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SPAD ARRAY FOR INTENSITY IMAGE CAPTURE AND TIME OF FLIGHT
CAPTURE

BACKGROUND
[0001] Mixed-reality (MR) systems, including virtual-reality and augmented-reality

systems, have received significant attention because of their ability to create truly unique
experiences for their users. For reference, conventional virtual-reality (VR) systems create
a completely immersive experience by restricting their users’ views to only a virtual
environment. This is often achieved, in VR systems, through the use of a head-mounted
device (HMD) that completely blocks any view of the real world. As a result, a user is
entirely immersed within the virtual environment. In contrast, conventional augmented-
reality (AR) systems create an augmented-reality experience by visually presenting virtual
objects that are placed in or that interact with the real world.

[0002] As used herein, VR and AR systems are described and referenced
interchangeably. Unless stated otherwise, the descriptions herein apply equally to all types
of mixed-reality systems, which (as detailed above) includes AR systems, VR reality
systems, and/or any other similar system capable of displaying virtual objects.

[0003] Some MR systems include one or more cameras and utilize images and/or depth
information obtained using the camera(s) to provide pass-through views of a user’s
environment to the user. An MR system may provide pass-through views in various ways.
For example, an MR system may present raw images captured by the camera(s) of the MR
system to a user. In other instances, an MR system may modify and/or reproject captured
image data to correspond to the perspective of a user’s eye to generate pass-through views.
An MR system may modify and/or reproject captured image data to generate a pass-through
view using depth information for the captured environment obtained by the MR system (e.g.,
using a depth system of the MR system, such as a time of flight camera, a rangefinder,
stereoscopic depth cameras, etc.). In some instances, an MR system utilizes one or more
predefined depth values to generate pass-through views (e.g., by performing planar
reprojection).

[0004] In some instances, pass-through views generated by modifying and/or
reprojecting captured image data may at least partially correct for differences in perspective
brought about by the physical separation between a user’s eyes and the camera(s) of the MR

5 <

system (known as the “parallax problem,” “parallax error,” or, simply “parallax™). Such

pass-through views/images may be referred to as “parallax-corrected pass-through”
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views/images. By way of illustration, parallax-corrected pass-through images may appear
to a user as though they were captured by cameras that are co-located with the user’s eyes.

[0005] A pass-through view can aid users in avoiding disorientation and/or safety
hazards when transitioning into and/or navigating within a mixed-reality environment. Pass-
through views may also enhance user views in low visibility environments. For example,
mixed-reality systems configured with long wavelength thermal imaging cameras may
facilitate visibility in smoke, haze, fog, and/or dust. Likewise, mixed-reality systems
configured with low light imaging cameras facilitate visibility in dark environments where
the ambient light level is below the level required for human vision.

[0006] However, generating a pass-through view is associated with many challenges.
For example, as noted above, generating a parallax-corrected pass-through image typically
relies on using depth information associated with a captured environment to reproject
intensity information associated with a captured environment. However, conventional
techniques for obtaining depth information often result in a temporal or spatial offset
between the depth information and the intensity information. For example, spatial offset
may occur when a camera for obtaining depth information and a camera for obtaining
intensity information are not co-located on an HMD. Where depth information and intensity
information are captured using the same camera(s), temporal offset may occur in view of
the computational expense and time associated with generating depth information (e.g.,
compared with generating intensity information). Such artifacts may result in motion blur,
jitter, and/or other artifacts that is/are visible to users.

[0007] To facilitate imaging of an environment for generating a pass-through view,
some MR systems include image sensors that utilize complementary metal-oxide-
semiconductor (CMOS) and/or charge-coupled device (CCD) technology. For example,
such technologies may include image sensing pixel arrays where each pixel is configured to
generate electron-hole pairs in response to detected photons. The electrons may become
stored in per-pixel capacitors, and the charge stored in the capacitors may be read out to
provide image data (e.g., by converting the stored charge to a voltage).

[0008] However, such image sensors suffer from a number of shortcomings. For
example, the signal to noise ratio for a conventional image sensor may be highly affected
by read noise, especially when imaging under low visibility conditions. For instance, under
low light imaging conditions (e.g., where ambient light is below about 10 lux, such as within
a range of about 1 millilux or below), a CMOS or CCD imaging pixel may detect only a

small number of photons, which may cause the read noise to approach or exceed the signal
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detected by the imaging pixel and decrease the signal-to-noise ratio.
[0009] In addition to providing pass-through imaging, the read noise associated with
conventional image sensors may also affect other operations performed by HMDs, such as
object tracking (e.g., hand tracking), surface reconstruction, semantic labeling, 3D
reconstruction of objects, and/or others.
[0010] Thus, for at least the foregoing reasons, there is an ongoing need and desire for
improved image sensing techniques for MR HMDs, particularly for imaging under low light
conditions and/or for generating pass-through images.
[0011] The subject matter claimed herein is not limited to embodiments that solve any
disadvantages or that operate only in environments such as those described above. Rather,
this background is only provided to illustrate one exemplary technology area where some
embodiments described herein may be practiced.

SUMMARY
[0012] Disclosed embodiments are directed to systems, methods and devices that utilize
or include SPAD arrays for performing intensity image capture and/or time of flight capture
operations.
[0013] Some embodiments include a system for facilitating intensity image capture and
time of flight capture. The system includes a single photon avalanche diode (SPAD) array
comprising a plurality of SPAD pixels, one or more processors, and one or more hardware
storage devices storing instructions that are executable by the one or more processors to
configure the system to facilitate intensity image capture and time of flight capture by
configuring the system to perform interleaved intensity image capture and time of flight
capture operations using the SPAD array.
[0014] Some embodiments include a method for facilitating concurrent intensity image
capture and time of flight capture. The method includes performing interleaved intensity
image capture and time of flight capture operations using a single photon avalanche diode
(SPAD) array comprising a plurality of SPAD pixels. The intensity image capture operation
includes, for each SPAD pixel of the SPAD array, applying a shutter associated with the
SPAD pixel for a first gate time period to configure the SPAD pixel to detect a photon. The
time of flight capture operation includes activating an illuminator to emit a pulse of light
and, for each SPAD pixel of the SPAD array, applying a shutter associated with the SPAD
pixel for a second gate time period to configure the SPAD pixel to detect a photon.
[0015] 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
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intended to identify key features or essential features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the claimed subject matter.

[0016] Additional features and advantages will be set forth in the description which
follows, and in part will be obvious from the description, or may be learned by the practice
of the teachings herein. Features and advantages of the invention may be realized and
obtained by means of the instruments and combinations particularly pointed out in the
appended claims. Features of the present invention will become more fully apparent from
the following description and appended claims or may be learned by the practice of the
invention as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] In order to describe the manner in which the above-recited and other advantages
and features can be obtained, a more particular description of the subject matter briefly
described above will be rendered by reference to specific embodiments which are illustrated
in the appended drawings. Understanding that these drawings depict only typical
embodiments and are not therefore to be considered to be limiting in scope, embodiments
will be described and explained with additional specificity and detail through the use of the
accompanying drawings in which:

[0018] Figure 1 illustrates example components of an example system that may include
or be used to implement one or more disclosed embodiments;

[0019] Figure 2 illustrates example implementations of single photon avalanche diode
(SPAD) sensors that may be implemented in head-mounted displays (HMD) configured for
facilitating one or more disclosed embodiments in different physical environments;

[0020] Figure 3 illustrates example uses of SPAD sensors for mixed-reality systems;
[0021] Figure 4 illustrates an example SPAD array configured for implementing
interleaved intensity image capture and time of flight capture operations;

[0022] Figure 5 illustrates a conceptual representation of an intensity image frame
capture using interleaved intensity image capture and time of flight capture operations;
[0023] Figure 6 illustrates a conceptual representation of a time of flight capture
operation involving multiple separate shutters associated with different depth values;
[0024] Figure 7 illustrates an example flow diagram depicting acts associated with
facilitating intensity image sensing using one or more SPAD arrays; and

[0025] Figure 8 illustrates an example flow diagram depicting acts associated with
performing interleaved intensity image capture and time of flight capture operations using

one or more SPAD arrays.
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DETAILED DESCRIPTION

[0026] Disclosed embodiments are generally directed to systems, methods and devices
that utilize SPAD arrays for performing intensity image capture operations and/or time of
flight capture operations.

