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DESIGN OF CODE IN AFFINE-INVARIANT SPATIAL MASK

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present Application for Patent claims priority to U.S. Provisional
Applications Ser. No. 61/651,528 filed May 24, 2012, Ser. No. 61/651,529 filed May
24, 2012, Ser. No. 61/651,533 filed May 24, 2012, Ser. No. 61/651,535 filed May 24,
2012, and Ser. No. 61/666,405 filed June 29, 2012, and U.S Non-Provisional
Application Ser. No. 13/785,981 filed March 5, 2013.

FIELD

[0002] Various features pertain to the design of spatial mask for depth sensing and
more specifically to techniques that address distortion of spatial masks used in depth

sensing.

BACKGROUND

[0003] In active sensing, a spatial mask, comprising a known pattern, is illuminated or
projected onto a scene or object. A structure of the pattern projected on the scene or
object typically encodes depth information for the scene or object. A receiver sensor
captures an image of the scene or object with the spatial mask thereon. The pattern or
code within the spatial mask in the captured image is then used to ascertain a depth for
the scene or object in the image. This depth information may be used, for instance, to

reconstruct a 3-dimensional representation of the scene or object.

[0004] Most scenes or objects have varying depths leading to distortions of the pattern
in the spatial mask. That is, as the spatial mask is projected onto the scene or object, the
curves, depth, shapes of the scene or object cause parts of the pattern projected therecon
to become distorted. Such distortion tends to inhibit accurate identification of the

pattern of the spatial mask.

[0005] Therefore, a solution is needed to correctly recognize spatial codes that may

have been distorted under various conditions.

SUMMARY

[0006] A method for generating codes for a code mask is provided. A plurality of

symbols may be arranged into an nl by n2 symbol structure, where nl and n2 are
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integer values. A plurality of codewords may be defined from different overlapping k1
by k2 windows within the symbol structure, wherein co-linear and spatially overlapping
windows define unique codewords, and the codewords are unique in a first direction of
the symbol structure but are repeated in a second direction that is perpendicular to the
first direction. A plurality of the symbol structures as a code mask, wherein symbols in
two adjacent k1 by k2 windows are selected so as to avoid codeword aliasing of
codewords in the two adjacent k1 by k2 windows. The different overlapping k1 by k2

windows overlap in two dimensions.

[0007] The code mask may include a code layer and an independent and distinct
carrier layer, where the carrier layer includes a plurality of reference objects that are

robust to distortion upon projection.

[0008] In one example, the carrier layer reference objects may comprise a plurality of
equally spaced reference stripes with a guard interval in between. Each reference stripe
may have a different width than the guard interval. The width of each reference stripe
relative to a guard interval width may be determined by an expected optical spreading of

a transmitter device and/or a receiver device.

[0009] In some implementations, the plurality of symbols of the code layer may be

spatially staggered in at least one dimension.

[0010] Similarly, a code mask generating device is also provided comprising a
processing circuit and a tangible medium. The processing circuit may be adapted to: (a)
arrange a plurality of symbols into an nl by n2 symbol structure, where nl and n2 are
integer values; and/or (b) define a plurality of codewords from different overlapping k1
by k2 windows within the symbol structure, wherein co-linear and spatially overlapping
windows define unique codewords, and the codewords are unique in a first direction of
the symbol structure but are repeated in a second direction that is perpendicular to the
first direction. The tangible medium on a plurality of the symbol structures are rendered
as a code mask, wherein symbols in two adjacent k1 by k2 windows are selected so as

to avoid codeword aliasing of codewords in the two adjacent k1 by k2 windows.
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DRAWINGS

[0011] Various features, nature and advantages may become apparent from the
detailed description set forth below when taken in conjunction with the drawings in

which like reference characters identify correspondingly throughout.

[0012] FIG. 1 illustrates an exemplary active sensing system where a known pattern is
used to illuminate a scene or object and obtain depth information with which to generate

3-dimensional information from 2-dimensional images and/or information.

[0013] FIG. 2 illustrates another exemplary system for active sensing where a 3-

dimensional (3D) scene is constructed from 2-dimensional (2D) images or information.
[0014] FIG. 3 illustrates how depth may be sensed for an object or scene.

[0015] FIG. 4 illustrates an example of projective distortion which is a problem in

accurately identifying a projected code.
[0016] FIG. 5 illustrates another example of projective distortion.

[0017] FIG. 6 illustrates an example of distortion problem encountered by typical

spatial coding for active sensing.

[0018] FIG. 7 illustrates another example of distortion problem encountered by typical

spatial coding for active sensing.
[0019] FIG. 8 illustrates a solution to the distortion problem with spatial coding.

[0020] FIG. 9 illustrates how a binary codeword may be represented within a shape

modulated carrier.

[0021] FIG. 10 illustrates further details of the code microstructure using a carrier

layer and code layer.

[0022] FIG. 11 (comprising FIGs. 11A and 11B) illustrates further details of the code

microstructure using a carrier layer and code layer.

[0023] FIG. 12 illustrates a first composite code mask that uses three gray-scale levels
(e.g., black, white, and a gray).
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[0024] FIG. 13 illustrates a second composite code mask that uses two gray-scale

levels (e.g., black and white).

[0025] FIG. 14 illustrates a third composite code mask that uses two gray-scale levels

(e.g., black and white) with sinusoidal shaping.

[0026] FIG. 15 illustrates a fourth composite code mask that uses two gray-scale
levels (e.g., black and white).

[0027] FIG. 16 illustrates a portion of the fourth composite code mask in FIG. 15.

[0028] FIG. 17 illustrates the combination of a carrier layer and a code layer and

transformation of the composite code mask.

[0029] FIG. 18 illustrates the decomposition of a received code mask and alignment or

adjustment of the received code mask to obtain the original code layer.

[0030] FIG. 19 illustrates an example of how a transmitted code mask may be

projected on a surface that causes the received code mask to be transformed or distorted.

[0031] FIG. 20 illustrates an example of how the spatial coding example of FIG. 9

may be further broadened to include spatial amplitude modulation.

[0032] FIG. 21 is a block diagram illustrating a mask generating device for generating

a composite mask code.

[0033] FIG. 22 illustrates an example of how to generate a composite code mask that

is resistant to affine transformation.

[0034] FIG. 23 illustrates an exemplary method for generating codewords and a

composite code mask.

[0035] FIG. 24 is a block diagram illustrating an example of a transmitter device that
may be configured to generate a composite code mask and/or project such composite

code mask.

[0036] FIG. 25 illustrates a method for projecting a composite code mask.
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[0037] FIG. 26 is a block diagram illustrating an example of a receiver device that

may be configured to obtain depth information from a composite code mask.

[0038] FIG. 27 is a block diagram illustrating an exemplary operation of a receiver

device.

[0039] FIG. 28 illustrates an exemplary method for decoding a captured codeword

within a composite code mask that is resistant to affine transformation.

[0040] FIG. 29 illustrates a method for obtaining a depth map from a captured code

mask.

[0041] FIG. 30 illustrates how codeword separation dictates a codebook primitive

reuse distance.

[0042] FIG. 31 illustrates the relationship between reuse distance of a codebook

primitive and an object size.

[0043] FIG. 32 is a flow diagram illustrating an exemplary method for constructing a

code mask by reusing a codebook primitive.

[0044] FIG. 33 illustrates an example of how a point spread function may be applied

to an object to obtain an image.
[0045] FIG. 34A illustrates carrier stripes of a code mask carrier in the spatial domain.

[0046] FIG. 34B illustrates an example of the resulting carrier stripes in the spatial-

frequency domain after they have propagated through a transmission channel.

[0047] FIG. 35A illustrates how a synthetic point spread function may be applied to

carrier stripes to pre-shape the carrier stripes in the spatial domain.

[0048] FIG. 35B illustrates an example of the resulting pre-shaped carrier stripes in
the spatial-frequency domain after they have propagated through a transmission

channel.

[0049] FIG. 36 illustrates that a bank of point spread functions may be available from

which one PSF may be selected to pre-shape a code mask carrier prior to transmission.
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DETAILED DESCRIPTION

[0050] In the following description, specific details are given to provide a thorough
understanding of the embodiments. However, it will be understood by one of ordinary
skill in the art that the embodiments may be practiced without these specific detail. For
example, circuits may be shown in block diagrams in order avoid obscuring the
embodiments in unnecessary detail. In other instances, well-known circuits, structures

and techniques may not be shown in detail in order not to obscure the embodiments.

[0051] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any implementation or embodiment described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
embodiments.  Likewise, the term “embodiments” does not require that all

embodiments include the discussed feature, advantage or mode of operation.

OVERVIEW

[0052] A first feature provides a spatial mask that is invariant to distortion by
combining a carrier layer (with reference markers) and a code layer (with unique
codewords). The carrier layer provides reference markers (e.g., stripes in a known
orientation) that allow correcting for distortions (e.g., skews, rotation, compression,
clongation, tilting, etc.) of the code layer and thus the correct identification of

codewords by a receiver.

[0053] According to a second feature, a compact codeword structure and codebook are
provided. A compact codeword structure is desirable because it permits greater
granularity in ascertaining a depth. However, codewords should be sufficiently large to
avoid segmentation. Additionally, a smaller codebook permits faster correlation of a
sampled codeword to the possible codewords in the codebook. These goals may be
accomplished by defining codewords as overlapping (k1 by k2 symbol windows) that

define unique codewords in at least one axis or direction of a code layer.

