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(57) Abstract: A display system includes an optical element positioned in the optical path to receive light from the display module and
direct the light into a field of view to display a scene. The optical element has a focal length on an optical axis of the optical element
that varies in response to a control signal. A control system is programmed to generate the control signal to cause the optical element
to cycle through a series of focal lengths at a frequency. Each focal length of the series corresponds to a focal plane of a series of focal
planes. The control system is programmed to vary the light field from the display module to display the scene as a sequence of different
image frames, the different image frames being synchronized so that each of the different image frames is presented at a corresponding

one of the series of focal planes.
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DISPLAY SYSTEM FOR RENDERING A SCENE WITH
MULTIPLE FOCAL PLANES

CLAIM OF PRIORITY
[0001] This application claims priority under 35 U.S.C. §119(e) to U.S. Patent
Application Serial No. 62/710,972, filed on March 5, 2018, the entire contents of

which are hereby incorporated by reference.

GOVERNMENT SUPPORT CLAUSE
[0002] This invention was made with government support under CCF1652569
awarded by the National Science Foundation. The government has certain rights in

the invention.

TECHNICAL FIELD
[0003] This application relates to rendering three-dimensional scenes in a display

system, particularly with respect to augmented reality and/or virtual reality.

BACKGROUND
[0004] The human eye automatically changes the focus of its lens to provide sharp,
in-focus images of objects at different depths. While convenient in the real world, for
virtual or augmented reality (VR/AR) applications, this focusing capability of the eye
often causes a problem that is called the vergence-accommodation conflict (VAC).
Vergence refers to the simultaneous movement of the two eyes so that a scene point
comes into the center of the field of view, and accommodation refers to the changing
of the focus of the ocular lenses to bring the object into focus. In the real world, these
two cues act in synchrony. However, most commercial VR/AR displays render scenes
by only satisfying the vergence cue, i.e., they manipulate the disparity of the images
shown to each eye. But given that the display is at a fixed distance from the eyes, the
corresponding accommodation cues are invariably incorrect, leading to a conflict
between vergence and accommodation that can cause discomfort, fatigue, and

distorted 3D perception, especially after long durations of usage.
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SUMMARY
[0005] This document describes a virtual reality display that is capable of generating
a dense collection of depth/focal planes. This is achieved by driving a focus-tunable
lens to sweep a range of focal lengths at a high frequency and, subsequently, tracking
the focal length precisely at microsecond time resolutions using an optical module.
Precise tracking of the focal length, coupled with a high-speed display, enables the
display system to generate 1600 focal planes per second. This enables a novel first-of-
its-kind virtual reality multifocal display that is capable of resolving the vergence-
accommodation conflict of conventional displays.
[0006] The display system is capable of addressing the VAC by displaying content on
a dense collection of depth or focal planes. The display system 100 falls under the
category of multifocal displays, i.e., displays that generate content at different focal
planes using a focus-tunable lens. This change in focal length can be implemented in
one of many ways; for example, by changing the curvature of a liquid lens, the state
of a liquid-crystal lens, the polarization of a waveplate lens, or the relative orientation
between two carefully designed phase plates.
[0007] The display system displays a stack of focal planes that are an order of
magnitude greater in number as compared to conventional display systems without
any loss in the frame and displaying 1600 focal planes per second, which can be used
to display scenes with 40 focal planes per frame at 40 frames per second. As a
consequence, the display system can to render virtual worlds at a realism that is hard
to achieve with current multifocal display designs.
[0008] A limitation of conventional display systems that limits the depth resolution of
a multifocal display is the operational speed of its focus-tunable lens. Focus-tunable
liquid lenses change their focal length based on an input driving voltage. Focus-
tunable lenses typically require around 5 ms to settle onto a particular focal length.
To wait for the lens to settle so that the displayed image is rendered at the desired
depth results in, at most, 200 focal planes per second. For a display operating with 30-
60 frames per second (fps), this would imply anywhere between three and six focal
planes per frame.
[0009] While focus-tunable lenses have long settling times, a frequency response of
the focus-tunable lens is rather broad and has a cut-off upwards of 1000 Hz. The

display system is configured to drive the lens with excitations that are different from a
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simple step edge (i.e., a change in voltage). For example, the display system is
configured to cause the lens to sweep through the entire range of focal lengths at a
high frequency. In some implementations, a sinusoid or a triangular voltage of the
desired frequency is used as a driving signal.

