TARGET, METHOD, AND SYSTEM FOR CAMERA CALIBRATION

CROSS-REFERENCE TO RELATEDR APPLICATION
{eio1} This application claimy priority 0 LLS. Patent Application No. 18720879
filed September 29, 2017, which is incorpovated herein by reference in its entirety.
BACKGROUND

{0662 Uinless ofherwise mdicited borsin, the meterials described 1o this sectioneae
ot prior art to the clatms i this apphication and are not sdmitted to be prior adt by wnclusion
in this section.

HEL TR Cameras have become ubiguitous when it comes 1o recording fimages. Varions
cameras may record mages o il or dighally store images as o sevies of bty within
computer memory (e, & hard drtvel Many devices even have cameras integratad in them,
For examyple, mobile phones, tablets, and laptop computers may include canerss.

{6604} Oneapplication for cameras is in the field of computer vision. In computer
viston, i order fo make inferences from recorded himages, calibrating the camera recording
the images can he important, Such a calibration can provide & corrslation of the appearance of
a revorded image t the spatial layout of ¢ plyysical scene. Further, calibration ean correct for
defects in the fabrication andfor assembly of a camera sensorfens weed (o record images. For
sxample, i an aperture of a camera is off-center with respest toa camesa sensor, a calibration
may aceount for this {e g, using a processor that provides a correction to recorded imagss
such that they more accurately reflect a physical scene),

{6885} e method of calibrating camerss fnehades applyving the pinhole camera
model. The pinhole camera model assumes the camers being calibrated is an ideal pinhole
camera (e, 8 camers with no lenses and a poist-tike aperture). Using the pinhole camen
model approxination, the coordinates (e.g, 1o three-dimensions) of a physical scene may be
mapped © 4 projection ong twe-dimensiopal phane, where the projection on the twi-
dimensional plane is represented by a recorded calibration image. The location of the pinhole
aperture in the theoretical pinhole camera can be deternuned based on the calibration image.
Other paramsters of the theoretical piabole camers can also b determitned {eg., foval
length). If the location of the pinhole aperture is not contered with respect to the camer
sensor, steps can be taken to account for the off~center location of the aperture. Deternuning
the location of the pinhole aperture and accounting for it may inclode caloalating one or mote

sheaments of 3 camera matrix based on one or more calibration fmages.



{06466} Other methods of calibration can be emploved 1o corredt for other defects
wherent in optical design ov due to fabrication‘assernbly. as well. For examypde, one or more
distortion coefficients van be caleunlated based on s recorded calibration image. The distortion
coefficient may be used to seeonnt for aptical non~uniformities arising due i a lens o the
camers (g, barrel distortions, mustache distorions, or pincushion distortions). In additional,
other optical aberrations can be sceounted for using calibration {e.g , defocusing, tilting,

sphevical sberrations, astigmatism, conm, or chromatic abermtions).

SUMMARY
HE U An exanple calibration target may allow for a camera to be calibrated. The

calibration target may nclude two or more panels each with a serjes of Bducial markers
thereon. The panels may be wuigded with vespeet to one another and the fiducial markers may
be positioned in oue of ore arrangements. The Rducial markers on the panels pwry be
amiquiely dentifiable. When a camers to be calibrated captures or récords a calibration image
of the calibration targef, oultiple calibration images from different angular perspectives (e,
different camsra perspectives) of a single pavel way be simulated by a stngle calibration
mage of the two or more panels. This because the two or more panels are angled with respest
to one another. Stimulating multiple images with a single calibration image may decrease
computational resotrces necessary for calibration as well asreduce calibration thme.

fuiting In a first aspect, the disclosure deseribes @ target used for calibration, The
tarpet inclndes g st partern of fducial markers: The target also moludes g second pattern of
fidweral markers. The first pattesn of fidecial markers s a scaled version of the second patter
of fiducial mackers: stod that s calibration hage captured of the larget shnolates multiple
fmages of o single pattern captured at multiple calibration perspectives,

{G009] fressecond aspeet, the disclosure deseribes o method. The methad inchades
recording a calibration image of 8 target waing a camera. The target includes a fivst panel
having a first arrangement of fiducial markers thereon. Esch of the fiducial markers in the
first arrangement s wuguely dentifiable among fidecial markers n the fiestarrangement.
The target also inclades & second pavel, disposed at g finst angle relative to the first panet,
having asecond arrangement of Niducial marhers therent. Bach of the fiducial warkersdn the
secend arrangement is uniquely Wentifiable among fiducial markers in the second
arrangement. The first sreangement of fiducial markers matches the second arrangeoment of

fidacial markers, The method alse ngludes determining Jocations and identifications of ong
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of mowe frducial suskers in the calibration image. In addition, the methad includes, based on
the determimed locations and identifications, calibrating the camera.

HER T g third sspect, the disclosure desoribos g systom used for calibrating a
camera. The system includes a target. The tavget includes a fivst pattern of fiducial markers.
The tareet also includes 3 seepad patters of Bducial markers. The first pattern of fiducial
markers is a scaled version of the second pattern of fiducial markers, such that a calibration
tmage captured of the target simulates woultiple mages of a single pattern captured at multiple
calibration perspectives. The svstem also nchodes a stage configred to tanslate or totate the
camaera with respect to the target.

{011 I gn additional aspect, the disclosure describes a system. The system includes
ameans for vecording & calibration fmage of 8 target using a camera. The target inchudes
first paned having a {irst arrangerent of fidecial markers thereon. Bach of the fiducial
markers in the fivst arrsngement I8 uniquely Wentifisble anong fiducia! markers in the fitst
grrangement. The target also includes a second panel, disposed at a first angle refative 1o the
firat panel, having g second arrangement of fidueial markers thereon. Bach of the fidecial
markers in the second arrangement is wiiquely identifiabls among fiducial markers in the
second arrangement. The first artangement of fiducial markers nwatches the second
arrangernent of fiducial markers. The systern also includes a means for deternsining locations
and identifications of oue or more fiductal markers m the calibration image. In addition, the
system inchudes @ means for calibrating the camers based on the determined locations and
identifications.

{0012 The foregoing summary 3 Hastrative only and is not intended to be o any
way hinnting In sddition to (e ilhustrative aspecty, embodiments, and featurss deseribed

abaove, further aspects, embodiments, and features will become apparent by refersnce to the

fignres and the following detatled description.
BRIEF DESCRIPTION OF THE FIGURES
{8613] Figure 1A isan (ustration of a panel of a calibrabon target, according to

example embodiments.

{66141 Froore 1B is an dhustration of a paved of a calibration target, acovding to
example embodiments.

{B015] Figure 1C is an iltustration of a fiducial marker, according to example

embodiments.



HEL TN Figure 1D is an illustration of a panel of a calibration tivget, according to

example smbodiments.

{oat7] Figure 1E is anillustration of a Calibration process.
jBf 8 Fraure 1F 1 an Hustration of a calibration process.
{6819 Figure 10 is an illustration of a calibration process, accading i exampls

embodiments.

U] Figure 24 1 a froatview illusteation of a calibration target, sccording 1o
example embodinents,

{0821} Figure 2B is a top-view illustration of a calibration target, according to

example embodiments.

{6822} Figure 2C is an Hustration of a calibration progess.
HERT] Figure 2D1s an Hustration of a cabibration process, according to example

embodiments.

{6624} Figure 3A is an illustration of a panel of a calibration tgrget, according o
example embodiments,

{6625] Figure 3B 15 an ihustration of a panel of @ calibration target, according to
exampie embodiments.

{26} Figure 4A 55 a front-wiew ilostration of a calibration target, according to
sxample embodiments.

{0827} Fipure 4B i3 a top-view iHustration of a valibration tanged, acvording to
example embodiments,

{0038} Figure 4C 18 a frout-view Hlustration of a calibration target, according 1o
example embodiments.

[0029] Figure 413 i5 a top-view illustration of a calibration tarzet, according fo
sxample embodiments.

{8036 Fuawe 48 Iy a side-view thotiation of a calibration target, aceording {0
example embodiments.

{06313 Figure § is an illustration of a panel of a calibration target, according to
example embodiments.

{6832} Figure 6A is an illustration of a panel of a calibration targst, according 1o
example embodiments.

{68334 Figure 6B is an illustration of a panel of a calibration target, according to

exaraple embodiments.



{0834} Figure 6C is an illustration of a panel of a calibration target, acconding to
example embodiments.
{0035] Figure 6D 1s an illustration of a panel of a calibration targst, according to
example etbodiments.
{0636] Fipure & is an illustration of a panel of a calibration target, according o

example embodiments.

{0637] Figure 7 is a Howchart ustration of a movthod, according to exmaple
ewbodiments,

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

embodiment or feature described herein is not necessarily o be construed as preferred or
advantageous over other embodiments or features. The example ermbodiments deseribed
Frerein are nod wmicant o be Hiniting. Ivwil] b readily underdtood that certaly aspects of the
disclosed systens and miethods can be artanged and combined in @ wide variety of different
configurations, all of which are contemplated herein,

HEIRA Furthermore, the particolar arrangewents shown i the figures should notbe
viewed as Bmiting. It should be understoed that other embodiments might include nwwe or
less of euch element shown in & given figure. In addition, smue of the Uustrated elements
may be combined or omitted. Stmilardy, an example embodiment may nchide elements that

are not illustrated in the figures.

L Overview
HE Example embodiments relate 1o 8 target, method, wnd system for camera

calibration. & target used for camera calibration as described herein mayv reduce calibration
time, redues computing resources needed for ealihration, reduce the space noeded for
calibration, reduce the mechanical complexity of calibration, and reduce the mumber of
calibration images that need (o be caphired or recorded in order for calibration o successtully
becompleted. Using a target as deseribed herein may toprove calibration efficiency because
the calibration target is designed i such a way that when a single calibration boage is
captired orrecorded of the eadibration teget, addiional calibration tmmges can be stnudated.
{0841} For example, in sone embodiments, the calibration target may nelude fidugial
markers lncated thereon, The fiducial markers may be arranged on two oy miore panels.
Further, the fiducial markers may be arranged in patterns on each panel. At feast two of the
patterns on a given panel nay be scaled versions of one another {e.g., one pattern of fiducial
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markers is a smaller squars and another pattern of fidhictal mariers 88 8 Luger syuare), Sach
patterns can be used in-a caphured or recovded calibration tape of the calibration target {3,
captured or recorded by a camers requiring calibration) as a simulation of multiple camers
focations. Rather than having o reposition a calibration target relative 1o the camera and
capture of tecord multiple tmages, as may be the case in altersate calibration schemes, a
single calibration fmage can be used to calibrate various camera perspeetives relative 1o the
calibrstion target {e g distances from the calibration tavget or angles refative to the
caltbration tacget), In embodiments where the calibration inchudes using @ pinhole camens
pdel tocalibnate the tocation of an apsrtive of the camers, multiple calibrativnyimages from
different porspectives may be used. Thus, having 4 single calibration Jmage that can represent
multiple camera perspectives may save calibration time, calibration space, mechanical

complexity, andfor computational resources.

{6642} In axdddition to baving a calibuation target that can be used to simulate multiple
camers perspectives in one degree of freedom (e g, multiple distances from the camera, Le,

s-direction), some example embodiments include g cabibration target where tvo panels are
positioned af angleds) relative 0 one another, Tvsuch embodiments, the errangemant of the
fiducial markers on the two panels may be substantially or exactly the sawe. Given the
angle(s) of the pavels relative to one another, ong or more sdditional degrees of freedony

i g, rotation aboat the xaxnis, paxis, andfor s-axdst may be somubated within a single
captured or recordad calibration image of the calitwation targel. For example, two panels may
be rotated about a yeaxds with respect o one another feg., by 307, This may allow a camera
at a single perspective relative to the calibration farget to caphre or record pue perspective
relative to the first panel in the calibration tavget and a second perspective relative o the
second panel in the calibration target. Because the two panels may be substantiaglly or exactly
the seme (e, have similay, or even identical, fiducial markers arranged thereon), the single
calibration image can be used o calibrate for two angular perspectives relative to the panels,
Adutitional embodiments may melude ealibration targets that hgve additional angles between
pancls gnd/or fiducial-marker petiern shifls © simolate additional degrees of freedom
captured or recorded caltbration images of the respoctive calibration favget.

{6843} Additionally, the fiducial markers on the calibrastion targets/panels may be
designed such that a location on the fiducial marker (2.2, the center of the fiducial marker)
and an identity of the ficucial marker {e.g., name ov 1D of the Hducial marker) canbe
wentifted {e.g, by 2 huran revigwing 8 captured or recorded calibration image andfor by a
processor analyzing o captored or recorded calibwation image to perform camera calibration).

