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(57) Abstract: A head mounted display (HMD) adjusts the phase of light of a virtual scene using a spatially programmable focusing
element. Depths of the virtual scene are approximated to one or more focal surfaces and the shape of the focal surfaces is then adjusted
to minimize the distance of the focal surface to features in the virtual scene. The resulting shape of the focal surface is a continuous
piecewise smooth three-dimensional curve. A phase function is generated for each focal surface that, when executed by the spatially
programmable focusing element, reproduces a focal pattern corresponding to the each focal surface, which bends and shapes the wave-
front to produce a focal pattern that conforms to the scene geometry.
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FOCAL SURFACE DISPLAY

BACKGROUND
[0001] The present disclosure generally relates to enhancing images from
electronic displays, and specifically to varying the focal length of optics to enhance
the images.
[0002] A head mounted display (HMD) can be used to simulate virtual
environments. Conventional binocular HMDs vary the stimulus to vergence with the
information being presented to a viewing user in a virtual scene, while the stimulus to
accommodation remains fixed at the apparent distance of the display, as created by
the viewing optics. Sustained vergence-accommodation conflict (VAC) has been
associated with visual discomfort, motivating numerous proposals for delivering near-
correct accommodation cues.
[0003] Vergence is the simultaneous movement or rotation of both eyes in
opposite directions to obtain or maintain single binocular vision which is connected to
accommodation of the eye. Under normal conditions, changing the focus of the eyes
to look at an object at a different distance automatically causes vergence and
accommodation. For example, as a real object moves closer to a user looking at the
real object, the user’s eyes rotate inward to stay verged on the object. As the object
gets closer to the user, the eyes must “accommodate” for the closer distance by
reducing the power or focal length, which is achieved automatically by each eye
changing its shape. Thus, under normal conditions in the real world, the vergence
depth corresponds to where the user is looking, which also equals the focal length of
the user’s eyes.
[0004] A conflict between vergence and accommodation, however, often occurs
with some three-dimensional (3D) electronic displays. For example, as a virtual
object is rendered on the 3D electronic display to move closer to a user looking at the
object, each of the user’s eves rotates inward to stay verged on the object, but the
power or focal length of each eye is not reduced; hence, the user’s eyes do not
accommodate as in the real-world. Instead of reducing power or focal length to
accommodate for the closer vergence depth, the eyes maintain accommodation at a
distance associated with 3D electronic display. Thus, the vergence depth often does

not equal the focal length for the human eye for objects displayed on 3D electronic
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displays. This discrepancy between vergence depth and focal length is referred to as
“vergence-accommodation conflict.” A user experiencing only vergence or
accommodation (and not both simultaneously) can experience some degree of fatigue

or nausea, which is undesirable for virtual reality system creators.
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SUMMARY
[0005] A head mounted display (HMD) adjusts the phase of light of a virtual
scene received from an electronic display using a spatially programmable focusing
element, such as a spatial light modulator operating in a phase-modulation mode. For
example, the headset receives virtual scene data for the virtual scene that includes
scene geometry data or depth values for different components of or points in the
virtual scene. Before light of the virtual scene is received by an eye of a user viewing
the virtual scene, a spatial light modulator (SLM) adjusts a focal pattern or wavefront
of the light for the virtual scene. While conventional head mounted displays typically
deliver a single fixed focal surface, the SLM operates as a programmable lens with a
spatially varying focal length, allowing the virtual image of different pixels of the
HMD’s display to appear (from an exit pupil of the HMD) to be formed at different
depths within the virtual scene, thereby, shaping synthesized focal surfaces to
conform to the virtual scene geometry.
[0006] To determine the positions of the focal surfaces in the virtual scene, the
range of depth values of the virtual scene are approximated to a set of one or more
discrete depth values based on the scene geometry data. In one embodiment, scene
points in the virtual scene are clustered based on their associated depth values to
identify the set of one or more discrete depth values corresponding to the mean depth
value of each cluster. The depth of the virtual scene is then segmented into one or
more focal planes at the each of the one or more discrete depth values within the
virtual scene. Accordingly, for each focal plane, the shape of the focal plane is
adjusted to minimize the distance of the focal plane to each scene point in the cluster.
This warps the shape of the focal plane to where it makes sense to start referring to
the focal plane as a focal surface since the focal plane is bent, warped, and/or
modified to conform to a set of scene points, components, or features nearest to the
focal plane in the virtual scene. The resulting shape of the focal surface is a
continuous piecewise smooth three-dimensional curve, unlike multifocal displays
with planar surfaces located at fixed focal depths. Thus, for example, a scene could
be segmented into three focal surfaces (near, intermediate, far) that are each
differently bent or warped to respectively conform to (near, intermediate, far) objects
in the virtual scene.

[0007] Given a set of focal surfaces, a phase function is generated for each focal
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surface. The phase function, when executed by the SLM, causes the SLM to
reproduce a focal pattern corresponding to the each focal surface. This is achieved by
the SLM adding phase delays to a wavefront of the light from the electronic display.
The phase delays cause the shape of the wavefront to be bent and warped into the
shape of each focal surface to thereby produce a focal pattern that conforms to the
scene geometry.
[0008] Embodiments according to the invention are in particular disclosed in the
attached claims directed to a method, a storage medium, and a system, wherein any
feature mentioned in one claim category, e.g. method, can be claimed in another claim
category, e.g. system, computer program product, as well. The dependencies or
references back in the attached claims are chosen for formal reasons only. However
any subject matter resulting from a deliberate reference back to any previous claims
(in particular multiple dependencies) can be claimed as well, so that any combination
of claims and the features thereof is disclosed and can be claimed regardless of the
dependencies chosen in the attached claims. The subject-matter which can be claimed
comprises not only the combinations of features as set out in the attached claims but
also any other combination of features in the claims, wherein each feature mentioned
in the claims can be combined with any other feature or combination of other features
in the claims. Furthermore, any of the embodiments and features described or
depicted herein can be claimed in a separate claim and/or in any combination with any
embodiment or feature described or depicted herein or with any of the features of the
attached claims.
[0009] In an embodiment a system comprises:
at least one processor;
an electronic display element configured to display a virtual scene; and
memory including instructions that, when executed by the at least one
processor, cause the at least one processor to:
segment the virtual scene into a set of focal surfaces in the
virtual scene based on scene geometry obtained for the
virtual scene, each focal surface being associated with a

