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ABSTRACT

'This report summarizes results of work obtained during
Phase I of a research project "International Cooperation In
Space NASA-AUSTRIA - Venus Orbital Imaging Radar". Duration of
this effort was from 1 Mav 1980 through 30 April 1982. It
serves to generate basic understanding of radargrammetric
concepts to ultimately map the planet Venus from an orbiting
spacecraft carrying a side-looking radar sensor. Ewphasis was
on the radargrammetric evaluation of satellite radar imagery
using single images and stereo pairs. New methods vere
developed on the basis of previous work. Results are mainly
achieved with SEASAT terrestrial satellite radar. During this
project the work concentrated on the analysis of hard-copy
imagery on film, without resorting to digital imagery processing
techniques. A thorougyh understanding was developed of the
capabilities of stereo radar from satellites based on existing
data : stereo viewability, vertical exaggeration and measuring
accuracies in a three-dimensional model. As a by-product, work
with single satellite images led to the evaluation of an
application to study rapidly changing phenomena on Earth such as
sea ice motion.

ZUSAMMENFASSUNG

Dieser Bericht fasst Ergebnisse der Arbheit zusammen, welche
im Rahmen der Phase I eines Forschungsprojektes "Internationale
Kooperationsforschung im Weltraum NASA-Oesterreich, Venus
Orbital 1Imaging Radar" geleistet wurde. Diese Arbeit umfasst
die Periode vom 1. Mai 1980 bis 31. April 1982. Sie dient der
Erarbeitung grundsaetzlicher radargrammetrischer Konzepte fuer
eine Venus-Mission =zur Kartierung des Planeten aus einem
Radarsatelliten. Betont wurde die radargrammetrische
Beurteilung von Satellitenradar mit Einzelbildern und
Stereobildpaaren. Neue Verfahren werden angegeben, welche schon
bestehende erweitern. Tatsaechliche Ergebnisse wurden mit
terrestrischen SEASAT-Satellitenradarbildern erhalten. Waehrend
dieser ersten Projektphase konzentrierte sich die Arbeit auf die
Analyse von Analog-Bildern auf Film ohne wesentliche
hnstrengungen in der digitalen Bildverarbeitung. Ein tieferes
Verstaendnis der Stereoradarproblematik wurde mittels
bestehender Satellitendaten erworben : Stereobetrachtung,
Ueberhoehung und Messgenauigkeit im dreidimensionalen dModell
wurden untersucht. Als ein Nebenprodukt der
Einzelbildauswertung wurde auch ein Verfahren entwickelt und
beurteilt, um auf der Erdoberflaeche aus Satellitenbildern rasch
veraenderliche Erscheinungen =zu erfassen, wie dies etwa bei
Meereseisbewegungen asuftritt.
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CHAPTER 1

VENUS RADAR MAPPING

Among the terrestrial planets Venus is least vell

understood. This is caused by the perennial cloud cover hiding

the surface from obtservation (see Figure 1.1).

Figure 1.1 Mariner 1@ vidicon image of the
Venusian cloud cover in UV-1ight

Radar imaging is the only means of mapping this
This has teen

surface,
done from the Pioneer Venus ortiter using large

antennas of radio telescopes, and from the Pioneer Venus orbditer

using a radar altimeter. However, geometrical resolution so far
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was 1€ to 2@ km for Earth based methods, and 30 to 100 km for

Fioneer Venus. This is far poorer than the resolutions at which

all other terrestrial rlanets are known.

A Venus Orbital Radar Mapping Mission 1s thus currently
ylanned by NASA to map the entire surface of the planet at a
resolvtion at least comparable to that at which other planets
have been imaged. A high resolution side-looking radar (SLR)
system will ©be carried into an orbdit around Venus. The
essential rurpose {is a study of the Venusian surface; other
experiments are teing planned as well ©but are of secondary

weight in mission design.

The Venus Orbital Imaging Radar Mission (VOIR) 1ist the
result of numerous proposals to map the Venusian surface through
the heavy layer of clouds. Xarly project studies were by BROWN
et al.(1972), SAUNDERS et al.(1973), FRIEDMAN and ROSE (1973),
MARTIN-MARIETTA (1974), WESTINGHOUSE (1974) and others. The
engineering challenge of such an undertaking inspired numerous
smaller preparatory prejects, and it may have led to spin-offs
in otker areas, such as in the Apolle 17 Lunar Sourder
Experiment (ALSE) in 1972‘and Seasat in 1978, two projeéts for
orbital mapring from radar images. These projects generated
experiences that currently help greatly im plarning a Venus
rapping Project and they are providing a capabdility to predict

the expected quality of radar images.

In 1678 NASA formed a Venus Science Investigation Team with
participation of an Austrian representative. Originally this

was to prepare an approved VOIR-Mission. In the meantime the
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thinking has drifted to a mission concept that is simpler as
regards the spacecraft and orbit design, but more difficult
regarding data analysis, essentially pointineg towards an

elliptical orbit whereas VOIR was with a circular orbit.

The administrative facts about VOIR, Austrian participation

and future outlook are presented in a separate document (*).

This report presents the results of 2 years of work to
develop satellite radargrammetry, so that a clearer

understanding exists about possibilities and limitations and to
surport also the Venus Radar Mapping effort.

This ckarter will describe the scientific enviromment in
which the mission 1is developing, presenting a review of the
current knowledge of the surface of Venus which resulted from
Fioreer Venus and Earth based radar. It will then outline the
operation of a synthetic aperture radar for Venus and present

exarrles of images as they might be generated in this mission.

The subsequent chapters then serarately address the single
image and stereo pair, therety dealing first with the theory

(chapters 2 and 3) then with practical experiences (chapters 4

and £).

Lue to various delays in the Venus mission, an oprortunity

developed to more fully study existing satellite radar data such
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as SEASAT images and to apply basic concepts to existing
aircraft radar. It is expected that this will te helpful in the
future intensification of preparations to actually fly a mapping
rission to Venus. As a by - product also terrestrial satellite

radar aprlications can benefit from the effort.

1.2 CURRENT KNOWLEDGE CF TEE SURFACE OF VENUS

So far 14 spacecraft have successfully been sent to Venus.
Surface 1images exist now from ;.. missions: ..i:-.. 9 and 10
with one image each taken directly after landing (FLORENSKY et
al.,1e77), fror Pioreer Venus orbiter data (. ..:.53iic et
al.,1¢79a, b, 1980; MASURSKY et al.,1980) and most recently
from VENERA 12 and 14. Surface images also exist from Earth
based radar employing either the radar telescore at Arecibo
(BAGFCRS and CAMPBELL, 1€74; ROGERS et al.,197@; CAMPBELL et
al.,18%2, 1676, 1979, 1982) or the Teep Space Network (DSN)
antenna at Goldstone in California (GOLDSTEIN, 1S€5; GOLDSTEIN
et al.,1972, 1¢76, 1978; JURGENS, 197¢ 1¢8¢; RUMSEY et

al.,lc74).

T Ve Lt lme eEfeTme eRoles

The Pioneer Venus orbiter radar mapper provided the most
extensive surface data available on Venus so far. It operated

in two modes:

(a) as an altimeter;

(v) as a side-looking radar imaging system.
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The results from this Sensor were rresented by MASURSKY et
al.(1980) and by PETTENGILL et al.(1980),.

Topograrhic relief was obtained from the altimeter
reasurements. This is shown in Figure 1.2 in the form of a
shaded relief map, Juxtaposed to a comparable presentation of
the Earth for ease of comparison. Figure 1.3 is a contour map
cf Venus at a 1 km contour interval. It should bve noted that
the altimeter measurements after 16 months of data collection
have a density of between 75 and 200 km. The accuracy of an
individual height is estimated bty PETTENGILL et al.(1980) to be
about + 200 m (standard deviation). Lepending on the further
duration of the Ploneer Venus mission a higher resolution

topographic map can te accumulated.

The other main product from the orbiter radar mapper s a
rosaic comriled from the data otained in the side-looking radar
imaging mode. This coverage is less tham that froduced in the
dltireter mode since the orbit was ellipitcal and imaging was
only done when the spacecraft was at altitudes below 550 km.
Altireter data, bowever, were taken also at bhihger spadecraft

altitudes,
1.2.2 Data from Earth Based Radar

Mapping of segments of the Venusian surface began in the
sixties with the reception of echoes from radar pulses sent to
Venus. Early images were obtained with interferometric methods

at 2.8 cm wavelength by ROGERS and INGALLS (1969). Currently
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these images are generated with the antenna in Arecibo, Puerto
Fico (CAMPBRRLL et al.,1982) and with the Goldstone antenna in
California (JURGENS et al,1980).

The techrique employed is explained in Figure 1.4 : A
transmitted, highly focussed radar pulse illumirates the surface
of the planet. The echo 1is received on the Earth by the
transmitting antenna. Echo time serves to resolve the
1lluminated area into rarallel slices as shown in Figure 1.4,
where the TILoprler effect 1is created by the revolution of the

rlanet.

Y

NORTHERN RESOLUTION APPARENT
CElL > AXIS OF
ROTATION

*

AUXILLARY
ANTENNA

LIMB

MAIN ANTENNA

FREQUENCY
ANNULUS
SOUTHERN RESOLUTION
CHlL

Figure 1.4 Concept of Earth tased radar to map
planetary surfaces
we can observe in Figure 1.4 that the received echo can bte
resolved into separate though amtiguous 1image points: each
Foint corresponds to two object areas, one in the northern, one

in the southern bemisphere. Thkis amdbiguity can be resolved if
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the beam 1is sufficiently <focussed to i1lluminate Just one
bemisphere, as is being done in comparable work on the Moon. If
sufficient focussing is not feasible, such as is the case with
Venus, then an interferometric method must be used to resolve
the ambiguity. The radar echos are received at two antennas
rather than one, and are summed up. This allows to measure
rhase differences at the two receiving antennas. Phases are
different in the echos from the northern and southern hemisphere
at the two antennas. GOLDSTEIN et al.(1978) carried the
interferometric technique even further and employed three
anternas: the large one for transmission and reception, and the
two secondary antennas for reception only. This configuration
not only allows for the separation of north/south signals, but
also for the creation of a three-dimensional model of the
topograpby. The technique has an analogy to stereo at very
steep look angles and with srall stereo bases. We know that
this results in comparatively high accuracies of the vertical
dirension, similar to an altimeter, but 1leaves a weak

rlaniretric solution.

Earth based radar images of Venus have a resolution of 10
to 3¢ km (diameter of a pixel). CAMPBELL et al.(1988) report on
irages of selected areas at a resolution of & km, and in
CAMPRELL et al.(1982), even a 3 km resolution is obtained of
certain areas. Presentations are in one of two forms: (a) as
normal radar images where image density is proportionmal to the
radar backscatter; (b) as a relief rresentation with coded gray
tones for a digital height model, or other similar displays of
height.



Figure 1.5 Mosaic of Earth-based radar images of Venus,
ottained by Camptell et al.(1680) in Arecibo.
Shown is the rorthern hemisthere.
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¥xarples of Earth-tased radar irages are shown in Figures
1.5 and 1.€. Figure 1.5 is a mosaic presenting an overview of
results from CAMPBELL ot al.(1980) obtained at Arecibo. Figure
1.€ is a set of illustrations typical of the results «iiainad
at Goldstone (JURGENS et al.,190ee), presenting both a

reflectivity mar and a map of topographic heights.

These images all show a higher geometric resolution than
those obtained from Pioneer Venus. This demonstrates the value
cof Xarth tased observations 1nsp1te of existing orbiting
spacecraft. The essential advantage of the current coverage by
Pioneer Venus over the Earth based radar is the more global
coverage and the higher accuracy of individual topographic

height measurements.

MALIN and SAUNDERS (1977) were the first to attempt a
feological 1nterprefation of the data received through Earth
tased radar. They described landforms, identified features with
a tentative classification as volcanic and as impact craters. A
more thorough analysis had to wait, however, for the more
glodbal, accurate, bdut 1less densely sampling Pioneer Venus
rission. PETTENGILL et al.(1980) and MASURSKY et al.(1988) gave
an exhaustive analysis from the currently available data,

combining Farth-based with satellite measurements.

Maxwell Mons 1s the highest feature (compare Figure 1.3 for

feature names), about 11.1 km above the reference radius of

6@851.9 km. The lowest area seems to be Liana Chasma in
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Aphrodite Reglio . The entire relief seems to amount to about
2/3 of the Earth’s (20 km). Venus topography is less
accentuated than the Earth’s (compare the shaded relief maps of
Figure 1.2). The contours in Figure 1.3 show that highlands

indeed are of 3 lirited extent.

There is an abundance of evidence for craters of bdoth
volcanic and impact origin. An example of a volcanic feature
probably is Rhea Moms at 3@ degrees N, 80 degrees W, in Beta
Regio. The early speculation of MALIN and SAUNDERS (1977),
regarding plate tectonic activity seems grobable, for example
due to the existence of highlands and of deep tremckes such as
[iana Chasma. Early attempts bave been made at crater counts to
compare Venus to other terrestrial planets, The coarse
resolution of current images impairs the success of such

attempts.

Many questions remain unanswered, such as regarding plate
tectonics, the history of the planets surface, the type and
origin of craters, the interaction between atmosphere and
surface etc. Such gquestions can only be tackled with improved
imaging capabilities. Availadle data on Venus are limited when
compared to Mars, where Mariner 9 imaged at a resolution of up
to 25¢ m per pixel; Mercury was mapped with 1 km per pixel.
Venus s mapped at 10€ km resolution, and sore small segments

with £ km per pixel.

An improved imaginpg capabdility comparable to that of Mariner 9
is required to achieve a similarly thorough understanding of

Venus than that we have had after Mariner 9 from Mars. The
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rlanned Radar Imaging effort is intended to provide this
capability.
1.3 MISSION PLAN
1.3.1 VOIR

Early concepts for orbital side-looking radar exploration
of Venus were studied in an extensive report Dby BROWN et
al.(1€72). Since then the parameters of the mission’ have been

changed several times.

The latest plan was that of the Venus
Orbital Imaging Radar (VOIR) mission and is shown in Tadle 1.1.

T S G G . T G G T " S S . G G T PP T s W S e APe S oae S e T 08 e S SP a Na Yn oe Mms Sm e SAS B L S S W S S S e w8 T e Sab M e —

Flarred lauvnch November 1987
Taunch vehicle Space Shuttle, Centaur

Ieginning of imaging July 1988

Luration of science acquisition 126 days nominal mission
Crbit type Circular

Circularization of ortit Aerotraking

Crbit inclination 87

Crrit altitude 250 km + 25 knm

Imaging sensor Synthetic aperture radar
Sensor wavelength L-Band (25 cm)

SAR antenna look angle 45 to 5¢ off-nadir

Fointable antenna Still under discussion

Ground resolution, marring
Ground resolution, high

Swath width, mapping

Swath width, high resolution
Length of image strips
Multiple looks in imaging mode

Multirle looks in high resolution
Fxpected orbit accuracy, 1 sigra

72 hrs after occurence, absolute
72 hrs after occurence, relative

Cther rrimary data acquisition
Seccrdary science experiments
Altreter accuracy

T R D O G G e M T G G I G TS~ BAe S —— S S S - — w—

Table 1.1

A spacecraft, launched from the Space Shuttle in November

€60¢ per line pair
15@ m per line pair
30 km
12 km
45 min.
1€

4

Still under discussion
1 km radial, 1¢ km plan
.3 km radial, 1 km fplan
Altimetry

Various (5 in total)

As SAR high resolution

(time) per ortit

i b Y AP ——

Proposed VOIR mission parameters (1981)

1987,

was to arrive at Venus four months later and enter into a highly
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elliptical orbit. By a technique called “aerobraking ,the orbit
was to be circularized using atmospheric friction near periapsis

(Figure 1.7).

Fror the circular orbit a radar coverage of nearly the
entire planet would have had to be generated during 126 days.
Multiple coverages in near-polar regions could serve 1o define
the rotation axis and a coordinate grid. Radar coverage could
be tied to this grid based on ordbit data and op the use of
overlapping coverages. Limitations on energy and data rates
would result in a requirement to wuse an intricate imaging
strategy to sequentially cover the entire surface in a patch

work rattern.

Envisaged data rates were 1 Mbits per second for imaging
and recording, and 1 Mbits per second for transmission to the
Jarth. Intermediate storage of the radar signals was planned on

tape recorders for coverage of the planet’s backside.

There were two geometric resolutions planned: the so
called "mapping mode” at 608 m per line-pair and a
"high-resolution mode” at 15 m per 1line-pair. The global
coverage was only for the lower resolution. Higher resolution
was to be used as the mission developed. Provisions were for a
1 2 coverage at this high resolution during the nominal mission,
of areas that would have had to te selected on the basis of the
rapping mode data. This strategy was motivated by the
experiences on Mars, where lower resolution images led to

misinterrretations that became obvious with 1later higher
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resolution images (Mariner 9 ).

The radar look angle was to be at about 50 degrees off the
nadir. This is seen as a compromise tetween the accentvation of
gentle relief with a simultaneous lack of lay-over distortion
(obtainable with large look angles off-nadir) and the
accentuation of backscatter differences of various materials and
roughnesses with simultaneous lack of shadowing (obtainable with

small look angles).

