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ABSTRACT:

Direct measurement of exterior orientation paramseteas been a challenge in photogrammetry for masays. Direct sensor
orientation using a calibrated GPS/IMU system catetially eliminate the need for ground controlr® and aerial triangulation,
and consequently, result in a great reduction & dbst and time of aerial photogrammetry. Previsiuslies have shown that,
comparing to conventional aerial triangulation.edirsensor orientation yields larger errors in iemagd object space. It has also
been shown that including a number of tie pointthiwian integrated orientation approach can rasult reduction of errors in
image space. In this paper the influence of the bmmand distribution of tie points on integratedentation is investigated.
Experiments with various numbers of tie points tegy as well as randomly distributed are preseniResults indicate that an

increase in the number of tie points up to one tpoém model results in a considerable reductiothefmean error in image space.

1. INTRODUCTION

Ground control survey and aerial triangulation #re most
costly and time-consuming stages in most photogretnicn
mapping projects. Direct measurement of exterioendation
parameters by a thoroughly calibrated GPS/IMU systan
potentially eliminate the need for ground contraints and
aerial triangulation, and consequently, result in geeat
reduction in the cost and time of aerial photogratmyn With
direct measurement of the position and attitudéhefcamera
perspective center at exposure times, object spacelinates
of image points can be computed using a least-equarward
intersection. This method is referred to as direensor
orientation (Cramer and Stallmann, 2001; VYastiklidan
Jacobsen, 2005a).

While direct sensor orientation seems to
photogrammetric mapping process to photography stacto
plotting, in practice the accuracy of attitude paeters directly
measured with the current technology of IMUs is egafly
lower than that of conventional photogrammetry. vitnes
experiments with commercially available GPS/IMU teyss
have shown that direct sensor orientation in ttadesof 1:5000
reaches accuracies that are two to three timesrlavien
compared to the results of conventional aerialngiidation
(Heipke et al., 2002; Khoshelham et al., 2007).

An alternative approach to determining sensor otai@m

parameters and transforming image-space coorditatekject
space is integrated sensor orientation (Ip, 20GEoksen,
2004). In this approach, tie points contributehe tefinement
of the exterior orientation parameters through andbe
adjustment. It has been shown that the introducifdie points
in the computations leads to a considerable impneve of the
accuracy in image space (Heipke et al., 2002).eSintegrated
sensor orientation does not require ground cotitifokmation

but the image coordinates of tie points must besoneal, it can

be considered as a trade-off between direct semsentation
and conventional aerial triangulation in terms astcand speed.

An important issue in integrated sensor orientatisnthe
number and distribution of tie points. While pravsostudies
have shown the effect of including a certain numbgttie
points, it is not known how the accuracy is influed by
variations in the number and distribution of thesti The
Objective of this research is to investigate tHuence of the
number and distribution of tie points on the accyraf
integrated sensor orientation. We focus on thentaten of an
airborne frame camera using a commercial GPS/IMitkesy.

The paper is structured in five sections. Sectiate&cribes the
calibration of integrated GPS/IMU system. In seatti® the
transformation of points from image space to objspace

reduce thehrough direct and integrated sensor orientationlissussed.

Experiments with various numbers of tie points ritegrated
sensor orientation are presented in section 4. Qsiucls
appear in the last section.

2. CALIBRATION OF GPSIMU FOR AIRBORNE
FRAME CAMERAS

The calibration of GPS/IMU is basically a compansof
exterior orientation parameters measured diregtl{zBS/IMU
with those obtained by using a reference methodlgRiband
Pinto, 2002; Honkavaara, 2004; Yastikli and Jacopg605b).
The discrepancies are modelled by computing cdidbra
parameters that relate GPS/IMU position and atittal the
reference exterior orientation parameters. Bundlgisatient
aerial triangulation is most often used as theregfee method
for the computation of exterior orientation paraenet
Therefore, the determination of calibration pararetrequires
one or more test flights over a test field withrsitised control
points. There are two main approaches to the caatiput of
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calibration parameters: 1-step approach and 2-afggoach
(Heipke et al., 2002).

