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CHAPTER 4

Radargrammetry

Author: F.W. LEBERL

4-1 INTRODUCTION

Today we look back at almost a half-century of radargram-
metry research, beginning with the work by Rinner (1948). As a
result there exists a considerable amount of material about radar
images, geometric models of radar sensors and applications to
mapping tasks. The initial interest in remote sensing with radar
images predates the introduction of the word “remote sensing.”

For about two decades, the published body of radargrammet-
ric work addressed the circularly scanning plan-position indicator
or PPI-radar. The culmination of this interest was the monograph
by Levine (1960), aptly coining in its title the word “radargram-
metry” in analogy to “photogrammetry.” To this day, one denotes
with “radargrammetry” the extraction of geometric information
about objects from radar images.

Side-looking (airborne) radar (SLR or SLAR), both with a
physically long antenna (a so-called “real” aperture) or with an
antenna whose length is obtained by signal processing (a so-
called Synthetic Aperture Radar, SAR), became a focus of pub-
lished studies after the first Symposium on Remote Sensing of
Environment. LaPrade (1963) speculated on stereo-viewing and
the stereo analysis using overlapping SLR-images. Rosenfield
(1968) and Gracie et al. (1970) developed mathematical models
for SLR and SAR sensors. Macchia (1957), Crandall (1969),
Hockeborn (1971) and others reported on successful mapping
projects with radar images, developing conventional and image
maps of cloud-covered tropical areas.

The initial phase of radargrammetry development concluded
with reports on equipment (Yoritomo, 1972; Graham, 1972,
Greve and Cooney, 1974), mathematical analyses (DBA-Systems,
1974; Gracie et al., 1970) and studies on mapping accuracies
(Gracie and Sewell, 1972; Leber], 1974 and others). Simultan-
eously there was a burst of commercial mapping activity along
the world’s tropical belt (Azevedo, 1971; Leberl, 1972 a,b; 1974,
1975d,e.f and others), producing often rather unsophisticated
mapping products in the form of so-called “semi-controlled image
mosaics.” Radar film image strips were assembled into image
mosaics by adjusting the strips to one another and by trying, in a
crude process with wet paper, to place the images correctly over
some control points. Obviously, the resulting accuracy was poor
and the effects of topographic relief were entirely ignored.

This initial developmental phase of radargrammetry was fol-
lowed by a series of studies which were inspired by NASA’s

satellite experiments SEASAT in 1978 (Teleki and Ramseier,
1978), Shuttle Imaging Radars A in 1981 (Elachi et al., 1982a,b)
and B in 1984 (Elachi et al., 1986b). An early predecessor for
these satellite radargrammetry studies was the lunar Apollo 17
mission with the Apollo Lunar Sounder Experiment (ALSE)
imaging radar in 1972 (Phillips et al., 1973; Leberl, 1975c;
1976a). A total of three orbital passes along the lunar equator
resulted in two stereo image pairs covering nearly the entire lunar
equatorial circumference. Extreme look angles from the nadir out
to perhaps 15° off-nadir resulted in a combined altimeter/stereo
measuring system. Angular disparities were very small, yet they
produced useful stereo parallaxes. Mons Maraldi near one of the
lunar landing sites was the target of stereoscopic topographic
shape reconstruction (Figure 4-1).

These lunar radar images were available only in an analog
form, whereas subsequent satellite images from SEASAT were
ultimately created as a digital product. Radargrammetric work
with SEASAT included geocoding by Curlander (1981a,b; 1982)
and Curlander and Pang (1982), but no stereo work was reported,
except for some review-type analysis by Leberl (1980) and Leberl
et al. (1982).

SEASAT was followed by imaging radar experiments on
Space Shuttle flights. With SIR-A it was possible to perform
crossing orbit stereo (Kobrick er al., 1986), but only from film
images. SIR-B generated strictly digital data that led to a series of
useful stereoscopic data sets with variable incident angle geome-
tries (Leberl et al., 1986a,b,c,d). Overlapping images taken with
different look angles were orthorectified and co-registered. The
resulting images were used to present color presentations showing
individual images in red, green and blue. In fact, this encodes a
so-called “incident angle signature” of various materials in color
(Cimino et al., 1986).

Digital radar image processing has led to several significant
radargrammetric developments: a fully operational aircraft radar
mapping system called STARMAP (see Section 4-13.2); an elab-
orate stereo radar analysis tool kit to process NASA’s Magellan
radar images of planet Venus; and numerous systems to
“geocode” radar images, in particular European ERS-1 images
(Schreier, 1993). The operational aircraft-based radargrammetric
mapping system STARMAP is based on 1) a digital real-time
imaging radar and 2) on aircraft position observations with the
Global Positioning System (GPS), thereby avoiding any reliance
on ground data and ground control points, with the exception of
check points for differential GPS (Mercer et al., 1986; 1989;
Lebert et al., 1987; Leberl and Mercer, 1987; Leberl, 1990).

NASA’s Venus mapping project “Magellan” resulted in the
most elaborate and consistent global radar image data, consisting
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Figure 4-1. Apollo Lunar Sounder Experiment (ALSE) imagery over Mons Maraldi near the equator on the
Moon (above). This radar image was taken at 2 m wavelength and was combined with a second image to
form a stereo pair and to create a digital model of the mountain with about 1000 m elevation. Below: Optical
camera image taken from the Apollo 17 command module (from Leberl, 1975¢).
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of about 400 Gigabytes of SAR images, covering the entire planet
and developing a second and third coverage of large segments of
the surface. This program lent itself to numerous stereo- and non-
stereo mapping experiments (Lebetl et al., 1992a,b.d). An impor-
tant element of the analysis was the reconstruction of relief from
shading variations. For this purpose, several authors have con-
tributed work on shape-from—shading (Wildey, 1986 a,b; Kirk,
1984, 1987; Thomas et al., 1990) and applied it to Venus
Magellan images (Kirk et al., 1992: Leberl et al., 1991b,
1992a,b,c). A Magellan stereo-radargrammetric software system
has been designed and implemented for use by individual scien-
tists at their desk side for processing small data sets (Leberl,
1993).

The ability to process overlapping images from opposite
look angles has never been implemented. An initial study into this
issue was performed by Fullerton ez al. (1986), but considerably
more work will be required to begin the use of image pairs from
opposite look geometries. This issue has become particularly rele-
vant for the Magellan data set, where an opposite look angle cov-
erage exists, but cannot be used properly since matching of the
two coverages has not been possible in accentuated terrain.
Straight forward ortho-rectification of ascending and descending
orbit ERS-1 images with a given digital elevation model typically
results in mismatches of about +4 pixels (60 meters, as reported
for example by Rott and Nagler, (1994)).

The most recent technology to become relevant for radar-
grammetric surface shape reconstruction is interferometry. While
its use for terrain mapping goes back to the early 1970s (Graham,
1974) it had not become a serious option for operational terrain
mapping until fully digital radars were available in combination
with sensor positioning systems like GPS. While no operational
system is being used today, its transition to operational use is
imminent. A further discussion of interferometry is presented
elsewhere in this text (see Chapter 6); its likely impact on radar-
grammetry is the topic of Section 4-12.

The push to develop interferometry derives from work at the
Jet Propulsion Laboratory, where initial efforts were undertaken
in the context of radar astronomy to employ digital radar signals
for interferometric measurements. This culminated in demonstra-
tions aboard an aircraft (Zebker and Goldstein, 1986).

The increased interest in this technology is largely supported
by data from the European Remote Sensing satellites (ERS-1,
ERS-2) with its synthetic aperture radar imaging system. These
satellites have greatly stimulated radargrammetric work in
Europe, as documented by the series of workshops with proceed-
ings of the GeoSAR group (Proceedings of GeoSAR, 1987, 1989,
1991, 1994); and as described by 2 collection of papers compiled
about ERS-1 geocoding (Schreier, 1993).

One may expect that the interest in radar image processing
and radargrammetric issues will continue and even increase. At
the time of this writing, Space Shuttle SIR-C has just shown spec-
tacular multi-frequency images. SIR-C flew in combination with
the German B-SAR in two flights in 1994; ESA’s ERS-2 was
Jaunched (1995), ESA’s ENVISAT is being prepared for launch
in (1998) and Canada’s RADARSAT was launched (1995).
Russia’s ALMAZ-2 and various airborne systems are on standby.
The analysis of these data will increasingly become more sophis-
ticated and employ images acquired 1) from different sensor posi-

tions to vary incident angles, 2) at different times to vary surface
characteristics and to look for change, 3) with different imaging
parameters such as frequency and polarizations to analyze sensi-
tivity to certain characteristics of objects, 4) at arrangements for
interferometric analysis. These analysis techniques will increase
the importance of methods to manage the geometry of images and
to unravel the ambiguity of backscatter effects from terrain shape
and surface materials.

This chapter consists of 14 sections belonging to four parts:
1) Part A looks at a few images and considers some basic equa-
tions; 2) Part B discusses a radargrammetric tool kit with resec-
tion-in-space, simulation, image rectification or geocoding, radar
image matching and matching of dissimilar images taken at dif-
ferent times; 3) Part C addresses the reconstruction of surface
topography and matching of dissimilar radar images, taking a
look at stereoscopy and other ways of extracting shape informa-
tion from radar images such as Shape-from-Shading, and con-
cluding with radar interferometry; and 4) Part D discusses
NASA’s Magellan mission to planet Venus, and Burope’s ERS-
project, and the Envisat-SAR follow-on effort.

The topic of “applications” is not specifically addressed,
although information on applications is given. A very successful
application with a focus on geometric processing of imaging radar
concerns sea ice motion (see Section 4-13.1). This example of
radargrammetric mapping is discussed in a cursory manner. Radar
image mapping at a scale of 1:50,000 is also presented. Note that
routine mapping with overlapping radar images is now a reality
and promises to remain an offering of mapping technology; the
move from the research laboratory into commercial application is,
however, only a recent accomplishment. Radar stereopsis’ role as
a mapping tool is uncertain when considering the rapid advances
made in radar interferometry, both from satellites with repeat
orbits and a single antenna, or with dual-antenna single pass inter-
ferometry from aircraft, and possibly from space.

4-2 SAMPLE RESULTS OF
RADARGRAMMETRY

Figure 4-2 is a pair of Intera Technology’s Star-2 aircraft
radar images from an operational 1:50,000 scale image mapping
project. It illustrates the quality of stereo radar images that one
will typically see in softcopy. Figure 4-2 presents pixels of 6
meters resolution, covering about 4 km X 4 km in parts (a), (b).
The stereo impression shows that the (photo-equivalent) “base-to-
height-ratio” is acceptable, ie. the vertical dimensions are well
accentuated. The peak of the mountain shown in parts (c), (d) is
about 1000 m above the river valley. One also immediately
becomes aware of the problem of radar stereo, namely the differ-
ences in illumination. In image 4-2(c), the shadow extends from
the mountain top to some relatively short distance into the flat ter-
rain, while in 4-2(d), it extends much further; there is not a stereo
impression in the shadow area. The stereo impression and stereo
measurement option exist only in areas that are free of shadows in
both images.

The image pairs in Figure 4-2 present a same side geometry.
That is the operational arrangement for radar stereo mapping.
Figure 4-3 is a mapping result at a scale of 1:50,000. The height
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Figure 4-2. Image pair for same-side stereo radar, covering 4 km x 4 km (a,b) and 2.5 km x 2.5 km with 6 m pixels. X-band (3
cm wavelength), taken from about 9 km flying height. The areas are segments of the Brazeau-range in Alberta, Canada, with
the STAR-2 synthetic aperture radar (courtesy Intera Technologies Ltd., Now INTERMAP).

accuracy supports a 100 meter contour interval. The 50 meter
contours are interpolated in between those at 100 m. Note that the
contour lines are being generated by digital elevation computa-
tions and are not directly plotted. Again, areas of shadows do not
show height information; the contour lines are merely interpolated
through the shadows by the computer.

This product is found to be useful for mineral and oil explo-
ration. Typically the right to explore a certain area is obtained for a
certain period of time. There may not be time for any conventional
type of mapping. The radargrammetric process can reduce a result
very quickly. One may process a 10,000 square km area within 4

weeks from receipt of raw images. Image maps are found to be
satisfactory in supporting the exploration and field operations.
Figure 4-3 shows contour lines without editing by a cartogra-
pher; therefore, small geomorphological detail is in error. The
digital elevation model (DEM) is obtained by regularly sampling
a square grid and then adding terrain break lines. This input data
set is used to interpolate contours and a dense square grid DEM
with a resulting error of 20 to 40 meters in height. Figure 4-3 is
representative of a 20 to 40 meter accuracy in height, which is not
common in photogrammetric mapping. Therefore, a user may not
have a good sense of what to expect from such a mapping prod-
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Figure 4-3. Segment of an image map produced from SAR images of the type shown in Figure 4-2. The geo-coded radar
images are combined with terrain contour lines at 100 m intervals, and are typically presented at scale 1:50,000 (i.e., with 8 pix-
els per mm). The deliverable paper map is accompanied by a digital file with an ortho-rectified radar image coverage and a
digital elevation model (This sample was produced by Vexcel Corp., Boulder, Colorado, for Intera Technologies Lid, Calgary,

Canada).

uct, particularly when customary photogrammetric mapping is
with accuracies of 1 point in 10,000 of the aircraft’s flying height,
ranging from =5 cm to £1.5 m.

In their DEM-format, the height data are also being utilized
for geophysical/seismic modeling for exploration. The DEM can
also support predictions of how formations continue underground.

Note that radargrammetric mapping is not based on any use
of ground control points. Ground control would be very expensive
in remote territories for which SLR/SAR images are useful.
Therefore, the geometry depends completely on the global posi-
tioning system (GPS). An airplane carrying the radar sensor must
be equipped with a differential GPS with one antenna on the air-

plane and one on the ground. Both are receiving at the same time.
While the aircraft’s position is measured as accurately as the GPS
permits with a single on-board receiver, this would be insufficient
for the measurement of radar stereo parallaxes. Therefore, the
GPS observations on the airplane must be post-processed jointly
with the observations at the ground-based receiver from the
known location.

Earlier publications about this technology suffered from the
lack of good GPS-satellite coverage, since, until recently, only a
very narrow time window existed each day in tropical areas near
the equator, in which one could track a sufficient number of at
least 4 GPS satellites (Mercer ef al., 1989). Radar mapping is also
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based on inertial navigation (INS) to control in real-time the
imaging operation itself: this consists of steering the imaging
antenna and adding the received radar echoes with compensation
of small irregular aircraft motion (phase history processing of
radar echoes). There are discrepancies between these INS-mea-
surements and GPS-data. The inertial navigation data, however,
have been used to generate the image in real time on board the
aircraft. The inaccuracy of INS, with drifts of 3 to 4 kilometers
over an hour, must be removed by GPS information. This, in turn,
is collected at intervals of a second or so. Conversely the data
gaps in-between GPS-observations are being filled in by INS-
data.

Mapping with radar should include the capability to use the
shadow areas to strengthen the height information that one would
otherwise get from stereo alone. One can measure the height dif-
ference between the end points of a shadow and enforce this ele-
vation difference in the DEM. Finally, one can further refine the
DEM with shape-from-shading algorithms to improve geomor-
phological detail.

Operational radar mapping is organized by map sheets, cov-
ering perhaps an area of 50 km by 50 km at a time. Flight lines
may cover several map-sheets, perhaps 150 km in length. This
requires work with very large images, about 30,000 pixels in one
direction (along-track) and 4,000 pixels across-track for each
image. Operations use several images simultaneously. Interactive
manipulation of multiple images with more than 100 megabytes

in each still represents a challenge when configuring an opera-
tional end-to-end mapping system, even based on the most mod-
ern computing resources.

That this is a true statement has become evident also from
the work done at NASA for its Magellan mission to map planet
Venus (Leberl, 1993), and at the European Data Processing and
Archiving Facilities (PAFs) for the images from the ERS-1-mis-
sion (Schreier, 1993). In both cases “mapping” excludes the rou-
tine and full use of overlapping imagery for 3-dimensional recon-
struction of terrain relief. Instead, operational systems exist for
routine “geocoding,” i.e. the correction of images for systematic
radar-perspectives, or for the terrain correction in cases where an
external DEM is available. The term “operational” is not applica-
ble to the correction of effects of terrain relief extracted from the
radar images themselves by stereo or shape-from-shading.

4-3 PHENOMENA IN RADAR
IMAGES

Radar images are examined next, with an eye on the geomet-
ric point of view. Figure 4-4 shows the Darien Province in
Panama that was mapped in 1967 in a collaborative effort of sev-
eral US companies, including Westinghouse and Raytheon, oper-
ating under contract to the US Army; it was the first systematic

Figure 4-4. Historic radar image mosaic of the Darien Province of Panama, created in 1967 as part of project RAMP (Radar
Mapping of Panama), using airborne real aperture radar imagery in the Ky-band (0.8 cm wavelength). For details see Crandall

(1969).




mapping effort of a jungle area by radar. This area had
not been mapped prior to 1967 (Crandall, 1969). The
map displays contours based on a combination of tech-
niques including altimetry and an early version of
radar-interferometry (Graham, 1974). The use of inter-
ferometry was later abandoned. As already pointed out
above, interferometry was subsequently revitalized in
the digital domain and now holds much promise.
Figure 4-5 may be the first contour maps ever pro-
duced from radar images.

Figure 4-6 serves as a reminder that in radar
images sloping structures or structures extending in
height from a reference plane manifest themselves in
an unexpected manner. In this case the top of a moun-
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Figure 4-5. Segment of a contour map produced by conventional
means (left) and from radar altimetry and radar interferometry as part of
project RAMP for the Darien Province in Panama. This project was dis-
cussed by Hockeborn (1971). The inferferometry work was described by
Graham (1974).

