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Rigorous Generation of Digital
Orthophotos from SPOT Images

Abstract

An original method that rigorously generates digital ortho-
photos from SPOT images is presented. In place of the ray
tracing method, we have developed an algorithm that deter-
mines the corresponding image coordinates for a ground ele-
ment, provided that the time dependent orientation
parameters and a DTM are available. In this paper, a rigor-
ous bundle adjustment program for pushbroom scanning im-
ages that models the dynamic orientation for SPOT data is
first developed. Incorporating the DTM, a non-linear equation
is formulated that determines the image coordinates in the
flight direction in terms of the sampling time for a ground
element. The Newton-Raphson method is then applied in or-
der to solve the non-linear equation. The along-track and
across-track image coordinates for the corresponding ground
element can thus be calculated. After a bilinear interpola-
tion, the pixel grey value for the ground element in the or-
thophoto is determined. Experimental results indicate that
the generated orthoimages attain an accuracy better than
two-thirds of a pixel.

Introduction

The generation of orthophotos from remotely sensed images,
such as aerial photographs, satellite images, and airborne
scanning images, is an important task for various remote
sensing applications. Employing this geometrical rectifica-
tion, the image can be correctly georeferenced. The ortho-
photos may be generated using either the analog or the
digital approach. It is not the purpose of this paper to dis-
cuss the analog approach. We will, instead, discuss the digi-
tal approach and propose an original and rigorous method
for sPOT satellite data processing.

The digital rectification required to generate an orthoim-
age from an image may be accomplished in two ways. The
first is the Anchorpoints method (Mayr and Heipke, 1988). In
this method, a set of ground control points (GCPs) (i.e., the
anchorpoints), are collected at locations which can be identi-
fied on both the image and on a corresponding map. Once
enough GCP samples have been collected, the image coordi-
nates are modeled as functions of the map coordinates using
the least-squares method to fit low-order polynomials to the
data (Jensen, 1986). For each pixel on the orthoimage, which
has the same coordinate system as the map, the grey value is
determined by locating the corresponding image position on
the raw image followed by resampling. The method may be
performed globally or locally. In the global approach, the
transformation coefficients for the polynomials are kept
throughout the whole image. On the other hand, the local
approach subdivides the whole area into a number of Delau-
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nay triangles (Devereux et al., 1990; De Floriani et al., 1989),
with the vertices of each triangle used as the GCPs. The ad-
vantage of this method is that it is computationally fast
(Mayr and Heipke, 1988). However, high frequency image
distortions due to terrain relief can be rigorously compen-
sated for only when extremely dense GCPs are available.

The second approach is the rigorous solution and is
called the Pixel-by-Pixel approach (Mayr and Heipke, 1988).
This approach considers the three-dimensional (3D) ground
surface variations. Specifically, the associated DTM is utilized
in the orthoimage generation. The correspondence between
an image pixel and the conjugate ground element is charac-
terized by the collinearity condition for central perspective
images. In principle, there are two ways to do this. The first
method, which is called the Direct or the Top-Down method,
starts from the image space and projects each image pixel
onto the object surface (Mayr and Heipke, 1988). This
method is also known as the Ray-Tracing method (O'Neill
and Dowman,1988). Conversely, it is possible to do the op-
posite, i.e., the Indirect or the Bottom-Up method (Mayr and
Heipke, 1988; Wiesel, 1985). Starting from the object space,
each ground element is projected onto the image space. The
grey value of a ground element on the orthoimage is then re-
sampled using the projected location and its neighboring
pixel values on the raw image.

Despite many advantages of the Indirect method as com-
pared to the Direct method (Mayr and Heipke, 1988; Wiesel,
1985), the Indirect method can be applied only to those situ-
ations when the transformation between the image space and
the object space is reversible (Houssay and Brossier, 1988).
For aerial photographs, for example, having a “point” as the
perspective center, the transformation is explicitly reversible
when the collinearity condition is applied. For SPOT images,
on the other hand, the reversibility from 3D ground coordi-
nates to 2D image coordinates for each point is hidden. As
this implicit reversibility is not solved, currently the Direct
method is used to generate orthoimages from SPOT data
(O'Neill and Dowman, 1988).

