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ABSTRACT:

The determination of the exterior orientation by a combination of an inertid measurement system (IMU)
with relative kinematic GPS-postioning — the direct georeferencing - has a growing number of applications
for standard photogrammetric projects. One mayor problem is the determination of the relation between
the camera and the IMU - the boresght misdignment. The rigorous mathematicad mode requires the
computation and use of it in an orthogond coordinate system like atangentid system in relation to the earth
elipsoid. But the find data acquistion usudly shdl be made directly in the nationd coordinate sysem. The
procedure to use the boresight misdignment without loss of accuracy in the nationa coordinate system in
any location will be explained. Results of the gability of the misdignment over the time will be shown.

If the results of the boresight cdlibration shal be used for different image scales, aso the inner orientation
has to be determined together with the boresight misalignment. This has to be done with 2 different flying
heights over acdibration Ste.

Another problem isthe limited accuracy of the modd set up, today the direct sensor orientation is often not
accurate enough to guarantee a modd set up without a disturbing Sze of the y-pardlaxes. This can be
solved with a combined adjustment of the direct sensor orientation together with image coordinates of tie
points, but without control points.

points and aso a satisfying block configuration.
For individud flight lines, the advantage of the
combined adjustment with projection centers is
limited, it cannot control the laterd tilt. In addition

1. INTRODUCTION

The determination of the exterior orientation for

frame cameras is possble by the traditiond
method of resection, model orientation or block
adjusment. For not individua images or models,
the bundle block adjustment is the standard
method because it is reducing the required
number of control points agang the individud
model orientation. With coordinates of the
projection centers determined by rdative
kinematic GPS-podtioning as  additiond
observations, the number of control points can be
further reduced. This method of combined bundle
block adjusment is today aso a sandard
solution, but it requires image coordinates of tie

an extrgpolation out of the area of the control
points should be avoided.

With direct georeferencing by a combined use of
the GPSdaa together  with  inetid
measurements, the whole process of the image
orientation can be speed up and it can be used
for any type of image configuration. It has no
problems in areas with problems of the tie of
images like in coagtd regions where only a amdl
part of the imagesis covering land.

The usud block adjusment is in generd an
interpolation within the area of the control points.
This is different for the direct georeferencing



which is an extrgpolaion from the projection
centers to the ground. By this reason, the steps of
computation have to be handled with more care
for the direct sensor orientation.

2. BORESIGHT MISALIGNMENT

The direct georeferencing is based on the attitude
data determined by an inertid messuring unit
(IMU) and reative kinematic GPS-pogtioning.
The inerttid data will be used only for the
determination of the dtitude vdues and
differences in the pogition and not for navigation.
By this reason the expresson IMU will be used
indead of inertid navigaion sysem (INS). The
IMU contains giros for the determination of the 3
rotations and 3 accelerometer which information
can be double integrated to deliver together with
the attitude data coordinate differences. The IMU
has a poor long time dability, so it must be
supported by GPS, but is has a very high
frequency which is supporting the GPS.

The IMU is fixed to the camera body, but the
system of axis cannot be parale to the camera
coordinate  system.  This  requires the
determination of the relation of both systems of
axis together with the offset of both origins.

GFS antenna

Figure 1: relation camera— IMU — GPS antenna

The offsat of the GPS-antenna can be measured
and respected. More difficult is the relaion of the
IMU to the camera. This boresight misaignment
has to be determined by comparison of the IMU-
rotations with the rotations of a controlled block
adjusment. In addition aso the shift vaues can
be computed. As reference at least a block

contaning 2 flignt drips flown in oppodte
direction, should be used to enable the separation
of shift vdues in the ground coordinate system
from <hift vdues depending upon the flight
direction.

The direct georeferencing has reached an
accurecy level where adso the image orientations
of ablock adjustment are not accurate enough in
any case. Especidly the firgt and the last image of
a flignt grip, only partidly covered by image
points, should not be used as reference.
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Figure 2. typicd flignt drip as for the
determination of the boresght misalignment

Figure 2 shows such a typicd flight gtrip for the
determingtion of the boresght misdigment. The
fird and the lagt image are only partidly covered
by image points, in addition they are manly
outside the area of the control points. By both
reasons they should not be used as reference.

