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VIRTUAL/AUGMENTED REALITY SYSTEM HAVING DYNAMIC REGION

RESOLUTION

FIELD OF THE INVENTION
[0001] The invention generally relates to systems and methods configured to facilitate

interactive virtual or augmented reality environments for one or more users.

BACKGROUND
[0002] Modern computing and display technologies have facilitated the development of
systems for so-called “virtual reality” or “augmented reality” experiences, wherein
digitally reproduced images or portions thereof are presented to a user in a manner
where they seem to be, or may be perceived as, real. A virtual reality (VR) scenario
typically involves presentation of digital or virtual image information without
transparency to other actual real-world visual input, whereas an augmented reality (AR)
scenario typically involves presentation of digital or virtual image information as an
augmentation to visualization of the actual world around the end user.
[0003] For example, referring to Fig. 1, an augmented reality scene 4 is depicted
wherein a user of an AR technology sees a real-world park-like setting 6 featuring
people, trees, buildings in the background, and a concrete platform 8. In addition to
these items, the end user of the AR technology also perceives that he “sees” a robot
statue 10 standing upon the real-world platform 8, and a cartoon-like avatar character
12 flying by which seems to be a personification of a bumble bee, even though these
elements 10, 12 do not exist in the real world. As it turns out, the human visual

perception system is very complex, and producing a VR or AR technology that
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facilitates a comfortable, natural-feeling, rich presentation of virtual image elements
amongst other virtual or real-world imagery elements is challenging.

[0004] VR and AR systems typically employ head-worn displays (or helmet-mounted
displays, or smart glasses) that are at least loosely coupled to a user's head, and thus
move when the end user’s head moves. If the end user's head motions are detected by
the display system, the data being displayed can be updated to take the change in head
pose (i.e., the orientation and/or location of user’s head) into account.

[0005] As an example, if a user wearing a head-worn display views a virtual
representation of a three-dimensional (3D) object on the display and walks around the
area where the 3D object appears, that 3D object can be re-rendered for each
viewpoint, giving the end user the perception that he or she is walking around an object
that occupies real space. If the head-worn display is used to present multiple objects
within a virtual space (for instance, a rich virtual world), measurements of head pose
can be used to re-render the scene to match the end user’s dynamically changing head
location and orientation and provide an increased sense of immersion in the virtual
space.

[0006] Head-worn displays that enable AR (i.e., the concurrent viewing of real and
virtual elements) can have several different types of configurations. In one such
configuration, often referred to as a “video see-through” display, a camera captures
elements of a real scene, a computing system superimposes virtual elements onto the
captured real scene, and a non-transparent display presents the composite image to the
eyes. Another configuration is often referred to as an “optical see-through” display, in

which the end user can see through transparent (or semi-transparent) elements in the
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display system to view directly the light from real objects in the environment. The
transparent element, often referred to as a “combiner,” superimposes light from the
display over the end user’s view of the real world.

[0007] VR and AR systems typically employ a display system having a projection
subsystem and a display surface positioned in front of the end user’s field of view and
on which the projection subsystem sequentially projects image frames. In true three-
dimensional systems, the depth of the display surface can be controlled at frame rates
or sub-frame rates. The projection subsystem may include one or more optical fibers
into which light from one or more light sources emit light of different colors in defined
patterns, and a scanning device that scans the optical fiber(s) in a predetermined
pattern to create the image frames that sequentially displayed to the end user.

[0008] Because a VR or AR system interfaces closely with the human visual system,
the resolution of each image frame need only match the resolution of the human eye to
provide the correct visual stimulus. To this end, the resolution of the each image frame
is typically set to the maximum resolution of the human eye. However, because the
scanning frequency of any particular system is a function of the image frame resolution
due to both software and hardware limitations (i.e., the frequency at the respective
image frames are graphically rendered (software) and actually presented to the end
user via the scanner (hardware)), attempting to match the image frame resolution to the
maximum resolution of the human eye adds constraints to the AR and VR system that
may either result in scanning frequencies that may not optimize the viewing experience

of the end user and/or require prohibitively more expensive componentry of the AR or
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VR system necessary to implement the increased processing and scanning speed
required to generate and present the higher resolution image frames.

[0009] There, thus, is a need to reduce the overall resolution and/or hardware/software
processing cost of an image frame generated and present to an end user in a virtual

reality or augmented reality environment.

SUMMARY
[0010] Embodiments of the invention are directed to devices, systems and methods for
facilitating virtual reality and/or augmented reality interaction for one or more users.
[0011] In accordance with one embodiment of the inventions, a method of operating a
virtual image generation system is provided. The method comprises rendering a
plurality of synthetic image frames of a three-dimensional scene, and sequentially
displaying the plurality of image frames to the end user
[0012] Significantly, each of the displayed image frames has a non-uniform resolution
distribution. In one method, each of the image frames is rendered with the non-uniform
resolution distribution. In another method, each of the displayed image frames is
rendered with a uniform resolution distribution, in which case, displaying the respective
image frame comprises incorporating the non-uniform resolution distribution into the
already rendered image frame. The resolution distribution of each of the displayed
image frames may have a slope that matches or is even greater than the slope of an
acuity distribution of an eye of the end user. The respective image frame may be

displayed by scanning the image frame, e.g., in a spiral pattern, such that the non-
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uniform resolution distribution radially varies, or in a raster pattern, such that the non-
uniform resolution distribution varies rectilinearly.

[0013] In one method, at least two of the displayed image frames have different non-
uniform resolution distribution. In another method, each of the displayed image frames
has a plurality of discrete regions (e.g., at least three) having different resolutions. The
discrete regions, may be, e.g., annular, rectangular, or sector-shaped. In still another
method, the plurality of discrete regions includes a region of highest resolution, in which
case, the method may further comprise selecting the region of highest resolution from a
field of view template having a plurality of discrete regions, which may overlap each
other. In an optional embodiment, the plurality of discrete region may include a region
of highest resolution and a region of lower resolution, in which case, the method may
further comprise blurring the displayed image frames in the region of lower resolution.
The displayed image frames may be blurred, e.g., by dithering scan line in adjacent
displayed image frames in the region of lower resolution or by defocusing the displayed
image frames in the region of lower resolution.

[0014] An optional method comprises estimating a focal point of an eye within a field of
view of the end user (e.g., by detecting the focal point of the end user or identifying an
object of interest within the field of view of the end user), and generating the non-
uniform resolution distribution for each of the displayed image frames based on the
estimated focal point. Each of the non-uniform resolution distributions has a region of
highest resolution coincident with the estimated focal point. The estimated focal point of

the end user may have an error margin to provide a focal range within the field of the
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view of the end user, in which case, the region of highest resolution may intersect the
focal range.

[0015] In accordance with a second embodiment of the inventions, a virtual image
generation system for use by an end user is provided. The virtual image generation
system comprises memory storing a three-dimensional scene, a control subsystem
(which may comprise a graphics processor unit (GPU)) configured for rendering a
plurality of synthetic image frames of the three-dimensional scene, and a display
subsystem configured for sequentially displaying the plurality of image frames to the
end user.

[0016] In one embodiment, the display subsystem is configured for being positioned in
front of the eyes of the end user. In another embodiment, the display subsystem
includes a projection subsystem and a partially transparent display surface. The
projection subsystem is configured for projecting the image frames onto the partially
transparent display surface, and the partially transparent display surface is configured
for being positioned in the field of view between the eyes of the end user and an
ambient environment. In an optional embodiment, the virtual image generation system
further comprises a frame structure configured for being worn by the end user, in which
case, the frame structure carries the display subsystem.

