wo 2017/105592 A1 [N 000 0O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

—~
é

\\

22 June 2017 (22.06.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/105592 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
GO6F 3/01 (2006.01) GO02B 27/00 (2006.01)
G02B 27/01 (2006.01)

International Application Number:
PCT/US2016/055537

International Filing Date:
5 October 2016 (05.10.2016)

Filing Language: English
Publication Language: English
Priority Data:

14/971,477 16 December 2015 (16.12.2015) US

Applicant: GOOGLE INC. [US/US]; 1600 Amphitheatre
Parkway, Mountain View, California 94043 (US).

Inventor: ZHANG, Zhibin; 1600 Amphitheatre Parkway,
Mountain View, California 94043 (US).

Agent: DAVIDSON, Ryan S.; Davidson Shechan LLP,
8834 North Capital of Texas Hwy., Suite 100, Austin,
Texas 78759 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN. HR. HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: IN-CELL GAZE TRACKING FOR NEAR-EYE DISPLAY

DISPLAY
INFORMATION
19

DISPLAY
SUBSYSTEM
104

FIG. 1

116117118 111

1|
!III

112

(‘115 11¢/

113

%

PHOTON-DETECTING CELL
[J PHOTON-EMITTING CELL

110

EYE-TRACKING
SUBSYSTER
108

b~102 i

GAZE
INFORMATION
1

(57) Abstract: A near-eye display device (100, 400) includes a display panel (102, 408, 410) with an array of photon-emitting cells
(111, 112, 113, 114, 115) interspersed with photon-detecting cells (121, 122, 123) and a display controller (208) coupled to the dis -
play panel, the display controller to control the display panel to display imagery using the array of photon-emitting cells. The device
further includes a camera controller (210) coupled to the display panel, the camera controller to control the display panel to capture
imagery of an eye (108) of a user using the photon-detecting cells. The device also includes an eye-tracking module (214) coupled to
the camera controller, the eye-tracking module to construct a three-dimensional representation (806, 906) of the eye based on the
captured imagery.
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IN-CELL GAZE TRACKING FOR NEAR-EYE DISPLAY

FIELD OF THE DISCLOSURE

[0001] The present disclosure relates generally to near-eye display systems and

more particularly to eye tracking in near-eye display systems.

BACKGROUND

[0002] Head mounted display (HMD) devices and other near-eye display systems
utilize a display panel mounted in front of a user's eyes to display various types of
content, including virtual reality (VR) content, augmented reality (AR) content, and the
like. Eye tracking often is implemented in such near-eye display systems to facilitate
various functionalities, such as foveated imaging (also known as gaze-contingent
imaging), eye-movement based user input or interaction, and the like. Conventional
eye tracking mechanisms typically employ a complex arrangement of lenses and
mirrors to capture an image of the eye, and from this image estimate a gaze direction
of the eye. However, the complex optical mechanism required in conventional
systems to provide this eye tracking function without occluding the display panel

often inhibits implementation of a small form factor for the HMD device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The present disclosure may be better understood by, and its numerous
features and advantages made apparent to, those skilled in the art by referencing the
accompanying drawings. The use of the same reference symbols in different

drawings indicates similar or identical items.

[0004] FIG. 1 is a diagram illustrating an arrangement of components of an eye-
tracking system for a near-eye display device implementing a display panel used for
both display of imagery and capture of eye imagery in accordance with at least one

embodiment of the present disclosure.

[0005] FIG. 2 is a block diagram illustrating an example hardware implementation of a
near-eye display system in accordance with at least one embodiment of the present

disclosure.



10

15

20

25

WO 2017/105592 PCT/US2016/055537

[0006] FIG. 3 is a flow diagram illustrating an example method for gaze tracking in a
near-eye display system using a display panel having photon-detecting cells
interspersed among an array of photon-emitting cells of the display panel in

accordance with at least one embodiment of the present disclosure.

[0007]FIG. 4 is a diagram illustrating a rear view of a head-mounted display
implementing an in-cell gaze tracking system in accordance with at least one

embodiment of the present disclosure.

[0008] FIG. 5 is a diagram illustrating a simplified front-view of a portion of a display
panel having paired photon-detecting cells interspersed among photo-emitting cells in

accordance with at least one embodiment of the present disclosure.

[0009] FIG. 6 is a diagram illustrating a cross-section view of a portion of the display
panel of FIG. 5 and a user's eye for concurrent capture of a stereo pair of images of

the user's eye in accordance with at least one embodiment of the present disclosure.

[0010] FIG. 7 is a cross-section view of a photon-detecting cell of the display panel of

FIG. 5 in accordance with at least one embodiment of the present disclosure.

[0011]FIG. 8 is a diagram illustrating a parallax-based processing of the stereo pair
of images of FIG. 6 for generation of a three-dimensional representation of the user’s

eye in accordance with at least on embodiment of the present disclosure.

[0012] FIG. 9 is a diagram illustrating a cross-section view of the display panel of FIG.
2 and a user’s eye and a corresponding method of construction of a three-
dimensional representation of the user's eye based on a time-of-flight analysis in

accordance with at least one embodiment of the present disclosure.

DETAILED DESCRIPTION

[0013] The following description is intended to convey a thorough understanding of
the present disclosure by providing a number of specific embodiments and details
involving eye-tracking systems for head-mounted display (HMD) devices and other
near-eye display systems. Itis understood, however, that the present disclosure is
not limited to these specific embodiments and details, which are examples only, and

the scope of the disclosure is accordingly intended to be limited only by the following
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claims and equivalents thereof. It is further understood that one possessing ordinary
skill in the art, in light of known systems and methods, would appreciate the use of
the disclosure for its intended purposes and benefits in any number of alternative

embodiments, depending upon specific design and other needs.

