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ABSTRACT:

The automotive industry increasingly uses closegeaphotogrammetry systems with bundle adjustmentafquiring 3D
information to check for example the quality of shenetal parts. Because of its flexibility, at tsne photogrammetric system is
used in climate chambers and hence is exposedttenex strain. The interior orientation of the caanwhilst capturing in the
difficult environment can not be assumed to belstahd an appearance of wear may occur over titns.paper presents the effect
of unstable lens fixings. A practical adaptationrieducing the lens movement, whereby the commasiyl ring flash is dissociated

from the lens, is introduced and successfully tksfdso, a mathematical model to compensate thecefff lens inclination is

presented and verified by the German guideline VDE 2634

Part 1. First results show significant ioygment in maximum

length variation, which is the desired parametehéguideline VDI/VDE 2634 part 1.

1. INTRODUCTION

1.1 Background

The demand for high precision measuring technigires
industrial environments has continuously increaisethe last
10 - 15 years. Camera based techniques have canpgdinst
other high precision measuring instruments suchCkEVs
(Coordinate Measuring Machines), laser trackers @R&-like
techniques (Indoor GPS). Close range photogrammetity
cameras has various advantages over most of thd Bgstems.
It is very flexible in handling, does not needxefl space such
as the CMM, data is captured very fast — machines
production lines do not have to stop for long pesiof time —
coordinates are captured in a non-contact manner véth
additional image analysis methods, feature lineseations on
for example metal sheets can be measured. One kxahp
photogrammetry in an extreme application is a measent in
a climate chamber. With temperature variations frd@fC up
to 90°C, pressure of time, constriction in spaca #we amount
of obtainable points, apart from camera based ghatometry
non of the listed techniques can still operate. Thmeras are
under great stress while operating in very hot atdc
environments and among other effects the inteni@ntations
can not necessarily be assumed to remain stable.

In industry a photogrammetric system is also irgiregly used
as reference for other measuring tools such asefample
fringe projection. However, as these tools haveraved over
time, results from photogrammetry with bundle aihent and
consumer cameras can not necessarily be expectdok to
sufficiently accurate any longer. Nevertheless,céjpemetric
cameras may be too expensive.

Cameras utilised at VOLKSWAGEN are consumer camends
not specific stable metric cameras. It is assurhatl the lens
mount is not firmly fixed to the camera body. THere, the
lens follows gravity and in general the optical saxs not
perpendicular to the image plane any longer. Asrsequence
image coordinates are distorted. To compensatthifoeffect a
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“virtual” chip movement needs to be introduced ittie model
of the interior orientation (see also Hastedt £t24102).

The remainder of this paper is organised as follasestion 2
provides a more detailed view about the requiremefitamera
based techniques in automotive industry as laidndowthe
German guideline VDI/'VDE 2634 partl and some eslat
work. Section 3 describes and analyses a new paaelution
of enhancing accuracies with an adapter solutiorifg flash
applications. The mathematical model for rectifythg camera
orientation depending on lens inclination is déssmtiand tested
in section 4. Conclusions and future work can bendb in
section 5.

2.  RELATED WORK

2.1 VDI/VDE guideline 2634 Part 1

Like every other measuring device, photogrammetystems
(in close range photogrammetry commonly summarésedne
camera and its allocated scale bars) need to béaresh based
on existing accuracy specifications. For this pag¥DI/VDE
(Association of German Engineers / AssociationBtectrical,
Electronic & Information Technologies) developed e th
guideline 2634 part1 which established the oppirtuto
compare different photogrammetric systems by thenesa
parameters. Using the length deviation as a aiteviDI/VDE
describes one way of monitoring the systems butat also
enables a comparison with other measuring toolsNICMser
tracker, etc.). To calculate the maximum length iatén
(maximum difference between calibrated and complgadth
of all scale bars) only one scale bar is introdunéalthe bundle
adjustment as length definition.

Depending on normal workday applications the meagur
volume of the calibrating frame needs to be definAd
VOLKSWAGEN a frame with dimensions of approximately
1.5x 2 x 2 m3is used (Figure 1 left). Accordinglie guideline
a minimum of seven scale bars have to be fixetiedriame to



cover each corner of the volume with at least omasuring
point of a scale bar.

