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Abstract: Nowadays, an orthomap destined for different purposes can be created from High
Resolution Satellite (HRS) images using IKONOS, QuickBird and other satellite imageries
having Ground Sampling Distance (GSD) lower than 1 m. The orthomap is one of the main
sources for establishing GIS. Accuracy of the orthomap depends first of all on the parameters
of Ground Control Points (GCPs) (the forms, number, accuracy and their distribution). In
order to reduce the cost and number of GCP field measurements, the block of HRS images
has been proposed. The accuracies of determined points in the block of HRS images are
affected by the mathematical model used to build a block. The paper presents a general
algorithm of bundle block adjustment model of HRS images using Keplerian parameters. In
order to overcome strong correlation among exterior orientation elements of HRS images
that causes the normal equation ill-conditioned, the ridge-stein estimator and orbital addition
constraints have been proposed.

Keywords: High Resolution Satellite image, parametrical or physical model, replace-
ment sensor model, block adjustment, co-linearity condition

1. Introduction

In 4 October 2007 there will be the 50-th anniversary when first time in human history
the satellite SPUTNIK-1 of the Soviet Union was launched. The date of 4 October
1957 marked the beginning of new era of human ability to conquer the universe. 20
months later, in 1959, the US tests of the CORONA system started. The state of the
art in that time allowed only the use of a film for imaging. The USA used the film up
to 1963 and declassified its images in 1995, but Russia made the last satellite photo
flight in 2000.

In 1972, the first civil satellite for Earth surface mapping with the use of digi-
tal technology — called Earth Resources Technology Satellite (ERTS), later renamed
to Landsat-1, constructed by USA, was launched. First digital images acquired from
Landsat-1 were already presented on the ISPRS Congress in Ottawa, Canada in 1972.
Landsat-1 initiated the era of the new technique in digital form acquiring Earth in-
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formation from space. The Multispectral Scanner System (MMS) sensor of Landsat-1
provided a spatial resolution of 80 m and a swath width of 185 km. Landsat-4 (1982)
with Thematic Mapper (TM) system give ground sampling distance (GSD) of 30 m.
Landsat-7 (1999) with improved TM system has GSD of 15 m. In September 1999
Spacelmaging Company (USA) launched the IKONOS-2 satellite with GSD of 0.82 m.
Later, two companies: Earth Watch and Orblmage (USA) put in orbits QuickBird-2
(2002) with GSD of 0.61 m for PAN image, 2.44 m for MS image and OrbView-3
(2002) with GSD of 1 m for PAN image, 4 m for MS image, respectively (Jacobsen,
2005). In 1986-2002 a series of SPOT satellites of France were launched into space.
GSD for PAN images of SPOT1, SPOT2, SPOT4 is 10 m. SPOTS5 has two sensors with
GSD of 5 m and 2.5 m. Some satellite systems of different countries with GSD from
2 m to 39 m (medium resolution satellite images — MRS), in the period 2006-2012,
are represented in Figure 1.

Pléaides imageries (France, 2009) with GSD of 0.71 m, WorldView and GeoEye
imageries (USA, 2007) of GSD of 0.47 m and 0.41 m, respectively, as well as other
commercial systems having GSD below 0.5 m will appear on the world market in the
near future. They create a new trend of utilization of super high resolution satellite
(SHRS) imageries with GSD < 0.5 m for large scale (1:5 000 — 1:2 000) mapping,
for generating orthomaps of 0.5 m pixel and DEM of 1.0 m vertical accuracy. Eight
countries such as USA, India, Israel, France, South Korea, Italy, Germany and Russia
can support the images with GSD < 1 m (Fig. 2). Images with GSD up to 2.5 m can
be provided by five countries: United Kingdom, Thailand, Brazil, China, and Malaysia.

For last five years the study on geometrical models of HRS imageries has been
carried out in different research institutions in the world. Parametrical (or physical)
model based on Kepler’s laws of satellite motion describes directly strict geometrical
relations between the terrain and its image with the use of the co-linearity condition.
Such model considers the multi-source distorting factors (Dowman and Michalis, 2003;
Michalis and Dowman, 2004, 2005; Luong and Wolniewicz, 2005a, 2005b; Wolniewicz
and Luong, 2006).

Replacement model is to provide a simple, generic set of equations to accurately
represent the ground-to-image relationship of the physical camera (Dial and Grodecki,
2005). In practice, the Rational Polynomial Coefficients (RPC) model and other models
of high resolution satellite that represent the indirect relation between the terrain and
its image acquired in the flight orbit have been described (Grodecki et al., 2003;
Yamakawa and Fraser, 2004).

