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TARGET, METHOD, AND SYSTEM FOR CAMERA CALIBRATION

CROSS-REFERENCE TO RELATED APPLICATION
{601} This apphcation clanmy priorily to LUS. Patent Application No. 13720879
filed Scptember 29, 2017, which is incorpovated herein by reference in its entirety.

BACKGROUND

{0602} Linless ofherwdse indicated herein, the msterials described 1o this sectionrare
not prior art o the clatms in this application and are not sdmitied o be prior agt by wclusion
in this section.
{6003} Cameras have become ubiguitous when i cones 1o vecording fmages. Various
cameras may record tmages on film or digitally store images as a series of bits within a
computer memory {e.g., & hard drive). Many devices even have cameras integrated in them.
For example, mobile phones, tablets, and laptop computers may imchude canteras,
{6604] One application for cameras 13 i the freld of computer vision. In computer
viston, i order to make mferences from reconded fmages, calibrating the camera recording
the images can he important, Such a calibration can provide a correlation of the appearance of
a revorded Image o the spatial layout of & plypsical scene. Farther, calibration can correct for
defects in the fabrication andfor assembly of a camera sensorflens wsed to record images. For
example, iTan aperture of a camera s off-center with respect (o a camera sensor, a calibration
nuy secount for this (e g, using a processor that provides a correction to recorded mages
such that they more accurately reflect a physical sceng).
{6805] U methad of calitwating camweras includey applying the pinhole camera
madel. The pinhole camera model sssumes the camers heing calibrated is an ideal pinhole
canera {(Le, 4 camera with no lenses and a point-like aperture). Using the pinhole camers
mogdel approximation, the coordingtes {e.g., 1w three-dimensions} of a physical scene may be
mapped © & projection on g two-dimensional plane, where the projection on the two-
dimensional plane is represented by a recorded calibration mage. The focation of the pinhole
aperture in the theoretical pivhole camera can be deternnned based on the cabibration image.
Other parameters of the theoretical pinbole camera can also be determined {eg., focal
length). 1 the location of the pinhele sperture 15 not contered with respect to the camera
sensor, steps can be taken 1o account for the off~center location of the aperture. Deterntining
the location of the pinhole aperture and accounting for it may include calcalating one or move

shments of 3 camera matrix based on one or move calibration inages.

SUBSTITUTE SHEET (RULE 26)



WO 2019/067283 PCT/US2018/051690

UL Other methods of calibration can be emploved o correed for other defects
mherent m optical design or due to fabrication/assembly, as well. For example, one or more
distortion coefficients van be caloulated based on g tecorded calibration mnage. The distortion
coethictent may be used to aceonnt for optical son-umtornities ansing due o a lens W the
camers fe.g, barrel disteations, mustache distortions, or pincushion distortions). In additional,
other optical aberrations can be accounted for using calibration {e.g., defocusing, tilting,
spherical aberrations, astigmatism, coma, or chromatic abormations).

SUMMARY

{ea7| An example calibration target may allow for a camera to be calibrated. The
calibration target may nclude two o more panels each with o series of Bdeoal markerg
thereon. The panels may be angled with respect to one another and the fiducial markers may
he posttioned in oo of more arrangements. The fiduciat markers on the panels may be
uniquily identifiable. When a camera to be calibrated captures or records a calibration fmage
of the calibration tavget, onaltiple calibration tmages from different angular perspectives (eg.,
different camera perspectives) of a single pavel may be simulated by a single calibration
mrage of the two or more panels. This because the two or more panels are angled with respest
to ong another. Stmulating multiple images with 1 single caltbration imsge may decrease
computational resources necessary for calibration as well as reduce calibragon time,

{6608} I firstaspect, the disclosure desortbies & target used for calibration. The
target ncludes g fiest partern of Hducial markers. The target also includes g second pattern of
fiduetal markers. The first paticmn of fiducial markers is a scaled version of the second patters
of fiducial markers: sueh that'a calibration hvage captured of the target simuelates multiple
tages of 1 single pattern captured at multiple calibration perspectives,

{H000] fnssecond aspect, the disclosure desertbes s nmethod. The method inchades
recording a calibration image of 8 target using a camera. The target wcludes a first panel
having s ficst arrangement of Nducial markers therean. Each of the fiducial markers in the
first arrangement is wnguely Wentifiable among fidoecial markers in the first arrangement.
The target also nclodes a second panel, disposed at ¢ first angle refative o the first paned,
having a second arrangement of fiducial markers therent. Bach of the fiducial wmarkers in the
secend arrangement is wiriquely Wentiftable smemg fiduem! markers in the second
arrangemment. The first arrangement of fiductal markers matches the second arrangement of

fiducial markers. The method also nclades determuning locations and identifications of ong
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of move fiducial markers in the calibration image. In addition, the method tncludes, based on
the determuned locaions and identifications, calibrating the camera.
{0018 fn s third aspect, the disclosure describes g systeny used for calibrating a

camera. The system includes a target. The target includes a fivst pattern of fiducial markers.

The tarpet also neludes 3 second pattern of Hducial markers, The fisst pattern of fiducial
markers is # scaled version of the second pattern of fiducial markers, such that a calibration
tmage captured of the target simulates multiple images of a single pattern captured at muliiple
calibration perspectives. The svstem alo tnchodes a stage confipwred o anslale orsotate the
camaera with vespect o the target.

{0011} i g additional aspect, the disclosure describes a system. The system includes
a means for vecording u calibration image of 8 target using a camera. The target includes a
first panel having a {vst arrangement of fidecial markers thereon, Bach of the fiducial
markers in the fiest arrangement s uniguely identifisble soong fiducial markers in the figst
grrangement. The target glso 1ncludes » second paned, disposed at a first angle relative 1o the
first panel, having g second arrangement of fiducial markers thereon. Rach of the fidecial
second arrangement. The first atcangement of fiducial markers matches the sécond
arrapgernent of fidooial markers. The systero also imchides & means for deternuning locations
and identifications of one of more fidecial markers in the calibration image. In addition, the
system tncludes @ means for calibrating the camers based on the determined locations and
identifications.

{0012 The foregoing ssanmary i3 Hustrative only and 13 not intended to be I any
way hinuting. In addition to the illustrative aspecty, embodiments, and features deseribed
ahove, firther aspecis, embodiments, and featurss will bevome apparent by refervnce to the

figures and the following detatled description,

BRIEF DESCRIPTION OF THE FIGURES
{8613] Frgure 1A is an Hustration of a panel of a calibrabon target, according o
example embodiments.
{6014} Frgure 1B s an dhustvation of a panel of a calibration targst, acconding to
example embodinments.
{Ha15] Figure 10 is an ilustration of a fidoctal moarker, according to example
embodiments.

3
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{0816} Figure 1D is an illustration of a panel of a calibration taryet, according to

example eanbodiments.

{0017} Figure 1E is an iHlustration of a calibration provcess.
{0818} Figure 1F 15 an illustration of a cabbration process.
HELER! Figure 10 is an illustration of a calibration process, according fo exampls

gmbodiments.

U Figure 24 s 8 frontview itlustiation of g calibration target, according to
cxampleembodunents,

{6021} Figure 2B 13 a top-view tustration of a calibration target, according to

cxample embodiments.

{66221 Figure 2C is an Hlustration of a calibration process.
{0623] Figure 2D 15 an ilustration of a calibration process, according to example

gmbodiments.

{0624] Figure 3A 1s an illustration of a panel of a calibration target, scéording to
example embodiments.

{0625] Froure 3B 19 an ihustration of @ pavel of a calibration target, avcording to
examype embodiments.

{6826] Figure 44 55 a front-view illustration of a calibration target, according to
sxample embodiments.

{0827} Frpure 4B is a top-view iustration of g valibration targed, scvording to
example smbodiments.

{0028] Figure 4C 18 a frontview Hustration of & calibration target, sccording to
exampie embodiments.

[0029] Figure 412 Is a top-view illustration of a calibration tarzet, according (o
example embodiments.

{8030} Figure 4E iy g stide-view illustration of & calthration target, accordmy (o
example embodiments.

HUIRS 3 Figure § is an illustration of a panel of a calibration target, according 1o
example emboduments.

{08324 Figure 6A is an illustration of a panel of a calibration target, according 10
exampie embodiments.

{6833} Figure 6B is an illustration of a panel of a calibration target, according o

exarnple entbodhments.
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{0834} Figure 8C is an illustration of a panel of a calibration target, acconding to
example eanbodiments.

{0035 Figure 6D 15 an illustration of a panel of a calibration target, according to
example smbodiments.

{0636] Figure 6F is an illustration of a panel of a calibration target, according o
gxample embodiments.

{0637} Figure 7 s 8 fowchart tHlustration of a method, according to exmunple

embodiments,

DETAILED DESCRIPTION
{0838} Example methods and systems are deseribed herein. Any example

embodiment ot featare described herein is not necessarily to be construed as preferrad or
advantageous over sther embodinments or features. The example embodiments deseribed
heretn are nobmeant fo b duniting. Itwill be reiily vondersioond that certaln aspects of the
disclosed systens and methods can be arranged and combined in & wide variety of different
configurations, all of which are contemplated herein,

{0639 Furthermore, the particolar arrangements shown i the figures shauld not be
viewed as Hmiting. I should be wndenstood that othey embodiments might include nywe or
less of each element shown in a given figure, In addition, some of the Mustrated elements
may be combined or omitted. Stmilarly, an example embodiment may include elements that

are pot illustrated in the figures.

1 8 Overview
0644 Example embodiments relate to g target, method, and system for camera

calibration. A target ysed for camera calibration as described herein may reduace valibration
time, redyos computing resources needed for ealihration, reduce the space needed fiw
calibration, reduce the mechamcal complexity of calibration, and reduce the mumber of
calibration images that need o be captived or recorded in order for catibration o successfolly
be complited. Using a target as described herein may improve calibration efficiency because
the calibration target is designed i such a way that when a single calibration tmage is
captured or recorded of the calibrabon target, sdditonad calibrabion images can be sinudated.
{0841 For example, in some embodiments, the calibration target may inchude fidueial
markers located thereon, The fiducial markers may be arramued o two or more panels.
Further, the fidocial markers may be arranged i patterns on each panel. At least two of the
patterns on a given panel may be scaled versions of one another {e.g., one pattern of fiducial

by}
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markers is a smaller squars-and another patiern of fiducial markers i3 o lavger square), Such
patterns can be used in.a capiured or recorded calibration maps of the calibration target ey,
captured or recorded by a camera requiring calibration) as a simulation of mwltiple camers
locations. Rather than having o reposition a cabibration target relative 1o the camera and
capture or record multiple inages, as may be the case in alternate calibration schemes, a
single calibration image can be used to calibrate varions camera perspectives relative to the
calibration target {e g, distances from the caltbration target or angles relative to the
calibration tacget), In embodiments whers the calibration inchudey using o pinkole camen
nacded to-calibnate the focation of g apsrtire of the camera, multiple calibration images from
different perspectives may bo used. Thas, having 4 single calibration imagge that cau represent
multiple camera perspectives may save calibration time, calibration space, mechamical
complexity, andfor computational resources,

{0642} In addition o having a calibration target that can be used to simulate multiple
camers perspectives in one degree of freedom (e g, multiple distances from the camera, Lo,
s-divection), some example embodiments include a calibration target where tve panels me
positioned af angleds) relative to one another. In such embodiments, the arrangement of the
fiducial markers on the two pancls may be substantially or exactly the same. Given the
angle(s) of the pavels relative to one another, one ov more addiional degrees of freedon
{e.g, rotation shout the vanus, v-axis, andfor z-axis) may be simubsied within a single
captured or recorded calibration image of the calibration target. For example, two panels may
be rotated sbout a yeaxis with respect to one another (e g, by 307} This may allow a camera
at & single perspective relative to the cabibration target to caphie or record pue perspective
relative to the [ivst panal inthe caltbration target and a second perspective ralative to the
second panel in the calibration target. Because the two panels may be substantially or exactly
the same (o2, have stonlay, or even identicad, fidueial markers arranged thereon), the single
calibration image can be used to calibrate for two angular perspectives refative o the panels,
Adititional embodiments nay nchude calibration targets that have additional angles between
pancls and/or fiducial-marker patiemn stufls (o simulate additional degrees of freedom in
captured or recorded calibration inages of the respective calibrabion tuget.

{68431 .f“sda:iiiionaiiy, the fiducial markers on the calibratiow farpets/panelsmay be
designed such that 8 location sm the fiducial marker (2.2, the center of the fducial marker)
and an identity of the fiducial marker (g2, name ov 1D of the Hducial marker) can he
wentified (2.0, by a huyoan revigwing a capturad or recorded calibration image andior by a
processor anabyzing o captored or recorded calitwation image to perform camera calibration).

