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ABSTRACT

Thenow widely available and highly popular among non-expert users, particularly in the coruaxt photogrammetry, Structure-
from-Motion (SfM) pipelineshavealsofurtherrenewedheinterestin theissueof automatic camera calibratiofihe well-documented
requirements for robust self-calibration cannot be alwaysergetue to restrictions in time and coshsence of ground control and

imagetilt, terrainmorphology,unsuitable flighttonfigurationetc.;hence, camera pre-calibration is frequently recommended. In this
context, users often resort to flexible, user-friendly tools for camera calibration bagedaied patterns (primarily ordinary chess-

boards). Yet, the physical size of such patterns poses obvious limitations. This paper discusses the alternative of extending the size of
the calibration object by using multiple unordered coplanar chessboards, which might accommodate much larger imaging distances.
Thisis doneinitially by adetailedsimulationto showthat —in terms of geometry this could be a viable alternative to single patterns.

A first algorithmicimplementations thenlaid out, andresults from real multi-pattern configurations, both ordered and unordered, are
successfullcomparedHowever,aspect®f the proposedapproach need to be furthstudied for its reliable practical employment.

1. INTRODUCTION obvious response is camera pre-calibration (Gerke & Przybilla,
2016;Hastedetal.,2016;Crameretal.,2017). Furthermore, the

