w0 20207131077 A1 |0 000000000 0 00 00

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property '

Organization
=

International Bureau

(43) International Publication Date
25 June 2020 (25.06.2020)

(10) International Publication Number

WO 2020/131077 Al

WIPO I PCT

(25) Filing Language:
(26) Publication Language:

(51) International Patent Classification:

GO6K 19/06 (2006.01) GO6T 7/30 (2017.01)

(21) International Application Number:

PCT/US20 18/066896

(22) International Filing Date:

20 December 2018 (20.12.2018)
English
English

(71) Applicantss HEWLETT-PACKARD DEVELOPMENT

COMPANY, L.P. [US/US]; 10300 Energy Drive, Spring,
Texas 77389 (US). UNIVERSIDADE FEDERAL DE
PERNAMBUCO [BR/BR]; Av. Prof. Moraes Rego, 1235,

(72) Inventors: FIGUEIREDO, Lucas Silva; Avenida Eduar-

do Dubeux, No. 22, Varzea, Recife (BR). TEIXEIRA, Joao
Marcelo Xavier Natario; Rua Andre Rchoucas, No. 118,
Encruzilhada, Recife (BR). LIMA, Joao Paulo Silva do
Monte; Rua Paula Batista, No. 270, Casa Amarela, Recife
(BR). MAGGI, Lucas Oliveira; Rua Democrito de Souza
Filho, No. 370, Madalena, Recife (BR). CHAVES, Thia-
go de Menezes; Avenida Conde da Boa Vista, No. 1546,
Boa Vista, Recife (BR). SIMOES, Francisco Paulo Ma-
galhaes; Estrada das Ubaias, No. 200, Casa Forte, Recife
(BR). ALBUQUERQUE, Lucas ValenyaRocha Martins
de; Estrada do Encanamento, No. 1048, Casa Forte, Re~
cife (BR). TEICHRIEB, Veronica; Rua Ribeiro Pessoa,
No. 324, Caxanga, Recife (BR). POLESE COSSIO, Lu-
cio; 595 Rua Doutor Armando Barbedo, 91920-320 Porto

Cidade, Universitaria, 50670-901 Recife (BR).

Alegre (BR).

(54) Titlee READ CURVED VISUAL MARKS

APPARATUS
100

NON-TRANSITORY COMPUTER READABLE
MEDIUM
110

CREATE A 2D REFERENCE MESH FOR AN
IMAGE OF A CURVED VISUAL MARK
12

ESTABLISH CORRESPONDENCES BETWEEN
FINDER PATTERN POINTS IN THE CURVED
VISUAL MARK AND POINTS OF THE 2D
REFERENCE MESH
14

PROCESSOR |

102

FIG. 1

Y

DETERMINE A CURVED 3D MESH HAVING A
RADIUS THAT RESULTS IN A MINIMAL
REPROJECTION ERROR
116

SAMPLE COMPONENTS OF THE CURVED
VISUAL MARK IN ELEMENTS OF THE
DETERMINED CURVED 3D MESH TO FORM A
2D PLANAR IMAGE OF THE CURVED VISUAL
MARK
118

ANALYZE THE 2D PLANAR IMAGE TO READ
THE CURVED VISUAL MARK
120

(57) Abstract: According to examples, an apparatus may include a processor and a non-transitory computer readable medium on
which isstored instructions that may cause the processor to create a 2D reference mesh for an image of a curved visual mark, establish
correspondences between finder pattern points in the curved visual mark and points of the 2D reference mesh, and determine a curved
3D mesh having aradius that results in aminimal reprojection error of aprojective transform estimated for correspondences between
the 2D reference mesh and the curved 3D mesh while the radius remains below a predefined upper limit. The instructions may also
cause the processor to sample components of the curved visual mark in elements of the determined curved 3D mesh to form a2D planar
image of the curved visual mark and analyze the 2D planar image of the curved visual mark to read the curved visual mark.

[ Continued on nextpage]



WO 2020/131077 A JI 000|000 00 A0 0

(74) Agent: SORENSEN, C.Blakeetal.;HPInc., 3390 E.Har-
mony Road, Mail Stop 35, Fort Collins, Colorado 80528
us).

(81) Designated States (unless otherwise indicated, for every
kind d national protection available) : AE, AG, AL, AM,
AO, AT,AU, AZ,BA, BB, BG, BH, BN, BR, BW, BY,BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR, KW,KZ, LA, LC, LK, LR, LS, LU, LY,MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind d regional protection available) : ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, Cl, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— asto theidentity d the inventor (Rule 4.17(i))

— asto applicant's entitlement to applyfor and begranted a
patent (Rule 4.17(H))

Published:
—  with international search report (Art. 21(3))



WO 2020/131077 PCT/US2018/066896

READ CURVED VISUAL MARKS

BACKGROUND

[0001] Visual marks, such as quick release (QR) codes, watermarks, and
barcodes, may be provided on various physical objects, such as documents and
other products. The visual marks may represent code that may provide
information regarding the physical objects to which the visual marks are provided
or other information. For instance, the visual marks may represent code that may
be used for identification of the physical objects and/or for tracking the physical
objects. In other examples, the visual marks may represent code that may be
used to direct users to particular websites or to provide information regarding a

product or service to users.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0002] Features of the present disclosure are illustrated by way of example
and not limited in the following figure(s), in which like numerals indicate like

elements, in which:

[0003] FIG. 1shows a diagram of an example apparatus that may process

an image of a curved visual mark to read information encoded in the curved visual

mark;
[0004] FIG. 2A shows a diagram of an example image of a curved visual
mark;
[0005] FIG. 2B shows a diagram of an example 2D reference mesh

overlaying the example image depicted in FIG. 2A;

[0006] FIG. 3 shows an example method for processing an image of a

curved visual mark to read information encoded in the curved visual mark;

[0007] FIGS. 4A-4C, collectively, depict an example method for
determining a curved 3D mesh having a radius that results in a minimal

reprojection error for use in reading a curved visual mark;

[0008] FIG. 5 shows a block diagram of an example apparatus that may
process an image of a deformed visual code to read information encoded in the

deformed visual code;

[0009] FIG. 6 shows a diagram of an example image of a deformed visual

code with a deformed mesh overlaying the image;

[0010] FIG. 7 depicts an example method for processing an image of a

deformed visual code to read information encoded in the deformed visual code;

[0011] FIG. 8 shows a block diagram of an example apparatus that may
process an image of a curved visual code to read information encoded in the

curved visual code;

[0012] FIG. 9A shows a diagram of an example image of a curved visual

code following preprocessing of the image;
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FIG. 9B shows a diagram of an example curved grid laid over the image of the

curved visual code shown in FIG. 9A; and

[0013] FIG. 10 depicts an example method for processing an image of a

curved visual code to read information encoded in the curved visual code.

DETAILED DESCRIPTION

[0014] A visual code, such as a barcode, a QR code, or the like, may be
printed or attached to various surfaces. The surfaces on which the visual codes
may be provided may be flat or may be curved or deformed. In instances in which
the surfaces are flat, the visual codes may easily be identified and the information
represented by the visual codes may easily be read. However, in instances in
which the surfaces are curved or deformed, the visual code may also be curved or
deformed, which may make it more difficult for the visual code to be identified and

read.

[0015] Disclosed herein are apparatuses and methods for reading curved
and/or deformed visual codes, which are also referenced herein as marks.
Particularly, a processor of an apparatus disclosed herein may execute
instructions that may process an image of curved or deformed visual code to
render the code that the visual code represents to accurately be read. The
processor may execute one of the sets of instructions disclosed herein or may
execute a plurality of the sets of instructions disclosed herein to process and read

the visual code.

[0016] Through implementation of the apparatuses and methods disclosed
herein, visual codes printed or otherwise provided on curved or deformed
surfaces may accurately be read. In one regard, the accurate reading of the
visual codes afforded through implementation of the apparatuses and methods
disclosed herein may enable the visual codes to be provided on a large number of
variously shaped objects. As a result, the use of visual codes, which are used in
a number of different applications, may be expanded to additional applications,
which may increase the usefulness of the visual codes. In addition, the accurate

reading of the visual codes may reduce processing resource consumption as, for
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instance, multiple operations to read the visual codes may be reduced or

eliminated.

[0017] Before continuing, it is noted that as used herein, the terms
“includes" and "including” mean, but is not limited to, “includes" or "including" and
“includes at least" or "including at least." The term "based on" means "based on"

and "based at least in part on."

[0018] Reference is first made to FIGS. 1, 2A, and 2B. FIG. 1 shows a
block diagram of an example apparatus 100 that may process an image 200 of a
curved visual mark 202 to read information encoded in the curved visual mark
202. FIG. 2A shows a diagram of an example image 200 of a curved visual mark
202 and FIG. 2B shows a diagram of an example 2D reference mesh 210
overlaying the example image 200 depicted in FIG. 2A. It should be understood
that the apparatus 100 depicted in FIG. 1, the image 200 of the curved visual
mark 202 depicted in FIG. 2A, and/or 2D reference mesh 210 depicted in FIG. 2B
may include additional components and that some of the components described
herein may be removed and/or modified without departing from the scopes of the
apparatus 100, the image 200 of the curved visual mark 202, and/or the 2D

reference mesh 210 disclosed herein.

[0019] The apparatus 100 may be a computing apparatus, e.g., a personal
computer, a laptop computer, a tablet computer, a smartphone, a server
computer, or the like. As shown in FIG. 1, the apparatus 100 may include a
processor 102 that may control operations of the apparatus 100. The processor
102 may be a semiconductor-based microprocessor, a central processing unit
(CPU), an application specific integrated circuit (ASIC), a field-programmable
gate array (FPGA), a graphics processing unit (GPU), and/or other hardware
device. The apparatus 100 may also include a non-transitory computer readable
medium 110 that may have stored thereon machine readable instructions
112-120 (which may also be termed computer readable instructions) that the
processor 102 may execute. The non-transitory computer readable medium 110
may be an electronic, magnetic, optical, or other physical storage device that

contains or stores executable instructions. The non-transitory computer readable
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medium 110 may be, for example, Random Access memory (RAM), an
Electrically Erasable Programmable Read-Only Memory (EEPROM), a storage
device, an optical disc, and the like. The term “non-transitory” does not

encompass transitory propagating signals.

[0020] According to examples in which the curved visual mark 202 is a
curved quick response (QR) code as shown in FIG. 2A, the curved visual mark
202 may include a plurality of finder patterns 204. The curved visual mark 202
may have a rounded or a cylindrical curvature. In a flat version of the curved
visual mark 202, the finder patterns 204 may have the same patterns and sizes
with respect to each other and may be positioned at or near the edges of the QR
code. The finder patterns 204 may thus define the boundaries of the QR code. In
addition, each of the finder patterns 204 may include a smaller square element
surrounded by a larger square element, with a gap between the elements. In
some examples, the QR code may also include an alignment pattern 206
positioned near a corner of the QR code at which the finder patterns 204 are not
provided. The alignment pattern 206 may also include a smaller square element
surrounded by a larger square element, with a gap between the elements. The
QR code may further include patterns that may represent or encode various

information.

