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(57) Abstract: A method may include obtaining an infrared image of an object and determining a difference of Gaussian image that
represents features of the infrared image that have spatial frequencies within a spatial frequency range defined by a first Gaussian
operator and a second Gaussian operator. The method may also include identifying one or more blob regions within the difference of
Gaussian image. Each blob region of the one or more blob regions includes a region of connected pixels in the difference of Gaussian
image. The method may further include, based on identifying the one or more blob regions within the difference of Gaussian image,
determining that the infrared image represents the object illuminated by a pattern projected onto the object by an infrared projector.
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DETECTION OF PROJECTED INFRARED PATTERNS USING DIFFERENCE OF
GAUSSIAN AND BLOB IDENTIFICATION

BACKGROUND

[0861] A three-dimensional shape of an object in an environment may be determined by a
computing device based on data from one or more depth sensors. The three-dimensional
shape may be represented as a two-dimensional image where each pixel indicates the distance
between the depth sensor and a corresponding point on the obicet or in the environment. The
depth sensor can operate to determine this distance according to a number of different
techniques, including stereo triangulation, structured light, time-of-flight, coded aperture, or a
combination thereof, among other possibilities.

{802] A depth sensing system may utilize a projection of infrared structured light to
determine the three-dimensional shape of a target object. The infrared structured light may
mclude a pattern, such as a dot pattern, with which the target object is lluminated while an
mfrared image of the object is captured fo be used in computing the three-dimensional shape
thereof. In order to compute the three-dimensional shape, a computing device may first
determine whether a given infrared image represents the projected structured light pattern by
attempting to detect therein the pattern.

10863] To that end, an infrared mmage may first be convelved with two Gaussian operators,
cach acting as a low-pass filter with a differcnt cut-off frequency. A ditfercnce of these
convolutions may be computed to determuine a difference of Gaussian image that preserves
tmage featares in a spatial frequency range defined by the respective cut-off frequencies of
the two Gaussian operators. Connected regions of pixels may be detected within the
difference of Gaussian image and a subset of these connected regions that have certam
geometric propertics may be identified as blob regions. The number, position, or other
attnibutes of the blob regions may be used to determine whether the infrared image represents
the object illununated by the infrared structured hight pattern and/or the specific type of
mfrared structured light pattern with which the object 1s illummated. The blob regions may
also be used to facilitate the calculation of various depth distances associated with different
portions, regions, or features of the object.

[304] Accordingly, in a first example embodiment, a method is provided that includes

obtaining, by a computing system, an infrared tmage of an object. The method also mchudes
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determining, by the computing system, a difference of Gaussian mmage that represents
features of the infrared 1image that have spatial frequencies within a spatial frequency range
defined by a first Gaussian operator and a second Gaussian operator. The method additionally
meludes identifying, by the computing system, one or more blob regions within the
difference of Gaussian image. Each blob region of the one or more blob regions mchudes a
region of connected pixels in the difference of Gaussian image. The method further includes,
based on identifving the one or more blob regions within the difference of Gaussian image,
determining, by the computing system, that the infrared image represents the object
itHuminated by a pattern projected onto the object by an infrared projector.

{005 In a second examplec cmbodiment, a svstem 15 provided that includes an infrared
projector configured 1o project a pattern, an infrared image sensor, a processor configured to
perform operations. The operations include operating the infrared projector to project the
pattern onto an object and operating the infrared image sensor to capture an infrared image of
the object. The operations also include determining a differcnce of Gaussian image that
represents features of the infrared 1mage that have spatal frequencics within a spatial
frequency range defined by a first Gaussian operator and a second Gaussian operator. The
operations additionally include identifying one or more blob regions within the difference of
Gaussian image. Each blob region of the one or more blob regions mcludes a region of
connected pixels in the difference of Gaussian image. The operations further include, based
on identifying the onc or more blob regions within the difference of Gaussian image,
determuning that the infrared image represents the object lluninated by the pattern projected
onto the object by the infrared projector.

1066] In a third example embodiment, a non-transitory compuicr-readable storage
medium is provided, having stored thereon instructions that, when exccuted by a computing
device, cause the computing device to perform operations. The operations include obtaining
an infrared image of an object. The operations also include determining a difference of
Gaussian image that represents features of the infrared image that have spatial frequencics
within a spatial frequency range defined by a first Gaussian operator and a second Gaussian
operator. The operations additionally include identifving one or more blob regions within the
difference of Gaussian image. Each blob region of the one or more blob regions includes a
region of connected pixels in the difference of Gaussian tmage. The operations further
mcelude, based on wdentifying the one or more blob regions within the difference of Gaussian
image, determining that the mfrared image represents the object illuminated by a pattern

projected onto the object by an infrared projector.
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[867] In a fourth example emboediment, a system is provided that ncludes means for
obtaining an infrared image of an object. The system also ncludes means for determining a
difference of Gaussian image that represents features of the infrared image that have spatial
frequencies within a spatial frequency range defined by a first Gaussian operator and a
second Gaussian operator. The system additionally includes means for identifyving one or
morg blob regions within the difference of Gaussian image. Each blob region of the one or
more blob regions includes a region of connected pixels in the difference of Gaussian image.
The system further includes means for determining, based on identifying the one or more
blob regions within the difference of Gaussian image, that the infrared mmage represents the
object illuminated by a pattern projected onto the object by an infrared projector.

[668] The foregomg summary is illusirative only and is not intended to be in any way
Iimiting. In addition to the iHustrative aspects, embodiments, and features described above,
further aspects, embodiments, and features will become apparent by reference to the figures
and the following detailed description and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[869] Figure 1 illustrates an mfrared image capture svstem, in accordance with example
embodiments.

{018} Figure 2 illustrates a computing system, in accordance with example embodimenis.

[011] Figure 3A ilusirates an image processing system, m accordance with example
embodiments.

1012] Figure 3B illustrates an 1mage classification system, inn accordance with example
crabodiments.

[813] Figure 3C ilustrates a parameter selection process, in accordance with example
embodiments.

{014} Figure 4A illustrates a stereoscopic tmaging svstem, in accordance with cxample
embodiments.

{015] Figure 4B illustrates a mapping between two images, in accordance with example
embodiments.

[016] Figure 5 illustrates an image classification system, i accordance with example
embodiments.

[817] Figure 6 ilustrates an artificial neural network, 1n accordance with example
embodiments.

[318] Figure 7 illustrates a flow chart, in accordance with example embodiments.
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BETAILED DESCRIPTION

[819] Example methods, devices, and systems are described herein. It should be
understood that the words “example” and “exemplary” are used herein to mean “serving as an
exarple, instance, or dlustration.” Any embodiment or feature described hercin as being an
“example” or “exemplary” s not necessarily to be construed as preferred or advantageous
over other embodiments or featurcs unless mdicated as such. Other cmbodiments can be
ptilized, and other changes can be made, without departing from the scope of the subject
matter presented herein.

[820] Thus, the example embodiments described herein are not meant to be limiting. It
will be readily understood that the aspects of the present disclosure, as generally described
herein, and illustrated in the figures, can be arranged, substituted, combined, separated, and
designed m a wide variety of different configurations.

{821] Throughout this description, the articles “a” or “an” are ased to introdoce elements
of the example embodiments. Any reference to “a” or “an” refers to “at least one.” and any
reference to “the” refers to “the at least one,” unless otherwise specified, or unless the context
clearly dictates otherwise. The intent of using the conjunction “or” within a described hist of
at least two terms 18 to indicate any of the histed terms or any combination of the listed terms.

[022] The use of ordinal numbers such as “first,” “second,” “third” and so on is to
distingwish respective elements rather than to denote a particular order of those elements. For
purpose of this description, the terms “multiple” and “a plurality of” refer to “two or more” or
“more than ong.”

{023} Further, unless context suggests otherwise, the features illustrated in cach of the
figures may be used in combination with one another. Thus, the figures should be generally
viewed as component aspects of one or more overall embodiments, with the understanding
that not all illustrated features are necessary for cach embodiment. In the figures, similar
symbois typically identify sinuiar components, unless context dictates otherwise. Further,
unless otherwise noted, figures are not drawn to scale and are used for illustrative purposes
only. Moreover, the figures are representational only and not all components are shown.

1024] Additionally, any enumeration of elements, blocks, or steps in this specification or
the claims 1s for purposes of clanty. Thus, such enumeration should not be iterpreted to
require or imply that these elements, blocks, or steps adhere to a particelar arrangement or are
carried out in a particular order.

L. Overview
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[825] A depth sensing system may include an infrared projector configured to project
structired light onto an object, scene, or environment to determine the three-dimensional
shape thereof. The structured light may define a patiem, such as a dot pattern and/or a flood
pattern, with which the object, scene, or environment is illuminated. The depth sensing
system may also include an infrared camera configured to captore an infrared image of the
object while it is illuminated by the infrared structured light pattern. The captured infrared
mmage may be used in computing the three~-dimensional shape of the object.

{826] In some cases, however, when an mfrared mmage is captured, it might not be known
whether this infrared mmage actually represents the object iluminated by the nfrared pattern
and/or what type of pattern the object s illununated with. In one example, the infrared
projector and the infrared camera might not be correctly synchromized. Thus, some infrared
tmages may represent the pattern projected by the infrared projector, while other might not.
Similarly, when the infrared projector projects multiple different patterns, or when two or
more different infrared projectors each project a corresponding different patiern, it might not
be know which pattern, if any, a given infrared image represents.

1027] In another example, the infrared projector and the infrared camera may be partof a
first subsystem of a computing device {¢.g., facial recognition system) and may be correctly
synchronized with each other. However, the computing device may also mclude a second
subsystem {e.g., iris recognition and tracking syvstem) that includes an additional infrared
projector and camera which are not synchronized with the first subsystem. Due to the lack of
synchronization between these subsystems, the two subsystems may interfere with one
another. That 15, for example, the second subsysiem may project its corresponding infrared
pattern while the first subsystem is atfempting to capture an image that does not inclade a
structured light pattern or that includes its own structured light pattern.

1028} Similarly, when multiple different computing devices that include respective depth
sensing systems are used i close proximity to one another, these devices may interfere with
one another. Namely, while a first device is capturing an infrared image of a structured light
pattern projected by the nfrared projector thereof onto an object, a second computing device
may project a portion of its own structured hight pattern onto the object. Sach a case may
arise, for example, when two asers of smartphones equipped with respective depth sensing
systerns use the smartphones in the same room. Notably, regardless of whether the patterns
projected by the first and second computing device are the same or different, the presence of

additional, unexpected pattern elements n an infrared image may make such an image
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unsuitable for use in depth sensing. This type of mterference may occur even when the
mfrared projectors and cameras of a computing device are internally syachronized.