Since their automated pipelines may today generate high-qualitgquirement itself foGCPs is regarded as a serious barrier — in
spatial data at a reasonable cost, now widely available tools fégrms of time or cost — to a “further uptake”WwAv-based pho-
‘SfM photogrammetry’, particularlWAv-based, have triggered togrammetry (Carbonneau & Dietrich, 2016). In the absence of
an explosion of its applications (notably in the geosciences), bgcps, pre-calibratioris advised Thismay also include instances
attracting unprecedented numbers of users, both expert and n@i-directly georeferenced photogrammetsiav platforms (Re-
expert. This is inevitably accompanied by intensive research faiak & Skaloud,2015;Gabrlik etal., 2018)aswell assimplerap-
reliably assessing the potential of such approaches, their limitgiications of limited accuracy requirements (Kaiser et al., 2014)
tions and the conditions for successful practices. In this contexindinaccessiblareasr emergencyndhigh-risksituationgDa-
the theoreticaland practicalinterest in aspects of camera cali- ramola et al., 2017).
bration (a crucial factor for accura@® reconstructions) is also
renewed. Particularly so, as many users apparently tend to seeGamera pre-calibration may be carried out by independent self-
automatic camera self-calibration a guarantee for acceptable rgalibration, albeit subject to the above-mentioned requirements
liability and accuracy (Fraser, 2013); yet, reliance upon “blackoncerning camera network design, while uses of large outdoors
box” calibration routines is problematic since weak image bloclgp test-fields have also been made. In contrast to such more de-
configurations will lead to imprecise and inaccurate camera pamanding approaches, plane-based approaches offer an attractive
rameters (Micheletti et al., 2015). Conditions for reliable self-alternative; in Adam et al. (2013), for instance, the authors have
calibration, to avoid errors reflected as deformations in the endeportecbn cameracalibrationbasecbn unstructure®D surfaces
results, have been well founded (James & Robson, 2014; Lultwall graffiti). Of primary importance are of course several free-
mann et al., 2016). These generally include the need for adding availableandfully automaticools relying ored patterns (and
obliqgueimagery(significantimagetilt), sufficientscale variation  chessboards in particular) — exemplified by Bouguétimera
within the images, multi-scale nadir images, an adequate nuntalibration Toolbox for Matlab, also included irOpenCV, and
ber, distribution and accuracy of ground control poi@SFs),  Agisoft Lens. Theseoffer averyattractivealternativehavingthus
crossflight patterngi.e.rolledimagesjandstronggeometridea-  becomeguitepopular,notablyamong non-expert users. The pre-
turesin thesceneYet ordinaryuserscannotbe expected to com-  sent authors have also developed such a free calibration tool, re-
ply to similargeometricpreconditiongor in situ self-calibration;  portedin Douskosetal. (2009).Chessboargatternsareeasy and
besides, similar image configurations are not feasible in severgheap to construct (mostly by a common printer), while distinct
UAV operationakituations(Eltner & Schneider, 2015). Thus, a imagecornerscanberobustlyextracted with sub-pixel accuracy.
‘common’ mapping flight, mostly consisting of similar-scale na- Thehigh demandor suchflexible automatic2D calibrationtools
dir images, does not represent optimal network schemes for ca-also used for thermal and underwater canferaslavadnejad
mera parameter estimation (James et al., 2017). The problemdgal., 2019;Shortis,2019)—is directly reflected in a steadily on-
further aggravatedith flat terrain,corridor configurations and  going research which addresses issues such as computational ef-
sparse or unevenly distributed ground control (Hastedt & Luhficiency, poor lighting/contrast, non-homogenediusnination,
mann, 2015; Griffiths & Burningham, 2018). In such cases, th@verexposurémageblur, low image resolution, image noise, si-
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gnificantimagedistortion,missingcornerpointsor partialocclu- 2. GEOMETRIC INVESTIGATION BY SIMULATION
sion of patterns, extreme imaging poses, board printing inaccy- . .
racy or deviations from planarity (recembrksincludeDuda& Lé'l Simulated image data
Frese,2018; Yamaguchi et al., 2018; Yan et al., 2018; Yang etFive identical 6x7 chessboards were assumed, with no in-plane
al., 2018; Hannemose et al., 2019; Meng et al., 2019; Wholfeibtations, on a planar area; four were placed symmetrically at its
etal.,2019;Zhuetal.,2019).Deep learningoolshave also been corners and one at its centre. This was repeated for 4 chessboard
recentlyused forobust detection of checkboard corners (DonnésizesM1-M4, with the dimensions of each individual board be-
et al, 2016; Raza et al., 2019). ing 3.8%, 7.5%, 15%, 22.5%, respectively, of those of the total
area. These patterns were “recorded”, while a single chessboard
Indeed, a significant number of applicationsSé/UAV photo-  (S), covering the same area outline with equal number of points
grammetry with pre-calibrated cameras have relied on availabi@08agains210),wastoo projectedwith identicallOPsandEOPs
chessboard-based calibration software (recent examples inclugte provide corresponding image sets. (As an example, this con-
Cucchiaro et al., 2018; Erenoglu & Ergghe 2018; Halik &  figuration is roughly equivalent to an 8x6.5 total planar area
Smaczynski, 2018; Menge & Lohstrater, 2018; Probst et aland individual pattern sizes of 0.25x0.3, 0.5x0.6, 1.0x1.2 and
2018; Ventura et al., 2018; Wierzbicki, 2018; Burnett et al.,1.5x1.8 n, of whichM2 andM3 are, of course, more realistic.)
2019; Javadnejad et al., 2019; Kélling et al., 2019; Luppichini
et al., 2019; Mahmood et al., 2019; Musci et al., 2019; Wang &tour 8-image sets were generated for each of the four pattern
al., 2019; Yurtseven, 2019), often without particular consideraelasses. The sets differed in the tilt of their camera axes (and in
tions, e.g. concerning focusing distance and frame coverage. Ahe respective position of the projective centres to retain similar
though regarded as inherently inferior to camera calibration banean image scales), i.e. in perspective deformations. The same
sed oD point arrays2D patterns may be expected to yield ac-two images of each set had roll angles of 90° and —90°, respecti-
ceptable, or even comparable, accuracy for several applicationely. Thefour differentimagetilt classestilt 1-tilt 4) of Tablel
by adopting powerful image block configurations (Fraser, 2013were implemented. Imaging configurations pertaining to diffe-
Samper et al., 2013; HastegltLuhmann, 2015; Xiang et al., rent tilt classes and typical images are seen in Fig. 1 and Fig. 2.
2018). Rojtberg & Kuijper (2019) have discussed the selectiomlthough rather sub-optimal, these configurations can serve the
of sparse views of planar patterns for optimal camera calibratiopurposes of comparison between single and multiple patterns.
concerning both pinhole camera and lens distortion parameters.