Figure 1: Left — VDI/VDE frame with eight scale bar
Right — scale bar with epoxy resin target and cddeget

VOLKSWAGEN applies eight scale bars which are caliéd
with a measurement uncertainty of 5 um over a feoftup to
2.6 m. White targets made of epoxy resin (Figurgfit) are
used in the scale bars because of their good @#sbsuch as
circularity and a precisely defined edge at thadition from
black to white. Retro reflective, contrary to epaegin targets

(1989) and Fraser, Shortis (1992) describe attembptsh take
distant dependent parameters into account. Rautgnbe
Wiggenhagen (2002) tested different camera cordigums for
the VDI/VDE guideline 2634 part 1 (see Figure 2).

3. A PRACTICAL ADAPTER SOLUTION FOR
REDUCING MAXIMUM LENGTH DEVIATIONS

3.1 General

Higher accuracy applications require simultaneoasnera
calibrations within the bundle adjustment procédest of the
software solutions only work with the common tenoBn
parameters for the interior orientation (focal lémgprincipal
point in x and y, three parameters for the radyatsetric
distortion, two parameters for the radial-asymneetend
tangential distortion and two parameters for dffimnd shear).
Mechanical instabilities are mostly not directlynsalered. Two
main mechanical problems can be identified. Whertwes
camera body and the lens itself can be assumee wtable,
chip fixations can be instable as has been disduissexample
by Hastedt et al. (2002). Another crucial areahés lens fixing

are necessary for some special applications bute givig the camera body. In close range photogrammethgere

unsatisfactory results for high accuracy approacties to
shifting effects caused by the characteristics ¢ tetro
reflective material (Dold, 1997; Otepka, 2004).

Figure 2: Example for a circular camera set up {&zherg,
Wiggenhagen, 2002)

The targets fixed to the frame, the targets orstlade bars and
the targets inside the measuring volume are captireulating
the frame in four different height planes (Figuyevdth an
average of around 120 images.

By using one reference scale bar the calibratedsuement
uncertainty (here 5 um for 2.6 m) needs to be astlene-fifth
of the detectable measurement uncertainty (VDI/VREQ2,
Chapter “Artefacts”). For an accuracy demand of0Q;000
with these scale bars the measurement uncertaihigh must
be obtained, is 26 um, hence the detectable measote
uncertainty of 25 um is satisfactory.

2.2 State of the art

The prospect of achieving relative accuracies df0@,000
verified with the guideline 2634 part1 (VDI/VDE,0Q2)
established by VDI/VDE has been discussed and sedlpy
various authors (Hastedt et al., 2002; Hastedt42D0hmann,
2004; Rautenberg, Wiggenhagen, 2002; Rieke-Zapml.et
2005). The largest accuracy achievement is asstionbd the
improvement of the model of the interior orientatio

In principle all advanced interior orientation mtifor camera
based techniques are based on Brown’'s parametecsvi{B
1971). Hastedt et al. (2002) implemented an imagemt
interior orientation using the finite elements noethto model
the surface of the CCD sensor. The results showaslitg
influences as well as heating effects due to tlbeage unit.
Also a shift of the CCD sensor could be assessédamected.
Furthermore, Hastedt
simulation to modify specific parameters such astesyatic
effects to model the influence for analysing pugsosFryer

(2004) presented a Monte-Carlo

consumer cameras dominate, the fixing is usualbayonet. If

due to a frequently lens changing or other circamsts the
bayonet fixing does not hold the lens tightly te tamera body
a tilt of the lens may occur.

3.2 Adapter solution

Camera based systems in close range applicatiensnastly
used with a ring flash mounted on the filter thraathe end of
the lens. Figure 3 shows an example of such a gratometric
system.

Figure 3: Tritop System of Company GOM
(© GOM, Braunschweig)

Due to the presumption that the lens might notitwely fixed

to the camera body, a ring flash mounted at thecénide lens
will cause effects of leverage.

In approximation the lens can be assumed to bel, rigf
constant density and tilts in one point. This pasnassumed to
be the centre of the bayonet. By adding extra vieaglthe end
of the lens the tilting angle increases. Equatioshbws an
abstracted calculation and figure 4 shows this ceffe
schematically.

M1 in centre of

/ gravity of lens

0‘/04— M, in centre of

e
\ _ gravity of ring
\* sTE)- o flast
~
tilting point

Figure 4: Schematic description of the calculatbthe
influence of the extra weight of the ring flash
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where:a;,=  tilting angle (1 without ring flash, 2 with
ring flash)
M; = lens weight
M, = ring flash weight
I = lens length
e = lens diameter

For M; = 2659, M=140g, | =4.65 cm, e = 3.1 cm (measures

of a Nikkor 24 mm lens)a, equals 2.05a;. This effect

therefore should not be underestimated since itlsleto

distortions and the interior orientation can nagenexpected to
be stable throughout a set of measurements.