In order to generate orthomaps from HRS images the number of ground control
points (GCP) is needed for their orthorectifying (Kaczynski and Ewiak, 2005). GCP
can be determined in the field by traditional surveying or satellite navigation using
e.g. the DGPS technique. In order to reduce the cost and number of GCP field measu-
rements the block of HRS images has been proposed. The accuracies of determined
points in the block of HRS images should be satisfactory for orthorectifying and other
applications. In the beginning of 21 century different research institutions in the world
have concentrated on block adjustment of HRS images using generic sensor model such
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as RPC (Dial and Grodecki, 2003, 2004; Grodecki et al., 2003, 2004; James, 2004;
Madami, 2005; Passini and Jacobsen, 2006; Passini et al., 2005) or parallel projection
model (Zhang et al., 2004).
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Fig. 1. MRS images available actually and in near future (source: www.asprs.org)
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Fig. 2. HRS images available actually and in near future (source: www.asprs.org)

In the Institute of Photogrammetry and Cartography of the Warsaw University
of Technology, rigorous block triangulation from HRS images based on Keplerian
parameters (parametrical or physical model) has been carried out. In this paper the
theoretical algorithm of rigorous block adjustment for HRS images is discussed.

2. Keplerian model of HRS image

Supposed the ground point Q has spatial coordinates X;, Y;, Z;, and X, Y, Z in the
local geodetic system OX,Y;Z; and in the geocentric system OXYZ, respectively. Its
corresponding position g on image, taken from elliptic orbit of a satellite § at a time
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epoch ¢ has coordinates x, y, —f in the image system oxyz (Fig. 3). Four angular
parameters (orbital elements) that determine orbit position in space with respect to
Earth’s equatorial plane are i — orbit inclination, Q — longitude of the ascending node,
w — the argument of perigee, and ¢ — true anomaly of satellite at epoch ¢. Next two
parameters of satellite orbit are eccentricity e and semi-major axis a that define orbit’s
shape and size. Satellite position in the given orbit can also be determined by its radius
r=00"+0'S = R+H (R - Earth’s radius, H — satellite altitude) and true anomaly 9.
The coordinates of image point that were corrected with the errors of sensor interiors
elements taken from calibration and of along-track view angle 6 of sensor optical axis
such as IKONOS, QuickBird, or across-track view angle @ as SPOT1-SPOT4, IRS will
be denoted as x.;, yr, ze; (Luong and Wolniewicz, 2005a, 2005b, 2006).

Fig. 3. Geometrical relationship between imagery and its terrain in the geocentric system OXYZ

The remaining symbols in Figure 3 mean: y — vernal equinox, 4o — Greenwich
meridian, K — ascending node, 7 — perigee, A — geocentric longitude of the satellite,
@ — geocentric latitude of the satellite.
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Basing on the co-linearity condition there is the following relation:

a () [X = Xs(D] + (D [Y = Ys()] + a3()) [Z = Zs(1)]

e T O X — Xs(0) + as() [Y — Ys(0)] + as(1) [Z — Zs(1)]
(1a)
. ay(t) [X = Xs(t)] + as()) [Y — Ys(O)] + as(t) [Z — Zs(1)]
C a0 [X - Xs(0] + ag(t) [Y — Ys(t)] + ag(r) [Z — Zs(1)]
where
Xet x —(dx, + Ax)
Yer | = Rocor a)| Y~ (dy, + Ay) (1b)
% —(f +df)

dx =dx, + Ax = dx, + j;df + tlxr:'; + tgxr: + t3xr2 + pl(y2 + 3%} + P22xy
with (1c)
dy =dy, + Ay =dy, + j—cdf + tlyrf, + tzyrj + t3yr2 + p12xy + pg()c2 + 3y3)

where dx,, dy,, df are sensor’s internal orientation errors, t;, tp, t3 are coefficients
charactering error of symmetrical distortion, r, = oq is the radial distance of g from the
image centre o, and py, p; are coefficients charactering error of asymmetrical distortion
of optical sensor. Both dx and dy may be considered equal to 0 when they do not exceed
the values required in calibration. For simplification, in further considerations dx = 0
and dy = 0 were used.