Examples of Technical Benefits. Improvements. and Practical Applications

[0027] Those skilled in the art will recognize, in view of the present disclosure, that at
least some of the disclosed embodiments may be implemented to address various
shortcomings associated with at least some conventional display systems that utilize color
filters. The following section outlines some example improvements and/or practical
applications provided by the disclosed embodiments. It will be appreciated, however, that
the following are examples only and that the embodiments described herein are in no way
limited to the example improvements discussed herein.

[0028] In contrast with conventional CMOS or CCD sensors, a SPAD is operated at a
bias voltage that enables the SPAD to detect a single photon. Upon detecting a single photon,
an electron-hole pair is formed, and the electron is accelerated across a high electric field,
causing avalanche multiplication (e.g., generating additional electron-hole pairs). Thus,
each detected photon may trigger an avalanche event. A SPAD may operate in a gated
manner (each gate corresponding to a separate shutter exposure), where each exposure may
be configured to result in a binary output. The binary output may comprise a “1” where an
avalanche event was detected during an exposure (e.g., where a photon was detected), or a
“0” where no avalanche event was detected.

[0029] Separate gates may be regarded as “subframes™ or “‘subgates,” and consecutive
subframes may be integrated over a frame capture time period (e.g., a 30 Hz time period, or
some other framerate). The binary output of the subframes over a frame capture time period
may be counted, and an intensity value may be calculated based on the counted binary
output.

[0030] An array of SPADs may form an image sensor, with each SPAD forming a
separate pixel in the SPAD array. To capture an image of an environment, each SPAD pixel
may detect avalanche events and provide binary output for separate subframes or subgates
in the manner described herein. The per-pixel binary output of multiple subframes over a
frame capture time period may be counted, and per-pixel intensity values may be calculated
based on the counted per-pixel binary output. The per-pixel intensity values may be used to
form an intensity image of an environment.

[0031] SPAD image sensors may provide a number of advantages over conventional
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CMOS and/or CCD sensors. For example, the binarization of the SPAD output may reduce
or effectively eliminate read noise, thereby improving signal-to-noise ratio for SPAD image
sensor arrays as compared with conventional CMOS and/or CCD sensors, particularly under
low light imaging conditions. Thus, SPAD sensors may be usable on HMDs to facilitate
image capture as well as other tasks (e.g., depth sensing and/or other functions that depend
on depth information), especially under low light imaging conditions where conventional
CMOS and/or CCD sensors would experience a low signal-to-noise ratio.

[0032] Furthermore, as described herein, SPAD arrays may be configured to perform
interleaved active imaging operations (e.g., time-of-flight capture) and passive imaging
operations (e.g., intensity image capture) in an advantageous manner. Such functionality
may provide significant advantages over conventional CMOS and/or CCD sensors. For
example, where a single CMOS and/or CCD sensor is used to capture both intensity image
information and depth information using time-of-flight techniques, the sensor may alternate
between capturing a full intensity frame and capturing a full depth frame. However, such
techniques result in a temporal offset between the intensity frames and the depth frames.
Such temporal offsets may cause motion blur in parallax-corrected images and/or other
problems for other operations that rely on or benefit from temporally aligned intensity and
depth information describing a captured environment.

[0033] In contrast to conventional systems, the SPAD arrays utilized within
embodiments of the present disclosure are configured to perform interleaved intensity image
capture operations and time-of-flight capture operations at the sub-frame level. For example,
over a frame capture time period, a SPAD array may alternate between collecting intensity
information (e.g., counting subframes or subgates for which a photon was detected) and
collecting depth information (e.g., pulsing a laser and tracking differently delayed subframes
or subgates for which a photon was detected) with sub-frame timing. Such functionality may
provide frames that comprise intensity information and depth information that are
temporally aligned (e.g., a composited three-dimensional image and intensity image),
thereby reducing or eliminating motion blur in parallax-corrected pass-through images
and/or improving other operations that benefit from temporally aligned intensity and depth
information.

[0034] In contrast with conventional CMOS and/or CCD sensors, techniques for
performing interleaved intensity capture and time-of-flight capture operations with sub-
frame timing may be implemented using SPAD arrays. For example, attempting to

implement such techniques using conventional CMOS and/or CCD sensors may cause alow
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signal-to-noise ratio (e.g., by increasing the effect of read noise).

[0035] Having just described some of the various high-level features and benefits of the
disclosed embodiments, attention will now be directed to Figures 1 through 8. These Figures
illustrate various conceptual representations, architectures, methods, and supporting
illustrations related to the disclosed embodiments.

Example Systems and Techniques for Implementing SPAD Arrays on Mixed-Reality

Systems

[0036] Attention is now directed to Figure 1, which illustrates an example system 100
that may include or be used to implement one or more disclosed embodiments. Figure 1
depicts the system 100 as a head-mounted display (HMD) configured for placement over a
head of a user to display virtual content for viewing by the user’s eyes. Such an HMD may
comprise an augmented reality (AR) system, a virtual reality (VR) system, and/or any other
type of HMD. Although the present disclosure focuses, in at least some respects, on a system
100 implemented as an HMD, it should be noted that at the techniques described herein for
utilizing SPAD arrays may be implemented using other types of systems.

[0037] Figure 1 illustrates various example components of the system 100. For example,
Figure 1 illustrates an implementation in which the system includes processor(s) 102,
storage 104, sensor(s) 110, I/O system(s) 114, and communication system(s) 116. Although
Figure 1 illustrates a system 100 as including particular components, one will appreciate, in
view of the present disclosure, that a system 100 may comprise any number of additional or
alternative components.

[0038] The processor(s) 102 may comprise one or more sets of electronic circuitry that
include any number of logic units, registers, and/or control units to facilitate the execution
of computer-readable instructions (e.g., instructions that form a computer program). Such
computer-readable instructions may be stored within storage 104. The storage 104 may
comprise physical system memory and may be volatile, non-volatile, or some combination
thereof. Furthermore, storage 104 may comprise local storage, remote storage (e.g.,
accessible via communication system(s) 116 or otherwise), or some combination thereof.
Additional details related to processors (e.g., processor(s) 102) and computer storage media
(e.g., storage 104) will be provided hereinafter.

[0039] In some implementations, the processor(s) 102 may comprise or be configurable
1o execute any combination of software and/or hardware components that are operable to
facilitate processing using machine learning models or other artificial intelligence-based

structures/architectures. For example, processor(s) 102 may comprise and/or utilize
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hardware components or computer-executable instructions operable to carry out function
blocks and/or processing layers configured in the form of, by way of non-limiting example,
single-layer neural networks, feed forward neural networks, radial basis function networks,
deep feed-forward networks, recurrent neural networks, long-short term memory (LSTM)
networks, gated recurrent units, autoencoder neural networks, variational autoencoders,
denoising autoencoders, sparse autoencoders, Markov chains, Hopfield neural networks,
Boltzmann machine networks, restricted Boltzmann machine networks, deep belief
networks, deep convolutional networks (or convolutional neural networks), deconvolutional
neural networks, deep convolutional inverse graphics networks, generative adversarial
networks, liquid state machines, extreme leaming machines, echo state networks, deep
residual networks, Kohonen networks, support vector machines, neural Turing machines,
and/or others.

[0040] As will be described in more detail, the processor(s) 102 may be configured to
execute instructions 106 stored within storage 104 to perform certain actions associated with
implementing SPAD arrays. The actions may rely at least in part on data 108 (e.g., avalanche
event counting or tracking, etc.) stored on storage 104 in a volatile or non-volatile manner.
[0041] In some instances, the actions may rely at least in part on communication
system(s) 116 for receiving data from remote system(s) 118, which may include, for
example, separate systems or computing devices, sensors, and/or others. The
communications system(s) 118 may comprise any combination of software or hardware
components that are operable to facilitate communication between on-system
components/devices and/or with off-system components/devices. For example, the
communications system(s) 118 may comprise ports, buses, or other physical connection
apparatuses for communicating with other devices/components. Additionally, or
altermatively, the communications system(s) 118 may comprise systems/components
operable to communicate wirelessly with external systems and/or devices through any
suitable communication channel(s), such as, by way of non-limiting example, Bluetooth,
ultra-wideband, WLAN, infrared communication, and/or others.

[0042] Figure 1 illustrates that a system 100 may comprise or be in communication with
sensor(s) 110. Sensor(s) 110 may comprise any device for capturing or measuring data
representative of perceivable phenomenon. By way of non-limiting example, the sensor(s)
110 may comprise one or more image sensors, microphones, thermometers, barometers,
magnetometers, accelerometers, gyroscopes, and/or others.