[0021] The processor 102 may fetch, decode, and execute the instructions
112 to create a two-dimensional (2D) reference mesh 210 (FIG. 2) for the image
200 of the curved visual mark 202. The 2D reference mesh 210 may correspond
to a flat version of the visual mark 202. In addition, the processor 102 may create
the 2D reference mesh 210 based on detected finder patterns 204 in the curved
visual mark 202. For instance, the processor 102 may detect the finder patterns
204 in the image 200 through a suitable detection technique, such as contour
detection and checking of the quad geometries of the finder patterns 204, by

scanlines over the image 200 to identify the finder patterns 204, or the like.

[0022] According to examples, the processor 102 may detect the finder
patterns 204 of the curved visual mark 202 by applying a threshold on the image

200 to make the features in the image 200 that are below a certain threshold



WO 2020/131077 PCT/US2018/066896

white and the features in the image 200 that are above the certain threshold
black, or vice versa. In addition, the processor 102 may find contours in the
image 200 following application of the threshold and storing points that are part of
a contour. The processor 102 may determine patterns in the contour and may
identify the patterns that have the finder pattern 204 shapes to find the locations

of the finder patterns 204.

[0023] The processor 102 may also estimate a NxN grid size of the curved
visual mark 202 based on the detected finder patterns 204. For instance, the
processor 102 may detect the sizes of the finder patterns 204 in the image 200
and based on the detected sizes, the processor 102 may determine the distances
between the finder patterns 204. In addition, the processor 102 may estimate the
NxN grid size of the curved visual mark 202 based on the detected finder
patterns, e.g., the determined distances between the finder patterns 204. That is,
for instance, the processor 102 may estimate the NxN grid size to be within or
equal to the boundaries of the curved visual mark 202 as determined from the
locations of the finder patterns 204 with respect to each other. The processor 102
may create the 2D reference mesh 210 to have a size that may correspond to the

estimated NxN grid size.

[0024] The processor 102 may also initiate a projective transform, e.g.,
that may be a 3x4 projective transform that contain only zeros, and may identify a
best projective transform error that may be as big as the image 200. The
processor 102 may store the identified best projective transform error as a current

best projective transform error.

[0025] The processor 102 may fetch, decode, and execute the instructions
114 to establish correspondences between points, e.g., corners, of each of the
finder patterns 204 in the curved visual mark 202 and points of the 2D reference
mesh 210. For instance, the processor 102 may calculate coordinate positions of
the finder pattern 204 corners with respect to points, e.g., vertices or intersections
of the horizontal and vertical lines of the 2D reference mesh 210. By way of
example, the processor 102 may relate each of the corners of the finder patterns

204 to coordinates of the 2D reference mesh 210.
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[0026] The processor 102 may fetch, decode, and execute the instructions
116 to determine a curved three-dimensional (3D) mesh having a radius that
results in a minimal reprojection error of a projective transform estimated for
correspondences between the 2D reference mesh and the curved 3D mesh while
the radius remains below a predefined upper limit. The predefined upper limit
may be defined as a radius that is sufficiently large to be near a flat surface. In
some examples, the predefined upper limit may be a radius that results in a flat
surface. In other examples, the predefined upper limit of the radius may be
determined through testing, simulations, etc. Various operations that the
processor 102 may execute to determine the curved 3D mesh are described in

greater detail herein below.

[0027] The processor 102 may fetch, decode, and execute the instructions
118 to sample components of the curved visual mark 202 in elements of the
determined curved 3D mesh to form a 2D planar image of the curved visual mark
202. That is, for instance, the processor 102 may sample the square elements of
the curved visual mark 202 based on the curved 3D mesh having a radius that
resulted in the minimal reprojection error and may form the 2D planar image from

that curved 3D mesh.

[0028] The processor 102 may fetch, decode, and execute the instructions
120 to analyze the 2D planar image of the curved visual mark 202 to read the
curved visual mark 202. For instance, the processor 102 may identify the
locations of the visual mark squares in the 2D planar image of the curved visual
mark 202 and may determine the information represented by the visual mark

squares based on the locations of the squares.

[0029] Various manners in which the processor 102 may be implemented
are discussed in greater detail with respect to the methods 300 and 400 depicted
in FIGS. 3 and 4A-4C. Particularly, FIG. 3 depicts an example method 300 for
processing an image 200 of a curved visual mark 202 to read information
encoded in the curved visual mark 202. FIGS. 4A-4C, collectively, depict an
example method 400 for determining a curved 3D mesh having a radius that

results in a minimal reprojection error for use in reading a curved visual mark 202.
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It should be apparent to those of ordinary skill in the art that the methods 300 and
400 may represent generalized illustrations and that other operations may be
added or existing operations may be removed, modified, or rearranged without

departing from scopes of the methods 300 and 400.