In (1a) the coefficients a;(t) (i = 1,2, 3,...,9) are the elements of rotational matrix
of CCD array line; they are functions of image exterior orientation elements w, ¢, k
and orbital angular parameters Q, i, u (where u = w + ) at epoch ¢. Further Xs(r),
Ys(t), Zs(t) are the coordinates of the perspective centre S at epoch #; they are also
functions of satellite orbit parameters. Considering (la) and (1b), the new general
form for dynamic image taken from elliptic orbit with along-track view angle 6 at
epoch ¢ is:

Fulx, f, X, ¥, Z, 6, (D), (1), k(1), i(t), Q1), u(®), r()] = 0

Fuly, f, X, Y, Z, 0, w(1), @(1), (1), i(t), Qt), u(t), r(t)]

According to (2) each CCD array line has 7 unknown parameters w, ¢, k, i, Q, u,
r. IKONOS and QuickBird scenes have 3454 and 8656 lines, respectively. There is a
large number of unknown parameters to be determined for one scene what practically
makes impossible to obtain the solution. In order to solve (2), the unknown parameters
are- considered as functions of time ¢ or functions of CCD array lines / based on
polynomial form of second order. It means

(2)

Il

0
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) 2

Uit = Y eiitt = > dil 3)
i=0 i=0

where UT(7) = [w(?), @(t), k(1), 1(1), (1), u(t), r(1)] is the vector of unknown parameters.
Orbital parameters (a, e, 7, Q, w) can be determined using given position vector
(X, Y,, Z,)" and velocity vector (v, vy, vz)T of the satellite (satellite state vector) at ¢.
Inversely, with given orbital parameters, satellite’s state vector can be calculated. The
number of parameters for state-based model (satellite state) and for Keplerian model

(Eq. 2) of 1, 2, and N images is presented in Table 1.

Table 1. The number of parameters for state-based model and Keplerian model

Number of parameters

state-based model Keplerian model (Eq. 2)
Xos Yo, 2oy Ve, Vy, Vi, 9, W, K LQ ur, e w, K
for 1 image 9 7
for 2 images 18 12

for N images | N(X,, Yo, Z,, vi, vy, v2) + N(w, ¢, k) | (1, Q) + N(r, u, w, ¢, k)

Table 1 shows that state-based model has more parameters than Keplerian model.
It means that the Keplerian model is very economical.

3. Bundle block adjustment of HRS images

The rigorous block triangulation is presented in this section, using Keplerian para-
meters. The advantages of rigorous model of block triangulation are the possibilities
to correct sensor distortion as well as other ones caused by Earth motion and map
projection, to use time-dependent equation, orbital constraints and exterior orientation
registered by GPS/INS. As the disadvantages of rigorous model of block triangulation
can be classified the unknown sensor physical parameters, sensor model not published
by a vendor, requiring specialized software, changing mathematical model for each
Sensor.

Images can be acquired in the same satellite orbit by rotating sensor in the
along-track direction as it happens in case of IKONOS, QuickBird, EROS, MOM 02,
SPOTS, etc. (Fig. 4a, 4b), (Michalis and Dowman, 2005; Poli, 2005), by using more
than one sensor looking at the Earth with different angles (Fig. Sb), (Poli, 2005) or by
taking from two adjacent orbits (across-track) as in the case of SPOT1, SPOT2, SPOT4;
IRS, etc. (Fig. 5a). The advantages of along-track images compared with across-track
images are that they are acquired in almost the same ground and same atmospheric
conditions. Along-track images are better for matching and later for conjugate point
measurement. The fundamental benefit of an along-track images is to orient them
simultaneously in strip triangulation.
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Two models of across-track stereo images and along-track stereo images are re-
presented in Figures 6a and 6b (Luong and Wolniewicz, 2005a).

Flight direction
b) >
Sk i

Fig. 4. Scanning in along-track orbit using three-linear array sensor (source: www.spotimage.com) a);
along-track overlapping taken from one orbit using three linear array sensor b)

Orbit 1 Orbit 2 NADIR VIEWING
b)
Orbit
Sensor1 | Sensor 2

Fig. 5. Across-track overlapping taken from two orbits a);
across-track overlapping taken from one orbit using two sensors b)
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Fig. 6. Orientation elements of across-track stereomodel a);

orientation elements of along-track stereomodel b)

The satellite movement is a subject to Kepler’s laws. Its orbit is of an ellipse-like
shape. The radius r in (2) is a function of semi-major axis a, eccentricity ¢ and true
anomaly ¢. For given orbit, supposed three parameters (a, e, w) remain constant (see
Fig. 2). In general, for image j (j = 1,2,3,...,n) of orbit (strip) k (k =1,2,3,...,m)
in epoch ¢ the equation (2) has the following form:

Fojk s fo X, Y, Z, Ok, @), win(t), kiu(0), 1in(0), Qu(®), up (1), ra(®] = 0

Fyjk Djes fo Xo Yo Z, 6, 0i(0), win(®), ku(t), La(t), Qu(®), up (1), ru(®)] = 0
4)

Major components of dynamic motion are the Earth’s rotation and the satellite
movement along a defined orbit. The parameters rix, {jx, Qj, tj, @, Wik, Kj are
time-dependent. Basing on (3) for given j image and k orbit (strip) those parameters
can be modelled with second order functions of time :
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r(t) = ro + 11t + rat? r(t) = ro + il + il

i(t) = ig + iyt + ipt? i(6) = iy + 1 + B2

Q1) = Qo + Qi1 + ot Q(t) = Q + Q1 + Q4

u(t) = ug + uyt + upt* or u(t) = uy + ujl + 1/212 3)
Q1) = o + @it + @t o(t) = @) + @1 + gy 1*

w(t) = wo + it + wat? w(t) = @) + Wil + Whl?

k(1) = Ko + K1t + Kot k(1) = K + KL+ K512

where [ (I = 1,2,3,...,N) are scan lines; ry, r, i, I, Qy, Qo, uy, us, @1, @3, Wy,
wy, K1, ko as well as r}, rh, 17, 07, Q), Q5 uf, ub, ¢}, ¢5, W}, W, K], k5 are linear
coefficients; and ro, iy, Qo, ug, o, wo, ko as well as ry, i, . Uy, @y Wy, K, are the
parameters of base line (center line) of j image.

From (4) and (5) one can easily deduce that for an individual image the number of
unknown parameters and linear coefficients equals 21, and for two along-track stereo
images — 42. Suppose all the images taken from an orbit have the same view angle 6.
Therefore, the total number of unknowns in an orbit (strip) having n images is (21n+1).
The number of unknown parameters in a block of m orbits (strips) will be [(21n+1)]m.
There are M points in a block that need to be determined. Therefore, the total number
p of unknowns to be determined in a block will be p = [21n + 1)Im + 3M. If (5) is
modelled with first order linear functions of ¢, the number of unknowns in a block will
decrease by about 1/3.

After differentiating functions Fy jx, Fy, jx in (4) with respect to unknowns (para-
meters and ground point coordinates), basing on s image point observations in strip &,
one can create the observation equation system written in the matrix form

v=AX-L with weight matrix P (6)

where v is the residual matrix (s X 1) to image point coordinate observation, L is the
observation matrix (sx 1), A is the design matrix (s X p) consisting of partial derivatives
related to unknowns, X is the matrix (p X 1) of unknowns for parametric increments
and ground point coordinates, P is diagonal weight matrix (s X s), p is the number of
unknowns.

The matrix equation (6) is written for the following groups of points: ground
control points (GCP) and independent check points (ICP), conjugate points in the
block and other interesting points, namely the new ground points (NGP).

A
The estimated matrix of unknowns X is obtained as a solution of the normal
equation system calculated from (6).

X = (ATPA)"'ATPL %)
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From (la) and (5) one can draw a number of conclusions:

e there is a strong correlation between the linear unknowns X, Y5, Zs and angular
unknowns w, ¢, k. For example, a small change in ¢ will cause a big change in
Xs. The strong correlation induces singularity of the coefficient matrix of normal
equations, ill-conditioning of the normal equation and practical zeroing of some
eigenvalues in the eigenvalue matrix. Accordingly, the RMSE value of least-squares

estimated value )A( become very large and least-squares estimator is no more an opti-
mum one; the main reason that caused strong correlation among image orientation
parameters is narrow field of view (FOV) of image. For example, FOV for IKONOS,
QuickBird and SPOT image equal to 0.93°, 2.12° and 4.13°, respectively;

e two groups of angular unknowns w, ¢, k and €, i, u simultaneously occurring
in (la) are also strongly correlated what causes the ill-conditioning of normal
equations;

e there is also an internal correlation between unknown angular parameters which
became modelled by second order functions of time ¢ (5). It reduces the accuracy

of estimated value §

In order to overcome the weak geometry caused by narrow FOV and strong correla-
tions between the unknown parameters to be determined finding the suitable method of
adjustment for building bundle block of HRS, and/or finding the additional constraints
to keep satellite in its plane orbit is needed.

The solution for exact building of bundle block of HRS are described in the
following section.