[0043] Figure 1 also illustrates that the sensor(s) 110 may include SPAD array(s) 112.
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As depicted in Figure 1, a SPAD array 112 may comprise an arrangement of SPAD pixels
120 that are each configured to facilitate avalanche events in response to sensing a photon,
as described hereinabove. As will be described in more detail hereinafter, SPAD array(s)
112 may be implemented on a system 100 (e.g., an MR HMD) to facilitate various functions
such as image capture and/or computer vision tasks.

[0044] Furthermore, Figure 1 illustrates that a system 100 may comprise or be in
communication with I/0 system(s) 114. I/O system(s) 114 may include any type of input or
output device such as, by way of non-limiting example, a touch screen, a mouse, a keyboard,
a controller, and/or others, without limitation. For example, the I/O system(s) 114 may
include a display system that may comprise any number of display panels, optics, laser
scanning display assemblies, and/or other components. In some instances, a SPAD array
112 may be configured with a resolution of SPAD pixels 120 that matches a pixel resolution
of a display system, which may facilitate high-fidelity pass-through imaging.

[0045] Figure 2 illustrates example implementations of single photon avalanche diode
(SPAD) sensors that may be implemented in head-mounted displays (HMD) configured for
facilitating one or more disclosed embodiments in different physical environments. In
particular, Figure 2 shows an example HMD 200, which may correspond in at least some
respects to the system 100 described hereinabove with reference to Figure 1. As is shown in
Figure 2, an HMD 200 may implement one or more SPAD sensors in various ways and/or
for various purposes. A SPAD sensor may comprise a SPAD array 112 as described above.
[0046] For example, Figure 2 shows that the HMD 200 includes a SPAD sensor 202A
and a SPAD sensor 202B, which together may comprise a stereo pair of SPAD sensors. The
SPAD sensors 202A and 202B may be configured to capture intensity image frames as
described hereinabove (e.g., by counting photons or avalanche events detected over a frame
capture time period on a per-pixel basis). In some instances, the SPAD sensors 202A and
202B are configured to capture intensity images in a synchronized manner. For instance, the
SPAD sensors 202A and 202B may be synchronized in at least one of exposure or readout,
such that separate intensity images of a captured environment are substantially temporally
synchronized.

[0047] In some implementations, the HMD 200 is configured to perform stereoscopic
depth computations using a stereo pair of intensity images captured by the SPAD sensors
202A and 202B (e.g., stereo matching). In this regard, an HMD 200 may utilize the SPAD
sensors 202A and 202B to obtain intensity information and depth information associated

with a captured environment. In some instances, the HMD 200 may utilize the intensity
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information and the depth information to provide pass-through images for viewing by a user.
[0048] For example, Figure 2 shows that the HMD 200 may comprise a display 204
positioned on the HMD 200 to display images for viewing by one or more eyes of a user
operating the HMD 200. The HMD 200 may, in some implementations, generate reprojected
images for presentation on the display 204 based on the intensity information and the depth
information captured using the SPAD sensors 202A and 202B (or other SPAD sensors of
the HMD 200). In some instances, the display 204 may comprise at least a portion of an
optically transparent display assembly configured to display images to a user while allowing
environmental light (if any) to transmit toward the user’s eye(s). In some instances, the
display 204 may comprise at least a portion of an optically opaque display assembly that is
configured to display images to a user while substantially preventing environmental light (if
any) from transmitting toward or reaching the user’s eye(s).

[0049] Figure 2 also illustrates that an HMD 200 may comprise any number of
additional or alternative SPAD sensors for performing any additional or altermative
functions. For example, Figure 2 illustrates SPAD sensors 202C and SPAD sensors 202D,
which may also be configured to capture intensity images to facilitate simultaneous
localization and mapping (SLAM). Figure 2 furthermore illustrates that the HMD 200 may
comprise a SPAD sensor 202E configured for still image and/or video capture of an
environment.

[0050] An HMD 200 may additionally or alternatively comprise a SPAD sensor 202F
configured to operate in conjunction with an illuminator 206A to facilitate time of flight
capture, as will be described in more detail hereafter. In some implementations, the HMD
200 may comprise a band stop filter 208 to facilitate time of flight capture (e.g., to
substantially block light of one or more frequencies outside of a band of frequencies emitted
by the illuminator 206A). Figure 2 also shows an illuminator 206B to illustrate that any of
the SPAD sensors of an HMD 200 may be configured to sense light emitted by the
illuminator 206B (e.g., to perform interleaved time of flight operations, as described in more
detail hereinafter).

[0051] One will appreciate, in view of the present disclosure, that an HMD 200 may
comprise any additional components not explicitly illustrated by example in Figure 2. For
instance, in some implementations, one or more SPAD sensors of an HMD 200 are
configured to operate in conjunction with one or more variable focus lens to allow dynamic
adjustment of the focus of an environment relative to the SPAD sensor(s).

[0052] The SPAD sensors of an HMD 200 may be configured to capture real-world
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environments under various lighting conditions. For example, Figure 2 illustrates a lighted
environment 220 and a low light environment 230. A lighted environment 220 may have
ambient lighting of about 10 lux or above, whereas a low light environment may have
ambient lighting of about 10 lux or below. In some instances, as described hereinabove, a
SPAD sensor is operable to facilitate improved imaging capture performance, as compared
with conventional CMOS or CCD sensors, particularly under low light conditions.

[0053] Figure 3 illustrates example SPAD uses 300 of SPAD sensors for mixed-reality
systems. For example, an HMD 200 may utilize the SPAD sensors 202A—202F for one or
more of the SPAD uses 300 depicted in Figure 3.

[0054] As indicated hereinabove, one or more of the SPAD sensors 202A-202F of an
HMD 200 may be configured to capture intensity images 302 of an environment (e.g., a
lighted environment 220 or a low light environment 230), such as by counting photons or
avalanche events detected over a frame capture time period on a per-pixel basis.

[0055] Also as indicated above, one or more SPAD sensors 202A-202F of an HMD 200
may be used to obtain depth information 304 associated with an environment. In some
implementations, the depth information 304 is obtained based on stereo depth computations
performed on a stereo pair of images captured by a stereo pair of SPAD sensors (e.g., SPAD
sensors 202A and 202B). For example, an HMD 200 may compare pixel patches of images
captured by a stereo pair of SPAD sensors to calculate per-pixel disparity values (e.g., by
minimizing a cost function), and the disparity values may provide a basis for the depth
information 304 (e.g., based on a known baseline distance between SPAD sensors of the
stereo pair of SPAD sensors).

[0056] In some implementations, the depth information associated with the environment
is obtained based on time-of-flight computations performed using light emitted from an
illuminator (e.g., illuminator 206 A and/or 206B) and detected by a SPAD sensor (e.g.,
SPAD sensors 202A-202F). For example, an illuminator may emit a first pulse of light, and
SPAD pixels of a SPAD sensor may be configured to apply a first shutter (e.g.,
corresponding to a subframe or subgate) following the emission of the pulse of light by a
first predefined delay period. The first predefined delay period may correspond to a first
distance (or range of distances) that light emitted by the illuminator may have traveled
before being detected by a SPAD pixel. In this regard, SPAD pixels that detect a photon
when applying the first shutter may be tracked as capturing a portion of a real-world
environment that is distanced from the SPAD pixel according to the first distance.

[0057] The illuminator may then emit a second pulse of light, and the SPAD pixels of
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the SPAD sensor may be configured to apply a second shutter following the emission of the
pulse of light by a second predefined delay period, which may correspond to a second
distance. Thus, SPAD pixels that detect a photon when applying the second shutter may be
tracked as capturing a portion of a real-world environment that is distanced from the SPAD
pixel according to the second distance. Additional pulses and shutters may be applied with
separate delay periods corresponding to separate distances. A system 100 may track the
shutters that correspond to a detected photon on a per-pixel basis (thereby providing per-
pixel depth information 304).

[0058] The intensity images 302 and/or the depth information 304 may be used for
various functionalities associated with providing MR experiences. For instance, as indicated
above, the intensity image(s) 302 may comprise per-pixel intensity information, and the
depth information 304 may comprise per-pixel depth information. Thus, in some
implementations, a system 100 (e.g., HMD 200) generates reprojected image(s) 306 using
the intensity image(s) 302 and the depth information 304 (as indicated in Figure 3 by the
arrows extending from the intensity image(s) 302 and the depth information 304 toward the
reprojected image(s) 306). For example, a system may identify 3D points by performing
per-pixel unprojections based on the depth information 304 into 3D space and then
projecting the 3D points onto 2D points of an image plane associated with a perspective of
a user’s eye. The reprojected image(s) 306 may then be formed using the coordinates of the
2D points and the corresponding intensity information from the intensity image(s) 302.
[0059] The reprojected image(s) 306 may then be displayed for viewing by one or more
eves of a user. One will appreciate that separate reprojected images 306 may be generated
for presentation to separate eyes of a user, and that reprojected images 306 may be generated
continuously to provide a continuous pass-through experience for users. For example, a
SPAD-based intensity images 302 and/or depth information 304 may be obtained at a rate
of about 30 Hz or greater to provide reprojected image(s) for display to a user at a rate of
about 30 Hz or greater.