&
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In order toaccomplish this, ono-example smbedimment includes fichwial markers that each
have four distingt regions. {ne region may be a crosshair region used 1o pinpomt & location
of the center of the fiducial marker. A second region may be a Hducial marker wentification
section that can be used to ideptily the Sducial markey 18 {e. g the ID of a given fiducial
marker). Insome embodiments, the second region wmay be an angular barcods section that bay
& series of angular bits used to represent the 1D of the fiducial marker ss a barcode, A thind
region of 8 fiducial marker may be a dugial bounding seehion that can be used to wdentify an
edseboundary of the Bdusiahmarker, avwell as to detesmine whether a fidocial marker 8
actugily prosent i g'calibration image fe., 88 opposad 1o noise in g calibrgtion image).
Lastly, a fourth region of 8 Rducial marker may be a human-readable label that way readily
indicate an 1D of the fiducial roavker to 8 buman. To some enbodiments, fewer or greater than
four regions may be wcluded i g fiducial warker. For examyple, in some embodiments,
fiductal markers way include only the crosshaw region and § Hducial bounding section,
Adiditionally, in some Smbadiments, various fiducial markers aoross the same erebodiment
may inclade different subsets of the four regions desenibed above {e.g., one Adecial marker
may inchode all fouwr regions described above while another fiducial marker may nclude only
the crosshalr region),

{ndd] it some embodiments {e.g., embodiments where two of more panels of a
calibration target have asimilar or the same arrangement of Hiducial markers thereon), ong or
more of the fidurial markers on each panel may be used as a panel-identification fiducial
marker, A panciidentification fiducial warker can be used during calibration (e.g., during
image anatysis of a caltbration mmage) to deterniing which pangl, ofa number of panels
having sipniar appearances, is curtently being - analyeed. Other methods of panel

ientification are also possible.

i Example Systems
{0643] The following deseription and accompanying drawings will elucidate foatures

of vartous example embodiments. The embodinments provided gre by way of example, and are

not intended to be Toniting. As such, the dimensions of the drawings are not necessarily o
{0046} Figure TA i an tustration of a fist pangl 102 of a calibration target,

according to example embodiments. The calibration target may be used s the process of
calibrating one or more cameras. Forexample, the calibration target may be used o capture
or record one or more calibration images. The captured or recorded calibration images may

bl
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than be used o determine feature$ about the camera{e.g.; distortion coefficients, camerg
matricas, lens position/orientation, canera sensar postiion/orientation, aperture
positionorientation, et ). Unee the features ahout the camers sre determined {e.g, usmg a
pinhole camera approximation model), any defects or aregularities may be accounted for,
Avcounting Tor defecty or trregularities may inclode moditving the aperiors of the'camera,
sdiusting the focation of one or mors lenses of the camera, adjusting the location of ong or
more image sensors of the camera, modifving the exposure time for mages, changing the
fmage vesolution captused or revorded by the camera, or pecfonning post-processing of
tmages captured orrevorded by the camera o corvest for defectsfirregulantios (e g, by
gstimating parameters such as focal length or radigd distortion to correct projections from a
scene to a captored or recorded tmage or to unedistort ¢ captured or vecorded image}.

{0047) A variety of cameras may benefit from calibration using the calibration target.
For example, the camerss calibrated may be components of autonomous vehicles used for
navigation or objeet recognition. Further, the camerss calibrated may have a variety of
different featires (&g, varying focal lenpths, different lens types, different image sensors,
ete.). The calibration {arget may be used to calibrate digital cameras (Lo, cameras that store
wmages electrically or magnetically ss » sertes of bits), such as digital camerss having charge-
conpled devices (CCDs) or complementary metal-oxide-semicondactor (CMOS) image
sensors, of to calibrate film cameras (Lo, cameras that store images chemically on a steip of
photographic fihnl

{0648] The first panel 102 nay inclode a series of fiducial markers 110 arranged
thereon. B is understood that, woorder to avedd clutier i the Hustration, ondy one of the
fiducial markers 1 s labeled in Figure 1A The fidugial magkers 110 ars fther deserbed
below with reference to Figure 1C. Briefly, however, cach fiducial marker 110 may include a
region used to identity that a fiducial marker has been found {eg, during wmage analysis as
part of calibration), & region o identify which fiducial marker 1301 i, a region topinpoint 4
center of the fiducial marker 114, and 2 human-readable label of the fiducial marker 110, A
subset of the fiducial markers 110 nay be used 1o identify the first panel 102 as the first panel
102, These fiducial markers 110 may be referred 1o as Brst-panel-identification fiducial
markers 108, For example, the fiducial markers 110 nearest to the corpers of the {irst paned
102 may mdicate the wontity of the fivst panel 102,

{6049} Another subset of the fiducial markers 110 {e.g., all of the fiduod markers
118 other than the fstpaned-identification fidecial markers 108) mav be ina fist

srrangement of fiducial markers 110, The first armangement of Hducial markers 110 may

b3
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mehude mudiiple patterny of fidacial markers 1100 Fov example, the first arrangement of
fiducial markers 110 may mclude af Jeast a fivst patters of fiducial markers 110 and g second
pattern of fiducial narkers 11O, The second patten of fiducial markers 110 may be a scaled
version of the first pattern of fiducial madvers 110, "Patterns™ of fiducial markers 118 may be
sets of focations on the firstpane! 102 where fiducial markers 11 are positioned. In various
ambodiments, there may be various patierns on the fiest panel 102 {described further with
reference to Figures 6A-0E). Further, a “scaled version” may inchude a scaling of the
focations of the fiducial markers {eg willin s patternd ondy, vather than a scaling oF both the
lovations of the fiducal markers and the size of the Bducial warkers, Inalternate
catbodiraents, however, both the scaling of both the locations of the fiducial markers and the
size of the fiducial markers may be emploved.

HEIH] Hiustrated in Figore 1848 a second panel 104 of a calibration target. The
second panel 104 may be g portions of the same calibration target as the first panel 102,
Simifar to the first panel 102, the second pavel 104 may include a series of fiducial markers
110 arranged thereon. Again, only one of the fducial markers 1) 18 labeled o avoid
clottening the figure. Like the first paned 102, a subset of the fiduoial markers P may be
used as second-panel-identification fiducial markers TO8. For examiple, the fiducal wmarkers
IO searest o the comers of the sceond panet 104 may mdicate the wdentity of the second
panel 104,

{0651} Smularly another subset of the fiducml martkers 110 {eg, sl of the fduciad
markers 1) other than the second-panel-identification fiducial mavkers 108 may beina
second arrangement of fideciad markers 110, The second arrangement of fiducial markers 110
may wmclede multiple patierns of Bducial markers 110 Forexample, the second arrangement
of fiducial markers 110 may melude af least a third pattern of fiducial markers and a founth
pattern of fiducial markers THYL The fourth pattern of fiducial markers 110 may be a scaled
varsion of the third pattern of Hcucial markers TH In varous smbodiments, there may be
various patterns on the second panel 104, This will be described further with reference to
Figures 6A-0E,

{0852 As Hustrated n Figare 18, the fiducial markers 110 in the second
arvangement of the setond pavel 104 oy be rotatrons of the Tiducial markers 11 the first
arrangement of the first panet 102, In the embodiment iustrated, the fiducal markers 10
the second arrangement are 180° rotations of the Sducial markers 11 that are in
corresponding locations in the Srst avangensent. In alternate ermbodiments, alternate rotations

are also possible (g, 157, 30°_45°, 60°, 73%, 807, 1087, 1207 133%, 150°, 1657, 193°, 210°,

8
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225°,240°, 255°, 2707, 2B5°, A%, 3457, 3307 -345°, or any values thire between). In still
other embodiments, only some of the fiducial markers 110 my the second arranpement may be
rotated with respect to the fiducial markers 110 in the first srrangement {e g, only those
fiducial markers 110 comesponding to a particular subset of patierns of the first arrabgement).
{3633} Therotation of the Giducial markers 11 in the second arrangement with
respect to the ductal markers 110 in the first arrangement 110 may provide features that
distinguish the first pangl 102 from the second panel 104, These additional features may be
gsed. in addition o the panelidentification fidoeciad makers 108 fo identily g ghven pagel
Addisionally oy alternatively, all or a portion of one or more of the fidueial morkers 110 in the
first grrangement may be of a first color and all or a portion of one or move of the Hducial
markers 110 in the sccond arnngement may be of g second color. The first color and the
second color may be different colors ez, blae and orange, vellow and red, brown and sitver,
Hght purple and dark purple, forest preen.and neon green, gie. ), which may provide yet
gnother featare that can be nsed 1o distinguish between the frst panel 102 and the second
panel 104

{0654] When designing the first panel 102 and the second panet 104 Blustrated
Figures 1A and 18, respectively, the fiducial markers 110 may be designed based on an
anticipated location of the camera during calibration, the focal length of the camera, the zoom
of the camera during calibration, andfor the resplution of the camera. The smaller the fiducial
markers are with respest to the fivst panel 102 or the second pane! 104, the more fiducial
markers 1HY can fit on the respective panel. Increasing the manber of Hducad markers 116
that can fit on the respective panels can increase the number of calibration polnts {e.g.,
positions m thise-donensional space whose corresponding two-dinensional location s used
fo calibrate an image), and ultimately increase the accuracy of a calibration. However, the
fuducial mackers 110 need o be of at loast a mininnem resolvable size based on the camera
grven ity zoom, resoiution, focal length, distance from the cabibration targel, sic Thus, the
tfiducial markers 110 on the fivst pane! 162 and the second panel 104 may be sized such that
they are of the smallest size still resolvable by the camers, such thet the maximum number of
fiducial markers 1 1Y cancbe positioned on the first panel 102 and the second panel 104,
Further, the fiducial markers 11 on the Tirst panel 102 and the sedond paned 104 may be
spaced relative to one another such tha the maximum number of fiducial markers 110 canbe
positioned on the first panel 102 and the second panel 104,

HELRY In the sivhodiments of the first panel 102 and the second panel 104 of Figares
TA and {8, there are six patterns of Hdueial markers 110 i the Hirst arrangement and six

i
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patiorns of fidecial warkers 110 in the second serangement. This is Ylostrated 1 Figure 1D
As ilustrated 1 Figore 1D, the first arrangement of the fivst panet 102 angd the second
arrangement of the second panel 104 include each fiducial marker 11} fabeled with 2 ™1,"
SLUERT AR, o 07 The fiducial markers 1HE labeled n Figure 10 with a "0 reprasent
the papel-identification Niducial markers 108, The fiducial warkers 110 labeled with a1 amp
gach part of the first paitern, the fiducis! markers 110 labeled with 3 72" are each pant of the
second pattern, the fiducial markers 110 labeled with a ¥ ave euch part of the third pattern,
the fiducial markery 110 labeled with 3 747 areeach part of the fourth pattern, the Hduciad
markers 110 labeled with 2 87 are each part of the fifth patiern, and the fidhscial markers 110
tabeled with 8 07 are ¢ach pant of the sixth pattern of the first arrgngerent and the second
arrangement of the fivst panel 102 and the second pancl 14, respectively. As such, there are
72 fidacial markers in the first arrangement and the second arvangement {e.g., twelve fidocial
markers in cach of six patterns) and 76 fiductal markers total on the first panel 102 and the
second panel 104 (e, twelve fiducial markers in each of six patterns, and foor pinel-
wdentification fducial markers). In other embodiments, there may be mwore or fewer fiducial
markers iy each arrangement or on each panel. An increased mumber of fidecial markers may
increase the reselution with which the calibration of a camera can be performed.
Alternatively, a reduced nursber of Hducial markers may ncrease the speed at which the
calibration of a camera can be performed.
{0656] As Hlustrated by Figure 1D, the ifth pattern and the sixtly pattern are scaled
versions {e.g, rectangles that have been scaled, potentially independesntly, in both a
horizontal divection and a vertical direction) of the first, sedond, thivd, and fourth patterss. In
alternate epbodiments, theve may only be two patiers ln'the first arrangement/second
arrangement. In such embadiments, a second pattern may be a sealed version of the first
pattern. In still other embodiments, there may be any number of pattems (e g, 3,4, 5, 7.8, 9,
HE, 15, 20,30, or 100 patierns). Further, any number of patterns may be scaled versions of
gny other patterns.
{0457} 1t is understood that the Arabic numertals used 1o label the fiducial markers
116 i Figure 11 are not meant o necessarily represent the actuad appearance of fiducial
markers 11 i reductions & practice, but are instead used to tHustrate the vanious patterns of
the first paned 102/second panet 104,
{0038] Figure 1T is an Hustration of a fiducial marker 110 of a calibration target. The
fidocial marker 110 may be one of the fdocial markers 110 of the first panet 102 or the

second panel {04 lustrated 1n Figures 14 and 1B, respectively. Hiustrated on the left of

il
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Figie 1 15 an example fducial marker §10 a8 it may appear o an example smbodiment of
the first pangl 102 {e.g., a first-panel-identification fducial marker 108). Hlustrated on the
right of Figure 1C 15 a Blank Hidocial marker where different sections of the fiducial marker
are labeled for identification. As illustrated in Figore 1 the fiducial markers 110 of the fivst
panel 102 andéor the second panel 104 may be circular I shape. Also as iHustrated, fiducial
markers mny inchude crosshaws 112, so angular barcode section 114, 8 Hducial bounding
section 116, snd aueman-readable label 1S

{085y The fiducial marker 110 llostrated tn Figurs 1O may be designed in sucha
way av lo accomplish molliple goals. Firgt, the Bducial marker 110 may by designed such that
its center can be located (e g, the two-dimensional conter can be deterniined based on'the
fiducial macker). In addition, the fiducial marker 110 may be designed such that its identity
can be deternuned wmong other fiducial markers on the same panct or calibration target.
When performing bnage analysis on the fiducial marker 1O, 8 processor executing 8 set of
calibration instructions may esiablish the oumter bounds of the Sdacial marker 110 using the
fiducial bownding section 116, determine which fidecial mavker s being analyred using the
angular barcode section |14, and determine where the center of the fiducial marker 1O
using the crosshairs 112