3. INNER ORIENTATION

The inner orientation of aerid cameras usudly will
be determined by laboratory cdibration. The
conditions in the |aboratory are not the same like
during the flight. In the flying dtitude usudly the
outsde ar ismore cold like the aircraft, causing a
deformation of the lenses. Meer (1978) has
made a theoreticd investigation of the resulting
change of thefoca length (table 1).

lensin free amaosphere
flying height 6km 14km
wide angle camera| -47pum -8 um
f=152mm
norma anglecamera| -110 pm -172 ym
f=305mm

table 1. change of the focd length depending
upon the flying dtitude (Meier 1978)




In generd the vaues have been confirmed by
empirical tedts but it is just a rough estimation
which has to be checked under operationa
conditions. The same problem exigs with the
principa point.

An eror of 47um for afocd length of 153mm is
changing a flying height of 1530m above ground
(image scde 1 : 10 000) by 047m. This is
important for the direct georeferencing but not so
much for a usud image orientation by block
adjusment with control points as reference. In
the case of a flat area such a deviaion of the
foca length has no influence to the ground points
and for an undulating terrain with 100m difference
in height againg the control points the influenceis
limited to 3cmin Z. Or reverse, the influenceto Z
is exceeding the usud vertica accuracy of 0.01%
the flying height above ground if the heght
difference againg the control pointsis larger than
30% of the flying height. Such rdative height
differences only will be reached under extreme
cases ogtlegp mountains.

Based on projection centers determined by
relative kinematic GPS-postioning, a correction
for the foca length can be computed as well as
the location of the principad point. But we have to
expect also congtant errors of the GPS-vaues
and caused by the extreme corréation, it is not
possible to separate between the influence of the
inner orientation and constant errors of the GPS-
vaues if we do have only one flying dtitude. For
a complete cdibration under flight conditionsit is
necessary to have a least 2 quite different flying
dtitudes with GPS-vaues for both. The constant
GPS-errors are the same for both flying dtitudes,
but the inner orientation is linear depending upon
it. So indirectly the inner orientation can be
determined based on the difference in the flying
dtitudes of both flight leves.

Corresponding to the invedtigation of Meer
(1978), the focd length will not be the same for
both flying heights So by theory athird flying
dtitude would be required for the determination
of alinear change of the focd length as a function
of the flying height. But this is not necessary for
operationd projects. The common adjustment of
GPS-shift vdues and the inner orientation
corresponds to a three-dimensond interpolation
which is sufficient for different flying dtitudes.

If the boresght cdibration will be made with the
same image scae like the flight over the project
aea, a sepaae determination of the inner
orientation based on two flying dtitudes is not
required, the condant shift vaues will dso
compensate erors in the focd length — indirectly
we will have the same studtion like for a block
adjustment with control points.

Empirica investigations have been made with the
data of the OEEPE-test “Integrated Sensor
Orientation” (Heipke et d 2000). Thetes fiddin
Frederikstad, Norway, has been flown by
companies producing suitable GPSIMU
equipment, namely Applanix of Toronto, Canada,
using their sysem POSAV 510 and 1GI mbH,
Germany, with the syssem Aerocontrol 1. Both
companies have made cdibration flights in the
image scales of gpproximately 1 : 5000 and 1: 10
000 and a block flight for testing the results in the
scale 1:5000. The targeted control points of the
test fiedd are available with an accuracy below +/-
1cm for al coordinate components.

The focd length was introduced as unknown
during the computation of the boresight
misadignment. Depending upon the data set and
the type of computation, based on the both flying
heights, there have been sgnificant corrections to
the focd length from —41um up to +50um. Also
the location of the principad point could not be
neglected.

4. INFLUENCE OF THE NATIONAL
COORDINATE SYSTEM

The naiond coordinate systems are flattening the
earth. This is deforming the geometric reations.
For keeping the influence amdl, al modern
coordinate systems are conform, that means the
angular relations over short distances are not
influenced by the net projection. In the case of
the transverse Mercator systems, the enlargement
of DY by the flattening is compensated by an
incrementa enlargement of X (see figure 3). This
is caudng a scae change depending upon the
distance from the reference meridian (formula 1).

