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ABSTRACT: A fully digital procedure to geometrically correct airborne synthetic aperture radar (SAR) data is described;
it uses an integrated geometric correction model to remove distortions produced by viewing geometry, including terrain-
induced effects. This model, originally developed to process digital SPOT data, is extended to the case of SAR data. For
the airborne SAR example studied, geometric corrections achieved an accuracy of 10 to 12 metres, e.g., about two pixels
of the SAR image used, with 8 to 10 ground control points (GCPs).

INTRODUCTION

THEMAT]C APPLICATIONS, AS IN HYDROLOGY, require regis-
tration and processing of multisensor and multisource data,
e.g., airborne radar, Thematic Mapper (TM), digital elevation
models (DEM), and digital topographic data (roads, river net-
works, etc.). Although there are relatively few problems in rec-
tifying T™ data, the situation is more complex for airborne radar
images, because the viewing geometry and the resulting image
perturbations are more rapidly varying over the scene.

Various two-dimensional image transformations have been
tested by different investigators for the radar case (Trevett, 1984).
These transformations are fundamentally limited, in large scenes,
by their inability to cope with local distortions such as those
induced by relief. The results cited were between 5 and 100
metres as a function of the area size, the topography and the
type of two-dimensional transformation used.

Also, stereo radar images enable a digital elevation model
(DEM) and a digital radar map to be produced (Leberl ef al.,
1986). Photographic products are created from the digital im-
ages and used in a photogrammetric stereo plotting instrument
using a radargrammetric approach. Based on 16 check points,
the random horizontal differences values were 30 metres in both
directions (e.g., about 4 pixels of the SAR image used). Typi-
cally, an ortho-image may be generated with the DEM and aux-
iliary data from the stereo model measurements (Mercer, 1986).

In this paper, the method described is fully digital, including
the SAR images, processing, and ortho-image generation. The
model developed in this study uses a photogrammetric ap-
proach with the bundle adjustment technique based on the col-
linearity equations (Toutin, 1983). This rigorous model takes
into account the physics of the viewing geometry (vector and
sensor) and of the Earth (physical and dynamic).

Using ground control points (GCPs) and ancillary data, the
bundle adjustment technique computes by least squares the
parameters of the model, which allow the cartographic coor-
dinates to be calculated from the image coordinates without
iteration. Furthermore, this model enables stereoscopic radar
images to be processed.

This geometric corrections model was originally developed
for SPOT-HRV (Toutin, 1983; Toutin ef al., 1989), and was also
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tested on other data (Landsat-TM, MOS-MESSR, SEASAT-SAR) at
the Canada Centre for Remote Sensing.

The purpose of this study is to extend the use of this model
for airborne SAR data.

METHODOLOGY
RADAR IMAGING GEOMETRY

In the optical system, angles are the key to geometry; but for
SAR, the phase is very important, and not the attitude. Assum-
ing we know the zero time delay and the angle of zero Doppler,
the SAR image is determined according to the time delay for the
range direction, and to the Doppler frequency relative to the
velocity vector of the aircraft for the azimuth direction.

Airborne SAR systems use motion compensation (hardware
and software), which, although frequently excellent in geomet-
ric terms, may lead to small errors or residuals in azimuth image
geometric precision. Normally, SAR motion compensation sys-
tems are constrained by requirements derived from the Doppler
space. These requirements imply an along- track scale precision
of less than a pixel over one frame, because the along-track pixel
spacing is automatically controlled very accurately. There may
occur skew distortion, however, and the impact of pitch com-
bined with yaw, due to peculiarities of the CCRS implementa-
tion, may lead to zero Doppler error, then to geometric errors
in azimuth (Raney, personal communication, 1991). In this pa-
per, we assume the presence of such residuals and examine the
effectiveness of their correction.

The slant range direction distortions in radar are about the
same as those encountered in oblique photographic viewing.
The radar perspective as it is represented in an image is por-
trayed as being orthogonal to the radar direction of illumination
(Figure 1). Then, an incidence angle « of less than 90°, usually
employed on SAR system, agrees with an equivalent angle 90°
— a for the oblique optical viewing (Raney, 1991). Therefore,
the elevation displacement occurs in the “‘opposite direction.”
This relationship made, applicability of the SPOT case, or any
other optical model becomes more apparent.

GeomEeTRIC CORRECTION MODEL

The concept behind the geometric correction model is to gen-
erate a mathematical formulation of the geometry and residual
motion of the radar system and of the environment. This model,
then, is used with digital terrain data (GCPs, DEM) in order to
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Fic. 1. Radar and camera image displacement.

give each pixel its true location in a cartographic system deter-
mined by the user.