set of nearest scene points;
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adjust a shape of each focal surface to minimize a distance
between each scene point of the set of nearest scene
points to the focal surface and the focal surface;
generate, for each focal surface, a phase function for adjusting a
wavefront of light of the virtual scene consistent with
the adjusted shape of the focal surface; and
an optics block including a spatially programmable focusing element
configured to:
receive the wavefront of light of the virtual scene from the
electronic display element;
adjust, for each focal surface of the set of focal surfaces, the
wavefront based on the phase function associated with
the focal surface; and
provide the adjusted wavefront of the light of the virtual scene
for each focal surface to a user via an exit pupil of the
system.
[0010] In an embodiment the memory includes instructions that, when executed
by the at least one processor, further cause the at least one processor to:
cluster scene points in the virtual scene, each scene point being
associated with scene geometry data corresponding to a
location of the scene point in the virtual scene; and
determine a location for each of the set of focal surfaces based
on the clustered scene points and associated scene
geometry data.
[0011] In an embodiment the memory further includes instructions that, when
executed by the at least one processor, cause the at least one processor to:
determine a color image of the virtual scene to be displayed on
the electronic display element for each phase function.
[0012] In an embodiment the adjusted shape of each focal surface is a spatially
varying piecewise-smooth curve.
[0013] In an embodiment adjusting the shape of each focal surface to minimize
the distance between each scene point of the set of nearest scene points to the focal

surface and the focal surface includes:
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applying a non-linear least squares optimization between each of the set of
nearest scene points to the focal surface.
[0014] In an embodiment the spatially programmable focusing element time-
multiplexes adjustment of the wavefront for each focal surface of the set of focal
surfaces.
[0015] In an embodiment each phase function shifts the light from the electronic
display element for each corresponding focal surface by introducing phase delays
associated with the shape of the focal surface, and wherein each focal surface is at
least one of a continuously-varying shape or a discontinuous surface.
[0016] In an embodiment a head mounted display (HMD) is provided
comprising:
at least one processor;
an electronic display element configured to display a virtual scene;
a spatial light modulator (SLM) configured to:
receive a wavefront of light from the electronic display element
for the virtual scene;
adjust, at one or more first times, the wavefront of light from
the electronic display element to provide focus for a
first focal surface positioned at first depth in the virtual
scene relative to an exit pupil of the HMD;
adjust, at one or more second times, the wavefront of light from
the electronic display element to provide focus for a
second focal surface positioned at second depth in the
virtual scene relative to the exit pupil of the HMD; and
direct the adjusted wavefront of light providing focus for the
first focal surface and the second focal surface to an exit
pupil of the HMD, the wavefront of light for the first
focal surface and the second focal surface combining.
[0017] In an embodiment the SLM time-multiplexes adjustment of the
wavefront for the first focal surface and the second focal surface between the one or
more first times and the one or more second times.
[0018] In an embodiment generating the first focal surface and the second focal

surface comprises:
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segmenting the virtual scene into the first focal surface and the
second focal surface based on scene geometry obtained
for the virtual scene, the first focal surface associated
with a first set of nearest scene points and the second
focal surface associated with a second set of nearest
scene points;
adjusting a first shape of the first focal surface to minimize first
distances between each scene point of the first set of
nearest scene points to the first focal surface and the
first focal surface;
adjusting a second shape of the second focal surface to
minimize second distances between each scene point of
the second set of nearest scene points to the second
focal surface and the second focal surface; and
generate, for each of the first focal surface and the second focal
surface, a phase function for adjusting a wavefront of
light of the virtual scene consistent with the adjusted
shape of the first focal surface and the second focal
surface.
[0019] In an embodiment the HMD further comprises:
clustering scene points in the virtual scene, each scene point
being associated with scene geometry data
corresponding to a location of the scene point in the
virtual scene; and
determining a first depth for the first focal surface and a second
depth of the second focal surface based on the clustered
scene points and associated scene geometry data.
[0020] In an embodiment the HMD further comprises:
determining a color image of the virtual scene to be displayed
on the electronic display element for each phase
function.
[0021] In an embodiment adjusting the first shape of the first focal surface and

the second shape of the second focal surface includes:
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determining the first shape of the first focal surface by applying a non-
linear least squares optimization between each of the first set of
nearest scene points to the first focal surface; and
determining the second shape of the second focal surface by applying the
non-linear least squares optimization between each of the second
set of nearest scene points to the second focal surface.
[0022] In an embodiment of the HMD each phase function shifts the light from
the electronic display element for each of the first focal surface and the second focal
surface by introducing phase delays associated with the first shape of the first focal
surface and the second shape of the second focal surface, and wherein each of the first
focal surface and the second focal surface is at least one of a continuously-varying
shape or a discontinuous surface.
[0023] In an embodiment a method comprises:
obtaining a virtual scene including scene geometry data identifying a depth
associated with each scene point in the virtual scene;
segmenting the virtual scene into a set of focal surfaces based on the scene
geometry data, each focal surface being associated with a set of
nearest scene points;
adjusting a shape of each focal surface to minimize a distance between
each scene point of the set of nearest scene points to the focal
surface and the focal surface, the adjusted shape being a spatially
varying piecewise-smooth curved surface; and
generating, for each focal surface, a phase function for a spatial light
modulator (SLM) to adjust a wavefront of light of the virtual scene
is received from on an electronic display element, the phase
function when applied by the SLM introduces phase delays in the
wavefront that reproduces a focal pattern corresponding to the
adjusted shape of the focal surface.
[0024] In an embodiment segmenting the virtual scene into a set of focal
surfaces based on the scene geometry includes:

clustering the scene points in the virtual scene; and
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determining a depth for each of the set of focal surfaces based
on the clustered scene points and associated scene
geometry data.
[0025] In an embodiment the method further comprises:
determining, for each phase function, a color image of the virtual scene to
be displayed on the electronic display element for each focal
surface.
[0026] In an embodiment the SLM and the electronic display element are
included in a head mounted display and the SLM time-multiplexes adjustment of the
wavefront for each focal surface based on the corresponding phase function to cause a
composite image of the virtual scene to be provided to a user viewing the virtual
scene through an exit pupil of the head mounted display.
[0027] In an embodiment of the method each phase function shifts the light
from the electronic display element for each focal surface by introducing phase delays
associated with the shape of each focal surface, and wherein each focal surface is at
least one of a continuously-varying shape or a discontinuous surface.
[0028] In an embodiment adjusting the shape of each focal surface to minimize
the distance between each scene point of the set of nearest scene points to the focal
surface and the focal surface includes:
applying a non-linear least squares optimization between each
of the set of nearest scene points to the focal surface.
BRIEF DESCRIPTION OF THE DRAWINGS
[0029] FIG. 1 shows example ray diagram for an optical system that can be
incorporated into a head mounted display, in accordance with at least one
embodiment.
[0030] FIG. 2 shows an example system, in accordance with at least one
embodiment.
[0031] FIG. 3 shows a diagram of a head mounted display, in accordance with
at least one embodiment.
[0032] FIG. 4 shows an example process for mitigating vergence-
accommodation conflict, in accordance with at least one embodiment.
[0033] The figures depict embodiments of the present disclosure for purposes of