To investigate possible lens movement, an adaptgure 5) to

separate the lens and the ring flash has beerdmdiltested.

Gap between lens and
detached ring flash

Figure 5: Middle — Adapter for ring flash,
left and right — ring flash mounted on the adapter

Two cameras and configurations with and without @dapter
were tested according to the VDI/VDE guideline 2924t 1.

1. Ring flash mounted on the lens
2. Ring flash mounted on the adapter

The cameras used were a Kodak DCS 660 and a FUfir&2
both with wide angle lenses (24 mm). The image iatttan
was carried as described in section 2.1. Photogedrion
processing included a bundle adjustment with salibation
using the ten Brown parameters. Maximum length at®ns
were calculated in comparison to the referencesdual.

An improvement of maximum length variations of 286-um
between configuration land 2 was obtained, whiphesent an
accuracy enhancement of 25-28 %, see figure 6. Bartheras
show significant differences between the two canfigions but
keep the characteristic that the Fuji S2 Pro isgmaltly better
than the Kodak DCS 660.

In this study relative accuracies of up to 1:33,uivalent to
a maximum length deviation of 0.0774 mm dividedHwy scale
bar length of 2.6 m) could be achieved.

To detach the ring flash from the lens with an &elas a
practical solution to decrease errors probably eduly an
unstable lens fixing. The lens itself however stduses errors
due to a tilt of the optical axis depending on tnientation of
the camera with respect to gravity.

Comparing DCS 660 and Fuji S2 Pro with different fash
adaptations
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Figure 6: Diagram to show results of different flas
configurations

4. MATHEMATICAL MODEL FOR
COMPENSATING LENS INCLINATION

4.1 Theory and assumptions

Compensation of lens instabilities can be modehlgH a tilt of

the CCD-chip with respect to the optical axis, l@sy in one

additional parameter — the lens tilting angiein the bundle
adjustment. During the image capturing the camerasually
orientated in different directions. Therefore, grencipal point
and the focal length may vary per image. With thanges of
the principal point the radial and tangential distms also may
shift marginally.

a) ideal situatio image plane

. . P
optical axit Z — by

— principal point
_— - - . .
e projection centre

P,
principal point

image plane

optical axi:

Figure 7: relations between optical axis and inagee

For simplicity it is assumed that the tilting poicaincurs with
the perspective centrand the lens follows gravity (Figure 7).
A maximum tilting anglen.x is defined and occurs when the
optical axis is horizontal. The individual tiltirgnglea for a
non-horizontal direction of the optical axis is quted by
calculating the angle between the direction of the gravity
vector g and the vector in the direction of the opticalsafsee

section 4.2). This angle is ninety degrees whertiltiveg angle
is maximal.

4.2 Mathematical Model

The mathematical model is separated in two stepereby
calculations in step one are carried out in a dlabardinate
system and step two is computed in an extended eémag
coordinate system.

" note that this is not the same point as the oméctdel in
figure 4



Step 1
As mentioned before the tilting angle depends on the
direction of the optical axis of the camera. Inesrtb describe
this dependence the anglebetween the gravity vectgy and

the optical axis needs to be determinedan be obtained from
the angles of exterior orientation. The elemenofthe rotation
matrix is equivalent to cos (see Schwidefsky, Ackermann,
1976). Given a sequence of rotations @fd Kk (primary,
secondary, tertiary rotationysrcan be described as shown in
equation 2.a is then adapted for each image as followed (se
also figure 8).

gravity vector

—

g

Figure 8: Calculation of angle

optical axis

I3; = coswlcosk
v = arccoér,,)
O =0, SNV

)

where:w = exterior orientation angle
o = exterior orientation angle
g = element of the rotation matrix
Omax= Maximum tilting angle

Step 2

In the second step the model is conceived in thagém
coordinate system. The image planeaBd the optical axis in
figure 9 represent the ideal configuration of tekation between
image plane and optical axis, whereby the imageepls

perpendicular to the optical axis. If a lens foltowgravity

because of a loose bayonet fixing and this newcaptxis is

aligned with the original optical axis on the oljeside the

related image plane,Hs tilted with respect to £ In figure 9

this situation is shown for a horizontal opticaisaxvhere as
mentioned before the tilting angle is a maximum.

