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SYSTEM AND METHOD FOR PRESENTING SUMMARY 
IMAGE CONTENT ON MULTIPLE DEPTH 
PLANES BY PROVIDING MULTIPLE In some embodiments , a head - mounted display system is 
INTRA - PUPIL PARALLAX VIEWS provided . The display system comprises a frame configured 

5 to mount on a viewer ; a light source ; a spatial light modu 
PRIORITY CLAIM lator configured to modulate light from the light source ; and 

projection optics mounted on the frame and configured to 
This application claims the benefit of priority of U.S. direct light from the spatial light modulator into an eye of a 

Provisional Application No. 62 / 411,490 , filed on Oct. 21 , viewer . The display system is configured to display a virtual 
2016 , which is incorporated herein by reference . object on a depth plane by injecting a set of parallactically 

disparate intra - pupil images of the object into the eye . 
INCORPORATION BY REFERENCE In some other embodiments , a method is provided for 

displaying image content . The method comprises providing 
This application incorporates by reference the entirety of a spatial light modulator ; providing a light source configured 

each of the following patent applications : U.S. application to output light to the spatial light modulator from a plurality 
Ser . No. 14 / 555,585 filed on Nov. 27 , 2014 ; U.S. application of different light output locations ; and displaying a virtual 
Ser . No. 14 / 690,401 filed on Apr. 18 , 2015 ; U.S. application object on a depth plane by temporally sequentially injecting 
Ser . No. 14 / 212,961 filed on Mar. 14 , 2014 ; U.S. application a set of parallactically - disparate intra - pupil images of the 
Ser . No. 14 / 331,218 filed on Jul . 14 , 2014 ; U.S. application 20 virtual object into an eye of a viewer . Each of the intra - pupil 
Ser . No. 15 / 072,290 filed on Mar. 16 , 2016 ; and U.S. images is formed by outputting light from the light source to 
Provisional Application No. 62 / 156,809 , filed on May 4 , the spatial light modulator , wherein the light is outputted 
2015 . from one or more associated light output locations of the 

light source ; modulating the light with the spatial light 
BACKGROUND 25 modulator to form an intra - pupil image corresponding to the 

one or more associated light output locations , and propa 
Field gating the modulated light to the eye . The one or more 

associated light output locations for each intra - pupil image The present disclosure relates to optical devices , includ is distinct from the one or more associated light output 
ing augmented reality and virtual reality imaging and visu- 30 locations for others of the intra - pupil images . 
alization systems . In yet other embodiments , a display system is provided . 

The display system comprises a light source comprising a Description of the Related Art plurality of spatially distinct light output locations ; a spatial 
Modern computing and display technologies have facili- 35 light modulator configured to modulate light from the light 

tated the development of systems for so called “ virtual source ; and projection optics mounted on the frame and 
reality ” or “ augmented reality ” experiences , wherein digi configured to direct light from the spatial light modulator 
tally reproduced images or portions thereof are presented to into an eye of a viewer . The display system is configured to 
a user in a manner wherein they seem to be , or may be display a virtual object on a depth plane by temporally 
perceived as , real . A virtual reality , or “ VR ” , scenario 40 sequentially injecting a set of parallactically - disparate intra 
typically involves presentation of digital or virtual image pupil images of the object into the eye . 
information without transparency to other actual real - world In some other embodiments , a method is provided for 
visual input ; an augmented reality , or “ AR ” , scenario typi- displaying image content . The method comprises providing 
cally involves presentation of digital or virtual image infor- a head - mounted display comprising a light source and a 
mation as an augmentation to visualization of the actual 45 spatial light modulator . The method further comprises dis 
world around the user . A mixed reality , or “ MR ” , scenario is playing a virtual object on a depth plane by injecting , within 
a type of AR scenario and typically involves virtual objects a flicker fusion threshold , a set of parallactically - disparate 
that are integrated into , and responsive to , the natural world . intra - pupil images of the virtual object from the display into 
For example , in an MR scenario , AR image content may be an eye of a viewer . 
blocked by or otherwise be perceived as interacting with 50 In addition , various innovative aspects of the subject 
objects in the real world . matter described in this disclosure may be implemented in 

Referring to FIG . 1 , an augmented reality scene 10 is the following embodiments : 
depicted wherein a user of an AR technology sees a real- 1. A method for displaying image content , the method 
world park - like setting 20 featuring people , trees , buildings comprising : 
in the background , and a concrete platform 30. In addition 55 providing a spatial light modulator ; 
to these items , the user of the AR technology also perceives providing a light source configured to output light to the 
that he “ sees ” “ virtual content ” such as a robot statue 40 spatial light modulator from a plurality of different light 
standing upon the real - world platform 30 , and a cartoon - like output locations ; and 
avatar character 50 flying by , which seems to be a personi- displaying a virtual object on a depth plane by temporally 
fication of a bumble bee , even though these elements 40 , 50 60 sequentially injecting a set of parallactically - disparate 
do not exist in the real world . Because the human visual intra - pupil images of the virtual object into an eye of a 
perception system is complex , it is challenging to produce an viewer , wherein each of the intra - pupil images is 
AR technology that facilitates a comfortable , natural - feel formed by : 
ing , rich presentation of virtual image elements amongst outputting light from the light source to the spatial light 
other virtual or real - world imagery elements . modulator , wherein the light is outputted from one or 

Systems and methods disclosed herein address various more associated light output locations of the light 
challenges related to AR and VR technology . source ; 
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modulating the light with the spatial light modulator to 15. The method of any of Embodiments 11-14 , wherein 
form an intra - pupil image corresponding to the one the light beams forming the intra - pupil images are colli 
or more associated light output locations ; and mated . 

propagating the modulated light to the eye , 16. The method of any of Embodiments 11-14 , wherein 
wherein the one or more associated light output loca- 5 the light beams forming the intra - pupil images have diver 

tions for each intra - pupil image is distinct from the gent wavefronts . 
one or more associated light output locations for 17. The method of any of Embodiments 11-16 , wherein 
others of the intra - pupil images . the light source comprises a plurality of selectively activated 

2. The method of Embodiment 1 , wherein activating the light - emitting regions , wherein injecting the set of parallac 
one or more associated light - emitting regions comprises tically - disparate intra - pupil images comprises activating a 
selecting the one or more associated light - emitting regions different light emitting region for each intra - pupil image . 
based upon the depth plane , wherein a physical separation 18. The method of any of Embodiments 11-17 , wherein 
between light - emitting regions for the intra - pupil images the light source is configured to output light from a plurality 
increases with decreasing distance of the depth plane to the of distinct light output locations , further comprising jittering 
viewer . the light output locations during injection of at least one of 

3. The method of any of Embodiments 1-2 , wherein light the intra - pupil images into the eye . 
rays forming each of the parallactically - disparate image are 19. A display system configured to perform the method of 
collimated , wherein the depth plane is at less than optical any of Embodiments 11-18 . 
infinity 20. A head - mounted display system comprising : 

4. The method of any of Embodiments 1-3 , wherein a frame configured to mount on a viewer ; 
injecting the set of parallactically - disparate intra - pupil a light source ; 
images is conducted within timeframe below the flicker a spatial light modulator configured to modulate ligh 
fusion threshold of the viewer . from the light source ; and 

5. The method of Embodiment 4 , wherein the flicker 25 projection optics mounted on the frame and configured to 
fusion threshold is 1/60 of a second . direct light from the spatial light modulator into an eye 

6. The method of any of Embodiments 1-5 , further of a viewer , 
comprising an eye tracking sensor configured to track a gaze wherein the display system is configured to display a 
of the eye , wherein displaying the virtual object comprises : virtual object on a depth plane by injecting a set of 

determining a gaze of the eye using the eye tracking parallactically - disparate intra - pupil images of the 
sensor ; and object into the eye . 

selecting content for the intra - pupil images based upon 21. The display system of Embodiment 20 , wherein the 
the determined gaze of the eye . display system is configured to temporally multiplex display 

7. The method of any of Embodiments 1-6 , further of individual intra - pupil images . 
comprising projection optics configured to direct modulated 22. The display system of any of Embodiments 20-21 , 
light from the spatial light modulator to the eye . wherein the display system is configured to spatially mul 

8. The method of any of Embodiments 1-7 , wherein the tiplex display of the intra - pupil images . 
one or more associated light - emitting regions for the intra- 23. The display system of any of Embodiments 20-22 , 
pupil images partially overlap . wherein the display system is configured to temporally 

9. The method of any of Embodiments 1-8 , further multiplex display of a plurality of spatially - multiplexed 
comprising changing a position of the one or more associ- intra - pupil images . 
ated light - emitting regions during injection of at least one of 24. The display system of any of Embodiments 20-23 , 
the intra - pupil images into the eye . wherein the projection optics comprises a waveguide com 

10. A display system configured to perform the method of 45 prising incoupling optical elements and outcoupling optical 
any of Embodiments 1-9 . elements . 

11. A method for displaying image content , the method 25. The display system of Embodiment 24 , wherein the 
comprising : projection optics comprises a plurality of waveguides , 

providing a head - mounted display comprising : wherein each waveguide is configured to output light of a 
a light source ; and 50 different component color than other waveguides of the 
a spatial light modulator ; and plurality of waveguides . 

displaying a virtual object on a depth plane by injecting , 26. The display system of any of Embodiments 20-25 , 
within a flicker fusion threshold , a set of parallacti- wherein the light source comprises a plurality of selectively 
cally - disparate intra - pupil images of the virtual object activated light - emitting regions . 
from the display into an eye of a viewer . 27. The display system of Embodiment 26 , wherein the 

12. The method of Embodiment 11 , wherein injecting the light source comprises at least one of a light - emitting diode 
set of parallactically - disparate intra - pupil images comprises array and a spatial light modulator . 
temporally sequentially injecting individual ones of the 28. The display system of Embodiment 8 , wherein the 
intra - pupil images into an eye of a viewer . light - emitting diode array comprises an organic light - emit 

13. The method of Embodiment 11 , wherein injecting the 60 ting diode array or an inorganic light - emitting diode array . 
set of parallactically - disparate intra - pupil images comprises 29. The display system of Embodiment 27 , wherein the 
simultaneously injecting multiple ones of the intra - pupil spatial light modulator light source comprises a liquid 
images . crystal array or a digital light processing ( DLP ) chip . 

14. The method of Embodiment 13 , wherein injecting the 30. The display system of any of Embodiments 20-29 , 
set of parallactically - disparate intra - pupil images comprises 65 wherein the display system is configured to change a posi 
temporally sequentially injecting multiple intra - pupil tion of activated light - emitting regions during injection of at 
images at a time . least one of the intra - pupil images into the eye . 
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31. The display system of any of Embodiments 20-25 , BRIEF DESCRIPTION OF THE DRAWINGS 
wherein the light source comprises : 

a light emitter ; and FIG . 1 illustrates a user's view of augmented reality ( AR ) 
an actuator configured to direct light to the spatial light through an AR device . 

modulator along different paths . FIG . 2 illustrates a conventional display system for simu 
32. The display system of Embodiment 31 , wherein the lating three - dimensional imagery for a user . 

actuator is a dual - axis galvanometer . FIG . 3 illustrates aspects of an approach for simulating 
three - dimensional imagery using multiple depth planes . 33. The display system of Embodiment 31 , wherein the 

light source is a fiber scanner . FIGS . 4A - 4C illustrate relationships between curvature 
and focal distance . 34. The display system of any of Embodiments 20-33 , FIG . 5 illustrates an example of a waveguide stack for wherein the spatial light modulator configured to modulate outputting image information to a user . light from the light source comprises an LCOS panel . FIG . 6A illustrates pre - accommodation and post - accom 35. The display system of any of Embodiments 20-34 , modation conditions of an eye to a continuous incoming further comprising an eye tracking sensor configured to wavefront . track a gaze of the eye , wherein the display system is FIG . 6B illustrates pre - accommodation and post - accom configured to : modation conditions of an eye to a piecewise approximation determine a gaze of the eye using the eye tracking sensor ; of a continuous incoming wavefront . and FIG . 7A illustrates an eye accommodating to a divergent 

select content for the intra - pupil images based upon the wavefront emanating from a finite focal - distance virtual 
determined gaze of the eye . image provided by a projection system . 

36. The display system of any of Embodiments 20-35 , FIG . 7B illustrates a system for forming an approximation 
wherein the display system is configured to synchronize a of the divergent wavefront of FIG . 7A utilizing wavefront 
light output location of the light source with image content 25 segments formed by infinity - focused virtual images . 
provided by the spatial light modulator . FIG . 8 illustrates examples of parallax views forming the 

37. The display system of any of Embodiments 20-36 , divergent wavefront approximation of FIG . 7B . 
further comprising an optical mechanism between the spatial FIG . 9 illustrates an example of a display system com 
light modulator and the projection optics , wherein the opti- prising a projection system for forming the divergent wave 
cal mechanism is configured to direct light from different front approximation of FIG . 7B . 
locations of the spatial light modulator to projection optics FIG . 10 illustrates examples of sizes , shapes , and distri at different angles . butions for light - emitting regions . 

38. The display system of Embodiment 37 , wherein the FIG . 11A illustrates another example of a projection 
optical mechanism comprises one or more of a prism or a system for forming the divergent wavefront approximation 
lens structure . of FIG . 7B . 

39. The display system of Embodiment 38 , wherein the FIG . 11B illustrates an example of a range of depth planes 
lens structure is a lenslet array . provided by the projection system of FIG . 11A . 

40. A display system comprising : FIG . 12 illustrates an example of a light source configu 
a light source comprising a plurality of spatially distinct 40 ration for projection systems . FIG . 13 A illustrates an example of a projection system for light output locations ; placing virtual objects on a default depth plane that is less a spatial light modulator configured to modulate light than optical infinity . from the light source ; and FIG . 13B illustrates an example of a range of depth planes 
projection optics mounted on the frame and configured to 45 provided by the projection system of FIG . 13A . 

direct light from the spatial light modulator into an eye FIG . 14 illustrates an example of a projection system of a viewer , configured for the spatially multiplexed display of intra wherein the display system is configured to display a pupil images . 
virtual object on a depth plane by temporally sequen- FIG . 15 illustrates an example of a projection system 
tially injecting a set of parallactically - disparate intra- 50 configured for spatially and temporally multiplexed display 
pupil images of the object into the eye . of intra - pupil images . 