This scde change will hgppen only for the
horizonta components X and Y. The height has a



different definition and is independent upon the
net projection, it has always the scale factor 1.0.

Figure 3: net projection

The usua photogrammetric data handling does
not teke care about the different scde in the
horizontal components in relation to the height
vaues. The modd scde for the handling of aerid
or space images is determined by the horizonta
control points.

S0 = scdle factor for meridian
R = earth radius

X = digtance from meridian Formulal: locd
X2 4 scale of
$ale = SO . 34' 2R2+ transverse
e 9 Mercator system
Z
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Figure 4: influence of the nationdl net scae to the
exterior orientation

The vertica control points usualy do have no or
only a negligible influence to the mode scae
because of the limited Z-range. So the horizonta
scae will be used dso for the vertica component,
that means, the heights are directly affected by

the locd scale of the nationd net. The scae for
the reference meridian of UTM-coordinates is
fixed to 0.9996 causing a deviation of 4cm for a
height difference of Dh=100m at the reference
meridian.

The influence to the ground heights is usudly
within the accurecy range of the point
determination. This is different for the projection
center. For the OEEPE-tex on “integrated
sensor  orientation”  the distance from  the
reference meridian is in the range of 110km
corresponding to aloca scdeinthe UTM system
of 1 :0.99975, causng a shift of the projection
centers for the image scale 1:5000 of 20cm and
for the image scae 1:10000 of 40cm. If the
misdignment is determined with images of the
same scae in the project area, the shift in the
projection center is compensated by the Z-shift.
This is different if the determination of the
misdignment will be done in a location with a
different distance from the reference meridian or
with a different image scale (seefigure 4).
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Figure 5. compensation of the scae difference
between Z and X,Y by modified focd length

The afine modd deformation can be
compensated with a modified focd length  (fc =
f Nlocd scde). This will compensate the scde
difference between the horizonta and vertica
scde in a aufficient manner for dose to vertica

view directions (see figure 5). The transfer of the
S0 determined orientations to anaytica or digita

photogrammetric work stations has to respect the
used geometric configuration.

The influence of the eath curvaure to the
geometric solution usudly will be compensated
by an eath curvature correction of the image
coordinates.
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Figure 6. change of base to height ration by
earth curvature correction

The flattening of the earth is dso changing the
base to height rdation which is directly influencing
the vertical scale (see figure 6). For the OEEPE-
test data set with the image scde 1 : 10000, the
influence can be compensated by a change of the
focd length by 37um.

All these problems do not exig if the
photogrammetric data handling will be done in a
tangentid coordinate system, but this requires
aso a transformation of the coordinates and the
orientation data. Of course independent upon the
coordinate system aso the refraction correction
has to be respected.

5. TRANSFORMATION FROM
TANGENTIAL COORDINATE SYSTEM

The orientation data from an inertid measurement
unit (IMU) is avalable a firdg in the rall, pitch,
yaw-system. Yaw isthe primary rotation and it is
related to geographic north and not like the usua
photogrammetric orientations to grid north. The
difference between both is the convergence of
meridian. Corresponding to the sequence of
rotation of the roll, pitch, yaw-system the rotation
matrix has to be computed and this has to be
multiplied with a rotation matrix induding the
influence of the convergence of meridian. From
this rotation matrix the photogrammetric
orientations in the phi, omega, kappa-system can
be computed.

The geocentric coordinate system is orthogona,
but it is not favourable for the data handling — the
origind horizontd and the verticd coordinate
components are mixed and it is difficult to usethe
correct weights for different accuracy in the
origind coordinate components. By this reason it
IS better to handle the data in a tangential system
to the earth dlipsoid. The transformations from
the nationd coordinate system shoud be made

over geographic  coordinates,  geocentric
coordinates to tangentid coordinates. In
geographic coordinates the orientations are
related to geographic north, that means the phi,
omega, kappa-system has to be rotated by the
convergence of meridian. From geographic to
geocentric coordinates a rotation by geographic
longitude and latitude is required. The next step
to the tangential coordinate sysem has to be
done in relation to the geographic longitude and
letitude of the tangentid point and in the tangentia
sysem it has to be rdated to grid north and the
locd normd of the earth dlipsoid. In the same
way the transformation can be made backwards.

