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(57) Abstract: A method for displaying a near-eye light field display (NELD) image is disclosed. The method comprises determin-
ing a pre- filtered image to be displayed, wherein the pre-filtered image corresponds to a target image. It farther comprises displaying
the pre-filtered image on a display. Subsequently, it comprises producing a near-eye light field after the pre-filtered image travels
through a microlens array adjacent to the display, wherein the near-eye light field is operable to simulate a light field corresponding
to the target image. Finally, it comprises altering the near-eye light field using at least one converging lens, wherein the altering al -
lows a user to focus on the target image at an increased depth of field at an increased distance from an eye of the user and wherein
the altering increases spatial resolution of said target image.
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HYBRID OPTICS FOR NEAR-EYE DISPLAYS

CROSS-BEFERENCE TO RELATED APPLICATIONS

G061 This application clairos priority from U8, Provisional Application No. 61/865,784,

Attorney Docket NVID-P-SC-13-1213-1780, filed Aungust 14, 2013, the entire disclosure of

6062 The following copending U.8. Patent Application are incorporated herein by
reference for all purposes: ULS. Patent Application Serial No. 13/720809, "NEAR-EYE
MICROLENS ARRAY DISPLAYS,” Attorney Docket NVID P-3C-12-0347-US1, David
Luebke, filed December 19, 2012; and U.S. Patent Application Serial No. 13/720831, "NEAR-
EYE PARALLAX BARRIER DISPLAYS,” Attorney Docket NVID P-5C-12-0347-1J5Z, David
Luebke, fled December 19, 2012; and ULS. Patent Application Serial No. 13/720842, “NEAR-
EYE OPTICAL DECONYVOLUTION DHSPLAYS,” Attorney Bocket NVID P-SC-12-0347-
US3, David Luebke, filed December 19, 2012,

BACKGROUND OF THE INVENTION

[(003] Near-eye displays (NEDs) inchude head-mounted displays (HMDs) that may project
mmages directly into a viewer's eyes. Such displays may overcome the limited screen size
afforded by other mobile display form factors by synthesizing virtual large-format display

surfaces, or may be used for virtual or augmented reality apphications.

(004} Near-eye displays can be divided into two broad categories: tmmersive displays and
sec-through displays. The former may be emploved in virtual reality (VR) environments {o
completely encompass a user's ficld of view with synthetically-rendered tmagery. The latter may
be employed in augmented realhity {AR) applications, where text, other synthetic annotations, or
images may be overlaid in 8 user’s view of the physical envirooment. In terms of display

technology, AR applications require semi-transparent displays (e.g., achieved by optical or
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electro-optical approaches), such that the physical world may be viewed simultaneously with the

near-eye display.

LEERY Near-eye displays (NEDs) have proven difficult to construct due to the fact that the
unaided buman eye cannot accornmeodate (focus) on objects placed within close distances, for
example, the distance between the lenses of reading glasses to a user’s eye when the user is
wearing the glasses. As a result, NED systems have conventionally required complex and bulky
optical clements to allow the viewer to comfortably accommodate on the near-cye display, which

would otherwise be out of focus.

[6006] A conventional solution is o place a beam-sphiter {e.g., a partially-silvered mirror)
directly in front of the viewer's eye. This allows a direct view of the physical scene, albeit with
reduced brightness. In addition, a dispiay {e.g., an LUD panel) is placed on the secondary optical
path. Introducing a lens between the beam-sphiticr and the display may have the effect of
synthesizing a semu-transparent display located within the physical environment. In practice,
muliiple optical elements are required to minimize aberrations and achieve a wide field of view
for such a solution, leading to bulky and expensive eyewear that has prohibited widespread

consumer adoption.

G087 A conventional solution for VR applications i3 to place a magnifier in front of'a
microdisplay. For example, a single lens placed over a small LCD panel so that the viewer can
both accommedate or focus on the display, despite the close distance, as well as magnify the

display, so that it appears to be much larger and at a greater distance.
o o

BRIEK SUMMARY OF THE INVENTION

[068] Embodiments of the present invention provide near-eve displays, wherein a display is
viewed through a light field generating element, e.2., a roicrolens array, placed in proximity to
the display, and a converging lens placed adjacent to the light field generating element. In one
embeodiment, the microlens array and display act in concert to depict a Hight fieid for virtual
objects located within a compressed depth of field. Accordingly, crmbodiments of the present

2
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mvention provide a hybrid optics systerns wherein a primary magnifier used in conventional
head mounted displays (HMDs) is combined with a microlens array used in near-cye light field
display (NELD} architectures. As compared with NELD architectures, the converging lens can
reduce the depth of field that raust be depicted with the hight field display and traunslate it closer
to the user’s eye. As aresult, embodiments of the nvention prechide the need for additional
costly or bufky optical elements to sopport comfortable accommodation for head mounted

displays.

G069 The converging lens placed in front of (¢.g., towards the eye) the microlens array
mduces an artificial myopia {nearsightedness) in the viewer.  Accordingly, the underlying near-
eyve hight field display, which, in one embodiment, is a combination of the microlens array and a
display, can be operated in a manner that preserves a greater percentage of the native display
resolation.  Embodiments of the present invention therefore improve the perceived spatial
resolation for the user. By relaxing the requirement for high resolution displays, embodiments
of the present nvention can be incorporated into more practical form factors that can be

produced at a lower cost than conventional head mounted displays.

16618 In one embodiment, a roethod for displaying a near-eye hght field display (NELD)
image is disclosed. The method comprises determining a pre-filicred image to be displayed,
wherein the pre-filtered image corresponds to a target image. It further comprises displaying the
pre-filtered image on a display. Subsequently, #t comprises producing a near-cye light ficld after
the pre-filiered image travels through a mucrolens array disposed adjacent to the display, wherein
the near-eye Hght field is operable to simulate a light field corresponding to the target image.
Finally, #t comprises altering the near-eye light field using at least one converging lens, wherein
the altering allows a user to focus on said target image at an increased depth of ficld at an

increased distance from an eye of the user and (o increase spatial resohution of said target image.

011} In another embodiment, a system for displaying a NELD image is disclosed. The
system comprises a display comprising a plurality of pixels and a computer system coupled with
the display and operable to cause the display to render a target fmage. It further comprises a

microlens array disposed adjacent to the display and comprising a phlurality of microlenses,

3
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wherein the microlens array is operable to produce a light field corresponding to the target image
by altering Light emitted by the display, and wherein the display and the microlens array are
disposed within a near-cye range of an observer.  Also it comprises at least one
converging lens disposed between the microlens array and an expected position of an eye of the
observer, wherein the at least one converging lens is operable to further alter the hght field
emitied from the microlens array in order to aliow a user to focus on said target image at an
mereased depth of ficld at an increased distance from an eye of the observer and fo increase the

spatial resolution of the target image.