[0060] In addition to generating reprojected image(s) 306, intensity image(s) 302 and/or
depth information 304 obtained using SPAD arrays may be used to facilitate one or more
computer vision tasks. For example, as indicated above, one or more SPAD sensors (e.g.,
SPAD sensors 202C and 202D) may be used to facilitate SLAM to generate and/or update
a spatial map 308 of an environment (e.g., as indicated in Figure 3 by the arrows extending
from the intensity image(s) 302 and the depth information 304 toward the spatial map 308).

For example, a system 100 may be configured to perform feature detection on intensity

12



10

15

20

25

30

WO 2022/115131 PCT/US2021/041987

image(s) 302 to identify anchor points within a captured environment. Information related
to the positioning of the system 100 during capture may be stored as a keyframe within a
spatial map 308, and information related to the anchor points may also become stored within
the spatial map 308. The relative distance between the anchor points and the keyframes may
be based on the depth information 304.

[0061] Furthermore, a system may be configured to generate a surface reconstruction
(SR) mesh 310 based on intensity image(s) 302 and depth information 304 obtained using
one or more SPAD sensors (e.g., as indicated in Figure 3 by the arrows extending from the
intensity image(s) 302 and the depth information 304 toward the SR mesh 310). For
example, information about the geometry and relative positioning of environmental objects
may be captured within the depth information 304, and information about the textures of
environmental objects may be captured within the intensity image(s) 302. Thus, the depth
information 304 may be used to build a mesh of an environment, and the intensity image(s)
302 may supply the texturing to be applied to the mesh.

[0062] A system may additionally or alternatively be configured to perform object
tracking (e.g., hand tracking) using depth information 304 obtained using one or more SPAD
sensors (e.g., as indicated in Figure 3 by the arrow extending from the depth information
304 toward the object tracking 312).

[0063] Accordingly, in view of the foregoing, it will be appreciated that an HMD 200
or other similar display device is configurable with one or more SPAD arrays to facilitate
image capture and/or other computer vision tasks in an advantageous manner, particularly
in low light environments (e.g., as compared with conventional image sensors that rely on
CCD and/or CMOS technologies).

[0064] A SPAD array is configured, in some implementations, to perform interleaved
intensity image capture and time of flight capture operations to obtain intensity image(s)
302 and depth information 304. Figure 4 illustrates an example SPAD array 400, which may
comprise a part of a SPAD sensor and may correspond to the SPAD array(s) 112 described
hereinabove with reference to Figure 1. Thus, a SPAD pixel 402 of the SPAD array 400
may be configured to trigger avalanche events in response to detecting photons. A SPAD
pixel 402 may be operated in a gated manner to facilitate interleaved intensity image (II)
capture operations 404 and time-of-flight (ToF) capture operations 406. As is conceptually
depicted in Figure 4, a system may alternate between performing Il capture operations 404
and ToF capture operations 406 (e.g., for each SPAD pixel of the SPAD array 400) over a

frame capture time period 408 to capture intensity information (from the II capture
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operations 404) and depth information (from the ToF capture operations 406) that are
substantially in temporal alignment. A frame capture time period 408 may comprise any
number of interleaved II capture operations 404 and ToF capture operations 406, as
indicated by the ellipsis 440. The axis ¢ in Figure 4 provides temporal context for operations
performed over the frame capture time period 408.

[0065] Figure 4 illustrates that an II capture operation 404 may comprise applying a
shutter for a first gate time period 410. Applying the shutter may configure the SPAD pixel
402 to trigger an avalanche event in response to detecting a photon. Avalanche events
detected during II capture operations 404 may be counted on a per-pixel basis over a frame
capture time period 408, even where ToF capture operations 406 intervene between separate
I capture operations 404. The counted avalanche events may be used to determine per-pixel
intensity values for an intensity image (e.g., intensity image(s) 302).

[0066] Although Figure 4 illustrates an implementation in which each separate II
capture operation 404 comprises applying a single shutter for the first gate time period 410
(e.g., which may be regarded as a subgate or subframe exposure, as noted hereinabove), one
will appreciate, in view of the present disclosure, that an II capture operation 404 may
comprise any number of separate shutter applications prior to alternating to perform a ToF
capture operation 406.

[0067] Figure 4 illustrates that a ToF capture operation 406 may comprise applying a
plurality of separate shutters for a second gate time period 412 (each separate shutter being
represented by individual rectangular blocks within a ToF capture operation 406). Each
separately applied shutter may configure the SPAD pixel 402 to trigger an avalanche event
in response to detecting a photon, and each separately applied shutter may follow a
respective pulse of light by a respective delay period. In this regard, separate shutters of a
ToF capture operation 406 may be associated with separate depth values. Additional details
concerning shutter application during ToF capture operations 406 will be provided with
reference to Figure 6. Although Figure 4 illustrates ToF operations 406 as each comprising
an application of a plurality of separate shutters, one will appreciate, in view of the present
disclosure, that a ToF capture operation 406 may comprise an application of any number of
shutters, such as a single shutter.

[0068] Figure 4 illustrates an example in which the second gate time period 412 for
shutter applications during ToF capture operations 406 is shorter or less than the first gate
time period 410 for shutter applications during II capture operations 404. For example, in

some implementations, a longer exposure time for II capture operations 404 may be
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beneficial under low light imaging conditions to allow a maximal number of photons to be
detected by a SPAD pixel 402. Furthermore, in some implementations, a short exposure
time for ToF capture operations 406 provides improved granularity or resolution in depth
information acquired based on a ToF capture operation 406. By way of non-limiting
example, a first gate time period 410 may comprise a time period on the order of
milliseconds, whereas a second gate time period 412 may comprise a time period on the
order of nanoseconds or fractions thereof.

[0069] Furthermore, although Figure 4 illustrates all shutters associated with II capture
operations 404 being applied for the first gate time period 410 and illustrates all shutters
associated with ToF capture operations 406 being applied for the second gate time period
412, one will appreciate that separate shutters of II capture operations 404 may utilize
different gate time periods, and likewise separate shutters of ToF capture operations 406
may utilize different gate time periods.

[0070] By way of illustration, Figure 5 shows a conceptual representation of an intensity
image (II) frame capture 500 using interleaved II capture operations 404 and ToF capture
operations 406. Figure 5 shows a SPAD sensor 502, which may comprise a SPAD array 400
having a plurality of SPAD pixels 402 each configured to perform interleaved II capture
operations 404 and ToF capture operations 406.

[0071] Figure 5 depicts an environmental object 504 with a front surface 506, a top
surface 508, and a right surface 510. Each surface may reflect photons of ambient light
toward the SPAD sensor 502, indicated in Figure 5 by the arrows extending from the various
surfaces of the environmental object 504 toward the SPAD sensor 502. As is evident from
Figure 5, the arrows extending from the environmental object 504 comprise different
thicknesses, indicating that the different surfaces of the environmental object 504 may
reflect different amounts of light or numbers of photons toward the SPAD sensor 502.
[0072] As illustrated, Figure 5 shows the front surface 506 with the thickest arrow
extending therefrom toward the SPAD sensor 502, indicating that the front surface 506
reflects the greatest number of photons toward the SPAD sensor 502 relative to the other
two surfaces. Figure 5 also shows the top surface 508 with a thinnest arrow extending
therefrom toward the SPAD sensor 502, indicating that the top surface 508 reflects the
lowest number of photons toward the SPAD sensor 502 relative to the other two surfaces.
Also, Figure 5 shows the right surface 510 with an arrow of intermediate thickness
extending therefrom toward the SPAD sensor 502, indicating that the right surface reflects

an intermediate number of photons toward the SPAD sensor 502 relative to the other two
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surfaces.

