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FIG.1

(57) Abstract: A system and related methods for visually augmenting an appearance of a physical environment as seen by a user
through a head-mounted display device are provided. In one embodiment, a virtual environment generating program receives eye-
tracking information, lighting information, and depth information from the head-mounted display. The program generates a virtual
environment that models the physical environment and is based on the lighting information and the distance of a real-world object
from the head-mounted display. The program visually augments a virtual object representation in the virtual environment based on
the eye-tracking information, and renders the virtual object representation on a transparent display of the head-mounted display
device.
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VIRTUAL ENVIRONMENT GENERATING SYSTEM
BACKGROUND
[0001] Augmented reality may refer to a view of a physical, real-world
environment that is augmented with the addition of virtual content. In one
example, a head-mounted display device with a transparent display screen
may allow a user to view a real-world environment through the display. One
or more virtual objects may be displayed on the transparent display of the
head-mounted device in a manner that augments the user’s view of the real-
world environment to create an augmented reality virtual environment.
[0002] Thus far it has proven challenging to provide users with a
realistic and believable augmented reality experience. In some cases, virtual
content may be perceived as artificial and computer-generated. The virtual
content may not appear to be a natural part of the observed real-world
environment. For example, real-world lighting and shadow considerations,
virtual lighting and shadow effects, depth of field and focus anomalies, and
other visual and optical issues may cause a virtual object to appear less than
realistic to a user. Additionally, visual issues and incongruities that arise
from a less-than-realistic interaction between virtual and real-world objects as
seen by the user through the transparent display may be insufficiently
addressed.
SUMMARY
[0003] To address the above issues, a virtual environment generating
system including a head-mounted display device having a transparent display
and related methods for visually augmenting an appearance of a physical
environment are provided. In one example, a method may include receiving
eye-tracking information from an eye-tracking system in the head-mounted
display device. Lighting information and depth information, including a
distance of a real-world object from the head-mounted display device, may be
received from an optical sensor system in the head-mounted display device.
[0004] The method may include generating a virtual environment that
models the physical environment and is based on the lighting information and

the distance of the real-world object from the head-mounted display device.
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The virtual environment may include a virtual object representation and a
real-world object representation. The method may further include visually
augmenting the virtual object representation in the virtual environment based
on the eye-tracking information. The virtual object representation may be
rendered on the transparent display of the head-mounted display device.

[0005] This Summary is provided to introduce a selection of concepts in
a simplified form that are further described below in the Detailed Description.
This Summary is not intended to identify key features or essential features of
the claimed subject matter, nor is it intended to be used to limit the scope of
the claimed subject matter. Furthermore, the claimed subject matter is not
limited to implementations that solve any or all disadvantages noted in any
part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a schematic view of a virtual environment generating
system according to an embodiment of the present disclosure.

[0007] FIG. 2 shows an example head-mounted display device according
to an embodiment of the present disclosure.

[0008] FIG. 3 is a schematic view of a physical environment that shows
virtual object representations generated by the virtual environment
generating system of FIG. 1 and a user wearing a head-mounted display
device.

[0009] FIGS. 4A and 4B are a flow chart of a method for augmenting an
appearance of a physical environment according to an embodiment of the
present disclosure.

[0010] FIG. 5 is a simplified schematic illustration of an embodiment of
a computing device.

DETAILED DESCRIPTION

[0011] Aspects of this disclosure will now be described by example and
with reference to the illustrated embodiments listed above. Components,
process steps, and other elements that may be substantially the same in one
or more embodiments are identified coordinately and are described with

minimal repetition. It will be noted, however, that elements identified
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coordinately may also differ to some degree. It will be further noted that the
drawing figures included herein are schematic and generally not drawn to
scale. Rather, the various drawing scales, aspect ratios, and numbers of
components shown in the figures may be purposely distorted to make certain
features or relationships easier to see.

[0012] FIG. 1 shows a schematic view of one embodiment of a virtual
environment generating system 10 for visually augmenting an appearance of a
physical environment as seen through a transparent display in a head-
mounted display (HMD) device. The virtual environment generating system
10 includes a virtual environment generating program 14 that may be stored
in mass storage 18 of a computing device 22. The virtual environment
generating program 14 may be loaded into memory 26 and executed by a
processor 30 of the computing device 22 to perform one or more of the methods
and processes described in more detail below. For example, the virtual
environment generating program 14 may generate a virtual environment 34
that includes a virtual object representation 38 and a real-world object
representation 42,

[0013] The computing device 22 may take the form of a desktop
computing device, a mobile computing device such as a laptop, notebook or
tablet computer, mobile communications device such as a mobile phone,
network computer, home entertainment computer, interactive television,
gaming system, or other suitable type of computing device. Additional details
regarding the components and computing aspects of the computing device 22
are described in more detail below with reference to FIG. 5.

[0014] The computing device 22 may be operatively connected with an
HMD device 46 which is described in more detail below. The computing device
22 may utilize a wired connection to the HMD device 46, or may employ a
wireless connection via WiFi, Bluetooth, or any other suitable wireless
communication protocol. Additionally, the example illustrated in FIG. 1
shows the computing device 22 as a separate component from the HMD device
46. It will be appreciated that in other examples the computing device 22 may

be integrated into the HMD device 46.
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[0015] FIG. 2 shows an example of an HMD device 46 in the form of a
pair of wearable glasses, as shown. Additionally and as described in more
detail below, FIG. 3 shows a user 304 wearing an HMD device 46. In other
examples, the HMD device 46 may take other suitable forms in which a
transparent display system is supported in front of a viewer’s eye or eyes.
[0016] With reference to FIGS. 1 and 2, the HMD device 46 includes a
transparent display 50 that enables images to be delivered to the eyes of a
user. The transparent display 50 may be configured to visually augment an
appearance of a physical environment to a user viewing the physical
environment through the transparent display. For example, the appearance of
the physical environment may be augmented by graphical content (e.g., one or
more pixels each having a respective color and brightness) that is presented
via the transparent display 50.