Table 1. Classes of image tilt (°)
Thus,pre-ca_librat_ionNit_h atypicalchessboar_d-basedutineand . tilt 1 tilt 2 tilt 3 tilt 4
thefavoredchoicein environmentamapping(Griffiths & Burn- range| 1.5-174 25-300 45-440 85-585
ingham,2018);ontheotherhandJow accuracyin elevationsvas
obtained whenever different focus settings were used for pre-ca- ¥ 4
librationto ensuregoodframecoverageandfocus(Harwinetal., % v ¥ ¥ ﬁ’
2015;Hanetal.,2016;Gabrliketal.,2018).This pointsto an ob- q

vious severe limitation of chessboard-based tools, namely the ® &
sizeof the2D calibration object, either printed or on screen: re- IS

portedsizesof suchpatternsio notseento exceedlx1 m? (Bou-
ros et al.,2015). This physicallimitation doesnot allow larger
imaging distances or focusing at infinity, since this would inevi
tably produce poor frame coverage or blurred images. As a co
sequence, the use of a single chessboard is questionaldlg in
or otheroutdoorapplicationsijn this context, a new environment
for camera calibration, also suitable fixvs, is needed (Han et
al., 2016; Tan et al., 2017; Lim et al., 2019).

Thus motivated, this paper is a preliminary study as to whethe
andunderwhich conditions anextendedpproactbasednaset

of unordered coplanachessboards might, in principle, simulate
an (infeasibly large) single chessboard, to effectively accommg
date longer focusing distances or wider fields of view. Multiplg
(non-coplanardr 3D chessboardsavealreadybeenexploitedfor
camera-to-cameraamera-to-range sensor or multiple depth ca
mera automaticalibration(Geigeret al., 2012; Fuersattel et al.,
2017; Yin et al., 2018; Fu et al., 2019; Liu et al. 2019). Yet, tq w i
thebestof ourknowledgethe particularuseof multiple coplanar
chessboards for camera calibration has not been investigated.  Figure 2. Above: corresponding images of small image tilt

B o ) ) ) (pattern classeldl3 andM4). Below: corresponding images of
Initially, the geometry of calibration adjustments with multiple large image tilt (pattern classkt andS).

coplanar chessbhoards was compared here, via simulated data, to

that of an_equivalent gingle-chessb_oard calibraiite. tagk Was 55 Geometric precision of parameter values
to study, in an essentially geometric sense, the behavior in these
two cases of the standard errors of the interior orientation pardhus, a total of 20 self-calibrating bundle adjustments (each in-
meter (OP) values and their correlations, chiefly with the exte-volving 8 images) emerged, as the combination of 4 intitge
rior orientation parameteEQP) values. Next, the mathematical classes with gattern sizeplus thesingle-board case. Self-cali-
modelasimplementecherewill bepresentedandexamplesvith bratingbundleadjustmenincludedthe basic5-parameteset of

