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ABSTRACT:

Interest in high-resolution stereopairs satellite imagery (HRSI) is sprg&a several application fields, mainly for the generation of
Digital Elevation and Digital Surface Models (DEM/DSM) and for 3D featexé&action (e.g. for city modeling). The satellite images
are possible alternative to aerial photogrammetric, especially in area® e organization of photogrammetric surveys may result
critical. However, the real possibility of using HRSI for 3D applications 8tridepends on their orientation, whose accuracy is related
on the imagery quality (noise and radiometry), on the Ground Controt$@ften obtained by GPS surveys) quality, and on the model
chosen to perform the orientation.

Since 2003, the research group at the Area di Geodesia e Geomadigra Universit di Roma has been developing a specific and
rigorous model designed for the orientation of single and stereo imagenired by pushbroom sensors carried on satellite platforms.
This model has been implemented in the software SISAR (Software Imi&agellitari Alta Risoluzione).

In this paper the attention is focused on the orientation of QuickBird, IKORMMEEROS A stereopairs. In the first version the model
was able to manage along-track imagery acquired with a time delay in theafrdeconds only; anyway, the cost of stereo data is
usually very high, so that it became interesting to investigate which is the qoftitg geometric information which can be extracted
from stereopairs formed by imagery collected on different tracksdaeks.

The SISAR model is tested on QuickBird, EROS A and IKONOS images wifhrdift features; to point out the effectiveness of the
new model, SISAR results are compared with the corresponding onainet by the software OrthoEngine 10.0 (PCl Geomatica),
where Thierry Toutin's rigorous model for the imagery elaboration efittain high-resolution sensors is implemented.

1 INTRODUCTION The model, implemented into the SISAR software, is able to man-
age along-track imagery acquired with a time delay in the order of
— . . . . seconds and also a couple of image formed by imagery collected
The real possibility of using High Resolution satellite Imagery o, gitterent tracks and dates. This last features is very important
(HRS.D for cartography depen.ds on .several fgctors. sensor Chabecause satellite imagery pairs collected during different orbital
acteristics (geometric and r_adlometnc resolutlon_and quallty), ty- assages are often already available in large archive mainly fo-
pes qf products ma(_:ie available by the companies managing MNised on populated and urban areas and their cost are remarkably
satellites, cost and time needed to actually obtain these product@wer if compared to those of along-track stereopairs
cost of the software suited for the final processing to realize thgo models for QuickBird - EROS A and IKONOS ére briefly
c?]rt(;graphlgfrogucts. | task to be add disthei d_described in sectiof2 and§3; in §4 the strategy for Tie Point
T e irstan un amema taskto be a resse .'St € Imagery Iﬁ'pproximate coordinate computation is illustrated. Finally§5n
tortions correction, that is the so called orientation and orthorecy, o' as\its of SISAR and OrthoEngine and their comparison are
tlflcatlpn. . . presented and discussed.
The dlsto_rt_lc_)ns sources can be_ related to two gen(_eral cgtegorlegince 2003, the research group at the Area di Geodesia e Geomat-
the acquisition system, |_nclud|ng the platform orientation andic, Sapienza Universitdi Roma has developed specific and rig-
mqvement and the Imaging sensor optllcal-geometnc CharaCteE)'rous models designed for the orientation of imagery acquired by
|st|cs_,, and the obgerved object, accounting for the atmosphere rEhshbroom sensors carried on satellite platforms, like EROS-A,
fraction and terrain morphplogy. e QuickBird and IKONOS. These models have been implemented
At present, HRSI orientation methods can be classified in threﬁq the software SISAR
categories: _bl_ack_models (like Rgtional .POlyan_ial F_unction “The first version of the model (Crespi et al., 2003) was uniquely
RPF)’ conS|s_t|ng In 'purely analytic funCt'an linking image to focused on EROS-A imagery, since no commercial software in-
terrain co_ordmates, |nde_p¢r_1dently of specific platform Or SENso, luding a rigorous model for this platform were available at that
characteristics and acquisition geometry; physically based mogyo | ater, the model was refined (Baiocchi et al., 2004) and
els (so cqlled “rlgorous model.s’i)., which take into account severa, xtended to process QuickBird Basic imagery too and, at present
a_sp_ects influencing th_e_ acquisition procedure and are often sp Since January 2007), the software was extended to IKONOS im-
C'.aI'ZEd _to each SDeC'f.'C platfo_rm and sensor; the gray mo_del gery (Crespi et al., 2007). The RPC (use and generation) and
(like Ratlpnal Polynomial Coeff|.C|ents - RPC ”?O.de's)' In Wh'Ch. rigorous orientation of stereo pairs models are now under imple-
the mentioned RPF are used with known coefficients supplied if\oniation and the first results are encouraging (Table 1).
the_ imagery mf)tadhata and “blind produced b)éclompanles marye rigorous models implemented in SISAR are based on a stan-
aging sensors by their own secret rigorous models. dard photogrammetric approach describing the physical-geome-