[0017] The transparent display 50 may be configured to enable a user to
view a real-world object in the physical environment through one or more
partially transparent pixels that are displaying a virtual object
representation. In one nonlimiting example, the transparent display 50 may
include image-producing elements located within lenses 204 (such as, for
example, a see-through Organic Light-Emitting Diode (OLED) display). As
another example, the transparent display 50 may include a light modulator on
an edge of the lenses 204. In this example, the lenses 204 may serve as a light
guide for delivering light from the light modulator to the eyes of a user.

[0018] In other examples, transparent display 50 may support selective
filtering of light received from the physical environment before reaching an
eye of a user wearing the HMD device 46. Such filtering may be performed on
a pixel-by-pixel basis or on groups of pixels. As one example, the selective
filtering or removal of light may be supported by the transparent display 50 at
a different resolution (e.g., a lower resolution or a higher resolution) than the
resolution supported by the transparent display for the presentation of lighted
graphical content (e.g., illuminated pixels). In other examples, transparent
display 50 may include a first display layer that adds light in the form of one

or more illuminated pixels, and a second display layer that filters light
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received from the physical environment. These layers may have different
display resolution, pixel density, and/or display capabilities.

[0019] The HMD device 46 may also include various systems and
sensors. For example, the HMD device 46 may include an eye-tracking system
54 that utilizes at least one inward facing sensor 208. The inward facing
sensor 208 may be an image sensor that is configured to acquire image data in
the form of eye-tracking information from a user’s eyes. Using this
information, the eye-tracking system 54 may track the position and/or
movement of the user’s eyes to determine where and/or at what object the user
is looking. In one example, the eye-tracking system 54 may determine the
vectors at which a user’s eyes are pointing. Using this information along with
the user’s interpupillary distance, an intersection point of the user’s gaze in
front of the user may be determined. Such intersection point may correspond
to a distance for determining the user’s focus.

[0020] The HMD device 46 may also include an optical sensor system 58
that utilizes at least one outward facing sensor 212, such as an optical sensor.
Outward facing sensor 212 may detect lighting information, depth information
from real-world objects, user movements such as gesture-based user inputs,
etc. For example, outward facing sensor 212 may include a depth camera, a
visible light camera, an infrared light camera, or a position tracking camera.
In some examples, outward facing sensor 212 may include one or more optical
sensors for observing visible spectrum and/or infrared light from the lighting
conditions in the physical environment.

[0021] It will be appreciated that the optical sensor system 58 may
detect lighting information including, but not limited to, ambient light (an
overall light value in a room), as well as spot lights, point lights, directional
lights in a room, etc. In this manner, color, direction, intensity falloff, and
other properties of these lights and light sources may be determined. In other
examples, the optical sensor system 58 may include an ambient light sensor

which may be used to build a light map of the physical environment.
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[0022] In other examples, the HMD device 46 may include depth sensing
via one or more depth cameras. Time-resolved images from one or more of
these depth cameras may be registered to each other and/or to images from
another optical sensor such as a visible spectrum camera, and may be
combined to yield depth-resolved video.

[0023] In some examples, a depth camera may take the form of a
structured light depth camera configured to project a structured infrared
illumination comprising numerous, discrete features (e.g., lines or points).
The depth camera may be configured to image the structured illumination
reflected from a scene onto which the structured illumination is projected. A
depth map of the scene may be constructed based on spacings between
adjacent features in the various regions of an imaged scene.

[0024] In other examples, a depth camera may take the form of a time-
of-flight depth camera configured to project a pulsed infrared illumination
onto a scene. This depth camera may be configured to detect the pulsed
illumination reflected from the scene. Two or more of these depth cameras
may include electronic shutters synchronized to the pulsed illumination. The
integration times for the two or more depth cameras may differ, such that a
pixel-resolved time-of-flight of the pulsed illumination, from the source to the
scene and then to the depth cameras, is discernible from the relative amounts
of light received in corresponding pixels of the two depth cameras. The HMD
device 46 may also include an infrared projector to assist in structured light
and/or time of flight depth analysis.

[0025] Such depth cameras may have a stereo configuration. In these
examples, the HMD device 46 may include two depth cameras to observe a
physical environment in stereo from two different angles of the user’s
perspective. In other examples, gesture-based user inputs may also be
detected via one or more depth cameras, while in other embodiments gesture-
based inputs may not be utilized.

[0026] Outward facing sensor 212 may capture images of a physical
environment, such as physical environment 300 shown in FIG. 3, which may

be provided as input to the virtual environment generating program 14. In
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one example, the virtual environment generating program may include a 3D
modeling system that uses such input to generate virtual environment 34 that
models the physical environment that is captured.

[0027] The HMD device 46 may also include a position sensor system 62
that utilizes on or more motion sensors 216 to enable position tracking of the
HMD device and determine a position of the HMD device within a physical
environment. As one example, position sensor system 62 may be configured as
a six-axis or six-degree of freedom position sensor system. This example
position sensor system may, for example, include three accelerometers and
three gyroscopes to indicate or measure a change in location of the HMD
device 46 within three-dimensional space along three orthogonal axes (e.g., X,
y, z) and a change in an orientation of the HMD device 46 about the three
orthogonal axes (e.g., roll, pitch, yaw).

[0028] Position sensor system 62 may support other suitable positioning
techniques, such as GPS or other global navigation systems. For example,
position sensor system 62 may include a wireless receiver (e.g., a GPS receiver
or cellular receiver) to receive wireless signals broadcast from satellites and/or
terrestrial base stations. These wireless signals may be used to identify a
geographic location of the HMD device 46. Positioning information obtained
from wireless signals received by the HMD device 46 may be combined with
positioning information obtained from other motion sensors, such as
accelerometers and/or gyroscopes, to provide an indication of location and/or
orientation of the HMD device 46. While specific examples of position sensor
systems have been described, it will be appreciated that other suitable
position sensor systems may be used.