{nad] i shternate erohodiments, the Nducial markers mgy have varons other shapes
{e.g, » trinngular shape, a rectangular shape, a pentagonal shape, 8 hexagonal shape, 8
heptagonal shape, an oclagonal shape, 8 nonazonal shupe, a decagonal shape, eic). Further,
within g single embodiment, different fidocial mavkers may have different shapes. For
example, the iducial markers in the first pattern of the first arrangement niay be rectangular
aad the Nduesal markers i the second patters of the first arvangement may be imangular,
Multiple different subsets of fiducial markers on the same panel, arrangement, or pattern may
have ditferent shapes to identify different portions of the respective pavel, srrangement, or
patter, Additionalby or alternatively, fiducial markers i sone smbodiments may have
special optical properties {e.g., a fiucial marker may be holographic),

{0661] The crosshairs 112 may be used o identify the center of the fiducial marker
110 {eg, where the center of the fiducial marker 110 18 Tocated). The crosshairs 12 may
alternatively be referred toas a “reticis,” i some embodiments. The lovation of a specific
fitucial marker {e.g.. the hortzontal snd vertical coordinates within g Calibration imsge} and
the identity of the fiducial marker may both be used in calibrating 8 camers using 8
calibration target that tncludes one or move fiducial markers thereon. In some embodiments,
the ctosshairs 112 may include the ntersection of two dark rezions and two hight regions, a8
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thustrated i Flgore 10 In alternate embodiments, the crosshairs 112 mony use s dot on the
center of the fducial marker, two perpendicular Hnes crossing na the center of the fiduaal
marker, a cirele whose center s the center of the fiducial marker, an arrew or Hine that points
to-or arvigivates from the center of the fiducial marker, of a chevron that points to the center of
the fiductal marker,

{8662} ‘The angular barcode section 114 may be used to dentfy a fiducial marker
within g calibration fmage. In the embodiment ustrated m Figore 1C, the angalar barcode
section 114 may bean annolar section survounding the crosshatrs 112, The anpular barcods
sectivay 114 may be broken o o serivs of bits (e 4 bits, 8 bits, 10 uts, 16 bigs, 24 bits, 32
bits, 64 bits, 128 bitg, 256 hits, ete), cach hit represented by a specific angular portion of the
angular barcode section 114 Fov example, i the angular bavcode section 114 is broken into 8
bits, the first byt may be represented by a portion of the angalar bavcode section 114 that runs
freum about 0%~ about 43° {(progressing counterclockwise arcund the angular barcode section
114} i the first quadrant of the angular barcode section 14, Similarly the second bit may run
from about 457 ~ about 90 1 the first quadrant, the third bit roay ran from aboot 90 - about
1357 in the second quadrant, the fourth bit may ran frony about 1357 - about 13 inthe
second quadrant, the fifth bit may run from about 180% - about 225 i the third quadrant, the
sixth bit way run frov about 225° - gbout 2707 in the thivd quadrant, the seventh bit rosy ron
from abowd 2707 - about 31587 tnvibe fourth quadrant, and the eighth bit may rus from abowt
315° - about 360° in the fourth guadrant. Hach bit may be filled in, either in black (v .,
representing a 03 or in white {eg, represeating a 1), Using this schema, vanous numbers can
represended i binavy in the angular bascode section T4,

{08631 The munbers represenied in the angular harcode section 114 may be used to
identify & given fducml marker. As Hlostrated in Figores 1A and {8, all of the fiducial
markers within the first arrangement and the second arrangement may have unique angular
barcode sections; thuy making exch Gducial marker iy the first arrangement uniquely
identifiable and cach fiducial marker in the second arrangement vniquely identifinble. In
some erbodiments, in addition to or alternate (o the angular barcods seenion 114, the location
of & fiducial marker on a panel, the location of & fiducial marker within an arrangement or
pattern, the e of a fidvcial marker, the ortentation of a fidudal marker. or the colorofa
fitucial marker may be used to wuguely wheatify a fiducial marker. For example, in some
embodiments, cach fducial marker may appear the same, but based ow their positions relative

to the rest of the Adueialmarkers i an arrangement and thelr positions on 8 panel, each
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Hducial marker may be woigue Wdentified. Such may be the case iy embodiments whergthe
fiducial markers dre squarss in 3 checkerboard patiern, Tor instance.

{0864] Further, cach of the gngular barcode sections in the first artsngement and the
second arrangement of some simbodiments, inchuding the embodiments ihastrated in Figures
1A and 1B, may be retationally voigue. This means that, for a piven angularbarcode of a
given fiducial marker, even if that fiducial marker andfor that angular barcode s rotated by
gy angle between 07 and 3607, it will not mateh suother angular baveode being used. As s
example; i the angelar barcode J0-0-0-0-0-0-0-0-8 {the Hrat bt being the most stgnificant
bit, the last bit being the lenst significant bit) were used in a set of angular barcodes that
incladed ten bits amd was rotationally unigue, the snpular barcodes $-1-0-0-0-0-0-0-0-0, 0-0-
1-0-0-0-0-0-0-0, 0-0-0-1-0-0-0-0-0-0, 0-0-0-0-1-0-0-0-0-0, 0-0-0-0-0-1-0-0-0-0, 0-0-0-0-0-0-
1-0-0-0, 0-0-0-0-0-0-0-1-0-0, 0-0-0-0-0-0-0-0-1-0, and 0-0-0-0-0-0-0-0-0-1 could not be used
because they rotationally overlap with 1-0-0-0-0-0-0-0-0-0. Thus, in order to preserve the
rotattonally unigque set, some angulay barcodes will be skipped over. Thereforg, there 1s not
necessarily a 1-to-1 correlation between possible angular barcodes and angular barcodes
actually employed 1n o given pattern, arrangement, panel, or calibeation target, especially in
embodiments having rotational uniqueness ameng angudar barcodes.

{na6s] i some embodiments, however, all angalar barcodes may be used. Insuch
gmbodiments, the angalar barcodes may be orented on the panels 1o such a way that, even
though the fidocial roarkers would sotationally overlap, the orientation of each fidumal
marker prevents actasd angular barcode overlapping.

{00686] Further, 1 some embodiments, the angular barcodes miay be used. a
calibration method to determing the angular ovientation of the respective fiducial marker. For
exampde, the angulsr eiientation of g fiducial marker sy be deternnned serording to the
calibration method to ay accurscy of 360° divaded by the mamber of hits wsed to encode the
sngular barcode.

{8667] In the examples shown in Figures 1A and 1B, the only fiductal markers having
the same angular barcode sections are the pancladentification fiducial markers 108 in the
corners of the first panel 102 and the second panel 104, This 15 so thay the observation of any
corper of the first pansd 162 or the second panel 104 vields the same identity for the panel
being observed,

{3065} i aliernate erobodiments, rather than using bits, decimal numbers ranging
from one 1o ten coudd be represented at each location of the angelar barcode section 114, For
sxamply, a different.color sould be used torepresent each diglt 6-9 {e.g., similar 1o resistor
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eotor-coding, Mack = O brown = 1, ved = 2, orange = 3, vellow = 4, green = §, blue = §,
vipdet =7 grey = §, and white = %) and each section vould represent & factor of ten. Thus,
an angulir barvode section was broken into eight subsections, cach represented with one of
the above colors, there would be 10° possible combinations.

{3665 In alternate embodiments, where there are more or fower thar sight bits, the
sngular distribution of the angular barcode section 114 may be spaced ditferently fe.g, i
there are 4 hits, rather than 8 hits, cach hit may occupy roughly 99° of the sugular barcode
section vather tharroughly 457 of the angolar barcode section 114 Hustrated 30 Figanres 1A-
1€, the angular barende sectioms 114 of the fducial markers 110 are split into teu bils, wather
than elght bits. Assuch, each bit may occupy about 36° of the angalar barcode section.
jsa78] St} further, insome embodiments {eg., the embodiments of Figures 1A and
1B}, certain angular barcodes may be reserved feg, 2,3,4.5, 6,7 8,9, 16, 11, 12, 13, 14,
13, 16, 17, 18, 19, 24, et} for inclusion n panel-identification fiducial markers 108, As
Hustrated i Figures 1A and 1B, the angalar barcodes corresponding to “1 and 0 2 may
beused as the angular barcodes of panel-identification Bducial markers 108 for the first panel
102 and the second panel 164,

{0871 fr some emboditaents (e.g, embodiments that fnclude # large number of
uniquely identifiable fiducial markers), the augalar barcode section may be replaced or
supplemented by aliernate forms of fiducial marker identification. For example, rather than
oue ring corresponding o an angular barcode section, therg could be mualtiple rings of anpular
harcode sections. Additionally or alternatively, color could be used to identify the fiducial
markers. As indicated above, color coudd be ased 1o Inorease the areal density of the angular
barcode sections (e, rather than using only black/white, using multiple colors o represent
decimal numbers rather than bhinary numbers). Alterpatively, other portions of the fidueal
marker (e, the crosshairs, the lnanan-readable label, or the fiducial boanding section) nay
be cotored. Fov example, the crosshaus nyay be colored using paint.of ik that reflects
wavelengths in the visible range (e, wavelengths from about 400 mm to about 708 nm
spaced in I nm increments) in order to add anothsr identifier that can add uniqueness o each
fiducial marker, In still other embodiments, a checkerboard pattern, rather than an angular
barcods may be used to identify apanel. For example, s fiducial marker werg'shaped as a
rectangle o 8 square, one of the corners of the fiducial marker could be reserved for a

checkerboard pattern {e.g: a four-by-Tour checkerboard where sach position represents, using

black or whnte, one of sictesn bits in the patters). Such checkerboard patterns may be similar
is
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i Quick-Besponse (R} codes waed Tor identification. In still Other smbodiments, linear
barcodes, rather than angular barcodes, may be used.

{6872} The fiducial bounding section 1S may identily the edge of the fiducial
marker/define the region occupied by the fiducial marker. The fiducial bounding section 116
may alse beused during calibration to identify whether or pot a Bduecial marker is actually
present sta given location n a calibration image. For example, an image apalysis program

executed by a processor to snalvee a calibration image may determing that a spectfie location

of & calibration binage appears 1o beorosshaln 112, However, wr order ter ensure that the
section identified as crosshairs is sctually srosshaes of g Giducial marker and not just noise or

another artifact in the calibration image, the troage analysis program executed by the
processor may ook for a fducial bounding section surrounding the crosshaivs. 1 a fidoowsd
bounding section is swrrounded by crosshairs, the chance of nowse or other antifact obscuring
the calibration results may be reduced.
{0673} In some embodiments, rather than dentifying the crosshairs 112 first and then
segrching for a fidecial bounding section surrounding the crosshairs, an mage snalysis
program executed by a processor may search first for the fidocial bounding section 116
Upon wlentifying the fiducial bounding section 116 {ag., by identifving anellipsein a
calibratron image). the image analysis program execoied by the processor may look for the
crosshairs 12 o determine a cepter of the respective fiducial wmarker. Alternatively, the
finage analyvsis program executed by the processor may deternune a conterpoint of the ellipse
that defines the fiducial bounding section 116 rather than looking fov the erosshairs 112 in the
calibration fimage.
{0874} The human-readable label 118 may be included in the fiducial suarkers 11 in
some embodiments such that 3 human (e, a calibration engineer) ¢an identify each of the
fiducial markers 116, both on the panelicahibration targel and within & captored or recorded
alihration image. The human-readable kbel 118 may include one or more Arabic numeraly,
Resman mumerals, lotters, punctuation syawbols, andfor other symbols or images, in various
embodiments. In various embodiments, sach of the human-readable labels 118 across a
patiern, atross an srrangement, across & paned, or across a calibration tavget may be unique
{e.g, stailar to the angular barcode section 114 of the fiducial marker 118} Further, i some
enbodiments, the human-readable label 118 of the Hiducial muarkers 110 may correspond to
the angular barcode sections | of the fiducial marker: For example, a8 Hlustrated in Figore
I, the Arabic numeral ™17 may be used a5 @ human-readable label 118 for a fiducial marker
116 that has the first angular barcode among 3 series of angular barcodes 1ty the angular

i6
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barcode section 114 of the fiducial marker 110, In some emabodiments, Here-may be nudtiple
human-readable fabels for each fiducial marker or no haman-readable labels for each fiducial
marker. Further, in altermate embodiments, the human-readable label niay be positioned
differently than iHlustrated n Figure 1€ with respect to the rest of the fducial marker (eg.,
the human-readable {abel way be 1oa lower-left vegion of the fiducial marker, rather than in
an upper-right region of the fiducial marker).

{0675] In sorme embodintents, portions of the calibration target may represent
portions of or sntive advertisernents. For example, ifa panel is 3 portion of billboard (e,
near a highway used for avtomaotive transit), the panel could be dust-purposed {e. g, the pangl
could be used for calibration of a camera equipped o an aronomous vehicle and 1o advertise
to riders within the autonomous vehicle). In such cases, each fiducial marker may be an
advertisement, or together, the first arvangement of fidocial markers may make gp an
advertisement {eg., the first pattern ov the first srrangenient may spelt out a slogan).
Adiditionally or altornmatively, portions of each of the fiduwial markers themselves could be
ased for advertising. For example, a portion of the crosshairs of one or more Bducial markers
may inclade trade slogans, discounts, or other forms of adverhising.