Figure 4-6. Radar images are
the product of range measure-
ments. As a result, one may
image the top D of a mountain
“laid-over” its base F. Note
that each “projection line” is a
circle with its center at the
antenna. The sketch is in a
plane perpendicular to the
flight direction. (Graph cour-
tesy Loral Defense Systems
and G. LaPrade).
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Figure 4-7. Projection lines in a radar imaging “perspective” are circles centered at the antenna, as seen at
right. This compares with a central perspective projection (middie), or with an orthogonal projection (left),
where projection lines are straight.

Figure 4-8. The Gateway Arch in St. Louis, as it extends 600
feet above the banks of the Mississippi, looking westward
towards downtown St. Louis.

tain is imaged before its base so that a slope really “lays over.”
The topic of radar layover is discussed in more detail in Chapters
2 and 3.

The projection line connecting a ground point with an
image point is a circle, unlike in a camera, where it is a straight
line (Figure 4-7). If the ground is projected into an image plane,
think of an image projection plane passing through the antenna.
This may be a horizontal projection plane or also vertical, as
will be seen later. Most geometric peculiarities of radar imagery
result from having circular projection lines. Figure 4-7 illus-
trates that in the central perspective the lines connecting the

object and image are all straight and pass through the projection
center. In radar, the lines connecting objects and images are all
circles and the circles are concentric with respect to the antenna
location. In an orthogonal map projection, the object and image
are connected by parallel straight lines perpendicular to the
image plane.

An image presenting the full complexity of the radar imag-
ing process shows the Gateway Arch in St. Louis (Figures 4-8 and
4-9). LaPrade (1975a) used this image in classes on radar image
interpretation to challenge his students in interpreting the complex
phenomena displayed in this view.

The image of the Gateway Arch consists of a complicated
shape with small extruding elements. The shape is not only a
result of the circular projection lines, but from mirror reflections
(Figure 4-10). The lawn around the Gateway Arch is smooth, cre-
ating a mirror reflection. Secondly, there are also reflections off
the walls of the Arch. This means that part of the structure will
not be visible to the radar because it bounces energy away from
the antenna. However, if the mirror reflection directs energy
towards the ground, and the ground reflects back to the antenna,
then we will see that part of the structure on the radar image. The
radar combines direct reflections off the structure with indirect
reflections via the lawn, and, there are parts of a so-called “no-
show,” i.e. a portion of the structure is not visible because it is
reflecting away from the antenna. This so-called “no-show” phe-
nomenon is often considered a major limitation of radar images
for image interpretation and mapping. Dowman and Morris
(1982) and Dowman and Gibson (1983) repeatedly complained
that radar images miss many of the objects needed for general
purpose maps. “No-shows” could be, however, a strong motivator
for the use of multiple images taken from different vantage points
to ensure that all relevant information is being covered by the sen-
SOr.

Figure 4-11 presents a set of sketches to explain radar
images of cubes, pyramids and even spheres. Figure 4-12 is the
image of a transmission tower at the side of a water body;
Figure 4-13 explains the image. The beach reflects strongly
towards the aircraft. The tower is laid over so that the tip of the
tower falls towards the antenna and a mirror reflection of the
tower exists. This mirror reflection via the water is not on top of




Figure 4-9. SAR image taken of the Gateway Arch with the GEMS-1000 radar system at X-band with ground resolution at 10
meters. Downtown St. Louis is at the bottom. The Mississippi and a few bridges are on the top of the image (courtesy G. LaPrade
and formerly Goodyear Aerospace Corporation, now Loral Defense Systems).

the image of the water but on the land, since the “echo-time” or
slant range to the mirror reflection is longer than that of the pri-
mary image.

In order to explain those images more completely, one needs
to talk about specular and diffuse reflections as well as of dihedral
and tri-hedral reflectors. A building surrounded by a smooth lawn
will always produce dihedral reflections (Figures 4-14 and 4-15).
The roof of a building may appear black because it acts as a mir-
ror reflector. At the sides of a building, the radiation may hit the
grass, the side of the building and bounce away never to reach the
antenna. One may, therefore, see one side of buildings only.
Typical are the L-shapes of buildings due to indirect reflections
(Figure 4-15).

There are many gray tones in a radar image that must be
explained. The gray tone may indicate, as in Figure 4-15, varia-
tions in moisture or in surface roughness. This ambiguity may
not be resolved from a single image. The gray tone may result
from mirror reflections as shown in Figure 4-16, an image of
Sun City, Arizona. Circular streets have houses arranged in such
a way that some have sides facing the antenna and others face
away. In some cases there are mirror reflections off the sides of
the houses.

Figure 4-10. To explain the complex shape of the Arch in
Figure 4-9, note the mirror reflections off the grassy area
around the Gateway Arch, off the smooth surface of the
Arch itself, and of combinations of reflections from the Arch
ontc the grass and back to the antenna (Courtesy G.
LaPrade and Loral Defense Systems).
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Figure 4-11. Sketches to explain the radar imaging geome-
try with the help of cubes, pyramids and spheres. The side
views of the imaging configurations are on top, the images
themselves are shown below their imaging configuration.
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Figure 4-12. SAR-image of a transmission tower at the edge of a water body with a primary image and a
mirror reflection (courlesy G. LaPrade and Loral Defense Systems).

REFLECTIONS
FROM WATER

Figure 4-13. Skeich explaining the genesis of Figure 4-12.
Note that the reflections of the water appear o create an
image that coincides with the area behind the tower (cour-
tesy G. LaPrade and Loral Defense Systems).

Figure 4-17 is an image that confuses the viewer into believ-
ing the image represents a perspective. In reality, however, it is a
radar image from a system looking at the nadir and out to the side.
Figure 4-18 explains the viewer’s impression. In a slant range
radar projection (the radar projection of Figure 4-17), points are
projected along circles onto a projection plane which, for the sake
of convenience, is shown in Figure 4-18 vertically rather than
horizontally as in previous figures. What this produces then is the
appearance of a cylindrical surface.

Figure 4-19 shows the same phenomenon as Figure 4-17
and 4-18, except this time from the Apollo 17 lunar sounder
experiment (ALSE), which flew to the Moon in 1972. In that
case, reflections were received and superimposed from both
sides of the nadir. When one views this material in stereo (using
a second orbit offset from the first one), one can separate the
reflections from the left side of the spacecraft from those off to
the right side. Stereo viewing helps to resolve the ambiguity of
reflections from the left and right side of the orbit track. The
stereo model produces a cylindrical surface (Figure 4-20).
Figure 4-21 presents another ALSE image of a crater; it appears
as if one could look through the ground through a glass surface
to the other side of the crater wall. In layover situations one can-
not separate which reflections are from which surface when
viewing a single image. However, one can separate them visual-



194 PRINCIPLES & APPLICATIONS OF IMAGING RADARS

\ N 4Ty 4 \\
AN
/1 /
\ A\ / / /
AX/ R Ve 1)

DIFFUSE
SURFACE

Figure 4-14. The concepts of mirror-like and diffuse reflections (see (a), (b)) and of di-hedral (d) and tri-hedral (d) reflections,
typical with man-made objects (courtesy G. LaPrade and Loral Defense Systems). a - top left; b - top right; ¢ -lower lef; d -
lower right

Figure 4-15. Radar images of flat-roofed houses shown in black since they reflect like mirrors, with typical L-shapes of the build-
ing’s side-walls, and of open space (courtesy G. LaPrade and Loral Defense Systems).
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Figure 4-16. GEMS-1000 SAR image of Sun City, Arizona where streets are circular and di-hedral reflections
from houses and grassy front lawns show up distinctly (courtesy G. LaPrade and Loral Defense Systems).

Figure 4-17. L-band (25 cm wavelength) SAR image of an island in the AHlantic, acquired by a NASA-JPL
system. Slant range presentation covering about 10 km from the radar’s nadir and sideways. Ground reso-
lution about 10 m; flying height about 10 km (courtesy NASA-JPL).

195
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Figure 4-18. Sketch to explain the apparent “bird’s eye perspective” of the radar image in Figure 4-17. The
slant ranges represent a “circular projection” where the slant range is plotted linearly in the cross-track
image direction. This corresponds to an intersection of each “projection circle” with a plane through the
flight line. We illustrate this with a verfical plane. We note that points 1 through 8 are projected onto a slant
plane as if these points had been on a cylinder and as if they had been projected by a parallel projection.

viewing a single image. However, one can separate them visual-
ly by stereopsis.

The need to fully understand the intricate imaging phenom-
ena of radar has been illustrated in NASA’s Magellan mission
and in ERS-1 in Europe. Figure 4-22 presents an example of two
images of an area 2° South of the equator of Venus, taken in
Cycles 1 and 2 of the mission in 1990 and 1991. The fairly steep
look angles of the imaging geometry compress some of the steep
slopes by foreshortening into a narrow strip of pixels (Fig. 4-
22a), and in the second coverage at an even steeper look angle,
it is laid over (Fig. 4-22b). Consequently, a scientist looking for
evidence of landslides on Venus may mistake the laid over
imagery as a landslide, as actually happened during the heated
“hunt” for interesting geological evidence as the Mission was
unfolding in 1991.

A major advantage of radar images could be their sensitivity
to look and azimuth angles. However, to date it is still not possi-
ble to reliably match images taken at different look angles and
even less so at different azimuth angles. So-called opposite side
image pairs are so different that any attempts at matching them
have so far failed. Evidence of the difficulty of this matching task
is obtained from Figure 4-23. These two ERS-1 images over
alpine terrain in the Tyrolean mountains (Austria) are very differ-
ent and illustrate that the information in the second image is either
not the same as that in the first, or is encoded in a dramatically
different manner.

4-4 SOME BASIC
RADARGRAMMETRY EQUATIONS

The basic elements of modeling a radar sensor have been pre-
sented in the literature by various authors, involving Rinner (1948)
and Levine (1960). Photogrammetric authors such as Rosenfield
(1968), Gracie et al. (1970) and others have continued and refined
this discussion. Here the basic ideas are presented in the form that
this author has chosen in the past to describe the geometry of radar
images (Leberl, 1972a,b; 1978a,b; 1979a,b; 1990).

4-4.1 PROJECTION EQUATIONS

The physical measurements which are obtained from radar
images are slant distances from the antenna to an object point,
denoted by r, and the time ¢ at which that distance was measured.
In addition, there may be measurements of the radar antenna’s
position and attitude, and some parameters of the sensing process
such as the so-called “squint angle” 7. A general formulation
relates object coordinates (X,Y,Z) = p to some sensor system with
unit vectors u,y,w (see Figure 4-24).

One can write the following vector equation which repre-
sents three algebraic equations:

p=s+A*p*
(4.1a)
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Figure 4-19. The Apollo Lunar Sounder Experiment (ALSE) in 1972 produced SAR images from Apollo 17
while it circled the Moon, using a radar imager from a lunar orbit at 116 km above the Moon at 2 m wave-
length, pointing the antenna at the nadir and to one side. The images are presented with slant ranges.
Partial reflections are displayed from the left side of the orbit, although the antenna received most echoes

from the right side of the orbit.
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stareo model

Y =B/2

Figure 4-20. Sketch to explain the cylindrically shaped
stereo model from two orbits O', O" of the nadir-imaging
ALSE-radar. The slant-range presentation distorts even a flat
ground surface into a cylindrical shape. In ALSE this is very
distinct since the radar pointed at the nadir and to the right.
This is not common with other imaging radar systems, per-
haps with some exceptions such as the NASA-JPL radar used
to produce Figure 4-17.

with:
* — 5 g «
pr=u,cutvy, vt w,w
u,=r-sint

vy, = r - (sin?8 - sin?7)1/2

w, =1 - cosf

where r is slant range, 7 the squint angle, 6 the "off-nadir-angle”
of the object point within the sensor system, u the longitudinal
axis of the radar antenna, w the vertical axis, and v completes the
rectangular system. Vector s = (X,, ¥, Zy) contains the sensor
position coordinates; A is the rotation matrix between the X,¥,Z
and u,v,w systems. It has elements a,,, a;... a35. One can rewrite
the vector equation (4.1) as:

X=Xg+ay  r-sint+ap, (sinP-sin?9)2 - r-ay5 - r - cosd
Y=Yq+ay "1 sinT+ ayy (sin@-sin?9)2 - r - g,y - r-cos

Z=7Zy+a3) "1 SInT+ay, (sin@-sin20)2 - r - az5 - r - cosf

ALONG TRACK VIEW

116 km
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TIME
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Figure 4-21a (above). Lay-over illustrated with a sketch
illustrating the imaging geometry. (Courtesy C. Elachi,
NASA-JPL).

The inversion from sensor to object space of course produces:

p*=4T -9
(4.1b)
or

u=ay (X-Xo)+ay (Y-Yo) +a3(Z-Zy)
v=djp (X-X0)+6122 (Y— Y0)+a32 (Z'Zo)

w=daj (X-X0)+a23 (Y— Y0)+a33 (Z-Zo)

This set of equations represents a “perspective equation” for
imaging radar by relating an object point’s p sensor coordinates to
the equivalent world coordinates. This is analogous to common
photogrammetric equations except that there are no image coordi-
nates directly evident from the equations. Image coordinates are
represented only indirectly. Assume that image coordinate x is
proportional to time ¢ and that image coordinate y is proportional
to slant range . Then:

r=y-f+d
4.2)
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Figure 4-21b (above). An ALSE-SAR image of a lunar crater. Note how the slant ranges create a
false bird’s eye perspective. (Courtesy C. Elachi, NASA-JPL).
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Figure 4-22. Example of two radar images from NASA's Magellan mission to planet Venus taken at different
look angles of 43° and 22° off-nadir. As a result steep slope appears in the shallower look angle foreshori-
ened fo a narrow strip of pixels, and in the steeper look angle geometry the same slope is laid over. An
unsuspecting interpreter may conciude that the tferrain has undergone a “land slide” between the time the
first and second coverage was obtained (Leberl ef al.,, 1992d).
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Figure 4-23a (above). ERS-1 radar images over the Tyrolean
Oetz-Vadlley, taken from ascending and descending orbits,
and therefore at opposite side look geometries. The dissimi-
larities between the two images seem to suggest that they
each do not contain the same information but contain inde-
pendent and fresh information. Pixel size is 12.5 m.
Wavelength is 6 cm. To aid in orienting the viewer, there are
3 features marked in both images.

t= 1 (g - 1) - (6 - X Oy - %)

where i is an index for a reference time ¢, and x; is the along-track
coordinate corresponding to clock time ¢;; f and d are coefficients
to convert y-coordinates into slant range r.

However, assume that an image point is measured in an arbi-
trary comparator coordinate system xg- yg. It is necessary to
transform xgyy into xy as follows:

x=(a1 'xK+a2yK+a0)
y=(-ay xg+a; yg + a3)

where ag, a,, a,, a; are the parameters of a linear conformal trans-
formation.

The sensor position s = (Xg, Yy, Zg) results from the measure
of imaging time, ¢. One works with ¢ and 7, but needs to compute
them from image coordinates x, y. The conversion may be denot-
ed by a process called "inner orientation,” using classical pho-
togrammetric terminology.

Just as in standard photogrammetric systems, equation (4.1)
represents three equations for each image point. In a radar system
where one knows all observable parameters one finds four
unknowns to compute in order to position a point on the ground.
These unknowns are X, Y, Z and angle 6. The slant range r is mea-
sured in the image. The squint angle 7 is known as a parameter of
the radar. The exterior orientation of the aircraft or satellite is

Figure 4-23b (above). ERS-1 radar images over the
Tyrolean Oetz-Valley, taken from ascending and descend-
ing orbits, and therefore at opposite side look geometries.
The dissimilarities between the two images seem to suggest
that they each do not contain the same information but
contain independent and fresh information. Pixel size is 12.5
m. Wavelength is 6 cm. To aid in orienting the viewer, there
are 3 features marked in both images.

known as a function of time #, so that one can develop the rotation
matrix A at each instant z. Then it is necessary to eliminate the
unknown 6, an analogy to the scale factor in photogrammetric
equations (where the unknowns are X, Y, Z and scale). In pho-
togrammetry there are also 3 equations for point p; one typically
divides the first equation (for X) by the third (for Z) thereby get-
ting two equations with three unknowns X, ¥, Z.

In radargrammetry, eliminating angle @ is slightly more
involved. One builds from the three equations for X, ¥ and Z in
equation (4.1a) or in equation (4.1b) two new ones by forming:

D2+ 2+ w2l = 2= [X - X2 + [V - Yol + [Z - Zo]?
4.3)

This is the equation of a sphere with center X, ¥, Z, and
radius r, thereby eliminating the rotation elements (antenna atti-
tude), the look angle 6 and the squint angle 7. One also forms

[u/(2+wd]l=tan T
“4.4)

This is the equation of a cone with the vertex also at X,,Y(,Z,
and a cone angle 180°-27. This is the co-called Doppler cone of
SAR. The basic radargrammetric equations are thus those of a
range sphere and a Doppler cone. Orientation matrix A of equa-
tion (4.1), and its elements a;;, contain the “attitude” angles of the
synthetic antenna of a SAR. This attitude is of course defined by
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the velocity vector of the real antenna. In fact the synthetic anten-
na is formed by moving the real antenna through space. Its atti-
tude is the direction of that motion.