[0029] Motion sensors 216 may also be employed as user input devices,
such that a user may interact with the HMD device 46 via gestures of the neck
and head, or even of the body. Non-limiting examples of motion sensors
include an accelerometer, a gyroscope, a compass, and an orientation sensor,

which may be included as any combination or subcombination thereof.
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[0030] The HMD device 46 may also include one or more microphones
220 to allow the use of voice commands as user inputs. Additionally or
alternatively, one or more microphones separate from the HMD device 46 may
be used to detect user voice commands. In other examples, audio may be
presented to the user via one or more speakers on the HMD device 46, or via
another audio output within the physical environment. It will also be
understood that the sensors illustrated in FIG. 2 are shown by way of example
and thus are not intended to be limiting in any manner, as any other suitable
sensors and/or combination of sensors may be utilized.

[0031] The HMD device 46 may also include a controller 224 having a
logic subsystem and a data-holding subsystem in communication with the
various input and output devices of the HMD device, which are discussed in
more detail below with respect to FIG. 5. Briefly, the data-holding subsystem
may include instructions that are executable by the logic subsystem, for
example, to receive and forward inputs from the sensors to computing device
22 (in unprocessed or processed form) via a communications subsystem, and to
present images to the user via the transparent display 50.

[0032] It will be appreciated that the HMD device 46 described above is
provided by way of example, and thus is not meant to be limiting. Therefore it
is to be understood that the HMD device 46 may include additional and/or
alternative sensors, cameras, microphones, input devices, output devices, ete.
than those shown without departing from the scope of this disclosure. Further,
the physical configuration of an HMD device 46 and its various sensors and
subcomponents may take a variety of different forms without departing from
the scope of this disclosure.

[0033] With reference now to FIG. 3, this figure provides a schematic
view of a physical environment 300 in which a user 304 wearing an HMD
device 46 is located. The physical environment 300 may include one or more
real-world objects, such as a table 308, real-world block 312 sitting on the
table, and mirror 316. FIG. 3 also illustrates virtual object representations
that are presented to the user 304 by being displayed on the transparent
display 50 of the HMD device 46 worn by the user. In other words, FIG. 3
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shows the physical environment 300 as populated with virtual object
representations that are positioned in the physical environment according to a
virtual environment 34 that is generated by the virtual environment
generating program 14.

[0034] The virtual environment 34 may model the physical environment
300 and may be based on one or more of user eye-tracking information,
lighting information from the physical environment, depth information, image
information, and position and/or orientation information of the HMD device
46. In one example, such information may be compiled to generate a virtual
environment 34 that comprises a 3D map of the physical environment 300 and
includes virtual object representations. Using such a 3D map and selected
information received from the HMD device 46, the virtual environment
generating program 14 may visually augment one or more of the virtual object
representations and/or real-world objects as seen by the user through the
transparent display 50 to provide a more realistic and believable augmented
reality experience. Additionally, and as discussed in more detail below, the
3D map and selected information may be used to supplement eye-tracking
information in determining where and at what object the user 304 is looking,
including but not limited to the depth of the object.

[0035] In the example illustrated in FIG. 3, the user 304 may be viewing
a 3-D movie experience via the HMD device 46. In this example the virtual
object representations include a good wizard 320, an evil wizard 324, a fireball
326, a reflected image 328 of the evil wizard 324 in mirror 316, and a virtual
block 332 on the table 308. In one example use case, the virtual environment
generating program 14 may determine from eye-tracking information received
from the HMD device 46 that the user 304 is looking at the real-world block
312.. Accordingly, given this information, the virtual environment generating
program 14 may generate focal cues for the user 304 that create more realistic
visual relationships among the real-world block 312, the good wizard 320,
other virtual object representations in the virtual environment 34, and other

real-world objects as seen by the user through the transparent display 50.
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[0036] In this example, as the virtual object representation of the good
wizard 320 is closer to the user’s eyes than the real-world block 312, the
virtual environment generating program 14 may blur the image of the good
wizard 320 as seen by the user 304 through the transparent display 50.
Additionally, any other virtual object representation on which the user 304 is
not focusing may receive blurring appropriate to its distance from where the
user’'s eyes are focusing, and appropriate for the user’s eye dilation as
discussed below. In this manner, a realistic simulation of retinal image blur
may be created to provide an appropriate focal cue to the user 304 with
respect to the good wizard 320. In one example, a Gaussian function may be
utilized to blur the appearance of the good wizard 320. It will also be
appreciated that any other suitable blurring function may also be utilized. In
other examples, one or more virtual object representations may be blurred to
enhance the visibility of other objects with no connection to position or other
real-time data.

[0037] In another example, the transparent display 50 may have one or
more adjustable focal planes or focal points. In this example, a focal plane or
focal point of the transparent display 50 may be selected to coincide with the
virtual position of the left hand 336 of the good wizard 320 in the 3D map of
the virtual environment 34. As the user 304 is focusing on the left hand 336 of
the good wizard 320, the left hand 336 may be rendered as a crisply focused
image as perceived by the user 304 through the transparent display 50.

[0038] The virtual environment generating program 14 may also
determine a blurring amount to be applied to the good wizard 320 based on
one or more of depth information, focal point distance and a pupil dilation
amount of the user’s pupils. For example, where the user 304 is looking at the
real-world block 312, a depth camera in the optical sensor system 58 may
determine a distance from the good wizard 320 to the user’s eyes. This
distance may be compared to the distance from the selected focal point at the
real-world block 312 to the HMD device 46, and the difference determined. It
will be appreciated that an amount of blurring may increase as the distance

from the real-world block 312 to the HMD device 46 increases, and/or the
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difference between the good wizard distance and the real-world block distance
increases.