[0054] According to a third feature, a code mask may be generated by replicating or
repeating a code primitive one or more times within the code mask. The codebook
primitive may be defined as a plurality of spatially-coded and unique codewords within
a nl by n2 symbol structure. Such codebook primitive may be defined from a subset of

all codewords possible (e.g., combinations of symbols that are possible within the n1 by
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n2 symbol structure). The code mask may then be generated by reusing the codebook

primitive x times in the code mask.

EXEMPLARY OPERATING ENVIRONMENT

[0055] FIG. 1 illustrates an exemplary active sensing system where a known pattern is
used to illuminate a scene or object and obtain depth information with which to generate
3-dimensional information from 2-dimensional images and/or information. One or
more aspects and/or features described herein may be implemented within such
exemplary active sensing system. Here, a transmitter 102 projects a light field through a
code mask 104 (e.g., image with codes) to project codewords on an object or scene 106.
A receiver 108 captures the projected code mask 110 and codewords therein. This
example illustrates how a section/portion/window 112 of the code mask 104 is projected
(as  section/portion/window  114) onto the surface (e.g., projected
section/portion/window 116) of the object or scene 106. The projected
section/portion/window 116 may then be captured by the receiver 108 as a captured
segment 118. The section/portion/window 112 may be used as a codeword that can be
uniquely identified. Thus, by covering the scene or object 106 with unique codewords
in this manner, sections/portions of the scene or object 106 may be identified/tagged and

this information may be used for depth sensing.

[0056] From the image captured by the receiver 108, multiple segments may be
identified over the scene or object 106. Each segment 118 may be uniquely identifiable
at the receiver 108 and its location relative to other segments ascertained from the
known pattern of the coded mask 104. The identification of a code from each
segment/portion/window may involve pattern segmentation (e.g., to address distortion)
and decoding of the perceived segment/portion/window into a corresponding code(s).
Additionally, triangulation may be applied over each captured segment/portion/window
to ascertain an orientation and/or depth. Multiple such segments/portions/windows may
be combined to stitch together a captured image pattern. In this manner, a map of depth

may be generated for the scene or object 106.

[0057] FIG. 2 illustrates another exemplary system for active sensing where a 3-
dimensional (3D) scene is constructed from 2-dimensional (2D) images or information.
An encoder/shape modulator 201 may serve to generate a code mask which is then

projected by a transmitter device 202 over a transmission channel 204. The code mask
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may be projected onto a target (e.g., a scene or object) and the reflected light is captured
by a receiver sensor 205 as an image (e.g., code mask image). At the receiver sensor
205 (e.g., receiver 108 in FIG. 1), the target (e.g., scene or object) is captured and its
shape/depth is encoded 205. Shape/depth encoding may be achieved, for example,
using the projected code mask to ascertain the depth information. For instance, the
captured image of the scene or object (which includes the projected code mask) may be
decoded 206 to obtain a depth map 208. The depth map 208 may then be used to

present, generate, and/or provide a 3-dimensional version 210a-¢ of the target.

[0058] Active sensing relies on being able to recognize (at the receiver sensor 205
and/or decoder 206) all spatial codes (i.e., codewords) from the code mask being
projected by the transmitter device 202 on a scene or object. If a scene or object is too
close to transmitter/receiver, the surface of the scene or object is angled/curved, and/or a
baseline reference plane is tilted, the codes become modified under unknown affine

transformation (e.g., rotation, skew, compression, clongation, etc.).

[0059] One or more aspects or features described herein may be implemented within

the exemplary environments of FIGS. 1 and 2.

EXEMPLARY ACTIVE DEPTH SENSING

[0060] FIG. 3 illustrates how depth may be sensed for an object or scene. Here, a
transmitter device 302 is on the same baseline reference plane (e.g., lens plane 305) as
the receiver device 304. The transmitter device 302 projects a code mask 310 onto a
scene or object through an aperture or lens. Here, for purposes of illustration, a
projected segment/portion/window 312 (representing a codeword) is shown as part of
the transmitted code mask 310. This code segment/portion/window 312 may be
projected on a scene or object 306 at a first distance or at a second distance. The
receiver device 304 captures the projected code mask 310 (as a received code mask 311)
through a receiver aperture. Here, the transmitted code mask 310 is shown on the same
sensor plane 307 as the received code mask 311. It can be appreciated that when the
scene or object 306 is located closer to the transmitter device 302 (e.g., a first distance
from the transmitter device) the projected segment 312 appears at a distance d1 from its
initial location. Meanwhile, when the scene or object 308 is located further away (e.g.,
a second distance from the transmitter device), the projected segment/portion/window

312 appears at a distance d2 from its initial location (where d2 < d1). That is, the
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further away an object is from the transmitter/receiver, the closer the received projected
segment/portion/window is from its original position at the receiver device 304 (e.g., the
outgoing projection and incoming projection are more parallel). Conversely, the closer
an object is from the transmitter/receiver, the further the received projected
segment/portion/window is from its original position at the receiver device 304. Thus,
the difference between received and transmitted codeword position gives the depth of
the scene or object. In one example, such depth (e.g., relative depth) may provide a

depth for each pixel or subset of grouped pixels (e.g., regions of two or more pixels).

[0061] Various types of modulation and coding schemes have been conceived to
generate a code mask. These modulation and coding schemes include temporal coding,

spatial coding, and direct codification. However, there are drawbacks to each scheme.

[0062] In temporal coding, patterns are successively projected onto the measuring
surface (e.g., over time). This technique has high accuracy and resolution but is not

suitable for dynamic scenes.

[0063] In spatial coding, information is encoded in a local neighborhood based on
shapes and patterns. Pseudorandom codes may be based on De-Bruijn or M-arrays
define the codebook (e.g., m-ary intensity or color modulation). However, pattern
segmentation is crucial and not easily attained where the shapes and patterns are

distorted.

[0064] In direct codification, both horizontal and wvertical pixel coordinates are
encoded. Modulation may be by a monotonic phase or an intensity waveform.
However, this scheme requires a large codebook to implement. Because, upon capture
every codeword must be correlated against a defined set of possible codewords (e.g., in
a codebook), the use of a small set of codewords (e.g., small codebook) is desirable.

Also, the minimum distance is small which causes errors.

PROJECTIVE DISTORTION PROBLEM

[0065] FIG. 4 illustrates an example of projective distortion which is a problem in
accurately identifying a projected code. Here, a code mask segment 402 has been
projected on a surface 404 that is at an angle 0 to the baseline reference plane 406

between a transmitter and receiver. Consequently, there is distortion of the received
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code mask segment 408. At close range, oblique surfaces cause projective distortion,
which may result in warping patterns, shifting outside the field of view, and/or code
aliasing. Aliasing of a received code mask segment 412 is illustrated here. Also,
projective distortion is illustrated where the word “Qualcomm” 414 has been distorted

416 by projective transformation 418.

[0066] FIG. 5 illustrates another example of projective distortion. Here, a typical code
mask 502 has been projected on a surface and the received/captured code mask 504 has
been distorted. Distributed codes are not robust to projective distortion during
segmentation. Accurate segmentation requires complex registration and contextual
information. Correlation windows 508 and 512 are used to attempt to recover the
original code mask. However, as illustrated here, the receiver correlation window 512

only captures a portion of the distorted code mask segment.

[0067] FIG. 6 illustrates an example of distortion problem encountered by typical
spatial coding for active sensing. Active sensing relies on being able to recognize all
spatial codes. If object is close to transmitter/receiver and/or the plane is tilted, the code
becomes modified under an unknown affine transform. Here, an initial code 602 has
been distorted by the surface or plane of the object onto which it is projected or due to
misalignment of the transmitter and receiver. Hence, in some examples, the received
code 604 may be narrower than expected and/or the received code 606 may be tilted or

slanted, making detection of the correct code difficult.

[0068] FIG. 7 illustrates another example of distortion problem encountered by typical
spatial coding for active sensing. In these examples illustrates that, in spatial coding, a
codeword may be transformed into another valid codeword, thus making active sensing
difficult. For example, a first set of adjacent codewords 702 may be projected onto an
object plane or surface that causes the codewords to be tilted 508. Consequently, a first
codeword 704 may be incorrectly detected as a transformed codeword 706. Note that
while the first codeword 704 had a white stripe followed by a black stripe, the
transformed codeword 706 is largely white and can be misconstrued as a wvalid

codeword.
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EXEMPLARY COMPOSITE CODE MASK

[0069] FIG. 8 illustrates a solution to the distortion problem with spatial coding. In
this approach, the code mask may be constructed by a carrier layer 802 overlayed on the
code layer 804. Here, the carrier layer 802 may include wide black lines 806 (i.e., guard
intervals) with thinner white lines 808 (i.e., reference stripes) in between. The thin
white lines 808 (i.e., reference stripes) corresponding to the location of code stripes 812
in the code layer 804. The carrier layer 802 is a redundant layer that can be extracted
and used to estimate the affine transform of the codeword. The code layer 804 is the

actual binary pattern specifying the different codewords comprising the code mask.

[0070] FIG. 9 illustrates how a binary codeword 902 may be represented within a
shape modulated carrier 904. The modulated carrier 904 may include code/reference
stripes 906 (e.g., active stripes) and guard intervals 908. The carrier layer 902 may be
defined by an active stripe width w1 and a guard interval w2. The active stripe width
w1 may be determined by power requirements on the transmitter. The guard interval
w2 may be determined by transmitter/receiver Point Spread Function (PSF). Here, a tri-
state gray-scale system is used to represent the guard, “0” and “1”, where the “0” and

“1” levels ratio may be 50%.