G013 In a different embodiment, an apparatus for displaying a NELD image is disclosed.
The apparatus comprises a curved display comprising a plurality of pixels, operable to display a
pre-filtered image corresponding to a target image. It also comprises a curved microlens array
disposed adjacent to the display and comprising a plurality of microlenses, wherein the
microlens array is operable to produce a Hight field corresponding to the target image by aliering
hight emitted by the display, and wherein the display and the microlens array are disposed within
a near-eye range of an observer.  Fmally, i one embodiment, it comprises at least one
converging lens, wherein the at least one converging lens is operable to further alter the hight
ficld emitted from the microlens array before entering an eye of the observer in order to allow
the observer to focus on said target image at an increased depth of field at an increased distance

from an eye of the observer and to increase the spatial resolution of the target image.

6013 The following detailed deseription together with the accompanying drawings will

provide a better umderstanding of the nature and advantages of the present invention.

BRIEK DESCRIPTION OF THE DRAWINGS

16614} Embodiments of the present invention are iflustrated by way of example, and not by
way of limitation, in the figures of the accompanying drawings and in which like reference

pumerals refer to similar elements.
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1661 5] FIG. 1 1s an exemplary computer aystem in accordance with embodiments of the
present invention.

{61 6} Figure ZA iflusirates a conventional near-cye display (NED) comprising a converging

lens in front of a display.

[G017] Figure 28 illustrates a near-cye light ficld display (NELD) systern comprising a

microlens array placed adjacent to a display.

[6618] Figure 2C illustrates a hybrid optics for near-eye display (HONED) architecture
wherein a converging lens is placed in fromt of a microlens array in accordance with

erobodiments of the present invention.

16619 Figure 3 illustrates the shortcomings of the NELD architecture.
G028 Figure 4 illustrates the manner in which the hybrid optics for near-eve displays

architecture increases perceived spatial resolution in accordance with embodiments of the

present fnvention.

(G021 Figure 5 illustrates the perceived resolution of the hybrid optics for near-cye display
architecture plotted as a function of the virtual object distance in accordance with embodiments

of the present invention.

[0622] Figure 6 is a table comprising design examples for HONED architectures.

1623] Figure 7 ilhustrates the manner in which curving the microlens array ina NELD
architecture increases the perceived resohution in accordance with embodiments of the present

invention.

(024} Figure 8 ilhustrates the manner in which curving the microlens array in addition to
using the converging lens of the hybrid optics for near-cye displays architecture increases the
perceived resolution in accordance with embodiments of the present invention.

5
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16625] Figures 9A-SF llustrate the types of hybrid optics for near-eye displays that can be

used in accordance with embodiments of the present imvention.
{626} FiG. 10 shows a flowchart of an exeraplary computer-implemented process of

displaying a NELD image with fncreased spatial resolution in accordance with embodiments of

the present invention..

BETAILED DESCRIPTION OF THE INVENTION

(30271 Reference will now be made in detail to the various embodiments of the present
disclosure, examples of which are illustrated in the accompanying drawings. While deseribed in
conjunction with these embodiments, #t will be undersicod that they are not intended to limit the
disclosure to these embodiments. On the contrary, the disclosure is intended to cover
alternatives, modifications and equivalents, which may be included within the spirit and scope of
the disclosure as defined by the appended claims. Fuorthermore, in the following detailed
description of the present disclosure, numerous specific detaiis are set forth in order to provide a
thorough understanding of the present disclosure. However, 1t will be understood that the
present disclosure may be practiced without these specific details. In other instances, well-
known methods, procedures, componenis, and circuits have not been described 1 detail so as not

to unnecessarily obscure aspects of the present disclosure.

G028 Some portions of the detailed descriptions that follow are presented in torms of
procedures, logic blocks, processing, and other symbolic representations of operations on data
bits within a computer memory. These descriptions and representations are the means used by
those skilled in the data processing arts to most effectively convey the substance of their work to
others skilled in the art. o the present application, a procedure, Jogic block, process, or the like,
is concetved to be a self-consistent sequence of steps or instructions leading to a desired result.
The steps are those utilizing physical manipulations of physical quantities. Usually, although not
necessarily, these quantities take the form of electrical or magnetic signals capable of being

stored, transferred, combimned, compared, and otherwise manipulated in a computer system. ft
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has proven convenient at times, principally for reasons of common usage, to refer to these

signals as transactions, bits, values, elements, symbols, characters, samples, pixels, or the like.

13029] It should be borne in mind, however, that all of these and similar terms are to be
associated with the appropriate physical quantities and are merely convenient labels applied to
these quantities. Unless specifically stated otherwise as apparent from the following discussions,
it is appreciated that throughout the present disclosure, discussions utthzing terms such as

EL IS

“determining,” “displaying,” “producing,” “altering” or the like, refer to actions and processes
{e.g., flowchart 1000 of FIG. 10) of a computer system or similar clectronic computing device or
s 1 STV N . y RIS K 3 s s
processor (e.g., system 110 of FIG. 1). The computer system or similar electronic computing
device manipulates and transforms data represented as physical (electronic) quantitics within the
computer system memories, registers or other such information storage, transmission or display

devices.

3036 Embodiments described herem may be discussed in the general context of computer-
exccutable instructions residing on some form of computer-readable storage medivm, such as
prograr modules, executed by one or more computers or other devices. By way of example, and
not Hroitation, computer-readable storage media may comprise non-transiiory computer-readable
storage media and communication media; non-transtiory computer-readable media include all
computer-readable media except for a transitory, propagating signal. Generally, program
modules include routines, prograras, objects, components, data structures, cte., that perform
particular tasks or impleroent particular abstract data types. The functionality of the program

modules may be combined or distributed as desived in various embodiments.

(G031 Computer storage media inchides volatile and nonvolatile, removable and non-
reraovable media implemented in any method or techunology for storage of information such as
coroputer-readable instructions, data structures, program modules or other data. Computer
storage media includes, but is not limited to, random access memory (RAM), read only memory
{(ROM), clectrically erasabie progranumable ROM (EEPROM), flash memory or other memory
technology, compact disk ROM (CD-ROM), digital versatile disks (DVDs) or other optical

storage, magnetic casseties, magnetic tape, magnetic disk storage or other magnetic storage

7
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devices, or any other medium that can be used 1o store the desired fnformation and that can

accessed to retrieve that information.

16032] Communication media can embody computer-executable instructions, data structures,
and program modules, and includes any information delivery media. By way of example, and
not Hitation, communication media inchides wired media such as a wired network or direct-
wired connection, and wireless media such as acoustic, radio frequency (RF), infrared, and other
wireless media. Combinations of any of the above can also be included within the scope of

coraputer-readable media.