illustration only. One skilled in the art will readily recognize from the following
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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
[0034] A conventional head mounted displays contain an eyepiece and an
electronic display that deliver a single, fixed focal surface. FIG. 1 shows a focal
surface display 100 that includes electronic display element (“display™) 102 and a
phase-modifying spatial light modulator (SLM) 104 between eyepiece 106 and
display 102. The SLM 104 operates as a programmable lens with a spatially varying
focal length, allowing the virtual image 110 of different display pixels of the display
102 to appear to be formed at different depths within a virtual scene. Thus, the SLM
104 acts as a dynamic freeform lens, shaping synthesized focal surfaces that conform
to the virtual scene geometry. Accordingly, a system and method for decomposing a
virtual scene into one or more of these focal surfaces is disclosed.
[0035] A depth map, representing the scene geometry, and a focal stack,
modeling the variation of retinal blur with changes in accommodation are provided to
the system as inputs. In one embodiment, both inputs are rendered from the
perspective of a viewing user’s entrance pupil and the outputs of the system are &
phase functions ¢1, . . . .¢x and color images c1, . . . , ck, to be presented by the SLM
104 and display 102. Ideally, the phase functions and color images are jointly
optimize; however, this results in a large, nonlinear problem. Accordingly,
approximations are introduced to ensure that the method is computationally tractable.
First, instead of accounting for every possible depth in the virtual scene, a depth map
of the virtual scene is decomposed or segmented into a set of smooth focal surfaces to
which at least most (and if not all) depths of the virtual scene can be approximated.
Then, the phase functions for the SLM are optimized to approximate these focal
surfaces. Finally, the color images are optimized to reproduce the target focal stack.
Thus, while the disclosed system provides for multiple focal surfaces, a single focal
surface may theoretically achieve similar retinal blur fidelity; however, multiple focal
surfaces can offer an advantageous trade-off between system complexity (e.g., the
need for time multiplexing) and image quality (e.g., suppression of compression
artifacts) relative to a single focal surface as provided by other prior multifocal

display systems.
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Svystem Overview

[0036] FIG. 2 is system environment in which a console 250 operates. In this
example, the system environment includes HMD 200, imaging device 260, and input
interface 270, which are each coupled to console 250. While FIG. 2 shows a single
HMD 200, a single imaging device 260, and a single input interface 270, in other
embodiments, any number of these components may be included in the system. For
example, there may be multiple headsets 202 each having an associated input
interface 270 and being monitored by one or more imaging devices 260, with each
headset 202, input interface 270, and imaging devices 260 communicating with the
console 250. In alternative configurations, different and/or additional components
may also be included in the system environment 200.

[0037] HMD 200 is a Head-Mounted Display (HMD) that presents content to a
user. Example content includes images, video, audio, or some combination thereof.
Audio content may be presented via a separate device (e.g., speakers and/or
headphones) external to HMD 200 that receives audio information from HMD 200,
console 250, or both. HMD 200 includes electronic display 202, optics block 204,
spatial light modulator (SLM) block 206, one or more locators 208, internal
measurement unit (IMU) 210, head tracking sensors 212, and scene rendering module
214.

[0038] Optics block 204 directs light from display 202 via SLM block 206 to an
exit pupil of HMD 200 for viewing by a user using one or more optical elements, such
as apertures, Fresnel lenses, convex lenses, concave lenses, filters, and so forth, and
may include combinations of different optical elements. In some embodiments, one
or more optical elements in optics block 204 may have one or more coatings, such as
anti-reflective coatings. Magnification of the image light by optics block 204 allows
electronic display 202 to be physically smaller, weigh less, and consume less power
than larger displays. Additionally, magnification of the image light 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., 150
degrees diagonal), and in some cases all, of the user’s field of view.

[0039] Spatial Light Modulator (SLM) block 206 includes one or more drivers
to control electronic display 202 and an SLM to generate and display images of the

virtual scene with dynamic spatiotemporal focal surfaces. SLM block 206, provided
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in optical series with optics block 204, operates in phase-only mode and, for a given
frame, may generate multiple phase functions each corresponding to a focal pattern of
a different range of depths within the virtual scene. In various embodiments, SLM
block 206 could be integrated into optics block 204. In one embodiment, the each
focal surface adjusts the focal pattern to vary the focal length (or optical power) of
HMD 200 to keep a user’s eyes in a zone of comfort while viewing content of the
virtual scene.

[0040] The position of SLM block 206 within the optical system of HMD 200 is
subject to design rules which limit certain performance parameters based on the
respective configuration because of the limited resolution of the SLM. Thus, there are
tradeoffs between configurations and their associated performance. For example, the
focal range of HMD 200 can be limited based on the location of SML block 206
relative to electronic display 202 and optics block 204. In this example, a larger focal
range is achieved as the SLM is positioned closer to optics block 204 rather than
display 202. Thus, as the SLM is positioned closer to display 202, the focal range is
limited. Additionally, a larger field of view is also achievable as the SLM is
positioned closer to optics block 204 rather than display 202 and, thus, as the SLM is
positioned closer to display 202, the field of view is limited. However, as the SLM is
positioned closer to optics block 204, edge boundary sharpness in the virtual scene is
degraded. Thus, the closer the SLM is positioned to display 202, the sharper the edge
boundaries. Accordingly, there are design tradeoffs and a balance to be sought
between edge sharpness versus focal range and field of view.

[0041] Locators 208 are objects located in specific positions on HMD 200
relative to one another and relative to a specific reference point on HMD 200.
Locator 208 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 HMD 200
operates, or some combination thereof. Active locators 208 (i.e., an LED or other
type of light emitting device) may emit light in the visible band (~380 nm to 750 nm),
in the infrared (IR) band (~750 nm to 1 mm), in the ultraviolet band (10 nm to 380
nm), some other portion of the electromagnetic spectrum, or some combination
thereof.