[0017] Significantly, each of the displayed image frames has a non-uniform resolution
distribution. In one embodiment, the control subsystem is configured for rendering each
of the image frames with the non-uniform resolution distribution. In another
embodiment, the control subsystem is configured for rendering each of the image

frames with a uniform resolution distribution, in which case, the display subsystem will
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be configured for displaying the respective image frame by incorporating the non-
uniform resolution distribution into the already rendered image frame. The resolution
distribution of each of the displayed image frames may have a slope that matches or is
even greater than the slope of an acuity distribution of an eye of the end user. The
display subsystem may be configured for displaying the image frames by scanning the
image frames. For example, the display subsystem may be configured for scanning
each of the image frames in a spiral pattern, in which case, the non-uniform resolution
distribution radially varies, or may be configured for scanning the image frames in a
raster pattern, in which case, the non-uniform resolution distribution rectilinearly varies.
[0018] In one embodiment, at least two of the displayed image frames have different
non-uniform resolution distributions. In another embodiment, each of the displayed
image frames has a plurality of discrete regions (e.g., at least three) having different
resolutions. The shape of the discrete regions may be, e.g., annular, rectangular, or
sector-shaped. The plurality of discrete regions may include a region of highest
resolution, in which case, the control subsystem may be configured for selecting the
region of highest resolution from a field of view template having a plurality of discrete
regions, which may overlap with each other. The plurality of discrete region may also
include a region of lower resolution, in which case, the control subsystem may be
configured for blurring the displayed image frames in the region of lower resolution. For
example, if the display subsystem is configured for scanning each of the displayed
image frames, the display subsystem may be configured for blurring the displayed
image frames by dithering scan lines in adjacent displayed image frames in the region

of lower resolution. Or, the display subsystem may be configured for blurring the
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displayed image frames by defocusing the displayed image frames in the region of
lower resolution.

[0019] In an optional embodiment, the control subsystem is configured for estimating a
focal point of an eye within a field of view of the end user, and generating the non-
uniform resolution distribution for each of the displayed image frames based on the
estimated focal point. Each of the non-uniform resolution distributions may have a
region of highest resolution coincident with the estimated focal point. The estimated
focal point of the end user may have an error margin to provide a focal range within the
field of the view of the end user, in which case, the region of highest resolution will
intersect the focal range. The virtual image generation system may further comprise
one or more sensors configured for detecting the focal point of the end user, in which
case, the control subsystem may be configured for estimating the focal point from the
detected focal point. Or, the control subsystem may be configured for estimating the
focal point by identifying an object of interest in the field of view of the end user.

[0020] Additional and other objects, features, and advantages of the invention are

described in the detail description, figures and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0021] The drawings illustrate the design and utility of the embodiments of the invention,
in which similar elements are referred to by common reference numerals. In order to
better appreciate how the above-recited and other advantages and objects of the
inventions are obtained, a more particular description of the inventions briefly described

above will be rendered by reference to specific embodiments thereof, which are



WO 2017/015162 PCT/US2016/042649

illustrated in the accompanying drawings. Understanding that these drawings depict
only typical embodiments of the invention and are not therefore to be considered limiting
of its scope, the invention will be described and explained with additional specificity and
detail through the use of the accompanying drawings in which:

[0022] Fig. 1 is a picture of a three-dimensional augmented reality scene that can be
displayed to an end user by a prior art augmented reality generation device;

[0023] Fig. 2 is a block diagram of a virtual image generation system constructed in
accordance with one embodiment of the inventions;

[0024] Fig. 3 is a plan view of an exemplary frame generated by the virtual image
generation system of Fig. 2.

[0025] Fig. 4 is one scanning pattern that can be used to generate a frame;

[0026] Fig. 5 is another scanning pattern that can be used to generate a frame;

[0027] Fig. 6 is still another scanning pattern that can be used to generate a frame;
[0028] Fig. 7 is yet another scanning pattern that can be used to generate a frame;
[0029] Fig. 8A is a view of one technique that can be used to wear the virtual image
generation system of Fig. 2;

[0030] Fig. 8B is a view of another technique that can be used to wear the virtual image
generation system of Fig. 2;

[0031] Fig. 8C is a view of still another technique that can be used to wear the virtual
image generation system of Fig. 2;

[0032] Fig. 8D is a view of yet another technique that can be used to wear the virtual

image generation system of Fig. 2;
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[0033] Fig. 9a is a plot of the number of rod receptors and cone receptors as a function
of angle from the fovea of the human eye;

[0034] Fig. 9b is a plot of the visual acuity of a human eye as a function of the angle
from the fovea of the human eye;

[0035] Fig. 10 is a plot of a conventional scan line density distribution as a function of
the angle from a scan origin;

[0036] Fig. 11 is a plot of a scan line density distribution as a function of the angle from
the scan origin, wherein scan line density distribution is matched to the human visual
acuity distribution of Fig. 9b by the virtual image generation system of Fig. 2;

[0037] Fig. 12a is a plot of a conventional scan line density distribution and a spiral scan
line density distribution as a function of the angle from a scan origin, wherein the spiral
scan line density distribution is generated by the virtual image generation system of Fig.
2 when the focal point is at the center of the scan area;

[0038] Fig. 12b is a plot of a conventional scan line density distribution and a spiral scan
line density distribution as a function of the angle from a scan origin, wherein the spiral
scan line density distribution is generated by the virtual image generation system of Fig.
2 when the focal point is halfway between the center of the scan area and the outer
edge of the scan area;

[0039] Fig. 13 is a plot of a conventional scan line density distribution and a spiral scan
line density distribution as a function of the angle from a scan origin, wherein the spiral
scan line density distribution is generated with a 5° error margin by the virtual image
generation system of Fig. 2 when the focal point is halfway between the center of the

scan area and the outer edge of the scan area;
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[0040] Fig. 14 is a plot of a is a plot of a conventional scan line density distribution, a
first scan line density distribution, and a second scan line density distribution as a
function of the angle from the scan origin, wherein the first scan line density distribution
is matched to the human visual acuity distribution of Fig. 9b and the second scan line
density distribution is made sharper than the human visual acuity distribution of Fig. 9b
by the virtual image generation system of Fig. 2;

[0041] Fig. 15 is a plot of a conventional scan line density distribution, a first scan line
density distribution, a second scan line density distribution, and a third scan line density
distribution as a function of the angle from the scan origin, wherein the first scan line
density distribution has no error margin and is matched to the human visual acuity
distribution of Fig. 9b, the second scan line density distribution has a 5° error margin
and is matched to the human visual acuity distribution of Fig. 9b, and the third scan line
density distribution has a 5° error margin and is made sharper than the human visual
acuity distribution of Fig. 9b by the virtual image generation system of Fig. 2;

[0042] Fig. 16a is a plot of a spiral scan pattern generated with a high-density resolution
region at one radial location of the scan area by the virtual image generation system of
Fig. 2;

[0043] Fig. 16b is a plot of a spiral scan pattern generated with a high-density resolution
region at another radial location of the scan area by the virtual image generation system
of Fig. 2;

[0044] Fig. 17a is a plot of a spiral scan pattern generated with discrete scan line
resolution regions by the virtual image generation system of Fig. 2 when the focal point

is at the center of the scan area;
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[0045] Fig. 17b is a plot of a spiral scan pattern generated with discrete scan line
resolution regions by the virtual image generation system of Fig. 2 when the focal point
is at the periphery of the scan area;

[0046] Fig. 18a is a plot of a raster scan pattern generated with discrete scan line
resolution regions by the virtual image generation system of Fig. 2 when the focal point
is at the center of the scan area;

[0047] Fig. 18b is a plot of a raster scan pattern generated with discrete scan line
resolution regions by the virtual image generation system of Fig. 2 when the focal point
is at the periphery of the scan area;

[0048] Fig. 19 is a plot of a field of view template having discrete regions from which the
virtual image generation system of Fig. 2 can select based on the location of the focal
point;

[0049] Fig. 20a is a plot of is a spiral scan pattern generated with discrete scan line
resolution regions by the virtual image generation system of Fig. 2 when the focal point
is at the center of the field of view template of Fig. 19;

[0050] Fig. 20b is a plot of is a spiral scan pattern generated with discrete scan line
resolution regions by the virtual image generation system of Fig. 2 when the focal point
is at the periphery of the field of view template of Fig. 19;

[0051] Fig. 21 is a plot of is a spiral scan pattern generated with discrete scan line
resolution regions by the virtual image generation system of Fig. 2 when the focal point
is at the periphery of the field of view template of Fig. 19, wherein a high resolution

region is sector-shaped; and

12
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[0052] Fig. 22 is a flow diagram of a method of operating the virtual image generation
system of Fig. 2 to render and display synthetic image frames with non-uniform density

distributions to the end user.