16633 FIG. 1 18 a biock diagram of an example of a coroputing system 110 capable of
implementing embodiments of the present disclosure. Computing system 110 broadly represents
any single or multi-processor computing device or system capable of executing computer-
readable instructions. Examples of computing systera 110 include, without limitation,
wotkstations, laptops, chent-side ternunals, servers, distributed computing systems, handheld
devices, head mounted computer display systems, or any other computing sysiem or device. In
its most basic configuration, computing system 110 may include at least one processor 114 and a

system memory 116.

[6034] Processor 114 generally represents any type or {form of processing unit capable of
processing data or interpreting and executing instractions. For examiple, processing unit 114
may represent a central processing unit (CPU), a graphics processing unit (GPU), or both. In
certain embodiments, processor 114 may receive instructions from a software apphication or
modole. These mstructions may cause processor 114 to perform the functions of one or more of

the example cmbodiments described and/or ilhustrated herein.

1635} System memory 116 generally represents any type or form of volatile or non-volatile
storage device or mediura capable of storing data and/or other computer-readable instructions.
Examples of system memory 116 include, without lmitation, RAM, ROM, flash memory, or any

other suitable memory device. Although not required, in certain embodiments computing system
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110 may inchide both & volatile memory unit (such as, for example, system memory 116y and a

non-volatile storage device (such as, for example, primary storage device 132).

3036] Computing system 110 may also include one or more components or clements in
addition to processor |14 and system memory 116, For example, in the embodiment of FIG. 1,

computing system 110 includes a memory controller 118, an inputoutput (1/O) controller 120,

e 1
i

and a communication interface 122, each of which may be interconnected via a compmumication
infrastructure 112, Comunmunication infrastructure 112 generally represents any type or form of
infrastructure capable of facilitating conwaunication between one or more components of a
coroputmg device. Examples of commumication mfrastructure 112 include, without Bmitation, a
cormumication bus (such as an Industry Standard Architectare (ISA}, Peripheral Component

Intercommnect (PCH, PCI Express (PCle), or similar bus) and a network,

[B0374 Memory controller 118 generally represents any type or formo of dovice capable of
handliing memory or data or controlling communication between one or more components of
computing system 110, For example, memory controller 118 may control communication
between processor 114, system memory 116, and VO controller 120 via communication

mfrastructure 112,

G035 /O controller 120 generally represents any type or form of module capable of
coordinating and/or controlling the input and output functions of a computing device. For
exaraplie, VO controller 120 may control or facilifate transfer of data between one or more

elements of computing system 110, such as processor 114, system memory 116, communication

3 3
H H
X X

interface (22, display adapter 126, input mnterface 130, and storage interface 134,

(0391 Commumcation mterface 122 broadly represents any type or form of communication
device or adapter capable of facilitating communication between example computing system 110
and one or more additional devices. For example, communication aterface 122 may facilitate
communication between computing system 110 and a private or public network including

additional computing sysicms. Exaropics of communication interface 122 include, without

hmitation, a wired network interface (such as a network interface card), a wireless network

9
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mterface (such as a wireless network interface card), a modem, and any other suitable interface.
In one embodiment, communication interface 122 provides a direct connection to a remole
server via a direct link to a netwaork, such as the Internet. Comnmunication interface 122 may also

mndirectly provide such a comnection through any other suitable connection.

16048 Commanication mterface 122 may also represent a host adapter configured to

1
i

facilitate communication between computing system 110 and one or more additional network or
storage devices via an external bus or commmunications channel. Examples of host adapiers
include, without limitation, Small Computer System Interface (SCSI) host adapters, Universal
Serial Bus (1/5B) host adapters, [EEE (Institute of Electrical and Electronics Engineers) 1394
host adapters, Serial Advanced Technology Attachment (SATA) and External SATA (eSATA}
host adapters, Advanced Technology Attachment (ATA) and Paralie] ATA (PATA) host
adapters, Fibre Channel interface adapters, Ethernet adapters, or the like. Communication
interface [22 may also allow computing system 110 to engage in distributed or remote
computing. For example, communication interface 122 may recetve instructions from a remote

device or send jostructions to a remote device for execution.

16041} As illustrated in FIG. 1, comoputing systern 110 may also include at least one display
device 124 coupled to communication infrastructure 112 via a display adapter 126. Display
device 124 generally represents any type or form of device capable of visually displaying
information forwarded by display adapter 126, In onc embodirgent, display device 124 is a
head mounted device comprising a display and lens assembly described further in connection
with figures below, e.g., 2B-C, 3, 4, 7 and 8. Similarly, display adapter 126 generally represents
any type or form of device configured to forward graphics, text, and other data for display on

display device 124.

G043 Ag iHustrated in FIG. 1, computing system 110 may also include at least one input
device 128 coupled to commmunication mfrastructure 112 via an input interface 130, Input device
128 generally represents any type or form of input device capable of providing input, either
computer- or hman-generated, to coroputing systera 110, Examples of input device 128

include, without limitation, a keyboard, a pointing device, a speech recognition device, or any

10
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other input device. If computing system 110 resides within a bead-mounted display, then input

device 128 may also include mechanisms for head, eve, or body tracking.

[LEZRY As illustrated in FIG. 1, computing system 110 may also include a primary storage
device 132 and a backup storage device 133 coupled to commmunication infrastructure 112 viaa
storage interface 134, Storage devices 132 and 133 generally represent any type or form of
storage device or medium capable of storing data and/or other computer-readable instructions.
For example, storage devices 132 and 133 may be a magnetic disk drive {c.g., a sp-called hard
drive}, a floppy disk drive, a magnetic tape drive, an optical disk drive, a flash drive, or the tike.
Storage interface 134 generally represents any type or form of interface or device for transferring

data between storage devices 132 and 133 and other components of computing system 110

[0044] In one exarmple, databases 140 may be stored in primary storage device 132,
Databases 140 may represent portions of a single database or computing device or it may
represent multiple databases or computing devices. For example, databases 140 may represent
{be stored on) a portion of computing system 110 and/or portions of example network
architecture 200 m FIG. 2 {(below). Alternatively, databases 140 may represent (be stored on}
one ot moore physically separate devices capable of being accessed by a computing device, such

as computing system 110 and/or portions of network architecture 200.

[(045] Contimuing with reference to FIG. 1, storage devices 132 and 133 may be configared
to read from and/or write to a removable storage unit configured to siore computer software,
data, or other computer-readable information. Examples of suttable removable storage units
inchlude, without limitation, a {loppy disk, a magnetic tape, an optical disk, a {lash memory
device, or the like. Storage devices 132 and 133 may also include other similar structures or
devices for allowing computer software, data, or other computer-readable nstractions to be
loaded into corputing systemn 110, For exarple, storage devices 132 and 133 may be
configured to read and write software, data, or other computer-readable mformation. Storage
devices 132 and 133 may also be a part of computing system 110 or may be separate devices

accessed through other interface systems.
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[G8486] Many other devices or subsysterns may be connected to computing system 110
Conversely, all of the components and devices Hustrated i FIG. 1 need not be present to
practice the embodiments described herein. The devices and subsystems referenced above may

5
¥ <

also be interconnected 1o different ways frorg that shown in FIG. 1. Computing system 110 may
also employ any number of software, firmware, and/or hardware configurations. For example,
the example embodiments disclosed herein may be encoded as a computer program (also
referred to as computer software, software apphcations, computer-readable tustructions, ot

computer control logic) on a computer-readable medium.