{0876} Figure 11 s an addittonal iHustration of the first panel 102 aud the second
panel 104 with fiducial markers thereon. Figure 15 shows the woltiple pattemns of fiducal
markers 110, as lastrated in Figwres [A and 1B i the ficst arrangement on the st panel
182 and the second arrangoment in the sccond panel 14, As iHustrated, Figure 182 also
shows the paneladentification fiducial markers 108 &n the comers of the first panel

103 second panel 104, The nombening (0-6) n Figure 1D 1s meant to lustrate patterns made
ap of subssets of fidecial markers 118 The fdueal markess L1 haviog &« °07 may bethe
panel-identification fiducial markers 108, The fducial markers O having 3 “1" mey be ina
first pattern of the fivst arvangement of the first panel 102 or 1 a third pattern of the second
arrangenent of the second panst 104, Similarly, the fiducial markers 110 bavimg a 27 may
bhe in a sscond pattern of the first arrangement of the first pansd 102 or in & fourth psttem of
the second arrangement of the second panst 104, and so on

{0877 Az tustrated, theve may be six pattorns of varying shapes and sizes per panel,
phis a set of panel-identification fiducial markeds 108, These patterns may be partof oneor
more arrangements (7.e., groups of patterns). His understood that the naming convention

AL

“fivst patterny,” “second pattern,

334,

third pattern,” eto. s used only foridentification, and that

varfous embodirents may bave vagous numbers of patterns identified 1 various ways. For

SUBSTITUTE SHEET (RULE 26)



WO 2019/067283 PCT/US2018/051690

example, in one embodiment the Tsecond patiern™ mgy e 10 the same-locations as the “sixth

pattan” in a different embodiment,

{607R] Figures 1E and IF iHlustrate part of g calibration process using an altemative
calibration target 152, One way lo calibrate a camera {e.g., an 'ir:mg,e sensorwith an
assoviated lensy includes ysing the pinhole camera approximation nwodel. Ty orderto dothis; a

series of calibration images of a calibration target can be captured or recorded. The

calibration target may have calibration markers {e.g., fiducials) theveon. The calibration
markers may be spaced evenldy ov unevenly across the calibration target. Exther way, the
lovation of the valtbration markers on the calibration target may be known o priosf 1o the
calibration, Because the location of the calibration markers on the calibration target is Known,
any deviation from those locations in the resulting captured o recorded calibration images
can be identified. These identified deviations may then be corvectedor accounted for when
using the camera (.., the camera may be “ralibrated™).

{06779 In order to deternune g camers matnix assockated with a camers that s o be

calibrated, a series of cabbration images of the calibration target may be captared or recorded

from different perspectives, For example, as llustrated 1o Figures 1R and IF, a first
calibration image may be captured or recorded from & Hest camera depth 162 {e. g, depth
meastred along g s-axas) relatve g calibration target 132, and then the camem may be
moved (or the target may b moved) to & second camers depth 164 relative to the calibration
target 152 and & sevond calibration image captwred or recorded. I this way, two different
camera depths relative 1o the calibration target may be used {e.g ., in the determination of the
camara matnx)

{0081 Hustrated s Figure 14 is a portion of a calibration method using the first

pans! 102 ilustrated m Figwre 1A I s understood that the principls (Hustrated here equally

applies if using the second panel 104 Hlustrated 1n Figure 1B In Figwre 1G, a single
alibration image of the fird panel 102 may be recordad from a frst calibration depth 172

The first calibration depsh 172 may be setsuch that the first panel 102 is a distance sway

from the camers equal to the focad distance (e.g, the distance away from the camers at which

anobject s most in focus). Insome embodiments where the focal distance of the camery may
be so large that such a distance i not practical {e.g. when the fooal distance 18 30 meters or
mowe), the first calibration depth 172 ruay be set such that the first panet is closer to the
camera than the focal distance of the camera {e.g., based on the focal length of a fons of the
casners andlor based on a distance hetween the leng and an bmage sensor of the camera}. In
such embodiments howeyer, ordsr to compensate for potential offects of the fiducial

s
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markers being ot of focus o a calibration image, the first panel may be fabricated with
larger Gducial markers {e.g., 5o they are deteciableddistinguishable sven when put of focus)
The techaigue of designing a calibration target with larger liducmd markers to account for
focal distance can be wsed with many emtbodiments of the calibration laurget described heren
(i, not only a single panel embodiment).

0681} As iftustrated in Figure 1D, the first punel 102 sy include 3 senies of pattens.,
The patteras may be of various sizes and shapes. For exanmple, a first patiem (e.g, the
fiducial markers Vi labeded with o 71 lusteted 1 Figure 1D s a larpe rectangaday patton,
while a socond pattem (e g, the fiducial markers 110 labeled with 2 757) may be the same
shape as the first pattern, but moay he g different size. To the embodiment of Figure 10, such a
seoond pattern s a sealed version of the first pattern {e.g., the rectangular shape 1s the same,
but the perimeter and area of the rectangle are both scaled down). Further, the size of the
fiducial markers 110 and the number of fidecial markers 110 {e g, twelveyare the same
each of the two patierns. In aliermate embodiments, the size of the fidm:i‘ai markers and the
number of fiducial markers among patterns may be changed.

{0682} Because there are repeated patterns of fidocial markers 110 on the Sivst panel
102 that have different scales, a calibmation ivuge captured or recorded at the fivst cabibration
depth 172 can be used to wimic (Le  siondate ) mulnple calibration inages captuved oy
recorded at maltiple calibration deptha. For example, o portion of the calibration image that
includes the larger pattern on the first panel 102 (e, the {irst pattern labeled with “1™ in
Figure 11} can be used as a calibration fmage captured or recorded at the fest calibration
depth 172, o addition, a _pam?an of the calibsation i_ﬁwge that mehudes the smaller patternof
the first pangl 182 {e.g, the scoond pattern Iabeled with =3 10 Figure 1D can bewsed asif
were a calibration image captured or recorded at a second calibration depth 174. This
chinunates the need to actually capture or record an additional calibration image from the
second calibtation depth 174, Such a phenomenon may bave many benefils over the
calibration method iitustrated m Figures 18 and IF. Forexample, the thne required for
calibrgtion may be reduced (both in terms of capturing or recording calibration images and
computation), the cost of the cabibration may be reduced, the amount of memoty waed for
storing calibration snages may be reduced, and the physical space used fiw the calibration
may be reduced.

{6083} bt some emsbodimments, only a portion of a cahbration image may be analyred
i order to perform cahibration. For example, in embodiments where four panel-identification
fidueial markers are at corgeny of 8 panel, such as i the panels tHustrated o Figures 1A and

i
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1B, the four panel-identification fducial markers may bound all other Gducial markers {e g,
other fiducial markers on the panel are disposed n between the four panel-identification
fiductal markersy. As such, any portion of a calibration image that lies outside of the four
panel-identifivation fiducial warkery may be disregarded during mage analysis. Sucha
technigue may save computational resourvey and reducs-calibration time.

{0684} Figure 2A tHustrates, in g front view perspective {e.g., perspeetive parallel to
the x-v plane}, ¢ calibration target used to calibrate one oF more camenss {e.g., one Or more
cameras used for navigation of atonomous veluclesy, The calibration target may include the
first panel 102 the sccond paned 104, and g connecting piece M2, As with above, onby ongof
the fiducial markers 100 Figore 2A s labeled in order to avoid clatter on the figure. As
ilustrated, sinular to as tHustrated in Figures 1A and 1B, the first srrangement of fiducial
markers 110 on the frst panel 102 and the second arvangement of Bducial markers TH) the
second panel 104 may be the same as one another. This may nclude mxe or morg patterns of
fiducial markers 110 within the first atrangemient matching ong or mere patterns of fiducial
markers 11 within the second avangement. Matching may include the patterns andior the
grrangements baving siontlar or identical spatial arrangements, sizes, andfor orientations, i
vartous embodinents.

{885] Also as tlostrated w Frgores 1A and 1B, the fiducial markers 11 themselves
are strtlar in the first paned 102 and the second pangl 104, but not identical. One primary
difference 18 the panel-identification fiducial markers 108 on the first panel 102 and the
second panel 104, As Wlasirated, the paneladentification fiducial markers 108 on the first
payel 102 and the second paned 104 ave in matching positions on the vespective panels, but
they are not the sawe Hducial markers. Notably, the human-readable labels ave difforent {e.g.,
a “17 on the first panel 102 anda ™27 on the second pansd 104}, Farther, the angular barcods
sechion 114 of the panel-identification fiduoial markers 08 on the two panels is different.
Anther difference between the first panel 102 and the second panel 134 is that the fidecial
markers in the sevond arrangement on the second panel 104 have angular barcode sections
114 that gre 1809 rotations of the corresponding angular barcode sections 114 in the fiducial
markers 11 o the first avtangoment oncthe first panel 102, In some embodiments, however,
th fiducial markers onthe first panel 102 and the second panel 184 may be identical, with
the exception of the pasel-dentification fiducial markers 108,

{6086} It even further embodiments; the panels of the cabibration farget may wot
inclade panel-identification fducial markers. Stll forther, w such embodiments withait
panel-identifivation fiducial markers, the fiducial markers onthe ‘panels may beexactly

2
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duplicated (e the fiductal markers on maltiple panels may be in the same armngements
and patterns on all panels). Because a calibration method used on the calibration target nyay
be based on known arrangements of fiducial markers on the panels, the location of sach
fiducial marker relative 1o the rest of an arpabigement 1s known {ecg., based on s angular
barcodes Further, repeated copiss of a given fducial marker apperr in g calihration image,
g calibration method may account for this by recognizing that pultiple avrangements of
fideoi] markers are present in the calibration image. I nwiltiple arangements of fiducial
matkers ave present in thecalibration image and the location of cach fducial marker withina
given arrangement is known, errors regarding which arrangement a given fiducial marker iy
in can be avoided.

{B887] fu other embodiments, i repeated copies of a given Biducial marker appears in
a calibration mage, a calibration method oay include determung that there are multiple
srrangements present within the calibration image. Further, the spatia! relationship between
the multiple aroangements may be detensined (e g, determining which pattern s leftmost,
rightmost, bottommost, opmaost, second from the left, second from the right, second from the
bottory, second from the top, sie. ). Using the spatial relationship, & calibration method may
wnclude deternuning that one of the duplicate fiducial markers came fromog pattetn whose
focation is knowa (e.g 1 there are two copies of the same fidacial marker withina
calibration image, and ong s located fo the left of the other, based on the spatial relatioushap
between associated amrangements, i may be deternmuned that the fiducial marker focated o the
el is associated with the lefimost arrangement, wherein the other fiducial marker is
associated with the rightroost arrangementt, Based on this determingtion, errorsregarding
which arrangement a gtven fidocial macker i3 ncan be avoded,

{0088} The calibration target tHostrated i Figure ZA nay De used {o calibrate
cameras ata fabnication facility. For example, an image sensor andfor a fens may be
calibrated using the calibration tarsel after fabyication s complete (e, calibrated using &
pinhole camera model). Addittonally or alternatively, the calibration target nay be used to
calibrate one or more camergs upon assembly or installation. For example, when an image
sersor and a lons are together assembled within 8 housing 10 form a digital camiera (e g, in g
laptop computer or a fnobile phong), the digital camera assembly may be calibrated. Tn still
other embodiments, the calibration target ny be used to calibrate  amers whike in use. For
example, i a carpera is being used for navigation on an autonomous vehicle, the calibration
target may be positioned at sy exit of a garage, on a billboard, ov on the road surface ftself]

sueh that while the autonomons vehicle 15 i motion calibwation can be performed. Sucha
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calibration may nchade 3 validation to a previvushy calibrated state (e 3 “checkyp™
calibration . If the camera fals such a validation, the camera aadéor the entire autonomons
vehicle may be decommissioned permanently or temporarily {e g, until vepair is performed).
H the camera iy decommissioned, a redundant backuyy camiera may be emploved.

{3089 The first panel 182 and the second panel 104 may be fabwicated cvt of a
variety of matenials, The fiducial markers 110 may be printed on the first panel 102 and the
second panel 104, The connecting piece 207 may be used o attach the first pancl 102 to the
second panet 104, For example, the conpecting ploce 282 may boowelded 1o both the ficst
panel 102 and the second pangl 104, As described further with respeet to Figure 2B, the
connected piece 202 may hold the first panel 102 and the second panel 104 at an angle
relative to-each other.