After exploring the hidden reversibility, we will propose
an Indirect method in this paper that determines the corre-
sponding image point on a SPOT scene for a ground element
when the 3D location of the ground element is given. Incor-
porating a DTM, a SPOT 1A image, and the orientation parame-
ters, a non-linear equation is formulated to determine the
along-track image coordinates in terms of the sampling time
for a ground element. The Newton-Raphson method (Dyck et
at., 1982) is then applied to solve the non-linear equation.
The across-track image coordinate can then be calculated ac-
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cording to the collinearity condition. After a bilinear interpo-
lation, the pixel grey value for the ground element on the
orthoimage is resampled.

Orientation Modeling

The sampling geometry for SPOT images is illustrated in Fig-
ure 1, where F.D. is the flight direction, fis the focal length,
and PP, is the principal point at sampling time ¢,. Due to ils
pushbroom scanning characteristics, a central perspective
projection is maintained across track. On the other hand, a
near parallel projection is maintained along the flight direc-
tion. For ground point “A” on a line sampled at time £, the
corresponding image point “a” should satisfy the collinearity
condition when the time dependent orientation parameters,
ie., (X5 Y¢, Z¢, w, ¢, k) at t,, are applied. Similarly, for point
“B"” on the ground, its image point “b” follows the same con-
dition when the different orientation parameters at time t,,
are applied. The relationship among sampling lines is char-
acterized by the dynamic orientation parameters which are
modeled with low order polynomials as a function of the
sampling time (Chen and Lee, 1990).

For a SPOT 1A panchromatic image, a full scene is com-
posed of 6,000 by 6,000 pixels. The CCD size for each pixel is
13 by 13 pm. The nominal focal length 1.082 m. The sam-
pling time interval between two consecutive lines is 0.0015
seconds. This 0.0015-second sampling interval may not be
exactly the same during the SPOT sampling. In addition, the
actual CCD size and focal length may differ from their nomi-
nal dimensions. Accordingly, deviations of those interior ori-
entation related parameters will need to be compensated for
by the scale affinity and the exterior orientation parameters
as discussed later. The image coordinates in this paper are
defined as

X, = D,
¥: = [Pixel No, — (6,000 + 1)/2] *0.013 mm, and (1)
f = 1082 mm,

where

x, is the image coordinate along track for point i,
v, is the image coordinate across track for point i, and
fis the focal length.

The collinearity equations (Slama, 1980) for central pro-
jective images are then modified to satisfy the SPOT sampling
geometry: i.e.,

(X, — X§) + magYi— Y + my,, (Z2— Z5)

T T m X =X maal— Y + me @i Z5)
(2a)
Sivy = __-fmzu(xt = Xf) + mg, (Y, — Y7 + My, (Z,— Z)
! ! mau[xi == ch} + maz:[YI_ Yrc] + M3y [Zi_ Zf]
(2b)
where

X, Y, Z, are the ground coordinates of point i;

My4y .., Mgy, are the elements of the rotation matrix ex-
pressed as functions ofw, ¢, andx;

Xy, Yy, Zg are the orbital parameters at time t;

w, @, k are the attitude parameters at time t; and

S, is the scale affinity.

The orbital and attitude parameters are characterized by
second-order polynomials as functions of the sampling time ¢
relative to the first scan line: i.e.,
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Figure 1.Sampling geometry for SPOT images.

X =X, + Xit + X2
Ye =Y, + Yt + Y12
Z2s =2y + 2t + Z,1? (3)
@ = wy + it + wi?
G =y T it + hot?
K = Ky + il + Kof?