)



In order toaccomplish this, one example’smbexdiment oludes Hdueial markirs that each
have four distinet regions. (oe region may be a crosshair region used 1 pinpoint & location
of the conter of the fiducial marker, A second region may be a fducial marker identification
section that can be used to Wentify the Sducial markey is (e the 1D of a given fidecial
marker) Insome embodimants, the second region may be an angular barcods section that has
g series of angudar bits used to represent the 1D of the fiducial marker ss a baveods, A third
regiom of a Hducial marker vosy be a fiducial bounding sechon that cap be used 0 ddentify an
edgeboundary of the Hiducial marker, ay well as o deterpdine whether a fiducial marker i
actuslly prosent in a calihration image {eg., 88 oppossd 10 noise in g calibration image).
Lastly, a fourth regton of a fducial narker may be a human-readable label that wmay readily
wndicate su 1D of the Sducial oarker o 8 boman. In some embodiments, fewer or greater than
four regions may be wcluded i a Sducial marker, For example, in some smbodiments,
fiducial markers may include only the crosshair region and 3 fiducial bounding section,
Additionally, in some embodiments, various fiducial markers aoross the same embodiment
may nchade different subsets of the foor regions deseribed ghove (o, one fducial warker
may include all four regions desertbed above while another fiducial marker may inchude only
the crosshiair region}.

{findd] in some embodiments (g, embodiments where two of more panels of &
calibration target have a stmilar or the same arangement of Hducial markers thereoy), ong or
more of the fiducial markers on eagh panel may be used as a panel-identification {fiduiad
marker. A panchidentification fiducial marker can be used during calibration {e.g., during
image andtysiyofa ealibration image) to determing which pasel, of a number of panels
having sl appearasices, iy corrently beiny analyred. Otlier misthods of paned

identification are also possible.

i Example Systems
{0645] The following description and accompanyving drawings will elucidate features
of vartons example embuodiments. The embaodiments provided are by way of sxample, and are

not intended 1o he Thniting. Ay aueh, the dimenstons of the drawings are not necessarily o

HER I Figure TA 1 an tustration of' g first panel 102 of a calibration target,

according to example erobodiments. The calibration target may be used in the process of
calibrating one or more cameras. For axample, the calibration target may be used to capture
or record one or more calibraticn images. The captured or recorded calibration images may

-
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thin beased to determine Tedlures aboat the camera (e, distortion coefficients, camera
matrices, fens posiinn/orientation, camera sensor position/onentation, aperture
positionforientation, ot ). Once the features about the camers sre determined {eg, using a
pinhole camera approximation model}, any defects or rregularities may be accomted for,
Aveouating Tor defects or regularities may inclode modifving the sperture of the camers,
sdiusting the focation of one or mors lenses of the camera, adjusting the location of one or
more rosge scasors of the camera, modifyving the exposure time for images, changing the
fmars vesobution captured or recorded by thecameraor perfonming post-processing of
fmages captured or tevorded By the caters o eorvest for defeetsfrregulantios (e, by
estimating panpneters suchuas focal tength or rsdial distortion o correct projettions from a
scene to a captored ov recovded image or to wdistort ¢ captured or recorded image).

HELD S| A variety of cameras may benefit from calibration using the calibrabion target.
For exanple, the camerss calibrated may be components of autonomous vehicles used for
navigation or object recognition. Further, the camergs calibrated may have g varisty of
different features (&g, varying focal lengths, different lens types, different image sensors,
ete.}. The calibration target may be used to calibrate digital cameras {62, comeras that store

wagss clectricsy vy magnetically gs a series of bits}, suth as digital cametas having charge~

coupled devices (CODsY o complementary metal-oxide-semicondactor (CMOS) image
sensors, of to calibrate filin cameras (Lo, cameras that store images chemically on a steip of
photographic film}.

{0648} The first peuel 103 may include a series of Bducial markers T W artanged
thereon: B fs understood that, wrorder to avoid clatter in the Hustration, only one of the
fichuetal markess 10 s labeled & Figure 1AL The Dducial markers 110 are finthey deserbed
below with reference to Figure 1 Briefly, howsver, cach fiducial marker 11 may include a
region used to identity that a fiducial marker havheen found feg:, during image apalvsis as
part of cabibration), & region in identify wihich fiducial marker 110 #is, a rogion to pinpoint &
center-of the fiducial marker 110, and 2 human-readable {abel of the fiducial marker 110 A
subset of the fiducial markers 110 may be wsed to identtdy the Hirstpanel 102 gs the first panel
103 These fidocial mavkers 110 may be referred to as Brst-panel-identification fiducial
markers 103, For example, the fiducial markers 110 nearest 1o the corners of the first paned
102 may indicate the identity of the fivst panel 102

{6849] Another subset of the fiducial markers 110 {e.g., all of the fiduend markers
118 other than the fustpaned-identification Hidactal warkers 108 mav be tna firgt

strangement of Gducial markers 110, The first arvangoment of fiducial markers 118 may
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incksde mudiiple patforny of ducial markers 110, For example; the first grrangement of
fiducial markers 1O may nclude at least a fivst pattern of Gducial markers 110 and a second
pattern of Hiducial markers 110, The second pattem of fiducial markers 110 nay be a scaled
varsion of the fisst pattemn of fiducial madkers 110, “Patterns”™ of fiducial markers 110 may be
sets of focations on the first panel 102 where fiducial markers 110 are positioned. In various
smbaodiments, there may be various patierns on the first pansl 102 {deseribed further with
reference to Figures 6A-6E). Further, a “scaled version” may inchude a scaling of the
focations of the fidecial markers (e g owithin a pattern) ouly, vather than a scaling of bath the
fovations of the fidooal markers and the stze of the fiductd markers. In alternate
cabodiments, however, both the scaling of both the locations of the fiducial markers and the
size of the Aducial markers may be emploved.

HELH] Htastrated in Figore 1B s a second panel 104 of ¢ calibration target. The
secondd pavel 104 may be a partion of the same calibration target as the first panel 102,
Simifar to the first panel 102, the second panel 104 may include a seties of fiducial markers
116 arvanged thereon. Again, ondy one of the fiducial markers 118 s labeled o avold
clattering the figure. Like the first panel 102, a subset of the fdecial markers 0 may be
used as second~-panelidentification fiducial markers 108, For example, the fiduew! warkers
110 pearest o the cormers of the second panet 104 may mdicste the wentity of the second
panel 104,

jenst} Sinulardy another subset of the Sducial markers 110 {eg, alf of the fdueial
sarkers VHY other than the second-panel-dentification fidacia! mskers 18 maybena
second arrangement of fidocial mavkers 110, The second arrangement of fidocial markers 110
may melads mpltiple patierns of Bducial markery 110 Forexample, the second arrangement
of fiducial markers 1O may include st least a third pattern of fiducial markers and a founth
pattern of Aducial markers O The fourth patiorn of fiducial markers 110 may be a scaled
version of the thivd pattern of fidvicial markers THY In varfous embodisents, there may be
various patierns on the second panel 104, This will be described further with reference to
Figures 6808,

{0652} As illastrated in Figore 18, the fiducial markers 110 i the second
arvangement of the sedond panel 104 way be rotattony of the fiducial warkers HH i the fist
arrangement of the first pangd 102, In the embodiment tustrated, the fiducial markers HO i
the second grrangement are 180° rotations of the fiducial markers 11 thatare in
corresponding locations in the first avangement. In alternate ebodivoents, alternate rotations

are alse possible (e, 137, 30° 45° 60°, 75°, 907, 1057, 120°, 135%, 1507, 165°, 193°, 2107,

g



225°,240°, 255°, 270°, IBS, 3O 3135, 3307, 345°, or any values there betwesen). Tn still
other embodiments, only some of the fiductal markers 110 i the second arrangement may be
rotated with respect 1o the fiducial markers 110 i the first srrangement {e.g., ondy those
fiductal markers 110 corrasponding 1o a particular subset of patieras of the first armmgement}.
{B083] The rotation of the fducial markers 118 in the second arrangement with
respect o the ducial markers 110w the Hrst arrangement 110 may provide features that
distinguish the fest pangl 102 from the second panel 104, These additional featuves mny be
ased in addition o the paneldentification fidecial markers 108 1o entify g given pagel,
Additionally s alternstively, all or a portion of one or more of the fiducial markers 110 inthe
first svangement may be of a first color and all or a portion of one or move of the fiducial
markers 110 in the sceond armmzement may be of a second color. The first color and the
second color may be different colors {e g, blae and ovange, vellow and red, brown and sitver,
Hight purple and dark purple, forest green and neon green, ete. ), which may provide yet
gnother feature that can he used to-distinguish between the fivet pane! 102 and the second
panel HO4

{6654} When designing the first panel 102 and the second pansl 104 Hlustrated in
Figures 1A and 18, respectively, the fiducial markers 11 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, and/or the resolution of the camera. The smaller the fiducial
markers are with respest to the first panel 102 or the second panel 104, the more fiducial
markers VHY can fif on the respective paoel. Incrcasing the nummber of fiducial markers 110
that can fit on the vespective paaels Can increase the number of calibration poinds (e,
positions i thiee-timensional space whose corresponding fwo-dintensional location is used
o calitwate an image), gnd ultimately increase the accuracy of a calibration. However, the
fiducial markers 110 peed o be of at lesst & mindonom resolvable size based on the camera
given ity zoon, resolution, foval length, distance from the calibration targed, sic. Thus, the
fiductal markers 110 on the first panel 162 amd the second ponel 104 may be sized such that
they are of the smallest size still resolvable by the camera, such thet the maximum number of
fiducial markers 110 can be positioned on the first panel 102 and the second panel 104,
Further, the fiducial markers {10 on the first pane} 102 and the second panel 104 may he
spaced relative to one anather such that the maximum auwmber of fiducial markers 110 can be
positioned on the first pane! 102 and the second panel 104,

HEEST In the smbodiments of the fivst panel 12 and the second panel 104 of Figares
1A and {8, there are six patterns of Hductal markers 110 in the fingt arrangement and 8ix
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pattems of fdecial markery 110 10 the second morangement: This i3 Hlastrated in Flgare 10
As ilustrated 1 Fignre 1D, the first arrangement of the first pang! 102 and the second
arrapgement of the second panel 104 include each fiducial marker 114 fabeled with a ™1,”
SRR S T or 67 The fducial maarkers THE labeled in Figure 1D with a "7 reprasent
the panel-identification fiducial markers 108, The fiducial markers 110 labelad with a 17 arg
gach part of the first pattern, the fiductal markers 110 labeled witha “2” are each pant of the
second pattern, the fiducial markers 110 labeled with a 37 are euch part of the third pattern,
he fidecial markers 110 labeled with a “47 are cach part of the fourth pattern, the fiducial
markers 118 labeled with @ "% are cach part of the fifth patiern, and the fiducial markers 110
tabeled with & 67 are ¢ach part of the sixth pattern of the livst arrsugenent and the second
arrangement of the fivst panel 102 and the second panel 4, respectively. As such, there are
72 fidacial markers i the first arrangement and the second arcangement {e.g., twelve fiducial
markers in each of six patterns) and 76 fiducial markers total on the first panel 102 and the
second panel 104 (e, twelve fiduoi] markers in esch of six patterns, and four panel-
identification fducial markees), It other embodiments, thore may be nore or fower fiducial
markers in gach arrangement or on each panel. An incressed number of fiducial markers may
ncrease the resedution with which the calibration of 3 camera can be performed.
Alternatively, a reduced number of fiducial markers may increase the speed at which the
calibration of & camera can beperformed.

HEI S As Hlustrated in Figure 1D, the fifth pattern and the stuth pattern ave scaled
sersions {eog, rectaneles that have been scaled, potentially independently, inboth
horizontal divection and & verfical divection} of the first, second, third, and fourth petterns. In
allermate envbodimenty, theve miay ondy be two pattemns in the fnvt arrangament/second
arrangement. In such embodinients, a secomnd patiorn niay be a scsled version of the first
pattern. In still other embodiments, there may be sny number of pattemns {e g, 3, 4.5, 7. 8.9,
13, 33, 30050, or 100 patierns). Parther, any number of patterns may be scaled versions of
gny other patterns.