HELS U] In aliernate erbodiments, the first panel HI2 and the second panel 104 may be
directly vonnected to one another without using & connecting plece. Further, insome
embodiments, rather than using the entire calibration target o calibrate a camera, only the
first panel 102 or the second panel 104 may be used o calibrate 8 camera,

{0691} Frgure 2B 19 a fopeview ithustration (o2, perspective parallel 1o the xez plane
of the calibration target i Fozure AL As Hlustrated, the connecting plece 202 couriedts the
first pael 102 and the second panel 104 such that both are at 30° angles with respect to the
connecting plece 202, The dashed line 16 waed to tlustrate a bine that s collinear with the
connecting pisce 202, In alternate embodiments, different angles may be used {e.g, about 15,
ghout 2°, sbout 3%, about 49, about 55, about 1%, about 157, about 207, about 257, about 35°,
about 40%, abowt 45°, about 307, about 357, dhoat 607, gbiout 637, about 707, about 75%, abouwt
&0¥, about 857, or aboyt 80714457 angle raay provide the mostvariability betwesn camera
perspectives (L2, the difference in the appearance of the panels when moving relative to the
calibration tavget may be largest when the panels are at a 45 angle relative to the connecting
prene 202, lnother emboduments, the connecting picce Hiselmay be bent {o formy an angle
between the first panel and the second panel. Stilf further, in some embodiments, the angle
between the first panst and the connecting plece may not be the same 38 the angle between
the second panet and the connecting plece {Le., 8 * 84}

{0692 In some embodiments, the camers undergoing calibration may be positioned at
a distance {eogs, i the sdivection} away from the calibration target that is-equal - the focad
distance of the camera. For example, it the focal distance is 2 meters, calibration images of
the cabibration target may be captured or recorded at a perspective from the calibration target
that 1s 2 meters away (e, in the s-direction). Additionally or alternatively, the camera
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undergoing calibration may be posthioned at g distance {in the z-chrection) relabive o the
calibwration terget, and/dr the calibration target may be sized, such that the calibrabion tarpst
fills an entire field of view for the camera.

{0093} In addition, the calibration target may be 3 part of a calibration system {e.g.,
wsed to calibrateca cameral. The cabibration system may also inchude a stage that is psed to
translate {e.g., stepwise) andior rotate {e.g, stepwise) n camen relative 1o the calibration
target {e.g . to capture of record multiple calibition images from nultiple camers
perspectivesy. The stapge may be controlied by a processor of & computing device that
executes a set of mstructions 1o step thestage from one camers perspaective 1 the next
relative to the calibration target. The camera may capture or record calibiation images
between or doring each step {e.g., g5 controtled by the processor).

{0094] Figure 2C tHustrates part of a calibration using an altemative caltbration target
250, As described with reference to Figures 1E snd 1F, m order to determine a camera afrix
gasociated with a camera, a series of calibration oages of the calibration target may be
captured or recorded from different perspectives. For example, ay lostrated in Figore 2C, a
first calibration inage may be captured or recorded from a first angular perspective 262 {e.g.,
ahout the paxis) relative  a calibeation target 250, aud then the camera may be moved {or
the target may be moved) to a second angular perspective 264 relative to the calibration target
250 and & second calihration image captured or revorded. In this way, tweo different camera
angles relative (o the calibration target 250 may be used (e.g.. 1 the determination of the
Camera matnRy;

{0695] {Husteated 1o Figure 2D s a portion of a calibration method wsing the
calibration target Hustrated in Figures 2A and 28, In Fiaure 2D, a calibration image of'the
calibration target may be captured or recorded from a single calibration position 272, As
Hiustrated, the calibration ;‘}(}siii‘aﬁ 272 may be abgned with the conneching piece 202 (e,
the-cabibration position 372 way be parallel to the connecting pice 202, miorms of folation,
gnd the aperture of the camera may be roughly horizontally aligned, e g in the x-direction,
with the connecting prece 202}, Further, the calibrabion postiion 202 may boat adepth (e g,
i the s-direction), d, relative to the calibration farget. In some enbodiments, the depth may
istead be defined as the distance (e g, along the s-divection) frony the camera o the
horizontal center of the panel, ', or as the distance (e, slong the s-direction) from the
carnera to the horizontal edge of the panel, 7. Additionally or alternatively, the calibration

position 202 may be set such that the depth o s equal to the focal distance of a lons on the
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camera being calibrated. As Hlustrated; the Restpanel 12 and the second panel 104 may be
disposed at an asgle with respeet to the connecting piege 202 {e.g., a 30° angle).
{0896] Because the panels are at an angle with respect o one auother, g calibration
umage captured or recorded at the calibration posiion 272 cag b used to mimie (eg,
simulate) muliple calibmation images captured or recorded at weltiple calibration angles of &
planar calibration target (e.g., can be used to simulate two cahbration mmages taken of the
calibration target 230; one from the first angudar perspective 262 and one from the second
angular porspective 2641 In some embodimenty, 1o order io-ase the calibration mage
caphared orrecorded from the calibration position 272 to simulate calibration images from
two angles (e g, the fivst angular perspective 262 and the second angular perspective 2643, 2
calibration image captured or recorded from the calibration position 272 may be cropped. Fov
exgruple, the lefl halt of the image may be used to mimie 3 calibration mage of the
calibration target 230 taken from the second angular perspective 264 and the right hatf of the
tmgge piay be used o nunvc a calibration boage of the calibration target 250 twken fromihe
fivst angoler perspecitve 262,
{0697} This may eliminate the need to scteally capture or record calibrabion images
from multiple angles. Such a phennmenon may Have many benefits over the mulniple-location
calibration method fihstrated in Figure 2C, For example, the time requived for calibration
may be veducad (both 1 terms of capluring or recording calibrabion mages and computation),
the cnst ot the calibwation may be reduced, the ameust of memory wed for storing caliluation
trages may be redoced, and the physical space used for the calibration may be redoced.
{0098] Becoause the first panel 102 and the second pasel 104 may have scaled patiems
of filueial markers 114, # i also understond that the featwre of having a calibrabion target
that enables multiple depths to be stimulated (e, as Hlustrated i Figore 16} ina single
calibration image may aiso be present iy the embodiment of Figwve 2D, Thus, at lesst two
sngles van be simulated and at least two dopths can be sinulated wsing the calibration target
gnd calibration arrangement of in Figure 2D, Hence, at minimum, one calibration muags van
simulate at least four calibration tmages, cach taken from a different calibrasion Incation, of a
planar calibration target that dogs not eoploy hducial marker scabing. In alternate
embodiments, where additional scaling andéor angles of panels are used, even more
calibration locations may be sinulated. This is further desetibed with reference 1o Figures 4A.
and 48,
R fHastrated in Figove 34 s a third panei 302 catibration tavget. The thivd

panet 302 may be g portion of the same cabibration target as the first papel 102 and the second

24

SUBSTITUTE SHEET (RULE 26)



WO 2019/067283 PCT/US2018/051690

panel 104 -Sunilar to the first paned 102 andahe second panel 104, the third panel 302 may
mctude a senies of fducial markers 110 arranged thereon. Again, only poe of the Hducial
markers 110 15 labeled toavoud cluttering the figure. Like the fivst panel 102 and the second
panel 104, 4 subsetof the Bdueial markers 10 may be used as thirdepanel-identification
fiducial markers 108 For example, the fiducial markers 110 nearest (o the comers of the third
panel 302 may indicate the identity of the thisd paned 302, As itustrated, the fiducial markers
114} on the thivd panel 302, with the exception of the turd-panchadentification fiducial
markers 108 fu the corpers of the third paned 302, way match the fducial markers 110 of the
first panel 102 {as ifustrated in Figure 1A) and may be 1807 rotations of the fiducial markers
110 of the second panel 104 (s Hlustrated in Figore 18},

{08100 As with the first panel 102 and the second pancl 104, another subset of the
fidocial markers 110 on the third panel 302 (e.g., all of the fiducial mavkers 110 other than
the third-panel-identification Gducial markers 108} may be in g third srangement of fiducial
markers 11 The third srangement of fducial markers 110 may clude multiple patterns of
fiducial markers 11D For example, the tard arrangement of fidactal wmarkers 110 may
mehude at least a ilth pattesn of fiducial markers 110 and g sixth pattern of Giducial markers
IO The sixth pattern of fiducial muarkers VI may be g scaled verston of the fifth pattern of
fiducial markers 110 Invarious embodiments, there may be varipus pattems on the third
panel 302, This will be described further with reference o Figures 6A-6E.

jGi161} HHustrated in Figure 38 is a fourth panel 304 of a calibration target. The fourth
panet 304 mayvbe s portion of the same caltbration tavget as the first panel 102, the second
panel 104, and the thivd panel 302, Similar o the Tirst panel 102 the second panel 104, and
the third panel 302, the fourth panel 3 may include a series of fiducial markers 110
arranged thereon. Again, only one of the fiducial markers 110 is labeled © avond clutteting
the figure. Like the first panel 102, the second pavel 104, and the thind panel 302, a subset of
the fiducial markers 8 way be weed as Iowrth-panel-identifivation fducial markers 108, For
exanple, the Hducial markers 110 nearest to the comers of the fourth panel 304 may ixdicate
the wdentity of the fourth panel 304, As llustrated, the fiducial markers 110 on the fourth
panel 304, with the exception of the fourtie-panchadentification fiducial markers 108 in the
coriers of the fourth pansl 304, mav match the fidecial markers 110 of the second pansl 104
{as Hustrated in Figure [B) snd may be 1807 ratations of the fiducial markers 11 of the first
paned 102 (as Mostrated 1w Figure 1A and the third paned 302 (as Wlustrated 1o Figure 3A)
{08102} As with the first panel 102, the second panel 104, and the thivd panel 302,
snother subset of the fidactal markers 110 o the fourth pagel 304 {e 2., all of the fiducial
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markers HHO other than the fourthepanel-identification fidacial markers 108 may be ina
fourth arrangement of fiducial markers 110, The fourth arrangement of fiducial markers 110
may nclude nultiple patterns of fiducial markers 110 For example, the fourth srrangement
of fiducial markers 110 may include at least a seventh pattern of fiducial mavkers 1O and an
with pattern of Gducial nwukers 110 The vighth pattern of fiduciad wmarkers 10 maybea
scaled verston of the seventh pattern of Hiducial markers 110, Invanous embodiments, there
nwy be vanous patteras on'the fourth panel 3040 This will be deseribed further with reference
to Figures A6,
{00103 Simmlar to Figure 24, Fimure 44 illustrates, ina front-view perspective (e,
perspechive paraliel to the v-y plane), a calibration target used 1o calibrate one or wore
cavneras (&g, one or ore caroeras used for navigation of avtonomous vehicles). The
calibration tavget may inchude the fivst panel 102, the second panel 104, the thurd panel 302,
the fourth panel 304, and multiple connecting peces 402, As with above, only one of the
fidwom! markers 110 in Tigure 44 i3 Inbeled 1 order 1o avoid clottening the Sigare. As
Hhostrated, similar o as Hostrated in Figare 24, the third arvangement of fiducial markers
116 on the third panel 302 and the fourth arangement of fiducial markers 110 on the second
panel 104 may be the saine g8 one anotlier: This may melude one or more patteras of Hidumad
markers 110 within the third srrangement matching ove or more patterns of fiduciad markers
10 within the fourth arrangement.
{0104} Smular to the calibration target illustrated in Figure 24, the valibration target
thustrated w Figure 44 may be ased 1o calibrate cameras st a fabrication facility.
Additionally or alternatively, the calibration target may be used 1o galibrate one or more
camuras upon assembly or instatlation.
[00105] Figure 4B is a top-view tlustration {e.g., perspective parally to theae planed
of the calibration target in Figure 44, As Hlusivated, one of the connecting preces 402 wmay
connect the fivst panel 102 and the second panel 104 such that both are at 30° angles with
respect 1o the connecting pieee 402 {stintlar to the calibration target fHlusteated in Figure 2B,
Additionally, one of the connecting pieces 402 may comnect the third panel 302 and the
fourth panel 304 such that both ave at 20 angles with respect to the connecting plece 402.
Sl farther, sgother of the vonnecting pivcss 402 may conwect the Oret panet 102 and the
second pangel 104 to the third panel 302 and the fourth panel 304, The dashed Hoes are used to
illustrate hnes that are collinear with at least one the connecting pieces 404, In some
embodiments, the dashed hines may be parallel 1o one another andior parallel to the v-axis {as

tHustrated i Fugure 481 o sltemate embaodiments, different angles may be used (e g, abowt
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1%, about 27, about 3°, sbout 4°, about 5°, about 10°, about 15°, about ¥, abhout 25°, sbout
357 about 40°, about 45°, about 50°, about 55° about 60°. about 65°, about 707, about 757,
about 80°, about 85°, or about 907). A 45% angle may provide the most variability between
perspectives (Lo, the difference i the appearance of the panels when m@viz‘;g redative to the
calthration target may be largest when the panels are at 3 457 angle relative fo the conpecting
piece 202} In some embodiments, the connecting pieces 404 may thenselves he angled o
provide one ot ore sugles between the fowr panels. Still fonther, in some embodiments, the
angle betwean the first panel and the conecting prece may ot be the same as the angle
between the second panel and the connecting plece (Ao, B % 83} andior the angle between
the third panel and the connecting piece may not be the samie as the angle between the fourth
pane] and the conmecting plece (Lo, @) = &) In some embodiments, 8, = ¢, #, =&,

By =@, oy =gy

{0a16] i some embodiments, the middle connecting plece $02, which connects the
twa pairs of panels, may connget the pairs of pavels 1 sach 8 way that they are at an angle
with ong another. Sad another way, the dashed Gines Hlustrated 1 Figare 48, in some
entbodiments, may ot be paraliel to ove ancther. Having this additional angle between the
two pairs of pansis may allow for additional simulated calibration images from a single
tmage {see description with respect to Figures 1B-1G and Figures 2C and 2D).