[0014] FIGs. 1-9 illustrate example devices and techniques for eye tracking in near-
eye display devices. In at least one embodiment, one or more display panels
implemented by a near-eye display device each implements an array of photon-
emitting cells, and additionally implements a plurality of photon-detecting cells
interspersed among the array of photon-emitting cells. For display purposes, the
near-eye display device operates the array of photon-emitting cells to display imagery
for viewing by a user. For eye tracking purposes, a camera controller operates the
photon-detecting cells to capture imagery of an eye of the user, and from this
captured imagery constructs a three-dimensional (3D) representation of the eye. The
near-eye display device then may track the gaze of the user from this 3D
representation of the eye, and control one or more operations of the near-eye display
device accordingly. As the display panel serves to both display imagery to the user
and capture imagery of the user's eye for eye tracking purposes, complex optical

assemblies typically used for eye tracking may be avoided.

[0015] In some embodiments, the camera controller operates as a time-of-flight (ToF)
camera and thus determines the 3D representation of the eye based on a ToF
analysis of the input from the photon-detecting cells of the one or more display
panels. In other embodiments, the photon-detecting cells are organized as two
subsets, with each photon-detecting cell in one subset being paired with a
corresponding photon-detecting cell in the other subset. In this implementation, the
camera controller uses one subset of photon-detecting cells to capture one image of
the eye while concurrently capturing another image of the eye using the other subset
of photon-detecting cells. The resulting two images constitute a stereo pair of images
of the user's eye, and thus may be processed using the principle of parallax to

construct the 3D representation of the user’s eye.

[0016] FIG. 1 illustrates an eye-tracking system 100 for implementation in an HMD
device, a heads-up display device, or similar display system in accordance with at

least one embodiment. As depicted, the eye-tracking system 100 includes one or
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more display panels 102, a display subsystem 104, and an eye-tracking subsystem
106. In some embodiments, a single display panel 102 is used to jointly display
separate side-by-side images, one for each eye 108 of the user. In other
embodiments, a separate display panel 102 is used for each eye 108. In still other
embodiments, an array of two or more display panels 102 may be implemented for
each eye 108. Further, although omitted from FIG. 1 for ease of illustration, one or
more optical lenses may be positioned along a view axis between the display panel
102 and the eye 108.

[0017] As illustrated by enlarged view 110, the display panel 102 comprises an array
of photon-emitting cells that are controlled by a display controller of the display
subsystem 104 to display imagery to the eye 108 of the user. The photon-emitting
cells may be implemented using any of a variety of well-known photon-emitting
circuits. For example, the photon-emitting cells may be implemented as light-emitting
diodes (LEDs), organic LEDs (OLEDs), liquid crystal display (LCD) cells, and the like.
To illustrate, in the example of FIG. 1, the display panel 102 implements a red-green-
blue (RGB) pixel geometry as is often found in LED-based and OLED-based
displays. In such implementations, the LED cells of the array are arranged as groups
referred to as “picture elements” or “pixels”, such as pixels 111, 112, 113, 114, 115
illustrated in enlarged view 110. Each pixel includes at least one LED cell for each
base color, such as an LED cell 116 configured to emit red-colored light (R), an LED
cell 117 configured to emit green-colored light (G), and an LED cell 118 configured to
emit blue-colored light (B). In some pixel geometries, there may be more than one
LED cell of a particular color, such as the RGGB pixel geometry that implements two
LED cells configured to emit green-colored light in view of the emphasis on green
light in human perception. The display subsystem 104 thus controls the intensity of
light emitted by each LED cell of a given pixel so that the pixel emits a particular color
that is a combination of the colors of light emitted by the LED cells of the pixel, and
through this operation controls each pixel of the display panel 102 to display the array
of pixels of a corresponding image. The display subsystem 104 thus controls the
display panel 102 to display a sequence of images so as to present imagery to the
user in the form of virtual reality (VR) content, augmented reality (AR) content, or a
combination thereof, received by the display subsystem 104 as display information
119.
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[0018] To track the gaze of the user, the eye-tracking subsystem 106 captures
imagery of the eye 108, and from this captured eye imagery constructs a 3D
representation of the eye 108. The 3D representation of the eye 108 then may be
analyzed to determine various features of the eye 108 related to gaze (gaze
information 120), such as the presence or absence of the eye 108 (that is, whether
the user has mounted the display system or is otherwise looking at the display panel
102), whether the user’s eyelid is open or closed, the position or orientation of the
eye 108, and the like. To avoid occluding the display, a conventional system would
implement a complex optical apparatus disposed between the display and the eye

and including one or more mirrors, one or more lenses, and the like play.

[0019] In at least one embodiment, the eye-tracking system 100 reduces or
eliminates the need for this complex optical apparatus by implementing an eye-
tracking image sensor in the display panel 102 itself, that is “in-cell” with the display
panel 102. To this end, the display panel 102 implements a plurality of photon-
detecting cells that are interspersed among the array of photon-emitting cells in the
active area or substrate of the display. These photon-detecting cells may be
implemented as, for example, charge-coupled device (CCD) cells, complementary
metal oxide (CMOS) cells, and the like. An example implementation of the photon-

detecting cells is described in greater detail below with reference to FIG. 3.

