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Abstract: Accurate correction of high distorted images is a very complex problem. Several lens
distortion models exist that are adjusted using different techniques. Usually, regardless of the chosen
model, a unique distortion model is adjusted to undistort images and the camera-calibration template
distance is not considered. Several authors have presented the depth dependency of lens distortion
but none of them have treated it with highly distorted images. This paper presents an analysis
of the distortion depth dependency in strongly distorted images. The division model that is able
to represent high distortion with only one parameter is modified to represent a depth-dependent
high distortion lens model. The proposed calibration method obtains more accurate results when
compared to existing calibration methods.
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1. Introduction

Lens distortion is a significant problem in the camera calibration process. This systematic error
needs a precise modelling and calibration for imaging-based measurement techniques. Several different
camera models have been proposed for different types of cameras. The most popular is the even-order
radial distortion polynomial model that models radial distortion by means of scaling by a factor [1].
However, results using the radial distortion model are not as accurate as desired when high distortion is
present. If high distortion is present, several models exist in the literature. Ricolfe-Viala in [2] compares
the performance of the radial-tangential model, logarithmic, polynomial, division, and rational function
distortion models with low and high distorted images under common criterion, showing that the
division model and the rational function lens distortion model can represent high distortion accurately.
In case of a wrong computed model, it can be refined with different methods, such as the disparity
map method presented in [3]. However, better model is computed if the calibration process takes into
account the model details.

Accurate lens distortion correction is a very complex problem since different focus implies different
distortion and moreover, the distortion differs if the distance between the object and the lens varies in
the depth of field range for a given focus [4]. If object location varies in the range of a sharply mapped
image, deformations in the image change depending on this distance. The variations in distortion in
the depth of field range are higher if fish-eye lenses are used. Figure 1 shows this strong perspective
effect at diverse depth distances with respect to the camera with high distorted images. Figure 1b
shows the distortion profiles of the top and down lines with respect to the center of the image and the
differences are obvious. Considering a common lens distortion model for all points in the image is not
very convenient if an accurate correction is needed.
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Figure 1. (a) Image of a planar checkerboard used as calibration template. The checkerboard is under

perspective to notice the radial distortion variation when the camera-object distance changes. (b) Figure
of the radial distortion profile depending on the camera-object distance. Solid red line represents radial
distortion when object is away from the camera appearing at top of Image 1a. The blue dashed line
represents the radial distortion when the object is close to the camera appearing at the bottom of the
Image 1a.

The depth dependence of lens distortion model was presented by Magill in [4]. Considering
the depth influence upon distortions avoid systematic measurement error. Magill demonstrated that
lens distortion depends on magnification and established the radial distortion model dependent on
magnification. Magill’s model computes lens distortion at any specified focus distance. However,
this model is valid to points in the “in focus” depth distance only. Subsequent studies proposed
magnification-dependent radial distortion models and calibration methods [5-8]. Brown [5] proposed
a distortion model dependent on magnification that considers distortion outside the “in focus” distance
plane when the magnitude of the distortion is small. Fryer [6] presented the decentering distortion
formulation. Fraser and Shortis [6] improved the model proposed by Brown to solve the problem of
small magnitudes in distortion. Alvarez [8] derived a new radial distortion model for planar scenes
such as the soccer field combining Brown’s and Fraser’s models.

Based in results of Ricolfe-Viala in [3,9], the aim of this paper is to evaluate the depth dependence
of the division model that is able to model high distortion accurately. First, the evaluation algorithm is
described. Second, an empirical evaluation is performed. Third, a model is proposed based on the
empirical evaluation results.