[0039] Further, the blurring amount may also be based on an amount of
pupil dilation in the eyes of the user 304. To provide proper visual cues to the
user 304, as a dilation of the user’s pupils increases, objects spaced from the
current focal point will appear increasingly blurred. An amount of pupil
dilation may be determined, for example, by image information received by
the eye-tracking system 54. In this manner, the blurring amount to be
applied to the good wizard 320 may also be based on an amount of pupil
dilation in the eyes of the user 304.

[0040] In another example, the amount of blurring applied to the virtual
object representation of the good wizard 320 may increase progressively along
one or more segments of the image as a distance of the segments from the
HMD device 46 in the virtual environment 34 increases. For example, the
virtual object representation of the good wizard 320 may include a first image
segment 340 that includes the wizard’s outstretched left hand 336, a second
image segment 344 that includes a portion of the wizard’s hair 348, and a
third image segment 352 that includes the crystal globe 356 located at the top
of the wizard’s staff 360. Where the user 304 is focusing on the wizard’s
outstretched left hand 336 in the first image segment 340, the amount of
blurring applied to the left portion of the wizard’s hair 348 in the second
image segment 344 may be less than an amount of blurring applied to the
crystal globe 356 in the third image segment 352.

[0041] It will be appreciated that an amount of blurring may also be
customized for each of the virtual object representations as seen by the user
304 through the transparent display 50. In this manner, a more realistic
display of the virtual object representations that is based on such objects’
current distance from the HMD device 46 may be provided. It will also be
appreciated that such blurring amounts may be adjusted in a real-time
manner as the user 304 moves her head, shifts her current viewing
perspective 366, and/or otherwise changes her position in the physical

environment 300.
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[0042] Additionally, it will be appreciated that the user 304 may change
her focus to other virtual object representations or to other real-world objects
in the physical environment 300. To maintain realistic visual cues, the virtual
environment generating program 14 may adjust a blurring amount applied to
one or more virtual object representations at a speed that approximates an
actual time needed for the user’s eyes to change focus. In one example, in
response to the user 304 changing her focus, the blurring amount applied to
one or more virtual object representations may be adjusted within
approximately 1-2 seconds.

[0043] In one example use case, the virtual environment generating
program 14 may determine from eye-tracking information received from the
HMD device 46 that the user 304 is looking at the virtual block 332. In
another example use case, the virtual environment generating program 14
may use depth information received from the HMD device 46 to determine
that the user 304 is looking at the virtual block 332. The depth information
may include, for example, depth information corresponding to a hand of the
user 304 with an outstretched index finger that is pointing at the virtual block
332. Using this depth information, the virtual environment generating
program 14 may determine that the user 304 is looking at the real-world block
312.

[0044] As noted above, the virtual environment generating program 14
may also receive lighting information from the physical environment 300 that
may include light emitted from real-world light sources, such as the lamp 364.
The virtual environment 34 may also include the virtual fireball 326 cast by
the evil wizard 324, with the virtual fireball emitting an intense virtual light.
As shown in FIG. 3, in this example the virtual fireball 326 and the evil
wizard 324 are positioned out of the current viewing perspective 366 of the
user 304. It will also be appreciated that if the user 304 turns in the direction
of the virtual fireball 326 and the evil wizard 324, these virtual object
representations would be rendered on the transparent display 50 and visually
depicted to the user in their corresponding positions in the virtual

environment 34.
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[0045] Accordingly, the virtual environment generating program 14 may
receive at least the lighting information, position information regarding the
virtual fireball 326 and the other real-world objects and virtual object
representations, and information regarding the intense virtual light emitted
from the virtual fireball. Using such information, the virtual environment
generating program 14 may vrender one or more virtual shadow
representations on the transparent display 50 that may be created by the light
from the virtual fireball interacting with other real-world objects and virtual
object representations. Advantageously, the one or more virtual shadow
representations may create appropriate visual cues that realistically portray
the effects that the intensely bright virtual fireball 326 may have on real-
world objects in the physical environment 300 and on virtual object
representations in the virtual environment 34. In this manner, the one or
more virtual shadow representations may be rendered in areas that are
adjacent to one or more virtual object representations and/or real-world
objects that are within the current viewing perspective 366 of the user 304. It
will be appreciated that any real-world objects and virtual object
representations that are within the current viewing perspective 366 of the
user 304 may receive real-world and/or virtual lighting adjustments.

[0046] As shown in FIG. 3, in this example a first virtual shadow
representation 368 may be located adjacent to the real-world block 312 on the
table 308, a second virtual shadow representation 372 may be located adjacent
to the virtual block 332 on the table 308, and a third virtual shadow
representation 376 may be located adjacent to the good wizard 320 on the
table 308. The color, brightness, and/or other visual qualities of the first
virtual shadow representation 368, second virtual shadow representation 372
and third virtual shadow representation 376 may be adjusted to provide a
realistic depiction of the lighting effects created by the virtual fireball 326,
even when the virtual position of the virtual fireball is outside the current

viewing perspective 366 of the user 304.
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[0047] With reference to the third virtual shadow representation 376, in
one example a bright white color corresponding to light emitted by the virtual
fireball 326 may be rendered on top of the table 308. In the area of the table
308 covered by the third virtual shadow representation 376, darker patches
may be rendered into the rendered white to create the appearance of a shadow
through the rendered contrast.

[0048] It will be appreciated that other lighting effects may be generated
and rendered on the transparent display to create other visual cues that may
naturally follow from the light emitted from the virtual fireball 326. In one
example, such light may cause the good wizard’s staff 360 to cast a virtual
shadow on the virtual block 332. In another example, the overall brightness of
the good wizard 320, the virtual block 332, and other real-world objects and
virtual object representations within the current viewing perspective 366 of
the user 304 may increase as the virtual fireball 326 moves closer to the good
wizard.