A tangential system
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Figure 7: tangentid coordinate system

In the tangentid system (see figure 7) the
described problems are not exiging. The earth
curvature is respected by the coordinate system
and s0 no net projection is required. In this
system the misdignment can be determined with
any image scale and in any location and used for
the correction of the orientations determined by
direct sensor orientation. There is only the
problem of the dependency of the focd length
from the temperature and the limited accuracy of
the knowledge about the actud focd length as
described before. If the same image scale will be
used for the cdibration and for the project areaa
possble eror of the focd length will be
compensated by the shift in the misdignment.

The modd handling usudly will not be made in
the tangentid system because this requires a
transformation of the achieved vector data to the
nationd coordinate system and dso in the case of
amap update a transformation of old vector data
to the tangentid system. There is a lack of
programs for the transformation of the quite
different vector data By this reason the data
acquistion usudly will be made directly in the
nationa coordinate system.

For checking purposes, image orientations have
been computed with the OEEPE-test data (image



scde 1 : 10000, f = 153.357mm) in the tangentia
coordinate system. For a better check, based on
these orientations an error free data set (image
orientation, focd length, image and ground
coordinates) has been generated in the tangentia
sysem. A combined intersection in the tangentia
gystem resulted in a so = 0.5um and mesan
square errors a the ground coordinates of
SX=0.2cm, SY=0.2cm and SZ=0.4cm. These
discrepancies can be explaned by rounding
erors. A dandard transformation of the error
free data set into UTM (range of X: 106.4km —
115km from center meridian) without any
correction resulted in so = 27.9um and mean
square erors a the ground coordinates of
SX=1.0cm, SY=0.9cm and SZ=31.3cm. That
means, the neglected, but required corrections do
have only a limited influence to the horizonta
accuracy but a strong influence to the height. A
combined intersection in the UTM -system with a
corrected focal length corresponding to the local
scde of the nationd net (f=153.394 ingtead of
f=153.357) resulted in SX=0.3cm, SY=0.2cm
and SZ=7.0cm. This step has reduced the
sysematic errors in Z from 31.1cm to 6.2cm.
Still better results have been achieved just with a
standard earth curvature correction - so, SX and
SY are down to results corresponding to the
reference intersection in the tangentia system and
aso the discrepanciesin Z are quite better. There
iIs only a remaning sysematic eror in Z of
3.0cm. Thisremaining shift in Z could be reduced
by a change of the focad length corresponding to
the average locd scde of the UTM-sysem
(formulal -> scale factor 0.999745) changing
the foca length from 153.357 into 153.396. The
remaning discrepancies a  the  ground
coordinates are now very close to the reference
vaues in the tangentia sysem. The remaining
mean square discrepancies in Z  ae
corresponding to mean square discrepanciesin
the xpardlax of 0.9um or 0.7um in each image.
At fird thisis below any criticad vaue, but it can

be explaned dso by the different seps of
computations — the image coordinates in this case
only have been stored in full microns.

A detalled analyss of the remaining discrepancies
shows a smadl tilt of the block area. The distance
from the reference meridian is in the range of
106.4km up to 115km corresponding to a loca

scae from 0.999740 up to 0.999763. The
difference in the scade leads to a dange of the
flying height above ground of 3.5cm which can be
seen in atilt of the block. By this reason dso a
combined intersection with the Hannover
program BLUH using an individud correction of

the foca length depending upon the locd scae of
the UTM-system has been made. This improved
the mean square differences of the Z-component
to 1.2cm together with a remaning systematic

error of 0.9cm and after removing the systematic
effect, to 0.9cm. The variation of the individud

focd length is 3um from west to east. The
negligible discrepancies do not show any more a
tilt of the block. The mean square discrepancies
in Z are corresponding to a x-pardlax of 0.6um
or for each image 0.4um, that meansthey areina
range of not avoidable rounding errors.