{60471 The computer-readable mediom containing the computer program may be loaded into
computing system 110, Al or a portion of the computer program stored on the computer-
readable medivm may then be stored in syster memory 116 and/or various portions of storage
devices 132 and 133, When executed by processor 114, a computer program leaded into
computing system 110 may cause processor 114 to perform and/or be a means for performing the
functions of the exampic cmbodiments described and/or illustrated herein. Additionally or
alternatively, the example embodiments described and/or illustrated hevein may be implemented

m firmware and/or hardware.

6648} For example, a computer program for determining a pre-filiered image based on a
target image may be stored on the computer-readable medium and then stored in system memory
116 and/or various portions of storage devices 132 and 133, When executed by the processor
114, the computer program may cause the processor 114 to perform and/or be a means for
performing the functions required for carrying out the delermination of a pre-filtered image

discussed above.

HYBRID OPTICS FOR NEAR-EYE BISPEAYS

156491 Embodiments of the present invention provide near-eye displays, wherein a display is

g., a microlens array, placed in proximity to

&

viewed through a Hight field generating element, e.
the display, and a converging lens placed adjacent to the microlens array.  In one embodiment,

the microlens atray and display act in concert to depict a Hght field for virtual objects located

12
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within a compressed depth of field. Accordingly, embodiments of the present mvention provide
a hybrid optics systems wherein a primary magnifier used in conventional head mounted
displays (HMDs} is combined with a microlens array used in near-cye light ficld display (NELD)
archifectures. As compared with NELD architectures, the converging lens can reduce the depth
of field that must be depicted with the Tight field display. As a result, embodiments of the
mvention preciude the need for additional costly or bulky optical clements to support

comfortable accommodation for head mounted displays.

G054 The components, functions and processes that comprise an NELD architecture are
described in detail in the following: V.5, Patent Appheation Serial No. 13/720809, “NEAR-EYE
MICROLENS ARRAY DISPLAYS,” Attorney Docket NVID P-8C-12-0347-US1, David
Luebke, filed December 19, 2012; and U.S. Patent Application Serial No. 13/720831, “NEAR-
EYE PARALLAX BARRIER DISPLAYR,” Attorney Docket NVID P-8C-12-0347-U82, David
Luebke, filed December 19, 2012; and ULS. Patent Application Serial No. 13/720842, “NEAR-
EYE OPTICAL DECONVOLUTION DISPLAYS,” Attorney Docket NVID P-8SC-12-03347-
1J83, David Luebke, filed December 19, 2012 (“the NELD architecture applications”™), ali of

which is incorporated herein by reference.

LRS! As stated above, embodiments of the present invention provide a hybrid optics system
for the NELD architecture discussed in the NELD architecture applications by conbining a
converging tens in front of the microlens aray. The converging lens placed in front of the
microlens array mduces an artificial myopia (nearsightedness) in the viewer.  Accordingly, the
underlying near-eye light field display, which is a combination of the microlens array and the
display as discussed in the NELD architecture applications, can be operated in a manuner that
preserves a greater percentage of the native display vesolution.  While the discussion of the
present invention uses a microlens array as an example of a light field generating element, # will
be appreciated by one of ordinary skill that, as described in further detail in the NELD
archifecture applications, the light ficld gencrating elernent can be constructed in various

different ways, e.g., stacks of displays ete.
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16652} The NELD architecture disclosed in the NELD architecture applications addresses
long-standing challenges for virtual reality near-eye display architectures, enabling thin,
hghtweight magnifyving optics, the ability o correct the user’s optical aberrations {e.g.,
chminating the need for prescription eyewear), and comfortable viewing by addressing
accommuodation convergence conflict and depicting approximately-correct retinal defocus blur.
The NELD displays can, in onc embodiment, synthesize sharp, wide-ficld-of-view imagery using
out-oi-focus optical elements.  To one embodiment, a display is viewed through a microlens

array placed in close proximity. Each mucrolens and display segment act as a conventional

r

o~ s

HMD magnifier, depicting a virtual, erect irnage at a comfortable focusing distance for the
viewer. This architecture presents virtual objects with correct retinal focus and defocus cues,
thereby, enhancing the user’s perception of depth. Furthermore, since the microlens apertures
are relatively small compared to conventional HMD magnifying optics, short focal lengths are
achievable, enabling thin, lightweight HMDs.  However, these benefits may come at a cost

hecause the perceived spatial resolution s reduced relative to the native display resolution.

G053 By placing a converging optical element in front of the microlens array of the NELD
architecture, erobodiments of the present invention enbance the perceived spatial resohition of
the near-eye Hght field displays disclosed i the NELD architecture applications. Embodiments
of the present inveuntion significantly enhance the resolution in each dimension using magnifying
optics. These benefits can be realized, for example, in one embodiment, by adding a single lens
with a total thickness in front of the microlens array, wherein the converging lens can be placed
in direct contact with or physically separated from the microlens array.  Accordingly, the form

factor benefits of the NELD designs can be maintained without sacrificing spatial resolution.

Embodiments of the present invention, therefore, allow the NELD designs o be incorporated
mto more practical form factors because the need for exceedingly high resolution displays is
relaxed. As aresult, they advantageously reduce the cost for head-mounted displays as well.
30544 Figure 2A tHustrates a conventional vear-eye display {NED) comprising a converging
lens 203 in front of a display 204, The user perceives a virtual, erect image 202 appearing 1o be
located far away. Typically, the converging lens 203 is separated by its focal length 201 from

the display 204 such that the virtual image appears at optical infinity.
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16635] Figure 2B illustrates a near-eye hight field display (NELD) system, as discussed in the
NELD architecture applications, comprising a microlens array 220 placed adjacent to a display
210, Since the microlenses have relatively short focal lengths, as compared to lenses used in
conventional NEDs, ¢.g., the NED illustrated in Figure 2A, the HMID thickness can be
significantly reduced. This design allows virtual objects 1o be depicted throughout an extended

depth of field 225.