[0020] In a typical implementation of an LED panel or OLED panel, the fill factor for
photon-emitting cells typically is between 50-70%, leaving approximately 30-50% of
the surface area of the active area of the substrate of the display panel 102
unoccupied by photon-emitting cells. Accordingly, in at least one embodiment, this
otherwise unoccupied space is utilized for implementation of the photon-detecting
cells. For example, as illustrated by the expanded view 110, the display panel 102
may implement photon-detecting cells in the areas between pixels, such as photon-
detecting cell 121 implemented in the area of the substrate between pixel 111 and
pixel 112, photon-detecting cell 122 implemented in the area of the substrate
between pixel 113 and pixel 114, and photon-detecting cell 123 disposed in the area
of the substrate between pixel 115 and an adjacent pixel (not shown). In other
embodiments, the photon-detecting cells may be implemented by substituting a

photon-detecting cell for a photon-emitting cell for each pixel of a selected subset of
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pixels of the display panel 102. To illustrate, as noted above the display panel 102
may implement an RGGB geometry whereby each pixel has two green-emitting cells,
one red-emitting cell, and one blue-emitting cell. For a relatively small subset of
these pixels, a photon-detecting cell may be implemented instead of one of the

green-emitting cells for the pixel.

[0021] The photon-detecting cells together operate as an image sensor (or two image
sensors in some embodiments), and thus the eye-tracking subsystem 106 includes a
camera controller that controls the set of photon-detecting cells in a manner similar to
the control of a conventional image sensor, such as by controlling the timing of the
integration of the photon-detecting cells, the transfer of the collected charge to the
corresponding circuitry of the photon-detecting cells for conversion to a digital value,
the readout of these digital values, the clearing or resetting of the cells, and the like.
To this end, the signaling paths to and from the photon-detecting cells may be
implemented alongside the signaling paths of the photon-emitting cells, or the

signaling paths may be implemented in separate areas of the substrate.

[0022] As a relatively small image resolution often is sufficient to provide effective
gaze tracking analysis, the proportion of photon-detecting cells to display pixels of the
display panel 102 may be relatively low. To illustrate, it has been found that an
image of the eye with a resolution of only 400x400 pixels is often sufficient for most
forms of gaze tracking. Accordingly, assuming the display panel 102 has a 1080p
resolution, or 2,073,600 pixels total, the capture of a 400x400 image of the eye 108
would require only 160,000 photon-detecting cells, or approximately 7.7% of the

number of display pixels in the display panel 102.

[0023] As the eye 108 is sensitive to visible light, in some embodiments light outside
of the visible spectrum, such as infrared (IR) light (and more particularly, near infrared
(NIR) light), is used to illuminate the eye 108 for purposes of eye tracking so as to
avoid distracting the user. Moreover, the sources of this IR light may also serve as
coordinate frame reference points for the eye tracking process. To illustrate, a set of
one or more IR light sources, such as IR light sources 126, 127, 128, 129, may be
implemented in a fixed positional relationship with the display panel 102 in a specified
pattern. In some embodiments, the specific pattern of the set of IR light sources and

their fixed relationship relative to the display panel 102 may serve as a coordinate
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frame reference. In some embodiments, this fixed positional relationship is obtained
by affixing the IR light sources 126-129 in the display panel 102, such as at the four
corners of the display panel 102 as depicted in FIG. 1, or along a border or “flex” of
the display panel 102. In other embodiments, the IR light sources can be “virtually”
embedded with relation to the display panel 102, such as by physically positioning
the IR light sources near the camera space so that they are “virtually” positioned on
the display panel 102 through one or more lenses. In either approach, because the
IR light sources and the display panel 102 each are fixed, their relative position will
not change and will therefore establish a fixed relative positional relationship between
the IR light sources and the display panel 102. The IR light sources 126-129 each
may comprise, for example, an IR-emitting vertical-cavity surface-emitting laser
(VECSEL), an IR LED, and the like.

[0024] Any of a variety of techniques may be implemented by the eye-tracking system
100 to generate a 3D representation of the eye 108 based on imagery of the eye 108
captured by the eye-tracking subsystem 106 via the photon-detecting cells of the
display panel 102. Two such example techniques include a parallax-based technique
described below with reference to FIGs. 5-8, and a time-of-flight (ToF)-based

technique described below with reference to FIG. 9.

[0025] FIG. 2 illustrates an example hardware configuration 200 of a near-eye display
system implementing the eye-tracking system 100 of FIG. 1 in accordance with some
embodiments. The hardware configuration 200 includes an application processor
204, a system memory 206, a display controller 208, a camera controller 210, an IR
controller 212, an eye-tracking module 214, and the display panel 102. The
hardware configuration 200 further may include a graphics processing unit (GPU)
215. In one embodiment, the display subsystem 104 (FIG. 1) includes the application
processor 204 and display controller 208, and the eye-tracking subsystem 106
includes the camera controller 210, the IR controller 212, and eye-tracking module
214. For ease of illustration, the hardware configuration 200 is illustrated in a
configuration for tracking a single eye. However, for dual eye tracking
implementations, the hardware configuration 200 would further include a second

display controller 208, a second display panel 102, a second IR controller 212, and a
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second camera controller 210 for the second eye, which would operate in the same

manner, with respect to the second eye, as that described below.

