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(57) Abstract: Apparatuses, methods and storage media for providing a depth image of an object are described. In some embodiments,
the apparatus may include a projector to perform a controlled motion, to project a light pattern on different portions of the scene at
different time instances, and an imaging device coupled with the projector, to generate pairs of images (a first image of a pair from a first
perspective, and a second image of the pair from a second perspective), of different portions of the scene in response to the projection
of the light pattern on respective portions. The apparatus may include a processor coupled with the projector and the imaging device, to
control the motion of the projector, and generate the depth image of the object in the scene, based on processing of the generated pairs
of images of the portions of the scene. Other embodiments may be described and claimed.
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BEPTH IMAGE PROVISION APPARATUS AND METHOGD

Cross-Reference fo Related Application
This application claims priority to U5, Application No. 15/190,031, entitled
“DEPTH IMAGE PROVISION APPARATUS AND METHOD,” filed June 22, 2010,

Technical Field
The present disclosure relates to the fields of computing and imaging, in particular, to

apparatuses, methods and storage media associated with provision of depth images.

Background

Current three-dimensional (3D} depth cameras include a conventional camera, an infrared
laser projector, and an infrared camera {and sometires a microphone array} to measure depth of
an image, to enable gesture-based interaction, face recognition, immersive video conferencing
and coliaboration, gaming, and 3D scanning.  The infrared projector may project a grid {in
infrared light, which is invisible to the human eye} onto the scene and the infrared camera may
record it to compute depth information. 3D cameras may be stand-alone or may be integrated
into computers, such as desktops, laptops, tablets, 2-tn-1 computers, game conscles, and the like.
Current depth cameras, when in use, may require substantial energy consumption from an imager
and processing uniis. Further, current depth cameras may suffer from limitations of the spatial
resolution and the minimal object size that can be identified from images captured by the

cameras.

Brief Deseription of the Drawings

Embodiments will be readily understood by the following detailed description in
conjunction with the accompanying drawings. To facilitate this description, like reference
numerals designate like structural elements. Embodiments are dlustrated by way of example,
and not by way of limitation, in the figures of the accompanying drawings.

FIG. 1 s a block diagram tusirating an example apparatus for provision of a depth
image of an object, in accordance with some embodiments.

FIG. 2 is an example schematic diagram iHustrating some aspects of the apparatus of

FI(3. 1, in accordance with some embodimenis.
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FIG. 3 illustrates an example fragment of an image of a pair of images, acquired by an
apparatus of FIG. 1, in accordance with some embodiments.

FIG. 4 s an example image of an object in a scene generated using the techniques of the
present disclosure, in accordance with some embodiments.

FIG. S iHusirates an example process for providing of a depth image of an object, in
accordance with some embodiments.

FIG. ¢ illustrates an example process for processing pairs of images acquired as described
in reference to FIGS. 1-5, to generate a depth image of an cobject, in accordance with some
embodiments,

Fi(z. 7 illustrates ancther example process for processing pairs of images acquired as
described in reference to FIGS. 1-5, to generate a depth image of an object, in accordance with
some embodiments.

FIG. 8 iHustrates an example computing device suitable for use to practice aspects of the
present disclosure, such as with an apparatus for provision of a depth bmage, 1n accordance with

various embodiments.

Detailed Description

Embodiments of the present disclosure include technigues and configurations for an
apparatus and method for providing a depth image of an object.  In some embodiments, the
apparatus may include a projector 1o perform a controlied maotion, to project a light pattern on
different portions of the scene at different time instances. The apparatus may further include an
imaging device coupled with the projector, to generate pairs of images of the different portions
of the scene in response to the projection of the light pattern on respective portions. Generating
pairs of images may ioclude acquiting a {irst image of a pair from a first perspective, and
acquiring a second image of the pair from a second perspective, where the first and second
perspectives may be different perspectives. The apparatus may further include a processor
coupled with the projector and the imaging device, to control the motion of the projector, and
generate the depth tmage of the object in the scene, based at least in part on processing of the
generated pairs of tmages of the portions of the scene.

in the following detailed description, reference is made to the accompanying drawings
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that form a part hereof wherein like numerals designate like parts throughout, and in which s
shown by way of illustration embodiments that may be practiced. It s to be understood that
other embodiments may be utilized and structural or logical changes may be made without
departing from the scope of the present disclosure. Therefore, the following detailed description
is not to be taken in a limiting sense, and the scope of embodiments is defined by the appended
claims and their equivalents.

For the purposes of the present disclosure, the phrase “A and/or B” means (A}, (B}, (A}
or {B), or {A and B). For the purposes of the present disclosure, the phrase “A, B, and/or 7
moeans (A), (BL(C), (A and B), (A and C), (B and C), or (A, B, and C).

The description may use the phrases “in an embodiment,” or “in embodiments,” which
may each refer to one or more of the same or different embodiments. Furtherroore, the terms
“comprising,” “including,” “having,” and the like, as used with respect to embodiments of the
present disclosure, are synonynious.

The term “coupled with,” along with its derivatives, may be used herein. “Coupled” may
mean one or more of the following. “Coupled” may mean that two or more elements are in
direct physical, electrical, or optical contact. However, “coupled” may also mean that two or
more elements indirectly contact each other, but yet still cooperate or interact with each other,
and may mean that one or more other elements are coupled or counected between the elements
that are said to be coupled with each other.