2.1 1-step calibration approach

In the 1-step calibration approach, a bundle adjast of all
available information in image and object spaceeagormed.
Calibration parameters are estimated in such a hatythe sum
of squared residuals of observations is minimiZBde main
calibration parameters include the three componaitse lever
arm distance between the GPS/IMU and the camesp@etive
centre and three misalignment angles that modelretaive
orientation of the IMU with respect to the camddaually the
camera exposure is precisely synchronized with GREIMU;
however, if this is not the case then a synchrdivizaffset can
be added to the set of calibration parameters.niRaeas of the
interior orientation of the camera can also benesiéd in the
calibration procedure, provided that the calibmatfights are
designed in a way that the effects of differentapaeters can be
separated.

2.2 2-step calibration approach

A more straight forward way to compute the calitomat
parameters is to perform the aerial triangulatiost,fand then
compare the estimated exterior orientation parameteth

GPS/IMU measurements. The discrepancies betweerll@BS
measurements and the camera position and attitadeneters
estimated in aerial triangulation are modelled byos/nomial

function. The general form of the polynomial for sgmn

measurements is expressed as (Cramer and Stall2@0ih),

Xepsimu ~ Xe | & ‘
Yepsiimu ~ Yo :Z h t (1)
i=0
Zepsimu ~Zc G
and for attitude measurements:
Wepsimu ~ W o | W ‘
¢GPS/IMU _¢c :Z A S (2)

Kepsimu ~Kc = W

where variables withGPSIMU subscript denote GPS/IMU
measurements, those withC subscript denote aerial
triangulation estimate of the exterior orientatiparametersi
subscripts denote the polynomial coefficients time anch is

the order of the polynomials.

The polynomial coefficients play the role of catibon
parameters. A zero order polynomial incorporately dinree
GPS shifts and three misalignment angles. Thisckssdi of six
parameters can properly calibrate the GPS/IMUdbmparison
of aerial triangulation estimate of exterior orn
parameters and GPS/IMU measurements shows disciepan
that remain within a limited constant range ovemeti
Otherwise, a large variation of discrepancies dwee indicates
that additional drift parameters must be taken atoount, thus
a higher order of the polynomial should be used.

Transformation between different coordinate systeatso
requires careful attention in the calibration psxeGPS/IMU
attitude measurements are navigation angles, pitith and
yaw, which define the relative orientation of théU body with
respect to the navigation frame. In order to baltiseEquation

(2), navigation angles must be converted to phatogretric
angles, omega, phi and kappa, which determine d¢hative
orientation of the camera with respect to a 3D Gateobject
coordinate system (Figure 1). Assuming that all
computations are to be carried out in orthogonardinate
systems, the conversion of navigation angles
photogrammetric angles involves the following setge of
rotations:

the

to

Re =Ry [Ra [Re ©)
whereRé is a rotation matrix that contains photogrammetric
angles, omega, phi and kappa, and brings the camaa
parallel to object coordinate system (local franee)d Ry is the
rotation from IMU body to navigation frame and cains
navigation angles, roll, pitch and yaw. As Figurdldstrates,
the rotations from camera to body franke , aramf
navigation to local frameRy, , can be simplgatébed with the
following matrices:

1 0 O 01 0
RZ=l0 -1 © Ry=1 0 0 (4)
0 0 -1 00 -1
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Figure 1: Coordinate systems used

photogrammetry.

in navigation and

3. DIRECT AND INTEGRATED ORIENTATION

Once determined, the calibration parameters are toseorrect
the GPS/IMU measurements of the exterior oriematio
parameters. In this direct orientation approacheabspace
coordinates of all the image points can be computsEdg a
least-squares forward intersection procedure, wittheed for
ground control or tie points (Khoshelham et al.020 The
exterior orientation parameters corrected by thkbredion
parameters are treated as constants in the foriwersection
estimation model. In other words, no further coiipets are
applied to the position and attitude of the pertipeaentres,
and only the positions of the points in image abgeat space
are adjusted.

In the integrated orientation approach a furtheremion of the
exterior orientation parameters of the camera isnsible.
This is achieved by a simultaneous adjustment mfiraber of
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tie points within a bundle adjustment model withdiéidnal
constraints for refining the exterior orientatiorargmeters.
Since every tie point appears in at least two imaggegrating
a number of tie points in the estimation model ltssin a
redundancy of observations that allows for the exiron of
exterior orientation parameters.

