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(57) Methods, systems, and devices for 3D meas-
urement and/or pattern generation are provided in ac-
cordance with various embodiments. Some embodi-
ments include a method of pattern projection that may
include projecting one or more patterns. Each pattern
from the one or more patterns may include an arrange-
ment of three or more symbols that are arranged such
that for each symbol in the arrangement, a degree of
similarity between said symbol and a most proximal of
the remaining symbols in the arrangement is less than a
degree of similarity between said symbol and a most dis-
tal of the remaining symbols in the arrangement. Some
embodiments further include: illuminating an object using
the one or more projected patterns; collecting one or
more images of the illuminated object; and/or computing
one or more 3D locations of the illuminated object based
on the one or more projected patterns and the one or
more collected images.
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Description

BACKGROUND

[0001] 3D locations may be obtained using a wide
range of spatial pattern features including dots, lines,
fringes, etc. Various modulations of these features in-
cluding phase, amplitude, position, etc., may be utilized
to encode measurement information within the spatial
pattern. One class of pattern encoding, for example, may
discuss how the pattern may include additional codeword
information to identify individual features within the pat-
tern.
[0002] There may thus be a need for tools and tech-
niques that may go beyond the current use of pattern
encoding with information.

BRIEF SUMMARY

[0003] Methods, systems, and devices for 3D meas-
urement and/or pattern generation are provided in ac-
cordance with various embodiments. Different embodi-
ments relate in general to devices, systems, and methods
for projecting structured light patterns and 3D measure-
ment.
[0004] For example, some embodiments include a sys-
tem for 3D measurement that may include a pattern pro-
jector that emits one or more patterns. Each pattern from
the one or more patterns may include an arrangement
of three or more symbols that are arranged such that for
each symbol in the arrangement, a degree of similarity
between said symbol and a most proximal of the remain-
ing symbols in the arrangement is less than a degree of
similarity between said symbol and a most distal of the
remaining symbols in the arrangement. The system may
include an imager. The system may include a processor
that estimates one or more 3D locations on an object
based on at least: illuminating the object using the one
or more patterns projected from the pattern projector;
collecting one or more images of the illuminated object
using the imager; and/or computing the one or more 3D
locations on the object based on the one or more pro-
jected patterns and the one or more collected images.
[0005] In some embodiments of the system, the three
of more symbols include three or more spatial code-
words. In some embodiments, the three or more symbols
are arranged such that for each symbol in the arrange-
ment, a degree of similarity between said symbol and a
more proximal of the remaining symbols in the arrange-
ment is less than a degree of similarity between said sym-
bol and a more distal of the remaining symbols in the
arrangement. In some embodiments, a most proximal
symbol pair from the three or more symbols has a larger
Hamming distance than a most distal symbol pair from
the three or more symbols.
[0006] In some embodiments of the system, the ar-
rangement of three or more symbols is repeated. In some
embodiments, a width of the arrangement of three or

more symbols is wide enough such that no two regions
of the object are illuminated by a same symbol pair from
the three or more symbols and collected on the one or
more images. In some embodiments, the pattern projec-
tor illuminates the object limited to a specific range of
distances. In some embodiments, at least the pattern pro-
jector, the imager, or the processor is dynamically con-
figured for one or more working ranges.
[0007] In some embodiments of the system, an as-
sessment of the most proximal of the remaining symbols
from the arrangement and the most distal of the remain-
ing symbols from the arrangement occurs along a single
direction. In some embodiments, all symbol pairs from
the three or more symbols with a proximity less than a
block width have a Hamming distance that exceeds the
Hamming distance of symbol pairs from the three or more
symbols with a proximity more than the block width. In
some embodiments, at least the pattern projector, the
imager, or the processor is dynamically configured for
one or more working ranges such that for each of the one
or more working ranges, computing each respective 3D
location on the object from the one or more 3D locations
utilizes information about a region of the pattern no wider
than a block width.
[0008] Some embodiments include a pattern projec-
tion device that may include one or more pattern gener-
ators that emit one or more patterns. Each pattern from
the one or more patterns may include an arrangement
of three or more symbols that are arranged such that for
each symbol in the arrangement, a degree of similarity
between said symbol and a most proximal of the remain-
ing symbols in the arrangement is less than a degree of
similarity between said symbol and a most distal of the
remaining symbols in the arrangement.
[0009] In some embodiments of the device, the three
of more symbols include three or more spatial code-
words. In some embodiments, the three or more symbols
are arranged such that for each symbol in the arrange-
ment, a degree of similarity between said symbol and a
more proximal of the remaining symbols in the arrange-
ment is less than a degree of similarity between said sym-
bol and a more distal of the remaining symbols in the
arrangement.
[0010] In some embodiments of the device, a most
proximal symbol pair from the three or more symbols has
a larger Hamming distance than a most distal symbol
pair from the three or more symbols. In some embodi-
ments, the arrangement of three or more symbols is re-
peated. In some embodiments, a width of the arrange-
ment of three or more symbols is wide enough such that
no two regions of the object are illuminated by a same
symbol pair from the three or more symbols. In some
embodiments, the one or more pattern generators are
configured to illuminate an object limited to a specific
range of distances. In some embodiments, the one or
more pattern generators are dynamically configured for
one or more working ranges.
[0011] In some embodiments of the device, an assess-
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ment of the most proximal of the remaining symbols from
the arrangement and the most distal of the remaining
symbols from the arrangement occurs along a single di-
rection. In some embodiments, all symbol pairs from the
three or more symbols with a proximity less than a block
width have a Hamming distance that exceeds the Ham-
ming distance of symbol pairs from the three or more
symbols with a proximity more than the block width.
[0012] In some embodiments of the device, the one or
more pattern generators are dynamically configured for
one or more working ranges such that for each of the one
or more working ranges, computing a 3D location on an
object utilizes information about a region of the pattern
no wider than the block width.
[0013] Some embodiments include a method of pat-
tern projection that may include projecting one or more
patterns. Each pattern from the one or more patterns may
include an arrangement of three or more symbols that
are arranged such that for each symbol in the arrange-
ment, a degree of similarity between said symbol and a
most proximal of the remaining symbols in the arrange-
ment is less than a degree of similarity between said sym-
bol and a most distal of the remaining symbols in the
arrangement.
[0014] Some embodiments of the method may further
include: illuminating an object using the one or more pro-
jected patterns; collecting one or more images of the il-
luminated object; and/or computing one or more 3D lo-
cations of the illuminated object based on the one or more
projected patterns and the one or more collected images.
[0015] In some embodiments of the method, the three
of more symbols include three or more spatial code-
words. In some embodiments, symbol pairs from the
three or more symbols that are more proximal in the re-
spective pattern from the one or more patterns are less
similar than symbol pairs from the three or more symbols
that are less distal in the respective pattern of the one or
more patterns. In some embodiments, a most proximal
symbol pair from the three or more symbols has a larger
Hamming distance than a most distal symbol pair from
the three or more symbols.
[0016] In some embodiments of the method, the ar-
rangement of three or more symbols is repeated. In some
embodiments, a width of the arrangement of three or
more symbols is wide enough such that no two regions
of the object are illuminated by a same symbol pair from
the three or more symbols. In some embodiments, the
illuminating is configured to illuminate the object limited
to a specific range of distances.
[0017] Some embodiments of the method include dy-
namically configuring at least the projecting, the illumi-
nating, the collecting, or the computing for one or more
working ranges.
[0018] In some embodiments of the method, an as-
sessment of the most proximal of the remaining symbols
from the arrangement and the most distal of the remain-
ing symbols from the arrangement occurs along a single
direction. In some embodiments, all symbol pairs from

the three or more symbols with a proximity less than a
block width have a Hamming distance that exceeds the
Hamming distance of symbol pairs from the three or more
symbols with a proximity more than the block width.
[0019] Some embodiments of the method include dy-
namically configuring at least the projecting, the illumi-
nating, the collecting, or the computing for one or more
working ranges such that for each of the one or more
working ranges, computing each respective 3D location
on the object from the one or more 3D locations utilizes
information about a region of the pattern no wider than
the block width.
[0020] Some embodiments include methods, systems,
and/or devices as described in the detailed description
and/or shown in the figures.
[0021] The foregoing has outlined rather broadly the
features and technical advantages of examples accord-
ing to the disclosure in order that the detailed description
that follows may be better understood. Additional fea-
tures and advantages will be described hereinafter. The
conception and specific examples disclosed may be
readily utilized as a basis for modifying or designing other
structures for carrying out the same purposes of the
present disclosure. Such equivalent constructions do not
depart from the spirit and scope of the appended claims.
Features which are believed to be characteristic of the
concepts disclosed herein, both as to their organization
and method of operation, together with associated ad-
vantages will be better understood from the following de-
scription when considered in connection with the accom-
panying figures. Each of the figures is provided for the
purpose of illustration and description only, and not as a
definition of the limits of the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] A further understanding of the nature and ad-
vantages of the different embodiments may be realized
by reference to the following drawings. In the appended
figures, similar components or features may have the
same reference label. Further, various components of
the same type may be distinguished by following the ref-
erence label by a dash and a second label that distin-
guishes among the similar components. If only the first
reference label is used in the specification, the descrip-
tion is applicable to any one of the similar components
having the same first reference label irrespective of the
second reference label.

