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Abstract

Cartosat-1 (IRS-P5) is the first satellite of ISR€signed to provide
high resolution along-track stereo imagery for magm@pplications.
The platform contains two panchromatic camera pdgonith +26°
and -5° tilted with respect to nadir. A methodifeflight geometric

calibration of Cartosat-1 images is presented i paper. In-flight
calibration includes alignment calibration of bopayloads and
calibration between the payloads. The objectivehef study is to
ensure the best absolute 3D pointing accuracy eladive location
accuracy of the cameras. Taking advantage of thmee sarbit

acquisition, calibration of different cameras isndowith rigorous
geometric reconstruction of the sensor orientatioBsresight

misalignment computation methodology is explainedhe paper.
Accuracy of the direct orientation observation codle brought
down to better than100m with the inclusion of iigtit calibrated
parameters in to the adjustment model. Correctidhe orientation
parameters with a single GCP further improved Bra
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1. Introduction

In-flight calibration is important for satellite s®ors because during
the launch, the environmental conditions changeidiapand
drastically and this usually causes changes inirtternal sensor
geometry that is determined in a pre-launch cdiidma Therefore,
in-flight calibration of the cameras in the initiphase is very
essential to ensure the system performance. Itrales the daily
data processing operations cost-effective. In-flicddibration of the
sensor is a pre-requisite for direct geo-referancinhis idea is
explained by Honkavaara [2004]. Pre-flight andlighit geometric
calibration of SPOT-5 HRG & HRS images is studigdBreton et
al [2002]. Mulawa [2004] explains a method for the-orbit
geometric calibration of the orbview-3 high resmot sensors.
There are different approaches for performing gt calibration.
The most common approach is to extend the coltnweguations
with additional parameters which take care of tistodtions and
represents the imaging process more accuratelgsymnding to the
actual imaging condition ( Ebner (1976), Fras&9{@), Cramer et
al. (2002), Cramer (2005), Jacobsen (2004)). Intagerdinates are
updated for compensating the radial and tangedgdbrmations
along with shearing. We are following an approachwihich the
identification and quantification of systematic gnd residual
patterns followed by their application to sensordeloand re-
computation of the bundle adjustment. In our apgmpdoresight
alignment parameters are part of the rotation matf the
collinearity equations used in the sensor modehil8rly, focal
plane geometry parameters are also part of theittmmequations.
Therefore, computation of corrections over thesaupaters during
in-flight calibration is straightforward without ¢fuding additional
parameters. It can be applied to multiple camenaspayloads with
little or no change to the bundle adjustment pattironly requires
some post-processing software to analyse the rsidénother
advantage of this approach over the approach baseatditional
parameters during the adjustment is that it carsiden systematic
effects on image co-ordinates from any sourcesraridhose just
dependent on modelling optical geometry.



A description of Cartosat-1 mission is availableKnshnaswami
(2002). Here, we recall some of the parameterschwhre directly
relevant for the discussions in the paper. Cartbséas two
panchromatic camera payloads Fore and Aft, withitant flight
direction of +28 and -5°respectively. The base to height ratio is
about 0.62. Data is quantized with 10 bits. Integratime is
0.336ms.Nominal GSD is 2-2.5 m. Each CCD has 126i@8ls,
separated in to 6000 each of odd and even pixélesd odd and
even pixel rows are separated byBb(equal to 5 pixels) .To avoid
any gap in the image due to this separation, cdupiéh the earth
rotation, the spacecraft is given a rate about éai8. A roll bias
allows across-track pointing. A pitch biasing abthé body frame is
also possible.

1.1 Scope of the Work

The objectives of this study are to ensure the Ibmsdtion
performances of both cameras, to obtain the beghhaccuracies
from the stereo pair, to ensure same relative ilmcaccuracy from
both cameras and alignment of staggered arrays.ecDir
georeferencing is accomplished with position andration of the
camera given by inertial and GPS systems. Theiaheneasurement
system senses angular rates and linear accelexdtmm which the
orientation parameters of the camera — positiond angular
orientations — are calculated. These are convéntedEuler angles
with respect to the body frame. The body co-ordinsystem is
rigidly connected with the camera. Their coordirgatstems must be
mutually aligned. Angular deviations are called dsaght angles.
Boresight angles cause scale errors of the obsegusiions and
orientations, which are eliminated within the scopa least squares
adjustment procedure in a sensor model.