The attitude is of no relevance in defining the range sphere
(equation 4.3), and it defines the axis of the Doppler cone. How
does the conventional rotation matrix A relate to the axis of the
Doppler cone? Generally, the attitude of a 3-D coordinate system
is represented by the rotation matrix A. It has the customary form
with 9 elements which represent the 3 angles of rotation around 3
coordinate axes X, ¥, Z. These angles can be defined in many dif-
ferent ways, as is well documented in the photogrammetric litera-
ture. One particular implementation uses ¢, @ and K as a primary
rotation around the Y-axis, a secondary around X and the tertiary
around Z. The rotations are denoted as tilt (@), roll (@), and yaw
(x). This produces:

a, dp a;
A=|a, a, ay

dy dy Gy

with a); = cos@. cosK
a1, =sing@ . cosk . sin® - sink . Cos®
a3 =sing@ . cosK . cosw + sink. sin®
Gy = Ccos@ . sink
ayy = sin@ . sink . sin® + COsK . COSW
ay3 =sing@ . sink . cos@ - cosK . sin®
az| = Sin(p
a3y = COsQ - sinw
433 = COSQ . COSW

Note from the elements of the rotation matrix A that in equa-
tions (4.3) and (4.4) there is no roll angle @ since all elements a;;
containing @ cancel out. The attitude of the sensor is only defined
by two angles, namely yaw x and pitch angle ¢, but not by roll
angle @. Note also that the intersection of a co-located sphere and
cone is a circle in space. This "projection circle” was discussed
earlier in Figure 4-7 and is further illustrated in Figures 4-25a and
4-25b.

A special case exists when the squint angle 7 is zero; that is
an image with Doppler frequency zero; i.e., imaging is in a plane
perfectly perpendicular to the sensor’s velocity vector. The cone
simplifies (degenerates) into the equation of a plane.

As stated earlier, sensor “attitude” and rotation matrix A are
defined by the antenna’s yaw, pitch (and roll) angles. Space
Shuttles or other satellites use synthetic antennas, thus with the
antenna extending along the velocity vector; this means that the
local antenna coordinate system u, v, w has its y-axis along the
velocity vector of the real antenna, and w points to the nadir. Yaw
and pitch angles are therefore usefully defined. Again, since
“roll” angle ® is of no relevance in equation (4.3) of a sphere or
in equation (4.4) of a cone, the roll-motion of the antenna will not
change the geometry of the radar image.

4-4.2 RELIEF DISPLACEMENT

The projection of the satellite’s (or aircraft’s) velocity vector
onto some reference plane on the ground is called a “nadir line.”

If for an instant of time, ¢, the imaging plane (with squint 7= 0°)
and, inside that plane, a projection circle are defined, one can pro-
ject a point along the projection circle into the object’s reference
plane. The distance between an object point’s true projection and
the orthogonal map projection into the reference plane is called
“relief displacement.”

In photogrammetry each imaged point p on a single photo-
graph is the projection of the corresponding ground point P along
a straight line from p through the projection center. The photo-
graph does not identify where along the straight line the ground
point P lies. In radargrammetry, a single image point defines a
circle, but one does not know where the ground point is located
on the circle. In photogrammetry, a photograph measures direc-
tions, but one does not know the range to each object. In radar-
grammetry, one knows the range but does not know the direction
towards a point. Therefore one can say that a single photograph
provides us with the geometry of a bundle of rays, all passing
through the projection center (the lens), whereas a single radar
image defines a set of concentric circles, all centered along the
path of the antenna. Figure 4-26 shows the fundamental geometry
of the relief displacement and quantifies its magnitude, dp, as a
function of terrain elevation, A, above a reference plane, and as a
function of look angle 6 off-nadir. The approximate relationship
is:

dp = hitan 6
4.5)

Note that this equation applies to a so-called ground range
geometry, something also denoted as “ground plane geometry.”
Range measurements are not directly displayed but are projected
into a reference datum with the sensor at an assumed flying height
H above the reference.

Equation (4.5) is based on the simplifying assumption that
the spherical radar “wave-front” is a plane (rather than a sphere).
This simplification is acceptable if terrain elevations are small
and if imaging is at reasonably large look angles off-nadir, 6, of
more than approximately 30°.

4-4.3 PROJECTING A RADAR IMAGE
POINT ONTO A SPHERICAL PLANET

In order to compute ground point p that is observed in a
radar image, one has to solve for three unknowns, X, ¥, Z; but one
only has two equations, one for a range sphere, one for a Doppler
cone. Their intersection is the locus of p, a circle. To find p on the
circle one needs a second circle, perhaps as part of a stereo
process (see later). One can intersect the two circles and obtain a
solution for p.

Of course, if one does not have a second image for stereo
coverage, but knows the surface, for example the ocean, then one
can establish a relationship between X, ¥, and Z. In this special
case one has a third equation, Z = f (X,Y), and one can solve for
the unknowns X,Y. A non-iterative solution exists to the problem
of intersecting the range sphere, the Doppler cone and the Earth’s
sphere. This has been extensively discussed by Leberl (1979a,
1990). It is also the basis for Curlander’s (1982) work.
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4-4.4 MORE ABOUT ANTENNA ATTITUDE
AND MOTION COMPENSATION

Antenna attitude affects synthetic aperture (SAR) different-
ly from real aperture radar (SLAR). In a real aperture radar the
antenna attitude determines the image geometry and defines the
entries into the attitude matrix A. In a synthetic aperture radar
the attitude of the real antenna has no effect on the image geom-
etry. For example, in a real aperture, the yawing motion of the
airplane or satellite may make the real antenna look forward. As
a result the imaging surface is still a plane, but it is yawed. If the
airplane’s nose goes up, imaging is still in a plane, but a pitched
one.

In a synthetic aperture radar one works with an integration of
the real antenna’s positions. The dense sequence of positions of
the real antenna produces a fictitious line in space. It is the tan-
gent to this line at each position which determines the synthetic
antenna’s attitude. So one will always image with respect to the
antenna’s velocity vector. An image created with respect to a
Doppler frequency of zero will result from a plane perpendicular
to the velocity vector. If the velocity vector changes direction,
then of course the airplane must have moved irregularly too. But
the example of a “yawing motion” will be caused by the velocity
vector as the above-mentioned tangent; the attitude of the physi-

w

Figure 4-24. Coordinate systems of the object with XYZ and
system attached to the sensor with unit vectors u,v,w. The

two systems are linked to another by the position vector s
and rotation matrix A.
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Figure 4-25a (top). Explaining the first locus of an object
point, namely the ‘range sphere” with its center at the
antenna. An imaged point is somewhere on the surface of
the sphere, a distance r from the antenna.

Figure 4-25b (bottom). Sketch describing the second geo-
metric locus for each radar image point, namely the
“Doppler cone” obtained by the “squint angle.” The actual
object is at the intersection of sphere and cone, namely on
a circle with the antenna at its center. The cone degener-
ates to a plane if the Doppler frequency used in the SAR is
set at zero.
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vartical structure
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Figure 4-26. Definition of radar ‘relief displacement’ Ps, using
a simplified radar wave front, replacing the circular wave
front by its tangent (the “wave front” is shown as a dashed
line). Also shown is a shadow cast by a vertical object.

cal antenna has become irrelevant to the geometry of the image.
Should rapid changes in the attitude of the real antenna occur,
then good SAR-systems will detect these and compensate them
automatically. However, the purpose of such compensation is
image quality, not image geometry.

Deviations of the real antenna’s motion from a straight line
(i.e. change of direction of the velocity vector during the time that
the synthetic aperture is being generated) will degrade the result-
ing image. This is a serious issue for aircraft radar sensors. In
order to obtain a new “perfect” antenna motion, a real-time
closed-loop is used, based on an Inertial Navigation System
(INS). During the two or three seconds that a synthetic aperture is
being created, the accelerations are read off the INS, integrated
into velocities and furthermore used to compensate for antenna
motion (in aircraft radars this is the “Motion Compensation” or
MOCOMP). The INS is used to electronically shift the phases
that are coming back from the object so that one compensates for
small variations of the antenna’s position. This step is accurate
enough for the length of a synthetic antenna.

While MOCOMP and velocity vectors are of great importance
in aircraft radargrammetry, orbital systems are sufficiently stable
over the length of a synthetic aperture so that refinements like
MOCOMP are not relevant. In all cases, velocity vectors simply
result as first derivatives, §, of the position vectors s themselves
(note: s = (X, Yy, Zg). The velocity vector may be computed as

s (§i+1 _§i)
T (- ty)

4-4.5 LINEARIZED RADARGRAMMETRY
EQUATIONS

We start from the non linear equation (4.1b) and produce a
linear form by means of a standard Taylor series” expansion. The
result is shown without derivation in Figure 4-27. Figure 4-28
illustrates how an error d@ of the velocity vector’s direction will
cause an error in the image location, dx, in the along-track and in
the cross-track, dy. The sensor position error dX, along track

would simply translate into a position error in the image. The « or
yawing error of the synthetic antenna would translate into the
image via a lever arm of length Y=r*sinf in the cross track direc-
tion. It is intuitively easy to understand the effect of various
errors. Figure 4-29 further illustrates how an imperfect imaging
flight will distort a square grid on the ground.

4-4.6 RADARGRAMMETRIC
RESECTION-IN-SPACE

One begins by measuring the location of several image
points on a radar image. One has an approximate flight path to
describe the flight position X, Y, Z, as a function of time 7. One
also knows the XYZ coordinates of some ground control points.
Based on this information one can set up a system to improve the
knowledge of the (approximate) flight path using the ground con-
trol points. The approach is analogous to that used in photogram-
metry with perspective photographs. The result is denoted as
“resection-in-space,” just as it is called with photographs.

The process begins by computing where the ground points
would fall in the image if the approximate flight data were true.
The projected ground point, p'=(x',y") is then compared to the actu-
ally measured image point, p=(x,y). The differences in along track,
dx=x'-x, and the cross track, dy=y'-y, enter into this computation as
shown in Figure 4-27. Using a sufficient number of known dx, dy-
values, one can compute an unknown error dX; of the sensor’s
along track coordinate X, cross track error dY;, height error dZ,,
and also obtain errors of the attitude vector, do, di.

A radar flight is generated kinematically (by motion).
Therefore, multiple errors occur, for example dX|, for along track
position X;,. One has a continuously variable error dXy(z) as a
function of time, ¢. One can model this, for example, as a second
order polynomial valid over a time span between #, and £,:

dXo(t)=ao+a1't+a2't2, (tIStStz)

with coefficients ay, a,, a, and the independent variable, ¢, for
time.

One substitutes a polynomial for each of the sensor errors,
dXy, dYy, dZy, and so forth, in the linearized form shown in Figure
4-27. In this manner, one is setting up a system of 2 equations for
each control point with “observations” dx, dy in the image to
compute unknown coefficients of the polynomials.

For the example of a single radar image and second order
polynomials to model the sensor errors (i.e. 3 coefficients per error
function), how many ground control points are needed minimally to
solve this system of equations so that the polynomial coefficients
for the error of the along- and cross-track positions, the sensor
height, and the direction angles of the velocity vector can be found?
To derive the answer, one adds the number of unknowns:

(a) One has three sensor position elements, dX,,dY,dZ,
which result in 3 times 3 polynomial co-efficients that
are unknown (i.e. a total of 9 coefficients).

(b) The attitude vector, the direction angles x, ¢, results
from the velocity vector simply as first derivative of the
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position. Since they are a function of the position, they
do not add any new unknowns!

(c) One has a total of nine unknowns in this equation system.

(d)Each ground control point gives two equations.
Therefore, one needs at least four and a half (or five)
ground control points to solve this system of nine
unknowns.

This consideration further simplifies for rectilinear segments
of a flight. A long flight line could be modeled as a sequence of
such straight line segments. In each segment one has 6 unknowns
for the coefficients in the three position errors.

Several studies have been published to model the sensor
errors by various methods, and to include polynomials (DBA-
Systems, 1974), Fourier series (Dowideit, 1977a,b) and spline
functions (Raggam, 1985). Such studies also always address the
questions of where ground control points would best be located to
compute the unknowns.

4-4.7 HOW TO PROJECT A GROUND
CONTROL POINT INTO A RADAR IMAGE

A “resection in space” has the requirement to project each
known ground point into the image. This seemingly trivial prob-
lem presents a challenge. There is no known sensor position s =
Xy, Yo, Zy) at the exact time ¢ at which a specific ground point
was imaged. Instead one has given a sequence of positions s;, that
one may want to connect by straight line segments. Where along
the flight path was a point P imaged, given the dynamic nature of
the changing flight path and the multiple linear pieces describing
the flight path?

If the flight path is modeled as a sequence of linear pieces,
each beginning at time #; and ending at 7;,;, then one defines in each
ground point P a set of planes, each passing through that ground
point, but oriented perpendicular to each of those linear pieces.
These planes represent the imaging planes. One computes the inter-
section point of the linear flight path segment with that plane to
identify the imaging position s for that point, assuming it to be on
the current linear stretch of flight line. One finds whether the “inter-
section point” is within the range of definition ¢; < ¢ < ¢;,; for that
linear piece. Figure 4-30 defines the solution for a set of linear
pieces for the flight path. Upon completion of this search process
one knows that one segment of the flight path for which the inter-
section with the imaging plane is within the definition interval. One
has found the time ¢ at which the ground point was imaged, and
also its slant range r.

Generalizations to non-linear models of the flight path, and a
replacement of the Doppler plane by a non-zero-Doppler cone are
straight forward.

4-4.8 MORE ABOUT PROJECTING AN
IMAGE POINT ONTO THE GROUND

This section expands upon the material in Section 4-4.3. A
location in the SAR-image be given and one needs to know the

dy =sin@-(~dw-w, - ds,)—cos8-(do-v, - ds, )
=dwsin@-r-cosf —sin@-ds,
—cos@-dw-r-sinf+cosB-ds,
=—sin@-ds, +cosf-ds,

dx=—-r-sin@-di —r-cos@-do —ds,

dx=-ds, —p,-dxk—H-do

dy = —(py/r)-dsy +(H/r)-ds,

Figure 4-27. Linearized radar imaging equations relating
errors of sensor position (ds,, ds,, ds;) and sensor aftitude
(de, di) to errors of image locations, dx, dy. Note in the text
we use a notation of ds,=dxg, ds,=dyg, ds,=dZ,.

ground position that corresponds to this image point. One already
knows from earlier discussions that one needs to take the circular
radar projection ray and intersect it with the reference surface, be
this a sphere, a geoid or a detailed digital elevation model (DEM)
superimposed over the geoid. A direct (non-iterative) solution
exists for an Earth sphere and begins by intersecting the range
sphere with the local Earth sphere around the ground point of
interest. The result of intersecting 2 spheres is a circle in space.
This circle now needs to intersect the Doppler cone. This solution
was implemented by Curlander (1982) for the rectification of
SEASAT images and has then become a standard in geocoding of
ERS-1 images (Schreier, 1993; in particular the chapter by
Nuesch et al.).

Figure 4-28. Sketch to explain the principle of the relation-
ship between various errors of sensor position or attitude to
errors of a point’s image location. This example addresses
the individual components d¢ in the equations of Figure 4-27
with the same notation.
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A fairly complicated non-iterative solution also exists for an
ellipsoid (see Leberl, 1978a). For bodies that are more complicat-
ed, iterative solutions need to be formulated.

Of particular interest is an approach that relates each image
point to its corresponding XYZ ground location for the case where
an elevation model Z=f(X, ) is known in the form of a DEM. This
is the basis for so-called “terrain-corrected images” (Schreier,
1993). In photogrammetry, such images are also called “ortho-
rectified.” Creation of an ortho-image is a straight-forward resam-
pling issue, provided the DEM-points and their corresponding
image points exist, as is the case if the DEM were to be the result
of a radar stereo procedure.

More generally, however, the DEM will already exist and a
new radar image needs to be processed. This is the issue of this
section. Of course one finds that all remote sensing scenarios —
not just radar-related ones — are in need of algorithms for project-
ing a point onto the ground. Such algorithms vary due to different
sensor models but are identical in intent. They are very similar to
methods used with optical images. The generalized, radar-neutral
image processing domain consists of three parts:

(2) Computing an “image set-up” by which image and ground
coordinate systems get related to one another (determine
the ephemeris, the radar sensor parameters, etc.);

(b)Obtaining for each image point (pixel) the correspond-
ing object XYZ-coordinate triplet (actually solving for
the XYZ coordinates when the ephemeris, sensor para-
meters and image positions r, ¢ are known);

(c) Assigning a gray value to each pixel of the output
image.

The set-up was always a difficult and important element to
achieve geometric accuracy in the past. It required the computa-
tion of the sensor position and attitude (ephemeris) from the
sensed images themselves, employing “ground truth” in the form
of ground control points. Only where coarse approximations were
acceptable was it sufficient to rely on some known sensor position
and attitude and apply a process called “dead-reckoning.”
“Known’” is either an aircraft’s flight path that is rectilinear or a
satellite orbit that has been predicted.

"Dead-reckoning” uses these predicted or approximate sen-
sor platform data without further refinement by ground truth and
applies the data to the computation of ground positions.

The Buropean ERS mission is the first civilian satellite imag-
ing project where the ephemeris is observed by means of laser
tracking stations and communicated with sufficient accuracy in
the range of *1 meter so that ground control should no longer be
needed. The relationship between image and object coordinate
systems is being established by the satellite mission itself.
However, the same does not hold true for some of the other cur-
rent SAR projects such as the Space Shuttle’s SIR-C flight, or
RADARSAT. Therefore the traditional three-step process remains
in place.

Step A — Image Set-Up: Typically this is accomplished by a
resection-in-space, provided that ground control points exist and
can be identified in the radar image.

In the absence of control points, or an inability to identify
them in the image, “image simulation” has been successfully

Figure 4-30. Projecting a ground point p(X,Y,2) into a radar
image requires that the proper sensor position s(f), as a func-
tion of time, be found from the recordings of the sensor flight
path. sg is the sensor position from where point P was
imaged. This is found by a search process through the
pieces (s;.1-s) of the flight path.

employed in the past (Domik, 1985; Naraghi ez al., 1983;
Curlander, 1986). There, the existing DEM and the predicted
ephemeris serve to create an artificial SAR image. Image match-
ing is used to relate the real to the artificial SAR image, thereby
developing a large number of control points, or making such con-
trol points superfluous.