AIRCRAFT YOIR , ONE LOOK-AMNGLE wig, TWo

\ LOOk - RNGLES

He 12Km 19° H=27Skm 1 =275 Km 15°

4

Figure 1.8 Stereo configurations for aircraft,
VOIR without variadle look angles,
and with variable look angle

A discussion is ongoing concerﬁing stereo (Figure 1.8).
Clearly stereo intersection angles will be poor if look angles
are kept constant throughout the mission. Stereo intersection
angles of only 2 degrees or so must te accepted if no look angle
variation is provided. BHowever, much larger intersection angles
are optimal. The current Venus science investigation group was
pressing for the inclusion of a variable look angle {in the
design of the mission, not only for stereo, but also to be
capable to illuminate the Venusian surface during the mission at
whatever angle then appears to te the optirmur. This may te

guided by the surface features and materials to te encountered

at the time of the mission.
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The main argument against a variable 1look angle is the
added complexity and resulting cost. A simple spacecraft roll,
or the use of ascending and descending orbit passes could result
in a “free” second look from the opposite side; however, one
rust expect this to rroduce image pairs that cannot be used for
stereo analysis by rlanetologists nor for the measurements of

topographic contours.

Besides imeging radar also altimetric data were Flanned to
be acquired in VOIR. For this purpose the imaging radar system
is to be used as an altimeter, imaging the nadir. These data
were to’help to improve the knowledge of surface topography and
eventually were to be combined with the results from imaging
into a composite product. Techniques for this task were not yet

developed.

-— e T o e —— . -

A i:dur imaging mission is currently under consideration
that is less costly than VOIR would have been. The main change
is to work with a highly elliptical orbit. The decision to
abandon the original VCIR-concert was taken only in January 1982
under the pressures of budget constraints. The new, reduced
specifications still need to be generated by the Venus Radar

Science Investigation Team.
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Fxtensive 1literature exists on imaging radar and
arplications to mapring and geoscience (see f.e.MATTHEWS, 197E&;
FADAR GEOLOGCY, 168¢). From orbital altitudes a reasonatly high
resolution can only be expected using a synthetic aperture
technique. In real arerture radars 1imaging 1is achieved by
illurinating a small segment (line) on the ground using an
electro ragnetic pulse, and by receiving and recording the
reflected energy according to Figure 1.9. An areally extended
image of terrain is generated by sequentially composing repeated

fulses and 1lines while the sensor is transported past the

terrain.

(b)

Sweep DELAY

————— oy

———————

Figure 1.¢ Principle of real aperture radar imaging
system with the operation in object space,
transmitting a pulse (a), and receiving
echoes to be recorded on tape or on a
cathode ray tube (b)

Synthetic aperture radars (SAR) do not record the received
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echo directly bdut only after summing it up with a coherent
reference frequency identical to that of the transmitted pulse.
This creates a holographic record containing phase and Doppler
frequency information about the received echo. A processing
step is called ‘“correlation”. An examrple of a raw signal

recording and correlated SAR image is shown as Figure 1.14.

Figure 1.10 Example of a synthetic aperture radar
irmage, (a) in its holograpbic raw form,
(b) in its final image form after cor-
relation. Shown are a series of trans-—
mission line towers (courtesy W. Brown)

Currently correlation of SAR signals is done optically with
laser light; hewever, digital correlation techniques are
quickly becoming operational and are the ones to be used for

Venus exclusively, possibly requiring the establishment of

ortimal computer architectures.

— e e - —— - - e e e R e e v e T e W e e

Side-looking radars are being used in civilian applications
from aircraft since the early 1660°s. Ortital SAR was employed

for the first time in the Apollo 17 Lunar Sounder Experiment
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(ALSE). Results were presented ty PHILLIPS et al.(1972).
Attempts at marring segments of the lunar surface were
undertaken by TIERNAN et al.(137€) using single radar images,
and bty LEBFRL (1¢76) using both single and stereo images. An

example of @ lunar ALSE stereo pair is shown as Figure 1.11.

Figure 1.11 Arollo 17 Linar Sounder Exreriment
(ALSE) radar stereo pair, VEF (2m)
wavelength, taken over crater Maraldil
Orbital radar was also generated in the Seasat wmission of
1978 to map the oceans and continerts of the Earth (e.g. TELEKI
and RAMSEIER, 1978). Results are going to be shown in chapters

4 anpd 5. The characteristic radar image projection leads to

typical distortion of high relief.
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In order to correctly interpret a radar image it is
recessary to understand the imaging geometry. Echo time imaging
is the basis of SIE. Therefore all points on the planet’s
surface that are at the same distance from the antenra will
Froject into the same 1image point. We have here a “range
rrojection” as orposed to the central Frojection of camera
imaging. A crater on the Moon was therefore imaged by the ALSE
sytem as shown in Figure 1.12. The bottom of the crater is

imaged, but the sidewall is laid over it in the projection.

ALONG TRACK VIEW
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Figure 1.12 ALSE radar image of a lunar crater and
geometrical sketch to explain imaging
geometry for this crater using the
range geometry

In Seasat and in ALSE, the surface was viewed under steep
look angles, with the imaged area at about 2¢ degrees off-nadir
in Seasat, and even near nadir in ALSE. Usually one has not
with aircraft radar such steer look angles, but prefers to use
ruch larger ones, anywhere between 45 degrees to 80 degrees,
depending on the 1local circumstances and the purpose of the

froject. From orbital altitudes one cannot expect to achieve

large 1look angles as withk aircraft radar due to radar design
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constraiats.

Geometric resolution of SAR is mnot a function of the
distance to the object, bdut entirely a design parameter.
Fesolution improves with increasing look angle cff-nadir. This
is another reason why one trefers larger 1look angles for
imaging. Near nadir resolution is poor. Current aircraft high
rerformance mapping radars resolve the ground with 3 m to 1¢ m.

Seasat nominally provided a 25 m ground resolution.
1.4.4 Expected Besults from a Venus Radar Mission

Seasat SAR images of land areas on the Earth can be used to
sirulate expected Venus images. Figure 1.13 shows a sequence of
Seasat images with artificially degraded geometric resolution to
approach that one expected for a Venus project, and from
improved Earth tased radar. There are thus images at 4 km, €00
m and 15¢ m ter line pair resolutions. Visual inspection
quickly reveals that a radar orbiter -if successful—- will
greatly improve our knowledge of the planet Venus over the state
of knowledge availlable today or to De anticlpated with even

improved Earth tased radar imagirg.






(Figure 1.13
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(Figure 1.12 (¢))

Expected future Venus radar images, demons-

trated and derived from SEASAT SAR of the

Apalachian Fault Belt, Tennessee.

(a) 4 km resolution of tte future Farth
based imaging;

(t) 602 m per line pair;

(c) 156 m per line pair.
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CEAPTER 2

RIGOROUS MATHEMATICAL FORMULATIONS FOR SINGLE-IMAGE
SYNTEETIC APERTURE RADAR MAPPING

We will need in this study a set of tasic formulas to model
the radar imaging process in a satellite sensor. Such formulas
were fresented for the first time by ROSENFIELD (1968), however
for real aperture radar. Then GRACIE et al.(1S70) and others
successfully imrlemented similar equations in work with actual
images, The specific requirements for synthetic aperture

satellite radargrammetry were analysed by LEBERL (1978).

The following is, first of all, a review of these formulas
so that they are then available for easy reference in subsequent
rarts of this study. We ther address the various techniques for

analytical (digital) single image radar mapping.

€.1 PRCJECTION EQUATION CF SYNTHETIC APEBTURE SIDE-LOQOKING RADAR

In a synthetic aperture radar system the flight-line of the
imaging sensor 1is defined with positions s of tkhe radar sensor

as a function of time:
s =s(t) = (x (1), ¥y (), z (t))
S S S
Furthermere the projection rays for a given sensor position

s form a surface that might in general be @ cone or, as a

special case, a rlane. The orientation of the surface in space
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is defined by the velocity vector s of the sensor, which is

given as first derivative of s:

$(8) = (x (1), ¥ (), 2 ()

The basic measurements of a sirgle radar image are the
slant range q). i. e. the distance between sensor locations

apd iraged ground roint p, and the time t of imaging p.

According to Figure 2.1 the coordinates of ground point P

in a geo- or planetocentric coordinate system (x,y,2z) are

obtained by the following equations (2.1):

4=}
H
[17)]
+
-3

with r

"
(}- 3
o

(2.1)

Figure 2,1 Definition of entities in a planetocentric
coordinate syster
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Vector p* describes the location of ground point p in an

antenna coordinate system (u,y

+¥) (see Figure 2.2) :

sint u

P
r =r,. (sin’q - sin?® /2| - v, (2.2)
-cos @ "

F .....slant range for p
})
2 ......8levation angle of projection ray
T veees.’squint angle’ or “cone-complement angle”’

'of the cone defined by the radar team.

Flgure 2.2 pDefinition of entities in the antenna
coordinate system
The matrix A of equations (2.1) describes the rotation
tetween antenna coordinate system u, v, w parallel to the system
X, ¥» 2, which in turn defines the planetocentric coordinate

system. Therefore A consists of the Components of u, v and w:

X Yu Zy

¥ z, (2.2)
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For real aperture radar (RAR) the antenna coordinate system
is defined by the attitude of the real artenna. In this case
the matrix A contains the orientation angles ¥, ¢, 2% as known
fror traditional photogramgetry. For a synthetic aperture radar
(SAR) system the antenna coordinate system is defined by the
velocity vector of the real antenna and the vectors U, v and w

are functions of 5 and s:

u =35/ Isl
v=1(sx35)/ Isx sl (2.4)
w = (uxv) / fuvx vl

An alternative formulation of equations (2.1) and (2.2) is
obtained if @ is eliminated:

Ip - sl =r (2.9)

u.(p = s) = sint .|ul.lp - sl (2.6)

Equations (2.5) and (2.€) define two surfaces of the
location of an object point p. These are, on the one hand, a
shere with its center at sensor rosition s and radius T, (‘range
srhere’) and, on the other band, a cone with the axis along
vector u and the “cone-complement angle” T . If T = @ , the

cone degenerates to a plane (“scanning plape’):

v.(p-5s)=2¢ (2.7)
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The inputs of single-image radargrammetry consist of:

(a) Measurements of slant ranges r and so called “sensor
event times’ tp of imaging of é selected number of
image roints p . rp and tp are obtained of image
coordinates x,y with equations 2.8, where fr is a scale
facter in across-track(y)-direction and ft is a scale

factor in x-direction (compare Figure 2.3)

T, = ¥pofp + ¢

(2.8)
th =t * feolx, - x,)

(b) Measurements of sensor positions s(t) and the corres-—

ponding sensor velocity vector é(t).

(c) Position vectors g of a number of ground control points.

o 2 3 time marks

v R
Vx-axis |

range reference line

o._-_—__-_--;

point
y—-axis

Figvre 2.3 Tefinition of image coordinate system

The sensor Tfositions s at times tiand ti+ at are
correlated. Mathematically this can be expressed in one of

several ways. Methods that have been discussed employ an
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are assured to te error-free constants, only the slant ranges
(r'and r") and the times of imaging (t'and t") remain as
reasuremrents. The polynomial coefficients and approximate
values for ©p are again evaluated from the single radar images.

This algorithm was fcrrulated by GRACIE (1970).

The most general formulation of a radar stereo model would
require the assumption that ©both times of imaging and sensor
rositions s with velocity vector é are introduced as
reasurements, s and é again should be represented with one of the

above mentioned methods, for example time polynomials.

The coefficients of these polynomials (for both images of
the stereo pair) and the corrections to the measurements for
slant ranges (r' ,r") and times (t ,t") can be evaluated by a
sirultanous adjustment, folloying the rules of least squares.
Also ground <control points g can be introduced 1in this

ad justment.

The equation systems for such a rigorous formulation are
presented in the following section, taking once equations (2.1)
as the basic equations for each point (Case A) and once
equations X.2 (Case B). For both formulations the sensor
rositions s’ ,s” are defined as time polynomials of k-th order
(corpare equations 2.9) and the sensor velocity vectorS'é'.
$” therefore obviously are obtained as the first derivatives of

these polynomials
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Xs - ao a]-t + azot + aB.t t see

y (1) = b, + byt + bout? + byatd o+ L., (2.10)
2 3

2 (t) = ¢, +cp.t + Ccot + 3.t 4+ ..,

A solution for the ©polynomial coefficients a ....ciis
again found with a 1least squares algorithm, so that a sensor
fosition s can te computed for any given value of time t.  The
velocity vector s of the sensor is given by the first

derivatives of equations (2.1@).
€.2.2 Computation of Coordipates of Imaged Poimts p

Wwith a known sensor position and attitude the three
equations (2.1) are insufficient to solve for the four unknowns
ﬁ)' %). %)and Q@ and therefore are vunderdetermined. Therefore
one cf the vnknowns has to be given or to be measured externally
to solve for the other three. In single-image radargrammetry it
rakes sense to assume a value for the height of an object; 1in

many applications this can be zero, implying an image of the sea

surface.

The coordinates " of the ground point F in a
rlaneto(geo-)centric <coordinate system are then computed by the
intersection of three geometrical surfaces :

(1) the geometrical shape of the object, namely the plane-
tary surface : This can be a sphere with radius R, or
rore generally , an ellipsoid with a and b as the
lengths of equatorial and polar semi-axes. Obviously
the center of this figure should be.the center of the
rlaneto(geo-)centric system.

(2) a sphere with radius r_ (slant range) and center at
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The solution for coordinate corrections Ap is found

by a least squares algorithm:

g = (@ Je.et oDl
P
AF = -QP.Q‘{(Q.Q'q.QT)_l._ (3.4)
F=EF *+ &P
Equations (2.2) can be written in the form of three
conditions:
s +r A ~-s -1 =0 (3.5)
This is a system of three nonlinear equations for
the two unknown elevation angles o’ and o’
Iinearization 1leads to the following correction
equations (in matrix formulation):
V+E.aptw=@ (3.€)
rg = (a0’',00") ... vector of corrections to
approximate values for g’
and o’
WeeoenaooeonsssasseosoVECctor of contradictions of
equations (Z.5)
Veeeosaeaesaassnsssocdifferences between p’ and p* .

Foieiiiieiieieisensscoefficient matrix of linearized

system
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If ore could assume to have sufficiently accurate

approximate valves p for the imaged, point, a Taylor-

O

linearization would lead to better solutions of tbis non-linear

Troblem:
fl(IG) + £7(dp) = £, (r) = ©
£,(g ) + £(dp) = £,(p) = © (2.13)
£,(p) + £5(dp) = £.(p) =0

or
a,, -dx + alz.dy + a13.dz =w = —fl(po)
3y,-9% + a,y.dy * @ 5.dz = w, = =f, (p ) (2.14)
331.4X + @ 3,.dy + a45.dz = wy = =f3(p,)

aij...coefficients of linearization
dp ...vector of corrections for approximate values for P.

¥ ...vector of contradictions of equations (2.12)

a,, =2x/ a’

2
a12 =2y/a

2
a;3 =22 /01
321 = 2.(x - xs)

a =2.(z - 2z )

23 S . (2-15)
a3 = X, - sin T(x—xs).=§=/:2-§=
azgy =y, = sint (y - Ys)-5§=/:P - 5|

a33 = 25 - sint (z - z_).15!/ip - s|
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This car either be

(a) a rair of equations (2.%) and (2.6) (see chapter 2)

ip-s't=r (3.1)

[+
o~
o
|
w
: ~
e
i
w
[y
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w
e
]
wn
[
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Lic B, -

!
in

or

(3.2)

ad (a):
The four equations (2.1) are nonlinear and contain the
three unknown coordinates (ﬂ>' %). ﬂ>) of ground point
E- Their 1linearization leads to the following
correction equations for every ¢Froint (in matrix

notation):
C.v + D.Ap + w=20 (3.3)

AR = (Aﬁ). A Aﬂ))... vector of corrections to
arrroximate values for p
).

Veeseoesaasasnseassasnas VECtOr 0of the 16 observation

vz, )

(p = (x, 4y,

) »n o 7
corrections for s , s , s ,

. ’ n ’ ”
Weeoeseneensnsnnnseeass vector of contradictions of

equations (3.1)
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The use of ground control points is mostly in one of three

either interpolatively or parametrically or in a mixed
id) form:
) interpolatively: The interpolatively use of ground

control roints is based on imaging equations as follows :

x u + Au
y = s + A, v + v
z W o+ Aw

The differences between radargrammetrically computed
position vectors p and corresponding ground points g
are used to interpolate corrections in radargrammetric

Folnts with polynomials or other interpolation methods.

) parametric: In this case the tasic imaging equations
are
x u
Y = s(t) + A(t). |v
z v

The ground control points serve for the computation of
corrections to measured or approximate values of the

sensor positions s, velocity vectors s and elements of

interior orientation.

) bybrid techpigue: For the hybrid technique the imaging
equations are given as follows :
x u + Au
y = s(t) + A(t). | v + av

z W + Aw
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CHAPTETR 3

MATHEMATICAL METHODS OF STEREQ RADAR MAPPING

We can work with mathematical stereo radar formulations of
varying degrees of complexity. An  original mathematical
contribution was ty ROSENFIELD (1968), and was used by GRACIE et
al.(187¢) with synthetic aperture radar images. LEBERL (1972)
rerformed an error analysis, DBA (1974) and DOWIDEIT (1977)
dealt with aircraft radar strips, whereas LEBERL (1978,1979)
discussed satellite radar. Simplified models were wused by
LERENYI (1S74,1975), by KOOPMANS (1974), LA PRADE (1963,1979)
and ty LEEERL (1979 a,b). An implementation on a
rhotogrammetric stereo plotter was attempted by NORVELLE (1972)
and by AUTOMETRIC (1681). 1In the following we will review the

general formulations and discuss several special cases.