[0042] Locators 208 can be located beneath an outer surface of HMD 200,

which is transparent to the wavelengths of light emitted or reflected by locators 208 or
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is thin enough not to substantially attenuate the wavelengths of light emitted or
reflected by locators 208. Further, the outer surface or other portions of HMD 200
can be opaque in the visible band of wavelengths of light. Thus, locators 208 may
emit light in the IR band while under an outer surface of HMD 200 that is transparent
in the IR band but opaque in the visible band.

[0043] IMU 210 is an electronic device that generates fast calibration data based
on measurement signals received from one or more of head tracking sensors 210,
which generate one or more measurement signals in response to motion of HMD 200.
Examples of head tracking sensors 212 include accelerometers, gyroscopes,
magnetometers, other sensors suitable for detecting motion, correcting error
associated with IMU 210, or some combination thereof. Head tracking sensors 212
may be located external to IMU 210, internal to IMU 210, or some combination
thereof.

[0044] Based on the measurement signals from head tracking sensors 212, IMU
210 generates fast calibration data indicating an estimated position of HMD 200
relative to an initial position of HMD 200. For example, head tracking sensors 212
include multiple accelerometers to measure translational motion (forward/back,
up/down, left/right) and multiple gyroscopes to measure rotational motion (e.g., pitch,
yaw, and roll). IMU 210 can, for example, rapidly sample the measurement signals
and calculate the estimated position of HMD 200 from the sampled data. For
example, IMU 210 integrates measurement signals received from the accelerometers
over time to estimate a velocity vector and integrates the velocity vector over time to
determine an estimated position of a reference point on HMD 200. The reference
point is a point that may be used to describe the position of HMD 200. While the
reference point may generally be defined as a point in space, in various embodiments,
reference point is defined as a point within HMD 200 (e.g., a center of the IMU 210).
Alternatively, IMU 210 provides the sampled measurement signals to console 250,
which determines the fast calibration data.

[0045] IMU 210 can additionally receive one or more calibration parameters
from console 250. As further discussed below, the one or more calibration parameters
are used to maintain tracking of HMD 200. Based on a received calibration
parameter, IMU 210 may adjust one or more IMU parameters (e.g., sample rate). In

some embodiments, certain calibration parameters cause IMU 210 to update an initial
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position of the reference point to correspond to a next calibrated position of the
reference point. Updating the initial position of the reference point as the next
calibrated position of the reference point helps reduce accumulated error associated
with determining the estimated position. 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.

[0046] Scene rendering module 214 receives content for the virtual scene from
engine 256 and provides the content for display on electronic display 202.
Additionally, scene rendering module 214 determines a portion of the content to be
displayed on electronic display 202 based on one or more of tracking module 254,
head tracking sensors 212, or IMU 210, as described further below.

[0047] Imaging device 260 generates slow calibration data in accordance with
calibration parameters received from console 250. Slow calibration data includes one
or more images showing observed positions of locators 208 that are detectable by
imaging device 260. Imaging device 260 may include one or more cameras, one or
more video cameras, other devices capable of capturing images including one or more
locators 208, or some combination thereof. Additionally, imaging device 260 may
include one or more filters (e.g., for increasing signal to noise ratio). Imaging device
260 1s configured to detect light emitted or reflected from locators 208 in a field of
view of imaging device 260. In embodiments where locators 208 include passive
elements (e.g., a retroreflector), imaging device 260 may include a light source that
illuminates some or all of locators 208, which retro-reflect the light towards the light
source in imaging device 260. Slow calibration data is communicated from imaging
device 260 to console 250, and imaging device 260 receives one or more calibration
parameters from console 250 to adjust one or more imaging parameters (e.g., focal
length, focus, frame rate, ISO, sensor temperature, shutter speed, aperture, etc.).
[0048] Input interface 270 is a device that allows a user to send action requests
to console 250. 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. Input interface 270 may include one or more
input devices. Example input devices include a keyboard, a mouse, a game controller,
or any other suitable device for receiving action requests and communicating the

received action requests to console 250. An action request received by input interface
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270 is communicated to console 250, which performs an action corresponding to the
action request. In some embodiments, input interface 270 may provide haptic
feedback to the user in accordance with instructions received from console 250. For
example, haptic feedback is provided by the input interface 470 when an action
request is received, or console 250 communicates instructions to input interface 270
causing input interface 270 to generate haptic feedback when console 250 performs an
action.

[0049] Console 250 provides content to HMD 200 for presentation to the user in
accordance with information received from imaging device 260, HMD 200, or input
interface 270. In the example shown in FIG. 2, console 250 includes application store
252, tracking module 254, and virtual reality (VR) engine 256. Some embodiments of
console 250 have different or additional modules than those described in conjunction
with FIG. 2. Similarly, the functions further described below may be distributed
among components of console 250 in a different manner than is described here.
[0050] Application store 252 stores one or more applications for execution by
console 250. An application is a group of instructions, that when executed by a
processor, generates content for presentation to the user. Content generated by an
application may be in response to inputs received from the user via movement of
HMD 200 or input interface 270. Examples of applications include gaming
applications, conferencing applications, video playback application, or other suitable
applications.

[0051] Tracking module 254 calibrates the system using one or more calibration
parameters and may adjust one or more calibration parameters to reduce error in
determining position of HMD 200. For example, tracking module 254 adjusts the
focus of imaging device 260 to obtain a more accurate position for observed locators
212 on HMD 200. Moreover, calibration performed by tracking module 254 also
accounts for information received from IMU 210. Additionally, if tracking of HMD
200 1s lost (e.g., imaging device 260 loses line of sight of at least a threshold number
of locators 208), tracking module 254 re-calibrates some or all of the system
components.

[0052] Additionally, tracking module 254 tracks the movement of HMD 200
using slow calibration information from imaging device 260 and determines positions

of a reference point on HMD 200 using observed locators from the slow calibration
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information and a model of HMD 200. Tracking module 254 also determines
positions of the reference point on HMD 200 using position information from the fast
calibration information from IMU 210 on HMD 200. Additionally, tracking module
254 may use portions of the fast calibration information, the slow calibration
information, or some combination thereof, to predict a future location of HMD 200,
which is provided to engine 256.

[0053] Engine 256 executes applications within the system and receives position
information, acceleration information, velocity information, predicted future
positions, or some combination thereof for HMD 200 from tracking module 254.
Based on the received information, engine 256 determines content to provide to HMD
200 for presentation to the user, such as a virtual scene. For example, if the received
information indicates that the user has looked to the left, engine 256 generates content
for HMD 200 that mirrors or tracks the user’s movement in a virtual environment.
Additionally, engine 256 performs an action within an application executing on
console 250 in response to an action request received from the input interface 270 and
provides feedback to the user that the action was performed. The provided feedback
may be visual or audible feedback via HMD 200 or haptic feedback via input
interface 270.