In this paper the attention is focused on an original rigorous MO%ical imagery acquisition. Of course, in this case, it has to be

del suited for the orientation of stereopairs acquired by QU'Ck'considered that an image stemming from a pushbroom sensor is

Bird, IKONOS and EROS A platforms. For QuickBird and EROS formed by many (from thousands to tens of thousands) lines, each

A_B_asic imagery are (_:oncerned, whereas for IKONOS Geo Orthcélcquired with a proper position (projection center) and attitude.
Kit imagery are considered.



SINGLE STEREO Flight system (F) the origin is in the perspective center, the X-
IMAGE PAIRS axis is tangent to the orbit along the satellite motion, the Z-axis is
SENSOR . RPC . in the orbital plane directed toward the Earth center of mass and
Rigorous (usel/generation Rigorous the Y-axis completes the right-handed coordinate system.
EROS A YES YES YES Earth Centered Inertial system - ECI (1): the origin is in the
QuickBird Basic|  YES YES YES Earth center of mass, the X-axis points to vernal equinox (epoch
IKONOS 1I YES UlL* YES J2000 - 1 January 2000, ore 12 UT), the Z-axis points to celes-
QuickBird tial north pole_(epoch J2000) and the Y-axis completes the right-
Standard ULl Ul Ul handed coordinate systgm. o
w o o Earth-Centered Earth-Fixed system - ECEF (E) the origin is
Orthoready

in the Earth center of mass, the X-axis is the intersection of equa-
torial plane and the plane of reference meridian (epoch 1984.0),
Table 1: SISAR software present facilities (*U.l.=Under Imple- the Z-axis is the mean rotational axis (epoch 1984.0) and the Y-
mentation) axis completes the right-handed coordinate system.

The transformation matrix from the sensor systems to the ECI
All the acquisition positions are related by the orbital dynamics.one can be expressed through three rotations (Westin, 1990)
Therefore, rigorous models implemented in SISAR are based on
the collinearity equations, with the reconstruction of the orbital Rsr = Rrr- Rpr - RsB 1)
segment during the image acquisition through the knowledge of | . . . )
the acquisition mode, the sensor parameters, the satellite positio€rtial-Flight matrix - (Rrr): it allows the passage from the in-
and attitude parameters. ertial geocent_rlc system (ECI) to the Qrblta_l one; it isa f_un_ctlon of
The approximate values of these parameters can be Computggplerlan orbltallparameters and varies with the time inside each
thanks to the information contained in the metadata file deliveregcene (for each image row J)
with each image; these approximate values must be corrected by,

a least squares (LS) estimation process based on a suitable nunter! = e (=7/2) - Rao(/2)] - [R(U) - Ba (i) - R-(Q)] (2)

ber of Ground Control Points (GCPs). Also the GCP coordinateghere; is the inclination? the right ascension of the ascending

are treated as pseudo-observations and may be refined within t'ﬁ%de U = w + v with w argument of the perigee andtrue
LS estimation process. anorr;aly.