2. Calibration parameters.

Full sets of radial and tangential distortion pastens are
difficult to address because they correlate witineat Therefore, the
appropriate parameters must be selected basedabysianof their
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correlations and quality. It is important, thae ttreatment of the
deformation parameters and the analysis of theelations and
accuracy are efficiently implemented to the sofevaimportant
parameters of in-flight calibration are
1. Boresight misalignment parameters
The boresight parametersx,ddp, do, are the central
parameters in the in-flight calibration.
2. Camera interior orientation parameters
Focal length and principal point co-ordinates dre main
interior orientation parameters. Stagger paramdieteeen
the odd and even detector arrays are also comportdubth
the cameras.
3. Flying direction dependent corrections
These arise from position shifts in the given epésnand
errors in time tagging.
4. Height parameter
5. Datum/Co-ordinate transformation
When we correct the orientations with the help @RS and then do
the transformations between image space and grapuate,
datum/co-ordinate transformation effects will gatllified. But,
these are very important in the case of direct rgéerencing. Co-
ordinate system definitions for image, payload, yoahd orbit
should be precisely known. Bursa Wolfe model (7ap@ater) is
used for datum transformation, which includes 3ations, 3
translations and 1 scale.

Correlation between the physical parameters ofcdraera and
the boresight parameters is very significant. Feangple, focal
length and d are correlated. In the present approach, the ipahc
distance correction is modelled as a yaw bias coore Similarly,
roll and pitch angles of the middle detector in theal plane with
respect to the payload cube normal are related tandl dv. Effects
of certain parameters cannot be measured explicitigtead, a
resulting total effect will be measured and asgigoaly to the
selected parameters. The significance of a cegamameter was
evaluated by comparing the parameter value tdatsdsrd deviation
and RMS; if the RMS value was larger, the parametes
considered as significant. Otherwise, that paramédte not
considered and its effect is accounted throughhemasignificant
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parameter with which it has a correlation. So,ith#ight calibrated
parameters may not facilitate the best characteizaof the
individual parameters of the camera, but it wilbyide the most
accurate total pointing error. An important aspedhis assessment
is to help decide which parameters of the geometrthe camera
most probably needed adjustment.

3. Calibration methodology

At first, individual camera alignment calibratiosn done which
is followed with inter-camera alignment calibratiomdividual
camera alignment calibration includes the detertianaof the
attitude relation and shifts between the coordirgtetem of star
sensors, body and the camera along with the imterientation. The
primary challenge in alignment calibration is theed to estimate
the underlying alignment trend for each camera framseries of
precision correction solutions, which measure a lboation of
orbit, attitude and alignment errors. Modelling cgrrthat is the
inability of the model to reconstruct the viewingognetry, also will
reflect as an error at the checkpoints after pi@tisorrection.
Therefore, using a correct mathematical model iy iraportant for
in-flight calibration. Including a DEM while handly errors from
individual cameras is also important to eliminagerdin induced
errors, especially in Fore camera. Few distribu@@Ps and
checkpoints are identified in the images. Initiallye assigned zero
value to the payload alignment biases in the mtathatrix of the
sensor model. Then, ground co-ordinates are compfde the
checkpoints using the sensor model and the give®/IEB (Inertial
Navigation System) orientation parameters. Diffeeebetween the
derived ground co-ordinates and the actual co-atds are
analysed. The error vectors from many images shaivedsame
trend. Now, the sensor orientation parameters pdated with the
rigorous sensor model and GCPs. The difference xterier
orientation parameters before and after correci@computed for
many data sets and compared. These biases wiluaicéar offsets
between body frame and payload, small variationsha interior
orientation of the sensor and focal plane geomatignment offsets
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between inertial frame and body frame and unceégtamthe given
orbit and attitude parameters. We cannot reallyoggm each of
them. But, the common bias (trend) from the ima@ésa sensor)
should be taken out as the offset of the payload.

