] By tracking the eyes of a user (e.g., a direction of
the user’s gaze), as well as facial expressions and surfaces,
the VR system 100 can provide a more immersive experi-
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ence to the user in a VR environment. In an embodiment, the
eye tracking module 255 stores the eye tracking information
in the facial tracking store 225 and/or any database acces-
sible by the VR system 100. The eye tracking module 255
may also provide the eye tracking information to the facial
animation module 260 for further processing.

[0054] The facial animation module 260 generates a facial
animation of some or all of the face of a user of the HMD
105. In one embodiment, the facial animation module 260
retrieves facial data representing tracked portions of a face
of the user and/or eye tracking information from the facial
tracking store 225 and/or any other database with the same
data. The facial animation module 260 also retrieves map-
pings of the calibration module 240 (e.g., landmark infor-
mation) from the facial tracking store 225 and/or any other
database with the same data. The facial animation module
260 generates the facial animation information by aggregat-
ing the retrieved facial data and the retrieved mappings. For
instance, the facial animation module 260 determines a
plurality of planar sections of the face corresponding to a
location of a landmark of the face, e.g., the planar sections
corresponding to the user’s nose. The facial animation
module 260 combines a plurality of planar sections each
corresponding to a location of a landmark. For instance, the
retrieved mappings include five mappings indicating one-
to-one mappings between five landmarks of the face of the
user, e.g., a left pupil, a right pupil, a left cheek, a right
cheek, and a tip of a nose and five locations, e.g., (X, y)
coordinate points and/or sets of coordinate points of a facial
data frame. Accordingly, the resulting facial animation infor-
mation describes a graphical representation of the user’s
face (e.g., the whole face and/or portions of the face), which
includes planar sections corresponding to each of the five
landmarks. In some embodiments, the facial animation
module 260 combines a plurality of planar sections with the
eye tracking information. Thus, the facial animation may
also include a graphical representation of a position and/or
orientation of the user’s eyes. In some embodiments, the
facial animation information can be used to create an avatar
of the user, e.g., a 3D virtual avatar representing the user’s
face in real life or a 3D virtual avatar representing the user’s
whole body in real life. In some embodiments, the 3D virtual
avatar does not resemble the likeness of the user (e.g., a
generic avatar), and the facial animation information is used
to generate a facial expression such as a blink or smile on the
virtual avatar. In some embodiments, the facial animation
module 260 receives the information representing the
tracked portions of the face of the user directly from the
facial sensor processing module 250 and the eye tracking
information directly from the eye tracking module 255.

[0055] Insome embodiments, the facial animation module
260 generates the facial animation information by aggregat-
ing virtual surfaces generated by the facial sensor processing
module 250. For example, the facial animation module 260
combines virtual surfaces of the user’s nose, the user’s eyes,
and the user’s cheeks. The facial animation module 260 may
use calibration attributes to aggregate the virtual surfaces.
For instance, the coordinates of a landmark of the calibration
attributes describe an expected position of the virtual surface
of the user’s nose relative to the virtual surface of the user’s
eyes.

[0056] In an embodiment, the facial animation module
260 generates subsections of the facial animation informa-
tion describing a virtual portion of a face of a user not
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corresponding to a mapping by interpolating data between
other planar sections of the face corresponding to a mapping
determined by the facial sensor processing module 250. In
some embodiments, the facial animation module 260 gen-
erates subsections of the facial animation information based
on other information including information (e.g., from an
external source outside of the VR system 100 previously
stored in the facial tracking store 225) describing typical
geometries and characteristics of a face of a user based on
data from a population of users, e.g., the average length of
a nose of a user for a certain demographic range. In an
embodiment, the facial animation module 260 generates the
subsections of the facial animation further based on the
landmarks identified by the calibration module 240. For
example, the facial animation module 260 retrieves, from
the facial tracking store 225, a landmark indicating coordi-
nate points of pixels in a 2D image corresponding to the
location of a left nostril of the user. Then the facial animation
module 260 generates subsections of the facial animation
information corresponding to a right nostril of the user by
reflecting the coordinate points corresponding to the location
of' the left nostril across a line corresponding to a location of
a centerline of a nose of the user, e.g., because a user’s left
and right nostrils are typically symmetric about the center-
line of the nose.