[0030] The descriptions of the methods 300 and 400 are made with
reference to the apparatus 100 illustrated in FIG. 1 as well as to the features
depicted in FIGS. 2A and 2B for purposes of illustration. It should be understood
that apparatuses having configurations other than that shown in FIG. 1 may be
implemented to perform the methods 300 and/or 400 without departing from
scopes of the methods 300 and/or 400. In addition, the method 400 may be
related to the method 300 in that the method 400 may include more detailed
operations for blocks 302-304 in the method 300.

[0031] At block 302, the processor 102 may create a two-dimensional (2D)
reference mesh 210 for an image 200 of a curved visual mark 202. At block 304,
the processor 102 may establish correspondences between finder pattern 204
points in the curved visual mark 202 and points, e.g., vertices, of the 2D reference
mesh 210. At block 306, the processor 102 may determine a curved
three-dimensional (3D) mesh having a radius that results in a minimal
reprojection error of a projective transform estimated for correspondences
between the 2D reference mesh 210 and the curved 3D mesh while the radius
remains below a predefined upper limit. At block 308, the processor 102 may
sample components of the curved visual mark 202 in elements of the determined
curved 3D mesh to form a 2D planar image of the curved visual mark 202. At
block 310, the processor 102 may analyze the 2D planar image of the curved

visual mark 202 to read the curved visual mark 202.

[0032] Turning now to FIGS. 4A-4C, and particularly to FIG. 4A, at block
402, the processor 102 may detect finder patterns 204 in an image 200 of a
curved visual mark 202. The processor 102 may detect the finder patterns 204 in
any of the manners discussed herein. At bock 404, the processor 102 may detect
points of the finder patterns 204. For instance, the processor 102 may detect the

corners of the detected finder patterns 204.
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[0033] At block 406, the processor 102 may estimate a grid around the
curved visual mark 202, for instance, as discussed herein. At block 408, the
processor 102 may create a 2D reference mesh 210, for instance, as discussed
herein. At block 4 10, the processor 102 may calculate coordinate positions of the
finder pattern 204 points with respect to points of the 2D reference mesh 210. For
instance, the processor 102 may determine the intersections of the 2D reference

mesh 210 to which the corners of the finder patterns 204 are the closest.

[0034] At block 412, the processor 102 may generate a 3D reference mesh
based on the 2D reference mesh, the 3D reference mesh having a first radius.
The 3D reference mesh may have a curved profile and may have a size that
corresponds to the size of the 2D reference mesh 210. The 3D reference mesh
may also include lines that are spaced apart at similar distances as the 2D

reference mesh 210.

[0035] At block 414, the processor 102 may establish correspondences
between the 2D reference mesh 210 and the 3D reference mesh. That is, for
instance, the processor 102 may determine correspondences between
respective intersection points, e.g., vertices, of the 2D reference mesh 210 and
the 3D reference mesh. The correspondences may relate to the distances
between the respective intersection points of the 2D reference mesh 210 and the
3D reference mesh along a particular direction. In one regard, because the 3D
reference mesh may be created using coordinates of the 2D reference mesh 210
as input, the correspondences between the respective intersections may be

known a priori.

[0036] At block 416, the processor 102 may estimate a 2D-3D projective
transform from the established correspondences between the 2D reference mesh
210 and the 3D reference mesh. For instance, the processor 102 may use
sixteen 2D-3D correspondences found between the 2D reference mesh 210 and
the 3D reference mesh having the first radius, e.g., as may be represented by the
cylinder, at block 412. The sixteen 2D-3D correspondences found between the
2D reference mesh 210 and the 3D reference mesh may include four

correspondences from each of the three finder patterns 204 and four
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correspondences from the alignment pattern 206. In addition, the processor 102
may estimate the 2D-3D projective transform through application of a
perspective-n-point (PnP) method that may estimate the pose of a calibrated
camera given a set of n 3D points and their corresponding 2D projections in an
image. By way of particular example, the processor 102 may apply an Efficient
perspective-n-point (EPnP) camera pose estimation to estimate the 2D-3D

projective transform of the 2D reference mesh 210 and the 3D reference mesh.

[0037] At block 418 (FIG. 4B), the processor 102 may calculate a
reprojection error regarding the estimated 2D-3D projective transform. The
processor 102 may calculate the reproduction error based on a summation of the
distances of the projected 3D points of the 3D reference mesh to their
corresponding 2D points of the 2D reference mesh given by the previously

detected finder pattern 204 corners.

[0038] At block 420, the processor 102 may determine whether the
calculated reprojection error is lower than a current best projection error. During
an initial iteration of the method 400, the best projection error may be equivalent
to the projective transform error that may be as big as the image 200 as

discussed above.

[0039] Based on a determination that the calculated reprojection error is
lower than the current best projection error, at block 422 (FIG. 4C), the processor
102 may set the calculated reprojection error as the current best reprojection
error. At block 424, the processor 102 may increment a candidate radius by a
predefined value (delta). The predefined value may be based on empirical
testing, through simulations, and/or the like. At block 426, the processor 102 may
determine whether the incremented candidate radius is lower than a predefined
upper limit. Based on a determination that the incremented candidate radius is
not lower than the upper limit, the method 400 may end as indicated at block 428.
In addition, the processor 102 may sample the components of the curved visual
mark in elements of the determined curved 3D mesh having the current lowest
radius to form the 2D planar image of the curved visual mark 202 as discussed

herein with respect to block 308.
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[0040] However, based on a determination that the incremented candidate
radius is lower than the upper limit, at block 430, the processor 102 may generate
a next reference 3D mesh using the candidate radius incremented at block 424.
In addition, the processor 102 may repeat blocks 414-430 until the incremented
candidate radius is not lower than the upper limit at block 426 or delta is below a

certain value as discussed below with respect to block 438.