Through a least-squares adjustment for the photogram-
metric problem, the orientation parameters are determined
(Lee and Chen, 1988).

Rigorous Generation of Orthoimages from SPOT Data
We shall discuss first the algorithmic aspects of the Ray-
Tracing method, which is currently used by many research-
ers for SPOT data processing (O'Neill and Dowman, 1988)
and digitized aerial photographs (Mayr and Heipke, 1988;
Wiesel, 1985; Houssay and Brossier, 1988). The details of the
proposed Indirect method are then given.

Ray-Tracing Method

The Ray-Tracing method is illustrated in Figure 2a. Assum-
ing that the orientation parameters, the DTM, and the coordi-
nates of point P on the image plane, IP, are given. The tracing
ray OP emerging from projection center O is then defined.
The major task of orthographic generation is to determine the
corresponding ground point I for image point P. The iterative
procedure that determines the intersection point between the
ray OP and the ground surface is stated as follows:

(1) Given an initial surface elevation Z,, determine the plani-
metric coordinates of intersection point A between OP and
the initial surface by employing Equations 2a and 2b.

(2) Trace surface point B, having the same planimetric position
as A, i.e., Xy = X, and Yy = Y,, from the DTM to determine

ot

(3) Update the reference surface from Z = Z, to Z = Z,, then
repeat steps (1) and (2) to determine points ¢, D, E, F, G, H,
and 1 until convergence.

(4) The ground point I corresponding to image point P is thus
determined.

When the point correspondence is accomplished throughout

PE&RS




PEER-REVIEWED ARTICLE

A p:.'? Pe|

i

i
pd‘-.,.__(_)+ -t=—»

Pse

F'.:r Ré F:g

Pe®

£

Figure 2. The scheme for the Ray Tracing method. (a) the
tracing sequence. (b) pixel value resampling.

the entire image, the output image may be generated through
a resampling procedure. Referring to Figure 2b, P, P,, ..., to
p, are the projected locations for the nine corresponding
points. They are not spaced quite equally on the generated
orthoimage, which has a map coordinate system. For pixel Q
on the orthoimage, as shown in the figure, the grey value
may be interpolated from its four closest neighboring points
P,, Py, Ps, and P, using bilinear interpolation (Jensen, 1986).

The major advantage of the Ray Tracing method is that it
can be applied to various remotely sensed images such as
digitized aerial photographs, SPOT images, Landsat images,
and airborne multispectral images. However, there are three
obvious disadvantages:

® The iterative calculation for the intersecting point of the trac-
ing ray and the ground surface may cause the computation to
be heavy, especially when the surface normal vector has a di-
rection similar to the tracing ray.

® In grey value resampling, the nearest neighboring points for
an interpolating pixel need to be searched for in the real
number field. Thus, the computation is rather intensive.

® The grey value is incorrect for those output pixels when no
input pixel is directly mapped on. For instance, for a pixel R
on the output image, as shown in Figure 2b, the grey value is
not quite correct (Rosenfeld and Kak, 1982).

Accordingly, the direct method is limited in its computa-
tional efficiency and output image quality. On the contrary,
the indirect method gives a better solution as far as SPOT im-
ages are concerned. The problem that the indirect method
encounters is how to explore the hidden object-to-image re-
versibility. This will be discussed next.
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The Proposed Indirect Method

Once the orientation parameters are determined and a DTM is
given, the corresponding image position for a ground point
may be determined by the following procedure:

(1) Orthographic projection from a SPOT image is a mat-
ter of selecting the suitable grey value for each output pixel
from the raw image. Thus, the projected position on the raw
image for an output pixel must be searched for in advance.
The ground coordinates used in this investigation are in the
Local Cartesian System to alleviate the influence of Earth
curvature. However, the ground coordinate system in Taiwan
is defined by the Transverse Mercator Projection. Accord-
ingly, the coordinate system in this investigation is trans-
formed to the Geographic Coordinate System first, then to
the Geocentric Coordinate System, and finally to the Local
Cartesian System (Lee, 1991). Referring to Figure 3, the
ground coordinates (X, ¥, Z) for ground point A are known.
The location of the point on the orthoimage is A’ and the
corresponding point on the raw image is “a.” The first step
in our method is to determine the line number of “a,” i.e.,
the coordinate along the flight direction, F.D. Then the sam-
ple number, i.e., the across-track coordinate, is calculated.
The determination of the line number is equivalent to deter-
mining the sampling time for point “a."”