real mages will be given and discussed. IOPs: cameraconstant; principal point locationxo, Yo; coeffici-
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ents K, k2 of radial lens distortion. As outlined in Section 3.1, tances and, under circumstances, even provide somewhat higher
solutionswith multiple patterns of course invohaxdditionalun-  precision. Intuitively, one could partly attribute this to the fact
known parameterse. thethreein-plane2Drigid transformation  that well-distributed multiple patterns may, generally, give pro-
parametergor eachbut one(namely thatdefiningthereference jective rays forming larger angles with the camera axes.
system) of the patterns.
2.2.2 Correlations of parameter values: Yet, even more than
The aim here is to study the geometry (error cofactors, correlatandard errors (here: cofactors) of the values themselves, it
tions of parameter values) of single and multiple pattern calibrds their correlationsvith otherestimated parameter values which
tions.Thecovariancanatrix C = Qxco? of parametevaluespro-  will provide a better insight into the underlying geometry of the
duced by an adjustmento(being its standard error) representssingle and the multi-pattestenarios. Flat chessboard-type pat-
the error propagation of random errors via the cofactor m@trix terns may introduce excessively high correlations betw@en
(inverse matrix of normal equations); the square root of the coandEOPvalues(Luhmannret al., 2016). Indeed, as estimateg
responding diagona&lements thestandarderrorof aparameter  valuesarehereintendedor autonomougscene-independenise
value.Thus —egardless of noise — the square root of the corresaspre-calibratediatatheircorrelation withEOPvalues are of pi-
ponding diagonal element &f (cofactorq;) directly reflects, as votal importance: weakeouplingamongtheseparameters im-
a propagation factor, the effect of adjustmgebmetryon the plies a more reliable estimation of the camera matrix. In what
precision of the value of parametewhich is of interest here. follows, the most significant correlations are presented (except
for cases where it was indispensable, the sign of the correlation
2.2.1 Error cofactors of parameters: In Fig. 3 (above) the va- coefficientp hasbeenomittedto facilitatecomparison)First, the
riations of cofactor values #dPs c, %, Yo (Camera constant and correlations between c and the linears (i.e. image projection
principal pointlocation) with image tilt in the cases of a single centre coordinatesoXYo, Zo) are shown in Fig. 4.
(S) and variablgizedcoplanaboardqM) arepresentedror (Xo,

Yo) theRMS value of the two cofactors is given. Corresponding ple,2o) ple,XofYo)
g-variations for coefficientsik k2 of the radial-symmetric lens | 10 10
distortion polynomial are also seen in Fig. 3 (below). 08 = BN 08
06 S - 0.6
\ : — ——
al) alxe,yo) o ~ |¥ = +~— i
6.0 20 0.2 < 02 —
50 ‘ 00 ! 00 I ‘
1= tit1 tiit2 tit3 tita |ttt tit2 tit3 tilt4
40 — 10— 7 =5 ==M4 M3 M2 M1 =5 ==M4 ~-M3 M2 M1
30 0 \’\\-;‘ Figure 4. Correlation coefficients)(pf camera constant ¢ with
20 - | EORs Z and %, Yo. The mean absolute valuespé, Xo) and
e tit2 ti3 O et tit2 tit3 tit4 p(c, Yo) are jointly presented ggc, Xo/Y o).
=5 M4 M3 M2 M1 =5 M4 M3 M2 =M1
The c-value estimates emerge here as significantly less coupled
, qlk) x e-11 5 glke) x e-18 in the multi-pattern version, notably as regards their crucial rela-
‘ [ T ‘ \ tion with the depth parametes,dut also with X, Yo. This de-
S —— T ? ! — couplingstrongly increasewith tilt and decreasesvith pattern
6 | I E— L e /k/r—i ‘ size.Bothtoo large image tilts and too small patterns might, of
\ e — \ | ; : .
, =t 3 ! ! course, be unfavourable in terms of feature extraction; hence, in
| | | | practical cases suitable choices of tilt and pattern size sheuld
Ot it2 it3 ae | it itz it3 tita made For ‘reasonabletombinationge.g.here pattern sized2,
<5 oMA M3 M2 ML 5 M M3 M2 M3 with tilts tilt 3, tilt 4) the decrease of correlations is still evi-

Figure 3. Cofactoq values ofOP parameters according to tilt

dent. Correlations of ¢ with the two out-of-plane image rotation

and pattern class. Above: camera constant ¢ and principal poifnglesw, ¢ are also weakened in all cases, yet only slightly. A

location (%, Yo) [q(Xo,Yo) areRMS values of q(x) and q(y)].
Below: coefficients k k2 of radial-symmetric lens distortion.