41. The display system of Embodiment 40 , configured to FIG . 16 illustrates an example of a projection system 
output light from different light output locations of the light comprising a pupil relay combiner eyepiece for superim 
source for different intra - pupil images . posing image content on a user's view of the world . 

42. The display system of Embodiment 41 , configured to FIG . 17 illustrates an example of a display system com 
vary a lateral separation between the light output locations prising an eye tracking system and a combiner eyepiece with 
based upon a distance of the depth plane from the eye of the a pupil expander . 
viewer . FIG . 18 illustrates an example of a display system com 

43. The display system of any of Embodiments 41-42 , 60 prising an eye tracking system and a pupil rely combiner 
configured to increase the lateral separation between light eyepiece with a pupil expander configured to produce a 
output locations with increases in the distance of the depth non - infinity depth plane . 
plane from the eye of the viewer . FIG . 19 illustrates a light source comprising mirrors for 

44. The display system of any of Embodiments 41-42 , directing the propagation of light to different light output 
wherein the display system is configured to change the light 65 locations . 
output locations during injection of at least one of the FIG . 20 illustrates a light source comprising a fiber 
intra - pupil images into the eye . 
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FIG . 21 illustrates an example of an eyepiece comprising intra - pupil images . The sets of parallactically - disparate 
a stacked waveguide assembly for outputting light of dif- intra - pupil images projected into each eye may be slightly 
ferent wavelengths corresponding to different component different , e.g. , the images may show slightly different views 
colors . of the same scene due to the slightly different perspectives 
FIG . 22 illustrates an example of a wearable display 5 provided by each eye . 

system . The wavefronts of light forming each of the intra - pupil 
images projected into a pupil of an eye of a view , in the 

DETAILED DESCRIPTION aggregate , may approximate a continuous divergent wave 
front . The amount of perceived divergence of this approxi 

The human visual system may be made to perceive 10 mated wavefront may be varied by varying the amount of 
images presented by a display as being “ 3 - dimensional ” by parallax disparity between the intra - pupil images , which 
providing slightly different presentations of the image to varies the angular range spanned by the wavefronts of light 
each of a viewer's left and right eyes . Depending on the forming the intra - pupil images . Preferably , this angular 
images presented to each eye , the viewer perceives a “ vir- range mimics the angular range spanned by the continuous 
tual ” object in the images as being at a selected distance 15 wavefront being approximated . In some embodiments , the 
( e.g. , at certain “ depth plane ” ) from the viewer . Simply wavefronts of light forming the intra - pupil images are 
providing different presentations of the image to the left and collimated or quasi - collimated . 
right eyes , however , may cause viewer discomfort . As In some embodiments , the display system utilizes a light 
discussed further herein , viewing comfort may be increased source that is configured to output light from a plurality of 
by causing the eyes to accommodate to the images similarly 20 distinct light output locations . For example , the light source 
to the accommodation that would occur if the viewer were may comprise a plurality of selectively activated light 
viewing a real object at that depth plane on which the virtual emitting regions , with each region being a discrete light 
object is placed . output location . The amount of parallax disparity between 

The proper accommodation for a virtual object on a given the intra - pupil images may be varied by changing the light 
depth plane may be elicited by presenting images to the eyes 25 output locations for each image . It will be appreciated that 
with light having a wavefront divergence that matches the light from a given light output location may propagate 
wavefront divergence of light coming from a real object on through the display system to the eye along one path , and 
that depth plane . Some display systems use distinct struc- that light from a different light output location on the light 
tures having distinct optical powers to provide the appro- source may propagate through the display system to the eye 
priate wavefront divergence . For example , one structure 30 along a different path . Consequently , spatial differences in 
may provide a specific amount of wavefront divergence ( to the light output locations may translate into differences in 
place virtual objects on one depth plane ) and another struc- the paths that the light takes to the eye . The different paths 
ture may provide a different amount of wavefront divergence may correspond to different amounts of parallax disparity . 
( to place virtual objects on a different depth plane ) . Thus , Advantageously , in some embodiments , the amount of par 
there may be a one - to - one correspondence between physical 35 allax disparity may be selected by selecting the amount of 
structures and the depth planes in these display systems . Due spatial displacement or separation between the light output 
to the need for a separate structure for each depth plane , such locations of the light source . 
display systems may be bulky and / or heavy , which may be In some embodiments , as noted above , the light source 
undesirable for some applications , such as portable head- may comprise a plurality of selectively activated light 
mounted displays . In addition , such display systems may be 40 emitting regions , each of which corresponds to a distinct 
limited in the numbers of different accommodative light output location . The light - emitting regions may be 
responses they may elicit from the eyes , due to practical disposed on a plane and form a 2D light emitter array . In 
limits on the number of structures of different optical powers some other embodiments , the light source may comprise a 
that may be utilized . linear transfer lens such as a F - theta ( F - 0 or F - tan 8 ) lens , a 

It has been found that a continuous wavefront , e.g. a 45 common or shared light emitter , and an actuator to direct the 
continuous divergent wavefront , may be approximated by light emitted by the light emitter along different paths 
injecting parallactically - disparate intra - pupil images through the F - theta lens . The light exits the light source at 
directed into an eye . In some embodiments , a display system different locations through the F - theta lens , which focuses 
may provide a range of accommodative responses without the exiting light onto an image plane . Light exiting the 
requiring a one - to - one correspondence between optical 50 F - theta lens at different locations is also disposed at different 
structures in the display and the accommodative response . locations on the image plane , and the image plane may be 
For example , the same optical projection system may be considered to provide a virtual 2D light emitter array . 
utilized to output light with a selected amount of perceived Consequently , the individual regions of the light emitter 
wavefront divergence , corresponding to a desired depth array , and the locations at which light from the linear transfer 
plane , by injecting a set of parallactically - disparate intra- 55 lens passes through the image plane may both be referred to 
pupil images into the eye . These images may be referred to herein as light output locations of the light source . 
as “ parallactically - disparate ” intra - pupil images since each In some embodiments , the actuator may be part of a dual 
image may be considered to be a different parallax view of axis galvanometer comprising a plurality ( e.g. , a pair ) of 
the same virtual object or scene , on a given depth plane . mirrors that are independently actuated on different axes to 
These are “ intra - pupil ” images since a set of images pos- 60 direct light from the light emitter along the desired path of 
sessing parallax disparity is projected into the pupil of a propagation . In some other embodiments , the light source 
single eye , e.g. , the right eye of a viewer . Although some may comprise a fiber scanner and the actuator may be an 
overlap may occur , the light beams forming these images actuator configured to move the fiber of the fiber scanner . 
will have at least some areas without overlap and will The light source may also comprise or be in communication 
impinge on the pupil from slightly different angles . In some 65 with a processing module which synchronizes the output of 
embodiments , the other eye of the viewer , e.g. , the left eye , light by the light source with the location of the mirrors or 
may be provided with its own set of parallactically - disparate fiber , and with the intra - pupil image to be displayed . For 
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example , the mirrors or fiber may move along a known path noted optical mechanism and the formation of different 
and the light emitter may be controlled by the processing intra - pupil images in different areas of the spatial light 
module to emit light when the mirrors or fiber are at a modulator . Parallax disparity may be provided using both 
position corresponding to a desired light output location for the selective activation of light output locations and the 
a particular intra - pupil image ( and the parallax disparity 5 optical mechanism in conjunction with the simultaneous 
associated with that image ) , as discussed further herein . formation of different intra - pupil images in different the 

The display system may also comprise a spatial light locations of the spatial light modulator 
modulator between the light source and projection optics for In embodiments with temporal multiplexing , the set of 
injecting light into the eye . The spatial light modulator may intra - pupil images for approximating a particular continuous 
be configured to modulate the light from the light source , to 10 wavefront are preferably injected into the eye too rapidly for 
encode image information in that light stream to form an the human visual system to detect that the images were 
intra - pupil image . Preferably , the images are injected into provided at different times . Without being limited by theory , 
the eye through a projection optic that simultaneously pro- the visual system may perceive images formed on the retina 
vides an image of the spatial light modulator plane at or near within a flicker fusion threshold as being present simulta 
optical infinity , or some other chosen “ home plane , ” and also 15 neously . In some embodiments , approximating a continuous 
provides an image of the light source at or near the viewer's wavefront may include sequentially injecting beams of light 
pupil . Thus , both image content and precise amounts of for each of a set of intra - pupil images into the eye , with the 
parallax disparity may be provided to the eye . total duration for injecting all of the beams of light being less 

In some embodiments , the same spatial light modulator than the flicker fusion threshold , above which the human 
may be used to modulate light to form various intra - pupil 20 visual system will perceive images as being separately 
images to be provided to an eye . In some such embodiments , injected into the eye . As an example , the flicker fusion 
the active light output locations ( the light output locations threshold may be about % 60 of a second . It will be appreci 
from which light is actively propagating at a given point in ated that each set of images may consist of a particular 
time ) may be synchronized with the modulation by the number of parallax views , e.g. , two or more views , three or 
spatial light modulator . For example , activation of a light 25 more views , four or more views , etc. and all of these views 
output location corresponding to one intra - pupil image may are provided within the flicker fusion threshold . 
be synchronized , or simultaneous , with the activation of Preferably , the display system has a sufficiently small exit 
display elements in the spatial light modulator , with the pupil that the depth of field provided by light forming 
display elements configured to form the intra - pupil image individual intra - pupil images is substantially infinite and the 
corresponding to a particular light - emitting region . Once 30 visual system operates in an " open - loop ” mode in which the 
another light output location corresponding to a second eye is unable to accommodate to an individual intra - pupil 
intra - pupil image is activated , the appropriate , possibly image . In some embodiments , the light beams forming 
diff ent , display elements in the spatial light modulator may individual images occupy an area having a width or diameter 
be activated to form that second intra - pupil image . Addi- less than about 0.5 mm when incident on the eye . It will be 
tional intra - pupil images may be formed by synchronizing 35 appreciated , however , that light beams forming a set of 
activation of the light output locations and the image content intra - pupil images are at least partially non - overlapping and 
provided by the spatial light modulator . This time - based preferably define an area larger than 0.5 mm , to provide 
sequential injection of intra - pupil images to the eye may be sufficient information to the lens of the eye to elicit a desired 
referred to as temporal multiplexing or temporally multi- accommodative response based on the wavefront approxi 
plexed display of the intra - pupil images . Also , it will be 40 mation formed by the wavefronts of the light forming the 
appreciated that an active or activated light output location intra - pupil images . 
is a location from which light is actively propagating from Without being limited by theory , the area defined by a set 
the light source to the spatial light modulator used to form of beams of light may be considered to mimic a synthetic 
the intra - pupil images . aperture through which an eye views a scene . It will be 

In some other embodiments , spatial multiplexing may be 45 appreciated that viewing a scene through a sufficiently small 
utilized . In such embodiments , different areas of the spatial pinhole in front of the pupil provides a nearly infinite depth 
light modulator ( e.g. different pixels ) may be dedicated to of field . Given the small aperture of the pinhole , the lens of 
forming different intra - pupil images . An optical mechanism the eye is not provided with adequate scene sampling to 
may be provided between the spatial light modulator and the discern distinct depth of focus . As the pinhole enlarges , 
projection optic to direct light from different regions such 50 additional information is provided to the eye's lens , and 
that the light propagates in different directions through the natural optical phenomena allow a limited depth of focus to 
projection optic . Examples of suitable optical mechanisms be perceived . Advantageously , the area defined by the set of 
include lenslet arrays . Consequently , different intra - pupil beams of light and the corresponding sets of parallactically 
images may be formed and provided to the eye simultane- disparate intra - pupil images may be made larger than the 
ously , with the parallax disparity determined by the locations 55 pinhole producing the infinite depth of field and the multiple 
of the pixels forming the images and with the optical intra - pupil images may produce an approximation of the 
mechanism directing the propagation of light from those effect provided by the enlarged pinhole noted above . 
pixels . In some embodiments , a light source without selec- As discussed herein , in some embodiments , the different 
tively activated light - emitting regions ( e.g. , a point light angles at which the light beams propagate towards the pupil 
source ) may be utilized to generate light for the display 60 may be provided using a light source having a plurality of 
system , since the parallax disparity may be set using the selectively activated light output locations that output light 
spatial light modulator in conjunction with the optical to a spatial light modulator that modulates the light to form 
mechanism . the images . It will be appreciated that light from different 

In some other embodiments , both spatial and temporal light output locations of the light source will take different 
multiplexing may be utilized . In such embodiments , the 65 paths to the spatial light modulator , which in turn will take 
display system may include a light source with selectively a different path from the spatial light modulator to the output 
activated light output locations , in addition to the above- pupil of the projection optic and thus to the viewer's eyes . 
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Consequently , lateral displacement of the active light output distinct images 190 , 200 one for each eye 210 , 220 
locations translate into angular displacement in the light outputted to the user . The images 190 , 200 are spaced from 
leaving the spatial light modulator and ultimately propagat- the eyes 210 , 220 by a distance 230 along an optical or z - axis 
ing towards the viewer's pupil through the projection optic . that is parallel to the line of sight of the viewer . The images 
In some embodiments , increases lateral displacement 5 190 , 200 are flat and the eyes 210 , 220 may focus on the 
between the activated light - emitting regions may be under images by assuming a single accommodated state . Such 3 - D 
stood to translate to increases in angular displacement as display systems rely on the human visual system to combine measured with respect to the spatial light modulator plane . the images 190 , 200 to provide a perception of depth and / or In some embodiments , each of the intra - pupil images may be scale for the combined image . formed by outputting light from a different light output 10 It will be appreciated , however , that the human visual location , thereby providing the angular displacement 
between the beams of light forming each of the images . system is more complicated and providing a realistic per 

ception of depth is more challenging . For example , many In some embodiments , the light source and / or light output 
locations of the light source may change position or jitter viewers of conventional “ 3 - D ” display systems find such 
within a single parallax image ( intra - pupil image ) display 15 systems to be uncomfortable or may not perceive a sense of 
episode . For example , the light source and / or light emitting depth at all . Without being limited by theory , it is believed 
regions may physically move and / or different light output that viewers of an object may perceive the object as being 
locations ( e.g. , the different light emitters of an array of light “ three - dimensional ” due to a combination of vergence and 
emitters ) may be activated to provide the desired change in accommodation . Vergence movements ( i.e. , rotation of the 
position while displaying an intra - pupil image . The speed of 20 eyes so that the pupils move toward or away from each other 
displacement or jitter may be higher than the update rate of to converge the lines of sight of the eyes to fixate upon an 
the parallax image on the spatial light modulator . The object ) of the two eyes relative to each other are closely 
jittered displacement may be in any direction , including associated with focusing ( or “ accommodation ” ) of the lenses 
torsional , depending on the perceptual effect that is desired . and pupils of the eyes . Under normal conditions , changing 