{66167} in altermate embodiments, rather than a center connecting piecs connechng the
pair of first and second panels with the paiv of third and fourth panels, the two pairs of panels
may be unconnected and independently positioned relative to one another. This may allow for
the bwo patrs of panels to be at a variety of angles with respect to one another. Further, such
an angle between the pavels may be adyustable by moving one or both of the pairs of panels.
Even further, in soroe smbodinvents, the twopairs of panals may be placed on opposiie sidas
of the camera. In such cmbodiments, the camers may rotate fo caplure or recond nuluple
calibration images 5o a3 to captwre ov record esch of the two paurs of panels. Additonally or
allgrnatively, the camers may include 3 wide-angle lens ora fisheve lens to capture all or
poriions of both pairs of panels from a single camera angle/position. In such embodinents,
the wide-angle lens or fisheve lens may be an wherent component of the camera {e.g., vather
than & leny added solely for calibration),

{H8108] I some smbodiments whers the two pairs of panels (Fe, two subsections of
the sanie calibwation target) are positioned on oppostie sides of the camera 1o be calibrated,

the two pairsof panels may be different distances from the camera. During cahbration,
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having pasels at ditferent distances from the camen may boand the focal distance relathve o
the camera {e.g., by including vue set of panels located at a distance greater than the focal
distance and one set of panels located at a distance Tess than the focal distance). In other
embodiments, there may be more tha two pairs of panels placed at varying angles and
focations relative to the camery 1o be calibrated. In still other embodiments, rather than pairs
of panels, a single panel or three or more pangls may be ased st one or more of the locations.
{6109} Ax iHustrated m Figures 4C-4E, in some embodiments the two pairs of panels
may be arrapged in an invertesd pyramid onentation relative to the camera (e, where the
base of the inverted pyramid is facing the camerg, e, where the point of the pymmid i$
facing away from the camera). For example, one or both of the two pairs of panels may be
rotated above & horizontal axis {eg., the x-axis in Figures $O-4E) in addition o 8 vertical axis
{e.g, the z-axas i Figures 40-4E} Sach a hortzontabaxis rotation may correspond to leaning
ane o both of the pairs of panely. As in Figures 4C-4E, a fivst pair of panels {e.g., the first
panel 102, the second pdoel 14, and the comnecting piece 402 may be joined to g second
parrof panels (g, the third panel 302, the fowrth panel 304, and the connecting plece 402)
gsing ong or more connecting pleces 432, Froure 4C may tlestrate a frontwiew of the two
pairs of panels, Figure 40 may tustrate s wop-view (e.g.. of 3 top~view rotated 180 relative
o the frontview}) of the bwo pairs of panels, and Figure 45 may Hlustrate a side-view of the
two pairs of panels.

jo1 18] ‘The mverted pyramid structure for a calibration target, as iHustrated in Figures
4C4E, may allow foar different angles. For example, the first panel 102 and the second panel
104 are 3t 307 angles relative o the connecting prece 402, the thurd paued 302 and the fourth
patel 304 are af 20% anples relative to the connecting pece 402, the first-past of the first panel
102 and the second panel 104 are ata 107 angle , and the second pawr of the third panel 3082
and the fourth pasel 304 are gt a 158% angle. In other embodiments, other angles may be used.
e still othet embadiments, cight unigue angles, rather than four unigue angles, may be
inchuded (e.p.. if the first panel 102, the second panel 104, the thivd pane! 302, and the fourth
panel 304 are all at different sngles): The fact that more than teo angles are meluded i the
calibration farget may allow for additional calibration fmages to be sinndated osing a single
calibwation image, Invel other sbodibments, rather than mulbiple panels st angley with
respect 1o one another {e.g., in an sccordion styke ss Hlustrated in Figore 44), a panal may be
shaped henvspherically. Thismay allow for a continuum of angles on a single panel relative

0 the camera. In some embodiments, a pon-inverted {as opposed 10 an nverted) pyramid
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stnecture may be wsed for a-caltbration target. In stifl yot other embodiments, o panel may be
shaped as g semi-sphere or a semioylinder {e.g, a halloylmdar),
{00111 Figure 5 iHustrates 8 panel 502 of g cahbration target. The panel 502 may be
silar to the fivst pavel 102 lustrated 1o Flgure 18, As illustrated, the panel 502 has fiducial
markers 110 thereon {e.g, lovated in palierns andfor arrangemens on the panal 3021 As
hefore, only one of the fiducial markers 110 s labeled to provent the figure from being
clattered. The difference between the first panel 102 iHustrated in Flgure 1B and the panel
502 in Figure 3 s that the paneladentification fiducial marker 108 i3 ina center portion of the
panet 302 rather than at the corners. Ax such, there 15 only one pancl-identification fikucial
marker 108 in Figure 5, rather than nudiiple. In alterngte crobodiments, there may be hoth a
panet-identification fidocial marker i a center portion of the panel and panei-identification
fidocial markers around comers or edges of the panel. Further, scross a single calibration
target the panchidentitication fiducial markers may be located fn diffevent regions on
different pavels. For example, one panel may have a pasel-dentification fiducial marker in a
certer pothion and another may have pasel-identification fiducial markers at comers of the
pael.
{6a1 2 Figure 6A s an tlustration of ¢ pane! 602 of a calibration target {e.g., sinular
t0 the first panel 102 lustrated in Figore 1A). The panel 602 may have puduple patterns of
frducial markers thereon. In Figure 8A, g first patiern way inchude fducial markers labeled
with a “1” and a second patiern nay include fiducial markers labeled with a 27 As
thustrated, the second pattern may be a scaled version of the first pattern. Also as Hlostrated,
the paned 602 may have panel-identification fiducial markess (e g, labeled waing a "0 at
corners of the panel 602, Unbike the first pansl 102 illustrated i Figure 1A, the panel 602
may enly nclude two rectangular patterns (as opposed 1o six}, In various embodiments,
varipus numbers of patterns may be incladed on each panel of the calibration target. Farther,
invsoime einbodiments, different panels ofthe same calibration target ey inchade differing
ninbers of patterny, Additionally or aliernatively, in various embosdiments, patterns on
pancls of calibmtion wrgets mey have different shapes {e.g., other than rectangular), For
example, in some embodiments, the patterys may be oircular, triangolar, pentagonal,
hexagonal, heptagonal, octagonal, nonagonal, or degagonal i shape.
{08113 Figure 68 is an tHustration of a panel 604 of a calibration target {e g, similar
to the panel 602 slustrated i Figure 6A). Unlike the pma,i ©02 iHustrated in Figure 64,
Bowever, the panel 604 n Figure 6B bas a single panel-identification Sducial marker fe g,
tabeled with & “07) located in & conter portion of the panel 604, rather than multiple panel-
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whenttfeation Hducial markers at covnery of the panel. Further, the first patter of fidacial
markers {e.g., labeled with “17} and the second pattem of fiducial markers {v.g., labeled with
27}y are it g slightly different onentgtion/shape with respect to the panel 604 in Figure 6B
than are the first and second patterns of fiducial markers in the panel 602 of Figure 6A.
jofi4] Pipure 60 iz an tusiration of g panel 606 of & calibration target {og., similar
1o the panel 602 Hlustrated in Figure 5A). Unlike the pansel 602 Hustrated in Figure 6A,
however, the panel 606 1o Figure 6C 1 a circular panel. Additionally, sinnlar to the panet 504
tustrated 18 Figere 6B the panct 606 has o single panelidentification fiducial warker{eg.,
abeled with a 07 located in g center portion of the paniel 606, Further, the shape of the furst
pattern of Oducial markers {e.g, nbeled with "1™ and the second patiern of fiducial markers
{e.g, lubeled with "3} t5 civeular. Circular patterns of fiducial roarkers may match the shape
of the pare] 606 and thus allow for an efficient use of space on the panel 606

{06115] Figure 6D 15 an illustration of a panel 608 of a calibeation target {e.gr, similar
to the panel 604 Hlustrated in Figure 6B). Usnlike the panel 604 tlustrated i Pigure 68,
however, the panel 608 in Figure 6D bas fiducial markers that are rectangudar {e.g., square) in
shape, rather than cwroular. Rectangelar fiducial markers may maich the shape of the pangd
H08 and thus allow for an efficient use of space o the panel 608 or alignment of fiducial
markers i patterns ow the panel 608,

HEL BE Figure 6F is an ithetration of & pansl 610 of a calibration target {e. g, similar
to the panel 604 Hlustrated in Figure 6B}, Unhike the panel 604 tlustrated i Figwre 68,
however, the panel 610 fn Figure 6F has fiducial mavkers that are stac-shaped, rather than
cireufar. Further, as Hostrated in Figare 68, the starshaped fiducial markers may concide
with a first pattern of Gducial markers {eg, labeled with ™17y and a second pattern of fiducal
markers {e.g:, labeled with “07) having fiducial markers placed within the respective patterns
at potnts of'a star shape. In other words, the star-shaped pattern of the fidueial markers may

be mivrored by the first and second patterns.

#i. Exasmple Processes

{08117} Figore 7 is a Jowchart ilustration of 4 method 700, according o example
embodiments. The method T desoribed may mddudeone or more operations, functions, &
actions us Hlustrated by one or more of the bloeks. Although the blocks are illustrated in a
sequential order; these blocks may in some instances be performed s parallel ovina
different ovder than those deseribed berein. Also, the varions blocks may be combined into

fewer blocks, divided into additional blocks, or semoved based upos the desired
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mplementation. Purther addittonal blocks desenbing additional, non-essential steps may be

mehuded m scans varlations of the methods contemplated hereln.
{08118} i sone embodiments, ong or more of the blocks of Fipure 7 may be

performed by a computing device. The computing device may include compuling
components such as a non-volatile memery (eg., a hard drive or a read-only memory
{ROMY), 2 volatile memory {e.g., a random-gocess memory {RAM), such as dynamie
randonaccess memory (DRAM) or statie random-gocess memory (SRAM)), auser-input
device (g, 8 mouse ova kevhoamd), & display (e.e., o Heht-emitting diods (LED) display or

& bguid crvstal display (LCDD), andfor o netwaork cosnunicativn controtier (e g, a WIFI®

controller, based on IEEE 80211 standards, or an Eihemnet controller). The computing
device, for example, may execute fostructions stored on a non-transitory, computec-readable
mediam (¢.¢, 3 hard drive} to perform one or more of the pperations described herein,
{06119} At block 702, the methed 700 may include capluring or recording g calibration
tmage of a targel using s camera The target may include a fust pavel having & st
arrangement of fiductal sarkers thereon. Each of the fiducial markers in the first arangement
may be unigue among fiducial markers mthe first arvangement. The target may also include g
secend panel, disposed at g Hrst angle telative 1o the fivst panel, having 8 second arengement
of fidacial markers thereon. Bach of the {iducial markers i the second arrangement may be
usigue among fdacial markers in the second wrangement. The first arrangement of the
fiducial markers may be the same as (Lo, miateh) the second armangement of fiducial markers.
{os128] In some embodiments, the fest panel may Ruther inchude one ov more fivst
panel-identification fiducial markers that uniquely identity the Jivst panel, Additionally or
allernatively, the first arrangement may include a first pattern of Dducial markers and
secend pattern of fiducial markers. Further, the second pattern of fiducial markers may be a
scaled version of the Hrst pattern of Bducial markers. Still further, the second panel may
include ong o wore second-panel-adentification fiducial markery that wriquely identity the
secomd panel. The secomd srrangement may additionally nclude a third pattern of fiducial
markers and a founth patiern of fiducial markers. The third pattern of fiducis! markers may
mateh the Grst pattern of Bducial markers and the fourth pattern of fidocial markers way
match the second patiern of fidecial markers,

{08121} At block 704, the miethed 700 may inchude defermining lecations and
wentificatons of one orwore fiducial markers in the calibration image.

{86122 Al block 706, the method 700 may mclude, based on the determuned locations

snd identifications, calibrating the camera.
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{06123} Calibrating the camera may inchude determining comelations between the
determined locations and identifications of the nae or more fiducial markers in the calibration
g sud ocations and identifications of the one or more Hducial markers on the calibration
target. Based on these determined corralations, paraneters of a camera matrix may be
sstimated-aaing a pinhole camera model. Using the pinhole camers model may includs
determining @ three-dimensions! location of a pinhole representing sn aperture of the camera
using the determined corvelations, Additionally or alternatively, calibrating the camera may
inchude secounting Tor radiad didertious or tangential distostions.

{60124 in one example embodiment, the method 700 may tnchide splitting the
captared or recorded calibration trosges into multiple simulated calibration images {eg., mie
simudated calibration image for cach pattern within each panel). The paduple simolated
calibration tmages of multiple pattems may then beused to represent multiple actual
calibration images captiwed or recorded of a single pattern {at a stationary 30 location} from
nutiple perspectives (e, ontlople angles andéor maltiple depths). Using the multiple
stmulated calibration images, camers parameters {o.g., parameters o a Camera matrix
corresponding o the pinhole camera model} may be optimized. This optinuzation wmay
correspond {0 3 minimized reprojecting error m mapping the 3D focation of sach fiduc!
marker 1o the 2D location of the fiducial markers in the calibration bmages.