FIG 1 15 a block diagram ilustrating an example apparatus for provision of a depth
image of an object, in accordance with some embodiments. In embodiments, the apparatus 100
may include an imaging device 102 coupled with a projector 104, The projector 104 may be
configured to perform a controlied motion, to project a fight pattern 124 on different portions of
a scene 120 at different time instances. The controlied motion may include a beam steering of a
beam forrotog the light pattern, to move the pattern in a controlled manner. The light pattern 124
may include, for example, a spot of light that may take different dimensions and shapes (e g,
rectangular as shown, circular, or others), and provide a desired contrast value. There are many
possible projector patterns that may be used. In embodiments, the projector motion may be
substantially continuous, to cover a region {portion) of the image. When a series of images s to
be acquired (as described more fully below), for a pixel during the motion of the projector, this

series may be unique among the other series taken along the same epipolar line (i.e., image line
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in the rectified image)} with the desired disparnty range. As shown, the scene 120 may include
one or more objects 122, which may include still and/or moving objects, such as a person wn this
illustrative example. A plurality of pairs of images of the portions of the scene 120 may be
acquired 1n response to the projection of the light pattern. The pairs of images of the portions of
the scene 120 acquired may be processed according to various embodiments described herein,
and a corresponding depth image of the object 122 in the scene 120 may be generated based on
the results of the processing,

in general, the projector 104 may include any projector that may be caused to move the
itght pattern across the scene 120 in a controlled manner, e.g., conttnuously or periodically. For
example, the projector 104 may be caused to project the hight pattern 124, 126, 128 in one
direction, e.g., horizontal or vertical direction, across the scene 120, with a step (distance
between light spotsy of a particular size {e.g., size of a Hght spot in one embodiment or a pixel
size in ancther embodiment), between successive image acquisitions. In general, the projector
104 may be caused to project the light patiern on portions of the scene 120 1n a random fashion,
In embodiments, the projector 104 may be coupled with, and operated by, an actuator 110, to
control the projector 1047s motion, as described in reference to FIG 2 in greater detail.

The imaging device 102 may be configured to generate pairs of images of the different
portions of the scene 120 to image a portion of the scene lightened by the projector 104, in
response to the projection of the light pattern by the projector 104 on the portions of the scene
120, The imaging device 102 may comprise an infrared (IR) camera or a regular camera. In
embodiments, the imaging device 102 may include a first (e.g., left) camera 106 and a second
{(e.g., right} camera 108 disposed at a distance B from the first camera 106, The cameras 196 and
108 may generate pairs of images of the portions of the scene 120, taken from different
perspectives. The perspectives may be defined in part by a distance B between the cameras 106
and 108 and/or by respective distances D, D2 from the cameras 106, 108 to a particular potnt
{e.z., 150} in the scene 120 Accordingly, camera 106 may acquire a first image of a pair of
images {fom a first perspective, and camera 108 may acquire a second image of the pair of
images from a second perspective, where the first and second perspectives may be different
perspectives, as shown in FIG. L

in embodiments, the imaging device 102 may include one camera {e.g., 106 or 108)

coupled with the projector 104, The camera may acquire one image of the pair of images. Since
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the geometry of the projector is known, the depth map may be computed from a single view by,
for example, using a syathetic image of the projected pattern as the second image n the stereo
pair. In other words, the projector 104 may be calibrated such that its position at each time
mstance of image acquisition by the camera 106 or 108 may be known, and therefore, a
corresponding image of the pattern may be synthesized and an accurate depth map may be
inferred from a single image, as is done in a structured light method, for example.

The apparatus 100 may further include a processor 130 coupled with the projector 104
{e.2., via the actuator 110), and the imaging device 102. The processor 130 may be configured to
control the motion of the projector 104 with the actuator 110, The processor 130 may be further
contigured to process the pairs of images acquired by the imaging device 102, and generate the
depth image of the object 122 in the scene 120, based at least in part on processing of the
generated pairs of images of the portions of the scene 120, The image processing and generation
of the depth image of the object is described below in detail.

The resulting depth umage of the object 122 may be provided to a display 132 and/or
stored in a memory 134 of the apparatus 100, depending on a configuration of the apparatus 100,
The memory 134 may store instructions {eg, in a coutrol module 140} for operating the
processor 130 to perform the projector 104 motion control and process the acquired pairs of
images of portions of the scene 120, to generate a depth image of the object 122 in the scene 120

FIG. 1 represents a co-planar setup of the projector and the camera. This may be done
without loss of generality, since the image may be rectified and made co-planar. The processes
of rectification may include geometrical transformation of the image, according to the geomeiry
of the camera-projector system. The result of this process may be a virtual camera that is co-
planar and distortion free. In embodiments, the depth data of each provided pixel (e g, a distance
from the camera 106 {(108) to a point on the object 122 that corresponds to the provided pixel}
may be triangulated based on the baseline distance B between the cameras 106, 108 and the
depth image may be created accordingly.

The apparatus 100 may be embodied as any extersal peripheral device (eg,
communicatively coupled with a computing device) or integrated device suitable for image
generation and provision. The examples of computing devices that may include the apparatus
100 may include, but are not hmited to, tablet computers, smartphones, lapiops, gaming and

media devices, mobile workstations, all-in-one devices, 2-in-1 devices, or deskiop computers. In
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embodiments, the apparatus 100 may comprise a stand-alone device, such as a 3D still camera, a
video camera, a webcany, an infrared (JR) camera or another device capable of generating video
and/or images.

In general, any or all of the illustrated components of the apparatus 100 may be separate
from and remote to, but communicatively coupled with, a computing device. Further, some ot
all of the functionalities of the apparatus 100, such as processing power and/or memory capacity,
may be used or shared with an associated computing device.

FIG. 2 is an example schematic diagram illustrating some aspects of the apparatus of
FIG. L in accordance with some embodiments. For ease of understanding, ke components of
FI(z8 1 and 2 are indicated by like numerals.

As shown, the projector 104 may include a patterned hght emitter 202 configured to et
the light pattern 124 {light spot), to be imaged by the lens 204 on a portion of a scene (not
shown) A controller {e.g., processor 1303 may be coupled with the actuator 110, to operate the
motion of the light emitter 202 along a plane 206, to control the projection of the light pattern
124 on the portion of the scene. In some embodiments, the controller may control the motion of
the lens 204 {(eg, actuate some of the lens elements), in addition or in the aliernative io
controlling the motion of the light emitter 202, in order to control the beam steering, to translate
the projected pattern on the portion of the scene.