-—— - - - ek e i e =

In the sense of photogrammetry the process of interior
orientation refers to the determination of the principal voint
and the principal distance (focal length) of a photo. In a
radar imaging system there are no such entities and the
Frincipal point as the origin of the image coordinate system
thecretically can Ye placed anywhere on the radar image.
However, according to Figure 2.3 it will bde usually chosen at
the near range edge of the image with the x-~axis showing in
flight direction. Interior orientation 1in radargrammetry 1is

therefore based on determining the x-axis as the range reference
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ZERO-DOPPLER
PLANE

Figure 2.4 Intersection of imaging surface (plane)
and orbit

If the flight line is represented as a time poly~-

nomial, sg is computed with the condition (2.18a):

é.(e-§g)/%§'%.=s~§ | = sint (2.18a)
g
or if the cone degenerates to a plane

s.(g-s)=o¢ (2.181)
g

In formulas (2.17a) and (2.18a) it is assumed, that
the squint angle 7 is counted positively in flight
direction, that is defined by the directional vectors 51
or é. respectively, and negative against flight
direction, sc that one can get unambiguous solutions for
5

.
T

Calibration polynomials for slant range and time
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FLIGHT LINE

XY-COORDINATE
PLANE

Figure 2.& Arrangement of coordinate systems for
simplified coordinate evaluations

This leads to three equations for the solution of four

unknowns x , y , z and & :

b ¢ > 2 "]
yl =1|o +r, sing (2.19)
z H =~Ccos

As for the rigorous solutior one might assume the height

z of the image point referenced to the X,y-plane to be zero.

Then the coordinates of the imaged point are computed after

€liminating the elevation angle © as follows:

X = Xs

y = (r* - %) '/?

(2.22)
2 =0
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FLIGHT LINE

XY-COORDINATE
PLANE

Figure 2.2 Arrangement of coordinate systems for
simplified coordinate evaluations

This leads to three equations for the solution of four

unknowns x , y , z and @

X X, ]
y|l =18 + r. sin® (2.19)
z B =Cos &

As for the rigorous solution one might assume the height

z of the image point referenced to the x,y-plane to be zero.

Then the coordinates of the imaged point are computed after

eliminating the elevation angle ¢ as follows:

2 _ g2yl/2 (2.2¢)
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ZERO-DOPPLER
PLANE

Figure 2.4 Intersection of imaging surface (plane)
and orbit
If the flight line is represented as a time poly-
nomial, gg is computed with the condition (2.18a):

é.(g-gg)/%é%.%g-§ i = sinrT (2.18a)
g
or if the cone degenerates to a plane

sS.(g-5)=20 (2.18%)
g

In formulas (2.17a) and (2.18a) it is assumed, that
the squint angle 7 1is counted positively ip flight
direction, that is defined by the directional vectors S,
or é. respectively, and negative against flight

direction, so that one can get unambiguous solutions for

)

.
=g

Calibration polynomials for slant range and time
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CBEAPTETR 3

MATHEMATICAL METHODS OF STEREO RADAR MAPPING

We can work with mathematical stereo radar formulations of
varyineg degrees of complexity. An original mathematical
contribution was ty ROSENFIELD (19€68), and was used by GRACIE et
al.(167¢) with synthetic aperture radar images. LEBERL (1972)
rerformed an error analysis, DBA (1974) and DOWIDEIT (1977)
dealt with aircraft radar strips, whereas LEBERL (1978,1979)
discussed satellite radar. Simplified models were used by
CERENYI (1674,1875), by KOOPMANS (1974), LA PRADE (19€3,1970)
and ty LEEERL (1979 a,b). An implementation on a
rhotogrammetric stereo plotter was attempted by NORVELLE (1972)
and by AUTOMETRIC (1681). 1In the following we will review the

general formulations and discuss several special cases.

- - - - ey e

In the sense of rthotogrammetry the process of interior
orientation refers to the determination of the principal point
and the principal distance (focal length) of a photo. In a
radar imaging system there are no such entities and the
Frincipal point as the origin of the image —coordinate system
theoretically can be ©placed anywhere on the radar image.
However, according to Figure 2.3 it will be wusually chosen at
the near range edge of the image with the x-axis showing in

flight direction. Interior orientation in radargrammetry 1is

therefore based on determining the x-axis as the range reference
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2.2.3 Use of Ground Control Points

The use of ground control points is mostly in one of three
ways: either interpolatively or parametrically or in a mixed
(hybrid) form:

control points is based on imaging equations as follows :

x v+ AU
y = 5 + A, |v + .v
Z w + Aw

The differences between radargrammetrically computed
position vectors p and corresponding ground points g
are vsed to interpolate corrections in radargrammetric

roints with polynomials or other interpolation methods.

( t) parametric: In this case the tasic imaging equations

are
x u
yiI = s(t) + A(t). v
z w

The ground control points serve for the computation of
corrections to measured or approximate valuves of the
sensor positions s, velocity vectors s and elements of

interior orientation.

(c) bybrid technigue: For the hybrid technique the imaging
equations are given as follows :
x u + Au
y = s(t) + A(t). | v + v

Z w + A
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This car either be

(a) a pair of equations (2.%) and (2.6) (see chapter 2)

'r - st =r (3.1)

[N =4
L]
-
Lol
i
w
V.
1}
wn
[
ts
-
L]
(£ -1
:..
Lo B -
i
fwn

or

(3.2)

ad (a):
The four equations (3.1) are nonlinear and contain the
three unknown coordinates (ﬂ>’ Y, o ﬁ>) of ground point
- Their 1linearization leads to the following

correction equations for every vroint (in matrix

notation):
C.v + D.Ap + w =90 (3.3)

AF = (Aﬁ). A Aﬁ))... vector of corrections to
arproximate values for p
).

Veoeooosoesesseaceesess vector of the 16 observation

vz, )

(p = (x, Wy,

) »n « )
corrections for s , s, s,

s, r', ", ', 1
Weseseoeaenessssnneses, vector of contradictions of

equations (3.1)
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If ore <could assume to have sufficiently accurate

approximate values p for the imaged, point, a Taylor-

O

linearization would lead to better solutions of tbis non-linear

Froblem:
£ (r ) + £9(dp) = £, (p) = @
£,(r, ) + £(dp) = £, (p) = € (2.13)
f3(po) + f3(dp) = f3(p) = @

or
a, -dx + alz.dy + 613.dz =v = —fl(po)
a,,.dx + a,,.dy + a ..dz = w, fz(po) ( )
35 .dX + @ 3,.dy + @ 45.d2 = w3 = =f3(p_)

a, . ...coefficients of linearization
1]
dp ...vector of corrections for approximate values for p.

w ...vector of contradictions of equations (2.12)

a, =2x/ az
a,, =2y / a2
a;3 =2z /1%
3, = 2.(x - x.)
ayy = 2.(y - y)

a,5 = 2.(2z - z)

. (2.15)
ag; = X, = sin t(x - x_).dsi/ip - sl
azgy; = ¥, = sint(y - y,).lsi/lp - s
a3 =z - sint (z -z ).isi/ip = si
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The solution for coordinate corrections Ap is

found
by a least squares algorithm:
-1 -1 -1

¢ = (0 (c.c”'.cH'.p

Ap -1 T, -1

AI‘-"QP.QT.(Q.Q S T (3.4)

ad (bv):
Equations (3.2) can be written in the form of three
conditions:
s +r A" -s" - =0 (3.5)
This is a system of three nonlinear -equations for

the two unknown elevation angles ¢’ and o

linearization leads to the following correction

equations (in matrix formulation):

V+E.AQ+tW =20 (3.€)

Ag = (ag’',a0") ... vector of corrections to

approximate values for g~

and ”

WeseseoeneeseanoessssvVector of contradictions of

equations (Z.5)

y..........;........differences between p' and p” .

Eoveiieeeiieiennevsscoefficient matrix of linearized

system



-43-

2 3

x(t) = a +a .t~ .0 +tag.t 4 ...

y (1) = by + bt + bot? + byt 4 L., (2.10)
2 3

2 (t) = ¢, +¢cp.t + Ccot +c3.t 4+ L.,

A solution for the polynomial coefficients a ....ciis
again found with a 1least squares algorithm, so that a sensor
Fosition s can te computed for any given value of time t. The
velocity vector s of the sensor is given by the first

derivatives of equations (2.1@).
2.2.2 Computation of Coordipates of Imaged Points p

With a known sensor position and attitude the three
equations (2.1) are insufficient to solve for the four unknowns
ﬁ>’ *). %)and @ and therefore are vunderdetermined. Therefore
one cf the unknowns has to be given or to be measured externally
to solve for the other three. In single-image radargrammetry it
rakes sense to assume a value for the height of an object; in

many applications this can be zero, implying an image of the sea

surface,

The coordinates of the ground point F in a
Flaneto(geo-)centric coordinate system are then computed by the
irtersection of three geometrical surfaces :

(1) the geometrical shape of the object, namely the plane-
tary surface : This can be a sphere with radius R, or
rore generally , an ellipsoid with a and b as the
lengths of equatorial and polar semi-axes. Obviously
the center of this figure should be.the center of the
rlaneto(gec-)centric system.

(2) a sphere with radius r_ (slant range) and center at
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are assured to bte error-free constants, only the slant ranges
(r'and r") and the times of imaging (t'anmd t") remain as
reasurerents. The polynomial coefficients and approximate
values for ©p are again evaluated from the single radar images.

Ihis algorithm was fcrrulated by GRACIE (1972).

The most general formulation of a radar stereo model would
require the assumption that ©both times of imaging and sensor
Fositions s with velocity vector s are introduced as
reasurements, s and é again should be represented with one of the

above mentioned methods, for example time polynomials.

The coefficients of these polynomials (for both images of
the stereo pair) and the corrections to the measurements for
slant ranges (r' ,r’) and times (t' ,t") can be evaluated by a
simultanous adjustment, folloying the rules of least squares.
Also ground control points g can be introduced 1in this

ad justment.

The equation systems for such a rigorous formulation are
presented 4in the following section, taking once equations (3.1)
as the Dbasic equations for each point (Case A) and once
equations C&.2 (Case B). For bdoth formulations the sensor
rositions §'.§" are defined as time polynomials of k-th order
(compare equations 2.8) and the sensor velocity vectors s,

§" therefore obviously are obtained as the first derivatives of

these polynomials :
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e e o A - e Am e G - A VR m e i MR . e = At &

The inputs of single-image radargrammetry consist of:

(a) Measurements of slant ranges r and so called ’‘semsor
event times”’ tp of imaging of ; selected number of
image roints p . rp and tp are obtained of image
coordinates x,y with equations 2.8, where fr is a scale
factor in across~track(y)—-direction and ft ls a scale
factor in x-direction (compare Figure 2.3)

r =y .t + ¢
PO (2.8)

-
L}

p = to * fro(x, - x,)

(b) Measurements of sensor positioms s(t) and the corres-

ponding sensor velocity vector s(t).

(c) Position vectors g of a number of ground control fpoints.

o - - time marks

l ’

I Xx-axis

range reference line

-
P S )

point
y—axis

Fieure 2.3 Definition of image coordinate system

The sensor gfositions s at times tiand ti+ At are

correlated. Mathematically this can be expressed in one of

several ways. Methods that have been discussed employ an
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4 rd rd 4 Ik ”, - r'd
vxg = dao + t dal + teee t dak Xg
; ’ 4 ’ lk , - ’
vyS = dbO + t db] + e + t dbk yS
’ ’ rd s lk *, ’
vZS = dcO + t dc] + .e.. vt dec - 2 (3.11)
”" " " " nk " ”"
vxq = dao + t da; *+ .... * t da, - xg
:I ” ” " 'lk (1] ”
VyS = dbO + t db] + e *t t dbk had yS
" " 1] " nk ” 1]
vzq = dc0 + tldc + .eee vV dcy 2
or in matrix notation
i " [ ] [ e A
- o . . 0 0 d_a_ X
X X dh ’ -S
: - . ) dg: ’
I ’ laar| |®
v ' . M . . db’ 2’
| - i lag"] - |2 (3.12)
- x * My » - dT =s
lv.” . M. . "
-y -y
v " e . . Moe 2"
z - z - -T8
respectively
v =M .0y -1 (3.13)

1 1 1

The vector Au contains the increments for the unknown
polynomial coefficients and squint angles. With Q as the
inverse of the weight matrix G of the observations the

normal equations would become
M)au = Mo (3.14)
1 _

(2) for grourd control points :
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In this case the equations (3.10) need to be 1linearized,
where the values for the coordinates of the ground conrtrol
roints (x,y,z) can be assumed to be error-free. Since s
respectively § are expressed by equations (2.€) respectively
(3.€), also their rartial derivatives ds and dé need to be
replaced by the aprropriate derivatives of equations (3.8)
and (3.¢). Then the observation equations contain the
reasurements r' , r , t’ , t" and the unknmown polynomial

coefficients and squint argles and therefore their

linearization leads to :
C.v+T.au=w (3.18)

C and T are coefficient matrices ,v contains the corrections
for the measurements of times and slant ranges and w is the
vector of contradictions of equations (3.18). Vector au is
defined as in equation (3.13).

With the weight matrix G of the observations the following

normal equations are obtained :

(rroc.gt ¢ty Thooyhae = -0t et T T (3.16)

or, in corresyondence with equation (3.13)

T -l T -1
(ﬁz '92 '52)°AP =M.,0Q, °.1'2 (3.17)

for image points :

In this case also the values x,¥,2 for the grovnd
coordinates of each 1imaged ©point are only aprroximately
known and therefore corrected by increments APp =
(dx,dy,dz) . The linearized observational equations can be

written as follows :



63~

C.v + D,Au + E.Ap = W (2.18)

A modification of this adjustment problem leads to

v = D.,Au + E.Ap - W (3.19)

vil Y E, - . . @ ] [au] L

L4 - » ] L) AR] L

. = . . . . L] — . (3.22)
- * . . L] —ABn— L]

Y‘ I Q L - L] E -
-1 ~~n = n- -n-

Now the equation system contains also the unknown
increments Ap for each imaged ground point p. However,E
is a ©band matrix, and for this reason the unknowns
Ap easily can be eliminated separately for each image point
with the following formulas, where G again 1is the weight

matrix for appropriate observations

_ T -1 . T.-1 1 -1 T, -1
'I]_ - Ei.(gi.(c.cl .‘ci) .El) .Ei.( Ci_G_’i Ogi)
My (1= BNk (3.21)
J3,1= (1 - E1)'!i
The modified adjustment problem is
»* .
LA 13 T (3.22)

with the weight matrix 9;1

D.¢ " .I ) and the normal

equations now will become

(M .07 M) = MLg (3.23)
3 3 3 373 -3
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The three equations (3.14), (3.17) and (3.23) lead to solutions

for the unknowns Au as follows :

i=1 1 1 1 i=1 i i i (3.24)

After evaluating the unknowns au also the increments ap for the
approximate values of the ground coordinates can be computed for
each point
= T -1 A~Ty-1 -1 -1 ATy -1 .
A- = . ® . & L ] - - * L] [ ] - - . ®
B (Ee0g .67 e DT BT LR (e e T e - Dy w)

F T
W e s ;

If equations (3.2) are used as tasic equations again three

kinds of linearized observational equations are obtained :

(1) for orbdit position measurements :
For this kind of otservations there is no difference to case

A and we get the following normal equations
).ou = NT.Q] .1 (3.26)
(2) for ground control points :

In this case for each point six observation equations are

obtained according to equations (2.2) :

s +r'.A".p” - D

L]
L]

(3.27)

1
(N

s" + r"A".p" - p

The ortit positions are again rerlaced by time polynomials .

Therefore the observation equations are functions of the
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» ) »

observations r', r”, t , t and the unknown polynomial

coefficients, squint angles <1 ,T and elevation angles

L »

o+ + Linearization leads to

C.v + Lofu + E.AR = W (3.28)

vV = L.0u + E.0Q = W (3.29)

For a number of n ground control ©points the following

linearized observation equations are obtained :

vl fL, E. . . . @7 [au W]

Ly %12 ¥
. . . . . AS}] .
. = . . . . . - . 3.32
G ( )
n
Y* _1_) E . . . e w
- N - N n - -7 n-

Like in the discussion of case A the wunknowns AR, =
( s0,00;) can be eliminated for each roint with formulas
according to equations (3.21), so that again normal

equations with only the unknowns A u are obtained :

i
]
-4
»
>
s
'
p—

L pl
L]
o
(]

\
L]
3
3

(3.31)

=2 °%2 T2

(3) for image points

For each imaged roint three equations are ottained :

s +r . A.p - s -rA".p =0 (3.22)



In this case alsc the unknowns A2 are eliminated for each
roint as done for ground control points in section (2). The

normal equation system is then again
T A-1 _ T "
Like for case A the solution for the unknowns Au is found by

3 3
T ~ -1 T A1
= Q. 1.
(121 N1'91 'Ni)‘AP j; El 91_1 (3.35)
With the adjusted values for Au the increments AQ: ' Anfcan te
computed for each imaged point with equations (2.36) :

- (¢ T -1 ATy~ -1 T -1 ATy -1 _ A

The ground coordinates x,y,z of an imaged point themn <can be
deterrined, when introducing the ad justed polynomial
coefficlients and elevation angles as well as the corrected

reasurements r', r’, t , t in equations (3.27).