[G054] Figure 2C illustrates a hybrid optics for near-eve display (HONED) architecture
wherein a converging lens is placed in front of a nuicrolens array in accordance with
embodiments of the present invention.  The HONED architecture of the present invention, n
one embodiment, functions as a combination of conventional near-eye displays, e.g., the
architecture shown in Figure 2A, and a NELD design, ¢.g., the architecture shown in Figure 28,
Specifically, a microlens 240 is placed adjacent to a converging lens 230, In one embodiment,
the microlens arvay 240 and display 250 act in concert to depict a light field for virtual objects
located within the compressed depth of field 226, 1t should be appreciated that, as compared
with the exemplary NELD architecture depicted 1o Figure 2B, the converging lens 230 of Figure
2¢ draroatically reduces the depth of field that must be depicted with the Hght Seld display. In
g., depth of field 226 to be

P

other words, 1t allows a depth of field located close to the display, e.
depicted by the microlens and the display.  Since virtual objects, as depicted by the underlying
NELD display, are located close to the display in the depth of field 226, greater resolution is
preserved. The depth of field 226 15, however, transformed by the converging lens 230 so that
the virtual object can be perceived at location 280 within the same depth of ficld 225 as the
NELD architecture illustrated in Figure 2B, Accordingly, the converging lens allows the viewer
to comfortably focus on objects that appear within their natural accommodation range. The
HONED architecture, thevefore, allows a greater percentage of the native display resolution to be
preserved, while maintaining the benefits of the NELD architecture and allowing a user to casily

focus on the virtual image.

{057 Figure 3 illustrates the shortcomings of the NELD architecture, an example of which
18 shown in Figure 2B, As discussed above, the perceived spatial resohition in the NELD

architecture is reduced relative {o the native display resolution. As shown in Figure 3, in NELD
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architectures, the center of each roicrolens in microlens array 330 and the cve box 340 defines a
viewing frustum, e.g. frustrum 305, It should be noted that, in one embodiment, an eyebox is
the physical region over which the pupii can move in front of the near-eye display (NEDS, such
that the imagery is perceived without significant artifacts or distortions, This region is typically
a 3-dimensional construct extending in length, width and height in front of the display.
However, for purposes of the iltustrations, it is shown as a 2-dimensional box at a fixed distance
o front of the microlens array. This distance corresponds to the typical distance of a viewer’s
puptl, when the NED is worn as part of a head mounted apparatus or otherwise viewed.

G058 MNearest virtual image 350 represents the nearest distance the unaided human eye can

accommodate at. It should be appreciated that neighboring viewing frusta exhibit considerable
overlap at this distance, e.g., overlap region 360. This leads to significant redundancy within the
rendered light field for a virtual object located at this depth and, accordingly, the perceived
spatial resclution is reduced as compared with the native display resolution.  For example, any
point on nearest virtual image 350 that falls within the overlap region 360 will result in being

depicted on the display 390 more than once, thus, causing a loss of resolution.

16659 Figure 4 illustrates the manner in which the hybrid optics for near-eve displays
architecture increases perceived spatial resolution in accordance with embodiments of the
present invention. Ermploying converging lens 470 in front of microlens array 430 reduces the
depth of field that must be depicted with the light field display as discussed above. The
microlens array 430 and display 420 create a {irst virtual image plane 410 at a reduced distance
481 as compared to the traditional NELD architecture, whergin the nearest virtual image plane
450 1s created at distance 482 from the cyebox. The converging lens 470 transforms the light
field display created by the microlens array and the display to allow an image o be perceived at
second virtual image plane 450 at distance 482, Thus, while the Hght field display creates the
nearest image plane 410 closer to display 420, the user still perceives the image at distance 482
because of the converging lens 470, Stated differently, while the microlens array 430 and
display 420 act in concert to create a ight ficld display that creates a virtual image 410 at
distance 481, converging lens 470 alters the hght field display so that the image is perceived at

virtual image planc 450 at virtual image distance 482 by the user.
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16068 Thus, the HONED architecture has the effect of bringing the nearvest virtual image
plane (e.g. tmage plane 410} closer to microlens array 430, Accordingly, the nearest virtual
image under the HONED architecture 410 is significantly closer o the microlens array 430 as
corapared to the nearest virtual image 430 under the NELD architecture. As seen in Figure 4, the
overlap, e.g., overlap region 460 between neighboring frusts is reduced as the nearest virtual

mmage plane is brought closer to the microlens array 430.

6061 Accordingly, HONED architectures are capable of accommodating at a much closer
distance and effectively reduce the geometric overlap between neighboring viewing frusta by
allowing closer NELD-depicted virtual image distances, e.g., at image plane 410, By reducing
overlap, repetition is reduced, which in turn leads to increased perceived spatial resolation. It
should be noted, however, that the user will continue to perceive the image at distance 482
beeause of converging lens 470, which alters the Hght ficld display created to increase the

perceived virtual image distance.

0621 As will be shown In conjunction with Figure S, a large fraction of native display
resolution is preserved in the HONED architecture if the nearest virtual image distance 481 1s
close to eye relief 480, However, it should be noted that the nearest virtual image distance 481
must be located within the natural range {or human accommodation. For example, an average 40

year oid individual has a near point at 25 ¢ and a far point at infinity.

[3063] As discussed in detail in the NELD architecture applications, it should be appreciated
that the display 390 in the NELD architecture may display an image that is recognizable or in

o~

focus only when viewed through the microlens array 330, For example, if the image produced
by the display 390 is viewed without the microlens array 330, it may not be equivalent to the
image perceived by the eye with the aid of the microlens array 330. The display 324 may
display a pre-filtered image, corresponding to 3 target image 1o be ultimately projected, that is
unrecognizable when viewed without the microlens array 330, When the pre-filtered tmage is
viewed with the microlens array 330, the target image may be produced and recognizable. A
computer system or graphics processing system may generate the pre-fiticred image

corresponding to the target image.
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6664] By comparison, in a HONED architecture, the nearest virtual image planc 410 18
placed much closer to display 420 than in the NELD architecture.  As a result the display will
not be in focus when viewed through the microlens array 430, The converging lens 47 is also
needed so that the nearest virtual image plane 410 can appear in focus. By reducing the depth
of field and bringing the nearest virtual image plane closer to microlens array 430, the HONED

architecture advantageously results in shimmer form factors and improved spatial resciution.

[6065] 1t should be noted that the converging lens 470 may comprise a single optical ciement
in onc embodiment. Alternatively, 1o other embodiments, #t may emoploy a compound systern of
lenses that, while increasing the overall HMD thickness, function to ninimize aberrations and
merease the optical power and perceived resolution.  In one embodiment, the microlens array
430 1s placed n contact with the converging lens 470 1 order to minimize the distance between
them and, thereby, roininuze the thickness of the HMD. In this embodiment, the underlying light
field display will appear without significant alteration to the viewer. However, in a different
embodiment, the microlens array 430 can be displaced from the converging lens 470, in this
erobodiment, the viewer will perceive a magnified light field display when viewing through the

primary converging lens.

