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ABSTRACT

geometric influences of the scanner like irregularities of the CCD-arrays, bending and relaxation of the focal plates, distortion
of the optics, ete. Prior to the mission the optical system has been calibrated in the laboratory of Daimler-Benz Aerospace
AG (Dasa), which is also the developer and manufacturer of the scanner. During the mission.a geometric inflight calibration
will be performed in order to verify the calibration parameters on a routine basis. The first part of the paper describes the
lab-calibration, the equipment, the process and shows also the resulting calibration parameters. The second part deals with the
inflight calibration. The principle, the test areas and the mission scenario are outlined. An approach for multi-scale matching
using line scanner imagery and existing digital orthoimages is described. Finally the results of a simulation study are presented,
showing to which extend the camera parameters can be determined by photogrammetric means under realistic conditions.

1 INTRODUCTION locations are defined by two image angles around two orthog-
' ) L ) ' onal axes with respect to the optical axis of a camera or a
During the 10 day lasting D2 mission in spring 1993 the first scanner system. By means of a camera model, these angles

threefold along track stereoscopic imagery were recorded from normally are expressed in terms of image coordinates. For
space by MOMS-02 [11]. A series of photogrammetric eval-  yp, precise transformation of image coordinates into spatial
uations were published, demonstrating its capability of gen- image angles, the camera model must accurately represent
erating photogrammetric products like digital terrain models the actual camera geometry implying its perfect knowledge.
(DTM) with an accuracy of 10 meters and less (e.g. [1], Since image coordinates are derived by digital measurement
[51. [6]. [8], [10]).  After D2, MOMS-02 has been refur- techniques with up to 0.1 pixel precision, the accuracy of the
bished and adapted to the PRIRODA environment for a re- geometric camera calibration must not exceed this value, if

fly on-board the Russian space station MIR. Besides the now the overall accuracy potential shall not be restricted by the
called MOMS-2P, the PRIRODA (Russian: nature) module system itself. In order to meet this requirement the process

contains a series of remote sensing sensors (see Figure 1) of the geometric camera calibration has been split into two
and will be docked on the MIR-station by mid April 1996. parts: a laboratory (lab-)calibration prior to the mission and
MOMS-2P consists of 5 lenses for simultaneous multispec- an inflight calibration accompanying the whole mission. The
tral and panchromatic 3-fold stereoscopic data acquisition inflight calibration is of highest importance, since the results

with a ground resolution of 18 m and 6 m from approximately of the lab-calibration proved to be reproducible in some cases
400 km height (see Figure 2). The stereo module consists of  onlyuptoos pixel accuracy. Furthermore, temporal changes
3 lenses with one CCD-array each, providing a forward, a high of the camera geometry appeared in the MOMS-02/D2 evalu-
resolution nadir and an aft looking view. Additional 2 lenses ations indicating, that the lab-measurements may not exactly
with 2 CCD-arrays each enable multispectral imaging in 4 match the actual camera geometry in space.
spectral channels. The MOMS-2P/PRIRODA mission will
last at least 18 months and can be considered as preparation The main goal of the lab-calibration is the exact determi-
for a future operational and commercial MOMS-03 mission, nation of geometric irregularities of the single CCD-arrays,
planned for the end of this decade. The operational deriva- which hardly can be determined by inflight methods. The
tion of DTM and digital orthoimages (DOI) of wide parts inflight calibration is for the verification or change detection
of the solid earth’s surface is a major goal of both missions. of the camera parameters and to determine the orientation
The photogrammetric evaluation is based on a measure- of the MiOMS-2P camera axes with respect to the MIR co-
ment technique using intersecting spatial image rays, whose ordinate system in order to improve the knowledge about the
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Figure 1: PRIRODA module on the MIR station

absolute pointing of MOMS-2P. These investigations will
also try to include the star camera on MIR module Quant.

This paper is organized in two main sections and a final
conclusion part. The following section describes the lab-
calibration, the equipment, the process and shows the re-
sulting calibration parameters. The next section deals with
the inflight calibration. The principle, the test areas and the
mission scenario are outlined. A technique for the automated
identification of a large number of ground control points,
via an approach for multi-scale matching using line imagery
and existing DOl is described. Subsequently, the results of a
simulation study are presented, showing to which extend the
camera parameters can be determined by photogrammetric
means under realistic conditions.

2 LAB-CALIBRATION

Extensive alignments and measurements have been performed
in the laboratory to characterize the MOMS-2P optics mod-
ule. The main tasks were:

e Alignment of the CCD detectors into the optimum fo-
cal plane of each lens assembly. Since the lenses are
nearly diffraction limited (i.e. the physical limit), the
tolerance for focus adjustment was < 20 um.

e Lateral adjustment to obtain exact superposition of all
detector arrays. The ground footprints of all CCD-
arrays (i.e. the geometrical projection of the CCD's
through the lenses onto the earth surface) shall be cor-
related with sub-pixel accuracy (< 0.1 pixel) which cor-
responds to alignment and stability tolerances of 1 um
at detector level.

e Adjustment of the projected image size between all
channels, which implies that the focal length of all five
lenses must be matched with sub-pixel accuracy. Note
that the relative focal length accuracy is 3 - 10™°.

e Measurements of detector geometry and the rela-
tion of the individual channels together, again with
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Figure 2: Optics module of MOMS-2P

sub-pixel accuracy.

e Relative and absolute radiometric calibration.