{08657} It is understond that the Arabic numerals used 1o label the fiducial markers
110 o Figure 1D are not meant o necessavily sepresent the actuad appeasanee of fidueial
markers H i reductions o practice, but are fnstead used to Hustrate the vanous patteyns of
the first paned 102/second panet 104,

{0038] Figure 10 is an Hustaton of a fiducial wmarker 110 of g calibration target. The
fidocial marker 110 may be one of the Nidecial markers 110 of the first panel 102 or the

second panel 104 Hiuswated dn Plgwres FA and 1B, tespectively. Hiustrated on the keft of
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Flgwe 10w an example Bchicial odeker 1HEav it may appear on an exanple embodiment of
the first panet 102 {e.g., & Orst-panel-identification fitucial marker 108), Blustrated on the
right of Figure 1C 15 a blank Hiducial marker where different sections of the fiducial marker
are labeled for dentifleation. As Hostrated i Flgare 1C, the fiducial markers 110 of the fvst
panet 102 andéor the second panst 104 may be circular in shape. Also as illusirated, Sducial
nwrkers may inchide crosshars 112, wn sngular barcods section 114, s fiducial bowading
section 116, snd a luuman-readable label 118,

{0859 The fiductad marker 110 tHostrated in Figers 1C may be desigoed in sucha
way as to acoomplish muliiple goals. First, the fiducial marker 110 may he destaned such that
its center can be located (e g, the two-dimensional center can he deternuned hased onthe
fidncial marker). In addition, the fidocial marker 110 may be designed such that sts identity
can be deternuned smong other fducial markers on the same paned or calibration target.
When performing mage anglysis on the fiducial marker 110, 8 processor executing 8 set of
calibration instructions may establish the onter bounds of the Hducial marker 110 using the
fiducial bownding section 16, determine which fideciad marker is beiny anglyred using the
angubar barcode section |14, and determine where the center of the Gducial srarker 1O
using the crosshaies 112

{6} i ahterngte erobodiments, the Hducial markers may have vanoos other shapes
{0, a trianguolar shape, a rectangular shape, a pentagonal shape, 8 hexagonal shape, 8
heptagonal shaps, an oclagonal shape, & nonaronal shape, a decagonal shape, efc.). Further,
within g single embodiment, different fidoom! markers may have different shapes, For
example, the ducial markers in the frst pattern of the first arrangement may be rectangular
and the fidueial markers i the second pattern of the find arvangement may be triangular
Multiple different subsety of fiducial markers on the same panel, arrsngement, or pattern may
have ditferent shapes to identify different portions of the respective pavel, arrangement, or
pattern. Additionally or alternatively, fidicial markers in sote embodiments may have
special optical properties {e.g, & fiducial marker may be holographic),

U E The crogshairs 112 may be used 1o identify the center of the fiducial marker
113 {e.g., where the center of the fducial marker 110 15 located). The crosshairs H2 may
alternatively be reforred to ay a reticle]” 10 some embodiments. The location of a specific
frtucial marker (.2, the horizontal snd vertical coordinates within g calibration image) and
the identity of the fiducial marker may both be used in calibrating 8 camera using 8
calihration tavget that ncludes one or more fiducial markers thereon. In sowme embodiments,
the crosshairs 112 may include the ersection of two dark regions and two hight regdons, a5
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tHhustrated 0 Figore 1O In alternate enibodiments, the crosshairs 112 may use s dotonthe
center of the fiducial marker, two perpendicalar Hines crossing nu the center of the Hdusial
marker, a circle whose center i the center of the fiducial marker, an arrow or Hne that poiats

to-or ovighoates from the center of the fiducial marker, or a chevron that points to the center of

the fiducial markes,
{8662) The angular barcode section 114 may be used to identity a fiducial marker

within g calibration image. In the embodiment Hlastrated wn Figore 10, the angalar barcode
section 114 may be an annaler section servpunding the crosshairs 112, The angular barcods
section 114 may be broken inio a series ofbits (e, 4 bits, 8 hits, 10 bits, 16 bits, 24 bits, 32
bits, 64 bits, 128 hits, 235 hits, oo, cach bit represented by a speoific angular portion of the
angular barcode seetion 114, For example, i the angudar bavcode seotion 114 is broken fnto 8
bity, the first bit may be represented by a portion of the angular bavcode section 114 that runs
frown about 07~ about 437 {progressing counterclockwise arpund the angular barcode section
114} in the first quadrant of the angualar barcode section 14, Similarly the second bit may run
from about 457 ~ ahout 0% i the first quadrant, the third bit may ron from abogt 907 - ahoat
1357 in the second quadrant, the fourth bit may run fropvabogt 1357 - about 180 in the
second quadrant, the fifth bit may run from about 180% - abeut 223 in the third quadrant, the
sixth bit may run from about 225% - gbout 270% in the third guadrant, the seventh bit may ran
from abowt 2707 - about 315” i the fourth quadrant, and the eighth bit may run from about
315% - about 300° in the fourth quadrant. Each bit may be filled in, either in black (e i,
represepting a O or b shite (e, representing a 1) Using this sechema, varions niambers can
vepresented i binary 1n the augular barcode section T

{0863] The numbers represented 11 the angular barcode sectiony 114 wmay be used to
wdentify & given fidecm] marker. As lastrated i Figores 1A and 18, all of the fiducial
markers within' the firstarrangeiment and the second arrangement may have snique angular
barcode sections: thus making each Sducial fearker i the fisst arrangement uniquely
identifiable and cach fiducial marker in the second grrangement uniquely ientifiable. In
sone embodiments, in addition to or alternate t the anpular barcods section 114, the location
ol a fiducial marker on g panel, the location of » fiducial marker withbvan arvangement or
patiern, the size ol a fducial marker, the onlentation of o fiducial marker, or the colorofa
fitucial marker miay be used to wquely ientify a fiducial marker. For example. in some
embodiments, each fducial marker may appear the same, but based o thelr positions relative

to the rest of the fiducial markers fyar arranpement and thelr positions on @ panel, each



Hiducial marker may be yaigque identified. Such may be the case i eimbodiments where the
fiducial markers are squares in a checkerboard patiern, for instance.

HEHE Further, each of the sagular barcode sections in the first armngenent and the
second arrangement of some smbodivsents, nehiding the cmbodingents thastrated i Figursg
TA.and 1B, may be rotationally unigue. This means thet, for a given angular barcede of 8
given fiducial marker, even i that fiducial marker andfor that angular barcode s rotated by
guy angle between 07 and 3607, it will not mateh another angular burcode being used. As an
exampde; i the angalar barcods 1-0-0-8-0-0-0-0-0-4 (the Hivat it being the most significant
bit, the fast bit being the losst stgnificant bit) were used ina set of angular barcodes that
incloded ten bits and was rotationally unique, the anpgular 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
hecause they rotationally overlap with 1-0-0-0-0-0-0-0-0-0, Thus, in order to preserve the
rotationally wiigue set, some angular harcodes will be skipped over. Therefore, there 1s not
necessgrity a t-to-1 correlation between possible angular barcodes and angular barcodes
getually employed in o given patters, arrangement, panel, or calibration target, especially in
emtbodiments aving rotutional sniqueness among anguiar barcodes.

{n6s] i somwe embodiments, however, all angalar barcodes may beosed. Inisach
smbodiments, the angalar bavcodes sy beorented on the panels-tirsuch o way that, even
though the fidusial markers would rotattonally everlap, the oriensation of each fiduad
sarker prevents actast angular havcode overlapping.

{0866} Further, i some enthodiments, the sngular barcodes maay beused in g
calibration method to determing the angular ovientation of the respective fiducial marker. Por
examyple, the angulsr orientston of g fiducial marker may be deternuned scvording to the
calibration method to-ay accarscy of 360° divided by the number of bits used 1o encode the
sngudar barcode.

{6867] In the examples shown in Fieures 1A and 1B, the only fiductal markers having
the same angular barcode sections are the panchidentification fiducial markers 108 in the
corners of the first panel 102 and the secound panel 104, This 15 so that the observation of any
cavner of the first paned 102 or the second panel 104 yields the same identity for the panel
being observed.

HEH S In ahernate ervbodiments, rather thay using bits, decimal numbers ranging
from one 1o ten could be represented at each location of the angular barcode section 114, For
sxample, a different color could be used to represent each digit 0-9 {e.g., similar to resistor
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eolorcoding, Mack = O brown = L ved= 2, ordnge =3, vellong = 4, grogn =5, blue = &,
violet = 7, grey = &, and white = 9} and each section could represent a factor of ten. Thus, if
an ardgulsr barcode section was broken into eight subssetions, cach represented with one of
the above colors, there would be 10° possible combinations.

{0649 I alternate embodiments; where there arg more or fower thay sight bits, the
aogular distribution of the angular barcode section 114 may ho spaced differently feg, f
there are 4 bits, rather than 8 bits, vach bt may ocoupy roughly 99° of the sugular barcode
section rather thavroughly 457 of the angular barcode section 1143 Hastrated 3o Figures 1A~
10, the angular barcnde sectioms 114 of the fiduchal markers 110 are split into ten bity, nather
than eight bits. As such, each bit may occupy abowt 36° of the angnlar barcode section,
{6878 Stitl further, tn some enabodiments {e.g., the embodiments of Figures 1A and
1B}, certain angular barcodes may be reserved feg, 2, 3,45, 6, 7 8.5, 106, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, ete.) for inclusion in pancl-identification fiducial markers 108, &s
thustrated in Figures 1A and 18, the angelar barcodes corresponding to “17 and 1o “2" may
bewed as the angular barcodes of panel-identification fduciad markers 108 for the find panel
102 and the second panel 164,

{0871 L somie embodiments {eg, embodiments that include & large number of
uniquely identifiable fiducial markers), the sngalar barcode section may be replaced or
supplemented by allemate forms of fiducial marker identification. For example, rather than
nge ring corresponding © an angular barcode section, there could be multiple rings ef angular
barcode sections. Additionally or alternatively, color coutd be used 1o wdentifv the Hiducial
markers. As indicated sbove, color coudd be ased to fnorease the areal density of the angular
barcode sections ey tather than using obly blachAvhite, using multipke colors 1o represent
decimal numbers rather than bitary numbers). Alternatively, other postions of the fidunal
marker (e, the crosshairs, the lnanan-readable Iabel or the Rducial bounding section) may
b colored. For example, the crosshairs mway be colored using paint or ik that reflents
wavelengths in the visible range (o2, wavelengths from about 400 mn o about 780 nm
spaced in Dnm increments) in ordet to add another identtfier that can add uniqueness toeach
fiducial marker. In still other embodiments, a checkerboard patiern, rather than an angular
barcods may be used to identify a panel, For example, if a fiducial marker were shaped as 2
rectangle o g sguare, one of the corners of the fiducial marker could be reserved for a
checkerboard pattern (e, a four-by-Tour checkerboard where sach position represents, using

black or white, ong of sigteen bits e pattern). Such checkerboard patierns may be simitlar



0 Quick-Response (ORY codes wied for identification. In still other enbodiments, Huear
barcodes, rather thar angular barcodes, may be used.

{0872} The fiducial hounding section 16 may identidy the edge of the fiducial
marker/define the region oecupied by the fiducial marker. The ducial bounding section 16
may also beused duting calibration to identify whether or nota Bdueial marker is actually
present sta given Jocation in a calibration image, For example, an image analysis progoum

evecuted by a processor to snalyee g calibration image may determing that a specific location

of a calibragion hingge appears o be arosshatn 112, However, w order fo epsure that the
section identified as crosshairs is sotually crosshairs of g fiducial marker and nof just noise or

another artifact in the calibration image, the image analysis program executed by the
progessor may ook for & fidacial bounding section surrounding the crosshaivs. 1f a fiduowmd
bounding section is swrounded by crosshairs, the chance of nolse or other artifact obscuring
the calibeation resulis may be reduced.
{0673} In sorme embodiments, rather than identifying the drosshairs 112 first and then
searching for a fidecial bounding section surrownding the crosshairs, an fmage analysis
program execiied by a provessor may search finst for the fidacial bounding section 116,
Lipon ieatifying the fiducial bounding section 116 {2, by idensifving aneligse tn g
calibration image). the inage analysis program exected by the processor may look for the
crosshairs 12 to determine acopter of the respective fidocial marker. Alternatively, the
image analysis prograny executed by the processor may deternsine & centerpoint of the ellipse
that defines the fidhicial bounding section 116 rather i fooking for the crosshinrs 112 i the
calibration finage,
{06674} The human-readable label 118 may be included in the fiducial smarkers 11 in
some embodiments such that 3 human {e.z.. 3 calibration engineer) van identify each of the
fiducial markers 110, both on the panelicalibration tareet and withiv & captared or recorded
alibration image. The human-readable label 118 may include ong ov more Arabic numeraly,
Renmnan numerals, létters, punctuation synbols, andfor other symbols or images, i various
embodiments. Tn various smbodiments, sach of the human-réadable labels 118 across a
palern, aCToss an arrangement, across & panel, o across 3 calibration tavget may be unigee
fe.g, stutlar to the angular barvode seotion 114 ot the Bducial marker T10) Porther, i some
embodiments, the human-readable fabel 118 of the fiducial markers 110 may correspond 1o
the angular barcode sections T4 of the fiducial marker. For example, a8 tlostrated in Figure
I, the Avahic numeral ™17 may be used as @ haman-readable tabel 118 for a fiducial marker

114 that has the firsy angular barcode among 3 series of angular barcodes iy the angular
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biroode section 114 of the fiductal mker 110 Tn some embodiments, there nay he mudtiple
human-readable fabels for each fiducial marker of no human-readable labels for each fiducial
marker. Further, i alternate embodiments, the human-readable label nay be positioned
differently thas Hustrated in Figure 10 with respect {0 the vest of the fiducial marker (eg.,
the homan-readable label may be in a lower-left region of the fiducial marker, rather than in

an upper-right region of the fiducial markern),

{0675} In some embodiments, portions of the calibration target may represent
portions of or sntive advertisernents. For example, ifa panel s a portion of billboard (e,

aear a highway used for automative transitl, the panel could be dual-purposed {o.g., the pangl
conld be used for calibration of a camera cquipped on sy astonomeus vehicle and o advertise
to riders within the antoromous vehicle). In such cases, gach fiducw! marker may be an
advertisement, or together, the first arrangement of Rducial markers may make yp an
sdvertisement {e.g., the first pattera or the first sreangement may spell out a stogan),
Additionally or alternatively, portions of each of the fiducial warkers themselves conld be

gsed for advertising, For example, a portion of the crosshais of one or more Rducial markers

may include trade slogans, discounts, or other forms of advertising:
{0876} Figure 11 15 an adiditional ilustration of the fitst panet 102 and the second

panel 104 with fiducial markers thereon, Figure 15 shows the multiple patterns of fiducial
markers 110, as thastrated in Figaees 1A and 18, & the fest arrangement on the first panel
182 and the sevond arrangement in the sconnd panet 104, As Hlustrated, Figure 1 alsn
shows the paneladentification fducial markers 108 {n the comers of the first panel

{0 second panet 104, The nombering (0-6) in Figure 113 18 meant to tHlusirale patterms made
ap of subssis of fiducial markers 110, The fiduetal markess T haviog & "0 may be the
panel-identification fiducigl markers 108, The fiducial markers 110 having 371" may be ina
first pattern of the fivst arrangernent of the first panel 12 or iy a third pattern of the second
srraygenent of the second panet 104, Similarly, the Hducial markers TG havine a ™27 may
be in a second pattern of the first arrangement of the first pansd 102 or in a fourth pattern of
the second arrangement of the second pangt 104, aad so on.