[00010] The display system is configured to track the focal length of the lens in
real-time. The display system is configured to accurately display focal planes at any
depth without waiting for the lens to settle. In other words, by driving the focus-
tunable lens to periodically sweep the desired range of focal lengths and tracking the
focal length at high-speed and in real-time, the display system can display numerous
(e.g., greater than 5, 10, 25, or 40 focal planes at refresh rates of greater than 40
frames per second.

[00011] The display system has the following advantages. The display system
is configured for high-speed focal-length tracking. For example, the display system is
configured for real-time tracking of the focal length of a focus-tunable lens at
microsecond-scale resolutions. The focal-length tracking system of the display system
is configured measuring the deflection of a laser incident on the lens to track the focal
length of the lens continuously. The display system is configured to display a dense
set of focal planes to mitigate a loss of spatial resolution due to the defocus blur
caused by the ocular lens. This is shown below by analytical derivation of the spatial
resolution of the image formed on the retina when there is a mismatch between the
focus of the eye and the depth at which the content is virtually rendered. This analysis
justifies the need for AR/VR displays capable of a high focal-plane density. The
display system is configured to produce at least 40 8-bit focal planes per frame with
40 fps. This corresponds to 1600 focal planes per second, which is a capability that is
an order of magnitude greater than competing approaches.

[00012] The display system includes a display module configured to provide a
variable light field along an optical path of the display system. The display system
includes an optical element positioned in the optical path to receive light from the
display module and direct the light into a field of view of the display system to
display a scene in the field of view, the optical element having a focal length on an
optical axis of the optical element that varies in response to a control signal. The
display system includes a control system in communication with the display module

and the optical element, the control system being programmed to generate the control
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signal to cause the optical element to cycle through a series of focal lengths at a
frequency, each focal length of the series corresponding to a focal plane of a series of
focal planes. The control system is further programmed to vary the light field from the
display module to display the scene as a sequence of different image frames. The
different image frames are synchronized with the control signal so that each of the
different image frames is presented at a corresponding one of the series of focal
planes.

[00013] In some implementations, the control signal is configured to cause the
optical element to continuously adjust the focal length across a range between a
minimum focal length and a maximum focal length.

[00014] In some implementations, the display system includes a focal length
tracking module, the focal length tracking module configured to monitor variations of
the focal length of the optical element and provide feedback to the control system. In
some implementations, the focal length tracking module includes a light emitting
device configured to emit a beam of light through the optical element, and a light-
sensitive sensor configured to detect a deflection of the beam of light through the
optical element. The amount of the deflection of the beam of light is a function of the
focal length of the optical element. In some implementations, The focal length
tracking module incldues a light emitting device configured to illuminate the optical
element to generate an optical wavefront, and a light sensitive device configured to
receive the optical wavefront from the optical element and determine a curvature of
the optical element.

[00015] In some implementations, the series of focal planes includes at least
five focal planes. In some implementations, the series of focal planes comprises at
least 25 focal planes.

[00016] In some implementations, each scene frame of the display element
includes an image frame at each focal plane of the series of focal planes.

[00017] In some implementations, the display module includes projection
optics arranged to direct light from a spatial light modulator to the optical element.
[00018] In some implementations, the optical element comprises a focus-
tunable lens. In some implementations, the optical element is an adjustable mirror or
an adjustable phase mask.

[00019] In some implementations, the display module comprises a digital
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micromirror array. In some implementations, the display module comprises one or
more of an OLED screen and a microLED screen.

[00020] In an aspect, the display system includes a multi-focal display
configured to display images comprising at least five focal planes per frame. A focus-
tunable lens is configured to vary a focal length corresponding to each of the at least
five focal planes per frame.

[00021] In an aspect, a method of displaying a scene using a display device
includes varying a light field projected from a display module according to a sequence
of different image frames. The method includes directing, with an optical element, the
light field from the display module into a field of view of the display device and
varying a focal length of the optical element through a series of different focal lengths
while varying the light field to display the scene by presenting each of the image
frames at a different one of the focal lengths.