.- SIMPLIFIED STEREQ FORMULATIONS

- e W me o e e e Ar e WP A e S e e el

Pt giiuungiii MR ghugi— S-G9 X R 2 — PP

Like for single image radargrammetry one might also choose
2@ 1local coordipate system for radar stereo evaluations as shown

in Figure 3.2.
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FLIGHT LINE

xy COORDINATE-PLANE

Figure 2.2 Arrangement of coordinate systems for
sirplified stereo evaluations

In this case the planetary surface is again assumed to be a
rlane and to te parallel to the flight 7faths, which are
represented by straight lines. The x-axis of this local system
is Tfarallel to the flight lines and the y-axis parallel to the

stereo base P and therefore the sensor positions s’ amd 5 and

the velocity vectors s and s" are defined as follows:

s’ = (x] ,0 ,8)
' = (x,08 ,0)
s’ = (x_ ,B ,H)
s" = (37,0 ,0)
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If these vectors are introdvced in equations (3.1) and the
squint angle T is assumed to be zéro, one ottains the following
equations for the computation of the coordinates of imaged poirt
I:

x =(xs+ xﬁ/z
2

+ B°)/2B (3.327)
2= B-[(r"? =32 + (+"2 - (3 - y)2) 212

(-r + r’

g
n

A slightly different approach to compute the height z above

a4 reference datum is still with projeéction circles :

tano’ . (H - z)

w
L1}

+tanc”,(H - z) + B (2,28)

~
"

N
"

H - B/(tano” + tany")

<.%.2 With Measured Parallaxes

Another simplified technique of stereo radargrammetry can
be tased on an assumption of rectilinear flight lines, where
flight 1ines (’) and (") are parallel. As in  aerial
Photogrammetry the stereo radar images can be used to define
beight differences h tetween two points from their parallax
differences, ag. These may te measured for example using a
stereoscope and a parallax bar. Because in photogrammetry the
Frojection rays are stralght lines (central pProjection) and in
radargrarmetry they are circles (range projection), the formulas
to convert Ap into Ah are more complex, and they are different
dererding whether a ground rénge or a slant range presentation

is used for the radar images.
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KOOEMANS (1674), DERENYI (1¢75), LEBERL (167%) and others

found

(a) for ground range presentation (see Figure 3.3)

p° = ah.cot Q°

1’ = ash.cot Q"

AR =T = p” = ah.(cot 2" = cot o)
Ah = ap/(cot 97 = cot 0°)

The plus siegn

side georetry.

is for orposite side,

(3.39)

the minus sign for same

RADAR
0 8 0
|
N >
Y/ ~ Q7N
~ N
-~ ~N
~ ~
S N
\\\ N
~
\\\\
~ .\
AP—»l lc-
- y —

Figure 2.2

(b) for slant

’

T =
I;" =
Ap =

Ah =

Definition of parallax differences ar

for ground range presentation

range presentation (see Figure 3.4)

Ah.cos Q°
Ak.cos @
p" - ¢’ = ah.{(cos @ - cos Q7)

AE/(cos 9 = cos Q7)

(3.40)
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The plus sign is again for opposite side and the minus sign

for same side stereo arrangements.

0' ou

Figure 3.4 Definition of parallax differences Ap
for slant range rresentation
In the approximate equations (3.39) and (2.492) the
projection circles are replaced by straight lines perpendicular
to the connecting lines between sensor and object point. These
arproximations ©become increasingly coarse as look angles Q’, @

reduce to sraller values. More correctly the parallax ap |is

related to height Ah as follows :

, h 1/2
P =y - (r? - F)
, " 1/2
P =y-B-~-(r L HZ)
o . 1/2 5 , 172
Ap = B + (r - H°) - (r” - H) (3.41)

This is a non-linear relationshir bvetween Ap and Ah, where

Ah is included in r%, 1

2 2 w201/
5 /cos5q H?)

2
Ap = B
scost g’ - B )2

1+

(B - Ah)
(

(
((B - 2h)

This expression will be used to compute the exaggeration factors

(3.42)

of radar stereo.
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IA PRADE (197€) and LA PRADE et al.(1580) descride a
concept for the evaluation of stereo viewability and quality
using a verticql exaggeration factor, q. This 1is related to
central perspective geometry which in turn is the model used to
explain human vision. For ease of reference we present this
concert of LA PRADE. Figure 2.5 descrites the central
rerspective image collection geometry for a pair of cameras, and
an observer looking at a stereoscopic image pair through the
lenses of a stereoscope, both illustrated for a pyramid-shaped
object. The exaggeration factor that is of relevance results
from the ratio Ah/w of the pyramid as it is in object space (an
/utl) apd as it appears from the stereo observation, oAb /% .
This is thus a measure of the flatness of the subjectively

observed models.

In addition to the ratio in nature, Ahll/wrl. and in the
stereo~otservation, Ahs /ws » there is a corresponding ratio in
the image, A%./%: according to Figure 3.6. This ratio also

exists in the object reference plane Agl/%l.

We find :
AP /W, = Apj/ug (3.43)
Ap /Ah = B /H (3.44)
n n n n

Bn is the equivalent camera stereo base and B, the -equivalent

camera flying height. Thus :
Api/ui = (En/Bn).Ahn/wu (3.45)

The stereoscopic observation has a stereo base, Bg, and distance
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Camera Stereo Base By

i

Camera | Camera

|

|

|

|

[

Flying
eight Hn

S

w./2 w. /2
t i

-T
34
—4—

1
e 2.2 Definitions in otject space for the vertica
Fleur exaggeration factor after LA PRADE et &l.(1980)

Stereoscopic Viewing Base B

l
IStereoscopic
Viewing Dis-
ltance H

|
l

e - —— —— —— o —

Api/Z

wi/Z

Figure 3.€ Defiritions ir image space for vertical
exaggeration
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to the virtuval image, BS. We find again from Figure 3.6 :

Ah /Ap = B /B
S S S S (3.46)

APy /¥g = AP/
Thus

éhs/wS = (HS/BS).(Api/wi)
and

Ahs/ws = (HS/BS)'(Bh/Hﬁ)'(Ahn/"n) (3.47)
The vertical exaggeration, q, is then :

q = (&b /w )/(2h /w ) (&.48)

] S n n

This is, for equivalent central rerspective imaging :

g = (B /B ).(B /H ) 2.49)
s s n' n

According to LA PRADE et al.(198€) ortimumr stereo viewing
with a stereoscope requires the ratio

B /B, =~ 5
and therefore

q = E.Apn/Ahn. (3.50)

The ratio Ap/Ah needs to be related to radar. Using
equations (2.29) and (2.40) we obtain a value q’:
q° = 5.(cos & % cos &)
or
Q' = 5.(cotd 2 cot )
for slant—- and ground range presentations, respectively. But
for small angles o°, o, such as these in satellite radar,

these equations rerresent merely an approximation. It would

thus be appropriate to employ equation (3.42) to avoid

neglections due to approximations.
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CHAPTER 4

RESULTS WITE SINGLE SATELLITE RADAR IMAGES

4.1. INTROLUCTION

At the time of this study, the only available satellite
radar images of the Earth were those of the SEASAT-SAR
experiment. In Octoder 1981, the Space Shuttle’s second flight
resulted in SAR-images of selected areas (Figure 4.1).

However, these data are not yet available for radargrammetric

research,

Therefore this reprort will te limited to an analysis of
SEASAT-data. The SAR-imaging configuration will be described in
the next section, followed by a radargrammetric analysis of
images presented on film, both generated optically and
digitally. No results have been generated thus far on actual

digital SAR-images.

4.2. TBE SEASAT - SAR EXPERIMINT

The SEASAT satellite was launched as an oceanographic
satellite on 4 July 1978 and operated successfully for three
months until 11 October. It stopped functioning due to an
electrical short circuit. A summary of the parameters of this
experiment is given in Table 4.1 and Figure 4.2 presents the

geometrical arrangement of the SEASAT-SAR.



ITpeU }JO oGH 1@ Juisdewi Iny *YyysS-IySVIES dn-y¥deq ® U3 Tm UaXe}
‘saFPWl-HYS Yi1dua[oARM WO GZ UL pslInsad aTIINYS aoeis 3yj JO 1UITTJ PU0O3S 3] T°p 8I1ndii




_77_

Mission duration 28 June - 11 October 1978
Orbit height 790 - 820 km

Orbit inclination 108° retrograde

Orbit period 100 minutes

Radar wave length 25 cm, Laband

Radar look angle off-nadir 170 to 23

Swath width 100 km

Ground resolution 25m x 25 m nominal

Table 4.1 SEASAT satellite ordbit and parameters
of the synthetic aperture radar.

7.5

H = 800 km

250 km

100 km
Figure 4.2 1Iraging arrangement of SEASAT

The satellite carried a synthetic aperture radar 1imaging
system on board and was the first one to produce satellite radar
images of the Earth. Previously such satellite radar images

only existed of portions of the Moon and resulted from the

APOLLO-17 mission in 1972 (LEBERL,1976).

Radar 1is an active 1imaging system providing its own
illimination and penetrates rain,fog and clouds. For this

reas on radar has some advantages over other 1imaging systems,
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especially for 1imaging polar regions and for ocean mronitoring,

which were the main goals of the SEASAT mission.

Furthermore it was expected that satellite radar should
rave some advantages over traditional airvorne radar

(LEBERL,1978) :

+e.clarge swath (1006 km) with small variation
of angle of illumination
....reduced geometric deformation due to small
variation of look-angle
....higher accuracy due to stable satellite orbits
sec.COmparatively small variabdle cost for repeated

coverage of quickly changing phenomena.

The SEASAT imaging radar system produced images at a scale
cf about 1 : 500 000, which may be generated either with
crtical or with digital correlation. 1In the optically generated
image time marks for each second of imaging serve as references
for the ‘sensor events’ or imaging times and the slant range.
Also the ©position of the SEASAT-sensor is known (in geographic

coordinates) for the corresponding times.
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4.3. RALARGRAMMETRIC MAPPING METEOD
The orbit of the sensor is given by some measured sensor
positions. Smoothing of this measurements is done by
interpolating a spatial polygon with the method of moving

averages (see chapter 2.2).

The cartesian image c&ordinates x and y (compare Figure

£.3) are converted to time of imaging t and slant range r :

Lo |
"

y.f + ¢
(4.1)

*
[i}

tl + (x"xl)c(t1+l _tl)/(xl"'] —&)

X, WX, eeesseX—Coordinates of tick-marks i,i+1

t. ,t

] i+1 seessstimes for tick-marks i,i+1 , where

t defines the sensor position s and
the velocity vector é of the sensor,
when image point (x,y) was imaged.
¥ith the assumptions that the reference surface is a sphere
and that the squint angle ® 1is zero, the geocentric coordinates
of an imaged point can be computed with the direct algorithm

described in charter 2 (see formulas 2.11).

Available ground control points with known geocentric
coordinates are wused to calidrate the radar sensor and orbit
data. Therefore the parametric method described in chapter

2.2.%2 1is used with the following correction polynomials for Ar
and At

— 2 3 L
At = a5 % ayyX t a3 X+ a,0X " * 5 ¥t yprs t
va . xy +a_xyi+a_xlyl+ a2y (4.2)
03 o4 XY os X 9 b6
2 3 4
AT = b g DX Dy XU 4 b X T Dy X+ by Y

2 2 2 2
* DXV Y Ry Ty * by, Xyt by Xy
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Derending on the pumber of ground control roints a selected

number of 1 + j polynomial coefficients a: b

Py is used to

i3
compute corrections Ar and At for time and slant range for each
irage roint. With these corrected values for t and r the
geocentric coordinates for new points are computed with

equations (2.11)

4.4. ACCURACY EVALUTICN IN THE CONTEXT OF ICE MOTION AND

e - A e - PR R4 4 -

— - - e e e - - e e e e =

Since SEASET was launched as an oceanographic satellite,
about one fourth of all 1its observations are of the arctic
Feaufort-Sea to the north-west of Canada. For the determination
cf tre motion of sea-ice the (ortically correlated) data of
seven sequential orbits were selected, which covered also parts
of Fanks Island and Victoria Island. These seven images are

listed in Table 4.2; their geographical location 1is shown 1in
Figure 4.3,
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Orbit nr. Day of Equator Time on Time off Highest
Year Crossing Latitude
1038 250 297°77 14:02:12  14:05:52 7196
1081 253 297°84 14:16:30  14:18:30 71978
1296 268 297°85 15:19:10  15:23:10 71997
1339 271 297°84 15:32:53  15:34:53 71971
1382 274 297°82 15:45:36  15:47:36 71980
1425 277 297°85 15:55:43  16:03:57
1468 280 297°85 16:08:25 16:16:39

Table 4.2 SEASAT-SAR arctic ice images for
sea-ice motion studies

Greenland

A 5

&\J
&

3

Figure 4.2 Geographical location of the area
covered by the seven SEASAT images
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Figure 4.4 Seh3AT-imasges of orbits 13&c arn 1382
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Figure 4.4 shows the 1images which <correspond to orbit
rumbers 13239 and 1382. It is to be noted that one optically
correlated SEASAT pass consists of four separate 1image strirs.
The eround control |is given by 44 identified ground control
foints over Banks and Victoria Island. Their geographic “true”
coordinates were taken from maps 1 ¢ 500 000; larger scale
raps were not avallable. The distribution of these control
points is shown in Figure 4.5. It is with these images, ground
control points and SEASAT ortit data, that an accuracy
evaluation vas performed with respect to ice motion

reasurements.

sSSP e L nal S Jhs S g R L R

For the measurement of sea-ice motion the same set of sea
ice features was identified on all seven SEASAT passes. The
image coordinates of the homologue features, of the ground
control ©points and also of some tick marks were measured on a

coordinatograph.

Then the geocentric coordinates of each point were computed
serarately from each of the seven images as described in Table
4.2, The changes in the coordinates of ice features derived
from sequential orbit passes were then interpreted as
"ice-rotion”, This motion can be presented graphically in a
targential projection. Figure 4.€ shows this motion for ice
features between two sequential orbits. Figure 4.6 (d) for
example shows the ice motion of the image pair of Figure 4.4,

that reans tetween orbits 1339 and 1282.
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The rather large ice motion of Figure 4.6.b Dbetween orbit
1¢€1 and ortit 1296 refers to the 1f5-day interval between these

orbits, while the other intervals amount to 3 days.

The total ice motion of all seven SEASAT rasses is shown in
Figure 4.7 as a synopsis of Figures 4.€ (a) to (f). The root
mean square values of the ice motions according to Figures 4.6
(a) to (f) are summarized in Table 4.3 and the mean value for
the ice motion for one day of the observational vperiod was

computed with 6.4 kiloreters per day.

As a simplified method for the computation of the
coordinates vof ice features one may consider to use the ground
control points on the 1land areas for a linear conformal
transformation between image coordinates and geocentric
coordinates. It will te shown in the following section, that

this would lead to grossly erroneous results.

Figure 4.8 illustrates the results for the total ice motion
obtained with this simplified method. Orbit 1281 could not bde
used because no land areas and therefore no ground cortrol
foints were on the radar image. A comparision of figures 4.7
and 4.8 shows clearly different motions of ice features in the
radargrammetric and simplified method, especially in regions far

away from the islands.

Important for the study of 4ice dynamics 1is the 1ice
deformation, which means the relative motion of ice features
with respect to one another. The results for this ice

deformation were obtained from a linear conformal transformation
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between the coordinates of two sequential orbit rasses. Figures
4.¢ (a) to (f) shows the deformations of the € irage pairs;
this relates to Figure 4.6 (a) to (f) illustrating displacement
vectors after the transformation. Their RMS-values are

summarized in Table 4.3 and amount to as much as several

kiloreters.

Crbits Ice motion . Ice deformation
x y X y

122 - 1081 g.24 14 .87 1.78 2.24
1281 - 128€ 121.33 71.28 8.89 9.07
120€ - 133¢ £.6¢ €.84 4.7 4.12
123 - 1382 18.65 28 .51 7.18 5.94
1282 - 14z°F 18,78 17 .54 4,22 €6.15
1425 - 14€¢ 1¢.z21 .71 3.0¢ 4.3?-_

Table 4.2 RMS-values for ice motions and ice
deformations

- T e - X O S - P

Since the selected SEASAT passes'also cover parts of Banks
and Victoria Island, this ground information can be used for

accuracy evaluation of the radargrammetric marring method.

Furthermore the error propagation on one end in a SAR strip
should be determined for both the radargrammetric and the
simplified method with linear transformation under the
assumption that there is only ground control on one end of the
strip. This can be a relevant 1limitation in satellite radar

rapping particularly with sea ice images. For this evaluation
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only one of four parts of an optically correlated SEASAT 1image
is used and any number of known ground points can te selected as

control, while the remaining points serve for comparision.