[0054] FIG. 3 is a diagram of HMD 200, in accordance with at least one
embodiment. In this example, HMD 200 includes a front rigid body and a band that
goes around a user’s head. The front rigid body includes one or more electronic
display elements corresponding to electronic display 202, IMU 210, head tracking
sensors 212, and locators 208. In this example, head tracking sensors 212 are located
within IMU 210.

[0055] Locators 208 are located in fixed positions on the front rigid body
relative to one another and relative to reference point 300. In this example, reference
point 300 is located at the center of IMU 210. Each of locators 208 emits light that is
detectable by imaging device 260. Locators 208, or portions of locators 208, are
located on a front side, a top side, a bottom side, a right side, and a left side of the
front rigid body, as shown FIG. 3.

Focal Surface Display Method

[0056] FIG. 4 shows an example process 400 for mitigating vergence-

accommodation conflict, in accordance with at least one embodiment. As discussed
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above, a head mounted display can provide focus accommodation and depth of field
blur using a SLM. Accordingly, in this example, virtual scene data for displaying a
virtual scene is obtained 402. In one example, each pixel of electronic display is
associated with an individual depth value, such as infinity for sky displayed in the
virtual scene, one meter for an object on a table and varying distance between half a
meter and one meter for the surface of the table, 3 meters for a far wall in the virtual
scene, and so forth.

[0057] Using the scene geometry data, the virtual scene is segmented 402 into a
set of focal surfaces. To determine the positions of the focal surfaces in the virtual
scene, the range of depth values of the virtual scene are approximated to a set of one
or more discrete depth values based on the scene geometry data. For example, given
a target virtual scene, let d(0x,0y) be the depth (in diopters) along each viewing angle
(Ox, By) € O, for chief rays passing through the center of a viewing user’s pupil with
Oy being the discrete set of retinal image samples. If it were possible for phase SLMs
to produce focal surfaces of arbitrary topology, then no further optimization would be
required; however, this is not the case since focal surfaces are required to be smooth.
Accordingly, a depth map of the virtual scene is segmented 402 into £ smooth focal
surfaces d1, . . . ,dk. For example, if for every viewing angle (Ox, 6y) there is at least
one focal surface di(0x, 6y) close to a target depth map d(0x,0y), then every scene
element can be depicted with near correct retinal blur, as light from display 102 will
appear to originate from the correct scene depth. Optimized blending methods still
benefit the rendition of occluding, semi-transparent, and reflective objects). Given

this goal, the following optimization problem has been formulated.
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[0058] As further discussed below, generating a focal surface using a phase
function ¢ may introduce optical aberrations. Observationally, aberrations are
minimized if the second derivatives of the focal surface are small. This observation is
reflected by the bound constraints in the above optimization problem. Note, however,

that no explicit bound constraints are imposed on the optical powers d; of the focal
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surfaces. This would appear to contradict this derivation of the minimum realizable
focal length of SLM 104. Rather than adding these constraints directly, the target
depth map d has been truncated to a realizable range of depths.

[0059] Accordingly, for each focal plane, the shape of the focal plane is
modified 406 to minimize the distance of the focal plane to each scene point in the
cluster. This warps the shape of the focal plane to where it makes sense to start
referring to the focal plane as a focal surface since the focal plane is bent, warped,
and/or modified to conform to a set of scene points, components, or features nearest to
the focal plane in the virtual scene. The resulting shape of the focal surface is a
continuous piecewise smooth three-dimensional curve, unlike multifocal displays
with planar surfaces located at fixed focal depths. A nonlinear least squares is applied
to solve Equation 1, which scales to large problem sizes. Note that the objective

involves the nonlinear residual ggy gy(¢) = mini | d(0x.0y) — di(x,0v) | for each pixel

(Ox, By). This residual is not differentiable, which is a problem for nonlinear least
squares. However, a close approximation is obtained by replacing the min with a “soft

minimum’ (soft-min), with the following definition:
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where ¢ is a conditioning parameter that is tuned for a given application.
[0060] Applying Equation 2 to Equation 1, and re-expressing bound constraints

as soft constraints, yields the following nonlinear least squares problem:
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where 6°di(0x, Oy) is the vector of second partial derivatives of d; at (Ox, Oy) and y is a
weighting parameter.

[0061] Given a set of focal surfaces, a phase function is generated 408 for each
focal surface. Provided the set of focal surfaces d:, the next step includes solving for a
set of phase functions ¢: to generate each focal surface. To solve this problem, the
optical properties of a phase SLM must be understood. Variations in optical path
length through a lens cause refraction. Similarly, differences in phase modulation
across an SLM result in diffraction. Simulation of light propagation through a high-

resolution SLM, via wave optics modeling, is currently computationally infeasible,
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but one can approximate these diffractive effects using geometric optics.

[0062] Accordingly, let (px, py) denote SLM locations, with Qp being the
discrete set of SLM pixel centers. Optical rays intersecting an SL.M are redirected
depending on the phase ¢. For small angles (i.e., under the paraxial approximation),
the deflection is proportional to the gradient of ¢. If an incident ray has direction
vector (x, , 1) and intersects the SLM at (px, py), then the outgoing ray has direction

vector:

Adg. o Rag "
Dot & AN b B aleane w:'w 32 . x 3N E E.\ {S"
G Sx i, REW x‘,t}f ™~ {?i,’ (1 \_{}\‘\ ‘;. VTR

;
iy +
,\\
where L is the illumination wavelength. Thus, if ¢ is a linear function, then the SLM
operates as a prism, adding a constant offset to the direction of every ray. (Note that
monochromatic illumination in this derivation is assumed, with practical
considerations for broadband illumination sources presented later). An SLM may also

act as a thin lens by presenting a quadratically varying phase as follows.
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[0063] Note that these optical properties are local. The deflection of a single ray

only depends on the first-order Taylor series of the phase (i.e., the phase gradient)
around the point of intersection with the SLM. Similarly, the change in focus of an e-
sized bundle of rays intersecting the SLM only depends on the second-order Taylor

series. Specifically, if the Hessian of ¢ at a point (px, py) is given by
ffﬁ ‘i?;t‘.\ f«*ss.:‘ o \'\vf {63
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where [ is the 2x2 identity matrix, then the e-sized neighborhood around (px, py)
functions as a lens of focal length f (i.e., Equation 6 is the Hessian of Equation 5).
[0064] To this point, we have allowed the phase to be any real-valued function.
In practice, an SLM will have a bounded range, typically from [0, 2rt]. Phases outside
this range are “wrapped”, modulo 2n. In addition, achievable phase functions are
restricted by the Nyquist limit. The phase can change by no more 2r over a distance
of 26p, where dp is the SLM pixel pitch.