[029] Thus, in order 1o compute the three-dimensional shape of an object {or use the
mirared image for other applications), a computing device mayv first determine whether a
given infrared image represents a particular structored hight pattern. In one example, the
computing device may be configured to differentiate between images that represent the object
tHuminated by a dot pattern and a flood pattem, although differentiation among other types of
patterns is also possible. The dot pattern may include circular dots, while the flood pattern
may be uniform. That 1s, the flocd pattern may project an equal amount of Hight at all points
along the object and thus might not include any discemible mndividual clements.

{030} In order to detect a structured light pattern in an mfrared image, the computing
device or system may first compute a first convolution of the mfrared image with a first
Gaussian operator and a second convolution of the infrared image with a second Gaussian
operator. The first and second convolutions may generate respective intermediate images. A
difference of these intermediate images may be computed to determine a difference of
Gaussian image that represents featares of the infrared tmage that have spatial frequencies
within a spatial frequency range defined by the first and second Gaussian operators.

[831] Namely, convolution of the nfrared image with a Gaussian operator operaies as a
low-pass filter that preserves image features with spatial frequencies below a corresponding
cut-off frequency and removes spatial features with spatial frequencies above the
corresponding cut-off frequency. The cut-off frequency may be defined by the standard
deviation of a Gaussian distribotion on which the Gaussian operator is based. The first and
second Gaussian operators may each have a different cut-off frequency. For example, the cut-
off frequency of the second Gaussian operator may be higher than the cut-off frequency of
the first Gaussian operator.

[832] Thus, the difference of the intermediate images deternined through the
convolutions with the respective Gaussian operators acts as a band-pass filier that preserves
image features having spatial frequencies above the cut-off frequency of the first Gaussian
operator and below the cut-off frequency of the second Gaussian operator. By adiusting the
respective standard deviations of the Gaussian operators, the system may be configured to
accommodate a different range of spatial frequencies, and thus a different range of structured
light patterns and distances between the imfrared projector and the object at the moment of

Hage acquisition.
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[833] The difference of Gaussian image may be further processed in an attempt to
wdentify therein blob regions that may represent the dot pattern. Notably, blob regions may
sometimes be referred to simply as blobs. To that end. the computing device may identify
connected regions of pixels that cach have the same or nearly the same pixel values. For
example, in an implementation where the difference of Gaussian image is thresholded to
generate a binary image, one example conngcted region may be defined by a group of white
pixels, where cach pixel in the group is adjacent {c.g., horizontally, vertically, or diagonally}
to at least one other white pixel. Altemnatively or additionally, in an implementation where the
difference of Gaussian image is a grayscale image, another example connected region may be
defined by a group of adjacent pixels with values between 0 and 7 (where, ¢.g., the value of
each pixel could range from 0 to 255). Other definitions of a connected region are possible.

[834] From these connected regions, the computing device may identify connected
regions that have particular geometrc atiributes. In the case of the dot pattern, connected
regions that include a number of pixels within a predetermined range and have at least a
munimum circulanty metric assoctated therewith {i.¢., at least approximate a circular shape)
may be identified as blob regions. Other metrics may be utilized when the elements of the
projecied pattern are of a different shape. In the case of square pattemn clements for example,
a connected region may be identified as a blob region when it includes a number of pixels
within the predetermined pixel range, when the sides of the connected region approximate
lines (e.g., as quantified by a least squares calculation), and when the ratio of the long side to
the short side of the connected region is within a threshold distance of one.

[68353] Based on the number, density, locations, or other attributes of the identified blob
regions, the computing device may determine whether the analvzed image represents the
object illuminated by a particular infrared light pattern. For example, when the number of
blob regions exceeds a threshold value, an mfrared 1image may be determined fo represent a
dot pattern. On the other hand, when the number of blob regions does not exceed the
threshold value, the infrared image may be determined to represcnt a flood patiemn {or no
pattern af all).

[836] In some implementations, an image that represents a dot pattern may be paired with
an image that represents a flood pattern. That 15, the computing device may capture both of
these images i close succession, with the flood tmage being used as a reference for the dot
mage, for example. In such cases, cach image may be processed as described above to
wdentify therein blob regions. Based on the relative number of blob regions in cach image, the

computing device may determine a likelihood that the two mmages do, in fact, represent
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different pattern {1.¢., dot and flood}. When the likelthood excesds a threshold confidence
value, the image with the greater number of blob regions may be identified as the dot image
{(1.c., image representing the dot pattern) and the image with fower nuraber of blob regions
may be dentified as the flood image (1.e., image representing the flood patiemn).

[837] In another example, the operations herein described may be used by a stereoscopic
imaging system to determine the spatial corrgspondence between two siercoscopic images.
Mamely, a given dot of the projected dot patiem is projected onto a particular physical
position on the object but occupies a different area in pixel space of each of the two infrared
images of the object. Thus, the difference 1 position of the dot in pixel space between the
two images may be used to determine the disparity between the images and thus triangulate
the distance to the corresponding phyvsical pomnt on the object. Identifving the blob regions
allows cach blob region to serve as an easily-identifiable reference point o be used m
triangulation of different surfaces that make up a particular object.

II. Example Computing Systems

[838] Figure 1 illustrates an example form factor of an infrared image capture system
100. Infrared image capture system 100 may be, for example, a mobile phone, a tablet
computer, or a wearable computing device. However, other crmobodiments are possible.
Infrared 1mage capture system 100 may include vanous elements, such as body 102, display
106, and buttons 108 and 110. Infrared image captore system 100 may further melude front-
facing camera 104, rcar-facing camera 112, front-tacing infrared camera 114, first infrared
pattern projector 116, and second infrared pattern projector 118,

[6839] Front-facing camera 104 may be positioned on a side of body 102 typically facing a
pser while in operation {e.g., on the same side as display 106}, Rear-facing camera 112 may
be posttioned on a side of body 102 opposite fromi-facing camera 104. Referring to the
cameras as front and rear facing 1s arbitrary, and infrared image capture system 100 may
mclade multiple cameras positioned on various sides of body 102, Front-facing camera 104
and rear-facing camera 112 may cach be configured to capturc images in the visibic hght
spectrum.

[340] Display 106 could represent a cathode rav tube (CRT) display, a hight emitting
diode (LED) display, a hiquid crystal (LCD} display, a plasma display, or any other type of
display known in the art. In some cmbodiments, display 106 may displav a digital
representation of the current image being captured by front-facing camera 104, rear-facing
camera 112, and/or infrared camera 114, and/or an image that could be captured or was

recently captured by one or more of these cameras. Thus, display 106 may serve as a
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viewfinder for the cameras. Display 106 may also support touchscreen functions that may be
able to adjust the settings and/or configuration of any aspect of infrared image capture system
100,

[841] Front-facing camera 104 may include an image sensor and associated optical
clements such as lenses. Front-facing camera 104 may offer zoom capabiliies or could have
a fixed focal length. In other embodiments, mterchangeable lenses could be used with front-
facing camera 104, Front-facing camera 104 may have a variable mechanical aperture and a
mechanical and/or electronic shutier. Front-facing camera 104 also could be configured to
capture still images, video images, or both, Further, front-facing camera 104 could represent
a monoscopie, stereoscopic, or multiscopic camera. Rear-facing camera §12 and/or infrared
camera 114 may be smularly or differently arranged. Additionally, one or more of front-
facing camera 104, rear-facing camera 112, or mfrared camera 114, may be an array of one or
MOore Cameras.

[042] Either or both of front facing camera 104 and rear-facing camera 112 may include
or be associated with an iHlumination component that provides a light field m the visible hight
spectrum to illuminate a target object. For instance, an illumination component could provide
flash or constant ilumination of the target object. An Ulumination component could also be
configured to provide a light ficld that includes one or more of structured light, polanzed
hight, and hight with specific spectral content. Other types of light ficlds known and used to
recover three-dimensional (303) models from an object are possible within the context of the
embodiments herein.

[6843] First mfrared pattern projector 116 and second infrared pattern projector 118 may
cach be configured to project a corresponding infrared structured hight pattern onto the target
object. In one example, first infrared projector 116 may be configured to project a dot pattern
and second infrared projector 118 may be configured to project a flood pattern. Thus, first
and second infrared projectors 116 and 118 may be used in combination with infrared camera
114 to deternune a plurality of depth values corresponding to different physical features of
the target object.

[844] Namely, first infrared projector 116 may project a known dot pattern onto the target
object, and infrared camera 114 may capture an infrared image of the target object that
mecludes the projected dot pattern. fnfrared 1mage capture systermn 100 may then determine a
correspondence between a region i the captured infrared mmage and a particular part of the
projected dot pattern. Given a position of first infrared projector 116, a position of infrared

camera 114, and the location of the region corresponding to the particular part of the
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projected dot pattern within the captured infrared tmage, mfrared image capture system 100
may then use triangulation to estimate a depth to a surface of the target object.

1045} By repeating this for different regions corresponding to differcnt parts of the
projected dot patiern, infrared image capture system 100 mav estimate the depth of various
physical features or portions of the target object. In this way, infrared image capture system
100 may be used to generate a three-dimensional (3D} model of the target object. Second
mfrared projector 118 may be used to illuminate the target object with a flood pattern to
compensate for different highting conditions {e.g., in dark environments). That is, second
mfrared projector 118 may allow the images captured by infrared camera 114 to represent the
target object illuminated with a substantially constant infrared power across different
environments and lighting conditions.

[846] The flood pattem projected by second mfrared projector 118 may provide constant
and uniform illamination. That is, the flood pattern might not mclude anv distinct features
{c.g., it might not be structured}. Second infrared projector 118 may instead project mfrared
hight with uniform intensity onto different portions of the obiect. On the other hand, the dot
pattern projected by first infrared projector 116 may mclude distinet dots. An object
illuminated by the dot pattemm may appear to be speckled with distinct dois in the infrared
spectrum.

847] In some embodiments, the projected dot pattern may be a known or an otherwise
predetermined pattern that 1s a unique combination or arrangement of dots. When the dot
pattern 1s predetermined, umique portions of that patiemn mayv be located within captured
mfrared images and may provide a reference point for triangulation. For example, once a
unique portion of a predetermined patiern is identified in a captured infrared image,
propertics of that unique portion of the predeternuned pattern {such as its size and location)
can be used as a basis to determine the depth of a surface on which that unique portion is
projected.