In general, the projector 104 may comprise a patterned projector array, disposed on an x-
y mechanical translation mount. The patiern mway be generated by a vertical-cavity surface-
emitting laser (VUSEL}Y array. This array may be made of a single semiconductor chip and may
generate laser sources. The array layout may be a2 pseudo-random arrangement.  The laser
sources may be directional io the perpendicular direction from the surface. An optical element

feg,

a lens) may be used to project the light into the scene (Minverse imaging”). The actuator
110 may comprise a mechanical actuator, such as a sensor shift setup, to roove the laser array in
parallel direction to its position. The controlied motion (beam steering) of the projector may be
as follows: the projector may project a pattern (a light spot) on a scene, and a pair of images may
be taken; the projector mayv be caused to move the pattern to a different {ocation in the scene and
stop, and another patr of images may be taken; and so on. The controller may turn off the hight
source and activate it for a pre-defined time only when the projector has reached the desired

position.  Typically, in stereo camera image processing, a template image pateh (e.g., a portion
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of an image, such as a pixel neighborhood, or a window of a certain size) may be taken from one
of the pair of images of a portion of the scene (o g, the left image). The image patch may be
matched to image patches along the same imaginary line from the other {e. g., right) image. This
corresponding line 15 also known as the epipolar line. The camera’s geometry may be known, so
the images may be rectified. Hereinafter, it will be assumed that the images are rectified.

[8081] There are various metrics for matching image patches, such as normalized cross-
correlation, sum of absolute differences, suro of squares, and others. When a good match is
found, the distance between the template patch and the matched patch {disparity} is measured in
the night image plane. The distance from the camera to the patch may then be calculated using
the following equation: z=f * B/d, where 7z is the distance from the camera, { is the focal length
of the camera, B is the baseline (distance between the two cameras as shown in FIG. 1), and d is
disparity (for a planar setup). In general, B may be the distance between virtual cameras, after
the image has been rectified. The main issue with this approach is related to the amount of
information n the image patch. When the tmage paich is in a region with low contrast (eg., a
uniform region), there may not be encugh information to find a matched image patch in the other
image. To solve this issue, active stereo cameras may be used, which may project an IR pattern
on a scene in order to create contrast {or texture} in the entire image.

[0a02 1 However, active depth cameras way suffer from limitations of the spatial
resolution and the minimal object size that may be identified by the camera. When the image
patch 1s too small, it may not necessarily contain sufficient information to have a distinctive
matching. On the other hand, when the image patch 15 too large, it may contain information from
image regions that may have different depth values and thus different disparity values. A large
patch size may result i tnaccurate calculation of a disparity value or no matching at all
Furthermore, the size of the patch may also determine the minimal object size that the camera is
capable of resolving, and the effective resolution. For example, a 640 x 480 video graphics array
{VGA) resolution stereo camera with a 8 x 8 window size may be able to resolve objects of
minimal size of less than 8 x §, and the effective resolution (the amount of independent depth
measurements) may be 80 x 60, In other words, known solutions may need to utilize both a
larger projector and a larger imager to provide a desired accuracy of a depth image, which may
add to the size, cost, and power consumption of the device.

10003 In order to reduce the patch size {and thus increase the depth map resolution},
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without compromising the depth quality, a projected pattern may need to be created that may be
as dense as an optical system may resolve. The described ernbodiments may provide for
improvement in image depth accuracy by controlling the motion of the projector, which may
create a time-dependent projected pattern.  The resulting pattern may have higher density than
the patterns offered by conventional solutions. The processing of the images acquired using the
controlled motion of the projector described herein may provide for a high-resolution three-
dunensional depth image of an object in a scene, compared to conventional methods. In some
embodiments, the processing of the pairs of images generated in response to a projection of the
itght pattern on a portion of a scene may include the following techniques. The projector way
move the projected pattern with a particular step at a particular distance between successive
image acquisitions), and patrs of images rmay be taken that may include the same image element
of a portion of a scene {e.g., a patch ot a pixel). For example, with reference to FIG. 1, the image
element corresponding to a scene portion, such as the spot 130, may be found in pairs of images
corresponding to the hight spots 124 and 126, taken at corresponding time instances.

(00041 FIG. 3 illustrates an example fragment of an image of a pair of images, acquired
by an apparatus of FIG. 1, o accordance with some embodiments. The X and Y axes are
denoted in ordinal positions of the pixels. As shown, for a single image element (e.g, a pixel
indicated, for example, by numeral 3023 multiple images (e.g., 304, 306) may be generated 1o the
same pixel “neighborhood” (spatial disposition} at different {e.g., successive} time instances that
may include at least portions of the image element 302, As an example, a projector may project
a pattern (light spot) on a scene at a time tl, and a pair of images of the patch corresponding to
that spot may be generated. The projector may then move the light spot {e.g., at a distance that is
less than a size of the pattern spot), and another (successive) pair of images may be taken at a
fime t2. This operation may be repeated a number of times at time instances t1, €2, 13, .. N
Thus, av 1mage element (or a portion of it} may be present tn each of the tmages taken in the
spatial neighborhood of this element and at different time instances. Each image may have a
fight intensity value associated with the image element present in the tmage.

[0008] Accordingly, from a series of image pairs taken at different {e.g, successive)
times t1, 12, 3., IN and at adjacent {or overlapping) spaces corresponding to the light patterns
projected by the projector, an image patch series may be constructed from the image element

{e.p., pixel 302) “neighborhood” both in space and time. In other words, from multiple images,
=B ] 5 5
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and for each image patch, a time series, eg., a vector of the different light intensity values at
different time instances may be created. Standard sterco matching on these fime series may be
performed (rather than on a single patch or a spatial window according to conventional
methods), by identifying disparities for corresponding paurs of images 1n a series, as described
above. Based on the result of the matching, a high-resolution depth image of an object may be
generated.

[00G8] In other embodiments, the processing of the pairs of images generated 1o response
{0 a projection of the light patiern on a portion of a scene may be performed as follows. A
feature of an image may be predefined and stored in memory 134, to be accessible by the
processor 130 of the apparatus 100, A feature mayv comprise a portion of an image with
predefined characteristics {e.g., light intensity values). For example, a feature may be a set of
light intensity values defining an image patch (e.g., corresponding to a spot 304 or 306 in FIG.
3} For example, a feature may comprise a pattern composed of multiple points, each point
having a corresponding light intensity value. For processing purposes, one or more features of
an image may be predetined and stored.