Substituting x; = 0 in Equation 1 into Equation 2a, we
obtain

my (X, — X§) + m(Yi— Y7 + my5 (Z— Zy)
ma (X, — X§) + mg[Y, - Ye) + myy(Z,— ZF)

0=

Figure 3. A schematic illustration for the described
method.
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Thus, the time dependent function f(t,) of the numerator,
fltn) = my (X - X7) + myp(Y; - Y5) + myg(Z;- ZF) = 0 (4)

is valid.

(2) We apply the Newton-Raphson method (Dyck et al.,
1982) in order to solve the non-linear Equation 4 when de-
termining the sampling time ¢, of “a” for the ground point A,
in which the ground coordinates X}, Y,, and Z, are intro-
duced from the DTM. The iteration is expressed as

i

b (& (5)
p ftt.)

) If“n} - f[tn—d“(tn Fee tn—l]

wheren = 0, 1, 2, ..., until

tn+l — tn

By =5t % 1050 is satisfied.
(3) When the sampling time ¢, is calculated, the along-
track image coordinate of “a” is

( Line No.), = t,/ 0.0015. (6)

(4) Substituting t, into Equation 2b, we may determine
the across-track image coordinate in a pixel as

(Sample No.), = y,/0.013 mm. (7)

After determining the corresponding point coordinates
(line, sample) for a ground element on the raw image, the
grey value on the output orthoimage is calculated using bili-
near interpolation based on its four nearest neighboring
points. The search for the four nearest neighboring points for
a point with coordinates (x, y) is performed by simply select-
ing the four integer pixels in the (x — 1,x + 1) and (y — 1,
y + 1) range. As there is no need to search for the nearest
neighboring points in the real number field, as in the direct
method, this method is more efficient and less biased.

Experimental Results
The experiment includes tests of the proposed method for
orthoimage generation from a SPOT 1A panchromatic image.
The image was sampled on 15 January 1987 with a 10.4° in-
cidence angle and covers an area of central west Taiwan.
Three cases are studied. In the first case, an orthoimage of
550 by 500 pixels, i.e., the same size as four 1:5,000-scale
photo basemap sheets and with 160 m of terrain relief, is
generated and investigated. In the second case, an orthoim-
age covering an area of 550 by 500 pixels with 540 m of ter-
rain relief is studied. In the third case, 24 ground check
points distributed around the entire SPOT scene are selected
to verify the model fidelity.

The object coordinates for the ground control points
(Geps) and check points (CKPs) are digitized from 1:5,000-
scale photo base maps in three test cases. The maps and the

DTMs with a 40- by 40-mm grid size were acquired from the
Geographic Data Base of Taiwan (Fu, 1987). The contour
lines on the maps and the DTMs were stereoscopically gener-
ated from 1:15,000-scale aerial photographs using Zeiss Plan-
icomp C-100 analytical plotters. Based on the accuracy
specifications of the Geographic Data Base, the horizontal
tolerance for 90 percent of all well defined planimetric fea-
tures is 0.3 mm on the map. This is equivalent to an error of
1.5 m on the ground. The digitizing error is estimated to be
0.15 mm on the map. Thus, the total error for GCPs and CKPs
is about 1.67 m on the ground with a 90 percent confidence
interval. This error with a 90 percent confidence interval,
1.6450, is equivalent to about 1 m standard error. On the
vertical aspect, 90 percent of elevations interpolated from the
maps are correct within one-half the contour interval. The
contour interval in the test areas of this investigation is 10
m. Thus, the vertical tolerance for 90 percent of elevations is
within 5 m. The accuracy tolerance for 90 percent of eleva-
tions of the DTMs is also 5 m. Those elevation errors could
introduce a planimetric error which is less than 0.1 pixels in
the orthoimage generation when a SPOT scene having a 10.4°
incidence angle is used (Lee, 1991).