{0877} As tHustrated, there may be six patterms of varying shapes and sizes per panel,
phis a set of panel-identification fidveial markers 13 These patterns may be pavtof one or
mare arrangements (e, groups of patterns). 1t is understood that the naming convention
“fiest pattern,” “second pattern,” “third pattemn,” etc. is used ouly for identification, and that

various embodinents may bave vagious munbers of pattemns identified i various ways. For
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example. i one embodiment the “second pattern™ may be i the same-locations as the “sixth
pattern” in a different embodiment.
{0878] Figures 18 and 1F Hlustrate parp of g cabibuation process using an altemative
calibration target 152, One way o calibrate a camera {e.g:, an imagxs sensor with an
sssociated lens) inchudes using the pinhole camera approximation mwodel. In order to dothis; a
series of calibration magzes of a calibration target can be captured or recorded. Th
calibrstion target may have calibration msrkers {e.g., fiducials) theveon. The calibration
markers may be spaced evenly oy unevenly across the calibration target. Either way, the
fowation of the valibration markers on the calibration target may be knows o priosd 1o the
calibration. Because the location of the calibration markers on the calibration target is Known,
any devistion from those locations in the resulting captured or recorded ealibration images
can be identified. These identified deviations may then be corvected or accounted for when
using the canera (A.e., the camera may be “salibrated™).
{6679} In order to deternune g camers mainy associated with & camers that is 1o he
calibrated, a series of cabbration images of the calibration target may be captored or recordad
from different perspectives, For example, as ilustrated in Freures 1E amd 1P, 1 first
calibration image may be captured or seeorded frony s Hiest camera depth 162 {e g depth
meastred along g s-axas) relative ta calibration target 152, and then the camera may be
moved {or the target may b moved) to a second camera depth 164 refative to the calibration
target 152 and & sevond calibration Bmage caplurad or recorded. by this way, twi differant
cantera depths relative 1o the calibrtion target may beused {eg , in the deternunation of te
camera matnix).
{6081 Hustrated in Figure 10 is.a portion of a calibrationy sethod using the fisst
panet 102 ihwstrated in Figare 1AL H v understood that the principle ilustrated here equally
applies ifusing the second panel [80ustrated 1n Figure 1B In Figare 1Ga single
alibration image of the first panel 102 may be recorded from a first caltbration depth 172
The first calibration depsh 172 may be sebsuch that the first pangl 1020 o distancs yway
froom the camers squal o the foeal distance {eg., the distance away from the camers st which
i obredt i most i focus): Insome smbodinents where the focal distance of the camers may
be so large that such a distance is not practical {e.g., when the focal distanes is 50 meters or
miwe), the first calibration depth 172 niay be set such that the first panet is closer 1o the
camera than the focal distanice of the camera (e.g., based on the focal fength of a lens of the
camnera andfor based on & distence hetween the lens and an boage sensor of the camera). In

sueh ambodiments howsyer, vorder to compensate for potential offects of the fiducial
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markers bédng ont of focas i a caltbration inmaes the first panel may be fabricated with
farger fiducial markers (g, so they are detectable/distinguishable sven when put of focus).
The techaigue of designing a calibration target with larger fiducm! markers to account for
focal distance can be wsed with many embodiments of the calibration target deseribed herein
£ie:, not only a single panel embiodiment),

HEIRTY Az ilustrated in Figure 11, the first panet 102 may include 3 series of pattems.
The patteras muay be of various sizes and shapes. For example, a first patiemn (e.g., the
fiduetal markers 1 Rabeded with & 1) Wlusteated 1 Figure 1D & Rarge rectangdar pattem,
while a second pattent (e g, the fidusial markers 110 labeled with @ 57 may be the same
shape gs the first pattern, but may be a ditferent size. To the embodiment of Figore 10, such a
second pattern is a sealed version of the first pattern {e.g., the rectangular shape is the same,
but the perimeter and avea of the rectangle are both scaled down). Further, the sive of the
fiducial markers 110 and the number of fiducial markers 110 (eg., twelve) are the sane i
eacti of the two patterns. In alternate embodiments, the sive of the fiduecial warkers and the
samber of fiducial markers among pattoms may be changed.

{6682} Because there are repeated patterns of fidecial markers 110 on the Srst panel
102 that have different scales, # calibeation imuge captired or recorded at the first calibration
depth. 172 can be used to motmic (e simudate) muliiple calibration images captived oy
recorded at maltipte calibration depths. For example, @ portion of the calibration image that
includes the farger pattern on the first panel 102 (e, the {rst pattern labeled with“1" in
Figure {13} can be used asa calibration fmage captured or recorded at the frst calibration
depth 172, In addition, & potiion of the calibration image that inclhudes the smaller pattern of

\he\

the first pasel 102 {e.g., the second pattern labeled with 3™ iy Figure 1D} canbe wied as it
were a calibration image captured or recorded at a second calibration depth 174. This
chinnnates the need to actually capture or record an additional calibration tmage from the
second calibration depth 174, Such a phepomenon may have many betefits over the
calibration method Hinstrated m Figures 1E and 1F. Forexunple, the thne required for
calibration 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 memory waed for
storing valibtation viakes ey be reduced, and the phvsical space used for the calibration
may be reduced.

HE ] In some embodiments, ondy a portion of a calibration image may be analyred
in order to performy calibration. For example, in embodiments where four panel-identification

fiducial markers areat cornery of @ panel, such asin the panels Hostrated in Figures 1A and
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1B, the four panel-identification fducial markers may bonnd all other fducial markers {eg,
other fiducial markers on the panet are disposad in between the four pasel-identification
fiductal markers). As such, any portion of a calibration image that fies ontside of the four
panel-identification fductal markers may be disregarded during image analysis. Such g
ferhniue may save computationa! rexourves and reduce calibration time

{0684} Figure 24 flustrates, in g front view perspestive fe.g., perspeetive parallel 1o
the x-v plane}, 9 calibration target used to calibrate one or more camesss {e.g.. O or mone
cameras used for pavigation of aonomons velncles), The calibration target may inchude the
first panel 12, the scoond panel HM4, and 8 connccting pioce 202, As with above, only one of
the Bducial markers 110 in Figore 2A 15 labeled in order 1o avoid claiter on the figare. As
ilustrated, sintlar to as lustrated in Fiaures 1A and 18, the first arvangement of fiducial
markers 110 on the first panet 102 and the second arrangement of fducial markers T the
second paunel 104 may be the same as one-another. This may include e of reore pattems of
fidueral markers 110 within the frst arrangenent matching ong or mare patterns of fiducial
markers 116 within the second arrangement. Matching may include the patterns andior the
grrangements havisg sionlar or identical spatial srvangements, sizes, andfor orientations, in
varfous embodinients.

{85} Also as ilostrated w Figores 1A and 18, the fiducial markers 11 themsebees
are sirtlar i the first panel 102 and the second panel 104, but not identical. One primary
difference 1y the panel-identifivation fiducial markers 108 on the first panel 102 and the
second panel 104, As Whastrated, the pancladentification fidncial markers 108 on the fiest
paned 102 and the secont pased 104 avein matching positions on the vespective panels, hut
they are not the same fiducial markers. Notably, the human-readable labels ave different {e.g..
a 17 om the first panel 102 and 2 ™27 on the second panst 1043 Further, the sngular barcode
section 114 of the panel-identification Sdueial moarkers T8 on the two pansels s different.
Another difference between the fivst panel 102 and the second panel 104 is that the fducial
nurkers in the sevond arrangement on the second panel 104 have angular barcode sections
114 that sre 1807 rotations of the corresponding angular barcode sections 114 in the fidueial
markers 11 i the first avangement on the first panel 102, In some embodinents, bowever,
the fiducial markers on the frst panel 102 and the second panel 104 may be identical, with
the exception of the panel-identification fishucial markers 108,

{6086} In even further erobodiments; the panels of the calibration target may not
include panel-identification fducial markers. Sull further, i such embodiments withoait
panel-identifivation fducial markers, the fducial markers-on the panels miay be exactly
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duplicated (e, the fidacial markers ovmultiple panels may be in the same avangements
and patterns on all panels). Beeause g ealibration method osed on the calibration warget may
be based on known srrangements of fiducial markers pn the pansls, the loration of each
fiducial marker relative to the rest of an arrangement 18 known {e g, based on s angular
barcodel. Further, if repeated coples of a given fiducial marker appesr in a calibvation mags,
s valibration method wmay account for this by recognizing that nultiple arrangements of
fiduotal roarkers are present tnthe calibration ipage, I nultiple arangements of fiducial
markers ave present in thecalibration image and the location of each fiducial marker withina
given arrangement is known, errors reganding which arrangement a given fiducial marker is
i can be avoided.

HE fu other embodiments, ifrepeated copies of a given Sducial marker appears n
a calibration image, a calibration method may include determirung that there are multiple
grrangements present within the calibration invage. Fusther, the spatial relationship between
the nultiple arongenients may be detenmined {e g detormining which pattern is leftmost,
rightmost, bottommost, Wopmost, second from the teft, second fromy the right, second from the
bottom, second from the top, ste. ). Using the spatial velationship, & calibration method may
inchude deternuning that one of the duplicate fducial markers came from g patietn whose
focation is known {e.g, i there arg two copies of the same fidocial maker within
calibration image, and one is located fo the lefl of the other, based on the spatial relationship
between associated arrangements, it may be deternuined that the fiducial marker located to the
el s assoctated with the lefimost arrangement, wherein the other fichscial marker is
associated with the rightroost arrangement). Based on this determination, errory regarding
which atrangement 3 stven fdoucial marker i3 I can be avoided.

{008} The calibration tarpet iHustrated m Figure 24 may be usesd to caliboate
cameras at-a fabrication facility. For example, b tmage sensor andfora bens may be
calibrated using the calibrabion target after fabwication iy complate (e r., Calibrated veing &
pinhole camera madel). Additonally s alternatively, the calibration target nay be used
calibrate one or more camerss upon assembly or installation. For example, when an image
seraor and a fons are together assembled within a housing to form s digial camera feg, ing
faptop computeror a mubile phone), the digital camera assombly may be calibrated. Ta still
other embodiments, the calibration target may be used to calibrate & canters while in use. For
example, ifa camera is being used for navigation on an autonomous vebicle, the calibration
tavget may be positionsd at ay exitof & garape, on a billboard, o on the road surface itself,

sueh that while the sutonomons vehicle i3 in motion calibwation can be performed. Sucha
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calibration may nchude 8 validation o a previousty calibrated stage (e, 3 “checkup™
calibranon ). I the camera Fals such a vatidation, the camera anddor the entive autononious
vehicle may be decommissioned permanently or temporarily (e, until vepuir is performed),
I the camera iy decomimissioned, a redundant backwyy candera may be emploved.

{608 The first panel T2 and the second panel 184 may be falwicated cutof g
varisty of matertals. The fiducial markers 110 may be printed on the first panel 102 and'the
second psnel 104, The connecting pisce 203 may be used 1o atiach the first panel 102 1o the
second panst 104, For example, the connecting pisce 202 way be welded 10 bath the first
panet 102 and the second panel 104, As desoribed further with respeet o Figure 2B, the
connected piece 202 may hold the st panel 102 and the second panel 104 at an angle
relative to each other.

