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Abstract

The present state of mapping

with-radar is reviewed. Empha-

sis is on radargrammetric map-
ping with single images, stereo
pairs and block adjustment. Ap-
plications to thematic mapping
will be addressed as well. Ex-
amples presented conceern ra-
dar mosaicking, sea-ice study
-and extra-terrestrial mapping
(Moon, Venus).

1. Introductions

The application of side-look-
ing radar images to topogra-
phic mapping had been studied
intensively and nearly exclusi-
vely at military agencies until a
few years ago. Civilian research
at that time was limited. How-
ever, while the study of military
radar mapping presently seems
to have been deemphasized, it
is being increasingly consid-
ered for civilian tasks. A number
of operational mapping projects
have been carried out with radar
in different regions of the world.
Brasi’'s RADAM — project is
the most daring of these. At the
same time the importance of
radar appears to increase as a
remote sensing tool to be used
in conjunction with other data.
This is particulary signified by
recent decisions for radar ima-
ging from satellites.

SEASAT-A will be launched
by the U.S. Nationa! Aeronau-
tics and Space Administration
(NASA) in 1978 with the main
purpose of studying the ocean
surfaces (waves, ice) using ra-
dar. Projects are being discus-
sed for the SPACE SHUTTLE
payload in 1980 (Qperational
Flight Test OFT-2) and SPACE

LAB (1982 7). Also extraterres-
trial mapping is planned for Ve-
nus with a launch in 1983. In
Europe similar plans exist: a
radar scatterometer/side look-
ing imager may be put into orbit
with SPACE-LAB.
Simultaneously, research
funds are available to take a
closer look at the capabilities
and limitations of radar imaging
for remote sensing of sub-sur-
face features, surface rough-
ness, soil moisture, polarisation
anomalies etc. Mapping with ra-

' daris thus afast developing, fas-

cinatingfield of study with valua-
ble present applications and
great future promise.

This short review will go over
the basics of radargrammetry
addressing the projection equa-
tion, stereo-radar and block-ad-
justment, however limiting it-
self to some essenfial facts.
Then recen work will be reviewd
concerning the applications of
radargrammetric mapping to
cartography, geology/planeto-
logy, measurement of sea-ice
drift and oceanography. An at-
tempt will be made to sketch a
scenario for further progress
with side-looking radar.

2. Single Image Radargram-
metry

2.1 Mathematicﬁi Expressions

" Radargrammetric projection
equations have been formulated
on many occasions in the litera-
ture. It is essential to differen-
tiate between real-aperture and
synthetic-aperture imaging. In
both cases the basic fact re-
mains that radar projection lines
are circles concentric with res-
pect to antenna (Figure 1).
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However, with brute force
radar (real aperture) the plane of
a projection cercle is normal to
the longitudinal antenna axis,
while with synthetic aperture ra-,
dar (SAR) it is normal to the
velocity vector of the antenna.
From Figure 2 one may thus
specify the following projection
equation: '
p=s+A.r

where p, s are vectors in object
space, while r is a vector in
image space, defined by unit
vectors u, v, w. A is a rotation
matrix. '

Vector r is a function of slant
range r, look angle @ and a
system constant ¢ (squint):

r = r(sin @, (sin2Q-sin2y)1/2
cos) (2)

Matrix A describes the rotation
of the image system u, v, w into
the object system (x, y, 2): It is
defined by the classical photo-
grammetric [, o, W-angles of
photogrammetry, provided how-
ever that real aperture radar is
considered. For SAR it is a
function of the velocity vector s

.of the antenna.

Further details may be found
in the literature (Leberl, 1975;
Leberl et al., 1976; Leberl, 1976).
It is interesting to note that the
radargrammetric difference be-
tween real-aperture and SAR has
not been considerered in a majo-
rity of radargrammetric studies.

2.2 Accuracies

Single image radar mapping
accuracies achieved in the past
depend on a number of factors
of a particular project or experi-
ment: type of radar system, re-
solution, stabilisation, density
of ground control, type of con-
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Figure 1: Projection linas for (a) the orthogonal, (b) the central and (c¢) the radar range projection.
Note that projection lines are cercles in case (c).
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Figure 3: Accuracies achieved with single image radar mapping. Results despend
strongly on specific project parameters. Satellite results are from the Apollo 17
mission to the Moon (1972).

trol, mapping method, type of

terrain. Therefore resuits of one
study may not be generalised.
Figure 3 illustrates the range of
results that have been obtained
in the past.

In the best cases published
accuracies were of the order of
the ground resolution. Such re-
sults were reported €. g. by Gra-

- cie.et al. (1970). Very high den-

sity of well identifiable ground
control was available (about 10
points per 100 sg.km).

2.3 Rectification

Rectification is the transfor-
mation of the single radar image
into a map projection. The pro-
cess is usually photographical,
but can also be numerical or
graphical or any combination of
the above. Using Equs. (1) and
(2) with mesasured navigation
data does enable one to trans-
form a given radar image point
into the map co-ordinate sys-
tem (whereby the ground height
must be known or assumed to
be known). If in addition to na-
vigation data also ground con-
trol points are available then the
set of transformed radar image
points can be matched to these
control points. Generally this
match may be done with some
sort of interpolation algorithm.
Many different procedures are
possible and have been applied
in the past.