[0049] It will also be appreciated that a virtual shadow representation
corresponding to a real-world light source may be added to a virtual object. In
one example, a first virtual object may receive light from a real-world light
source. If a second virtual object or a real-world object passes between the
first virtual object and the light source, a virtual shadow representation
corresponding to the second virtual object or the real-world object may be
added to the first virtual object.

[0050] It will also be appreciated that any suitable display techniques
for visually augmenting the appearance as seen through the transparent
display 50 of the physical environment 300 and the real-world objects and the
virtual object representations may be used. In one example, the transparent
display 50 may be capable of selectively reducing and/or filtering an amount of
light that is transmitted through portions of the display. In this example, an
amount of light transmitted through the transparent display 50 may be
selectively reduced and/or filtered in an area corresponding to a virtual
shadow. In this manner, the virtual shadow will appear darker than the

surrounding area.
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[0051] In one example, where the surface of the table 308 is a bright
color such as white, the first virtual shadow representation 368, second virtual
shadow representation 372, and third virtual shadow representation 376 may
be created by filtering light received by the transparent display 50 in areas
corresponding to each of the virtual shadow representations. In addition, a
complimentary color, such as a dark red, may be rendered on top of each
shadowed area to provide a more realistic appearance of a shadow on the
table.

[0052] In another example, a virtual shadow may be rendered by
omitting or reducing the illumination of one or more pixels in an area of the
transparent display 50 that corresponds to the virtual shadow. In another
example, the illumination of one or more pixels may be increased in an area
surrounding the virtual shadow to make the virtual shadow appear darker
than the surrounding area.

[0053] In another example, the virtual environment generating program
14 may determine from eye-tracking information that the user 304 is looking
at the robe 322 of the good wizard 320. The robe 322 may have a bright
coloring, such as white. A wall 380 having a dark coloring, such as black, may
be located immediately behind the good wizard 320 in the line of sight of the
user 304. With a transparent display 50 that uses an additive color display
technique, the brightly colored virtual robe 322 may tend to appear somewhat
transparent to the user 304 when viewed in front of the real-world black wall
380.

[0054] In this example, using lighting, depth, and position information,
the virtual environment generating program 14 may analyze the contrast
pattern of the wall 380 behind the robe 322 of the good wizard 320 and adjust
one or more of a color and a brightness of the robe to enhance the contrast of
the robe with respect to the contrast pattern of the wall. In this manner, the
robe 322 may appear to the user 304 as more solid and realistic.

[0055] In another use case example, the appearance of a real-world
object that is in the current viewing perspective 366 of the user 304 may be

visually augmented with virtual light generated and/or reflected by a virtual
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object representation that is not within the user’s current viewing perspective.
With reference to FIG. 3, the real-world mirror 316 may be within the current
viewing perspective 366 of the user 304. While the evil wizard 324 is not
within the user’s current viewing perspective 366, the evil wizard’s position
relative to the user 304 and the mirror 316 would create a reflection of the evil
wizard in the mirror that the user could see. Accordingly, the virtual
environment generating program 14 may visually augment the appearance of
the real-world mirror 316 in the transparent display 50 to render a reflected
image 328 of the evil wizard 324 that is visible to the user through the display.
[0056] In another example, a virtual object representation may occlude
all or a portion of another virtual object representation and/or a real-world
object as seen by the user 304 through the transparent display 50. In one
example, the virtual representation of the good wizard 320 may occlude from
the view of the user 304 a portion of the virtual block 332 and the entirety of
the real-world lamp 364 that are both positioned behind the good wizard. In
another example, the 3D movie experience may be interactive. In this
example, when the user 304 reaches her hand toward the good wizard 320, her
hand may occlude a portion of the wizard that would naturally be blocked
from view. The virtual representation of the good wizard 320 may be rendered
on the transparent display 50 accordingly, with an appropriate portion of the
wizard “blocked” from the user’s view by the user’s hand. In another example,
a transparent real-world object, such as a glass table, may not occlude a
virtual object that is behind the transparent real-world object.

[0057] In another example, the virtual environment generating program
14 may render one or more virtual object representations in a fixed location on
the transparent display 50 regardless of a location or orientation of the HMD
device 46. In this manner, such virtual object representations may appear to
the user 304 to move in coordination with movement of the user’s head and
the HMD device 46.

[0058] With reference to FIG. 2, in one example one or more playback
control indicators, such as play 228, pause 232, fast forward 236, and rewind

240, may be rendered in a fixed location on the transparent display 50. In this
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manner, regardless of the orientation of the HMD device 46 or the user’s head,
the playback control indicators will appear to the user 304 in the same
location relative to the transparent display 50. In one example, the playback
control indicators may be rendered to float approximately 10 inches in front of
the transparent display 50. The playback control indicators may also be
interactive, such that the user 304 may “touch” one of the indicators to control
playback of a movie, program or other media experience.

[0059] In another use case example, the user 304 may desire to
purchase a new piece of furniture for the room shown in the physical
environment 300 of FIG. 3. For example, the user 304 may visit an on-line
furniture retailer and locate a couch that is of interest. The virtual
environment generating program 14 may include a virtual representation of
the couch in the virtual environment 34, and may display the virtual couch in
one or more potential locations in the room. If desired, the virtual
environment generating program 14 may “remove’ one or more real-world
objects from the user’s view and place the virtual couch in the location
occupied by the real-world object. Advantageously, the user 304 may observe
the virtual couch in a variety of locations in the room, which may also include
realistic lighting effects applied to the couch and based on actual lighting
conditions in the room.

[0060] In other examples, other visual distortions corresponding to other
phenomena may be applied to virtual object representations. In one example,
a real-world fireplace may generate a heat field. A virtual object
representation may be located behind the heat field. The optical sensor
system 58 of the HMD device 46 may detect the heat field, and a visual
distortion corresponding to the heat field may be applied to the virtual object.
In another example, a real-world prism or beveled glass may receive virtual
light, and a visual distortion corresponding to refraction of the light may be
applied to the virtual light exiting the prism or glass.