[0073] Figure 5 shows the different arrows extending from the different surfaces of the
environmental object 504 toward different portions of the SPAD sensor 502, indicating that
different SPAD pixels of a SPAD array of the SPAD sensor 502 may capture photons
reflected by different portions of the environment object 504. For instance, a first set of
SPAD pixels may detect photons reflected by the front surface 506, a second set of SPAD
pixels may detect photons reflected by the right surface 510, and a third set of SPAD pixels
may detect photons reflected by the top surface 508 (a set of SPAD pixels may comprise
any number of SPAD pixels).

[0074] The SPAD pixels of each set of SPAD pixels may iteratively perform II capture
operations 404 and ToF capture operations 406 over a frame capture time period 408. During
each II capture operation 404 over the frame capture time period 408, a shutter may be
applied to configure the different sets of SPAD pixels of the SPAD sensor 502 to trigger
avalanche events in response to detecting photons reflected from the various surfaces of the
environmental object 504 (indicated in Figure 5 by the dashed lines extending from the I1
capture operations 404 toward the environmental object 504 and SPAD sensor 502). For
each shutter applied, the SPAD pixels may either detect a photon and trigger an avalanche
event, or else fail to detect a photon and trigger an avalanche event. Each avalanche event
detected may be counted on a per-pixel basis by per-pixel photon counter(s) 512.

[0075] In this regard, continuing with the above example, the first set of SPAD pixels
(detecting photons reflected by the front surface 506 of the environmental object 504) may
detect a greatest number of avalanche events, the third set of SPAD pixels (detecting photons
reflected by the top surface 508 of the environmental object 504) may detect a lowest
number of avalanche events, and the second set of SPAD pixels (detecting photons reflected
by the right surface 510 of the environmental object) may detect an intermediate number of
avalanche events. The respective numbers of avalanche events of the respective sets of
SPAD pixels may be counted by the per-pixel photon counter(s) 512, and per-pixel intensity
values 514 may be obtained based on the respective per-pixel photon counts (e.g., to provide
intensity image(s) 302).

[0076] One will appreciate, in view of the present disclosure, that per-pixel photon
counter(s) 512 are capable of operating in a variety of ways. For example, in some instances,
per-pixel photon counter(s) 512 are utilized to read out a digital indication of which the
SPAD pixels of a SPAD sensor detected a photon at each II capture operation 404, such that

a plurality of readouts is performed or obtained over a frame capture time period 408. In
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some instances, per-pixel photon counter(s) 512 count avalanche events for each SPAD
pixels of a SPAD sensor that detected a photon over the entire frame capture time period
408 and perform a single readout for the entire frame capture time period 408.

[0077] Figure 5 also illustrates an illuminator 516, which may at least partially
correspond to an illuminator 206A or 206B as described hereinabove. Figure 5 shows no
pulse of light emitting from the illuminator 516, indicating that an illuminator 516, where
present, may refrain from pulsing light during I capture operations 404.

[0078] Figure 6 illustrates a conceptual representation of subframes of a ToF capture
operation 406 involving multiple separate shutters associated with different depth values. In
particular, Figure 6 shows a conceptual representation of a first shutter 602, a second shutter
604, a third shutter 606, and a fourth shutter 608, each corresponding to separate shutters,
subframes, or subgates of a ToF capture operation 406 (as indicated in Figure 6 by the
dashed lines extending from respective subframes of a ToF capture operation 406). As is
illustrated in Figure 6, each separate shutter may be associated with a separate time delay
following a corresponding pulse of light from an illuminator. For example, Figure 6
illustrates the first shutter 602 associated with a first delay 610, the second shutter 604
associated with a second delay 612, the third shutter 606 associated with a third delay 614,
and the fourth shutter 608 associated with a fourth delay 616. In some instances, the amount
of time associated with each delay may increase in an ordinal manner (e.g., the first delay
610 may be shorter than the second delay 612, which may be shorter than the third delay
614, etc.), however, such a configuration provided as an example only and is non-limiting.

[0079] By providing separate shutters associated with separate delay periods following
respective pulses of light, a ToF capture operation 406 may allow a SPAD sensor 502 to
capture depth information associated with an environmental object 504. For instance, Figure
6 illustrates that the first shutter 602 may be applied following a first light pulse 618 emitted
by the illuminator 516. By way of illustration, the first light pulse 618 is represented in
Figure 6 by separate arrows extending from the illuminator 516 and reflecting off of
different surfaces of the environmental object 504 (e.g., the front surface 506, the top surface
508, and the right surface 510). Each different arrow emitting from the illuminator may be
representative of a separate photon of the first light pulse 618, with each arrow line depicting
the path traveled by the photon and with each arrowhead representing a current position of
the photon during application of the first shutter 602.

[0080] As noted above, the first shutter 602 may be applied after a first delay 610
following the pulsing of the first light pulse 618 from the illuminator 516. Thus, the photons
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(e.g., represented by the arrowheads) of the first light pulse 618 may be allowed time to
travel from the illuminator 516, reflect off of environmental objects, and travel toward the
SPAD sensor 502. Figure 6 shows each photon of the first light pulse 618 traveling toward
the SPAD sensor 502 after reflecting off of the different surfaces of the environmental object
504.

[0081] As noted above, the first delay 610 may be indicative of a particular time of
flight, which may indicate a distance that a photon detected during application of the first
shutter 602 traveled (in total, or after reflecting off of an environmental object). By way of
example, the first delay 610 may be associated with a distance of about 6 inches, such that
any SPAD pixels of the SPAD sensor 502 that detect an avalanche event during application
of the first shutter 602 may be tracked as detecting an environmental object that is positioned
at a depth or distance of about 6 inches from the SPAD pixels. Such tracking is facilitated,
in some instances, by using per-pixel first shutter photon counter(s) 620, which tracks the
SPAD pixels of the SPAD sensor 502 for which an avalanche event was detected during
application of the first shutter 602 (indicating an associated depth value for the SPAD pixels
that detected an avalanche event during application of the first shutter 602).

[0082] As is evident from Figure 6, during application of the first shutter 602 according
to the first delay 610 following the emission of the first light pulse 618 from the illuminator,
none of the photons associated with the first light pulse 618 have reached the SPAD sensor
502. In such an example, no avalanche event will have been detected for any of the SPAD
pixels of the SPAD sensor 502 during application of the first shutter 602, indicating that no
objects or surfaces in an environment captured by the SPAD sensor 502 are positioned at a
depth or distance of about 6 inches from the SPAD pixels. Thus, the per-pixel first shutter
photon counter(s) 620 will indicate, on a per-pixel basis, that no SPAD pixels of the SPAD
sensor capture an environmental object or surface that corresponds to a depth of about 6
inches from the SPAD pixels (or that corresponds to the time of flight associated with the
first delay 610).

[0083] Figure 6 shows that, after applying the first shutter 602 according to the first
delay 610 following the first light pulse 618, a system may be configured to apply the second
shutter 604 according to a second delay 612 following a second light pulse 622 from the
illuminator 516. As noted above, the second delay 612 associated with the second shutter
604 may be longer than the first delay 610 associated with the first shutter 602, giving
photons emitted according to the second light pulse 622 relatively more time to travel toward

the SPAD sensor 502. For example, the second delay 612 may be associated with a distance
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of about 9 inches, compared to 6 inches as described above by example for the first delay
610. Accordingly, Figure 6 depicts photons of the second light pulse 622 (represented by
arrowheads) as being closer to the SPAD sensor 502 during application of the second shutter
604 according to the second delay 612.

[0084] In particular, Figure 6 shows a photon that reflected off of the front surface 506
of the environmental object 504 as reaching the SPAD sensor 502. This photon may trigger
an avalanche event for a first set of SPAD pixels positioned to capture light reflected from
the front surface 506 of the environmental object 504 (which may be substantially the same
first set of SPAD pixels that detects photons reflected from the front surface 506 of the
environmental object 504 during II capture operations 404, as described hereinabove with
reference to Figure 5).

[0085] Continuing with the above example, the first set of SPAD pixels of the SPAD
sensor 502 that detects an avalanche event during application of the second shutter 604
according to the second delay 612 may be tracked as detecting an environmental object (e.g.,
a portion of the front surface 506) that is positioned at a depth of about 9 inches from the
first set of SPAD pixels. Such tracking is facilitated, in some instances, by using per-pixel
second shutter photon counter(s) 624, which tracks the first set of SPAD pixels of the SPAD
sensor 502 as having detected an avalanche event during application of the second shutter
604.