6. INFLUENCE OF GEOID AND
DEVIATION OF NORMAL

The natiiond heght vdues are rdaed to the
geoid. GPS and the combination of GPS and
IMU are a first geocentric vaues, which have to
be transformed to geographic vaues. At first the
height vaues are rdaed to the earth dlipse (e.g.
WGS 84). These height vaues have to be
improved by the geoid undulation. As vishble in
figure 8, the European quasigeoid EGG97 in the
OEEPE-test areaismainly atilted plane (Denker
1998). The geoid undulation in the shown aea
goes from 37.20m up to 38.66m. The mean
square differences againg a tilted plane are just
+/-2.2cm.
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Figure 8: contour lines of the Geoid undulation in
the OEEPE-test area

Corresponding to the surface of the geoid, the
norma has a deviation in east-west-direction
from 8 up to 12° and in the northsouth
direction —0.7” up to 4.6”. For the location of the
imagesit isgill smdler with 10.9” upto 12" inthe
east-west-direction and —1.8" up to —2.7” in the
north-south-direction. The deviaion of the
normd is directly influencing the roll and pitch
vaues. Thisis caudng a shift of the location of the
determined ground points for the image scde 1 :
5000 with a flying height of 750m above ground
of 4cm up to 4.4cm in east-west direction and
0.7cm up to 1.0cm in the north-south-direction.
Such a sze should be respected, but ca be
compenssted by the chift values of the
misaignment if the cdibration Steis not far away.
After such a shift the find effect to the determined
ground pointsis just in the range of few mm.

7. INFLUENCE OF SYSTEMATIC IMAGE
ERRORS

The redl geometry of aerid photos is not identical
to the mathematicd model of perspective images.
Even if thisis alack of the mathematica modd,
the difference is named “systemdtic image errors’
and determined by sdf cdibration with additiona
parameters.
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Figure 9: systematic image errors

In the case of the OEEPE test data s, the
number of images used for the determination of
the misdignment is large enough for a save sdf
cdibration. In the used program system BLUH,
the individual additional parameters are checked
by datidicd tets and only the dgnificant
parameters are findly used if they do not have
too large corrdation. The influence of the
sysemdic image erors was like usud (see
example shown in figure 9).

The df cdibration is influencing the exterior
orientation. If the reference adjusment will be
made with sdf cdibration, the same systematic
Image errors have to be used as a pre-correction
of the image coordinates in the project arealitself.
This has been made with the OEEPE-test data
st A comparison without usng sef cdibration
from the beginning has shown only unimportant
differences between both methods. The smdll
discrepancies of the results are not astonishing,
systematic image errors usudly do have only a
limited influence to a Sngle modd. Only the sum
up of systematic errorsin ablock adjustment with
a limited number of control points is causng a
deformation of the block. Such a sum up of
systematic image errors is not exidting in the case
of adirect sensor orientation.



8. STABILITY OF THE BORESIGHT
MISALIGNMENT

The long time dability of the boresght
misdignment is an open question. One limitation
of the gtahility is coming from the fact, that the
aerid cameras have not been congtructed for the
attachement of an IMU. This has been changed
for the new high resolution digitd cameras LHS
ADSA0 and Z/I DMC. Ancther fact is coming
from the rough flight conditions and the mount of
the IMU outsde of the cameras where they are
exposed to mechanical disturbance. Of course
the gability is dso depending upon the required
accurecy. If the highest accuracy is required, a
daly check of the boresght misdignment is
recommended. Without check, a least one
ground point in the project area should be used
for reasons of rdiability.
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Fgure 10: gability of boresght misdignment —
block Leipzig

In a project in Germany, flown in 1998 with not
the today newest IMU, the boresght
misdignement has been checked during 4 flight
days before and after the flight over the project
area. The discrepancies before and after the flight
over the project area have been not sgnificant,
but they gave the full rdiability about the Stuation.
This was different for the dtudion over the 4
days. Here the yaw (corresponding to kappa),
which is usudly the mogt senstive dement,
changed dgnificantly (figure 10).