[0071] FIG. 10 illustrates further details of the code microstructure 1002 using a
carrier layer and code layer. In this example, the size of the code mask may be nl x n2,
where nl = 7 (vertical), n2 = 585 (horizontal), such that a total of 4095 unique
codewords are possible. Smaller codebooks are possible by using a subset of these
codewords. Smaller codebooks may be desirable in that it reduces the number of
comparisons that must be performed to ascertain whether a codeword match is found.
That is, a received/captured code mask may be compared to the codebook used to
ascertain each codeword therein. Such comparison may involve matching a region of
the received/captured code mask each codeword defined in the codebook to ascertain a
match (e.g., or closest match). Consequently, reducing the size of the codebook (e.g.,
using a small number of codewords) reduces the number of comparisons needed to find
a codeword match and reduces the processing resources and/or time to find codeword

matches for the received/captured code mask.

[0072] The size of a code mask window (e.g., k1 x k2 window) used for a codeword

may be dependent on the minimum detectable object sought. For example, the code
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mask window may be a k; x ko = 3 x 4 symbol window. Hence, the window size is
defined by the minimum detectable object size (e.g., detectable object or feature) and
distance at which such object detection occurs. Additionally, depth resolution may be
equal to carrier spacing. The guard interval is countermeasure against unknown
spreading. The selected parameters may provide a balance between resolution and

detection.

[0073] The design of the code structure has an effect on how efficiently codeword
detection can be implemented. For example, it would be preferable that a code is able
to support both static and dynamic scenes (e.g., in case on object is in motion), so that
the code mask can be deployed in one shot or projection. The code should have high
depth resolution, which implies a large number of codewords. However, the codes
should be densely packed, e.g. tessellated codewords must be unique. The code should
be robust against occlusions and jump boundaries. Therefore, a compact window may
be less likely to be disrupted than an elongated one. The code should also have high
feature resolution so that details of an object or scene can be more readily detected (e.g.,
have a small modulating “shape waveform”). The code should also be low complexity
in terms of segmentation (e.g., pattern should be simple). The code should be robust to
projective distortion (e.g., pattern should be relatively invariant to projective
transformations). Additionally, the code should be robust to reflectance variation and

interference (e.g., modulation should require only a few intensity levels).

[0074] FIG. 11 (comprising FIGs. 11A and 11B) illustrates further details of the code
microstructure using a carrier layer and code layer. An exemplary code mask 1106
(e.g., symbol structure) may be rendered as a plurality of oriented symbols (e.g., line
segments) and combined with a carrier layer to generate a composite code mask 1102.
Each codeword may be represented by a window of symbols (e.g., line segments). For
example, a plurality of codewords is represented here, where the windows are
overlapping. FIG. 11B illustrates how a plurality of codewords may be defined by
overlapping windows 1108, 1110, 1112, and 1114.

[0075] In one implementation, the transmitter and receiver may be setup on the same
horizontal plane. The code layer 1106 is maximally dense due to its perfect window
property, which means that unique codes are defined by all overlapping windows (e.g.,

for at least the same column or row of the code layer). Shifting the window by one unit
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in at least one direction (e.g., horizontally) results in a unique codeword. For example,
the codewords in the x-direction may be unique. However, to keep the codebook as
small as possible (e.g., to reduce the number of codewords against which a detected
codeword must be correlated to find a match), the codewords in the vertical direction
need not be unique. For instance, after defining a codebook with just enough unique
codewords to span the x-direction of the code layer or code mask, the codewords may
be repeated in the y-direction. This is because depth information is obtained (as
illustrated in FIG. 3) from the codewords perceived/captured in one direction (x-
direction). Consequently, having unique codewords in the transverse direction (y-
direction) is not necessary. Also, the width of the composite code mask 1102 may be
selected depending on the distance the distance range at which the object or scene of
interest is located (e.g., the width of composite code mask may be sufficiently wide to
capture the object or scene of interest in a single projection) and also to avoid aliasing
(e.g., where the composite code mask reuses codewords, the composite code mask

should be sufficiently wide to avoid erroneous detection of reused codewords).

[0076] In an alternative implementation, where the transmitter and receiver may be
setup on the same vertical plane. In this example, the codewords in the y-direction may

be unique and the codewords in the x-direction may be repeating.

[0077] In one example, the binary symbols in the code layer 1106 may be
pseudorandomly arranged so as to achieve unique codewords in at least one direction
(e.g., x-direction). In another example, the binary symbols may be arranged so as to
maximize the Hamming distance of the codewords represented by each window. This
allows for error correction in a detected/captured codeword by selecting the closest

codeword based on Hamming distance.

[0078] The codewords (as perceived by an optical receiver) may serve to represent
depth information for an object (or parts of an object) and are transmitted along with the
image of the object as part of an image file. For instance, for an MxN image, an image
file 1104 may include 2-dimensional image information along with depth information
(e.g., generated from detected codewords) for segments/portions of the image. For
example, each codeword may be generated into a depth to represent a plxp2 pixel

window of the 2-dimensional image.



WO 2013/176808 PCT/US2013/037235
14

[0079] FIGs. 12, 13, 14, and 15 illustrate various examples of composite code masks.

[0080] FIG. 12 illustrates a first composite code mask 1200 that uses three gray-scale
levels (e.g., black, white, and a gray). In this example, black is used for the guard

interval and white/gray are used for the code/reference stripes.

[0081] FIG. 13 illustrates a second composite code mask 1300 that uses two gray-
scale levels (e.g., black and white). In this example, black is used for the guard interval
and white/black are used for coding/reference stripes. Thus, the reference stripes are

detectable from the presence of white stripes used for coding (e.g., codewords).

[0082] FIG. 14 illustrates a third composite code mask 1400 that uses two gray-scale
levels (e.g., black and white) with sinusoidal shaping. In this example, black is used for
the guard interval and white/black are used for coding/reference stripes. Thus, the
reference stripes are detectable from the presence of white stripes used for coding (e.g.,
codewords). The sinusoidal shaping may serve to pre-distort elements of the composite
code mask 1400. In this example, such pre-distortion of the composite code mask has
resulted in the blurring and rounding of the code stripes. Such pre-distortion may serve
to compensate for environmental and/or object surface distortions, thereby improving

detection of codewords in the projected composite code mask by a receiver.

[0083] FIG. 15 illustrates a fourth composite code mask that uses two gray-scale
levels (e.g., black and white). In this example, black is used for the guard interval and
white/black are used for coding/reference stripes. In this example, the code stripes are

only aligned along the x axis, but staggered along the y axis.

[0084] FIG. 16 illustrates a portion 1502 of the fourth composite code mask 1500 in
FIG. 15. It can be appreciated here that the code stripes are staggered along the y axis.
Staggering the code stripes means that the stripes used to define codewords are not
aligned in both the x-axis and y-axis. As can be perceived from FIG. 13, for example,
there is an alignment of the white stripes (used for coding) along the x-axis and y-axis
(e.g., where the top of the white stripes align even when the white stripes are of varying
lengths). By contrast, in FIG. 16 the white stripes (used for coding) only align along
one axis (e.g., x-axis) but not in the second axis (y-axis) (e.g., neither the top or bottom
of the white stripes are aligned, instead they are staggered across at least a portion of the

codemask).
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[0085] Without staggering, there is a probability that when a code mask is projected
onto on object with angular surfaces, distortions may cause different portions (e.g., non-
adjacent portions, separate portions, etc.) of the codemask to be erroncously captured as
a codeword. By contrast, the probability of such erroneous or unintended codeword
being detected is significantly reduced by staggering the white stripes. That is, the
alternative mask of FIGS. 15 and 16 arranges the stripes so that they are staggered in at
least one dimension or axis, making it less likely that an erronecous or unintended

codeword will be detected.

[0086] FIG. 17 illustrates the combination of a carrier layer and a code layer and
transformation of the composite code mask. A carrier layer 1702 is combined or
superimposed on a code layer 1704 to obtain a composite code mask 1706. As a result
of its projection on an uneven or angled surface, the composite code mask 1706 may be

transformed into a captured code mask 1708.

[0087] FIG. 18 illustrates the decomposition of a received code mask and alignment or
adjustment of the received code mask to obtain the original code layer. The received
code mask 1802 may be transformed so that it is misaligned relative to the original code
mask. However, because a known carrier layer was used, the received code mask 1802
can be decomposed into a received carrier layer 1804 and a received code layer 1806.
The affine transformation of the received carrier layer 1804 may be analyzed and/or
ascertained by comparing it to the original carrier layer (1702 in FIG. 17). Having
identified the affine transformation of the carrier layer in this manner, the received code
layer 1806 can be adjusted to obtain an adjusted code layer 1808 that substantially
matches the original code layer (1704 in FIG. 17).

[0088] FIG. 19 illustrates an example of how a transmitted code mask 1902 may be
projected on a surface that causes the received code mask 1904 to be transformed or
distorted. As can be appreciated, the reference stripes 1910 and 1912 in code masks

1902 and 1904 may serve to align the received code mask 1904.

[0089] FIG. 20 illustrates an example of how the spatial coding example of FIG. 9
may be further broadened to include spatial amplitude modulation. A codeword 2002 is
defined by a plurality of symbols within a window (e.g., 3x4 symbol window). Each

symbol sy may be distinguishable from other symbols by using amplitude modulation



WO 2013/176808 PCT/US2013/037235
16

according to different intensity levels (e.g., gray-scale levels or colors). Here, the
intensity levels are represented by different colors. Thus, the amplitude modulated
codeword 2004 illustrates a codeword made up from four (4) types of symbols (al, a2,
a3, a4). The resulting codeword mask 2006 illustrates how the amplitude modulated
codeword 2004 is mapped onto a linear carrier with guard bands. Note that the carrier
can also be modulated by a shaping function to improve transmission and/or reception

characteristics of the codeword.