Ground Polynomial | Radargrammetric | Simple scale fit
control | (equ. 4.2) method
X y X J
] - - - - 15.12 12.88 - -=
1 1-9-1-0 .35 .28 - --
4 1-2-1-0 23 .22 .37 35
at both
ends 1-1-1-1 .34 A7 - -
2-0-2-0 .23 21 - -
4 1-0-1-9 33 .25 2 .00 4.8¢
at one
2-90-2-0 1€.77 18.50 - --
& 1-0-1-0 .31 31 86 1.47
at one
end 1-1-1-1 24 .3€ - -
2-0-2-0 .34 .91 -~ -
2-1-2-1 40 1.15 - -
T U R USRI SRS p—
17 1-0-1-2 o33 .24 .32 e
2-1-2-1 .28 .21 - --
I-4-3-4 24 .21 -- -=
4-€~-E-2 .18 17 -— -=

Table 4.4 Coordinate errcors in kr with different
ground control distribution

The results of these investigations are summarized in Table
4.4. Theoretically the radargrammetrié mapring method works
also without using any control point. But as one can see from

Table 4.4 this would 1lead to 1large errors in computed
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coordirnates. The reason for this fact 1s that time marks
sometimes are off for several seconds of tige in the irages.
for €xample the time mark offset in the wuced irage strip was
0.220€ bours correstonding to 2 seconds of time. This value
corresponds to a displacement of abtout 2@ kilcemeters c¢r the

ground.

Therefore at leest one ground control point must be used to
€lininate the otvious set-cff of time-marks. This would reduce
the errors ir the check points to about 42¢ meters on ground
(see Table 4.4). Flgure 4.1@ shows the distribution of used
control points and their residuals when using one single ¢ground

U

cortrol point at one end of the pass.

In Fipure 4.11 (a) the results of the radargrammetric
method are illustrated when using two ground control points, one
at each end of the <trip. In this <case the errors cof
Ccordinates would be of the same order of ragnitude as seer from

Table 4.4.

With two ground control ©points also the mer.tioned
simplified method of a lirear conformal transformatior car be
used to compute the coordinates of comparision points. The
results for this method are shown graphically in Figure 4.11
(b). It can be seen that the amourt of residual vectors is ¢f
the same order of magnitude than those of Figure 4.11 (a). Orne
must thus conclude that with < or more well distributed greund
control roints there is no reason tc employ 7Frorer

radargrammetry.
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However, the advantage of the radargrammetric method versus
the simple one is clear if two ground control points are used at
the same end of an image strip. The result 1is jllustrated in
Figures 4.12 (a) and (b); while for the radargrammetric method
the residuals do not change drastically they increase to about 5
kiloreters on the ground when using merely a conformal trans-
formatiorn of the images to ground control. Even when using five
control points at the ore end of the strir there remain
Coordinate residuals of 1.5 km on the ground as shown in Figure

4.12 (c).

Fror Table 4.4 it also can be seen that it is not useful to
emrloy a polynomial of higher order for the calibration of orbit
data, if only ground control on one end of the strip is
available. This only would 1lead to an extrapolation of the

coordinates at the other end and therefore to erroneous results.

Extrapolation must be avoided. For the radargrammetric
method and a 1low order correction polynomial, the use of all
availadle ground points predictably results in no significarnt
improvement compared to the results obtained when using only two
control points at toth ends of tke strip. Only when polynomials
of higher order are employed can we reduce the residuals in the

check points to about + 15¢ to + 220 meters.

The cause of this accuracy limitation to + 15@ rmeters nrmay
be the difficulty of identifying homologue ground points or the
rap and in the irmages. The ground control ©points were taken
from a map at scale 1 : 5¢¢ ¢e¢g€; small identification errors

of £.2% mm on the mar represent an error of 125 meters on the
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Figure 4.13 (a) Figure 4.13 (b)

Figure 4.13 (c) Figure 4.13 (d)
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Figure 4.13 (e)

Fleure 4.12 (a)-(f) Comparision of SEASAT SAR images of
Fanke Island from different times
(o) Map <egment of Banks Island taken from
the mapr 1 : E0C @eg
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ground. The same 1is valid for identification errors in the
images, which are also of a scale of about 1 : E@0 @00, The
difficulty is arprreciated when juxtarosing a SAh-image and a wap
(see Figure 4.13).

Another cause for accuracy limitations might be the lack of
precision in the time marks, which serve for the computation of
times of imaging. Table 4.5 shows that these time marks are not

equidistant and therefore 1lead to errors in imaging or censer

events times.

Image coordi- CTLeviaticns dy ¢f Differences dx
nate x (time) time marxs from between time
(in mm) range reference marks (in mm)
: line (ir mm)

22.6¢¢ - .€72
412.2¢¢ -2.1E4
£ez.5e2 -2.274 13.402
51€.300 -2.0823 13.€080
52¢.:2¢¢ -¢.235 1Z.226
244 .20¢ -2.¢41 13.422
587.4%2 -0.ce4 13,358
57¢.8¢0C ~¢.0ez 123.€c@
£84.482 -2.227 13.582
508.0200 2.687 13.400
611.40¢€ Z.¢81 12.1¢¢
€2Z.50¢ 2.27¢8 13.£5¢
€37.450 @.273 12.200
€2 .coe g.11¢ 14.75¢
6€5.4¢2 2.128 13.8¢22
€78.200 @.153 13.209
652 .40C €.147 1Z.18¢
725.550 .142 13.182
?718.720 @.128 13.€20
732.%e¢ €.137 11.8¢¢
744 .16¢@ 2.12€ 13.38¢
757 .52 9.129
1385.118 -¢.257
1572.782 -0.194
22402 .67€ -2.20¢8
St. Dev. 8.174 ¢.€07

Table 4.5 Deviations of time marks from range
reference line and equidistance
Also the use of a spatial polygon for the satellite orbit
(compare equations 2.9) did not seem to be the best solution for

this problem. The length of a linesr polygon piece is defined
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ty a chosen value 2t for the corresponding time interval. 1In
our case the value for At was @.20¢2 hours, which corresponds to
about 5 kilometers on the ground. 'Attempts with smaller time

intervals also did not lead to an improvement of the accuracy.

But an experiment was made wusing a polynomial of third
order to approximate the orbit as described in chapter 2 ty
equations (2.10). This led to significantly smaller errors in
cheCk points especially when using calibration polymomials for
range and time of higher order. A comparision of the results of
this methods for the approxiration of the satellite orbit is
shown in Table 4.6.

Correction Use of a spatial Use of rolynomials
Folynomial polygon with according to equa-
(equ. 4.2) At = @.2222 hours tion (2.10)

(equation 2.9)

x ¥ x y
1-¢-1-2 .33 .24 .28 .17
2-g-2-2 .28 .18 .17 .13
2-4-3-4 .24 .21 .15 .29

Tatle 4.6 RMS-values in km for errors in control
points when using a polygon respectively
a polynomial for representation of the orbdit.
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As shown in the example of sea ice mapping the accuracy of
computed ground coordinates can be limited by the accuracy of
the identification of ground points. Therefore an optically and
digitally correlated image of Los Angeles was used to evaluate
the accuracy of the radargrammetric mapping rethod if

well-defined ground points exist.

Figure 4.14 shows the optically correlated and Figure 4.15
the digitally correlated image. The optical irmage has time and
rarge references for the conversion of image coordinates 1into
slant range and sensor events (imaging times), while the
digitally correlated image has no such references. In this case
these unknown entities were defined using ground control points
according to equatiors (4.2). Grdund coordinates wvere read off
maps of a scale 1 : 24 000 and therefore the identification
errors could be exrected to be an order of magnitude smaller

than fror the 1 : 5@ 200 maps of Banks and Victoria Islands.

As can be seen from Figures 4.14 and 4.15 there is no
difficulty to find well defined ground control points,
especially in the form of street crossings. Figure 4.16 shows
an enlargement of a section of btoth the opticaliy and digitally
correlated image of Los Angeles together with a section of a
street map of this area. One may conclude’ from this
illustration, that digitally processed images have a Dbetter:

resolution than optically correlated images.

Fifty ground points were identified bdoth ipn the optically
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Figitally correlated SEASAT-5AR image of
Los Anegeles (orbit 3%51)
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and the digitally correlated image distriduted over the whole
area of interest; their image coordinates were measured on a
ronocomparator. Because no measurements c¢f sensor positions of
the satellite were made when imaging this area, the orbit was
assumed to be a straight lipe definped by two basic points and

was corrected with polynomials of higher order.

For the purrose of comparision the points of the digitally
- correlated 1image were also separated in four parts, each
correponding to one strip of the optical image. The errors of
the radargrammetically computed coordinates of the ground
control points are summarized for several correction polynomials
in Table 4.7 (grossly erromeous points are eliminated). Figures

4.17 and 4.18 show the residual vectors for the ortical and the
digital image.

Polynomial | Cptically cor- | Digitally cor- Digitally cor-
related image related image related image
(four parts)

- e e o e e o ————— . —— .t = e o e e = e ————— = - ——— -

X y X J X y
<—1-2-1 C.CE€ C.¢34 2.269 €.02% 2.185 ©2.275
S-1-E-1 d.825 @.023 .57 ¢.g22 £.147 @.C€2
E-4-3-4 Q.24 2.¢17 .22 0.017 J.878 .234

Table 4.7 RMS~-values of radargrammetric mapping errors
of optically and digitally correlated SEASAT-
SAR images of Los Argeles.The digitally cor-
related image once was evaluated in one vay
and once after serarating it into four parts.

As can be seen from Table 4.7 the achlevable accuracy with

the radargrammetric mapping method is near the ground resolution

of £+ 2% meters if a high density of 7 control points is used rer
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100¢ square kilometers.

The digital image was also evaluated without separating {it
into four parts in one single transformation. The residual
errors ottained in this case are shown in Figure 4.19. As can
te noted from this illustration the digital image bas several
distinct image deformation zones and the residual vectors amount
UEF to about 209 meters. Therefore it seems that there are some

parts with different image geometry in the digital image.

4.6, AN EXPERIMENT TO DETERMINE THE BFFECT OF RESOLUIION AND

— - e e et o W . v e v

o o - - e M E W AW e P D e - N A PR S R g

For a section of the digital image of Los Angeles twelve
images produced with various ground resolution and multiple
looks at JPL were available. Table 4.8 gives a summary of these
images with the mentioned parameters. The effect of various
ground resolutions distinctly can be seen from Figures 4,20 and
4.21 which shows version 2 with a ground resolution of 25 meters

and version € with a ground resolution of 106 meters.
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Version Ground resolutions Looks

in meters
A -1 28 x 258 1 4-bit
B -2 25 x 25 2 4-bit
c -3 25 x 25 4 4-bit
D - 4 5 x 50 4 4-bit
E-5 5¢ x 50 16 4-bit
F -6 122 x 1¢@ 16 4-bit
G -7 100 x 100 64 4-bit
H -8 25 x 25 2 2-bit
I -9 25 x 25 4 2-bit
J ~-10 5 x 59 8 2-bit
K -11 5¢ x ¢£@ 16 2-bit
L -12 100 x 100 32 2-bit

Table 4.8 Parameters of twelve versions of a section
of the image of Los Angeles
For the evaluation 26 ground control ©points distributed
cver the whole imaged area were 1dentified and their image
coordinates measured for all twelve irages. It is evident from
the visual impression of Figures 4.2¢ and 4.21 that the ease of
Toint identification depends on ground resolution. For example
it was even difficult to identify only 26 relatively well

defined homologue image points in all twelve images.

The <coordinates of these points were computed in a
geocentric coordinate system with the algorithm descridbed in
chapter 4.3 using calidbration polynomials for time and range to
determine sweep delay, time offset and image scales in x~ and

y-direction, which are unknown entities for this image.
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The root mean square values of the discrepancies between
given and radargrammetric computed coordinates are summarized in
Table 4.5 which also contains the result after additional linear
cornformal transforration and of only a simple 1linear

transformation with six parameters.

Version Linear trans- Radargrammetric Linear transfor-
formation rethod mation after
radargrammetric
X=a, +a; .x+a .y method

Y=f %] .x+b .y

x y X Y X y
1 49 34 29 46 26 30
2 4€ 29 24 41 19 21
3 41 27 23 40 18 18 (3)
4 43 37 25 48 21 33
5 41 36 25 42 20 22
6 45 37 32 50 30 36
7 43 26 35 48 32 34
8 55 41 30 47 27 31
9 43 25 25 42 21 22
10 44 39 32 48 29 34
11 40 24 25 39 21 16
12 5€ 47 35 55 33 44 (p)

Table 4.9 RMS-values in meters of residuals in ground
control points: (a) - test irage
(t) - poorest image
All results show the tendency that the accuracy of single
radar image evaluations depends on ground resolution and the

number of looks: the higher the resolution and the number of

looks, the higher is the accuracy in the coordinates.
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However,,as can be seen from Tabdble 4.9, the difference of
the coordinate errors between the best and the poorest image is
not as large as one right have expected. For examrle for a
simple 1linear transfqrmation the errors for the poorest image
(version 12 with a ground resolution of 182 meters) amount to
atout %2 meters while for the test image (version 3 with a

ground resolution of 25 meters) the coordinate errors are at

atout 52 meters.

The relatively high accuracies for the images with a poor
ground resolution refer to the fact, that the control points
were identified in images with a large scale of about 1 : 85
gee. For this 1image scale a length of 120 meters on ground
correspords to 1.2 mm in the image, and therefore identification

errors can be assumed to be rather small.

4.7. SUMMARY

—— - o -

The single radar image evalvations presented in this
chapter are tased on a rigorous radargrarmetric mapping method,
which was previously described in chapter 2. The obtained
results give some useful information about the capability of

this method.

Since the SEASAT satellite performed a considerable part of
its observations in arctic regions, these data can bde used for
the determination of the sea ice motion and deformation. For
this purpose we used a set of seven sequential SEASAT passes

over the Beaufort-Sea. The 1ice motion for the appropriate
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observational vperiod of tnirty ¢:,¢ was about €.4 kilometers

per day.

It was shown, that the mentioned radargrammetric mapping
rethod, which wuses the information of measurements of sensor
Fositions, is superior to simpler methods, such as 1linear
conformal transformation. This relates to the fact, that for
the ice motion measurement ground control was available only on

the islands on the one end of the imaged areas.

As shown in an error analysis, the simplified method would
lead to strongly erroneous results in this case. BEut also the
accuracy of the radargrammetric method was limited to about =+
126 meters on the ground. This fact may be caused by the low
density of ground control with one roint per 10 908 square
kilometers, by the difficulty and accuracy of point
identification and by the used technique for modelling the

satellite ordit.

A radargrammetric analysis was also performed with an
cptically and digitally correlated SEASAT satellite image of Los
Angeles. TFor this urban area it is not difficult to <find well
defined homologue points and identification errors are smaller

than for the arctic scene.

With a ground control demnsity of about 7 roints per 1200
square kilometers the accuracy is of the order of magnitude of
the ground resolution of about * 25 meters on the ground for

toth the optically and the digitally correlated image.
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CLAPTIERL S

RESULTS WITH STERSD RATAR IMAGES

e T R e e R i e A ey - - —— - - —

As known from traditional Trfhotogrammetiry two overlarring
aerial photugraphs can be wused for stereo viewing. Thus one
obtains a three-dimensional replica ¢f the imaged otject, the
stereo wnmodel, whichk serves the interpretation and geometric

reasurement of the image contents.

In the same manner a radargrammetric stereo modal is
obtained by viewing two overlapping radar images. Aerial
thotograghs are tased on central projections, whereas the
projection rays for radar imaging are circles (range
projection). The two types of stereo models have quite 3
different geometry. Theoretical analyses of radar stereo have
teen performed by numerous authors, such as by LA PRALE (19€2),
RCSENFIELD (1968), GRACIE (187@) or LEBERL (197¢).

The most common radar stereo arrangements are obtained from
two separate flight paths. Derending on the relative rosition
of the overlapving area with respect to the flight lines or
orbits one has same-side or opposite-side stereo (see Figure
£.1); 1in the first case the overlap area is to the same side,

in the second case it is between the two orbdbits.
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{a) same side (b) opposite side

{c) same side (d) cross 'wise

Figure 5.1 Flight configurations to obtain
overlapping images with two
flight lines
Cther stereo arrangements using two flight paths are
cross-wise or at different altitudes. As shown in Figure 5.2
overlapping images also can be obtained fror single flight
lines, tut only with real aperture radar, wher tiltirg the radar
antennas around horizontal or vertical axes (RAIR and

CARLSON,187%) .
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Figure 5.2

flight line

To get a three-dinersional impression, the two irages of

stereoc pair must be sufficiently

quality,

no problem 1in aerial

change drastically.

the objects derends on the

especially in the ofpposite-side

becomes impossitle for rugged s

slant range presentation, as argued and shown in

ty LEBERL (197¢).

object illurination and gecometric differences.
Fhotography,
But in radargrammetry the

sensor

Stereo arrangements for a single

a
similar with respect to image

This is

because sun angles do not

illuminatior of

position and therefcre

case the stereo 1impression

reas both for ground range and

some examples

In this case the images can c¢nly be used for

ronocular identification and measurerent of homologue features.

But if the images are in slart rarge rresentation also

for
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sare—-side arrangerents stereo-vision might become impossidble if
look angles are steepr. Then larger relief displacements are
obtained and even for small stereo bases the image geometry

tecomes rather different for rugged regions.