The introduction of tie points in the integratedieatation
approach allows one to exploit the strength oftihadles for
the refinement of exterior orientation paramet&isce in the
estimation model sum of the squared residuals efithage
coordinates are minimized, one can expect thatgiated
orientation results in improved accuracy in imagace, and
consequently, reduced Y parallax in the stereo ode

The Assignment of suitable weights to the extedinentation
parameters is a determinant factor in the refingénwdnthe
calibrated position and attitude parameters oftdreera. If the
exterior orientation parameters are assigned \agelweights,
as compared to image coordinates, then the redulthe
estimation model would be very similar to that afedt
orientation. In other words, the corrections to eegtr
orientation parameters would be very small, and dabgct
space coordinates of the tie points would be smidathose
obtained from direct orientation. On the other haifdthe
exterior orientation parameters are assigned weitpat are too
small, then large corrections would be estimated tfese
parameters, which may result in a greater error the
coordinates of the points in object space.

4. EXPERIMENTSAND RESULTS

To experiment with the integrated orientation ajpgtoand the
influence of the tie points a test dataset acquimgdipplanix
integrated GPS/IMU system was used. The datasetef the
two datasets that were distributed to the partitipaof the
OEEPE test on integrated sensor orientation (SkseNi2002).
The data acquisition comprised of a calibratioghfli at an
image scale of 1:10000, and a test flight at 1:500€r a test
field with 49 signalised control points locatedNiorway. The
dataset consists of the following data:

For the experiments with direct and integrated raaton the
data of the 1:5000 flight were used. A bundle adjient aerial
triangulation of these data was performed so thatrésults can
serve as reference for the evaluation of direct imbegrated
orientation approaches. The data of the bundle sadgnt
included the ground coordinates of 13 control poiavenly
distributed in the block. No control points werdraduced in
the computations of direct and integrated orieamatComputed
ground coordinates for 18 check points were useeviuate
the accuracy of bundle adjustment as well as dicaud

integrated orientation approaches in object sp&igure 2

depicts the perspective centres of a total of 1B&tggraphs
taken at the scale 1:5000 along with the contra aheck
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Figure 2. Perspective centers of the images of QD5ight
along with the control and check points. Arrows
indicate the direction of the flights.

To investigate the influence of tie points, growdrdinates of

- Position and attitude measurements made bythe check points were computed using different oathwith

GPS/IMU;

various numbers of tie points. Obviously, all tieims

— Ground coordinates of the control points in contribute in the bundle adjustment aerial triaatiah, and no
EUREF89/UTM system with heights over the tie points are introduced in the direct orientatapproach. In

reference ellipsoid;

the integrated orientation approach seven schermesthe

- Image coordinates of control points and a number ofselection of the tie points were designed. Tabkuthmarises

tie points.

The calibration of the system was carried out ushegdata of
the 1:10000 flight. A bundle adjustment aerialrtgalation of
the image coordinates and control points was pmedrusing
PAT-B aerial triangulation software. No GPS/IMU datare
introduced at this step and the exterior orientafi@arameters
computed within the bundle adjustment were usedkf@sence
in the calibration procedure. The 2-step approachs w
implemented for the estimation of calibration pastens. A
comparison of the camera position and attituderpeters from

the tie point selection schemes. In addition, facheselection
scheme two distribution schemes were taken int@wdc In

the regular distribution scheme an even distributid the tie
points across the block was desired; whereas, enrdmdom
distribution scheme, a number of tie points equal the

corresponding regular distribution scheme but rango
distributed within the block was selected. For egkanin the
selection scheme S-1 with regular distributioneaptbint at the
centre of the overlapping area of every pair of seautive
images was selected, which resulted in 190 tie tpoévenly
distributed across the block. Thus, in the selecticheme S-1

bundle adjustment with GPS/IMU measurements showedvith random distribution, 190 tie points at rand@uwsitions

discrepancies that did not largely vary over titmerefore, the
basic set of six calibration parameters consistihthree GPS
shifts and three misalignment angles was adoptedtte
calibration.

within the block were selected. In the selectidmesges S-2 and
S-4 with regular distribution tie points in symnietvon Gruber
positions were chosen.