(00071 A feature (or features) may be tracked along multiple frames acquired from the
scene. Pairs of images may be defined as {11, R11, [L2, R21, ., [LN, RN}, where L and R may
correspond to images acquired by left and night cameras of the imaging device. If a feature has
been identified in one of the images, e.g, L1, a matching feature may be identified in the
corresponding image RE. This may be achieved, for example, by standard stereo matching
described above. Further, a disparity value for the feature at each of the time instances t may be
established, where disparity {(denoted by d(1}), may be the difference in the x coordinate of the
feature.

(0048 Further, discontinuity in disparities d{t) may be detected.  Discontinuity is
a mathematical notion. Nawely, a small change (infinitesimal} in the motion of the pattern may
yield a large change {(non-~infinitesimal) in the disparity. Discontinuity may define a boundary of
an object in the scene, boundaries between objects, and so on. A boundary between objects (or a
boundary between an object and a background of the scenej may be identified by a detection of
the discontinuity in the depth image. In the embodiments described herein, discontinuity may be
detected in multiple images, which may provide for better resolution of the depth image. Since

the tracking of the feature can be done in a sub-pixel manner with standard feature tracking
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techniques (e.g., Lucas-Kanade}, the discontinuity location (X,v coordinates) may readily be in
sub-pixel accuracy.
(0008 In other words, the location of the boundary may be detected in a fractional pixel

resolution, e.g., the boundary between object and the background may be determined at pixel

projector may be moved to project the pattern (light spot) for a distance that is less than a size of
the pixel, between acquisition of two successive image pairs. FIG. 4 15 an example image of an
chiect in a scene generated using the techmques of the present disclosure, in accordance with
some embodiments. The object may correspond to an object 122 (a person) in the scene 120 of
FIG. 1. The depth image of FIG. 4 generated according to the embodiments of this disclosure
may provide for depth information at a much higher spatial {(x-y} resolution than the image
obtained by counventional methods. In conventional stereo matching, an image patch of a certain
size, ¢.g., 8 x 8 pixels, may be matched, which means that objects that are substantially smaller
that this size may not be identified. Further, the depth information may be averaged on this size,
e.g., 8 x § window. For example, for a 640 x 480 IR image, 80 x 60 non-overlapping patches
may be obtained and therefore 30 x 60 independent depth measurements may be performed. The
described embodiments may work on a single pixel {(over few image frames), and thus, there is
1o averaging over x-y, only over time, assuming that the object and camera are static. Therefore,
x-y resolution will be much higher. In other words, independent depth measurements for each
pixel may be obtained. FIG. § illustrates an example process for providing of a depth image of an
chiect, in accordance with some embodiments. The process 300 may be performed, for example,
by the apparatus 100 described in reference to FIG. 1. More specifically, the process 500 may be
performed by the processor 130 1 response fo execution of instructions to provide the depth
image that may be stored in memory 134

The process 300 may begin at block 502, and include causing a projector (e.g., projector
104} to perform a controlied motion, to project a light pattern (e.g., 124} on different portions of
a scene {e.g, 120) at different time instances.

At block 504, the process 500 may include receiving pairs of images of the different
portions of the scene 120 generated by an imaging device 102 coupled with the projector 104, in
response to the projection of the light pattern on respective portions. This may include receiving

a first tmage of a pair acquired from a first perspective, and receiving a second image of the pair
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acquired from a second perspective, wherein the first and second perspectives may be different
perspectives.

At block 306, the process 500 may include processing the generated pairs of images of
the portions of the scene. The processing may be done in different ways described above. For
example, the processing may be performed by stereo matching of the time series of image pairs,
as further described in reference to FIG. 6. In another example, the processing may be
performed by tracking image features in paurs of tmages, as further described 1a reference to FIG.
7.

At block 508, the process 500 may include generating & depth image of the object in the
scene, based at feast in part on a result of the processing.

FIG. 6 illustrates an example process for processing pairs of images acquired as described
n reference 1o FIGS. 1-5, to generate a depth image of an object, in accordance with some
embodiments. The process 600 may be performed, for example, by the apparatus 100 described
in reference to FIG. 1. More specifically, the process 600 may be performed by the processor
130 in response to execution of instructions to provide the depth image that may be stored in
memory 134,

The process 600 may begin at block 602 and include determining multiple light intensity
values for an image element of a portion of the scene, for at least some generated image pairs
that include the image element.

At block 604, the process 600 may include 1dentifying corresponding locations for the
image element in respective images of sach image pair of the at least some generated image
pairs.

At block 6006, the process 000 may nclude generating at least a portion of the depth
image of the object, based at least in part on the determined multiple intensity values and
corresponding tocations of the image element.

FIG. 7 illustrates another example process for processing pairs of images acquired as
described in reference to FIGS. 1-5, to generate a depth image of an object, in accordance with
some embodiments. The process 700 may be performed, for example, by the apparatus 100
described 1n reference to FIG. 1. More specifically, the process 700 may be performed by the
processor 130 in response o execution of instructions to provide the depth image that may be

stored in memory 134,

i1



WO 2017/222677 PCT/US2017/032982

The process 700 may begin at block 702 and include identifying a feature of a portion of
the scene in at least some first and second images of at least some image pairs. The feature may
comprise a set of predetermined light intensity values associated with an image element of the
first or second image.

At block 704, the process 700 may include determining disparity values for the feature
for each of the first and second images.

At block 706, the process 700 may include generating at least a portion of the depth
image of the object, based at least iny part on the determined disparity values of the feature.