{3125 in some gmbodiments; the locations and identifications of the one or move
fiducial markers on the calibration target {fe, “ground (ruth™) may be established based on
ong or more methods uaed to print Hducw! rearkers ou panels of the calibrabion target,
methods used 1o arrange panels of the calibration target relative to one another, or other
fabrication/assembly medhods. Additionally or altemmatively, the docations and identificationg
of the one or more fiducial markets on the calibration target may be sstablished by another
optical procedure. For example, naing a light detection and vanging (LIDAR ] system, precise
focations of eachof the Hducial markers within the calibration tavge! miay be determined.
{06126} Determining a three-dimensional location of a pinhols vorresponding to the
sperture of the camera using the deternuned correlations may be an NP-hard problem, As
such, in some embodiments once the ocation of the pinhole has been determined, additional
calibwations may be perfivined to determuing whather 3 camera mately gssoviated with the
calibrated camera 15 stdl aecurate to within a given degree {e.g., after a predefined amount of
timme has elapsed duting which the camera nmy have become detuned). Deternuning whether

the camera matrix is accorate to within g given degree may requive fower calculations, as
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such 4 comparizon may bod be an NP-hard problem fwhereas the origing! determination of the
camera matrix may be).

{08127 Fuarther, calibrating the camera using the captured vr recorded calibration
unages may inclode defermining an angle, refative to the image sensor in the camera, whete
sach pivel i thecamera s facing. Determyiming an angle o each pixel may inchude
generating a lookup table of angles for each pixel. Altematively, determining sn sagle for
gach pixel mmy chude generating a parsmetrization that describes the angles (e, 2
pavameterization bused on two, three, four, five, six, seven, sight, nine, ton, o, variallesy

Lensrating 4 paramgirization may be less computationally intensive than gencratigg g lookep

table.
{08128] fir some embodiments, the method 708 may also tnelude rotating the camers

relative to the target and captering o recording an addiional calibration image Rotating the
caniera relative to the target may include rotating the camera about 2 pich axis {eg, sbout an
s-axis}, about a voll axis {e.g, about a z-axis), abont @ vaw axis {e.g, about a ¥-gxis), or abowt
a superposiion of axds seiected from among the pitch axis, roll axis, and vaw axis. Rotating
the camera mav-atlow for one or more additional calibration images to be captered or
recorded frinm dilfrent porspeotives relative fo the tarpet. Adiitionally or aliernatively,
rotating the camers may allow for additional calibration 1mages o be capuwed or recorded
such that the entivety of the calibwation target ¥s captured or recorded among the set of
calibraticar images. For example, if the ficld of view of the vamers snderpning calibration 18
aarrower (i ome or more dimensions) than the calibration target based on the position of the
camera relative to the calibration target, waltiple calibration snages may be {:amufed or
recorded of the calibration target such that the entirety of the calibwation target ws.captured or
recorded. In one embodiment, this may include capluring o recording & calibeation image of
a first panel of a calibration farget, rotating {or translating) the camera such that it faces a
second panel of the calibration target, capturing or recording 4 calibration image of the
secomd panel of the calibration target, and then performing a calibration of the camers using
both the calibrstion image of the first panel and the calibration bnage of the second pangd. n
alternate embodiments, a single cahbration image or puiltiple calibration images of the
calibration target may be captured of recorded without transiating or rotating the farget.
{00129 fu sonie embodiments, the method 700 may also include translating the
camera relative to the calibmtion target and captiring or recording an additiowal calibration
image. Transtating the camera relative to the calibration target may inclade translating the

camers in & horizontal divection paralisl to the calibration trget {e g, x-dirgction), a
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honzontal direction nosmal o the calibration target {e g s~direction), d vertical-direstion
paratiel to the calibration target {e.g., y-divection), or a superposition of directions selectad
from gmong the horizontal-paraliel, horizontal-uormal, and vertical-parallel divection,
Translating the camera may allow for ong or wore additional calibiation images o be
captured of recorded from different perspective ralative to the target. A csbibiation of the
gamerg may then be performed using both the calibration tnage captured or recorded before

translating the camers snd the one or more additional calibration wnages captured or recorded

from different parspectives afler ransiating the canera.
{08136 The nethod 708 may further include cropping the calibration imags inte tw

or more calibration sub-images (2.2, at least oue sub-imgge of the first panel and af least one
sub-tmage of the sceond panel). fnothis way, individus! panels of the calibration tavget can be
wolated and analyred ndividually. Such an individual apalvais of each calibration sub-image
may take into accownt the fact that the first panel and the second panel may be at different
sngles with respect to the camera captaring or recording them {e.g., because the two different
panels were simulating different camera positions relative to the calibration target).
{06131 in some embodiments, multiple calilwation tmages may be captured or
recorded using the calibration target. For example, & compiiing device mgy be connected to g
stage on which the camera undergoing calibration i moeunted {e.g., as part of a calibration
systent that includes the stage and the calibration target). The computing device may be
contigured to translate and rotate the stage refative to the calibration target. In such
embodiments, the computing device may transhate the camera relative to the calibration target
stepwise. Addibonally or aliematively, the computing device may rolate the camers relabive
to the calibration target stepwise. As the camera is translated or rolated in a stepwise fashion,
calibration images may be captured or recorded of the calibration target from different
perspechives of the camera. Each of the calibration images may be used ss additions! data for
calibration. Forexanple, a calibration target that has twopanels gt a given anglomay
sirnudate two angles in @ single calibration tmage, but if the camera rotates stepwise and
captures ot records sdditional calibration trogges, twe addibonal cslitwation angles may be

obtained for vach additional calibration inmage captored or recorded.

IV, Conclusion

{00132} The present disclosure Is not to be limited in terms of the partioudar
embodiments desoribed by this appheation, which are intended as Hlastrations of various
sspects, Many nrodifications and variations can be made without departing fron s seope, 83
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will be apparent to those skilled in the'art, Functionally cquivalent mathedS and apparatuses
within the scope of the disclosure, 0 addiion to those descnbed hergin, will be apparent to
those skilled m the srt fromthe foregoing descriptions. Such medifications and vaiations are
intended to fall within the scope of the appended dlaims.

{36133 Thesbove detatled deseription desenbes vanous features and operations of the
disclosed systems, devices, and methods with reference to the accompanying figures, The
example embodiments desertbed heretn and in the Hgures are not mweant to be hmiting. Other
exmbodiments can be wtilized, and other changes can be made, without departing from the
seops of the subject matier presented berein. Towill be readily understnod that the aspecisof
the present disclosure, as gencrally described hereln, and tHustrated n the figures, can be
arranged, substituted, combined, sepavated, and desigued in g wide variety of different
conpfigurations.

{06134} With respect to any or all of the message flow diagrams, scenatios, sad flow
charts in the figuves and as distussed herein, each step, block, operation, sndfor
communication can represent a processing of information andfor 8 transmission of
formation in accordance with example embodiments: Alternative smbodiments are included
within the scope of thess example entbodiments. ln these alternative embodintenss, for
example, operativns described as steps, blocks, ransmissions, commumcations, requests,
responses, and/or messages can be execuled oul of order from that shown or discussed,
inchuding substantially concurrently or in reverse order, depending on the functionality
tuvolved. Farther, more or fower blocks and/or operations can be ased with any of the

message How diagrams, scenazios, and fTow eharts discussed herein, and these messags flow

dingramy; seenanos, and fow charts can be combined with one guesher, i part or iy whale
{60135 A step, block, or operation that represents a processing of information can

correspond fo ciropitry that can be configored to perform the specific logical fimetions of a
hesein-desoribed method or technigue, Altermatively or additionally, a step or-block that
repressnts a processing of informmtion can correspond 0 g module, 2 segment, of 4 portiog of
program code (including related data), The program code can include ong or more
matractions executable by a processor for implementing specific logical operations or actions
nthe method or wehnique. The program code andfor refated data can be stored on any type
of computer-readable medivm such a8 3 storage device incloding RAM, a disk drive, 3 sobid
statedrive, or another storage medion,

{38136] The computer-readable wediurm can also inclade now-transitory compiter-

readable media such as computer-readable media that store data for short periods of time like
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register wemory and processor cache. The compuier-readable media can further inclade noo-
transitory computer-readable media that store program code and/or data for longer periods of
time. Thus, the computer-readable media may include secondary or porsistent long term
storage, ke ROM, optical ov magnetic disks, solid state drives, compact-dise read oply
memory {CD-ROM), for sxample. The compuier-readable media canralso be any other

volatile or non-volatide storage systems. A computer-readable medinm can be considered a

computer-readable storage medium, for exarmple, or a tangible storage device,
{88137} Muoreover, a step, block, or tperation that ropresents one or more information

transmissions can correspongd tr information transmissions botween sofbware andior hardware
modules in the same physical device. However, other information transmissions can be
between software modules andfor hardware modules n different physical devices.
{00138] The particalar arrangements shown g the figures should not be viewed @
fimating, 1t should be understond that other embodiments cun include more or fess of each
element shown in g given figare. Purther, some of the iHustrated elements ca be combined
oronmtted. Yet furthier, an example embodiment can include elements that are not ilustrated
i the figures.
{08139 While vanous aspects and embodiments have been disclosed heretn, other
aspects and embodiments will be appacent to those skilled 1 the art. The vartons aspects and
gmbodiments diselosid berein are for purpose of tastration and are not intended 1o be
limuiting, with the sue scope being indicated by the following claims.
{06148) Brabodiments of the present disclosore may thus relate to one of the
enumerated example embodiments {EEEs) bsted below,
{00141} EEE T is o tarpet used for calibwation, comprsing
a first panel having a first armangement of fiducial markers thereon,
wherein gach of the fducial markers 1 the first arrangement is siiguely
identifiable among fducial markers i the frst arrangenient; and
a second panel, disposed at a first angle relative to the first panel, having 8
second arrangement of fiducial markers thereon,
whaerein eacl of the fiducial warkers in the second arrengement is uniguely
wdentifuable amony Gdacial markery ithe second arrangemest, snd
wherein the tiest arrsngement of fiducial markers mutches the second
arrangement of fidocial warkers.

joB1424 EEE 2 s the tavpet of BER 1,
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wherein the first pane] further comprises one o more first-panel-idestification
frdogcial markers that uniquely identify the first panel, and

wherein the second panel further comprises one or mors second-panel-
identification fiducial markers that uniquely dentify the second panel

00143} EEE 3 i the targed of BER 2,

wherein the one or more first-panel-identification fiducial markers are
disposed in one or more comers of the first panel, and

whereln the one o more secondepanci-identification fidecial wmarkers are

disposed in one or mors corners of the second panel.

{00144 EEE 4 is the targel of any of EEEs 1-3, wherein the Hducial markers in the

first avvangement and the second arrangement are cirgular 1n shape.

{30145) EEE 5 is the target of any of EERs 1-4, wherein the fiducial marksss i the

first arrangement angd the second arrangenient conprise crosshairs that identify 8 venter of
each respective Hiducial marker.

{06146} EEE @15 the target of any of EEEs 1.5, wherein the fidectal markers in the
barcodes.

{n1474 EEE 7 i3 the target of BEE 6, wherein the angudar barcodes comprise g ten-bit
gncoding scheme where gach bit iy represented by a Hebtor dark section representinga L ov s
.

{06148] BEE 8 s the target of EEE &, wherein the angular barcodes swe rotationally

gique such that, even i rotated by any angle; the angular bargodeswill not match one

anether,
[00149] EEE 9 is the target of any of EEEs 1-8, further comprising:

a third panel having a third ereangement of Hductal markers thereon,

whergtiz each of the Dducial markers 1 the third armangement s winguely
identitfiable among fiducial markers in the third arrangement, and

wherein the third pane! further comprises one or more third-pancl-
wdentification Hiducial markers that uniquely dentily the third pasel; and

a Tourtli panel, disposad ata sevond angle relative to the third panel, bavinga
fourth srrangement of fiducial markers thereon,

wherein each of the liducial narkers 1o the fourth arrangeront is umiquely

wdentifiable among fiducial markers i the fourth arangement,
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wherein the fourth pavel Buther comprises one or move fousrth-paneh
wlentification fiducial markers that aniguely wdentify the founth panel, and
whetein the second angle 15 not equal to the fivst angle.
{06156] EEE 10 s the target of BER 9,
whersti the third paned-and the fourthy panel are disposed at a third angle
refative to the first paned and the second panel, and
wheretn the third angle s about a different axis than the first sogle and the
second angle,
[00151] EEE 11 15 the target of any of EEEs -1
wherein the fivst arrgngement comprises a first pattern of fiducial markers and
a second pattern of fiducial markers,
wherein the second arrangement comprises a third pattern of fidecial markers
and a Tourth pattern of fiducial markers,
wherein the second patiern of fiducial markers is a scaled version of the first
pattern of fidecial markers, and
whersin the third pattern of fidocial markers matches the first pattern of
fiducial mackers and the fourth pattern of fiducial markers miches the second patierm
of fduoad markers.
{33152 EEE {2 i3 the target of any of EEEs 1.1 wherein the fiducial markers in the
second arrangement pattern arg 180-degres motations of the fiducial markers in the first
arrangenent at a corresponding location,
{68153} EEE 13 1 the target of any of BEEs 142,
wheretn the fiducial markers ut the first arrangement comprise & fisst color and
the fiducial markers in the second arrangement comprise a second color, and
wherein the Hrst color and the second color are different colors.
{154 EEE 14 i»a method, comprising:
recording a calibration imape of 8 targst using a camers, wherein the target
COMPTISES:
a first panel having a frst arrangement of fidecial markers thereon,
wharein cach of the fiducial markers in the first arrangement 1§
uniquely identifiable among fiducial markers wn the first arvangement; and
a second panel, disposed at a first angle relative to the first panel,
having a second arvangement of fiducial markers thereon,

o

38

SUBSTITUTE SHEET (RULE 26)