[0065] Accordingly, with this paraxial model of the SLM, a phase function ¢ to
best realize a given target focal surface d is determined. First, referring to FIG. 1, how

the focal length 7, (from Equation 5) of SLM 104 affects a focal surface distance zv is
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determined. As shown in FIG. 1, SLM 104 operates within a focal surface display
100 that is parameterized by the eyepiece 106 distance (z=0), the SLM 104 distance
zp, and the display 102 distance z.. Ignoring the eyepiece 106, the SLM 104 produces
an intermediate image 108 of the display 102 at distance z,. Intermediate image 108
is transformed into a virtual image 110 of the display 102, located at z,, depending on
the eyepiece 106 focal length fc . These relations are compactly summarized by

application of the thin lens equation:
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[0066] By casting viewing ray (6x, Oy) from the viewer’s pupil to SLM 104, and
then by applying Equation 7, a target focal length 7, can be assigned for each SLM
pixel (px, py) to create a virtual image 110 at the desired focal surface depth. To

realize this focal length, Equation 6 requires a phase function ¢ with the Hessian
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[0067] There may not be ¢ that satisfies this expression. In fact, such a ¢ only

exists when fis constant and ¢ is quadratic (i.e., the phase represents a uniform lens).
Since Equation 8 cannot be exactly satisfied, the following linear least squares
problem is solved for to obtain a phase function ¢ that is as close as possible:
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where || - II’F is the Frobenius norm and where HJ - ] is the discrete Hessian operator,
given by finite differences of ¢. Note that the phase function ¢ plus any linear
function a+bx+cy has the same Hessian H, so we additionally constrain ¢(0, 0)=0 and
(0, 0)=0.

[0068] Having determined & phase functions ¢:, corresponding to focal surfaces
di, color images c; are determined for presentation on display 102, to reproduce the
target focal stack. This focal stack is represented by a set of / retinal images rz, . . ., 7.
First, a ray-traced model of retinal blur is described and then this model is applied to
evaluate the forward and adjoint operators required to solve the linear least squares
problem representing optimized blending.

[0069] An optical ray is traced through the system under a geometric optics
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model where each ray originates at a point within the viewer’s pupil. The ray then
passes through the front and back of the eyepiece 106, the SLM 104, and then
impinges on the display 102. At the eyepiece 106 surfaces, rays are refracted using the
radius of curvature of the lens, its optical index, and the paraxial approximation.
Equation 4 models light transport through the SLM 104. Each ray is assigned the
color interpolated at its coordinate of intersection with the display 102. The locations
on the display are denoted by (gx, ¢y) and the set of display pixel centers by Qq4. Note
that any rays that miss the bounds of the eyepiece 106, SLM 104, or display 102 are
culled (i.e., are assigned a black color).

[0070] To model retinal blur, rays that span the viewer’s pupil are accumulated,
which are sampled using a Poisson distribution. In this manner, the viewer’s eye are
approximated as an ideal lens focused at a depth z which changes depending on the
viewer’s accommodative state. For each chief ray (0x, 6y) and depth z, a bundle of
rays are summed across Rox, ¢y, z from the Poisson-sampled pupil. This produces an
estimate of the retinal blur when focused at a depth z. These are defined preceding
steps as the forward operator r = Az (¢), which accepts a phase function ¢ and color
image ¢ and predicts the perceived retinal image » when focused at a distance z.
[0071] For a fixed phase function ¢ and accommodation depth z, the forward
operator Az (¢) is linear in the color image ¢. The rendering operators Az (¢ )
combine additively, so our combined forward operator, representing viewing of
multiple-component focal surface displays, is Az (c1, . .., ¢k ) = Zi Azgi (ci ). The
forward renders can be concatenate for multiple accommodation depths z1, . . ., z1to
estimate the reconstructed focal stack, with corresponding linear operator A = [Az1 ; .
.. ;Az1]. The forward operator, for a given set of color images c, gives the focal stack
r that would be produced on the retina—minimizing llAc —r 1> gives the color image
best approximating the desired focal stack. The transpose of Az.¢, mapping retinal
image samples to display pixels, can be similarly evaluated with ray tracing
operations with accumulation in the color image c¢ rather than the retinal image . In
conclusion, these forward and adjoint operators are applied with an iterative least
squares solver.

[0072] The phase functions, when executed by the SLM, causes the SLM to
reproduce a focal pattern corresponding to the each focal surface. This is achieved by

the SLM adding phase delays to a wavefront of the light from the electronic display.
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The phase delays cause the shape of the wavefront to be bent and warped into the
shape of each focal surface to thereby produce a focal pattern that conforms to the
scene geometry. In one embodiment, the SLM time-multiplexes the adjustment of the
wavefront for each focal surface in order to provide focus for each of the different
focal surfaces in the virtual scene to a viewing user. For example, at a first time, the
SLM adjusts the wavefront for a far depth; at a second time, the SLM adjust the
wavefront for an intermediate depth; and at a third time, the SLM adjusts the
wavefront for near depth. The speed in which the time-multiplexing adjustment of
these three depths occurs is generally too fast for the human eye to notice and,
therefore, the viewing user observes the virtual scene in focus, or at least as modeled
and/or approximated.

Additional Configuration Information

[0073] The foregoing description of the embodiments has been presented for the
purpose of illustration; it is not intended to be exhaustive or to limit the patent rights
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] 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 patent rights 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 patent

rights.
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What is claimed is:
1. A system comprising:
at least one processor;
an electronic display element configured to display a virtual scene; and
memory including instructions that, when executed by the at least one
processor, cause the at least one processor to:
segment the virtual scene into a set of focal surfaces in the
virtual scene based on scene geometry obtained for the
virtual scene, each focal surface being associated with a
set of nearest scene points;
adjust a shape of each focal surface to minimize a distance
between each scene point of the set of nearest scene
points to the focal surface and the focal surface;
generate, for each focal surface, a phase function for adjusting a
wavefront of light of the virtual scene consistent with
the adjusted shape of the focal surface; and
an optics block including a spatially programmable focusing element
configured to:
receive the wavefront of light of the virtual scene from the
electronic display element;
adjust, for each focal surface of the set of focal surfaces, the
wavefront based on the phase function associated with
the focal surface; and
provide the adjusted wavefront of the light of the virtual scene
for each focal surface to a user via an exit pupil of the
system.