In some embodiments , the display system may include a 25 the focus of the lenses of the eyes , or accommodating the 
combiner eyepiece , which allows virtual image content to be eyes , to change focus from one object to another object at a 
overlaid with the viewer's view of the world , or ambient different distance will automatically cause a matching environment . For example , the combiner eyepiece may be change in vergence to the same distance , under a relation an optically transmissive waveguide that allows the viewer 
to see the world . In addition , the waveguide may be utilized 30 well as pupil dilation or constriction . Likewise , a change in ship known as the “ accommodation - vergence reflex , ” as 
to receive , guide , and ultimately output light forming the vergence will trigger a matching change in accommodation intra - pupil images to the viewer's eyes . Because the wave of lens shape and pupil size , under normal conditions . As guide may be positioned between the viewer and the world , 
the light outputted by the waveguide may be perceived to noted herein , many stereoscopic or “ 3 - D ” display systems 
form virtual images that are placed on depth planes in the 35 display a scene using slightly different presentations ( and , 
world . In essence , the combiner eyepiece allows the viewer so , slightly different images ) to each eye such that a three 
to receive a combination of light from the display system dimensional perspective is perceived by the human visual 
and light from the world . system . Such systems are uncomfortable for many viewers , 

In some embodiments , the display system may also however , since they , among other things , simply provide a 
include an eye tracking system to detect the viewer's gaze 40 different presentation of a scene , but with the eyes viewing 
direction . Such an eye tracking system allows appropriate all the image information at a single accommodated state , 
content to be selected based upon where the viewer is and work against the “ accommodation - vergence reflex . ” 
looking Display systems that provide a better match between accom 

Advantageously , by shifting the mechanism for providing modation and vergence may form more realistic and com 
divergent wavefronts from multiple , discrete light output 45 fortable simulations of three - dimensional imagery , contrib 
structures , which create wavefronts with a particular asso- uting to increased duration of wear . 
ciated divergence , to a single structure that can create an FIG . 4 illustrates aspects of an approach for simulating 
arbitrary amount of divergence , the physical size and com- three - dimensional imagery using multiple depth planes . 
plexity of the system may be reduced ; that is , some of the With reference to FIG . 3 , objects at various distances from 
output structures may be eliminated . In addition , it may be 50 eyes 210 , 220 on the z - axis are accommodated by the eyes 
possible to place virtual content on a larger number of depth 210 , 220 so that those objects are in focus ; that is , the eyes 
planes they would be practical if each depth plane required 210 , 220 assume particular accommodated states to bring 
a dedicated structure to create a given wavefront divergence . into focus objects at different distances along the z - axis . 
This increase in the number of depth planes may provide a Consequently , a particular accommodated state may be said 
more realistic and comfortable viewing experience for the 55 to be associated with a particular one of depth planes 240 , 
viewer . In addition , in some embodiments , light from each with has an associated focal distance , such that objects or 
spatial light modulator pixel may remain nominally colli- parts of objects in a particular depth plane are in focus when 
mated , thereby facilitating integration of a projection system the eye is in the accommodated state for that depth plane . In 
having that spatial light modulator with combiner eyepieces some embodiments , three - dimensional imagery may be 
that utilize collimated pixel light . 60 simulated by providing different presentations of an image 

Reference will now be made to the figures , in which like for each of the eyes 210 , 220 , with the presentations of the 
reference numerals refer to like parts throughout . image also being different for different depth planes . While 
As discussed herein , the perception of an image as being shown as being separate for clarity of illustration , it will be 

“ three - dimensional ” or “ 3 - D ” may be achieved by providing appreciated that the fields of view of the eyes 210 , 220 may 
slightly different presentations of the image to each eye of 65 overlap , for example , as distance along the z - axis increases . 
the viewer . FIG . 2 illustrates a conventional display system In addition , while shown as flat for ease of illustration , it will 
for simulating three - dimensional imagery for a user . Two be appreciated that the contours of a depth plane may be 
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curved in physical space , such that all features in a depth multiple depth planes are desired . In such embodiments , 
plane are in focus with the eye in a particular accommodated multiple depth planes would require multiple waveguides . In 
state . addition , where color images are desired , even larger num 

The distance between an object and the eye 210 or 220 bers of waveguides may be required , since each depth plane 
may also change the amount of divergence of light from that 5 may have multiple corresponding waveguides , one wave 
object , as viewed by that eye . FIGS . 4A - 4C illustrate rela- guide for each component color may be required to form the 
tionships between distance and the divergence of light rays . color images . 
The distance between the object and the eye 210 is repre- Advantageously , various embodiments may provide a 
sented by , in order of decreasing distance , R1 , R2 , and R3 . simpler display system that approximates a desired continu 
As shown in FIGS . 4A - 4C , the light rays become more 10 ous wavefront by using discrete light beams that form 
divergent as distance to the object decreases . As distance intra - pupil images that present different parallax views of an 
increases , the light rays become more collimated . Stated object or scene . 

it may be said that the light field produced by With reference now to FIG . 6A , the pre - accommodation 
a point ( the object or a part of the object ) has a spherical and post - accommodation conditions of an eye 210 upon 
wavefront curvature , which is a function of how far away the 15 receiving a continuous input wavefront 1000 are illustrated . 
point is from the eye of the user . The curvature increases Illustration a ) shows the pre - accommodation condition , 
with decreasing distance between the object and the eye 210 . before the visual system brings the wavefront 1000 into 
Consequently , at different depth planes , the degree of diver- focus on the retina 211. Notably , the focal point 212 is not 
gence of light rays is also different , with the degree of on the retina 211. For example , the focal point 212 may be 
divergence increasing with decreasing distance between 20 forward of the retina 211 as illustrated . Illustration b ) shows 
depth planes and the viewer's eye 210. While only a single the post - accommodation condition , after the human visual 
eye 210 is illustrated for clarity of illustration in FIGS . system flexes pupillary musculature of the eye 210 of the 
4A - 4C and other figures herein , it will be appreciated that viewer to bring the wavefront 1000 into focus on the retina 
the discussions regarding eye 210 may be applied to both 211. As illustrate , the focal point 212 may be on the retina 
eyes 210 and 220 of a viewer . 25 211 . 

Without being limited by theory , it is believed that the It has been found that a continuous wavefront such as the 
human eye typically can interpret a finite number of depth wavefront 1000 of FIG . 6A may be approximated using a 
planes to provide depth perception . Consequently , a highly plurality of wavefronts . FIG . 6B illustrates the pre - accom 
believable simulation of perceived depth may be achieved modation and post - accommodation conditions of the eye 
by providing , to the eye , different presentations of an image 30 210 upon receiving a piecewise approximation of the con 
corresponding to each of these limited number of depth tinuous wavefront 1000 of FIG . 6A . Illustration a ) of FIG . 
planes . The different presentations may be separately 6B shows the pre - accommodation condition and illustration 
focused by the viewer's eyes , thereby helping to provide the b ) shows the post - accommodation condition of the eye 210 . 
user with depth cues based on the accommodation of the eye The approximation may be formed using a plurality of 
required to bring into focus different image features for the 35 constituent wavefronts 1010a , 1010b , and 1010c , each of 
scene located on different depth planes and / or based on which is associated with separate beams of light . As used 
observing different image features on different depth planes herein , references numerals 1010a , 1010b , and 1010c may 
being out of focus . indicate both a light beam and that light beam's associated 

Because each depth plane has an associated wavefront wavefront . In some embodiments , the constituent wave 
divergence , to display image content appearing to be at a 40 fronts 1010a and 1010b may be planar wavefronts , such as 
particular depth plane , some displays may utilize wave- formed by a collimated beam of light . As shown in illustra 
guides that have optical power to output light with a diver- tion b ) , the wavefront approximation 1010 formed by the 
gence corresponding to that depth plane . A plurality of constituent wavefronts 1010a and 1010b are focused by the 
similar waveguides , but having different optical powers , eye 210 onto the retina 211 , with the focal point 212 on the 
may be utilized to display image content on a plurality of 45 retina 211. Advantageously , the pre- and post - accommoda 
depth planes . For example , such systems may utilize a tion conditions are similar to that caused by the continuous 
plurality of such waveguides formed in a stack . FIG . 5 wavefront 1000 shown in FIG . 6A . 
illustrates an example of a waveguide stack for outputting It will be appreciated that continuous divergent wave 
image information to a user . A display system 250 includes fronts may be formed using optical projection systems . FIG . 
a stack of waveguides 260 that may be utilized to provide 50 7A illustrates an eye accommodating to a divergent wave 
three - dimensional perception to the eye / brain using a plu- front emanating from a finite focal - distance virtual image 
rality of waveguides 270 , 280 , 290 , 300 , 310 to output image provided by a projection system . The system includes a 
information . Image injection devices 360 , 370 , 380 , 390 , spatial light modulator 1018 and projection optics 1020 with 
400 may be utilized to inject light containing image infor- focal length “ F ” and an external stop . An image may be 
mation into the waveguides 270 , 280 , 290 , 300 , 310. Each 55 formed by the spatial light modulator 1018 and light from 
waveguide 270 , 280 , 290 , 300 , 310 may include a structure the spatial light modulator 1018 containing the image infor 
( e.g. , an optical grating and / or lens 570 , 580 , 590 , 600 , 610 , mation may be directed through projection optics 1020 to 
respectively ) that provides optical power , such that each the eye 210. As indicated in FIG . 7A , the spacing ( less than 
waveguide outputs light with a preset amount of wavefront F ) between the spatial light modulator 1018 and the projec 
divergence , which corresponds to a particular depth plane . 60 tion optics 1020 may be chosen such that a divergent 
Thus , each waveguide 270 , 280 , 290 , 300 , 310 places image wavefront 1000 is outputted towards the eye 210. As noted 
content on an associated depth plane determined by the above regarding FIG . 6A , the eye 210 may then focus the 
amount of wavefront divergence provided by that wave- wavefront 1000 on the retina 211 . 
guide . FIG . 7B illustrates a system for forming an approximation 

It will be appreciated , however , that the one - to - one cor- 65 of the divergent wavefront of FIG . 7A utilizing wavefront 
respondence between a waveguide and a depth plane may segments formed by infinity - focused virtual images . As 
lead to a bulky and heavy device in systems in which above , the system includes spatial light modulator 1018 and 
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projection optics 1020. The spatial light modulator 1018 spatial light modulator 1018 ; and 2 ) permit modulated light 
forms two images that are shifted relative to one another . from the spatial light modulator 1018 to propagate back 
The spatial light modulator 1018 is placed at distance F from through the beam splitter 1016 to the relay / projection optics 
the back focal plane of projection optics 1020 , which have 1020. In some embodiments , the display system 1001 may 
a back focal length of F. Light beam 1010a , containing 5 include an eye tracking device 1022 , e.g. , a camera , con 
image information for a first image , propagates through the figured to monitor the gaze of the eye . Such monitoring may 
projection optics 1020 into the eye 210. Light beam 1010b be used to determine the direction in which the viewer is 
containing image information for a second image takes a looking , which may be used to select image content appro 
different path through the projection optics 1020 into the eye priate for that direction . Preferably , the eye tracking device 
210. As discussed herein , the light beams 1010a and 1010b 10 1022 tracks both eyes of the viewer , or each eye includes its 
may be emitted from different regions of a light source ( not own associated eye tracking device . As a result , vergence of 
illustrated ) , thereby causing those light beams to illuminate both eyes of the viewer may be tracked and the convergence 
the spatial light modulator 1018 from different angles , which point of the eyes may be determined to determine in what 
in turn causes images formed by the light beams 1010a and direction and at what distance the eyes are directed . 
1010b to be spatially shifted relative to one another . The 15 It will be appreciated that the light 1010a ' and 10106 ' may 
light beams 1010a and 10106 propagate away from the be outputted by the light source 1026 at different times , the 
spatial light modulator along paths through the projection spatial light modulator 1018 may form the different parallax 
optics 1020 and into the eye 210 such that those light beams views with the light 1010a ' and 1010b ' at different times , and 
define an angular range , from one light beam to the other , the resultant light beams 1010a and 1010b may be injected 
that matches the angular range of the divergent wavefront 20 into the eye 210 at different times , as discussed herein . 
1000 ( FIG . 7A ) . It will be appreciated that the angular With continued reference to FIG . 9 , the light source 1026 
separation between light beams 1010a and 1010b increases may be a 2D light source having a plurality of selectively 
with increases in the amount of wavefront divergence that is activated light output locations disposed substantially on a 
approximated . In some embodiments , the projection optics plane . In some embodiments , the selectively - activated light 
1020 and the spacing between the spatial light modulator 25 output locations may be selectively activated light - emitting 
1018 and the projection optics 1020 are configured such that regions . For example , the light source 1026 may be a 
each of the light beams 1010a and 1010b are collimated . light - emitting diode ( LED ) array , or a spatial light modulator 