FIG. 1A and FIG. 1B show block diagrams of devices
for projecting patterned radiation in accordance with
various embodiments.

FIG. 2 shows a pattern projection device where a
pattern generator may include a diffractive optical
element in accordance with various embodiments.

FIG. 3 shows a pattern projection device where a
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pattern generator may include a mask in accordance
with various embodiments.

FIG. 4 shows a system for 3D measurement in ac-
cordance with various embodiments.

FIG. 5A and FIG. 5B show systems for 3D measure-
ment in accordance with various embodiments.

FIG. 6 shows a system embedded in a mobile device,
such as a mobile phone, in accordance with various
embodiments.

FIG. 7 shows a table in accordance with various em-
bodiments in which symbol similarity may be meas-
ured as the Hamming distance between binary code-
words.

FIG. 8 shows a table in accordance with various em-
bodiments that may illustrate the measures of sym-
bol similarity to show how spatial similarity may be
used to order symbols within a pattern.

FIG. 9 show a system for 3D measurement in ac-
cordance with various embodiments.

FIG. 10 shows a flow diagram of a method illustrating
a process used to project patterns and/or produce
3D measurements in accordance with various em-
bodiments.

DETAILED DESCRIPTION

[0023] The ensuing description provides exemplary
embodiments only, and is not intended to limit the scope,
applicability, or configuration of the disclosure. Rather,
the ensuing description of the exemplary embodiments
will provide those skilled in the art with an enabling de-
scription for implementing one or more exemplary em-
bodiments, it being understood that various changes may
be made in the function and arrangement of elements
without departing from the spirit and scope of the inven-
tion as set forth in the appended claims. Several embod-
iments are described herein, and while various features
are ascribed to different embodiments, it should be ap-
preciated that the features described with respect to one
embodiment may be incorporated within other embodi-
ments as well. By the same token, however, no single
feature or features of any described embodiment should
be considered essential to every embodiment, as other
embodiments may omit such features.
[0024] Specific details are given in the following de-
scription to provide a thorough understanding of the em-
bodiments. However, it will be understood by one of or-
dinary skill in the art that the embodiments may be prac-
ticed without these specific details. For example, sys-
tems, networks, processes, and other elements in em-
bodiments may be shown as components in block dia-

gram form in order not to obscure the embodiments in
unnecessary detail. In other instances, well-known proc-
esses, structures, and techniques may be shown without
unnecessary detail in order to avoid obscuring the em-
bodiments.
[0025] Also, it is noted that individual embodiments
may be described as a process which may be 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 opera-
tions can be performed in parallel or concurrently. In ad-
dition, the order of the operations may be rearranged. A
process may be terminated when its operations may be
completed but could also include additional operations
not discussed or included in a figure. Furthermore, not
all operations in any particularly described process may
occur in all embodiments. A process may correspond to
a method, a function, a procedure, a subroutine, a sub-
program, 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.
[0026] Furthermore, embodiments may be implement-
ed, at least in part, either manually or automatically. Man-
ual or automatic implementations may be executed, or
at least assisted, through the use of machines, hardware,
software, firmware, middleware, microcode, hardware
description languages, or any combination thereof.
When implemented in software, firmware, middleware or
microcode, the program code or code segments to per-
form the necessary tasks may be stored in a machine-
readable medium. A processor(s) may perform the nec-
essary tasks.
[0027] Methods, systems, and devices involving pat-
terned radiation are provided in accordance with various
embodiments. Some embodiments include a device for
projecting pattern radiation. Some embodiments include
a method for computing 3D locations. Some embodi-
ments include a system for 3D measurement. A variety
of radiation patterns are provided in accordance with var-
ious embodiments. Some embodiments may include 3D-
scanning based on structured light.
[0028] Errors in 3D reconstruction may occur when the
projected structured light pattern may be misrecognized.
Some embodiments may utilize error-correcting codes
with a specific spatial topology in the projected patterns
themselves to decrease the error rate. The use of error-
correcting codes in more general communication theory
may involve a large separation between any two code-
words because the encoded information may take on any
ordering. This may involve a condition where there may
be no a-priori information. Structured light systems, in
contrast, may have a unique set of a-priori conditions
such as: (a) the encoded pattern may have a static code-
word order; (b) the geometry of the projector/camera as-
sembly; (c) and/or the likely shape of the scene that may
be imaged. Because of (b) and/or (c), it may be more
important to guarantee good error-correcting capabilities
in a local neighborhood around each symbol. Because
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the codewords may be arranged in a static order (a),
some embodiments may design that order to enhance
the error-correcting capabilities around the local neigh-
borhood. In some embodiments, this may lead to more
effective designs of error-correcting codes.
[0029] Some embodiments include a projected pattern
for 3D systems that may include symbols (e.g., code-
words) in a particular order. Each symbol may be more
different to symbols immediately adjacent to that symbol
than the symbol may be to other symbols that may be
further separated within the pattern. Merely by way of
example, consider a case of four symbols ’O’, ’D’, ’P’,
and ’I’, where O may be more similar to D than it may be
to P or I. In this case, O may be adjacent to P or I and
may not be adjacent to D. This same relationship may
be maintained for each symbol in the entire pattern. One
embodiment of this pattern may be: DIOP. O may thus
be adjacent to dissimilar symbols P and I. Moreover, ’I’
may be adjacent to dissimilar symbol ’D’.
[0030] Spatial topology of symbol encoding in accord-
ance with various embodiments may be applicable to the
entire field of structured illumination. This may include
multi-pattern methods that may use temporal codewords
as well as single pattern methods that may use spatial
codewords.
[0031] Turning now to FIG. 1A and FIG. 1B, various
devices in accordance to various embodiments are pro-
vided. Some embodiments may include a device 100 for
projecting patterned radiation as shown in FIG. 1A. The
radiation pattern may include multiple symbols. One ex-
ample of the symbols may include spatial codewords.
Device 100 may be referred to as a pattern projection
device or a pattern projector in some embodiments.
[0032] According to some embodiments illustrated in
FIG. 1A, the device 100 for projecting patterned radiation
may include a pattern generator 120. Additionally, the
device 100 may include a source of radiation 110. In
some embodiments, the source 110 may be integrated
with the pattern generator 120, or the source 110 itself
may generate the radiation pattern directly. In another
embodiment, shown in FIG. 1B, a device 100-a for pro-
jecting patterned radiation may include a source of radi-
ation 110-a, one or more source conditioners 130 for con-
ditioning the radiation, one or more pattern generators
120-a, and/or one or more projectors 140 (which may be
referred to as projection elements in some embodi-
ments). Device 100-a may be referred to as pattern pro-
jection device and/or pattern projector in some embodi-
ments. Device 100-a may be an example of device 100
of FIG. 1A. The source conditioner(s) 130 may collect,
collimate, focus, shape, split, amplify, redirect, redistrib-
ute, and/or otherwise condition the radiation of the radi-
ation emitted by the source 110-a. While the pattern gen-
erator 120-a may emit a radiation pattern directly, in some
embodiments one or more projectors 140 may be used
to relay, magnify, distort, reshape, focus, and/or other-
wise project the radiation pattern. In some embodiments,
the output of the pattern generator 120-a may involve