[0041] With reference back to block 420 (FIG. 4B), based on a
determination that the reprojection error calculated at block 418 is not lower than
the current best reprojection error, at block 432, the processor 102 may define a
candidate radius to equal the radius corresponding to the current best
reprojection error subtracted by the predefined value (delta). In some examples,
the delta may be equivalent to the delta discussed above with respect to block
424, while in other examples, the delta at block 432 may differ from the delta at
block 424.

[0042] At block 434, the processor 102 may define the upper limit to equal
the radius corresponding to the current best reprojection error (e.g., the best
radius), incremented by delta. At block 436, the processor 102 may divide delta
by two. In addition, at block 438, the processor 102 may determine whether delta
divided by two is below a certain value. The certain value may be determined
empirically and may correspond to an acceptably small reprojection error. By
way of particular example, the certain value may be an average of 5 pixels or less.
Based on a determination that delta is below the certain value, the method 400
may end as indicated at block 428. However, based on a determination that delta
is not below the certain value, at block 440, the processor 102 may generate a
next reference 3D mesh using the candidate radius defined at block 432. In
addition, the processor 102 may repeat blocks 414-440 until the incremented
and/or defined candidate radius is not lower than the upper limit at block 426 or

delta is below the certain value as discussed with respect to block 438.

[0043] Reference is now made to FIGS. 5 and 6. FIG. 5 shows a block
diagram of an example apparatus 500 that may process an image 600 of a

deformed visual code 602 to read information encoded in the deformed visual
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code 602. FIG. 6 shows a diagram of an example image 600 of a deformed visual
code 602 with a deformed mesh 610 overlaying the image 600. It should be
understood that the apparatus 500 depicted in FIG. 5 and the image 600 of the
deformed visual code 602 depicted in FIG. 6 may include additional components
and that some of the components described herein may be removed and/or
modified without departing from the scopes of the apparatus 500 disclosed

herein.

[0044] The apparatus 500 may be a computing apparatus, similar to the
apparatus 100 depicted in FIG. 1. As shown in FIG. 5, the apparatus 500 may
include a processor 502 that may control operations of the apparatus 500. The
processor 502 may be similar to the processor 102 depicted in FIG. 1. The
apparatus 500 may also include a non-transitory computer readable medium 510
that may have stored thereon machine readable instructions 512-522 (which may
also be termed computer readable instructions) that the processor 502 may
execute. The non-transitory computer readable medium 510 may be similar to

the non-transitory computer readable medium 110 depicted in FIG. 1.

[0045] According to examples in which the deformed visual code 602 is a
quick response (QR) code as shown in FIG. 6, the deformed visual code 602 may
include a plurality of finder patterns 604. In a flat version of the deformed visual
code 602, the finder patterns 604 may have the same patterns and sizes with
respect to each other and may be positioned at or near the edges of the QR code.
The finder patterns 604 may each have respective sets of corners 608 as denoted
by the dots shown in FIG. 6, in which some of the corners 608 of the finder
patterns 604 may define the boundaries of the QR code. In addition, each of the
finder patterns 604 may include a smaller square element surrounded by a larger
square element, with a gap between the elements. In some examples, the QR
code may also include an alignment pattern 606 positioned near a corner of the
QR code at which the finder patterns 604 are not provided. The alignment pattern
606 may also include a smaller square element surrounded by a larger square
element, with a gap between the elements. The QR code may further include

patterns that may represent various information.
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[0046] The processor 502 may fetch, decode, and execute the instructions
512 to detect the finder patterns 604 in an image 600 of a deformed visual code
602, each of the finder patterns 604 including a respective set of corners 608. As
shown in FIG. 6, each of the finder patterns 604 may include 12 corners. In
addition, the deformed visual code 602 may have an arbitrary deformation, e.g.,
not a cylindrical or round deformation. The processor 502 may detect the finder
patterns 602 and the corners 608 in any of the manners discussed above with

respect to the processor 102.

[0047] The processor 502 may fetch, decode, and execute the instructions
514 to establish correspondences between the corners 608 of the finder patterns
604 and points of a planar 2-dimensional (2D) reference mesh (not shown). The
planar 2D reference mesh may be a triangular mesh that may be sized according
to a detected size of the deformed visual code 602. That is, the size of the planar
2D reference mesh may be based on a size of the deformed visual code 602, as
may be calculated from the sizes and locations of the finder patterns 604 in the
image 600. In addition, the processor 502 may calculate coordinate positions of
the corners 608 of the finder patterns 604 with respect to points, e.g.,
intersections of the vertices of the 2D reference mesh. By way of example, the
processor 502 may relate each of the corners 608 of the finder patterns 604 to

coordinates of the 2D reference mesh.

[0048] The processor 502 may fetch, decode, and execute the instructions
516 to estimate a deformed 3D mesh 610 of the deformed visual code 602 based
on the established correspondences. For instance, the processor 502 may
estimate the deformed 3D mesh of the deformed visual code 602 through use of

the Laplacian mesh method based on the established correspondences.

[0049] The processor 502 may fetch, decode, and execute the instructions
518 to project the deformed 3D mesh on top of the deformed visual code 602 in
the image 600 to create a textured 3D mesh of the deformed visual code 602. In
addition, the processor 502 may unwarp the deformed 3D mesh 602 to generate

a planar version of the deformed visual code 602. Moreover, the processor 502
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may analyze the planar version of the deformed visual code 602 to read the

deformed visual code 602.