Imagetilt expectedlystrengthenthegeometrigorecision of both

similartrendis observed concerning correlations of the principal
point (Xo, Yo) and EOPs, asillustratedin Fig. 5 regarding X, Yo
and image roll angle.

cand %, yo. Compared to a singlequivalent’'one,multiple pat-

ABS mean of p(xo,Xo) and p(yo,Yo)

10

plxofyo,k)

terns appear to slightly improve the precision of ¢ for smaller 1

imagetilts; g-valuesconvergewith increasingmagetilt. Regard-

08

ing Xo, Yo, geometricprecisionis somewhahigherin the single-
pattern case. For parametersk, larger pattern sizes appear as
being equivalent, or slightly superior, to the single board; under-%2
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standably, smaller patterns result in smaller image coverage ano?
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The results were validated using the single and multiple patternEigur? 5. Left, mean absolute value0io, Xo) andp(yo, Yo);
right, mean absolute valuesgko, k) andp(yo, «).

(of sizeM2) with addedGaussian noise of differeatlevels. For
each of them, 100 calibrations were performedRKS devia-

tionsof all IOP values fors =1 from the correct ones were very Exceptiorarethecorrelationsf xo,yo with rotationangles» and
close to the corresponding cofactor values of Fig. 3. Hence, org(Fig. 6, left) whichareclearly strongerin multi-patterncases,

couldprovisionallyclaimthat-from ageometrigpoint of view at

particularlyfor the smallertilts. The coupling of ¥ Yo with the

least- a (technically feasible) use of coplanar multiple pattern®ut-of-plane image angles, however, might be further dampened
instead of (impracticably large) single patterns might representiémore images with large roll-angleseintroduced Finally, of
valid alternative for camera calibration for larger imaging dis-interestarethecorrelationf the radial distortioparametersk
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k2 with Zo (Fig. 6, right). They appear to be larger in the multi-seem to counterbalance the lack of signifiddtytwhich repre-
pattern cases but remain relatively weak. sentsthe crucialfactor. The improvemertf xo andyo estimates

is stronger(but ceasedo exist for the large imaget4); this is
apparentlydueto correlationof xo andyo with EOPsbeinggene-

rally weakened by elevations. On the contrary, the distortion pa-
rameter estimates landkz from elevatedpatterns are generally

of lower precision.Apparently,thisis related tothe emergence

ABS mean of p(xo,¢) and plyo,®) plk/ka,Zo)

10
0.8
0.6

10
0.8
0.6

= — g‘z‘ =y of significantcorrelations (p= 0.45-0.65) between K and the
02 (// w0 == 1 estimated elevation values df the two patterns. Overathese
00 " r \ observationsllow a provisionalconclusion that, iprinciple,no

il il il il il il il il i i

LR . SO UL 2 e ks e notablebenefitsseemto be expectedf replacing some coplanar

patterns with elevated ones.

Figure 6. Left, mean absolute value$6f, ¢) andp(Yo, ®);

right, mean values of (2, Zo)—p(K1, Zo)]. ,
plicXo/Yo) plo/g, Xo/Yo)
10 10
It couldbeclaimedthat—in termsof geometry- substitutiorof a 08 | | ‘ 08 l ‘
single bymultiple coplanar chessboards appears to offer a valid ;, | } — | os : ‘
option, capable of yielding equivalent, if not superior, results re-, \ 04 ! )
garding reliable estimation of the camera matrix. This is mainly , 1 02 — -
indicated by generally looser correlations amrRs andEOPs; a0 | 00
correlation coefficients ofOP/EOP parameter pairs §xo], [Yo, tit1 tit2 tit3 titd | it tit2 tit3 tit4
. =S M4 M3 M2 -M1 =5 M4 M3 M2 +M1
o], [K1, Zo], [k2, Zo] alsoseem to converge féargertilts. An ex-
planationfor this phenomenoranbe found in Fig. 7 which pre- plekifka) plxoyo)
sentsthe meanabsolutecorrelationsof all three2D chessboard | 1? ‘ 10
transformatiorparameters (in-plane rotation angland transla- gz | 08
tions &, tv) with all IoP andEOPVvalues. 0 = 06
02 == —— 04
: I s —
plin-plane pattern parameters, IOP parameters) plin-plane pattern parameters, EOP parameters) 00 ( 02 — - ‘ J ‘ J
1.0 0.2 0.0
tilt 1 tilt 2 tilt 3 tilt 4 tilt 1 tilt 2 tilt 3 tilt 4
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" . . . .
08 S = ‘ Figure 8. Correlation coefficients)(petweereOPs. Above:
o4 e — mean absolute values pfic, Xo) andp(k, Yo); overall mean
02 " E | absolute values gf-values betweerw( ¢) and (%, Yo). Below:
0.0 - 0.0 .
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Figure 7. Means of absolupevalues of the in-plane pattern
transformation parameter values with the canera (left) and
EOPs (right). [It is noted thai(9, Zo)~0 has been ignored.]