6666} As discussed in the NELD architecture applications, it will be appreciated by one of
ordinary skifl that the NELD architectures as discussed in the NELD architecture applications
and the HONED architecture of the present invention can depict more than a sirople virtual
mage plane at a fixed distance.  For example, gencral 3D content comprising objects extending
through an allowed depth of field range can be depicted, including multiple virtual image planes

at varying distances, as well as general 3D shapes, objects, textures, or other Hems,

G067 Figure 5 illustrates the perceived resolution of the hybrid optics for near-cye display
architecture plotted as a function of the virtual object distance in accordance with embodiments
of the present invention. It should be noted that line 520 1s an exemplary plot of the perceived
resohition of the HONED archifecture assuming a microlens focal length of 4 mm and an eye
reliet of 18nun with a 4K UHD underlying dispiay that bas a horizontal resolution of 3840

pixels. Line 530 corresponds o the upper bound on resolution for NELD designs disclosed in
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the NELD architecture applications (for virtual images location at optical infinity}. Compared to
the NELD architecture plot $30, the HONED architecture plot 520 in Figure S shows that the
resolution improves as the virtual image distance 565 is shortened by increasing the power of the
converging lens used in the architecture. As shown along the top of Figure 5, a change in the
virtual object distance s achieved by changing the optical power of the converging lens 560.
Increasing the optical power of the converging lens preserves a greater iraction of the native

display resolution.

(U ! As discussed above, the HONED architecture, in one embodiment, comprises an
additional converging lens in front of a microlens array. This lens introduces artificial myopia
{nearsightedness) in the viewer, allowing shorter NELD-depicted virtual image distances capable
of preserving a greater fraction of the native display resolution.  Stated differently, the addition
of a converging lens, together with the presentation of virtual NELD-depicted wmages at a shorter
distance 481, has the effect of reducing the repetition between elemental images, e.g., clemental
image 491, Accordingly, the spatial resolution perceived by the viewer is increased since fewer
clements are replicated among neighboring views of the scene.

16669] Figure 6 is a table comprising design examples for HONED architectures. As can be
seen from Figure 6, the perceived resclution increases with increasing optical power of the
additional converging lens 470 {cquivalent to decreasing the focal length of the converging lens).
The exemplary calculations for the values provided in Figure 6 were performed assuming a
microlens focal length of 4.0 mm, an eye relief of 18 mm and a display with a resolution of 3840

x 2160 pixels.

GG 78] In one embodiment, the microiens focal length can also be increased to preserve a

greater fraction of the native resolution of the display.

1671} Figure 7 tllustrates the manner in which curving the microlens array in a NELD
architecture increases the perceived resolution in accordance with embodiments of the present
invention. As discussed above, perceived resohition can be increased by decreasing the overlap

between neighboring viewing frusta. o one embodiment of the present invention, curving the
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microlens array 730 and the underlying display 720 preserves a larger {fraction of the native
display resclution.  If the microlens array 730 and the underlying display 720 are curved, the
frusta will diverge and lead to increasing perceived resolution. For example, overlap region 760

~

is significantly narrower as compared fo overlap region 360 in Figure 3.

16672] In one embodiment, such a design would encorpass prior tiled HMD architectures.
Such designs can be practically implemented using multiplanar approximations to an ideal

curved display, e.g., utilizing abutting planar NELD designs.

16G73] Figure 8 tllustrates the manner in which curving the miicrolens array in addition to
using the converging lens of the hybrid optics for near-cye displays archifecture mereases the
perceived resofution in accordance with embodiments of the present invention.  As discussed
above, employing converging fens 870 in front of microlens array 830 reduces the depth of field
that must be depicted with the light ficld display as discussed above. This has the effect of
bringing the nearest virtual image plane 810 closer to microlens array 830, Accordingly, the
nearest virtual mmage under the HONED architecture 810 i3 significantly closer to the microlens
array 830 as compared to the pearest virtual tmage under the NELD architecture 850, This
mereases perceived spatial resolution as discussed above. Further, carving the display and the
microlens array leads to the frusta diverging, which also contributes to mncreasing the perceived
sofution. As sgen in Figure &, exemplary overlap region 860 is narrower than overlap region
460 shown in Figure 4, which illustrates the HONED architecture without the curved display and
microlens array. |t should further be noted that in one embodiment, the converging lens 870

may also be curved, for example, using one or more flexible Fresnel lenses.

[0674] Figure 9A-9F iHustirate the types of hybrid optics for near-cye displays that can be
used in accordance with embodiments of the present invention.  In the embodiment of Figure
94, hybrid optics can be implemented using a sysiem of double-convex lenses.  Inthe
embodiment of Figure 9B, hybrid optics can be implemented using a system of plano-convex
fenses which allows two surfaces to be flattened.  In the embodiment of Figure 9C, the air gap
between a plano-convex HONED lens system can be ehiminated, enabling a single-element

HONED lens. In practice, the lens system can, therefore, be mplementied as a single optical
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element with the front surface being a converging lens and the rear surface bemg a microlens

array.

[B675] In the erabodiment of Figure 913, the converging lens 470 can be cascaded. Instead of
emploving a single converging lens with a high diopter value that may be too thick, several
converging lenses can be cascaded to attain the same effect.  In one embodiment, the lenses
employed may vary in pitch and focal length or other optical characteristics, e.g., the shape or
coating of the optical surfaces. In the embodiment of Figure 9E, a microlens array 920 can be
used for the converging layer, wherein the converging layer may comprise fewer lenses than the
microlens array used to generate the Hght field display. Furthermore, the two microlens arrays
may have dissimilar optical characteristics, including microlens focal length and microlens size.
And finally, in the emboediment of Figure 9¥, a combination of converging lenses and microlens
arrays can be used to obtained the desired resolution, wherein the converging lenses may vary in
pitch and focal length.  In one embodiment, the configurations illusirated in Figures 9E and 9F
could be extended to a plurality of microlens arrays and/or converging lenses ¢.g., stacks of three

or more microlens arrays.

16678} it should be appreciated that the microlenses or the microlens array 430 entirely may
be electro-optically switchable such that the microlens array may be configured to be cither
optically equivalent to an array of microlenses or optically cquivalent to a flat sheet of
transparcat glass. For example, the microlens array 430 may be forroed by liquid crystals or by
birefringent optics, together with polarizers. As a result, such switchable microlenses may be
electronically conirolled, alternatingly from a microlens array operable to display a hight field to
a transparent clement appearing similar to a fiat sheet of glass, operable to aliow the viewing of
the surrounding environwoent. The two modes may be rapidly alternated between, spatially-
mudtiplexed, or combined spatially and ternporally modulated. Accordingly, avgmented-reality
applications may be provided. Further, virtual-reality applications may be provided using a fixed

microlens array.