[048] In other embodiments, the projected dot pattern may be randomly gencrated. In
some implementations, multiple wfrared hight images may be captured of a changing
randomly-generated projected dot pattern. Notably, although the pattern may be randomly
generated, it may nevertheless be known 1o a computing device. Thus, the computing device
cmploying structured-light processing may derive depth information for each infrared light
mmage. The depth mfommation corresponding to cach different pattern can then be combmed

to generate a more accurate or complete depth map.
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[349] Notably, although a dot pattern is used herein throughout for the pumpose of
example, the techniques described herein may also be adapted for other types of patterns. For
cxample, in some implementations, the projected pattern mayv nclude elements that are
rectangular {e.g., stnipes, horizontal bars, and/or vertical bars), triangular, oval, gnd-like, or
trregular in shape, among other possibilities.

{050} Jnfrared 1mage capture system 100 may also include an ambient light sensor that
may continuousty or from time to tune determine the ambicnt brightness of a scene {e.g., n
terms of visible and/or infrared light} that cameras 104, 112, and/or 114 can capture. In some
implementations, the ambient light sensor can be used to adjust the display brightness of
display 106. Additionally, the ambicnt light sensor may be used to determine an oxposure
length of one or more of cameras 104, 112, or 114, or to help 1n this determination.

051 Infrared mage captore system 100 could be configured to use display 106 and
front-facing camera 104, rear-facing camera 112, and/or front-facing infrared camera 114 to
capture tmages of a target object. The captured images could be a plurality of still images or a
video stream. The image capture could be triggered by activating button 108, pressing a
softkey on display 106, or by some other mechanism. Depending upon the tmplementation,
the images could be captured automaticallv at a specific time interval, for exarple, upon
pressing button 108, upon appropnate lighting conditions of the target object, upon moving
digital camera device 100 a predetermined distance, or according to a predetermined capture
schedule.

[052] As noted above, the functions of mfrared image capture system 100 may be
mtegrated into a computing device, such as a wireless computing device, cell phone, tablet
computer, laptop computer and so on. For purposes of exaraple, Figure 2 1s a simplified block
diagram showing some of the components of an example computing device 200 that may
melude camera components 224, Notably, computing device 200 may represent or may form
part of a robotic device configured to perform the operations hercin disclosed i order to
navigate through an covironment, manipulate obiects, and perform other robotic tasks.

[333] By way of example and without limitation, computing device 200 may be a cellnlar
mobile telephone (e.g., a smartphone), a still camera, a video camera, a computer (such as a
desktop, notebook, tablet, or handheld computer}, personal digital agsistant {(PDA), a home
automation component, a digital video recorder (IDVR), a digital television, a reraote control,
a wearable computing device, a gaming console, a robotic device, or some other tvpe of
device equipped with at least some image capture and/or image processing capabilities. It

should be understood that computing device 200 may represent a physical depth sensing
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system, a particular physical hardware platform on which a depth sensing application
operates in software, or other combinations of hardware and software that are configured to
carry out depth sensing and 3D model generation functions.

{054} As shown m Figure 2, computing device 200 may include comnmuunication nterface
202, user interface 204, processor 206, data storage 208, and camera components 224, all of
which may be communicatively linked together by a system bus, network, or cther
connection mechanism 210,

[0853] Communication mnterface 202 may allow computing device 200 to communicate,
using analog or digital modulation, with other devices, access networks, and/or transport
networks. Thus, communication interface 202 may facilitate circuit-switched and/or packet-
switched communication, such as plain old telephone service (POTS) commumication and/or
Internet protocol (IP)} or other packetized communication. For instance, communication
mterface 202 may include a chipset and antenna arranged for wireless communication with a
radio access network or an access point. Also, communication interface 202 may take the
form of or include a wireline interface, such as an Ethemet, Universal Senal Bus (USB), or
High-Definition Multimedia Interface (HDMI) port. Communication interface 202 may also
take the form of or include a wireless imterface, such as a Wifi, BLUETOOTH®, global
posttioning system (GPS), or wide-area wireless interface (e.g., WiMAX or 3GPP Long-
Term Bvolution (LTE}}. However, other forms of physical laver imterfaces and other types of
standard o7 proprictary communication protocols may be used over communication interface
202, Furthermore, commumication interface 202 may comprise multiple physical
communication interfaces (e.g., a Wifi interface, a BLUETOOTH® mterface, and a wide-
arca wireless mterface).

1056} User interface 204 may function to allow computing deviee 200 to interact with a
human or non-human user, such as to receive input from a user and to provide output to the
user. Thus, user interface 204 may include tnput components such as a kevpad, kevboard,
touch-scusitive pancl, computer mouse, trackball, jovstick, microphone, and so on. User
mterface 204 may also mclude one or more output components such as a display screen
which, for example, may be combined with a touch-sensitive panel. The display screen may
be based on CRT, LCD, and/or LED technologies, or other technologies now known or later
developed. User interface 204 may also be configured to gencrate audible output{s), via a
speaker, speaker jack, audio output port, audio output device, carphones, and/or other similar

devices.
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[857] In some embodiments, user iterface 204 may include a display that serves as a
viewfinder for still camera and/or video camera functions supported by computing device 200
{c.g., in both the visible and infrared spectrum). Additionally, user mterface 204 may include
one or more buitons, switches, knobs, and/or dials that facibiiate the configuration and
focusing of a camera funmction and the captoring of images. It may be possible that some or all
of these buttons, switches, knobs, and/or dials are mmplemented by way of a touch-sensitive
panel.

J338] Processor 206 may comprisc one or more gencral pwrpose processors -~ €.g.,
microprocessors — and/or one or more special purpose processors — ¢.g., digital signal
processors (3SPs), graphics processing units (GPUs), floating point units (FPUs), network
processors, or application-specific mtegrated circuits (ASICs). In some mstances, special
purpose processors may be capable of image processing, tmage alignment, and merging
mmages, among other possibilities. Data storage 208 may include one or more volatile and/or
non-volatile storage components, such as magnetic, optical, flash, or organic storage, and
may be mtegrated in whole or n part with processor 206. Data storage 208 may include
removable and/or non-removable components.

[059] Processor 206 may be capable of executing program instructions 218 (c.g.,
corapiled or non-compiled program logic and/or machine code} stored m data storage 208 to
carry out the various functions described herein. Therefore, data storage 208 may include a
non-transitory computer-readable medium, having stored thercon program instructions that,
upon execution by compuiing device 200, cause computing device 200 to carry out any of the
methods, processes, or operations disclosed m this specification and/or the accompanying
drawings. The execution of program instructions 218 by processor 206 mayv result n
processor 206 using data 212,

{060 By way of example, program nstructions 218 may include an operating system 222

{e.g., an operating system kernel, device driver(s), and/or other modules} and one or more

application programs 220 {c.g., camcra functions, address book, email, web browsing, social
networking, and/or gaming applications) mstalled on computing device 200. Similarly, data
212 may mclude operating system data 216 and application data 214, Operating system data
216 may be accessible primarily to operating system 222, and application data 214 may be
accessible primarily to one or more of apphication programs 220. Application data 214 may
be arranged in a file system that 1s visible to or hidden from a user of computing device 200.
{1861} Application programs 220 may communicate with operating system 222 through

one or more application programming interfaces (APls). These APIs may facilitate, for
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mstance, application programs 220 reading and/or writing application data 214, transmitting
or receiving information via communication interface 202, receiving and/or displaying
information on user interface 204, and so on.

[862] In some vernaculars, application programs 220 may be referred to as “apps™ for
short. Additionally, application programs 220 may be downloadable to computing device 200
through one or more onling application stores or application markets. However, application
programs can also be instalied on computing device 200 in other ways, such as via a web
browser or through a physical interface {¢.g., 2 USB port} on computing device 200.

10863] Camera components 224 may include, but are not limited to, an aperture, shutter,
recording surface (c.g., photographic film and/or an image sensor), lens, shutter button,
mirared projectors, and/or visible-light projectors. Camera components 224 may nclude
components configured for capturing of images in the visible-light spectrum {cg.,
clectromagnetic radiation having a wavelength of 330 - 700 nanometers) and components
configured for capturing of images m the infrared light spectrum (c.g.. clectromagnetic
radiation having a wavelength of 701 nanometers - | millimeter). Camera components 224
may be controlled at least in part by software executed by processor 206,

111, Example Dot Pattern Detection Operations

[0664] Figure 3A illustrates an example system for identifving blob regions n infrare
tmages. Namely, image processing system 300 may be configured to receive as input infrared
mmage 302 and generate as output at feast (1) image 310 {which may be referred 1o as a blob
region image) that represents any detected biob regions and/or (i1) a number of blob regions
detected i 1mage 302, Infrared image 302 may represent an object, in this case a baseball,
tHuminated by an mfrared light patiern projected outo the object by an infrared projector.
Accordingly, zero or more of any detected blob regions may each represent distinet elemends
of the projected patiern. Notably, the object may alternatively be any other physical object of
mterest (¢.g., a human face or multiple items distributed across an environment).

[0365] For cxample, when the projected pattern 15 a dot pattem, a particular blob region
may represent a corresponding dot of the dot patiern that has been projected onto the object
and detected within the captured infrared image. Thus, image processing system may be used
to determine whether mfrarcd image 302 represents the object illuminated by an infrared
pattern, determine a type of the infrared patiern represented in infrared image 302, and/or
determine the number of elements in the infrared pattern, among other functions.

[866] In order to detect and count blob region in infrared tmage 302, image processing

system 300 may be configured to convolve mfrared image 302 with (i) a first Gaussian
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operator, as indicated by block 304A, and (11} a second Gaussian operator, as indicated by
block 304B. Blocks 304A and 3048, as well as block 308, may represent hardware, software,
or a combination thercof configured to execute corresponding operations of image processing
systern 300,

1867] Conveolution of a Gaussian operator with infrared image 302 may operate as a low-
pass filter that removes from infrared image 302 features that have a spatial frequency above
a particular cut-off frequency {(and preserves features below this cut-off frequency). In one
example, a Gaussian operator may be a square region of pixels {e.g., a 5 pixel by 5 pixel
region} whose pixel values approximate those of a Gaussian distribution with a particular
standard deviation. Removal of a feature with a particular spatial frequency may involve
attenuation of a signal power associated with that frequency to below a threshold power level.

[868] The first and second Gaussian operators may each have different corresponding
standard deviations and thus, when convelved with mmage 302, operate as low-pass filters
with different corresponding cut-off frequencies. Namely, the first Gaussian operator may
have a first standard deviation and a corresponding first cut-off frequency. The second
Gaussian operator may have a second standard deviation that is different from the first
standard deviation, and a corresponding second cut-off trequency that is different from the
first cut~-off frequency.

