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ABSTRACT: The paper reports an experiment conducted to iigatst three methods to correct chromatic
aberrations which are displacements between diffecelor channels (red (R), green (G), blue (B)heGs to
correct image coordinates by using three setsmfca calibration results of color-separated imdge<s, B), and
the others are methods based on the assumptiothéhatagnitude of lateral chromatic aberrationshmexpressed
by a linear function and a cubic function of a eddiistance from the center of the image frame. &kgeriment
results show that displacements between the tholee channels (R, G, B) produced in the investidatamera
were unable to be neglected for image measurembatresults show that the camera calibration redatusing
color-separated images would be unable to correaincatic aberrations. The results show that therohtic
aberration model based on linear lateral chromalierration would be insufficient for correction airomatic
aberrations as well. On the contrary, the resudtsi@hstrate that the correction method based omgkemption
that the displacement between the color channelbeaxpressed in a cubic polynomial of the radistnce from
the center of the image frame would be able toembrehromatic aberrations satisfactorily. The rmetin squares of
the differences of image coordinates between R@rsl and G after the correction by the third methad smaller
than 1/3 (between B and G) and 1/5 (between R graf those before correction.

1. INTRODUCTION

As performance of a digital camera becomes beti@ita price becomes lower in recent years, digaahera images
are becoming more popular in diverse fields. Thaemé increase in number of pixels of images acduig a
non-metric digital camera encourages a nonprofeakito utilize it for image measurement. A non-reetligital
camera is required to be geometrically calibratéerwit is used for image measurement. Camera a#bbr to
estimate a calibrated principal distance, offsetmfthe principal point to the center of the imégene, a radial lens
distortion component, and a decentering lens distorcomponent becomes essential for precise image
measurement by using a non-metric digital camera.

On the other hand, displacements between diffeceidr channels (red (R), green (G), blue (B)) cdubg

chromatic aberrations are smaller than 1 / 10 diatdens distortions in almost all the non-mettigital cameras.
However, as a unit cell size on the focal planea afon-metric digital camera becomes smaller, tli@ence of
chromatic aberrations becomes greater. Currenthyection of chromatic aberrations would be indisable for
precise image measurement by using a non-metri@bdeamera.

Kaufmannet al. (2005) reported an experiment to correct chromaberrations by using a lateral chromatic
aberration model expressed by a linear functiora afdial distance. They estimated the model by medn
least-squares adjustment. The correction methopoges by them is easy for a nonprofessional, krit tiesults
indicated that the effect of the correction wouddlinited. Luhmanret al. (2006) reported an experiment to correct
chromatic aberrations by using a chromatic abematiodel expressed by a series of odd powered tefrasadial
distance added to the ordinary radial lens disinrtnodel. They estimated the model by means ofcadilbrating
bundle adjustment. The report showed the resulth®mccuracy of close-range photogrammetry, ieffect of
the correction was not shown in the report. Thelémentation of the function to estimate the modelild not be
easy for a nonprofessional as well.

The aim of our study is to devise a method to @trcbromatic aberrations easily for a nonprofesdiorhe paper
reports an experiment conducted to investigateethmethods to correct chromatic aberrations.

2. CHROMATIC ABERRATIONS
Chromatic aberrations are caused by the variatioaftactive index with wavelength, and produceitat (oblique)

distortions and axial (longitudinal) distortions ¢Mlone et al., 2004). As for image measurement, the lateral
chromatic aberrations that bring geometric erroesnaore influential than the axial chromatic abgores that bring



image blur. Figure 1 shows the example of the clatanaberrations. Figure 2 shows the lateral chtmnaderration
generating the displacement between different colmnnels. Displacements between different col@annhbls
caused by the lateral chromatic aberrations aretpsymmetric and the magnitude of the displaceménts
proportional to a radial distance from the printipaint of a camera. Accordingly, the lateral chadim aberration
is often referred to as a chromatic difference agmification.

Figure 1. Chromatic aberration Figure 2. Lateraibatmtic aberrations

A compound lens assembled from lens elements miasigbstances with different refractiveness cantiieed to
reduce chromatic aberrations. The most commonity/pa achromatic doublet composed of two elemeiaidenof
crown glass and flint glass. By combining more thaa lenses of different composition, the degreeafection
can be further increased. However, it is imposdibleorrect chromatic aberrations perfectly.

3. OUTLINE OF EXPERIMENT

3.1 Investigated Cameras

Two non-metric lens-interchangeable digital SLRng#® lens reflex) cameras: Olympus E-P2 with Olyspu
M.ZUIKO DIGITAL 17 mm F 2.8 lens, which is called-B2 for short from now on, and Canon EOS 50D with
Tamron 18 - 270 mm F / 3.5 - 6.3 lens, which idechEOS 50D for short from now on, were investgah the

experiment. Table 1 shows the specifications oifrthiestigated cameras.