3.1. Ridge-stein estimator for bundle block adjustment of HRS images

For reducing the influences of parameter correlations on accuracy of estimated value
A
X one can use the combined ridge-stein estimator. Experimental results performed by

Wang et al. (2004) show that the combined ridge-stein estimator can effectively over-
come the strong correlation among exterior orientation elements and reach high relia-
bility, stability and accuracy. Three formulae for ridge, stein and combined ridge-stein

estimation values )/ER(k), )/zs(c), )}CRg(d) are as follows:

X x(k) = (ATPA + KI) ' ATPL ®)
X 5(c) = c(ATPA)"'ATPL )

A T 1 T A
Xcrs(d) =(A'PA+I)" (A'PL+dD)X (10)

- QU +1)"'(I + dDQ" X
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where I is the unit matrix, K is the ridge parameter vector (elements k; > 0), ¢ is the
stein parameter (¢ > 0), d is the combined ridge-stein parameter (0 < d < 1), and Q
and IT are the eigenvector and eigenvalue matrices, respectively.

Experimental results (Wang et al., 2004) confirmed that strong correlation among
exterior orientation elements of HRS images taken from linear pushbroom sensor cau-
ses the normal equation ill-conditioned and least squares estimation values no longer
optimal. The use of the new biased estimator that is the combined ridge-stein estimator
can effectively reduce the ill-conditioning problem and improve orientation precision.

3.2. Orbital constraints

Because of the narrow field of view (FOV) of sensor causing a weak geometry and
strong correlations between the unknown parameters the adjustment process does not
converge. To overcome that problem the addition of orbital constraints is needed to
keep the orbital position of the sensor within statistical limits of the expected nominal
orbit (Fritsch and Stallmann, 2004).

The image of point S (satellite) on the Earth is a point O’ (Fig. 2) that determines
the ground scene centre (GSC) with co-ordinates A, ®, ¢. Three orbital constraints
derived from known orbit relation can be used as follows:

1. The geocentric distance constraint keeps the satellite in orbit:

r’(Xs, Y5, Zs) — r*(¥s) = 0 with the weight p, (11)

2. The true anomaly # restricts the movement of the reference position along the orbit:

I Xs,Ys,Zs) -5 =0 with the weight Do (12)

3. The A — geocentric longitude restricts the rotation of the orbit plane:

A(Xs,Ys,Zs)—As =0  with the weight ps (13)

where ¥, Ag and rz(ﬁs) are the reference values of nominal orbit and nominal
geocentric distance, respectively, considered as pseudo-observations; r*(Xs, Ys, Zs),
HXs, Ys, Zs) and A(Xs, Ys, Zg) are the geocentric distance, true anomaly and geocen-
tric longitude, respectively, derived from unknown reference position. Three equations
(11), (12) and (13) are transformed to the form of (6) and further added to the ob-
servation equations. The next step of block adjustment becomes realized according to
(8), (9) or (10).

In the Institute of Photogrammetry and Cartography of the Warsaw University
of Technology a bundle block adjustment of HRS images described by Keplerian
parameters has been carried out. In the near future first results of will be presented.
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4. Conclusions

Bundle block adjustment of very high resolution satellite images based on orbit
mechanism has recently became one of the important research directions. Block of HRS
images built with rigorous (parametric or physical) model has more advantages related
with possibilities to reduce different systematic errors. In the result, the accuracy of
ground point co-ordinates determined from block of HRS images will be increased.
One of the important tasks of block adjustment based on Keplerian parameters is to
overcome strong correlation among exterior orientation elements. For that purpose the
use of the ridge-stein estimator has been proposed. To further improve an accuracy
of determined ground point co-ordinates in block, the correction of image coordinates
caused by Earth’s motion, providing orbital constraints related with a satellite posi-
tion in space and optimum of ground control point (GCP) configuration have been
continuously studied.

The Keplerian model has also a special meaning for in-flight calibrating of measu-
rement systems such as scanner, GPS and INS (inertial navigation system) assembled
on the satellite. After long time working and due to different reasons in satellite’s orbit
those systems become disturbed. Corrections to their measurement parameters will be
necessary.

The difficult problem with using the Keplerian model is the need to have the
raw image with ephemeris data. Some high resolution satellite image vendors do not
intend, however, to release those data. They provide users with geo-rectified images
(for example IKONOS) with minimum information about the satellite’s movement in
its orbit. It means the lack of geometry at the time of imaging which makes it very
difficult to use the Keplerian model for geometric correction of those images. Other
rigorous methods for solving this problem are under investigation.
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