2. Materials and Methods

The image distortion model represents the mapping from the distorted image coordinates
a4 = (44,04), to the undistorted image coordinates, g, = (1,,0) [10]. Distorted coordinates are observable
in the images and undistorted image coordinates are not physically measurable. r is the distance from
the point g = (1,0) to the distortion center, defined as ¢y = (19, vg), and Au = u — up, and Av =v — vy. ris
computed as r* = Au? + Av?. Using the division model, the radial distortion is approximated with a
polynomial as follows:

’d

? 1+ Bor? + Bt + .. @
where r;, represents the distance of the point g, = (1,,0p) to the distortion center and r, is the distance
of the point g5 = (14, v;) to the distortion center. f8; represent the distortion parameters. According to
the degree of the polynomial in the denominator, the accuracy of the lens distortion model varies.
However, the advantage of the division model over the other high lens distortion models is that it is
able to express high distortion with few parameters [2]. Most of the authors have demonstrated that
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accurate results are computed with only one parameter for many cameras [11,12]. In the experimental
results section, outcomes of one parameter model are compared with the ones of the two parameters
model. The aim is to measure the improvement when the number of parameters change.

2.1. Division Model Calibration

The model is calibrated based on the idea of metric point correction described in [13]. The metric
point correction consists of maintaining the features of the object in the image, to undistort the distorted
control points. For example, control points of a checkerboard template accomplish several constraints
that do not change under perspective projection. First constraint is the cross ratio (CR) between any
set of four control points [13] and the second one is that the control points that belong to a straight
line in the checkerboard should remain in a straight line in the image [14]. Figure 2 shows these
two constraints. Using these constraints, control points in distorted images are corrected to obtain
their undistorted positions. With both set of points, the distorted ones detected in the image and the
undistorted ones computed using the previous constraints, the division model is computed. Cross ratio
and straight line constraints for point correction are defined in the following.

Figure 2. Geometric invariants for correcting points locations detected in the image. Template features
remain under perspective projection also in distorted images. Cross ratio guaranties that
parallel lines remain parallels under perspective projection. Straight lines are also straight under
perspective projection.

2.1.1. Control Points Correction

If template control points in the image with coordinates q14 = (1114,914), 924 = (424,924), 934 = (U34,034),
G4q = (U44,044) satisfy the cross-ratio invariability, the following equation arise:

CR(g1a 92 93, 93d) = et = CR(p1, P2, P3, Pa) )
514°523

where s;; defines the distance between points ¢; and g; represented as sl-jz =(u; - u]-)2 + (v; — z;j)2 5 P1, P2
p3, p4 are four consecutive control points of the calibration template arranged in a line represented
in Figure 2. Any set of four consecutive control points arranged in a line in the calibration template,
have to satisfy the CR(p1, p2, P3, pa). These lines are vertical and horizontal. In consequence, one point
participates in the cross ratio computing of six sets of points, three for horizontal neighbor points and
three for vertical neighbor points. Using the cross ratio invariability, distorted positions of image points
are corrected according to the positions of neighbor points doing a nonlinear search that minimizes the
following error function:
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Since a checkerboard template arranges control points in straight lines, n is the number of straight
lines and m is the number of points in each line, gx; is a point k of the straight line /, where /=1, ... ,n
andk=1,...,m. CR(p1, p2, p3, pa) is computed when the calibration template is designed.

On the other side, given a control point g; = (u;, v;) in the distorted image, the straight line
constraint to undistort the control point position is defined with the straight line equation.

aru; +bpvi+¢ =0 4)

where a5, by, ¢ represent the parameters of a line /. Points that fit in a line perfectly, make the following
function null.

n m
JsT = ZZ||ﬂz'ui+bz'Ui+Czll 5)
=1 i=1

To undistort all distorted image positions an error function is minimized that includes the cross-ratio
invariability and the straight line constraint.

m-—3
Jep = Z[Z llaj-u; + byv; + ¢/l + 2 ICR(Gk, G411 Gr+2,0 Gk+3,1) — CR(p1, P2, 3, pa)ll (6)
I=1\i=1

Minimizing previous function, distorted control points g,; are corrected to undistorted ones gy ;.
Figure 3 shows the result. Blue dots correspond to detected control points in the image g,; and red
lines correspond to the undistorted control points gy, ;.

'P;“ --,’4”4

Figure 3. Result of control points correction. Blue dots correspond to detected distorted control points

in the image ¢4, and red lines correspond to the undistorted control points g, ;. Correction is done
taking into account that control points of a checkerboard template accomplish two constraints that do
not change under perspective projection. The first one is the cross ratio between any set of four control
points and the second constraint is that control points that belong to a straight line in the checkerboard
should remain in a straight line in the image.