The accuracy in object space was evaluated by th8Rbf the
discrepancies between measured and computed ground
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coordinates of the check points. Figure 3 showssehe These results confirm previous findings of the OEEBSst on

discrepancies for S-1, S-2 and S-4 tie point selecdchemes
with both regular and random distribution. In imagmce, the
mean residual of the image coordinates of the dimtp was
used as an indicator of the accuracy. Table 2 suivesathe
accuracies obtained by including various numberseopoints
with regular distribution in integrated orientatioResults of
using the random distribution scheme are presantda@ble 3.
Results of bundle adjustment aerial triangulationl afirect
orientation are also included in Table 2 and T&oler the sake
of comparison.

Table 1: Tie point selection schemes
Selection Scheme Description

S-1/10 1 tie point in every fomodel
S-1/5 1 tie point in every'5model
S-1/3 1 tie point in every3model
S-1/2 1 tie point in every"®model
S-1 1 tie point in every model
S-2 2 tie points in every model
S-4 4 tie points in every model

A comparison of the results of direct orientatiow antegrated
orientation in Table 2 as well as Table 3 revediatt
introducing a minimum number of tie points has agniimpact
on the accuracy in object space. While the RMSEeslin X
and Y direction obtained by integrated orientatoe similar to
(even worse than) those obtained by direct ori@rtat slight
improvement of the RMSE in the Z direction can beeshed.
A considerable improvement, however, can be seenhén
accuracy in image space as indicated by the mesidusds.

integrated sensor orientation (Heipke et al., 2002)

A close examination of the results in Table 2 amathl& 3 also
shows that the accuracies in image space exhilfiirther

improvement as a consequence of increasing the ewafliie

points; whereas, the accuracies in object spacainemore or
less in the same range, and are not affected bintiiease in
the number of tie points. The changes in the mesidual

values obtained by integrated orientation indicatiest by

including a sufficient number of tie points in themputations
the Y parallax in image space can be reduced toegahat are
two to three times lower than those obtained byeatir
orientation.

Figure 4 demonstrates the influence of the numbed a
distribution of tie points on the accuracy of inted
orientation in image space. As can be seen, byasing the
number of tie points up to one point per model ¢soh S-1) the
mean residual values decrease almost linearly. Sehection
schemes S-2 and S-4 result in only a slight impre of the
accuracy in image space.

It is interesting to note that regular and randastridbutions of
the tie points yield very similar results. This meathat the
accuracy in image space is not influenced by tk&idution of
the tie points. One exception to this conclusiothésscheme S-
4, where the mean residual associated with randetitdition
is noticeably smaller than that of regular disttibn. A
possible explanation for this could be that theidetal
proximity of the tie points in random distributiman bias the
mean residual to a smaller value.
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Table 2: Results of using various numbers of tientsoivith 5. CONCLUSIONS
regular distribution in integrated orientation

In this paper the influence of the number and ithistion of tie
points on integrated orientation of an aerial frazaeera was

% Y - < 2 — 2 — 2 -3 =z investigated. The integrated orientation approactas w
= 3 29 § 3030 522 implemented through a bundle adjustment of a nurobeie
= 3 @ = v|>< "’|_< "’IN ~§ = points with additional constraints for refining trexterior
- orientation parameters. The number of tie pointsedaacross
Bundle AT _ 2294 33 35 105 4.1 experiments from 17 (one point in every"lModel, selection
Direct scheme S-1/10) to _516 (one point in each mode_écﬁeh
Orientation 0 - 6.7 7.7 147 36.19 scheme S-4). Experiments were also conducted wghlarly
distributed tie points as well as randomly disttézliones. It
S-1/10-Reg 17 76 75 122 262 was found that including tie points in integratedentation
S-1/5-Reg 33 76 75 122 23.2 approach, regardless of their number and distobytiioes not
S-1/3-Reg 58 7.6 7.6 122 20.1 substantially improve the accuracy in object spaua the
Integrated 1/2- It imilar to those obtained by directenttion
: - S-1/2-Reg 87 7.8 7.6 122 185 resulis are simi y
Orientation S-1-Reg 172 77 74 119 150 approach. In image space, however, it was showh aha

increase in the number of tie points up to one tppér model
S-2-Reg 296 79 7.5 11.6 126 results in a considerable reduction of the meaidues of the