[0057] The display interface module 270 provides infor-
mation from the facial tracking system 160 to the electronic
display 115 for presentation to a user of the HMD 105. In
one embodiment, the display interface module 270 provides
the facial animation information generated by the facial
animation module 260 to the electronic display 115.

Head Mounted Display

[0058] FIG. 3 is a wire diagram of a virtual reality HMD
300 in accordance with an embodiment. The HMD 300 is an
embodiment of the HMD 105 and includes a front rigid body
305 and a band 310. The front rigid body 305 includes the
electronic display 115 (not shown in FIG. 3), the IMU 130,
the one or more position sensors 125, and the locators 120.
In the embodiment shown by FIG. 3, the position sensors
125 are located within the IMU 130, and neither the IMU
130 nor the position sensors 125 are visible to the user.
[0059] The locators 120 are located in fixed positions on
the front rigid body 305 relative to one another and relative
to a reference point 315. In the example of FIG. 3, the
reference point 315 is located at the center of the IMU 130.
Each of the locators 120 emit light that is detectable by the
imaging device 135. Locators 120, or portions of locators
120, are located on a front side 320A, a top side 320B, a
bottom side 320C, a right side 320D, and a left side 320E of
the front rigid body 305 in the example shown in FIG. 3.
[0060] FIG. 4 is a wire diagram of an embodiment of the
front rigid body 305 of the virtual reality HMD 300 shown
in FIG. 3, in accordance with an embodiment. In the
embodiment shown in FIG. 4, the front rigid body 305
includes eyecup assembly 400, eyecup assembly 405, light
sources 410 and 415, and facial sensors 420 and 425. The
light sources 410, 415 are an embodiment of the light
sources 200, and the facial sensors 420, 425 are an embodi-
ment of the facial sensors 210. Eyecup assemblies 400 and
405 each comprise a plurality of light sources located
outside the direct line of sight of a user wearing the HMD
300. In particular, eyecup assembly 400 comprises a plural-
ity of light sources including at least light source 410, and
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eyecup assembly 405 comprises a plurality of light sources
including at least light source 415. In FIG. 4, five light
sources of each plurality of light sources are illustrated at
distinct positions around each eyecup assembly. Eyecup
assembly 400 is located on the right side of the front rigid
body 305, and eyecup assembly 405 is located on the left
side of the front rigid body 305 from the perspective of the
user. Facial sensor 420 is located on the right side of the
front rigid body 305, and facial sensor 425 is located on the
left side of the front rigid body 305 from the perspective of
the user. Further, facial sensors 420 and 425 are positioned
out of the line of sight of the user. Similar to the light sources
410 and 415, the facial sensors 420 and 425 are located
outside the direct line of sight of the user and orientated
toward a face (and eyes) of the user.

[0061] FIG. 51is a cross section 500 of the front rigid body
305 of the virtual reality HMD 300 in FIG. 4, in accordance
with an embodiment. As shown in FIG. 5, the front rigid
body 305 includes an electronic display element 115 that
emits image light toward the optics block 118. The optics
block 118 magnifies the image light, and in some embodi-
ments, also corrects for one or more additional optical errors
(e.g., distortion, astigmatism, etc.). Then, the optics block
118 directs the altered image light to the exit pupil 505 for
presentation to the user. The exit pupil 505 is the location of
the front rigid body 305 where an eye 510 of a user wearing
the HMD 300 is positioned. For purposes of illustration,
FIG. 5 shows a cross section 500 of a right side of the front
rigid body 305 (from the perspective of the user) associated
with a single eye 510, but another optical block, separate
from the optical block 118, provides altered image light to
another eye (i.e., a left eye) of the user.

[0062] The controller 220 is communicatively coupled to
the electronic display 115 so that that the controller (e.g., via
the display interface module 270) can provide media, e.g.,
image and/or video data such as the facial animation infor-
mation generated by the facial animation module 260, for
presentation to the user by the electronic display 115.
Further, the controller 220 is also communicatively coupled
to the light source 410 and facial sensor 420 such that the
controller (e.g., via the facial data capture module 230) can
provide instructions to the light source 410 and facial sensor
420 to illuminate and capture images of a portion of a face
of the user.