2.2.4 Number of chesshoards. More coplanar patterns means,

of coursemorepointsbut,generally alsobetterdistributionover

the image format. The estimability of the distortion parameters,
in particular, is indeed expected to benefit from the presence of
It is seen that the additional in-plane parameters of multi-pattefimage point observations in a richer variety of radial distances.
cases do not actually affectP values but are evidently coupled Two calibration adjustmentgith size patterrM3 were thus per-

with EOPestimatesThis fact appears to ‘reshuffle’ correlations, formed;in theseconctonfigurationfour additional coplanar pat-

by generally tightening them within tl&OP parameter set (see terns had been added within the area described by the 5 original
examplesn Fig. 8, above)andatthesametime, asalreadynoted,  patterns of the first. Results are seen in Fig. 9.
somewhatelaxingtheir correlationwith IOPs. Ontheotherhand,
useof multiple patterns seems to strengtleentaincorrelations
within the I0P set, such as those of radial distortion parameters w

[1-( q9pattems/ C]Spattems) ] %

with the camera constant and those between the principal point "

coordinates (Fig. 8, below). Yet, as tla® set is intended to be T
furtherappliedasa‘compactparametegroup,thisrepresentso S i —
graveproblem.Thesameholdstruefor theki, k2 estimateshem- v ————r |
selves-althoughtheywere,asgenerallyexpected, very strongly 0 ‘ ‘ ‘

tilt 2

—C

tilt 3
xoyo ——k1 ——k2

tilt1 tilt4

intertwined with each othén all cases [fki, ko) <—0.89] —as it
has been asserted that their presence is, neverttsigsficant
for modellingradialdistortion(Wackrow et al., 2007).

Figure 9. The effect of using 9 coplanar chesshoards versus 5,
presented as the proportional improvement of cofactor values g.

2.2.3 Multiplechesshoardson parallel planes: It is interesting

to alsochecktheeffectof patternnotsimply coplanatbuteleva-  Theseesultsindicatethatthegeometry-inducednprovementf

ted, i.e. on parallel planes. This adds a new unknewer each  the cofactor g-values is in fact the same for parameters coand x
elevatedpattern. Of the 5 coplanar chessboards of one size, thg, andmightbeattributed to the higher number of participating
sametwo weredifferently elevated, in several calibration adjust- points.Themarkedlystrongeimprovementor parametergs, ko,
ments, by 5%-30% of the mean imaging distancel@®and  howevercould beregardedalsoasaresult of themorethorough
EOPvalues remained the same as before. Results were assesgrdgecoveraggof thesameimagearea)asillustratedin Fig. 10.
againsthosefrom multiple coplanarpatterns. Pattern elevations In generalfurthermoremorechessboardsill allow coveragef
improved geometric precision g(c) of the camera constant onlgreas close to the image corners, which is of coursecalsial

for very small (not recommended) camera tilts, i.e. they simplyor reliable estimation of lens distortion.