[0090] FIG. 21 is a block diagram illustrating a mask generating device for generating
a composite mask code. The mask generating device 2102 may include a processing
circuit 2104 that implements a code layer generator/selector circuit 2116, a carrier layer
generator/selector circuit 2118, a composite code mask generator/selector circuit 2120,
and/or a pre-shaping circuit 2122. The processing circuit 2104 may be coupled to a

memory store memory/storage device 2106 and/or a tangible medium 2108.

[0091] The code layer generator/selector circuit 2116 may be configured/adapted to
generate a code layer (e.g., FIG. 11A, 11B, FIG. 20, etc.) and/or select a pre-generated
code layer (e.g., stored in the memory/storage device 2110). The carrier layer
generator/selector circuit 2118 may be configured/adapted to generate carrier layer (e.g.,
FIG. 9, FIG. 20, ctc.) and/or select a pre-generated carrier layer (e.g., stored in the
memory/storage device 2112). The composite code mask generator/selector circuit
2120 may be configured/adapted to generate a composite code mask by combining the
code layer and carrier layer and storing the composite code mask 2114 in the
memory/storage device 2106 and/or the tangible medium 2108 (e.g., film, digital data
storage device, etc.). Additionally, the pre-shaping circuit 2122 may be adapted to pre-
shape at least one of the code layer and carrier layer to compensate for anticipated or
expected channel distortions (e.g., where the channel includes the path and/or trajectory

through which the composite code mask is to be projected).

[0092] FIG. 22 illustrates an example of how to generate a composite code mask that
is resistant to affine transformation. A code layer of uniquely identifiable spatially-
coded codewords defined by a plurality of symbols is obtained 2202. For example, a
code layer may comprise a plurality of symbols or graphics (e.g., nl symbols x n2
symbols) as in code layer 804 (FIG. 8). In one example, the code layer may comprise nl

by n2 binary symbols, where nl and n2 are integers greater than two. In some
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implementations, the symbols or graphics may be line segments in two gray-scale
shades (e.g., white and gray, white and black, etc.) with each of the two gray-scale
shades representing “0” or “1” (as in FIG. 9). In one example, the symbols of the code
layer may be staggered in at least one dimension. Each codeword may be defined by a
window on the code layer that is k1 symbols by k2 symbols, where k1 and k2 are
integers greater than two. Overlapping windows along at least one direction on the code
layer may define different unique codewords from any other window along the same
row or column. That is, each k1 x k2 window may appear only once in the code layer

along a particular direction (e.g., along columns or rows).

[0093] A carrier layer independently ascertainable and distinct from the code layer and
including a plurality of reference objects that are robust to distortion upon projection is
also obtained 2204. The reference stripes of the carrier layer may be equally spaced
with a guard interval in between. Additionally, the guard interval width relative to a
reference stripe width may be determined by an expected optical spreading. In some
examples, the reference stripes may be of different widths (e.g., wider or narrower) than
the guard interval. Such expected optical spreading may be determined based on the
resolution and/or power of the light source being used to project the composite code

mask, the distance to the object of interest, and/or receiver resolution, for example.

[0094] Optionally, at least one of the code layer and carrier layer may be pre-shaped
by a synthetic point spread function prior to projection 2206. In one example, pre-
shaping at least one of the code layer and carrier layer by a synthetic point spread
function prior to projection may include: (a) ascertaining one or more conditions for a
channel through which the code mask is to be projected, (b) obtaining the synthetic
point spread function, based on the one or more conditions, to compensate for the
distortions caused by the channel, and/or (c) applying the synthetic point spread
function to the at least one of the code layer and the carrier layer. In another example,
pre-shaping at least one of the code layer and carrier layer by a synthetic point spread
function prior to projection may include: (a) obtaining a pre-shaping layer that
compensates for distortions in a channel through which the code mask is to be
projected; and/or (b) combining the pre-shaping layer as part of the composite mask. In

yet other implementations, a transmitter device dynamically may perform the pre-
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shaping of the at least one of the code layer and carrier layer and combines the code

layer and carrier layer to obtain the composite code mask.

[0095] A composite code mask is then obtained/generated by combining the code
layer and carrier layer 2208. For instance, combining the code layer and carrier layer
may include overlaying/superimposing the carrier layer over the code layer such that the
code layer symbols appear within the reference stripes of the carrier layer. That is, the
code layer symbols may serve to define the location of reference stripes. A receiver
device may locate the symbols (e.g., coding stripes) in one or more gray-scale levels
(distinct from the guard interval) thereby allowing a receiver device to separate or
distinguish the code layer from the carrier layer. The carrier layer may permit a receiver
to decode the composite code mask under affine transformation. Note that, in some
implementations, the composite code mask may be generated beforechand and/or offsite
and provided to a transmitter device. In some instances, various different code masks
(e.g., with different codewords, configured for different distances, etc.) may be
generated and provided to a transmitter device. In other implementations, the composite
code mask may be dynamically generated at the transmitter device by selectively
combining a carrier layer (from one or more available carrier layers) and a code layer

(from one or more available code layers).

[0096] The composite code mask may then be stored on a tangible medium 2210. In
various implementations, the composite code mask may be stored in a film medium that
can be projected or it may be stored in digital form which transferred to a digitally

configurable medium (e.g., translucent LCD screen).

[0097] In various examples, the tangible medium may include at least one of: (a) a
single film medium embodying the composite code mask, (b) a first file medium storing
the code layer and a second film medium storing the carrier layer, (c) a digital storage
device in which the composite code mask stored, and/or (d) a digital storage device in

which the code layer and carrier layer are stored.

[0098] Subsequently, at least a portion of the composite code layer may be projected
onto an object to help ascertain depth information for the object. For instance, a

transmitter may use a light to project the composite code layer onto the surface of the
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object. The composite code mask may also be rendered as an image and stored for

subsequent projection on the object.

[0099] In some implementations, where the transmitter may be on the same horizontal
reference plane as the receiver, the reference stripes may be in a vertical orientation
relative to the reference plane. In other implementations, where the transmitter may be
on the same vertical reference plane as the receiver, the reference stripes may be in a

horizontal orientation relative to the reference plane.

[00100] FIG. 23 illustrates an exemplary method for generating codewords and a
composite code mask. A plurality of symbols may be arranged into an nl by n2 symbol
structure, where nl and n2 are integer values 2302. A plurality of codewords may be
defined from different overlapping k1 by k2 windows within the symbol structure,
wherein co-linear and spatially overlapping windows define unique codewords, and the
codewords are unique in a first direction of the symbol structure but are repeated in a

second direction that is perpendicular to the first direction 2304.

[00101] A plurality of the symbol structures may be rendered as a code mask, wherein
symbols in two adjacent k1 by k2 windows are selected so as to avoid codeword
aliasing of codewords in the two adjacent k1 by k2 windows 2306. The code mask may
include a code layer and an independent and distinct carrier layer, where the carrier
layer includes a plurality of reference objects that are robust to distortion upon
projection. The carrier layer reference objects may comprise a plurality of equally
spaced reference stripes with a guard interval in between. Each reference stripe may be
of different width than the guard interval. The width of each reference stripe relative to
a guard interval width may be determined by an expected optical spreading of a
transmitter device and/or a receiver device. The plurality of symbols of the code layer
may be spatially staggered in at least one dimension. The different overlapping k1 by

k2 windows may overlap in two dimensions.

EXEMPLARY TRANSMITTER DEVICE

[00102] FIG. 24 is a block diagram illustrating an example of a transmitter device that
may be configured to generate a composite code mask and/or project such composite

code mask. The transmitter device 2402 may include a processing circuit 2404 coupled
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to a memory/storage device, an image projecting device 2408, and/or a tangible medium

2409.

[00103] In a first example, the transmitter device 2402 may be coupled or include a
tangible medium 2409. The tangible medium may define, include, and/or store a
composite code mask 2414, the composite code mask including a code layer combined
with a carrier layer. The code layer may include uniquely identifiable spatially-coded
codewords defined by a plurality of symbols. The carrier layer may be independently
ascertainable and distinct from the code layer and includes a plurality of reference
objects that are robust to distortion upon projection. At least one of the code layer and

carrier layer may be pre-shaped by a synthetic point spread function prior to projection.

[00104] In a second example, the processing unit 2404 may include a code layer
generator/selector 2416, a carrier layer generator/selector 2418, a composite code mask
generator/selector 2420 and/or a pre-shaping circuit 2422.  The code layer
generator/selector 2416 may select a pre-stored code layer 2410 and/or may generate
such code layer. The carrier layer generator/selector 2418 may select a pre-stored
carrier layer 2412 and/or may generate such carrier layer. The composite code mask
generator/selector may select a pre-stored composite code mask 2414 and/or may
combine the code layer 2410 and carrier layer 2412 to generate the composite code
mask 2414. Optionally, the processing circuit 2404 may include a pre-shaping circuit
that pre-shapes the composite code mask 2414, the code layer 2410, and/or the carrier
layer 2412, to compensate for expected distortion in the channel through which the

composite code mask is to be projected.

[00105] In some implementations, a plurality of different code layers and/or carrier
layers may be available, where each such carrier or code layers may be configured for
different conditions (e.g., for objects at different distances, or different configurations
between the transmitter device and receiver device). For instance, for objects within a
first distance or range, a different combination of code and carrier layers may be used
than for objects at a second distance or range, where the second distance is greater than
the first distance. In another example, different combination of code and carrier layers
may be used depending on the relative orientation of the transmitter device and receiver

device.
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[00106] The image projecting device 2408 may serve to project the generated/selected
composite code mask onto an object of interest. For instance, a laser to other light
source may be used to project the composite code mask onto the object of interest (e.g.,
through a projection channel). In one example, the composite code mask 2414 may be
projected in an infrared spectrum, so it may not be visible to the naked eye. Instead, a
receiver sensor in the infrared spectrum range may be used to capture such projected

composite code mask.