[0063] In the example shown in FIG. 5, a light ray 520
emitted from the light source 410 reflects off a planar section
530 of the face of the user (e.g., a lower eyelid of the user).
In this instance, the light ray’s angle of incidence equals the
light ray’s angle of reflection (i.e., both angles equal 45
degrees so that the angle shown in FIG. 5 is 90 degrees).
Among a plurality of facial data frames, any particular pixel
of'the facial data frames is the brightest based on the specific
location of the originating light source 410 and the facial
sensor 420. For example, a facial data frame, captured by
facial sensor 420, of the planar section 530 illuminated by
light ray 540 has a different brightest pixel than that of
another facial data frame of the same planar section 530
illuminated by a different light ray 520. The location in the
facial data frame (e.g., a (X, y) coordinate position for a 2D
image of the facial data frame) of the brightest pixel in the
facial data frame is different because the two light rays
reflect off different planar sections of the user’s face (or eye),
and thus have different angles of incidence and reflectance.
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Process Flow

[0064] FIG. 6 is a flow chart illustrating a process 600 of
facial animation in accordance with an embodiment. In an
embodiment, the process 600 is used within the VR system
100 in FIG. 1. The example process of FIG. 6 may be
performed by the facial tracking system 160, the HMD 105,
the console 110, and/or some other system (e.g., an AR or
MR system). Other entities perform some or all of the steps
of the process in other embodiments. Likewise, embodi-
ments include different and/or additional steps, or perform
the steps in different orders. Additionally, the process
includes different and/or additional steps than those
described in conjunction with FIG. 6 in some embodiments.
[0065] The facial tracking system 160 retrieves 610 cali-
bration attributes describing one or more landmarks of a face
of a user wearing a HMD 105, e.g., the location of an
eyebrow or nose of the user. The facial tracking system 160
retrieves the calibration attributes using a local calibration
procedure, from the facial tracking store 225 and/or from a
using online calibration server including global calibration
attributes.

[0066] The facial tracking system 160 illuminates 620
portions of the face using light sources 200. For instance, a
portion of the face within the HMD 105 is an eye of the user,
or the area around an eyebrow, nose, eye, and/or cheek of the
user. In embodiments with non-imaging type facial sensors
210, the illuminating 620 is omitted.

[0067] The facial tracking system 160 (e.g., the facial data
capture module 230) captures 630 a plurality of facial data
frames of the portions of the face using facial sensors 210.
[0068] The facial tracking system 160 identifies 640 a
plurality of planar sections of the face (or eye) based on the
plurality of facial data frames. Each planar section of the
face has a location on the face and orientation relative to the
face. In embodiments with imaging type facial sensors 210,
the facial data frames are images each including a plurality
of pixels. The plurality of planar sections are identified
based on an analysis of the brightest pixels in each facial
data frame of the plurality of facial data frames.

[0069] The facial tracking system 160 maps 650 the
plurality of planar sections to the one more landmarks of the
face. For instance, a surface corresponding to a surface of a
nose of the user is mapped to a landmark indicating the
location of the nose of the user.

[0070] The facial tracking system 160 generates 660 facial
animation information (e.g., in 2D or 3D) describing a
portion of the face based at least in part on the mapping. The
portion of the face is the portion captured by the facial data
frames. In particular, the facial tracking system 160 com-
bines mappings to construct an aggregate of planar sections
of the face of the user. For instance, a mapping of a surface
of the user’s nose to a nose landmark is aggregated with
mappings of surfaces of the user’s eyes to eye landmarks,
mappings of surfaces of the user’s eyebrows to eyebrow
landmarks, and so forth.

[0071] The facial tracking system 160 provides 670 the
facial animation information to a display of the HMD (e.g.,
electronic display 115 of HMD 300) for presentation to the
user. For instance, the facial animation information is used
to generate a facial expression on a virtual avatar and/or a
virtual avatar representing a face of the user in real life. The
virtual avatar helps provide an immersive VR experience for
the user of the VR system 100. In other embodiments, the
facial tracking system 160 stores, in a database, the facial
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animation information for future use. Further, the facial
tracking system 160 can provide the facial animation infor-
mation for presentation to other users of the VR system 100.
[0072] Though the facial tracking system 160 is described
using light sources and facial sensors to track a user’s facial
expressions and eye movements, it should be noted that the
process 600 can be used to track a user’s facial expressions
and eye movements using other techniques that do not
require light sources and/or facial sensors. For example, the
other techniques use ultrasound sensors, proximity sensors,
etc.