DETAILED DESCRIPTION
[0053] The description that follows relates to display systems and methods to be used
in virtual reality and/or augmented reality systems. However, it is to be understood that
the while the invention lends itself well to applications in virtual or augmented reality
systems, the invention, in its broadest aspects, may not be so limited.
[0054] Referring to Fig. 2, one embodiment of a virtual image generation system 100
constructed in accordance with inventions will now be described. The virtual image
generation system 100 may be operated as an augmented reality subsystem, providing
images of virtual objects intermixed with physical objects in a field of view of an end
user 50. There are two fundamental approaches when operating the virtual image
generation system 100. A first approach employs one or more imagers (e.g., cameras)
to capture images of the ambient environment. The virtual image generation system
100 inter-mixes the virtual images into the data representing the images of the ambient
environment. A second approach employs one or more at least partially transparent
surfaces through which the ambient environment can be seen and on to which the
virtual image generation system 100 produces images of virtual objects.
[0055] The virtual image generation system 100, and the various techniques taught
herein, may be employed in applications other than augmented reality and virtual reality

subsystems. For example, various techniques may be applied to any projection or
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display subsystem. For example, the various techniques described herein may be
applied to pico projectors where movement may be made by an end user’s hand rather
than the head. Thus, while often described herein in terms of an augmented reality
subsystem or virtual reality subsystem, the teachings should not be limited to such
subsystems of such uses.

[0056] At least for augmented reality applications, it may be desirable to spatially
position various virtual objects relative to respective physical objects in a field of view of
the end user 50. Virtual objects, also referred to herein as virtual tags or tag or call
outs, may take any of a large variety of forms, basically any variety of data, information,
concept, or logical construct capable of being represented as an image. Non-limiting
examples of virtual objects may include: a virtual text object, a virtual numeric object, a
virtual alphanumeric object, a virtual tag object, a virtual field object, a virtual chart
object, a virtual map object, a virtual instrumentation object, or a virtual visual
representation of a physical object.

[0057] To this end, the virtual image generation system 100 comprises a frame
structure 102 worn by an end user 50, a display subsystem 104 carried by the frame
structure 102, such that the display subsystem 104 is positioned in front of the eyes 52
of the end user 50, and a speaker 106 carried by the frame structure 102, such that the
speaker 106 is positioned adjacent the ear canal of the end user 50 (optionally, another
speaker (not shown) is positioned adjacent the other ear canal of the end user 50 to
provide for stereo/shapeable sound control). The display subsystem 104 is designed to
present the eyes 52 of the end user 50 with photo-based radiation patterns that can be

comfortably perceived as augmentations to physical reality, with high-levels of image
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quality and three-dimensional perception, as well as being capable of presenting two-
dimensional content. The display subsystem 104 presents a sequence of synthetic
image frames at high frequency that provides the perception of a single coherent scene.
[0058] In the illustrated embodiment, the display subsystem 104 comprises a projection
subsystem 108 and a partially transparent display surface 110 on which the projection
subsystem 108 projects images. The display surface 110 is positioned in the end user’'s
50 field of view between the eyes 52 of the end user 50 and an ambient environment.

In the illustrated embodiment, the projection subsystem 108 includes one or more
optical fibers 112 (e.g. single mode optical fiber), each of which has one end 112a into
which light is received and another end 112b from which light is provided to the partially
transparent display surface 110. The projection subsystem 108 may also include one or
more light sources 114 that produces the light (e.g., emits light of different colors in
defined patterns), and communicatively couples the light to the other end 112a of the
optical fiber(s) 112. The light source(s) 114 may take any of a large variety of forms, for
instance, a set of RGB lasers (e.g., laser diodes capable of outputting red, green, and
blue light) operable to respectively produce red, green, and blue coherent collimated
light according to defined pixel patterns specified in respective frames of pixel
information or data. Laser light provides high color saturation and are highly energy
efficient.

[0059] In the illustrated embodiment, the display surface 110 takes the form of a
waveguide-based display into which the light from the optical fiber(s) 112 is injected into
via an optical coupling arrangement (not shown) to produce, e.g., images at single

optical viewing distance closer than infinity (e.g., arm’s length), images at multiple,
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discrete optical viewing distances or focal planes, and/or image layers stacked at
multiple viewing distances or focal planes to represent volumetric 3D objects. These
layers in the light field may be stacked closely enough together to appear continuous to
the human visual subsystem (i.e., one layer is within the cone of confusion of an
adjacent layer). Additionally or alternatively, picture elements may be blended across
two or more layers to increase perceived continuity of transition between layers in the
light field, even if those layers are more sparsely stacked (i.e., one layer is outside the
cone of confusion of an adjacent layer). The display subsystem may be monocular or
binocular.

[0060] The display subsystem 104 may further comprise a scanning device 116 that
scans the optical fiber(s) 112 in a predetermined pattern in response to control signals.
For example, referring to Fig. 3, a synthetic image frame 118 of pixel information or data
specifies pixel information or data to present an image, for example, an image of one or
more virtual objects, according to one illustrated embodiment. The frame 118 is
schematically illustrated with cells 120a-120m divided into horizontal rows or lines 122a-
122n. Each cell 120 of the frame 118 may specify values for each of a plurality of colors
for the respective pixel to which the cell 120 corresponds and/or intensities. For
instance, the frame 118 may specify one or more values for red 124a, one or more
values for green 124b, and one or more values for blue 124c for each pixel. The values
124 may be specified as binary representations for each of the colors, for instance, a
respective 4-bit number for each color. Each cell 120 of the frame 118 may additionally

include a value 124d that specifies an amplitude.
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[0061] The frame 118 may include one or more fields, collectively 126. The frame 118
may consist of a single field. Alternatively, the frame 118 may comprise two, or even
more fields 126a-126b. The pixel information for a complete first field 126a of the frame
118 may be specified before the pixel information for the complete second field 126b,
for example occurring before the pixel information for the second field 126b in an array,
an ordered list or other data structure (e.g., record, linked list). A third or even a fourth
field may follow the second field 126b, assuming a presentation subsystem is
configured to handle more than two fields 126a-126b.

[0062] Referring now to Fig. 4, the frame 118 is generated using a raster scan pattern
128. In the raster scan pattern 128, pixels 130 (only one called out) are sequentially
presented. The raster scan pattern 128 typically presents pixels from left to right
(indicated by arrows 132a, 132b, then from top to bottom (indicated by arrow 134).
Thus, the presentation may start at the upper right corner and traverse left across a first
line 136a until the end of the line is reached. The raster scan pattern 128 typically then
starts from the left in a next line down. The presentation may be temporarily blacked
out or blanked when returning from the end of one line to the start of the next line. This
process repeats line-by-line until the bottom line 136n is completed, for example at the
bottom right most pixel. With the frame 118 being complete, a new frame is started,
again returning the right of the top most line of the next frame. Again, the presentation
may be blanked while returning from the bottom left to the top right to present the next
frame.