[0061] FIGS. 4A and 4B illustrate a flow chart of a method 400 for
visually augmenting an appearance of a physical environment including a

real-world object as seen by a user through a transparent display in a head-
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mounted display device, according to an embodiment of the present disclosure.
The following description of method 400 is provided with reference to the
software and hardware components of the virtual environment generating
system 10 described above and shown in FIGS. 1-3. It will be appreciated that
method 400 may also be performed in other contexts using other suitable
hardware and software components.

[0062] With reference to FIG. 4A, at 404 the method 400 may include
receiving eye-tracking information from the eye-tracking system 54 in the
HMD device 46. At 408 the method 400 may include receiving lighting
information from an optical sensor system 58 in the HMD device 46. At 412
the method 400 may include receiving depth information from the optical
sensor system 58, with the depth information including a distance of a real-
world object from the HMD device 46.

[0063] At 416, the method 400 may include generating a virtual
environment 34 that models a physical environment 300 in which the user is
located. The virtual environment 34 may be based on the lighting information
and the distance of the real-world object from the HMD device 46, with the
virtual environment including a virtual object representation 38 and a real-
world object representation 42. At 420 the method 400 may include visually
augmenting the virtual object representation 38 in the virtual environment 34
based on the eye-tracking information.

[0064] In one example, at 424 the method 400 may include determining
from the eye-tracking information that the user is looking at the virtual object
representation. At 428 the method 400 may include analyzing a contrast
pattern behind the virtual object representation in the physical environment.
At 432 the method 400 may include adjusting one or more of a color and a
brightness of the virtual object representation 38 to enhance the contrast of
the virtual object representation with respect to the contrast pattern. In
another example, at 436 the method 400 may include determining from the
depth information that the user is looking at the virtual object representation.

At 440, and based on the lighting information, the method 400 may include
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creating a virtual shadow representation on the transparent display 50 in an
area adjacent to the virtual object representation.

[0065] At 444 the method 400 may include rendering the virtual object
representation on the transparent display 50 of the HMD device 46. With
reference now to FIG. 4B, in one example and at 452 the method 400 may
include creating the virtual shadow representation by filtering light that
enters the transparent display 50 from the physical environment and/or
rendering color in the area adjacent to the virtual object representation 38.
[0066] At 456 the method 400 may include determining from the eye-
tracking information that the user 304 is looking at the real-world object. At
460 the method 400 may include blurring the virtual object representation 38
as seen by the user 304 through the transparent display 50. At 464 the
method 400 may also include determining a blurring amount based on one or
more of the depth information, a focal point distance, and a pupil dilation
amount. At 468 the method 400 may further include progressively increasing
the blurring amount along segments of the virtual object representation as a
distance of the segments from a virtual position of the head-mounted display
device in the virtual environment increases.

[0067] At 472 the method 400 may include generating one or more of a
light originating from the virtual object representation and a shadow cast by
the virtual object representation. At 476 the method 400 may include, when
the virtual object representation 38 is not within a current viewing
perspective 366 of the user 304, visually augmenting the real-world object as
seen by the user through the transparent display 50 with one or more of light
originating from the virtual object representation and the shadow cast by the
virtual object representation. At 480, the method may further include
rendering the virtual object representation 38 in a fixed location on the
transparent display 50 regardless of an orientation of the HMD device 46. At
484, the method 400 may additionally include visually augmenting an
appearance of the real-world object to render a reflected image of the virtual

object representation.
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[0068] FIG. 5 schematically shows a nonlimiting embodiment of a
computing device 500 that may perform one or more of the above described
methods and processes. Computing device 500 is shown in simplified form. It
is to be understood that virtually any computer architecture may be used
without departing from the scope of this disclosure. In different embodiments,
computing device 500 may take the form of a mainframe computer, server
computer, desktop computer, laptop computer, tablet computer, home
entertainment computer, network computing device, mobile computing device,
mobile communication device, gaming device, etc.

[0069] As shown in FIG. 5, computing device 500 includes a logic
subsystem 504, a data-holding subsystem 508, a display subsystem 512, a
communication subsystem 516, and a sensor subsystem 520. Computing
device 500 may optionally include other subsystems and components not
shown in FIG. 5. Computing device 500 may also optionally include other user
input devices such as keyboards, mice, game controllers, and/or touch screens,
for example. Further, in some embodiments the methods and processes
described herein may be implemented as a computer application, computer
service, computer API, computer library, and/or other computer program
product in a computing system that includes one or more computers.

[0070] Logic subsystem 504 may include one or more physical devices
configured to execute one or more instructions. For example, the logic
subsystem may be configured to execute one or more instructions that are part
of one or more applications, services, programs, routines, libraries, objects,
components, data structures, or other logical constructs. Such instructions
may be implemented to perform a task, implement a data type, transform the
state of one or more devices, or otherwise arrive at a desired result.

[0071] The logic subsystem 504 may include one or more processors that
are configured to execute software instructions. Additionally or alternatively,
the logic subsystem may include one or more hardware or firmware logic
machines configured to execute hardware or firmware instructions. Processors
of the logic subsystem may be single core or multicore, and the programs

executed thereon may be configured for parallel or distributed processing. The
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logic subsystem may optionally include individual components that are
distributed throughout two or more devices, which may be remotely located
and/or configured for coordinated processing. One or more aspects of the logic
subsystem may be virtualized and executed by remotely accessible networked
computing devices configured in a cloud computing configuration.