FI1G. 8 illustrates av example computing device 300 suitable for use to practice aspects of
the present disclosure, such as with an apparatus for provision of a depth image, in accordance
with various embodiments.  As shown, computing device 800 may include one or more
processors 802, each haviog one or more processor cores, and system memory 804 The

processor 802 may be implemented as an integrated circuit having single or multi-cores, g, a

multi~core MmiCroprocessor,

The computing device 800 may include mass storage devices 806 (such as solid state
drives, volatile memory {e.g., dynamic random-access memory {DRAM}), and so forth) In
general, system memory 804 and/or mass storage devices 806 may be temporal and/or persistent
storage of any type, including, but not Limited to, volatile and non-volatile memory, optical,
magnetic, and/or solid state mass storage, and so forth. Volatile memory may include, but is not
fimited to, static and/or dynamic random-access memory. Non-volatile memory may include,
but is not limited to, electrically erasable programmable read-only memory, phase change
memory, resistive memory, and so forth. System memory 804 and/or mass storage devices 806
may inchude respective copies of programming instructions configured to perform operations
related to apparatus 100, for example, collectively denoted as computational logic 822,

The computing device 8§00 may further include input/output (O} devices 808 (such as a
display {e.g., display 132 of FIG. 1), soft keyboard, touch sensitive screen, image capture device,
and s0 forth) and communication interfaces 810 (such as network interface cards, modems,
infrared receivers, radio receivers {e.g., Near Field Communication (NFC}, Bluetooth, Wikj,
4G/8G Long-Term Evolution {LTE)), and so forth). In embodiments, the computing device 800
may comprise, or include the components of, the apparatus 100 of FIG. 1. In some

embodiments, the FO devices may include an imaging device 102 {(which may include cameras
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106 and 108} and projector 104, as described in reference to FIG. 1.

The communication wnterfaces 810 may nclude commumnication chips (not shown) that
may be configured to operate the device 800 in accordance with a Global System for Mobile
Communication {GSM},  General Packet Radie Service (GPRS), Universal Mobile
Telecommunications System (UMTS), High Speed Packet Access (HSPA}, Evolved HSPA (E-
HSPA), or LTE network. The communication chips may also be configured to operate in
accordance with Hohanced Ddata for GSM Evolution (EDGE), GSM EDGE Radio Access
Network {GERAN}, Universal Terrestrial Radio Access Network (UTRAN), or Evolved
UTRAN (E-UTRAN). The communication chips may be configured to operate in accordance
with Code Division Multiple Access (CDMA), Time Division Multiple Access (TDMA), Dhgital
Enbanced Cordless Telecommunications (DECT), Evolution-Data Optimized (EV-DQO),
derivatives thereof, as well as any other wireless protocols that are designated as 3G, 4G, 5G,
and beyond. The communication interfaces 819 may operate in accordance with other wireless
protocols in other embodiments.

The above-described computing device 800 elements may be coupled to each other via
systero bus 812, which may represent one or more buses. [o the case of multiple buses, they may
be bridged by one or more bus bridges {not shown). Each of these elements may perform ifs
conventional functions known in the art. o particular, system memory 304 and mass storage
devices 806 may be employed to store a working copy and a permanent copy of the
programming instroctions implementing the operations associated with the apparatus 100 of FIG.
1. The varicus elemenis may be iruplemented by assembler insiructions supported by
processor{s) 802 or high-level languages that may be compiled into such instructions.

The permanent copy of the programming instructions of compuiational logic 822 may be
placed into permanent storage devices 806 in the factory, or in the field, through, for example, a
distribution mediura (not shown}, such as a comwpact disc (CD), or through comumunication
interfaces 810 {from a distribution server {not shown)). That i3, one or more non-transitory
distribution media having an implementation of the agent program may be emploved to
distribute the agent and to program various computing devices. In embodiments, the distribution
media may be transitory, e.g., signals encoded with the instructions.

The number, capabifity, and/or capacity of the elements 808, 810, 812 may vary,

depending on whether computing device 800 is used as a stationary computing device, such as a

13
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set-top box or desktop computer, or a mobile computing device, such as a iablet computing
device, laptop computer, game console, or smartphone. Their constitutions are otherwise known,
and accordingly will not be further described.

At least one of processors 802 may be packaged together with memory having
computational logic 822 configured to practice aspects of embodiments described in reference to
FIGS. 1-7. For one embodiment, at least one of processors 802 may be packaged together with
memory having computational logic 822 to form a Systeny in Package {SiP} or a System on Chip
{SoC). For at least one embodiment, the SoC may be utilized to form the control module 140 of
FIG. 1

In various implementations, the computing device 800 may comprise a laptop, a nethook,
a notebook, an ultrabook, a smariphone, a tablet, a personal digital assistant (PDA), an ultra
mobile PC, a mobile phone, a desktop computer, a server, a printer, a scanner, a monitor, a set-
top box, & game console, an entertainment control unit, a digital camers, a portable music player,
or a digital video recorder. In further implementations, the computing device 800 may be any
other electronic device that processes data and that utilizes depth images of objects provided by
the apparatus 100 of FIG. 1.

The foliowing paragraphs describe examples of varicus embodiments.

Example I may be an apparatus for providing a depth image of an object i a scene,
comprising: a projector to perform a controlled steering of a light pattern on different portions of
the scene at different timne instances; an ivaging device coupled with the projector, to generate
pairs of images of the different portions of the scene in response to the projection of the light
pattern on respective portions, wherein to generate pairs of images includes, for a portion of the
scene, to acquire a first unage of a pair from a first perspective, and acquire a second image of
the pair from a second perspective, wherein the first and second perspectives are different
perspectives; and a processor coupled with the projector and the imaging device, to control the
steering of the light pattern, and generate the depth image of the object in the scene, based at
{east 1n part on processing of the generated pairs of images of the portions of the scene.

Example 2 may include the subject matter of Example 1, wherein the apparatus further
comprises an actuator coupled with the projector, wherein the processor is to operate the actuator
to control motion of the projector to project the light pattern around the scene.

3

Example 3 may include the subject matter of Example 1, wherein the imaging device

14
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comprises a first camera and a second camera disposed at a distance from and in a plane with the
first camera, wherein the first and second perspectives are defined at least in part by the distance
between the first and second cameras.

Example 4 may include the subject matter of Example 1, wherein the imaging device
comprises a camera, wherein the camera 1s 1o acquire one of the first or second images of the
pair, and the processor s to generate another one of the first or second images of the pair, based
at feast in part on a position of the projector relative to the scene, at s time instance of a
projection of the light pattern on a respective portion of the scene.