[0050] Various manners in which the processor 502 may be implemented
are discussed in greater detail with respect to the method 700 depicted in FIG. 7.
Particularly, FIG. 7 depicts an example method 700 for processing an image 600
of a deformed visual code 602 to read information encoded in the deformed visual
code 602. It should be apparent to those of ordinary skill in the art that the
method 700 may represent a generalized illustration and that other operations
may be added or existing operations may be removed, modified, or rearranged

without departing from the scope of the method 700.

[0051] The description of the method 700 is made with reference to the
apparatus 500 illustrated in FIG. 5 as well as to the features depicted in FIG. 6 for
purposes of illustration. It should be understood that apparatuses having
configurations other than that shown in FIG. 5 may be implemented to perform

the method 700 without departing from the scope of the method 700.

[0052] At block 702, the processor 502 may detect finder patterns 604 in
an image 600 of a deformed visual code 604, each of the finder patterns 604
including a respective set of corners 608. At block 704, the processor 502 may
detect the corners 608 of the finder patterns. In some examples, at block 702, the
processor 502 may also detect an alignment pattern 606 and at block 704, the

processor 502 may detect the corners 608 of the alignment pattern.

[0053] At block 706, the processor 502 may establish correspondences
between the corners 608 of the finder patterns 604 and points of a planar
2-dimensional (2D) reference mesh. At block 708, the processor 502 may
estimate a deformed 3D mesh 610 of the deformed visual code 602 based on the
established correspondences. At block 710, the processor 502 may apply texture
to the deformed 3D mesh 610. At block 712, the processor 502 may assign a 2D
projection of each vertex of the deformed 3D mesh 6 10 to texture coordinates of

corresponding 3D vertices on the planar 2D reference mesh.

[0054] At block 714, the processor 502 may render the planar 2D

reference mesh to the planar version of the deformed visual code. For instance,
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the processor 502 may render the planar 2D reference mesh to the planar version
of the deformed visual code 602 using a graphics pipeline with texturing enabled.
At block 716, the processor 502 may analyze the planar version of the deformed

visual code 602 to read the deformed visual code 602.

[0055] Reference is now made to FIGS. 8 and 9A. FIG. 8 shows a block
diagram of an example apparatus 800 that may process an image 900 of a curved
visual code 902 to read information encoded in the curved visual code 902. FIG.
9A shows a diagram of an example image 900 of a curved visual code 902
following preprocessing of the image 900. It should be understood that the
apparatus 800 depicted in FIG. 8 and the image 900 of the curved visual code
902 depicted in FIG. 9A may include additional components and that some of the
components described herein may be removed and/or modified without departing

from the scopes of the apparatus 500 disclosed herein.

[0056] The apparatus 800 may be a computing apparatus, similar to either
or both of the apparatuses 100, 500 respectively depicted in FIGS. 1and 5. As
shown in FIG. 8, the apparatus 800 may include a processor 802 that may control
operations of the apparatus 800. The processor 802 may be similar to either or
both of the processors 102, 502 respectively depicted in FIGS. 1 and 5. The
apparatus 800 may also include a non-transitory computer readable medium 810
that may have stored thereon machine readable instructions 812-820 (which may
also be termed computer readable instructions) that the processor 802 may
execute. The non-transitory computer readable medium 810 may be similar to
either or both of the non-transitory computer readable mediums 110 and 510

respectively depicted in FIGS. 1and 5.

[0057] The curved visual code 902 may be preprocessed version of the
curved visual mark 202 depicted in FIG. 2A and may include a plurality of finder
patterns 904. In aflat version of the deformed visual code 902, the finder patterns
904 may have the same patterns and sizes with respect to each other and may be
positioned at or near the edges of the QR code. The finder patterns 904 may

each have respective sets of corners, in which some of the corners of the finder
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patterns 904 may define the boundaries of the QR code. The QR code may

further include patterns that may represent various information.

[0058] The processor 802 may fetch, decode, and execute the instructions
812 to detect corners of finder patterns 904 in an image 900 of the curved visual
code 902. The processor 802 may detect the corners of the finder patterns 904 in
any of the manners discussed herein. The processor 802 may fetch, decode, and
execute the instructions 814 to locate boundaries 908 of the curved visual code
902 from the detected corners of the finder patterns 904. That is, the processor
802 may locate the boundaries 908 as laying at the outermost corners of the

detected finder patterns 904.

[0059] The processor 802 may fetch, decode, and execute the instructions
816 to apply a rectification transform on the image 900 of the curved visual code
902 to decrease a distortion of the curved visual code 902. The processor 802
may fetch, decode, and execute the instructions 818 to sample points between
the located boundaries 908 of the curved visual code 902 using an ellipse
curve-based search, in which each of the sampled points corresponds to a cell of
the curved visual code 902. The processor 802 may fetch, decode, and execute
the instructions 820 to decode the curved visual code 902 based on the sampled

points.

[0060] Various manners in which the processor 802 may be implemented
are discussed in greater detail with respect to the method 1000 depicted in FIG.
10. Particularly, FIG. 10 depicts an example method 1000 for processing an
image 900 of a curved visual code 902 to read information encoded in the curved
visual code 902. It should be apparent to those of ordinary skill in the art that the
method 1000 may represent a generalized illustration and that other operations
may be added or existing operations may be removed, modified, or rearranged

without departing from the scope of the method 1000.