[0026] The eye-tracking module 214 may be implemented through software — that is,
the application processor 204, the GPU 215, or combination thereof executing a set
of executable instructions (that is, “software”) stored in the system memory 206 or
other storage location. Alternatively, the eye-tracking module 214 may be
implemented as hard-coded logic, such as via an application specific integrated
circuit (ASIC), programmable logic, and the like. Further, in some embodiments, the
eye-tracking module 214 may be implemented through a combination of software and
hard-coded logic. The application processor 204 comprises one or more central
processing units (CPUSs), graphics processing units (GPUs), or a combination of one
or more CPUs and one or more GPUs. The Snapdragon(TM) 810 MSM8994 system-
on-a-chip (SoC) from Qualcomm Incorporated is an example of a commercially-
available implementation of at least some of the components of the hardware
configuration 200. The display controller 208 may be implemented as, for example,
an ASIC, programmable logic, as one or more GPUs executing software that
manipulates the one or more GPUs to provide the described functionality, or a

combination thereof.

[0027] In operation, one or both of the application processor 204 and the GPU 215
executes a VR/AR application 216 (stored in, for example, the system memory 206)
to provide VR/AR functionality for a user. As part of this process, the VR/AR
application 216 manipulates the application processor 204 or GPU 215 to render a
sequence of images for display at the display panel 102, with the sequence of
images representing a VR or AR scene. The display controller 208 operates to drive
the display panel 102 to display the sequence of images, or a representation thereof,
via the array of photon-emitting cells of the display panel 102. In parallel, the eye-
tracking camera formed by the photon-detecting cells of the display panel 102 (e.q.,
photon-detecting cells 221, 222, 223, 224) and the camera controller 210 operate
together with the IR controller 212 and the eye-tracking module 214 to track various
gaze features of the eye 108 (FIG. 1) of the user based on a 3D representation of the

eye 108 generated through imagery captured via photon-detecting cells.
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[0028] FIG. 3 illustrates an example method 300 of the parallel display/eye tracking
operation via the display panel 102 in accordance with at least one embodiment of
the present disclosure. As noted above, the display panel 102 has two concurrent, or
parallel, operational modes: imagery display mode (represented by flow 302); and
eye imagery capture mode (represented by flow 304). The imagery display mode
includes, at block 306, the VR/AR application 216 executing to generate a display
frame representing image content (e.g., VR or AR image content) and the display
controller 208 operating to control the photon-emitting cells (not shown in FIG. 3) of
the display panel 102 to emit corresponding light so as to display a representation of
the display frame to the eye 108 of the user. In between successive display frames,
the display controller 208 may provide, at block 308, a vertical synchronization
(VSYNC) signal to signal the end of one display frame and the start of the next
display frame. Typically, the VSYNC signal is provided during the vertical blanking
interval (VBI) present between frames in many television standards, such as the
Phase Alternating Line (PAL) and National Television Standards Committee (NTSC)
standards.

[0029] As illustrated by block 310 of flow 304, in at least one embodiment the VSYNC
signal is used to synchronize or coordinate the imagery display mode and the eye
imagery capture mode so that the imagery capture of the eye 108 does not occur
while a display frame is being actively displayed. Accordingly, in response to
detecting at block 310 the VSYNC signal from the display controller 208, the
application processor 204, display controller 208, or camera controller 210 directs the
IR controller 212 to trigger one or more IR light flashes by the IR light sources 126-
129 at block 312 so as to illuminate the eye with the IR light from the IR light flashes.
Concurrently, at block 314, the camera controller 210 controls the display panel 102
so as to activate the photon-detecting cells of the display panel 102 in order to begin
capture of an IR image (or pair of images) of the eye 108 by integrating the IR light
reflected from the eye 108 and incident on the photon-detecting cells. After a
sufficient integration period, the photon-detecting cells are deactivated and the
integrated photon charge contained therein is converted to a corresponding intensity
value, and the intensity values at the photon-detecting cells are read out of the
display panel 102 into a frame buffer (not shown) implemented at, or associated with,

the camera controller 210.
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[0030] At block 316 the eye tracking module 214 processes the IR imagery to
determine a 3D representation of the eye at the time of the imagery capture.
Alternatively, the GPU 215 may be utilized to generate the 3D representation and in
such instances the eye tracking module 214 may be considered to be part of the
GPU 215. In at least one embodiment the photon-detecting cells of the display panel
102 are organized into two subsets, with each subset capturing a corresponding IR
image of the eye 108, resulting in a stereo pair of IR images of the eye that the eye
tracking module 214 may analyze using a parallax-based process 318, which is
described in greater detail below with reference to FIGs. 5-8. In another
embodiment, the photon-detecting cells of the display panel 102 and the camera
controller 210 may be configured to detect a phase change in the IR light between
when the IR light is emitted by the IR light sources 126-129 and when the reflected IR
light is received by the corresponding photon-detecting cells. From these detected
phase changes the eye tracking module 214 may determine the 3D representation of
the eye 108 through application of a ToF process 320. The resulting 3D
representation of the eye 108 may include, for example, a depth image of the eye

108 or other 3D representation.

[0031] At block 322, the eye tracking module 214 uses the 3D representation of the
eye 108 to track the eye 108 using any of a variety of eye-tracking algorithms based
on a depth image of an eye or other suitable 3D representation. This tracking may
include, for example, determining whether the eye 108 is in fact present in its
anticipated position, the position of an eyelid of the eye 108 (that is, whether the
eyelid is up or down), a position of the eye 108 (e.g., a position of the pupil or iris of

the eye), an orientation of the eye 108, a gaze direction of the eye 108, and the like.