[0072] Data-holding subsystem 508 may include one or more physical,
non-transitory devices configured to hold data and/or instructions executable
by the logic subsystem 504 to implement the herein described methods and
processes. When such methods and processes are implemented, the state of
data-holding subsystem 508 may be transformed (e.g., to hold different data).
[0073] Data-holding subsystem 508 may include removable media
and/or built-in devices. Data-holding subsystem 508 may include optical
memory devices (e.g., CD, DVD, HD-DVD, Blu-Ray Disc, etc.), semiconductor
memory devices (e.g., RAM, EPROM, EEPROM, etc.) and/or magnetic memory
devices (e.g., hard disk drive, floppy disk drive, tape drive, MRAM, etc.),
among others. Data-holding subsystem 508 may include devices with one or
more of the following characteristics: volatile, nonvolatile, dynamic, static,
read/write, read-only, random access, sequential access, location addressable,
file addressable, and content addressable. In some embodiments, logic
subsystem 504 and data-holding subsystem 508 may be integrated into one or
more common devices, such as an application specific integrated circuit or a
system on a chip.

[0074] Figure 5 also shows an aspect of the data-holding subsystem 508
in the form of removable computer-readable storage media 524, which may be
used to store and/or transfer data and/or instructions executable to implement
the methods and processes described herein. Removable computer-readable
storage media 524 may take the form of CDs, DVDs, HD-DVDs, Blu-Ray
Discs, EEPROMsSs, and/or floppy disks, among others.

[0075] It is to be appreciated that data-holding subsystem 508 includes
one or more physical, non-transitory devices. In contrast, in some
embodiments aspects of the instructions described herein may be propagated

in a transitory fashion by a pure signal (e.g., an electromagnetic signal, an
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optical signal, etc.) that is not held by a physical device for at least a finite
duration. Furthermore, data and/or other forms of information pertaining to
the present disclosure may be propagated by a pure signal.

[0076] Display subsystem 512 may be used to present a visual
representation of data held by data-holding subsystem 508. Display
subsystem 512 may include, for example, the transparent display 50 of the
HMD device 46. As the above described methods and processes change the
data held by the data-holding subsystem 508, and thus transform the state of
the data-holding subsystem, the state of the display subsystem 512 may
likewise be transformed to visually represent changes in the underlying data.
The display subsystem 512 may include one or more display devices utilizing
virtually any type of technology. Such display devices may be combined with
logic subsystem 504 and/or data-holding subsystem 508 in a shared enclosure,
or such display devices may be peripheral display devices.

[0077] Communication subsystem 516 may be configured to
communicatively couple computing device 500 with one or more networks
and/or one or more other computing devices. Communication subsystem 516
may include wired and/or wireless communication devices compatible with one
or more different communication protocols. As nonlimiting examples, the
communication subsystem 516 may be configured for communication via a
wireless telephone network, a wireless local area network, a wired local area
network, a wireless wide area network, a wired wide area network, etc. In
some embodiments, the communication subsystem may allow computing
device 500 to send and/or receive messages to and/or from other devices via a
network such as the Internet.

[0078] Sensor subsystem 520 may include one or more sensors
configured to sense different physical phenomenon (e.g., visible light, infrared
light, acceleration, orientation, position, etc.) as described above. For example,
the sensor subsystem 520 may comprise one or more eye-tracking sensors,
image sensors, motion sensors such as accelerometers, touch pads, touch
screens, and/or any other suitable sensors. Sensor subsystem 520 may be

configured to provide observation information to logic subsystem 504, for
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example. As described above, observation information such as eye-tracking
information, lighting information, depth information, position information,
motion information, and/or any other suitable sensor data may be used to
perform the methods and processes described above.

[0079] In some embodiments, sensor subsystem 520 may include a depth
camera (e.g., outward facing sensor 212 of FIG. 2). The depth camera may
include left and right cameras of a stereoscopic vision system, for example.
Time-resolved images from both cameras may be registered to each other and
combined to yield depth-resolved video.

[0080] In other embodiments, the depth camera may be a structured
light depth camera configured to project a structured infrared illumination
comprising numerous, discrete features (e.g., lines or dots). The depth camera
may be configured to image the structured illumination reflected from a scene
onto which the structured illumination is projected. Based on the spacings
between adjacent features in the various regions of the imaged scene, a depth
image of the scene may be constructed.

[0081] In other embodiments, the depth camera may be a time-of-flight
camera configured to project a pulsed infrared illumination onto the scene.
The depth camera may include two cameras configured to detect the pulsed
illumination reflected from the scene. Both cameras may include an electronic
shutter synchronized to the pulsed illumination. The integration times for the
cameras may differ, such that a pixel-resolved time-of-flight of the pulsed
illumination, from the source to the scene and then to the cameras, is
discernible from the relative amounts of light received in corresponding pixels
of the two cameras.

[0082] In some embodiments, sensor subsystem 520 may include a
visible light camera, such as a digital camera. Virtually any type of digital
camera technology may be used without departing from the scope of this
disclosure. As a non-limiting example, the visible light camera may include a

charge coupled device image sensor.
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[0083] The term “program” may be used to describe an aspect of the
virtual environment generating system 10 that is implemented to perform one
or more particular functions. In some cases, such a program may be
instantiated via logic subsystem 504 executing instructions held by data-
holding subsystem 508. It is to be understood that different programs may be
instantiated from the same application, service, code block, object, library,
routine, API, function, etc. Likewise, the same program may be instantiated
by different applications, services, code blocks, objects, routines, APIs,
functions, etc. The term “program” is meant to encompass individual or
groups of executable files, data files, libraries, drivers, scripts, database
records, etc.

[0084] It is to be understood that the configurations and/or approaches
described herein are exemplary in nature, and that these specific
embodiments or examples are not to be considered in a limiting sense, because
numerous variations are possible. The specific routines or methods described
herein may represent one or more of any number of processing strategies. As
such, various acts illustrated may be performed in the sequence illustrated, in
other sequences, in parallel, or in some cases omitted. Likewise, the order of
the above-described processes may be changed.