After obtaining the possible range of residuaskes of each
camera, errors from both cameras over the sameaagezompared.
Fore camera alignment offsets are fine tuned it suay that errors
are comparable with errors from Aft camera. Int@mera alignment
iIs done to ensure same relative location accuraay footh the
cameras. The height correction is probably the nposblematic
unknown. Several causes result in need for thehheigrrection;
these include changes in the principal distancey pas of the
detector arrays in the focal plane and datum erfosanalyze and
separate the camera dependent height corrections fine other
mentioned sources, inaccuracy of images from Fodefdt cameras
should be evaluated independently with a DEM. Taealtax errors
will be in the along-track direction. Now, height@'s are computed
through intersection from stereo pair. The heightors are
influenced with a change in effective focal lengthyaw residual in
the boresight misalignment of either one cameraboth the
cameras. Fixing of this will ensure the 3D pointisccuracy from
the along-track stereo. Once the relative calibmnais considered as
reliable, remaining location errors are shared bthlrxameras and
are due to the uncertainty in the given attitude.

3.1 Sensor Model

A generic sensor model for georeferencing of lin€&D array
images has been developed at ADRIN. This modekry flexible

and has been successfully used for the orientatfi@POT-1, IRS-
1C/1D, TES, IRS-P6 IRS-P5 and Cartsat-2 (Radhaekeal., 1994,
Radhadevi et al.1998, Radhadevi, 1999, Radhadalj 2008) The
algorithm is purely based on the viewing geomefryhe satellite,
combining the principles of photogrammetric cadlmity equations,
originally developed for SPOT-1 and further adapded tested for
different sensor geometries.



Collinearity equations express the fundamergkdtionship that
the perspective centre, image point and objecttpieis on a straight
line i.e.

f X3
% | =d.M Y-y ) (1
_yS Z_p

where {, -Xs, -Ys) are the image coordinatesX( Y, 4 are the
coordinates of the object point and,(Y,, Z,) are the co-ordinates
of the perspective centre, d is the scale factat Bhis the
orthogonal rotation matrix to transform the geodertb sensor co-
ordinate system.

The rotation matrix M = Qg * Q0 * Qos* Qgp * Qpc, Where

Qpc is CCD to payload transformation matrix that iiaction
of the roll and pitch bias angles of the middleedsatr with
respect to the payload cube normal. This transfoomawill
relate the individual detectors to the payload. d@ahd even
arrays are considered as two detectors and thgestpgrameter
is computed from the image Y-coordinate shift dwoe the
separation of these arrays in the focal plane. roHeand pitch
angles of the middle detector of each CCD are abkalin the
payload geometry of the camera calibration dataegeed
during the pre-launch calibration. Small changes these
parameters will reflect as tangential distortionbkjch are static
in nature and can be attributed to the boresigghalent angles
during in-flight calibration.

Qgp is Payload to body transformation matrix. Theibasan
model is a line-of-sight vector from the detectorthe focal
plane, through the payload, body and orbit to treugd point.
This vector is orthogonal to the platform axesgiideviation
from this orthogonality is the boresight misalignmhengles,
which are the main parameters in the in-flightloaiion.



Qos is Body to Orbit matrix, which is a function of kopitch

and yaw angles .The Euler angles with respect tly frame are
not given explicitly. They are computed from thevegi

quaternions. Over a long pass, the variation irattieude angles
will not be a bias and therefore, time-dependeeffments are
also computed. After keeping the boresight alignnzamgles as
zeros, refinements to the coefficients of the cot@guattitude
angles are done as corrections to the constantaedht' order

term using a few GCPs. The difference betweenedfieed and
original attitude angle gives the boresight alignmeén that

direction.

Qo is Orbit to Inertial transformation matrix. Thistation will
convert the position of the pixel in the orbit calimate system
to ground co-ordinates. This matrix is a functidrposition and
velocity of the satellite.

Qai is ECI to ECEF matrix, which is a function of thielereal
angle.

Through the rotation matrix, any pixel in any ar@yany camera
can be projected on to ground and through investgion matrix,

this ground location can be re-projected on to aftiyer array
/camera by using the corresponding paramete@»énandQgp. The

relative positions of individual arrays in the fopgane can be fixed
through these transformations.