1086771 In one embodiment, the HONED and NELD architectures illustrated in Figures 2B-C,

3,4, 7 and 8 are incorporated into a HMDB. The HMD would typically imitially connectio a
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computer system so allow the fGrmware of the HMD to be programmmed.  Several features of the
HONED or NELD system can be pre-programumed onto the firmware for the HMD, e.g., virtual
image distance 481, dimensions of the virtual image, size of the eyebox and distance from the
display etc. For example, in one embodiment, the computing systern within the HMD can be
programymed with a virtual depth of ficld, which mcludes all possible virtual image distances at
which a viewer can comfortably accommodate, as well as the depth of field range over which the
architecture, ¢.g., HONED, can accurately depict virtual images or general 313 scenes without

obvious artifacts or distortions.

{3878 In one embodiment, a configuration file would be Ioaded into the HMID that
cormprises the properties of the display 420 including size and number of pixels on display, the
microlens array 430 mchiding the physical size and focal length of the lenses, the propertics of
the virtual image 410 or 450, ctc. The HMD device will then display a near eye Hght field

display consisient with the parameters in the configuration file.

(0791 In one embodiment, embodiments of the present invention may be configared to
accontnodate a user’s eyeglass prescription. Using a near cye light field display, the system can
be configured to emit light rays consistent with a virtual place located at any distance in front of
the viewer. In one embodiment, the user’s prescription can be programmable in the HMD. In
one embodiment, the user’s prescription can be a parameter in the configuration file. H a viewer
is nearsighted, for exaraple, then their accoromodation range is located close to the face, e.g.,
from 6 em to 25 cmu Inthat case, placing a virtual object anywhere mn this range will allow the
user io focus on it. I the nearsighted user is playing a video game that typically creates objects
from 25 cm to optical infinity, then the scence can be scaled to the user’s accommadation range of
61025 cm.  In other words, a HMD configured with cither the HONED or the NELD systern
may be programmed with the user’s prescription ~ the near eye hight field display in either

architecture would then emit rays congistent with the objects in the scaled depth range.

13086 Furthermore, in one embodiment, the HONED or NELD architectures can be used to

iteratively assess the viewer’s optical prescripiion, in one or both ¢yes, using a series of

presented images, together with prerecorded dialogue and instructions.  For example, the aser

22



WO 2015/023455 PCT/US2014/049366

can press one of two buttons to move the pereetved virtual image plane closer or further away.
When a comfortable distance is reached, the system will be able to estimate the viewers’ optical
preseription, thereby, eliminating the need 1o know these parameters ahead of time. In one
erobodiment, however, the preseription can be automatically determaimed by the HMD computer

systern without interactive participation by the user.

6681} FIG. 10 shows a flowchart 1000 of an exemplary computer-implemented process of
displaying a ncar-cve light field display (NELD) image with increased spatial resolution in
accordance with embodiments of the present invention. While the various steps in this flowchart
are presented and described sequentially, one of ovdinary skall will appreciate that some or ali of
the steps can be executed in different orders and some or all of the steps can be executed in
parallel. Further, in one or more embodiments of the invention, one or more of the steps
described below can be omitied, repeated, and/or performed m a different order. Accordingly,
the specific arrangement of steps shown in FIG. 10 should not be construed as limiting the scope
of the inveniion. Rather, it will be apparent to persons skilled in the relevant art{s) from the
teachings provided herein that other functional flows are within the scope and spirit of the
present invention. Flowchart 1060 may be deseribed with continued reference to exemplary

embodiments described above, though the method s not imited to those embodiments.

{6082} In a block 1802, using a pre-filtering procedure and the parameters in the
configuration file programmed o the HMUD from a computing device, a pre-filtered traage to
be displayed 1s determined, wherein the pre-filtered image corresponds o a target image. For
example, a computer system may determine a pre-filtered image that may be blurry when viewed
by itself in an accommadation range but in focus when viewed through a filter or light field
generating element. The pre-filtering procedure 1s a perspective rendering procedure that renders
the pixels from a virtual image plane, ¢.g., image plane 410 onto a display. In other words, the
pre-filiering procedure may be a perspective projection of the pixels onto the display 420, where
the projection is performed separately for each clemental image, e.g., clemental image 491,
corresponding to the viewing frusta defined by the eyebox 440 and the respective microlens of

microlens array 430.
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16083 In a block 1004, the pre-filtered image 15 displayed on a display. For example, in
Figures 3, 4, 7 and 8 a pre-filtered image is displayed on the display 390, 420, 720 and 820
respectively. The displaying step can comprise using the projected data to transfer pixel values
from the computing device to the display 426, Further, i can comprise iluminating the pixels

with the coraoputed values.

6684} I a block 1006, a near-cye hight ficld is produced after the pre-filtered image travels
through a lght ficld generating element adjacent to the display, wherein the near-eye light field
is operable to simudate a light field corresponding to the target image. For example, in Figure 4,
a light ficld corresponding to a target 1mage is produced afler the pre-filtered vuage passes

through the microlens array 430.

[GG85] Finally, in a block 100€, the near-eye fight field is altered using a converging lens
470, wherein the alteration acts to increase a depth of field that is depicted with the light field to
allow the user to focus on the percetved image easily. Also the alteration of the near-eye Hght

ficld by the converging lens allows for increased spatial reschution of the target image.

[0086] While the foregoing disclosure sets forth various embodiments using specific block
diagrams, flowcharts, and exaraples, each block diagram coraponent, flowchart step, operation,
and/or coroponent described and/or illustrated herein may be implemented, individually and/or
collectively, using a wide range of hardware, software, or firmware {or any combination thereof}
configurations. In addition, any disclosure of components contained within other coraponents
should be considered as exarnples because many other architectures can be implemented to

achieve the same functionalhity.

{087} The process parameters and sequence of steps described and/or iHustrated herein are
given by way of example only. For example, while the steps iilustrated and/or described herein
may be shown or discussed in a particular order, these steps do not necessarily need to be
performed in the order iHhustrated or discussed. The various example methods described and/or
iffustrated herein may also omit one or more of the steps described or iltustrated herein or

mchide additional steps in addition fo those disclosed.
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[LEEERY While various embodiments have been described and/or illustrated herem in the
context of fully functional computing systems, one or more of these example embodiments may
be distributed as a program product in a variety of forms, regardicss of the particular type of
coraputer-readable media used fo actually carry out the distribution. The embodiments disclosed
herein may also be implermented using software modules that perform certain tasks. These
software modules may include script, batch, or other executable files that may be stored on a
computer-readable storage medium or in a computing system. These software modules may
configure a computing system to perform one or more of the example embodiments disclosed
herein. One or more of the software modules disclosed herein may be implemented in a cloud
computing environment. Cloud computing environments may provide various services and
applications via the Intemet. These cloud-hased services {c.g., software as a service, platformg as
a service, mfrastructure as a service, ete.} may be accessible through a Web browser or other
remote interface. Various functions described herein may be provided through a remote desktop

environment or any other cloud-based computing environment.