modification by one or more additional elements to pro-
duce the desired radiation pattern. Note that other em-
bodiments may exclude one or more elements shown in
the device 100-a, while other embodiments may include
additional elements. In some embodiments, the radiation
pattern may be projected onto an object and/or scene,
for example. Pattern generator 120-a may be an example
of pattern generator 120 of FIG. 1A; source 110-a may
be an example of source 110 of FIG. 1A.
[0033] In general, device 100 and/or device 110-a may
be configured for projecting patterned radiation. Device
100 and/or device 100-a may include pattern generators
120 and 120-a, respectively, as noted above, which may
be configured to produce one or more patterns. Each
pattern from the one or more patterns may include an
arrangement of three or more symbols that may be ar-
ranged such that for each symbol in the arrangement, a
degree of similarity between said symbol and a most
proximal of the remaining symbols in the arrangement is
less than a degree of similarity between said symbol and
a most distal of the remaining symbols in the arrange-
ment.
[0034] In some embodiments of the device 100 and/or
device 100-a, the three of more symbols include three or
more spatial codewords. In some embodiments, the
three or more symbols are arranged such that for each
symbol in the arrangement, a degree of similarity be-
tween said symbol and a more proximal of the remaining
symbols in the arrangement is less than a degree of sim-
ilarity between said symbol and a more distal of the re-
maining symbols in the arrangement.
[0035] In some embodiments of the device 100 and/or
100-a, a most proximal symbol pair from the three or
more symbols has a larger Hamming distance than a
most distal symbol pair from the three or more symbols.
In some embodiments, the arrangement of three or more
symbols is repeated. In some embodiments, a width of
the arrangement of three or more symbols is wide enough
such that no two regions of the object are illuminated by
a same symbol pair from the three or more symbols. In
some embodiments, the one or more pattern generators
120 and/or 120-a are configured to illuminate an object
limited to a specific range of distances. In some embod-
iments, the one or more pattern generators 120 and/or
120-a are dynamically configured for one or more work-
ing ranges.
[0036] In some embodiments of the device 100 and/or
100-a, an assessment of the most proximal of the re-
maining symbols from the arrangement and the most dis-
tal of the remaining symbols from the arrangement oc-
curs along a single direction. In some embodiments, all
symbol pairs from the three or more symbols with a prox-
imity less than a block width have a Hamming distance
that exceeds the Hamming distance of symbol pairs from
the three or more symbols with a proximity more than the
block width.
[0037] In some embodiments of the device 100 and/or
100-a, the one or more pattern generators 120 and/or
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120-a are dynamically configured for one or more work-
ing ranges such that for each of the one or more working
ranges, computing a 3D location on an object utilizes
information about a region of the pattern no wider than
the block width.
[0038] In some embodiments of device 100 and/or de-
vice 100-a, the radiation source 110 and/or 110-a in-
cludes a laser diode, an array of vertical-cavity surface-
emitting lasers, a light-emitting diode, and/or a lamp. In
some embodiments of device 100 and/or 100-a, the pat-
tern generator 120 and/or 120-a includes at least a mask,
a diffractive optical element, and/or a hologram.
[0039] FIG. 2 illustrates an embodiment of a device
100-b for projecting patterned radiation, which may be
an example of the device 100 shown in FIG. 1A and/or
device 100-a of FIG. 1B, for example. In the embodiment
of FIG. 2, which is described here as merely an example,
the device 100-b may include a source of radiation 110-
b. In some embodiments, the radiation source 110-b may
be a laser diode that emits near-infrared radiation 202.
In other embodiments, the radiation 202 may be visible.
The radiation 202 emitted by the source 110-b may be
diverging. A lens 130-b, which may be an example of a
source conditioner 130 of FIG. 1B, may be included to
convert the diverging radiation 202 into a collimated ra-
diation beam 204. The collimated radiation beam 204
may be incident on a diffractive optical element (DOE)
120-b. The DOE 120-b may be an example of the pattern
generator 120 of FIG. 1A and/or pattern generator 120-
a of FIG. 1B. The DOE 120-b may convert the collimated
beam 204 into a projected radiation pattern 206. One
skilled in the art may recognize that the DOE 120-b may
be engineered to convert a collimated beam into a wide
variety of radiation patterns, including but not limited to
patterns that may include three or more spatial symbols,
such as three or more spatial codewords. In some em-
bodiments, each pattern element may be a diffracted or-
der produced by the DOE 120-b. In some embodiments,
the radiation pattern 206 may be symmetric about the
optical axis of the DOE 120-b. In some embodiments of
the DOE 120-b, the DOE 120-b may include multiple
DOEs. In some embodiments of the DOE 120-b, the DOE
120-b may be constructed to include a diffractive colli-
mation lens within the DOE 120-b. One skilled in the art
may recognize that embodiments of the DOE 120-b may
also be replaced with one or more holographic optical
elements as the pattern generator. In some embodi-
ments, both the DOE 120-b and the collimating lens 130-
b may be replaced by a holographic optical element.
[0040] Referring now to FIG. 3, another embodiment
of a device 100-c for projecting patterned radiation is il-
lustrated in accordance with various embodiments. The
device 100-c may be an example of the device 100 shown
in FIG. 1A or device 100-a of FIG. 1B, for example. In
the embodiment of FIG. 3, the device 100-c may include
a source of radiation 110-c. In various embodiments, the
source 110-c may be a laser, a light-emitting diode, or a
lamp. In some embodiments, the source 110-c is an array

of vertical-cavity surface-emitting lasers. The radiation
202-c emitted by the source 110-c may be diverging. A
condenser lens 130-c may be included to collect the ra-
diation 202-c emitted by the source 110-c. The condens-
er lens 130-c may be an example of a source conditioner
130 of FIG. 1B, for example. In some embodiments, the
condenser lens 130-c may be replaced by a collimating
lens. The condenser lens 130-c may output directed ra-
diation 204-c in the direction of a mask 120-c. The mask
120-c may be an example of the pattern generator 120
of FIG. 1A and/or pattern generator 120-a of FIG. 1B, for
example. In some embodiments, the mask 120-c may be
a binary amplitude mask. In other embodiments, it may
be a gray scale mask or a phase mask, for example. In
the case of a binary amplitude mask, the mask 120-c
may include multiple apertures distributed over an area
313, where each aperture may produce a pattern ele-
ment. The spatial arrangement of apertures in the mask
120-c may correspond to the arrangement of pattern el-
ements in spatial symbols and to the arrangement of spa-
tial symbols in a projected radiation pattern 206-c. A pro-
jection lens 140-c may be included to form an image of
the mask 120-c in the far field. The projection lens 140-
c may be an example of the projector 140 of FIG. 1B, for
example. In some embodiments, the projection lens 140-
c may have a small effective aperture in image space to
produce an image of the mask 120-c with a large depth
of field. The image of the mask 120-c in the far field may
be an example of the projected radiation pattern 206-c.
The image of the mask 120-c may be projected onto an
object or scene in some cases.
[0041] Turning now to FIG. 4, a system 101 for pattern
projection and/or 3D measurement is provided in accord-
ance with various embodiments. System 101 may in-
clude a pattern projector 100-d for projecting patterned
radiation. The pattern projector 100-d may be an example
of device 100 of FIG. 1A, device 100-a of FIG. 1B, device
100-b of FIG. 2, and/or device 100-c of FIG. 3. System
101 may also include an imager 410 and/or a processor
420.
[0042] In some embodiments of system 101, the pat-
tern projector 100-d is configured to emit one or more
patterns. Each pattern from the one or more patterns may
include an arrangement of three or more symbols that
are arranged such that for each symbol in the arrange-
ment, a degree of similarity between said symbol and a
most proximal of the remaining symbols in the arrange-
ment is less than a degree of similarity between said sym-
bol and a most distal of the remaining symbols in the
arrangement. In some embodiments of system 101, the
imager 410 and/or processor 420 may be configured
such that the processor 420 estimates one or more 3D
locations on an object based on at least: illuminating an
object using the one or more patterns projected from the
pattern projector 100-d; collecting one or more images
of the illuminated object using the imager 410; and/or
computing the one or more 3D locations on the object
based on the one or more projected patterns and the one
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or more collected images utilizing the processor 420.
[0043] In some embodiments of the system 101, the
three of more symbols include three or more spatial code-
words. In some embodiments, the three or more symbols
are arranged such that for each symbol in the arrange-
ment, a degree of similarity between said symbol and a
more proximal of the remaining symbols in the arrange-
ment is less than a degree of similarity between said sym-
bol and a more distal of the remaining symbols in the
arrangement. In some embodiments, a most proximal
symbol pair from the three or more symbols has a larger
Hamming distance than a most distal symbol pair from
the three or more symbols.
[0044] In some embodiments of the system 101, the
arrangement of three or more symbols is repeated. In
some embodiments, a width of the arrangement of three
or more symbols is wide enough such that no two regions
of the object are illuminated by a same symbol pair from
the three or more symbols and collected on the one or
more images. In some embodiments, the pattern projec-
tor 100-d illuminates the object limited to a specific range
of distances. In some embodiments, at least the pattern
projector 100-d, the imager 410, or the processor 420 is
dynamically configured for one or more working ranges.
[0045] In some embodiments of the system 101, an
assessment of the most proximal of the remaining sym-
bols from the arrangement and the most distal of the re-
maining symbols from the arrangement occurs along a
single direction. In some embodiments, all symbol pairs
from the three or more symbols with a proximity less than
a block width have a Hamming distance that exceeds the
Hamming distance of symbol pairs from the three or more
symbols with a proximity more than the block width. In
some embodiments, at least the pattern projector 100-d,
the imager 410, or the processor 420 is dynamically con-
figured for one or more working ranges such that for each
of the one or more working ranges, computing each re-
spective 3D location on the object from the one or more
3D locations utilizes information about a region of the
pattern no wider than a block width.
[0046] Turning now to FIG. 5A, a system 101-e for pat-
tern projection and/or 3D measurement is provided in
accordance with various embodiments. System 101-e
may be an example of system 101 of FIG. 4. The system
101-e may include a device 100-e for projecting pat-
terned radiation, which may be referred to as a pattern
projector or pattern projection device. The device 100-e
may be an example of device 100 of FIG. 1A, device 100-
a of FIG. 1B, device 100-b of FIG. 2, device 100-c of FIG.
3, and/or device 100-d of FIG. 4. The patterned radiation
projected by the device 100-e may include one or more
arrangements of spatial symbols, and those spatial sym-
bols may be distinguishable from one another. In some
embodiments, the patterned radiation may include one
or more patterns with multiple symbols, such as multiple
spatial codewords. Each pattern may include an arrange-
ment of three or more symbols; the symbols may be ar-
ranged such that for each symbol in the arrangement, a

