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Abstract

Calibration plays an important role in application of non-
metric cameras for metric stereorestitution tasks. An IBM-PC
computer operated procedure has been developed for such an
analytical calibration of cameras. The geometric concept used and
mathematical models developed for this procedure are described.
An exémple is presenied with regard to an amateur camera
calibrated for four focal lenght settings by using convergent multi-
photo configurations. The calibrated focal lenghts and the cor-
responding lens distortion data are presented for the various
cases, from which parameters for any other specific case can be
obtained by interpolation. The experience and the results indicate
that the procedure is economical and convenient for most close-
range applications demanding precision measurements.

Introduction

With more and varied use of photogrammetry for precision
close-range applications, camera calibration plays an important
role whereby non-metric cameras yield resulls enough 1o
challenge metric cameras in view of their cost-effectiveness. Most
realistic approaches for the calibration of a non-metric camera
can be classified into two groups: (a) on-the-job calibration, and
(b) self-calibration.

On-the-job calibration has been noted to require an dbject
space control network (Anderson et al, 1975), where the number
of necessary control points would be directly propartional o the
desired number of involved parameters.

Unlike the classical procedures, the self-calibration concept
initiated by Brown (1972) is based solely on the image point meas-
urements without requiring absolute ground control. A strong
geometrical configuration of multiple photographs over the same
field of unknown object points would be desirable (Ghosh, 1988).
Furthermore, self-calibration can also be “on-the-job". One would
casily see that sclf-calibration procedure has more advantages
(Moniwa, 1977). This is why self-calibration is more welcome in
practice. Oftentimes a close-range job with an amateur camera
would require an unpredictable focal-lenght setting. This would
necessitate a clear understanding of the interior geometry for the
specific case. Assuming that if the camera could be calibrated for
multiple [ocal-leght settings (with regard 1o respective object dis-
lances), in pratice all interior orientation parameters for any other
specific case would be obtainable by simple interpolation. The
above would give the rationale behind the present study.

Basic Mathematical Models

The self-calibration approach is based on the augmentation
of collinearity condition equations. There are however some dif-
ferences among the mathematical models used in the self-calibra-
tion of various organizations. These differences are mainly due to
the different ways of modeling the lens distortions, the film cefor-
mations and the consideration of weighting the parameteis in
calibration ( El-Hakim, 1979; Adiguzel, 1985;Fryer, 1784).

The basic mathematical models used in this study
(developed from the concept of Brown, 1972) are as {ollows:
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Where,
dVy, dV, are the corrections for lens distorcions,

AV = X (ke +®)+[Py(0425) + 2Py (1+Psr)

_dVy = § (ki vk vy £[Pa(C42F) + 2P X Y] (1+Psr)

xand y are photo-coerdinates with fiducial reference;

X, ¥o are the photo-cocrdinates of the prin.ipal point with
fiducial reference; i

f is the calibrated focal length;

ki, ks, ka are the coefficients for radial fens distortion model
(partly polynomial stemmed),

Py, Ps, Pz are the coefficients for decentering lens distartion
model (partly poiynomial stemmed);

M's are the clements of the erientation matrix; .

X, Y, Zare the ground coordinates of the object points; and

Xo, Yo, Zo are the ground coordinates of the camera
perpspective cenler.

After linearizing (1), and considering the other weighted
function constraints for all the parameters, the mathematical
madel can be written as:

Vo+ A+ Ao+ A + W =0 (2a)
Vi + ﬁl \V| = 1) (2[)}
Vo + A + W= 10 (2¢)
Vi + Ay + Wy =0 fzdj

RBC-66

‘




Where,

V : residual vector of mage coordinates;

Ay unknown external orientation parameters (%, Yo, £, ki,
ka, ks, Py, Py, Py);

A» unknown interior orientation parameters;

Aj: unknown object point coordinates;

Ay, Ay, 'Ajare the corresponding coefficient matrices;

Vi, Va, V; are the résidual vectors of the three types of
pseudo cbservations Ay Ay Aj, respectively; and W, Wy, W,
W; are the misclosure vectors in the equations.

The final estimations of the unknown parameters are based
on the principle:

VPV + VIPIV) + VIBVa o V5B Vs s min

Where, .