An important aspect for all on-ground testing activities was
the fact that the instrument shall be characterized for vac-
uum conditions. The optics module, however, exhibits signif-
icantly different performances when operated in vacuum or
in air. This effect is due to the small but finite refractive
index difference between air (n. = 1.000297) and vacuum
(ne = 1.000000). A natural approach to cope with this prob-
lem would be to place the entire optics module and all asso-
ciated test equipment in & vacuum chamber. However, the
drawbacks would be very inconvenient such that there is no
direct access to the equipment and to adjustment tools other
than by remote (computer) control, that the required facilities
are very expensive and that the resulting logistic difficulties
would stretch the time scale extremely.

The dedicated solution for MOMS-2P was found in air spaced
doublets which are used only for ground testing. For each
lens assembly an individual doublet was designed and manu-
factured. Attached to the lens assembly, the doublets exactly
compensate the change of focal length and of focus posi-
tion when going from air to vacuum. This approach was the
prerequisite to predict and characterize the overall system
performance for vacuum conditions.

2.1 Calibration Procedure

The calibration procedure was based on the philosophy to
design the test setup for maximum commonality, i.e. to re-
duce the number of dedicated equipment and to reduce the
number of required changes of the test setup for individual
measurements. Basically, the test setup for MOMS-2P has
been dictated by the very high geometric accuracy require-
ments. For this reason, all channels (and therefore all lens as-
semblies) were stimulated simultaneously by the same source.
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Typically, a pinhole in the focal plane of a large aperture and
long focal length collimator served as an artificial star. The
star intensity and its spectral distribution was adjustable by
appropriate filters in the illumination optics. The emerging
light from the collimator is a plane wavefront illuminating
in parallel all entrance apertures of the MOMS-2P optics
module. Each lens forms an image of the artificial star on
the CCD-arrays in the corresponding focal planes. By direct
read-out of the CCD-response using the nominal signal pro-
cessing electronics, an end-to-end performance of the system
is obtained. Therefore, this approach takes into account all
possible sources of deterioration in the entire chain, namely
the residual aberrations of the optics, the focus and align-
ment condition, the detector response and detector internal
cross-talk, and finally the quantization and noise effects of the
signal processing electronics. The principle test setup which
is used for all subsequent measurements is given in Figure 3.

Turn Table §
—_—
— e
e !
g - Cassegrain \ Illul‘nmuunn
g B ¥ ! Optics
s X_.;‘, . Collimator |
E — el
‘ 3 — sl
HR | 2 o
3 Test objects
\\ i - o (urtiical star, etc)
L™ -
; ~ _ J Collimator Support ‘
i 1
Turmn Table o i
‘ i |
‘ Optical Bench |
1 e e e ey I
[ o

Figure 3: Principle test setup for calibration of MOMS-2P
optics module

Geometrical Alignment And Calibration: The geometri-
cal correlation is obtained by measuring the gravity center of
the star image intensity distribution in relation to a precisely
known angle in the object space of the sensor. Assuming a
distortion free optics (which has been ensured by the theoret-
ical design and high precision manufacturing and assembling
at the manufacturer), the relation between a position z,y at
the CCD and the corresponding object angles a, 3 is:

tan(a) = FI and tan(f) = —;—E (1)
with:
FL = Focal Length of the system, including detector
z,y = Coordinates at detector
a,3 = Angles in object space

Thus, if the optics module is stimulated at a certain angle
a, 3, the deviation of the measured spot image gravity cen-
ter from the nominal position z, y can be obtained. Inversely,
if a large number of data pairs z,y vs. «, 3 is measured, an
average value for the system focal length FL can be deduced,
which is listed in Table 1 for each channel. FL shall be iden-
tical for all channels respectively in a defined relationship to
each other (i.e. relation 1:3 between the nadir high resolution
(HR) stereo channel and the other channels).

For the geometric measurements, the gravity center of the
star image has been centered on about 15 pixels per CCD-
array in an approximate 400 pixel interval. For these pix-
els the z,y, o, f data set has been recorded. To increase
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the measurement accuracy and to eliminate systematic er-
rors caused by the turn table axis geometry, four data sets
per CCD-array have been recorded. Data sets 1 and 3 were
measured in normal position, data sets 2 and 4 in reverse
position, i.e. MOMS-2P is rotated 180° around both the hor-
izontal and the vertical turn table axis. The mean value of the
measure in normal and reverse position is free of systematic
errors, e.g. the deviation of horizontal and vertical turn table
axis from 90° (see section 2.3). Thus, the geometry of each
CCD-array is defined by 15 data points times 4 data sets =
60 data points. This "raw” data set has been further refined
by interpolation into a finer equidistantly spaced interval of
200 pixels per sensor. Special precautions on the selection
of the appropriate interpolation algorithm were necessary to
preserve the shape of the data set and to avoid “overshoot-
ing" effects at the upper and lower limits of the sensor. After
several tests, the Akima interpolation turned out to be the
optimum without deteriorating the raw data by more than
0.1 pixel. Note: The interpolation can be avoided by directly
measuring a 200 pixel interval. However, the measurement
of a single pixel to the desired sub-pixel-accuracy is a time
consuming process involving many iteration steps in the turn
table control.  Although the measurement process was au-
tomated by computer, a single CCD-array measurement (15
data points) lasted several hours. Thus, simply to achieve an
economic calibration procedure, the 400 pixel interval with
subsequent interpolation was decided.