Table 1. Specifications of the investigated cameras

Model Olympus PEN E-P2 Canon EOS 50D

Image sensor Live MOS sensor CMOS sensor

Image size 17.3 mm x 13.0 mm 22.3 mm x 14.9 mm

Unit cell size on the focal plang 4.29um x4.29um 4.70um x4.70um

Number of recording pixels 4032 x 3024 4752 x 3168

Lens Olympus Tamron _
M.ZUIKO DIGITAL17 mmF 2.8 | 18-270mmF/3.5-6.3Dill VC

Focal length 17 mm 18 ~ 270 mm

35 mm film equivalent 34 mm 28 ~ 419 mm

Lens construction 6 elements in 4 groups 18 elesriart3 groups

3.2 Investigated | mages

We prepared a white sheet with 14 by 10 black gmbithts placed at regu
intervals as shown in Figure 3. Images photograjghedarget sheet we
utilized for the evaluation of the chromatic ab&oa correction methods
the experiment. Image coordinates of each colonmblared (R), green (C
blue (B)) of the center of a point were measuretehgt squares matching
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3.3 Correction Methods

) Figure 3. target sheet
We treated the green channel (G) as the referehaenel. We examin

three methods to correct displacements$RG) between red channel (R)
and the green channel (G) and displacements (B) between the blue channel (B) and the greenrefd®).

(Ur, VR), (UG, VG), (Ug, Vg) are uncorrected image coordinates of R, G, Beasgely and (c, vc) are uncorrected
image coordinates of the target channel (C), thati= R or C = B from now onugg, Vor), (Uoc, Vog), (Uos, Vos) and
(uoc, Voo) are uncorrected image coordinates of the cerfitdredimage frame of R, G, B and the target cob=(R



/ B) respectively as well. Moreovet/', V'r), (U's, Vig), (U, Vi8) and (/¢, V'c) are corrected image coordinates of R,
G, B and the target color (C = R/ B) respectively.

Method-1: A method is based on the assumption that differerof image coordinates between different color
channels can be corrected by using interior ortemtaparameters of each color channel estimatedriinary
camera calibration executed by using color-sepdratages.

Method-2: A method is based on the assumption that diffexrerof image coordinates between different color
channels are produced by lateral chromatic abenstiand those can be corrected by using the foitpw
equations:

{U'c =Uc— (Uoc - Uoc)— a.lc(UG - Uoc) (1)

Ve=Ve— (Voc - Voc)— a.lc(VG - Voc)

wherea,c is the coefficient expressing the difference af fbcal lengths between the target channel (C)thad
reference channel (G)dc — Uoc, Voc — Vo) €xpresses the displacement of the center ofntlagé framea,c and
(Uoc — Uoe, Voc — Vog) in Equation (1) are estimated by least-squaretade

Method-3: A method is based on the assumption that diffe¥rerof image coordinates between different color

channels are produced by lateral chromatic abersitiand radial distortions which are expressed yicc
polynomials and those can be corrected by usingpll@ving equations:

U'c=Uc— (Uoc - UOG)_M(&CrG + Qacl &+ a3creg)

e (2)
Vie=Ve— (Voc - VOG)_ (VG ;VOG) (alcre + Qacl &+ azcres)
e = \/(UG — Uoc)z + (VG - VoG)2 (3)

wherea,c is the coefficient expressing the difference @& tbcal lengths and,c, asc expressing the difference of
the radial distortions between the target chan@eland the reference channel (Qlc(— Ugg, Voc — Vog) €XPresses
the displacement of the center of the image fraamg. axc, asc and (oc — Uos, Voc — Vo) in Equation (2) are
estimated by least-squares method.

4, RESULTSAND DISCUUSION
4.1 M easurement of Chromatic Aberrations

Figure 4 and Figure 5 show displacements—RG) between red channel (R) and the green cham@eklid
displacements (G»> B) between the blue channel (B) and the greenraids) of the image acquired by E-P2 and
EOS 50D respectively. The results indicate thatrtieé mean squares (RMSs) of both the displacem@&its G)
and the displacements (& B) were larger than the ordinary measurement acyuof image coordinates. We
concluded that both the displacements$RG) and the displacements (& B) would be unable to be neglected
for image measurement. As the radial distance fitancenter of the image frame increases, the magmiof the
displacement increases. The fact indicates thatdisigacement between the color channels wouldrbdyzed
mainly by lateral chromatic aberration.
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Figure 5. Displacement vectors of Canon EOS 500t(|pixel)
4.2 Correction of Chromatic Aberrations by M ethod-1