Additional Configuration Considerations

[0073] The foregoing descriptions of the embodiments of
the disclosure have been presented for the purpose of
illustration; it is not intended to be exhaustive or to limit the
disclosure to the precise forms disclosed. Persons skilled in
the relevant art can appreciate that many modifications and
variations are possible in light of the above disclosure.
[0074] Some portions of this description describe the
embodiments of the disclosure in terms of algorithms and
symbolic representations of operations on information.
These algorithmic descriptions and representations are com-
monly used by those skilled in the data processing arts to
convey the substance of their work effectively to others
skilled in the art. These operations, while described func-
tionally, computationally, or logically, are understood to be
implemented by computer programs or equivalent electrical
circuits, microcode, or the like. Furthermore, it has also
proven convenient at times, to refer to these arrangements of
operations as modules, without loss of generality. The
described operations and their associated modules may be
embodied in software, firmware, hardware, or any combi-
nations thereof.

[0075] Any of the steps, operations, or processes described
herein may be performed or implemented with one or more
hardware or software modules, alone or in combination with
other devices. In one embodiment, a software module is
implemented with a computer program product comprising
a computer-readable medium containing computer program
code, which can be executed by a computer processor for
performing any or all of the steps, operations, or processes
described.

[0076] Embodiments of the disclosure may also relate to
an apparatus for performing the operations herein. This
apparatus may be specially constructed for the required
purposes, and/or it may comprise a general-purpose com-
puting device selectively activated or reconfigured by a
computer program stored in the computer. Such a computer
program may be stored in a non-transitory, tangible com-
puter readable storage medium, or any type of media suit-
able for storing electronic instructions, which may be
coupled to a computer system bus. Furthermore, any com-
puting systems referred to in the specification may include
a single processor or may be architectures employing mul-
tiple processor designs for increased computing capability.
[0077] Embodiments of the disclosure may also relate to a
product that is produced by a computing process described
herein. Such a product may comprise information resulting
from a computing process, where the information is stored
on a non-transitory, tangible computer readable storage
medium and may include any embodiment of a computer
program product or other data combination described herein.
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[0078] Finally, the language used in the specification has
been principally selected for readability and instructional
purposes, and it may not have been selected to delineate or
circumscribe the inventive subject matter. It is therefore
intended that the scope of the disclosure be limited not by
this detailed description, but rather by any claims that issue
on an application based hereon. Accordingly, the disclosure
of the embodiments is intended to be illustrative, but not
limiting, of the scope of the disclosure, which is set forth in
the following claims.

1. A method comprising:
illuminating, via a plurality of light sources, portions of a
face, inside a head mounted display (HMD), of a user
wearing the HMD;
capturing a plurality of facial data of the portion of the
face using one or more facial sensors located inside the
HMD, wherein the plurality of facial data describes
frames of an image including a plurality of pixels, each
pixel associated with a different coordinate location of
the image;
for each coordinate location of the image:
identifying a planar section corresponding to the bright-
est pixel value at the coordinate location;
identifying a position of one of the plurality of light
sources corresponding to the identified planar sec-
tion;
generating a virtual surface describing orientation of the
portion of the face by aggregating the identified planar
sections based at least in part on the identified posi-
tions;
mapping the virtual surface to one or more landmarks of
the face; and
generating facial animation information based at least in
part on the mapping and the virtual surface, the facial
animation information describing a portion of a virtual
face corresponding to the portion of the face.
2. The method of claim 1, further comprising:
updating a virtual face of an avatar using the facial
animation information; and
providing the virtual face to a display element of the
HMD for presentation to the user.
3. The method of claim 1, further comprising:
providing instructions to the user to perform one or more
facial expressions in a calibration process;
generating the calibration attributes responsive to the user
performing at least one of the one or more facial
expressions; and
identifying the one or more landmarks of the face of the
user based at least in part on the calibration attributes.
4. The method of claim 3, further comprising storing the
calibration attributes in an online database including global
calibration attributes received from a plurality of HMDs.
5. The method of claim 3, wherein the one or more
landmarks of the face describe the location of one or more
of the following: an eye of the user, an eyebrow of the user,
a nose of the user, a mouth of the user, and a cheek of the
user.
6. The method of claim 1, wherein the facial animation
information describes a three-dimensional virtual represen-
tation of the portion of the user’s face.