Example § may include the subject matter of Example 4, wherein the camera includes an
infrared (IR} camera.

Example 6 may wnclude the subject matter of Example 1, wherein the hight patiern
comprises one or more light spots.

Example 7 may include the subject matter of Example 1, wherein the projector to project
a light pattern on different portions of a scene at different time instances includes to move the
projector to project the light pattern around the scene in a random fashion.

Exarople 8 may include the subject matter of Example 1, wherein the processor is to
process the generated pairs of images, wherein to process includes: determine multiple hight
tensity values for an image element of a portion of the scene, for at least some generated image
pairs that include the image element; identify corresponding locations for the image element in
respective images of each image pair of the at least some generated fwage pairs; and geverate at
least a portion of the depth image of the object, based at least in part on the determined multiple
intensity values and corresponding locations of the image element.

Example 9 may include the subject matter of Example 8, wherein the image clement
includes one or more pixels of an image of the portion of the scene.

Exarople 10 may include the subject matier of Example 8, wherein the projector to
perform a controlled steering includes to cause the hight pattern to move for a distance that is iess
than a size of the image element, between acquisition of two successive image pairs.

Example 11 may include the subject matter of Example 1, wherein the processor is to
process the generated pairs of images, wherein to process includes: identity a feature of a portion
of the scene in at least some first and second images of at least some image pairs; determine

disparity value for the feature for each of the at least some image pairs; and generate at least a

o
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portion of the depth image of the object, based at least in part on the determined disparity values
of the feature, wherein the feature comprises a set of predetermined light intensity values
associated with an image element of the first or second image.

Example 12 may include the subject matter of Example 11, wherein to identity a feature
ncludes to retrieve a data set indicative of the feature from a memory accessible by the

1

4

processor; and compare the retrieved feature data set with corresponding data sets associate
with the first and second images of the portion of the scene.

Example 13 may include the subject matter of Example 11, wherein the image element
coraprises a pixel, wherein the projector to perform a controlled steering woncludes to cause the
light pattern to move for a distance that is less than a size of the pixel, between acquisition of two
SUCCESBIVE Unage pairs.

Example 14 may include the subject matter of Example 11, wherein o process further
includes to detect discontinuity for the feature, based at least tn part on the disparity values.

Example 1S may be a computing device-implementied method for providing a depth
image of an object in a scene, comprising causing, by a computing device, a projector to
perform a controlled steering, fo project a hight pattern on different porfions of the scene at
different time instances; receiving, by the computing device, pairs of images of the different
portions of the scene generated by an imaging device coupled with the projector, in response to
the projection of the light pattern on respective portions, including, for a portion of the scene,
recetving a first image of a pair acquired from g fivst perspective, and receiving a second 1mage
of the pair acquired from a second perspective, wherein the first and second perspectives are
different perspectives; processing, by the computing device, the generated pairs of images of the
portions of the scene; and generating, by the computing device, the depth image of the objeci in
the scene, based at least in part on a result of the processing.

Exarople 16 may nclude the subject matter of Example 15, wherein processing ncludes:
determining, by the computing device, multiple light intensity values for an image element of a
portion of the scene, for at least some generated image pairs that include the tmage element;
identifying, by the computing device, corresponding locations for the image element in
respective images of each image pair of the at least some gencrated image pairs; and generating,
by the computing device, at least a portion of the depth image of the object, based at feast in part

on the determined multiple intensity values and corresponding locations of the image element.

16
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Example 17 may include the subject matter of Example 16, wherein the image element
includes one or more pixels of an fmage of the portion of the scene, wherein causing a projector
to perform a controlled steering includes causing, by the computing device, the light pattern to
move for a distance that is less than a size of the image element, between acquisition of two
SUCCEssive 1mage pairs.

Example 18 may include the subject matter of Example 15, wherein processing includes:
identifying, by the computing device, a feature of a portion of the scene in at least some first and
second images of at least some image pairs; determining, by the computing device, disparity
values for the feature for each of the at least some irnage pairs; and generating, by the computing
device, at least a portion of the depth image of the object, based at least in part on the determined
disparity values of the feature, wherein the feature comprises a set of predetermined light
mtensity values assoctated with an image element of the first or second image.

Exampie 19 may include the subject matter of Exarnple 18, wherein identifying a feature
of a portion of the scene tncludes: retrieving, by the computing device, a data set indicative of
the feature trom a memory accessible by the processor; and comparing, by the computing device,
the refrieved feature data set with corresponding data sets associated with the first and second
images of the portion of the scene.

Example 20 may include the subject matter of Example 18, wherein the image element
comprises a pixel, wherein causing the projector to perform a controlled steering includes
causing, by the computing device, the light pattern to move for a distance that is less than a size
of the pixel, between acquisition of two successive image pairs.

Example 21 may be one or more non-transitory computing device-readable media having
nstructions for providing a depth image of an object in a scene stored thereon that, in response to
execution on a computing device, cause the computing device to: cause a projector to perform a
controlled steering, to project a light pattern on differeut portions of the scene at different time
mnstances; receive pairs of images of the different portions of the scene generated by an imaging
device coupled with the projector, in response to the projection of the light pattern on respective
portions, including, for a portion of the scene, receive a first image of a pair acquired from a first
perspective, and receive a second image of the pair acquired from a second perspective, wherein
the first and second perspectives are different perspectives; process the generated pairs of images

of the portions of the scene; and generate the depth image of the object in the scene, based at
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ieast in part on a result of the processing.

Example 22 may include the subject matter of Example 21, wherein the instructions that
cause the computing device to process the generated pairs of images of the portions of the scene
further cause the computing device tor determine multiple light intensity values for an image
element of a portion of the scene, for at least some generated image pairs that include the image
clement; identity corresponding locations for the image element in respective images of each
image pair of the at least some generated image pairs, and generate at least a portion of the depth
image of the object, based at lgast in part on the determined multiple intensity values and
corresponding locations of the image element.