Step B — Computing Object Points: The search to associate
with each image (r,t) a ground location (XYZ) must normally be
iterative, unless the DEM represents a sphere or ellipsoid. A like-
ly Z is assumed and an X'V is computed directly from equation
(4.1a). However, at X'Y', the DEM will typically not have the ele-
vation Z, but Z". Some new estimate Z" needs to be assumed as a
function of Z- Z", and with knowledge of the general shape of the
DEM in the vicinity of X',Y'. While each geo-coding software sys-
tem needs to have an implementation of this procedure it is gener-
ally not being discussed in the literature. An early paper on this
problem is that by Greve and Cooney (1974).

If Step A was not solved by a resection-in-space but instead
was the result of image simulation and image matching, then each
image coordinate pair (r, f) is directly associated with a simulated
r* t* and in turn with the corresponding ground X¥Z from the
DEM. Therefore Step B needs merely to exploit the relationship
between (r, #) and (XYZ) through a look-up table.

The previous discussion makes the assumption that the DEM
is an externally provided data set. However, it may be the result
of DEM-processing of radar images, be it by stereopsis, shape-
from-shading or interferometry. In such cases the relationship
between (7,£) and (XYZ) is also unambiguously established. For
example, if the Z-value of a DEM has been computed for a given
XY posting using two stereo-positions (r'¢’) and (r",t"), then there
is the explicit image-ground-relationship r'#' — XY in place.
Image set-up is a trivial process in this case.
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4-5 REAL-TIME MATH MODEL FOR
STEREO-PLOTTING

(a) Basic Principle
Photogrammetric “stereo-plotting” uses the analytical pho-
togrammetric stereo-plotter or its successor, the digital softcopy
stereo-workstation. The basic operation of “stereo-plotting” has a
human operator control a computer input device to enter object
XYZ positions into the machine. These positions serve to compute
image points (r't"), (r"t") in the overlap regions on which measur-
ing marks are placed. These marks are observed together with the
images by the operator who accepts the result, or uses the visual
input to change the XYZ position. This is therefore a so-called
“closed-loop” between machine and operator and repeats itself in
real-time, i.e. about 60 times per second. Acceptance means that a
satisfactory XYZ position gets recorded, together with the corre-
sponding image coordinates.
It was stated earlier that routine real-time stereo-plotting fol-
lows a set-up process: an image stereo pair must first be set up so
that it is then available for real-time plotting.

(b) Coordinate Systems

Photogrammetry defines three coordinate systems: 1) the
object’s, perhaps expressed as latitude, longitude and elevation
above the geoid; 2) the stereo model’s Cartesian XYZ and 3) the
two images’ two-dimensional systems. For a camera the transfor-
mations employ the camera’s position and attitude which apply to
an entire two-dimensional photograph.

With radar and other kinematically generated images one
finds a somewhat more involved process because of a constantly
changing flight path. Therefore a given sensor position only
applies to an image line, not the two-dimensional extended area.

(c) Computing Image Points for a Chosen
Object Position

Figure 4-31 sketches one radar-relevant implementation on
an analytical plotter (Raggam, 1985). An operator moves to a
point on the ground, so the hand will move in the Cartesian
XYZ-system or in the spherical system with latitude, longitude,
elevation. The measuring marks in the two images need to be
placed onto those two image points (those two sets of image
coordinates) which correspond to the chosen point on the
ground. From the stereo-set-up one knows the parameters of the
relationship between images and the ground. These are stored
on-line.

As one moves the object point, the measuring marks in the
images need to move also to image locations of the XYZ point
(see also Section 4-4.7). An equation is solved by forcing the
squint angle 7 to be at its nominal value. As we move from one
point to another one in XYZ-space, the sensor has to move along
its flight path enough of a distance so that the nominal squint
angle gets reestablished. This provides the sensor position Xg, Y;,
Z, and attitude angles &, ¢. This permits one to compute r,¢ and
place the measuring mark over the desired corresponding image
point. This real-time solution was originally implemented on a
LEICA-KERN DSR analytical plotter (Raggam and Leberl,

1984). The flight path is non-linear, but is being approximated by
straight line segments. The issue of how many segments can be
used to model the flight path is a function of the stereo model set-
up using ground control.

Similar models were independently developed 1) in Europe
by Dowman and Morris (1982); 2) for US Defense applications
on the photogrammetric stereo measuring device APPS-IV, on the
analytical plotter AS-X-11 (Autometric, 1982), and on the pho-
togrammetric stereo machines built by Intergraph using software
developed at SAIC-Florida (Poehler et al., 1993). All of these
systems operate with film images. Softcopy images can be
processed by software systems developed by Raggam and Leberl
(1984) under the name “RSG,” and by STARMAP, a system
developed for INTERA (Canada) by Vexcel Corp. (Mercer et al.,
1989). Science Applications International Corp. (SAIC’s) system
is also being converted to operate on softcopy source material
(Poehler et al., 1993).

4-6 IMAGE SIMULATION

4-6.1 MATCHING RADAR IMAGE
AND DEM

One may need to process radar images of mountainous areas.
In that case it is often difficult to identify ground control points.
Figure 4-32a is an example of an SAR-580 image that was
obtained by the Canada Centre for Remote Sensing in the
Austrian Alps. No ground control points exist that would be easi-
ly identifiable in that area. How does one orient oneself in an
image like that?

In the absence of ground control points, image simulation
helps relate the radar image to the ground. Figure 4-32b is a map-
derived DEM. It is helpful for a first orientation to simulate an
image with the nominal imaging parameters of the radar. One
obtains an image with the same illumination geometry as the
radar and can superimpose the radar image over the DEM area
without ground control points (Domik, 1985; Domik et al., 1984,
1987). This has routinely been used at NASA’s Jet Propulsion
Laboratory, initially to match digital SEASAT images with
mountainous terrain. In such cases, distinct ground control points
are typically not identifiable. Instead, one needs to employ just
the high-contrast elements that result along ridges and drainage
features in a radar image as correspondence features (Naraghi et
al., 1983, Curlander and Pang, 1982). Figure 4-32¢ presents the
matched radar image and DEM. A second example with ERS-1 is
illustrated in Figures 4-33 and 4-34.

The support obtained from simulations based on DEMs was
used in the work by Domik (1985) and has become the standard
for radar image processing in mountainous terrain. Such functions
are therefore included in some radar image processing software
packages, for example the commercial product “Easi-Pace” by the
company PCI (Canada).
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4-6.2 COMPARING IMAGES AND IMAGE
PREDICTION

Some simulation work was used in SIR-B studies to obtain
registration among images. An area of intense interest was in
Argentina near the “crossover point” where all Shuttle-orbits
intersected. This resulted in nine images, some of which were
taken with ascending orbit, others with a descending orbit, pro-
ducing coverages that look dramatically different from one anoth-
er and present a limitation to one’s ability to match the images
(Cimino et al., 1986).

The Shuttle SIR-B mission was the first to produce some
quantity of generally available imagery with this variation in
imaging geometries. Since then, ERS-1/2 and RADARSAT have
augmented the stock of test data sets with some parameter varia-
tion. Several examples exist where areas are covered with two
distinctly different incidence angles of 23° and 35° in the “roll-
tilt” mode of the Shuttle.

Figure 4-35 presents SIR-B images of the same area that
may look initially very dissimilar; these were part of a series of
studies performed by Domik ez al. (1988). Illumination direction
varies by 90°. A town (Jose de S. Martin) can be recognized in
one coverage because the buildings and streets are well illuminat-
ed and appear bright. The town is less visible in the second image.
Such images motivated an effort to use one image as input and to
predict how the other image would look. If the predicted and actu-
al images were similar, then one could assume that prediction is a
valid method to support a matching algorithm for opposite side
radar images.

A geometric and a radiometric transformation to change
from one aspect angle or illumination direction to a new one is
needed in order to predict one image from the gray values of
another. Image prediction presents both a radiometric and geo-
metric challenge.

Domik et al. (1988) based their analysis on a DEM created
from an aerial photography source (Figure 4-36). A mathematical
model for the prediction of a descending orbit image from an
ascending orbit image was defined and implemented by the
authors. There were several methods studied and reported in the
study. Figure 4-37 describes the one used successfully in this
application. This Figure suggests that a relationship exists
between the incident angle “i” of the radiation (which of course
is a function of the slope of the ground and the imaging geome-
try), and the amount of energy that comes back to the antenna.
This relationship can be exploited. The approach has an unknown
coefficient “a” of the ground and the unknown incident angle “i;”
these define the intensity received at the sensor. This approximate
model was first put forward by radio astronomers, in particular
Muhleman (1964) and Hagfors (1969), mostly to model
microwave reflectivity of planetary surfaces at steep incident
angles such as those under which planets would be imaged from
Earth-based antennas.

Now if reflectivity “a” and the incident angle “i” were known
the new image could be computed. One prediction technique
demonstrated by Domik e al., (1988) takes the input image to

sl

e compute the surface property “a
dent angle,

from the known inci-

Figure 4-31. Real-time mathematical model updates the
location of the stereo pair of image coordinates 7, ¥, ', t' as
a result of an operator action of moving the object location
fo X, Y, Zin the object coordinate system. In the solution by
Raggam (1985) the measuring marks in the left and right
images are moved until the squint angle f is again at its
nominal value.

» then goes with that coefficient into the opposite-side
geometry to compute the new incident angle from the
DEM

» and computes 2 new backscatter value with the “known”
surface property coefficient “a.”

This is thus one of several possible techniques that are all
similarly justifiable. They all raise the issue of being able to com-
pare images, to compare the prediction with reality and to find an
explanation for the differences among images and between image
and prediction. If the terrain slope were known, if something fur-
ther about backscatter curves of certain materials was known and
if one had multiple observations of an object, then the multiple
images could be used to draw conclusions about the materials on
the ground.

Figure 4-38 shows a SIR-B input image from the ascending
orbit, the prediction of the descending image and the actual image
from the descending orbit. This study by Domik et al. (1988)
stimulated ideas for the use of radar image simulation work based
on DEMs. Simulation is of value because images can look very
different from various orbits and aspect angles. Subtle, relevant
differences need to be revealed by elimination of overpowering
primary differences due to surface geometry. This elimination is
accomplished if the two images are made similar through “image
prediction” as described here.

As noted earlier a major radar image processing problem has
so far remained unsolved, i.e. the problem of merging so-called
opposite side radar images into a precision-registered data set.
One is encouraged by the ongoing simulation and prediction work
to see opposite side radar images matched with the help of DEMs
and simulations.
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Figure 4-32a. Canadian SAR-580 image at X-band (3 cm wavelength) of an area in the Tyrolean Oetz-
Vadlley, Austria, at 2 m pixel spacing.

Figure 4-32c. (Figure 4-32b appears on the next page) Geocoded (ortho-rectified)
radar image to support the scientific analysis of radar signats in image Fig. 4-32a
(Courtesy G. Domik).
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Figure 4-32b (above). Input DEM of an area that includes the portion covered in Figure 4-32a. DEM is derived from
aerial stereo-photography.

4-6.3 SIMULATION FOR STEREO-STUDIES

Simulation has been used frequently to support sterco work,
for example by Domik (1985), Kobrick et al. (1986) and Thomas
et al. (1986). One illustration is the effort to predict how
European ERS and Japanese ERS images could be combined. A
SIR-B image from Mt. Shasta was the source for such an analysis
by Thomas et al. (1989). Figure 4-39 shows one of the SIR-B Mt.
Shasta coverages. Using the prediction technique mentioned
above, this image served to predict a Japanese and European ERS
image after rectification. Use was made of the differences in look
angle. However, sensor wavelength was ignored. Predictions were
assumed to be L-band images (as in SIR-B) when in fact, of
course, the European Earth Remote Sensing satellite images are
acquired in C-band.

4-6.4 DISCUSSION

(a) Concerns about Backscatter Models

One is often faced with critical comments that express con-
cerns about an approximate backscatter model, e.g. Muhleman’s
(1964) when presenting radar image simulations and predic-
tions. However, a simulation could use as complex a backscatter
model as the user can define. Approximate backscatter models
must be used as long as knowledge about the surface properties
is not refined. One may argue that computation of a Muhleman
parameter “a” from one single image with a known single inci-
dent angle is a more meaningful exercise than using no model at
all. A generalization of the approach to two or more backscatter
parameters, and therefore to more complex shapes of the
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Figure 4-33a (above). Part (a) shows an European Space Figure 4-33b. A DEM of a Icrg_er area than that in Figure 4-
Agency ERS-1 radar image of the Otz-Valley which was also 32b, and at a reduced resolution.
shown on aircraft radar in Figure 4-32.

'20km x 20km

Figure 4-34a (above). Simulation of the ERS-1 image shown in Figure 4-34b The change from the input image in
Figure 4-33a using the DEM of Figure 4-33b and knowledge Figure 4-34a to this ortho-rectified result is fairly dra-
about the satellite orbit. Note the similarity between the real matic. This is caused by the steep look angles of the
and simulated radar images. Attaching fo each radar image ERS radar.

pixel an elevation value permits one to create an orthorectified
(geo-coded) image product (b). Comparing this with the illumi-
nated DEM produces many homologue features which would
not be identifiable from the original SAR image in Figure 4-33a.
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Figure 4-35a. One of the SIR-B radar images near the cross-
over point in Argentina. The L-band image (25 cm wave-
length) were taken from a decending orbit near a town
called S. José de Martin (Courtesy G. Domik).

Figure 4-35c (above). Same as 4-35q, from desceneing
orbit, but at a different look-angle off-nadir.

Figure 4-35b. Same as 4-35q, but from an ascending orbit.

backscatter curve, would be feasible if multiple images at differ-
ent incident angles were available and could be co-registered.
Co-registration can be accomplished if the terrain shape is
known through stereo-matching or interferometry. Two gray
values for an object point, at a known terrain slope, would
define a two-parameter backscatter curve for that object point
and therefore could lead to a promising classification scheme of
surface materials.

(b) Simulation without Regard for Wavelength
Geometric radar image processing such as in stereopsis may
be insensitive to specific wavelength bands. The stereo-work of
Domik (1985) is an example of the usefulness of simulation for
such geometric studies. Matching points between a DEM and a
radar image represent a second class of problems that are largely
neutral to wavelength.

(c) General Concerns with the Level of
Sophistication in Radar Image Analysis

Most radar image analysis is “by eyeball” and directed at
basic radar image pixel arrays. A dramatic example of this state of
affairs is NASA’s Magellan mission. The high-pressure period,
from 1990 until 1993, of studying the incoming planetary cover-
age consisted nearly entirely of visual inspection of single images
(see the Magellan Special Issues of Science (1991) and Journal of
Geophysical Research (1992)).

Terrain shape or surface cover analyses from radar images
have not yet evolved into very sophisticated methods; they often
rely on single images. In this environment it would seem that
work is needed to advance the state of the art of radar image
analysis. As soon as surface radiometric properties become an
issue it will become evident that successful radar image process-
ing must cope with terrain elevations and slope data, and with the
consideration of multiple radar observations at differing incident
and aspect angles.
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Figure 4-36. DEM from aerial stereo photography for the area covered by the images in Figure 4-35, cover-
ing 18 km x 14 km (Courtesy G. Domik).

4-7 RADAR IMAGE RECTIFICATION
AND REGISTRATION

4-7.1 GEOMETRIC RECTIFICATION

What may appear today as simplistic rectification attempts
were made in the 1950s. These were based on optical-mechanical
devices to remove systematic image deformation due to slant plane
geometry (Macchia, 1957). Such technologies are now obsolete
due to the advent of digital image processing. Obsolescence applies
also to work done on photogrammetric orthophoto machines
(Leberl ez al., 1981), or special purpose solutions with specifically
programmed CRT-image writers (Graham, 1972).

Another historical rectification tool was the elimination of
flight path curvature from radar images after a block adjustment
of radar images (Leberl ez al., 1976d). This was accomplished by
a manual process in the “optical correlator” where the SAR image
is produced (Peterson, 1976).

Clearly the geometric rectification problem must be solved if
multi-images of the same area from different orbits are used, as in
the case with four images received by SIR-B over some moun-
tainous areas (Figure 4-40). Registration “as best as we can”
results in ridges that are not superimposed. A color-coded presen-
tation produces a chaotic mess of image detail; the images clearly
do not match.

Images need to be “ortho-rectified” or “geo-coded” before
an accurate image registration can be feasible, unless the image is
of completely flat terrain. Figure 4-41 demonstrates the result of

properly ortho-rectifying and co-registering multiple SIR-B satel-
lite radar images. Individual rectification was done with the same
DEM. The multiple co-registered images were used to classify the
surface cover using standard classification techniques (Leberl ez
al., 1986¢c; Cimino et al., 1986). Rectification of these images
was done with both a DEM from aerial photography, and one
obtained from stereo-radar images themselves. Both techniques
produced satisfactory rectification results.

The registered images were subject to “multi-spectral” clas-
sification. However, only one spectral band exists. What was
variable was the angle of incidence. The classification therefore
employed the object’s so-called “incident angle signatures.” The
radargrammetric effort was in the precision registration, not in the
classification. The error of the registration was within 1 to 2 pix-
els (Leberl et al., 1986¢).

Geometric rectification has been brought to a particularly
high level of operation in Magellan and ERS-1. While no reports
exist about the accuracies of the resulting Magellan products,
such accuracies are well established in the European ERS-1 pro-
ject. Schreier (1993) reports that about 1 to 2 pixel errors remain
in routine products from that mission, as produced by the
National Processing and Archiving Facilities (PAFs). These
results are confirmed by Dowman et al. (1994).