Image planes
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P
optical axis £
-
|
|
|
|
|
| Intersecting line between E; and E, |
| nc |
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—_—— e —— e ——_———

Figure 9: 2D-case for principal point displacermeamd focal
length variation

E; corresponds to the image plane depicted in figaran Eto
that shown in figure 7b after the optical axis bagn aligned

é

with the horizontal direction. Thus, object point lies at
position P’ on E As the use of a standard bundle adjustment
process is desired, firstly the image coordinatesP owith
respect to image plang Eave to be computed.

Given that the light beam from the perspective reedbes not
expose the CCD-chip with parallel rays of lighte titing of
the image plane needs to be modelled in three diimes For
this approach a coordinate system XYZ centred ie th
perspective centre is introduced (see figure 10 axis Z
oints parallel to the ideal optical axis. Axis X parallel to
orizon and also parallel to the image coordinate & of the
ideal configuration (B if the camera is orientated horizontally
as in figure 10. Y is chosen to obtain a right-rethdystem.

optical axis E;
optical axis E;

projection
centre

intersecting
line

Figure 10: Model for lens tilting with ;Hdeal chip plane and,E
inclined real chip plane at a horizontal orientaticherea is
maximum

Regardless of the exterior orientation parametersy the
image points at the intersecting line of the twangls £ and &
are not distorted; the respective coordinates aely shifted
by the displacement of the principal point (seerggl0):

d ITG [(‘: 3)
MXpp'= —sink d
Aypp'=cosk
where: d = principal point displacement
c = focal length
a = inclination angle of the image
Mxpp = principal point shift in x
Aypp = principal point shift in y
X' = image coordinate vector in E
K = angle between horizontal plane

(X-Z-plane) and x'-axis of the
image coordinates

The focal length distortion is also image dependerdauseax
changes from one image to the next, see equatiom digure 9.

C

c=
cosa
Ac=c'-c

(4)



X b, [qXP' _AXPPI)+CZn>< [qyp' _AyPPI) (8)
Yi [=V be [@X p —OX PPPI)+CZny [qyp' _AyPPI)

where: ¢ = focal length
a = inclination angle of the image Z ~C=by, [y, [y, _(_bZX [Cany [b3y)
Ac = elongation of focal length where: X Yi, Z = intersecting point on@nd Z = -c
¢ = new focal length for image plang E

Finally, the corrected image point P needs to hesformed
Next, the planes Eand B are set up in terms of equations, into the original image coordinate system (Equagjpn
followed by the computation of corrected image dowates of
point P on E For plane Ethe pointing vector is collinear to the
optical axis and contains only the value of theafdength. One Xp = COS(K) X, +sin(-k) [, (9)
direction vectorB1 is perpendicular to gravity and the other Yp = —sin(-K) X, + cos(kK) LY,
direction vectore, points opposite gravity.

Plane E is defined with the pointing vector parallel toeth ) ) )
pointing vector of i but with the length of ¢’. The direction In equation 9 x and y are the image coordinates corrected for

vector p, is identical top,. Vector ¢, is defined taking the the effect of lens inclination.

inclination anglea into accountg, is the related normalised \yith a configuration of lens tilting in the projemt centre a
vector of unit length. camera with 24 mm focal length an anglg,, of 0.05° would
cause a principal point shift of 3.9 pixel at a gbisize of
5.42um. Table 1 presents distortion parameters for wiffe

Parametedrm:%, =@, +r, [b, +s, [€, configurations, computed with a pixel size of 548, a focal
0 COSK sink ®) length of 24 mm (equivalent to 4428 pixels) andhgpal point
E,: %,=| 0 |+r| -sink|+s, cosk coordinates of pp = 2.5 pixels andps = 7.1 pixels.
-¢ 0 0 Camera Orientation horizontal € 0°)
o - Tilting angle amax in [deg] | 0.01° 0.1° 0.5°
Parametedim:X, =&, +1, [b, +s, [T, c distortion in [pix] 0.0001] 0.006Y 0.168p
0 cosK sink (6) PP distortion in x in [pix] 0 0 0
E,:X,=| O |+r,| —-sink |+s,| cosk [ PP distortion in y in [pix] 0.8 7.7 38.6
-c' 0 —-tana . L
Camera Orientation inclined & 45°)
sink Ca 1\ C5 +C5, +C3, Tilting angle @, in [deg] | 0.01° | 0.1° 0.5°
S,| COSK |=S,,| Cyy, / c2, +c§y +c2 c distortion in [pix] 0.0001] 0.006Y 0.168p

Ot

—tana ¢,/

2 2 2 PP distortion in x in [pix] -0.546 -5.46 -27.325
c,, tC,, +C n - T T T
N PP distortion in y in [pix] 0.546| 5.464 27.325