4. Results and Analysis

An extensive analysis with different datasets revethe
behaviour of each sensor. Many datasets, imaged aoperiod of
two years, covering different types of terrain wilifferent imaging
configurations are studied. The limitation of thapproach was
especially with the identification of distributedd®8s. To analyse the
trend, the boresight misalignment angles are inerged in a loop
and substituted in the rotation matrix. The accymaas evaluated in
each iteration. This is done in the object spacecddgulating the
ground coordinates of the checkpoints using theibedion
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parameters and direct orientation observations @mparing the
calculated values to the measured values. GCPs weed as
checkpoints. Figure 1 shows such patterns. Tlealy shows the
underlying trend of boresight alignment parametdtsach line
represents a dataset. Errors are decreasing andntreasing at a
particular value. It was observed that Roll biashef Fore camera is
within the range -0.08° to -0.06°. Similarly, thelRbias of Aft
camera was observed within the range +0.06° to8f0Ritch bias
of the Fore camera fall within 0.02° to 0.24° anft damera is
within 0.185° to 0.21°. Yaw bias range observedtiier Fore camera
was within -0.15° to -0.12° and Aft camera was with0.05° to
+0.05°. Aft camera yaw bias shows a wider range diffierent
datasets. As the magnitude of angles are smalctn be due to the
uncertainties in body yaw steering within 52 segetigap between
imaging. The reason that Fore camera yaw bias doeshow that
big range also justifies that. Average of the mimm values shown
by different datasets was calculated as boresilgnment angles.
Relative latitude and longitude RMS errors (forivas data sets)
from Fore and Aft cameras are evaluated and theke vadso
minimum with these alignment offsets. Incidentaltyywas noticed
that even though RMS errors from different datase¢swithin the
limit, there is a small trend in height error inetlacross-track
direction, the source of which was not clear ififiaThis behaviour
was seen in almost all datasets. This can be eilirera change in
the effective focal length or due to a yaw biag teit. Finally it
could be traced that it was arising from a wrong yaas given for
Aft camera. As the range of yaw bias for Aft camenas within —
0.05° to 0.005°, zero bias had given. The trend ezemsputed from
positional errors alone. When it was recomputednagéth height
errors, it was clear that the nominal Yaw biashaf Aft camera was
around —0.04°. Figure 2 shows this behaviour ovdata set before
and after correction of yaw bias.

After incorporating the boresight alignment l&sgn the rotation
matrices, bundle adjustment is performed once adrefinement is
done for constant and first order terms of attitadgles. Solving of
six unknowns (€o, dpo, dwo diky,de1, doi) is done with weight
matrices included in the adjustment model. The gereend of the
attitude variation is captured from the given IN&tad Time
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dependency of these parameters also can be analjfsethclude a
co-factor matrix for observations and a weight imdir parameter
estimates into the system. The values of the cimffanatrix for the
observations represent the uncertainty in the obngoint

measurements. Similarly, the apriori weights of th@rameters
represent the uncertainty in the attitude inforovatiAppropriate
weights for the parameters define threshold linfdsfined by the
uncertainty of the attitude data) within which eatfdividual

parameter can vary. These weights impose condramt the
parameters. The solution is now iterated. Usinguiheéated satellite
parameters, the ground coordinates of the used @G@Psalculated
in each iteration. If the differences between tlecwdated and
original values are negligible, the iterations &eminated. The
Yaw biases are given more weightage in the adjusttmmdel to
account for yaw steering uncertainties in the combtiadjustment of
Fore and Aft cameras. Figure 3 shows the residnakmainties
computed for different datasets over and above lhases
incorporated in the sensor model. They are within0+02° for all

the datasets and do not show any systematic bahaAdter the

initial phase operations of the mission, which wewepleted within
six months after the launch, the attitude patteynvery stable.
Therefore, the residuals due to the attitude uac#rés of imaging
conditions of different passes will be correctedyaturing the data
products generation.

Figure 4 shows the system level RMS errors different
datasets after correcting the boresight alignmesds in the model.
System level accuracy specifications of the missias 250m. But,
accuracy of the direct orientation observation ddag brought down
to 100m.with the inclusion of in-flight calibratggarameters in to
the adjustment model. After the stabilization phaebk¢he satellite,
the errors are less than 60m in almost all theseétda Correction of
the orientation parameters with a single GCP (ayet@ point)
further improved it to 5m. We have accounted theot$ of most of
the in-flight calibration parameters of interiorientation through
boresight misalignment angles. Computation of staggrameter is
one of the pre-processing requirements for videmalent. A study
was done to analyse the behaviour of stagger \ifittreint imaging
conditions. Figure 5 shows the stagger parametapated from the
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geometry of imaging. The difference between odd aven

detectors computed for Fore camera is around X&g(vertical)

and that of Aft camera is around 4.7 pixels (valjicWith a roll

bias for the body, these values change up to 5B 4B pixels
respectively with extreme negative angles. Thesgegaare in good
agreement with what is observed in the image data.