LS The foregoing description, for purpose of explanation, has been described with
reference to specific embodiments. However, the Hustrative discussions above are not intended
to be exhaunstive or to himit the invention to the precise forms disclosed. Many modifications and
variations are possible in view of the above teachings. The embodiments were chosen and
described in order to best explain the principles of the invention and its practical applications, to
thercby enable others skilled in the art to best utilize the invention and various embodiments with

various modifications as may be suited to the particular use conternplated.

[3096] Embodiments according to the invention are thus described. While the present
disciosure has been deseribed in particular emnbodiments, it should be appreciated that the
invention should not be construed as Hmited by such embodiments, but rather construed

according to the below claims,
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CLAIMS

What 1s claimed is:

. A method for displaying a near-eye hight field display (NELD) image comprismg:
determining a pre-filtered image to be displayed, whercin said pre-filiered image
cotresponds 1o a target image;

displaying said pre-filtered image on a display;

A

producing a near-eye light field after said pre-filtered image travels through a microlens
array disposed adjacent to said display, wherein said near-eye light field is operable to simulatc a
light ficld corresponding to said target roage; and

altering said near-cye lght ield using at least one converging lens, wherein said altering
allows a user to focus on said target image at an increased depth of field at an increased distance

10 from an eye of said user and to increase spatial resohution of said target image.

2. The method of Claim 1, wherein at least one of said display, said converging lens, and said

miicrolens array are curved in order to increase said perceived spatial resohution,

15 3. The method of Claim [, wherein said at least one converging lens 1s disposed between said

microlens arvay and an expected position of an eye of said user and further 1s selected from the

group consisting oft a double convex lens, a plano-convex lens, a single optical element with a
)

front surface being a converging lens and a rear surlace being a microlens array, a cascade of

converging lenses with varying focal lengths and pitches, and a cascade of microlens arrays.

)

4. The roethed of Claim 1, wherein said nucrolens array coraprises 2 plurality of microlenses

and wherein at least one of said plurality of microlenses are electro-optically switchable.

5. The method of Claim 1, wherein said determining is executed by a computer svsten, and
k £ . .

25 further wherein said computer systern is operable o be programmed with a virtual depth of field.
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6. A system for displaying a NELD image comprising:

a display comprising a plurality of pixels;

a coraputer systern coupled with said display and operable to cause said display o render
a target image;

a microlens array disposed adjacent to said display and comprising a plurality of
microlenses, wherein said microlens array is operable to produce a light field corresponding to
said target image by altering light emitted by said display, wherein said display and said
microlens array are disposed within a near-eye range of an observer; and

at least one converging lens disposed between said microlens array and an expected
position of an eye of said observer, wherein said at feast one converging lens 15 operable to
further alter said hight field emitted from said microlens array n order to allow said observer to
focus on said target tmage at an increased depth of field at an increased distance from an eye of
said observer and to increase a spatial resolution of said target image.

7. The system of Clatrn 6, wheremn at least one of said display, said converging lens, and said

microlens array are curved in order to increase perceived spatial resolution.

8. The systern of Claim 6, wherein said af least converging lens is selected from the group
consisting of: a double convex lens, a planc-convex lens, a single optical clement with a front
surface being a converging tens and a rear surface being a microlens array, a cascade of

converging lenses with varying focal lengths and pitches, and a cascade of microlens arrays.

9. The system of Claim 6, wherein said microlens array comprises a plurality of mucrolenses and

wherein at least one of said plurality of microlenses are electro-optically switchable.

10. The system of Claim 6, wherein said light ficld is operable to simulate a 3D object.

11, The systemn of Claim 6, whercin said computer system is prograramed with a with a virtoal

depth of ficld.

12. The system of Claim 6, wherein said computer system is operable to be programmed with an

eye-glasses preseription of said observer, wherein said eye-glasses prescription is used as a
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parameter in determining said virtual image distance, and wherein a method to program said
computer systern with said eye-glasses preseription is selected from the group consisting of!
manually entering said oye-glasses prescription, automatically determining said eye-glasses

prescription, and interactively determining said eye-glasses prescription.

13. The system of Claim 6, wherein said computer system is operable to be configured with a
plurality of parameters, wherein said plurality of parameters control said hight field, and wherein
said plorality of parameters can be selected from a group consisting off dimension of virtual
image, size of an evebox, distance of said eyebox from said display, size of said display, number
of pixels on said displays, size of said microlens array, focal tength of lenses comprising said

microlens array.

14. The system of Claim 6, wherein said display, said microiens array, and said at least one

converging lens are components of a head mounted device.

15. The system of Claim 6, wherein said microlens array, said display and said at least one

converging lens are operable to provide a virtual reality experience for said observer.
foc) o o

16, An apparatus for displaying a NELD image comprising:

a curved display comprising a plurality of pixels, operabic to display a pre-filtered image
corresponding to a target ioage; and

a curved microlens array disposed adjacent to said display and comprising a plurahity of
microlenses, wherein said microlens array is operable to produce a light field corresponding to
said target image by altering light emitied by said display, wherein said display and said
microlens array are disposed within a near-eye range of an observer; and

at least one converging lens, wherein said at least one converging lens is operable to
further akier said light ficid emitted from said microlens array before entering an eye of said
observer in order to allow said observer to focus on said target image at an increased depth of
field at an increased distance from an eve of said observer and to increase a spatial resolution of

said target image.
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17. The apparatus of Claim 16, wherein said at least converging lens is disposed between said
curved microlens array and an expected location of said eve of said observer and is selected from
the group consisting of: a double convex lens, a planc-convex lens, a single optical clement with
a front surface being 4 converging lens and a rear surface being a microlens array, a cascade of

converging lenses with varying focal lengths and pitches, and a cascade of microlens arrays.

18. The apparatus of Claim 16, wherein said display, said microlens array, and said at least one

converging lens are components of a head mounted device.

19. The apparatus of Claim 16, wherein said converging lens is curved.

20. The apparatus of Claim 19, wherein said computer system is operable to be configured with
a plurality of parameters, wherein said plurality of parameters control said tight ficld, and
wherein said phurality of parameters can be selected from a group consisting of dimension of
virtual irnage, size of an eyebox, distance of said eyebox from said display, size of said display,
umber of pixcls on said displays, size of said microlens array, focal length of lenses comprising

said microlens array.
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10/10

a pre-filtered image to be displayed is determined, wherein the pre-
filtered image corresponds to a target image
1002

the pre-filtered image is displayed on a display
1004

a near-eye light field is produced after the pre-filtered image travels
through a light field generating element adjacent to the display,
wherein the near-eye light field is operable to simulate a light field
corresponding to the target image
1006

altering the near-eye light field using a converging lens, wherein the
converging lens is operable to increase depth of field and spatial
resolution of the target image
1008

FIG. 10
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