Camera calibration was conducted by PhotoModeleeldped by Eos Systems Inc. in the experiment. ifrtage
distortion model utilized in the experiment is carmapd of the calibrated principal distargehe offsetsAxp, Ayp)
from the principal point to the center of the im&game, the radial lens distortion component with toefficientk,,

k,, and the decentering lens distortion componertt Wit coefficientp,, p, (Eos Systems Inc., 2003). Table 2
shows the results of the camera calibration of EFfgure 6 shows displacements{RG) and (G— B) of E-P2
after Method-1 correction by using the obtainedriiatr orientation parameters shown in Table 2. Feduindicates
that Method-1 made overcorrections and the camediaration results by using color-separated imagesld be
unable to correct chromatic aberrations.

Table2. Obtained interior orientation parameter®lyimpus E-P2

¢ (mm) Axp (pixel) | Ayp (pixel) | ki (x10%) | ko (x10°) | py (x10%) | pp(x 10

R 16.863 -18.690 0.282 2.244 -3.250 -6.142 1.663
G 16.845 -18.848 0.243 2.242 -3.36[L -6.084 1.587
B 16.833 -19.061 -0.053 2.198 -3.389 -6.152 1.580
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Figure 6. Displacement vectors of Olympus E-P2raftethod-1 correction (Unit: pixel)

4.3 Correction of Chromatic Aberrations by M ethod-2

Table 3 shows the coefficients of Equation (1) ePE obtained by least-squares method, and Figushows
displacements (R» G) and (G— B) of E-P2 after Method-2 correction by using thistained coefficients of
Equation (1) shown in Table 3. Figure 7 indicatest Method-2 made better corrections. However, igigushows
that the displacement vectors should have the damhiradial component and the displacements woutdbro
produced only by linear lateral chromatic aberratio



Table 3. Obtained coefficients of Equation (1) &f@®pus E-P2

Algc AVoc aic
R—>G 0.000994 —0.006076 —-0.000101
G—>B —0.003884 —0.020064 0.00040¢
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Figure 7. Displacement vectors of Olympus E-P2raftethod-2 correction (Unit: pixel)
4.4 Correction of Chromatic Aberrations by M ethod-3

Table 4 and Table 5 show the obtained coefficieftEquation (2) of E-P2 and EOS 50D respectivelgufe 8
shows displacements (B G) and (G— B) of E-P2 after Method-3 correction by using tiained coefficients of
Equation (2) shown in Table 4. Figure 9 shows dispiments (R> G) and (G— B) of EOS 50D after Method-3
correction by using the obtained coefficients oti&ipn (2) shown in Table 5 as well. Both Figurarél Figure 9
indicate that Method-3 would be able to make sattsfry corrections of chromatic aberrations. Thaulte that
Method-3 made more satisfactory corrections thathbt2 suggests that the fact that the investigkteses are
constructed with several lens elements would predie nonlinear lateral chromatic aberration.

Table 4. Obtained coefficients of Equation (2) &yr@pus E-P2

Augc AVoc aic apc (x 10°%) | agc(x 107
R—>G 0.004942 —0.009175 0.000264 —1.90246 1.60182
G—>B —0.005880 -0.018534 0.000321 2.90469 —1.335p7
Table 5. Obtained coefficients of Equation (2) ainon EOS 50D
A AVoc aic ac (x 107 | agc(x 1079
R—>G 0.090937 —-0.018691 0.000333 -1.30701 9.99113
G—>B -0.057189 0.002944 0.000647 0.50656 -1.10182
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5. CONCLUSION

The experiment results show that displacementsdmivthe three (Red, Green, Blue) color channeldyzed in
the investigated camera were unable to be negléotacthage measurement. As the radial distance ttecenter
of the image frame increases, the magnitude ofdthglacement between the color channels increddes fact
indicates that the displacement between the cof@aniels would be produced mainly by lateral chrammat
aberration.

The results show that the camera calibration redwt using color-separated images would be unabkotrect
chromatic aberrations. The results show that th@mhbtic aberration model based on linear laterabriatic
aberration would be insufficient for correction dfiromatic aberrations as well. On the contrary, tbsults
demonstrate that the correction method based ongbemption that the displacement between the chlannels
can be expressed in a cubic polynomial of the tatisdance from the center of the image frame wdaddable to
correct chromatic aberrations satisfactorily. Wegguthat the fact that the investigated lensesarstructed with
several lens elements would produce the nonlirsgardl chromatic aberration.
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