[0063] Many implementations of raster scanning employ what is termed as an

interlaced scan pattern. In interlaced raster scan patterns, lines from the first and the
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second fields 126a, 126b are interlaced. For example, when presenting lines of the first
field 126a, the pixel information for the first field 126a may be used for the odd
numbered lines only, while the pixel information for the second field 126b may be used
for the even numbered lines only. Thus, all of the lines of the first field 126a of the
frame 118 (Fig. 3) are typically presented before the lines of the second field 126b. The
first field 126a may be presented using the pixel information of the first field 126a to
sequentially present line 1, line 3, line 5, etc. Then the second field 126b of the frame
118 (Fig. 3) may be presented following the first field 126a, by using the pixel
information of the second field 126b to sequentially present line 2, line 4, line 6, etc.
[0064] Referring to Fig. 5, a spiral scan pattern 140 may be used instead of the raster
scan pattern 128 to generate the frame 118. The spiral scan pattern 140 may consist of
a single spiral scan line 142, which may include one or more complete angular cycles
(e.g., 360 degrees) which may be denominated as coils or loops. As with the raster
scan pattern 128 illustrated in Fig. 4, the pixel information in the spiral scan pattern 140
is used to specify the color and/or intensity of each sequential pixel, as the angle
increments. An amplitude or radial value 146 specifies a radial dimension from a
starting point 148 of the spiral scan line 142.

[0065] Referring to Fig. 6, a Lissajous scan pattern 150 may alternatively be used to
generate the frame 118. The Lissajous scan pattern 150 may consist of a single
Lissajous scan line 152, which may include one or more complete angular cycles (e.g.,
360 degrees), which may be denominated as coils or loops. Alternatively, the Lissajous
scan pattern 150 may include two or more Lissajous scan lines 152, each phase shifted

with respect to one another to nest the Lissajous scan lines 152. The pixel information
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is used to specify the color and/or intensity of each sequential pixel, as the angle
increments. An amplitude or radial value specifies a radial dimension 154 from a
starting point 156 of the Lissajous scan line 152.

[0066] Referring to Fig. 7, a multi-field spiral scan pattern 158 may alternatively be used
to generate the frame 118. The multi-field spiral scan pattern 158 includes two or more
distinct spiral scan lines, collectively 160, and in specifically, four spiral scan lines 160a-
160d. The pixel information for each spiral scan line 160 may be specified by a
respective field of a frame. Advantageously, multiple spiral scan lines 160 may be
nested simply by shifting a phase between each successive ones of the spiral scan
lines 160. The phase difference between spiral scan lines 160 should be a function of
the total number of spiral scan lines 160 that will be employed. For example, four spiral
scan lines 160a-160d may be separated by a 90 degree phase shift. An exemplary
embodiment may operate at a 100 Hz refresh rate with 10 distinct spiral scan lines (i.e.,
subspirals). Similar to the embodiment of Fig. 5, one or more amplitude or radial values
specify a radial dimension 162 from a starting point 164 of the spiral scan lines 160.
[0067] Referring back to Fig. 2, the virtual image generation system 100 further
comprises one or more sensors (not shown) mounted to the frame structure 102 for
detecting the position and movement of the head 54 of the end user 50 and/or the eye
position and inter-ocular distance of the end user 50. Such sensor(s) may include
image capture devices (such as cameras), microphones, inertial measurement units,
accelerometers, compasses, GPS units, radio devices, and/or gyros).

[0068] Referring back to Fig. 2, the virtual image generation system 100 further

comprises one or more sensors (not shown) mounted to the frame structure 102 for
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detecting the position and movement of the head 54 of the end user 50 and/or the eye
position and inter-ocular distance of the end user 50. Such sensor(s) may include
image capture devices (such as cameras), microphones, inertial measurement units,
accelerometers, compasses, GPS units, radio devices, and/or gyros).

[0069] For example, in one embodiment, the virtual image generation system 100
comprises a head worn transducer subsystem 126 that includes one or more inertial
transducers to capture inertial measures indicative of movement of the head 54 of the
end user 50. Such may be used to sense, measure, or collect information about the
head movements of the end user 50. For instance, such may be used to detect
measurement movements, speeds, acceleration, and/or positions of the head 54 of the
end user 50.

[0070] The virtual image generation system 100 further comprises one or more forward
facing cameras 128, which may be used to capture information about the environment
in which the end user 50 is located. The forward facing camera(s) 128 may be used to
capture information indicative of distance and orientation of the end user 50 with respect
to that environment and specific objects in that environment. When head worn, the
forward facing camera(s) 128 is particularly suited to capture information indicative of
distance and orientation of the head 54 of the end user 50 with respect to the
environment in which the end user 50 is located and specific objects in that
environment. The forward facing camera(s) 128 may, for example, be employed to
detect head movement, speed, and/or acceleration of head movements. The forward
facing camera(s) 128 may, for example, be employed to detect or infer a center of

attention of the end user 50, for example, based at least in part on an orientation of the
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head 54 of the end user 50. Orientation may be detected in any direction (e.g.,
up/down, left, right with respect to the reference frame of the end user 50).

[0071] The virtual image generation system 100 further comprises a pair of rearward
facing cameras 129 to track movement, blinking, and depth of focus of the eyes 52 of
the end user 50. Such eye tracking information may, for example, be discerned by
projecting light at the end user’s eyes, and detecting the return or reflection of at least
some of that projected light. The virtual image generation system 100 further comprises
a patient orientation detection module 130. The patient orientation module 130 detects
the instantaneous position of the head 54 of the end user 50 and may predict the
position of the head 54 of the end user 50 based on position data received from the
sensor(s). Significantly, detecting the instantaneous position of the head 54 of the end
user 50 facilitates determination of the specific actual object that the end user 50 is
looking at, thereby providing an indication of the specific textual message to be
generated for that actual object and further providing an indication of the textual region
in which the textual message is to be streamed. The patient orientation module 130
also tracks the eyes 52 of the end user 50 based on the tracking data received from the
sensor(s).

[0072] The virtual image generation system 100 further comprises a control subsystem
that may take any of a large variety of forms. The control subsystem includes a number
of controllers, for instance one or more microcontrollers, microprocessors or central
processing units (CPUs), digital signal processors, graphics processing units (GPUs),

other integrated circuit controllers, such as application specific integrated circuits
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(ASICs), programmable gate arrays (PGAs), for instance field PGAs (FPGAs), and/or
programmable logic controllers (PLUSs).

[0073] In the illustrated embodiment, the virtual image generation system 100
comprises a central processing unit (CPU) 132, a graphics processing unit (GPU) 134,
and one or more frame buffers 136. The CPU 132 controls overall operation, while the
GPU 134 renders frames (i.e., translating a three-dimensional scene into a two-
dimensional image) from three-dimensional data stored in the remote data repository
150 and stores these frames in the frame buffer(s) 136. While not illustrated, one or
more additional integrated circuits may control the reading into and/or reading out of
frames from the frame buffer(s) 136 and operation of the scanning device of the display
subsystem 104. Reading into and/or out of the frame buffer(s) 146 may employ
dynamic addressing, for instance, where frames are over-rendered. The virtual image
generation system 100 further comprises a read only memory (ROM) 138 and a random
access memory (RAM) 140. The virtual image generation system 100 further
comprises a three-dimensional data base 142 from which the GPU 134 can access
three-dimensional data of one or more scenes for rendering frames.