Example 23 may include the subject matter of Example 22, wherein the image element
includes one or more pixels of an tmage of the portion of the scene, wherein the instructions to
cause a projector to perform a controlled steering include further cause the computing device to
inttiate the light pattern to move for a distance that is less than a size of the image element,
between acquisition of two successive image pairs.

Example 24 may include the subject matter of 21, wherein the instructions that cause the
computing device to process the generated pairs of images of the portions of the scene further
cause the computing device to; identify a feature of a portion of the scene in at least some first
and second images of at least some irwage pairs, determine disparity values for the feature for
each of the at least some image pairs; and generate at least a portion of the depth image of the
object, based at least in part on the determined dispanty values of the feature, wherein the feature
comprises a set of predetermined hight intensity values associated with an image element of the
first or second image.

Example 25 may include the subject matier of Example 24, wherein the instructions that
cause the computing device to identify a feature of a portion of the scene further cause the
compuiing device to: retrieve a data set indicative of the feature from a memory accessibie by a
processor; and compare the retrieved feature data set with corresponding data sets associated
with the first and second 1mages of the portion of the scene.

Example 26 may be an apparatus for providing a depth image of an object in a scene,
comprising: means for causing a projector to perform a controlled steering, to project a light
paitern on different portions of the scene at different time insiances; means for receiving pairs of

images of the different portions of the scene generated by an imaging device coupled with the
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projector, in response to the protection of the light pattern on respective portions, including, for a
portion of the scene, receiving a first image of a pair acquired from a first perspective, and
receiving a second image of the pair acquired from a second perspective, wherein the first and
second perspectives are different perspectives, means for processing the generated pairs of
images of the portions of the scene; and means for generating the depth image of the object 1o the
scene, based at least in part on a result of the processing.

Exaniple 27 may include the subject matter of Example 26, wheretn means for processing
inchades: means for determining multiple light intensity values for an image element of a portion
of the scene, for at least some generated image pairs that wnclude the image element; means for
identifying corresponding iocations for the image element in respective images of each image
pair of the at least some generated image pairs; and means for generating at feast a portion of the
depth image of the object, based at least in part on the determined multiple intensity values and
corresponding locations of the image element.

Example 28 may include the subject matter of 27, wherein the image element includes
one or more pixels of an image of the portion of the scene, wherein means for causing a projector
to perform a controlied steering includes means for causing the light patiern to move for a
distance that is less than a size of the image element, between acquisition of two successive
mage pairs.

Example 29 may include the subject matter of Example 26, wherein means for processing
includes: means for identifying a feature of a portion of the scene in at least some first and
second images of at least some Umage pairs, means for determining disparity values for the
feature for each of the at least some image pairs; and means for generating at least a portion of
the depth image of the object, based at least in part on the determined disparity values of the
feature, wherein the feature comprises a set of predetermined light intensity values associated
with an image element of the first or second image.

Example 30 may include the subject matter of Example 29, wherein means for
identifying a feature of a portion of the scene includes: means for reirieving a data set indicative
of the feature from a memory accessible by a processor; and means for comparing the retrieved
feature data set with corresponding data sets associated with the first and second images of the
portion of the scene.

Example 31 may include the subject matter of Example 29, wherein the image element
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comprises a pixel, wherein means for causing the projector to perform a controlled steering
includes means for causing the light pattern to move for a distance that 1s less than a size of the
pixel, between acquisition of two successive image pairs.

Although certain embodiments have been illustrated and described herein for purposes of
description, a wide variety of alternate and/or equivalent embodiments or implementations
calculated to achieve the same purposes may be substituted for the embodiments shown and
described without departing from the scope of the present disclosure.  This application is
intended to cover any adapiations or variations of the embodiments discussed herein. Therefore,

it 1s manifestly intended that embodiments described herein be limited only by the claims.
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Claims

What 1s claimed is:

1. An apparatus for providing a depth image of an object in a scene, comprising:

a projector to pertorm a , controlied steering of a light pattern on ditferent portions of the
scene at different time instances;

an imaging device coupled with the projector, 1o generate pairs of images of the differemt
portions of the scene in response to the projection of the light pattern on respective poriions,
wherein to generate pairs of images includes, for a portion of the scene, to acquire a first image
of a pair from a first perspective, and acquire a second image of the pair from a second
perspective, wherein the first and second perspectives are different perspectives; and

a processor coupled with the projector and the maging device, to control the steering of
the light pattern, and generate the depth image of the object in the scene, based at least in part on

processing of the generated pairs of images of the portions of the scene.

2. The apparatus of claim 1, wherein the apparatus further comprises an actuator
coupled with the projector, wherewn the processor is to operate the actuator to conirol the motion
of the projector to project the light pattern around the scene.

3. The apparatus of claim 1, wherein the tmaging device comprises a first camera
and a second camera disposed at a distance from and in a plane with the first camera, wherein the
first and second perspectives are defined at least in part by the distance between the first and

second cameras.

4. The apparatus of claim 1, wherein the imaging device compiises a camera,
wheretn the camera is to acquire one of the first or second images of the pair, and the processor
is to generate another one of the first or second images of the pair, based at leastin parton a
postiion of the projecior relative to the scene, at a ime instance of a projection of the hight

pattern on a respective portion of the scene.

5. The apparatus of claim 4, wherein the camera includes an infrared (JR) camera.
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5. The apparatus of claim 1, wherein the light pattern comprises one or more light
spots.
7. The apparatus of claim 1, wherein the projector to project a light patiern on

different portions of a scene at different tume instances includes to move the projector to project

the light pattern around the scene in a random fashion.

8. The apparatus of claim 1, wherein the processor is to process the generated pairs
of images, wheretn to process includes:

determine multiple light intensity values for an image element of a portion of the scene,
for at least some generated image pairs that include the image element;

identify corresponding locations for the image element in respective images of each
image pair of the at least some generated image pairs; and

generaie at least a portion of the depih image of the object, based at feast in part on the

determined multiple intensity values and corresponding locations of the image element.

9. The apparatus of claim 8, wherein the image element includes one or more pixels

of an image of the portion of the scene.

10, The apparatus of claim B, wherein the projector to perform a controlied steering
ncludes to cause the light pattern to move for a distance that is less than a size of the image

element, between acquisition of two successive image pairs.