degree of similarity between said symbol and a most
proximal of the remaining symbols in the arrangement is
less than a degree of similarity between said symbol and
a most distal of the remaining symbols in the arrange-
ment.
[0047] The device 100-e may emit the patterned radi-
ation, which may include one or more patterns, over a
field of view 504. The patterned radiation may be pro-
jected onto a three-dimensional scene 506, which may
contain one or more objects 505; in some embodiments,
the device 100-e may illuminate the one or more objects
505. A detector 410-e may detect the radiation pattern
illuminating at least a portion of the 3D scene 506 and/or
one or more objects 505. Detector 410-e may be an ex-
ample of imager 410 of FIG. 4. In some embodiments,
the detector 410-e may be a camera and/or imaging de-
vice that may utilize a charge-coupled device (CCD) de-
tector array and/or a complementary metal-oxide semi-
conductor (CMOS) detector array. The field of view 507
of the detector 410-e may substantially overlap with the
field of view 504 of the pattern projector 100-e. The de-
tector 410-e may form and/or collect one or more images
of at least a portion of the scene 506 illuminated by the
patterned radiation. A processor 420-e, which may be in
communication 508 with the detector 410-e, may receive
the one or more images and process the one or more
images. The processor 420-e may be an example of the
processor 420 of FIG. 4. In some embodiments, the proc-
essor 420-e computes one or more 3D locations based
on information about the projected pattern and informa-
tion about the collected images. In some embodiments,
the processor 420-e estimates the coordinates of one or
more locations on the surface of one or more objects 505
in the scene 506. In some embodiments, the processor
420-e may estimate the coordinates of multiple object
points to produce a depth image. The processor 420-e
may also be in communication 509 with the pattern pro-
jector 100-e, or the pattern projector 100-e may not in-
volve communication with the processor 420-e in some
cases. Similarly, the pattern projector 100-e may be in
communication 510 with the detector 410-e, or the pat-
tern projector 100-e may not involve communication with
the detector 410-e. In some embodiments, a strobe sig-
nal from the detector 410-e may be used to activate the
pattern projector 100-e during the active exposure time
of the detector 410-e. In some embodiments, the detector
410-e may be constructed with a bandpass spectral filter
that may collect only the spectral band encompassing
the pattern projector source and may reject all other ra-
diation sources.
[0048] In the system 101-e, the pattern projector 100-
e may include a radiation source. Examples of radiation
sources that may be employed in the pattern projector
100-e include, but are not limited to, laser diodes, light-
emitting diodes, arrays of VCSELs, other lasers, and/or
lamps. The pattern projector 100-e may also include a
pattern generator, such as a mask, a DOE, and/or a holo-
gram; in some embodiments, the pattern generator may
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be referred to as a pattern generating element. In some
embodiments, the pattern generator may be integrated
with the source of radiation. For example, the source of
radiation may be an array of VCSELs, where the layout
of the VCSELs within the array generates one or more
patterns and/ or an arrangement of spatial symbols within
the one or more patterns. The pattern projector 100-e,
the detector 410-e (e.g., camera), and/or the processor
420-e may be integrated together, or one or more of these
components may be operated remotely. To estimate the
coordinates of one or more locations on one or more
objects 505 in the scene 506, in some embodiments, the
processor 420-e may detect one or more spatial symbols
from multiple spatial symbols within the formed image of
the 3D scene. Also, the processor 420-e may locate one
or more of the detected spatial symbols within the formed
image of the 3D scene. Furthermore, the processor 420-
e may identify one or more of the detected spatial sym-
bols. In some embodiments, the processor 420-e may
detect one or more pattern elements within the spatial
symbols. The processor 420-e may also locate one or
more pattern elements within the spatial symbols. Fur-
thermore, the processor 420-e may identify one or more
of the detected pattern elements in some cases.
[0049] In general, system 101-e may be configured for
estimating the coordinates of a location on an object,
such as object 505, in a 3D scene, such as scene 506,
and/or computing one or more 3D locations in accord-
ance with various embodiments. The system 101-e may
include a device for projecting patterned radiation such
as pattern projector 100-e. The pattern projector 100-e
may include a radiation source. The pattern projector
100-e may include a pattern generator configured to pro-
duce a radiation pattern. The radiation pattern may in-
clude multiple spatial symbols. The multiple spatial sym-
bols may be configured such that each respective spatial
symbol of the multiple spatial symbols may be distin-
guishable from the other spatial symbols of the multiple
spatial symbols. Each radiation pattern may include an
arrangement of three or more symbols; the symbols may
be arranged such that for each symbol in the arrange-
ment, a degree of similarity between said symbol and a
most proximal of the remaining symbols in the arrange-
ment is less than a degree of similarity between said sym-
bol and a most distal of the remaining symbols in the
arrangement.
[0050] In some embodiments of system 101-e, the
three of more symbols include three or more spatial code-
words. In some embodiments, the symbols are arranged
such that for each symbol in the arrangement, a degree
of similarity between said symbol and a more proximal
of the remaining symbols in the arrangement is less than
a degree of similarity between said symbol and a more
distal of the remaining symbols in the arrangement. In
some embodiments, a most proximal symbol pair has a
larger Hamming distance than a most distal symbol pair.
[0051] In some embodiments of system 101-e, the ar-
rangement of three or more symbols is repeated. A width