Nevertheless, due to the intrinsic differences between Basic ariglight-Body matrix (Rzr): it allows the passage from the or-

Geo Ortho Kit imagery, the structures of rigorous models forp;:- system to the body one through the attitude angted (1)
QuickBird and EROS A (on one side) and for IKONOS (on theWthh depend on time (for each pixel row)

other one) are remarkably different and will be described sepa-
rately. As a matter of fact it is well known that Basic imagery Rpr = R.(¢) - Ry(¥) - Ro() (3)
are radiometrically corrected and sensor corrected, but not geo-
metrically corrected nor mapped to a cartographic projection an@ody-Sensor matrix(Rsz): it allows the passage from the body
ellipsoid (DigitalGlobe, 2006); whereas Geo Ortho Kit imagery to the sensor system. This matrix considers defect of parallelism
are map projected, rectified to a datum and map projection systelvetween axe$X,Y, Z)s and (X,Y, Z)g and it is considered
and then they are resampled to a uniform ground sample distan@®nstant during a scene for each sensor; the elements of the ma-
(GSD) and a specified map projection (GeoEye, 2006). trix are usually provided in the metadata files.
The product ofRz; and RE; matrices allows the passage from
sensor S to ECEF system, the final rotation matrix being:

2 EROS A AND QUICKBIRD BASIC IMAGERY
STEREOPAIRS ORIENTATION Rps = Rpr - RS = R.(K) - Ry(P) - R.(W)  (4)

2.1 Coordinate systems the angle_s_l_g P, V[_/) define the sa}tellite attitude at the moment of
the acquisition of image row J with respect to the ECEF system.

The collinearity equations relate the image to the ground coor! N€ rotation matrix for the trans.f(.)rmapon from ECI system to
dinates, expressed in an Earth Centered - Earth Fixed (ECE?CEF sy_stem](iEl) can be subdmde_d into four d.|fferent st_eps,
reference frame, through a set of rotation matrices. These m onsidering the motions _Of the_Earth in the Spe}ce' precession, the
trices include those needed to shift between sensor, body, fligﬁfcm‘r"r Chang‘? in the orle_ntatlon of the Earth§ rotat|_on axis and
and Earth Centered Inertial (ECI) coordinate systems, while thé e_ve_rnal equinox (descrlbgd_ by the matfde); nutation, the
transformation between ECI and ECEF coordinate systems muB€iodic and short-term variation of the equator and the vernal

take into account precession, nutation, polar motion and Earth rgguinox (described by the matriy); polar motion, the coor-

tation matrices (Kaula, 1966). dinates of the rotation axis relative to the IERS Reference Pole

Therefore, in order to describe the collinearity equations, the def(descr!bed by the mf?““RM ) gnd Earih’s rotation about its axis
initions of some coordinate systems are needed: (described by t_he Sideral Time through the matix) (Mon-
Image system (I) is a 2-dimensional system describing a point tenbruck and Gill, 2001).

position in an image. The origin is in the upper left corner, the
pixel position is defined by its row (J) and column (I). The column
numbers increases toward the right and row numbers increases in
the downward direction. 2.2 Model definition

Sensor system (S)the origin is in the perspective center , the

x-axis is tangent to the orbit directed as the satellite motion, théAs mentioned, the rigorous model for QuickBird and EROS A
z-axis is directed from the perspective center to pixel array anghlatforms bases the imagery orientation on the well known col-
y-axis is parallel to pixel array. linearity equations, including different subsets of parameters (Ta-
Body system (B) it is aligned to the Flight system (see below) ble 2) for the satellite position, the sensor attitude and the viewing
when the angle Rollf), Pitch @) and Yaw ¢)) are zero. geometry (internal orientation and self-calibration).

Repr =Ry -Rs-Rn-Rp 5



satellite centre

In particular, the satellite position is described through the Ke-
plerian orbital elements attaining to the orbital segment during Ys 47( of mass

the image acquisition; the sensor attitude is supposed to be repre-
sented by a known time-dependent term plu&'4 order time- Xs I\
dependent polynomial, one for each attitude angle; moreover,
atmospheric refraction is accounted for by a general model for
remote sensing applications (Noerdlinger, 1999). The viewing
geometry is supposed to be modeled by the focal length and five \
self-calibration parameters, able to account for a second order | |ocal
distortion along the array of detectors direction (see Equation 7). | |lenght \

a: semi-major axis
e: eccentricity ‘
Q: right ascension of the ascending node T

pixel array

SATELLITE | 4: orbit inclination
POSITION | w: argument of the perigee
v: true anomaly (dependent arp,

Figure 1: Sensor (S) and Image () coordinate systems

the time of the passage at perigee)
SENSOR p=¢+ao+ a7+ a7

files released together with the imagery or they are simply fixed
In theory, these approximate values must be corrected

ATTITUDE | ¢ =9 + by + bi7 + bar?