2.1.2. Computing the Model Parameters

The parameters of the division model described in (1) are the coefficients of the polynomial in the
denominator denoted as f8; and the distortion center 1, vy. Given a set of distorted points q;; and
the undistorted ones g, ;, where i represents the number of points in the image, n pairs (r4,, ,,;) arise,
which are used to compute the coefficients ;. Considering a two parameter model, two coefficients f3;
are arranged in a vector 8 = [y, f1]T and considering 1, v in the center of the image, given 1 points in
the image, § is computed as follows:

2 4
1741 1751 Ta1—Tp1
=] .. @)
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Equation (2) is expressed as a - § = b. Using least squares, the algebraic solution of  is computed as
B=(al-a)~!-a’ - b. Toimprove the algebraic solution of § and the initial value of the distortion center
ug, vg, the Levenberg-Marquart algorithm can be used. The Levenberg-Marquart algorithm solves
non-linear least squares problems, especially in least squares curve fitting. A function to minimize and
the initial values for the parameters set are necessary. In this case, the error function to be minimized is:

n 2

1 T'ai
Jmp = =) |1pi— - (8)
n ; P 1+ ﬁo'i’éri + ﬁl'i’;i

This error function measures the mean radial distance between computed undistorted control
points and distorted control points corrected with a given model. The set of parameters are fy, f1 and
the distortion center ug, vy. Initial values for By, f1 are the solution of (7) and ug, vy is the center of the
image. The minimization of the error function (8) computes the best values for fy, f1, uog, vo.

If a first-order division model is computed with only one parameter y, expression (7) is reduced
as follows:

rp,l'rﬁ,l Ta1—"tpa
Bo = )

2
Tony, Tan = Tpn

In this case, expression (8) is also reduced as:

1 Z": Td,i ’
nie L+ Bory;

To summarize, the image high distortion can be easily modelled with a first-order or second-order
division model. To calibrate the division model, a set of distorted and undistorted points are needed.
Distorted points are detected in the image and undistorted points are computed doing a metric
correction taking into account that some constraints of the calibration template remain unchanged
under perspective projection in a high distorted image. The calibration procedure is as follows:

A set of images from different camera-template distances are captured.
Control points are detected in captured images to obtain g, ;.
Control points are corrected to obtain g, ; using the procedure described in Section 2.1.1.

L I

Using points of all images, camera parameters are computed with the algorithm described
in Section 2.1.2. This step is very important because data coming from all images are used
together to compute one lens distortion model that represents all of them. According to Figure 1,
lens distortion is depth dependent. In consequence, to compute a unique model that represents
lens distortion in images captured with different camera-template distances is not the best practice.
To be rigorous, the depth dependence of the lens distortion has to be represented in the model to
describe the distortion accurately.

2.2. Depth-Dependent Division Model Calibration

As it was shown in Figure 1, lens distortion is distance dependent. In consequence, to adjust a
unique model using data of images taken at different distances to the camera is not a very good practice.
Moreover, images with different perspective give control points at different distances to the camera that
fail in validating the calibration result. If so, biased parameters are computed. To obtain a lens distortion
model that represent the true image deformation, this should depend on the camera-object distance.
This means that all lens distortion model parameters should be dependent on the camera-template
distance. In this case, a first- and second-order division model is adjusted. Therefore, parameters fy, 51
have to depend on the camera-object distance. To solve this problem, two functions Sy(d) and f1(d) are
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proposed that give the value of the parameter 8y, 31 for a given camera-object distance. In this case,
the depth-dependent second-order division model is as follows:

_ ra
" + Bo(d)r3 + p1(d) 5 b

where functions By(d) and B1(d) represent the parameter fy, p; for a given distance. To adjust the
functions By(d) and $1(d), an empirical experiment is proposed. Several checkerboard images are
taken at different camera-template distances. Camera location in front of the checkerboard is adjusted
to guarantee that the checkerboard plane is as parallel as possible to the image plane to avoid
perspective that can influence in a bad result. This guaranties that all control points are in the same
camera-object distance and a unique valid distortion model represents them. A set of images at
different camera-checkerboard distances are taken to compute one parameter ffy, 51 with every image.
This is the main difference with the method to compute just one model to represent the lens distortion
with independence to the camera-template distance. With one model, all control points from all images
participate in the calibration of the model. Now, only control points coming from one image captured
in a specific camera-template distance are used to compute one model that is valid for this distance.
Using control points coming from images captured at different camera-template distances, a set of
models are computed that are valid for a specific distance. The aim is to define functions S(d) and
B1(d) that are able to represent the evolution of parameters 3y, 1 throw the different models that are
valid for different distances. Figure 4 shows one example of images taken under these conditions.
A set of parameters fy, f1 are computed with every image taken at different distances that are used to
adjust the function By(d) and f;(d) empirically.

Figure 4. Checkerboard images taken at different camera-template distances. Checkerboard plane

is as parallel as possible of the image plane. This guaranties that all control points are in the same
camera-object distance and a unique valid distortion model represent them.

3. Results

In our experiment, an EoSens® 12CXP+ (Mikrotron, UnterschleifSheim, Germany) of
4096 x 3072 pixels, 23.04 x 23.04 mm active area is assembled on an ABB IRB 140 showed in Figure 5.
Camera location is obtained by using the location of the end of the robot arm that is provided by its
control unit. With this location, it is possible to know the camera-template distance and moreover, it is
possible to orientate the camera sensor plane with the template plane to be as much parallel as possible.
Two lenses with 8 mm and 12 mm manual focus are mounted on the camera to compare the results.
The training model plane is a 1210 mm x 970 mm checkerboard with 580 corner points (29 x 20). Corner
detection has been done with the function cvFindCheckerboardCorners() from the openCV library [15].
Figure 3 shows distorted detected points in one image and their computed undistorted position.
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Figure 5. Robot arm ABB IRB 140 (ABB, Stuttgart, Germany) with an EoSens® 12CXP+ camera of
4096 x 3072 pixels (Mikrotron, Unterschleifheim, Germany).

Ten images, similar to the ones in Figure 5, are taken at several camera-checkerboard distances
with both lenses. Distances are from 300 mm to 1650 mm in steps of 150 mm. Twenty division models
are computed, one for each image and for each lens. The process is as follows:

1. The checkerboard control points are detected in each image to obtain g ;.
Distorted control points g4, are undistorted to obtain g, ; using the metric correction method
described in Section 2.1.1.

3. Detected control points in each image g,; and undistorted points in each image g,,; are used to
adjust a particular division model for each image. A division model is adjusted as follows:

a. The algebraic solution is computed solving Equation (7) and considering as the distortion
center the center of the image.

b.  Model parameters and distortion center are refined minimizing the error function defined
in (8).

One particular division model represents the distortion for one camera-template distance.
The method to compute the model is described in Section 2.1.2, but in this case, control points
of one image are used instead of using control points of several images. The computed parameters with
each model are By, 1 and the distortion center 1, vy, that are valid for one distance. Figure 6 shows
the computed parameters for each image for 8 mm and 12 mm lenses. The variation of lens distortion
parameters depending on the distance is similar if 8 mm or 12 mm lens are used. Distortion center ug, vy
does not change significantly when the camera-checkerboard distance varies, but distortion parameters
Bo, p1 change as it is shown in Figure 6a—d. As it was presented by Magill in [3] and shown in Figure 1,
distortion is depth-dependent and distortion parameters are sensitive to the camera-object distance.
The asterisks in Figure 6a—d show the computed value of parameter Sy, 1 for each image and both
lenses respectively. According to the sensibility of parameters y; and f3;; to the distance, the values of
the lens distortion parameters decreases with the distance in an exponential form. In consequence,
the following experimental function can represent the variation of the distortion model parameter fy,

B1 with the distance d:
k
Bd) = = +ko (12)