[0074] The various processing components of the virtual image generation system 100
may be physically contained in a distributed subsystem. For example, as illustrated in
Figs. 8a-8d, the virtual image generation system 100 comprises a local processing and
data module 144 operatively coupled, such as by a wired lead or wireless connectivity
146, to the display subsystem 104 and sensors. The local processing and data module
144 may be mounted in a variety of configurations, such as fixedly attached to the frame

structure 102 (Fig. 8a), fixedly attached to a helmet or hat 56 (Fig. 8b), embedded in
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headphones, removably attached to the torso 58 of the end user 50 (Fig. 8c), or
removably attached to the hip 60 of the end user 50 in a belt-coupling style
configuration (Fig. 8d). The virtual image generation system 100 further comprises a
remote processing module 148 and remote data repository 150 operatively coupled,
such as by a wired lead or wireless connectivity 150, 152, to the local processing and
data module 144, such that these remote modules 148, 150 are operatively coupled to
each other and available as resources to the local processing and data module 144.
[0075] The local processing and data module 144 may comprise a power-efficient
processor or controller, as well as digital memory, such as flash memory, both of which
may be utilized to assist in the processing, caching, and storage of data captured from
the sensors and/or acquired and/or processed using the remote processing module 148
and/or remote data repository 150, possibly for passage to the display subsystem 104
after such processing or retrieval. The remote processing module 148 may comprise
one or more relatively powerful processors or controllers configured to analyze and
process data and/or image information. The remote data repository 150 may comprise
a relatively large-scale digital data storage facility, which may be available through the
internet or other networking configuration in a “cloud” resource configuration. In one
embodiment, all data is stored and all computation is performed in the local processing
and data module 144, allowing fully autonomous use from any remote modules.

[0076] The couplings 146, 152, 154 between the various components described above
may include one or more wired interfaces or ports for providing wires or optical
communications, or one or more wireless interfaces or ports, such as via RF,

microwave, and IR for providing wireless communications. In some implementations, all
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communications may be wired, while in other implementations all communications may
be wireless. In still further implementations, the choice of wired and wireless
communications may be different from that illustrated in Figs. 8A-8D. Thus, the
particular choice of wired or wireless communications should not be considered limiting.
[0077] In the illustrated embodiment, the patient orientation module 130 is contained in
the local processing and data module 144, while CPU 132 and GPU 134 are contained
in the remote processing module 148, although in alternative embodiments, the CPU
132, GPU 124, or portions thereof may be contained in the local processing and data
module 144. The 3D database 142 can be associated with the remote data repository
150.

[0078] Significant to the inventions, the virtual image generation system 100 performs a
dynamic resolution region technique that renders a plurality of synthetic image frames of
a three-dimensional scene, and sequentially displays them with a non-uniform
resolution distribution to the end user 50. In the illustrated embodiment, the resolution
distribution of each of the displayed image frames matches or is even sharper than the
acuity distribution of the eye 54 of the end user 50. For example, with reference to Figs.
9a-9b, on the retina of a human eye, distribution of light receptor cells is highly non-
uniform, as represented by the light receptor curve for rod cells 55 and the light receptor
curve for cone cells 57. As illustrated in Fig. 9a, a central region (fovea) of the retina (at
0°) contains the highest density of cone cells, which provide the highest visual acuity, as
illustrated by the visual acuity curve 59 in Fig. 9b. The density of cone cells, and thus

visual acuity, reduces rapidly in regions away from the fovea.
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[0079] Accordingly, the dynamic resolution region technique performed by the virtual
image generation system 100 attempts to locate the region of highest resolution in each
of the frames coincident with the expected or presumed focal point of the eye 54 of the
end user 50. Thus, it can be appreciated that for a virtual image generation system that
cannot output a frame that densely populates the entire field of view of the end user 50
due to hardware (scanner speed) and/or software constraints (frame rendering speed),
the system can still provide high image quality by dynamically changing the resolution of
profile of each frame, such that the focal point of the eye 54 of the end user 50 is always
in the region of highest resolution. In the illustrated embodiment, wherein a scanning
device is used to present each frame to the end user 50, the resolution of any particular
region in the frame will be adjusted by adjusting the scan line density in that region,
thereby more efficiently displaying a frame without a substantial loss in image quality.
[0080] For example, if a uniform scan line density distribution 61 is assumed as in Fig.
10, the high scan line density where the eye is not focused is wasted. In particular,
given the concentration eye-foveal acuity, if the eye is focused at O degrees ina 75
degree field of view (x35 degrees), the scan line density in the peripheral regions away
from the center of the scan area (e.g., £10-35 degrees) will be higher than necessary,
resulting in inefficiencies in the display of the frame.

[0081] If, instead, the scan line density distribution 63 is matched to the human visual
acuity distribution 59, as illustrated in Fig. 11, the scan line density in the peripheral
regions away from the center of the scan area can be substantially decreased, thereby
allowing the constraints of the scan-line/frame requirements to be significantly relaxed.

If a curve is fit to the human eye-acuity distribution graph in Fig. 11, the resulting
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equation will be f(0) = e3259°° where fis the distribution density and 6 is the angular
eccentricity in degrees from the fovea center.

[0082] If the eye is focused on the center of the scan area, and assuming a spiral scan
pattern, then a scan line density distribution 65, as illustrated in Fig. 12a, would match
the human visual acuity distribution 59, and if the eye is focused halfway between the
center of the scan area and the outer edge of the scan area, due to the circular
symmetry of spiral scans, the scan line density distribution 67, as illustrated in Fig. 12b,
would match the human visual acuity distribution 59. Notably, the line density on the Y-
axis of the graphs in Figs. 12a and 12b is represented as a “unit’ of lines/degree. The
total lines needed per frame can be calculated by integrating the area beneath the scan
line distribution curves over the scan area.

[0083] Thus, it can be appreciated that the object of dynamically changing the scan line
density distribution is to maintain the fovea of the eye 54 of the end user 52 within the
high density scan region. In one embodiment, the focal point of the eye within the field
of view is detected, and the high density scan region is dynamically changed, such that
it remains coincident with the detected focal point, thereby maintaining the fovea of the
eye in the center of the high density scan region. In another embodiment, the high
density scan region is dynamically changed, such that it remains coincident with an
object of interest (either virtual or actual) in the field of view of the end user 50. In this
case, it is assumed that the focal point of the end user 50 will be on the object of
interest and/or any other objects in the field of view of the end user 50 are either
insignificant or non-existent, and therefore, a decreased scan resolution in these areas

would be sufficient.
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[0084] To keep the fovea beneath the high resolution portion of the scan line density
distribution, error margins may be included within the scan line density distribution to
account for, e.g., inaccuracies in eye tracking and/or latency in eye tracking, head pose,
rendering, and refresh rate. For a maximum head angular velocity of 300°/sec and a 60
frame per second update (slowest among eye tracking update, pose, render, or refresh
rate), a 10° error (5° left and right) margin is needed to keep the eye fovea beneath the
high resolution portion of the scan line density distribution. For a maximum head
angular velocity of 150°sec and a 60 frame per second update (slowest among eye
tracking update, pose, render, or refresh rate), a 5° error (2.5° left and right) margin is
needed to keep the eye fovea beneath the high resolution portion of the scan line
density distribution. If a 10° error margin is included within the scan line distribution
graph of Fig. 12b, the scan line density distribution curve 67 will expand as shown in
Fig. 13.

[0085] Notably, the greater the error margin, the less efficient the dynamic region
resolution technique becomes. Thus, to maximize the efficiency of the dynamic region
resolution technique, the virtual image generation system 100 may dynamically change
the error margin based on an assumed eye angular velocity profile, which may vary
between different use-cases, applications, and/or periods. For example, when reading
a book, eye movements are much slower than 300°sec, and when examining a digital
painting, the eye is almost stationary for periods of time. By making the error margin
dynamic, the error margin can be reduced to zero at times, resulting in the highest
effective resolution. For example, as further discussed below, when the error margin is

0, the resolution when the dynamic region resolution technique is employed can be
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approximately 2.8 times the resolution when the dynamic region resolution technique is
not employed.