[0085] The subject matter of the present disclosure includes all novel
and nonobvious combinations and subcombinations of the various processes,
systems and configurations, and other features, functions, acts, and/or

properties disclosed herein, as well as any and all equivalents thereof.
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CLAIMS:
1. A method for visually augmenting an appearance of a physical
environment including a real-world object as seen by a user through a
transparent display in a head-mounted display device, comprising:

receiving eye-tracking information from an eye-tracking system in the
head-mounted display device;

receiving lighting information from an optical sensor system in the
head-mounted display device;

receiving depth information from the optical sensor system, the depth
information including a distance of the real-world object from the head-
mounted display device;

generating a virtual environment that models the physical environment
and is based on the lighting information and the distance of the real-world
object from the head-mounted display device, the virtual environment
including a virtual object representation and a real-world object
representation;

visually augmenting the virtual object representation in the virtual
environment based on the eye-tracking information; and

rendering the virtual object representation on the transparent display

of the head-mounted display device.

2. The method of claim 1, further comprising visually augmenting an
appearance of the real-world object to render a reflected image of the virtual

object representation.

3. The method of claim 1, further comprising:

determining from the eye-tracking information that the user is looking
at the real-world object; and

blurring the virtual object representation as seen by the user through

the transparent display.
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4, The method of claim 3, wherein blurring the appearance of the virtual
object representation further comprises:
determining a blurring amount based on one or more of the depth

information, a focal point distance, and a pupil dilation amount.

5. The method of claim 4, further comprising progressively increasing the
blurring amount along segments of the virtual object representation as a
distance of the segments from a virtual position of the head-mounted display

device in the virtual environment increases.

6. A virtual environment generating system including a head-mounted
display device operatively connected to a computing device, the head-mounted
display device including a transparent display through which a user may view
a physical environment that includes a real-world object, the wvirtual
environment generating system comprising:

a virtual environment generating program executed by a processor of
the computing device, the virtual environment generating program configured
to:

receive eye-tracking information from an eye-tracking system in
the head-mounted display device;

receive lighting information from an optical sensor system in the
head-mounted display device;

receive depth information from the optical sensor system, the
depth information including a distance of the real-world object from the
head-mounted display device;

generate a virtual environment that models the physical
environment and is based on the lighting information and the distance
of the real-world object from the head-mounted display device, the

virtual environment including a virtual object representation and a

real-world object representation;

visually augment the virtual object representation in the virtual

environment based on the eye-tracking information; and
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render the virtual object representation on the transparent

display of the head-mounted display device.

7. The virtual environment generating system of claim 6, wherein the
virtual environment generating program is further configured to:

determine from the eye-tracking information that the user is looking at
the real-world object; and

blur the virtual object representation as seen by the user through the

transparent display.

8. The virtual environment generating system of claim 7, wherein the
virtual environment generating program is further configured to determine a
blurring amount based on one or more of the depth information, a focal point

distance, and a pupil dilation amount.

9. The virtual environment generating system of claim 8, wherein the
virtual environment generating program is further configured to progressively
increase the blurring amount along segments of the virtual object
representation as a distance of the segments from a virtual position of the

head-mounted display device in the virtual environment increases.

10. The virtual environment generating system of claim 6, wherein the
virtual environment generating program is further configured to:

generate one or more of a light originating from the virtual object
representation and a shadow cast by the virtual object representation; and

when the virtual object representation is not within a current viewing
perspective of the user, visually augment the real-world object as seen by the
user through the transparent display with the one or more of the light
originating from the virtual object representation and the shadow cast by the

virtual object representation.
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4o 400

RECEIVE EYE-TRACKING INFORMATION FROM EYE-TRACKING
SYSTEM IN HEAD-MOUNTED DISPLAY DEVICE

+ 408
RECEIVE LIGHTING INFORMATION FROM OPTICAL SENSOR SYSTEM |/
IN HEAD-MOUNTED DISPLAY DEVICE

v

RECEIVE DEPTH INFORMATION FROM OPTICAL SENSOR SYSTEM, ﬂz
INCLUDING A DISTANCE OF REAL-WORLD OBJECT FROM HEAD-
MOUNTED DISPLAY DEVICE

J fai

GENERATE VIRTUAL ENVIRONMENT MODELING PHYSICAL ENVIRONMENT AND BASED
ON LIGHTING INFORMATION AND REAL-WORLD OBJECT DISTANCE FROM HEAD-
MOUNTED DISPLAY DEVICE, INCLUDING VIRTUAL OBJECT REPRESENTATION AND
REAL-WORLD OBJECT REPRESENTATION

¢ 420

VISUALLY AUGMENT VIRTUAL OBJECT REPRESENTATION BASED
ON EYE-TRACKING INFORMATION

I DETERMINE FROM EYE-TRACKING INFORMATION THAT | 424

| USER IS LOOKING AT VIRTUAL OBJECT L/

! REPRESENTATION .

| ANALYZE CONTRAST PATTERN BEHIND VIRTUAL | 428
I OBJECT REPRESENTATION IN PHYSICAL L/

: ENVIRONMENT |
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" ADJUST ONE OR MORE OF COLOR AND BRIGHTNESS | y
I OF VIRTUAL OBJECT REPRESENTATION TO ENHANCE :,
! CONTRAST |

________________ \/ 436
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| AT VIRTUAL OBJECT REPRESENTATION [

________________ vy ___M0
:_ BASED ON LIGHTING INFORMATION, RENDER VIRTUAL SHADOW |
| REPRESENTATION ON TRANSPARENT DISPLAY IN AREA ADJACENT
' TO VIRTUAL OBJECT REPRESENTATION

RENDER VIRTUAL OBJECT REPRESENTATION ON TRANSPARENT | /
DISPLAY OF HEAD-MOUNTED DISPLAY DEVICE
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FROI\/I FIG. 4A
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|
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|
|
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