This contribution has been peer-reviewed.

https://doi.org/10.5194/isprs-archives-XLII-2-W18-59-2019 | © Authors 2019. CC BY 4.0 License. 62



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-2/W18, 2019
Optical 3D Metrology, 2—-3 December 2019, Strasbourg, France

H between images and the world pldeee Zhang2000).Ca-
meraexteriororientationsareestimated vidhe decomposition of
H, since the camera interior orientation has been recovered.

Havingthusestablished adequately accurate estimates for all pa-
rameters involved, the developed calibration algorithm performs
the simultaneous refinement of the camera interior and exterior
orientation elements for all available views, along with the exact
recovery of the2D translations and rotations of all other chess-
board patterns with respect to the fixed reference pattern. This is
carried out by minimizing image chessboard corner residuals in
a least-squares bundle adjustment.

Figure 10. Overall point distribution over the whole image
format (of 8 images) in the cases of 5 and 9 chessboards.

3. CALIBRATION ALGORITHM AND APPLICATION

3.1 Implemented algorithm 3.2 Application and evaluation

Ourfirst implementatiorof thecalibrationalgorithmis presented  The configuration used here consisted of 6 coplanar 5x6 boards
here with theassumptiornhatall cornersof all chessboards have (1.5cmspacingndwasrecordedy two camerasal6MP Sony
been extractedts efficiency mainly restsontheautomatidgden- 5N andan18 MP Canon 550D, both with fixed camera constants
tification of multiple chessboards on all available images, a proe = 20 mm. The first dataset includedit#bges, 3 of which had
cesswith two distinctphasesa) chessboard corner detection; b) roll angles of 90° or —90° and one 180°; the second consisted
establishment of chessboard correspondences among images.16images4 of whichweretakenwith roll angles of 90° or —90°.

Fig. 11 presentexample®f bothimagesets Establishegbattern
First, in order to localize the corners of multiple chessboards agorrespondences among images are seen in Fig. 12.
pearing on several images, an algorithmic scheme based on
detectCheckerboardPoints Matlabfunction(which, in fact, is an
implementatiorof thechessboardetectof Geigeretal., 2012)
hasbeenfollowed. Initially, a group of filter kernels selected to
revealchesshoardornematterngs convolvedwith thegrayscale
image,andthus candidate areas are extracted from the generat
corner likelihood map (fusion of convolved images) by employ
ing morphologicafilters (imageopeningandclosing).Thechess-
boarddetectoris thenappliedsuccessivelyn all locatedimage
areago allow determinatiorof all chessboardornercoordinates
with subpixelaccuracyPatternsextractedwith sizesincompati-
blewith thatgivenby theuserareignoredin the solution.

In asecondstagechessboardorrespondencesnongimagesare
recovered in the world plane, a consideration which drasticall
simplifiesthe complexityof this task by reducing the degrees of
freedomof inter-imagerelationto thoseof a 2D rigid transforma-
tion. In thismannerthechessboardtructuretheworld planeco-
ordinatesystem}s initially established by rectifying the patterns
of the first image onto the world plane, based on the homogr
phy coefficients computed from an arbitrarily chosen image pa
tern (here, that closer to the gravity centre of all extracted ches
board corners is used as the base pattern). Similarly, all che
boards of all otheémagesareprojectedrecursivelyinto thesame
world systemHowever dueto thepresencef differentbasepat-
terns selected in every rectification, patterns projected onto t
planefrom an image do not, as a rule, coincide with tHosm
anotheiimage;in facttheydiffer by a 3-parameter rigitransfor-
mation(tx, tv for translation,8 for rotation), taking into account
thatthenon-symmetrienxnchessboard structucan be exploit-
ed.Estimationof the 3-parameter sets casibsequentlyrestore
pattern correspondencasiongimages.

Figure 12. Details of Sony images shoWing all pattern
correspondences established across images.