[00022] In an aspect, a method of displaying a scene comprising a series of
image frames at different positions in a depth of field of the scene using a display
device includes determining a frame rate for displaying the image frames with a
display module. The method includes determining a set of focal planes for displaying
a corresponding image frame of the scene. The method includes generating a first
control signal configured to cause an optical element to cycle through a range of focal
lengths at a frequency lower than the frame rate. The method includes generating a
second control signal configured to cause the display module to display the
corresponding image frame when a focal length of the optical element corresponds to
a focal plane of the set of focal planes, the image frame corresponding to the focal
plane for the depth of field of the scene.

[00023] In some implementations, the method further includes receiving, from
a sensing element, a signal representing a variation of a focal length of the optical
element, and adjusting, in response to the receiving, either the first control signal, the
second control signal, or both the first and second control signals.

[00024] In some implementations, the second control signal comprises an
indicator representing, for one or more pixels of the scene, the image frame for
displaying the one or more pixels by the display element. Determining the frame rate
includes determining a per-frame bit-depth of the display element.

[00025] In some implementations, determining the set of focal planes
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comprises selecting a maximum focal plane corresponding to a maximum distance,
selecting a minimum focal plane corresponding to a minimum distance, and selecting
a number of focal planes to interpolate between the maximum focal plane and the
minimum focal plane based on the per-frame bit-depth of the display element.
[00026] In some implementations, the set of focal planes includes at least five
focal planes. In some implementations, the set of focal planes includes at least 25
focal planes.

[00027] The details of one or more embodiments of the display system are set
forth in the accompanying drawings and the description below. Other features,
objects, and advantages of the invention will be apparent from the description and

drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[00028] FIG. 1 shows an example of a portion of a display system.

[00029] FIG. 2 shows example inputs and outputs for the display system.
[00030] FIG. 3A-3C shows example configurations of display systems.

[00031] FIG. 4 shows Fourier transforms of a light field at each stage of the
display system.

[00032] FIG. 5A shows an example of the display system of FIG. 1 with an
example focal length tracking module.

[00033] FIG. 5B shows an optical layout of the focal length tracking module of
FIG. 5A.

[00034] FIG. 6 shows example circuits for processing the output of the focal

length tracking module of FIGS. 5A-5B and for driving the optical element of the
display system.

[00035] FIG. 7 shows examples of images captured from the display system.
[00036] FIG. 8 shows an example of a driving signal for driving the optical
element of the display system.

[00037] FIG. 9 shows a graph depicting blur kemel size.

[00038] FIG. 10 shows measurements of a point spread function for the display
system.

[00039] FIGS. 11 A-B show simulation results of scenes displayed by the

display system.

[00040] FIG. 11C shows an example transfer function of modulation for the
6
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results of FIGS. 11A-11B.
[00041] FIG. 12 shows captured inter-plane focused images and associated

transfer functions.

[00042] FIG. 13 shows a comparison of scenes displayed by the display

system.

[00043] FIG. 14 shows example scenes displayed by the display system.

[00044] FIG. 15 shows an example display system with a stereoscopic module.

[00045] FIGS. 16 A-16B show simulation results.

[00046] FIGS. 17-18 show example processes for displaying a scene including

a set of focal planes.

[00047] Like reference symbols in the various drawings indicate like elements.
DETAILED DESCRIPTION

[00048] FIG. 1 shows an example of a portion of a display system 100. The

display system 100 includes a display module 104 configured to provide a variable
light field along an optical path of the display system 100. An optical element 102 is
positioned in the optical path to receive light from the display module 104 and direct
the light into a field of view 112 of the display system to display a scene in the field of
View.

[00049] In some implementations, the optical element 102 has a focal length on
an optical axis 110 of the optical element that varies in response to a control signal.
For example, the optical element 102 can include a focus-tunable lens. The control
signal can include an applied voltage, an applied current, etc. depending on the
particular optical element 102. In some implementations, the optical element 102
includes an adjustable mirror or an adjustable phase mask.