2.2 Calibration Equipment

In order to fulfill the alignment and calibration task, the on-
ground equipment has been specifically designed with the fol-
lowing performance figures:

Collimator The collimator is an on-axis "Cassegrain” tele-
scope inversely used. It provides a usable aperture of 650 mm
to illuminate all lenses simultaneously.” The focal length is
7.8 m which allows relatively large dimensions for the object
structures (pinhole diameter) and thus, reduces tolerances.
The wavefront quality over the full aperture is better A\/8
peak to valley. Taking into account that each lens of the
MOMS-2P optics module uses only a small fraction of the
full aperture, the residual measurement error introduced by
the collimator is < = of a pixel which is negligible compared
to other error sources in the test setup.

A crucial point is the perfect collimation (i.e. the artificial
star is virtually at infinity), since it determines then the final
resolution (modulation transfer function, MTF) of the over-
all system. The “infinity” condition of the test equipment
is referred to a precision flat of same size as the collima-
tor aperture and two independent focusing principles (“Knife
Edge” test and Point Spread Function PSF in autocollima-
tion). This approach has been selected to avoid systematic
errors (Hubble effect!).

Angular Reference (Two-Axis Turn Table) The angular
reference to obtain the object angles «, 8 is provided by a
high precision two-axis turn table with precision encoders
(Heidenhain ROD 800). The minimum resolvable angle is
0.36", accounting to 1/7 pixel measurement error of the HR
CCD-array. This is probably the worst figure in the overall
error budget, but it must be noted that this encoder accuracy
was the best available on the market at the time of the design
of the instrument and the test facilities.
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Optical Benches In view of the required verification accura-
cies (sub-arcsec), the entire test setup (collimator, turn table,
MOMS-2P instrument) was mounted on a single rigid optical
bench with air pressurized support and on a concrete solid
block being entirely separated from the rest of the building
The entire integration / test facility was operated in con-
trolled clean room environment (class < 100000), and con-
trolled temperature and humidity.

Dedicated Software (Sub-Pixel Interpolation) A dedi-
cated software has been written to interface the test equip-
ment with the MOMS-2P signal processing electronics, to
control the turn table position, to acquire the precise angu-
lar readings and to compute the gravity center of the point
spread functions imaged at the CCD’s.

2.3 Results

From the four data sets camera parameters and correction ta-
bles were deduced. The camera parameters (see Table 1) de-
scribe the locations of the CCD-arrays relative to each other,
the correction Tables 2 and 3 show the differences between
the actual and the nominal position of the sensor elements.
The positions are given with respect to a reference pixel co-
ordinate system, defined in the (object side) image plane at a
distance of the mean focal length FL from the projection cen-
ter. lts origin is at the center of pixel number 4501 of the high
resolution CCD-array HR5A. The positive y-axis is pointing in
flight direction, the positive x-axis along line in the direction
of decreasing pixel numbers (see Figure 4). Table 1 contains

[1 1] ST7 16000]]

X4+—f 1 ———— HrR5 19000]]
[ ST 6 16000 ]
¥ v (flight dircction)

Figure 4: Reference pixel coordinate system

the mean focal length FL, the offset pixel numbers Nxoys
and the stereo angles v for each channel. Nxoss indicates
at which pixel number the y-axis intersects the CCD-array.

[ Channel | FLImm] [ Nxosf [ v [T |

MS1 220.163 | 3006.0 0.00
MS2 220.096 | 3008.0 0.00
MS3 220.116 | 3016.8 0.00
MS4 220.088 | 3016.2 0.00
HR5 660.250 | 45005 0.00
STé 237.241 | 3009.0 | 21.45
ST7 237.250 | 3020.1 | -21.45

Table 1: Calibrated camera parameters
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In the Tables 2 and 3 the differences
dzx TCAL —TNOM
dy YCAL —YNOM
between the calibrated and the nominal pixel positions are
TcAL INOM

listed. { } and { } are derived for each
YCcAL YNoOM

calibrated pixel N according to equations 4 and 5:

Tsetl + Tset2

1

yrI & Yset + Yset2

Tir _ _l_ Tset3 + Tseta (3)
yI1I 2 | Ysets + Yseta

TCAL - 1] er+zn (1)

YCAL 2 Y1 +yrr \
syom | _ 1) Nxoss—N 5)
yvom [ 2| Ttan(y)

with px = 10 gm (pixel size).

The pixel position { vl } and { e } are independently
yI yIr

derived from two data sets each. Their differences give an
indication how far the results are reproducible. The last two
lines in the Tables 2 and 3 give an average ¢ of these differ-
ences from all calibrated pixel positions of each channel. For
channels MS4, HR5 and ST7 the average difference ¢ exceed
the required 0.1 pixel, i.e. the relative locations of these CCD-
arrays were not determined with the required accuracy and
must be verified by inflight calibration. All CCD-arrays con-
sist of 6000 sensor elements. The HR5 channel is optically
combined by the two CCD-arrays HR5A and HR5B, which
overlap within a 3000 pixel interval. Both CCD-arrays were
calibrated separately. In Table 3, as in practical application,
they are treated as one single CCD-array with 9000 sensor
elements, consisting of HR5A-pixels 1 to 4500, correspond-
ing to HR5-pixel 1 to 4500 and HR5B-pixels 1501 to 6000,
corresponding to HR5-pixel 4501 to 9000.