[0032] With one or more of the gaze parameters of the eye 108 determined, at block
324 the eye-tracking module 214 may modify the operation of one or more
components of the hardware configuration 200 accordingly. To illustrate, in some
embodiments the current gaze direction may be used to provide a foveated display,
and thus in such instances, the eye-tracking module 214 may signal the current gaze
direction to the VR/AR application 216 or the display controller 208 so as control the
rendering of the displayed imagery to provide improved resolution in the area of

current focus of the eye 108. As another example, in some embodiments the VR/AR
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application 216 or another software application may utilize the user's gaze direction
as a userinput. For example, a near-eye display system may seek to provide eye-
based human computer interaction, and thus the eye-tracking module 214 may
provide the current gaze direction to this application as user interface input; that is, as
a virtual mouse or for other eye “gesture” inputs. Other uses for this eye tracking
information include, for example, using the presence or absence of the eye 108 to
activate/deactivate the near-eye display device, using the position of the eyelid to
detect that the user may be asleep and thus issue an alarm in response, for use as
biometric information (e.qg., for authenticating the user via the eye movements or

otherwise identifying the user via eye tracking), and the like.

[0033] FIG. 4 illustrates an example HMD device 400 configured to implement the
eye-tracking system 100 of FIGs. 1 and 2 in accordance with at least one
embodiment. The HMD device 400 is mounted to the head of the user through the
use of an apparatus strapped to, or otherwise mounted on, the users head such that
the HMD device 400 is fixedly positioned in proximity to the user’s face and thus
moves with the users movements. However, in some circumstances a user may
hold a tablet computer or other hand-held device up to the user's face and constrain
the movement of the hand-held device such that the orientation of the hand-held
device to the user's head is relatively fixed even as the user's head moves. In such
instances, a hand-held device operated in this manner also may be considered an
implementation of the HMD device 400 even though it is not “mounted” via a physical

attachment to the user’s head.

[0034] The HMD device 400 comprises a housing 402 having a surface 404, and a
face gasket 406 and set of straps or a harness (omitted from FIG. 4 for clarity) to
mount the housing 402 on the user's head so that the user faces the surface 404 of
the housing 402. In the depicted embodiment, the HMD device 400 is a binocular
HMD and thus has a left-eye display panel 408 and a right-eye display panel 410
disposed at the surface 404 (with display panels 408, 410 collectively or separately
representing an embodiment of the display panel 102). The displays panels 408, 410
may be implemented as separate display panels (that is independent display arrays
driven by separate display driver hardware components) or the display panels 408,

410 may be implemented as logically-separated regions of a single display panel
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(e.q., a single display panel logically divided into left and right “halves”). Further, in
some embodiments, the display for each eye may be implemented as array of
multiple display panels, some or all of which may implement the photon-detecting
cells as described above. The housing 402 further includes an eyepiece lens 412
aligned with the left-eye display panel 408 and an eyepiece lens 414 aligned with the
right-eye display panel 410. Alternatively, in some embodiments, the HMD device
400 may be implemented as a monocular HMD in that a single image is presented to
both eyes of the user, either through left and right eyepiece lenses 412, 414, or

directly without an intervening lens.

[0035] FIGs. 5-8 illustrate an example implementation of the display panel 102 for use
in capturing a stereo pair of images of the eye 108 for use in the parallax-based
process 318 (FIG. 3) for eye tracking. As noted above, in some embodiments, the
photon-detecting cells of the display panel 102 are organized into two subsets,
identified herein as subsets A and B. The photon-detecting cells of subset A are
used to capture one image of the eye 108, and the photon-detecting cells of subset B
are used to concurrently capture a separate image of the eye 108. To this end, each
photon-detecting cell of subset A is paired with a corresponding photon-detecting cell
of subset B, and each such pair is this associated with a corresponding pixel location
of the image. To illustrate, FIG. 5 depicts a front view of a portion 500 of the display
panel 102, which includes photon-detecting cells 501-522 interspersed among
photon-emitting cells (not shown) of the display panel 102. In this example, photon
detecting cells 501, 503, 505, 507, 509, 511, 513, 515, 517, 519, and 521 are
organized as subset A and photon-detecting cells 502, 504, 506, 508, 510, 512, 514,
516, 518, 520, and 522 are organized as subset B. Further, the photon-detecting
cells 501-522 are paired as follows: cells 501-502, cells 503-504, cells 505-5086, cells
507-508, cells 509-510, cells 511-512, cells 513-514, cells 515-516, cells 517-518,
cells 519-520, and cells 521-522.

[0036] As each photon-detecting cell in a given pair is one or both of laterally offset or
vertically offset from the other photon-detecting cell in the pair, each photon-detecting
cell of the pair has a different view of the eye 108, and thus the resulting images
generated by the subsets A and B of photon-detecting cells can be treated as a

stereo pair of images and thus processed to determine a 3D image of the eye 108
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using any of a variety of parallax-based algorithms. The parallax afforded by these
paired photon-detecting cells can be used to obtain a 3D view of the eye 108 based
on one or both of an angle-based parallax analysis or a spatial-based parallax
analysis. To illustrate an example of angle-based parallax processing, FIG. 6 depicts
a cross-section view of the portion 500 of the display panel 102 along cut line A-A.
Note that although omitted from FIG. 6 for ease of illustration, one or more optical
lenses may be positioned along a view axis between the display panel 102 and the
eye 108. As shown, the eye 108 is observed at different angles by the paired
photon-detecting cells 501-502, with this difference in view angle denoted as “A6_1".
Likewise, the eye 108 is observed at different angles by the paired photon-detecting
cells 503-504, with this difference in view angle denoted as ““A6_2". To facilitate
computation, the display panel 102 may be fabricated such that the distance between

paired photon-detecting cells is substantially equal for all pairs.