W=+ co+ et + car? to zero. In th _
VIEWING 7 focal lenght by an estlmatlon process basgd ona swt;able pumber Qf Ground

GEOMETRY | Io. Jo. K. dy. dy: self calibration antrol Points (GCPs), _for which thg collinearity equations are
- written; nevertheless, since the orbital arc related to each im-

o age acquisition is extremely short (few hundreds of kilometers)
Table 2: Full parametrization of the SISAR model if compared to the whole orbit length (tens of thousandths), some

Keplerian parameters are not estimable at@lk, w) and others

So, for the stereopair orientation, the set of parameters is con; (. T, Iy, Jo, k) are usually extremely correlated both among

stituted by the Keplerian parameters, one internal parameter (thfem and with sensor attitude and viewing geometry parameters

focal lenght), five self calibration parameters and 18 attitude co¢Giannone, 2006).
efficients (9 for each image). o ~In order to avoid instability due to high correlations among some
It is now possible to write the collinearity equations in an explicit parameters leading to design matrix pseudo-singularity, Singu-

lar Value Decomposition (SVD) and QR decomposition are em-

form for a generic ground point
ployed to evaluate the actual rank of the design matrix, to se-

lect the estimable parameters and finally to solve the linearized
collinearity equations system in the LS sense (Golub and Van

fR2|XtI XSI‘ (6)
Loan, 1993) (Strang and Borre, 1997) (Press et al., 1992).

fRﬂXu Xsil
R3|X¢1—Xs1]

R3| X1 —Xs1|

where (s, ys) are the image coordinates (in metric unitg)is

the focal length,R;:, Rz, R3 are the rows of the total rotation

matrix R = RsgReprRrr and(X:;, Xsr) are the ground point 3 IKONOS GEO ORTHO KIT IMAGERY

and the satellite positions in ECI system. STEREOPAIRS ORIENTATION

With simple geometric considerations (Figure 1) it is possible to

write the collinearity equations as functions of the image coordi-The IKONOS rigorous model is also based on the collinearity
equations, but this model displays several differences in respect

to the EROS-A and QuickBird models, because of many reasons.

nates (1, J) (in pixels):
The first one is that Space Imaging does not release camera model

957 =tanf8 = "j“‘ [J—int(J)—0.5—Jyg— k(I — Ip)]
» - 5 (calibration data) and precise ephemeris data for the satellite
F = —tana=-——% fil (I—=1Io)+da(I—1o)"+ The second reason is that IKONOS Geo Ortho Kit imagery are
+k[J —int (J) = 0.5 = Jo]} _, pre-processed, in particular they are map projected to a datum
™) (ellipsoid at the mean elevation of the covered area) and map pro-

jection system; they also undergo a correction process to remove

whered,;, is the image pixel dimension andy( Jo) are the prin ; . i ;
image distortions and to resample it to a uniform Ground Sam-

cipal point coordinates (in pixels).
Substituting equations (7) into equations (6) the collinearity equapling Distance (GSD)
So, the collinearity equations relate the points in the object space
R |Xo — Xs1| — with the points projected on the "inflated” ellipsoid, on the con-
trary the classical photogrammetric collinearity equations estab-
lish a relation between the object space and the image plane.

—k(I —1Io)]} R3 | X1 — Xs1| =0
8 o
® IKONOS Geo Ortho Kit imagery are georeferenced at the level
of tens of meters and it is possible to compute cartographic coor-

dinate for each image point with the following relations:

tions become:
B ] — it (J) = 0.5 — Jo+

dpiax
Ry |Xer — Xsr| + 5= {di (I = To) + da (I = Io)* +

+k[J —int (J) — 0.5 — Jo]} Rs | X1 — Xs1| =0
N]:NA—J~p
9

these equations are linearized with respect to both the parameters

aforementioned and to the image and ground coordinates (Teu-
nissen, 2001). Er=Es—1-p