3 INFLIGHT CALIBRATION

The principle of inflight calibration can be considered as
the reverse process of photogrammetric point determination.
Both, inflight calibration and point determination are based
on photogrammetric bundle adjustment and require image co-
ordinates of homologous points and navigation data. While
point determination aims to extract object information using
the exact knowledge of the camera geometry, inflight calibra-
tion tries to extract information about the camera geometry
using exact knowledge of the object. Thus, a substantial
amount of very accurate ground control information is re-
quired. Most of the MOMS-02 stereo evaluations suffered
from a lack of sufficient accurate ground control points (GCP)
which are well identifiable in the imagery. This high resolu-
tion evaluation can only profit from control information which
has an accuracy of 5 m or better.

The geometric MOMS-2P inflight calibration will be real-
ized in cooperation of 3 institutions: The German Aerospace
Research Establishment (DLR), the Chair for Photogram-
metry and Remote Sensing, Technical University Munich
(LPF/TUM) and the Institut Cartografic de Catalunya (1CC).
For MOMS-2P the LPF/TUM and the ICC also cooperate in
a pilot project to map the whole state of Catalonia. Since
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L Multispectral Channels [ Stereo Channels]|

[ Ms1 MS2 MS3 MS4 STé ST7
NIAx[Ay[[Ax]Ay[[Ax[Ay[[Ax[Ay[[Ax]Ay|[[Ax]Ay
25(]-0.1}-0.7{|-0.2{-1.0{]-0.3{2.2 |-0.4{0.7 ||-0.1|-7.0{{0.0 [ 0.7

225[|10.0}-0.6{}-0.1}-0.7{}-0.2| 2.1 |}-0.2{0.6 |]-0.1}-6.9//0.0 | 0.6
425/10.0-0.6(|-0.1}-0.5|]-0.2/2.0{]-0.1{0.5|/0.0}-6.8/|0.0|0.5
625/|0.0]-0.6/{0.0-0.4{-0.1/1.9/0.0]|0.3]{0.0-6.7||0.0|0.4
825//0.01-0.7]|0.0}-0.3}]0.0{1.9(0.0/0.2|/0.0}-6.7/{0.0|0.3
1025//0.0-0.7({0.0]-0.2{{0.0(1.8}/0.1{0.1}-0.1-6.6{{0.0]0.2
1225/(0.0-0.7||0.0}-0.1{{0.1]1.7({0.1]0.1|{0.0}-6.5/{0.0]|0.2
1425/10.01-0.7/|{0.0]0.0}{0.1{1.7(/0.1|0.0|/0.0}-6.5/[0.0(0.1
1625(10.01-0.7/{0.1]0.1(/0.1{1.6{/0.1}-0.1{|0.0-6.4{{0.0/0.0
1825(10.11-0.7/{0.110.2(/0.1|1.5}10.2-0.2|{0.1|-6.4{|0.0|-0.1
2025//0.1-0.710.110.31{0.1{1.4]/0.2-0.3(|0.1}-6.3/[|0.0-0.2
[2225]/0.01-0.7|/0.1(0.3{{0.1{1.4]{0.2-0.4/|0.1}-6.3{|0.0}-0.3
2425/(0.0-0.7{/0.1]0.31{0.1]1.4(/0.2-0.5{0.0-6.2{]0.0 -0.3
2625/(0.0-0.7{{0.1]0.4]{0.2]1.3]/0.2}-0.5[|0.0-6.2||0.0 |-0.4
2825/|10.1-0.7{{0.1]{0.5(]0.2]1.3(]0.2}-0.6{}0.0}-6.2/{0.0 -0.5
3025/{0.1-0.7/{0.0]0.5{/0.2]1.2{0.2-0.7]|0.0]-6.2||-0.1}-0.6
3225(/0.0}-0.7)|0.0]0.5(/0.2|1.1}]10.2}-0.7|0.0|-6.3|]-0.1-0.6
3425/{0.0-0.6{|0.0]0.5({0.211.1]/0.2}-0.7{,0.0}-6.3{-0.1{-0.6
3625/10.0-0.5{{0.010.5{/0.1]1.1{{0.2}-0.8/]0.0}-6.3|]-0.1}-0.5
3825(/0.1}-0.5/{0.0]0.5{{0.1{1.1]/0.2}-0.8{|0.0-6.3|]-0.1}-0.5
1025/(0.1-0.5(10.0(0.5{{0.0{1.1}{0.1-0.8{|0.0-6.4|-0.1}-0.4
4225/(0.11-0.5/{0.0/0.4{{0.0|1.0{/0.1[-0.9/|0.0}-6.5|{0.0}-0.3
4425/10.11-0.4/10.010.4]}-0.1{1.0{/0.1}-0.9|-0.1}-6.6/{0.0}-0.2
4625/10.01-0.3(|0.0{0.4{-0.1]0.9(/0.0 ]-0.9]]-0.1}-6.6/| 0.0 |-0.1
4825/10.01-0.3/{0.0/0.4|[-0.1{0.9}{0.0}-0.9/|0.0-6.7|[-0.1| 0.1
5025(|0.0}-0.2{}-0.1{0.3 ||-0.1/0.8|0.0-0.9|{0.0-6.7]{0.0 [0.2
5225/|-0.1}-0.2{}-0.1]0.3 }}-0.1/0.8|{ 0.0 -1.0/|0.0 |-6.8{[0.0 | 0.4
5425/-0.21-0.1{}-0.1{0.2}}-0.1{0.7 1}/ 0.0 -1.0{/0.0 -7.0|| 0.0 ] 0.6
5625||-0.3}-0.1|]-0.2/0.2 |}-0.1/0.6{| 0.0 }-1.0/| 0.0 }-7.1}]0.0{0.9
#{/0.1]0.1{[0.1{0.1}{0.1[0.0{{0.0[0.5{/0.0{0.1]/0.3{0.2
¢]10.02/0.03{/0.030.06]0.03/0.02/10.02/0.02/0.03(0.02{/0.06/0.08