4-7.2 RADIOMETRIC "RECTIFICATION” OR
SLOPE-EFFECT-REDUCED-IMAGES

SIR-A data stimulated the initial efforts to create DEM-
based simulations and to “subtract” the resulting images as the
manifestation of the incident angle effect from a real SAR image
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Ideally, one should have many overlapping radar images for
analysis of one area. The example of detecting and mapping the
areal extent of snow and ice in radar images can illustrate the
great benefits of dealing with multiple images (Rott and Nagler,
1994). Radar images can be made at all times of day, any day or
night of the year, although in many cases local weather will have
some impact on the interpretability of certain features. If one had
many observations at various angles of an area of interest, one
could refine the theoretical rigor of the backscatter models that
enter into, or result from the simulation, rectification or prediction
studies. Backscatter curves can be very jagged if one deals with
reflections from man-made objects such as vehicles. Those curves
become smoother and thus parametrically manageable in natural
terrain covered by forests, soil or grass.

(d) An Extra-Terrestrial Angle

In the analysis of images as they were obtained from
NASA’s Magellan mission to planet Venus, one needs to examine
data taken from different look directions in three separate cycles
of the mission. This presents a serious challenge to the analyst to
match images and to understand brightness differences within
images, or from image to image. At that point a radar image pro-
cessing workstation with the capability of manipulating the geom-
etry and radiometry of multiple images becomes very helpful.
Simulation of such multiple incident angle radar images of known
and well-understood terrestrial environments should be helpful in
training the future analyst.

The issue of overlapping images from opposite sides of the
terrain has been discussed at various points in this chapter. This
issue alone already illuminates the great benefits available from
image simulations of various radar imaging scenarios.

o =1 a’-cosi*
=108y 77— 3
(sini* +a-cosi*)

Figure 4-37. Prediction model fo create an output SAR image
from an input image taken at a different geometry: “a” is the
parameter of the backscatter model, "i" is the incident
angle and is a result of the look angle off-nadir, "6, and the
terrain slope.

Figure 4-38a (top) 4-38b(center) and 4-38¢c (bottom).
Images to illusirate the “prediction” concept. Input image
(o), predicted output image (b), and actual output image
(c) for comparison of the SIR-B cross-over point in Argentina.
(Courtesy G. Domik).
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Figure 4-39a (above). Example of image prediction for stereo-analysis, above, SIR-B input image of Mt.
Shasta from an incident angle of about 25°.

Figure 4-39b (below left) and ¢ (below right). From figure 4-39q, the geometries of the (b) European E-ERS-1
and (c) Japanese J-ERS-1 radar satellites were used to predict how these images will look like. Look angle
for J-ERS-1 is 45° and more, for E-ERS-1 is 20° and more. Shown are geocoded derivatives of ERS/JERS
IMAGES.
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Figure 4-40. Four SIR-B L-band image segments of an area in Argentina show their geometric disparities (a
to d, this page). Note the discrepancies along edges (e to h, next page) (Courtesy G. Domik).

(Domik et al., 1984). The result led to the conclusion that the
remaining image gray values describe two phenomena: 1) varia-
tions of ground cover; and 2) the effect of microrelief that is not
present in the DEM. These small variations in the relief manifest
a difference image which could be called a “radiometrically recti-
fied” radar image. This is a radar image as if the ground were flat.
A more appropriate name would be “slope-effect-reduced” image.
Figures 4-42, 4-43 and 4-44 illustrate the concept.

4-7.3 MATCHING DISSIMILAR SAR IMAGES

Earlier sections emphasized differences in overlapping images
due to topographic relief. However, topography is not the only rea-
son why overlapping images may be different and dissimilar.

Figure 4-45 presents two SEASAT images of a flat area near
New Orleans. While water bodies look like distinct objects in one
image, they nearly disappear in the other image. In the images
from two orbits over the same area a few features are found that
are clearly the same, but many differences and great variability
also exists even if the terrain is flat. Such differences may be
caused by changes in the object, e.g. by wind changing the wave
patterns on a lake, or wetness after a rain, or harvesting grain, etc.
Such differences may also be caused by the sensitivity of the
radar echo to the incident angle.

The need exists to compare time-sequential radar images
automatically, particularly in light of high data rates such as the
European ERS or ENVISAT satellites, from RADARSAT,
Almaz, Shuttle SIR-C and satellites of the EOS era where the
same area would be imaged many times over a period of 15 years.
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Figure 4-40. Four SIR-B L-band image segments of an area in Argentina show their geometric disparities (a
fo d, previous page). Note the discrepancies along edges (e to h, this page) (Courtesy G. Domik).

If one assumes that one had initially geo-coded (rectified) each
image for the effect of topographic relief, one still has a problem
of difference in appearance, even if the terrain were flat, and there
may be effects of residual geocoding errors that prevent the
images from being precisely co-registered.

A rectification technique that was found to work reason-
ably well uses a filter to extract linear features (McConnell et
al., 1989). The authors employed a so-called Marr-Hildreth
operator using the zero crossings in a gradient image. This cre-
ates edges along the areas of consistent gray values. The opera-
tor forms edges in each point of inflection in the gray value
“DEM.” Consider “gray” to be “height,” then an image is a
DEM with heights varying between O and 255. The interesting
feature of the operator is that the edges all form closed poly-
gons, just like contour lines in terrain form closed polygons. At

any point where the “relief” has a point of inflection in its slope
the curvature changes its sign. Thus each edge has a positive
and negative side.

Various ways exist to match two images based on Marr-
Hildreth edges. Correlating two binary edge images is difficult,
but there are techniques using “distance transforms” that fill in
the areas within each polygon by values that increase as one goes
away from the edge (Barrow et al., 1977; 1978). Figure 4-46 pre-
sents the Marr-Hildreth edges for one of the images in Figure 4-
45; Figure 4-47 shows the polygons filled, in one case with a dis-
tance transform, in the other simply with binary values. Since
there is a positive and a negative side at each edge, the positive
side of each edge can be filled. After accomplishing the same
with the other image both are shifted against each other to obtain
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Figure 4-41 (top). Three co-registered SIR-B images are combined and can be presented as a color-coded
result in red-green-blue. The images are “draped” over the digital elevation model and a perspective visualiza-

tion is computed (Courtesy M. Kobrick).

the maximum overlap of filled areas where the correspondence
between the two images is particularly accentuated.

In order to illustrate the performance of this approach, one
needs to obtain points of “maximum correlation” in individual
image windows. Figure 4-48 presents the maximum correlation
somewhere in the center. While this is the result for Marr-
Hildreth edge images, the same result is not produced with a tra-
ditional image correlation method. Taking the raw radar gray val-
ues and trying to match the two sets produces many errors. Figure
4-49 is a case of a window with the maximum at the window edge
when they should all be at the center; satellite images of flat ter-
rain should not have large geometric disparities from one window
to the next.

A major issue is quality control. A rejection/acceptance cri-
terion is needed that defines where match points between two
images are acceptable and where they are not. The typical result is
then a regular grid from which unreliable matches are eliminated.

The problem is significant for images from different orbits,
different times, different sensors or any combination thereof.
There are two types of matching errors: those caused by dissimi-
larities (data-induced) and those inherent to a particular chosen
matching process (method-induced). An example of the matching
process is that of an accuracy analysis using various radar and
optical images (Leberl ef al., 1994). A comparison was made
between manual identification of match points in a photogram-
metric plotter and automated matching in the pixel domain.
Generally, errors between the two methods amount to =1 to +2
pixels rms. This is much larger than one may expect from optical

Figure 4-42. ERS-1 image of mountainous area in Tyrol,
Austria, prior to radiometric manipulation. Area is 20 km x 20
km.
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Figure 4-43. DEM of the area shown in Figure 4-42. Data
from maps.

Figure 4-44. Slope-effect-reduced and geo-coded ERS-1
image produced from image in Figure 4-42, using the DEM
of Figure 4-43. The image is obtained by "subtracting” the
simulated image (based on the DEM) from the real image,
and then by geocoding the difference image. The extreme
incidence of radar layover leaves several areas in the radar
image with improper correction. The difference image’s
gray values are “stretched.”

images where subpixel mismatches can be expected. The much
larger uncertainties of radar are presumably due to illumination
differences in overlapping radar images, or to the effects of radar
speckle noise that radar produces.

The most distinct dissimilarity between overlapping radar
images results from an “opposite side” imaging geometry. As
stated previously the problem of matching opposite side images
has so far not been solved. No technique exists to routinely match
opposite side images of accentuated terrain. Some matching has
been accomplished when an externally produced DEM was
employed to terrain-correct all component images; the opposite
side images would then register to within a few pixels. Rott and
Nagler (1994) report matching errors of +4 pixels in high moun-
tains with ERS-1 data. The teason for these remaining discrepan-
cies may lie in the inaccuracies or lack of detail of the DEM, and
in the errors of the sensor’s position and attitude which are used
to terrain-correct each image.

4-7.4 A SMART WAY TO LOOK FOR
IMAGE DIFFERENCES

Figure 4-47(b) was an image of Marr-Hildreth edges with a
distance-transform. Bright, of course, is the greater distance and
dark is the zero distance from the edges. One now can take Marr-
Hildreth edges from image number 2 and put them over the dis-
tance-transform of image number 1. At each pixel on the Marr-
Hildreth edges of image number 1 a running sum is found of the
distance values of the underlying image number 2. In each edge
pixel, a running sum is entered that is computed over, say, 10 pix-
els forward and 10 pixels backward along the edge. If the distance
values are large then this sum will assume a large value. If the
edge in image number 2 were to fall nearly on top of an edge in
image number 1, the sum of the distance values would be nearly
zero because the distance values are all zero along edges in image
number 1.

This may constitute a technique of automated image compar-
ison and change detection. Wherever running sum values are very
Jow, they represent similarity. Wherever those values are large,
the images are different. “Similarity” is assessed by means of
edges. Figure 4-50 illustrates this idea by an example.

In this manner an algorithm to support the search for identical
features in dissimilar image pairs has been identified; and at the
same time the algorithm can support a search for image differences.

4-8 RADAR STEREOPSIS
4-8.1 SAME SIDE STEREO

Obviously radar stereopsis depends on overlapping radar
images which must be acquired with two different look geome-
tries. Various ways of obtaining stereo radar images exist. An
example was shown as Figure 4-2, presenting the so-called
“same side geometry” conceptualized in Figures 4-51 and 4-52.
In the example notice that the shadows are of different length in
the two images. While there is only a single image in an area
covered by a single shadow, or no image at all if the area is in
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Figure 4-45. Two SEASAT SAR images af L-band, at 20° look
angle off-nadir, but from an ascending and a descending
orbit. Area is near New Orleans and highlights dissimilarities
as a result of azimuth angle of the sensor path.

shadow in both images, the illuminated areas will be viewable
stereoscopically. One needs to realize that a large stereo base
does not automatically imply large stereo-relevant parallax dif-
ferences. A look at the equivalent camera geometry reveals that
the camera stereo base needed to define a specific parallax such
as that obtainable from same side radar images can be very
small. The conclusion may then be that the same side stereo
radar geometry is one of poor geometric performance. However,
as will be discussed later, this conclusion applies only in cases
where the radar look angles are fairly large, i.e. in the range of
45° or more. Same side geometries offer the advantage of easy
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Figure 4-46. Marr-Hildreth edges computed from one of the

images in Figure 4-45. Note that the edges represent contin-
uous polygons.

stereo fusion since gray value dissimilarities are modest in the
overlapping images (Figure 4-52).

Both look angle magnitude and look-angle difference are
important factors in defining the geometry of a radar stereo-
model. At shallow angles, a given look angle disparity may result
in a poor equivalent base-to-height ratio; at steep angles, the
equivalent base-to-height ratio is improved greatly, even at the
same look angle difference (Figure 4-53).

The concept of a “base-to-height” ratio derives from photo-
graphic stereoscopy; it is a geometric concept which ignores the
other important factor of stereopsis, i.e. the ability to find match
points in overlapping images which depends on similarity of the
two stereo images. A particular stereo imaging arrangement may
produce a strong geometry in the form of a base-to-height ratio.
With radar images the base-to-height-ratio may be in the high
ranges of 3 or 4 and superior to what would be expected in pho-
togrammetry with base-to-height ratios of 0.6 to 1.0. However,
this model will not be useful if the thematic dissimilarities pre-
vent matching the two images and the stereo-case cannot be
viewed.

Typical stereo-viewability of radar images is successful
when the equivalent base-to-height ratio is weak. Very steep look
angles of 5° to 25°, such as in the Apollo 17 ALSE images on the
Moon, with the Earth-orbiting satellite SEASAT, with the Venus-
Magellan system and finally also with Europe’s ERS radar, pro-
duce comparatively large parallax differences, or equivalent base-
to-height ratios, even for very small look angle differences. Steep
looks result in large differences in the relief displacement for
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Figure 4-47. (a - left) Filled in polygons from Figure 4-46 represent a binary image. Two such binary images can be matched,
thereby overcoming the gray value dissimilarities of the two images. (b - right) A “distance fransform” of the Marr-Hildreth edges
of Figure 4-46 can also be used for the same purpose. At each pixel is encoded the distance of that pixel from the nearest edge.
Matching with a distance transform uses the “distance” found when superimposing the second image’s edges over the first
image’s distance values. At a perfect match location the distances found along an edge are zero.

Figure 4-48. Sample image window in which maximum cor- Figure 4-49. For comparison with Fig. 4-48, maximum cross
relation is computed between the two input images; use is correlation found from matching the raw image gray values
made of the Marr-Hildreth image and filled polygon. Note instead of the edges only. Note that maximum correlation is
that correlation maximum is at window center. not in window center, suggesting that matching is in error.
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Figure 4-50. lllustrating a method of qualifying differences in two images: (a- top left), (b - lower left) are two dissimilar source
images from SEASAT; (c - top right) Marr-Hildreth edge image; from this one creates a distance transform by computing the dis-
tance to the nearest edge point and coding the distance value in grey; (d - lower right) superimposing a second image with
its own edges and assessing the difference between the two images by computing a “running sum” of distance values found
along the edges in the second image. Values exceeding a threshold are considered to be “changes” and are highlighted.
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Figure 4-51. Example of a radar image pair for same-side stereo taken with the Goodyear GEMS SAR at 10
m resolution over an area of the Estrella Mts. near Phoenix, Arizona.
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small differences in look angles. Since a steep look angle gener-
ates large relief displacements it is not surprising that the parallax
differences will also be large. Steep look angles, however, reduce
the geometric ground resolution. Therefore, while one may obtain
an improved “base-to-height” ratio, one may also suffer from a
much poorer geometric control compared to a shallower look
angle.

4-8.2 OPPOSITE SIDE STEREO

Figure 4-54 presents an opposite side pair of radar images.
Flat areas may be viewed stereoscopically; however, areas with
topography cannot unfortunately be viewed stereoscopically.
Figure 4-55 illustrates the equivalent position of photographic
cameras and documents that a much longer base-to-height ratio
would be feasible because the two relief displacements are not
being subtracted from one another as in a same-side radar geom-
etry; instead the relief displacements get added to a large paral-
lax difference. However, normally one cannot match the stereo
images unless the area is flat, which is not where stereoscopic
analysis is useful. The limitations of opposite-side stereo-
geometries may render them largely useless for stereopsis.

Attempts were made in the past to process opposite-side
images by density mapping and digital image processing so that
from one of the two images a new one is created that looks more
similar to the other image (Graham, 1972; Fullerton et al.,
1986). One series of steps includes gray value reversal. This
changes an image sufficiently to permit some limited stereopsis;
however, the matching accuracy remains obstructed by one’s
inability to deal with the micro-relief which manifests itself dif-
ferently in the two images. While global shapes such as moun-
tains indeed present a vertical dimension to the observer, one is
left with an inability to place the measuring mark accurately on
the surface (Fullerton et al., 1986). More refined gray-value
reversal methods such as those proposed by Domik ez al. (1988)
have not yet been studied for an application to stereo viewing.

The inability to merge opposite-side radar images is not only
unfortunate for the extraction of surface topography; it also
impedes the joint analysis of multi-temporal satellite images taken
from ascending and descending orbits. It furthermore obstructs
the study of incident angle signatures and their use for surface
classification. Multiple radar images taken with different look
angles could otherwise reveal the characteristics of a terrain’s
backscatter properties as significantly different illumination
geometries are being applied. Therefore it may be stated that the
inability to accomplish precision matched opposite side radar
images is one of the important radar image processing problems
in need of a solution.

4-8.3 STEEP LOOK ANGLES

Figure 4-56 from the Apollo Lunar Sounder Experiment
(ALSE, Phillips et al., 1973) produces an excellent stereo impres-
sion under a stereoscope. This is surprising, given that the look
angle difference is only about 3°. However, with look angles from
0° off-nadir to about 10° even a small height difference creates
significant parallax differences.

o' o"
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Figure 4-52. Configuration for a same side radar stereo
arrangement with definition of the radar stereo-parallax, and
equivalent photographic camera arrangement with a photo-
graphic stereo parallax. Note how the relief displacements
are being subtracted from one another to form a parallax
dp, whereas they would be summed up in a pair of camera
images.

Another ALSE-example is Figure 4-57 where there is too
much parallax for visually merging the overlapping images. The
images are too different. While the look angle differences are still
rather small, maybe only 6° or so, the difference is too great to
view the result in stereo.

ALSE may have been the first radar imaging to show that
steep look angles do produce very large stereo parallaxes even at
rather minute look angle differences. This was verified in later
satellite radar projects — which were not designed for good stere-
opsis — and good stereo-viewing was attained at small look angles
in Magellan and ERS-1. These projects are the subject of two sep-
arate Sections 4-10 and 4-11.

Case "steep”

Case "shallow"

Figure 4-53 (below). Effect of look angle on radargrammet-
ric stereo parallax: as the look angle reduces (or gets steep-
er) the greater will the parallax become, even if the look
angle disparity remains constant.
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Figure 4-54. Example of opposite-side radar stereo imagery using the GEMS SAR over the Estrelia Mts. in

Arizona (compare Fig. 4-51).
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Figure 4-55 (above). Configuration for an opposite side
radar stereo arrangement with definition of stereo parallax,
and equivalent photographic camera arrangement. Note
how relief displacements in the two images add up fo a
large paraliax.