With reference now to FIG . 8 , examples of parallax views ( e.g. , a digital micromirror device such as a digital light 
forming the divergent wavefront approximation of FIG . 7B processing ( DLP ) device , a LCOS device , etc. ) containing 
are illustrated . It will be appreciated that each of light beams 30 an array of discrete units or light emitters that output light . 
1010a , 1010b , and 1010c form a distinct image of one view Examples of LED arrays include organic light - emitting 
of the same objects or scene from slightly different perspec- diode ( OLED ) arrays , and inorganic light - emitting diode 
tives corresponding to the different placements of the images ( ILED ) arrays . In some embodiments , individual light 
in space . As illustrated , the images may be injected into the emitting diodes and / or light modulators in the light source 
eye 210 sequentially at different times . Alternatively , the 35 1026 may constitute a light - emitting region . In some other 
images may be injected simultaneously if the optical system embodiments , groups of light - emitting diodes and / or light 
permits , or the images can be injected in groups , as dis- modulators may form light - emitting regions . In such 
cussed herein . In some embodiments , the total duration over embodiments , there may be some overlap between the 
which light forming all of the images is injected into the eye light - emitting diodes and / or light modulators of different 
210 is less than the flicker fusion threshold of the viewer . For 40 light - emitting regions although the regions may be consid 
example , the flicker fusion threshold may be 1/60 of a second , ered distinct because the overlap is not complete . 
and all of the light beams 1010a , 10106 , and 1010c are In some other embodiments , the light source 1026 may be 
injected into the eye 210 over a duration less than that flicker configured to focus light onto an image plane to , in effect , 
fusion threshold . As such , the human visual system inte- provide a virtual 2D light source on that image plane . 
grates all of these images and they appear to the eye 210 as 45 Different locations on the image plane may be considered to 
if the light beams 1010a , 1010b , and 1010c were simulta- be different light output locations and those locations may be 
neously injected into that eye 210. The light beams 1010a , activated by directing light through those locations on the 
1010b , and 1010c thus form the wavefront approximation image plane using actuated mirrors or a fiber scanner to steer 
1010 . light from a light emitter . Further details regarding such 

With reference now to FIG . 9 , an example of a display 50 virtual 2D light sources are provided below in the discussion 
system 1001 comprising a projection system 1003 for form- of FIGS . 19 and 20 . 
ing the divergent wavefront approximation 1010 of FIG . 7B In some embodiments , examples of spatial light modula 
is illustrated . The projection system 1003 comprises a light tors 1018 include liquid crystal on silicon ( LCOS ) panels . As 
source 1026 configured to output light 1010a ' and 1010b ' to another example , in some other embodiments , spatial light 
a spatial light modulator 1018 , which modulates the light to 55 modulator 1018 may comprise a transmissive liquid crystal 
form images showing slightly different parallax views of the panel or a MEMs device , such as a DLP . 
same object or scene . The modulated light with the image With continued reference to FIG . 9 , the display system 
information then propagates through the relay / projection 1001 may also include control systems 1024 for determining 
optics 1020 , and is outputted by the relay / projection optics the timing and the type of image content provided by the 
1020 as light beams 1010a and 1010b into the eye 210. The 60 display system . In some embodiments , the control system 
projection system 1003 may also include a lens structure 1024 comprises one or more hardware processors with 
1014 , which may be configured to convert the spatial memory storing programs for controlling the display system 
differences in the emission of the light 1010a ' and 10106 1001. For example , the system 1024 may be configured to 
into angular differences in the propagation of that light to the control activation of the light - emitting regions of the light 
spatial light modulator 1018. The projection system 1003 65 source 1026 , the actuation of individual pixel elements of 
may further include a polarizing beam splitter 1016 config- the spatial light modulator 1018 , and / or the interpretation 
ured to 1 ) direct light from the light source 1026 to the and reaction of the display system 1001 to data received 
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from the eye tracking device 1022. Preferably , the system rendered 25 times from 25 different viewpoints that are 
1024 includes a computation module 1024a configured to arranged in a grid pattern . The location of the viewpoint in 
receive an input regarding a desired depth plane or wave- the grid pattern would correspond to the location of the 
front divergence and to calculate the appropriate light- activated light source region , and the rendered image would 
emitting regions to activate , in order to form parallax views 5 correspond to the image formed by the spatial light modu 
with the proper amount of disparity for the desired depth lator . 
plane or wavefront divergence . In addition , computation It may be desirable to increase the brightness of images module 1024a may be configured to determine the appro formed by the spatial light modulator 1018. Advantageously , priate actuation of the pixels of the spatial light modulator 
1018 to form images of the desired parallax views . The 10 emitters allows the formation of light - emitting regions hav 

utilizing a light source 1026 comprising an array of light 
system 1024 may also include a synchronization module 
1024b that is configured to synchronize the activation of ing a variety of shapes and sizes , which may be utilized to 

increase brightness . In some embodiments , brightness may particular light - emitting regions of the light source 1026 
with modulation of light by the spatial light modulator 1018 be increased by increasing the size of the activated light 
to form images to provide the parallax view corresponding 15 emitting region without significantly changing the image 
to those activated light - emitting regions . In addition , the formed by the spatial light modulator 1018. The computa 
system 1024 may include an eye tracking module 1024c that tion module 1024a may be configured to determine the size 
receives inputs from the eye tracking device 1022. For and shape of the activated light - emitting region using fac 
example , the eye tracking device 1022 may be a camera tored light field optimization . The module 1024a may be 
configured to image the eye 210. Based on images captured 20 configured to take an input focal stack and create a series of 
by the eye tracking device 1022 , the eye tracking module patterns to be displayed on the spatial light modulator 1018 
1024c may be configured to determine the orientation of the as well as on the light source 1026 , with the patterns 
pupil and to extrapolate the line of sight of the eye 210. This configured create a desired approximation to the focal stack 
information may be electronically conveyed to the compu in the least squared sense . The optimization takes advantage 
tation module 1024a . The computation module 1024a may 25 of the fact that small shifts in the viewpoint do not signifi 
be configured to select image content based upon the line of cantly change the perceived image , and is able to generate 
sight or the gaze of the eye 210 ( preferably also based upon light - emitting region patterns utilizing illumination from a 
the line of sight or gaze of the other eye of the viewer ) . larger area on the light source 1026 , while displaying the 

Because the light source 1026 may include arrays of same image on the spatial light modulator 1018 . 
discrete light emitters , the size and shape of the light- 30 The optimization problem may be formulated as a non 
emitting regions formed by the light emitters may be varied convex optimization problem , given below : 
as desired by activating selected ones of the light emitters . 
FIG . 10 illustrates examples of zes , shapes , and distribu 
tions for the light - emitting regions . It will be appreciated arg min žlly - P { AB " } } } 
that the light and dark areas in the figure indicate different 35 
emitting regions that are activated for different parallax subject to 0 A , B < 1 , 
views . Example a ) shows elongated light - emitting regions 
that are horizontally spaced apart , which may be desirable 
for horizontal parallax - only driven accommodation . where the projection operator p performs the linear trans 
Example b ) shows circular light - emitting regions with both 40 formation from the 4D light field to the 3D focal stack ( using 
horizontal and vertical displacement . Example c ) shows the shift and add algorithm ) . This problem is a nonnegative 
light - emitting regions that have a luminance fall - off . matrix factorization embedded in a deconvolution problem . 
Example d ) shows light - emitting regions that overlap . The algorithm solving this problem uses the alternating 
Example e ) shows light - emitting regions that form arrays . direction method of multipliers ( ADMM ) . Additional details 
As indicated by the illustrated examples , the light source 45 regarding an example method of solving this problem are 
1026 ( FIG . 9 ) may include light emitters that are binary discussed in Appendix I. It will be appreciated that the 
( which simply turn on and off ) and / or light emitters that module 1024a is configured to actively calculate , in real 
incorporate grayscale ( which emit light of selectively vari- time , the appropriate size and shape of the light - emitting 
able intensity ) . In some embodiments , the light source 1026 region based upon the parallax view to be formed by a 
may include elements that switch at very high rates , includ- 50 spatial light modulator 1018 . 
ing rates beyond the parallax - switching rate for the system In some other embodiments , the optimization problem 
1001. For example , the light source 1026 may have light may be formulated as a slightly different non - convex opti 
outputting elements that switch the light output on and off at mization problem , as given below : 
a rate higher than the rate at which the parallax ( intra - pupil ) 
images are switched in embodiments in which different 55 
intra - pupil images are displayed at different times . argmin žlly – { AB " } 112 

With reference again to FIG . 9 , in some embodiments , the { A , B } 
control system 1024 may include two parts : 1 ) light field subject to 0 < A , B < 1 , 
generation and 2 ) factored light field optimization . As dis 
cussed herein , to approximate a wavefront , an appropriate 60 
image is displayed on the spatial light modulator 1018 for where A and B represent the patterns displayed on the spatial 
each activated light - emitting region of the light source 1026 . light modulators ( e.g. , the light source 1026 and the spatial 
It will be appreciated that these images are created during light modulator 1018 for forming images ) , y is the target 4D 
the light field generation step , where a 3D scene is rendered light field that is the desired output of the algorithm , and AB ' 
from multiple , slightly offset viewpoints corresponding to 65 is the operator combining the spatial light modulator pat 
the slight shifts in activated light - emitting regions . For terns to simulate the 4D light field emitted by the physical 
example , to display a 5x5 light field , the 3D scene would be display when A and B are shown on the modulators . This 
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problem is a nonnegative matrix factorization . The algo- to produce displacement of the optical system pupil to align 
rithm solving this problem uses an iterative optimization the parallax images with respect to each other within the 
technique to refine A and B from a random initial guess . viewer pupil . 

With continued reference to FIG . 9 , it will be appreciated With reference now to FIG . 11B , an example of a range 
that the flicker fusion threshold of the human visual system 5 of depth planes provided by the projection system of FIG . 
places a time constraint on the number of images that may 11A is illustrated . The range spans from a far plane at optical 
be injected into the eye 210 while still being perceived as infinity to a near plane closer to the eye 210. The far plane 
being injected simultaneously . For example , the processing at optical infinity may be provided by collimated light beams 
bandwidth of the control system 1024 and the ability to 1010a and 10106. The near plane may be provided using 
switch light - emitting regions of the light source 1026 and 10 spatially displaced activated light - emitting regions , as dis 

closed herein , and may be understood to be the nearest depth light modulators of the spatial light modulator 1018 may plane provided by the display system . In some embodi limit the number of images that may be injected into the eye ments , the perceived nearness of the near plane to the eye 210 within the duration allowed by the flicker fusion thresh 210 may be determined by the maximum parallax disparity 
old . Given this finite number of images , the control system 15 between the light beams 1010a and 10106 , which may be 1024 may be configured to make choices regarding the determined by the maximum distance that the display sys images that are displayed . For example , within the flicker tem allows the selectively activated light - emitting regions 
fusion threshold , the display system may be required to 1026a and 1026b to be separated while still forming a clear 
inject a set of parallactically - disparate intra - pupil images image of the light source 1026 at or near the viewer's pupil . 
into the eye , and in turn each parallax view may require 20 Advantageously , as discussed herein , the use of a light 
images of various component colors in order to form a full source 1026 comprising a plurality of discrete , selectively 
color image . In some embodiments , the formation of full activated light emitters provides the ability to produce a 
color imag using component color ages is bifurcated broad range of pupil or perceived image shapes , luminance 
from the elucidation of a desired accommodation response . profiles , and arrays to achieve various depth of field effects 
For example , without being limited by theory , it may be 25 ( through manipulation of illumination source size , shape and 
possible to elicit the desired accommodation response with position ) . The light source 1026 advantageously also pro 
a single color of light . In such a case , the parallactically vides the ability to flexibly and interactively change the 
disparate intra - pupil images used to elicit the accommoda- shape of the pupil to accommodate horizontal parallax only , 
tion response would only be in the single color . As a result , full parallax , or other combinations of parallax as is desired 
it would not be necessary to form parallactically - disparate 30 for driving accommodation while providing high luminous 
intra - pupil images using other colors of light , thereby free efficiency 

With reference now to FIG . 12 , an example of a light ing up time within the flicker fusion threshold for other types source configuration for projection systems 1003 is illus of images to be displayed . For example , to better approxi trated . The light source 1026 includes a single fixed illumi mate the wavefront , a larger set of parallactically - disparate 35 nator 1028 and a spatial light modulator 1032 for regulating intra - pupil images may be generated . the output of light from the illuminator 1028 to the spatial 
In some other embodiments , the control system 1024 may light modulator 1018 for forming images . The light source 

be configured to devote less time within the flicker fusion 1026 may also include a condenser / collimator lens to direct threshold for displaying images of colors of light for which light from the illuminator 1028 to the spatial light modulator 
the human visual system is less sensitive . For example , the 40 1032. The spatial light modulator 1032 may include pixels 
human visual system is less sensitive to blue light then green and / or shutters that allow or block light from passing 
light . As a result , the display system may be configured to through as desired . It will be appreciated that the pixels 
generate a higher number of images formed with green light and / or shutters may be actuated to permit light to pass and 
than images formed with blue light . that the areas in which light passes are considered to be 

With reference now to FIG . 11A , another example of a 45 light - emitting regions ( e.g. light - emitting regions 1026a and 
projection system 1003 for forming the divergent wavefront 1026b ) . 
approximation of FIG . 7B is illustrated . Preferably , the With reference now to FIG . 13A , an example of a 
projection system produces a relatively long depth of field , projection system 1003 for placing virtual objects on a 
which may be controlled by the limiting aperture in the default depth plane that is less than optical infinity is 
system . Without being limited by theory , projection systems 50 illustrated . As illustrated , the projection optics 1020 may 
providing images to the eye with an effective pupil diameter have a focal length “ F ” and the spatial light modulator may 
of approximately 0.5 mm are believed to force the human be positioned at less than F , which biases the system 1003 to 
visual system to operate in “ open - loop ” mode , as the eye is have a far depth plane at less than optical infinity by causing 
unable to accommodate to such images . By providing the light beams 1010a and 1010b to diverge . The amount 
images with such an effective pupil diameter , the display 55 that the light beams 1010a and 1010b diverge may be 
system reduces the spot - size on the retina for an infinity- determined by the position of the spatial light modulator 
focused image . 1018 relative to the projection optics 1020 , with closer 