[0086] Figure 6 also shows that, after applying the second shutter 604 according to the
second delay 612 following the second light pulse 622, a system may be configured to apply
the third shutter 606 according to a third delay 614 following a third light pulse 626 from
the illuminator 516. As noted above, the third delay 614 associated with the third shutter
606 may be longer than the second delay 612 associated with the second shutter 604, giving
photons emitted according to the third light pulse 626 relatively more time to travel toward
the SPAD sensor 502. For example, the third delay 614 may be associated with a distance
of about 12 inches, compared to 9 inches as described above by example for the second
delay 612.

[0087] With regard to the foregoing, Figure 6 depicts some photons of the third light
pulse 626 (represented by arrowheads) as being closer to the SPAD sensor 502 during
application of the third shutter 606 according to the third delay 614. The depiction of the
third shutter 606 in Figure 6 omits the photon reflected from the front surface 506 of the
environmental object 504 for clarity (e.g., the photon may have already reached and

reflected from the SPAD sensor 502).
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[0088] Figure 6 shows a photon that reflected off of the right surface 510 of the
environmental object 504 as reaching the SPAD sensor 502. This photon may trigger an
avalanche event for a second set of SPAD pixels positioned to capture light reflected from
the right surface 510 of the environmental object 504 (which may be substantially the same
second set of SPAD pixels that detects photons reflected from the right surface 510 of the
environmental object 504 during II capture operations 404, as described hereinabove with
reference to Figure 5). The second set of SPAD pixels of the SPAD sensor 502 that detects
an avalanche event during application of the third shutter 606 according to the third delay
614 may be tracked as detecting an environmental object (e.g., a portion of the right surface
510) that is positioned at a depth of about 12 inches from the second set of SPAD pixels
(according to the example distance associated with the third delay 614). Such tracking may
be facilitated using per-pixel third shutter photon counter(s) 628, which may track the
second set of SPAD pixels of the SPAD sensor 502 as having detected an avalanche event
during application of the third shutter 606.

[0089] Similarly, Figure 6 also shows that, after applying the third shutter 606 according
to the third delay 614 following the third light pulse 626, a system may be configured to
apply the fourth shutter 608 according to a fourth delay 616 following a fourth light pulse
630 from the illuminator 516. As noted above, the fourth delay 616 associated with the
fourth shutter 608 may be longer than the third delay 614 associated with the third shutter
606, giving photons emitted according to the fourth light pulse 630 relatively more time to
travel toward the SPAD sensor 502. For example, the fourth delay 616 may be associated
with a distance of about 15 inches, compared to 12 inches as described above by example
for the third delay 614. Accordingly, Figure 6 depicts a photon of the fourth light pulse 630
(represented by an arrowhead) as being closer to the SPAD sensor 502 during application
of the fourth shutter 608 according to the fourth delay 616. The depiction of the fourth
shutter 608 in Figure 6 omits the photons reflected from the front surface 506 and the right
surface 510 of the environmental object 504 for clarity (e.g., such photons may have already
reached and reflected from the SPAD sensor 502).

[0090] Figure 6 depicts a photon that reflected off of the top surface 508 of the
environmental object 504 as reaching the SPAD sensor 502. This photon may trigger an
avalanche event for a third set of SPAD pixels positioned to capture light reflected from the
top surface 508 of the environmental object 504 (which may be substantially the same third
set of SPAD pixels that detects photons reflected from the top surface 508 of the

environmental object 504 during II capture operations 404, as described hereinabove with
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reference to Figure 5).

[0091] The third set of SPAD pixels of the SPAD sensor 502 that detects an avalanche
event during application of the fourth shutter 608 according to the fourth delay 616 may be
tracked as detecting an environmental object (e.g., a portion of the top surface 508) that is
positioned at a depth of about 15 inches from the third set of SPAD pixels (according to the
example distance associated with the fourth delay 616). Such tracking is facilitated, in some
instances, by using per-pixel fourth shutter photon counter(s) 632, which tracks the third set
of SPAD pixels of the SPAD sensor 502 as having detected an avalanche event during
application of the third shutter 606.

[0092] Although Figure 6 illustrates performing each shutter associated with its
respective delay a single time before proceeding to apply a subsequent shutter associated
with a separate delay, one will appreciate, in view of the present disclosure, that a system
may repeat applying any shutter according to its corresponding delay following a respective
light pulse any number of times before (or after) proceeding to a different shutter and delay
in order to achieve a desired signal strength. In some embodiments, a corresponding per-
pixel shutter photon counter tracks the SPAD pixels that detect a photon for each application
of the corresponding shutter, wherein such tracking is based on a combination of results
from each application of the corresponding shutter.

[0093] One will appreciate, in view of the present disclosure, that the shutters applied
during different ToF capture operations 406 may at least partially differ from one another.
For instance, a first ToF capture operation 406 may comprise applying a first shutter
associated with a first delay one or more times over the entire first ToF capture operation
406, whereas a second ToF capture operation 406 may comprise applying a second shutter
associated with a second delay one or more times over the entire second ToF capture
operation 406. Different combinations of shutters may be applied during different ToF
capture operations 406.

[0094] Based on the counts obtained by each per-pixel shutter photon counter, a system
may obtain per-pixel depth values 634. For example, a system may determine which, if any,
SPAD pixels of the SPAD sensor detected a photon during the first shutter 602 according
to the per-pixel first shutter photon counter(s) 620. In the example provided in Figure 6, no
SPAD pixels detected a photon during the first shutter 602, causing no SPAD pixels of the
SPAD sensor 502 to be associated with a depth value associated with the first delay 610.
[0095] Additionally, in some embodiments, a system will determine from the per-pixel

second shutter photon counter(s) 624 that the first set of SPAD pixels detected photons
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during the second shutter 604 (e.g., reflected from the front surface 506 of the environmental
object 504), thereby causing the system to associate a depth value to the first set of SPAD
pixels that corresponds to the second delay 612 (e.g., a depth of 9 inches). Similarly, a
system may determine from the per-pixel third shutter photon counter(s) 628 that the second
set of SPAD pixels detected photons during the third shutter 606 (e.g., reflected from the
right surface 510 of the environmental object 504), causing the system to associate a depth
value to the second set of SPAD pixels that corresponds to the third delay 614. Additionally,
a system may determine from the per-pixel fourth shutter photon counter(s) 632 that the
third set of SPAD pixels detected photons during the fourth shutter 608 (e.g., reflected from
the top surface 508 of the environmental object 504), causing the system to associate a depth
value to the third set of SPAD pixels that corresponds to the fourth delay 616.

[0096] In some instances, one or more SPAD pixels will be counted as detecting photons
during different shutters associated with different delay periods following a light pulse,
indicating different depth values for the same SPAD pixel(s). Furthermore, in some
instances, one or more SPAD pixels will be counted during an application of a shutter as
detecting a photon while being counted as not detecting a photon during a separate
application of the same shutter.

[0097] In view of the foregoing, it will be appreciated that in some implementations, the
per-pixel depth value(s) 634 will be determined based on a combination of results obtained
during separate applications of the same or different shutters (e.g., shutters associated with
the same or different delays). For instance, after one or more ToF capture operations 406
comprising a plurality of shutters, a system may determine a distribution of depth values
counted for each SPAD pixel (e.g., the depth values corresponding to different shutter delays
for which a photon was detected). The system may then select a depth value to each SPAD
pixel based on its respective distribution of detected depth values (e.g., the depth value that
was counted the most times may be assigned as the depth value for the SPAD pixel).
[0098] Similar to the II capture operation(s) 404, readouts may be performed for each
subframe or shutter of a ToF capture operation 406 or in any suitable manner, such as one
readout for each ToF capture operation 406, one readout for each entire frame capture time
period 408, and/or any other appropriate interval.

[0099] In some instances, applying a shutter for a ToF capture operation 406 may
comprise, in addition to pulsing light with an illuminator 516, selectively activating a band
stop filter configured to substantially block light outside of one or more frequency bands

emitted by the illuminator 516 (e.g., when imaging under lighted conditions).
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[00100] The per-pixel depth value(s) 634 obtained over one or more ToF capture
operations 406 of a frame capture time period 408 may be used to provide depth information
(e.g., depth information 304) about a captured environment relative to a SPAD sensor
system. In some implementations, determined/provided depth information will,
advantageously, be at least partially temporally aligned with per-pixel intensity values 514
obtained over one or more interleaved II capture operations 404 of the frame capture time
period 408.

[00101] The foregoing descriptions have been provided in reference to the use of SPAD
arrays within an HMD. However, it will be appreciated that the disclosed functionality and
the scope of the disclosed embodiments also extends, in some alternative embodiments, to
similar use of SPAD arrays with display devices that are not considered HMD devices.