[0037] To facilitate viewing of the eye 108 at different angles, some of all of the
photon-detecting cells may include a microlens overlying the photon-detection
circuitry of the photon-detecting cells and which permit light to enter the photon-
detecting cells from certain angles while blocking light from other angles. For
example, as shown in FIG. 6, photon-detecting cells 501-504 may be implemented
with overlying microlenses 601-604, respectively. Further, FIG. 7 illustrates a cross-
section view of an example CMOS-based photon-detecting cell 700 that may be
implemented as these photon-detecting cells. As depicted, the photon-detecting cell
700 includes a photon-detecting region 702 in a substrate 704 of the display panel
102. The photon-detecting region 702 implements a metal oxide silicon (MOS)
capacitor (not shown) that captures charge due to incident photons over an
integration period. The captured charge is then converted to a corresponding digital
value by transistor-based circuitry (not shown) adjacent to the MOS capacitor, and
this digital value is then accessed and shifted out of the photon-detecting cell via
signal lines (not shown) implemented in and/or above the substrate 704. The
photon-detecting cell 700 further includes sidewalls 706 and 708 to prevent intrusion
of light from adjacent cells, as well as an IR pass filter 710 overlying the photon-
detecting region 702 so as to pass IR light and substantially block incident visible

light, thereby improving the signal-to-noise ratio. Further, as shown, the photon-
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detecting cell 700 may include a microlens 712 overlying the IR pass filter 710. A

CCD-based photon-detecting cell may be implemented in a similar manner.

[0038] For a spatial-based parallax analysis, the eye-tracking module 214 treats each
subset of photon-detecting cells as effectively a separate “camera”, and with this the
known distance between the photon-detecting cells of each pair (i.e., the known
distance between the two “cameras”) and a known focus length of the two “cameras”.
For some or all spatial features of the eye 108 detected in the captured imagery, the
eye-tracking module 214 determines the effective distance between the spatial
feature in one captured image and the spatial feature in the other captured image,
and then uses this effective distance, the known distance between the two
“‘cameras”, and the known focus length to triangulate the corresponding 3D depth of
the spatial feature using any of a variety of well-known stereo-imaging depth map

generation techniques.

[0039] FIG. 8 illustrates an example of the parallax-based approach to construction of
a 3D representation of the eye 108. In the depicted example, a stereo pair of images
801, 802 is generated during one cycle of the eye-tracking process described above
with reference to flow 304 of method 300. Image 801 represents an image of the eye
108 captured by the photon-detecting cells of subset A, and image 802 represents a
different image of the eye 108 captured by the photon-detecting cells of subset B. As
such, at block 804 any of a variety of stereopsis/parallax-based algorithms, including
an angle-based parallax algorithm or a spatial-based parallax algorithm, may be
applied to the stereo pair of images 801, 802 to generate a 3D representation 806 of
the eye 108. In this case, the 3D representation may include, for example, a 3D

depth map or depth image of the eye 108.

[0040] Further, as illustrated in FIG. 8, the IR light sources 126-129 may be present in
the eye images 801, 802 as reflected point light sources 826-829, respectively.
These reflected point light sources 826-829 may assist in registering the images 801,
802 to the same reference coordinate frame. Alternatively, because of the known,
fixed relationship of the IR light sources 126-129 to the display panel 102, the
corresponding reflected point light sources 826-829 may serve as a reference

coordinate frame for tracking the gaze of the eye 108 relative to the display panel
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102, and thus relative to the imagery displayed thereon, from the resulting 3D

representation 806.

[0041] In addition to, or instead of, implementing the parallax-based technique
described above, in some embodiments the eye-tracking system 100 employs a ToF-
based technique to construct a 3D representation of the eye. In this implementation,
the photon-detecting cells are configured to detect a phase change in the IR light
from when it is emitted from the IR light sources to when the reflection of the IR light
from the eye 108 is received by the corresponding photon-detecting cell. To illustrate,
FIG. 9 depicts a cross-section view 900 of a portion of an implementation of the
display panel 102 in which two photon-detecting cells 901, 902 are disposed among
photon-emitting cells (not shown) of the display panel 102. Note that although
omitted from FIG. 9 for ease of illustration, one or more optical lenses may be
positioned along a view axis between the display panel 102 and the eye 108. One or
more IR light sources are pulsed at a specific frequency, which floods the eye 108
with one or more waves of IR light, which are then reflected toward the photon-
detecting cells 901, 902, which capture the reflected IR light. During this process, the
IR light undergoes a phase shift between when it left the IR light source 126 and was
detected by the photon-detecting cells 901, 902, with the amount of phase shift
representing the length of the path traveled by the IR light and thus representing the
depth of the corresponding area of the eye 108 from which the IR light was reflected.
Thus, as represented by block 904, the eye-tracking module 214 may employ a ToF
process to determine the phase shifts for the photon-detecting cells of the display
panel 102. For example, with respect to IR light emitted by the IR light source 126,
the phase shifts “A¢@_1” and “A¢_2", respectively, may be detected using the photon-
detecting cells 901, 902, and from these phase shifts the eye-tracking module 214
constructs a 3D representation 906 of the eye 108 in the form of a depth map or
other depth image. From this 3D representation 906, one or more gaze features of
the eye 108 may be determined, including but not limited to presence, position, or

orientation of the eye 108, relative position of an eyelid of the eye 108, and the like.

[0042] Much of the inventive functionality and many of the inventive principles
described above are well suited for implementation with or in integrated circuits (ICs)

such as application specific ICs (ASICs). It is expected that one of ordinary skill,
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notwithstanding possibly significant effort and many design choices motivated by, for
example, available time, current technology, and economic considerations, when
guided by the concepts and principles disclosed herein will be readily capable of
generating such ICs with minimal experimentation. Therefore, in the interest of
brevity and minimization of any risk of obscuring the principles and concepts
according to the present disclosure, further discussion of such software and ICs, if
any, will be limited to the essentials with respect to the principles and concepts within

the preferred embodiments.