Table 2: Correction table for multispectral and stereo chan-
nels [pixel]

long, the ICC is successfully engaged in Digital Photogram-
metry and has built up a large digital data base comprising
full coverage of Catalonia with DTM and color DOI in scale
1:25000 (ground pixel size: 2.2 m) and 70% coverage of
B/W DOI in scale 1:5000 (ground pixel size: 0.5 m). Thus,
the idea was born to try the automated extraction of ground
control information from this data base by use of the multi-
scale matching (see subsection 3.1). The DTM has been de-
rived from aerial frame camera images of scale 1:22000 and
is stored in the database at 15 m grid size. The accuracy is in
the range between 0.5 m and 2.0 m. From cooperation be-
tween the ICC and the Servicio Autonomo de Geografia y Car-
tografia Nacional of Venezuela, the ICC also disposes of DTM
(30 m grid at 6 m accuracy) and DOl in scale 1:25000 (1.8 m
ground pixel size) of an about 12 000 km* wide area around
Caracas. The two test-sites “Catalonia” and “Venezuela”
(see Figure 5 and Figure 6) will be imaged at highest priority
whenever the actual weather and sun elevation allow for good
illumination and cloud-free conditions. It is planned to cover
them both from ascending and descending orbit paths in the
stereo mode A, combining high resolution nadir and the two
off-nadir stereo channels. [n addition the test-site Catalonia
will be covered in stereo mode D, combining the blue and
near infrared nadir and the two off-nadir stereo channels.

94

[ High Resolution Channel

HR5A HR5B

N Ax | Ay N Ax [ Ay

25 0.1 -0.2 4501 0.3 0.0
225 0.0 | -0.3 || 4700 0.3 -0.1
425 0.0 | -0.3 || 4900 0.3 -0.1
625 -0.1 | -0.3 5100 0.3 -0.1
825 0.0 | -0.2 5300 0.3 -0.1
1025 0.0 -0.2 5500 0.3 0.0
1225 0.0 | -0.2 || 5700 0.3 0.0
1425 0.0 | -0.2 5900 0.3 0.0
1625 0.1 | -01 6100 0.2 0.0
1825 0.1 -0.1 6300 0.3 0.0
2025 0.1 0.0 6500 0.2 0.0
2225 0.1 0.0 6700 0.2 0.0
2425 0.1 0.0 6900 0.2 -0.1
2625 0.1 0.1 7100 0.3 -0.1
2825 0.1 0.1 7300 0.2 -0.1
3025 0.1 0.1 7500 0.2 -0.2
3225 0.1 0.1 7700 0.2 -0.3
3425 0.1 0.1 7900 0.2 -0.3
3625 0.1 0.2 8100 0.2 -0.3
3825 || 0.1 01 8300 0.2 -0.3
4025 0.1 0.1 8500 0.2 -0.3
4225 0.1 0.1
4425 0.1 0.1 o} 0.4 0.2
4500 01 0.1 o 0.09 | 0.05

Table 3: Correction table for high resolution channel [pixel]

3.1 Multi-Scale Matching

In essence the principles of the image matching software used
here for the multi-scale matching are the same as have been
already used extensively for the automated parallax measure-
ments in MOMS-02/D2 imagery. This software package for
intensity based image matching has been developed at DLR
and described e.g. in [8].

As MOMS (and also other along-track stereo scanner
projects) uses a higher resolution for the nadir looking sensor
than for the inclined sensors (MOMS-resolution ratio is 1:3,
pians for MOMS-03 aim at 1:2) this software has been gen-
eralized for multi-scale matching. This extension is described
here. The local least squares matching (LLSM) which is the
last step in our current matching procedure anyhow estimates
a local affinity transformation between the image chips of a
stereo pair. This LLSM has been generalized to accept scale
parameters different from 1 as input and to do an aggrega-
tion of the higher resolution pixels for comparison to the gray
values of the lower resolution for the computation of the in-
tensity based observation equations or - if the observation
equations should be formed at higher resolution - generates
high resolution from low resolution by bilinear interpolation.
See Figure 7 for a graphical representation. Ideally, both di-
rections of resolution change should be done by taking the
point spread function of the instrument into account or by
some sinc function, respectively. But in reality the gray val-
ues have substantial noise added (e.g. instrument noise, ra-
diometric calibration insufficiencies). Thus this sophistication
does not pay off for our application and we just use averag-
ing and bilinear interpolation. The new procedure was already
successfully applied to MOMS-02 imagery of the Andes [9].
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Figure 6: Test-site “Venezuela” (approximately 12 000 km?)