4-8.4 CROSSING ORBITS STEREO

One can also create stereopsis with radar images from cross-
ing orbits. An example was produced by SIR-A (1981) over
Kephalonia and Ithaka that has been thoroughly studied (Kobrick
et al., 1986). Figure 4-58 shows that shadows fall in different
directions in the overlapping images, and that illamination direc-
tions are different. To view a stereo-model one has to set-up an
image pair from cross-over orbits and remove the non-stereo par-
allaxes. Measurements of the elevation-induced stereo-parallax
then need to be taken.

The opportunities from crossing orbit stereopsis are not
apparent in the radargrammetric literature, except in reports by
Domik (1985) and Kobrick ez al. (1986). Domik (1985) demon-
strated by image simulations based on digital elevation models,
that orbit intersection angles within 40° or so will result in a valid
visual stereo impression. Algorithmically, the rigorous stereo
computation does not differ from that for other radar imaging
geometries. Therefore stereo-mapping remains an issue of defin-
ing match-points in overlapping images.

Figure 4-56 (left). Apennin Montes on
the Moon, imaged from Apollo 17 by
ALSE (1972) from an orbit at 116 km
above the lunar surface. Intersection
geometry is with about a 3° intersec-
tion angle. Area covered is 25 km
wide. This can be viewed stereoscopi-
cally.
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Figure 4-57 (above). Another lunar ALSE image pair, now
with a larger intersection angle at twice that of Figure 4-56.
This pair is not stereo viewable.

Each of two conjugate points in a stereo pair defines one cir-
cle in object space. At issue then is again the intersection point of
these two circles. Whether opposite or same sides are examined,
or crossing orbits are employed, there is a need to intersect two
circles in space in a rigorous radargrammetric computation. Such
computation models differ from simplified techniques which one
may denote as “parallax models.”

4-8.5 PARALLAX RADARGRAMMETRY

“Parallax photogrammetry” does not deal with 3-dimension-
al projection rays and a 3-D solution. Instead it deals with paral-
lax differences which can be observed in the two overlapping
image planes and it employs simplified geometric relationships to
convert these parallax differences into elevation differences. For
radar images this may be referred to as “parallax radargramme-
try.”

In this approximation each radar projection circle is replaced
by a straight line to obtain rather simple equations that compute a
point’s elevation above a reference plane. Within a range of look
angles, with small terrain elevation differences and at large flying
heights, one may use simple parallax equations to compute height
differences from observed stereo parallaxes much like in pho-
togrammetry. LaPrade (1963) and Leonardo (1963) initially
defined the underlying concepts, and Rydstrom (1968) developed
some equations. These were further discussed by Leberl (1979a,b

Figure 4-58 (a-left and b-right). Kephalonia and fthaha, at a crossing angle of 34°, and look angles off nadir of about 50°,
imaged from the Space Shuttle in the SIR-A experiment. To obtain a stereo impression, one must place the 2 images at the

proper angle.
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and 1990) and are summarized in Figure 4-59. The geometric
relationships of these equations can be observed in Figure 4-60.
Such equations convert the observed parallax differences between
two pairs of image points into differences of terrain heights
between the corresponding points on the terrain.

4-8.6 BASIC ERROR BOUNDS

Considerable literature exists on the potential accuracy of
stereo radar measurements, beginning with Levine (1960),
Rosenfield (1968), Gracie et al. (1970), Gracie and Sewell
(1972), DBA-Systems (1974) and many others. An elaborate
summary of the body of literature was presented by Leber! (1990)
and identified three major sources of stereo-measurement errors.
The basic limitation is the error of the measured radar slant range,
o,. This causes the error of terrain height, oy, to be:

H 2 4 > 2 ”
sin“ @’ —sin” 6

Oh = (1—1 *o;
sin“(6"-6")

(4.6)

The error of slant range is presumably smaller than the slant
range resolution. Figure 4-61 presents a sketch to explain
Equation (4.6). Typical error budgets may be in the range of 2 to
5 times the error of slant range, or 1 to 2.5 times the slant range
resolution if “resolution” is twice the “range error.”

This first uncertainty of the surface definition due to range
error is separate from the second uncertainty due to a mismatch of
homologue image points, perhaps caused by illumination differ-
ences. Such a mismatch will create a false stereo parallax and
therefore falsify the terrain elevation. A third category of uncer-
tainty derives from errors of the sensor position and attitude.
Clearly, if the antenna is displaced by a distance dy then a false
stereo-parallax, dp, will be added to all points observed from that
erroneous antenna position. This will cause a systematic elevation
error dh in all those terrain points.

The algebraic expressions for the effects of a particular error
of slant range, and of certain errors of the antenna’s position and
velocity vector, were presented by Leberl (1979 a,b; 1990) and
are not repeated here. The underlying principle for this type of
analysis is the change in the intersection of the two imaging cir-
cles (or their approximations by tangents) centered at the two sen-
sor positions, as one of the positions changes differentially.
Figure 4-62 sketches the concept, Figure 4-63 provides some sim-
ple algebraic relationships between an error of a terrain point and
an error of sensor position.

The sensitivity of the stereo-reconstruction to an erroneous
sensor position and velocity vector results in a stringent require-
ment to obtain accurate sensor positions. Aircraft locations are
derived from GPS. Operational radar mapping requires this error
to be kept to within a pixel. A somewhat more relaxed situation
exists in satellite radar mapping due to the stability of satellite
orbits. While this orbit also needs to be known rather accurately
and to within a pixel, its error does not change rapidly. Instead, a
satellite’s position is predictable, and Earth-based laser tracking
can keep such errors to less than +1 meter. Unfortunately, laser

py=h-cot8’

py=h-cot6”

dp = p} £ p; =dh(cot 8" xcot 6’)
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Figure 4-59. Basic equations for “parallax radargrammetry,”
relating on observed parallax difference dp with an eleva-
tion difference dh.
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Figure 4-60. Geometric relationships for the equations in
Figure 4-59. Note that the circular wavefront shown here is
approximated by a tangent to arrive at Figure 4-59. This
approximation is less valid as the look angle gets steeper.
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Shaded area:
locus of P for an increase
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Figure 4-61. Graph to explain the terrain elevation uncer-
tainty as a function of look angles and look angle disparity,
caused by an error of slant range, in accordance with
Equation (4.6).
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tracking is not always used in satellite imaging missions. In those
cases, the satellite’s position and velocity vector must be refined
with the help of ground control points.

4-8.7 VERTICAL EXAGGERATION

At times an image interpreter is interested in the ratio between
dimensions in the XY-plane of a stereo model and in the vertical
direction. This ratio is called the “vertical exaggeration.” Terrain
elevations commonly are rather small compared to the horizontal
extensions of terrain. Therefore it is common to image terrain in
such a manner that stereo-viewing will present the vertical dimen-
sion exaggerated 3 to 5 times over the horizontal dimensions
(LaPrade et al., 1980). A human observer will perceive elevation
differences at a scale much greater than the scale of the XY-plane.

The concept is directly related to the “base-to-height ratio”
and does not add new insights. As reviewed by Leberl (1990) a
radar stereo model may well occur that has a larger exaggeration
factor (base-to-height-ratio) than a traditional photographic stereo
model. This will nearly always occur at very steep radar look
angles. In ALSE on the Moon and at very small stereo intersec-
tion angles of only 6°, the vertical exaggeration was still found to
be approximately 10 when common photographic values range
between 3 to 5.

4-8.8 STEREO ACCURACY EXPERIENCES

As noted above the most elaborate body of work on radar
stereo accuracies derives from the multiple image coverages
obtained over a few sites during NASA’s Space Shuttle SIR-B
experiment. However, interest in assessing the feasibility of radar
stereo mapping began earlier with the work sponsored by the US
Army (Rosenfield, 1968; Gracie et al., 1970; DBA-Systems,
1974; Hockeborn, 1971). This was followed by interest by the
International Society for Photogrammetry and Remote Sensing
and a Working Group with contributions from many authors

o 0" 4 O

0" is moved by ds,
P moves to P

error

P

Figure 4-62. Sketch to explain a terrain elevation error
caused by an error dsy’”’ of the right radar position in a
stereo configuration. Note that the correct position P will be
falsified into Pgyop- Note also that in the text, ds,” is denoted
as dYg''.

including Dowideit (1977a,b), Derenyi (1975a,b), Leberl (1975c¢),
Graham (1975b) and others, and directed by Konecny (1975).

The advantage of SIR-B over previous aircraft radar data
was the range of look angles with which images had been
obtained. SIR-B produced really the only data set so far that
allows the study of large variations in the angles of stereo geome-
tries. Other accuracy studies had to be based on singular stereo
models, be that from aircraft radars or even recent European ERS
images (Dowman et al., 1994).

The SIR-B data set from Argentina, in particular, offers four
images to form six different stereo models with various geome-
tries (Leberl et al., 1986¢). Figure 4-64 presents the size of the
terrain height errors from SIR-B data. The stereo images were set
up with the help of ground control points since the satellite’s
ephemeris had not been tracked with lasers. Control points were
taken from maps and aerial photography and were independently
measured from SIR-B stereo radar. The rms differences in X, Y
and height are presented for the various stereo cases in Argentina
and along other segments of the SIR-B coverage. The actual
results were found to be consistently poorer than what the theoret-
ical best case could be just due to uncertainty in range errors.

Accuracy studies of practical relevance concern a commer-
cial radargrammetric mapping service by Intera Technology Ltd.
Calgary, Canada (addressed in Section 4-13). Using the 6-meter
pixels from an aircraft flying at 8.5 km above sea level, stereo
intersection geometries vary between 12° and 21°. The position of
the sensor and the direction of the velocity vector are derived
from GPS-observations. With this arrangement, Mercer et
al.(1986a, 1989) reported absolute elevation mapping errors in the
range of +25 m.

Recent work on stereo mapping accuracies employs data
from NASA’s Magellan satellite and Europe’s ERS. These are
reported in separate Sections 4-10 and 4-11. Data from
RADARSAT have been received and analyzed after this chapter
was completed.

dp, =ds,[2+ds][2

dp, =ds;, [(1—cot 0’ -tan 8”)+ds/(1+cot 6’ tan 8”) +
ds’ /(tan 8” — tan 6”) + ds,’/(tan 6’ — tan 6”)

dp, = (ds; - ds;’) / (cot 67 —cot 6%)
ds [(1—tan 6’ -cot 8”)+ds./(1—-cot 6’ tan 6”)

Figure 4-63. Some selected algebraic expressions expliain-
ing the effect of the three sensor position errors ds,, ds, ds,
on the position of a terrain surface point P in a radar stereo
model. Follow the idea in Figures 4-61 and 4-62 for a visual-
ization of the error effects. Note that ds,=dXj, ds,=dYy,
ds=dZ.
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Area Stereo Model Look Angle
Data Take Off-Nadir (°)
Gordon la Graza 104/88 56/51
Argentina 88/72 51/43
72/56 43/33
104/72 56/43
88/56 51/33
104/156 56/33
Mt. Shasta, 37/55 57/51
California 55/87 51/28
39/87 57/28
Illinois 49/97 28/-29
Jose de S.Martin 92/76 28/40
Argentina 56/72 30/41
Australia 68/86 33/?
68/52 33/15
54/52 51/15

Intersection Coordinate Errors
Angle (°) (m)
North East Height
5 67 78 86
8 78 70 110
10 65 85 67
13 77 73 65
18 59 74 59
23 62 49 62
6 106 106 125
23 44 75 53
29 91 100 73
57 240 185 10
11 72 118 26
11 76 155 42
? 46 49 25
18 112 73 51
36 88 83 74

Figure 4-64. Overview of SIR-B stereo accuracy results over Argentina and other areas. Note the look angles off-nadir and

stereo intersection angles.

4-8.9 "BEST” STEREO RADAR
INTERSECTION GEOMETRIES

The intersection geometry for radar stereopsis can be judged
via visual inspection and a look at geometric accuracy. Current
knowledge about visual stereo cues is based on image simulations
by Domik (1985) and Thomas et al. (1986). These simulations
lead one to conclude that look angles would be optimum in the
range of 50° to 70° off-nadir and at an intersection angle of 25°.
A similar conclusion was also obtained without simulations in an
experimental comparison by LaPrade (1970, 1975b).

4-8.10 SQUINT-MODE SAR AND STEREO

A SAR imaging mode exists which offers some potential for
stereo viewing and mapping, but which has not been studied, but
for a sketchy hint at its potential (Bair and Carlson, 1974, 1975;
Carlson, 1973; Kobrick et al., 1986; Domik, 1985). This imaging
mode is “squinting.” Figure 4-65 is a simulation of a so-called
“squint-mode” SAR image with a squint angle of 30°.
“Squinting” is the mode in which a SAR illuminates the ground
ahead (or behind) the position of the sensor, and obtains an image
by having the signals processed with respect to a non-zero

Doppler frequency. Squinting is a required element of every satel-
lite SAR since it is used to compensate for the effect of the
Earth’s rotation. More generally, squinting is the tool used in
SAR systems to have the real and synthetic antenna beam point-
ing in the same direction.

These squint angles could be helpful for terrain surface
reconstruction and backscatter analysis when used in one of two
procedures.

(a) Photometric Stereo

Assume that the object is imaged from one orbit. Figure 4-
66a would be the result for a 45° squint in one image. If the
squint-mode image were recorded in a straight forward manner,
the result would be a “squished” image, like Figure 4-65b. It is
trivial to remove the systematic sensor-induced (object-irrelevant)
geometric distortion. Figure 4-66a shows the result of removing
this systematic “squishing” effect due to squint. This rectified
image is cormbined with a second non-squinted image in Figure 4-
66a taken from the same azimuth as the first image. It turns out
that the two images are geometrically identical to one another,
pixel for pixel. The relief displacement is identical in the two
images. Geometrically, the squinted image is identical to the
unsquinted image taken from the same azimuth. What is different
is the radiometry. The object has been illuminated from two dif-
ferent directions; therefore we could apply an analysis analogous
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Figure 4-65. Simulated radar images with (a - top) zero squint
angle, and (b - below) with squint angle at 30° (courtesy G.
Domik).

to so-called “photometric stereo” (Horn, 1975, 1986). In this case
illumination differences in two geometrically registered images
and not the relief displacement is used for 3-D reconstruction.

(b) Squinting to Remove lllumination Differences
from Overlapping Images

An inverse opportunity could also be developed with the
help of squint mode imaging, i.e. the production of two images of
differing geometry but identical illumination. Recall that stereo-
radar suffers from the differences in illumination so that shadows
fall differently and different areas are illuminated brightly. Using
the squint mode one would have to fly one flight direction at a
heading x and the other at x +45°. Actually these two images
together would exhibit the exact same illumination geometry if
one were using a squint angle ¢ = 45°. However, the relief dis-
placements would differ and could be exploited as a measure of
terrain elevations without the notorious obstruction from illumi-
nation differences. Figures 4-66a and b are an example.

4-8.11 IMAGE MATCHING ACCURACY

Image matching accuracy is an important issue for image reg-
istration and stereo mapping. However, nearly the entire body of
literature on the subject is based on optical imagery. Since stereo
matching is a tedious operation it has long been considered a task
to be automated. Numerous automation efforts have resulted, algo-
rithms have been developed and experiences collected on automat-
ed stereo matching with optical imagery (see, for example,
Forstner, 1992). It can be confidently stated that stereo matching
with optical imagery is feasible by machine with errors in the
range of +0.3 pixels or better. Experienced stereo operators may
match images consistently to within #0.1 to +0.2 pixels. The major
limitation of automated matching of optical imagery are the so-
called “gross errors” where matching may grossly fail, for example
due to a lack of features on the object. Matching radar images has
only recently become a topic of concern; it may suffer from radio-
metric differences, shadows, layovers and speckle effects.

(a) Matching Radar Images by Hand

At issue is the error of the radar parallax and the matching
quality of two radar images. No impediment to matching radar
images to a sub-pixel accuracy seems to exist in flat areas. One of
a very few experiments has been reported by Mercer et al.
(1986a). This was based on 5 human operators sitting at a conven-
tional photogrammetric stereo plotter LEICA-KERN DSR-11 and
observing a single pair of aircraft radar images. These test persons
repeated measurements of stereo points around a flat section of
terrain along the perimeter of a lake. The manual matching errors
resulted in terrain height errors of +3 pixels.

This type of terrain offers the promise of good results since
no terrain slopes exist to produce the notorious effects of illumi-
nation differences. As soon as one goes to mountainous areas illu-
mination differences produce confusion. It becomes increasingly
difficult to maintain good accuracy in the parallax measurements.
Unfortunately, it is within such areas that accurate results are
most important.
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There are no reports of tests assessing the true accuracy of
image matching by hand. However, several reports provide a
comparison between manual measurements taken by one operator
at different times (Leberl et al., 1994), and a comparison of this
operator’s results with those of an inexperienced stereo inter-
preter, as well as with a computer. Typically an experienced oper-
ator can repeat the matches of radar images to within 0.6 pixels.
An inexperienced person may differ from the matches of the
experienced operator by as much as +3 pixels rms (Lebertl et al,
1994).

(b) Matching Radar Images by Machine

Ramapryan et al. (1986) may have been the first to report on
automatic radar image matching for stereo using SIR-B image
pairs over Mt. Shasta (California). However the author’s primary
goal was not the accuracy of those matches; instead their interest
was in parallel computing i.e. the use of a Massively Parallel
Processing computer. Therefore the work produced only a few
conclusions about the ability to automatically radar match images.

Only a limited effort was undertaken in the context of
NASA’s Magellan stereo experiment to obtain some range for the
errors of machine matches (Leberl er al., 1994). A series of image
pairs from digitized aerial photography, SPOT, an aircraft radar
sensor and Magellan were employed in a study matching an expe-
rienced human operator against a series of algorithms to find
homologue points in overlapping images. Figure 4-67 presents a
graphical summary of differences between the experienced opera-
tor (as the reference observation) and various customary matching
algorithms. The study reported a root mean square difference
between the human and the machine positions of match points in
the range of +2 pixels (Leberl ez al., 1994).