{869] In one example, the second cut-off frequency is higher than the first cut-off
frequency. Thus, the convolution in block 3048 may preserve more high-frequency features
of mfrared mmage 302 than the convolution in block 304A. By determining a difterence
between the outputs (1.e., intermediate tmages) of blocks 304A and 304B, image processing
systern 300 may determine difference of Gaussian image 306. Difference of Gaussian image
306 may preserve the features of infrared mmage 3072 that have a spatial frequency above the
cut-off frequency of the first Gaussian operator and below the cut-off frequency of the second
Gaussian operator. Thus, difference of Gaussian image 306 may represent a band-passed
version of infrared image 302,

[378] The range of spatial frequencies preserved by this difference of Gaussian operation
and represented i difference of Gaussian image 306 1s defined by the cut-off frequencies of
the first and second Gaussian operators, which, in turn, depend on the respective standard
deviations of these (aussian operators. Accordingly, in order to detect features of a hght
pattern projected onto the object and represented in infrared image 302, the standard

deviations of the first and second Gaussian operators may be selected to preserve image
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features within a frequency band that includes the expected spatial frequency of the projected
pattern.

1071} Specifically, when the mfrared projector is at a first distance from the object, a
particular infrared light pattern projected onto the object may have a tirst spatial frequency.
When the infrared projector 1s moved closer to the object, the spatial frequency of the pattem
may increase {and the size of cach ¢lement of the pattern may decrgase). Conversely, when
the infrared projector i1s moved further away from the object, the spatial frequency of the
pattern may decrease (and the size of each element of the pattern may mcrease}. Thus, the
standard deviations of the first and second Gaussian operators may be selected such that
spatial frequencics of the projected light pattern corresponding to a range between (1) a
mintmum distance between the infrared projector and the object and (i1} a maximum distance
between the infrared projector and the object are preserved. In other words, image processing
system 300 may detect blob regions that represent an infrared dot pattern when the projecior
1s within a predetermined range of distances relative to the object.

[6872] Accordingly, difference of Gaussian image 306 does not represent a subset of the
dots that are contained in mfrared image 302, Namely, infrared image 302 inchudes three
different types of dots. A first group of dots, shown in nfrared image 302 as having a first
size, are, tor the purpose of example, assumed to have spatial frequencies within the range
defined by the first and second Gaussian operators. A majority of the dots i the first group
may represent the projection of the pattern onto the object. The dots of the first group arc
preserved by the ditference of Gaussian operation and are thus represented mn difference of
Gaussian tmage 306.

1373] A sccond group of dots, shown in infrared image 302 as having a second size
smaller than the first size are, for the purpose of example, assumed to have spatial
frequencies above the range defined by the first and second Gaussian operators. A majority of
the dots in the second group may represent features other than the projection of the pattern
onto the object {(¢.g.. physical features of the object). The dots of the sccond group are not
preserved by the difference of Gaussian operation and are thus not represented mn difference
of Gaussian tmage 306, Similarly, a third group of dots, shown in mfrared mmage 302 as
having a third size larger than the first size are, for the purpose of example, assumed tc have
spatial frequencies below the range defined by the first and second Gaussian operators. A
majority of the dots m the third group may represent features other than the projection of the
pattern onto the object. The dots of the third group are not preserved by the difference of

Gaussian operation and are thus not represented o difference of Gaussian image 306,
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[674] In addition to preserving elements of the projected pattern represenied in mfrared
image 302, difference of Gaussian image 306 may also include other featurgs of infrared
image 302 that fall within the frequency range defined by the first and second (aunssian
operators (but are not elements of the projected pattern). Thus, difference of Ganssian image
306 represents the outline of the baseball and the sniches thereon which, for the purpose of
example, are assumed to have respective spatial frequencies within the range defined by the
first and second (Gaussian operators. However, in cases where the respective spatial
frequencies of the baseball stitches fall outside of the range defined by the first and second
Gaussian operators, difference of Gaussian image 306 might not represent these features.

{075} hmage processing system 300 may execute one or more algorithins or operations to
detect blob regions within difference of Gaussian image 306, as indicated by block 308
Detection of blob regions may involve thresholding difference of Gaussian image 306, which
may be a gravscale image. That is, all pixels in difference of Gaussian image 306 having a
value above a threshold level (e.g., 127, where cach pixel value can range from 0 to 253) are
set to each have a maxamum value (e.g., 235} to represent the color white, and all pixels
having a value below the threshold level are set to cach have a mimimum valug {(eg., 0y 1o
represent the color black. In other words, a binarv image may be determined based on
difference of Gaussian mmage 306.

1876] Additionally, detection of blob regions may mvolve executing a connected
component extraction algorithm to identifv regions of connected pixels. For example,
connected component extraction may identify, in the thresholded image (e.g., the binary
image}, pixels of the same color that are horizontally, vertically, and/or diagonally adjacent to
ong ancther and thus make up a connected region. Alternatively, when thresholding is not
used, connected component extraction may identify pixels having values within one or more
value ranges that are honizontally, vertically, and/or diagonally adjacent to one another and
thus make up a connected region. For example, in the case of a grayscale image, one example
pixel value range may be 0 to 7 and any neighboring pixels having values within this range
may be considered connected. Other approaches 1o identifying connected components are
possible.

1377] The shape of each connected region may then be evaluated to determine whether it
approximates a shape of clements of the projected pattern. In the case of a dot pattern having
circular dots, blob region detection 308 may involve determiming, for each respective
connected region, whether (1) the nomber of pixels in the respective connected region 1s

within a predetermined range {c.g., 20 to 40 pixels) and (1} whether the circularity of the
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respective connected region i3 above a threshold circulanty value. The circularity of a
connected region may be defined as dnA/p’, where A represents the area of the connected
region {¢.g., in number of pixels) and p represents the perumeter of the connected region {c.g.,
m number of pixels). The predetermined range of the number of pixels may be based on the
density of the projected dot patiern, the resolution of the mfrared camera, and the expected
range of distances between the projector and the object at the time of image acquisition,
among other factors.

[378] When the shape of a connected region matches the shape of an element of the dot
pattern, the connected region may be labeled as a blob region, as indicated with black dots in
image 310. On the other hand, when the shape of a connected region does not match the
shape of an element of the dot patiern, the connected region might not be iabeled as a blob
region, as indicated with white dots in nmage 310.

{079] Blob region detection 308 may generate as output 312 a count of a mumber of blob
regions wentified in difference of Gaussian image 306 {and thus also in infrared image 302).
Blob region detection 308 may also generate image 310 as output to visually Hustrate the
blob regions wdentified in difference of Gaussian image 306, Image 310 may thus represent
the positions of the various identified blch regions. bmage 310, the count of the nuwaber of
blob regions therein, and the positions of these blob regions may be used for a plurality of
different applications, imcluding, for example, determination of the depth of various features
of the object shown 1 tmage 302

[380] In one cxample, image processing svstem 300 may be used to determine whether a
given infrared image represents an object illumimated by an mfrared pattern projected by a
projector. Notably, it might not be know what type of projected pattern {¢. g, dot or flood} a
particular infrared image represents, or even whether the particular infrared image represents
a projection of an mfrared pattern at all. Thus, for example, when the number of detected
blob regions exceeds a threshold value, the infrared tmage may be determined to represent
the object tlluminated by a dot pattern. On the other hand, when the number of detected blob
regions does not exceed the threshold value, the mnfrared 1mage may be determined to
represent the object lluminated by a flood pattern or not illuminated by an infrared pattern at
all.

[081] Figure 3B illustrates another application of the operations of image processing
gystern 300. Namely, image processing system 300 may be applied to pairs of dot and flood

mfrared images o determine which of the images in the pair represents a dot pattern and
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which represents a flood pattern {or not pattern at all}. To that end, image processing system
300 may be used as part of image classification system 340,

{082} Specifically, image classification systern 340 may be provided with intrared images
302 and 314 as mput. It is apparent from Figure 3B that infrared 1mage 302 represents the
object (i.c., the baschall} iHuminated with a dot pattern, and infrared image 314 represents the
object iluminated by a flood patiern (Le., umiform dlumination in which individual
projections are not discernible) or by no pattern at all. However, this fact might not be known
a priort to image classification system 340 (¢.g., due to a lack of synchromization between
projecior and camera, interference between different subsysiems of a device, or interference
between different devices that utilize an infrared pattern projector and camera to determing
depth). As such, the following operations may be carried outf to determine which of infrared
tmages 302 or 314 represents a dot pattern and which represents a flood pattern {(or no pattem
at ally.

{083] Namely, images 302 and 314 may be provided as input to image processing systom
300. Image processing system 300 may exccute the operations discussed with respect to
Figure 3A, generating difference of Gaussian mmages 306 and 316 in the process, and produce
as oufput respective counts of the number of wdentificd blob regions in images 302 and 314.
That is, mmage processing system 300 may determine, for mtrared image 302, blob region
count 318 and, for infrared image 314, blob region count 320. Counts 318 and 320 may then
be provided as input to classification function 322, Image processing svstem may also
determune respective biob images corresponding o infrared images 302 (1.¢., image 310) and
314 {not shown).

1084] Classification function 322 may be configured to determine a type of patiern
represented in nfrared image 302 and in infrared image 314 based on blob region counts 318
and 320. To that end, classification function 322 may compute onc¢ or more metrics indicating
whether infrared mmages 302 and 314 each represent a different mfrared pattern {e.g., flood vs
dot). In onc example, the metric may be L = max(bl, b2} - w*min{bl, b2}, where bl
represents blob region count 318, b2 represents blob region count 320, w represents a
weighing factor, and L represents the likelihood that mfrared images 302 and 314 represent
different nfrared patterns. In ancther example, the metric may be L = {(max{bl, b2}} /
{omun{bl, b2) + 1).

[085] Infrared images 302 and 314 may be deternuned to represent two different mfrared
patterns when the metric L exceeds a threshold confidence value (e.g., when the difference

between bl and b2 is large). The threshold confidence value may be determined
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expenimentally based on analysis of a library of various image pairs. Specifically, the
threshold confidence vahie may be selected to achieve a desired accuracy. false-positive rate,
or falsc-negative rate. For example, the threshold confidence value may be selected such that
when the metric L exceeds the threshold value, the classification of images 15 100% accurate
(i.e., a false-positive rate of 0%, while allowing for a non-zero false-negative rate).

{086] When the metric L does not exceed the threshold confidence value, there might not
be sufficient difference between the two infrared images to determine whether one represents
a dot pattern and the other represents a flood pattern. This may be the case, for example,
when both maput imfrared images are dot images, when both input infrared images are flood
images (or images with no patiern at all), or when the dot patiemn in one of the images is not
sufficiently perceptible to detect a satisfactory number of dots therein, among other
possibilitics.