[00050] The display module 104 is configured to provide the light field through
the optical element 102 for viewing (e.g., by a user). A scene is displayed on the
display module 104. Generally, the scene includes multiple image frames, and each
image frame corresponds to a focal plane of a focal plane stack 106. In some
implementations, each image frame corresponds to a different focal plane. When
displaying the scene, the display module 104 cycles through each image frame of the
scene for a particular frame of the scene. The number of image frames of the scene
per scene frame depend on the bit-depth of the scene. The bit-depth determines how

many focal planes are in the focal plane stack 106. Once each image frame is
7
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displayed for each focal plane of the focal plane stack 106, the next frame of the scene
is shown.

[00051] In some implementations, the display module 104 includes projection
optics arranged to direct light from a spatial light modulator to the optical element.
For example, the display module 104 can include a digital micromirror device
(DMD), such as a digital micromirror array. In some implementations, the display
module 104 includes an OLED screen. As long as the display module 104 is capable
of refreshing the display frequently enough to display each frame of the scene and
each image frame of the scene frame. In this way, the frame rate of the display module
is greater than the frame rate of the displayed scene, because each scene frame
includes the number of image frames corresponding to the number of focal planes for
that scene frame.

[00052] The display system 100 includes a control system 114 in
communication with the display module and the optical element. The control system
114 generally includes a computing system. The control system 114 is configured
(e.g., programmed) to generate a control signal to cause the optical element to cycle
through a series of focal lengths at a frequency. The control signal can include one or
more of an analog signal or a digital signal, depending on the interface of the control
system with the optical element 102 and the display module 104. Each focal length of
the series of focal lengths corresponds to a to a focal plane of the focal plane stack
106 (also called a series of focal planes).

[00053] The control system 114 is configured to cause the optical element 102
to vary its focal length in order to cause the light of the display module 104 to appear
at various focal planes of the focal plane stack 106. To achieve this, the control system
114 causes the optical element 102 to continuously sweep through a range of focal
lengths, from a minimum to a maximum focal length (and/or vice versa). For
example, the control system 114 can output a triangle waveform to cycle the optical
element 102 from a minimum focal length to a maximum focal length, and then back
to the minimum focal length (showing two scene frames). Each iteration of adjusting
through the range of focal lengths constitutes a scene frame, as previously described.
The frequency of sweeping though the range of focal lengths is thus less than the
frame rate of the display, so that the display can update to show an image frame at

each focal plane of the focal plane stack 106. The control system 114 is configured to
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vary the light field from the display module 104 to display the scene as a sequence of
the different image frames. A signal can be sent from the control system to
synchronize the different image frames so that each of the different image frames is
presented at a corresponding one of the series of focal planes. The focal length of the
optical element 102 can be continuously changed, meaning that a waveform with a
non-zero derivative is continuously generated by the control system 114 to adjust the
focal length of the optical element 102. This is in contrast to controlling the optical
element 102 to discrete focal lengths by a step function waveform (or similar control
signal).

[00054] In some implementations, the focal length of the optical element 102 is
continuously adjusted through the range of focal lengths. The range of focal lengths
can be based on the particular optical element 102. For example, the range of focal
lengths is generally from a S5cm minimum to a maximum of infinity (e.g., no focusing
of incoming light). This approximates the range of human vision and provides a
realistic depth to the scene. When the optical element 102 has a focal length that
corresponds to a focal plane of the focal plane stack 106, the display module 104
displays the desired image for that focal plane. In some implementations, the series of
focal planes includes at least five focal planes. In some implementations, the series of
focal planes includes at least 25 focal planes. With this configuration, the display
system 100 is capable of potentially displaying each pixel of the display module 104
at many focal plane depths with different contents. The display system 100 is not
limited to displaying a particular pixel for a scene frame at a single focal plane, or
leaving the pixel unchanged for the scene frame. Rather, the pixel can change for each
image frame displayed in the scene frame.

[00055] In some implementations, the display system 100 includes a focal
length tracking module 108 configured to track the focal length of the optical element
102 and provide feedback to the control system 114. While the focal length tracking
module 108 is not required for operation of the display system 100, the feedback
provided by the focal length tracking module 108 can increase the accuracy of the
synchronization of the display module 104 and the optical element 102. For example,
the focal length tracking module 108 can provide feedback to the control system 114
so that the control system 114 can cause the display module 104 to display the correct

image at the right time, so that the image is displayed when the optical element 102
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has the desired focal length, and thus the image is displayed at the correct focal plane
of the focal plane stack 106. The focal length tracking module 108 is described in
relation to FIGS. 5A-5B and FIG. 15.