WO 2019/067283 PCT/US2018/051690

wheretst cach of the fducial markers in the second areangemént 5
uniguely identifiable among fiducial markers in the second arcangement, and
wherein the first arrangement of Hducial markers matches the second
avrangement of Hducial markers; and
determining lovations and identifications of one or more Hducial markers in
the catibration wage; and
bused on the determined locations and identifications, cahibrating the camera.
{081558] EEE 1315 the method of EEE 14, whersin calibrating the camers comprises
using-cimrelations between locations of the fiducial markers oo the first pancl and locations of
the fiducial markers on the second panel to estunate parameters of a camera matrix using a
pinhcde camers model.
HEG R EEE 16 @ the method of BE

whereln the first arrangement comprises a first pattern of fiducial markers and
& second pattern of fiducial markers, and
wherein the second pattern of Hducial markers is g scaled version of the fivst
pattern of fiducial markers.
{08157] EEE 17 is the method of any of EEEs 14-16, further comprising:
rotating the camera relative 1o the target and recording an additional
calibration image; and
determining locations and dentifications of ong or more fiducial markers in
the additional calibration image.
{00158 EERR 1 the method of EEE 17, wherein rotaling the camerarelative o the
fatget conyprises rotating the comera sbout at least one of a piich axis of the camers of 3 ol
axis of the camera.
{8159 EEE 19 15 the method of any of EEEs 14-18, further comprising:
moving the cameora and recording an additional calibration mage: and
determining looations and identifications of ong or more fiducial markers in
the additional cabibration 1mage.
{g168] EEE 2015 a systom used for calibrating a camera, comprising:
3 target, chmprising:
& Hrest panel having a fiest arrangement of fiducial markers thereon,
wherein gach of the fiducial markers i the first arvangement is

pmgquely dentifiable among Hdectal warkers i the first arvangewent; and
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{06161}

a second panel, disposed af & first angle relative to the finst panel,
having a second srrangement of fiducial markers thereon,
wherein sach of the fiducial markers in the second arrangement 18
umiguely wentifiable amony fiducial markers i the second arvangement, and
wherain the Hext arrangenent of fiducial markers matches the second
arrangement of fiducial markers; and
a stage condipured o translate or rotate the camera with respect to the target,
EEE 21 15 a target used for calibration, comprising:
a fiest pattern of fidecial markers; and
a second patiern of fidocial markers,

wherein the st pattern of fiducial markers 18 0 scaled version of the second

pattern of fidueial markers, such that @ calibration image captored of the target

simulates multiple images of & single pattern captured st multiple calibration

perspectives,

1061621

{00163

j00164]

{00165}

166}

100167

{0168]

EEE 22 15 the target of ERE 21, wherein the fiducial markers in the first
pattersy and the fiducial markers inthe second pattenn are circular in shape.
EBEE 23 is the target of BEEs 21 or 22, wherein the fiducial piarkers in the fust
pattern and the fiducial markers fo the second pattens comprise crosshairs that
identify a center of each respective fiducial marker.

EEE 24 iy the target of any of EEEs 21-23, whercin each of the fiducial
markers tnthe first patiern and cach of the fiducial markers in the second
pattery are wiiguely identifiable relative to other Bducial markers of the target.
EEE 23 is the target of ERE 24, whertin the Bdusial smarkers in the first
pattern and the fiducial markers in the sevond pattern are each uniquely
labeled by respective angalar bareodes.

EEE 26 b tavget of EEE 25, wherein the angular harcodes comprisg & ten-
bit enceding scheme where gach bit is represented by a Hight or dark section
wepresenting s lora

EEE 27 is the target of BEE 25, wherein the angudar barcodes are rotationally
unique sueh that, even i rotated by any angle, the anguler barcodes witl not
match ong another.

ERE 28 is a method, comprising

recording a calibration tmage ot & target nsing scamerny, wherein the target

fod

COMYHISES;
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a first pawsel Baving o fivst armangement of fidacial mathers thereon,
wherein each of the Dducial markers i the firss arrangement is
umguely identifiable among fiducial markers in the first arrangement; and
a second panel, disposed at'a first angle relative to the first panel,
Having a second arrangementof fihecial markers thereon,
wherrin each of the fidumal mavkers m the second svangement 18
uniquely identifiable smong Hiducial markers o the sevond arrangement, and
whorein the Bret arsangement of Adecial markers mutches the second
arrangementof fideeiad markers; and
determining locations and identifications of vne o more fiducial markers in
the cabibration fmage; and
hased on the determuned locations and identifications, calibrating the camera.
{06169} BEE 29 is the method of EEE 28, wherein the fiducial markess in the second
arrahgersent are 180-degree rotations of the fiducial markers 1o the firgt
arrangement at a corresponding location.
{66176} EEE 30 s the method of EEEs 28 0r 29,
wherein the fiducial miarkers in the Hest arrangoment comprse # fisst color sad
the fiducial markers 1o the second wrangement comprise a second color, and
wherein the first color and the second color are different colors.
{88171] EEE 31 is the method of any of EEEs 2&-3Q,
wheretn the first panel comprises one or more first-panel-idestification
fiducial markers that wquely wdenuty the Srst panel, and
wherein the second pavel comprises one o more second-panal-identification
fiducial markers.
{17 EEE 33 iz the method of EEE 31,
whergti the one or more fnt-paneladetification fiducial markers are
disposed in one or more comers of the st panel, and
wherein the one or more second-panel-wWentification fiducis! markers are
disposed in one or move comers of the second panel
{08173 EEE 33 15 the method of any of EEEs 28-32, wherain the targes further
COMPLISeS:
a third panel having a third arvangement of Hducial markers thereon,
wherein cach of the Hducial markers io the durd arvangement 1$ waguely

sdentifiable among fiducial markers inthe third arrangement; and
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g fourth panel, disposed at & second anile velative o the thind panel. baving a
fourth arrangement of fiducial markers thereon,

wherein ench of the fiducial markers in the fourth arrangement s uniguely
identifiable among fducial markers in the fourth arrangement,

wherein the third arvangement of fiducial markers and the fourth arrangement
of fiducial markers each match the first arrangement of fducial markers and the

segond arrangement of fiducial markers, and

whereln the second angle ts not egual to the first sngle.
{68174 EEE 3435 the method of EEE 33,

wherein the third panel and the fourth panel are disposed at a third angle
relative o the first pavel and the second panel, and

wherein the third angle is about g different axis than the first angle and the
second angle.

{06175} EEE 33 is the micthod of any of EEEs 28-34, wheretn calibrating the camera
comprises psing correfations between Tocations of the fiducial markers on the
first panel and focations of the fiducial markers on the second pavel to
estimate paranueters of g camers mattix ushng a pinhole camera model,

{08176] EEE 36 is the method of any of EEEs 28-35,
wherein the lirst arrangement comypirises a first pattern of fiducial markers and

a second pattern of fidegigl matkers, and
wherein the second patiern of fiducial markers 15 a scaled version of the st
pattern of fiducial markers,

{08177] BEE 3715 the method of any of EEEs 38.36,
rotating the camera relative to the target and recording an additional

calibration image; and
determining locations and identifications of one-of move Hducial markers in
the additional calibration tmage.

{06178} BEE 38 is the method of EEE 37, wherein rofating the camera relative to the
target comymises rotating the camera about at feast one of a pitch axis of the
camers oF & roll axiy of the camera,

{08179 EEE 3%is the method of any of EEEs 28-38, further comprising:
moving the camera and recording an additional calibration mage; sad
determining locations and identifications of one or mwore Hducial markers in

the additional calibration image.

42

SUBSTITUTE SHEET (RULE 26)



WO 2019/067283 PCT/US2018/051690

{00188 EER 40 15 a systenm ased for calibrating a camerna, comprsing:

3 target, comprising:

8 first pattern of Aducial markers; and

a second pattern of fiducial mavkers,

wherain the first pattern of fiducial markers is a scaled version of the
second pattern of fiducial markers, such that ¢ calibration image captured of
the target simulates multiple 1mages of & single pattern captured st maltiple
calibration perspectives, and

& stage configured to translate or rotate the camera with respect to the target,
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CLAIMS

1. A target used for calibration, comprising:

a first pattern of fiducial markers; and

a second pattern of fiducial markers,

wherein the first pattern is a scaled version of the second pattern, such that a
calibration image captured of the target simulates multiple images of a single pattern captured
at multiple calibration perspectives; and

one or more panel-identification fiducial markers that uniquely identify the target

used for calibration.

2. The target of claim 1, wherein the fiducial markers in the first pattern and the fiducial

markers in the second pattern are circular in shape.

3. The target of claim 1, wherein the fiducial markers in the first pattern have a different

shape than the fiducial markers in the second pattern.

4. The target of claim 1, wherein each of the fiducial markers in the first pattern and
each of the fiducial markers in the second pattern are uniquely identifiable relative to other

fiducial markers of the target.

5. The target of claim 4, wherein the fiducial markers in the first pattern and the fiducial

markers in the second pattern are each uniquely labeled by respective angular barcodes.

6. The target of claim 5, wherein the angular barcodes comprise a ten-bit encoding
scheme where each bit is represented by a light or dark section representing a 1 or a 0.

7. The target of claim 5, wherein the angular barcodes are rotationally unique such that,

even if rotated by any angle, the angular barcodes will not match one another.

8. A method, comprising:

recording a calibration image of a target using a camera, wherein the target comprises:
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a first panel having a first arrangement of fiducial markers thereon,

wherein each of the fiducial markers in the first arrangement is uniquely
identifiable among fiducial markers in the first arrangement; and

a second panel, disposed at a first angle relative to the first panel, having a
second arrangement of fiducial markers thereon,

wherein each of the fiducial markers in the second arrangement is uniquely
identifiable among fiducial markers in the second arrangement, and

wherein the first arrangement matches the second arrangement, and

wherein the first panel comprises one or more first panel-identification fiducial
markers that uniquely identify the first panel; and
determining locations and identifications of one or more fiducial markers in the

calibration image; and

based on the determined locations and identifications, calibrating the camera.

9. The method of claim 8, wherein the fiducial markers in the second arrangement are
180-degree rotations of the fiducial markers in the first arrangement at a corresponding

location.

10.  The method of claim 8,
wherein the fiducial markers in the first arrangement comprise a first color and the
fiducial markers in the second arrangement comprise a second color, and

wherein the first color and the second color are different colors.

11.  The method of claim 8,
wherein the second panel comprises one or more second-panel-identification fiducial

markers.

12. The method of claim 11,

wherein the one or more first-panel-identification fiducial markers are disposed in one
or more corners of the first panel, and

wherein the one or more second-panel-identification fiducial markers are disposed in

one or more corners of the second panel.

13. The method of claim 8, wherein the target further comprises:
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a third panel having a third arrangement of fiducial markers thereon,

wherein each of the fiducial markers in the third arrangement is uniquely identifiable
among fiducial markers in the third arrangement; and

a fourth panel, disposed at a second angle relative to the third panel, having a fourth
arrangement of fiducial markers thereon,

wherein each of the fiducial markers in the fourth arrangement is uniquely identifiable
among fiducial markers in the fourth arrangement,

wherein the third arrangement of fiducial markers and the fourth arrangement of
fiducial markers each match the first arrangement of fiducial markers and the second
arrangement of fiducial markers, and

wherein the second angle is not equal to the first angle.

14.  The method of claim 13,

wherein the third panel and the fourth panel are disposed at a third angle relative to
the first panel and the second panel, and

wherein the third angle is about a different axis than the first angle and the second

angle.

15.  The method of claim 8, wherein calibrating the camera comprises using correlations
between locations of the fiducial markers on the first panel and locations of the fiducial
markers on the second panel to estimate parameters of a camera matrix using a pinhole

camera model.

16.  The method of claim 8,

wherein the first arrangement comprises a first pattern of fiducial markers and a
second pattern of fiducial markers, and

wherein the second pattern of fiducial markers is a scaled version of the first pattern

of fiducial markers.

17. The method of claim 8, further comprising:

rotating the camera relative to the target and recording an additional calibration
image; and

determining locations and identifications of one or more fiducial markers in the

additional calibration image.
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18.  The method of claim 17, wherein rotating the camera relative to the target comprises

rotating the camera about a roll axis of the camera.

19. The method of claim 8, further comprising:
moving the camera and recording an additional calibration image; and
determining locations and identifications of one or more fiducial markers in the

additional calibration image.

20. A system used for calibrating a camera, comprising:

a target, comprising:

a first pattern of fiducial markers; and

a second pattern of fiducial markers,

wherein the first pattern is a scaled version of the second pattern, such that a
calibration image captured of the target simulates multiple images of a single pattern
captured at multiple calibration perspectives; and

one or more panel-identification fiducial markers that uniquely identify the
target; and

a stage configured to translate or rotate the camera with respect to the target.
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