of the arrangement of three or more symbols may be
wide enough such that no two regions of the object are
illuminated by a same symbol pair and collected on the
image. In some embodiments, the pattern projector 100-
e is configured to illuminate the object limited to a specific
range of distances. In some embodiments, system 101-
e is dynamically configured for one or more working rang-
es; this may include dynamically configuring the pattern
projector 100-e, the detector 410-e, and/or the processor
420-e. In some embodiments, system 101-e is dynami-
cally configured for one or more working ranges such
that for each of the one or more working ranges the proc-
ess of computing a 3D location out of the one or more
3D locations utilizes information about a region of the
pattern no wider than the block width.
[0052] In some embodiments of system 101-e, an as-
sessment of the most proximal and most distal occurs
along a single direction. In some embodiments, all sym-
bol pairs with a proximity less than a block width have a
Hamming distance that exceeds the Hamming distance
of symbol pairs with a proximity more than the block
width.
[0053] In some embodiments, the detector 410-e, such
as a camera, may be configured to detect the radiation
pattern illuminating at least a portion of the 3D scene 506
and/or one or more objects 505. The processor 420-e
may be configured to estimate the coordinates of the lo-
cation on the object in the 3D scene 506 based on the
detected radiation pattern and/or compute one or more
3D locations based on the information about the one or
more projected patterns and information about the col-
lected images.
[0054] In some embodiments of system 101-e, the ra-
diation source of pattern projector 100-e includes at least
a laser diode, an array of vertical-cavity surface-emitting
lasers, a light-emitting diode, or a lamp. In some embod-
iments, the pattern projector 100-e includes at least a
mask, a diffractive optical element, or a hologram.
[0055] In some embodiments of system 101-e, the pat-
tern projector 100-e, the detector 410-e, and/or the proc-
essor 420-e are embedded within a mobile electronic de-
vice. In some embodiments, the pattern projector 100-e,
the detector 410-e, and/or the processor 420-e are op-
erated remotely.
[0056] FIG. 5B provides an example of system 101-e
configured for estimating coordinates of a location on an
object in a 3D scene in accordance with various embod-
iments. In this example, the illumination pattern projected
by the pattern projector 100-e may include an arrange-
ment of symbols. For any given symbol in the arrange-
ment of symbols, the most proximal of the remaining sym-
bols may have a low degree of similarity to the given
symbol relative to the most distal of the remaining sym-
bols, which may have a higher degree of similarity to the
given symbol. Furthermore, in some embodiments, the
stated relationship between proximity and similarity may
exist only in a single direction, such as horizontally, within
the projected pattern. In some embodiments, for any giv-
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en symbol in the arrangement of symbols, neighboring
symbols within a given block width may have a low de-
gree of similarity when compared to the given symbol.
Symbols that appear outside of the block size, or dis-
tance, may have a higher degree of similarity when com-
pared to the given symbol.
[0057] In some embodiments, the system 101-e may
be capable of estimating locations on the object 505-e in
a 3D scene 506-e that extends over a range of distances
515 from the system. To operate over this full range, the
process of estimating the 3D locations may include de-
tecting a symbol in the acquired image. This process may
also include identifying the symbol. To identify the sym-
bol, the detected symbol may be compared to the pro-
jected symbols. Because of noise or other factors, the
detected symbol may not match a projected symbol ex-
actly. Instead, the detected symbol may be similar to one
or more projected symbols. When operating over the full
range of distances 515, the detected symbol may need
to be compared to all projected symbols and may exhibit
a degree of similarity to more than one, making the sym-
bol identification process error prone. For some applica-
tions, however, one or more objects of interest 505-e may
lie over a reduced range of distances 511. When oper-
ating over this reduced range of distances 511, the de-
tected symbol may need to be compared to a set of sym-
bols within a block width. In this case, because all sym-
bols within the block may exhibit low similarity to each
other, a lower degree of similarity between the detected
symbol and one of the symbols within the block may be
required to correctly identify the symbol. Because each
symbol in the pattern lies at the center of a block the
reduced range of working distances 511 can be dynam-
ically adjusted to be nearer to or farther from the system
101-e, while maintaining the advantage of utilizing sym-
bol comparisons only within a block.
[0058] In some embodiments, the arrangement of
symbols may include rows or columns of symbols. In
some such cases the degree of similarity of symbols with-
in the arrangement may be engineered according to em-
bodiments along rows, or columns, or both. In some em-
bodiments, each row may include an identical arrange-
ment of symbols, and within each row the symbols may
be arranged such that for each symbol, proximal symbols
may be less similar and distal symbols may be more sim-
ilar. In another embodiment based on rows of symbols,
each symbol may have a fixed number of neighbors with-
in the row on each side, all of which may have a degree
of similarity to the given symbol that is below a threshold
value. For concreteness, and merely by way of example,
the arrangement of symbols may include rows of seven
symbols each. For reference, one may label the symbols
in order, left to right, as A, B, C, D, E, F, G. Let the operator
s() denote degree of similarity, and let t be a threshold
similarity value. In this example, the fixed distance within
which neighbors may have a similarity value less than t
may be a distance two symbols. Hence, considering sym-
bol A: s(A,B) < t, s(A,C) < t, s(A,D) > t, s(A,E) > t, s(A,F)

> t, s(A,G) > t.
[0059] Likewise, examining the remaining symbols in
turn:

B: s(B,A) < t, s(B,C) < t, s(B,D) < t, s(B,E) > t, s(B,
F) > t, s(B,G) > t;

C: s(C,A) < t, s(C,B) < t, s(C,D) < t, s(C,E) < t, s(C,
F) > t, s(C,G) > t;

D: s(D,A) > t, s(D,B) < t, s(D,C) < t, s(D,E) < t, s(D,
F) < t, s(D,G) > t;

E: s(E,A) > t, s(E,B) > t, s(E,C) < t, s(E,D) < t, s(E,
F) < t, s(E,G) > t;

F: s(F,A) > t, s(F,B) > t, s(F,C) > t, s(F,D) < t, s(F,E)
< t, s(F,G) < t;

G: s(G,A) > t, s(G,B) > t, s(G,C) > t, s(G,D) > t, s(G,
E) < t, s(G,F) < t;

In this embodiment, each symbol lies at the center of a
block of 5 symbols where each symbol that is not the
central symbol in the block has a degree of similarity to
the central symbol that is less than the threshold.
[0060] In another embodiment with repeating rows,
some symbols may repeat in each row while maintaining
the same proximal similarity features of the preceding
example. Merely by way of example, each row may have
9 total symbols and 7 unique symbols labeled A, B, C,
D, E, F, G, A, B. In this example, the pairwise similarity
may be:

A: s(A,B) < t, s(A,C) < t, s(A,D) > t, s(A,E) > t, s(A,
F) < t, s(A,G) < t.

B: s(B,A) < t, s(B,C) < t, s(B,D) < t, s(B,E) > t, s(B,
F) > t, s(B,G) < t;

C: s(C,A) < t, s(C,B) < t, s(C,D) < t, s(C,E) < t, s(C,
F) > t, s(C,G) > t;

D: s(D,A) > t, s(D,B) < t, s(D,C) < t, s(D,E) < t, s(D,
F) < t, s(D,G) > t;

E: s(E,A) > t, s(E,B) > t, s(E,C) < t, s(E,D) < t, s(E,
F) < t, s(E,G) > t;

F: s(F,A) < t, s(F,B) > t, s(F,C) > t, s(F,D) < t, s(F,E)
< t, s(F,G) < t;

G: s(G,A) < t, s(G,B) < t, s(G,C) > t, s(G,D) > t, s(G,
E) < t, s(G,F) < t;

[0061] In some embodiments, the total number of sym-
bols may be more or less than 9 symbols. In some em-
bodiments, the total number of symbols in a row is 96
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symbols. Similarly, the total number of unique symbols
in a row may be more or less than 7 symbols. In some
embodiments, the number of unique symbols in a row is
32 symbols. Furthermore, the block width may be more
or less than 5 symbols. In some embodiments, the block
width is 23 symbols.
[0062] Turning now to FIG. 6, a system 101-f for esti-
mating the coordinates of a location on an object 505-f
in a 3D scene in accordance with various embodiments.
System 101-f may be an example of system 101 of FIG.
4 and/or system 101-e of FIG. 5A or FIG. 5B, for example.
The system 101-f may include, or be embedded in, a
mobile electronic device, for example, though the system
101-f may be included and/or embedded in other devices.
Examples of such a mobile electronic device include, but
are not limited to, a mobile telephone, a smartphone, a
tablet computer, a laptop computer, and/or another mo-
bile electronic device. The system 101-f may include a
device 100-f for projecting patterned radiation, which may
be referred to as a pattern projector. Device 100-f may
include a pattern generator configured to produce a ra-
diation pattern, where the radiation pattern may include
a multiple spatial symbols, such as three or more code-
words. Device 100-f may be an example of device 100
of FIG. 1A, device 100-a of FIG. 1B, device 100-b of FIG.
2, device 100-c of FIG. 3, device 100-d of FIG. 4, and/or
device 100-e of FIG. 5A and/or FIG. 5B. The system 101-
f may also include one or more detectors 410-f, which
may also be referred to as an imager, that may be con-
figured to detect the radiation pattern illuminating at least
a portion of the 3D scene. Detector 410-f may be an ex-
ample of imager 410 of FIG. 4 and/or detector 410-e of
FIG. 5A and/or FIG. 5B. In some embodiments, the one
or more detectors 410-f may be a digital camera, for ex-
ample. The system 101-f may also include one or more
processors (not shown, though housed within system
101-f) that may be configured to estimate the coordinates
of the location on the object in the 3D scene based on
the detected radiation pattern. In some embodiments,
the one or more processors may be one or more proc-
essors present in the mobile electronic system 101-f. In
other embodiments, the processor may be an applica-
tion-specific integrated circuit (ASIC), a field-program-
mable gate array (FPGA), a digital signal processor
(DSP) chip, a central processing unit (CPU), a graphics
processing unit (GPU), another type of processor, and/or
various combinations of processor types. In some em-
bodiments, the one or more processors may be dedicat-
ed to coordinate estimation, whereas in other embodi-
ments the one or more processors may perform other
tasks as well. In some cases, the one or more processors
may process the resulting coordinate data for purposes
such as object detection, object identification, object in-
spection, object scanning, gesture recognition, facial rec-
ognition, tracking, targeting, locating, and/or other pur-
poses. In some embodiments, one or more of the devices
100-f for projecting one or more patterned radiations, the
one or more detectors 410-f, and/or the one or more proc-