The orientation parameters were determined using a
bundle adjustment (Lee and Chen, 1988) in which second-or-
der polynomials were used to model the dynamic orientation
parameters with respect to sampling times. The full scene,
consisting of the test image and the 21 GCPs marked with
squares, is shown in Figure 4. In the figure, the 24 triangular
marks are the check points for the Case III evaluation. The
calculated exterior orientation parameters are listed in Table
1. The vectors of the image residuals after bundle adjustment
for the 21 GCPs are shown in Figure 5. The analysis for the
image residuals is briefly listed in Table 2 in which the RMS
of the residuals is 0.19 pixels along track and 0.18 pixels
across track.

Case |

A subscene of 600 by 600 pixels is cut from the raw image,
as indicated in Figure 6, to study orthoimage generation in
an area of rolling terrain. The test site is located at Houlong
where the longitude and latitude of the site center are
120°46' and 24°36', respectively. The elevation ranges from
10 m to 170 m. The DTM is resampled from a 40m by 40m
grid to a 10m by 10m grid using cubic convolution. Using
the DTM, the determined orientation parameters, and the sub-
scene, the generated orthoimage of 550 by 500 pixels is
shown in Figure 7. Twenty-five check points are marked in
the figure. The error vectors for the check points are plotted
in Figure 8. The error is briefly analyzed in Table 3, in
which the RMSE is 5.7 m for the X coordinate and 5.4 m for
the Y coordinate. The computation time for generating the
orthoimage is 11 minutes on a VAX 3900 work station. The
work station is a 3.8 MIP machine.

TaBle 1. CalLcULATED EXTERIOR ORIENTATION PARAMETERS

Xo Yo Zq
X, Y, Z,
X Ya Z;
—35164.57 —262740.38 827883.83
6504.06 —1577.94 —83.48
—6.98 —1.227 -0.52
Xoo Yo Zo:m

X, Y, Z, : m/sec
X, Y, 22 : m/sec?

Wy [l Ko

wy Un K1

wy ¥ Kz
10.399883 —2.016735 —10.162549
—0.000248 —0.000291 —0.000291
0.000034 0.000046 0.000039

wa, Yo, Ko @ deg
w,, ¥, K, : deg/sec
wWay ﬂb!r Kz l:iEgs"SBl:2
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Figure 4. The test SPOT image. Squares are ground control
points (GCPs). Triangles are check points (CKPs) in Case Il
(© SPoT Image, copyright 1987 CNES.)

Tasle 2. IMAGE RESIDUALS FOR GROUND CONTROL POINTS (GCPS)

Max. Min. RMS
(pixel} (pixel) (pixel)
X 0.31 -0.32 0.19
y 0.22 -0.46 0.18
9 24" 49" P 24°42°
phudest i
| _ ‘
= t '
w A
P
« ~
¢ ~
! 4 4 I
| *
@ 247177 : - [ za"w'i
pAnz’ar S _ Amo’sT,
IMAGE SCALE: D00 PIYELS
ERROR VECTOR ScALE:  ALHEL
Figure 5. Residual ground control point (GCP) vectors. B

Case ll
The second subscene of 600 by 600 pixels is also cut from
the same SPOT image as illustrated in Figure 6 in order to in-

PE&RS

Figure 6. The test sites for Case | and Case Il. (© sPOT
Image, 1987 CNES.)