This approach integrates together three different models: the
motion, the sensor, and the Earth. Hence, the adjustment is
simultaneous, taking into account the accuracy of each com-
ponent. To develop this model, three coordinate systems are
used (Figure 2):

® the image coordinates (m,, p, q): centered on the central point of

the image m,, the p axis is the line coordinate, the g axis the pixel
coordinates;
® the intermediate coordinates (M,, x, y, h): centered on M,, whose
image position is m,, the x axis being tangential to the ellipsoid
in the central scan line plane; h is the elevation above the geoid;

® the coordinates (X, Y, Z) of the cartographic projection in which
the rectification has to take place.

These three coordinate systems are used to subdivide the prob-
lem into sub-problems related to the cartographic system and
the viewing geometry. Thus, the transformation between the
intermediate and cartographic systems (two conformal carto-
graphic projections) is simply reduced to a translation (X,, Y,)
and a rotation (y). We are then concerned only with the law of
transformation between the image and intermediate systems.

For radar space resection, the collinearity equations are valid
for three-dimensional Cartesian coordinates of a uniform ref-
erence system (Konecny ef al., 1986). The collinearity equation
of a point P can be written in the instrumental reference system
(P, x, y, z,) linked to the instrument at time t, as follows:

x =0
v tztgf =10

in which g is the incidence angle at the point P,
x, is the axis in the azimuth direction,
y; is the axis in the across-track direction, and
z, is the axis in the “altitude direction.”

The process of changing from the instrumental reference sys-
tem to the intermediate system may be broken down into a
series of elementary transformations (Toutin, 1983):

(1) For the optical case, changing from the instrumental reference
system to the orbital reference system by a rotation R integrating
the pitch and the yaw. This transformation does not apply for
the SAR case.

(2) Translation —p = PO to arrive at a parallel reference system
centered on 0, the Earth's center.

(3) Changing from the preceding reference system corresponding
to the instant ¢, to a reference system corresponding to the in-
stant t = 0 by a rotation B-! which is a matrix developed as a
function of time.
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(4) Changing from the preceding reference system to a system in
which the axis 0z goes through the central point M, of the scene
through two rotations m, and s,, giving the matrix M.

(5) Translation r = 0M, to center the new system in M,,.

(6) Exchange of axes x, y in —y, +x to obtain axes in the conven-
tional direction — matrix K — where
x = across-track direction;

y = displacement in time, the along-track direction.

(7) Changing from the preceding reference system to a reference
system in which the y axis is in the meridian plane by a rotation
I,

(8) Changing from the preceding reference system to a system in
which the plane M,xy is tangential to the ellipsoid, and thus
perpendicular to the normal, by a rotation A-7.

(9) Passage from the preceding reference system to a system in which
the x axis would be tangential to the scan path at the time ¢ =
0 (terrestrial altitude 0) by a rotation I,

In matrix form, the result is written

o (8]
[x] = R-'BMK-'T-'A-'Ty[x] + R-! JBM|o [ — o
r p+d;pt

The collinearity equations in the instrumental reference sys-
tem are converted, using the elementary transformations de-
scribed previously, into the collinearity equations in the
intermediate system (x, y, h). The derivation of these equations
is out of the scope of this paper; and as they are identical to the
SPOT case, they can be found in Toutin (1983). Thus,

Pp+y(l + 6yX) — tH =0

6x — i) =0
cosy

H
X+ 60—+
ﬁcosx aq(Q +
in which
X = (x —ay1 +Ni)+by2+cxy
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RECTIFICATION OF RADAR IMAGERY

Each parameter is given by a mathematical formula (Toutin,
1986), which translates physical quantities of the viewing ge-
ometry (aircraft, Earth, geographic location of the scene).

Pand Q are the scale factors in Y and X, respectively;

7and 0 are functions of the leveling angles in Y and X,
respectively;

a is a function of the skew;

H, is the aircraft altitude at the central viewing line;

N, is the normal to the ellipsoid;

X.8v,b,c are known parameters of the second order, func-
tions of the geometry (aircraft, scene center, Earth
center);

pand g are the image coordinates; and

x,y,and h are the ground coordinates in the intermediate

system.

To the six uncorrelated unknowns (P, Q, 6, 7, a, b), three
more must be added. These are related to the translation (X,
Y,) and rotation (y) transformations previously described, nec-
essary to pass to the cartographic coordinate system of the GCPs.