2. The system of claim 1, wherein the memory including the instructions
that, when executed by the at least one processor, further causes the at least one
processor to:

cluster scene points in the virtual scene, each scene point being
associated with scene geometry data corresponding to a

location of the scene point in the virtual scene; and
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determine a location for each of the set of focal surfaces based
on the clustered scene points and associated scene
geometry data.
3. The system of claim 1, wherein the memory further includes

instructions that, when executed by the at least one processor, cause the at least one

processor to:
determine a color image of the virtual scene to be displayed on
the electronic display element for each phase function.
4, The system of claim 1, wherein the adjusted shape of each focal

surface is a spatially varying piecewise-smooth curve.

5. The system of claim 1, wherein adjusting the shape of each focal
surface to minimize the distance between each scene point of the set of nearest scene
points to the focal surface and the focal surface includes:

applying a non-linear least squares optimization between each of the set of
nearest scene points to the focal surface.

6. The system of claim 1, wherein the spatially programmable focusing
element time-multiplexes adjustment of the wavefront for each focal surface of the set
of focal surfaces.

7. The system of claim 1, wherein each phase function shifts the light
from the electronic display element for each corresponding focal surface by
introducing phase delays associated with the shape of the focal surface, and wherein
each focal surface is at least one of a continuously-varying shape or a discontinuous
surface.

8. A head mounted display (HMD) comprising:
at least one processor;
an electronic display element configured to display a virtual scene;
a spatial light modulator (SLM) configured to:
receive a wavefront of light from the electronic display element
for the virtual scene;
adjust, at one or more first times, the wavefront of light from
the electronic display element to provide focus for a
first focal surface positioned at first depth in the virtual

scene relative to an exit pupil of the HMD;
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adjust, at one or more second times, the wavefront of light from
the electronic display element to provide focus for a
second focal surface positioned at second depth in the
virtual scene relative to the exit pupil of the HMD; and

direct the adjusted wavefront of light providing focus for the
first focal surface and the second focal surface to an exit
pupil of the HMD, the wavefront of light for the first
focal surface and the second focal surface combining.

9. The HMD of claim 8, wherein the SLM time-multiplexes adjustment
of the wavefront for the first focal surface and the second focal surface between the
one or more first times and the one or more second times.

10.  The HMD of claim 8, wherein generating the first focal surface and the
second focal surface comprises:

segmenting the virtual scene into the first focal surface and the
second focal surface based on scene geometry obtained
for the virtual scene, the first focal surface associated
with a first set of nearest scene points and the second
focal surface associated with a second set of nearest
scene points;

adjusting a first shape of the first focal surface to minimize first
distances between each scene point of the first set of
nearest scene points to the first focal surface and the
first focal surface;

adjusting a second shape of the second focal surface to
minimize second distances between each scene point of
the second set of nearest scene points to the second
focal surface and the second focal surface; and

generate, for each of the first focal surface and the second focal
surface, a phase function for adjusting a wavefront of
light of the virtual scene consistent with the adjusted
shape of the first focal surface and the second focal
surface.

11. The HMD of claim 10, further comprising:
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clustering scene points in the virtual scene, each scene point
being associated with scene geometry data
corresponding to a location of the scene point in the
virtual scene; and

determining a first depth for the first focal surface and a second
depth of the second focal surface based on the clustered
scene points and associated scene geometry data.

12. The HMD of claim 10, further comprising:

determining a color image of the virtual scene to be displayed
on the electronic display element for each phase
function.

13. The HMD of claim 10, wherein adjusting the first shape of the first
focal surface and the second shape of the second focal surface includes:

determining the first shape of the first focal surface by applying a non-
linear least squares optimization between each of the first set of
nearest scene points to the first focal surface; and

determining the second shape of the second focal surface by applying the
non-linear least squares optimization between each of the second
set of nearest scene points to the second focal surface.

14, The HMD of claim 10, wherein each phase function shifts the light
from the electronic display element for each of the first focal surface and the second
focal surface by introducing phase delays associated with the first shape of the first
focal surface and the second shape of the second focal surface, and wherein each of
the first focal surface and the second focal surface is at least one of a continuously-
varying shape or a discontinuous surface.

15. A method comprising:

obtaining a virtual scene including scene geometry data identifying a depth
associated with each scene point in the virtual scene;

segmenting the virtual scene into a set of focal surfaces based on the scene
geometry data, each focal surface being associated with a set of

nearest scene points;
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adjusting a shape of each focal surface to minimize a distance between
each scene point of the set of nearest scene points to the focal
surface and the focal surface, the adjusted shape being a spatially
varying piecewise-smooth curved surface; and
generating, for each focal surface, a phase function for a spatial light
modulator (SLM) to adjust a wavefront of light of the virtual scene
is received from on an electronic display element, the phase
function when applied by the SLM introduces phase delays in the
wavefront that reproduces a focal pattern corresponding to the
adjusted shape of the focal surface.
16. The method of claim 15, wherein segmenting the virtual scene into a
set of focal surfaces based on the scene geometry includes:
clustering the scene points in the virtual scene; and
determining a depth for each of the set of focal surfaces based
on the clustered scene points and associated scene
geometry data.
17. The method of claim 15, further comprising:
determining, for each phase function, a color image of the virtual scene to
be displayed on the electronic display element for each focal

surface.

18. The method of claim 15, wherein the SLM and the electronic display
element are included in a head mounted display and the SLM time-multiplexes
adjustment of the wavefront for each focal surface based on the corresponding phase
function to cause a composite image of the virtual scene to be provided to a user
viewing the virtual scene through an exit pupil of the head mounted display.

19. The method of claim 15, wherein each phase function shifts the light
from the electronic display element for each focal surface by introducing phase delays
associated with the shape of each focal surface, and wherein each focal surface is at

least one of a continuously-varying shape or a discontinuous surface.
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20. The method of claim 15, wherein adjusting the shape of each focal
surface to minimize the distance between each scene point of the set of nearest scene
points to the focal surface and the focal surface includes:

applying a non-linear least squares optimization between each
of the set of nearest scene points to the focal surface.