HEBYH In aliemate embodiments, the fist panel HI2 and the second panel 104 nay be
directly conneeted to one another without using & connecting piece. Further, in some
embodinents, rather than using the entive calibration farget to calibrate a camera, only the
firat panel 102 oy the second panel 104 may be used o calibeate & camera,

{6691} Figure 3B is a top-view iHustration {s.g., porspective paraliel o the xz plane)
of the calibration target in Fogure 24, As Hlustrated, the conneting pleve 202 connedis the
first pane! 102 and the second panel 104 such that both are at 30° angles with respect to the
commecting plece 202, The dashed {ine 15 wed to Hlustrate a tne that iy collinear with the
connecting pisee 202, In allernate embodiments, differsnt angles may be used {e.g., abput 17,
gbout 27, about 3% about 49, about 5%, about 16°, about 157, about 207, about 25°, about 38°%,
about 40°, abowt 457, about 507, about 357, about 607, about 637, about 707, about 73°, abowt
&07, aboul 857, or about 907, A 457 angle may provide the most variability betwesn camera
perspectivis (£, the difference in the appearance of the panels when moving relative to the
calibration tavget may be largest wheny the panels are gt a 458%angle refative to the connecting
piene 202, Iy other embodunents, the conpectibg picce Hsel may be bent i form an angle
hetween the first panel and the second panel, St further, in some embodiments, the angle
between the first panst and the connecting plece may not be the same ay the angle between
the second pangl and the connecting plece {d e, 8, * &)

{6692} In sovne embodimenty, the camers undergoing calibration may be positioned at
a distance {e.g., M the z-direction) away from the salibration target that is equal o the focal
distance of the camera. For sxample, i the focal distance ix 2 meters, calibration images of
the cabibration target may be Captured or recorded at a perspsctive frowmn the calibration targst
that 1s 2 meters away (e, i ihe zedirection). Additionally or alternmively, the camers
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andergoing valibration may be posttioned at 8 distance (in the s-divection relative to the
calibration target, and/r the calibration target may be sized, such that the calibration targst
fills an entive field of view for the camera.
{0893} In additien, the calibration farget may be a part of a calibration system {e.g.,
wsed to calibrate s cameral. The cabibration system may alzo inchde 2 stags that is nsed o
transiate {e.g., stepwise) andior rotate {e g, stepwise} a camern relative 1o the calibration
arpet {e g fo capture o record multiphe calibiation bmages from multiple camera
perspectives). The stage may be controlled by a processor of a computing device that
exscuies a sot of instructions 1o step thestaze front one camers perspeetive 1 the next
relative 1o the calibration target. The carnera may capture or record calibration images
between or doring ench step {e.g. a8 controlled by the processor).
HEL Figure 2C iHestrales partof a calibration using an sltemative caltbration target
250, As deseribed with reference to Figures 18 and 1F, in order o determine 2 cames mairix
gssociated with a camera, a senies of calibration toages of the calibration target may be
captured or recorded from different perspectives. For example, as Hostrated n Figure 2C, 2
first calibration image may be caplired or recorded from a first angolar perspective 262 {eg,
ahout the p-axis) relative 0 a calibeation target 250, and thes the camera may be moved {or
the farget may bemoved) 1o a second angular perspective 264 relative to the calibration target
250 and a second calibration image carpwres;l orrecorded. In this way, two différent camera
angles relativeto the calibration target 250 may beused (v.g.. it the determination of the
camers mataxy.
{0695} HHusteated 1o Figure 2D is a portion of a calibration method using the
calibration farget tlastrated i Figares 2A and 28. In Figuwre 2D, a calibration tmage of the
calibration target may by captured or recorded from a single calibration: position 272, As
Hustrated, the caltbration position 272 may be aligned with the connecting piece 203 {w.g.,
the calibration position 272 way be parallelto the connecting plocs 202, i fanns of rolation,
and the aperture of the camera may be roughly hortzontally aligned, e, in the y-direction,
with the connecting piece 202, Further, the calibration positon 202 may be at a depth ez,
i the sodivection}, 'd; refative 1o the calibration farget. I some embodiments, the depthomsy
nstead be defined as the distance (e.g., along the s-direction} frony the camera to the
horizonial center of the panel, &, or as the distance (e, slong the s-direction) from the
camera to the horizontal edee of the panel, 7. Additonally or altcrnatively, the calibration

position 202 may be set such that the depth o v equal 1o the focal distance of 2 lens on the



camerst betng calibrated. As Hlastrated; the frst panel 192 and the second panal 104 may be
disposed at an angle with respect o the connecting piece 202 {e.g., a 30° angle).
{0894} Because the pansls are st an angle with respect to one auothsr, g calibration
image captured of recorded at the calibration position 272 cay be used tomitmie {eg,
simulate} multiple calibration images captured or recorded at multiple calibration angles of a
planar calibration targes (¢ g, van be used to simulate two cabibration images taken of the
calibrstion target 230; one from the first sngular perspective 262 and one from the second
angulay porspective 2641 In some embodiments, i order i ase the calibration image
captured or recorded from the calibration position 272 to simulate calibration images from
two angles {e g, the fivst angolar perspective 262 and the second angular perspective 264), 2
calibration image Lapnmd or recorded from the calibration position 272 may be cropped. Fov
exsruple, the Ieft half of the image may be wied to nmmic 3 calibrabon mage of the
calibration target 250 taken from the second angular perspestive 264 and the right hatf of the
tmgge may be used o minic a calibration toage of the calibration target 250 taken from the
fivst angalar perapegttee 262
{6697} This may eliminate the need 10 actually capture o record calibration images
from muliiple angles. Such 3 phenomenon may have many benefits over the nultple-location
calibration method sHustrated in Figure 2C, For example, the time required for calibration
may be vedacad (hotly 1y terng of capluring or recording calibration ages and comyputation),
the cnst ot the ealibration may be reduced, the ameuat of memory weed for storing ealibration
frospes iy he redaced, and the plivsical space used for the calibration may be redoced.
HEIV A Because the fivst panel 102 and the second pasel 104 may have scaled patterns
of fiducial markers 118, i is also andersiond that the feabwe of having o calibration targst
that enables multiple depihs 1o be simulated {eg., as Hlustrated in Figors 1G ina single
calibration image may siso be present in-the smbodinent of Fiawe 20 T, af leastbwo
angles can be simulated and at least two depths can be simudated wing the calibration target
gnd calibration arrangement of o Figure 213, Hence, at mininnum, one calibwation mage can
simulate at least four calibration images, cach taken from a different clibration location, of &
planar calibration target that does not employ fiducial marker sealing. In alternate
enmbodiments, where additional sealing andior angles of paneds are used, even mors
calibration locations may be stinulated. This is further deseribed with reference to Figures 4A
and 48,
HERSH fHastrated in Figore 34 is o third panel 302 catibration tavget. The thivd

panel 302 may bea portion of the same calibration farget as the firss pane! 102 and the second
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paned 104, Stintlat to the fest paned 102 andthe second pangd 104, the third panel 302 may
mctude a series of Hducial warkers 110 arranged thereon. Again, only oae of the fiducial
markers 110 s Inbeled to avord cluttering the figure. Like the fivst pansd 102 and the second
panel 104, a subset of the Gducial markers 110 may beused as third-panel-identification
fiduoial markers 108 Forexample, the Sducial markers 110 nearest {0 the comers of the third
panel 302 may indicate the identity of the third pane] 302, As illustrated, the fiducial markers
110 on the thivd panel 302, with the exception of the thivd-papselhidenufication fiducial
markers 108 i the comersof the thisd pansl 202, may metch the fidacial markers 110 ofthe
first pasel 102 {as dflustratod in Fimure TA) and may be 1807 rotations of the fiducial markers
110 of the second panel 104 (a5 Hlostrated 1n Figore 1B).

HEEUREH Aswith the first panel 102 and the second panel 104, another subset of the
fidacial markers 110 on the thivd panel 302 {e.g., all of the fiducial mukers 110 other than
the third-panel-identifivation fductal markers 108} may bein o third greangement of fiducial
markers 116 The third sreangement of fducial markers 110 may inchude pultiple patierns of
fidwetal markers 110 For example, the turd arrangement of fideciad markers 110 may
inchede at least a Gifth pattern of fiducital markers 110 and 4 sixth pattern of fiducial markess
10 The sixth patiern of fiducial markers VI may be s scaled version of the fifth pattern of
fidueiad narkers 110 o various ermbodiments, there wmay be varibus pattems on the third
panel 302, This will be described further with reference o Figuwres 8A-6E.

U Hustrated in Figure 38 s a-fourth paned 304 of 3 calibration target. The furth
panel 304 may be o portion of the same calibration tavget as the first pavel 102, the second
paael 104, and the third paned 302, Stmilar o the finst panel 102 the second panel 104, and
the third panel 302, the fourth panel 304 may include a series of fiducial markers 110
arranged thereon. Again, only ong of the fiducial markers 118 is labeled 0 aviud cluttering
the figure. Like the first panel 102, the second panel 104, and the thind panel 303, a subset of
the Bducial markers [ HY way be weed a5 Towrth-panelidentiflication Rducial iarkers 108, For
example. the Hducial markers 110 nearest to the comers-of the fourth panel 304 may indicate
the identity of the fourth panel 304, As illustrated, the fiducial markers 110 on the fourth
panel 304, with the exception of te fourth-pancl-sdentification fiducial markers 108 n the
corners of the fourth pansl 304, may match the fidoecial markers 110 of the second panst 104
{as Hustrated in Figure 18) sad may be 1807 rotations of the fiducial markers 110 of the fiust
pansgt 102 (as Hlustrated 1o Figure 1A ) and the turd panel 302 {as Wostrated in Figure 3A)
HE RO As with the first paoed 102, the second pavel 104, and the thivd panel 302,
snother subset of the fidecial markers 110 on the fourth panel 304 {e.g., all of the fiducial
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sarkers VY ather that the fsitthepanebidenmitfication fideaal markers 08 may ben g
fourth arrangement of fiducial markers 110, The fourth anvangement of fiducial markers 110
may mciude nudtiple patterns of fiducial markers 110, For example, the founh srrangement
of fiducial markers 110 may include at least a seventh pattern of fducial markers 110 and an
stahth patternof fiducial warkers 110, The eighth pattern of fiducial markers 110 may boa
scaled verston of the seventh pattern of Hducial markers 110, Invanous embodiments, there
nay be various patteras onthe fourth panel 304, This will be deseribed farther with reference
0 Figes 8A-GE,

{08183 Sumlar to Figure 24, Figpe 44 llustnes, in g front-view perspoctive (e,
perspective paraliel to the v plane), a calibration target used o calibrate one or more
cavneras (eg, one oF ore careras used for navigation of astonomous vehicles), The
calibration target may inchede the fivst paned 162, the second panet 104, the third panel 302,
the fourth pancl 304, and multiple connecting pieces 402, As with above, only one of the
fiducial markers 110 in Tigure 44 1 abeled in order 1o aveid clottering the Sgore. As
thostrated, simifar W as Hlostrated in FPigare 24, the thisd arvangement of fiducial markers
116 on the thivd panel 312 and the fourth arvangement of fiducial markers 110 on the second
panel 104 may be the same o8 one anotler: This nay inclade one or more patteras of fidurad
markers 110 wathin the third wrrangement nwiching obe or wore patterns of fiduciad mavkers
110 within the foorth arrangement.

HULRIES Sinular to the calibration target Hlustrated in Figure 24, the caltbratien target
Hhasteated m Figore 44 mayv be-osed 1o calibrate cameras st a fabrication facility,
Additionally or alternatively, the calibration target way beused to ealibrate one or more
cameras upon assembly o instalfationn.

[00105] Figure 4B is a top-view iHlustration {e.g:, perspective parally to the x-z planed
of the calibration target in Fignre4d. As Hustrated, one of the connecting preces 402 may
conneet the first paned 132 and S second pavel 184 such that both are &t 30% angles with
respect 10 the connecting plece 402 {stmilar to the calibration target itlustrated in Figure 2B).
Additionally, one of the connegting pieces 402 may comnect the third panel 302 and the
fourth panel 304 such that both arve a1 207 angles with respect fo the connedting plece 402
Sull forther, another of the comscting piocss 402 myay covwsectthe firet paned 102 and the
seconyd panel 104 1o the third pane! 302 and the fourth panel 304, The dashed Hnes are nsed o
iustrate hnes that sre collinesy with at least one the connecting pleces 404 In some
embodiments, the dashed hines may be pavallel to one anather andior pavalle! to the raxis {as

Hustrated 1 Fippe 4B In aliemate embodinents, different angles may be wsed (eg., about
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1%, about 2%, about 3°, about 4°, about 5°, about 10°, about 15°, about ¥, about 25°, about
357, about 40%, abaut 45°, about 50°, about 35°, about 60°, about 65°, about 70°, abaut 75°,
about 80°, about 857, or about 90%). A 45% angle may provide the most variability between
prrspectives (e, the difference iy the appearance of the panels when moving relitive to the
calibration target pay be largest when the panels are af 3 457 angle refative to the conpecting
picce 202). In some embodiments, the connecting pieces 404 mav themwselves he angled to
provide one or wore sugles between the fow panels: Sl forther, 1o somwe embodiments, the
angle botwean the first paned and the comtecting piece may not be the same as the angle
betwesn the second panel and the comecting plece {ie, B = #5) anddor the augle botween
the third panel and the cornecting pivcs nay not be the same as the angle between the fourth
pavel and the conmecting piece (Lo, Py = &) In some embodiments, 8; = & #, =&,

G =y or o=

{6a186] fn some embodimenty, the middle connecting piecs 402, which connects the
two pairs of panels, may conngct the pairs of panels i such 3 way that they are atan angle
with-ong another, Said another way, the dashed fines Hostrated 1 Figore 48, in some
embodiments, may not be paraliel 1o one another. Having this addittonal anple between the
two pairs of pansls may allow o additionst sinmhated calibration images from a single
trmage (zee description with respect to Figures [E-1G and Figures 2C and 21,