With continued reference to FIG . 11A , the projection spacing causing greater amounts of divergence . Because a 
system 1003 forms images with parallax disparity as dis- certain amount of divergence is expected as a default due to 
cussed herein . The images may be rapidly , alternatingly 60 the spacing , in some embodiments , the size of the light 
provided to the eye of a viewer at a rate that is higher than emitting regions 1026a and 1026b for each intra - pupil image 
the perception persistence of the human visual system may be scaled up ( e.g. by increasing the number of LEDs , 
( e.g. > 60 Hz ) . As discussed herein , the illustrated projection increasing the number of light source illumination pixels , 
system 1003 simultaneously produces an image of the etc. that are activated to illuminate the spatial light modu 
illumination source at a finite conjugate plane , and an image 65 lator when forming an intra - pupil image ) and the exit pupil 
of the pixel ( image ) source at infinity . In addition , selectively associated with each intra - pupil image may be larger than 
activated light - emitting regions 1026a and 1026b are spaced 0.5 mm . As a result , the visual system may not function in 
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an open loop mode . In some embodiments , the size of the advantageously provide additional control over parallax 
light - emitting regions 1026a and 1026b may be set by the disparity . Thus , the projection system may utilize both 
control system 1024 ( FIG . 9 ) , which may be programmed to spatial and temporal multiplexing . With reference now to 
vary the size of the light - emitting regions 1026a and 1026b FIG . 15 , an example of a projection system 1003 configured 
based upon a desired default depth plane for the system 5 for spatial and temporal multiplexing of intra - pupil images 
1003. In addition , the cross - sectional widths of the light is illustrated . The projection system 1003 may include the 
beams for forming each intra - pupil image is preferably light source 1026 , which may include selectively activated 
sufficiently large relative to the optical structures of the light - emitting regions , e.g. , regions 1026a and 1026b . As 
projection optics 1020 for the projection optics 1020 to act discussed herein , spatial displacement between the light 
on the light so as to provide the desired divergence . 10 emitting regions may be utilized to provide parallax dispar 

With reference now to FIG . 13B , an example of a range ity in the alternately outputted light beams 1010a , 10106 , 
of depth planes provided by the projection system of FIG . 1010c , and 1010d . In addition , as discussed above regarding 
13A is illustrated . The illustrated range spans from a far FIG . 14 , the projection system 1000 may include the optical 
plane , at a distance of D that is less than optical infinity , to mechanism 1019 between the spatial light modulator 1018 
a near plane relative to the eye 210. The far plane may be set 15 and the projection optics 1020. The spatial light modulator 
by appropriate selection of the position of the spatial light 1018 and optical mechanism 1019 may work together to 
modulator relative to the projection optics 1020. The near provide spatial multiplexing . Thus , illumination of the spa 
plane may be provided as disclosed above regarding FIG . tial light modulator 1018 by a single light - emitting region 
11B . may produce multiple intra - pupil images . For example , 

With reference now to FIG . 14 , an example of a projection 20 activation of the light - emitting region 1026a illuminates the 
system 1003 configured for the spatially multiplexed display spatial light modulator 1018 , which simultaneously gener 
of intra - pupil images is illustrated . Rather than relying on ates image information for two intra - pupil images , with the 
spatial displacement between light emitting regions to pro- light beams for each image directed in different directions by 
vide the desired parallax disparity , parallax disparity may be the optical mechanism 1019. The light enters the projection 
provided by utilizing different areas of the spatial light 25 optics 1020 and exits as light beams 10106 and 1010d for 
modulator 1018 to form different intra - pupil images . An forming two distinct intra - pupil images . Similarly , subse 
optical mechanism 1019 is configured to direct the light quent activation of the light - emitting region 1026b results in 
from each of these different areas at different angles towards light beams 1010a and 1010d for forming two other intra 
the projection optics 1020 , which outputs light beams 1010a pupil images . 
and 1010b towards an eye of the viewer ( not shown ) . In 30 With reference to both FIGS . 14 and 15 , in some embodi 
some embodiments , the areas of the spatial light modulator ments , as discussed above regarding FIGS . 11A - 11B and 
1018 for forming different intra - pupil images may be inter- 13A - 13B , the locations of the spatial light modulator 1018 
leaved . For example , pixels providing image information for and optical mechanism 1019 relative the projection optics 
different intra - pupil images may be interleaved with one 1020 may be selected to provide a desired default “ home ” 
another . The optical mechanism 1019 may be configured to 35 depth plane , which may be less than optical infinity . 
translate the different locations ( e.g. , different pixels ) from The projection system 1003 shown in the various figures 
which the optical mechanism 1019 receives light into the herein may be part of a hybrid system utilizing a single finite 
different angles at which the light from the pixels enter the focal - length eyepiece , which places objects on a non - infinity 
projection optics 1020. In some embodiments , the optical depth plane as a default , while employing parallax - driven 
mechanism 1019 may include a prism and / or a lens structure 40 accommodation to place virtual objects on other depth 
such as a lenslet array . planes . For example , the projection system 1003 may be 

It will be appreciated different , non - overlapping regions configured to have a default depth plane at 0.3 dpt or 0.5 dpt , 
of the spatial light modulator 1018 may be dedicated to which may be sufficiently close the optical infinity to fall 
providing image information for different intra - pupil within a tolerance of the human visual system for accom 
images . Because these regions are distinct from one another , 45 modation - vergence mismatches . For example , without being 
they may be actuated simultaneously in some embodiments . limited by theory , it is believed that the human visual system 
As a result , multiple intra - pupil images may be presented to may comfortably tolerate displaying content from optical 
the eye simultaneously . This may advantageously reduce the infinity on a depth plane of 0.3 dpt . In such systems , beams 
requirements for the speed at which the spatial light modu- of light 1010a and 1010b will have an amount of wavefront 
lator 1018 is required to refresh images . As discussed above , 50 divergence corresponding to the default depth plane . Advan 
in order to provide the perception that all images of a set of tageously , such configurations may reduce the computa 
intra - pupil images for approximating a continuous wave- tional a load on processors ( e.g. , graphics processing units ) 
front are present simultaneously , all of these images must be in the display system , which may provide advantages for 
presented within the flicker fusion threshold . In some lowering power consumption , lowering latency , increasing 
embodiments , all or a plurality of images of a set of 55 processor options , among other benefits 
intra - pupil images are presented at the same time , in differ- With reference now to FIG . 16 , an example is illustrated 
ent regions of the spatial light modulator , such that rapid of a projection system 1003 comprising a pupil relay com 
sequential displaying of these simultaneously presented biner eyepiece 1030 for superimposing image content on a 
images is not required for the human visual system to user's view of the world . Preferably , the eyepiece 1030 is 
perceive the images as being present simultaneously . 60 optically transmissive , allowing light from the world to 
As illustrated , light source 1028 provides light through propagate through the eyepiece into the eye 210 of the 

lens structure 1014 to illuminate the spatial light modulator viewer . In some embodiments , the eyepiece 1030 comprises 
1018. In some embodiments , the light source 1028 may be one or more waveguides having incoupling optical elements 
a single fixed illuminator without any selectively activated 770 and outcoupling optical elements 800. The incoupling 
light - emitting regions . 65 optical element 770 receive light from the projection optics 

In some other embodiments , the light source may include 1020 and redirect that light such that it propagates through 
selectively activated light - emitting regions , which may the eyepiece 1030 by total internal reflection to the out 
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coupling optical element 800. The outcoupling optical ele- any given intra - pupil image is displayed . For example , 
ment 800 outputs the light to the viewer's eye 210. Advan- during the amount of time that a particular intra - pupil image 
tageously , eyepiece 1030 preserves all of the image attri- is displayed , the actuator is preferable be able to scan a beam 
butes of provided by the projection system 1003 , and thus of light at least once , and preferably a plurality of times , 
rapidly switching parallax views are accurately portrayed 5 across the area of the image plane corresponding to the 
through the eyepiece 1030 . virtual 2D light source . 

The incoupling optical element 770 and the outcoupling FIG . 19 illustrates a light source 2026 comprising mirrors 
optical element 800 may be refractive or reflective struc- for directing the propagation of light to different light output 
tures . Preferably , the incoupling optical element 770 and the locations . The light source 2026 comprises a light emitter 
outcoupling optical element 800 are diffractive optical ele- 10 2028 and mirrors 2030 and 2032 , which are moved by 
ments . Examples of diffractive optical elements include actuators 2031 and 2033 , respectively . Examples of light 
surface relief features , volume - phase features , meta - materi- emitters 2028 include LED's and lasers . In some embodi 
als , or liquid - crystal polarization gratings . ments , a fiber optic cable may transmit light from a remotely 

It will be appreciated that the outcoupling optical ele- situated light emitter . As illustrated , light 1010a , 10106 
ments 800 or other optical elements forming part of the 15 propagates from the light emitter 2028 to the mirror 2032 
eyepiece 1030 may be configured to have optical power . In which reflects the light to the mirror 2030 which then reflects 
some embodiments , the optical power may be chosen to the light to propagate through the lens 2034 to focus on the 
correct for refractive errors of the eye 210 , including refrac- intermediate image plane 1026 ' . The mirrors 2030 and 2032 
tive errors such as myopia , hyperopia , presbyopia , and may be part of a dual - axis galvanometer , with the actuators 
astigmatism . 20 2031 and 2033 rotating the mirrors along different axes , e.g. , 

With reference now to FIG . 17 , an example is illustrated orthogonal axes , thereby allowing light to be directed to an 
of a projection system 1003 comprising the eye tracking area defined along the two axes of the image plane 1026 ' . In 
system 1022 and a combiner eyepiece 1030 with a pupil some embodiments , the actuators 2031 , 2033 may be 
expander 1034. The pupil expander replicates the projection motors . The lens 2034 may be a linear transfer lens such as 
system pupil across the eyepiece 1030. Since the pupil 25 a F - theta ( F - 6 or F - tan 6 ) lens and may be configured to 
expander 1034 replicates the projection system pupil across focus light onto the flat image plane 1026 ' . In some embodi 
a large area that may be traversed by the viewer's pupil ments , light rays 1010a ' , 10106 ' propagate away from the 
through eye motion , the images formed by the spatial light image plane 1026 in a similar manner as light would 
modulator 1018 and locations of the light - emitting regions propagate from the light source 1026 ( see , e.g. , FIG . 9 ) . In 
of the light source 1026 can be updated based on input from 30 some embodiments , the light source 2026 may also include 
the eye tracking system 1022 in real time . Advantageously , a collimating lens 2036 to collimate light emitted by the light 
this configuration enables a larger eyebox for more com- emitter 2028 before the light reaches the mirror 2032 . 
fortable viewing , relaxing restrictions on eye - to - combiner The light source 2026 preferably also includes or is in 
relative positioning and variations in inter - pupillary dis- communication with a processing module 2038 that controls 
tance . 35 and synchronizes the output of light from the light emitter 

With reference now to FIG . 18 , an example is illustrated 2028 with the movements of the actuators 2031 , 2033 and 
of a projection system 1003 comprising eye tracking system the intra - pupil image to be formed . For example , the pro 
1022 and a combiner eyepiece 1030 with a pupil expander cessing module 2038 may coordinate the movements of the 
1035 configured to produce a non - infinity depth plane . In mirrors 2032 , 2030 with the emission of light from the light 
some embodiments , the non - infinity depth plane may be at 40 emitter 2028. In some embodiments , the mirrors 2032 , 2030 
3 meters , which offers an in - budget accommodation of ~ 2.5 are continuously rotated or swiveled back and forth by the 
meters to infinity . For example , given the tolerance of the actuators 2031 , 2033 on the axis on which the mirror is 
human visual system for accommodation - vergence mis- designed to move . The emission of light ( e.g. , a pulse of 
matches , virtual content at distances of -2.5 meters to light ) by the light emitter 2028 is timed with this movement 
infinity from the viewer may be placed on the 3 meter depth 45 such that the light is directed to a desired location on the 
plane with little discomfort . In such a system , the parallac- intermediate image plane 1026 ' at a given moment in time , 
tically - disparate intra - pupil images may be used to drive and this location and time are also determined based on the 
accommodation for a narrower range of depth planes , pos- intra - pupil image to be displayed ( e.g. , the activation of a 
sibly all closer to the viewer than the fixed ” default ” focal particular light output location coincides in time with the 
plane . In some embodiments , this system may also incor- 50 display of an intra - pupil image having parallax disparity 
porate the eye tracking system 1022 to determine the dis- associated with that particular light output location ) . In some 
tance of the viewer's fixation based , e.g. , on vergence angles embodiments , the emission of light from the light emitter 
of both eyes of the viewer . 2028 is controlled by switching the light emitter 2028 

In some embodiments , the light source 1026 may be between on and off states ( e.g. , by supplying or not supply 
replaced with a virtual light source formed on the image 55 ing power , respectively , to the light emitter ) . In some other 
plane of a light projection system . The light projection embodiments , the emission of light from a light emitter 2028 
system may include an actuator capable of causing a beam may be controlled mechanically , using a physical switch that 
of light to scan across an area on the image plane corre- selectively allows or blocks light from reaching the image 
sponding to the virtual light source . To mimic the ability to plane 1026 . 
activate the discrete light - emitting areas of the light source 60 With reference now to FIG . 20 , light source 2026 may 
1026 , the output of light by the projection system is syn- include a fiber scanner 2027. The fiber scanner 2027 may 
chronized with the movement of the actuator to cause light include light emitter 2028 and an actuator 2040 which 
to be outputted to desired locations on the image plane at causes the fiber 2042 to move . Light 1010a ' , 10106 ' propa 
particular times . Preferably , the rate at which the actuator is gates out of the end of the fiber 2042 through the lens 2034 
able to scan the beam of light across the image plane is 65 and focuses on the image plane 2026 ' . It will be appreciated 
sufficiently high that all desired light output locations on that the actuator 2040 may cause the fiber 2042 to move 
image plane may be accessed during the timeframe in which along a predefined path ( e.g. , a circular path ) at a known 
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speed . Consequently , the processing module 2038 may be surface ( e.g. , a top major surface ) of waveguide 690. In 
configured to synchronize the propagation of light out of the some other embodiments , the light distributing elements 
end of the fiber 2042 with the movement of the fiber 2042 730 , 740 , 750 , may be disposed on a bottom major surface 
such that light propagates out of the fiber 2042 at a desired of associated waveguides 670 , 680 , 690 , respectively . In 
light output location , which is in turn synchronized with the 5 some other embodiments , the light distributing elements 
intra - pupil image to be displayed . 730 , 740 , 750 , may be disposed on both top and bottom 
As noted above , the light source 2026 may replace the major surface of associated waveguides 670 , 680 , 690 , 

light source 1026 in any of the display systems discussed . respectively ; or the light distributing elements 730 , 740 , 
For example , the light source 2026 may substitute for the 750 , may be disposed on different ones of the top and bottom 
light source 1026 in the projection system 1003 or display 10 major surfaces in different associated waveguides 670 , 680 , 
system 1001 of any of FIGS . 9 , 11A , 12 , 13A , and 15-18 . 690 , respectively . 