[00107] FIG. 25 illustrates a method for projecting a composite code mask. A
composite code mask on a tangible medium is obtained, the composite code mask
including a code layer combined with a carrier layer, wherein (a) the code layer
including uniquely identifiable spatially-coded codewords defined by a plurality of
symbols, (b) the carrier layer independently ascertainable and distinct from the code
layer and including a plurality of reference objects that are robust to distortion upon
projection, and (c) at least one of the code layer and carrier layer are pre-shaped by a
synthetic point spread function prior to projection 2502. The code layer may comprise

nl by n2 binary symbols, where nl and n2 are integers greater than two.

[00108] The transmitter device may then project at least a portion of the composite
code mask onto a target object to help a receiver ascertain depth information for the

target object with a single projection of the composite code mask 2504.

[00109] In one example, overlapping windows along at least one direction on the code
layer may define different unique codewords from any other window along the same
row or column. Each symbol in the composite code mask may be a line segment in one
of two gray-scale shades distinct from the reference objects. According to one aspect,
the symbols of the code layer are staggered in at least one dimension. The carrier layer
reference objects may comprise a plurality of equally spaced reference stripes with a
guard interval in between. The reference stripes and the guard interval may be of
different widths. The width of each reference stripe relative to a guard interval width
may be determined by an expected optical spreading of a transmitter device and/or a
receiver device. The code layer and carrier layer may be combined by overlaying the
carrier layer over the code layer such that the code layer symbols appear within the

reference stripes of the carrier layer.
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[00110] In one example, the binary symbols may be oriented line segments. In one
instance, the line segments in the code mask are oriented perpendicular to a plane in
which a transmitter of the code mask and a receiver of the code mask are aligned.
Because the transmitter and receiver are aligned in one plane (e.g., horizontal plane), the
depth information is obtained from displacement of the codeword (as illustrated in FIG.
3) along one direction. Consequently, codeword uniqueness is only necessary along the

direction of the displacement.

[00111] In order to keep the total number of codewords relatively small (e.g., to reduce
the number of possible correlations needed to find a codeword match), the symbol
structure may define a subset of codewords from a total possible number of codewords.
Consequently, codewords may be unique in a first direction of the symbol structure but

are repeated in a second direction that is perpendicular to the first direction.

[00112] In one example, each symbol is a line segment in one of two gray-scale shades
having at least a 50% shade difference. In another example, each symbol is represented
as a line segment in the code mask, and the line segments are parallel and/or co-linear

with each other.

[00113] In one example, pre-shaping at least one of the code layer and carrier layer by a
synthetic point spread function prior to projection includes: (a) ascertaining one or more
conditions for a channel through which the code mask is to be projected, (b) obtaining
the synthetic point spread function, based on the one or more conditions, to compensate
for the distortions caused by the channel, and/or (¢) applying the synthetic point spread
function to the at least one of the code layer and the carrier layer. In another example,
pre-shaping at least one of the code layer and carrier layer by a synthetic point spread
function prior to projection includes: (a) obtaining a pre-shaping layer that compensates
for distortions in a channel through which the code mask is to be projected, and/or (b)

combining the pre-shaping layer as part of the composite mask.

EXEMPLARY RECEIVER DEVICE OPERATION

[00114] FIG. 26 is a block diagram illustrating an example of a receiver device that
may be configured to obtain depth information from a composite code mask. The

receiver device 2602 may include a processing circuit 2604 coupled to a
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memory/storage device and a receiver sensor 2608 (e.g., an image capturing device

2608).

[00115] The receiver sensor 2608 (e.g., camera, etc.) may serve to obtain at least a
portion of a composite code mask projected on the surface of an object. For instance,
the receiver sensor may capture at least a portion of a composite code mask projected on
the surface of a target object. The composite code mask may be defined by: (a) a code
layer of uniquely identifiable spatially-coded codewords defined by a plurality of
symbols, and (b) a carrier layer independently ascertainable and distinct from the code
layer and including a plurality of reference objects that are robust to distortion upon
projection. At least one of the code layer and carrier layer may have been pre-shaped by
a synthetic point spread function prior to projection. In one example, the receiver

sensor 2608 may capture the composite code mask in the infrared spectrum.

[00116] The code layer may comprise nl by n2 binary symbols, where nl and n2 are
integers greater than two. In the composite code mask, each symbol may be a line
segment in one of two gray-scale shades distinct from the reference objects. The
symbols of the code layer may be staggered in at least one dimension. The carrier layer
reference objects may comprise a plurality of equally spaced reference stripes with a
guard interval in between. The reference stripes and the guard interval may be of
different widths. The width of each reference stripe relative to a guard interval width
may be determined by an expected optical spreading of a transmitter device and/or a

receiver device.

[00117] The processing circuit 2604 may include a reference stripe detector
circuit/module 2612, a distortion adjustment circuit/module 2614, a codeword identifier
circuit/module 2616, a depth detection circuit/module 2618, and/or a depth map

generation circuit/module 2620.

[00118] The reference stripe detector circuit/module 2612 may be configured to detect
reference stripes within the portion of the composite code mask. The distortion
adjustment circuit/module 2614 may be configured to adjust a distortion of the portion
of the composite code mask based on an expected orientation of the reference stripes
relative to an actual orientation of the reference stripes. The codeword identifier

circuit/module 2616 may be configured to obtain a codeword from a window defined
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within the portion of the composite code mask. The depth detection circuit/module
2618 may be configured to obtain a depth information for a surface portion of the target
object corresponding to the window based on: (a) a single projection of the composite
code mask, and (b) a displacement of the window relative to a known reference code

mask.

[00119] The depth map generation circuit/module 2620 may be configured to assemble
a depth map for the object based on a plurality of codewords detected as different

overlapping windows within the portion of the undistorted composite code mask.

[00120] In one example, pre-shaping of at least one of the code layer and carrier layer
increases power efficiency during the projection of the composite code mask, such that
more power is perceived by a receiver sensor in comparison to an unshaped composite

code mask.

[00121] In one instance, the synthetic point spread function used may be selected from
a plurality of point spread functions based on at least one of: (a) expected channel
conditions through which the composite code mask is to be projected, (b) characteristics
of surfaces onto which the composite code mask is projected, and/or (c) a sensitivity of
the receiver sensor which is to receive the projected composite code mask. In another
example, the synthetic point spread function may be selected from a plurality of point
spread functions based on at least one of: (a) a first channel response for a projector that
is to project the composite code mask; and/or (b) a second channel response for a path
from a projector, that is to project the composite code mask, to the receiver sensor, that

is to receive the composite code mask.

[00122] FIG. 27 is a block diagram illustrating an exemplary operation of a receiver
device. The receiver device may operate according to a calibration mode 2702 and/or

an operating mode 2704.

[00123] In calibration mode 2702, the receiver device may acquire an image 2706 and
calibrates 2708 itself (e.g., adjust receptors for light intensity, etc.) to obtain calibration

parameters 2710.

[00124] In operating mode 2704, the receiver device may acquire an image 2714 and

rectifies the image 2716 based on the calibration parameters 2710. The depth
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estimation 2718 may then be performed on the rectified image by using known mask
parameters 2712 (e.g., using the known code mask). A depth map may thus be
generated and used/stored/displayed 2720 along with the image.

[00125] FIG. 28 illustrates an exemplary method for decoding a captured codeword
within a composite code mask that is resistant to affine transformation. A receiver
sensor may receive at least a portion of a composite code mask projected on the surface
of a target object, the composite code mask defined by: (a) a code layer of uniquely
identifiable spatially-coded codewords defined by a plurality of symbols, (b) a carrier
layer independently ascertainable and distinct from the code layer and including a
plurality of reference objects that are robust to distortion upon projection, (¢) where at
least one of the code layer and carrier layer have been pre-shaped by a synthetic point
spread function prior to projection 2802. In one example, the receiver sensor may

capture the composite code mask in the infrared spectrum.

[00126] According to one example, the code layer may comprise nl by n2 binary
symbols, where nl and n2 are integers greater than two. In the composite code mask,
cach symbol may be a line segment in one of two gray-scale shades distinct from the
reference objects. In some instances, the symbols of the code layer may be staggered in
at least one dimension. The carrier layer reference objects may comprise a plurality of
equally spaced reference stripes with a guard interval in between. In one example, the
reference stripes and the guard interval are of different widths. In another example, the
width of each reference stripe relative to a guard interval width is determined by an

expected optical spreading of a transmitter device and/or a receiver device.

[00127] The pre-shaping of at least one of the code layer and carrier layer may increase
power efficiency during the projection of the composite code mask, such that more
power is perceived by a receiver sensor in comparison to an unshaped composite code
mask. The synthetic point spread function used may be selected from a plurality of
point spread functions based on at least one of: (a) expected channel conditions through
which the composite code mask is to be projected, (b) characteristics of surfaces onto
which the composite code mask is projected, and/or (c) a sensitivity of the receiver
sensor which is to receive the projected composite code mask. In some instances, the
synthetic point spread function may have been selected from a plurality of point spread

functions based on at least one of: (a) a first channel response for a projector that is to
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project the composite code mask; and/or (b) a second channel response for a path from a
projector, that is to project the composite code mask, to the receiver sensor, that is to

receive the composite code mask.