P is the wheight matrix of image coordinates, and

Py, Py, Py are the weight matrices of pseudo observations.
With regard to the present study, the lollowing characteristics may
be pointed out:
(1)Radial lens distorcion is formulated by the well known
odd-power polynomials. More complex film deformations are not
considered, because the photo format is small (36 x 36mm). The
linear part is automatically contained in the photo coordinate
transformation. Usually, the effects of film deformation on image
coordinates are very small for such small formats (Hatzopoulous,
1985). Nonetheless, effects of irregular unflatness of film may still
remain. However, multiple convergent’ photography would
considerably minimize the effects and thus would lead to
acceptable closures and accuracies.
(2) All unknown parameters are treated as pseudo observations.
This includes the interior orientation parameters as well. Proper
wheights can be assigned in pratice 10 these pseudo observations.
(3) The a priori wheights used in a case exemplified here are listed
in Table 1. These are based on previous experience in view of
their geometric configurations and realistic reliabities.

The above characteristics have the following special ad-
vantages:
(a) All image point coordinaies, including the points appearing
only on two photos can be used. These are the only kaown
(through observations) data.
(b) Good geometric conditions plus proper input of weighis can
reduce or even eliminate annoying effects of correlation between
various parameters.
(¢) Interraction amongst various “standards” is avoided (cg.,
geodetic standard of ground control; manufacturers’ standards
for photogramir iric equipament and camera, ete.).
(d) Absolute ground control need not be established.
Approximate values are necessary (0 initiate iterative sclution
procedures.

Data Acquisition

The case of a specifc camera (one Rollei SLX, f=80mm) is
presented here as an example Lo illusirate the concepts and develop-
ments. (he camera was calibrated for four [ocal-kenght settings cor-
responding (o four different object distances (0.25 m, 1.0 m, 2.5 m.
7.0 m) with 2 view 1o its use on varying objects distances. In the case
of (.25 m, an auachment had to be used for extending the lens ke
i order 1o get a clear focus on the vbject (Largets).

Highly convergent photos were [rom four different dircc-
tions around the test field in each case. For reason of simplicity
and adequacy, the test field is fairly flat. However, the high ult (@
or @ = 60) photos provide variable Z (projection distances) at
the field points giving the equivalency of a three-dimensional field
for each photo (Fig.1). All of the 16 photos were on the same roll
of film. Three different test ranges had to be used for the calibra-
tion because of the differences in the corresponding ground
coverages; one is for 0.25 m, one for 1.0 m and 2.5 m and the last
one for 7.0 m. The designs of the three ranges are similar, except
that the grid dimensions are different. Each range consists of
more than 40 grid points. However, during the calibration, at least
20 points, selected at random and evenly distributed over the for-
mats in each case, were used, Theoretically speaking, only two
photos were taken ineach case in order to get the best possible in-
tersection geometry and in order to compare the results [rom 2, 3
and 4 photos (explained later).

Photo points were measured on both Wild BC-1 Analytical
Plotter and Wild STK-1 Stereocomparator. Each photo was
measure twice on each instrument by approaching each points
from opposite directions in order 10 avoid blunders as well as to
overceme the effects of instrumental back-lash. The purpose of
meusuring the photas on the two instruments was to compare the
results from different measuring tools. The maximum difference
between the image coordinate values at the two instruments was -+ um,
preving thereby that daa from any such comparator would be accept-
able realistically. Software is available to store the mage coordinates
directly on disks to be used on the [BM-PC computer, with regard (¢ any
of the two instruments.

Calibration Resuits and Analyses

The calibration results presented here are based on the
image coordinates measured with the STK-1 Stersocomparator in
mono-mode. The interior orientation parameters are listed in
Table 2, where one can see that in cases 2, 3, and 4, the X, y, are
near zero. As mentioned before, in case 1. an attachment was
used to obtain clear focus on the target. The x, and v, shifis in
this case are conjectured to be due to the additional attachment,
causing camera axis deviation.

According to the Gaussian optical law. ihe longer the object
distance, the shorter should be focal distance. The [ values in
Table 2 (based on 4 photo network in each case) agree with this
law (Fig.2). The change seems to be systematic. The data have
been examined 1o check for statistical "goodness of fit".

The cahibrated focal lenght has the best accurary (0.28 mm)

in case 4, also suggesting that the camera has better focus at 7.0 m
distance. .
The lens distortion parameters of the camera are listed in
Table 3, where one can sce that th: decentering lens distortions
are negligible. With the photo fornrat 36 x 56 m , the computed
maximum tangential lens distortion components in x and ¥ arc less
than | sem.