7. (canceled)
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8. The method of claim 1, wherein the one or more facial
sensors are selected from a group consisting of: cameras,
audio sensors, strain gauges, electromagnetic sensors, and
proximity sensors.

9. The method of claim 1, wherein illuminating the
portions of the face comprises:

providing instructions to the plurality of light sources to

illuminate the portions of the face; and

providing instructions to the one or more facial sensors,

coordinated with the instructions to the plurality of
light sources, to capture the one or more facial data.

10. The method of claim 9, wherein the plurality of light
sources are positioned in a ring arrangement, and wherein
the instructions provided to the plurality of light sources are
coordinated such that only one light source of the plurality
of light sources illuminates the portions of the face at any
given time.

11. The method of claim 1, further comprising:

receiving specular reflection information from the plural-

ity of facial data; and

identifying a coordinate position of an eye of the user

based at least in part on the specular reflection infor-
mation.
12. The method of claim 11, wherein the facial animation
information is further based on the coordinate position of the
eye of the user.
13. A method comprising:
receiving calibration attributes including one or more
landmarks of a face, inside a head mounted display
(HMD), of a user wearing the HMD;

capturing a plurality of facial data of a portion of the face
using a plurality of light sources and one or more facial
sensors located inside the HMD and off a line of sight
of the user, wherein the plurality of facial data describes
frames of an image including a plurality of pixels, each
pixel associated with a different coordinate location of
the image;

for each coordinate location of the image:

identifying a planar section corresponding to the bright-
est pixel value at the coordinate location;

identifying a position of one of the plurality of light
sources corresponding to the identified planar sec-
tion;

generating a virtual surface describing orientation of the

portion of the face by aggregating the identified planar
sections based at least in part on the identified posi-
tions;

mapping the virtual surface to the one or more landmarks

of the face;

generating facial animation information based at least in

part on the mapping and the virtual surface; and
providing the facial animation information to a display of
the HMD for presentation to the user.

14. The method of claim 13, further comprising storing
the calibration attributes in an online database including
global calibration attributes received from a plurality of
HMDs.

15. The method of claim 13, wherein the one or more
landmarks of the face describe the location of one or more
of the following: an eye of the user, an eyebrow of the user,
a nose of the user, a mouth of the user, and a cheek of the
user.
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16. The method of claim 13, wherein the facial animation
information describes a three-dimensional virtual represen-
tation of the portion of the user’s face.

17. The method of claim 13, wherein the one or more
facial sensors are selected from a group consisting of:
cameras, audio sensors, strain gauges, electromagnetic sen-
sors, and proximity sensors.

18. The method of claim 13, further comprising:

receiving specular reflection information from the plural-

ity of facial data; and

identifying a coordinate position of an eye of the user

based at least in part on the specular reflection infor-
mation.

19. (canceled)

20. A method comprising:

illuminating, via a plurality of light sources, portions of a

face, inside a head mounted display (HMD), of a user
wearing the HMD;

capturing a plurality of facial data of a portion of the face

using one or more facial sensors located inside the
HMD, wherein the plurality of facial data describes
frames of an image including a plurality of pixels, each
pixel associated with a different coordinate location of
the image;
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for each coordinate location of the image:
identifying a planar section corresponding to the bright-
est pixel value at the coordinate location;
identifying a position of one of the plurality of light
sources corresponding to the identified planar sec-
tion;
generating a virtual surface describing orientation of the
portion of the face by aggregating the identified planar
sections based at least in part on the identified posi-
tions;
mapping the virtual surface to one or more landmarks of
the face;
providing the mapping and the virtual surface to a virtual
reality (VR) console;
receiving, from the VR console, facial animation infor-
mation based at least in part on the mapping and the
virtual surface; and
providing the facial animation information to a display of
the HMD for presentation to the user.
21. The method of claim 1, further comprising:
for each coordinate location of the image, determining a
normal vector to the corresponding identified planar
section, wherein the virtual surface is generated further
based on the normal vectors.

#* #* #* #* #*