21. A system comprising:

at least one processor;
an electronic display element configured to display a virtual scene; and
memory including instructions that, when executed by the at least one
processor, cause the at least one processor to:
segment the virtual scene into a set of focal surfaces in the
virtual scene based on scene geometry obtained for the
virtual scene, each focal surface being associated with a
set of nearest scene points;
adjust a shape of each focal surface to minimize a distance
between each scene point of the set of nearest scene
points to the focal surface and the focal surface;
generate, for each focal surface, a phase function for adjusting a
wavefront of light of the virtual scene consistent with
the adjusted shape of the focal surface; and
an optics block including a spatially programmable focusing element
configured to:
receive the wavefront of light of the virtual scene from the
electronic display element;
adjust, for each focal surface of the set of focal surfaces, the
wavefront based on the phase function associated with
the focal surface; and
provide the adjusted wavefront of the light of the virtual scene
for each focal surface to a user via an exit pupil of the
system.
22. The system of claim 21, the memory including instructions that, when

executed by the at least one processor, further cause the at least one processor to:
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cluster scene points in the virtual scene, each scene point being
associated with scene geometry data corresponding to a
location of the scene point in the virtual scene; and
determine a location for each of the set of focal surfaces based
on the clustered scene points and associated scene
geometry data
and/or
wherein the memory further includes instructions that, when executed by
the at least one processor, cause the at least one processor to:
determine a color image of the virtual scene to be displayed on
the electronic display element for each phase function.

23. The system of claim 21 or 22, wherein the adjusted shape of each focal
surface is a spatially varying piecewise-smooth curve

and/or

wherein adjusting the shape of each focal surface to minimize the distance
between each scene point of the set of nearest scene points to the focal surface and the
focal surface includes:

applying a non-linear least squares optimization between each of the set of
nearest scene points to the focal surface.

24, The system of any of claims 21 to 23, wherein the spatially
programmable focusing element time-multiplexes adjustment of the wavefront for
each focal surface of the set of focal surfaces

and/or

wherein each phase function shifts the light from the electronic display
element for each corresponding focal surface by introducing phase delays associated
with the shape of the focal surface, and wherein each focal surface is at least one of a
continuously-varying shape or a discontinuous surface.

25. A head mounted display (HMD) comprising:
at least one processor;
an electronic display element configured to display a virtual scene;
a spatial light modulator (SLM) configured to:
receive a wavefront of light from the electronic display element

for the virtual scene;
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adjust, at one or more first times, the wavefront of light from
the electronic display element to provide focus for a
first focal surface positioned at first depth in the virtual
scene relative to an exit pupil of the HMD;
adjust, at one or more second times, the wavefront of light from
the electronic display element to provide focus for a
second focal surface positioned at second depth in the
virtual scene relative to the exit pupil of the HMD; and
direct the adjusted wavefront of light providing focus for the
first focal surface and the second focal surface to an exit
pupil of the HMD, the wavefront of light for the first
focal surface and the second focal surface combining.
26. The HMD of claim 25, wherein the SLM time-multiplexes adjustment
of the wavefront for the first focal surface and the second focal surface between the
one or more first times and the one or more second times.
27. The HMD of claim 25 or 26, wherein generating the first focal surface
and the second focal surface comprises:
segmenting the virtual scene into the first focal surface and the
second focal surface based on scene geometry obtained
for the virtual scene, the first focal surface associated
with a first set of nearest scene points and the second
focal surface associated with a second set of nearest
scene points;
adjusting a first shape of the first focal surface to minimize first
distances between each scene point of the first set of
nearest scene points to the first focal surface and the
first focal surface;
adjusting a second shape of the second focal surface to
minimize second distances between each scene point of
the second set of nearest scene points to the second

focal surface and the second focal surface; and
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generate, for each of the first focal surface and the second focal
surface, a phase function for adjusting a wavefront of
light of the virtual scene consistent with the adjusted
shape of the first focal surface and the second focal
surface.

28. The HMD of claim 27, further comprising:

clustering scene points in the virtual scene, each scene point
being associated with scene geometry data
corresponding to a location of the scene point in the
virtual scene; and

determining a first depth for the first focal surface and a second
depth of the second focal surface based on the clustered
scene points and associated scene geometry data.

and/orfurther comprising:

determining a color image of the virtual scene to be displayed
on the electronic display element for each phase
function.

29. The HMD of claim 27 or 28, wherein adjusting the first shape of the
first focal surface and the second shape of the second focal surface includes:

determining the first shape of the first focal surface by applying a non-
linear least squares optimization between each of the first set of
nearest scene points to the first focal surface; and

determining the second shape of the second focal surface by applying the
non-linear least squares optimization between each of the second
set of nearest scene points to the second focal surface.

30.  The HMD of any of claims 27 to 29, wherein each phase function
shifts the light from the electronic display element for each of the first focal surface
and the second focal surface by introducing phase delays associated with the first
shape of the first focal surface and the second shape of the second focal surface, and
wherein each of the first focal surface and the second focal surface is at least one of a

continuously-varying shape or a discontinuous surface.
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31. A method comprising;
obtaining a virtual scene including scene geometry data identifying a depth
associated with each scene point in the virtual scene;
segmenting the virtual scene into a set of focal surfaces based on the scene
geometry data, each focal surface being associated with a set of
nearest scene points;
adjusting a shape of each focal surface to minimize a distance between
each scene point of the set of nearest scene points to the focal
surface and the focal surface, the adjusted shape being a spatially
varying piecewise-smooth curved surface; and
generating, for each focal surface, a phase function for a spatial light
modulator (SLM) to adjust a wavefront of light of the virtual scene
is received from on an electronic display element, the phase
function when applied by the SLM introduces phase delays in the
wavefront that reproduces a focal pattern corresponding to the
adjusted shape of the focal surface.
32. The method of claim 31,
wherein segmenting the virtual scene into a set of focal surfaces based on the
scene geometry includes:
clustering the scene points in the virtual scene; and
determining a depth for each of the set of focal surfaces based
on the clustered scene points and associated scene
geometry data
and/or
wherein adjusting the shape of each focal surface to minimize the distance
between each scene point of the set of nearest scene points to the focal surface and the
focal surface includes:
applying a non-linear least squares optimization between each

of the set of nearest scene points to the focal surface.

33. The method of claim 31 or 32, further comprising:
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determining, for each phase function, a color image of the virtual scene to
be displayed on the electronic display element for each focal
surface.
34, The method of any of claims 31 to 33,
wherein the SLM and the electronic display element are included in a head
mounted display and the SLM time-multiplexes adjustment of the wavefront for each
focal surface based on the corresponding phase function to cause a composite image
of the virtual scene to be provided to a user viewing the virtual scene through an exit
pupil of the head mounted display
and/or
wherein each phase function shifts the light from the electronic display
element for each focal surface by introducing phase delays associated with the shape
of each focal surface, and wherein each focal surface is at least one of a continuously-

varying shape or a discontinuous surface.
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