[00128] A processing circuit may adjust the code layer for distortion based on the
reference objects within the portion of the composite code mask 2804. A depth
information may then be obtained for a surface portion of the target object
corresponding to the window based on: (a) a single projection of the composite code
mask, and (b) a displacement of the window relative to a known reference code mask

2806.

[00129] FIG. 29 illustrates a method for obtaining a depth map from a captured code
mask. Reference stripes may be detected within a portion of a captured composite code
mask 2902. A distortion (e.g., skew, rotation, etc.) of the portion of the composite code
mask may then be adjusted (or corrected) based on an expected orientation of the
reference stripes relative to an actual orientation of the reference stripes 2904. A
codeword may be obtained from a window defined within the portion of the undistorted
composite code mask 2906. In one example, each codeword may be defined by a
window that is k1 symbols by k2 symbols, where k1 and k2 are integers greater than
two. In the composite code mask, each symbol may be a line segment in one of two
gray-scale shades distinct from the reference stripes, for example. Overlapping
windows along at least one direction on a known reference code mask may define

different unique codewords from any other window along the same row or column.

[00130] In one example, the portion of the composite code mask may comprise a
carrier layer defining the reference stripes and a code layer defining a plurality of
uniquely identifiable spatially-coded codewords. The carrier layer may comprise a
plurality of equally spaced reference stripes with a guard interval in between. In some
instance, each reference stripe may be wider than the guard interval. The width of each
reference stripe relative to a guard interval width may be determined by an expected

optical spreading.

[00131] Depth information may be obtained for a surface portion of the object
corresponding to the window based on a displacement of the window relative to a

known reference code mask 2908. As illustrated in FIG. 3, a displacement d2 closest to
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the expected position of the codeword 312 in the reference code mask indicates a longer
distance or depth while a displacement d2 further from the expected position of the
codeword 312 indicates a shorter distance or depth. The reference code mask may

comprise nl by n2 binary symbols, where nl and n2 are integers greater than two.

[00132] A depth map may be assembled for the object based on a plurality of
codewords detected as different overlapping windows within the portion of the

undistorted composite code mask 2910.

[00133] The receiver may be positioned along a same horizontal reference plane
relative to a transmitter of the composite code mask and the object and the reference

strips may be positioned vertically relative to the horizontal reference plane.

[00134] In one example, the receiver may obtain a two-dimensional image of the
object. The receiver may also obtain depth information for the object based on one or
more codewords having one or more windows defined within the portion of the

composite code mask.

REUSE OF CODEBOOK PRIMITIVES

[00135] Another aspect provides an efficient way to design a code mask by reusing a
codebook primitive to generate a code mask. A codebook primitive may include a
plurality of spatially-coded and unique codewords within an nl by n2 symbol structure.
This codebook primitive (e.g., nl by n2 symbol structure) may be repeated multiple
times in one or more directions of the code mask. Repeating the codebook primitive
permits reducing the codebook size which is desirable since that it reduces the number

of comparisons that are needed to identify a particular codeword match.

[00136] FIG. 30 illustrates how codeword separation dictates a codebook primitive
reuse distance. The maximum disparity (e.g., shift of codeword) may be determined by
the operating regime (e.g., nearest range to furthest range). Here, a transmitted
codeword 3002 may be projected upon a scene/object within a minimum range d1 and
maximum range d2. The projected codeword 3002 reflects on the scene/object and is
captured by a receiving device. The displacement of the captured codeword 3004/3006
relative to the original location of the transmitted codeword 3002 may be used to

ascertain depth. Here, the minimum range d1 and maximum range d2 have been
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defined from an imaginary (e.g., arbitrary) sensor plane 3007 to the closest and farthest
object. However, the minimum and maximum ranges may defined from different
reference planes, like a lens plane 3009 or a sensor plane 3011 for the transmitter 3013
and receiver 3015. In the case where the minimum/maximum ranges are defined from
the sensor plane 3011, the maximum codeword disparity (e.g., shift of codeword) may

be ascertained from the transmitted code mask and received code mask.

[00137] Where a codebook primitive is reused in a code mask, it is important to avoid
detecting the same codeword from an adjacent codebook primitive (in the same code
mask), also referred to as aliasing. In order to prevent aliasing of codewords from
adjacent codebook primitives, a reuse distance (i.c., width wl of codebook primitive
3002) should be greater than (or equal to) the maximum disparity (i.e., displacement
distance w2) between the closest codeword instance 3004 and farthest codeword

instance 3006.

[00138] FIG. 31 illustrates the relationship between reuse distance of a codebook
primitive and an object size. According to two examples, a first codebook primitive
3102 is reused five times in a first code mask 3114 and a second codebook primitive
3108 is reused three times in a second code mask 3116. For a fixed number of
horizontal codewords in a codebook primitive, increasing the reuse distance (e.g., width
of the codebook primitive) reduces the minimum resolvable object size. For instance,
for the first code mask 3114, the codebook primitive 3102 has a first size 3104 and the
minimum resolvable object has a second size 3106, where the first size is more than the
second size. By contrast, for the second code mask 3116, the second codebook
primitive 3108 has a third size 3110 and the minimum resolvable object has a fourth

size 3112, where the third size is less than the fourth size.

[00139] FIG. 32 is a flow diagram illustrating an exemplary method for constructing a
code mask by reusing a codebook primitive. A codebook primitive may be defined as a
plurality of spatially-coded and unique codewords within a nl1 by n2 symbol structure
3202. A code mask is then generated by reusing the codebook primitive x times in the

code mask 3204.

[00140] The size of the codebook primitive may be a function of the minimum

resolvable object size on which the code mask is to be projected. That is, for particular
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minimum and/or maximum ranges to which the code mask is to be projected, the size of
the codebook primitive may be selected to achieve a certain resolution (e.g., minimum
resolvable object size) at those ranges. For instance, the more times the codebook
primitive is reused in the code mask, the smaller the minimum resolvable object size
may be when the code mask is projected. Consequently, the size of the codebook
primitive may be a function of the distance range to which the code mask is to be
projected onto a scene or object. In one example, the smaller the codebook primitive,
the smaller the minimum resolvable object size becomes when the code mask is
projected. In another example, the smaller the codeword size, the smaller the minimum
resolvable object size is when the code mask is projected. According to one
implementation, the codeword size for all codewords may be the same (e.g., codewords
may have the same width). In one example, the size of the codebook primitive may

refer to one of either a width or a length of the codebook primitive.

[00141] Each spatially-coded and unique codeword may be a combination of m
symbols (e.g., see FIGs. 9 and 10). The plurality of spatially-coded and unique
codewords in the codebook primitive may be a subset of all possible combinations of

the m symbols within the n1 by n2 symbol structure.

[00142] In one example, the plurality of codewords may be defined from different
overlapping k1 by k2 windows within the symbol structure (e.g., illustrated in code
magsks 1102 and 1106 of FIG. 11A). The windows defining the plurality of codewords

may be co-linear and spatially overlapping.

[00143] The distance between repeated instances of a first codeword in the code mask
may be greater than a maximum expected displacement for the first codeword when the
code mask is projected onto an object and such projection is perceived by a receiver

device (e.g., see FIG. 30).

[00144] The receiver device may be co-planar with a transmitter device that projects
the code mask. The distance between repeated instances of a first codeword may be the

same as a width of the codebook primitive.

[00145] In one example, a width of the codebook primitive is greater than a maximum

expected displacement for the first codeword when the code mask is projected onto an
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object and such projection is perceived by a receiver device. The receiver device is co-

planar with a transmitter device that projects the code mask.

[00146] The code mask may facilitate obtaining depth information for a surface portion
of an object onto which the code mask is projected. The codebook primitive may be
tessellated x times (e.g., illustrated in FIG. 31) to cover a desired field of view onto
which the codebook is to be projected. That is, the codebook primitive may be
replicated or repeated, e.g., in one or more directions/dimensions, to construct a larger
code mask. In one example, X may be an integer value equal to or greater than zero.
That is, depending on the minimum object resolution sought, the size of the codeword
primitive and/or code mask may be adjusted (e.g., the larger the codeword primitive

and/or code mask the higher resolution attainable).

EXEMPLARY PRE-SHAPING CODE MASK CARRIERS USING POINT
SPREAD FUNCTIONS

[00147] A point spread function (PSF) describes a response of an imaging system to a
point source or point object. One aspect provides for pre-shaping a code mask carrier
using a synthetic point spread function to improve the amount of energy in a code mask
when transmitted across a transmission channel. A synthetic point spread function is a
form of pre-emphasis that is pre-computed intentionally inserted into the transmission
system to counteract some effect of the transmission channel. A pre-shaping by use of a
synthetic PSF may seck to optimize a transmission (e.g. projection of a particular mask)
according to the codemask being projected and/or channel conditions (e.g., projection
distance, projection surface characteristics, illumination power, receiver characteristics,

etc.)

[00148] FIG. 33 illustrates an example of how a point spread function may be applied
to an object to obtain an image. A more general term for the PSF is a system's impulse

response, the PSF being the impulse response of a focused optical system.

[00149] Here, a first transmitted pattern 3302 of pulses 3304 having a particular energy
level is illustrated where no pre-shaping has been performed to the pulses 3304. The
same first transmitted pattern 3302 is also illustrated as a received patterned 3306 of
spread pulses 3308. As can be perceived, the narrow transmitted pulse 3304 has

propagated over a transmission channel and is received as a first spread-out pulse 3308.
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[00150] By contrast, a second transmitted pattern 3310 of pre-shaped pulses 3312
having a particular energy level is illustrated. The same second transmitted pattern
3310 is also illustrated as a received patterned 3314 of second spread pulses 3316. As
can be perceived, the pre-shaped transmitted pulse 3312 has propagated over a
transmission channel and is received as the second spread-out pulses 3316. It should be
noted that the second received second spread-out pulses 3316 are received at a relatively

higher energy level than the first spread-out pulse 3308.