{66167} In aftemate embodirpents, rather than a center copngtting piecs conneching the
pair of first and second panels with the pair of thivd and fourth panels, the two pairs of panels
may be unconnecied and mdependently positionad relative fo one snother. This may allow for
the hwo patrs of panels to be at & variety of angles with respeet fo one another. Further, sach
ar angle betweeyn the pavels may be adjustable by moving one ot both of the pairs of panels.
Even finther, in scme smbodiments, the two pairs of pansds may be placed on oppusite sides
of the camera. In such emboditents, the camers may rotate fo capture oy ecord multiple
calibration images 3o @8 to capture ov record each of the two pairs of panels. Additonally or
aliernatively, the camera may include a wide-angle fens or a fisheye lons to capture afl or
portions of both pairs of panels from a single camera angle/position. In such cmbndiments,
the wide-angle lens or fisheve lens may be an inherent component of the camera (eg., rather
than & feny added solely for calibration),

{31108] In some ombodiments whete the two pairs of pansds (Fe, two subsections of
the same calibration targer) are positioned on oppuosite sides of the camera 1o be calibrated,

the two pairs of panels may be different distances from the camera. Durtig calibration,
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having panelsat difforent distces from the cambns raay bound the focal distance relative (o
the camera {e.g., by including one set of panels fovated at a distance greater than the focal
distance and one set of panels located at a distance Tess than the focal distance), hnother
embodiments, there may be more thas two pairs of pansls placed at varying angles and
focations relative to the camera to be calitwated. In still other emboduments, rather than pairs
of panels, a single panel or three or morg panels may be ased st one or more of the locations.
HEH TR As Htustrated i Figures $C-4E, in some embodiments the two pairs of panels
miay be arrangedin an inverted pyramid orentation telative fo the camera {2, where the
base of the inverted pyramid is facing the camerg, L., where the point of the pynamid is
facing away from the camera). For example, one or both of the two pairs of panels may he
rotated above & horzontad axis {eg, the x-aaisin Figares $04E} in addition to g verticad axis
{e.g, the saxas in Figures 40-4E) Such a horrontal-axis rotation may correspond to feaning
ane ot both of the patrs of panels. As in Figures 4C-4E, a first pair of panels {e.g., the first
paned 102, the second panel 104, and the conpecting piece 402) may be joined 10 a second
pairof panels (eg., the third pavel 302, the Tourth panel 304, and the connecting piece 402)
gsing ong or more connecting pleces 452, Figure 4C may Hlostrale a frontview of the two
patrs of paneds, Floure 40 may tHustrate o top-view (e.g. o'a top-view rotgted IR0 relative
10 the frontsviow) of the bwo pairs of panels, and Figure 45 mny illustrate a side-view of the
two paits of panely

jeB1 18] The mverted pyramisd structure for s calibration target, as ilustrated in Figures
4C4E, may atlow foar different angles. For example, the first panel 102 and the second panel
104 ave al 307 angles relative o the conuscting plece 402, the third panel 302 and the fourih
paed 304 are at 207 angles relative tothe eounecting piece 402, the first pair of the first panel
102 and the second panel 104 areat g 107 angle . and the second pawr of the third panel 302
and the fourth panel 304 areat a 187 angle. notherembodiments; other angles gy be used.
fi stilf other embodiments, sight unigue angles, rather than four wiigue angles, may b
included (e if the first panel 102, the second panel 104, the thivd panel 302, and the fourth
panel 304 are all at different angles). The fact that eore than two angles are meluded i the
calibration target may allow for additional calibration hmages 1o be sinndated esing a single
calibration image. In vet other smbodiments, rather than muliiple panels at angles with
respeet to one another {e.g., i an sccordion style as Hustrated in Figore $A), & panel may be
shaped henvsphorically. This may allow for s contimanm of angles o a single pancelrelative

£ the camera. In some embodiments, 2 non-inverted {as opposed 1o an wnverted) pyramid



structurs may be used for a calibration target. In still yvet other embodiments, a panel may be
shaped as @ semi-sphere or a semi-cylinder {e.r., a halfioyiinder),

HERRE Figure 3 dlosirates g panel 502 of § calibration target. The panel 502 may be
strlar fo the fivst panel 102 tlustrated b Figure 18, As illustrated, the panel 502 has fiducial
markers 1O thereon {eg, focated i patfermy and/or arrangements v the pangl 3021 As
hefore, only one of the fiducial markers 11015 labeled fo provent the figure from being
clattered. The difference between the first panel 102 iHustrated n Figure 1B and the pavel
302 in Figwre 5 s that the panel-identification fiducial marker 108 s in a center portion of the
panel 302 mther than at the corners. As such, thers is only one pancl-identification fiducial
marker 108 in Figure §, rather thavonudiiple, Inaliemate eabodiments, there may be hoth a
paneh-identification fiduacial marker g center portion of the panel and pancl-identification
fdocial markers around comers or edues of the panel. Further, across a single cabibration
target the panchidentification fiducial markers may be located v different regions on
different panels. For example, one panel may have a panel-identification fiducial markerina

center pottion and anwther may have panel-tdentification fiducial markers at comers of the

parsel.
HEL RO Figure 6A s an ustration of @ panel 602 of a calibration target {e.g., sinslar

10 the firstpanel 102 ilostrated 1n Figore 1A) The panel 502 may have naduple patterns of
fiducial markers thereon. In Figure 6A, a first pattern may inchude fducial markers labeled
with a “ 1™ and a second patiom may nchude Hiducial markers labeled wath 8 27 As
tHhusteated, the second pattery may beascaled version of the first patter. Also as lastrated,
the panel 602 may have panel-idantification fiducial markers {e g, labeled wsing 2 “0™Yat
corners of the panel 602, Unlike the first panel 102 Hhustrated i Flgure 1A, the panel 6012
may enly include two rectangular patters (as opposed fo six}, In various embodiments,
various munbers of pattens may beintladed on each panelof the calibration target. Further,
in spme embodiments, dilferent panels of the same calibration target vy Includs differmg
npnbers of putterns. Additionally or alternatively, i various embodiinsnts, patiems on
pancls of calibration targets may have different shapes {e.g, other than rectangular). For
exanmple, in some embodivoents, the patterns may be civendar, triangodar, pentagonal,
hexaponal: heptagonal, octagonal, nonagonal, or decagonal i shape.

{68113 Figure 68 is an illusiration of a panel 604 of a calibration target {e.g., similar
to the panel 602 jHustrated in Figure 6A). Unlike the panel 602 iHustrated in Figare 64,
however, the panel 604 m Figare 61 has a single panel-tdentification Sducial marker (eg,
fabaded with & “07) located tn & center portion of the pagl 604, rather than multiple panel-
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identiBostion Bducial markess ab covnery of the pavsel. Further, the first patiers of fiduciad
markers {e.g., labeled with “17) and the second pattern of fiducial markers {e.g., labeled with
27 are i g slightly difforent onentation/shape with respect to the panel 604 io Figure 6B
than are the first and second patterns of Hduetal markers o the panel 602 of Figure 6A.
{80114 Fipure 6 13 an tlusiration of a panel 606 of g calibration target {o.g., similar
1o the panel 602 tlustrated in Figure 5A). Unlike the pangl 602 WHustrated i Figure 6A,
however, the pasel 606 in Figure 6C s a cireulur panel. Additionally, similar o the pangl 04
Hiustrated 8 Flgers 6B the panet 606 has a single pancl-identification fidecial marker (e.g.,
abeled with 307 located in § conter portion of the panel 606, Further, the shape of the first
pattern of Hducial markers {eg, Inbeled with "1} and the second patiern of fiducial markers
{e.g., lnbeled with 37} is civeular. Cirewlar pattemns of fidueial markers may moteh the shape
of the pane] 606 and thus allow for an eificient use of space on the panel 606,

{06115] Figure 61 is an illustration of a panel 608 of a calibration target (e, similar
ie the panel 604 iHustrated in Figuve 6B). Unbike the panel 604 ilostrated in Figure 68,
however, the pane] 608 in Figure 613 has fiducial markers that are vectangudar {e.g., squarey in
shape, rather than circular. Rectangalar Sducial markers may maich the shape of the pangl
508 and thus altow for an efficient use of space o the panel 608 of alignment of fiductal
markers it patterns ow the pasel 608,

{0116 Figure 68 is an ilkustration of a pangl 610 of a calibration target {e.g.. simtlar
to the panel 604 Hlustrated in Figure 6BY. Unliks the panel 604 ilustrated in Figwre 68,
however, the pane] 610 fn Figure 6F has Hducwd markers that are star-shaped, rather than
civaudar. Further, as Hostrated in Figore 6F, the starshaped fiducial markers may cotncude
with a fiest pattern of Bdoctal markers feg, labeled with 17} and a second pattern of fiducial
markers {e.z:, labeled with "0 having fducial markers placed within the respective patterns
at points of a star shape. In ofher words, the star-shaped patterny of the fducial markers may

be mirrored by the frst and second patierns.

. Example Processes

{06117} Figare 7 s g Qowchart iHustration of & method 700, according fo example
embodimenty, The muethod T8O desoribed may mdude one or wors operations, functions, o
actions gs Hlustrated by one or more of the blecks. Although the blocks are tlostrated in a
sequential order; these blocks may o some instances be performed in parallel, ovina
different ovder than those described beretin Alses the varions blocks may be combied into
fower blocks, divided into additional blocks, or removed based upon the desived
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implementation. Farther additionad Blocks deserbing additional, non-essential steps may be

mctuded m some variations of the methods contemplated herein,
{60118 i some embodiments, oneor more o the blocks of Figure 7 nay be

performed by a computing device. The computing device mwy include vonyputing
componentssuch as & non-volatile wiemory {eg., 8 hard drive or a read-only memory
(ROMY), a volatile menory {e.g, a rando-gocess memory {RAM), such gs dynamig
randon-access memory (DRAMY or static randomssiccess memory (SRAM), a wser-dnput
device (e.g, a mouse o a kevbomd), & display (e, an Heht-emitiing diode (LED) display or
& hguid ervstal display (LGRS, andior o network cosununication copteotler {eg., 8 WIFI®
controlier, based on IREE 802 11 standards, or an Fthernet contreller). The computing
device, for example, may execute instructions stored on a pon-transitory, computee-readable
mediam (&g, 3 hatd drive} to perforn one or moere of the operations described berein,

HE LT At blogk 702, the method 700 may inchude capturing or recording & calibration
tmage of a targel using s camera. The target may inchude a first pane! having & first
arrangement of fiducial markers thereon, Each of the fiducial markers in the first arvangement
may be unigue among fiducial markers in the first arcangement. The target may also inchude &
second panel, disposed at g Hrst angle relative 1o the fivst panel, having g second arrangement
of fiducial markers thereon. Bach of the fiducial markers n the second arrangement may be
unique amony fidecial markers i the second mrangement. The fisst arrangement of the
fiducial markers may be the same as {Le, mateh) the second arvangemaent of fiducial markers.
{oa128y I some embodiments; the st panst may Rether inchude one o more Hrst
panel-identification fichecial markers that uniquely identity the st panel. Additionally or
altlernatrvely, the Grst srrangement may imchude a st pattern of fiducial matkersand a
second pattern of fiducial markers. Further, the second pattern of fiducial markers may be a
scaled version of the Best pattern of Aducial markers. Still further, the second panel may
include one o more second-panel-identification fiducial markers that wiguely identify the
second panel. The second arrangement may additionally inchude a third pattern of fiducial
markers and a fourth pattern of fiducial markers. The third pattern of fiducisl markers may
mateh the frst patters of fducial markers and the fouwrth pattern of fidecial markers may
mateh the second pattern of fiducial markers,

{68121 At block 704, the method 700 may inchude determining locations and
wentifications of one or more fducial oarkers in the cahibration image.

{122} Abblock 706, the method 700 may inchude, based on the determuned locations

snd identifications, calibrating the camera.



{00123 Clalibrating the camera may inchude determining corvelations between the
determined focations and identifications of the nue or more fiducial mwarkers in the calibration
g and lovations and identifications of the one or more Hducial markers on the calibration
targed. Based on these determingd convelations, parameters of @ cameri matris may be
sstimated using a pinhole camera model. Lising the pinhole camera modal may inchuds
determining o three-dimensional location of a pinhole representing an aperture of the camera
using the detenmined corvelations, Additionally or alternatively, calibsating the camera may
mehude accounting for radial distortions or langential distortions.

{001 241 in one exampde embodiment, the method 700 moay inchude splitting the
captured or recorded calibration trosges into mudiple simulated cabibration images {eg, oue
simulated calibration image for each pattern within each panel). The nudtiple simalated
calibration inages of mudtiple patterns may then be used to represent multiple actoal
calibration images cuptived or recorded of a'single pattern (af & dationary 31 location) from
nwitiple perspectives (e, nwltiple angles andfor maltiple depths). Using the multiple
stuilated calibration images, camers parameters {e.g, parameters of a Camers matrix
corresponding (o the pinhole camera model) may be optimized. This optindzation may
correspond (o @ nintinized reprojectiom error m mappiug the 3D focation of sach fiduewd
marker 1o the 21 location of the fiducial markers in the calibration images.