Therefore radar stereo viewing depends on (LEBERL, 1379)

«.. the stereo arrangement,
.+« the look angles off-nadir,
... the sterec intersection angles,

e»e the ruggedness of the terrain.

In the Appendix a set of radar stereo models 1is corpiled

and a discussion of these parareters and of the feasibility of

stereo viewing is given in this chapter.

€.2. SIMPLIFIELI COMPUTATION OF HEIGHTS FRCM ACTUAL STEEREC

- e o - - — - - - - —— - - —— - _—— = TS

— - - —

£.2.1. The Used Kadar Stereo Models

As mentioned in charter 3, the neight difference between
two terrain points can be derived by measuring the parallax
difference betweern these points and wusing the simplified
formulas (2.29) for ground range presentatior or (2.4€) for
slant range prescatation. For this purpose some came-side radar
stereo 1image Ttairs were sclected with considerable terrain

elevations, which are listed in Taltle 5.1.
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+

Figure 5.3 Stereo model of Granite Mourtain, aircraft
radar
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Figure 5.3 Stereo model of Granite Mountain, satellite

s
redar
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Figure 5.8 Stereo model of lLos Angeles, satellite radar,
with optical correlation
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(a) Aircraft radar image pair of Granite rourtalr
(Arizona, USA) in ground range presentation.
This image pair is shown in Figure 5.3. and

originates from Goodyear-Aero Service.

(b) Satellite radar image pair of Granite Mountain
(SETASAT-ortits 114€ and 152) in slant range
presentation and with cptical correlation.

This image pair is shown in Figure £.4.

(c) 3atellite radar image pair of Los Angeles,
California (SEASAT-orbits 1291 and 41€) irn
slant range presentation and with optical
correlation. This image pair is shown in

Figure £.5.

(d) Satellite radar image pair of Los Angeles
(SEASAT-orbits 1291 and 41€) in slant range
presentation and with digital correlation.

This image pair is shown in Figure 5.C.

Table 5.1 Same side stereo models

The iraging arrangements for these stereo nodels are shown
in TFigure £.7. For the models of Granite Mountain the heights
of ground points were read off maps with a scale 1 : 62 522 and
with contour intervals of 48 feet. The heights of the ground
foints of the Los Angeles models were taken from maps with a

scale 1 o&C 202 and contour intervals of 22¢ feet and (for
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B =13 km
] )
(a)
H= 12 km
10 km
OVERLAP
= 22 km
B = 50 km
GE————)
H = 800 km
(b)
250 km
OVERLAP
= 50 km
B = 30 km
H = 800 km (c)

s\ N\ NN\

OVERLAP
=-70 km

Figure £.7 Geometric arrangements of the stereo models of
(a) Granite Mourtain, aircraft radar
(b) Granite Mountain, satellite radar
(c) Los Angeles, satellite radear
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the urban areas) from maps 1 : 24 €20 with 22 feet contour

intervals.

£.2.2 Definiticy of Parallazxes
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(a) Grcund range presentation

In the case of ground range preserntation the absolute
parallax 1is defined as the difference between the ground ranges
of a8 homulogue TFoint in the two stereo 1irmages. Parallax
differences are differences of atsolute parallaxes of roirts
with different terrain heights and therefore are defined as the
difference of relief displacements in the two radar images
(compare Fig. Z.2). The height difference between two Foints
can be computed with formula 3.39. For ease of reference this

is noted here again:

ah =Ap/(cotag - cotg’) (3.

xR
[{p]
e

(b) Slant range preserntation

For slant range rresentations the absolute parallax is
defined as the difference between slant ranges to an object
roint. This situvation is more complex, Utecause in this case
points with the same terrain heights (points in a datum plane)
have various absolute parallaxes in contrast to ground rarge
rresentation. LEBERL (1378) has shown, that the absolute

parallaxes of a slant range stareo model 1leads to a model
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deformation similar to a hyperbolic cylinder with the axis
parallel to the flight lire. The absolute parallaxes 1rcrease

in across—track direction according to a hypertolic fuanction.

The difference of the absolute rarallax of two roints with
different terrain heights is again defined as the differerce cof
relief displacements in the radar images (corpare Figure 3.4).
With formula .42 (see chapter 3) the height di fference Ah cof

two points can be computed:

Ah =Ap/(cos @ - cos Q) (2.40)

£.2.2 Simplified Helight Evaluaticen
with the aid of the formulas mentioned above height
differences should te computed for the stereoc models cited in

chapter £.2.1. For this purpose ore must know:

a) the parallax difference Ap of two points. Usually
this rarallax differences are measured using a sterec-
scope and a rarallax bar. This effert was done with
the availatle images. Wwe also attemrpted to derive
parallax differences in a8 rore rrecise way, namely
with a photogrammetric stereo plotter Zelss-Plarimat

for sterce viewing and reasuring model ccordinates.

According te Figure £.3 Ap can be computed with

formula (5.1)
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» 4D = Bl -3 )/(z - 7) (5.1)
equivalent to the photogrammetric parallax formula
Ab =Ap.H/B
A 1i: the scale factor between image ard model

coordinates and 2 are the Z-coordinates cf the

rodel.

o' n
0" .... Zo

\image

(N

| ceve Zi
|
Y A N
y | Zl
l/__.__..;.l_ /
- /*

Figure £.8 Teviation of parallax differences Ap
using a stereoplotter with the projection
centers 0’ and 0"

b) the two elevation angles ' aad 2" . These are com-
puted using a simplified imaglng geometry as shown in
Figure 5.7. With the approximately known 7—image coor-
dinate ground ranges rg (in the case of ground range
presentation) or slant ranges r_ (for slant rarge pre-

sentation) are computed as follows:

"3
"

. +
y.f cg

or r y.f + c.
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f is the iraee scale in across-track direction and
cg respectively C are the sweep delays for grourd
ané slant range presentation. The elevaticn angles

ar. then corputed with equations (5.7):

Ground rarnges:

fl
-3
~
m

tan Q

—~
n
.
]
-—

Slant ranges: cos O

[}
i
~
re

To get height differerces Ah in meters, the mea-

sured parallax differences Ap must be rultiplied

with the scale factor f.

For tre discussion of the errors in height Jdifferences Ab
caused Dby approximately known flight sarameters the fellcwing
error equations can be used, whick partly were published 1ia

previous papers, e.g. in LEBERL (1¢78):

a) tround rarnge presentation:

aah = [ £/(cot” = cotq”)].dap = a,.dap
dah = [ f.ap/(cota” - cote’)sin?0’].de’ = az.dQ’
ash = [ £.8p/(cote” - coto’)sin®a"l.de" = a,d0” (g 4)
dah = [ 1/(coto” - cota”)].dB = a,.dB
dsh = [ 1/(1 - tan@’.cot®")}.dH = a..dH
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b) 3lart range presentation:

dah = [ £/(cos@” - cosQ’)].dap = b,.dap
doh = [ f.ap/(cose” - cose”).sinn’].de” = b,.de’
dah = [ £.8p/(cos®” = cos”).sin@").d0” = b,.d0" (g &)
dah = [ 1/(cote” - cota”)].dB = b,.dB
ash = [ 1/(1 - tana”.cot”)].dB = b..dH

The error coefficlents a,...a or bl...bsare presented in

Table £.2 for the three stereo arrangements of Figure £.7. for

near (A), mid (F) and far (C) range tositions.

Granite Mountain W Granite Mountain Los Angeles
Alrcraft radar Satellite radar Satellite radar
(a) (B) (c) (1) (B) (¢) (a) (B) (c)

e - ——— - oy e e - - - - -

a1 = ©.58 1.65 3.21| b1 =-11.0¢ 12.53 18,15} b1 = 19.16 17.18 16.50
a2 = 0.05 @.13 0.48) bz = 3.72 3.64 3.60]| b2

‘10,89 9.44 9.51
a3 = 0.04 @.16 £.52]|d3 = 3I.16 3.15 3.17|®» = 9.58 8.64 B8.82
a4 = 1,45 4,12 8.83]| b4 = 1.88 2.26 2.69| b4 = 2.98 3.71 4.73
ab = 0.74 1.48 2.21| v = 5.01 £.58 6.16] b5 =- 8.£%1 9.41 10.83

Tavle 5.2 Error coefficlents of the used stereo

models

A graphical presentation of these error coefficlents 1is
shown 1in Figures 5.9, 5.10, 5.11 and 5.12. It can be seen that
for the models of Granite Mountain the error curves for the
satellite stereo model are considerable cpoorer than for the
aircraft stereo rmodel. Otherwise the coefficients for the

satellite stereo model are somewhat tetter than for the cne cof
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20 | 20} 20 |
\
j6 16 |- 16 |-
12 12 - 12
8 | 8 |- 8
4 - 41 4
¢/ ¢ 0
A B C A B C A B
a b c

Figure £.2 Error coefficients dah/dap for the stereo
models of Figure 5.7 for near (A), mid (B)
and far (C) range positions

10| | 10} )
8l 8l sl
6| 6} 6|
4 4 4 |-
21 2 2 -
ol | 9} ¢
A B C A B c A B
a b c

Figure £.1¢ Error coefficients dAh/@Q” for the stereo
models of Figure £.7 for near (4), mid (B)
apd far (C) range positions
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0] 10 | 10 |-

8 1 8

6 6 |-

2:— 2&—

¢ ¢ ¢

r —

A B C A B C A B
a b c

Figure 5.11 Error coefficients dAh/dB for the stereo
models of Figure 5.7 for near (A), mid (B)
and far (C) range positions

10— | 10 | 10 :;—’—’——’——”””,,,//’
sl 8 | 8 |
6] 6_/- 6 -
4 4 |- 4
2:;——_——’——”’_”_,,_ 2 2
o ) S, ¢ |
A B C A B cC A B
a b c

¥igure £.12 Error coefficients dAh/dE for the stereo
models of Figure 5.7 for near (A), mid (R)
and far (C) range positions
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Los Angeles. This refers to the fact, that the satellite mcedel
of Granite Mountain at the one hand has 3 better stereo
configuration than the model of los Angeles ard at the c¢ther

hand a poorer one than the aircraflt stereo model.

Parallax differences were measured for the four radar
stereo rodels mentioned in chapter £.Z2.1 using a stereoscope and
a parallax bar and for the two models of Granite Mountain also
using a photogrammetric stereo plotter. Height differences were
conputed with the formulas (z.2¢) and/or (2.40). For slant
range presentations (equation 2.4¢) the radar stereo mcdels are
deforred similar to a hypertolic cylinder; ccmputed height
differerces and therefore also the errors of these values are
increasing in across track directiorn. This is shown in Figure
5,12, which is a contour liue prESéntation of differerces
between given and corputed helght differences for the satellite
radar model of Cranite Mountain, ottained after evaluating the
parallax measurements with sterecoscope and parallax Dbar. The

mociel deformation is distinctly systematic.

For the reason ¢f the hyper:.,lic cylinder wodel deformaticn
the measured rarallaxes in across track direction are increasiag
and therefore also parallax differences related to a reference
foint in the near {or far) range are increasing (or decreasing).
The errors in height differences Ah caused by thics fact are

corrected with a polypomial as follows:

o
+
[ury

J+1 K+1 (i-1) (j-1) (k-1)
Ab = .2[:.}[:.cijk.x .y .2z
1 j=1 k=

[y
H

with the condition : i+j+k &« Z.
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The polynomial coefficients Cijk are computed %ty a least
squares adjustment with the observations Ab,whicn are tre height
differences related to a reference point. x ard y are the irage
coordinates of the ©points and 2z are the computed height
differences. A set of such polynomials was used for the four
(respectively six measured) stereo models to correct the
computed values for A4h. The root mean square values for
2

reraining errors are summerized in Table 5.

Folynomial Number of 1 II 111 Iv v vl
polynomial
coefficients
-»-;— -3---5— zg-points 32 points 22 points 23 points 2€ points 30 points -
--';—:~;':—E— 4 T 35¢ 352 —365 362 474 456 -
1 -¢-1 4 263 564 219 231 375 427
Z-1-1 4 177 147 188 168 347 €€
1-1-1 8 1490 139 138 134 274 262
2 =-1-1 11 135 130 78 10€ 199 236
1 -z -1 11 121 134 133 128 256 207
1 -1-2 11 136 124 124 12¢ 217 218
2-2-1 14 1¢2 127 68 8¢ 186 169
1 -2 -2 14 99 122 g9 79 18¢ 141
2 -z -2 17 g6 121 49 48 143 121

1 ... Granite Mountain , satellite radar , parallax bar measurements
11 ... Granite Mountain , satellite radar , stereoplotter measurements
111 ... Granite Mountain , aircraft radar , rarallax bar measurements
IV ... Granite mountain , aircraft radar , stereoplotter measurements
V ... Los Aneeles , optically correlated , parallax bar measurements

VI ... ILos Angeles , digitally correlated , rarallax bar measurements

Table ©.2 Foot mean square crrors in meters of the
used stereo models after correction with
pelynomials according to equations (.F)

“

with these results it seers to te wuseful to ta

1

re a

polynomial with the three variables X,y ard z, because thais
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leads generally to better results than the use of a polynomial
with only two (or orne) variadle(s). Furthermore we can say that
with the available data the wuse of a rphotogrammetric stereo
Flotter for parallax measurements did not lead to better results

than the simple measurement with stereoscope and rarallax ter.

Cne might expect that with the use of a flexitle polynomial
systematic errors caused by the approximate values for the basc
B and the flying height H ard 1ty the hyperbolic model
deforrmation can be eliminated for the most rart and that the

remainiug errors chiefly are caused ty measuremert errors.

This is also showr irn TFigure 5.14, which shkows the
distribution of remaining errors in the height differences after
correction with a 1-1-1 polynomial for the satellite radar model
of Granite Mountain. The effect of correcting the height errors
with a polynomial is shown in Figure £.15 for peints arranged in
across track direction. This illustration distinctly shows the
increasing values for the height differences Ah irn across track

direction caused ty the cylindric model deformatior.

With the values of Table 5.2. one can conclude:

...the results for the aircraft stereo model of Cranite
Mountain are somewhat better than those for the
satellite radar stereo model. This refers to the fact
that the aircraft stereo mocdel has a dbetter stereo
configuration, which is exrressed by the relationshirp
of stereo base and flying height. Therefore also the

error coefficients of Table £E.Z are somewhat better
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Ah

Xy - plane

given height differences
(scale 1 : 10 000)

_____ computed height differences
(scale 1 : 200 000)

————— corrected height differences
(scale I : 10 000)

Figure £.15 Correctior of height errors ir across
track direction

Y
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for the aircraft stereo model than for the satellite

stereo model.

...the results for the models of Los Angeles are somewhat
poorer than for the satellite stereo model of Granite
Mountain. This could ve expected, because the error
coefficients of Table 5.2 are &lso somewhat poorer for
the Los Angeles case, due to the better stereo cornfi-
guration of the Granite Mountain satellite radar sterec

model.

...there is no significant difference between the accura-
cies of the optical and the digital radar stereo model
of Los Angeles. Therefore we can say, that for the
purpose of simple parallax measurement evaluations the
resolution of the images does rot affect the accuracy

significantly.

For the SEASAT radar stereo model of Granite Mcuntair also
attempts were rade for rlgorouc stereo intersecticns accerding
to formulations 2.1 or 2.5. Trecse methods btoth ueed for inrut
the orbit positions and the sensor veloclty vectors when imagirne
a horologue pair of roints in the left and the right 1image of
the radar <tereo model. These ertities car te evaluated with
any single image rapping method, for example with the algerithm

described in chagpter 4.3 as we dicd.
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But since there were obviously time offsets in the <ingle
images, the single irage evaluations led to strongly erroneous
sensor positions, for a time error of 2 secornds ir a SEASAT
image leads to a position error of about 20 km as shcwn irp
chapter 4.4. It is evident that also the sterecintersection
with one of the two mentioned metbods would lead to erronecﬁs

coordinates for the intersected roint.

To ¢et correct results with this method one should have
ground control points to introduce time and range calibration

polynomials for the single images and therefore to eliminate the

effect of time offsets. This should be done in orgoing efforts.