[0061] The description of the method 1000 is made with reference to the
apparatus 800 illustrated in FIG. 8 as well as to the features depicted in FIG. 9 for

purposes of illustration. It should be understood that apparatuses having
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configurations other than that shown in FIG. 8 may be implemented to perform

the method 1000 without departing from the scope of the method 1000.

[0062] At block 1002, the processor 802 may detect the finder patterns 904
and the alignment pattern 906 in the image 900 of the curved visual code 902.
The processor 802 may detect the finder patterns 904 through any suitable
detection technique as discussed herein. For instance, the processor 802 may
preprocess an image 900 of the curved visual code 902 with RGB conversion and

thresholding.

[0063] At block 1004, the processor 802 may detect corners of the finder
patterns 904 in the image 900 of the curved visual code 902. At block 1006, the
processor 802 may locate boundaries 908 of the curved visual code 902. At block
1008, the processor 802 may apply a rectification transform on the image of the

curved visual code 902.

[0064] At block 1010, the processor 802 may apply a gravity rope to sets of
points in the image 900 of the curved visual code 902 to identify the sets of points.
Particularly, for instance, the processor 802 may find the points of the curved
visual code 902 that a virtual rope contacts as the virtual rope is dropped from a
top of the curved visual code 902. Thus, for instance, the gravity rope may
contact a first set of points shown in FIG. 9 that are located at an uppermost
position of curved visual code 902 and those points may be identified as being
located along a common line. The first set of points may be removed and the
gravity rope may contact a second set of points that are located at the remaining
uppermost position of the curved visual code 902 to identify the second set of
points. The processor 802 may repeat this process to identify the sets of points

along the remaining lines of the curved visual code 902.

[0065] In addition, or in other examples, the processor 802 may identify the
sets points in a direction other than from top to bottom. In these examples, the
processor 802 may identify the sets from a side of the curved visual code 902
and/or from a bottom to the top of the curved visual code 902. In some examples,
the processor 802 may combine the results from the searches in the different

directions to find common points and testing the different possibilities found.
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[0066] At block 1012, the processor 802 may construct a curved grid 910
within the located boundaries 908 of the curved visual code 902. An example
curved grid 910 laid over the image 900 of the curved visual code 902 is depicted
in FIG. 9B. According to examples, the curved grid 910 may be reconstructed to
match the curvature of the curved visual code 902 based on curves (defined as
segments of ellipses) that fit the identified sets of boundary points in the curved
visual code 902. In addition, at block 1014, the processor 802 may undistort the
curved visual code 902, e.g., the curved grid. That is, for instance, the processor
802 may flatten the curved grid 910 and the image 900 to undistort the curved
visual code 902. In addition, at block 1016, the processor 802 may decode the

curved visual code 902 from the undistorted curved grid.

[0067] According to examples, a processor 102, 502, 802 may select one
or a combination of the techniques disclosed herein to read a curved or deformed
visual code 202, 602, 902. For instance, the processor 102, 502, 802 may
perform each of the techniques on the same curved visual code 202, 602, 902
and may compare error levels of the results of each of the techniques. In these
examples, the processor 102, 502, 802 may select the read code information
from the technique that resulted in the lowest error level. In addition or
alternatively, the processor 102, 502, 802 may employ the technique that is best
suited for the type of distortion applied to the visual curved visual code 202, 602,
902. For instance, in instances in which the curved visual code 202, 602, 902 is
curved in a cylindrical or spherical contour, the processor 102, 502, 802 may
select the technique disclosed herein with respect to FIGS. 1-4C. However, in
instances in which the curved visual code 202, 602, 902 is deformed in other
manners, the processor 102, 502, 802 may select the technique disclosed with

respect to FIGS. 5-7.

[0068] Although described specifically throughout the entirety of the instant
disclosure, representative examples of the present disclosure have utility over a
wide range of applications, and the above discussion is not intended and should
not be construed to be limiting, but is offered as an illustrative discussion of

aspects of the disclosure.
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[0069] What has been described and illustrated herein is an example of the
disclosure along with some of its variations. The terms, descriptions and figures
used herein are set forth by way of illustration only and are not meant as
limitations. Many variations are possible within the spirit and scope of the
disclosure, which is intended to be defined by the following claims - and their
equivalents - in which all terms are meant in their broadest reasonable sense

unless otherwise indicated.
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What is claimed is:

1. An apparatus comprising:
a processor; and
a non-transitory computer readable medium on which is stored instructions
that when executed by the processor, are to cause the processor to:
create a two-dimensional (2D) reference mesh for an image of a
curved visual mark;
establish correspondences between finder pattern points in the
curved visual mark and points of the 2D reference mesh;
determine a curved three-dimensional (3D) mesh having a radius
that results in a minimal reprojection error of a projective transform
estimated for correspondences between the 2D reference mesh and the
curved 3D mesh while the radius remains below a predefined upper limit;
sample components of the curved visual mark in elements of the
determined curved 3D mesh to form a 2D planar image of the curved
visual mark; and
analyze the 2D planar image of the curved visual mark to read the

curved visual mark.

2. The apparatus of claim 1, wherein the curved visual mark includes finder
patterns, each of the finder patterns including respective finder pattern points,
and wherein the instructions are further to cause the processor to:

detect the finder patterns in the image of the curved visual mark;

detect the finder pattern points of the detected finder patterns;

estimate a grid around the curved visual mark based on the detected finder
pattern points of the finder patterns; and

create the 2D reference mesh based on the estimated grid.