{087] When the metric L exceeds the threshold confidence value, the images may be
assigned a corresponding class or label based on the number of detected blob regions therein.
That s, the image associated with max{bl, b2} (i.e., the image contaming more blob regions)
may be determined to represent the dot pattern and the image associated with min{bl, b2)
{(i.c., the 1mage contaiming fower blob regions) may be determined to represent the flood
pattern {or no pattern at all}. Thus, classification function 322 may deternune that mfrared
image 302 represents the dot pattern, as mdicated by block 324, and mfrared mmage 314
represcnts the flood pattern, as indicated by block 326.

V. Example Parameter Selection Operations

[088] Image processing system 300 and image classification system 340 may be
configured to determine whether an image represents an cbject dluminated by an nfrared
pattern under a plurality of differemt conditions. Namely, svstems 300 and 340 may be
adapted to deal with a plurahity of different distances between the mfrared projector and the
cbiect at the time of capture of the infrared 1mage. Figure 3C illustrates an example process
for sclecting parameters for the operations carried out bv systems 300 and 340 to
accommodate a range of different distances between the infrared projector and the object.

[0889] Block 3350 shows a maximum distance D1 between infrared projector 351 and
object 352 {¢.g., a bascball} that systems 300 and 340 are to accommodate. Similarly, block
370 shows a munimum distance D2 between infrared projector 351 and object 352 that
systemns 300 and 340 are to accommodate. Thus, when systems 300 and 340 are used as part
of a facial recognition system, for example, a user may be allowed to hold the computing

device that includes infrared projector 351 between distance D1 and D2 relative to the user’s
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face in order to allow the computing device o recognize the user’s face. Holding the
computing device closer than distance D2 or further away than distance D1 may result in 2
projection with a spatial frequency that might not allow for facial recognition to be carried
out based on the projected pattern.

{89¢] Based on the desired maxdmum and mimmum distances D1 and D2, respectively,
the first and second Gaussian operators may be selected. Specifically, the first Gaussian
operator mayv be computed using a first Gaussian distribution that has a first standard
deviation o1, as show in block 354, such that the Gaussian operator acts as a low-pass filter
having the frequency characteristics shown in block 336, That 1s, first standard deviation ol
may be selected such that the cut-oft frequency of frequency band 3358 excludes spatial
frequencies resulting from distances (between projector 351 and object 3523 closer than D1
The specific valae of ¢1 may depend on the density of the infrared pattern since this density
determines the spatial frequency of the projected pattern elements at a particular distance.

[091] Similarly, the second Gaussian operator may be computed using a second Gaussian
distribution that has a second standard dewviation ¢2, as show in block 374, such that the
Gaussian operator acts as a low-pass filter having the frequency characteristics shown
block 376. That is, second standard deviation o2 may be selected such that the cut-off
frequency of frequency band 378 excludes spatial frequencies resulting from distances
(between projector 351 and object 352) closer than D2, Again, the specific value of ¢2 may
depend on the density of the infrared pattern. Becanse D2 is smaller than D1, o2 1s smaller
than o1 and frequency band 358 is wider than frequency band 378,

[692] The Gaussians {(i.¢., normal distributions) m block 354 and 374 are shown in two
dimensions for ilustrative purposes. However, it is 0 be understood that the Gaussian
operators used in prachice during image processing are determined based on three-
dimensional Gaussian distributions. For example, the Gaussian operators may be 5 by 5
squares, referred to as kernels, with sach element or “pixel” of the kermnel representing a
corresponding value from the Gaussian distribution.

[093] When a difference of Gaussian mimage is computed, this amounts (o computing a
difference between frequency bands 378 and 338, resulting m frequency bands 362A and
362B, as shown in block 360. Frequency bands 362A and 362B represent a band pass filter,
with frequency band 362 A preserving positive frequencies therein and frequency band 3628

preserving negative frequencies therein. By adjusting the values of o1 and o2, size and
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position of frequency bands 362A and 362B can be adjusted, thus altering the values of
distances 31 and D2 from which a pattern can be projected onto object 352
V. Example Applications

[0684] Figures 4A and 4B illustrate an additional example application 1 which systems
300 and 340 may be used fo detect blob regions representing infrared patterns. Specifically,
these systems may be used to enhance the operations of stercoscopic depth measurements
that utilize an mirared structured light projector.

093] Figure 4A illustrates an example stercoscopic imaging system 400 that meludes
mfrared projector 402, first image sensor 404, and second image sensor 406. First image
sensor 404 may be scparated from infrared projector 402 by distance S1, second mmage sensor
406 may be separated from infrared projector 402 by distance $2, and first image sensor 404
may be separated from second image sensor 406 by distance 83, First tmage sensor 404 and
second image sensor 406 may observe target object 408 {(and parts of the surrcunding
environment) from differont angles (1.e., from different perspectives). Thus, first umage
sensor 404 may be used to capture images of target object 408 from a first vigwpoint, while
second 1mage sensor 406 may be vsed to capture images of target object 408 from a second
vigwpoint. First image sensor 404 and second image sensor 406 may cach be configured to
capture infrared light images.

[0896] Target object 408 may be at least partially illuminated by an infrared pattem
projected trom infrared projector 402, Target object 408 mayv also be at least partially
tHuminated by infrared light 410 from other sources such as sunlight or nfrared-spectrum
artificial hghting (e.g. from an mfrared flood projector on ancther device), among other
possible mirared light scurces.

{097} During operation, tirst tmage sensor 404 may capture an infrared hight image that
represents the infrared pattern reflected off target object 408. From a different viewpoint,
second image sensor 406 may capture an infrared light image representing the infrared
pattem reflected off target objoct 408,

[098] A computing device may generate a depth image based on the two infrared images
captured by first image sensor 404 and second image sensor 406. This may involve finding
mappings of corresponding features {¢.g., areas of pixels} within the two infrared tmages and
calculating how far apart these features reside in pixel space. The computing device may use
trianguiation (based on, for example, the distance D3 between the two image sensors) to

determine a depth map or image. This depth map or depth image may contain information

22



WO 2020/167314 PCT/US2019/018173

relating to the distances of surfaces of target object 408 based on features detected from the
reflected infrared light {including the infrared projected pattern).

{099] In some cmbodiments, a depth map may be determined based on a single infrared
light mmage captured by either first 1mage sensor 404 or second image sensor 406. For
example, a computing device may employ triangulation techniques based on (i} the known
distance between infrared projector 402 and first image sensor 404 and (1} the captured
mfrared tmage of the dot pattern projected onto target object 408 by first image sensor 404 to
determine the depth map. Any combination of known distances D1, B2, and D3 and one or
more infrared images captured by first image sensor 404 and/or second image sensor 406
may be used to determine a depth map.

{100 Notably, however, multiple infrared light images captured from different
vicwpoints may provide additional information that can be used to refine or verify the
accuracy of the depth sensing. Thus, the computing device may rely on two infrared images
captured substantially simultancously {¢.g., within 1 second of one ancther) by first image
sensor 404 and second image sensor 406 in determining the depth map.

1161] Systems 300 and 340 may be used to assist with determunation of the depth map by
finding in the two substantially simultancously-captured infrared images corresponding
features. For example, systemns 300 and 340 may form part of or be used in combination with
stereoscopic imaging system 400, Specifically, the corresponding features may be or may be
found based on the positions of the detected blob regions in cach image, as illustrated in
Figure 4B. That is, the detected blob regions may provide stable reference points to be used
in determining the correspondence between two infrared images captured from different
perspectives. Using the operations berein described, the blob regions may be casier to detect
than, for example, natural physical features of target obiect 408 or the environment.

[162] Figure 4B shows first image 430 of an object (G.e., a rectangular surface) and
second image 432 of the object. Each of images 430 and 432 1s a blob region image m which
respective blob regions have been identified by image processing system 300, Further, cach
of blob region 1mages 430 and 432 15 determined based on a corresponding infrared image
captured by stereoscopic imaging system 400. Namely, blob region image 430 1s based on a
first infrarcd 1mage captured by second image sensor 406 {from one perspective} and blob
region tmmage 432 is based on a second infrared tmage captured by first image sensor 404
{from another perspective).

[163] Since the mfrared images are captured substantially simultaneously by stereoscopic

umaging system 400, images 430 and 432 cach represent the object in the same position and
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tHuminated by the same infrared dot pattern. Accordingly, individual detected blob regions
may be used fo determine the mapping between features represented in image 430 and 432,
For example, arrows 434, 436, 438, and 440 ilustrate a mapping (1.¢., a comespondence)
between a subset of the blob regions detected m 1mages 430 and 432, Similar mappings may
be determined for cach remaining blob region based on the position of the blob region within
the pattern.

[164] Since cach pair of blob regions of this subsct represents a pattern element projected
onto a particular physical feature of the object, the difference in pixel position between the
two blob regions that form a pair may be used to determing the tmage dispanty.
Determination of the tmage disparity may, 1 twm, allow for depth triangulation to various
physical features of the target object. Notably, the detected blob regions provide easily-
discernible reference points for calculating the disparity between two stercoscopic images.
Thus, using the blob regions to find the image disparity may require fewer computational
resources than, for example, relying on detecting and mapping of physical features of the
obiect represented in the two stergoscopic images to determine the corresponding areas of
these two mmages.

V1. Example Machine Learning Classification System

[165] In some cases, image classification system 340 discussed with respect to Figure 3B
may be unable to accurately determine whether an infrared 1mage represents a dot pattern or a
flood pattern (or no pattern at all). In some applications, when this occurs, a computing
device may be able to discard the infrared images that cannot be accurately classified and
acquire new tmages. The new images may, for example, include an infrared patiern that has
been projected onto the object with a higher power, thus making ¥ move easily discernible.
New images may be acquired (and, ¢.g., the power with which the pattern is projected may be
mereased), for example, until classification sysiem 340 is able to successfully classify these
new images. In some applications, however, cach infrared image may necessitate accarate
classification and thus acquisition of new images muight not be a suitable alternative to
accurate classification.

{106] Figure 5 illustrates image classification svsiem 500 that provides additional
mechanisms for classifving infrared images bevond image classification system 340. Image
classification system 500 may be used in applications where each of infrared image(s) 502
provided to 1mage classification system 340 necessitates an accurate classification thereof.
For example, infrared image(s) 502 may represent a hibrary of images to be used i training

and testing various algorithms and may neccessitate that cach image therein be correctly
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wdentified as either a dot pattern image or a flood pattern image (or an image lacking any
mfrared pattern}. In such a case, increasing the power of the infrared projector and capturing
additional images might not be a suttable altemative since tmage capture and image analysis
occur at different and separate times.