essors may not be embedded in a mobile electronic de-
vice 101-f, while the other such components are embed-
ded in the mobile electronic device 101-f. An example of
such an embodiment may include a system that may
transmit the detected radiation pattern data to a remote
processor, which may perform the coordinate estimation.
In some embodiments, the system 101-f may be integrat-
ed with a display system, such as a television, a computer
monitor, a virtual reality headset, a heads-up display, a
set of smart glasses, a public information console, a
tradeshow station, and/ or an embedded inter-ocular dis-
play.
[0063] Turning now to FIG. 7, a table 700 is provided
in accordance with various embodiments in which symbol
similarity may be measured as the Hamming distance
between binary codewords. Table 700 may enumerate
the Hamming distances between each symbol in a pat-
tern. High symbol similarity may be indicated by a low
Hamming distance and low symbol similarity may be in-
dicated by a high Hamming distance. Devices, systems,
and/or methods as shown in FIG. 1A, FIG. 1B, FIG. 2,
FIG. 3, FIG. 4, FIG. 5A, FIG. 5B, FIG 6, FIG. 9, and/or
FIG. 10 may implement aspects as related to table 700
in accordance with various embodiments.
[0064] The symbol identities may label both the table
row 701 and the table column 702 and may be repre-
sented by a number value. In some embodiments, the
number value may also represent the relative position of
each symbol in the spatial pattern. To illustrate Hamming
distances, each symbol may be a binary codeword as
illustrated in FIG. 7 for each symbol at the table row 703
and table column 704.
[0065] Some embodiments may utilize symbols that
may include, but are not limited to, a spatial configuration
of radiation power density values, a temporal sequence
of radiation power density values, a radiation wavelength,
a radiation phase, a radiation polarization, a spatial con-
figuration of radiation phases, a temporal sequence of
radiation polarizations, and combinations thereof. In
such variations, spatial similarity measurements may in-
clude, but are not limited to, inner products, sums of dif-
ferences, and/or hash table mappings.
[0066] Table 700 may include a set of symbol similarity
values 705. In some embodiments, each symbol similar-
ity value shown may be the Hamming distance between
the two symbols corresponding to the binary codewords
in the table row 703 and the table column 704. At row-
column locations where a symbol similarity may be found
by comparing one symbol with itself, 706, a symbol sim-
ilarity value may be labeled with an ’x’ to depict a null
difference in the similarity.
[0067] In some embodiments, the ordering of the sym-
bol identity numbers 701 and 702 may match the order
with which they appear in the projected pattern. In such
an embodiment, the symbol-to-symbol proximity may be
defined in FIG. 7 as the absolute value of the difference
between the label of the table column 702 to the table
row 701. For this embodiment, and when the Hamming
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distance may the measure of spatial similarity, FIG. 7
illustrates an embodiment in which all symbol-to-symbol
proximities up to and including the symbol block width
707 may have a Hamming distance that meets or ex-
ceeds a design threshold 708, show here, merely for il-
lustration, has the value 4. In this embodiment, a symbol-
to-symbol proximity 709 that exceeds the block width 707
may have a value 710 that falls below the design thresh-
old 708. Because high Hamming distance generally in-
dicates low similarity, and low Hamming distance gener-
ally indicates high similarity, table 700 may illustrate a
pattern configuration in which symbol pairs with symbol-
to-symbol proximity at or below the symbol block width
707 may be less similar than symbol pairs with symbol-
to-symbol proximity above the symbol block width.
[0068] Some embodiments where symbol pairs with
low symbol-to-symbol proximity may be less similar may
be highly advantageous to 3D measurement systems
such as the one depicted in FIG. 4, FIG. 5A, FIG. 5B,
and/or FIG. 6. For example, this may enable the pattern
to encode symbols for a 3D measurement such that there
may be a lower probability that a decoding error may
occur between two adjacent symbols. This may be ad-
vantageous if such decoding between more proximal
symbols may be more difficult to detect than decoding
errors between more distal symbols. Such may be the
case when an object in the field may be large and may
vary slowly between symbols; large symbol changes
caused by decoding errors between more distal symbols
may be easily detected, scrutinized, removed, and/or cor-
rected. On the other hand, some embodiments in which
decoding errors between less proximal symbols may be
more difficult to detect may want an alternate embodi-
ment in which more proximal symbols may exhibit a lower
Hamming distance than more distal symbols.
[0069] Some embodiments extend well beyond em-
bodiments which use Hamming distance as the measure
of symbol similarity. In other embodiments, the measure
of symbol similarity may be an inner product between
two symbols. Still other embodiments may use the sum
of differences between two symbols. Yet other embodi-
ments encoding symbols using wavelength may use
spectral separation as a measure of symbol similarity.
The extent of some embodiments is intended to apply to
any radiation pattern projector that includes symbols that
may be engineered with a specific ordering.
[0070] FIG. 8 provides an embodiment in which symbol
similarity is a general concept. FIG. 8 presents a table
800 that may illustrate the measures of symbol similarity
803 to show how spatial similarity may be used to order
symbols within the pattern. Devices, systems, and/or
methods as shown in FIG. 1A, FIG. 1B, FIG. 2, FIG. 3,
FIG. 4, FIG. 5A, FIG. 5B, FIG 6, FIG. 9, and/or FIG. 10
may implement aspects as related to table 800 in accord-
ance with various embodiments.
[0071] The symbol identities may label both the table
row 801 and the table column 802 and, in this embodi-
ment, they are represented by a letter. In some embod-

iments, the row-to-row ordering of the symbols may also
represent the relative position of each symbol in the spa-
tial pattern. Some embodiments may be independent of
the physical construction of the symbol. In some embod-
iments, the symbols may be constructed as a spatial con-
figuration of radiation intensity values. In some embodi-
ments, the symbols may be constructed as a sequence
of radiation phase values. The symbols may be con-
structed using one or more physical properties of the ra-
diation, including but not limited to the amplitude, phase,
wavelength, coherence, and/or polarization. The sym-
bols may be a single point, or they may be distributed
across time, space, or spectrum. To maintain the general
concept, table 800 may not show the symbols and may
refer to them using the symbol identity values A-Z.
[0072] Table 800 generally includes a set of symbol
similarity values 804, 806, 808, and 811. At row-column
locations where a symbol similarity may be found by com-
paring one symbol with itself, 804, a symbol similarity
value may be labeled with an ’x’ to depict a null difference
in the similarity.
[0073] In some embodiments for which the ordering of
table rows matches the order with which they appear in
the projected pattern, the symbol-to-symbol proximity
may be defined in as the absolute value of the difference
between the row number and the column number. For
this embodiment, table 800 illustrates an embodiment in
which all symbol-to-symbol proximities up to and includ-
ing the symbol block width 810 have a symbol similarity
with values of the type labeled ’a’. In this embodiment,
symbol pairs with a symbol-to-symbol proximity 807
which exceeds the block width 810 may have symbol
similarity values of the type labeled ’b’. In some embod-
iments, all values of the type labeled ’a’ indicate symbol
pairs which are substantially less similar than values of
the type labeled ’b’. Table 800 therefore may illustrate a
pattern configuration in which symbol pairs with symbol-
to-symbol proximity at or below the symbol block width
810 are less similar than symbol pairs with symbol-to-
symbol proximity above the symbol block width.
[0074] Some variations in the symbol ordering may ex-
ist where one or more symbol pairs may produce meas-
ures 811 of the type labeled ’c’, where the similarity val-
ues of type ’c’ exceed the similarity values of type ’a’,
provided said symbol pairs have a proximity larger than
the symbol block width 810.
[0075] Turning now to FIG. 9, a system 101-g is pro-
vided in accordance with various embodiments that may
provide for 3D measurement through projecting one or
more patterns where each pattern from the one or more
patterns includes an arrangement of three or more sym-
bols that are arranged such that for each symbol in the
arrangement, a degree of similarity between said symbol
and a most proximal of the remaining symbols in the ar-
rangement is less than a degree of similarity between
said symbol and a most distal of the remaining symbols
in the arrangement. System 101-g may be an example
of system 101 of FIG. 4, system 101-e of FIG. 5A or FIG.
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5B, and/or system 101-f of FIG. 6. For example, system
101-g may show a pattern projector 100-g and an imager
410-g. Pattern projector 100-g may be an example of the
pattern projector 100-c of FIG. 3, though other pattern
projector configurations may be utilized. System 101-g
may also include a processor (not shown).
[0076] In the illustrated embodiment, each symbol
103-i, 103-j, 103-k, 103-1, 103-m from pattern 102 in-
cludes eight dots placed in two rows and four columns
where the dots are either on (shaded) or off (unshaded).
In the arrangement of symbols 103, the dots within each
symbol 103 may be considered to be modulated by a
binary codeword. In the illustration, each symbol 103 may
correspond to the binary codeword, and the binary code-
word may be used to label each of the columns. In this
example, there is an arrangement of five symbols (103-
i, 103-j, 103-k, 103-1, 103-m) aligned in a row to form a
pattern 102, the pattern 102 may be shown as being re-
peated vertically as a set of eight rows. In some embod-
iments, the multiple rows may be considered one pattern,
where each row may be considered a separate arrange-
ment of symbols. In some embodiments, projecting more
patterns may be achieved by repeating a pattern hori-
zontally or vertically. In some embodiments, projecting
more patterns may be achieved by projecting successive
patterns, which include one or more arrangements.
[0077] In some embodiments, the most proximal sym-
bol in the arrangement is the symbol which shares the
same row but resides in the adjacent column. In contrast,
the most distal symbol in the arrangement may be the
symbol within the row separated by the most columns.
The degree of similarity between two symbols may be
quantified by calculating the hamming distance between
the binary codewords of the two symbols. For example,
the arrangement of five symbols 103-i, 103-j, 103-k,
103-1, 103-m shown in the FIG. 9 may depict symbols
where the most proximal symbols - or symbols in adjacent
columns - have symbols where the symbols have four
different dots. In this configuration, the Hamming dis-
tance between the codewords of the symbols may be
four. The arrangement of five symbols 103-i, 103-j, 103-
k, 103-1, 103-m shown in FIG. 9 may depict symbols
where the more distal symbols - or symbols separated
by 3 or 4 columns - have just two different dots or a Ham-
ming distance of two. Thus, the pattern 102 may maintain
the property that more distal symbols have a smaller de-
gree of similarity. In some embodiments, each symbol
includes dots in a hexagonal lattice or with irregular spac-
ings. In other embodiments, the spatial configuration of
one symbol may vary from that of the other symbols in
the arrangement. In some embodiments, one or more
symbols may include non-dot shapes including but not
limited to squares, dashes, arrows, hearts, clovers, cres-
cents, or diamonds. In some embodiments, the modula-
tion may be non-binary, including an amplitude modula-
tion, a phase modulation, a polarization modulation, or a
spatial modulation.
[0078] FIG. 9 may also show the detected or collected