3. The apparatus of claim 2, wherein the instructions are further to cause the
processor to:

estimate a NxN grid size of the curved visual mark based on sizes of the
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detected finder patterns;

create the 2D reference mesh based on the estimated NxN grid size of the
curved visual mark; and

calculate coordinate positions of the finder pattern points with respect to

points of the 2D reference mesh.

4. The apparatus of claim 3, wherein the instructions are further to cause the
processor to:
generate a 3D reference mesh based on the 2D reference mesh, the 3D
reference mesh having a first radius;
establish correspondences between the 2D reference mesh and the 3D
reference mesh;
estimate a 2D-3D projective transform from the established
correspondences between the 2D reference mesh and the 3D reference mesh;
calculate a reprojection error regarding the estimated 2D-3D projective
transform;
determine whether the calculated reprojection error is lower than an initial
projective transform error for the 2D reference mesh; and
based on a determination that the calculated reprojection error is lower
than a current best reprojection error,
set the radius of the 3D reference mesh as the current best
reprojection error;
increment a candidate radius by a predefined value;
determine whether the incremented candidate radius is lower than
an upper limit; and
based on the incremented candidate radius being lower than the
upper limit, generate a next 3D reference mesh using the incremented

candidate radius.

5. The apparatus of claim 4, wherein the instructions are further to cause the
processor to:

establish correspondences between the 2D reference mesh and the next
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3D reference mesh;

estimate a second 2D-3D projective transform from the established
correspondences between the 2D reference mesh and the next 3D reference
mesh;

calculate a second reprojection error regarding the second estimated
2D-3D projective transform;

determine whether the second calculated reprojection error is lower than
the second calculated reprojection error; and

based on a determination that the second calculated reprojection error is
lower than the calculated reprojection error, set the radius of the next 3D

reference mesh as the radius of the determined curved 3D mesh.

6. The apparatus of claim 4, wherein the instructions are further to cause the
processor to:
based on a determination that the calculated reprojection error is not lower
than the best reprojection error,
define a candidate radius to equal the radius corresponding to the
current best reprojection error subtracted by the predefined value;
define the upper limit to equal the radius corresponding to the
current best reprojection error;
divide the predefined value by two; and
determine whether the predefined value divided by two is below a

certain value.

7. The apparatus of claim 6, wherein the instructions are further to cause the
processor to:

based on a determination that the predefined value divided by two is below
the certain value, generate a next 3D reference mesh using the defined candidate
radius;

establish correspondences between the 2D reference mesh and the next
3D reference mesh;

estimate a second 2D-3D projective transform from the established
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correspondences between the 2D reference mesh and the next 3D reference
mesh;

calculate a second reprojection error regarding the second estimated
2D-3D projective transform;

determine whether the second calculated reprojection error is lower than
the second calculated reprojection error; and

based on a determination that the second calculated reprojection error is
lower than the calculated reprojection error, set the radius of the next 3D

reference mesh as the radius of the determined curved 3D mesh.

8. The apparatus of claim 1, wherein the curved visual mark comprises a

curved quick response code.

9. A method comprising:

detecting, by a processor, finder patterns in an image of a deformed visual
code, each of the finder patterns including a respective set of corners;

establishing, by the processor, correspondences between the corners of
the finder patterns and points of a planar 2-dimensional (2D) reference mesh;

estimating, by the processor, a deformed 3D mesh of the deformed visual
code based on the established correspondences;

projecting, by the processor, the deformed 3D mesh on top of the
deformed visual code to create a textured 3D mesh of the deformed visual code;

unwarping the deformed 3D mesh to generate a planar version of the
deformed visual code; and

analyzing the planar version of the deformed visual code to read the

deformed visual code.

10.  The method of claim 9, wherein unwarping the deformed 3D mesh further
comprises:

assigning a 2D projection of each vertex of the deformed 3D mesh to
texture coordinates of corresponding 3D vertices on the planar 2D reference

mesh; and
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rendering the planar 2D reference mesh to the planar version of the

deformed visual code.

11. The method of claim 10, wherein rendering the planar 2D reference mesh
to the planar version of the deformed visual code further comprises rendering the
planar 2D reference mesh to the planar version of the deformed visual code using

a graphics pipeline with texturing enabled.

12.  The method of claim 9, further comprising using a Laplacian mesh method

to estimate the deformed 3D mesh.

13. A non-transitory computer readable medium on which is stored machine
readable instructions that when executed by a processor are to cause the
processor to:

detect corners of finder patterns in an image of a curved visual code;

locate boundaries of the curved visual code from the detected corners;

apply a rectification transform on the image of the curved visual code to
decrease a distortion of the curved visual code;

sample points between the located boundaries of the curved visual code
using an ellipse curve-based search, wherein each of the sampled points
corresponds to a cell of the curved visual code; and

decode the curved visual code based on the sampled points.

14.  The non-transitory computer readable medium of claim 13, wherein to
sample the points, the instructions are further to cause the processor to:

apply a gravity rope to a first set of points to identify the first set of points;
and

apply the gravity rope to a second set of points to identify the second set of

points.

15.  The non-transitory computer readable medium of claim 13, wherein the

instructions are further to cause the processor to:
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construct a curved grid within the located boundaries of the curved visual
code, the curved grid corresponding to the sampled points;
undistort the curved grid; and

decode the curved visual code from the undistorted curved grid.
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