{0125 In some ebodiments; the locations and identifications of the one or muore
fiducial markers on the calibration target (e, “ground tnith™) may be established based on
one or more methods used to print Hducial markers on panels of the calibration target,
mcthods vsed 1o arrange paely of the calibration target relative to opeanother or sther
fabrication/assembly mudhods. Additionally or aliemuatively, the locations and identifications
of the one or more tiducial markers on the calibration target may be established by spother
optical procedure. Forexample, naing a el detection and vanging {LIDAR] system, precise
focations of each of the fducial markers within the calibration tavge! sy be determined.
{06126} Deternining a three-dimensional location of & pinhole corresponding so the
aperture of the camera using the determined correlations may be an NP-hard problem. As
such, i somie ambodinentsconce the location of the pinbole has been determined, additional
calibrations may be performed to determine whether a camera matrix associated with the
calilrated camera is stilf accurate to within g piven degree (e g, after a predefined amount of
time has elapsed duwring which the cansora misy have become detunedy. Deternining whether

the camers matrix s accorate to within a given degree may requive fower calcalations, as



such & comparison tnay nol be sy NP-hard problosy Swhereas the origimal determanation of the
camera matrix may be).

{681274 Further, calibrating the camera using the captured or recorded calibration
images may inclode detenmining an angle, refative to the mage sensor in the camera, where
sach pixel i the camera s facing. Determining an angle for each pixel nay include
generating a lookup table of angles for each pixel. Alternatively, determining snangle for
gach pixel may inchude generating a parsmettization that describes the angles {eg. 2
parameterization based on two, thres, foar, five, six, seven, sight, ninm, ton, sio, vanables)

Liengrating a parametrization may be less computationally intensive than genseating a lookup

table.
{68128 f some embodiments, the method 700 may also inchede rotating the camens

relative tothe target and captering or recording an additional calibration image. Rotating the
cantery relative o the target nwry nchuds rotathng the camera ghout & pitch anis (e, sbout an
aeaxis), about a voll axis (e g, ahout a z-axis), abont a yaw axis {e.g, about a y-axis), or abowt
g superposition of axes selected from among the prich axis, roll axis, and vaw axis. Rotating
the camera maviatlow for one or more additional calibration mages 10 be captared o
recorded frinm different perspectives relative fo the tanget. Addittionally or aliernatively,
rotating the camers may allow Tor additional calibration 1oiages fo be caphwed or recorded
auch that the eptivety of the calibration twget Is captured or recorded among the set of
calibration images. For example, if the Held of view of the vamers undergning calibration 18
narrower {in one or more dimensions) than the calibration target based on the posibon of the
camera refative to the cahbration targel, maltiple calibration tmages may be captured or
recorded of the calibation farget such that the sativety of the calibuation target is captured or
recorded. In one embodiment, this may include capluring of recording & calibration timage of
a first panel of g calibration farget, rotating (or anslating) the camera such that it faces &
second panel of the calibration target, caphwring or recording 3 calibration image of the
seconsd panel of the calibration target, amd then performing a caltbration of the camers using
both the calibration image of the first panel and the calibration image of the seeond panel In
alternate embodiments, a single cahbration image or nultiple calibration images of the
calibration target may be captured of recorded without translating o rotating the tfarget.
{68129 {1 somie embodiments, the method 700 sy also include translating the
camera relative to the calibration target and capturing or recording an additional calibration
image. Transtating the camera relative to the calibration target may include transiating the
ramersin 8 horizontal divection paralis! to the calibration target {e.g, x-dirgction),
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horizontal divection vormal (o the culibration farget {e g m-direction), a vertical diredtion
paraliel to the calibration target {e.g., y-direction), of a superposition of directions selected
front smong the borizontal-parallel, horizontal-normal, and vertical-paraliel direction,
Translating the camers may allow for one or more addittonal calibvation nages tobe
captured or recorded front differont perspectives ralative o the target. A calibration of the
camera may then be performed using both the calibration image captured or recorded before
iranslating the camers god the one or more additional calibration images capured or recorded
from different perspectives afler ranslating the camera.

{08136 The method 708 may further include cropping the celibration imazs fote twin
or more calibration sub-inages (e, at least one sub-fmage of the first panel and at least one
sub-image of the second panel). In this way, individual panels of the calibration target can be
ssodated and analyred ndividuatly. Such an individual analvsis of each calibration sub-image
nmay fake bieto accow the fact that the first panel sod the second panel may be at different
angles with respect to the cimera captaring or recording them {e.g., because the two different
pasels were simulating different camers positions relative to the calibration target).

{66131} in some embodiments, multiple calibration tmages may be captured or
recorded using the calibration target. For example, a computing device may be conngcted tr g
stage on which the camera undergoing calibration is mounted (e, as part of a calibration
system that inchudes the stage and the calibration target). The computing device may be
ronfigured 1o transiate and rotate the stage relative to the calilyation farget. In such
embodiments; the compuiting device may translate the camera relative to the calibration twrget
stepwise. AddiBonally-or alismatively, the computing device may totade the camera relative
to the calibration target stepwise. As the camera iy translated or rolated in a stepwise fashion,
calibration images may be captured or recorded of the calibration target from different
perspectives of the camera. Bachrof the calibration images may be used as additional data for
calibration. For example, aealibration target that has v panels-at 8 given angle may
simulate two angles 1n 2 single calibration mmage, but if the camera rotates stepwise and
captures of records additional calibration hmages, two addional calibration angles may be

obtained for cach addivionad calibration image captured or recorded.

IV, Conclusion

{60132 The present disclosore I not to be Hmited iy terms of the partiaudar
entbodiments desoribed bnvthis application, which are intended as Hlustrabions of vatious
sspects, Many modifications apd variations cap be made without departing flom #Heope, 88
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will be apparent o those skilled in the arl Functionally squivalent methods and apparalisses
within the scope of the disclosure, in addition to those desenibed hergin, will be apparent to
those skilled i the srt fromy the foregoing descriptions. Such modifications and vartations are
intended to fall within the scope of the appeanded dlaims.

{36133 The above detailed deseription deseribes various features and operations of the
disclosed systens, devices, and methods with reference to the accompanying fgures, The
eyaniple embodiments deseribed berein and 1o the Hgures are not meant 1o be Hmiting. Other
embodiments can be wtilized, and other changes can be made, without departing from the
seop of the subject matier presented berein. 1o will be readily understood that the aspectsof
the present disclosure, as generally described hevely, and fHusteated in the figores, can be
arranged, substituted, combined, separated, and desigued in g wide variety of different
confivarations,

{06134} With respect to any or alt of the message fow diagrams, seenarios, and flow
charts in the fgures and as distussed herein, each step, block, operation, sndfor
communication can reprosent g processing of information andfor a transmission of
information in accordance with example embodiments. Alternative smbuodiments are included
within the scope of these example embodiments. In these alterative embodintenss, for
exgmple, apergtions describied as steps, blocks, ransnissions, commumeations, requests,
responses, andfor messages can be executed oul of srder frow that showy or discussed,
including substaptially concurrently o in reverse order, depending en the functionality
tvolbved. Fanther, more ovfower blocks andiovoperations can be ased with any of the
message How dingrams, svenarion, and How charty discuesed horein, and these messags flow
diagramy, seenarios, and flow charts san be combined with one anther, in part or iy whale
{60135 A stey, block, or operation that represents a processing of information can
corraspond fo ciropitry that can be confignred to perforny the specitic logical fimctionsof a
herein-desoribed methed o technigue, Altermatively or additionally, a step oo block that
represents a processing of infrumation can ootrespond o g module, a sepment, or a portion-of
program code (including related data), The program code can include ong or more
inatructions executable by o processor for implementing specific logical operations or actions
i the method or wehmigue. The program code andior related data can be stored on any type
of computer-readable mediunt such as 8 storage device inclading RAM, a disk drive, a solid
staferdrive, or another storage wedion,

HE R The computerweadable medinm can also nclade novetranstitory compter-
readable media sach as computer-readable media that store data for short pertods of time like
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register memory and processor cache The compaterreadabls media can furthier inclade ngp-
transtiory computer-readable media that store progran code andfor data for lenger periods of
thme. Thus, the computer-readable medis may inchude secondsry or persistent fong term
stovage, ke ROM, optical or magnetic disks, solid state drives, compact-dise read only
memory {CD-ROM), for sxample. The computer-readable media can also be any other
volatile or non-volatile storage systens. A computer-readable mediwm can be ponsidered 2
computer-readable storage medium, fir example, or a tangible storage device,
{06137} Maoreover, a sep, block, or speration that represents one o nuwe infinmation
transmissions can correspond ta information ransimissions hotween software andior hardwate
modules in the same physical device. However, other information transmissions can be
between software modules anddor hardwars modules in different physical devices.
{06138 The particalar arrangements shown st the figures should not be viewed as
fmiting. 1t shoulkd be understood that other embodiments can fnclude more or tess of each
elernent shown o g given figare. Further, some of the iHusirated elements can be combined
or ommtted. Yt further, an example embodiment can include elements that are not iHustrated
in the figures.
{00139] While various aspects and cbodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled 1o the wet The vantons aspects and
embodiments disclosed beretnare for purpose of Hustration and arg not intended to be
Lmwting, with the true scope being indicated by the followiny clsims,
{o6148) Brobodiments of the present disclosure may thusrelate toone of the
enumerated example ewmbodiments (EEEs) listed below,
{88141} EEET 16 & tarpet used for calibration, comprising
a first panel having a fivst arrangement of fiducial markers thereon,
wherein sgeh of the fducial markers iy the first arrangement s sniguely
dentifiable among fiducial markers it the fst arrangement and
a second panel, disposed at a first angle relative to the first panel, having a
second arrangement of fiducial warkers thereon,
wherein cach of the fidaciad markers in the second arrangement s bniguely
whentifable amony Bdecial markesy i the second avrangement, and
wherein the fivst arrsngement of fidecial mankers mustches the second
arvanpement of fidocial markers,

HEE R4 EEE 2 s the target of BEE 1,



wherein the first panel] forther comprises one of wore first-panel-idestification
fulucial markers that uniquely identity the first panel, and
wherein the second panel further comprises one or mors second-panst-
identification fidoctal markers that uniquely identify the second panel.
j006143] EEE 3 iy the target of BEE 2,
wherein the one or more first-pansl-identificstion fiduciad markers are
disposed in one or more comers of the first panel, and
wheretn the one or more secondepanshidentification fidacial markers are
disposed in one or mors comners of the second panel.
{00144} EEE 4 is the target of any of EEEs 1-3, wherein the fducial markers o the
first sevangement snd the second arrangemwent are cireular i shape,
{00145] EEE 8 is the target of any of BERs 144, wherein the fducial markers iy the
first arrangement and the second srrangenient conyrise crosshairs that identify ¢ venter of
each respective fidacial marker.
{08146} EEE @15 the target of any of EEES 1.8, wherein the Sduciad woarkers in the

first artangement and the second arrangement wre each unigquely labeled by respective angalar

barcoges.

{147y EEE 7 is the target of EEE 6, wherein the angular barcodes comprise i ten-bit
sncoding schome where vach bit iy represented by o Hghtor dark section réprestntings L or a
8.

{06148) BEE 8y the target of BEE &, wherein the angolar barcodes ave votationally

anigque such that, even Wrotated by any angle; the angudar barcodes will not match one
anther.
[00149] EEE 9 is the target of any of EEEs -8, furthey conprising:
athird panel having athivd srrangement of Bdudcial markers thereon,
wherehn cach of the fiducial markers 1y the third arratgement s wiiquely
identitiable among fiducial markers in the third arrangement, and
wherein the third panel further comprises ong of more third-panel-
identification fiducial markers that wiquely ideatify the thisd pasel; and
a fourtl panel, disposed at a second angle refative to the third pasel, baving a
fourth serangement of fiducial nuarkers thereon,
wherein each of the liducial markers in the fourth arrangement is wiquely

wdentifighie among Hducial muarkers fivthe fourth asrangement,
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wherein the fourth pasel Bwather comprises one or move fourtl-paneh
wlentification ftucial markers that aniguely wdentiy the fourth panel, and
wherein the second angle 15 not equal to the first angle.
HEG I EEE s the target of RER 8,
wherein the third pansl and the fourth panel are disposad at a third angle
relative to the fivst paned and the second panel, and
wherein the third angle s about a different axis than the first sogle and the
second angle
[00151] EEE 11 igthe target of sivy of BEEs -1,
wherein the first agrangement comprises a st pattern of fiducial markers and
aspeond pattern of fiducial markers,
wherein the second arrangement comprises a third pattern of fidecial markers
and a Tourth pattern of fiducisl markers,
wherein the second pattern of fiducial markers is a scaled version of the st
pattern of fidacial markers, and
whersin the third pattern of fiducial markers matches the first pattern of
fiducial markers and the fourth patiers of fducial markers taiches the second patiern
of fiduemsd markers
{1524 EEE 12 is the target of any of BEEs 1-11, wherein the fiducial markers in the
second arrangement pattern are 180-degree rotations of the fiducial markers in the fivst
greangenent at 3 corresponding location,
{08133} EEE 13 1¢ the target of any of BEEEs 1412,
wherein the fidectd markers i the fivsUamrangement compiise & fisst color and
the fiducial markers in the second arranzsment comprise a second color, and
wherein the first color and the second color are different colors.
{154 EEE 14 5 a tthad, comprising
recording & calibration mmage of g fargst using a camersy, whemin the target
COMPFISEs.
a first pane! having o fivst wrrangement of Rdocial wmarkers therson,
whetein cach of the fiducial markers in the first atrangement is
uniquely identifiable among fiducial markers in the first arvangement; and
a second panel, disposed at a first angle relative to the first panel,