S-4-Reg 516 84 7.0 119 13.1 jmage coordinates. This suggests that includingranmm of
one tie point per model can be recommended fortipedc

applications since it leads to a considerable réolucof Y

parallax in image space. Also, it was shown thgula and

Table 3: Results of using various numbers of tienfgoivith  random distributions of the tie points result isimilar range of
random distribution in integrated orientation errors in image space. Therefore, it can be coedutiat the

distribution of the tie points does not have atuigrice on the

” > T Py T accuracy of integrated orientation approach in iensgace.
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g 3 = N S N =i
) o x < N 2 ACKNOWLEDGEMENT
Bundle AT ) 2294 33 35 105 4.1 Thg aut.hors would like to than.k.Prof. Karsten Jaeobof the
University of Hanover for providing the datasettthas used
Direct 0 ) 67 7.7 147 36.19 Ntheexperiments.
Orientation ' ) ) '

S-1/10-Rand 17 75 7.4 120 255

S-1/5-Rand 33 75 72 120 234
Integrated _ S-1/3-Rand 58 7.6 7.3 12.1 202 Cramer, M. and Stallmann, D., 2001. On the use of
Orientation ~ S-1/2-Rand 87 7.6 7.6 12.1 182 GPSlinertial exterior orientation parameters in baine

REFERENCES

S-1-Rand 172 77 7.4 125 14.1 bhotogrammetry, ISPRS Workshop "High Resolution Magpi
S-2-Rand 206 7.6 7.4 122 12.4 from Space 2001", Hannover, Germany, pp. 32-44.
S-4-Rand 516 76 7.0 123 111

Forlani, G. and Pinto, L., 2002. Integrated INS/[B>/stems:
calibration and combined block adjustment, Progcegsiof the
OEEPE Workshop: Integrated Sensor Orientationjtiretfor
Photogrammetry and Geoinformation, University ofhRaver,

Hannover, Germany, pp. 85-96.

w
o
I

Heipke, C., Jacobsen, K. and Wegmann, H., 2002.yAisabf

the results of the OEEPE test "Integrated Sens@n@tion”,
Proceedings of the OEEPE Workshop: Integrated 3$enso
Orientation, Institute for Photogrammetry and Gémimation,
University of Hannover, Hannover, Germany, pp. 31-4

w
o
I

N
=}
|
I

Mean error in image space
[ N
(6] (6]
L L

Honkavaara, E., 2004. Calibration in direct geomfemg:
Theoretical considerations and practical results.

i
S)
\
|

0 110 15 13 172 1 2 4 Photogrammetric Engineering and Remote Sensing, 1J0(1
Distribution scheme 1207-1208.
[OReguarly Distributed @ Randomly Distributed Ip, AW.L., 2005. Analysis of integrated sensoreatation for

Figure 4. Mean error values in image space obtafioed aerial mapping. MSc Thesis, University of Calgary/g@ey,

various selection and distribution scher 181 pp.

Jacobsen, K., 2004. Direct/integrated sensor aiimt - pros
and cons, XX ISPRS Congress, Commission lll, Istanbul,
Turkey, pp. 829-835.



The International Archives of the PhotogrammetrymBee Sensing and Spatial Information Sciences, 3| Part XXX

Khoshelham, K., Saadatseresht, M. and Milan, A.0720
Calibration of integrated GPS/INS system and dirsensor

orientation, Geomatic '86 annual conference, Nation
Cartographic Centre, Tehran, Iran.

Yastikli, N. and Jacobsen, K., 2005a. Direct sems@ntation
for large scale mapping - potential, problems, tofs.
Photogrammetric Record, 20(111): 274-284.

Yastikli, N. and Jacobsen, K., 2005b. Influence sybtem
calibration on direct sensor orientation. Photogretnic
Engineering and Remote Sensing, 71(5): 629-633.