[0086] The dynamic resolution region technique may be made to be more efficient by,
instead of exactly matching the human visual acuity distribution 59, making the scan
density resolution distribution curve 69 steeper than human visual acuity distribution
curve 59, as illustrated in Fig. 14. In this manner, retina resolution is obtained in the
central regions, while sub-retina resolution obtained in the peripheral regions. Thus,
very high resolution is achieved in the focal region of the field of view at the expense of
lower resolution elsewhere in the field of view.

[0087] Referring now to Fig. 15, the efficiencies of the dynamic resolution region
technique when using different scan line resolution profiles can be compared. As there
shown, a scan curve 170a resulting from a conventional scanning technique that uses
uniform scan line density; a scan curve 170b resulting from a dynamic resolution region
technique that matches the human visual acuity distribution curve 172 with no error
margin; a scan curve 170c resulting from a dynamic resolution region technique that
matches the human visual acuity distribution curve 172 with 10° error margin; and a
scan curve 170d resulting from a dynamic resolution region technique that is sharper
than the human visual acuity distribution curve 172 with 10° error margin are compared.
It should be noted that although the peaks or plateaus of the scan curves 170b-170d
are less than the peak of the human visual acuity distribution curve 172, the scan
curves 170b-170c match the human visual acuity distribution curve 172 in that the
slopes of the scan curves 170b-170c equal the slope of the visual acuity resolution

curves, and the scan curve 170d is sharper than the human visual acuity distribution
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curve 172 in that the slope of the scan curve 170d is greater than the slope of the
human visual acuity distribution curve 172.

[0088] Integrating under the scan curves 170 across the 70° scan area results in 70
units of lines per frame for scan curve 170a, 25.2 units of lines per frame for scan curve
170b, 41.3 units of lines per frame for scan curve 170c, and 20.1 units of lines per frame
for scan curve 170d. This translates to an increased frame per second (FPS) for
dynamic resolution region techniques, and in particular, an FPS for a dynamic resolution
region technique that matches the visual acuity resolution with no error margin (scan
curve 170b) equal to 2.8 times the FPS for the conventional scanning technique (scan
curve 170a); an FPS for a dynamic resolution region technique that matches the visual
acuity resolution with a 10° error margin (scan curve 170c) equal to 1.7 times the FPS
for the conventional scanning technique (scan curve 170a); and an FPS for a dynamic
resolution region technique that is sharper than the visual acuity resolution with 10°
error margin (scan curve 170d) equal to 3.5 times the FPS for the conventional
scanning technique (scan curve 170a).

[0089] Based on the foregoing, it should be understood that by utilizing a dynamic
resolution region technique, the required scan lines required to display a frame can be
substantially reduced, providing the potential to increase the frame scanning rate and/or
to decrease the required scanner frequency, thereby increasing the mechanical/optical
scanner design options available. It should also be appreciated from the foregoing that
frame rendering speeds can also be reduced. For example, each frame can be
rendered with a non-uniform resolution distribution, e.g., one that matches the visual

acuity resolution, and then displayed to the end user 50 exactly as it has been rendered.
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Because the number of pixels required to render the frame has been reduced, the
amount of time required to render the frame can accordingly be reduced, along with the
increase in frame scanning rate and/or decrease in scanner frequency. Alternatively,
each frame can be rendered with a uniform resolution distribution, in which case, the
non-uniform resolution distribution can be incorporated into the frame by ignoring
certain pixels within the rendered frame during the scanning process.

[0090] Having described the theory and advantages of several dynamic resolution
region techniques, implementations of the dynamic resolution region techniques will
now be described.

[0091] In one embodiment, assuming a spiral scan pattern is used in an image frame,
the scan lines can be simplistically represented as concentric lines 200, as illustrated in
Figs. 16a-16b. While only six concentric scan lines 200 are illustrated for purposes of
brevity and clarity, it should be appreciated that many more scan lines may be used in
practice. If it is presumed that the end user 50 is focused at point 202a in the field of
view, the highest scan line density in the frame will be used adjacent the point 202a, as
represented by the more densely spaced scan lines 200b-d, and a lower scan density in
the frame will be used in the region remote from point 202a, as represented by the more
sparsely spaced scan lines 200a and 200e-f (Fig. 16a). If it is presumed that the end
user 50 is now focused at point 202b, the highest scan line density in the frame will be
used in the region adjacent point 202b, as represented by the more densely spaced
scan lines 200d-f, and a lower scan density in the frame will be used in the region
remote from point 202b, as represented by the more sparsely spaced scan lines 200a-c

(Fig. 16b). Thus, it can be appreciated that by dynamically moving the region of highest
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line density to follow the focal point of the end user 50, the quality of the image frame
may generally be increased using the same number of scan lines.

[0092] In one embodiment, the variance in the scan line density across the field of view
is continuous (i.e., the spacing between adjacent pairs of scan lines will differ from each
other). However, in one desirable embodiment, the variance in the scan line density
across the field of view is discrete. That is, each image frame has a plurality of discrete
regions having different resolutions.

[0093] For example, assuming a spiral scan pattern, an image frame may have five
annular discrete regions 204a-204e, as illustrated in Figs. 17a-17b. If it is presumed
that the end user 50 is focused at the center of the field of view indicated by point 2064,
the highest resolution region will be, e.g., 204a, and the remaining peripheral regions
204b-204e will have decreasing resolutions (Fig. 17a), starting with 204b, then 204c,
then 204d, and finally 204e. In contrast, if it is presumed that the end user 50 is
focused at the periphery of the field of view indicated by point 206d, the highest
resolution region will be, e.g., 204d (Fig. 17b), and the remaining peripheral regions
204b-204e will have decreasing resolutions, starting with 204c and 204e, then 204b,
and finally 204a. Notably, the resolution profile of the discrete regions 204 illustrated in
Figs. 17a and 17b is in accordance with the visual acuity distribution illustrated in Fig.
9b. That is, the resolution of the discrete regions will decrease from the highest
resolution discrete region associated with the focal point at the rate that substantially
matches the amount that the visual acuity from the center of the profile.

[0094] As another example, assuming a raster scan pattern, an image frame may have

five rectangular discrete regions 208a-208i, as illustrated in Figs. 18a-18b. Ifitis
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presumed that the end user 50 is focused at the center of the field of view indicated by
point 210a, the highest resolution region will be, e.g., 208e, and the remaining
peripheral regions 208a-208d and 208f-208i will have decreasing resolutions (Fig. 18a),
starting with 208d and 208f, then 208c and 208g, then 208b and 208h, and finally 208a
and 208i. In contrast, if it is presumed that the end user 50 is focused at the periphery
of the field of view indicated by point 208c, the highest resolution region will be, e.g.,
208c (Fig. 18b), and the remaining peripheral regions 204a-204b and 204d-204i will
have decreasing resolutions, starting with 204b and 204d, then 204a and 204e, then
204f, then 204g, then 204h, and finally 204i. Again, the resolution profile of the discrete
regions 208 illustrated in Figs. 18a and 18b is in accordance with the visual acuity
distribution illustrated in Fig. 9b. That is, the resolution of the discrete regions will
decrease from the highest resolution discrete region associated with the focal point at
the rate that substantially matches the amount that the visual acuity from the center of
the profile.

[0095] In one embodiment, the discrete region of highest resolution may be selected
from a field of view template based on the focal point of the end user. For example,
referring to Fig. 19, a field of view template 212 that assumes a spiral scan pattern
includes five annular discrete regions 214a-214e. In the illustrated embodiment, each
of the discrete regions 214a-214e can be selectively expanded from a nominal size
(represented by solid lines) to an expanded size (represented by dashed line), e.g., by
10 percent, in order to take into account the error margin described above.