For a first test the ICC made the following digital data avail-
able to DLR:

e one 1:5000 DOI (panchromatic, 7304 columns by 4998
lines)

e one 1:25000 DOI (true color, 6110 columns by 4301
lines, 3 bands) comprising the 1:5000 DOI as a subset

e a SPOT-pan scene (6000 by 6000 pixels, about 10m
resolution) comprising the 1:25000 DOl as a sub-scene

Figure 8 shows the SPOT scene and its sub-scenes corre-
sponding to the two DOls. All scenes have been left ra-
diometrically untouched besides the color DOl from which a
panchromatic image was simulated just by averaging the gray
values of the color bands for the matching with SPOT-pan.

The procedure for matching these images consists of the fol-
lowing two steps:

1. Matching with very similar resolution (SPOT original
with DOls reduced by factors 4 and 20, respectively)
using an image pyramid as described in [8]; the interest
operator for the selection of good patterns for image
correlation was applied to the SPOT sub-scene.

2. LLSM at different scales by using the results of the
low resolution matching as initial values after multi-
plication of the DOI coordinates with the respective
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Figure 8: Positions of DOls in MOMS scene

resolution factors 4 and 20; to get standard deviations
for the resulting DO! coordinates the LLSM was ap-
plied with 3 different chip sizes.

In the case of the 1:5000 DOI the chip sizes used for SPOT
were 92, 102 and 112 and, correspondingly, 180%, 200 and
220% for the DOI. In the case of the 1:25000 DOI the chip
sizes used for SPOT were 12%, 132 and 147 and, correspond-
ingly, 482, 522 and 562 for the DOI.

Of course, the SPOT scene and the DOIls were substantially
radiometrically different. The overall maximum of the cor-
relation coefficients between SPOT and both DOls was 0.64
and the quality figure 0.18 (the latter measures the distinct-
ness and acuteness of the peak in the local matrix of normal-
ized correlation coefficients - defined in [7]). Corresponding
values for MOMS along-track stereo imagery are 0.8-0.85 and
0.24. Thus, it is clear that one cannot expect the high per-
centage of convergence of multi-scale LLSM of more than
80% which has been achieved with the MOMS imagery of
the Andes.

The results are shown in Table 4. The resulting positions for
individual chips can be seen in Figures 9 and 10.

Computer time requirements were about 40 minutes and 2
minutes for the extraction of the number of points in Table 4
for scales 1:25000 and 1:5000, respectively. Much more time
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(about 2 hours) went into the manual preparations like sub-
scene selection; etc. but this can be much more automated,
too. Taking into account that the sub-scenes represented by

POT subscene .
factor 10 enlarge

y

(

Figure 9. Corresponding image chips of SPOT and 1:5000
Dol

Figure 10: Corresponding image chips of SPOT and 1:25000
DOl

the image chips of the DOls are very small compared to the
full SPOT scene, and that the resolution of the MOMS-2P
high resolution nadir looking channel (6m) is even higher than
the SPOT resolution this result is very promising as it would
lead to much more than the 1000 points which are taken for
the simulation study in the next chapter. Of course, DOls
are not error-free but we can certainly hope for an overall
ground control accuracy of better than 5m. This value has
been introduced in the simulation study which is described
below.

type of number standard

matching of points deviation
1:5000 | 1:25000

1: equal

resolution 33 180 ~ 1/3 pixel

2: different about 2 m

resolution 8 35 4 and 0.9 pixel

Table 4: Number and accuracy of automatically found ground
control points for the two types of matching

3.2 Simulation (Bundle Adjustment)

In the past a series of simulations was carried out for
MOMS-02/D2 to analyze the effect of certain parameters
on the accuracy of point determination (e.g. [2], [3], [4]).
The simulations are based on the principle of photogrammet-
ric bundle adjustment using generated input data, which was
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derived from a realistic simulation model. Here new simula-
tions are presented, which follow the same principle. They
show the influence of orbit- and ground- control information
on the accuracy of camera parameters and orientation angles.
The functional model of the bundle adjustment is adapted to
the geometric specifications of MOMS and described in [4].

[ View direction of the lens ] forward | nadir [ backward’]

focal length (FL) [mm] [] 237.2 [220.0 | 237.2
pixel size [gm 10.0 10.0 10.0
stereo angle v || -21.9° | 0.0° 21.9°

orbit height [km 400
swath width [km 50
strip length [km 480
orbit inclination © 51.6°
intersection angle 68.0°

Table 5: Fixed simulation parameters

Simulation Model: The parameters used to generate the
simulation data are listed in Table 5 and match the nominal
values of the MOMS-2P/PRIRODA mission to a large extend.
The temporal course of the exterior orientation parameters
is modeled by a 3rd order Lagrange polynomial employing
orientation images at 4940 lines distance. The functional
model of the interior orientation is restricted to 12 parameters
by two simplifications: 1.) A common projection center for
all three image coordinate systems is used and 2.) the image
coordinate system of the HR-lens equals the camera fixed
reference coordinate system. Furthermore, equal ground pixel
sizes for all three stereo channels were assumed, implying a
subsampling of the HR-imagery by factor 3. The FL of the
HR-channel therefore was set to 220 mm. The 12 camera
parameters are subdivided in 4 parameters for each of the
three stereo channels:

o the focal length FL,
o the two-dimensional displacement Ax, Ay and

e the rotation Ax of the CCD-array in the image plane.