With reference now to FIG . 21 , an example is illustrated The waveguides 670 , 680 , 690 may be spaced apart and 
of an eyepiece 660 ( which may correspond to the eyepiece separated by , e.g. , gas , liquid , and / or solid layers of material . 
1030 , FIGS . 14-16 ) comprising a stacked waveguide assem- For example , as illustrated , layer 760a may separate wave 
bly for outputting light of different wavelengths correspond- 15 guides 670 and 680 ; and layer 760b may separate wave 
ing to different component colors . In some embodiments , the guides 680 and 690. In some embodiments , the layers 760a 
waveguide assembly includes waveguides 670 , 680 , and and 760b are formed of low refractive index materials ( that 
690. Each waveguide includes an associated in - coupling is , materials having a lower refractive index than the mate 
optical element ( which may also be referred to as a light rial forming the immediately adjacent one of waveguides 
input area on the waveguide ) , with , e.g. , in - coupling optical 20 670 , 680 , 690 ) . Preferably , the refractive index of the 
element 700 disposed on a major surface ( e.g. , an upper material forming the layers 760a , 760b is 0.05 or more , or 
major surface ) of waveguide 670 , in - coupling optical ele- 0.10 or less than the refractive index of the material forming 
ment 710 disposed on a major surface ( e.g. , an upper major the waveguides 670 , 680 , 690. Advantageously , the lower 
surface ) of waveguide 680 , and in - coupling optical element refractive index layers 760a , 760b may function as cladding 
720 disposed on a major surface ( e.g. , an upper major 25 layers that facilitate TIR of light through the waveguides 
surface ) of waveguide 690. In some embodiments , one or 670 , 680 , 690 ( e.g. , TIR between the top and bottom major 
more of the in - coupling optical elements 700 , 710 , 720 may surfaces of each waveguide ) . In some embodiments , the 
be disposed on the bottom major surface of the respective layers 760a , 760b are formed of air . While not illustrated , it 
waveguide 670 , 680 , 690 ( particularly where the one or will be appreciated that the top and bottom of the illustrated 
more in - coupling optical elements are reflective , deflecting 30 set 660 of waveguides may include immediately neighbor 
optical elements ) . As illustrated , the in - coupling optical ing cladding layers . 
elements 700 , 710 , 720 may be disposed on the upper major With continued reference to FIG . 21 , light rays 770 , 780 , 
surface of their respective waveguide 670 , 680 , 690 ( or the 790 are incident on and injected into the waveguides 670 , 
top of the next lower waveguide ) , particularly where those 680 , 690 by projection system 1003 ( FIGS . 9 and 11-16 ) . 
in - coupling optical elements are transmissive , deflecting 35 In some embodiments , the light rays 770 , 780 , 790 have 
optical elements . In some embodiments , the in - coupling different properties , e.g. , different wavelengths or different 
optical elements 700 , 710 , 720 may be disposed in the body ranges of wavelengths , which may correspond to different 
of the respective waveguide 670 , 680 , 690. In some embodi- colors . The in - coupling optical elements 700 , 710 , 720 each 
ments , as discussed herein , the in - coupling optical elements deflect the incident light such that the light propagates 
700 , 710 , 720 are wavelength selective , such that they 40 through a respective one of the waveguides 670 , 680 , 690 by 
selectively redirect one or more wavelengths of light , while TIR . 
transmitting other wavelengths of light . While illustrated on For example , in - coupling optical element 700 may be 
one side or corner of their respective waveguide 670 , 680 , configured to deflect ray 770 , which has a first wavelength 
690 , it will be appreciated that the in - coupling optical or range of wavelengths . Similarly , the transmitted ray 780 
elements 700 , 710 , 720 may be disposed in other areas of 45 impinges on and is deflected by the in - coupling optical 
their respective waveguide 670 , 680 , 690 in some embodi- element 710 , which is configured to deflect light of a second 
ments . wavelength or range of wavelengths . Likewise , the ray 790 
As illustrated , the in - coupling optical elements 700 , 710 , is deflected by the in - coupling optical element 720 , which is 

720 may be laterally offset from one another . In some configured to selectively deflect light of third wavelength or 
embodiments , each in - coupling optical element may be 50 range of wavelengths . 
offset such that it receives light without that light passing With continued reference to FIG . 21 , the in - coupled light 
through another in - coupling optical element . rays 770 , 780 , 790 are deflected by the in - coupling optical 

For example , each in - coupling optical element 700 , 710 , elements 700 , 710 , 720 , respectively , and then propagate by 
720 may be configured to receive light from a different TIR within the waveguides 670 , 680 , 690 , respectively . The 
image injection device 360 , 370 , 380 , 390 , and 400 as shown 55 light rays 770 , 780 , 790 then impinge on the light distrib 
in FIG . 6 , and may be separated ( e.g. , laterally spaced apart ) uting elements 730 , 740 , 750 , respectively . The light dis 
from other in - coupling optical elements 700 , 710 , 720 such tributing elements 730 , 740 , 750 deflect the light rays 770 , 
that it substantially does not receive light from the other ones 780 , 790 so that they propagate towards the out - coupling 
of the in - coupling optical elements 700 , 710 , 720. In some optical elements 800 , 810 , 820 , respectively . 
embodiments , the in - coupling optical elements 700 , 710 , 60 In some embodiments , the light distributing elements 730 , 
720 are vertically aligned and are not laterally offset . 740 , 750 are orthogonal pupil expanders ( OPE's ) . In some 

Each waveguide also includes associated light distribut- embodiments , the OPE's both deflect or distribute light to 
ing elements , with , e.g. , light distributing elements 730 the out - coupling optical elements 800 , 810 , 820 and also 
disposed on a major surface ( e.g. , a top major surface ) of increase the beam or spot size of this light as it propagates 
waveguide 670 , light distributing elements 740 disposed on 65 to the out - coupling optical elements . In some embodiments , 
a major surface ( e.g. , a top major surface ) of waveguide 680 , e.g. , where the beam size is already of a desired size , the 
and light distributing elements 750 disposed on a major light distributing elements 730 , 740 , 750 may be omitted and 
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the in - coupling optical elements 700 , 710 , 720 may be to collect audio data ( e.g. , sounds from the user and / or 
configured to deflect light directly to the out - coupling opti- environment ) . In some embodiments , the display system 
cal elements 800 , 810 , 820. In some embodiments , the may also include a peripheral sensor 120a , which may be 
out - coupling optical elements 800 , 810 , 820 are exit pupils separate from the frame 80 and attached to the body of the 
( EP's ) or exit pupil expanders ( EPE's ) that direct light in a user 90 ( e.g. , on the head , torso , an extremity , etc. of the user 
viewer's eye 210 ( FIGS . 15-16 ) . It will be appreciated that 90 ) . The peripheral sensor 120a may be configured to the OPE's may be configured to increase the dimensions of acquire data characterizing the physiological state of the 
the eye box in at least one axis and the EPE's may be to user 90 in some embodiments . For example , the sensor 120a increase the eye box in an axis crossing , e.g. , orthogonal to , may be an electrode . 
the axis of the OPEs . With continued reference to FIG . 22 , the display 70 is Accordingly , in some embodiments , the eyepiece 660 
includes waveguides 670 , 680 , 690 ; in - coupling optical operatively coupled by communications link 130 , such as by 

a wired lead or wireless connectivity , to a local data pro elements 700 , 710 , 720 ; light distributing elements ( e.g. , 
OPE's ) 730 , 740 , 750 ; and out - coupling optical elements cessing module 140 which may be mounted in a variety of 
( e.g. , EP's ) 800 , 810 , 820 for each component color . The 15 configurations , such as fixedly attached to the frame 80 , 
waveguides 670 , 680 , 690 may be stacked with an air fixedly attached to a helmet or hat worn by the user , 
gap / cladding layer between each one . The in - coupling opti embedded in headphones , or otherwise removably attached 
cal elements 700 , 710 , 720 redirect or deflect incident light to the user 90 ( e.g. , in a backpack - style configuration , in a 
( with different in - coupling optical elements receiving light belt - coupling style configuration ) . Similarly , the sensor 
of different wavelengths ) into its waveguide . The light then 20 120a may be operatively coupled by communications link 
propagates at an angle which will result in TIR within the 1206 , e.g. , a wired lead or wireless connectivity , to the local 
respective waveguide 670 , 680 , 690. In the example shown , processor and data module 140. The local processing and 
light ray 770 ( e.g. , blue light ) is deflected by the first data module 140 may comprise a hardware processor , as 
in - coupling optical element 700 , and then continues to well as digital memory , such as non - volatile memory ( e.g. , 
bounce down the waveguide , interacting with the light 25 flash memory or hard disk drives ) , both of which may be 
distributing element ( e.g. , OPE's ) 730 and then the out- utilized to assist in the processing , caching , and storage of 
coupling optical element ( e.g. , EPs ) 800 , in a manner data . The data may include data a ) captured from sensors 
described earlier . The light rays 780 and 790 ( e.g. , green and ( which may be , e.g. , operatively coupled to the frame 80 or 
red light , respectively ) will pass through the waveguide 670 , otherwise attached to the user 90 ) , such as image capture 
with light ray 780 impinging on and being deflected by 30 devices ( such as cameras ) , microphones , inertial measure 
in - coupling optical element 710. The light ray 780 then ment units , accelerometers , compasses , GPS units , radio 
bounces down the waveguide 680 via TIR , proceeding on to devices , gyros , and / or other sensors disclosed herein ; and / or 
its light distributing element ( e.g. , OPEs ) 740 and then the b ) acquired and / or processed using remote processing mod 
out - coupling optical element ( e.g. , EP's ) 810. Finally , light ule 150 and / or remote data repository 160 ( including data 
ray 790 ( e.g. , red light ) passes through the waveguide 690 to 35 relating to virtual content ) , possibly for passage to the 
impinge on the light in - coupling optical elements 720 of the display 70 after such processing or retrieval . The local 
waveguide 690. The light in - coupling optical elements 720 processing and data module 140 may be operatively coupled 
deflect the light ray 790 such that the light ray propagates to by communication links 170 , 180 , such as via a wired or 
light distributing element ( e.g. , OPEs ) 750 by TIR , and then wireless communication links , to the remote processing 
to the out - coupling optical element ( e.g. , EPs ) 820 by TIR . 40 module 150 and remote data repository 160 such that these 
The out - coupling optical element 820 then finally out- remote modules 150 , 160 are operatively coupled to each 
couples the light ray 790 to the viewer , who also receives the other and available as resources to the local processing and 
out - coupled light from the other waveguides 670 , 680 . data module 140. In some embodiments , the local process 

With reference now to FIG . 22 , an example is illustrated ing and data module 140 may include one or more of the 
of a wearable display system 60. The display system 60 may 45 image capture devices , microphones , inertial measurement 
correspond to the display system 1001 of FIG . 9 , with units , accelerometers , compasses , GPS units , radio devices , 
projection system 1003 for each eye of the viewer or user 90 . and / or gyros . In some other embodiments , one or more of 

The display system 60 includes a display 70 , and various these sensors may be attached to the frame 80 , or may be 
mechanical and electronic modules and systems to support standalone structures that communicate with the local pro 
the functioning of that display 70. The display 70 may be 50 cessing and data module 140 by wired or wireless commu 
coupled to a frame 80 , which is wearable by a display system nication pathways . In some embodiments , the local process 
user or viewer 90 and which is configured to position the ing and data module 140 may include one or more graphics 
display 70 in front of the eyes of the user 90. The display 70 processors , and may correspond to the control system 1024 
may be considered eyewear in some embodiments . In some ( FIG . 9 ) . 
embodiments , a speaker 100 is coupled to the frame 80 and 55 With continued reference to FIG . 22 , in some embodi 
configured to be positioned adjacent the ear canal of the user ments , the remote processing module 150 may comprise one 
90 ( in some embodiments , another speaker , not shown , is or more processors configured to analyze and process data 
positioned adjacent the other ear canal of the user to provide and / or image information . In some embodiments , the remote 
stereo / shapeable sound control ) . In some embodiments , the data repository 160 may comprise a digital data storage 
display system may also include one or more microphones 60 facility , which may be available through the internet or other 
110 or other devices to detect sound . In some embodiments , networking configuration in a “ cloud ” resource configura 
the microphone is configured to allow the user to provide tion . In some embodiments , the remote data repository 160 
inputs or commands to the system 60 ( e.g. , the selection of may include one or more remote servers , which provide 
voice menu commands , natural language questions , etc. ) , information , e.g. , information for generating augmented 
and / or may allow audio communication with other persons 65 reality content , to the local processing and data module 140 
( e.g. , with other users of similar display systems . The and / or the remote processing module 150. In some embodi 
microphone may further be configured as a peripheral sensor ments , all data is stored and all computations are performed 
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in the local processing and data module , allowing fully alternating direction method of multipliers ” , Foundations 
autonomous use from a remote module . and Trends in Machine Learning 3 , 1 , 1-122 ) may be used 

to solve it . 
EXAMPLESLIGHT FIELD AND FOCAL To bring Equation 1 into the standard ADMM form , it 