[0043] In some embodiments, certain aspects of the techniques described above may
implemented by one or more processors of a processing system executing

software. The software comprises one or more sets of executable instructions stored
or otherwise tangibly embodied on a non-transitory computer readable storage
medium. The software can include the instructions and certain data that, when
executed by the one or more processors, manipulate the one or more processors to
perform one or more aspects of the techniques described above. The non-transitory
computer readable storage medium can include, for example, a magnetic or optical
disk storage device, solid state storage devices such as Flash memory, a cache,
random access memory (RAM) or other non-volatile memory device or devices, and
the like. The executable instructions stored on the non-transitory computer readable
storage medium may be in source code, assembly language code, object code, or
other instruction format that is interpreted or otherwise executable by one or more

processors.

[0044] In this document, relational terms such as first and second, and the like, may
be used solely to distinguish one entity or action from another entity or action without
necessarily requiring or implying any actual such relationship or order between such

entities or actions. The terms "comprises," "comprising," or any other variation
thereof, are intended to cover a non-exclusive inclusion, such that a process,
method, article, or apparatus that comprises a list of elements does not include only
those elements but may include other elements not expressly listed or inherent to
such process, method, article, or apparatus. An element preceded by “comprises ...
a” does not, without more constraints, preclude the existence of additional identical

elements in the process, method, article, or apparatus that comprises the element.
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The term “another”, as used herein, is defined as at least a second or more. The
terms “including” and/or “having”, as used herein, are defined as comprising. The
term “coupled”, as used herein with reference to electro-optical technology, is defined
as connected, although not necessarily directly, and not necessarily mechanically.
The term “program”, as used herein, is defined as a sequence of instructions
designed for execution on a computer system. An “application”, or “software” may
include a subroutine, a function, a procedure, an object method, an object
implementation, an executable application, an applet, a servlet, a source code, an
object code, a shared library/dynamic load library and/or other sequence of

instructions designed for execution on a computer system.

[0045] The specification and drawings should be considered as examples only, and
the scope of the disclosure is accordingly intended to be limited only by the following
claims and equivalents thereof. Note that not all of the activities or elements
described above in the general description are required, that a portion of a specific
activity or device may not be required, and that one or more further activities may be
performed, or elements included, in addition to those described. Still further, the
order in which activities are listed are not necessarily the order in which they are
performed. The steps of the flowcharts depicted above can be in any order unless
specified otherwise, and steps may be eliminated, repeated, and/or added,
depending on the implementation. Also, the concepts have been described with
reference to specific embodiments. However, one of ordinary skill in the art
appreciates that various modifications and changes can be made without departing
from the scope of the present disclosure as set forth in the claims below.
Accordingly, the specification and figures are to be regarded in an illustrative rather
than a restrictive sense, and all such modifications are intended to be included within

the scope of the present disclosure.

[0046] Benefits, other advantages, and solutions to problems have been described
above with regard to specific embodiments. However, the benefits, advantages,
solutions to problems, and any feature(s) that may cause any benefit, advantage, or
solution to occur or become more pronounced are not to be construed as a critical,

required, or essential feature of any or all the claims.
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WHAT IS CLAIMED IS:

1. A near-eye display device (100, 400) comprising:

a display panel (102, 408, 410) comprising an array of photon-emitting cells
(111, 112, 113, 114, 115) interspersed with photon-detecting cells (121,
122, 123);

a display controller (208) coupled to the display panel, the display controller to
control the display panel to display imagery using the array of photon-
emitting cells; and

a camera controller (210) coupled to the display panel, the camera controller
to control the display panel to capture imagery of an eye (108) of a user
using the photon-detecting cells; and

an eye-tracking module (214) coupled to the camera controller, the eye-
tracking module to construct a three-dimensional representation (806,

906) of the eye based on the captured imagery.

2. The near-eye display device of claim 1, further comprising:
a set of one or more infrared (IR) light sources (126, 127, 128, 129) disposed
at corresponding positions in association with the display panel, the set
of one or more IR light sources to illuminate the eye during the capture

of the imagery of the eye.

3. The near-eye display device of claim 2, wherein:
the camera controller is to activate the set of one or more IR light sources to
illuminate the eye during a vertical synchronization period of the display

panel for the array of photon-emitting cells.

4. The near-eye display device of claim 2, wherein:
the eye-tracking module is to construct the three-dimensional representation of

the eye based on a time-of-flight analysis (904).

5. The near-eye display device of claim 2, wherein:
the set of one or more IR light sources comprises a set of one or more vertical-

cavity surface-emitting lasers (700).
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6. The near-eye display device of claim 1, wherein:

the photon-detecting cells are arranged into a first subset and a second
subset, wherein each photon-detecting cell of the first subset is paired
with a corresponding photon-detecting cell of the second subset;

the camera controller is to concurrently capture a first image of the eye using
the photon-detecting cells of the first subset and to capture a second
image of the eye using the photon-detecting cells of the second subset;
and

the eye-tracking module is to determine the three-dimensional representation

of the eye using parallax-based analysis of the first and second images.

7. The near-eye display device of claim 6, wherein:
the display panel further comprises a microlens (712) disposed over each
photon-detecting cell of at least some of the photon-detecting cells of
the display panel.