11687} Accordingly, nmage classification svstem inchides machine learning classifier 508
and manual infrared image raters 510, Image classification system 340 may be able to
accurately label subsct (c.g.. 98%) of nput infrared 1mage(s) 502 as cither intrared images
that contain a dot pattern, as indicated by block 304, or infrared images that contain a flood
pattern, as indicated by block 506. When, however, image classification system 340 is unable
to classity an image with a sufficient confidence level, as mmdicated by arrow 512, this image
may be provided as mput to machine learmning classifier 508,

{108

[

Machine learning classifier 508 may be a pre-tramed machine learning algorithm or
model configured to classify infrared images among those representing a dot pattern and
those representing a flood pattern. Machine learning classifier 508 may be tramned using
examples of correctly-classified infrared tmages. Namely, an image correctly classified as a
dot image may, in fact represent an object lluminated by a dot pattern while an mmage
correctly classified as a flood image may, in fact, represent the obiect illuminated by a flood
pattern. Notably, the trained machine leaming classifier 508 may be configured to classify
mfrared images that it has not previously encountered or trained on. Machine learning
classifier 508 may include or may alternatively be anocther tvpe of algonthm capable of
learning based on prior examples or other feedback.

[169] When a confidence value associated with the classification by machine learning
classifier 508 exceeds a corresponding threshold confidence value {(which may be different
from that used by image classification system 3403, the image may be assigned a
corresponding wdentifier {¢.g., as indicated by block 504 or 506). On the other hand, when this
confidence value does not exceed the corresponding threshold confidence value, as indicated
by arrow 514, the image mav be provided to manual infrared image raters 510 for manual
classification. Manual infrared image raters 510 may include users that visually inspect the
mfrared image and manually assign a corresponding label thereto.

1118} Notably, in some mmplementations, when the confidence value of machine learning
classifier 508 docs not exceed the corresponding threshold value but the classification
generated by machine leaming classifier 508 is the same as that generated bv mage
classification system 340, the image may be labeled accordingly and might not be passed to

manual mfrared image raters 510, Similarly, when the confidence value of machine learning
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classifier 508 exceeds the corresponding threshold value but the classification generated by
machine learning classifier 508 is not the same as that generated by image classification
system 340, the image may be passed to manual infrared image raters 510, Thus, in gencral,
mfrared image(s) 502 may be classified according to a weighted sum of the confidence values
determined by mmage classification system 340, machine learning classifier 508, and manual
mfrared image raters 510. Other sumilar variations are possible.

{111] Figure 6 ulustrates artificial neural network {ANN) 600, which provides an
example mplementation of machine leaming classifier 508. ANN 600 may nclude input
nodes 611, 612, and 613 that form part of input layer 610 of ANN 600 and are configured to
accept inputs x; and x; through x,, respectively. In some cmbodiments, the number of inputs
n may be equal to the number of pixels in an nfrared tmage. In the case of an intrared image
with M cohumns and N rows of pixels, n may be equal to M x N.

{112} ANN 600 may additionally mchide a plurality of hidden nodes that form part of one
or more hidden layers 620 and 630. Hidden nodes 621, 622, 623, 624 and 625 may torm first
hidden layer 620 while hidden nodes 631, 632, 633, 634, and 635 may form second hidden
laver 630. In some exampies, ANN 600 may include additional hidden nodes and additional
hidden layers not shown herein. The number of hidden nodes and hidden layers may be
determined empirically during trainmg of ANN 600 to achieve an ANN that classifier
mfrared images with a satisfactory accuracy {i.¢., an accuracy greater than a threshold
accuracyy.

{113] Notably, the terms “hidden node” and “hidden layer” are used heren to designate
nodes and layers, respectively, located between the mput and output lavers of the ANN.
These and similar terms are not to be construed as implying that values, functions, or other
propertics associated with the hidden nodes or lavers are necessarily unkoown or hidden.

[114] ANN 600 may further include output nodes 641, 642, and 643 that form part of an
cutput layer 640 of ANN 600. Gutput nodes 641, 642, and 643 may be configured to provide
outputs vy, va, and vy, respectively. When one infrared image is provided to ANN 600 as
mput, the output of ANN 600 may be a single value indicating the likelihood that this
mfrared image represents a dot pattern rather than a flood pattern. On the other hand, when a
dot infrared image and a flood infrared image are both {e.g., at the same time, as per Figure
3B) provided to ANN 600 as mput, the output of ANN 600 may be two values: one ndicating
the classification of the first of these images and the second indicating the confidence

associated with this classification.
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[113] The nodes of ANN 600 may be connected with one another, as illustrated by the
arrows in Figure 6. For example, input nodes 611 - 613 may be connected to hidden nodes
621 - 625 of the first hidden layer 620 (i.c., mput laver 610 may be connected to hidden layer
620}, hidden nodes 621 - 625 may be connected to hidden nodes 631 - 635 of the second
hidden layer 630 (i.e., hidden layer 620 may be connected to hidden layer 630}, and hidden
nodes 631 - 635 may be connected to output nodes 641 - 643 (i.¢., hidden laver 630 may be
connected to output layer 6490). In some embodiments, cach node of a laver may be connected
to each node within a subsequent layer {¢.2., node 624 may be connected to each of nodes
631 - 635). Altematively, some nodes within a layer may be unconnected to one or more
nodes within a subsequent layer. Some nodes may additionally be provided with a constant
bias signal (not shown).

[116] One or more of the hidden nodes may represent feature filters configured to filter
the tput mfrared image(s) for specific features (e.g., vertical lines, horizontal lines, curves,
cdges, etc.}. The futers may become mcreasingly complex, filtering for bhigher-order features,
as the hidden nodes of ANN 600 are traversed.

1117] In further embodiments, nodes within a layer may be connected back to nodes
within a previous layer or within the same layer. For examaple, node 635 within laver 630 may
be connected to node 625 within prior layer 620 by way of comnection 636, In another
example, node 635 within layer 630 may be connected to at least one of nodes 631, 632, 633,
or 634 within layer 630 (not shown). Thus, ANN 600 may include foedback that creates
mternal state within the network. This type of ANN may be referred to as a recurrent artificial
neural network (RANN). Notably, an ANN without any feedback paths may be referred to as
a feedforward artificial neural network (FF-ANN).

{118] Fach connection between nodes of ANN 600 may be associated with a respective
weighting value. A given node may receive inputs a,, az, through ax. Fach of mputs a), az,
through a, may be associated with corresponding weighting values wy, wa, through wy,
respectively. The given node may operate by first taking the sum of the respective products of
cach input multiplied by the cormresponding weighting value. The given node may thus
compuite the sum @ = wia; + waay + ... + wiar. The sum ¢ may then be passed through an
activation function to produce the output of the given node. Example activation functions
may include a lincar activation function where the node output is linearly proportional to the
sum o, a Gaussian activation function where the node output 1s normally distributed along a

bell curve according to the sum ¢, a sigmoidal activation function where the st ¢ 18 mapped
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to a bounded range of node cutputs, or a Rectified Lingar Units (RELw) function where the
node cutput 1s max {0, ¢},

[119] In some cmbodiments, ANN 600 may be or may include thercin aspects of a
convolutional artificial neural network (CANN). For example, ANN 600 may include pooling
layers (1.¢., downsampling layvers} between layers 610, 620, 630, and 640. Further, ANN 600
may additionally include aspects of probabilistic neural networks, time-delay neural
networks, regulatory feedback neural networks, and spiking neural networks, among other
tvpes of nevral networks not herein discussed.

1128] The output of the given node may be provided as input to other nodes within ANN
600, At cach respective node to which the output of the given node is connected, this output
may be multiplied by a corresponding weighting value and summed along with other inputs
to the respective node. For example, the output of node 621 may be provided to node 635.
The ocutput of node 621 may be multiplied by a weighting value associated with the
connection between node 621 and 635, This product may then be summed at node 635 along
with the product of the output of node 622 and the weighting vahie between node 622 and
node 635, the product of the output of node 623 and the weighting value between node 623
and node 633, the product of the output of node 624 and the weighting value between node
624 and node 635, and the product of the output of node 625 and the weighting value
between node 625 and node 635, The sum may be passed through an activation function to
determine the output of node 635, The output of node 635 may then be provided to nodes
641, 642, and 643,

[121] The weighting values between interconnected nodes may be deternuined by training
ANN 600 based on a plurality of correctly-classified infrared images, among other training
data that may be associated therewith. The training of ANN 600 may be performed by, for
example, backpropagation {ec.g., classical backpropagation, backpropagation with
momentum, Gaoss-Jacobi backpropagation, Gauss-Seidel backpropagation, etc.}.

Vii. Additional Example Operations

[122] Figure 7 illustrates flow chart 700 of operations related to identifving structured
Lght patterns in infrared images. The operations may be carried out by infrared image capture
systemn 100 or computing device 200, image processing system 300, image classification
systern 340, stercoscopic imaging svstem 400, or image classification systern 500, among
other possibilities. The operations may be similar to and may include varations of the

operations discussed with respect to Figures 1 - 6.
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{123} Block 702 may involve obtaining, by a computing system, an infrared image of an
object.

{124} Block 704 may involve determuning, by the computing svstem, a differcnce of
Gaussian 1mage that represents features of the infrared image that have spatial frequencies
within a spatial frequency range defined by a first Gaussian operator and a second Gaussian
operator.

{125} Block 706 may mvolve identifving, by the computing system, one or more blob
regions within the difference of Gaussian image. Each blob region of the one or more blob
regions may include a region of connected pixels in the difference of Gaussian image.

1126} Block 708 mav include, based on identifying the one or more blob regions within
the difference of Gaussian image, determining, by the computing system, that the infrared
image represents the object dluminated by a pattem projected onto the object by an infrared
projector.

{127] In some embodiments, obtaining the infrared mmage may involve operating the
mfrared projector to project the patiern onto the object and operating an infrared image sensor
to capture the infrared image.

[128] In some cmbodiments, determining that the infrarcd 1mage ropresents the object
tluminated by the patiern projected onto the object by the infrared projector may involve
determining that a number of the one or more blob regions exceeds a threshold number.
Based on the number of the one or more blob regions exceeding the threshold number, the
computing system may determine that the mfrared image represents the object luminated by
a dot pattern.

1129} In some embodiments, determining that the infrared image ropresents the object
illuminated by the paticmn projected onto the object by the infrared projector may include
determiming that a number of the one or more blob regions does not exceed a threshold
number. Based on the mumber of the one or more blob regions not exceeding the threshold
number, the computing systern may determine that the infrared image represents the object
ihuminated by a flood pattem.