TABLE 3. ACCURACY ANALYSIS FOR CASE |
Max. Min, RMSE
(m) (m) (m)
X 10.6 -10.3 5.7
Y 111 ~-9.2 5.4

Figure 7. The generated orthoimage and check points for
Case .
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HAP SCALE: ~——
ERROR VECTOR SCALE:

Figure 8. The error vectors for Case |.

500 METERS
10 METERS

TABLE 4, ACCURACY ANALYSIS FOR CASE Il

Max, Min. RMSE

(m) (m) (m)
2 11.3 -11.8 6.5
Y 11.4 -12.9 6.6

Figure 9. The generated orthoimage and check points for
Case Il.

vestigate the proposed method on a rugged terrain area, The
test site is located at Hsitang where the longitude and lati-
tude of the site center are 120°54' and 24°33', respectively.
The terrain varies from 50 m to 590 m in elevation. The
same method is reapplied. The generated orthoimage of 550
by 500 pixels is shown in Figure 9. The 22 check points are
also marked. The error vectors for the check points are
shown in Figure 10. The error is briefly analyzed in Table 4,
in which the RMSE is 6.5 m for the X coordinate and 6.6 m
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for the ¥ coordinate. The computation time is the same as in
Case L.

Case lll
To verify model fidelity for the whole scene, we selected 24
ground check points spread throughout the entire SPOT im-
age, instead of physically generating an orthoimage. This
means that the 3D ground coordinates of the check points are
used to calculate corresponding locations on the raw image,
as compared to image coordinates being measured manually.
The locations of the check points are marked with triangles
as shown in Figure 3. The elevation range for the CkPs is 950
m. The error vectors are shown in Figure 11. The error is
briefly analyzed in Table 5, in which the RMSE is 0.61 pixels
along the flight direction and is 0.45 pixels across track.

A summary of the experimental results is as follows:

® The RMS of the image residuals for the control points after
bundle adjustment is (0.19 pixels, 0.18 pixels).

® The RMSE of the generated orthoimage reaches (5.7 m, 5.4 m)
for rolling terrain,

® For rugged terrain, the RMSE of the generated orthoimage
reaches (6.5 m, 6,6 m).

® For evaluation of model fidelity for the entire scene with 950
m of terrain relief, the RMSE is (0.61 pixels, 0.45 pixels).

® Examining the results, it is found that the accuracy in all
three cases is better than two-thirds of a pixel for the image
scale.

® It has been discussed that among the several methods for or-
thoimage generation from SPOT data, the Top-Down method
and the proposed Bottom-Up method are the most rigorous.
Because those two methods satisfy the collinearity condition,
they have the same theoretical basis, The only difference is in
the opposite tracing directions. This difference causes differ-
ent computational loads. According to the report by O'Neill
and Dowman (1988), 60 minutes was spent to generate an or-
thoimage with 512 by 512 pixels from a SPOT subscene using
the Top-Down method on a Sun 3 work station. The work
station is a 3 MIP machine. We, on the other hand, spent 11
minutes to generate an orthoimage with 550 by 500 pixels on
a 3.8 MIP VAX 3900 machine. It could be estimated that the
computational load of the proposed method is about one-
fourth of the Top-Down method.

® The DTMs used in Case I and Case II delineate the terrain
height. Thus, if a DT™M which delineates the canopy height is
utilized, a higher accuracy is theoretically expected.

Conclusions

An indirect method for generating orthoimages from SpoT
digital images is given. In contrast to the direct method, we
explore the hidden reversibility from object space to image
space. The theory is rigorous. The experimental results also
demonstrate that the accuracy is better than two-thirds of a
pixel. The test area covers both rolling and rugged terrain.
The entire scene is also investigated for global fidelity. The
proposed method is easy to implement. Accordingly, we may
consider the method as applicable to other cases. It is also
demonstrated that the proposed methods is superior to the
Top-Down method as far as the computational load is con-
cerned,
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Figure 10, The error vectors for Case Il

Tasle 5.  Accuracy AnALYSIS FOR Case il
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