8. The near-eye display device of claim 1, wherein:
the eye-tracking module further is to determine, based on the three-
dimensional representation of the eye, at least one of. a presence of the
eye; a position of an eyelid of the eye; a position of the eye; an

orientation of the eye; and a gaze direction of the eye.

9. The near-eye display device of claim 8, wherein:
at least one component of the near-eye display device is controlled based on
the determined presence of the eye, position of the eyelid of the eye,

position of the eye, orientation of the eye, or gaze direction of the eye.

10. The near-eye display device of claim 1, wherein the near-eye display device is a
head-mounted display (HMD) device (400).

11. In a near-eye display device (100, 400) having a display panel (102, 408, 410)
comprising an array of photon-emitting cells (111, 112, 113, 114, 115)

interspersed with photon-detecting cells (121, 122, 123), a method comprising:
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controlling, using a display controller (208) of the near-eye display device, the
display panel to display imagery using the array of photon-emitting
cells; and

controlling, using a camera controller (210) of the near-eye display device, the
display panel to capture imagery of an eye (108) of a user using the
photon-detecting cells; and

constructing, using an eye-tracking module of the near-eye display device, a
three-dimensional representation (806, 906) of the eye based on the

captured imagery.

12. The method of claim 11, further comprising:
activating a set of one or more infrared (IR) light sources (126, 127, 128, 129)
disposed at corresponding positions in association with the display
panel so as to illuminate the eye during the capture of the imagery of

the eye.

13. The method of claim 12, wherein:
activating the set of one or more IR light sources comprises activating the set
of one or more IR light sources during a vertical synchronization period

of the display panel for the array of photon-emitting cells.

14. The method of claim 12, wherein:
constructing the three-dimensional representation of the eye comprises
constructing the three-dimensional representation of the eye based on a
time-of-flight analysis (904) using the photon-detecting cells.

15. The method of claim 11, wherein:
the photon-detecting cells are arranged into a first subset and a second
subset, wherein each photon-detecting cell of the first subset is paired
with a corresponding photon-detecting cell of the second subset;
controlling the display panel to capture imagery of the eye comprises
controlling the display panel to capture a first image of the eye using the
photon-detecting cells of the first subset and to capture a second image

of the eye using the photon-detecting cells of the second subset; and
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constructing the three-dimensional representation of the eye comprises
constructing the three-dimensional representation of the eye using

parallax-based processing of the first and second images.

16. The method of claim 11, further comprising:
determining, using the eye-tracking module, at least one of. a presence of the
eye; a position of an eyelid of the eye; a position of the eye; an
orientation of the eye; and a gaze direction of the eye based on the

three-dimensional representation of the eye.

17. The method of claim 16, further comprising:
controlling at least one component of the near-eye display device based on
the determined presence of the eye, position of the eyelid of the eye,

position of the eye, orientation of the eye, or gaze direction of the eye.

18. In a near-eye display device (100, 400), a method comprising:

displaying imagery to an eye (108) of a user via a set of photon-emitting cells
(111, 112, 113, 114, 115) of a display panel (102, 408, 410) of the near-
eye display device;

capturing imagery of the eye via a set of photon-detecting cells (121, 122, 123)
interspersed among the photon-emitting cells of the display panel,

determining a gaze characteristic of the eye based on the captured imagery;
and

controlling an operation of the near-eye display device based on the gaze

characteristic.

19. The method of claim 18, wherein:
determining the gaze characteristic comprises determining at least one of: a
presence of the eye and a position of an eyelid of the eye; and
controlling an operation of the near-eye display device comprises at least one
of. activating or deactivating the display panel based on at least one of

the presence of the eye and the position of the eyelid.

20. The method of claim 18, wherein:
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determining the gaze characteristic comprises determining a gaze direction of
the eye; and

controlling an operation of the near-eye display device comprises modifying
the imagery displayed to the eye of the user based on the gaze

5 direction.

21. The method of claim 18, wherein:
determining the gaze characteristic comprises determining a three-
dimensional representation (806, 906) of the eye based on the captured

imagery.

10 22. The method of claim 21, wherein:
determining the three-dimensional representation of the eye comprises
determining the three-dimensional representation of the eye based on

time-of-flight analysis (904) of the captured imagery.

23. The method of claim 21, wherein:

15 capturing imagery of the eye comprises concurrently capturing a first image of
the eye using a first subset of the photon-detecting cells and capturing a
second image of the eye using a second subset of the photon-detecting
cells; and

determining the three-dimensional representation of the eye comprises
20 determining the three-dimensional representation of the eye based on

parallax-based processing of the first and second images.
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International Application No. PCT/ US2016/ 055537

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-7, 10-15, 21-23

Invention 1 is concerned with a near-eye display device with
in cell gaze tracking capabilities:

(1.a) The display panel comprises an array of
photons-emitting cells, controlled by a display controller
to display imagery, interspersed with photon-detecting
cells, controlled by the camera controller to capture
imagery of the user's eye.

(1.b) An eye tracking module to construct a 3D
representation of the eye.

(1.c) Details about the time synchronization of the display
controller and the camera controller.

(1.d) Details about the light sources to illuminate the eye.
(1.e) Two alternatives for the eye tracking module
implementation: time of flight or Parallax.

2. claims: 8, 9, 16-20

Invention 2 is concerned with the interaction with the
imagery displayed on the near-eye display using the gaze
characteristic.

(1.a) The display panel comprises an array of
photons-emitting cells, controlled by a display controller
to display imagery, interspersed with photon-detecting
cells, controlled by the camera controller to capture
imagery of the user's eye.

(1.f) controlling interaction using the gaze characteristic.
(1.g9) Extracting information from the gaze characteristic.
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