[00056] Turning to FIG. 2, the display system 100 receives several example
inputs 200 and produces example outputs 202 from the inputs. The display system
100 is configured to produce strong focusing cues for the human eye, which typically
requires rendering scenes with dense focal stacks. This would require a virtual reality
display that can produce thousands of focal planes per second. The display system
100 achieves this capability by exciting the focus-tunable lens with a high-frequency
input and tracking its focal length at microsecond time resolution. The display system
100 is capable of generating 1600 focal planes per second, which we use to render 40
focal planes per frame at 40 frames per second. The images 212, 214, 216, 218 are
captured with a 50mm f/2.8 lens focused at different depths away from the tunable
lens. Image 212 is captured at 25c¢m, image 214 is captured at a focal length of 50cm,
image 216 is captured at a focal length of 1.2m, and image 218 is captured at a focal
length of infinity (e.g., no focusing by the optical element 102). Though images
corresponding to four focal planes are show, other numbers of focal planes (e.g., 25 or
more) can be included in the output.

[00057] The display system 100 receives several inputs to generate images 212,
214, 216, and 218. For example, the display system 100 receives an input image 204
to translate into images of varying focal planes for AR/VR applications. One or more
pixels (generally, each pixel) of the image 204 is assigned a focal plane, as shown in
image 206. The focal plane data can be generated by a computing module of the
display system 100, (e.g., by the control system 114) based on one or more sensor
readings. For example, a range sensor can capture depth data 208 for objects shown in
the image (e.g., if the scene of the image 204 corresponds to a real-life scene captured
by a camera). For example, a head mounted display (HMD) including the display
system 100 can also include a camera to capture images 204 for displaying to the user.
The HMD can also include the range sensor to capture range data for focal plane
assignment. In some implementations, the focal plane assignment is received from
another computing system along with the image 204. In some implementations, the
focal plane assignment data 206 is generated from the image 204 without any other

data being received.
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[00058] A typical VR display includes a convex eyepiece and a display.
Turning to FIGS. 3A-3C, examples of typical configurations of VR displays are
shown. As shown in FIG. 3A, a device 300 includes display which is placed within
the focal length of the convex lens in order to create a magnified virtual image. The

distance v > 0 of the virtual image can be calculated by the thin lens formula:
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where ds 1s the distance between the display and the lens, and fis the focal length. % is

an affine function of the optical power (1/f) of the lens and the term 1/d, . By
choosing d, and 7, the designer can put the virtual image of the display at the desired
depth. However, for many applications, most scenes need to be rendered across a
wide range of depths. Due to the fixed focal plane, typical displays, such as display
300, do not provide natural accommodation cues.

[00059] Multifocal and varifocal displays control the depths of the focal planes
by dynamically adjusting f or do in equation 1. Multifocal displays aim to produce
multiple focal planes at different depths for each frame. FIG. 3B shows a typical
device 302. Varifocal displays support only one focal plane per frame whose depth is
dynamically adjusted based on the gaze of the user’s eyes. FIG. 3C shows a typical
device 304. Multifocal and varifocal displays can be designed in many ways,
including the use of multiple (transparent) displays placed at different depths, a
translation stage to physically move a display or optics, deformable mirrors, as well as
a focus-tunable lens to optically reposition a fixed display. Varifocal focal displays
show a single focal plane at any point in time, but they require precise eye/gaze-
tracking at low latency. Multifocal displays, on the other hand, have largely been
limited to displaying a few focal planes per frame due to the limited switching speed
of translation stages and focus-tunable lenses.

[00060] While multifocal and varifocal displays produce a collection of focal
planes, light field displays aim to synthesize the light field of a 3D scene. In some
implementations, angular information is introduced in some typical devices by

replacing the eyepiece with a microlens array. In some implementations, multiple

11
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spatial light modulators are used to modulate the intensity of light rays. While these
conventional displays fully support accommodation cues and produce natural defocus
blur and parallax, they suffer from poor spatial resolution due to the space-angle
resolution trade-off.