Sensors 2020, 20, 3695
635 8 mm lens
* % computed values By for each image
034 —T1—|==== adjusted function
Ny computed value ﬁo with data of all images
\
033+ -
9] |
© \
g 032 Y
N
g %\\
_5 0.31 1 .
5
5 o3f
° <
*
- * N -
0.29 e
Tl X x
0.28 : : : . - * . !
200 400 600 800 1000 1200 1400 1600 1800
camera-object distance (mm)
(a)
65 %1073 8 mm lens
i *
\ * computed values By for each image
6 \-\ —---—--adjusted function
\\ computed value 3, with data of all images
« 55F \\
& a
© 5¢ \
5
g 451 \‘\
5
e 4r RN
T 35¢ S
*L
L T
3 * TRk
25 . . . . . . . )
200 400 600 800 1000 1200 1400 1600 1800
camera-object distance (mm)
()
5565 - 8 mm lens
+
600 —F T
o
>
5~ 2400 + computed value u, for each image
% x computed value vy for each image
3 2200+ computed value ug with data of all images
_5 ————— computed value v, with data of all images
=
9 2000
&
©
1800 [ ; T « %
X
1600 : : : . : . * !
200 400 600 800 1000 1200 1400 1600 1800

camera-object distance (mm)

(e)

8 of 12

12 mm lens

0331
9\& +* computed values By for each image
032+ \\ —---—--adjusted function
\ computed value 3, with data of all images
o A
031 Y
2 \
£ !
s 03 %
@ %
Qo
_5 0.29 1 \‘\
€ N
g
2 028 *
° —
*
027+ e
. * * *
* i
0.26 ! ! ! ! ' ! = '
200 400 600 800 1000 1200 1400 1600 1800
camera-object distance (mm)
(b)
3 12 mm lens
65 x10
%\‘ % computed values By for each image
61 \\ e adjusted function
55| \\ computed value 3, with data of all images
o 5°f \
g 5
© 451 X
T .
Q | N
§ ° .
jcig 35 ok
@0 TN
= N
37 = T
25+ e
200 400 600 800 1000 1200 1400 1600 1800
camera-object distance (mm)
(d)
12 mm lens
2800 1
+
2600 [ & ¥ T—F T T T T +
o
v
22400
9
*ﬂc-)‘ + computed value uj for eachimage
g 2200 | x  computed value v, for each image
:g computed value Uy with data of all images
% 2000 |- computed value v, with data of all images
2
1800 [
X X X
X % x X
1600 ' ' ' ' ' ' : '
200 400 600 800 1000 1200 1400 1600 1800

camera-object distance (mm)

()

Figure 6. Variation of the second order lens distortion model parameters with the camera-object
distance. The computed parameters are 3, f; and distortion center 1y, vy. The asterisks show the
computed value of the parameter for each image and the dashed line shows the value given by the
function By(d), p1(d) adjusted using the least squares technique with asterisk data, fy; and $1;. (a,c,e) is
for 8 mm lens and (b,d,f) is for 12 mm lens.
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ko and k; are the adjustable parameters. The aim is to represent the depth dependent variation
of camera lens distortion parameters with the simplest function that is possible to describe this
phenomenon. A mathematical analysis of this phenomenon would result in a more complex equation
with more parameters to identify, but from a practical point of view, the empirical analysis shows that
the two parameters equation proposed in (12) are enough to describe this phenomenon. The dashed
lines in Figure 6a—d show the value given by the functions S(d) and f1(d) adjusted with the least
squares technique using data fy; and f1; represented with asterisks. In both cases, using 8 mm lens or
12 mm lens, the variation of distortion parameters with camera-object distance is represented accurately.
A more complex function presented in (12) does not improve the results significantly and it would only
complicate the computing process. The function proposed in (12) is able to describe this phenomenon
accurately in both cases.

If control points of all images were used to compute the distortion parameter §, only one division
distortion model would be computed for all images. Computed value is represented with a solid red
line in the Figure 6a—d.