Note that the same study also considered SPOT images and
digitized aerial photography. In those cases the differences were
reduced to +0.6 pixels.

4-9 RADAR SHAPE-FROM-SHADING

Shape-from-shading is an uncommon method of reconstruct-
ing the shape of an object using its illumination. It is related to
“photometric stereo” where several photographs are taken with
changing lighting. The method has its roots in the desire to detect
the 3-D shape of industrial objects with diffusely reflecting sur-
faces using single images so that a robot can grab an object
(Horn, 1970, 1986). In those applications one may assume that
the reflective properties of the objects are well-known.

The application of this concept to radar images has not been
studied widely, probably due to concerns that it may be an ill-
posed problem. Figure 4-68 is a pair of airborne radar images.
These were used in a shape-from-shading algorithm to define a
terrain surface that is consistent with the imaging gray values
(Thomas et al., 1990). Skepticism is caused by the sensitivity of
“shading” to reflective properties of a surface. They are usually
unknown and introduce considerable ambiguity.

Several techniques exist for shape-from-shading. Originally
it was used for planetary geology and denoted by “photoclinome-
try” (Rindfleisch, 1966; Wildey, 1975). Wildey (1986a,b) then
applied it to radar images. The approach assumes heights along

Figure 4-66. Comparing the squint-mode image with the
undeformed (zero-Doppler) image. (a - top) Squint is 45°
but rectified (from Figure 4.65(b)); (b - bottom) Zero-squint
image at 45° rotated flight direction, to produce the same
illumination as (a), but at a different geometry due to differ-
ent azimuth. This image pair offers identical radiometry, but
different geometry for stereo (courtesy G. Domik).
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the edge of the imaged area and then sequentially assigns slopes
to each image pixel at the inside of the area. By sequentially pro-
filing and looking at all pixels of the image a DEM is built by
converting slopes to elevation differences. This is based on
enforcing continuity with previously obtained height values.
Wildey's (1986a,b) demonstrations concerned a single image.
Previous work on “photoclinometry” also was applied to measure
the depth of planetary craters from single photographs.

Earlier work on planetary features also stimulated the
method implemented by Kirk (1984, 1987). This was later applied
to the image mosaics obtained from Magellan (Kirk et al.,, 1992),
and helped refine the low-frequency topography obtained from
Magellan altimetry.

The most widely used shape-from-shading technique in
industrial inspection has been discussed by Horn (1986). The same
technique has been “ported” to radar images by Frankot and
Chellappa (1987, 1989). In that case, an iterative approach com-
pared actual with simulated gray values using the current DEM
knowledge. Differences between the gray value extracted from the
real image and the gray values predicted from a given DEM were
used to improve the estimation of the terrain’s heights and slopes.
This method was further generalized by Thomas et al. (1990) to
employ multiple radar images and to create Figure 4-69. Five to 25
iterations may be necessary to create such a shape-from-shading
result. Zheng (1992) also combined stereopsis with shape-from-
shading, employing SIR-B SAR images of Mt. Shasta.

column
differences
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It is important to limit the use of this technique with radar
images of natural surfaces since one cannot make the assumption
that the reflective properties of the terrain are known. Therefore
recent proposals suggest the employment of shape-from-shading
as a refinement for a DEM after other techniques have measured
lower frequency relief (Frankot et al., 1994). For example, one
could introduce an existing DEM, or data from an altimeter could
be introduced to create a “rough” DEM; then the radar images
will refine that DEM through a shape-from-shading algorithm.
Frankot and Chellappa (1989) demonstrated the use of this
approach, and Thomas et al. (1990) expanded it to multiple
images and to the use as a refinement of a stereo-derived DEM.

The mathematical tools for multiple image shape-from-shad-
ing are fairly complex and have been reported by Thomas et al.
(1990a). Integration of slope values obtained from the image gray
values must result in a continuous surface. The elevation postings
of a stereo-derived DEM also need to be maintained to within a
certain accuracy. However, an intuitive description of the method
can be based on the idea that a radar image is simulated using the
known elevation values of the DEM. If such values are not known
then the terrain must be assumed to be flat in the first iteration.
The simulated and real gray values will be identical if:

* the DEM had the correct slopes, and
« the radiomeric properties of the terrain cover correspond
to those seen in SAR images.
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Figure 4-67. Diagram with r.m.s. differences in coordinates of match points found by hand versus found by machine (ordinate =
pixels). The machine algorithms varied the size of the maiching window from 5 to 50 pixels. The 5 curves each represent a differ-
ent matching method, each compared to manual matching. The errors are at +3.5 pixels with small match windows and reduce

as the windows grow (for details see Leberl ef al., 1994).
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If these conditions are not satisfied, then one will note gray
value differences dg between the one (or several) actual and one
(or several) simulated gray values.

Values dg lead one to modify the slope estimates at each
image pixel. Then the slope values need to be converted to height
differences and to heights. To enforce continuity and integrability
of the resulting surface one may merge the old and new slope val-
ues in the spectral domain. A refined DEM is obtained and a new
iteration may begin.

Shape-from-shading has not evolved into an accepted tool
for the automated analysis of radar images. Yet it is common

Figure 4-68. Input radar image pair (a - top left), (b -
above) and stereo derived DEM (c - left) to serve for shape-
from-shading. Area covers 3 km x 3 km. STAR-1 SAR operat-
ed by Intera Technologies Inc., at 3 cm wavelength.

practice for image interpreters to employ the topographic expres-
sion of terrain in radar images and to intuitively practice radarcli-
nometric visual analyses. The major objection to shape-from-
shading is the ambiguity from uncertain backscatter properties.
This is reduced if use is made of multiple images at different inci-
dent angles. However, use of multiple images requires that they
be co-registered. Yet co-registration is only feasible if terrain
shape is already known.

Therefore successful shape-from-shading is closely linked to
a solution of the problem of matching dissimilar radar images, for
example those from ascending and descending orbits.

4-10 RADARGRAMMETRY FOR
MAGELLAN

The prospect of sending a radar imaging sensor to map the
entire surface of the planet Venus stimulated work in radargram-
metry, beginning with the analysis of the lunar ALSE data from
1972. The Venus mission was conceptualized in 1969 (Friedman
and Rose, 1973) and a satellite went into orbit around the planet
in 1990. Previously, surface images were obtained from Earth
using the radio-astronomy facilities in Arecibo and Goldstone
(Goldstein, 1965). These images have a geometric resolution of 2
to 4 km. Surface images were also obtained from the Soviet
Venera 15 and 16 satellites using orbital radar at a geometric res-
olution of about 1 to 2 km. Additional radar observations were
made in NASA’s Pioneer Venus mission in 1979 (Pettengill et al.,
1980a,b). NASA’s Magellan project represents the culmination of
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this series of exploration by achieving a near-complete coverage
of the planet’s surface at a pixel size of 75 m. Table 4-1 summa-
rizes the mission’s major parameters.

Magellan produced a large data base of images, consisting of
about 5200 imaging orbits covering the planet’s surface in three
separate cycles. The radar images are complemented by radiometry
and altimetry observations (Science, 1991; Journal of Geophysical
Research, 1992). Each radar image swath consists of about 100 MB
of image data with a swath width of 300 pixels and a swath length
of up to 220,000 pixels, each pixel with a side length of 75 m. The
data set provides numerous challenges: 1) to co-register multiple
coverages; 2) to extract topographic relief; and 3) to manage a large
image data repository. However, the data set has not reached much
beyond the small community of planetary scientists. This is in stark
contrast to the European remote sensing satellites ERS where a
much larger exposure of the mission’s data has occurred (see
Section 4-11).

4-10.1 SHAPE MEASUREMENT FROM
MAGELLAN IMAGES

Options for extracting 3-dimensional object shape from radar
images generally include the following:

1) Stereopsis and stereo measurements on pixel arrays.

2) Shape-from-shading or clinometry as used in planetary
science, for example on the Moon with images from the
1964 NASA-mission “Ranger.”

3) Shadows as a measure of height differences between
ground points.

4) Exploitation of the assumed symmetry of 3-dimensional
objects such as volcanoes, craters etc.

5) Interferometry as used in radio astronomy incorporating
two Earth antennas to look at a planet’s surface, and as
used with images taken with one antenna from two
slightly different orbits.

6) A variant of photometric stereo with two (or more?)
radar images at identical geometries, but with different
illumination (see the discussion of squinted mode imag-
ing).

7) Various combinations of methods are possibly useful as
well. One such combination is stereopsis and shape-
from-shading.

The nominal Magellan-mission was planned to create one
coverage of the planet’s surface with overlaps among images just
occurring at higher latitudes, and at practically identical incident
angles from an elliptical orbit. As the spacecraft survived one
complete imaging cycle a second coverage was acquired with
opposite side geometry (Cycle II) and finally a third Cycle result-
ed in a same-side coverage which combined with the nominal
Cycle I data into a stereo-capable data set. Nearly all of the vari-
ous shape-reconstruction methods listed above have been investi-
gated and tried on Magellan radar images (Science, 1991; Journal
of Geophysical Research, 1992).

4-10.2 STEREOPSIS FROM MAGELLAN
IMAGES

The nominal Magellan-mission resulted in overlapping
images with intersection angles in the range of 0.5° to 1.5° and at
variable look angles of 15° to 45° off-nadir (Figure 4-70). Range
resolution, at about 60 m, was also modest, so that stereoscopic
height errors were unuseably large. For example, Magellan
imagery of the Venus-equator produces a parallax-to-height con-
version factor of 57 so that a one pixel parallax error would be
magnified into 57 pixels of height error.

At the North-pole, Magellan produced crossing flight lines.
The area with a useful intersection angle was only about 20 km X
20 km. However, in that area, the magnifying factor for parallax
to height error was only reduced to about 13 (Leberl et al.,
1992c¢).

The extended mission’s second image coverage in Cycle I
was produced at a different incident angle, held nearly constant at
about 25°, but from an opposite illumination direction (East-look-
ing). To this day there has been no capability developed to com-
bine the opposite side data from Cycle II with other Magellan
images from Cycles I or I into a co-registered data set.

However, during a one-day experiment which interrupted the
orderly data collection process of Cycle II, a same-side data set
was created which, combined with the initial Cycle I, produced
stereo viewable data. The analysis of this data set persuaded the
Mission’s management to dedicate a third data collection Cycle to
a same-side stereo effort (Figures 4-70 and 4-71). The intersection
angle disparities were in the range of 5° to 25°, resulting in eleva-
tion accuracies within £2 or +3 pixels or +150 m to £200 m
(Leber] et al., 1992a). The small intersection angles combined
with very steep look angles of 7° to 12° that supported a good
equivalent base-to-height ratio, vertical exaggeration and vertical
accuracy.

The initial stereo technology employed for this data set was
based on manual measurements of grid points and of terrain break
lines in a fully digital softcopy environment. Mathematical mod-
eling was identical to the processes employed in earlier satellite
efforts such as SIR-B, but limited itself to simplified parallax-to-
height conversion methods. A rigorous radargrammetric effort
was not implemented in the belief that this presupposed a refined
satellite ephemeris. Typically the nominal ephemeris available
during the mission had errors in the range of +1 km or more, with
largest errors possibly as large as 15 km.

The decision to dedicate a full imaging cycle to the collec-
tion of stereo data resulted in an effort to augment the then-exist-
ing stereo-analysis capability by:

1) automated image matching;

2) refined mathematical modeling for rigorous radargram-
metry and,

3) arefinement of the ephemeris data.
Some of this capability has been implemented in the form of
a so-called Magellan Stereo Tool kit for use by Magellan scien-

tists (Leberl, 1993b). Full utility of this capability will only be
feasible after a precision ephemeris has been computed from the
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Table 4-1

Essential Data about NASA's Magellan Mission to Map Planet Venus by Means

of Imaging Radar”

Mission
Date of Launch from Kennedy Space Center, Florida
Date of Venus orbit insertion
Beginning of systematic radar imaging
Completion of initial coverage (all 360°, Cycle 1)
Completion of second coverage (Cycle 2)
Orbit inclination
Spacecraft altitnde above surface at periapsis
Spacecraft altitude above surface at apoapsis

Radar Imaging:

Width of radar image strip (and angular width of beam)

Length of radar image strip
Radar image pixel size
Radar image range resolution

Radar image azimuth resolution at 5 to 17 looks per pixel

Spacecraft altitude above surface at beginning of strip
Geographic latitude at beginning of each radar image
Look angle off-nadir at beginning of each radar image
Geogrpahic latitude at periapsis

Maximum look angle off-nadir (at periapsis)

Radar wavelength

Angular width of image at antenna, at periapsis and 80° N

Radar image overlaps at 80° North
Radar image stereo intersection angles at 80° North

Altimetry:
Footprint varies with S/C altitude from
Spacing of footprints along orbit
Error of altimetric elevations, exclusive of orbit errors

Passive Radiometry:
Footprint varies with S/C altitude from
Sampling interval

Previous Imaging Data of the Surface of Planet Venus:

Pioneer Venus
Radiometry at Resolution of

Altimetry with spacing measurements (along by across)

Radar reflectivity measurements (radar imaging)
Radar look angle off-nadir at periapsis
Wavelength

Venera 15 and 16:

Radar imaging with pixel size

Range resolution

Wavelength

Radar look angle off-nadir

Earth Based radar imaging (near 0° incident angle)
Wavelength

Arecibo antenna, Puerto Rico

Goldstone (California) and other antennas

* From Leberl et al., 1991b

Date

4 May 1989

10 August 1990

15 September 1990
15 May 1991

14 January 1992
85°

294 km

8458 km

20 km (2.5°)
17,000 km
75mXx75m
88 m (0.59 usec)
120 m

2,225 km
90° North
11°

9.9° North
43°

12.6 cm

2° and 0.5°
18 km

0.1°

10 x 12 km? to 20 X 29 km?
8 km, more at Pole
>5m

16 x 24 km? to 83 x 87 km?
5 km by Swath Width

1978-1981

200 to 800 km
120 km x 150 km
30 km pixels, 8 pixels/swath
15° to 65°

17 cm
1983-1984

0.8 km

1.5km

8 cm

10°

Since 1964

12.6 cm

1-2 km

2-3 km

237
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Figure 4-69. Surface shape, presented as an illuminated
DEM, derived by stereo and by shape-from-shading from
data in Figure 4-68, with superimposed contour lines. Note
the “ringing” effects at the edge of the data set (see also
Thomas et al., 1991).

=== Cycle 1 DLAP

Look Angle —— Sterao DLAP (cycle 3)

conventional satellite navigation data, but supplemented by land-
marks on the planet’s surface. Some evidence exists that the
ephemeris accuracy will be improved from +1 km to within 30
m, as reported by Chodas (1993).

4-10.3 SHAPE-FROM-SHADING WITH
MAGELLAN IMAGES

Shape-from-shading produces a slope and elevation estimate
at every pixel. As was pointed out earlier the method produces
good estimates of micro-relief, but is inaccurate in producing low
frequency elevation data. The major limitation is ambiguity due to
backscatter properties. In the absence of independent knowledge
about backscatter, a generic model must be employed. Multiple
image coverage can be helpful in minimizing the effect of this
simplifying assumption. However, multiple images would have to
be registered to within a pixel so that multiple gray values can be
accessed at each pixel. To accomplish this registration the Shape-
from-Shading process must be preceded by a stereoscopic analy-
sis so that an estimate of low frequency terrain forms is obtained,
and multiple images can be co-registered by means of stereopsis.

The initial Magellan imaging Cycle I produced only single
images, or multiple images with entirely redundant coverage at
nearly identical look angles. The only applicable shape-recon-
struction method is therefore single image Shape-from-Shading
(Figure 4-73). Ideally, the low-frequency information about ele-
vation can be obtained by Magellan’s radar altimetry. This was

the process used in the 3D-shape-reconstructions pub-
lished by Kirk ef al. (1992).

Shape-from-Shading was also used to improve the
terrain elevations obtained from stereoscopy (Figures 4-

T 7 ] 4

N\

74, 4-75). In this case Shape-from-Shading serves as an
interpolator in-between the DEM postings obtained from
stereo (Frankot et al. 1994). It appears that the accuracy,

in a relative sense, is of the order of the geometric
ground resolution, e.g., +120 m for Magellan within
‘ small areas. Globally, the accuracy is that which derives

40 T
| | i |
| | | i
! : ! !
i :
L

from stereo-measurements or from altimetry.

. 4-10.3 SINGLE IMAGE “STEREO”

—

OPPORTUNITIES

Interpretation of single images may employ a single
radar image of a symmetric feature, conceptually “cut it in
half” and deal with it as if the single symmetric feature

20 (1] 10 ] ‘30 -840
Latitude

Figure 4-70. Imaging geometry for the initial Magellan coverage of
planet Venus as a heavy line. The look angles off-nadir change along
the orbit since the spacecraft is in an elliptical orbit, imaging steeply
at 10° near the pole at 90° lafitude from 2000 km altitude, and at shal-
lower look angles near periapsis at 10° Iatitude (300 km altitude). At a
northern latitude of 80° overlapping images would have intersection
geometries with-0.5°. Then in Cycle Ill, a new Designed Look Angle

Profile DLAP was used as shown as a thin line.

oo resulted in two images taken from opposing view points.
As a result one can now apply stereo-type geometric rea-
soning to reconstruct the third dimension from a single
input image. This approach was proposed by Elachi
(1990) and used in a study by Ford et al. (1993). An analy-
sis of this idea with Magellan SAR images was also pre-
sented by Leberl et al. (1991b). Figure 4-76 describes the
geometry and algebra to compute the terrain elevation.
Applied to the image in Figure 4-77a it reveals that a
crater’s depth observed from altimetry is not 450 m, but
instead is 1500 m (Figure 4-77c,d).
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Figure 4-71. Magellan stereo image coverage of an area 59° degrees South. The area covered is 130 km x 50 km. Look angles

are 15° and 11° off-nadir.
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Figure 4-72. Perspective visualization of a DEM generated by stereo process from the images in Figure 4-71,
and draping the images over the DEM.