[00061] When virtual scenes are rendered with few focal planes, there are
associated aliasing artifacts as well as a reduction of spatial resolution on content that
is to be rendered in between focal planes. Such artifacts can be alleviated using linear
depth filtering. However, linear depth filtering produces artifacts near object
boundaries due to the inability of multifocal displays to occlude light. To produce
proper occlusion cues with multifocal displays, the device can jointly optimize the
contents shown on all focal planes. By modeling the defocus blur of focal planes
when an eye is focused at certain depths, they formulate a non-negative least-square
problem that minimizes the mean-squared error between perceived images and target
images at multiple depths.

[00062] The number of focal planes for supporting a target accommodation
range is chosen by the display system 100, either before operation or during
operation. In order to be indistinguishable from the real world, a virtual world should
enable human eyes to accommodate freely on arbitrary depths. In addition, the virtual
world should have high spatial resolution anywhere within the target accommodation
range. This requires generating light fields of high spatial and angular resolution.
Displaying a dense focal stack as described in relation to FIG. 1 achieves the goal of
generating virtual worlds that can handle the accommodation cues of the human eye.
[00063] To understand the capability of a multifocal display, the generated light
field of the display system 100 is shown in the frequency domain. FIG. 4. shows
Fourier transforms of a light field at each stage of the display system. This analysis
focuses on the minimum number of focal planes required to retain spatial resolution
within an accommodation range, as opposed to efficient rendering of foveated light
fields. In FIG. 4, a Fourier transform of the 2-dimensional light field at each stage of a
multifocal display, such as the display system 100. The display system 100 is assumed
to be isotropic and has pixels of pitch Ax. Image 400 shows that each light ray in the

12
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light field is characterized by its intercepts with two parallel axes, x and », which are
separated by 1 unit, and the origin of the u-axis is relative to each individual value of
x. Image 402 shows that, with no angular resolution, the light field spectrum emitted

by the display is a flat line on fx .
[00064] For FIG. 4, only on the central portion (|fy< i) is shown for the

images 400-414. In image 404, the light field propagates d. to the tunable lens,
causing the spectrum to shear along f.. Image 406 shows refraction due to the lens
corresponds to shearing along fx, forming a line segment of slope —v;, where v is the
depth of the focal plane. Images 408. 410 show refraction by the lens in a viewer’s
eye and propagation d. to the retina without considering the finite aperture of the
pupil. Image 412 shows the spectrum of the pupil function propagates d. to the retina.
Image 414 shows the light field spectrum on the retina with a finite aperture is the 2-
dimensional cross-correlation between image 410 and image 412. According to
Fourier slice theorem, the spectrum of the perceived image is the slice along fx, shown
as the red line. The diameter of the pupil and the slope of the line of image 410, which
is determined by the focus of the eye and the virtual depth vi, determine the spatial
bandwidth, 7, of the perceived image.

[00065] This analysis considers a flatland with two-dimensional light fields. In
the flatland, the direction of a light ray is parameterized by its intercepts with two
parallel axes, x and u, which are separated by 1 unit, and the origin of the u-axis is
relative to each individual value of x such that u measures the tangent angle of a ray
passing through x, as shown in image 400. The human eye is modeled with a camera
composed of a finite-aperture lens and a sensor plane d. away from the lens, following
several assumptions. For example, one assumption is that the pupil of the eye is
located at the center of the focus-tunable lens and is smaller than the aperture of the
tunable lens. Another assumption is that the display and the sensor emits and receives
light isotropically. In other words, each pixel on the display uniformly emits light rays
toward every direction and vice versa for the sensor. Another assumption is small-
angle (paraxial) scenarios, since the distance d, and the focal length of the tunable lens
(or essentially, the depths of focal planes) are large compared to the diameter of the
pupil. This assumption simplifies analysis by allowing consideration of each pixel in

1solation.
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[00066] Since the display is assumed to emit light isotropically in angle, the
light field created by a display pixel can be modeled as {4 (x,u) =1 8(x)*rect (;—x),

where / is the radiance emitted by the pixel, * represents two-dimensional

convolution, and Ax is the pitch of the display pixel. The Fourier transform of {z (x,u)

is La (fx, fu) = ﬁ sinc(Axf,)., which lies on the f; axis, as shown in images 402. Only

the central lobe of sinc(Ax fx ) corresponding to | fx | < i is plotted, since this is

sufficient for calculation of the half-maximum bandwidth of retinal images. In the
following, we omit the constant i for brevity.