[0096] For example, assuming that the estimated focal point of the end user 50 is near

the periphery of the nominal discrete region 214a at point 216a, the expanded discrete
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region 214a will be selected and displayed as the region with the highest resolution, as
illustrated in Fig. 20a. If the actual focal point of the end user 50 is just outside the
periphery of the nominal discrete region 214a at point 216b, the focal point 216b will still
be included within the highest resolution by virtue of the fact that the expanded discrete
region 214a covers the point 216b. As also illustrated in Fig. 20a, the portion of the
discrete region 214b not overlapping with the expanded discrete region 212a will be
displayed at a decreased resolution. In other words, the portion of the nominal discrete
region 214b (defined by the dashed line and the solid line of the discrete region 212a)
will be ignored, since this region is already covered by the expanded portion of the high
resolution discrete region 214a. The remaining discrete regions 212¢c-212e will be
displayed in their nominal form (unexpanded) with decreasing resolutions.

[0097] The expanded discrete region 214a will continue to be displayed with the highest
resolution until the estimated focal point of the end user 50 is outside of the nominal
discrete region 212a in the field of view template 210. For example, if the estimated
focal point of the end user 50 is changed to point 214c in the discrete region 212b of the
field of view template 210, the expanded discrete region 212b will be displayed as the
discrete region with the highest resolution, as illustrated in Fig. 20b. As also illustrated
in Fig. 20b, the portion of the discrete regions 214a and 214c¢ not overlapping with the
expanded discrete region 212b will be displayed at decreased resolutions. In other
words, the portion of the nominal discrete region 214a (defined by the dashed line and
the solid line of the discrete region 212a) and the portion of the discrete region 214c
(defined by the dashed line and the solid line of the discrete region 212c) will be

ignored, since these regions are already covered by the expanded portions of the high
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resolution discrete region 214b. The remaining discrete regions 212d-212e will be
displayed in their nominal form (unexpanded) with decreasing resolutions.

[0098] In an optional embodiment, because the lower resolution regions of the
displayed frames may create visual artifacts for the end user 50 (e.g., the end user 50
may be able to distinctly visualize the individual scan lines due to the relatively large
spacing between the scan lines), these lower resolution regions may be blurred. The
amount of blurring can be commensurate with the amount of resolution degradation in
the lower resolution regions of the frame. For example, if the resolution of a low
resolution region is four times less (25%) than the resolution of the highest resolution
region, a displayed pixel in the low resolution region can be blurred to four times the
original size of the pixel. In one embodiment, the lower resolution regions can be
blurred by dithering scan lines in adjacent displayed frames. For example, in the case
where two fields are interlaced in a frame, in one frame, the scan lines of an even field
may be displayed, and in the next frame, the scan lines of the odd field may be
displayed. In another embodiment, the lower resolution regions can be blurred by
defocusing the displayed frames in the lower resolution region. This can be
accomplished by, e.g., displaying the scan lines of the lower resolution regions in a focal
plane different from the focal plane of the end user 50.

[0099] In another optional embodiment, higher resolution regions in the periphery of the
frame generated by a spiral scan pattern may create artifacts in the form of visualizing
bands of high line density on the periphery of the frame. To minimize these artifacts, a
high resolution sector, instead of a high resolution annular, can be scanned. For

example, instead of scanning a high resolution annular region 202d as illustrated in Fig.
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17b, a high resolution sector region 202f can be scanned to cover the estimated focal
point 206b, as illustrated in Fig. 21. In cases where the limits of the scanning device
116 prevent scanning of the remaining sector region 202g of the annular region 202d
(i.e., the sector region outside of the high resolution sector region 202f) at a lower
resolution, the scanning device 116 can be prevented from displaying all of the scan
lines within the desired lower resolution sector region. For example, for a particular 360
degree scan line within the annular region 202d, the scanning device 116 can cease
outputting light for the scan line in the low resolution sector and output light for the same
scan line in the high resolution sector region 202f. Then, for another adjacent 360
degree scan line within the annular region 202d, the scanning device 116 may maintain
output of the light for the scan line over the entire 360 degree range.

[00100] Having described the structure and function of the virtual image generation
system 100, one method 300 performed by the virtual image generation system 100 to
display synthetic image frames to the end user 50 will now be described with respect to
Fig. 21.

[00101] To this end, the CPU 132 estimates the focal point of the end user 50 (e.g.,
either by detecting it via the patient orientation detection module 130 or assuming that
the focal point is coincident with an identified object of interest in the field of view of the
end user 50 (step 302), and selects the discrete region of the field of view template that
coincides with the estimated focal point (step 304). The virtual image generation
system 100 then allows the end user 50 to visualize the three-dimensional scene in an
ambient environment (step 306). This can be accomplished, e.g., in a “video see-

through” display, in which the CPU 132 directs the forward facing cameras 128 to
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capture image data of the three-dimensional scene, and directs the display subsystem
104 to display the captured image data to the end user 50; or an “optical see-through”
display, in which the end user is simply allowed to view directly the light from the three-
dimensional scene.

[00102] The CPU 132 also instructs the GPU 134 to generate virtual image data from
the point of the view of the end user 50, and in this embodiment, rendering two-
dimensional virtual image data from a three-dimensional virtual scene as a synthetic
image frame (step 308). In one embodiment, the frames may be rendered based on
predictive head positions in order to minimize any latency issues, e.g., by rendering and
warping the virtual image data.

[00103] The CPU 132 then instructs the display subsystem 104 to display the synthetic
image frame to the end user 50 that, along with the ambient three-dimensional scene,
thereby creating a three-dimensional augmented scene (step 310). In one method, the
synthetic image frame is displayed with a non-uniform resolution distribution, and in
particular, the synthetic image frame is displayed with a highest-resolution region that
corresponds with the selected discrete region from the field of view template. The
synthetic image frame may be displayed with discrete regions that gradually decrease in
resolution in accordance with their distance from the highest-resolution region. The
resolutions of the discrete regions may, e.g., match or even be sharper than the acuity
distribution of the human eye. Notably, if the synthetic image frame, as rendered, has a
uniform resolution distribution, the CPU 132 will incorporate the non-uniform resolution
distribution into the rendered frame by, e.g., instructing the display subsystem 104 to

ignore certain pixels in the regions of the frames where low resolution is desired. If, on
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the other hand, if the synthetic image frame, as rendered, has the non-resolution
distribution by virtue of rendering the frame with the high-resolution region
corresponding with the selected discrete region of the field of view template, the CPU
132 will display the frame as rendered.

[00104] In the illustrated method, the display subsystem 104 scans the synthetic image
frame, e.g., in a spiral pattern, such that the non-uniform resolution distribution radially
varies, or in a raster pattern, such that the non-uniform resolution distribution varies
rectilinearly. The discrete regions may be annular or even sector-shaped in the case of
a spiral scan pattern or rectangular in the case of a raster scan pattern. The CPU 132
also instructs the display subsystem 104 to blur the synthetic image frame in the lower
resolution regions (e.g., by dithering scan lines or defocusing in the lower resolution
region) (step 312). It should be appreciated that although the step of blurring the
synthetic image frame in the lower resolution regions is illustrated in the flow diagram as
occurring after the rendering and display steps, it should be appreciated that the blurring
step can be performed concurrently with the rendering or display steps. The CPU 132
then returns to step 302 to generate and display another synthetic image frame having
a non-uniform distribution, which, depending on the newly estimated focal point of the
end user 50, may be identical or different from the non-uniform distribution in the
previous synthetic image frame.

[00105] In the foregoing specification, the invention has been described with reference
to specific embodiments thereof. It will, however, be evident that various modifications
and changes may be made thereto without departing from the broader spirit and scope

of the invention. For example, the above-described process flows are described with
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reference to a particular ordering of process actions. However, the ordering of many of
the described process actions may be changed without affecting the scope or operation
of the invention. The specification and drawings are, accordingly, to be regarded in an

illustrative rather than restrictive sense.
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CLAIMS

What is claimed is:

1. A method of operating a virtual image generation system, the method
comprising:

rendering a plurality of synthetic image frames of a three-dimensional scene;

sequentially displaying the plurality of image frames to the end user, wherein
each of the displayed image frames has a non-uniform resolution distribution.