[00151] The PSF in many contexts can be thought of as the extended blob in an image
that represents an unresolved object. In functional terms it is the spatial domain version
of the modulation transfer function. The degree of spreading (blurring) of the point

object is a measure for the quality of an imaging system.

[00152] In incoherent imaging systems such as fluorescent microscopes, telescopes or
optical microscopes, the image formation process is linear in power and described by
linear system theory. This means that when two objects A and B are imaged
simultaneously, the result is equal to the sum of the independently imaged objects. In
other words: the imaging of object A is unaffected by the imaging of object B and vice

versa, owing to the non-interacting property of photons.

[00153] The image of a complex object can then be seen as a convolution of the true
object and the PSF. However, when the detected light is coherent, image formation is
linear in the complex field. Recording the intensity image then can lead to cancellations

or other non-linear effects.
[00154] FIG. 34A illustrates carrier stripes of a code mask carrier in the spatial domain.

[00155] FIG. 34B illustrates an example of the resulting carrier stripes in the spatial-

frequency domain after they have propagated through a transmission channel.

[00156] FIG. 34A illustrates vertical stripes, s1 3402 and s2 3404, which may represent
part of a code mask carrier in a structured light system previously mentioned. When
transformed into a spatial frequency domain 3406 (as illustrated FIG. 34B), the spectral
response of these stripes may conceptually be shown as curves S1 and S2 (in FIG. 34B).
For a given power level (dB), S1 3408 and S2 3410 have a width X, and intersect at a

distance, A1, above the noise floor.
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[00157] Where there is no concern of a power limitation, having a set of responses as
illustrated in FIGS. 34A and 34B may be entirely acceptable. However, in a power
limited system, such as a cell phone, portable camera, or small projector, it may be
desired to use less power while still transmitting enough power to be able to resolve
objects. One way to achieve this goal is to apply a synthetic point spread function
(PSF) 3412 to cach of the stripes (i.e., carriers), sl 3402 and s2 3404, prior to

transmission, as illustrated in FIG. 35A.

[00158] FIG. 35A illustrates how a synthetic point spread function may be applied to

carrier stripes to pre-shape the carrier stripes in the spatial domain.

[00159] FIG. 35B illustrates an example of the resulting pre-shaped carrier stripes in
the spatial-frequency domain after they have propagated through a transmission

channel.

[00160] In FIG. 35A, the PSF 3412 will allow the stripe s1 3402 and s2 3404 to be
shaped in such a way that there will be an increase in power efficiency during their
transmission (e.g., projection and/or incident reflection on an object). As a result, a
spectral response may look as in FIG. 35B, which shows that for the same given power
level (dB), S1 3414 and S2 3416 may have a width of 3X. In addition, the intersection
of S1 3414 and S2 3416 is now a distance A2, above the noise floor, which reflects the

increase of transmitted power relative to FIG. 34B.

[00161] Depending on the distance D1 between the vertical stripes 3402 and 3404 the
width w of the PSF’s used (see FIG. 36), different transmission efficiency may be
achieved which is either higher or lower than the 3X (three times the power transmitted

without PSF pulse shaping) illustrated in FIGS. 35A and 35B.

[00162] In addition, a PSF may not just be for the optical system of the projector, but a
PSF for a transmission channel may also be estimated. The channel may be comprised
into two parts: (a) the space where structured light travels from the transmitter to the
object; and (b) the space where the reflected structured light from the object travels to
the receiver. Thus, it a PSF may be selected for a worst case scenario to ensure enough

resolvability between small objects while still using a limited power source.
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[00163] FIG. 36 illustrates that a bank of point spread functions may be available from
which one PSF may be selected to pre-shape a code mask carrier prior to transmission.
This may allow selecting from among a plurality of PSFs depending on the stripe
spacing (for a code mask carrier) and transmission channel conditions. For example, a
PSF bank may be available, as illustrated in FIG. 36, from which different PSF’s 3602
and 3604 of varying widths (e.g., w1l and w2) may be selected. In selection of a PSF, a
balance is usually sought between the amount of power transmitted and the loss of
resolution of in the received code mask. For instance, the wider the PSF the more
resolution is lost for the symbols making up a codeword (e.g., higher frequencies get
filed out). Conversely, a narrower PSF may transmit less energy as perceived by a
receiver of a codeword. Thus, these constraints are balanced in the selected of a

particular PSF.

[00164] The effect of the imaging PSF is to blur or otherwise distort the transmitted
pattern. The size of the blur kernel sets a limit on the spacing and width of the symbols
in the transmitted pattern, and thus on the system resolution. The above constraint in
turn places a limit on the received per symbol power contained in the pattern. Based on
the relationships between the pattern symbol period and the PSF size, a pre-emphasized
shaping may be applied to the transmitted pattern prior to transmission in order to
increase the symbol power in accordance with the constraints illustrated in FIG. 35A
and 35B. The result of such shaping preserves or increases resolution without
sacrificing power or system reliability by increasing the signal to noise ratio in the

received pattern symbols.

[00165] The PSF selection is dependent on the operating point of the system which is a
trade-off between robustness/reliability and performance, i.e., resolution. The PSF
design may be based on the expected channel and a balance between robustness and

performance which is application dependent.

[00166] The PSF comprises the distortion effects for the path light travels from the
source to the camera focal plane. These channel effects may include geometrical
distortion, lens aberrations, lens action, diffraction, object size and composition, scene
reflectance, and motion effects. The PSF limits the maximum resolution of the system
and therefore the space between the pattern resolution and the limiting PSF regime

should not go unused. Modulation of the nominal pattern by a synthetic shaping
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function whose design is dependent on the source to camera path results in filling this
resolution gap so that the system is power and resolution matched. According to the

channel model, a transmitted pattern so designed will result in optimum performance.

[00167] One or more of the components, steps, features and/or functions illustrated in
the FIGS. may be rearranged and/or combined into a single component, step, feature or
function or embodied in several components, steps, or functions. Additional elements,
components, steps, and/or functions may also be added without departing from novel
features disclosed herein. The apparatus, devices, and/or components illustrated in the
FIGS. may be configured to perform one or more of the methods, features, or steps
described in the FIGS. The novel algorithms described herein may also be efficiently

implemented in software and/or embedded in hardware.

[00168] Also, it is noted that the embodiments may be described as a process that is
depicted as a flowchart, a flow diagram, a structure diagram, or a block diagram.
Although a flowchart may describe the operations as a sequential process, many of the
operations can be performed in parallel or concurrently. In addition, the order of the
operations may be re-arranged. A process is terminated when its operations are
completed. A process may correspond to a method, a function, a procedure, a
subroutine, a subprogram, etc. When a process corresponds to a function, its
termination corresponds to a return of the function to the calling function or the main

function.

[00169] Moreover, a storage medium may represent one or more devices for storing
data, including read-only memory (ROM), random access memory (RAM), magnetic
disk storage mediums, optical storage mediums, flash memory devices and/or other
machine-readable mediums, processor-readable mediums, and/or computer-readable
mediums for storing information. The terms “machine-readable medium”, “computer-
readable medium”, and/or “processor-readable medium” may include, but are not
limited to non-transitory mediums such as portable or fixed storage devices, optical
storage devices, and various other mediums capable of storing, containing or carrying
instruction(s) and/or data. Thus, the various methods described herein may be fully or
partially implemented by instructions and/or data that may be stored in a “machine-

readable medium”, “computer-readable medium”, and/or “processor-readable medium”

and executed by one or more processors, machines and/or devices.
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[00170] Furthermore, embodiments may be implemented by hardware, software,
firmware, middleware, microcode, or any combination thercof. When implemented in
software, firmware, middleware or microcode, the program code or code segments to
perform the necessary tasks may be stored in a machine-readable medium such as a
storage medium or other storage(s). A processor may perform the necessary tasks. A
code segment may represent a procedure, a function, a subprogram, a program, a
routine, a subroutine, a module, a software package, a class, or any combination of
instructions, data structures, or program statements. A code segment may be coupled to
another code segment or a hardware circuit by passing and/or receiving information,
data, arguments, parameters, or memory contents. Information, arguments, parameters,
data, etc. may be passed, forwarded, or transmitted via any suitable means including

memory sharing, message passing, token passing, network transmission, etc.

[00171] The various illustrative logical blocks, modules, circuits, elements, and/or
components described in connection with the examples disclosed herein may be
implemented or performed with a general purpose processor, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a field programmable gate
array (FPGA) or other programmable logic component, discrete gate or transistor logic,
discrete hardware components, or any combination thereof designed to perform the
functions described herein. A general purpose processor may be a microprocessor, but
in the alternative, the processor may be any conventional processor, controller,
microcontroller, or state machine. A processor may also be implemented as a
combination of computing components, ¢.g., a combination of a DSP and a
microprocessor, a number of microprocessors, one Or more MmiCroprocessors in

conjunction with a DSP core, or any other such configuration.

[00172] The methods or algorithms described in connection with the examples
disclosed herein may be embodied directly in hardware, in a software module
executable by a processor, or in a combination of both, in the form of processing unit,
programming instructions, or other directions, and may be contained in a single device
or distributed across multiple devices. A software module may reside in RAM memory,
flash memory, ROM memory, EPROM memory, EEPROM memory, registers, hard
disk, a removable disk, a CD-ROM, or any other form of storage medium known in the

art. A storage medium may be coupled to the processor such that the processor can read



WO 2013/176808 PCT/US2013/037235
36

information from, and write information to, the storage medium. In the alternative, the

storage medium may be integral to the processor.