STACK FACTORIZATION may be rewritten as the equivalent problem 5 

1 

g ( z ) 

2 - = 0 

15 

mnsXmno 

Light field and focal stack factorization may be utilized to 
determine the light output of the display system 1001 , ( 2 ) argmin 5 | ly – Pz | including the outputs of the light source 1026 , 2026 and the { A , B } 
spatial light modulator 1018. Details regarding the factor- 10 
ization are discussed below . subject to 
1. Focal Stack Factorization : - vec { ABT } 
A focal stack y is factored into a series of time - multi 

0 < A , B < 1 , plexed patterns to be displayed on two spatial light modu 
lators A and B , which are located in the pupil and image 
plane , respectively . In some embodiments , spatial light where the matrix PER is the matrix form of modulators A and B may correspond to the light source 
1026 , 2026 and the spatial light modulator 1018 , respec operator P and the operator vec simply vectorizes a matrix 
tively . All quantities are vectorized , such that the focal stack into a single 1D vector ( e.g. using column - major order as 
YER which has a vertical resolution of m pixels , a 20 conducted by the software MATLAB available from Math 
horizontal resolution of n pixels , and s focal slices , will be Works of Natick , Mass . ) . 
represented as a single vector YER Bold - face symbols Then , the Augmented Lagrangian of this system is for 
are used below for discrete vectors . Unless otherwise speci mulated as 
fied , different color channels are ignored and assumed to be 
independent . Table 1 provides an overview of tensor noti 
fication and operators employed herein . Lo ( A , B , 2 , 6 ) = g ( 2 ) + 8 " ( vec { AB " } – 2 ) + IKAB " ) – z1 ] . ( 3 ) 

mxnxs 
+ 2 

mns 
+ 

25 

TABLE 1 
In the scaled form , this Augmented Lagrangian is written as Overview of tensor notation and operators . 30 

Notation Interpretation 
1 ( 4 ) 

= Lo ( A , B , 2 , u ) = žlly – Pll? + || vec { AB " } – 2 + ull } , a + 

a g ( z ) 
35 A 

aob 
AOOB 
AOB 

scalar 
vector 
matrix 
vector outer product 
Hadamard matrix product ( elementwise product ) 
Hadamard matrix division ( elementwise division ) where u = ( 1/2 ) s . 

The ADMM algorithm then consists of three separate 
updates ( or proximal operators ) that are iteratively executed 

40 as 

2 2 ( 5 ) z - argmin ; lly – Palž + llz – viž , v = AB " + u ? = 
z } mnxk 

+ 45 

The spatial light modulator in the image plane B also has 
a resolution of mxn pixels , but in addition k time - multi 
plexed patterns may be shown in quick succession such that 
they will be perceptually averaged by the viewer . These 
spatio - temporal patterns are represented as the matrix BE 
R such that all spatial pixels are vectorized and form 
the row indices of this matrix and the k time steps are the 
column indices of the matrix . Similarly , the pupil - plane 
SLM A will be represented as the matrix AER where o 
is the total number of addressable SLM pixels in the pupil 
plane and the column indices again are the time steps . 

Accordingly , the goal of factoring a focal stack y into a set ? 
of time - multiplexed patterns may be written as the non 
convex optimization problem 

B } – argmin | V – ABPI , V = ivec { u – z ; } ( 6 ) 
( A , B ) 

oxk 
+ ut u + ABT ( 7 ) - 7 

50 
Here , the operator ivec { - } reshapes a vector into a matrix 
and undoes what the operator vec does to vectorize a matrix . 
Equations 5-7 may be solved iteratively , each time using the 
latest output from the previous step . 

55 1.1 Efficient z - Update 
Equation 5 is an unconstrained linear problem that may be 

re - written as a single linear equation system : 
1 ( 1 ) argmin žlly – P { AB " } 113 { A , B } 

subject to 0 < A , B < 1 , 

60 P 
Oxmn - > > Rmns ( 07 ) - [ 2 ] OV 

( 8 ) 
where the projection operator P : R performs 
the linear transformation from the 4D light field to the 3D 
focal stack ( using the shift + add algorithm ) . This problem is 
a nonnegative matrix factorization embedded in a deconvo- This system is large - scale , but all operations may be 
lution problem . The alternating direction methods of mul- 65 expressed as matrix - free function handles so the matrices are 
tipliers ( ADMM ) ( as described by Boyd et al , 2001 , “ Dis- never explicitly formed . A variety of different solvers that 
tributed optimization and statistical learning via the may be used to solve this system for z . For example , the very 
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simple simultaneous algebraic reconstruction technique color channels of A simultaneously ( B does not contain color 
( SART ) of MATLAB may be utilized . channels in this case ) as 

To increase computational efficiency , it would be desir 
able to derive a closed - form solution for the z - update . This 

VR may facilitate a real - time implementation of the entire AR ( 12 ) argmin 
algorithm . One approach to deriving a closed form solution Va AG BT 

{ A , B } starts with the normal equations for Equation 8 : ?? F 

a 
5 

OCH 
2 = ( PTP + p + 1 ) -1 ( PTy + p ? v ) ( 9 ) 

To find a closed form solution for this , the matrix inverse of 
( P ? P + p ? I ) is derived . Since P converts a light field into a 
focus ack and the Fourier Slice Theorem dictates that 
refocus in the primal domain is a slicing in the Fourier 
domain , the closed form solution in the frequency domain 
may be derived . Using this insight , one may write 

10 2 Matrix Factorization Variants 
Nonnegative matrix factorization is one approach to 

decompose a matrix into a sum of nonnegative rank - one 
matrices . The decomposition problem is not convex , there 
fore solutions are not straightforward . The problem and 

15 possible solutions will now be discussed . 
The problem may be stated as that of decomposing a 

matrix X into a sum of rank - one matrices 

S ( 10 ) 
PTP = FAD pop 20 ( 0 : 0 ) F4 . ( 13 ) = 

X ako bk = AB " , 
k = 1 

25 a -1 
4D 4D 

Here , s is the number of slices in the focal stack , O , is a 
diagonal matrix representing the slicing operator for focal 
slice ; in the 4D frequency domain . F40 and F40 represent 
the discrete 4D Fourier transform and its inverse , respec 
tively . 
An expected algebraic expression for the matrix inverse is 

where XER MxN . * : x , 20 , AER MxK ; , 20 , and BER NK20 . X ;; a ; 
A sum of rank - one matrices results in a rank - K approxima 
tion of the original matrix . 
A least squared error solution to the problem may be 

found by optimizing the following objective function : 
30 

( 14 ) J ( A , B ) = argmin 
{ A , B } 3 1x – AB " 1/4 = } } ( * – ( AB " ) ; } = || ? – ( ' ? 

1 -1 ( 11 ) ij 
= -F4D 4D ( PP + pl ) ' = Fab 

2010 ; + p21 : subject to A , B > 0 , 
35 

a 

40 

= 

where the Forbenius norm of a matrix is given as 
|| X | R2X ; X ;; ? 

It will be appreciated that such a closed form solution may 2.1 Alternating Lease Squares Approach 
provide a solution more quickly than an iterative algorithm , The cost function 
since no iterations are required . Nevertheless , if sufficient 
computational resources are available , then an iterative 
algorithm is also suitable . J ( A , B ) = £ || X – A Bill 1.2 Efficient A , B - Update 

The A , B - update ( Eq . 6 ) is a nonnegative matrix factor- 45 
ization ( NMF ) problem . In this case , it is the easiest possible is both nonlinear and non - convex , with a number of local 
NMF problem . Standard solutions for this and more minima . When fixing either A or B , solving for the other 
advanced NMF approaches are detailed in Sub - section 2 matrix is convex . Without considering the nonnegativity 
below . constraints , an alternating least squares approach , expected 
1.3 Dealing with Color Channels 50 to converge , may be employed to solve the factorization 

problem . For this purpose , each factorization matrix is In the above derivations , a grayscale factorization was updated while fixing the other in an alternating manner . The 
assumed or it was assumed that each color channel may be individual updates are computed using a gradient descent 
treated independently . In some cases , this may not provide method : 
a satisfactory approximation , for example , two color SLMS 55 A « A - QAVAJ ( A , B ) 
may introduce color crosstalk , which is not modeled above . 
In addition , in some embodiments , the display system may B < B - ADVAJ ( A , B ) ( 15 ) 

use a combination of a grayscale LCoS in the image plane where VA J ( A , B ) are the derivatives of the cost function 
and a color LED or OLED array in the pupil plane . In this with respect to the individual factorization matrices , CA , B 
case , all color channels are linked . 60 their respective step lengths . As shown in the following 

In accounting for linked color channels , neither the z - up subsection , one approach to choosing the step length is to 
date nor the u - update change these may be computed pick them such that the update rules become multiplicative . 
independently per color channel in every ADMM iteration . Before discussing the step lengths , the gradients are con 

sidered and may be given as : However , the matrix factorization routine A , B - update does VairJ ( A , B ) = 2_1N ( Xiu - E1 = 15 ( a bu ) ) ( - buk ) change . Instead of factoring each color channel AR , G , B / BR , 
GB independently , a single factorization is performed for all VbJ ( 4,1 ) = 2 = 1MX - 2 - klabu - aux ) ( 16 ) 

65 
F1 = 

-T = 1 
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In matrix form , the gradients may be written as : Here , A and B remain unchanged to the previous subjections 
in their dimensions but XEREXN : X , 20 is in the space VAJ ( A , B ) = - ( X - AB ) B spanned by PER ? The gradients for this formulation are 

VairJ ( A , B ) = 2 ; ( X1 ; -Puigdikbik ) ( -Puibik ) V.J ( A , B ) = - ( 4 " ( X - ABT ) ) . ( 17 ) 
VbXJ ( A , B ) = 2 / ( x , - : ibik ) ( - 2:22:48 ) , ( 24 ) 2.2 Multiplicative Update Rules 

As noted above , a key to choosing the step length is that Which may be written in matrix form as 
by combining them with the steepest descent direction , the VAJA , B ) = - PF ( X - P ( AB ) ) ) B 
additive update rules ( Eq . 15 ) may be written in a purely VpJ ( A , B ) = - A P ( X - P ( AB7 ) ) . ( 25 ) multiplicative way . Under the conditions that X ;; > 0 and A , B 10 
are initialized with positive values , multiplicative update Choosing the step length 
rules provide that the factorization matrices remain positive QA = AØ ( PT ( PAB ) B ) 
throughout the iterative update process . The following step Op = BØ ( ( PA ) ( PAB ) ) ) ( 26 ) lengths result in multiplicative update rules : leads to the following multiplicative update rules : 

QA = A0 ( ( AB ) B ) AGA ( PTXB ) ( PT ( PABT ) ) , 

Ug - BOCA " ( AB9 ) B - B ( ( PA ) TX ( ( PA ) ( PABT ) ) , ( 27 ) ( 18 ) 

Combining Equations 15 , 17 , 18 yields 2.5 Projected Weighted NMF 
For the projected NMF , weights may be added to the light 

4-4- ( 40 ( ( AB " ) B ) ) ( - ( X - ABTB ) = 4 ( AB " B + A field yielding the following update rules 
XB - A ( ABZ ) B ) ( ABI ) B ) AGA ( PI ( WX ) B ) Ø ( PT ( WPABT ) B ) , 

( 28 ) B < B? ( PA ) ( W®.n ) fø ( ( PA ) ? ( W PAB7 ) ) ?. B - B- ( BOCA " ( AB9 ) ( -4 ( X - AB ' ) ) = ( BØ ( A " ( AB ) ) + 
BAINT - BØ ( A " ( AB ) ) } ) ( 4+ ( AB ) ) ) ? ( 19 ) It will be appreciated that each of the processes , methods , 

The following multiplicative update rules are simplified and algorithms described herein and / or depicted in the 
versions of Equation 19 : figures may be embodied in , and fully or partially automated 

by , code modules executed by one or more physical com 
AFA ( XB ) Ø ( ( ABI ) B ) , puting systems , hardware computer processors , application 

specific circuitry , and / or electronic hardware configured to 
B - B ( An ( 4+ ( AB9 ) ) ( 20 ) execute specific and particular computer instructions . For 

example , computing systems may include general purpose 
Starting from an initial guess that contains only positive computers ( e.g. , servers ) programmed with specific com 
values ( usually random ise ) and assuming that the data puter instructions or special purpose computers , special 
matrix X is nonnegative , these update rules are expected to purpose circuitry , and so forth . A code module may be 
keep A and B positive throughout the iterative process . In 35 compiled and linked into an executable program , installed in 
practice , a small value is added to the divisor so as to avoid a dynamic link library , or may be written in an interpreted 
division by zero . programming language . In some embodiments , particular 
2.3 Weighted Nonnegative Matrix Factorization operations and methods may be performed by circuitry that 

is specific to a given function . 
Further , certain embodiments of the functionality of the 

( 21 ) present disclosure are sufficiently mathematically , compu argmin W ; j ( Xi ; ( AB " ) ; ) 2 tationally , or technically complex that application - specific { A , B } hardware or one or more physical computing devices ( uti 
subject to A , B 20 , lizing appropriate specialized executable instructions ) may 

be necessary to perform the functionality , for example , due 45 to the volume or complexity of the calculations involved or 
The multiplicative update rules may be modified to include to provide results substantially in real - time . For example , a 
weights for each matrix element Xij video may include many frames , with each frame having 

millions of pixels , and specifically programmed computer 444 ( WX ) B ) ( W ( AB ) ) B ) , A hardware is necessary to process the video data to provide a 
50 desired image processing task or application in a commer 