The collinearity equations are a function of the parameters de-

scribed in Table 2. The approximate values for all parameter&/hereNA, FE 4 are the upper |eft corner coordmates of the image

may be derived from the information contained into the metadatdavailable on metadata file), p is the GSD (available on metadata



file). The ellipsoidal height of the points on the image is the ele-Then the satellite coordinates can be refined calculating one po-
vation of "inflated” ellipsoid; this parameter is contained in meta-sition for each GCP taking into consideration the approximate
data file and is called reference height. , ) information about IKONOS orbit (always descendent, with an in-
The cartographic coordinates are converted in geographic COO[ﬁ]ination angle of about 98°2 and acquisition modedrward or

4

glggtgscc()lgﬁg?ndaeteasr;gIc;p[gltZqu)lfa), and then they are transformed | everse scan and scan azimuth), these last data being included

The image coordinate are written in collinearity equations, thainto the metadata file.
are directly expressed in ECEF system. Model computation is complete when the unknowdas, 6o, co,

a1, b1, c1, az, be, c2) are estimated.

Xr—Xs _ Ri|X7—Xg]| . . .
X1 —Xs Xr — Xs Zi—Zs _ R3|Zr—Zg] The values of the nine parameters of the matrix rotation can be
Yr—Ys |=AR| Yr-Ys | = assessed by an estimation process based on a suitable number of
Zr—Zg Zr — Zg é’l—gs _ Ro|Yr—Yg|
I—45

Rs1Zr—Zg]  Ground Control Points (GCPs), for which collinearity equations
(10) are written; the approximate value for the unknowns is zero.

The other terms in the equations are: the satellite coordinates
(Xs,Ys, Zs), the ground coordinateX(, Yr, Zr), a scale fac- 4 TIE POINT GROUND COORDINATES
tor (A\) and the rows of a rotation matrixz(, Rz, R3). The rota-

tion T“at”x Ris Ilneanzet_j beca_u_se it _represent_s an |nf|n|te5|ma]ln the SISAR module devoted to stereopairs orientation an al-
rotation around the satellite position, since the direct georeferenc-

ing is at the level of tens of meters. So R matrix can be expresse%omhm o t_:omlpute apgrox::pate gle Point E(TP) grogndl_(épc()jrdl-
as sum of identity matrix and an antisymmetric matrix Nates was implemented, taking advantage from a simplified ge-
) ometry after the separate orientation of the two images (Figure

0 o b 3)(Corsetti et al., 2007). For each TP two sets of ground coor-
R—146R R=1| —a 0 ¢ dinates(X,Y, Z); and(X, Y, Z), can be computed through the
b —¢ 0 intersection of collinearity equations (r for the image 1, s for the
11 image 2) with WGS 84 ellipsoid; then TP ground coordinates are
1 a b computed with the following procedure.
R=| —a 1 ¢
Satellite position during Satellite position during
—b —c 1 the image 2 acquisition 5, s1 the image 1 acquisition
‘s N 7
The satellite attitude can change during the image acquisitior orbit

and it is supposed to be modeled by a time-dependent function
the second order. In the following functions can be usedjihe
variable, that represents the scanning row and it is equivalent t
the time variable.

image 2 image 1

a=ao+ar-Js+as-J?

E tangent plane
/Kd D-T\\ gent pl

2 point 1 point 2 WGS 84 ellipsoid
b=0bo+b1-Js+ba-J; (12)
c=co+c1-Js+co-J? Figure 3: Tie Point approximate ground coordinates computation

Thus the parameters that can be estimated atg,%(, co, a1, The two vectorsi, andsj; are calculated:

b1, c1, az, ba, c2) for each image (for the stereopair orientation

. cos(X1Xg1) cos(X1Xg1)
the attitude parameters are 18). 5, = | cos(V1Yg1) | = D-tg cos(Y1Ys1)
Two angles available in the metadata file, ttueninal collection T cos(Z1Zs1) cosa(taattol) | os(21 Zs1)
elevation and thenominal collection azimuth (Figure 2) allow to
calculate an approximated satellite position referred to the centre . cos(i/(zéfgg) Detga COS(;(Q;(SQ)

i = = cos = ———F——~——| cos
ofthe image. %0 = snp COSEZ22 Zi22)) cos fr(tgattal) COSEZ22 Ziz2))

(13)

where D is the distance between the coordinates of points 1 and
2, anda andg are the angles between the collinearity equations
and tangent plan to WGS 84 ellipsoid. Then ground coordinates
(X,Y,2): and (X,Y,Z), are increased of;, andsp respectively.