These equations can be written reciprocally as

y=v(l - éw) + 7H'

h H' 1+ &
=u(l—--o7) + —bv— - — (0 +
x=u( N.,} v(a—bv—cu) = (6 0 u)

in which
- —Q o pypg =g X
H_I+8aq'v Pp;H h N

The modeling of a scene is thus straight forward, and there
are few unknowns (6 + 3). Each of these unknowns is in fact
the combination of several correlated variables of the viewing
geometry, so that the number of unknowns has been reduced
to an independent set. Because of the term h in the equation
for the altitude, it also allows stereoscopic views and homolo-
gous points (coplanarity equations) to be processed. Moreover,
with modeling, the effect of each term can be determined in the
reference system, through its development as a function of the
flight, viewing, and Earth parameters. In summary, the features
of this geometric corrections model to be noted are

® the integration of the different flight, viewing, and Earth param-
eters;

® the simplicity of its transformation equations; and

e the consideration of the flight path as an arc of ellipse “parallel
to the Earth ellipsoid.”

RESULTS
TEST SITE

During early April 1987, a series of ice jams occurred in the
Saint John River, New Brunswick, Canada, and its tributaries.
In response to a need for information by the New Brunswick
Department of Environment, the ¢/X airborne synthetic aper-
ture radar system (C/X SAR) of the Canada Centre for Remote
Sensing (CCRS) was flown over the lower Saint John River on 3
April 1987 to map the flood extent. A subset of the coverage,
encompassing 25 kilometres of the river, was used to validate
the geometric corrections model. The test area is presented on
Figure 3.

The SAR image of the study area was acquired at C-band (5
GHz) and at horizontal-transmit horizontal-receive polariza-
tions. The look direction was south, with incidence angles vary-
ing from 45° at the inner range to 76° at the far range. The
representation is in ground range. The pixel size is 4 m by 5 m
in azimuth and range directions, respectively. Aircraft altitude
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was approximately 6000 metres above ground level. Figure 4 is
an example of the ground range image.

The test site is located in the vicinity of Fredericton, New
Brunswick, and covers an area of approximately 20 x 18 square
kilometers. Figure 5 shows a 1:50 000-scale topographic map of
the site. The airborne SAR and the DEM coverage were consid-
ered to define the location and the size of the study area.

DiGITAL TOPOGRAPHIC DATA
Description of the digital topographic data

The digital topographic data covering the test site consisted
of positionally accurate digital maps at 1:10 000 scale. It was
obtained from the Land Registration and Information Service,
the Maritime provinces’ mapping agency in Prince Edward Is-
land. The supplied data were originally stereo-compiled from
1:35 000-scale aerial photographs.

The data were structured into a spatial database in a geo-
graphic information system (GIS) environment. The database
contained a set of planimetric layers (roads, hydrography, land-
cover, etc., with a horizontal accuracy of 2.5 to 3.5 m) and an
altimetric layer (DEM as a 25-m grid, with a vertical accuracy of
2.5 m). These data were used in their original projection (New
Brunswick double stereographic) and reference system (ATS77%).

*ATs77 for Average Terrestrial System of 1977, refers both to the hor-
izontal Datum (known as October 1977) and the ellipsoid used by the
Maritime provinces mapping agency.
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FiG. 5. NTS map sheet on the test site.

Acquisition of the control points

A set of control points (58) with an average plotting error of
2.5 pixels was manually identified on the radar imagery corre-
sponding to road intersections with an image analysis system.
For each of these points, their respective X,Y,Z values were
obtained from the topographic database. Using the GIS func-
tions, the elevation for each node was interpolated from the
DEM. For this interpolation, the GIS software utilizes the inverse
weighted distance nine-neighbor algorithm. Considering the

range in elevation of the terrain, as described previously, the
type of control points (i.e., road intersections) and the DEM grid
size, the vertical accuracy of these control points is estimated
to be within a =4-m range.

RESTITUTION ACCURACY

In order to verify the geometric model, a test was performed
in which all the chosen control points were initially used. Start-
ing with 58 GCPs in the model, 12 points were rejected, because
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their residuals were more than 2.7 the root mean square of all
the residuals, and are considered misplotted points. Thus, the
residuals on the remaining 46 GCPs, given in Table 1, indicate
the quality of the geometric modeling.

As the RMS residuals are on the order of 10 metres, these
results mean that the mathematical formulation of the viewing
geometry is a good fit to the physical reference and that the
resulting error of the formulation can be neglected. Then, the
main factor contributing to model accuracy (10 m) is the GCP
image coordinate accuracy (10 to 12 m). Except for a few cases,
the residuals are less than 20 metres (=4 pixels).