Hansa Luftbild (Dreesen 2001) made during a
large project a check during every flight day over
a periode of 42 days showing two times a sudden
change (figure 11).

A change in pitch or roll of 0.02° corresponds to
53um and a change of yaw corresponds to up to
40um in an image taken with a wide angle
camera. That means, it can be accepted for some
orthoimage projects, but not for every project

with higher accuracy requirements.
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Figure 11. gability of boresght misdignment —
results from Hansa L uftbild

9. MODEL SETUP

The dgmad of a combined intersection with
corresponding image coordinates, based on the
direct sensor orientation is in the case of the
OEEPE data st in the range of 16um up to
38um. This is dill a good result, sufficient for
sverd goplications like the generation of
orthophotos, but it may cause problems for the
set-up of stereo models. As arule of thumb, the
y-padlax in a modd should not exceed in
maximum 30um, problems with the Stereo view
of the floating mark are garting a 20um.

Another problem of the direct sensor orientation
is the missing rdiability, it can be checked only
with the fitting of the find results like orthophotos
and with check points. Like the gtuation of the
model set-up this can be improved by a
combined adjustment based on the direct sensor
orientation together with image coordinates of tie
points, not using control points. In addition of
course dso the coordinates of the object points
determined with image orientations from a
combined adjustment will be more precise than
just based on the direct sensor orientation.



Figure 12: y-paralaxes after modd set up —
extreme case

Figure 12 is showing an extreme case of y-
paralaxes of a modd set up based on direct
sensor  orientation.  After improvement by a
combined adjusment, usng the direct sensor
orientation and corresponding image coordinates,
but no control points, in the whole modd there
are no more problems for the stereoscopic
handling. In this case, the dominating effect of the
yaw is obvious. For the OEEPE test data set the
mean square yparalax has been reduced from
20um to 46um by a combined adjustment down
to 9um, with extireme vaues up to 14um. That
means after combined adjustment, the problem
with the y- parallaxes was solved.

CONCLUSION

The direct georeferencing based on a
combination of reative kinematic GPS podtioning
and IMU has reached a very high accuracy leve
which is suficent for mogt of the gpplicaions.
With an image scde 1:5000, the accuracy of
ground coordinates based on such orientations
can be in the range of 10cm to 20cm for dl
coordinate components. Corresponding to this
high accuracy leve, al steps of the determination
must be handled in arigorous manner. This darts
with the determination of the boresight
misdlignment indluding dso the inner orientetion of
the used camera. If the image scae used during

determination of the boresght misdignment is not
the same like during the flight over the project

areg, the inner orientation has to be determined

based on two different flying heights The
separation of the principal point location from
GPS shift vaues requires images with opposite
flight direction for the boresight calibration.

The photogrammetric data handling has to
respect the locd scde of the net projection —
without taking care about the loca scde, the
direct georeferencing will cause a hight shift if the
data are handled in the nationa coordinate
system. Without change of the used programs,

this can be made by a change of the foca length

for cdose to vertica images. If in addition the
image coordinates are improved by the standard
earth curvature correction, for agrid images the
influence of the flattening of the earth to the
nationa coordinate sysem and the different
scaes in the horizontal and vertical direction are
compensated. Based on such corrections the
misaignment of an IMU can be determined in a
different location and aso with a different image
scale like the project area.

Geoid undulations have to be respected for the
computation of the nationa heights. In areas with
a sufficient knowledge of the geoid, the deviation
of the norma should be respected. If thiswill not
be done, even in larger blocks it's influence is
mainly covered by the horizonta shift vaues of

the misdignment, so only a not important
influence to the find ground coordinates will be
seen.

The Hf cdibration by additional parameters is
not so important for the direct geo-referencing
because there is no sum up of systematic errors
like in a block with only few control points. In
addition in an operaiond gpplication, the
reference blocks for the determination of the
misaignment are usudly smdl and do not dlow a
detalled determination of the sysemdic image
erors.
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