Example Method(s) for Facilitating Intensity Image Sensing Using One or More SPAD

Arrays

[00102] The following discussion now refers to a number of methods and method acts
that may be performed by the disclosed systems. Although the method acts are discussed in
a certain order and illustrated in a flow chart as occurring in a particular order, no particular
ordering is required unless specifically stated, or required because an act is dependent on
another act being completed prior to the act being performed. One will appreciate that
certain embodiments of the present disclosure may omit one or more of the acts described
herein.

[00103] Figure 7 illustrates an example flow diagram 700 depicting acts associated with
facilitating intensity image sensing using one or more SPAD arrays. The discussion of the
various acts represented in the flow diagrams include references to various hardware
components described in more detail with reference to Figure 1.

[00104] Act 702 of flow diagram 700 includes capturing an intensity image of an
environment using a SPAD array. Act 702 is performed, in some instances, by a system 100
utilizing processor(s) 102, storage 104, sensor(s) 110, input/output system(s) 114,
communication system(s) 116, and/or other components. In some implementations,
capturing an intensity image of an environment using a SPAD array comprises counting
avalanche events triggered by the SPAD array over a frame capture time period in response
to detecting photons on a per-pixel basis. Intensity information for the intensity image may
be determined based on the counted per-pixel avalanche events.

[00105] Act 704 of flow diagram 700 includes obtaining depth information associated

with the environment. Act 704 is performed, in some instances, by a system 100 utilizing
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processor(s) 102, storage 104, sensor(s) 110, input/output system(s) 114, communication
system(s) 116, and/or other components. In some implementations, the depth information
associated with the environment is based on time of flight computations performed using
light emitted from an illuminator and detected by the SPAD array. In some implementations,
the depth information associated with the environment is based on stereo depth
computations performed using images captured by a stereo pair of SPAD arrays including
the SPAD array and a second SPAD array. The stereo pair of SPAD arrays may be
synchronized in at least one of exposure or readout.

[00106] Act 706 of flow diagram 700 includes generating a reprojected image by
reprojecting at least a portion of the image of the environment to correspond to a perspective
of the eye of the user. Act 706 is performed, in some instances, by a system 100 utilizing
processor(s) 102, storage 104, communication system(s) 116, and/or other components. The
reprojection may be based on the depth information associated with the environment (e.g.,
whether obtained via time of flight or stereo matching). For example, generating the
reprojected image may include performing per-pixel unprojections based on the depth
information into 3D space and then projecting the 3D points onto 2D points of an image
plane associated with a perspective of a user’s eye. The reprojected image(s) may then be
formed using the coordinates of the 2D points and the corresponding intensity information
from the intensity image(s) described above with reference to act 702.

[00107] Act 708 of flow diagram 700 includes displaying the reprojected image on the
display for viewing by the eye of the user. Act 708 is performed, in some instances, by a
system 100 utilizing processor(s) 102, storage 104, input/output system(s) 114,
communication system(s) 116, and/or other components. The display may comprise an AR
and/or a VR display assembly of an HMD (e.g., HMD 200). In some implementations, a
pixel resolution of the SPAD array matches a pixel resolution of the display.

Example Method(s) for Facilitating Intensity Image Capture and Time of Flight Capture
[00108] Figure 8 illustrates an example flow diagram depicting acts associated with
performing interleaved intensity image capture and time of flight capture operations using
one or more SPAD arrays.

[00109] Act 802 of flow diagram 800 includes performing an intensity image capture
operation. Act 802 is performed, in some instances, by a system 100 utilizing processor(s)
102, storage 104, sensor(s) 110, input/output system(s) 114, communication system(s) 116,
and/or other components. Performing the intensity image operation may include, for each

SPAD pixel of a SPAD array, applying a shutter associated with the SPAD pixel for a first
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gate time period to configure the SPAD pixel to detect a photon.

[00110] Act 804 of flow diagram 800 includes performing a time of flight capture
operation. Act 804is performed, in some instances, by a system 100 utilizing processor(s)
102, storage 104, sensor(s) 110, input/output system(s) 114, communication system(s) 116,
and/or other components. Flow diagram 800 shows that performing act 804 may involve
various sub-component or related acts. For example, act 804 A of act 804 of flow diagram
800 includes, activating an illuminator to emit a pulse of light. In some implementations,
the pulse of light comprises a band of infrared frequencies. Furthermore, in some
implementations, performing the time of flight capture operation includes activating a band
stop filter configured with a stop band frequency that includes one or more frequencies
outside of the band of infrared frequencies of the pulse of light.

[00111] Act 804B of act 804 of flow diagram 800 includes, for each SPAD pixel of the
SPAD array, applying a shutter associated with the SPAD pixel for a second gate time period
to configure the SPAD pixel to detect a photon. In some implementations, the second gate
time period is less than the first gate time period.

[00112] Act 804C of act 804 of flow diagram 800 includes activating the illuminator to
emit a plurality of pulses of light, and act 804D of act 804 of flow diagram 800 includes, for
each SPAD pixel of the SPAD array, applying a plurality of separate shutters associated
with the SPAD pixel, each separate shutter of the plurality of separate shutters being applied
after a respective separate pulse of light of the plurality of pulses of light, and each separate
shutter of the plurality of separate shutters being associated with a respective delay period
following the respective separate pulse of light of the plurality of pulses of light. In some
implementations, each of the plurality of separate shutters is applied for the second gate time
period.

[00113] Act 806 of flow diagram 800 includes iteratively performing the intensity image
capture and time of flight capture operations over a frame capture time period. Act 806 is
performed, in some instances, by a system 100 utilizing processor(s) 102, storage 104,
sensor(s) 110, input/output system(s) 114, communication system(s) 116, and/or other
components. An intensity capture operation may comprise applying any number of shutters
before alternating to performing a time of flight capture operation. Similarly, a time of flight
capture operation may comprise applying any number of shutters before alternating to
performing an intensity capture operation.

[00114] Act 808 of flow diagram 800 includes, for each SPAD pixel of the SPAD array,

counting a number of photons detected from iteratively performing the intensity image
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capture operations. Act 808 is performed, in some instances, by a system 100 utilizing
processor(s) 102, storage 104, sensor(s) 110, input/output system(s) 114, communication
system(s) 116, and/or other components. The per-pixel number of photons (or avalanche
events) detected by each SPAD pixel may provide a basis for determining a respective
intensity value for each SPAD pixel.

[00115]  Act 810 of flow diagram 800 includes, for each SPAD pixel of the SPAD array,
tracking one or more particular separate shutters of the plurality of separate shutters that
detect a photon from iteratively performing the intensity image capture operations. Act 810
is performed, in some instances, by a system 100 utilizing processor(s) 102, storage 104,
sensor(s) 110, input/output system(s) 114, communication system(s) 116, and/or other
components. For each SPAD pixel, the separate shutter(s) tracked to have detected a photon
may provide a basis for determining depth sensed by the SPAD pixel (e.g., based on the
delay following the pulse of light associated with the shutter(s)).

[00116] Act 812 of flow diagram 800 includes, for each SPAD pixel of the SPAD array,
determining a pixel intensity value based on the number of photons detected from iteratively
performing the intensity image capture operations. Act 814 of flow diagram 800 includes,
for each SPAD pixel of the SPAD array, determining a pixel depth value based on the one
or more particular separate shutters of the plurality of separate shutters that detect a photon
from iteratively performing the intensity image capture operations. Acts 812 and/or 814 may
be performed, in some instances, by a system 100 utilizing processor(s) 102, storage 104,
sensor(s) 110, input/output system(s) 114, communication system(s) 116, and/or other
components.

[00117] Act 816 of flow diagram 800 includes generating an image based on the pixel
intensity values or the pixel depth values. Act 816 is performed, in some instances, by a
system 100 utilizing processor(s) 102, storage 104, sensor(s) 110, input/output system(s)
114, communication system(s) 116, and/or other components. In some implementations, the
per-pixel intensity values and the per-pixel depth values may, advantageously, be at least
partially temporally synchronized. The image may comprise a composited three-
dimensional image and intensity image.

[00118] Disclosed embodiments may comprise or utilize a special purpose or general-
purpose computer including computer hardware, as discussed in greater detail below.
Disclosed embodiments also include physical and other computer-readable media for
carrying or storing computer-executable instructions and/or data structures. Such computer-

readable media can be any available media that can be accessed by a general-purpose or
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special-purpose computer system. Computer-readable media that store computer-executable
instructions in the form of data are one or more “physical computer storage media” or
“hardware storage device(s).” Computer-readable media that merely carry computer-
executable instructions without storing the computer-executable instructions are
“transmission media.” Thus, by way of example and not limitation, the current embodiments
can comprise at least two distinctly different kinds of computer-readable media: computer
storage media and transmission media.