$.4. ERRORS OF RALAR STEREC MCLELS

- - > - w0 - el eSO

Error equations for radar stereo models were derived by
LEBERL (19%8) for a simplified flight arrangement as showh 1in
Flgure 2.4. 1Ir this local coordinate system the vectors of

sensor positions (s and g”) and the velocity vectors of the

) -
sensor {s and s ) are given as follows:

s” = (x ¥y, ,2; ) =(0 ,0 ,8)
s" = (x] .y, .2, ) =(8 ,B ,H)
s° = (x] ,¢ ,0)
é" = (i" W@ 90 )

S

The error equations (coefficients) inm this local system are:

summarized in Tatle £.4.
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Error in x Error in y Error in z
dx dx_“/2 2 7]
s S
dy * 2 dys'/(l -~ cotq .tana”) dys’/(cotn" - cotq’)
s
éz ° e i dz ‘/(tan g - tanQ”) dz_ ‘/(1 - tana’.cota™)
S
éx ’ ¢ e 2
s
dy ;| -4y “.B.tamp’/2 e @
8
az’ dz “.H/2 ) )
S
drs’ ¢ dr, “.cosg /sin(a” - a”)| dr, ‘.sing”/sin(a’ - q™)
ix " ax "/2 e e
s s
ay " ¢ dy "/(tana’.cota” - 1) —dys"/(cotn" - cota’)
s 8
dz " ¢ -dz "/(tan g - tanqQ’) dz_ "/(1 - cota’.tana")
3 s
ax " [/] . e [
s
67 e -dys".H.tan a/z 2 )
az az ".E/2 e 2
s s
ar o -dr ".cos0’/sin(a’ - ") -d4r ".sing /sin(a” - ")
S S IO Y S - o

Table 5.4 Frror equaticns of the radar stereo model

An error dy; for the sensor position for exarple 1leads to

model deformations

C. 2
- . _ . . . (£.7)
dx cy Ay, = 1 cot o .tanQ - 4y,
c, cot & - cot

To get this model deformation inm a 7planetc(geo-)centric
coordinate syster (dX), the displacement vectors dx must te
rultirlied with tke transformatior ratrix A tetween the two

coordinate systems:

(5.8)
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Assumed errors Error equations Errors with Errors with
of Table 5.4 algorithm (3.1) algorithm (3.2)
---------- X _;- 4 X Yy 4 X Yy z
—-——E;;j_;-fzz m 52 o e 49 2 ¢ 5@ e e
dy " = 1¢e m e 20 13€ ) £20 13€ e 520 137
dz " =1¢¢ m g -1620 -42¢ e -16¢2 -421 @ -1€e2 -419
dis’ = .001 e e e ¢ e ) ) e o
4y " = .e01 -13¢ ) e |-128 ) e |-138 -73  -21
dis' = .ee1 460 e ? 392 ) 2 400 64 19
dr * = 108 m 2 1ee2 442 £ 1682 443 2 1682 443
dx " = 1¢0 m 5¢ ) ) 51 2 o £6 0 2
dys" = 18¢ m g 42¢ -136 e 420 -136 0 420 -136
dz_" = 100 m ® 1cee 520 ¢ 1892 519 ¢ 1598 521
ax " = .001 e 0 ) 2 ) ) o ) 0
a&s" = .e01 -105 2 e | -107 ) e | -1e5 -59 -17
dis" = .001 400 e e | 407 ) e | 400 64 19
ari“ =1¢8 m @ -165¢ -528 @ -1€55 -538 @ -1€55 -53¢
Base : S0 km Flying helght : 820 km
Table 5.5 Model errors of an assumed SEASAT stereo

arrangement with error equaticns and
rigorous mathematical formulations

Table £€.5 contains model errors for the arrangement of the
satellite radar stereo model of Granite Mountain in & local
system for near range. At the left side of the Table these

errors were computed with the error formulas of Table ©5.4.

Furthermore these errors were computed wusing the rigorous

matheratical formulations for radar-stereo intersections defined

by equations (Z.1) and (3.2) in The results

charter 3. are

summarized in the middle and at the right hand side of Tabdble

£.5. We see that there is nearly no difference bhetween the two

rigorous formulations. Only the effect of errors ay,.', d?s',

dis", d§: in the sensor velocity vectors is somewhat different.

Also there is hardly a difference between aprroximate

computation with the equations of Table 5.4 ard a rigorous

ratheratical solution;
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It can te seen that the accuracy is strongly srfected 1ty
errors ir tne neight of the senmor positiow (d?s) and in tbe
slant ranges (drs). Alsc errors in the velocity vector of the
sensor in z-direction cause large position errors in flight
direction. As mentioned above, these errors camn te computed for

a globval (planetocentric) coordinate system with equation Z.8.

£.5 THE VIEWABILITY OF RALAR STEREQ MOLELS

ey emtm e A e e e Mres e e e

A< mentioned ir section 5.1 we have compiled a set of
ctereo models which are presented in the Aprendix. Critical
farameters for the quality of a radar stereo nrodel are the
stereo arrangement, the look angles off-padir, the intersectiorn
angles and the ruggedness of the terrain. These parameters are
summarized for all stereo models (also for the models of Granite
Mountain and Los Angeles, which were discussed in previcus
sections) 1in tabular form in Tabdle £.6, which will serve as the

basis of the following discussion.

One can see from Table 5.€, that there is no difficulty in
stereo viewing for same-side stereo arrangements of the SEASAT
rodels. Independent of the base lengths, which amount from 2€
up to 75 kilometers, always a stereon impressior is obtained.
The intersection angles for these models vary approximately
between 1° and 5°. From a geometric point of view intersection
angles should be large. This was also shown wher evaluating the
SEASAT rodels of Granite Mcuntain and Los Angeles. The results
for the Granite Mountain stereo model were superior 1im this

case, due to the tetter sterec counfiguratior and larger
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Fieure Type of Area Tyre of H B a’ a0 ah Stereo
________ Eﬁereo Rader (dearees) (degrees) Viewability
£.5  SEASAT Los Angeles (=) 8ee km 2@ ke 2e 2.1 - 2.2 2¢2¢m yes
A1 == - (=) =" 5¢ km 20 3.1 - 3.2 - ~"-
Az -"- -t (*) - 2¢ ¥m 2e 1.2 -~ 1.2 - -"-
Az == - (*) - 25 km 2e 2.1 - 2.3 - ==
A -"- -"- (*) -"- 2¢ km ze 1.2 - 1.3 ~"- ="
AL == - (%) - S5¢ km 2e 40 - no
A€ -"- Utah =) - 55 km 2e 2.4 -3.5  15¢em yes
87 == " (*) -"- =" 2e - seem -
Ag -7~ == (*) -"- 75 km 2e 4.7 - 4.8 - - -"-
A5 - Granite Mtn. (*) -"- 55 km 2e 3.4 -~ 3.5 137em = -
-7 (*) - 5¢ km 2e z.1 - 3.2 ~"- ="
-"- (*) 12 km 13 km €3 - 75 5.9 -22.1 -"- -
1314 == Fremont (*) - 2.7 um 42 - 75 0.2 - 1.9 €eem ="
Al1 - Estrella Mtn, (*) - 16 km 59 - 75 18.1 -19.2 1eeem -
A1z ~= == (##) - 22 km 40 - 59 160 =-"= only vhen
flat
"1z rcTosors Sterrita (*) 4 xm 12 km 78 - 87 2.5 -12.1 Rilly yes
114 - == (#*) - 48 km 74 - 82 160 == only when
flat
#15  APCLIC 17 Fevelius (*) 112 km 1€.1 kr £.2 - 22 4.5 - 5.2 160¢m no
F1E - Feiner (%) -"- 9.6 km 4.9 - 22 4.4 - 4.9 oeem -"-
13%4 -"- Carpatus (*) "= 6.9 km 2.6 - 22 3.2 - 2.5 17¢em  locally
£18 - - Mppervinus (*) -l 2.5 km 1.8 - 22 1.5 ~ 1.8 2eeem yes
115 - Mons Haemus (x) "= 1.6 km 2.0 - 22 €.8 - 2.9 180¢m = -
Aze ="- Mare Sereai- (%) - 1.2 km 8,7 - 22 €. - 2.9 508m ~"=
221 -"- Fo::l::raldi (*) ="- 3.2 km 1.6 ~ 22 1.4 - 1.€ 1€00m = =
rzz == Mare Cristum (%) -"- 6.9 km 2.£ - z2 3.0 - 3.5 18em ="-
pz2 ~"- Congorcet (*) -"- 7.8 km 4.2 - 22 3.4 - 4.2 4722m no
aza - Neper (*) ="+ 8.5 km 4.8 -22 4.2 - 4.8 - -"-
128 -t- Erro (*) -"- 18.¢ km 5.1 - 22 4.4 - 5.1 - ="
pz€ - Bussior (*) ="~ 12,2 km £,2 - 22 4.6 - 5.3 - "=
27 = M tken (*) -"- 4.4 km 2.2 - 22 1.9 - 2,2 £708m -"=
Az8 -t De Vries *) = 2.8 km 1.4 - 22 1.2 - 1.4 €eden yes
AZS =" Mohorovicic (*) -- 2.7 km 0.4 - Z2 0.3 - 0.4 - -"-
aze -7 Unnared (*) - 1.2 km 2.5 - 22 Q.4 - 2.5 - -
A2l =" Eelopolsky (*) == 4. km 2.5 - 22 2.4 - 2.8 - locally
£22 -"- Lowell (*) == 8.4 km 4.2 - 22 3.7 - 4.3 - no
Schlueter () == 9.8 km £.2 - 22 4.3 - 5.¢ - no
Flagstaft (*) 16 km 2.8 km 55 - €9 @.6 - 1.2 800n yes
AZS ="- == (*) =" 7.8 km 58 - €7 $.4 -19.3 -"- yes
AZe B -"- (*) == 1.8 km 18 - 58 3.2 ~10.2 == yes
27 - -"- (*%) == 41 km 58 - €8 128 -"= no
28 - -7- (#=) "= 32 km 31 - &8 112 =" no
a2¢ - - (%2) == 2¢ km 22 - 58 85 ="- no
340 - Grand Canyon (%) -- e.c km 5.1 - 58 1.5 - 5.1 2eeem yes
FY3 ="e -"a (*) = 2.2 km 12,4 - 58 T.0 -12.4 == yes
F42 -"- ="- (*%) - 22 km 11.3 - 58 69 - 95 ~"- ne
$43 - == (*) ~"e 1.8 km 12.2 - 58 2.2 -12.2 - yes
234 - -7 (#e) - 24 km. 35 - 58 100 - no
{(*) ... Sare-side stereo; (**) ... Opposite side stereo; H ... Flying helght
P ... 3terec bdase; 2 ... Elevation angle; a2 +.. Intersection angles
&b ... Terrain elevations

Tatle

.
BL.E

stereo with actual imagery

Summary of viewatility test for radar
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intersection angles.

Eowever, for the cross—wise stereo arrangement of Los
Angeles no stereo impression can be ottained. The objects are
il1lurinated in this case from different directions and
especially but not only rugged regions therefore look quite
different in the two rader images. Since this sterec model 1is
formed with small elevation angles, there are considerable
geometric image distortions in rugged areas and mourtains 1lay
over towards the satellite. For cross-wise or cpposite-side
sterco arrangements therefore the geometric differences in the

inages are too large to permit a stereo rercertion.

As with same-side SEASAT stereo models also the stereo
todels with aircraft radar of GOOLYZAR and MOTORCLA {sece Tatle
5.6) with same-side imaging srrangement permit stereo viewing.
Tue to the relationship betwesn flying height and sterec tice
these stereo models generally have a tetter stereo configuration
than the SFASAT sterco models with intersection angles of more

than 22°.

But agair for the opposite-side arrangements it can be seen
that hardly a threce-dimensional impression %111 be obtained for
rugged regions of the stereo molel. Eeglions which are strongly
reflecting in ore image, are in the ralar shadow in tle other
image, because slopes are {l1luminzated from opposite sides. Ls
can be seen from the stereo models of Estrells Mourntealx or
Sierrita (Figures A12 and Al4 1in the Aprendix) terrain
elevations look very different in this case ard stereo viewine

only might be possitle in flat areas.
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¥or the radar stereo models of the Moon (Apcllo-17 mission)
the look angles off-rnadir are steeper than for the SEASAT models
and therefore stereo viewirg also becomes wmore difficult,
although the intersecticr angles are similar to those of the
SEASAT models. Fut steep 1look angles cause large reliesf
displacerents SO that homologue features may look auite
different in the two images. As can be seen from Table ZI.f

there seems to be distinctly a 1imit in the intersectior angle

for the possitilty of stereo viewing for the Aprolo-17 stereo

rodels.

This 1imit is at about 2°for rugeged terrain, while it may

te naturally larger for flat terrain.

Also for the sare-side stereo models of JPl-aircraft radar
the stereo viewability 1is rather converniert, especially if
elevation angles 27 are large. But for steep look angles (near
rarge regions) it might be impossible to get a stereo impression
because of the relief displacem=2rts in the 1imrages. Tistinctly

this is shown in Figure A35 in the Appendix.

Stereo viewing is also 1impossitle for tke opposite-side
stereo models. As can be seen from the models of Crand Canyon
(Figures £42 and £4Z), the image contents are not similar enough
for rugeel regions and therefore permit no three-dimersional
impression. But also rather flat areas in near range regionc
(see TFigure A3Q) may look quite different in the images, due to

the relief displacements caused by steep look arngles.

Now we discuss separately each of the parameters affecting
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the quality of a radar sterec model.

(a) the stereo arrangement: Generally we cen say that only
same-side stereo arrangements are suitable to permit &
stereo impression. With other arrangements, such as  with
cross-wise or with opposite-side stereo, orly in flat areas
a stereo impression can be obtained. But if trtere are
terrain elevations, these would "produce” different radar
shadows and the irages would not te sufficlently similar for
stereo viewing. Especially if the images are ir slarnt rarge
rresentations, there cccur large relief déisplacements and
the 1images miss any geometric similarity ir rugeged reeglcns

and probably alsc for flat areis (if loox argles are stecp)

for cross-wice or opposite-side arrangements.

(v) the look apgles off-padir: If the terrain Is rather
flat and the stereo base 1is small there 1is alrest no
indication for the optimum look angle off-nadir. In this
case both for the steep look argles of the Apollo-17 mission
as for the shallower look angles of the GOCIYEAR imagins
system a good stereo impression 15 ottained. But the
ruggedness of tle terrain 1s @ factor that aoaffects the
viewability of a radar stereo wodel dererding on the looXx
angles considerably. This especially waes shown with the
irages of the Moor . For these sterec models To
three-dimensional impressior was ottained for rueeed
terrain, if the intersection angles were larger than abeut
. This also refers to the fact, that relief displacements
are large for steep look argles. LA PRALE (127E) repcrted

optimum sterec viewing if look angles arc betweer 2%7%ard (7°

off mnadir. This i< wvalida for aircraft rader with small
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flying h=iglts.  3ut “.om Tactle £.€ it car te seen that for
tte  STASAT satcllite radar ceoafiguratics alsce ¢ goeld sterec
irpressior car be octtained, where the look avgles arount  to

... 0 .
atcut ZE& off nadir.

{c) the intersecticn égglgés From a geometric peint of view
intersection angles should be 1large while they should te
srall to perrit stereo viewing. As can be seen from Tatle
E.€¢ stereo viewing is possible with intersectior angles of
various orders of magnitude which depends on the stereo
configuratior (flying height, stereo tase) ard amounts up to
more thar 2¢° . Evaluations with some stereo radar models

vrerformed 1in this chapter have shown, that the resuvlts for

stereo models with larger intersection angles are superior.

{d terrain: The stereo models of thre
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Apollo-17 missiorn show, that the ruggedness of the terrain
has a considerable effect on stereo viewing, especially in
cennection with steep look angles. In this case the relief
displacements are rather large, <o that stereo viewing way
pe difficult even for a stereo rair with small stereo base.
For example for the stereo models of the PMoon only for
intersection angles of aﬁout 2° a three-dimensional
irpression could be obtained. For larger intersection
angles thi< only was possidble for a few models where the

térrain elevations were rather small.

It can bve seen from this conclusion that there 1is a very
difficult 1interactior ©between stero arrangement, look angles,
intersection angles and ruggedness of the terrain. Te recieve

an image pair suitable for stereo viewing obviously a same-cide
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stereo arrangement should be used. TFurthermore the condition of
the terrain can be viewed as a given parameter. TFor rugged
terrain the look angles off-nadir should rot be too steep to

avoid large differences of image appearence or thematic cortert.

The maximum intersection angles were atout 2¢€°. Since ro
larger 1intersection angles occurred in all the <terec models
cummarized in Tatle £.6 there is no indication if stereo viewirng

is possible with larger intersectior angles.

(81}
.
m
15>
12z
=1
i
o2
o
(e}
>
-3
-
10
=
10
o]
w
-3
=1
=]
=3
le]
d
1=
=
1>
o)
1=
—
3
[lav]
-3
[las]
it=1
&)
[t
1=
[{p]
(ep]
leal
j=s]
b~
-3
—
(@]
<=
2]
b
(@]
-3
(@]
o |

Table .7 presents computed values of Ap for various sterec
‘cases and the corresponding exaggeration factor q as obtained

with equation (2.42) for Ap/Ah.

Type of Stereo Look Intersectiorol Flying | Parallax Exaggeration Factors
Radar Base km Anglg Angle AQ' () Height | Diff. due 1f Ground Ranges if Slant Ranges
Q' ) H (km) | to h= tkm Rigourous | Approximate q q'
Ground ranges q q'
SEASAT 25 200 136 800 0.263 1.3 1.3 0.05 | 0,05
75 22 4.8 800 0.761 3.8 3.8 0.14 0.14
i
Aircrafe 0.7 682 0%3 12 0.011 0.06 0.05 0.04 | 0.04
Goodyear 13.5 65 23 12 0.720 3.6 3.2 1.60 1.60
areraft 10 812 100 4 0.215 1.1 0.9 0.95 | 0.85
Motorola 48 80 160 4 0.414 2.1 1.8 2.01 1.74
:{gé“ 171 0.7 107 033 116 0.383 1.9 0.9 0.00 | 0.00
Moon 3.9 100 169 116 3.422 17.1 6.8 0.03 0.03
. 10.0 130 /067 116 2.584 12.9 6.4 0.07 0.07
10.0 13 4.8 116 5.220 26.1 10.6 0.08 0.08

Table £.7 Exaggeration factors for radar stereo
models, all related te ground range
presentations
The values of q’due to equations (3.29) or (Z.4¢) car e

different from g. To quantify these differences due to effects

of neglections, Tatle 57 also contains the values of q'.
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We see that the exaggeration factors and thus the =stereo
parallaxes that are obtained with radar in a ground range
presentation, can compare well with ©photograrbic stereo: as
look angles become steeper, one has a wmore accertuated
stereo-effect in spite of small stereointersection angles. The
effect assumec extreme values for a case such as Apollo 17-ALSE,
where very small intersection angles create parallaxes that are
multiples of the object height. In camera rhotogrammetry, the
largest parallaxes are of the order of an otserved beight

difference, and g-values amount to & - Z.