The final TP coordinates are obtained as the average between the
two sets previous described.

The GP coordinates (GCP and TP) are then refined in a least
sguares process.

5 RESULTS

The SISAR models were tested on QuickBird and EROS A and

IKONOS images with different features. In particular, the Quick-
Figure 2: Information about IKONOS acquisition (Courtesy of gjrq Basic stereopair was acquired over the zone of Augusta (Si-
Dr. Tine Flingelli - European Space Imaging) cily) during the same orbital passage; the EROS A images, level



1A, consist in two scenes over the same area of Rome with differThe GSD values for the two images are 1.8 m and 2.6 m, thus the
ent extension but completely overlapped, acquired with a temparesults are satisfactory since the accuracy is comparable with the
ral shift of about 1 year; the two IKONOS stereopairs are partiallyGSD value.

overlapped (so forming a small block) and were acquired over th&or the Up component the trend of the RMSE on CPs is simi-

zone of Bagnoli (Naples).
The imagery acquired by the platforms EROS A and QuickBird
have only radiometric corrections, while the IKONOS Il stere-

lar for the two software, but SISAR accuracy is around 5 m and
OrthoEngine one is around 6.5 m (Figure 4(b)).

opair are pre-processed (for the features of all images see Tabig, QuickBird results

3).
Off-nadir Scene
Area GSD angle ) coverage | GP
[m] | start| end | (KmxKm)
EROS A
ITA1-e1038452 (Rome)] 1.80 | 9.1 9.4 13x10 49
ITA1-1090724 (Rome)| 2.60 | 31.0 | 40.1 17x12
QuickBird
Augusta (*P001) 0.77 29.2(mean value) 20x19 39
Augusta (*P002) 0.75 28.2 (mean value) 20x19
IKONOS
Bagnoli 1 1.00 25.6(mean value) 9x 13 25
Bagnoli 2 1.00 27 .1 (mean value) 9% 13

Table 3: Testimages

5.1 EROS A results

The accuracies for the Eros A images are respectively at the level

of 2.6 m (North) and 2.5 m (East) for SISAR and at the level of

4.6 m (North) and 2.6 m (East) for OrthoEngine. So, specially

In the North component the RMSE CP trend is similar, although
SISAR has the best accuracy; on the contrary in the East com-
ponent the CP trend is different for the two software and SISAR
shows again better results with respect to OrthoEngine (Figure

5(a)).

QuickBird - Augusta RMSE CP

——N OrthoEngine
€ OrthoEngine

T —A—N SISAR

€ SISAR

09

08

o7 i

06

RMSE CP [m]

05

04

03

13 17 21

N° 6CP

25 29 37

(a) North an East components

in North component SISAR achieves better accuracy than Ortho-

Engine (Figure 4(a)).

05 EROS A - ROMA ITA1-21038452-¢1090724 RMSE CP
[ [ [

EST SISAR
—a—NORD SISAR

EST OrthoEngine
—+—NORD OrthoEngine
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‘I

24 27
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30 33
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EROS A - ROMA ITA1-e1038452-1090724 RMSE CP
160 ‘ ‘
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UP OrthoEngis
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(b) Up component
Figure 4: RMSE CP trend for EROS A stereopair

QuickBird - Augusta RMSE CP

UP OrthoEngine
—O—UP SISAR

RMSE CP [m]

09
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07
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N° 6CP
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(b) Up component

Figure 5: RMSE CP trend for QuickBird stereopair

In Up component the CP trend has a different value range for two
software; for SISAR the accuracy varies between 0.8 and 1.1 m,
instead for OrthoEngine it varies between 1.2 and 1.3 m (Figure

5(b)).

5.3 IKONOS results

For the IKONOS Geo Ortho Kit stereopairs, the following graph-
ics show a similar trend for both software, specially on the North
component. In particular on the North component SISAR results
are better then OrthoEngine ones, whereas the opposite is true for
the East component (Figure 6(a)).

In the Up component the accuracy trend is the same for both soft-
ware; for SISAR the accuracy varies between 1.4 m and 2.1 m,
instead for OrthoEngine it varies between 1.2 m and 2.0 m (Fig-
ure 6(b)).
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