pattern(s) 102-a with their arrangement of symbols 103-
i-a, 103-j-a, 103-k-a, 103-1-a, 103-m-a. As discussed in
more detail below, triangulation of the dots in the project-
ed pattern may be utilized to estimate the 3D coordinates
of a surface of object 505-g; for example, a combination
of three pieces of information may enable the triangula-
tion of each dot in the projected pattern: (i) the baseline
separating the camera 410-g from the projector is known,
(ii) the illumination angle of each dot, and (iii) the detec-
tion angle of each dot.
[0079] As may be noted with respect to the fourth row
of the detected or collected patterns (e.g., pattern 102-
i), one or more regions of the projected pattern may be
missing from one or more images. Such missing regions
or symbols may be caused by effects including but not
limited to; dust on the image sensor, occlusion of one
region of the object by a second object, occlusion of one
region of the object by a second region of the object, or
a region of low reflectivity on the object.
[0080] System 101-g of FIG. 9 (or other systems such
as system 101 of FIG. 4, system 101-e of FIG. 5A and/or
FIG. 5B, and/or system 101-f of FIG. 6) may be utilized
to implement a method of 3D measurement. For exam-
ple, some embodiments of the method include illumina-
tion that may be produced as a pattern of dots. The dots
may be grouped into symbols and the dots within each
symbol may be modulated such that each symbol is
unique. In some embodiments, the modulation of each
symbol is a binary codeword. In some embodiments, the
binary codeword of each symbol is separated by a Ham-
ming distance of at least four when compared to the bi-
nary codeword of symbols to the left and right of that
symbol. This illumination may be directed substantially
at an object. In addition, the illumination angles of each
dot within the pattern of dots may be measured and
stored. In some embodiments, these illumination angles
may be stored by a computer to estimate the 3D coordi-
nates. In some embodiments, the illumination angles
may be stored for manual computation of 3D coordinates.
The methods to produce such an illumination may gen-
erally constitute examples of illuminating step(s) in ac-
cordance with various embodiments.
[0081] In some embodiments of the method, a camera
(such as imager 410 of FIG. 4, detector 410-e of FIG. 5A
and/or FIG. 5B, detector 410-f of FIG. 6, and/or camera
410-g of FIG. 9) may be directed substantially at the il-
luminated object (such as object 505 of FIG. 5A, object
505-e of FIG. 5B, object 505-f of FIG. 6, and/or object
505-g of FIG. 9). In some embodiments, a camera lens
may be focused such that an image of the object is sub-
stantially formed onto the image sensor of the camera.
In some embodiments, the image sensor may capture
and digitize the image such that the camera may com-
municate said digital representation of the image to a
computer and/or processor to estimate the 3D coordi-
nates. In some embodiments, the image sensor may cap-
ture and digitize the image, and the image sensor may
communicate the digital representation of the image to
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a processor within the camera to estimate the 3D coor-
dinates. The methods taken to capture an image of the
illuminated object may constitute an example of detecting
or collecting step(s) in accordance with various embod-
iments.
[0082] In some embodiments of the method, a proces-
sor may estimate the 3D coordinates of the object sur-
face. The combination of three pieces of information may
enable the triangulation of each dot in the projected pat-
tern: (i) the baseline separating the camera from the pro-
jector is known, (ii) the illumination angle of each dot, and
(iii) the detection angle of each dot. The baseline and
illumination may be stored following a calibration step.
The detection angle for each dot may be calculated for
each detected image. The processor may estimate one
3D coordinate by identifying which projected dot corre-
sponds to each detected dot. Once this correspondence
is established, the processor may measure the detection
angle of the dot. In some embodiments, the processor
may calculate the detection angles of one or more dots
in the pattern of dots. In some embodiments, the detec-
tion angle for each symbol may be calculated and used
to perform triangulation on the symbol. In some embod-
iments, the detection angle for two or more dots may be
calculated and used to perform triangulation for the two
or more dots. These aspects may provide examples of
a computing step(s) in accordance with various embod-
iments.
[0083] The tools and techniques provided in accord-
ance with various embodiments include novel and inven-
tive features involved with establishing these corre-
spondences. For example, the processor may identify
projected symbols within the detected image by grouping
regions of pixel values in the image; where the groups
of pixel values may be the detected symbol. From here,
the method may decode the pixel values of each detected
symbol to identify which projected symbol has been de-
tected. In some embodiments, this may be done by
matching the detected symbol to one of the projected
symbols stored in memory. In some embodiments, a de-
tected symbol codeword may be constructed using bina-
ry modulations and the binary codeword for each detect-
ed symbol may be calculated by detecting whether pixel
values fell above or below a threshold; values above may
produce binary values of 1 whereas values below may
produce binary values of 0. In some embodiments, the
projected symbol may be identified by matching the de-
tected codeword to one in a set of projected codewords.
The symbol codewords may be chosen, for example, in
a way that closely related codewords may be separated
within the projected pattern. As a result, any errors in the
decoding of detected symbols may produce much larger
errors than if the symbol codewords were related to their
neighbors. For objects with contiguous surfaces, this
property may allow secondary processing steps to more
readily identify decoding errors. Thus, some embodi-
ments may enable systems and methods which deliver
higher quality 3D images.