In order to verify the quality of the restitution (errors on in-
dependent check points), different tests are performed using
fewer points as GCPs in the model generation, and using the
remaining data as independent check points. Figure 6 gives, for
various configurations of GCPs (from 6 to 20), the RMS residuals
in X and Y on the GCPs and the RMS errors on the check points
(CPs). The former represents the accuracy of the model (as de-
scribed previously), and the latter, the accuracy of the restitu-
tion and of the radar ortho-image generation.

Using between 8 and 15 GCPs, the RMS residuals on GCPs and
the errors on CPs do not change significantly. The GCPs were
generally distributed near the edge of the image to avoid ex-
trapolation. When 20 GCPs were used, the errors on CPs de-
creased by about 10 percent. The main reason for this
improvement is not the increase in the number but rather a
better distribution of points in the middle of the image in the
across-track direction, thus leading to a better computation in
the least-squares adjustment of the range scale-factor.

In summary, we assert that using 10 GCPs, for this image size
and geometry, a restitution accuracy (with respect to indepen-
dent check points) of 11 m in X and 9 m in Y can be achieved.

Another way to verify this accuracy is to compare the resam-
pled ortho-image (Figure 7, 25 by 11 km, pixel size of 6.25 m)
with the road network of the digital topographical data. The

TasLe 1. Root Mean Sauare (RMS) anp Maximum RESIDUALS ON
46 GCPs
RMS residuals (m) Maximum residual (m)
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cover of this issue of PE&RS gives a sub-image (5.6 by 5.6 km)
as an example of this result. A qualitative viewing confirms the
previous result of two pixels accuracy (10 to 12 m). But in some
places, larger errors (5 pixels) are visible; and as they are local,
further investigation should be made to find the source of dis-
crepancies between the ortho-image and the road network. Of
these, several are located along roads which are parallel to closely
spaced contour lines. Because the main residual error is in the
across-track direction, one can assume an error in the DEM cre-
ation from the contour lines in these areas during the resam-
pling process.

CONCLUSIONS

Comparisons with results obtained from other experiments
are not necessarily meaningful as radar image and ground relief
may differ considerably from one study to another. Our results
seem to compare well with another fully digital methodology
published earlier (Trevett, 1984) in the case of low relief. How-
ever, our model gives better results in medium and high relief
and with a larger image (more than 10 by 10 km). Use of a DEM
can be assumed to be responsible for the improved results.

One can also suggest that even though the proposed method
is not yet fully developed for use in an operational environ-
ment, it appears that under favorable conditions, effective geo-
metric corrections and rectification are feasible and may be
expected to achieve, with 8 to 10 GCPs, an accuracy of 2 pixels
with a good level of confidence.

Possible improvements in methodology include

(1) Improve the accuracy of GCP acquisitions to get better than 2 to
4 pixel errors, either by using a simulated image created with a
DEM and correlation around the GCPs (Guindon, 1986, 1987); or
by using reflecting targets like radar corner reflectors (Dow-
mann, 1984). In fact, the horizontal accuracy of ground points
determined in radar images is depending mainly upon the qual-
ity of the ground points.

(2) Introduce the position record of the airborne motion to better fit
arcs of ellipse which modeled the aircraft path.

(3) Introduce the flight path variations, because uncompensated
across-track drift of the aircraft may cause azimuth-direction dis-
tortions (Blacknell, 1986).

(4) As for the optical case (Toutin, 1989), use two stereoscopic im-
ages from different paths to obtain an independent estimate of
the third dimension. The stereoscopic plotting and processing
will determine the altimetry and can improve the accuracy of
cartographic mapping and point positioning (Gracie, 1970).

e
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FiG. 6. RMS residuals and errors.
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Fic. 7. Resampled sAR ortho-image (25 by 11 km).

(5) Transform the digital elevation model to a digital surface model
by taking into account the forest height in the resampling process.

Under these conditions, there are strong reasons to believe that
the same methodology, if applied on airborne SAR images with
other viewing geometries, would be reliable for geometrically
correcting images to a precision better than 2 pixels, with as
few as 8 to 10 GCPs.

The acquisition of GCPs directly from the digital topographic
source offers an advantage to this methodology. It can be im-
plemented within the new generation of map image-processing
systems which integrate raster and vector technologies. Regis-
tration of the imagery directly in the same coordinate system
as the digital maps should facilitate the manipulation of the
image-extracted information within the spatial database. Fur-
thermore, the ortho-image which results from the correction
process can be used directly as an additional layer in a spatial
data base, in combination with other thematic, cartographic data
to produce new cartographic products where the ancillary data
overlays properly on the imagery.
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