In addition, to simplify the lens distortion model also, a first-order division model is computed
with the same data. In this case, the aim is to know how the division model degree can improve the
distortion correction capacity of the model. The procedure is similar as before but in this case the
division model is represented by the distortion center u, vy, and one parameter f only, instead of two
Po and p; as before. The first degree depth dependent division model is defined as follows:

_ 1
" + Bo(d)-13 19

Using corrected and distorted control points of each image, initial value of fj is computed with
Equation (9) and final values of fy and ug, vy are computed with Equation (10). Figure 7 shows that
the variation of By with respect to the camera-object distance is similar as before. In consequence,
Equation (12) is also used to represent the depth dependency of lens distortion parameters with the
camera-object distance. Asterisks in Figure 7a,b show the computed value of parameter y with each
image and both lenses. The blue dashed line in the Figure 7a,b is the computed values of function
represented in (12) when it is adjusted using data fy; represented with asterisks. The solid red line in
the Figure 7a,b represents the computed parameter ffy using control points of all images together.

To compare the accuracy of the proposed method the error function defined in (8) and (10) is
used. Equation (8) is for the second-order division model and Equation (10) is for the first-order one.
This function measures the mean error radial distance between computed undistorted control points
and distorted control points detected in the image and corrected with a given model. Compared
models are the unique model computed with data of all images, the first-order depth-dependent
division model and the second-order depth-dependent division model. All of them are compared with
8 mm and 12 mm lens. Results are shown in Table 1 for 8 mm lens and Table 2 for 12 mm lens. First and
second row show the computed error using the second and first-order depth dependent division
model for each image respectively. Third row shows the error using a unique division model that
undistorts all images with independence of the camera-object distance. Analyzing 8-mm lens results,
the error has a mean value from 5.08 to 2.45 with a standard deviation from 2.92 to 1.07 pixels using the
depth-dependent model depending on the model order. If a unique model is used it increases from 9.85
to 7.73 with and standard deviation from 4.83 to 2.98. The depth dependent computed model projects
all undistorted points in a range of + 2.92 pixels in the worst case and the unique model does it in a
range of + 4.83 pixels. Depth-dependent model represents the distortion accurately and a second-order
model does not improve the image correction significantly. Similar results are for 12 mm lens.

The proposed method suggests that the camera sensor plane has to be as parallel as possible to
the template plane in order to be sure that the camera-template distance is similar at all areas of the
image. To analyze the plane parallelism effects in the calibration process, an experiment is performed
that captures images where the camera sensor plane is not parallel to the template plane. Small errors
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are induced in the capturing stage. In this case a first order division model is computed with images
captured with 8 mm lens. Calibration deficiencies are measured using Equation (10). Values are shown
in Table 3. If they are compared with error values computed in Table 1 where both planes were parallel,
no significant difference exists.

8 mm lens 12 mm lens
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Figure 7. Variation of first-order lens distortion model parameters with the camera-object distance.
(a,b) Computed parameter 3y for 8 mm and 12 mm lens respectively. The asterisks show the computed
value of parameter 8 for each image and the dashed line shows the value given by the function fj
(d) adjusted using the least squares technique with asterisk data fy;. (c,d) Distortion center 1y, vy for
8 mm and 12 mm lens respectively.

Table 1. Calibration error with 8-mm lens and parallel planes (mean and standard deviation) ?.

Camera-Object Distance (mm)

300 450 600 750 900 1050 1200 1350 1500 1650

Second order
depth-dependent 4.75+223 4.86+238 425+283 345+185 3.04+153 337+163 315+1.07 245+132 299+152 3.01+1.58
model

First order
depth-dependent 4.34 +237 5.08+288 4.03+292 327+208 363+205 385+183 299+1.14 283+1.06 273+117 3.18+1.03
model

Unique model ~ 8.16 +4.73 729+4.83 894+423 985+372 9.14+336 8.63+323 773+332 894+309 845+298 7.79+3.01

? Calibration error is the evaluation of the error function defined in Equation (8) for the second-order model and
Equation (10) for the first-order model. It measures the mean of the radial distance between the undistorted points
qp used to calibrate the model and the detected points g; undistorted with the calibrated model.
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Table 2. Calibration error with 12-mm lens and parallel planes (mean and standard deviation) %.