Forthepurpose®f comparisontwo calibrationprocedures were
performed. Besides the approach described above, in the second
solution the known planar coordinates of all chessboard corners
participated adixed GCPs. Thus, the studied approach of using
Althoughthe unknowreD rigid transformationsnightbefound  unordered patternsouldbeevaluatedigainstresultsirom anad-

by anexhaustivesearchapplication of &CA (Principal Compo-  justmentin which all patternswvereconsideredasfully ordered.
nents Analysis) approach hbsenshownto be more efficient. Theresultsof bothadjustments for the two cameras are found in
Accordingly, all pattern points are first translated to their overalllables 2 and 3.

gravity centre and then rotatedremderthe axiswith thehigher

variancehorizontal. Translationof patternpointsinto acommon  Theresultsof thetwo approaches appear to be quite similar. The
coordinatesystemallowsrecoveryof all patterncorrespondences values for the camera constant differ in the two cases from their
by matching points with the smallest Euclidean distance. Initiameans by 0.10%. and 0.23%o, respectively. It is also pointed out

values for a calibration adjustment are estimated lindsrfirst
computingthe IAC (Imageof the AbsoluteConic),and particu-
larly by exploitingtheconstraintsmposecnit by homographies

that thec-valuesarenoticeablycorrelatedwith the distortionpa-
rametersi, k2 (seeTable4); the distortioncurves,however,are
veryclose,as shown in Figl3.
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Table 2. Calibration results for Sony camera (14 images) 4. CONCLUDING REMARKS
O: ordered patterns; U: unordered patterns
o) U The current popularity of widely availab®M photogrammetry
- tools among users in a large variety of application fields has re-
oo (pixel) 0.45 0.38 newed the interest in the issue of automatic camera calibration.
c (pixel) 4194.3+0.6 | 4195.2+0.5 As discussedn the introductionthe needfor pre-calibratecta-
Xo (pixel) 1.0+05 -4.8+0.6 merageometry is not at all unusual in practical situations and is
Yo (pixel) 22.8+0.5 16.6+0.6 quite often tackled by resorting to the easy-to-handle automatic
k1x107° (pixel) -7.67+0.07| -827+0.07 calibration toolboxes based on codiipatterns, notably of the
kax10"*°(pixel) 287+023| 430+0.20 chessboard type. Their physical limitation in size, however, has

beenoftennoted,alongwith theirensuingunsuitabilityfor larger

Table 3. Calibration results for Canon camera (16 imgges) focusingdistances and camera fields of view. This consideration
O: ordered patterns; U: unordered patterns hasmotivatedourinvestigatiorasto whethermconventionafully

structured2D pattern might be comparably replaced Bgemi-

Canon (16 images) (0] U N ) . S ;
- structured” configuration suchasmultiple identicalchessboards
oo (pixel) 0.40 0.37 in unknown coplanar distributions, for the purposes of fully au-
¢ (pixel) 4935.9+0.6 | 4938.2+0.6 tomaticcamerecalibration.Suchanalternativewould accommo-
Xo (pixel) 9.8+0.5 85+0.7 date practicablealibrationpatternsf much larger size.
Yo (pixel) 19.7+£0.5 21.9+0.7
klxuylg(p'_xelfz) -129+0.06| -1.25+0.06 A detailed simulation has indicated that, in geometric terms, this
kax107°(pixel) 3.07+0.18 2.82+0.17 seems to be, in principle at least, possible. Under the reasonable
assumption that all chessboard corners have been extracted, an
Table 4. Correlation coefficientsbetween ¢ andikkz algorithmhasbeenimplementedapplied and evaluate@urre-
O: ordered patterns; U: unordered patterns sultsproved tobe comparablego thoseobtained when using the
Sony Canon chessboard configuration as fully known. Obviously, further re-
o) U o) U search is needed for investigating issues like chessboard number
and distribution, inclusion of additional interior parameters (e.g.
p(C.ke) 044| 041] 0.27] 0.26 skewness and tangential lens distortion), pattern printing inaccu-
p(C,ko) —0.45] 038 | -0.25| -0.23 raciesand,of coursefor validating this approach under practical

situations involving large outdoor planar test-fields.

Radial Distortion versus Radial Distance (pixel)
40 — . .
Red lines: Sony camera; Blue lines: Canon camera
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