The simulation is restricted to imaging mode A, resulting in
a swath width of 50 km. The intersection angle between
ascending and descending orbit paths is 68° at 41.5° average
latitude of the test-site Catalonia. The ground control points
(GCP) used in the simulations were assumed to be equally
distributed and have an accuracy of 5 m inXand Y, and 3 m
in Z. The attitude and position of the camera during the time
of data recording were assumed to have a relative accuracy
of 10" and 5 m, respectively. Altogether, 36 simulation runs
were performed in order to investigate the influence of the
following 3 parameters on the resulting theoretical standard
deviation & of the camera parameters and orientation angles
(see Table 6): Three different cases were distinguished:

Number of GCP: 100, 500, 1000
Abs. acc. of camera positions: 5 m, 10m, 20m
Number of image strips: 1 strip, 2 crossing strips

Table 6: Varied simulation parameters
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Case A: Simultaneous determination of the 3 orientation an-
gles deo (pitch), dw, (roll), dko (yaw), the displace-
ments Ax, Ay and the rotation Ak of the two stereo
CCD-arrays ST6/ST7 as well as all three focal lengths
FL. (Ax, Ay and Ak of HR-channel fixed)

Case B: Simultaneous determination of de,, dw,, dko, AX,
Ay, Ak and FL of ST6/STT7 only.
(FL, Ax, Ay and Ak of HR-channel fixed)

Case C: Determination of dw,, dw,, dk, only.
(All camera parameter fixed)

Results: The Tables 7 - 11 contain the theoretical standard
deviations & of the above mentioned unknown parameters,
which are deduced from the inverted normal equation matrix
and the & posteriori estimate of the reference variance &2.
Since the simulations are performed with generated error-free
observations, the & priori o2 is used instead of &2: i.e. the
resulting theoretical standard deviations & are valid for the a
priori assumed precision of the observations. The a priori oo
is chosen as equal to the standard deviations of the image
coordinates, which is 0.3 pixel in all computation runs.

In the Tables the following abbreviations were used:

Version aaaa/bb: aaaa = number of GCP

bb = absolute accuracy of the camera
positions [m]

FL-HR: & of focal length of the HR5 lens

FL-ST: & of focal length of the ST6/STT7 lenses

Ax, Ay: & of the sensor displacements in the
image plane

AK: & of the sensor rotation in the image
plane

deo, dwe, dko: & of the 3 orientation angles

[pell: [pixel]

The results for case A are shown in the Tables 7 (single strip)
and 8 (two crossing strips): The dependency of the theo-
retical standard deviations on the different versions can be
distinguished in 3 groups: The first group consists of FL and
Ak, which are dependent on both, the number of GCP and
the absolute accuracy of the camera positions. Ax, dg, and
dw, solely depend on the camera position accuracy, while Ay
and Ak only depends on the number of GCP. The simulta-

Version[FL-HRTFL-ST| Ax | Ay [Ax[[de, [dwe [dko
[pm] | [#m] |[pel] [Pell CLUCTLCT T
100/20] 14.2 | 147 [ 04|04 |8.0]12.4{12.4/11.5
100/10 10.7 115 | 0204 |74] 9191|115
100/5| 9.4 102 [ 0.1 |04 |7.1(|7.4|7.4]1115
500/20| 11.8 | 12.0 | 0.4 | 0.2 [52]12.4]|12.3) 8.0
500/10( 7.2 76 [02]021(4290]9.1|8.0
500/5|| 5.0 55 1010213873 |74]8.0
1000/20| 11.4 | 11.6 | 0.4 0.1 |4.8}112.4/123]74
1000/10 6.6 6.9 0.210.11(35]90]91}7.4
1000/5 4.2 4.5 011011307373 |74
Table 7: Case A: Standard deviations for single strip

neous adjustment of two crossing strips improves the results
significantly, especially in case of poor control information. It
is evident, that even with 10 m absolute camera position ac-
curacy better results are achieved compared to the 5 m single
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strip versions. This fact might become important, since 5 m
orbit accuracy can only be obtained for long data takes of at
least 4 minutes time of data recording. If the expected 1000
GCP and 5 m absolute camera position accuracy are available
sufficiently precise results are obtained. The focal lengths of
all three lenses can be determined with up to 3 um, the sensor
displacement with up to 0.1 pixel, the sensor rotation with
up to 2.4" and the rotation angles with up to 7" accuracy.
In case B the focal lengths of the ST6/ST7 lenses are deter-

Version [FL-HRTFL-ST| Ax [ Ay [Ak[[de, [dw, [dko
[pm] | [em] |[pel]|[pel]| [']1I ("] [ {"] |[]

100/20] 8.3 85 [03]0.114.9]/10.1{11.3]7.9
100/10| 4.9 51 |01]01143|79(85]79
100/5| 3.6 38 |0.1]0.1(42|72|74]|79
500/20| 8.2 83 |0.31]0.13.8//10.0{10.9|7.3
500/10( 4.6 47 1017013178 |84]|73
500/5| 3.1 34 [011]01(28| 717373
1000/20] 8.1 8.2 |02]0.1/35]|100f10.7|71
1000/10|| 4.5 46 |011]01(27]78]83|7.1
1000/5)1 2.9 32 [01]011(24)71]73]|71