[he radial lens distortion curves of this camera for different
object distances (treated independiently) are shown in Fig.3. Table
3 and Fig. 3 indicated that (a) Ihe radial lens distoreions are sig-
nificant 1 cases 1 and 2; and (1) [ncases 3 and 4, the lens distor-
tions become considerably small (neghgible in case 4). 1o pratiee.
all insignificant parameters can be eliminated hy assigning 7ero
weights in the pregram.
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In order to assess the degree of importance of lens distor-
tion on the calibration results, the cases were studicd for the fol-
lowing instances:

i. Calibration without considering any of the six lens distor-
tion parameters (ki, ks, ky, Py, Pand Ps).

il. Calibration by considering all the six lens diatortion
parameters.

jii. Calibration by considering only ki, k2, and ka.

iv. Caiibration by considering only Py, P> and P3.

The results of one such (case 2) are summarized in Table 4,
from which one can draw the following conclusion with regard to
this particular camera:

(1) By comparing the results of instance i against the others, one
would note (1wt the accuracy is improved significantly by
considering the ens distortion parameters into the calibration.

(2) The decentrring lens distortion has no elfect on the
calibration outpui accuracy.

(3) The standara_deviations of adjusted objccl coardinates,
however , remain practically the same in all instances.

Tests about the effect of the lens distortions on relative
orientation of two photos taken by the camera were also per-
formed. Relative vrientation was performed in two medes, one
without considering the lens distortions, the other by considering
the lens distortions. The results of one such test are shown in
Table 5 indicating that the accuracy of relative orientation is im-
proved significantly by considering the radial lens distortion.

[n order to study the accuracy improvement with rezard to
the number of photos used, the calibrations in the four cases were
also carried out with 4,3 and 2 photos each. Some illustrative
results are presented in Table 6 and Fig4. These indicate that
with the reduction of photographs not only the redundency of ob-
servations is decreased but also the geometry is weakened, and
consequently, the calibration accuracy becomes poorer.

The presented results are all from the calibrations based on
the image coordinates measured at the STK-1 Stereocomparator.
The calibration results from the STK-1 measurements are almost
identical with those from the BC-1 observations. These are not,
therefore, presented here.

A question may be raised as to why no check points were
used for quality control. This self-calibration procedure does not
require any field control. On the other hand, all the object points
in the study were generated through grid intersections prepared al
a precision coordinatograph. Their final values gave standard
deviations for cach coordinate less than * 0.15 mm, indicating
thereby that an excellent quality of thz object point coordinates
(also Table 6) is obrained.

Conclusions and Recommendations

Observations made with regard to this particular amateur
camera example would give the following general conclusions:
(1) An amateur camera may have significant radial lens distortion.
This distortion has strung effect when the camera is used on
close-range vbjects.
(2) Radial lens distortion effects seem to be reduced as the object
distance 15 inereased (corresponcling 1o shorter focal-lengths) as
would be expected (Fraser and Veress, 1980).
(3) Decentering lens distortions are negligible for such amateur
cameras ([or all object distances).
(4) Measurement daty from the STK-1 Stereocomparator and

.

from the BC-1 Analytical Plotter would give similar calibration
results, indicating thereby that any precision comparator would be
adequate for such a camera calibration.
(5) The calibrated focal lengths change significantly when the
object distances change. The calibrated focal length values can be
interpolated (Fig.2) for specific applications with regard to. the
object distances.
{6) The calibration results indicate that accuracy of the calibrated
focal length is somewhat related to both the object distance as
well as the network geometry. However, the calibration for the
farthest object distance would give the best accuracy of the focal
length.
(7) It was found during the tests that amonu the parameters the
maximum correlation in one case is 0.86 while in all the rest s less
than or equal to 0.53. However, as is noticed, with the highly
convergent multiphoto configuration geometry as used, such
carrelations are "broken”. This establishes very stable and reliable
reometric configuration.
(8) The attachments of the camera should be used with caution.
Otherwise, it may produce annoying effects. However, such
calibration would serve the purpose well as long as the outlit
remains stable.
(9) To obtain a good estimation of lens distortions, object points
should be widely distributed so as to cover the entire phote
format in 2ach case.
(10) All interior orientation parameters for any case than the ones
used for such a calibration would be easily obtained through
simple interpolations in vicw of the related object distances.
(11) Bused on this expericnce it may be recommended that
similar self-calibration can easily be peformed to evaluate any
amateur camera before its use on metric stereo-resolution tasks.
The obtainable accuracies with regard to specific parameters may
be considered for specific practical applications. What counts
most for photogrammetric applications is the accuracy obtained at
object points. Table 6 indicates (the last three columns) that such
accuracies are invariably within acceptable limits in all close range
applications of such a camera.
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Table 1. Input Weights

ltem Std. Error Weight
Interior Orientation Parameters
Xu, Yo, £, Ky, Ko, ks o po 3 unit
Exterior Orientation Parameters
X Yo Z 0.02m 25x10°
W @ K 0.1 rad 1.0x 10*
Approx. Object Coordinates
X y 0.0005 m 4.0x i0*
z 0.0008 m 1.5625x 10°
Image Coordinates
X y 0.008 mm 1.5625x 10

Note:

(1)Approximate values of exterior orientation parameters are obtained by using a metric rulerand a

simple angle measuring device.