[0084] For example, FIG. 10 provides a flow diagram
of a method 1000 for pattern projection and/or 3D meas-
urement in accordance with various embodiments. The
method 1000 may be used in conjunction with devices,
tables, and/or systems such as those shown in FIG. 1A,
FIG. 1B, FIG. 2, FIG. 3, FIG. 4, FIG. 5A, FIG. 5B, FIG.
6, FIG. 7, FIG. 8, and/or FIG. 9. In FIG. 10, the specific
selection of blocks shown and the order in which they
are shown is intended merely to be illustrative. It is pos-
sible for certain blocks to be performed in alternative or-
ders, for certain blocks to be omitted, and for certain ad-
ditional blocks to be added according to different embod-
iments. Some but not all of these variants are noted in
the description that follows.
[0085] At block 1010, one or more patterns may be
projected. Each pattern from the one or more patterns
may include an arrangement of three or more symbols
that are arranged such that for each symbol in the ar-
rangement, a degree of similarity between said symbol
and a most proximal of the remaining symbols in the ar-
rangement is less than a degree of similarity between
said symbol and a most distal of the remaining symbols
in the arrangement.
[0086] Some embodiments of method 1000 may fur-
ther include additional steps. For example, at block 1020,
an object may be illuminated using the one or more pro-
jected patterns. At block 1030, one or more images of
the illuminated object may be collected. At block 1040,
one or more 3D locations of the illuminated object may
be computed based on the one or more projected pat-
terns and the one or more collected images.
[0087] In some embodiments of the method 1000, the
three of more symbols include three or more spatial code-
words. In some embodiments, symbol pairs from the
three or more symbols that are more proximal in the re-
spective pattern from the one or more patterns are less
similar than symbol pairs from the three or more symbols
that are less distal in the respective pattern of the one or
more patterns. In some embodiments, a most proximal
symbol pair from the three or more symbols has a larger
Hamming distance than a most distal symbol pair from
the three or more symbols.
[0088] In some embodiments of the method 1000, the
arrangement of three or more symbols is repeated. In
some embodiments, a width of the arrangement of three
or more symbols is wide enough such that no two regions
of the object are illuminated by a same symbol pair from
the three or more symbols. In some embodiments, the
illuminating is configured to illuminate the object limited
to a specific range of distances.
[0089] Some embodiments of the method 1000 include
dynamically configuring at least the projecting, the illu-
minating, the collecting, or the computing for one or more
working ranges.
[0090] In some embodiments of the method 1000, an
assessment of the most proximal of the remaining sym-
bols from the arrangement and the most distal of the re-
maining symbols from the arrangement occurs along a
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single direction. In some embodiments, all symbol pairs
from the three or more symbols with a proximity less than
a block width have a Hamming distance that exceeds the
Hamming distance of symbol pairs from the three or more
symbols with a proximity more than the block width.
[0091] Some embodiments of the method 1000 include
dynamically configuring at least the projecting, the illu-
minating, the collecting, or the computing for one or more
working ranges such that for each of the one or more
working ranges, computing each respective 3D location
on the object from the one or more 3D locations utilizes
information about a region of the pattern no wider than
the block width.
[0092] While detailed descriptions of one or more em-
bodiments have been given above, various alternatives,
modifications, and equivalents will be apparent to those
skilled in the art without varying from the spirit of the dif-
ferent embodiments. Moreover, except where clearly in-
appropriate or otherwise expressly noted, it should be
assumed that the features, devices, and/or components
of different embodiments may be substituted and/or com-
bined. Thus, the above description should not be taken
as limiting the scope of the different embodiments, which
may be defined by the appended claims.

Claims

1. A system for 3D measurement comprising:

a pattern projector that emits one or more pat-
terns, wherein each pattern from the one or more
patterns includes an arrangement of three or
more symbols that are arranged such that for
each symbol in the arrangement, a degree of
similarity between said symbol and a most prox-
imal of the remaining symbols in the arrange-
ment is less than a degree of similarity between
said symbol and a most distal of the remaining
symbols in the arrangement;
an imager; and
a processor that estimates one or more 3D lo-
cations on an object based on at least:

illuminating the object using the one or more
patterns projected from the pattern projec-
tor;
collecting one or more images of the illumi-
nated object using the imager; and
computing the one or more 3D locations on
the object based on the one or more pro-
jected patterns and the one or more collect-
ed images.

2. The system of claim 1, wherein the three of more
symbols include three or more spatial codewords; or
optionally
wherein the three or more symbols are arranged

such that for each symbol in the arrangement, a de-
gree of similarity between said symbol and a more
proximal of the remaining symbols in the arrange-
ment is less than a degree of similarity between said
symbol and a more distal of the remaining symbols
in the arrangement; or optionally
wherein a most proximal symbol pair from the three
or more symbols has a larger Hamming distance
than a most distal symbol pair from the three or more
symbols.

3. The system of claim 1, wherein the arrangement of
three or more symbols is repeated.

4. The system of claim 3, wherein a width of the ar-
rangement of three or more symbols is wide enough
such that no two regions of the object are illuminated
by a same symbol pair from the three or more sym-
bols and collected on the one or more images; or
optionally
wherein the pattern projector illuminates the object
limited to a specific range of distances; or optionally
wherein at least the pattern projector, the imager, or
the processor is dynamically configured for one or
more working ranges.

5. The system of claim 1, wherein an assessment of
the most proximal of the remaining symbols from the
arrangement and the most distal of the remaining
symbols from the arrangement occurs along a single
direction; or optionally
wherein all symbol pairs from the three or more sym-
bols with a proximity less than a block width have a
Hamming distance that exceeds the Hamming dis-
tance of symbol pairs from the three or more symbols
with a proximity more than the block width; or option-
ally
wherein at least the pattern projector, the imager, or
the processor is dynamically configured for one or
more working ranges such that for each of the one
or more working ranges, computing each respective
3D location on the object from the one or more 3D
locations utilizes information about a region of the
pattern no wider than a block width.

6. A pattern projection device comprising:
one or more pattern generators that emit one or more
patterns, wherein each pattern from the one or more
patterns includes an arrangement of three or more
symbols that are arranged such that for each symbol
in the arrangement, a degree of similarity between
said symbol and a most proximal of the remaining
symbols in the arrangement is less than a degree of
similarity between said symbol and a most distal of
the remaining symbols in the arrangement.

7. The device of claim 6, wherein the three of more
symbols include three or more spatial codewords; or
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optionally
wherein the three or more symbols are arranged
such that for each symbol in the arrangement, a de-
gree of similarity between said symbol and a more
proximal of the remaining symbols in the arrange-
ment is less than a degree of similarity between said
symbol and a more distal of the remaining symbols
in the arrangement; or optionally
wherein a most proximal symbol pair from the three
or more symbols has a larger Hamming distance
than a most distal symbol pair from the three or more
symbols.

8. The device of claim 6, wherein the arrangement of
three or more symbols is repeated.

9. The device of claim 8, wherein a width of the arrange-
ment of three or more symbols is wide enough such
that no two regions of the object are illuminated by
a same symbol pair from the three or more symbols;
and optionally
wherein the one or more pattern generators are con-
figured to illuminate an object limited to a specific
range of distances; and/or optionally
wherein the one or more pattern generators are dy-
namically configured for one or more working rang-
es.

10. The device of claim 6, wherein an assessment of the
most proximal of the remaining symbols from the ar-
rangement and the most distal of the remaining sym-
bols from the arrangement occurs along a single di-
rection; and optionally
wherein all symbol pairs from the three or more sym-
bols with a proximity less than a block width have a
Hamming distance that exceeds the Hamming dis-
tance of symbol pairs from the three or more symbols
with a proximity more than the block width; and/or
optionally
wherein the one or more pattern generators are dy-
namically configured for one or more working ranges
such that for each of the one or more working ranges,
computing a 3D location on an object utilizes infor-
mation about a region of the pattern no wider than
the block width.

11. A method of pattern projection comprising:

projecting one or more patterns, wherein each
pattern from the one or more patterns includes
an arrangement of three or more symbols that
are arranged such that for each symbol in the
arrangement, a degree of similarity between
said symbol and a most proximal of the remain-
ing symbols in the arrangement is less than a
degree of similarity between said symbol and a
most distal of the remaining symbols in the ar-
rangement; and optionally

further comprising:

illuminating an object using the one or more
projected patterns;
collecting one or more images of the illumi-
nated object; and
computing one or more 3D locations of the
illuminated object based on the one or more
projected patterns and the one or more col-
lected images.

12. The method of claim 11, wherein the three of more
symbols include three or more spatial codewords;
and optionally
wherein symbol pairs from the three or more symbols
that are more proximal in the respective pattern from
the one or more patterns are less similar than symbol
pairs from the three or more symbols that are less
distal in the respective pattern of the one or more
patterns; and/or optionally
wherein a most proximal symbol pair from the three
or more symbols has a larger Hamming distance
than a most distal symbol pair from the three or more
symbols.

13. The method of claim 11, wherein the arrangement
of three or more symbols is repeated; and optionally
wherein a width of the arrangement of three or more
symbols is wide enough such that no two regions of
the object are illuminated by a same symbol pair from
the three or more symbols.

14. The method of claim 11, wherein the illuminating is
configured to illuminate the object limited to a specific
range of distances; or optionally
further comprising dynamically configuring at least
the projecting, the illuminating, the collecting, or the
computing for one or more working ranges.

15. The method of claim 11, wherein an assessment of
the most proximal of the remaining symbols from the
arrangement and the most distal of the remaining
symbols from the arrangement occurs along a single
direction; or optionally
wherein all symbol pairs from the three or more sym-
bols with a proximity less than a block width have a
Hamming distance that exceeds the Hamming dis-
tance of symbol pairs from the three or more symbols
with a proximity more than the block width; or option-
ally
further comprising dynamically configuring at least
the projecting, the illuminating, the collecting, or the
computing for one or more working ranges such that
for each of the one or more working ranges, com-
puting each respective 3D location on the object from
the one or more 3D locations utilizes information
about a region of the pattern no wider than the block
width.
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