Table 8: Case A: Standard deviations for two crossing strips

mined relative to the focal length of the HRS5 lens, which is
assumed to be precisely known and fixed. Tables 9 (single
strip) and 10 (two crossing strips) show that FL-ST is deter-
mined essentially better compared to case A. Concerning the
other parameters, there is no significant difference to case A.
The 500 GCP versions therefore were omitted. As in case

ersion || FL-5T | Ax | Ay | &k [ dege | dwe | drko
[um] [ [pel] [fpel]l | [ 11 '] | ] | [']

100/20 4.8 03] 04 ]801 1247124115
100/10 3.6 0.2 04 |74 9.1 9.1 1115
100/5 2.1 0.1 04 |71 74 | 74 | 115
1000/20 4.6 0.2 0.1 | 4811241123} 74
1000/10 3.2 0.1 0.1 {35 9.0 9.1 7.4
1000/5 2.4 0.1 | 0.1 |30 73 | 73 |74

Table 9: Case B: Standard deviations for single strip

A, two crossing strips lead to essentially improved results.
Here even poor control information suffices to determine the
sensor displacements with 0.1 pixel accuracy. Dependent on
the camera position accuracy FL-ST is determined with stan-
dard deviations up to 2 um. In case C all camera parameters

Version | FL-ST | Ax | Ay | &k || dgo | dwo | dko
[um] | [pel] | [pe |] Pl iy r

100/20 3.3 0.1 0.1]14911011(11.3| 8.0
100/10 2.2 0.1 0.1 |43 7.9 8.5 | 8.0
100/5 1.9 0.1 0.1 | 4.2 7.2 74 | 8.0
1000/20 3.3 0.1 01 (351100107 |7.1
1000/10 2.2 0.1 0.1 |27 7.8 83 | 7.1
1000/5 1.8 0.1 01 |24 7.1 73 | 7.1

Table 10: Case B: Standard deviations for two crossing strips

are fixed, assuming perfect & priori knowledge of the camera
geometry. Here the control information contributes to the
determination of the orientation angles only. Table 11 shows
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some improvement compared to case A and case B. For the
best case, however, the accuracy is still about 7 for all three
angles, which nearly is also reached in case A and case B
under the same conditions. Summarizing it can be stated,

1 strip 2 strips
Version [[ dyo | dws [ dke || dpo | dwo [ dko
100/20 7.1 [ 113 ] 6.9 72 | 9.0 | 638
100/5 7.0 74 1 6.9 71 1 72 | 6.8
1000/20 || 6.9 85 | 6.7 71 | 80 | 6.7
1000/5 6.9 72 | 6.7 7.0 1 71 | 6.7

Table 11: Case C: Standard deviations ["] for single strip and
two crossing strips

that the results of the simulation study are very promising
and show, that the accuracy requirements for the geometric
calibration can be met also by inflight methods, if control
information is available with the expected accuracy. If two,
or more, crossing strips are simultaneously evaluated, the re-
quirements on the accuracy of control information can even
be relaxed. Since sensor displacements of 0.1 pixel seem to be
detectable, changes of the camera geometry, caused e.g. by
thermal effects, can be determined and later be considered in
the photogrammetric processing of the MOMS-2P imagery.

4 CONCLUSION

The geometric calibration of the stereoscopic CCD linescan-
ner MOMS-2P is subdivided into a laboratory calibration and
an inflight calibration part. In the lab-calibration the posi-
tions of about 15 pixels per CCD-array were determined with
an accuracy better than 0.1 pixel. From the calibration data
also locations of the single CCD-arrays relative to a reference
coordinate system were computed. They were derived twice
from independent measurements. In some channels these two
values showed systematic differences up to 0.5 pixels, i.e. the
determination of the relative location is not reproducible with
the required 0.1 pixel accuracy. Thus it can be concluded,
that by lab-calibration the shape of the single CCD-arrays
could be determined with sufficient high accuracy, their rel-
ative locations, however, still need to be verified by inflight
calibration.

The principle of inflight calibration is based on photogram-
metric bundle adjustment using a high amount of very accu-
rate ground control information. It could be shown, that the
automated GCP extraction by multi-scale matching of line-
scanner imagery and digital orthoimages is feasible. A first
test using SPOT imagery and orthoimages in scale 1:5000
and 1:25000 demonstrated, that more than 1000 GCP with
an accuracy better than 5 m can automatically be provided
for the inflight calibration.

The simulation study showed, that the inflight calibration of
the camera parameters and the orientation angles is possible
and the accuracy requirements for the geometric calibration
can be met. With the expected 1000 GCP and 5 m abso-
lute accuracy of the camera position, the focal lengths of all
three lenses can be determined with up to 3 um, the sensor
displacement with up to 0.1 pixel, the sensor rotation with
up to 2.4" and the rotation angles with up to 7" accuracy.
If two, or more, crossing strips are simultaneously evaluated,
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the requirements on the accuracy of control information can
even be relaxed.

In order to analyze the impact of temporal and thermal influ-
ences on the camera geometry, the inflight calibration is to
perform as often as possible during the commissioning phase
and should later be repeated in a reasonable time interval on
a routine basis.
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