Conclusion

In this article, results of analysis of 32 strifsdata taken over a
period of two years are given. The most significaatibration

parameters are boresight misalignment angles. tréaément of the
deformation parameters and the analysis of theelations and
accuracy are efficiently implemented to the sofewakbsolute in-

flight calibration of individual cameras as wellra$ative calibration
between the cameras is performed to ensure the pmesible

relative and absolute location accuracies. Thelighf calibrated

parameters may not facilitate the best charactesizaof the

individual parameters of the camera, but it wilbyide the most
accurate total pointing error. System level acoyspecifications of
the mission was 250m. But, accuracy of the diregéntation

observation could be brought down to 100m.withittedusion of in-

flight calibrated parameters in to the adjustmeatiel. The imagery
was collected over a period of two years and tkeimahstrates the
stability of the calibration parameters. The cailam results are
included in the Value Added Product generation &ys{VAPS) of

Cartosat-1 for operational use with which the gedification

during standard processing is significantly simedif

ACKNOWLEDGEMENTS

| gratefully acknowledge Dr. R Krishnan, Directonda R
Ramachandran, Deputy Director (ATG&PP), ADRIN fbeir
encouragement and support for this work. | am ¢ubte Dr.
A.S Kiran Kumar, Deputy Director (SEDA), SAC, forgviding
the pre-launch geometric parameters of Cartosat-1.
Acknowledgements also go to my colleagues in DAA&TS

11



12

DMD who helped in the preparation of valuable grbiruth for
test sites.

REFERENCES

1. Breton, E., Bouillon, A., GachetR. AND Delussy, F.,
2002.Pre-flight and in-flight geometric calibratiohSPOT 5
HRG and HRS images.International Archives of
Photogrammetry, Remote Sensing and Spatial Infoomat
Sciences34, partl

2. Cramer, M, Stallman, D., 2002. System Calibratiam f
Direct Georeferencing. Ininternational Archives of the
Photogrammetry, Remote Sensing and Spatial Infoomat
SciencesVol. 34, Part 3A. pp. 79-84.

3. Cramer, M., 2005.Digital Airborne Cameras — Statunsl
Future. ISPRS Hannover Workshop on High Resolution
Earth Imaging for geospatial information. Proceegin
Volume 34 Partl/W3 ISSN No0.1682-1777

4. Ebner, H., 1976. Self Calibrating Block Adjustment.
International Archives of Photogrammetryol. 21, Comm
[l

5. Fraser, C., 1997. Digital Camera Self-calibrati¢8PRS
Journal of Photogrammetry and Remote Sensihg97;
52(4): 149-1509.

6. HonkavaaraE., 2004.In-flight camera calibration for direct
georeferencinglnternational Archives of Photogrammetry,
Remote Sensing and Spatial Information Scien8&&1):
166-172.



13

7. Jacobsen, K., 2004, Issues and method for in-fiagitt on-
orbit calibration. ISPRS Book SerigesvVolume-2. Post-
Launch calibration of satellite sensors. pages9B3

8. Krishnaswamy, M., 2002. Sensors and Platforms faghH
Resolution Imaging for Large Scale Mapping Applicas -
Indian Scenario.Indian Cartographer DAPI-01, URL:
http://www.incaindia.org/technicalpapers/02_DAPIpdf

9. Mulawa, D., 2004.0n-orbit geometric calibration tfe
orbview-3 high resolution imaging satelliténternational
Archives of Photogrammetry, Remote Sensing andiabpat
Information Sciences85(B1): 1-6.

10.Radhadevi, P.V. and Ramachandran, R., 1994. Othitide
Modelling of SPOT imagery with a Single Ground Goht
Point.Photogrammetric Recoyd4(84): 973-982.

11.Radhadevi, P.V., Ramachandran, R. and Murali Mohan,
ASRKYV, 1998.Restitution of IRS-1C PAN data using an
Orbit Attitude Model and minimum controlSPRS Journal
of Photogrammetry and Remote Senst®)j262-271.

12.Radhadevi P. V. and S S Solanki, In-flight geonaetri
calibration of different cameras of IRS-P6 usinghysical
sensor model. To be published in March 2008 isste o
Photogrammetric Record.