Table 1: Distortions for focal length and principaint

Next, we describe the straight line running throutie

projection centre aqd thg uncorrected point P’ on (§ee The numerical values demonstrate that the investigaffect
flggrg 10). This ;trqlght line can be calculatederdby the does in fact have rather large consequences, ghhattilting
pointing vectorg, is in the perspective centre (0, 0, 0) and theangle of 0.5° is unlikely to occur due to lens rigs. More
direction vectorp, runs from the perspective centre to thelikely are angles of approximately 0.01° whichlstiistort the
principal point by nearly 1 pixel. It should alse boted that the
distortions in the corners of the image plane dgicusly
larger. Thus, it seems to be beneficial to integihie tilting
effect into the bundle adjustment, if a loose bayareeds to be

9: %, =&, +vb taken into account.
- 3 T 9

image point P” on Ecorrected by the shift of the principal point
(Equation 7).

3
0 b, [(X P _AXPP')+C2nx [(yp' _AyPP') @) 4.3 Evaluation
=[0]+v be [(XP' _AXPP')+C2ny [(yp' _AyPP') . X
0 —C—by, [&,, [by — (- by, [E,, b, The described model for correcting the effect aslenovement
v o has been applied to three different projects. Adligcts have
been carried out in accordance with the German efjnil
. . . VDI/VDE 2634 part1 and have been computed withdbein
where: % gnd ¥ are uncorrecteq image point cqordmates adjustment and simultaneous camera calibrationgugia ten
bs, is Qerlved by CalCUI’?‘tmg the z coordmate of E Brown parameters. The used camera (Fuji S2 Propgaipped
by using % and y with the correction of the it 4 flash mounted on top of the camera bodylitnieate
principal point displacement possible interferences from the ring flash. 200 gesa were
. . . . . . taken in project 1, equally rotated around the oatiaxis,
_The str;ught I!ne. g Intersects image p'af‘@ B P. This —\hereas pprojjects 2 an?j 3 ﬁlad about 100 — 120 ir?g‘ms In
intersecting point |s.the corrgcted image poins. doordinates project 3 most images were acquired witk-gotation close to
can be calculated with equation 8. zero. The correction for the image points has bedaulated
offline and after that the bundle adjustment with ten Brown
parameters has been computed again.



The different projects all show an enhancement heirt
maximum length deviation (Figure 11). In projecth& length
deviation is reduced by 45 %, in project 2 by 23%d in
project 3 by 7 %. Relative accuracies of up to 266 were
achieved.

Comparing length deviations before and after the
corrections of the mathematical model
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O uncorrectedil corrected

Figure 11: Maximum length deviation for uncorrectedi
corrected lens inclination

Project 3

The best result was achieved in project 1. Thecefiethe lens
tilting has a bigger effect in project 1 in whidfetimages were
rotated around the optical axis more than in theroprojects.
This is also indicated by the higher length dewiatbefore
corrections were computed. Project 3 shows onlylelit
enhancements. Most of the images were taken hegithpand
only a few images were rotated. It is assumed tikatiuse of
this reason most of the tilting effect was comptetsaby
changes in the exterior and interior orientation.

All calculations and image point corrections we@nputed
offline because at the moment the unknown tiltingla is not
yet introduced into the bundle adjustment proceEke
determination of the maximum tilting angle, as fwe toundle
adjustment, was therefore derived by manual itmati
Figure 12 shows the different results for Project 2

Different angles for computing max. lenght deviatias
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Figure 12: maximum length deviations for differemiximum
tilting angles

The parabolic graph indicates that this new paranfets a high
potential to improve the maximum length deviation.

5. CONCLUSIONS AND FUTURE WORK
The presented paper describes the effect of lenemment. A
practical approach to reduce the resulting erratis an adapter
solution has been successfully implemented. Alestigations
are verified by the VDI/VDE guideline 2634 part 1.
Improvements of 25-28 % were monitored and evatliate
Also a model for compensating lens movement dugraweity
and unstable fixings has been introduced and te3teid has
been modelled with a “virtual” chip movement. Firgsults

show improvements of up to 45 % which corresponadls t
1:55,200 relative accuracy and allows the autoreotidustry

to securely achieve accuracies under 1/10 mm foarasize
measurement volume.

In future work the tilting angl@, will be introduced as an
additional unknown parameter into the bundle adjest
process, and further tests will be carried out.0Algossible
correlations between the common unknowns and the ne
parameter for lens movement have to be evaluatetl an
analysed, and a comparison to models of interi@ntation
used in other disciplines will be made.
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