4-10.4 MAGELLAN INTERFEROMETRY

Interferometry is based on measurements of the phase of
reflected radiation at two antennas close enough together to
receive coherent echoes. In the case of Magellan very little oppor-
tunity exists for interferometry, except where the orbits cross.
This concept, “crossing orbit interferometry,” has been discussed
by Gabriel and Goldstein (1988). This requirement is met at the
pole, and also in numerous other locations where images were
taken in Cycles I, IT and III at orbit crossings.

So far interferometric fringes have not been detected easily
from Magellan radar images. Figure 4-78 is an example presented
by Goldstein (1992) in an informal manner from an area around
the North pole.

4-11 EUROPE’S ERS MISSION AND
RADARGRAMMETRIC IMAGE
PROCESSING

A dramatic increase in interest in geometric processing of
radar images has been generated by the launch of the C-band
radar on the European ERS-1 satellite in the summer of 1991
(Duchossois, 1986; ERS-1, 1992). National members of the
European Space Agency have implemented near-operational

facilities to produce geometrically corrected (geocoded) radar
images. These Processing and Archiving Facilities (PAFs) are
described in a collection of papers edited by Schreier (1993).
Geometric processing is supported by an interest in correcting the
image geometry not only for the range geometry of radar data, but
also for terrain effects. These so-called terrain-corrected images
result in residual errors of perhaps only +1 pixel at 12.5 m per
pixel (Dowman et al., 1992).

ERS differs from previous radar sensing projects through the
well-known satellite ephemeris which is tracked by means of
Earth-based laser distance measurements. The orbit positions of
the radar are known to within £1 m. The only remaining image
errors result from along-track timing problems and from residual
errors of pixel dimensions (cross-track scale problem). These
errors must be detected and removed via the use of ground control
points in a calibration step (Raggam, 1994).

Co-registration of overlapping ERS-1 images to prepare for
multi-temporal analyses has become a fairly straight forward
image processing step (GeoSAR, 1994; ERS-1, 1992; 1994).
Same side images are often taken with an orbit spacing of only 1
km. As a result the image geometry is identical and registration
merely consists of a translation of one image with respect to
another, with geometric disparities in the sub-pixel range.

ERS-1 has been employed to study stereopsis (Dowman et
al., 1994; Raggam, 1994; Kaufmann et al., 1994). While overlap-
ping images normally do not have significant look angle dispari-
ties, they are large enough to combine with the steep look angles
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Figure 4-73a. Image from Magellan.
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Figure 4-73b. Terrain shape estimated by shape from shading alone (from image 4-73a). The result provides great detail but is
uncertain in the low frequencies of the elevation map. The coordinate axes show pixels (horizontal) and meters (vertical).
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Figure 4-74. Image patches (g, top left), (b, top right) from two of Magellan’s imaging cycles. (¢, lower leff) is the stereo result,

(d, lower right) combines stereo and shape-from-shading.

at 25° off-nadir so that elevation accuracies in the range of +60 m
can be obtained. This represents a value of 5 times the slant range
resolution of 12.5 meters.

During the initial phase of the mission, ERS-1 was partially
tilted to produce radar images at different look angles. Con-
sequently stereo image pairs can be found at certain locations with
look angle disparities of 25°. These images have been analyzed by
Raggam (1994) and by Dowman et al. (1994) and result in terrain
elevation models with errors in the range of £35 to 50 meters.

A major new element of ERS-1 is the initial data set to sup-
port radar interferometric mapping. This is discussed in the next
sub-section.

4-12 THE CURRENT MOVE TOWARDS
RADAR INTERFEROMETRIC MAPPING

Initial proposals and experiments to employ the phase of
radar signals for elevation mapping have been reported by

Goldstein (1965) in the context of radar astronomy, and by
Graham (1974) as an augmentation of airborne imaging radar. In
both cases two antennas were carried on one platform, be it the
Earth for planetary work, or an aircraft.

The advent of digital radar sensing has led to a refinement of
interferometric technology with some exciting results reported
with SEASAT image pairs by Goldstein et al. (1988), using air-
craft (Zebker and Goldstein, 1986) and SIR-B radar images
(Gabriel et al. 1988). Here the impact of this new capability on
the application of radar images to geometry-related tasks is
addressed.

Dual antenna, single platform interferometry lends itself well
to an aircraft scenario, but less so to satellite arrangements. There,

Figure 4-75 (next page). Perspective view of the DEMs from
Figure 4-74c, d, where a (upper image) is a DEM obtained
from Magellan images using a stereo-process alone, and b
(lower image) refines this result with the help of Shape-from-
Shading.
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a single antenna would typically produce two interferometric
passes in sequential orbits, or two satellites would need to operate
in tandem.

It is abundantly clear that interferometry produces superior
vertical resolution in the range of a fraction of a pixel, and an
accuracy defined by the attitude of the interferometric base vector
between the two antenna positions. Differential interferometry
even goes further with vertical resolution to within the wave-
length of the radar sensor, i.e. into centimeters. The only limita-
tions are in the ability to resolve any ambiguity when converting
the interferometric fringe patterns into elevation differences, and
then into elevations themselves.

The major current advances in radar interferometry are due
to ERS with its nearly identical orbits which were flown during
the initial check-out of the system at the mission’s beginning, and
most recently with ERS-1 and ERS-2 “in tandem.” Numerous
studies and systems for interferometry were developed, for exam-
ple by Prati er al. (1989); Prati and Rocca (1990, 1994);
Massonnet (1993, 1994); Massonnet et al. (1993); Hart] and Thiel
(1993); Hartl et al. (1994); and Werner ef al. (1994).

These studies have shown that a worldwide DEM can be
obtained from ERS-1 and a second satellite ERS-2 with errors of
perhaps +15 m, at a pixel size of 12.5 m, with an azimuth resolu-
tion of 6 meters and range resolution of 10.2 meters.

What can be hoped to come from this new capability? First
radar images can be instantly and fully automaticaily ortho-rec-
tified (terrain-corrected) with residual errors in the sub-pixel
range. Secondly, such ortho-rectified images can be related to
one another. Therefore the traditional limitation of radar images,
namely the occurrence of so-called “no-shows” of significant
and relevant object features, could be countered by obtaining
multiple radar images from different aspect angles, and merging
them into a “multi-incidence” and “multi-azimuth” data set.
From this data set, a much more complete model of the object
can be built than is available from a single image alone, or from
multiple images taken with hardly any differences in incident
angle or azimuth.

Interferometry will reduce the need for stereo-based terrain
reconstruction; stereo may be applicable only if areas exist in
the image where the typical interferometric “phase”-ambiguities
cannot be resolved or where phase coberence is insufficient. In
those cases the stereo-image pair may be considered as a sup-
portive tool to fill in object shape where interferometry is
obstructed.

It needs to be stressed, however, that dual orbit/single
antenna interferometry must be expected to suffer from non-
coherent signals over a large percentage of a coverage.
Therefore one must either fill in such areas by a second interfer-
ometric data set or through the use of other techniques such as
stereopsis.

In contrast, dual-antenna/single flight path operations
promise a more complete interferometric coverage. This is the
reason for developing aircraft-based systems at this time, and for
testing such systems, as those at NASA’s Jet Propulsion Labor-
atory, ERIM-Michigan, German Aerospace Corporation DASA,
the European Union Joint Research Center JRC, Norden and the
Canada Centre for Remote Sensing.

4-13 MAPPING APPLICATIONS:
TWO EXAMPLES

Radargrammetric mapping applications have been addressed
at various instances in this text. The range of applications
includes some strictly 2-dimensional mapping issues such as
looking for change over time, and 3-dimensional issues such as
mapping remote regions in preparation for significant exploration
activity. Two projects considered as representative operational
radargrammetric applications are presented below. A shuttle-
based global coveragge is expected from NASA’s SRTM-mis-
sion.

4-13.1 SEA ICE MAPPING

Mapping the motion of sea ice requires that a geometric
object parameter, namely the position of sea ice, be determined in
time sequential radar images. A near-operational system to
accomplish the task of routine mapping of sea ice motion has
been put in place through an initiative of NASA (Kwok et al,
1990). It has been in operation at the Alaska SAR Facility since
the launch of ERS-1 and provides sea ice motion data on demand
by specific users.

McConnell et al. (1989; 1990; 1991) describe the algorithms
to find characteristic features or objects on sea ice which would
manifest themselves in sequential images. A system to perform the
task needs to accommodate in excess of 20 requests per day to
determine the motion of sea ice, also characterize the ice and,
should open water exist, extract an estimate of wind speed and
direction from images of ocean wave patterns.

The source data for the Alaskan ice motion mapping system
reside in the Archiving and Operations System (AOS) at NASA’s
Alaska SAR facility. These images are stored and meta data about
the images are kept accessible. It is from a search through the
meta data that one can determine which radar images may show
the same ice and should therefore be further investigated for ice
motion assessment.

Motion measurement consists of a comparison of detected ice
features such as ice-water boundaries, ice ridges, open water ponds
on top of the ice etc. As is discussed in detail by McConnell ez al.
(1990) and Kwok et al. (1990), the choice of features and of meth-
ods to describe them as well as the systematic search of the features
for homologous details constitutes an intelligent use of various pat-
tern recognition and image transformation tools.

Figure 4-79 is an example of an image pair in the Arctic.
Figure 4-79c presents a motion map obtained from automatically
tracking homologous features from one image into the next, and
then interpolating a regular grid of motion vectors from the irreg-
ularly spaced feature-driven vectors. Figure 4-80 is a screen shot
from an operational ERS-1 sea ice motion assessment.

Leberl ef al. (1993) summarized the status of analyses from
the ice motion mapping system in Alaska (see also Table 4-2).
This revealed an extraordinarily successful operation with several
thousand products generated from as many image pairs. Of the
failed attempts to find ice motion, the most frequent reason was
the absence of sea ice in the radar coverage.
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Figure 4-76. Geometry and algebra for the single image 3-dimensional reconstruction of symmetrical features. Note how a pro-
file through a symmetric volcano or crater could be used as if an opposite side stereo coverage were available (Courtesy C.
Elachi).

Figure 4-77a (above). Magetlan image of the symmetric
crater Danilova on Venus; 4-77b (right) sampling of the
crater by altimetry showing its footprint. Figures 4-77¢ and 4-
77d appecr on the next page.
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Figure 4-77c (above). Reconsiruction from sin-
gle image use of symmetry with contour lines; 4-
77d (left) perspective rendering of crater
Danilova.
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PHASE OF
SPHERICAL VENUS
REMOVED

Figure 4-78. Interferometric fringes detected in Magellan images from the North Pole. Note that the finges seem to be caused
by the planet’s spherical curvature (Courtesy R. Goldstein, personal communication).

4-13.2 COMMERCIAL TOPOGRAPHIC
MAPPING WITH STEREO-RADAR

Radar images have long been produced commercially for
reconnaissance type mapping in remote regions of the World.
This started with the project to map the Darien province of
Panama in 1967 (Crandall, 1969; Hockeborn, 1971; MacDonald,
1969). It continued with projects like Radam in Brazil (Azevedo,
1971, v. Roessel and deGodoy, 1974), Proradam in Colombia
(Leberl, 1974) and projects in nearly all countries along the tropi-
cal belt. The perennial problem with the resulting map data was
their unknown geometric accuracy, so that the presentation scale
of the so-called “semi-controlled” image mosaics was chosen at
1:250,000.

The advent of the Global Positioning System (GPS) changed
the technology to position an imaging sensor (Ackermann, 1988).
This combined with methods to employ overlapping digital radar
images for stereo-reconstruction of terrain elevations and subse-
quent terrain-correction of the input radar images. At pixel sizes
of 6 meters, and at a presentation scale with 8 pixels per millime-
ter, a mapping scale of 1:50,000 became feasible. For this scale to
become accepted one needed to improve the geometry of the map

product to within +0.5 mm at the presentation scale, or +25 m on
the ground.

This has been accomplished in the STARMAP-system of
Intera Technologies Ltd. (Calgary, Canada) and is now available
as a commercial mapping service. The methods used have been
described by Leberl (1990). Images are acquired from parallel air-
craft flight lines (Figure 4-81) and produce a block of overlapping
images ready for individual stereo processing since individual
flight lines are controlled by differential GPS. Each image pair is
subject to a stereo mensuration process which results in a dense
network of terrain surface points, given a stereo geometry shown
in Figure 4-82.

An individual pair of images produces a patch of DEM. A
map sheet is composed of several of these patches. Therefore,
they need to be merged into a seamless topographic product.
Individual flight lines may be rather long, 150 km. Map sheets at
a scale of 1:50,000 cover only 25 km at the side, or sometimes 50
km. Data processing may initially disregard such map boundaries
and operate with flight lines as the basic units. Only after comple-
tion of data processing is it possible to reformat the results into
deliverable map sheets.

Figure 4-83a presents an early DEM obtained from 14 SAR
flight lines, 7 of these looking West, another 7 looking East. The
image lines are processed as a block of same side images. Only at
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ges in the Arctic taken by SEASAT

Figure 4-79a (top) and b (bottom). Pair of radar ima
(1978). Figure 4-79c appears on the following page.
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Fig 4-79c. Motion vectors automatically detected from images 4-79a and b (previous page).

Table 4-2
Summary of Accomplishments with ERS-1
Image Pairs for Ice Motion Mapping at the
Alaska SAR Facility*

Operational since 1/1992
Number of ocean images in AOS 25,000
Memory used for images in AOS ~1,250GB
Size of each image 100 x 100 km?
Pixel sizes: Low Resolution 100 m
High Resolution 125 m
Time to process an image pair 20 minutes
Time to process for classification 5 minutes
Processing requests handles for motion 4,900
Processing requests handled for classification 3,800
Satisfactory results delivered for motion 3,500
Satisfactory results delivered for classification 3,500
2 major reasons for failure to deliver No ice

(time of separation too great, e.g. 12 days)

* (Status 1993, from Lebetl et al., 1993).

the end are the two coverages (one West-looking and the other
East-looking) combined to fill any holes that may have been left
from shadows in one coverage. Figure 4-83b presents a reference
DEM produced from photogrammetric sources.

Extensive tests with radar images of well mapped arecas have
produced accuracy assessments reported in Table 4-3. These show
that the desire to have a mapping product with accuracies in the
+0.5 mm range at presentation scale is being accomplished, consid-
ering that at scale 1:50,000 this represents +25 m on the ground.

4-14 CONCLUSIONS AND
OUTLOOK

Radar image processing is undergoing an exciting period in
its development. A multitude of sensors exist or are on the draw-
ing board. Massive amounts of data are being produced and are
awaiting intelligent analysis. NASA’s Magellan-Mission presents
an example where unique and exciting radar mapping products
need to be produced of the surface of Venus: More than 400
Gigabytes of image data are awaiting careful analysis which can
benefit greatly from the use of radargrammetric methods.

The European ERS satellite program has spawned enormous
interest in the research community to develop new techniques of
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STAR-1 GEOMETRY

HIGH RESOLUTION

6X6M 7 LOOK
23 KM SWATH

WIDE SWATH
6X12M 7 LOOK
46 KM SWATH

Figure 4-81. Flight configuration for commercial radar image mapping through STARMAP (Intera Technologies, Lid., Calgary,
Canada). Note the small stereo intersection angles and the idea of using lines 1+3, 2+4 efc. as stereo pairs.

8 km 8 km

8.9 km

10 11.7°
8 km

Figure 4-82. Individual stereo geometry from GPS-controlled radar image acquisition for STARMAP (Courtesy Intera Technologies,

B. Mercer).
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Table 4-3
Accuracies Achieved with the Commercial
Stereo-radar Mapping System Starmap* using
Test Flights over a Well-mapped area near

Caigary**
Test Along Across Height
Track (m) Track (m) (m)
Theoretical Accuracy N/A 7.5 16
(with 3 m range error)
Brazeau Test 29 33 41
(with I control point per 10 km?)
Brazeau Test 14 11 23
(with 1 control point per 6 km?)
Brazeau Test 13 26 28
(With GPS, without ground control)
[Absolute Accuracy]

* Intera Technologies, Ltd., Calgary, Canada
**from Mercer et al, 1989

Figure 4-83a (above) and 4-83b (left).
Figure 4-83a is a Digital Elevation
Model (DEM) produced from commer-
cial aircraft radar system Starmap.
Input images: 7 West-looking and 7
East-looking. Elevation differences in
the range of 1000 meters. Accuracies
in accordance with resuits reported in
Table 4-3 (see also Figure 4-3). For
comparison: Figure 4-83b is a DEM
produced from aerial photographs.
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using multiple radar images, to geometrically process them, to reg-
ister them, and to extract terrain shape from them. At the time of
this writing a follow-on ERS-2 satellite is operational. Initially it
has operated in tandem with the original ERS-1. The Space Shuttle
has produced unique radar images in the SIR-C experiment. At the
same time the Japanese, Russian, Canadian and US space agencies
are involved in an unprecedented series of satellites and further
Space Shuttle launches with imaging radars on-board.

Interferometry is not an entirely new, but certainly a newly
applied remote sensing technology which solves geometric, and
thus radargrammetric and image processing issues. Once its full
impact is well understood and causes new sensing strategies to be
more fully available, it may well generate a major shift in the role
that is played by radar images in the current spectrum of imaging
sensors.

These activities and interests clearly increase demands for
radargrammetric capabilities and ensures that radar image pro-
cessing faces significant challenges to match, compare, warp and
correct images, to extract useful geometric data and geometry-
induced radiometric information, and to support the intelligent
application of radiometric data from multiple images.
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