B < B? ( AT ( Wx ) ) fø ( 4 + ( ( AB ) w ) ) ?, ( 22 ) cially reasonable amount of time . 
where W is a weight matrix of the same size as X. Code modules or any type of data may be stored on any 
2.4 Projected NMF type of non - transitory computer - readable medium , such as 
The projected NMF adds an additional projection matrix P physical computer storage including hard drives , solid state 

55 memory , random access memory ( RAM ) , read only memory to the objective function that stays fixed throughout the 
optimization procedure : ( ROM ) , optical disc , volatile or non - volatile storage , com 

binations of the same and / or the like . In some embodiments , 
the non - transitory computer - readable medium may be part 

argmin ) ( A , B ) = ( 23 ) of one or more of the local processing and data module 
{ A , B } 60 ( 140 ) , the remote processing module ( 150 ) , and remote data 

repository ( 160 ) . The methods and modules ( or data ) may 
311X - PAB * U * = also be transmitted as generated data signals ( e.g. , as part of 

a carrier wave or other analog or digital propagated signal ) 
on a variety of computer - readable transmission mediums , 

subject to A , B 20 , 65 including wireless - based and wired / cable - based mediums , 
and may take a variety of forms ( e.g. , as part of a single or 
multiplexed analog signal , or as multiple discrete digital 

40 
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packets or frames ) . The results of the disclosed processes or guage is not generally intended to imply that features , 
process steps may be stored , persistently or otherwise , in any elements and / or steps are in any way required for one or 
type of non - transitory , tangible computer storage or may be more embodiments or that one or more embodiments nec 
communicated via computer - readable transmission essarily include logic for deciding , with or without author 
medium . 5 input or prompting , whether these features , elements and / or 
Any processes , blocks , states , steps , or functionalities in steps are included or are to be performed in any particular 

flow diagrams described herein and / or depicted in the embodiment . The terms " comprising , ” “ including , ” “ hav 
attached figures should be understood as potentially repre- ing , ” and the like are synonymous and are used inclusively , 
senting code modules , segments , or portions of code which in an open - ended fashion , and do not exclude additional 
include one or more executable instructions for implement- 10 elements , features , acts , operations , and so forth . Also , the 
ing specific functions ( e.g. , logical or arithmetical ) or steps term “ or ” is used in its inclusive sense ( and not in its 
in the process . The various processes , blocks , states , steps , exclusive sense ) so that when used , for example , to connect 
or functionalities may be combined , rearranged , added to , a list of elements , the term “ or ” means one , some , or all of 
deleted from , modified , or otherwise changed from the the elements in the list . In addition , the articles " a , " " an , " 
illustrative examples provided herein . In some embodi- 15 and “ the ” as used in this application and the appended claims 
ments , additional or different computing systems or code are to be construed to mean “ one or more " or " at least one " 
modules may perform some or all of the functionalities unless specified otherwise . Similarly , while operations may 
described herein . The methods and processes described be depicted in the drawings in a particular order , it is to be 
herein are also not limited to any particular sequence , and recognized that such operations need not be performed in the 
the blocks , steps , or states relating thereto may be performed 20 particular order shown or in sequential order , or that all 
in other sequences that are appropriate , for example , in illustrated operations be performed , to achieve desirable 
serial , in parallel , or in some other manner . Tasks or events results . Further , the drawings may schematically depict one 
may be added to or removed from the disclosed example more example processes in the form of a flowchart . How 
embodiments . Moreover , the separation of various system ever , other operations that are not depicted may be incor 
components in the embodiments described herein is for 25 porated in the example methods and processes that are 
illustrative purposes and should not be understood as requir- schematically illustrated . For example , one or more addi 
ing such separation in all embodiments . It should be under- tional operations may be performed before , after , simulta 
stood that the described program components , methods , and neously , or between any of the illustrated operations . Addi 
systems may generally be integrated together in a single tionally , the operations may be rearranged or reordered in 
computer product or packaged into multiple computer prod- 30 other embodiments . In certain circumstances , multitasking 
ucts . and parallel processing may be advantageous . Moreover , the 

In the foregoing specification , the invention has been separation of various system components in the embodi 
described with reference to specific embodiments thereof . It ments described above should not be understood as requir 
will , however , be evident that various modifications and ing such separation in all embodiments , and it should be 
changes may be made thereto without departing from the 35 understood that the described program components and 
broader spirit and scope of the invention . The specification systems may generally be integrated together in a single 
and drawings are , accordingly , to be regarded in an illus- software product or packaged into multiple software prod 
trative rather than restrictive sense . ucts . Additionally , other embodiments are within the scope 

Indeed , it will be appreciated that the systems and meth- of the following claims . In some cases , the actions recited in 
ods of the disclosure each have several innovative aspects , 40 the claims may be performed in a different order and still 
no single one of which is solely responsible or required for achieve desirable results . 
the desirable attributes disclosed herein . The various fea- Accordingly , the claims are not intended to be limited to 
tures and processes described above may be used indepen- the embodiments shown herein , but are to be accorded the 
dently of one another , or may be combined in various ways . widest scope consistent with this disclosure , the principles 
All possible combinations and subcombinations are 45 and the novel features disclosed herein . 
intended to fall within the scope of this disclosure . We claim : 

Certain features that are described in this specification in 1. A head - mounted display system comprising : 
the context of separate embodiments also may be imple- a frame configured to mount on a viewer ; 
mented in combination in a single embodiment . Conversely , a light source comprising a plurality of spatially distinct 
various features that are described in the context of a single 50 light output locations ; 
embodiment also may be implemented in multiple embodi- a spatial light modulator configured to modulate light 
ments separately or in any suitable subcombination . More- from the light source ; and 
over , although features may be described above as acting in projection optics mounted on the frame and configured to 
certain combinations and even initially claimed as such , one direct light from the spatial light modulator for propa 
or more features from a claimed combination may in some 55 gation into an eye of a viewer , 
cases be excised from the combination , and the claimed wherein the display system is configured to display a 
combination may be directed to a subcombination or varia- virtual object on a depth plane by injecting a set of 
tion of a subcombination . No single feature or group of parallactically - disparate intra - pupil images of the 
features is necessary or indispensable to each and every object into the eye within a flicker fusion threshold , 
embodiment . wherein the display system is further configured to : 

It will be appreciated that conditional language used increase a lateral separation between activated ones of 
herein , such as , among others , “ can , ” “ could , ” “ might , " the light output locations to increase a magnitude of 
" may , ” “ e.g. , " and the like , unless specifically stated other parallax disparity between the parallactically - dispa 
wise , or otherwise understood within the context as used , is rate intra - pupil images of the set of parallactically 
generally intended to convey that certain embodiments 65 disparate intra - pupil images to change a depth plane 
include , while other embodiments do not include , certain of the object from a farther depth plane to a closer 
features , elements and / or steps . Thus , such conditional lan depth plane to the viewer ; and 
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decrease a lateral separation between activated ones of 8. The display system of claim 1 , wherein the light source 
the light output locations to decrease a magnitude of comprises a plurality of selectively - activated light - emitting 
parallax disparity between the parallactically - dispa- regions . 
rate intra - pupil images of the set of parallactically 9. The display system of claim 8 , wherein the light source 
disparate intra - pupil images to change a depth plane 5 comprises at least one of a light - emitting diode array and a 
of the object from a closer depth plane to a farther spatial light modulator . 
depth plane to the viewer . 10. The display system of claim 9 , wherein the light 

2. The display system of claim 1 , wherein the display emitting diode array comprises an organic light - emitting 
system is configured to temporally multiplex display of diode array or an inorganic light - emitting diode array . 
individual intra - pupil images . 11. The display system of claim 9 , wherein the spatial 

light modulator light source comprises a liquid crystal array 3. A method for displaying image content , the method or a digital light processing ( DLP ) chip . comprising : 12. The display system of claim 8 , wherein the display providing a spatial light modulator ; system is configured to change a position of activated providing a light source configured to output light to the 15 light - emitting regions during injection of at least one of the 
spatial light modulator from a plurality of different light intra - pupil images into the eye . 
output locations ; and 13. The display system of claim 1 , wherein the light displaying a virtual object on a depth plane by temporally source comprises : 
sequentially injecting a set of parallactically - disparate a light emitter ; and 
intra - pupil images of the virtual object into an eye of a 20 an actuator configured to direct light to the spatial light 
viewer within a flicker fusion threshold , wherein each modulator along different paths . 
of the intra - pupil images is formed by : 14. The display system of claim 13 , wherein the actuator 
outputting light from the light source to the spatial light is a dual - axis galvanometer . 

modulator , wherein the light is outputted from one or 15. The display system of claim 13 , wherein the light 
more associated light output locations of the light 25 source comprises a fiber scanner . 
source ; 16. The display system of claim 1 , wherein the spatial 

modulating the light with the spatial light modulator to light modulator configured to modulate light from the light 
form an intra - pupil image corresponding to the one source comprises an LCOS panel . 
or more associated light output locations ; and 17. The display system of claim 1 , further comprising an 

propagating the modulated light to the eye , 30 eye tracking sensor configured to track a gaze of the eye , 
wherein the one or more associated light output loca wherein the display system is configured to : 

determine a gaze of the eye using the eye tracking sensor ; tions for each intra - pupil image of the set of paral and lactically - disparate intra - pupil images is distinct select content for the intra - pupil images based upon the from the one or more associated light output loca determined gaze 
tions for others of the intra - pupil images of the set of 18. The display system of claim 1 , wherein the display parallactically - disparate intra - pupil images , system is configured to synchronize a light output location 

changing a depth plane of the virtual object , wherein of the light source with image content provided by the changing the depth plane comprises : spatial light modulator . 
changing the depth plane from a farther depth plane to 40 19. The display system of claim 1 , further comprising an 

a closer depth plane to the viewer by increasing a optical mechanism between the spatial light modulator and 
magnitude of the distance between light output loca- the projection optics , wherein the optical mechanism is 
tions for different intra - pupil images of the set of configured to direct light from different locations of the 
parallactically - disparate intra - pupil images ; or spatial light modulator to projection optics at different 

changing the depth plane of the virtual object from a 45 angles . 
closer depth plane to a farther depth plane to the 20. The display system of claim 19 , wherein the optical 
viewer by decreasing a magnitude of the distance mechanism comprises one or more of a prism or a lens 
between light output locations for different intra- structure . 
pupil images of the set of parallactic ally - disparate 21. The display system of claim 20 , wherein the lens 
intra - pupil images . 50 structure is a lenslet array . 

4. The display system of claim 1 , wherein the display 22. The display system of claim 1 , wherein the spatial 
system is configured to spatially multiplex display of the light modulator is a digital light processing ( DLP ) chip . 
intra - pupil images . 23. The method of claim 3 , wherein the flicker fusion 

5. The display system of claim 1 , wherein the display threshold is 1/60 of a second . 
system is configured to temporally multiplex display of a 55 24. The method of claim 3 , wherein light rays forming 
plurality of spatially - multiplexed intra - pupil images . each of the parallactically - disparate image are collimated , 

6. The display system of claim 1 , wherein the projection wherein the depth plane is at less than optical infinity . 
optics directs the light to a waveguide comprising incou- 25. The method of claim 3 , further comprising an eye 
pling optical elements and outcoupling optical elements , tracking sensor configured to track a gaze of the eye , 
wherein the incoupling optical elements are configured to 60 wherein displaying the virtual object comprises : 
incouple the light into the waveguide and the outcoupling determining a gaze of the eye using the eye tracking 
optical elements are configured to output the light from the sensor ; and 
waveguide into the eye of the viewer . selecting content for the intra - pupil images based upon 

7. The display system of claim 6 , wherein the waveguide the determined gaze of the eye . 
is one of a plurality of waveguides , wherein each waveguide 65 26. The method of claim 3 , further comprising projection 
is configured to output light of a different component color optics configured to direct modulated light from the spatial 
than other waveguides of the plurality of waveguides . light modulator to the eye . 

35 of the eye . 
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27. The method of claim 3 , wherein the one or more 31. The method of claim 30 , wherein injecting the set of 
associated light - emitting regions for the intra - pupil images parallactically - disparate intra - pupil images comprises tem 
partially overlap porally sequentially injecting individual ones of the intra 

28. The method of claim 3 , further comprising changing pupil images into an eye of a viewer . 
a position of the one or more associated light - emitting 32. The method of claim 30 , wherein injecting the set of 

parallactically - disparate intra - pupil images comprises tem regions during injection of at least one of the intra - pupil porally sequentially injecting multiple intra - pupil images at images into the eye . a time . 
29. The method of claim 3 , wherein the spatial light 33. The method of claim 30 , wherein injecting the set of modulator is a digital light processing ( DLP ) chip . parallactically - disparate intra - pupil images comprises - 
30. A method for displaying image content , the method simultaneously injecting multiple ones of the intra - pupil 

comprising : images . 
providing a head - mounted display comprising : 34. The method of claim 30 , wherein the light beams 

a spatial light modulator configured to modulate light to forming the intra - pupil images are collimated . 
form intra - pupil images ; and 35. The method of claim 30 , wherein the light beams 

a light source configured to direct light to the spatial forming the intra - pupil images have divergent wavefronts . 
light modulator ; 36. The method of claim 30 , wherein the light source 

displaying a virtual object on a depth plane by injecting , comprises a plurality of selectively activated light - emitting 
within a flicker fusion threshold , a set of parallacti regions , wherein injecting the set of parallactically - disparate 
cally - disparate intra - pupil images of the virtual object 20 intra - pupil images comprises activating a different light 
from the display into an eye of a viewer ; and emitting region for each intra - pupil image . 

changing a path of light from a light source to a spatial 37. The method of claim 30 , wherein the light source is 
light modulator of the head - mounted display to configured to output light from a plurality of distinct light 
increase a magnitude of parallax disparity between the output locations , further comprising jittering the light output 
parallactically - disparate intra - pupil images of the set of 25 locations during injection of at least one of the intra - pupil 
parallactically - disparate intra - pupil images as the images into the eye . 
object decreases in perceived distance to the viewer . 
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