[130] In some embodiments, the nfrared projector may be a first infrared projector, the
mfrared image may be a first infrared image, the difference of Gaussian image may be a first
difference of Gaussian image, the one or more blob regions may be one or more first blob
regions. The computing system may obtain a second infrared mmage of the object and
determine a second difference of Gaussian image that represents features of the second

mfrared image that have spatial frequencies within the spatial frequency range. The
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computing system may identify one or more second blob regions within the second difference
of Gaussian image. Each blob region of the one or more second blob regions may include &
region of connected pixcls in the second difference of Gaussian image. Based on identifying
the one or more first blob regions within the tirst difference of Gaussian image and the one or
more second blob regions within the second difference of Gaussian image, the computing
system may determine that {1} the first infrared image represents the object illuminated by a
dot pattern projected onto the object by the first infrared projector and (i1) the second infrared
tmage represents the object ilhuminated by a flood pattern projected onto the object by a
second infrarcd projoctor.

{131} In some embodiments, determining that (1) the first infrared 1mage represents the
object illuminated by the dot patiern and (i1} the second infrared image represents the object
tluminated by the flood pattern may involve determining a first number of the one of more
first blob regions, determining a second number of the one or more second blob regions,
deternuning that the first number exceeds the second number and, based on the first number
exeeeding the second number, determining that the first infrared 1mage represents the object
tHuminated by the dot pattern and the second infrared tmage represents the object iluminated
by the flood pattern.

[132] In some embodiments, deternuning that the first number exceeds the second
number may involve determining a difference between the first number and the second
number and determining that the difference exceeds a threshold difference value.

[133] In some embodimenis, determining that the first number exceeds the second
mumber may involve determining a ratio between the first number and the second mumber and
determining that the ratio exceeds a threshold ratio vahue.

1134 In some embodiments, the mfrared image may be a first infrared image captured by
a first image sensor, the difference of Gaussian image may be a first difference of Gaussian
image, the one or more blob regions may be one or more first blob regions. The computing
system may obtain a second infrared image of the object. The second nfrared tmage mav be
captured substantially simultaneously with the tirst infrarcd image by a second image sensor.
The first infrared image and the second infrared image may each represent the object from
different perspectives. The computing system may determine a second difference of Gaussian
image that represents features of the second infrared image that have spatial froquencies
within the spatial frequency range. The computing system may wdentifying one or more
second blob regions within the second difference of Gaussian image. Each blob region of the

one or more second blob regions may mchude a region of connected pixels in the second
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difference of Gaussian image. Based on identifying the one or more first blob regions within
the first difference of Gaussian image and the one or more second blob regions within the
sccond difference of Gaussian image, the computing systerm may determine that the first
mfrared wmage and the second infrared image each represent the object illummated by a dot
pattern projected onto the object by the infrared projecior.

{135] In some embodiments, based on deteomining that the first infrared image and the
second infrarcd image cach represcut the object illuminated by a dot pattern, the computing
system may determine a spatial correspondence between representations of physical features
of the object in the first infrared image and the second infrared image. Based on the spatial
correspondence, the computing system may determine a distance hetween one or more of the
physical features of the object and one or more of the first image sensor or the second 1mage
SENSOT.

{1136] In some embodiments, determining the spatial correspondence may mvolve, for at
least one of the one or more first blob regions, determining a corresponding blob region of
the one or more second blob regions that represents a dot projected onto a particular physical
feature of the object by the infrared projector.

1137} In some embodiments, based on (i) determining that the infrared image represents
the object illuminated by the pattern and {(i1) positions of the one or more blob regions in the
mfrared image, the computing system may determune a depth of one or more physical
features of the object.

[138] In some embodiments, identifyimmg the one or more blob regions within the
difference of Gaussian image may tvolve identifving, within the difference of Gaussian
image, one or more regions of connected pixels that ) contain between a first number of
pixels and a second mumber of pixels and (i) have a circularity greater than a crcularnity
threshold.

[139] In some embodiments, a first standard deviation of the first Gaussian operator may
define a first spatial frequency threshold and a sccond standard deviation of the second
Gaussian operator may define a second spatial frequency threshold. The spatial frequency
range may be defined by a range of spatial frequencies between the first spatial frequency
threshold and the second spatial frequency threshold.

{140 In some embodiments, based on identifying the one or more blob regions within the
difference of Gaussian image, the computing svstemn may determine at feast one of (1) a
number of the one or more blob regions or (i1} a density of the one or more blob regions. The

computing system mayv adjust a power with which the infrared projector projects the pattem
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onto the object based on at least one of (1} the mumber of the one or more blob regions falling
below a threshold value or (i) the density of the one or more blob regions falling below a
threshold density.

[141] In some embodiments, the infrared projector may be a first infrared projecior
configured to project a dot pattern, the infrared mage may be a first infrared image, the
difference of Gaussian image may be a first difference of Gaussian image, the ong or more
blob regions mav be one or more first blob regions. The computing system may obtain a
second infrared image of the object. The second mfrared mage may be captured before the
first mfrared image. The computing system mayv determine a second difference of Gaussian
image that ropresents features of the sccond infrared image that have spatial froquencics
within the spatial frequency range. The computing svstem may 1dentify one or more second
blob regions within the sccond difference of Gaussian tmage. Each blob region of the one or
more second blob regions includes a region of connected pixels o the second difference of
Gaussian image. Based on identifving the one or more second blob regions within the second
difference of Gaussian image, the computing system may determine that the second infrared
image represents the object dhuminated by a flood pattern projected onto the object by a
second infrarcd projector. Based on detcomining that the sccond infrared tmage represents the
object illuminated by a flood pattern, the computing system may obtain the first infrared
H1age.

{142] In some embodiments, determuning that the infrared 1mage ropresents the object
tHuminated by the pattern may mvolve deternuning that a number of the one or more blob
regions is sufficient to determine that the mfrared image represents the object tuminated
by the pattern. Based on determining that the number of the one or more blob regions is
msufficient, the itrarcd image may be provided to an artificial neural network (ANN)
configured 1o determine whether a particular infrared image represents the object ilfununated
by the pattern. The computing system may receive, from the ANN, determination that the
mfrared image represcuts the object Uhuminated by the pattern.

V1. Conclusion

[143] The present disclosure s not to be limited in terms of the particular embodiments
described in this apphication, which are intended as illustrations of various aspects. Many
modifications and variations can be made without departing from its spirit and scope, as will
be apparent o those skilled mn the art. Functionally equivalent methods and apparatuses

within the scope of the disclosure, in addition to those enumerated herein, will be apparent to
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those skilled in the art from the foregoing descriptions. Such modifications and vanations are
mtended to fall within the scope of the appended claims.

[144] The above detailed description describes various features and functions of the
disclosed systems, devices, and methods with reference to the accompanying figures. In the
figures, similar symbols typically identify similar components, onless comtext dictates
otherwise. The example embodiments described herein and in the figures are not meant to be
hmiting. Other embodiments can be utilized, and other changes can be made, without
departing from the spint or scope of the subject matter presented herein, It will be readily
understood that the aspects of the present disclosure, as gencrally described herein. and
illustrated in the figures, can be arranged, substituted, combined, separated, and designed in a
wide variety of different configurations, all of which are exphcitly contemplated herein.

[145] A block that represents a processing of information may correspond (o circuitry that
can be configured to perform the specific logical functions of a herein-described method or
cchunique. Alternatively or additionally, a block that represents a processing of mfoumation
may correspond to a module, a segment, or a portion of program code (including related
data}. The program code may include one or more instructions executable by a processor for
implementing specific logical functions or actions in the method or technigue. The program
code or related data may be stored on anv type of computer readable medium such as a
storage device including a disk or hard drive or other storage medium,

{146] The computer readable medium may also include non~transitory computer readable
media such as computer-readable media that stores data for short periods of time like register
memory, processor cache, and random access memory (RAM). The computer readable media
may also include non-transitory computer readable media that stores program code or data for
longer periods of time, such as secondary or persistent long term storage, like read only
memory (ROM), optical or magnetic disks, compact-disc read only memory (CD-ROM}, for
example. The computer readable media may also be any other volatile or non-volatile storage
systems. A computer readable medium may be considered a computer readable storage
medium, for example, or a tangible storage device.

[147] Moreover, a block that represents one or more mformation transmissions may
correspond to information transmissions between software or hardware modules in the same
physical device. However, other information transmissions may bhe between software
modules or hardware modules in different physical devices.

{148} The particular arrangements shown in the figures should not be viewed as himiting.

It should be understood that other embodiments can include more or less of each element
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shown in a given figure. Further, some of the tHustrated clements can be combined or
omitted. Yet further, an example embodiment can include clements that are not iHlustrated n
the figures.

[149] While various aspects and embodiments have been disclosed herein, other aspects
and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of ilustration and are not intended to be
hmiting, with the true scope being indicated by the following claims.

[150] Where example embodiments involve mformation related to a person or a device of
a person, some embodiments may include privacy controls. Such privacy controls may
nclude, at least, anonvmization of device identifiers, transparency, and user controls. For
example, embodiments may include functionality that would enable users to modify or delete
mformation relating to the aser’s use of a product.

{151] Further, 10 sivations where embodiments discussed herein collect perscnal
mformation related to users, or may make use of personal information, the users may be
provided with an opportunity to control whether programs or features collect aser information
{c.g., information about a user’s physiology, social network, social actions or activities,
protession, a user’s prefercnees, or a user’s current focation}. Thus, users may choose to opt-
out of sharing anv of the data herem discussed.

[152] In addition, certain data may be treated in one or more ways before it is stored or
used, so that personally identifiable information is removed. For example, a user’s identity
may be treated so that no personally identifiable formation can be determined for the user
{c.g., from a photo representing the user’s face), or a user’s geographic location may be
generalized where location information is obtained (such as to a city, ZIP code, or state
level), so that a particular location of a user cannot be determined. Thus, the user may have
control over how information is collected about the user and used by any of the embodiments

herein discussed.
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CLAIMS

What is claumned is:

1. A method comprising:

obtaining, by a computing system, an infrared image of an object;

determining, by the computing system, a difference of Gaussian image that represents
features of the infrared 1image that have spatial frequencies within a spatial frequency range
defined by a first Gaussian operator and a sccond Gaussian operator;

wdentifying, by the computing system, one or more blob regions withm the difference
of Gaossian image, wherein each blob region of the one or more blob regions comprises a
region of connected pixels o the difference of Gaussian image; and

based on identifying the one or more blob regions within the difference of Gaussian
image, determining, by the computing system, that the infrared image represents the object

itHuminated by a pattern projected onto the object by an infrared projector.

2. The method of claim 1, wherein obtaining the infrared image comprises:
operating the mfrared projector to project the pattern onio the obiect; and

operating an infrared tmage sensor to capture the infrared image.

3. The method of any of claims 1 - 2, wherein determinming that the infrared tmage
represents the object iluminated by the pattern projected onto the object by the infrared
ProjCCior COmprises:

determining that a number of the one or more blob regions exceeds a threshold
number; and

based on the number of the one or more blob regions exceeding the threshold mumber,

determining that the infrared image represents the object illuminated by a dot pattem.