[00067] The optical path from the display module 104 to the retina (sensor) is
decomposed to examine its effects in the frequency domain. After leaving the display,
the light field propagates a distance do, gets refracted by the tunable lens, and by the
lens of the eye where it is partially blocked by the pupil, whose diameter is a, and
propagates a distance d.to the retina where it finally gets integrated across angle.
Propagation and refraction shears the spectrum of the light field along /. and fi,
respectively, as shown in images 404, 406, and 408. Before entering the pupil, the

do
2vidx

focal plane at depth v forms a segment of slope —vi within | fx | < where % is due

to the magnification of the lens. For brevity, we show only the final (and most
important) step and defer the full derivation to the next section. Suppose the eye

focuses at depth v = fede /(de — fe), and the focus-tunable lens configuration creates a

focal plane at vi. The Fourier transform of the light field reaching the retina is

Le(fr fud = L9 fe fu) @AM (£, f0), @

where @ represents two-dimensional cross correlation, Z(v:) is the Fourier transform
of the light field from the focal plane at vi reaching the retina without aperture as
shown in image 410, and 4% is the Fourier transform of the aperture function
propagated to the retina, shown in image 412. Depending on the virtual depth vi, the
cross correlation creates different extent of blur on the spectrum, shown in image 414.
Finally, the Fourier transform of the image that is seen by the eye is simply the slice

along fron Le.
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[00068] When the eye focuses at the focal plane (v = vi), the spectrum lies

entirely on f; and the cross correlation with 4 has no effect on the spectrum along

which is

f~. The resulted retinal image has maximum spatial resolution de"A

e

independent of the depth of the focal plane vi.
[00069] When the eye is not focused on the virtual depth plane, i.e., vi£v, the

cross correlation results in a segment of width

TFoyed v el b
L S e i

on the fr—axis, shown in image 414. Note that |L. (£, 0) | = sinc(0.5) x sinc(0.5) =
0.4, and thereby the half-maximum bandwidth of the spatial frequency of the
perceived image is upper-bounded by W.

[00070] A more detailed derivation is now presented. Provided are the
analytical expressions for the perceived spatial resolution (e.g., equation 3, below)
and the minimum number of focal planes required (e.g., equation 5, below). The
optical path from the display to the retina (sensor) is decomposed to examine the
effect in frequency domain due to each component. Due to the finite pixel pitch, the

light field creates by the display can be modeled as:

fglr o} = ii”e‘:t o } &l = @\1 ? Sx — mldx)
% VAR : L

fM=—o

where * represents two-dimensional convolution, Ax is the pitch of the display pixel,

and (t is the target light field. The Fourier transform of {a (x,u) is:

o

, S mo,
£ g,,*‘ }M} = i nufm ?«g } J}tgu. Log \;?\ ; o,;,.ﬂm‘ﬁ: — ﬁs
[00071] The finite pixel pitch acts as an anti-aliasing filter and thus we consider

only the central spectrum replica (2 = 0). Also, we assume |L: ( fx, fu) | =0 for all | /x|
> Elx to avoid aliasing. Since the light field is nonnegative, or £a> 0, we have |L: ( fx,

fu)| <L (0, 0). Therefore, it is shown that:

ol fe full < Le{G0) Ioine{ Aol SUeh, il = 3 (11}
Halfe, flll=0, stherwise. {13}
Therefore, in the ensuing derivation, we will focus on the upper-bound:

[ Y
b\ . ix ‘
{ regt i —
y AR

Ly = sinc{ixfi}
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The light field spectrum L4 forms a line segment parallel to fx, as plotted in image
400.
[00072] The propagation to the eye of the light field is now described. After
leaving the display, the light field propagates do and get refracted by the focus-tunable
lens before reaching the eye. Under first-order optics, there operations can be modeled
by coordinate transformation of the light fields. Let x = [x u]T- After propagating a
distance do, the output light field is a reparameterization 