(2)Object coordinates are obtained for very close-runge cases [rom coordinatograph data.
(3) Image coordinates are obtained at the Wild STK- | stereocomparator.
(4) The standard error considered towards weights in this lable are based on previous expericnce

and realistic relative reliabilities,
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Table 2. 1.0, Parameters of the camera

Case n° X0 ox0 y0 oy f of
(mm) (mm) (mm) (mm) (mm) (mm)
1 -0.52 0.39 1.02 0.39 113.99 (.76
2 0.04 0.09 -0.59 0.62 84.63 0.91
3 0.03 0.13 -0.46 0.56 82.95 0.49
4 -0.02 0.26 -0.37 - 0.65 80.90 0.28
Note: Cases 1, 2, 3 and 4 correspond to 0.25 m, 1.0 m, 2.5 m, and 7.0 m, object distances,
respectively. ;
Table 3. Lens Distortion Parameters of the Camera
Kj k2 ki Py P> Py -
l 3.907 0.006 0.000 0.000 0.000 0.000
2 3.121 0.003 0.000 0.128 -0.079 0.000
3 0.278 0.000 0.000 -0.025 0.000 0.000
4 0.109 0.000 0,000 -0.002 0.000 0.000

Note: 1,2,3 and 4 are the cases for 0.25 m, 1.0 m, 2.5 m, and 7.0 m, object distances, respectively.

Table 4. Accuracy Outputs for the Camera case 2

Instance a2 of oxX oy ox ay oz
(mm) (um) (um) (mm) (mm) (mm)
i 202 113 13.4 11.6 0.04 0.04 0.09
ii 1.54 0.91 10.2 10.2 0.04 0.04 0.07
ili 1.54 (191 10.2 10.2 0.04 0.04 0.07
v 202 .18 13.4 11.6 0.04 0.04 0.09

Note: o The estimated variance of unit weight.

o Standard deviation of the calibrated focal length.
oxand gy Standard deviations of image coordinates.

Jy, Oy, g Standard deviations of adjusted object coordinates.
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Table 5. Resuits of Relative Orientation (independent Method)

Photo rotations/(standards deviations) Py a Comments
_ (average)
o@a)  glra)  x(m)  m)  (um)
1 38.859 -2.097 3.077 No lens
(0.019) (0.019) (0.112) distortions
85 15 considered
2 -37.315 1.891 3.069
(0.025) (0.019) (0.102)
1 36.858 2106 3636
(0.019) (0.019) (0.111)
54 24 Lens
2 37431 1.891 3587 ‘ f;ﬂ;g:;:;
(0.025) (0.019 (0.102) i

Note: Here Py is the average residual y parallex after refative orientation; and o is the normalized
standard deviation of unit weight in the least-squares adjustment for orientation.

Table 6. Calibration Results for Diffrent Number of Photos

Object N°of oax0 0 f of ox oy ox ay oz
Dist. photoes (mm) (mm) (mm) (mm) (um) (um) (mm) (mm) (mm)

- 039 039 11399 076 635 84 002 002 007
025m 3 049 049 1399 082 65 87 002 002 008
2 061 065 396 0% 7.0 88 003 003 008

B 009 062 8463 091 102 102 004 004 007

1.0m 3 0.10 060 8471 091 (0.1 101 004 004 007

2 013 ©A5 8461 100 101 105 004 004 008

4 0.13 056 8295 049 7.0 106 003 003 0.06

25m 3 0.15 038 8299 052 7.1 1.2 -0.03 003 006

2 0.18 060 8278 054 71 1L 003 003 006

: 4 026 065 8090 028 50 134 010 010 QI3
70m 3 031 066 8000 030 353 135 010 010 014

2 038 070 8075 035 54 140 011 011 0.4

Note:  ox0 and oy0 are standard deviations of principal point coordinates. For the rest, see Note
for Table 4.
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