4, The method of any of claims 1 - 2, wherein deternuning that the infrared mmage
represents the object dluminated by the pattern projected onto the object by the infrared
Projecior comprises:

determining that a namber of the one or more blob regions does not exceed a

threshold number; and
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based on the mumber of the one or more blob regions not exeeceding the threshold
pumber, determining that the mfrared image represents the object tluminated by a flood

pattern,

5. The method of any of claims 1 - 3, wherein the mfrared projector is a first infrared
projector, wherein the infrared image 1s a first infrared 1mage, wherein the difference of
Gaussian image 1s a first difference of Gaussian mmage, wherein the one or more blob regions
are one or more first blob regions, and wherem the method further comprises:

obtaining a second infrared image of the object;

determining a sccond difference of Gaussian wmage that ropresents features of the
second intrared image that have spatial frequencies within the spatial frequency range;

identifving ong or more second blob regions within the second difference of Gaussian
image, wherein each blob region of the one or more second blob regions comprises a region
of connected pixels in the second difference of Gaussian mmage; and

based on identifying the one or more first blob regions within the first difference of
Gaussian image and the one or more second blob regions within the second difference of
Gaussian image, determining that (1) the first infrared image represents the object lluminated
by a dot pattern projecied onto the object bv the first mirared projector and (i1} the second
mfrared image represents the object illuminated by a flood pattern projected onto the object

by a second infrared projector.

6. The method of claim 5, wherein determining that (1) the first infrared image represents
the object illuninated by the dot patiern and (it} the second infrared tmage represents the
object illuminated by the flood pattern comprises:

determining a first number of the one of more first blob regions;

determining a second mumber of the one or more second blob regions;

determining that the first number exceeds the sccond nuwmber; and

based on the first number exceeding the second number, determining that the first
mfrared image represents the object ilhuminated by the dot pattern and the second infrared

image represents the object Uluminated by the flood pattern.

7. The method of claim 6, wherein determining that the first number exceeds the second
number comprises:

determining a difference between the first number and the second number; and
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determining that the difference exceeds a threshold difference value.

8. The method of claim 6, wherein determining that the first number exceeds the second
number comprises:
determining a ratio between the first namber and the second number; and

determining that the ratic exeeeds a threshold ratio value.

9. The method of any of claims 1 - 3, wherein the infrared image is a first infrared image
captured by a first image sensor, whereim the difference of Gaussian mmage is a first
difference of Gaussian image, wherein the onc or more blob regions are one or more first
blob regions, and wherein the method further comprises:

obtaining a second infrared image of the object, wherem the second infrared image 1s
captured substantially sinviltancously with the first infrared image by a second image sensor,
and wherein the first infrared image and the second infrared image cach represent the object
from different perspectives;

determining a second difference of Gaussian image that represents features of the
second infrarcd unage that have spatial frequencics within the spatial frequency range;

identifying one or more second biob regions within the second difference of Gaussian
image, wherein each blob region of the one or more second blob regions comprises a region
of connected pixels in the second difference of Gaussian mmage; and

based on identifying the one or more first blob regions within the first difference of
Gaussian image and the one or more second blob regions within the second difference of
Gaussian 1mage, determining that the first infrared image and the second infrared image each
represent the object dluminated by a dot pattern projected onto the object by the infrared

projecior.

10. The method of claim 9, further comprising:

based on determining that the first mtrared image and the second infrared image each
represent the object dlumimated by a dot pattern, determining a spatial correspondence
between representations of physical features of the object mn the first infrared image and the
second infrarcd image; and

based on the spatial correspondence, determining a distance between one or more of
the physical features of the object and one or morve of the first image sensor or the second

11132C SCNSOT.
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11 The method of claim 10, wherein determining the spatial correspondence comprises:
for at least one of the one or more first blob regiouns, determining a corresponding
blob region of the one or more second blob regions that vepresents a dot projected onto a

particular physical feature of the object by the infrared projector.

12 The method of any of claims 1 - 11, further comprising:
based on (1} determining that the infrared image represents the object illununated by
the pattern and (i1} positions of the one or more bleh regions in the infrared image,

determining a depth of one or more physical features of the object.

13. The method of any of claims 1 - 12, wherein identifying the one or more blob regions
within the difference of Gaussian image comprises:

wdentitving, within the difference of Gaussian image, one or more regions of
connected pixels that (1) contain between a first number of pixels and a second number of

pixels and (i1} have a circularity greater than a circularity threshold.

4. The method of any of claims 1 - 13, wherein a first standard deviation of the first
Gaussian operator defines a first spatial frequency threshold and a second standard deviation
of the second Gaussian operator defines a second spatial frequency threshold, and wherein
the spatial frequency range is defined by a range of spatial frequencies between the first

spatial frequency threshold and the second spatial frequency threshold.

15 The method of any of claims 1 - 14, further comprising:

based on identifving the one or more blob regions within the difference of Gaussian
image, determiming at least one of (1) a number of the one or more blob regions or (11} a
density of the one or more blob regions; and

adjusting a power with which the mfrared projector projects the pattern onto the
obiect based on at lgast one of (1) the number of the one or more blob regions falling below a
threshold value or (i1} the density of the one or more blob regions falling below a threshold

density.

16. The method of any of claims 1 -8 or 12 - 15, wherein the infrared projector comprises

a first infrared projector configured to project a dot pattern, wherein the infrared image is a
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first infrared tmage, wherein the difference of Gaussian image 15 a first difference of
Gaussian image, wherein the one or more blob regions are one or more first biob regions, and
wherein the method further comprises:

obtaining a second infrared image of the object, wherein the second infrared image 1s
captured before the first infrared image;

determining a second difference of Gaussian image that represents features of the
second infrared image that have spatial froquencies within the spatial frequency range;

identifving one or more second blob regions within the second difference of Gaussian
image, wherem each blob region of the one or more second blob regions comprises a region
of connected pixels in the second difference of Gaussian image;

based on identitving the one or more second blob regions within the second difference
of Gaussian image, determining that the second infrared image represents the object
tHuminated by a flood pattem projected onto the object by a second infrared projecior; and

based on determining that the second infrared wmage represcnts the object iHuminated

by a flood pattern, obtaining the first infrared image.

17. The method of any of claims 1 - 2 or 12 - 16, wherein determining that the infrared
image represents the object luminated by the patiern comprises:

determining that a number of the one or more blob regions is insufficient to deternune
that the infrared image represents the object iluminated by the pattern;

based on determining that the number of the one or more blob regions 1s msufficient,
providing the infrared image to an artificial neural network {ANN} configured to determine
whether a particular mfrared image represents the object tHuminated by the pattemn; and

receiving, from the ANN, determination that the infrared image represents the object

tluminated by the pattern.

18, A systom comprising:
an infrared projector configured to project a patiom;
an infrared 1mage sensor; and
a processor configured to perform operations comprising:
operating the infrared projector to project the pattern onto an object;

operating the infrared image sensor to capture an infrared mmage of the object;
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determining a difference of Gaussian image that represents features of the
mfrared image that have spatial frequencies within a spatial frequency range defined
bv a first Gaussian operator and a second Gaussian operator;

identifying one or more blob regions within the difference of Gaussian image,
wheretn each blob region of the one or more blob regions comprises a region of
connected pixels in the difference of Gaussian image; and

based on identifying the one or more blob regions within the difference of
Gaussian image, deternuning that the infrared tmage represents the object tHuminated

by the pattem projecied onto the object by the infrared projector.

19 The system of claim 18, wheremn the infrared projector is a first infrared projector,
wherein the infrared image 1s a first mfrared 1mage, wherein the difference of Gaossian image
1s a first difference of Gaussian image, wherein the one or more blob regions are one or more
first blob regions, and wherein the operations further comprises:

operating the infrared image sensor to capture a second infrared image of the object;

determining a second difference of Gaussian image that represents features of the
second infrared image that have spatial froquencies within the spatial frequency range;

identifying one or more second biob regions within the second difference of Gaussian
image, wherein each blob region of the one or more second blob regions comprises a region
of connected pixels in the second difference of Gaussian mmage; and

based on identifying the one or more first blob regions within the first difference of
Gaussian image and the one or more second blob regions within the second difference of
Gaussian image, determining that (1) the first nfrared image represents the object itluminated
by a dot patiern projected onto the object by the first infrared projector and (1) the second
mifrared image represents the object illuminated by a flood patiern projected onto the object

by a second mfrared projector.

20. A uvon-transitory computer-readable  storage medium  having  stored thereon
mstructions that, when executed by a computing device, cause the computing device to
perform operations Comprising:

obtaiming an infrared image of an object;

deternuning a difference of Gaussian image that represents teatures of the nfrared
image that have spatial frequencies within a spatial frequency range defined by a first

Gaussian operator and a second Gaussian operator;

44
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identifyving one or more blob regions within the difference of Gaussian image,
wherein each blob region of the one or more blob regions comprises a region of connected
pixels in the difference of Gaussian image; and

based on identifving the one or more blob regions within the difference of Gaussian
image, determining that the mfrared image represents the object illumimnated by a pattern

projected onto the object by an infrared projector.

4
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[ OBTAIN, BY A COMPUTING SYSTEM, AN INFRARED IMAGE OF AN OBJECT

g
]
!

A2

DETERMINE, BY THE COMPUTING SYSTEM, A DIFFERENCE OF GAUSSIAN IMAGE THAT
REPRESENTS FEATURES OF THE INFRARED IMAGE THAT HAVE SPATIAL FREQUENCIES
WITHIN A SPATIAL FREQUENCY RANGE DEFINED BY A FIRST GAUSSIAN OPERATOR
AND A SECOND GAUSSIAN OPERATOR

k.

IDENTIFY, BY THE COMPUTING SYSTEM, ONE OR MORE BLOB REGIONS WITHIN THE
DIFFERENCE OF GAUSSIAN IMAGE, WHEREIN EACH BLOB REGION OF THE ONE OR
MORE BLOB REGIONS COMPRISES A REGION OF CONNECTED PIXELSIN THE
DIFFERENCE OF GAUSSIAN IMAGE

i-q
>
S

L 4
BASED ON IDENTIFYING THE ONE OR MORE BLOB REGIONS WITHIN THE DIFFERENCE
OF GAUSSIAN IMAGE, DETERMINE, BY THE COMPUTING SYSTEM, THAT THE INFRARED
IMAGE REPRESENTS THE OBJECT ILLUMINATED BY A PATTERN PROJECTED ONTO
THE OBJECT BY AN INFRARED PROJECTOR

708
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