having & second arvangement of fiducial markers thereon,

e i3
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wharsin edch of the fiducial warkers n the second arvangement 8
uniquely identifiable ameong fiducial markers in the second arrangement, and
wherein the first arrangement of fiducial markers matches the second
avrangement of fducial markers; and
determining locations and identifications of one or more Hducial markers in
the calibration mage; and
based on the determined locations and identifications, calibrating the camera.
{06138} EEE 13¢5 the methiod of EEE 14, wherein calibrating the camers comprises
using cmrelations betwsen locations of the fiducial makers oo the first panel and locations of
the Bducial moarkers on the second panel (o estimate parameters of a camera matrix using a
pinhede camers model.
{00156] EEE 16 i the method of BEEEs M or 15,
wherein the first srrangement comprises a first pattern of fiducial markers and
a second patters of fiducial markers, and
wherein the second pattern of fiducial markers s ¢ scaled version of the first
pattern of fidacial markers.
{08157} EEE 17 4s the method of any of EEEs 1416, further comprising:
retating the camera relative to the target and recording an additional
caltbration image; and
determindng kcations and identifications of ong or move filucial markers i
the additional calibration fmage.
{06158 EEE 1R s the method of EEE 17, wherein rotating ther camerd velative fo the
targef comprises rofating the camery about at feast one of a piich axis of the camears of ¥ radl
axis of the camera.
{159y EEE 19 iz the method of any of EEEs 1418, firther comprising:
moving the camera and secording an additional calilwation image; and
determining kcations and identifications of one or more fidacial markers i
the additionn] catthration mags.
{06168} EEE 2015 a systenvused for calibrating a camers, ¢omprising:
3 BAvEet, comprising
a tirst panel having & fivst argugement of fiducial markers therson,
whereln gach of the fiducial markers fn the first arvangement s

gmgeely dentiftable among Gducial wavkers i the first arrangewent; and
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{06161

a second panel, disposed at & Sest angle relative (o the finst panel,
having a second arrangement of fiducial markers thereon,
wherein cach of the fiducial markers in the second arrsngement is
unmiguely identiftable among fidecial markers i the second artahgermont, and
wherein the first arrangement of Bducial markers matches the second
arrangement of fiducial markers;and
a stage configared to translate or rotate the camera with respect to the targst.
EEE 21 15 a tavget used for calibration, comprising
a first pattern of Gducial markers; and
asecond patiern of fidocial markers,

wherein the first pattern of fducial markers 18 8 scaled version of the second

pattern of fiducial markers, such that @ calibration image captured of the target

simulates nuiltiple images of a single patteon captured 8t multiple calibration

perspectives,

{06162}

100163

J00164]

{06165

10166

106167

HI0168]

EEE 22 wthe targetof ERE 21, wherein the fiducial markers in the first
pattery and the fducial markers in the second pattern are circular in shape.
EEE 23 is the target of BEEEs 21 or. 22, wherein the fiducial markers in the first
patiern wnd the fiducial markers in the second patters comprise crosshiairs that
identify a conter of vach respertive Hduaial marker

EEE 24 is the target of any of EEEs 21-23, wherein each of the fiducial
parkers vthe first patiern and each of the Nductal mukers in the second
pattery are anituely identifiabie relative to other fidecial markers of thetarget.
BEE 2515 the target of ERE 24, wherdin the fiducial markers in the first
pattern and the fducial markers in the sevond pattern are cach nniquely
labeled by respoctive angular barcodes.

EEE 26 i» the tavget of EEE 25, wheretn the angular barcodes comprivg & ten-
bit encoding scheme where each bit 13 reprasented by o ightor dark section
representing s tora

EEE 27 is the target of BEE 23, wherein the angular barcodes are rotationally
unique such that, even if rotated by any angle, the angaler barcodes will not
mirich one another.

EEE 28 iy a method, comprising:

recording a calibration image of'a target using a camera, wherein the target

CoOMprises;
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a first panet havisg o fitst Srrangement of fdecial mackers thercon,
wherein each of the fiducial markers in the first arrangement is
wmguely identifiable among Hducial markers in the ficst arrangament; and
a secod panel, disposed at'a fisst angle refative to the first paged,
having a second arrangementof fiducial markers thereon,
wherrin cach of the fiducial markers n the second amangement 18
uniguely identifiable among Hiducial markers in the second arrangement, sad
wheretn the frst arrangernent of Adecial markers matches the second
arrangement of fidocial markers; and
determining locations gud identifications of vne or more fiducial markers in
the calibration feage; and
hased on the determined locations and identifications, calibrating the camera,
{06169} BEE 29 is the method of EEE 28, wherein the fiducial markers in the second
arrahgement are 180-degree rotations of the fiduciad rarkers in the first
arrangement at g corresponding lovation.
{66178} EEE 30 i the method of EEEs 28 or 28,
wherein the fducial nrkers-in the fest arrangement comprise # fivst color gnd
the fiducial markers 1o the second arangement comprise a second color, and
wherein the first color and the second color are ditferent colors.
jeB171] EEE 31 is the method of any of BEEs 2§-30,
whersin the first panel compnises one oy more firstpanel-idestification
fiducial markers that wniquely identify the first panel, and
wharein the second panel comprises one or more sceond-panel-identification
fiducial markers.
{38172 EEE 32 & the method of BEE 31,
wherein the ofe or tore- fintpatel-deniification fidueial markers are
disposed in one or more comers of the first panel, and
wherein the one or move sscond-panel-identification fiducig! markers are
disposed i one or move comers of the second panel
{88173 EEE 33145 the methed of any o EEEs 28-32, wherpily the'target further
COMPLISes:
a third panel having a third arvangement of fiducial narkers thereon,
wheresn each of the Hducial markers i the third apvangewmend 1 anigaely

sdentifiable among Dducial markers 1o the third arrangement; and
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{00174 EE

3 fourth panel, disposed o a second angle relative to the thisd panels baving a
fourth arrangement of fiducial markers thereon,

wherein énch of the fiducial markers in the fourth arrangement s uniguely
identifiable among fiducial niarkers in the fourth artangement,

whereln the third arrangement of fiducial markers and the Yourth arvangement
of fiducial markers each match the first arrangement of fiducial warkers and the
second arrsagement of fiducial markers, and

wheretn the second angle s not squal to the first angle.

£ 3445 the method of EEE 33,

wherein the third panel and the fourth panel are disposed at a third angle
refative to the fiest papel and the second panel, and
wherain the third angle is about s different axis than the Hrst angle and the

sevongd angle.

{861731 EEE 33 is the method of any of EREs 28-34, wherein cabbrating the camera

comprises psing correlations between Tocations of the fiducial markers on the
first panel and focations of the fiducial markers onthe second panel to

estirpate parameters of g camera matix using a pinhole camers model.

{0175 EEE 35 ix the wiethod of any of EERs 2835,

wherein the first arrangement comprises a finst patiern of fiducial markers and
a second pattern of fidsoial markers, and
wherein the second paticrn-of fiducial markers 15 a seaked version of the first

pattern of fidocsl markers,

{08177} EER 374 the method of dany of BEEES 28.36,

rotating the camera relative to the target and recording an additional
calibration image; and
determining keations and identifications of one or more fducial markers i

the adiditional calibration fmage.

{6178} BEE 38 is the method of ERE 37, wherein rotating the camera relative to the

target conyises rotating the camera about at Teast one of a piich axis of the

camera or a roll axiy of the camera.

{00179 EEE 39 is the method of any of EEEs 28-38, further comprising:

moving the camera snd recording an additional calibration imhage; sud
deterntining locations and identifications of one or more fducial markers in
the additional calihration Bnage.
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100180

EEE 40 s 8 syston ased for cabibrating & camera, comprising:
3 target, comprising:

8 first pattern of Gducial markers; and

a second patters of fiducial markers,

wheretn the Hoyt pattorn of fiduciad markers iy o scaled version of the
second pattern of fiducial markers, such that 8 calibration bogge captured of
the target simulates multiple Tmages of a single pattern captured st wmultiple
catibration perspactives;, and

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



CLAIMS

What is claimed:
L A& target used for calibration, comprising:
a first pattern of Bducial markers; and
a sevond pattern of Tiduciat matkers,
wherein the first pattern of fideciad markers is & scaled version of the second pattern
of fducial markers, such tat 8 calibration toage captared of the target shmulates multiple
wages of & single pattern coptured at multiple calibration perspectives.
2 The target of claim 1, wherein the Sdociabmarkers i the first pattern and the Sducial

markers in the second pattern are cireudar in shape.

3 The target of claim 1, wherein the fiducial nmarkers i the first patiern and the fiducial
markers i the second patters comprise crosshairs that identity a center of each respective

fiducial marker.

4. The target of claim 1, wherein cach of the fiducial muarkers in the first patters and
cach of the fiducial markers 1o the second pattern are uniguely wdentifiable relative 1o other
fducial markers of the fargset

3. The tavget of claim 4, wherein the fiducial markers smthe first pattern and the fducial

markers i the seoond pattern are each aniquely {abeled by respective angulay barcodes

. The target of claim 8, wherein the angelar baveodes comprise a fen-bit encading

scheme where sach bit is represented by a Bight or dark section representing a 1 or a i,

7. The target of claim §, wherein the angular barcodes are rotationally umgue such that,

even i rotated by any angle, the angular barcodes will not mateh one another.
&, Acmethod, comprising!

recording g calibration image of & target using a cimera, wherein the target conprises:

# fivst panel baving a fivst arangemient of fiducial warkers thereon,
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wherein each of the fideciad mmlens 0 the fiest armngornent 1§ uniguely
wlentitiable among fducial markers in the first arrangement; and

asecond panel, disposed at a first angle velative to the first panel, having a
second arrangement of Nidueial markers thereog,

wherein cagh of the fiducial markers in the second arrangement IS pniquely
identitiable among fiducial markers i the second srrangement, and

wheretn the first srrangement of fducial markers matches the second
arvangement of Nducial markers; and
determuning - focations and identifications of one or more fiducial markers in the

calibration wmage; and

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

3, The method of claim 8, wherein the fiducial markers in the second arrangement are
180-degree rotastions of the fducial markers in the first atrangement at a corresponding

e

location.

10, The method of claim R,
wherein the fiduaial markers 1o the frst arrangerent comprise a st color aud the
fiductal markers i the second arrangement comprise @ secod color, and

wheret the first color and the second color are different colors,

i1, Thewmethod of olaim §,
wherem the first pasel comprises one of more first-panel-identification fiducial
markers that uniguely identify the first panel, and

wherein the segond panel comprises one or more second-panel-identification fiducial

markerns.

12 Themsthod of chaim 1l

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

whergin the ore or more seconib-panel-identification Hducw! markers are disposed m

one or more corners of the secoud panel.

13. The methed of claim 8, wherein the target further comprises:
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a third paned having 8 thivd arrangement of fiducial mackers thereon,

whergimn each of the fiducial markers i the third srangement is uniquely ideatifiable
among fiducial markers in the thivd arangement; and

& forth pavel, disposed at a second angle relative o the third pangl, having & fourth
srrangement of fducial markers thereon,

wherein gach of the fiducial markers in the founth arrangement iy aniguely dentifiahle
gmong Hducial markers n the fourth arrangement,

whersin the thivd arrangement of Hducial markers and the fwth avangement of
fiducial markers each mateh the firstarrangement of fiducial markers and the sscond
arrangement of fidecial markers, and

wherein the second sngle 13 sot equal to the fest 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 pave] and the second panel, and

whergin the thivd angle is about - ditferent axis than the firstangle and the second

angle.

18, The method ofclaim 8, wherein calibrating the camera comprises using correlations
between locations of the fiducial murkers on the first panel and locations of the fiducial
markers on the second panel to estimate pammeters of a conera matrix ustng a pinhole

camera model.

16, The method of ¢laim 8,

wheremn the first arrapgement comprises g fivst pattern of fiducial markersand a
second pattern of Rducial markers, and

wherein the second patteny of fiducial markers is o scaled version of the first pattern

of fiducial markers,

17, The method of claim 8, further comprising:

rotating the camers relative Yo the target and recording an additional calibration
image: and

deternuning locations and identifications of one or more fiducial markess in the
sdditional calibration image.
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18, The methed of claim 17, wherein rotating the camera relative (o the targe! comprises
rotating the camers about at feast one of a pitch axis of the camera or & rolluxis ofthe

camera,

19, The method of claim 8, further comprising:
moving the camera and recording anadditional calibragion image; and
determinming focations and Kemtifivations of one o mwore fiducial markers in the

additional calibration image.

. A systern used for calibrating a camers, comprising

a target, comprising

& fivst pattern of fiducial markers; and

a second pattern of Hducial markers,

wherein the first pattem of Hidecial markers 19 a scaled version of the second
pattern of fiducial markers, such that a'calibration image captured of the tarpst
shinufates mubtiple tmages of 8 stugle patterncaptured at mulnple calibvation
perspectives; aud

a stage confipured totranslate or rotate the camera with respect to the target.