1t The apparatus of claim 1, wherein the processor is to process the generated pairs
of irnages, wherein to process includes:

identify a feature of a portion of the scene in at least some first and second images of at
{east some image pairs,

determine disparity value for the feature for each of the at least some image pairs; and

generate at least a portion of the depth image of the object, based at least in part on the
determined disparity values of the feature,

wherein the feature comprises a set of predetermined light intensity values associated

»2
N2



10

15

30

WO 2017/222677 PCT/US2017/032982

with an image element of the first or second image.

12, The apparatus of claim 11, wherein to identify a feature includes to:

retrieve a data set indicative of the feature from a memory accessibie by the processor;
and

compare the retrieved feature data set with corresponding data sets associated with the

first and second tmages of the portion of the scene.

13, The apparatus of claim 11, wherein the image elernent comprises a pixel, wherein
the projector to perform a controlied steering includes to cause the light pattern fo move for a

distance that is less than a size of the pixel, between acquisition of two successive tmage paurs.

4. The apparatus of claim 11, wherein to process further includes to detect

discontinuity for the feature, based at least in part on the dispanity values.

15 A computing device-tmplerented method for providing a depth tmage of an
gbject in a scene, comprising

causing, by a computing device, a projector to perform a controlled steering, to project a
light pattern on different portions of the scene at different time instances;

recetving, by the computing device, pairs of tmages of the different portions of the scene
generated by an imaging device coupled with the projecior, in response to the projection of the
light pattern on respective portions, including, for a portion of the scene, receiving a first image
of a pair acquired from a {irst perspective, and receiving a second image of the pair acquired
from a second perspective, wherein the first and second perspectives are different perspectives;

processing, by the computing device, the generated pairs of images of the portions of the
scene; and

generating, by the computing device, the depth image of the object in the scene, based at

least in part on a result of the processing.

16. The computing device-implemented method of claim 15, wherein processing

includes:
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determining, by the computing device, multiple light intensity values for an image
clement of a portion of the scene, for at least some generated image pairs that include the image
element;

identifying, by the computing device, corresponding locations for the image element tn
respective images of each image pair of the at least some generated image paurs, and

generating, by the computing device, at least a portion of the depth image of the object,
based at least in part on the determined muliiple intensity values and corresponding tocations of

the image element.

17. The computing device-implemented method of claim 10, wherein the image
clement includes one or more pixels of an image of the portion of the scene, wherein causing a
projector to perform a controlled steering includes causing, by the computing device, the light
pattern to move for a distance that 15 less than a size of the image element, between acquisition

of two successive image pairs.

18 The computing device-implemented method of claim 15, wherein processing
mnchades:

wdentifying, by the computing device, a feature of a portion of the scene in at feast some
first and second images of at least some image pairs,;

determining, by the computing device, disparity values for the feature for each of the at
least some image pairs; and

generating, by the computing device, at least a portion of the depth image of the object,
based at feast in part on the determined disparity values of the feature,

wherein the feature comprises a set of predetermined light intensity values associated

with an image element of the first or second image.

19, The computing device-implemented method of claim 18, wherein identifying a
feature of a portion of the scene includes:

retrieving, by the computing device, a data set indicative of the feature from & memory
accessible by the processor; and

comparing, by the computing device, the retrieved feature data set with corresponding
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data sets associated with the first and second images of the portion of the scene.

20, The computing device-implemented method of claum 18, wherein the image
element comprises a pixel, wherein causing the projector to perform a controtied steering
mncludes causing, by the computing device, the light pattern to move for a distance that 15 less

than a size of the pixel, between acquisition of two successive tmage pairs.

21 Oue or more non-transtiory computing device-readable media having iustructions
for providing a depth image of an object in a scene stored thereon that, in response o execution
on a computing device, cause the computing device to;

cause a projector to perform a controlled steering, to project a light pattern on different
portions of the scene at different ime wnstances;

recetve pairs of images of the different porticuns of the scene generated by an imaging
device coupled with the projector, in response to the projection of the light pattern on respective
portions, including, for a portion of the scene, receive a first image of a pair acquired from a first
perspective, and receive a second image of the pair acguired from a second perspective, wherein
the first and second perspectives are different perspectives;

process the generated pairs of images of the portions of the scene; and

generate the depth image of the object in the scene, based at least in part on a result of the

processing.

22 The one or more non~-iransitory computing device-readable media of claim 21,
wherein the tnstructions that cause the computing device to process the generated pairs of images
of the portions of the scene further cause the computing device to!

determine multiple light intensity values for an image element of a portion of the scene,
for at least sorne generated irage patrs that include the image elerent;

identify corresponding locations for the image element in respective images of each
image pair of the at least some generated image pairs; and

generate at least a portion of the depth image of the object, based at teast in part on the

determined multiple intensity values and corresponding locations of the tmage element.

[\
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23, The one or more non-fransitory computing device-readable media of claim 22,
wherein the image element includes one or more pixels of an image of the portion of the scene,
wherein the tustructions to cause a projector to perform a controlled steering include further

5 cause the computing device to initiate the light patters to move for a distance that is less than a

size of the image clement, between acquisition of two successive image pairs.

24, The one or more non-transitory computing device-readable media of claim 21,
wherein the tnstructions that cause the computing device to process the generated pairs of images
18 of the portions of the scene further cause the computing device to
identify a feature of a portion of the scene i at least some first and second images of at
least some image pairs;
determine disparity values for the feature for each of the at least some image pairs; and
generaie at least a portion of the depih image of the object, based at feast in part on the
15 determined disparity values of the feature,
wherein the feature coroprises a set of predeterrutued light intensity values associated

with an image element of the first or second image.

25, The one or more non-transitory computing device-readable media of claim 24,
20 wherewn the instructions that cause the computing device to identify a feature of a portion of the
scene further cause the computing device (o
retrieve g data set indicative of the feature from a memory accessible by the processor;
and
compare the retrieved feature data set with corresponding data sets associated with the

25 furst and second images of the portion of the scene.
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