[00119] Computer storage media (aka “hardware storage device™) are computer-readable
hardware storage devices, such as RAM, ROM, EEPROM, CD-ROM, solid state drives
(“SSD”) that are based on RAM, Flash memory, phase-change memory (“PCM”), or other
types of memory, or other optical disk storage, magnetic disk storage or other magnetic
storage devices, or any other medium that can be used to store desired program code means
in hardware in the form of computer-executable instructions, data, or data structures and
that can be accessed by a general-purpose or special-purpose computer.

[00120] A “network™ is defined as one or more data links that enable the transport of
electronic data between computer systems and/or modules and/or other electronic devices.
When information is transferred or provided over a network or another communications
connection (either hardwired, wireless, or a combination of hardwired or wireless) to a
computer, the computer properly views the connection as a transmission medium.
Transmissions media can include a network and/or data links which can be used to carry
program code in the form of computer-executable instructions or data structures and which
can be accessed by a general purpose or special purpose computer. Combinations of the
above are also included within the scope of computer-readable media.

[00121]  Further, upon reaching various computer system components, program code
means in the form of computer-executable instructions or data structures can be transferred
automatically from transmission computer-readable media to physical computer-readable
storage media (or vice versa). For example, computer-executable instructions or data
structures received over a network or data link can be buffered in RAM within a network
interface module (e.g., a “NIC”), and then eventually transferred to computer system RAM
and/or to less volatile computer-readable physical storage media at a computer system.
Thus, computer-readable physical storage media can be included in computer system
components that also (or even primarily) utilize transmission media.

[00122] Computer-executable instructions comprise, for example, instructions and data

which cause a general-purpose computer, special purpose computer, or special purpose
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processing device to perform a certain function or group of functions. The computer-
executable instructions may be, for example, binaries, intermediate format instructions such
as assembly language, or even source code. Although the subject matter has been described
in language specific to structural features and/or methodological acts, it is to be understood
that the subject matter defined in the appended claims is not necessarily limited to the
described features or acts described above. Rather, the described features and acts are
disclosed as example forms of implementing the claims.

[00123] Disclosed embodiments may comprise or utilize cloud computing. A cloud
model can be composed of various characteristics (e.g., on-demand self-service, broad
network access, resource pooling, rapid elasticity, measured service, etc.), service models
(e.g., Software as a Service (“SaaS™), Platform as a Service (“PaaS”), Infrastructure as a
Service (“laaS™), and deployment models (e.g., private cloud, community cloud, public
cloud, hybrid cloud, etc.).

[00124] Those skilled in the art will appreciate that the invention may be practiced in
network computing environments with many types of computer system configurations,
including, personal computers, desktop computers, laptop computers, message processors,
hand-held devices, multi-processor systems, microprocessor-based or programmable
consumer electronics, network PCs, minicomputers, mainframe computers, mobile
telephones, PDAs, pagers, routers, switches, wearable devices, and the like. The invention
may also be practiced in distributed system environments where multiple computer systems
(e.g., local and remote systems), which are linked through a network (either by hardwired
data links, wireless data links, or by a combination of hardwired and wireless data links),
perform tasks. In a distributed system environment, program modules may be located in
local and/or remote memory storage devices.

[00125] Alternatively, or in addition, the functionality described herein can be
performed, at least in part, by one or more hardware logic components. For example, and
without limitation, illustrative types of hardware logic components that can be used include
Field-programmable Gate Arrays (FPGAs), Program-specific Integrated Circuits (ASICs),
Application-specific Standard Products (ASSPs), System-on-a-chip systems (SOCs),
Complex Programmable Logic Devices (CPLDs), central processing units (CPUs), graphics
processing units (GPUs), and/or others.

[00126] As used herein, the terms “executable module,” “executable component,”

2 <¢

“component,” “module,” or “engine” can refer to hardware processing units or to software

objects, routines, or methods that may be executed on one or more computer systems. The
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different components, modules, engines, and services described herein may be implemented
as objects or processors that execute on one or more computer systems (e.g. as separate
threads).

[00127] One will also appreciate how any feature or operation disclosed herein may be
combined with any one or combination of the other features and operations disclosed herein.
Additionally, the content or feature in any one of the figures may be combined or used in
connection with any content or feature used in any of the other figures. In this regard, the
content disclosed in any one figure is not mutually exclusive and instead may be combinable
with the content from any of the other figures.

[00128] The present invention may be embodied in other specific forms without
departing from its spirit or characteristics. The described embodiments are to be considered
in all respects only as illustrative and not restrictive. The scope of the invention is, therefore,
indicated by the appended claims rather than by the foregoing description. All changes
which come within the meaning and range of equivalency of the claims are to be embraced

within their scope.
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CLAIMS
1. A system for facilitating temporally aligned intensity image capture and time
of flight capture, comprising:

a single photon avalanche diode (SPAD) array comprising a plurality of
SPAD pixels;

one or more processors; and

one or more hardware storage devices storing instructions that are executable
by the one or more processors to configure the system to facilitate intensity image
capture and time of flight capture by configuring the system to:

perform interleaved intensity image capture and time of flight capture

operations using the SPAD array.

2. The system of claim 1, further comprising an illuminator, and wherein:

the intensity image capture operation comprises:

for each SPAD pixel of the SPAD array, applying a shutter associated
with the SPAD pixel for a first gate time period to configure the SPAD pixel
to detect a photon; and
the time of flight capture operation comprises:

activating the illuminator to emit a pulse of light; and

for each SPAD pixel of the SPAD array, applying a shutter associated
with the SPAD pixel for a second gate time period to configure the SPAD
pixel to detect return light.

3. The system of claim 2, wherein the second gate time period is less than the

first gate time period.

4, The system of claim 2, wherein the pulse of light comprises a band of

infrared frequencies.

5. The system of claim 4, wherein the time of flight capture operation
comprises:
activating a band stop filter configured with a stop band frequency that

includes one or more frequencies outside of the band of infrared frequencies.
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6. The system of claim 2, wherein the time of flight capture operation
comprises:

activating the illuminator to emit a plurality of pulses of light; and

for each SPAD pixel of the SPAD array, applying a plurality of separate
shutters associated with the SPAD pixel, each separate shutter of the plurality of
separate shutters being applied after a respective separate pulse of light of the
plurality of pulses of light, and each separate shutter of the plurality of separate
shutters being associated with a respective delay period following the respective

separate pulse of light of the plurality of pulses of light.

7. The system of claim 6, wherein each of the plurality of separate shutters is

applied for the second gate time period.

8. The system of claim 6, wherein the instructions are executable by the one or
more processors to configure the system to:
iteratively perform the intensity image capture and time of flight capture

operations over a frame capture time period.

9. The system of claim 8, wherein the instructions are executable by the one or
more processors to configure the system to:
for each SPAD pixel of the SPAD array, count a number of photons detected

from iteratively performing the intensity image capture operations.

10.  The system of claim 9, wherein the instructions are executable by the one or

more processors to configure the system to:
for each SPAD pixel of the SPAD array, track one or more particular separate
shutters of the plurality of separate shutters that detect a photon from iteratively

performing the intensity image capture operations.

11.  The system of claim 10, wherein the instructions are executable by the one
or more processors to configure the system to:

for each SPAD pixel of the SPAD array, determine a pixel intensity value
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based on the number of photons detected from iteratively performing the intensity

image capture operations.

12.  The system of claim 11, wherein the instructions are executable by the one
or more processors to configure the system to:
for each SPAD pixel of the SPAD array, determine a pixel depth value based
on the one or more particular separate shutters of the plurality of separate shutters
that detect a photon from iteratively performing the intensity image capture

operations.

13.  The system of claim 12, wherein the instructions are executable by the one
or more processors to configure the system to:
generate a composite intensity and 3D image based on the pixel intensity

values or the pixel depth values.

14. The system of claim 12, wherein the system comprises a head-mounted
display (HMD) comprising a display positioned to display images for viewing by an eye of

a user.

15.  The system of claim 14, wherein the instructions are executable by the one
or more processors to configure the system to:
generate a reprojected image by reprojecting at least a portion of an image
based on the pixel intensity values to correspond to a perspective of the eye of the
user, the reprojection using the pixel depth values; and

present the reprojected image on the display.
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