It must be emphasised that the exaggeration factor is not a
promise of high accuracy: for radar it can well be that errors .

propagate strongly into parallaxes and are magnified with the

rarallaxes themselves.

An interesting fact 1is the difference of observed
parallaxes 1in slant and grourd range presentation: 1in the
‘latter the parallax differences are magnified particularly with

steep look angles.

5.7 SUMMARY

In this chapter some evaluations were performed to compute
height differences for some same—-side stereo radar images using

the simplified method based on parallax measurerents.

The parallax differernces were measured inp two ways : with

a stereoscope and a parallax bar, and with a convertional
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photogranmetric plotter useC as o comparator. Sizce fcr this
sinplified method there are corsiderabl= systematic errors iun
cumputed height diflerences, they need to be corrected with

contrcl poiats and correctior polynomials.

The ottained resulte confirmed the depencdercy f the
accuracy on the stereo configurstion. For exanple the eccuracy

for a SEASAT stereo podel with a Lase of E€ kilometers wes atovu!l

tn

+ 150 mwmeters after correctior with an 8 parametar pelyromial,
while it amounted to about + 2¢@ meters for a stereo model vith

a bise of 2€ kilometers.

A large set or 2lmost 50 stereo models was ccmpiled with
regard Lo their stereo viewability. It was showr, that there is
no difficulty in stereo viewing for same-side radar stereo
geometry if the Jlook <angles off-nadir are large. This was
confirmeé for aircraft radar with look angles of up to 8¢°%s for
catellite radar (SEASAT) with look argles of about 2¢°.0rly feor
very steep look angles, such as for the Apollo 17 ALSE-radar
images or for near range regions of the JPL ailrcraft redar,
same-side stereo of rugged areas became imrpossitle. For the
Apollec 17 radar images this was 3t a 1imit in the intersecticn

angles of about 7°.

Vertical exaggeration factors were between Z7.0€ and 3.€ for
aircraft, betweer 1.2 and 2.8 for SEASAT and between 1.9 and 2%

for Apolle 17 data. This compares with a value of q 3 te

o

for standard aircraft wide-angle photohraphy. Wwe see for the
very small intersection angles of catellite radar that the

vertical exaggeration factors are rather large. This, however,
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is valid due to the small 1look argles off-redir whkere emell
intersection angles still c¢reatv large parailaxes ic grourd
range presentations. The large exaggeration facters are rot

existent ir slant range presentations.
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CHAPTEHR €

CCNCLUSICNS ANT OUTLOOK

This report presents methods of single 1rage and stereo
radar mapping and sore practical applicatlons on radar images.
The single radar 1image evaluations were performed with
SEASAT-SAR images, which were the only available satellite radar
data at the time of this study. They were based or. a rigorous
radargrammetric mapping method using the orbit intormatior for

the imaging sensor.

The capability of this method was shown by an evaluation of
an opticeally and digitally correlated SEASAT 1image of Los
Angeles. Yor this area the accuracy in ground coordinates was
at the order of magnitude of the ground resolution of + &5

meters. The ground control density was at about 7 points per

10¢¥ square kilometers.

An application for satellite radar images is also the study
of rapidly changing phenomena on Earth. This was done for the
measurement of the motion and deformation of sea ice using
images of the arctic Beaufort-sea to the porth-west of (anada.
For an observational periocd of 32 days the evaluation of the

sea-ice motion resulted in 6.4 kilometers per day.

An error analysis for this arctic scene has shown, that the
accuracy of the radargrammetric mapping method in this case was
limited to about + E2@ meters, Dbecause ground ccntrol was

available only at one end of the imaged area. If ground control
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Toints were distributed over the whole imaged area,‘ the errors
would reduce to atout + 15@ meters. These corparatively large
errors may te caused by the low around control density with one
point per 1€ €€¢ square kilometers and ty the fact, that roint

ideptificatior is more difficult than for the scere of 1los

Angeles.

The main goals of the evaluations with stereo radar 1images
were the determination of the effect of the stereo configuration

on stereo viewing, accuracy and vertical exaggeratiorn.

About Z0 radar stereo models were evaluated with respect to
their viewability. It was shown, that a stereo impression is.
ensured for same-side stereo arrengements and shallow 1look
angles off-nadir. For steeper 1look angles 1{it mﬁght become
impossible to get a three-dimensional impression especially for
mountainous areas. In this case relief displacements are rather
large and the images miss any geometric similarity. Therefore
steep 1look angles together with considerable terrain elevatiorns
may rrevent any stereo impression. This was shown with the
Apollo 17 radar 1irages, where no stereo imrression could te
obtained for intersection angles larger than =29, The maximum
intersection angles of all the compiled stereo models were at
about 20°. Therefore there is no indication for the possibility

of stereo viewing with larger intersection angles.

Analytical evaluations confirmed the geometrical poirt of
view, that intersection angles and stereo bases should te large.
For stereo models with a better stereo configuration, which is

defined by the relationship between <stereo tase and flyirg
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height, the results were more accurate than for those with a

poorer ore.

The difficult interaction between the <critical parameters
for stereo viewing (stereo arrangement, look angles off-nedir,
intersection angles, ruggedness of the terrair) canrot te
sufficiently determined with cnly the used five different types
of radsr imaging systers (SEASAT, GCOLYEAF, MCTCFCLA, APCLLC 17,
JPL). Further 1investigations therefore will require a larger
set of images with a larger variety of cases. Image simulatiorn
techniques might ©be wuseful to procduce various simulated radar

images with subjective selected rarareters for stereo viewing.

The ongoing work needs to be airected towards three arees :

- the use of photogrammetric stereoplotting devices for
radar stereo marping;

- the development of image simuletion techniques to study
various radargrarmetric problems with operator—-selected
image parameters; a typical problem is the question of
sterec viewablility;

- the processing of digital radar 1images in a digital

image processing environment.

It is thus neccesary to wuse precision rhotogrammetric
techniques for analog radar recordirgs. This requires a novel,
previously hardly feasible application of recent
computer-controlled stereoplotting devices. A KsRN - DSR - 1
analytical plotter was recently insialled at the Graz Research

Center. Its use for stereoradar will require a sizeatle
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software developrent effort that must bte perforred, should the
widely publicized promise of this new photograrmetric eguipmert

technology be materialized.

The irage simulation capability is of urgent importarnce for
radargrammetry, in particular with questions relating to stereo.
Appropriate real test radar data cannot te expected toc ever te
available to study the impact o¢f sensor-geormetries on single
image and stereo radargrammetiry. Ligital terrair models arud
orbit geometries together must be used to generate simulated
images, so that various effects on irage evaluation,

viewability, idertifiability etc. can succesfully be studied.

Future redar sensors will be &ll digital devices. Their
output will ©bPe digital. This 1leads to the requirement to
establish capabdilities to digitally process the digital radar
images. Based on existirg image processing work, new efforts
need to be spent to study the rectification of single 1imeges,
image - image correspondence for mosaicking, irage registration
apd stereo parallax detection. A modest image signal bistory
correlation capability should ©be installed sco that trade-offs
between multiple 1lcoks and geometric resclution, and image
generation with wvarious parameters can be evaluated it their

effect on radargrammetric results.

From these described current protlems it is apparent that
satellite radar, and in gparticular a VENUS radar mappling
mission, will still require consideradble work to fully develop
the capabilities and understanding for successful, operational

radargrarmetiry.
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15 knm

1

Figure Al

SEASAT stereo model, same~side

geometry

Area : Los Angeles, Celifornia

Altitucde ¢ 800 km

Stereo Base @ 50 Kmn

Gtereo Viewabhility : very convenient



-178-

d5 km j
figure A2 i SEASAT stcereo model, saune-side geometry

Area : Log Angeles, California
Altitude : 800 km
Sterceo Base @ 20 km

stereo Viewability : very convenient
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15 kmg

Figure A3 : BSLASAT stereo model, same-side geometry

Area : Los Angeles, California
Altitude : 800 km

Sterceon ase 35 ki

Stereo Viewability : very convenient
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SHASA'YT  stereo model, same-side geometry

Arca : Lois Angeles, California
Altitude : 800 km
Stereo Lase : 20 km

Stereo Viewability : convenient
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L 15 km 4

Fiqure &5 : SHASAT stereoc model, opposite-side geometry
J v Y

area : Los aAngeles, Calitfornia
Altitude : 800 Kk
Stereo sase 0 550 km

Sterco Viewability @ not vossible



Figure
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15 kmy

SEASAT stereo nodel, same-side geometry

Area : Tushar Hountains, Utah
Altitude ¢ 800 knm
Stereo sase @ 55 km

Stereo Viewability : convenient
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1 15 km §

Figure A7 : USEASAT stereo model, same-sice gecmetry
Area : Canyonlands, Utah
Lltituce ¢ 800 km
Stereo hase : 55 km

Sterco Viewability :  convenient
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N

/4

) 15 km )

SEASAT stereo wmodel, same-side geormetry
Area : Sevier Eake, Utah
Altituce : 800 km
Stereo bdase ¢ 75 Kmni
Stereo Viewability : convenient, but

poor image cuality
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10 km

ifigure A9 ¢ SHASAT stereo model, same-side geometry
Area : Granite Mountain, Arizona
Altitude : 800 kn

Stereo Dase s 55 Kiu

Sterco Viewebility @  convenient



-186-

Figure Al0 : GOODYEAR stereo model, same-sice geometry

Area : Fremont, Wyoming
Altitude ¢ 12 km
Stereo tiase : 0.7 km

Stereo Viewability : convenient
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Fiqure All : GOODYEAR stereo model, same-side geometry

Arca : Estrella Mountain, Arizona
Altitude : 12 km
Stereo Base ¢ 10 km

Stereo Viewability : very convenient
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Figure Al2 : GOODYEAR stereo model, opposite-side geometry

Area : Lstrella Mountain, Arizona
Altitude : 12 km
Stereow Base ¢ 10 km

Stereo Viewability : only for flat terrcin
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MOTOROLA stereo model, same-side
Area : Sierrita, Arizona
Altituce : 4 km

Stereo Base : 10 km

Stereo Viewability : convenient

geometry
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Ald : LIOTOROLA stereo model, opposite-side qeonetry

Figure

Area : ESierrita, Arizona
Altitude ¢ 4 Kkm
Stereo Kase @ 48 km

stereo Viewability : only for flat terrain
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Figure Al5 : APCLLO 17 stereo model, same-side geometry
Area : lHevelius, HMHoon
Altitude : 112 km
Stereo Base : 10.1 km

stereo Viewability : not possible
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|20 km )

Al6 : APOLLO 17 stereo model, same-side geometry

Fiqure
Area : Keiner, Moon
Altitude ¢ 112 km
Stereo Base : 9.6 km

Sterco Viewability : not possible
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20 km

Figure Al17 : APOLLO 17 stereo modiel,

same-sice geometry

Area : DMontes Carpatus, Moon

Altitude 112 km
Stereo Base @ 6.9 km

Stereo Viewability : only for some

local areacn



APOLLO 17

Altitude
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20 km

stereo model, same-side geometry
Montes Appenninus, loon

: 112 km

-

Stereo Base @ 3.5 km

Stereo Viewability : possible
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L 20 km |

Figure AlY : APOLIO 17 stereo model, same-side acormetrvy

Area : Mons Haemus, doon
Altitude : 112 km
Sterec Dase ¢ 1.8 Kk

Stereo Viewability : npossible
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I20 km 4

Figure £20 : APOLLO 17 stereco model, same-side geometry
Area : Mare Serenitatis, Mcoon
Altitude : 112 km
Stereo Base @ 1.3 km
Stereo Viewability : possible, but flat

terrain
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¥
[
£
L

figure A21 : APOLLO 17 stereo model, same-side geometry
Area : Mons Maraldi, loon
Altitude : 112 km
sS5tereo base @ 3.2 Km

Sterco Viewability @ possible
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1 20 km I

Figure A22 : APOLLO 17 stereo model, same-side gecmetry
Area : Hare Crisium, HMoon
Altitude : 112 km
Stereo Base : 6.9 km
Stereo Viewability @ possible, but flat

terrain
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20 km

Figure A23 : APOLLO 17 stereo model, same-side geometry
Area : Cordorcet, Moon
Altitude : 112 km
Stereo Base 1 7.8 km

Stereo Viewaenility @ not possible
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Figure A24 : APOLLO 17 stereo model, same-side geonetry
Area ¢ Neper, Moon
Altitude : 112.km
Stereo Base : 9.5 km

Stereo Viewability : not possible
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20 km

Figure A25 : APOLLO 17 stereo model, same-side geometry
Area : Craters south of Erro, Moon
Altitude : 112 km
Stereo Base @ 10.0 km

Stereo Viewalhility : not possible
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20 km

A26 : APOLLO 17 stereo model, same-cide geometry

Figure
Area : Buisson, Moon

Altitude : 112 km

2

stereo Base @ 10.3 km

Stereo Viewability : not possible
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20 km

Figure A27 : APOLLO 17 stereo model

Area : Aitken, Moon

Altitude : 112 km

Stereo Base ¢ 4.4 km

Stereoc Viewability :

, Same-side geometry

not possilbile
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i 20 km )

Figurc A28 : APOLLC 17 stereo model, same-side geometry
Area : e Vries, MNoon
Altitude : ll2lkm
Stereo Base : 2.8 km

Stereo Viewability : possible
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20 km

Figure A29 : APOLLO 17 stereo model, same-sice geometry

Area : Mohorovicic, ioon
Altitude ¢ 112 km
Stereo Base : 0.7 km

Stereo Viewability : convenient
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N 20 km )

Figure :
Area : Unnamed area, Moon
Altitude : 112 km
Stereo Base : 1.0 km

Stereo Viewability : possible

430 : APOLLO 17 stereo model, same—-side geometry
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20 km

Figure A31 : APULLO 17 stereo model,

sane-side geometry

Area : Belopolsky, Moon
Altituce ¢ 112 Ko
Stereo ase : 4.9 km

Stereo Viewability :  only for local ereeas
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20 km

Figure A32 : APOLLO 17 stereo model, same-side geometry
Area : Lowell, Moon
Altitude : 112 km
Stereo Base : 8.4 km

Stereo Viewability : not possible
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20 km

Fiqure A33 : A4HPOULLO 17 stereo model, same=-side geometry
Area : Schlueter, Moon
Altitude : 112 km
Stereo Base 30 9.8 ki

Sterco Viewability : not possible
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Figure 434 : JPL stereo model, same-side geometry
Area : Flagstaff, Arizona
Altitude : 10 km
Stereo Base : 0.8 km

Stereo Viewability : convenient
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Figure A35 : JPL stereo mocel, same-side gecmetry
hrea : Flagstaff, Arizona
Altitude ¢ 10 Kkn
Stereo Base : 7.8 K
Stereo Viewability : possible éxcept for

near range regions
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Figure A36 : JPL stereo model, same-side geometry
Area : Flagstaff, Arizona
Altitude : 10 km
Stereo Base : 1.8 km

Stereo Viewability : convenient
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Figure A37 : JPL stereo nodel, opposite-side geometry
Area : Flagstaff, Arizona
Altitude : 10 km
Stereo Base : 41 km
S5tereo Viewability : not possible

(except for flat areas)
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Figure A38 : JPL stereo model, opposite-side geometry
Area : Flagstaff, Arizona
Altitude ¢ 10 km
Stereo Base : 32 Km

Stereo Viewability : not possible
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439 : JPL sterec model, opposite-side geometrv

Figurc

Area : Flagsteff, Arizona
Altitude : 10 knm
Stereo Base @ 20 K

Stereo Viewability : not possible
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Figure A40 : JPL stereo model, same-side geometry
Area : Grand Canyon, Arizona
Altitude : 10 km
Stereo Base : 0.9 km

Stereo Viewability : convenient
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Figqure A4l : JPL stereo rodel,

same—side geometry

area : Grand Canyon, Arizona
Altitude ¢ 10 km

M

Sterec vase @ 2.2 km

Stereo Viewapility @ possiblo
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|5km,

Figure A42 : JPL stereo model, opposite-side geonetry
Area : Grand Canyon, Arizona

Altitude : 10 km
Stereoc Base : 22 km

Stereo Viewability : not possible
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Figure A43 : JPL stereo model, same-side geometry
Area : Grand Canyon, Arizona
Altitude : 10 Kkm
Stereo Base : 1.8 km

Stereo Viewability : very convenient
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Figure A44 : JPL stereo model, opposite-side geometry
Area : Grand Canyon, Arizona
Altitude : 10 km
Stereo Base : 24 km

Stereo Viewability : not possible