2. The method of claim 1, wherein each of the image frames is rendered with the
non-uniform resolution distribution.

3. The method of claim 1, wherein each of the image frames is rendered having
a uniform resolution distribution, and wherein displaying the respective image frame
comprises incorporating the non-uniform resolution distribution into the already
rendered image frame.

4. The method of claim 1, wherein displaying the image frames comprises
scanning the image frames.

5. The method of claim 4, wherein each of the image frames is scanned in a
spiral pattern.

6. The method of claim 5, wherein the non-uniform resolution distribution radially
varies.

7. The method of claim 4, wherein each of the image frames is scanned in a
raster pattern.

8. The method of claim 7, wherein the non-uniform resolution distribution

rectilinearly varies.

39



WO 2017/015162 PCT/US2016/042649

9. The method of claim 1, wherein at least two of the displayed image frames
have different non-uniform resolution distributions.

10. The method of claim 1, wherein each of the displayed image frames has a
plurality of discrete regions having different resolutions.

11. The method of claim 10, wherein the plurality of discrete regions numbers at
least three.

12. The method of claim 11, wherein each of the discrete regions is annular.

13. The method of claim 11, wherein each of the discrete regions is rectangular.

14. The method of claim 11, wherein each of the discrete regions is sector-
shaped.

15. The method of claim 11, wherein the plurality of discrete regions includes a
region of highest resolution, the method further comprising selecting the region of
highest resolution from a field of view template having a plurality of discrete regions.

16. The method of claim 15, wherein the plurality of discrete regions in the field
of view template overlap each other.

17. The method of claim 11, wherein the plurality of discrete regions includes a
region of highest resolution and a region of lower resolution, the method further
comprising blurring the displayed image frames in the region of lower resolution.

18. The method of claim 17, wherein each of the displayed image frames is
scanned, and blurring the displayed image frames comprises dithering scan lines in
adjacent displayed image frames in the region of lower resolution.

19. The method of claim 17, wherein blurring the displayed image frames

comprises defocusing the displayed image frames in the region of lower resolution.
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20. The method of claim 1, wherein a resolution distribution of each of the
displayed image frames has a slope that matches the slope of an acuity distribution of
an eye of the end user.

21. The method of claim 1, wherein a resolution distribution of each of the
displayed image frames has a slope that is greater than the slope of an acuity
distribution of an eye of the end user.

22. The method of claim 1, further comprising:

estimating a focal point of an eye within a field of view of the end user; and

generating the non-uniform resolution distribution for each of the displayed image
frames based on the estimated focal point.

23. The method of claim 22, wherein each of the non-uniform resolution
distributions has a region of highest resolution coincident with the estimated focal point.

24. The method of claim 23, wherein the estimated focal point of the end user
has an error margin to provide a focal range within the field of the view of the end user,
and the region of highest resolution intersects the focal range.

25. The method of claim 22, wherein estimating the focal point comprises
detecting the focal point of the end user.

26. The method of claim 22, wherein estimating the focal point comprises
identifying an object of interest in the field of view of the end user.

27. A virtual image generation system for use by an end user, comprising:

memory storing a three-dimensional scene;

a control subsystem configured for rendering a plurality of synthetic image

frames of the three-dimensional scene; and
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a display subsystem configured for sequentially displaying the plurality of image
frames to the end user, wherein each of the displayed image frames has a non-uniform
resolution distribution.

28. The virtual image generation system of claim 27, wherein the display
subsystem is configured for being positioned in front of the eyes of the end user.

29. The virtual image generation system of claim 27, wherein the display
subsystem includes a projection subsystem and a partially transparent display surface,
the projection subsystem configured for projecting the image frames onto the partially
transparent display surface, and the partially transparent display surface is configured
for being positioned in the field of view between the eyes of the end user and an
ambient environment.

30. The virtual image generation system of claim 27, further comprising a frame
structure configured for being worn by the end user, the frame structure carrying the
display subsystem.

31. The virtual image generation system of claim 27, wherein the control
subsystem comprises a graphics control subsystem unit (GPU).

32. The virtual image generation system of claim 27, wherein the control
subsystem is configured for rendering each of the image frames with the non-uniform
resolution distribution.

33. The virtual image generation system of claim 27, wherein the control
subsystem is configured for rendering each of the image frames with a uniform

resolution distribution, and wherein the display subsystem is configured for displaying
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the respective image frame by incorporating the non-uniform resolution distribution into
the already rendered image frame.
34. The virtual image generation system of claim 27, wherein the display
subsystem is configured for displaying the image frames by scanning the image frames.
35. The virtual image generation system of claim 34, wherein the display
subsystem is configured for scanning each of the image frames in a spiral pattern.

36. The virtual image generation system of claim 35, wherein the non-uniform
resolution distribution radially varies.

37. The virtual image generation system of claim 34, wherein the display
subsystem is configured for scanning the image frames in a raster pattern.

38. The virtual image generation system of claim 37, wherein the non-uniform
resolution distribution rectilinearly varies.

39. The virtual image generation system of claim 27, wherein at least two of the
displayed image frames have different non-uniform resolution distributions.

40. The virtual image generation system of claim 27, wherein each of the
displayed image frames has a plurality of discrete regions having different resolutions.

41. The virtual image generation system of claim 40, wherein the plurality of
discrete regions numbers at least three.

42. The virtual image generation system of claim 40, wherein each of the
discrete regions is annular.

43. The virtual image generation system of claim 40, wherein each of the

discrete regions is rectangular.
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44, The virtual image generation system of claim 40, wherein each of the
discrete regions is sector-shaped.

45. The virtual image generation system of claim 40, wherein the plurality of
discrete regions includes a region of highest resolution, and the control subsystem is
configured for selecting the region of highest resolution from a field of view template
having a plurality of discrete regions.

46. The virtual image generation system of claim 45, wherein the plurality of
discrete regions in the field of view template overlap each other.

47. The virtual image generation system of claim 40, wherein the plurality of
discrete regions includes a region of highest resolution and a region of lower resolution,
the control subsystem is configured for blurring the displayed image frames in the
region of lower resolution.

48. The virtual image generation system of claim 47, wherein the display
subsystem is configured for scanning each of the displayed image frames, and is
configured for blurring the displayed image frames by dithering scan lines in adjacent
displayed image frames in the region of lower resolution.

49. The virtual image generation system of claim 47, wherein the display
subsystem is configured for blurring the displayed image frames by defocusing the
displayed image frames in the region of lower resolution.

50. The virtual image generation system of claim 27, wherein a resolution
distribution of each of the displayed image frames has a slope that matches the slope of

an acuity distribution of an eye of the end user.
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51. The virtual image generation system of claim 27, wherein a resolution
distribution of each of the displayed image frames has a slope that is greater than the
slope of an acuity distribution of an eye of the end user.

52. The virtual image generation system of claim 27, wherein the control
subsystem is configured for estimating a focal point of an eye within a field of view of
the end user, and generating the non-uniform resolution distribution for each of the
displayed image frames based on the estimated focal point.

53. The virtual image generation system of claim 52, wherein each of the non-
uniform resolution distributions has a region of highest resolution coincident with the
estimated focal point.

54. The virtual image generation system of claim 53, wherein the estimated focal
point of the end user has an error margin to provide a focal range within the field of the
view of the end user, and the region of highest resolution intersects the focal range.

55. The virtual image generation system of claim 52, further comprising one or
more sensors configured for detecting the focal point of the end user, wherein the
control subsystem is configured for estimating the focal point from the detected focal
point.

56. The virtual image generation system of claim 52, wherein the control
subsystem is configured for estimating the focal point by identifying an object of interest

in the field of view of the end user.
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