[00173] Those of skill in the art would further appreciate that the various illustrative
logical blocks, modules, circuits, and algorithm steps described in connection with the
embodiments disclosed herein may be implemented as electronic hardware, computer
software, or combinations of both. To clearly illustrate this interchangeability of
hardware and software, various illustrative components, blocks, modules, circuits, and
steps have been described above generally in terms of their functionality. Whether such
functionality is implemented as hardware or software depends upon the particular

application and design constraints imposed on the overall system.

[00174] The various features of the invention described herein can be implemented in
different systems without departing from the invention. It should be noted that the
foregoing embodiments are merely examples and are not to be construed as limiting the
invention. The description of the embodiments is intended to be illustrative, and not to
limit the scope of the claims. As such, the present teachings can be readily applied to
other types of apparatuses and many alternatives, modifications, and variations will be

apparent to those skilled in the art.
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WHAT IS CLAIMED IS:

1. A method for generating codes for a code mask, comprising:

arranging a plurality of symbols into an n1 by n2 symbol structure, where nl and
n2 are integer values;

defining a plurality of codewords from different overlapping k1 by k2 windows
within the symbol structure, wherein co-linear and spatially overlapping windows
define unique codewords, and the codewords are unique in a first direction of the
symbol structure but are repeated in a second direction that is perpendicular to the first
direction; and

rendering a plurality of the symbol structures as a code mask, wherein symbols
in two adjacent k1 by k2 windows are selected so as to avoid codeword aliasing of

codewords in the two adjacent k1 by k2 windows.

2. The method of claim 1, wherein the code mask includes a code layer and an
independent and distinct carrier layer, where the carrier layer includes a plurality of

reference objects that are robust to distortion upon projection.

3. The method of claim 1, wherein the carrier layer reference objects comprise a

plurality of equally spaced reference stripes with a guard interval in between.

4. The method of claim 3, wherein each reference stripe has a different width than

the guard interval.

5. The method of claim 3, wherein the width of each reference stripe relative to a
guard interval width is determined by an expected optical spreading of a transmitter

device and/or a receiver device.

6. The method of claim 1, wherein the plurality of symbols of the code layer are

spatially staggered in at least one dimension.

7. The method of claim 1, wherein the different overlapping k1 by k2 windows

overlap in two dimensions.
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8. A code mask generating device, comprising:
a processing circuit adapted to
arrange a plurality of symbols into an nl by n2 symbol structure, where nl
and n2 are integer values;
define a plurality of codewords from different overlapping k1 by k2
windows within the symbol structure, wherein co-linear and spatially
overlapping windows define unique codewords, and the codewords are
unique in a first direction of the symbol structure but are repeated in a
second direction that is perpendicular to the first direction; and
a tangible medium having a plurality of the symbol structures rendered as a code
mask, wherein symbols in two adjacent k1 by k2 windows are selected so as to avoid

codeword aliasing of codewords in the two adjacent k1 by k2 windows.

9. The code mask generating device of claim &, wherein the code mask includes a
code layer and an independent and distinct carrier layer, where the carrier layer includes

a plurality of reference objects that are robust to distortion upon projection.

10.  The code mask generating device of claim 8, wherein the carrier layer reference
objects comprise a plurality of equally spaced reference stripes with a guard interval in

between.

11. The code mask generating device of claim 10, wherein each reference stripe has

a different width than the guard interval.

12. The code mask generating device of claim 10, wherein the width of each
reference stripe relative to a guard interval width is determined by an expected optical

spreading of a transmitter device and/or a receiver device.

13.  The code mask generating device of claim 8, wherein the plurality of symbols of

the code layer are spatially staggered in at least one dimension.

14.  The code mask generating device of claim 8, wherein the different overlapping

k1 by k2 windows overlap in two dimensions.
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15. A code mask generating device, comprising:

means for arranging a plurality of symbols into an nl by n2 symbol structure,
where nl and n2 are integer values;

means for defining a plurality of codewords from different overlapping k1 by k2
windows within the symbol structure, wherein co-linear and spatially overlapping
windows define unique codewords, and the codewords are unique in a first direction of
the symbol structure but are repeated in a second direction that is perpendicular to the
first direction; and

means for rendering a plurality of the symbol structures as a code mask, wherein
symbols in two adjacent k1 by k2 windows are selected so as to avoid codeword

aliasing of codewords in the two adjacent k1 by k2 windows.

16.  The code mask generating device of claim 15, wherein the code mask includes a
code layer and an independent and distinct carrier layer, where the carrier layer includes

a plurality of reference objects that are robust to distortion upon projection.

17. The code mask generating device of claim 15, wherein the carrier layer reference
objects comprise a plurality of equally spaced reference stripes with a guard interval in

between.

18.  The code mask generating device of claim 17, wherein each reference stripe has

a different width than the guard interval.

19.  The code mask generating device of claim 17, wherein the width of each
reference stripe relative to a guard interval width is determined by an expected optical

spreading of a transmitter device and/or a receiver device.

20.  The code mask generating device of claim 15, wherein the plurality of symbols

of the code layer are spatially staggered in at least one dimension.



WO 2013/176808 PCT/US2013/037235
40

21. A machine-readable storage medium having instructions stored thereon for
generating a code mask, which when executed by at least one processor causes the at
least one processor to:

arrange a plurality of symbols into an nl by n2 symbol structure, where nl and
n2 are integer values;

define a plurality of codewords from different overlapping k1 by k2 windows
within the symbol structure, wherein co-linear and spatially overlapping windows
define unique codewords, and the codewords are unique in a first direction of the
symbol structure but are repeated in a second direction that is perpendicular to the first
direction; and

render a plurality of the symbol structures as a code mask, wherein symbols in
two adjacent k1 by k2 windows are selected so as to avoid codeword aliasing of

codewords in the two adjacent k1 by k2 windows.

22.  The machine-readable storage medium of claim 21, wherein the code mask
includes a code layer and an independent and distinct carrier layer, where the carrier
layer includes a plurality of reference objects that are robust to distortion upon

projection.
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Obtain a code layer of uniquely identifiable spatially-coded %~ 2202

codewords defined by a plurality of symbols.

Obtain a carrier layer independently ascertainable and

distinct from the code layer and including a plurality of [ __ 2704

reference objects that are robust to distortion upon
projection.

!

Pre-shape at least one of the code layer and carrier layer by a

TS . : o 2206
synthetic point spread function prior to projection. =
Obtain a composite code mask by combining the code layer | __ 7208

and carrier layer.
Store the composite code mask on a tangible medium.  |-=2-2210

FIG. 22
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Arrange a plurality of symbols into an nl by n2 symbol | 2-2302
structure, where nl and n2 are integer values.

Define a plurality of codewords from different
overlapping k1 by k2 windows within the symbol structure,
wherein co-linear and spatially overlapping windows define p-=2—2304

unique codewords, and the codewords are unique in a first

direction of the symbol structure but are repeated in a second
direction that is perpendicular to the first direction.

'

Render a plurality of the symbol structures as a code mask, & 2306
wherein symbols in two adjacent k1 by k2 windows are
selected so as to avoid codeword aliasing of codewords in
the two adjacent k1 by k2 windows.

FIG. 23
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Obtain a composite code mask on a tangible medium, the

composite code mask including a code layer combined with a

carrier layer, wherein (a) the code layer including uniquely

identifiable spatially-coded codewords defined by a plurality

of symbols, (b) the carrier layer independently ascertainable & 2502
and distinct from the code layer and including a plurality of

reference objects that are robust to distortion upon projection,

and/or (c) at least one of the code layer and carrier layer are

pre-shaped by a synthetic point spread function prior to

projection.

Project, from the transmitter device, at least a portion of the
composite code mask onto a target object to help a receiver

ascertain depth information for the target object with a single
projection of the composite code mask.

|_2-2504

FIG. 25
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Obtain, via a receiver sensor, at least a portion of a composite
code mask projected on the surface of a target object, the
composite code mask defined by: (a) a code layer of uniquely =&~ 2802
identifiable spatially-coded codewords defined by a plurality
of symbols, (b) a carrier layer independently ascertainable and
distinct from the code layer and including a plurality of
reference objects that are robust to distortion upon projection,
(c) where at least one of the code layer and carrier layer have
been pre-shaped by a synthetic point spread function prior to
projection.

!

Adjust, at a processing circuit, the code layer for distortion
based on the reference objects within the portion of the
composite code mask.

| _=-2804

!

Obtain a depth information for a surface portion of the target | _~-2806
object corresponding to the window based on: (a) a single
projection of the composite code mask, and (b) a
displacement of the window relative to a known reference
code mask.

FIG. 28
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Detect reference stripes within a portion of a captured -=-2902
composite code mask.

!

Adjust a distortion of the portion of the composite code |~ 2904

mask based on an expected orientation of the reference

stripes relative to an actual orientation of the reference
stri;pes.

Y

Obtain a codeword from a window defined within the
portion of the undistorted composite code mask.

!

Obtain a depth information for a surface portion of the | - -2908
object corresponding to the window based on a
displacement of the window relative to a known reference
code mask.

!

Assemble a depth map for the object based on a plurality of | __ 2910
codewords detected as different overlapping windows
within the portion of the undistorted composite code mask.

_2-2906

FIG. 29
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Define a codebook primitive as a plurality of spatially-coded =&~ 3202
and unique codewords within a nl by n2 symbol structure.

Generate a code mask by reusing the codebook primitive x
times in the code mask.

|_=2-3204

FIG. 32
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