Camera-Object Distance (mm)

300 450 600 750 900 1050 1200 1350 1500 1650

Second order
depth-dependent 5.85+3.32 4.63+257 4.62+262 338+204 298+213 305+186 323+157 256+1.14 263+138 279+1.49
model

First order
depth-dependent 4.72 +3.01 4.98+263 441+298 343+252 336+282 358281 297+174 243+157 257+105 263+1.14
model

Unique model ~ 896 +582 8.09+594 816494 9.64+482 952+482 972+395 862+439 789+£392 994+3.67 882+3.73

# Calibration error is the evaluation of the error function defined in Equation (8) for the second-order model and
Equation (10) for the first-order model. It measures the mean of the radial distance between the undistorted points
qp used to calibrate the model and the detected points g; undistorted with the calibrated model.

Table 3. Calibration error with 8 mm lens and non-parallel planes (mean and standard deviation) “.

Camera-Object Distance (mm)

300 450 600 750 900 1050 1200 1350 1500 1650
First order
depth-dependent 4.88 £2.83 4.75+262 415+239 355+202 3.17+212 327+194 338+135 291+127 287+148 327+131
model

Unique model ~ 9.34£573 8.02+4.63 9.04+536 975+497 937+405 8.03+395 816+378 803+3.65 9.82+389 871+431

? Calibration error is the evaluation of the error function defined in Equation (10). It measures the mean of the radial
distance between the undistorted points g, used to calibrate the model and the detected points g4 undistorted with
the calibrated model.

4. Discussion

Attending to the results presented in Tables 1 and 2, the depth dependent distortion model is able
to correct the image more accurately if it is compared to the non-depth-dependent model. The depth
dependence is not considered if a unique model is computed using data from several images captured in
different camera-object distances. In consequence, a biased model is computed that does not represent
the distortion accurately taking into account that lens distortion is a depth-dependent phenomenon.

The variation of lens distortion parameters with the camera-object distance can be described
with the equation proposed in (12) easily. A more complex function does not improve the results
significantly. Going deeper, the Equation (12) is able to represent variation of lens distortion parameters
when the model changes from first to second degree or when the lens changes. In this case, it has been
validated for 8 mm and 12 mm lenses.

From the point of view of the degree of the division model, a first-order degree model corrects the
image distortion acceptably but it can be improved with a second-order model if necessary.

With the proposed method, images are captured without perspective to have similar
camera-checkerboard distance in all parts of the image. Since the image plane is as parallel as
possible to the camera sensor plane, image focusing is easier and all control points in the image are
focused. This improves the detection of control points in the image and reduces the noise level in the
calibration process. With existing methods, the image perspective makes the focusing process harder
and some parts in the image are blurred.

It may be considered that the proposed method is useless because it needs special equipment to
perform the lens distortion calibration. In this case, a robot arm is used to localize the camera and
to measure the camera-checkerboard distance. However, similar results are computed if the camera
is localized with a tripod and camera-object distance is measured. As it is demonstrated in Table 3,
perfect parallelism between the camera sensor plane and the checkerboard plane is not definitive to
obtain accurate results.

5. Conclusions

A deep analysis of the high distortion image correction has been done. In this case, the analysis
is focused in the distance dependence of the distortion in the image. The depth dependence of lens
distortion model was presented by Magill in [4] and this paper presents an analysis in high distorted
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images. A variation of the camera lens distortion division model is presented that includes the
camera-object distance to obtain accurate results as it is shown in Tables 1-3. The division model is
able to correct high distorted images with only one parameter. This parameter can be adjusted to the
camera-object distance to perform an accurate correction of high distorted images. Better results are
computed if they are compared to the image correction, if only one model is computed that does not
depend on the camera-object distance. The distortion center parameters do not vary significantly if
the camera-object distance changes. At present, the proposed analysis is a step forward in the field of
high lens distortion correction that will help in any application where the lens distortion correction
represents a crucial step.
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