While numerically the possi-
bilities for rectification are
boundless, they are limited in
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Figure 4: Example of radar image rectification using digital image processing. The
distoried image (a) Is in slant range presentation. Rectification is mainly a transfor-

mation to ground ranges.

(Images courtesy Jet Propulsion Laboratory, taken with L-band synthetic aperture

radar system over arctic sea ice).

practice if the photographic
image is to bé reproduced with
correct geometry. The new tech-
nology of digital image proces-
sing permits complete flexibili-
ty for rectification (see Figure
4). All geometric corrections are
possible. However this rectifi-
cation is very expensive and te-
dious indeed and therefore to-
tally unsatisfactory for any large
mapping effort.

Jensen (1974) described and
optical rectifier for radar image

strips to permit. changes of the
along-versus agross-track sca-
les. The instrument employed
anamorphic lenses. Its perfor-
mance was such that the recti-
fied images were of degraded
quality. The rectification was
partial only (along track scale).
The solution was therefore un-
satisfactory.

Peterson (1976) has extended
the optical correlator (for SAR)
to achieve correction of along
track scale. The solution is very
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Figure 5: Scale error curves found in radar image strips (Leberl, Jensen and Kaplan,
1976). The periodicity of the along track scale errors as function of time is obvious.
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straightforward and does not
degrade image quality. Rectifi-
cation of along track scale is
achieved during the conversion
of signal films to map films.
The simplicity of the method
makes is very attractive, How-
ever, it only applies to SAR. Its
implementation requires prior
numerical computation to deter-
mine the amounts of image de-
formations. One .the basis of
this correction curven can be
produced for the along .track
scale (Figure 5).

3. Radar Stereo Mapping
3.1 Visual Stereo

Stereo viewing of overlapping
radar imagery can greatly en-
hance the interpretation of the
images by providing an im-
proved means to observe mor-
phological details, to determine
slope angles and height diffe-
rences and to improve cartogra-
phic mapping and point positio-
ning accuracies.

A number of different sche-
mes are conceitable to produce
overlapping imagery in such a
way that visual stereo is possi-

ble. Figure 6 illustrates the

most common ones: Same side
and Opposite side (LaPrade,
1963; Rosenfjeld, 1968). These
schemes are the only ones pos-
sible for synthetic aperture ra-
dar. Cross-wise intersecting
flight lines do not seem to produ-
ce valid visual stereo (Graham,
1975). Other types of stereo ar-
rangements would be possible
with real aperture radar, for ex- -
ample with convergent sche-
mes using tilted antennas (Le-
berl, 1972; Balr&CarIson 1974).
In order to view a three-di-
mensional model the two ima-
ges of the stereo pair must be

_sufficiently similar: the image

quality and object illumination
must be comparable and the

‘geometric differences (paralla-

xes) must not exceed a certain

~ maximum. In photography this

hardly ever presents a problem
since sun angles do not change
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Figure 6: Basic fll'ght configuration for stereo radar.

drastically in overlapping pho--

tos. In radar images however
the illumination angles depend
on the orientation and position
of the sensor and so does the
appearance of the images.
Figures 7 to 10 present exam-
ples- of radar stereo pairs de-
monstrating some of the limits
to . stereo viewing. Figure 7
shows part . of the Estrella
‘mountains. in Arizona, USA,
imaged with an opposite side
" arrangement from an aircraft at
12 km altitude. It can be seen

‘that slopes that reflect strongly .

in one image are in the radar
shadow in the other image. A

Figure 7: Example of same

side stereo radar model of

Estrella Mountains in Ari-
..Zona, USA, )

stereo impression can be -ob-
tained in the flat areas of this
stereo pair, but becomes very
difficult in the mountains. Figu-
re 8 demonstrates with a same
side stereo .pair taken with the

. same radar system, that there

are no problems to stereo view-
ing.

Figures 9 and 10 present two
Apollo 17 satellite radar stereo
pairs taken of the lunar surface
with same side geometry and

-very small stereo base. Look-an-

gles however are much steeper
than in the examples of Figure 7
and 8. This leads to larger relief
displacements and to differen-

ces of image contents in the
stereo-mates even with small
stereo bases. In the flat part of
Figure 9 stereo viewing is not
difficult. However, in the Apen-
nin mountains stereo fusion be-
comes nearly impossiblé. Thisis.
even more so0.in Figure 10 taken’
‘over the rugged Oriental region
on the Moon’s for side.

‘From the above examples the
following factors influencing ra-
dar stereo viewing’can be identi-
fied:

Stereo arrangement (same-si-
‘de, opposite side);

‘Look angles (angles off-na-
dir);

Stereo intersection angles; -
Ruggedness of the terrain.

Exact interrelations among
these factors are presently not
well . understood. Past “experi-
ences lead however to the ten-
tative conclusion that opposite
side stereo can only be applied .
in cases of flat or rolling “sur-
faées, while rugged terrain re-
quires samesideimaging. Stereo
viewing improves with shallower.

look angles (45° off-nadir ‘and.

more). With steeper look-angles
(near nadir) the stereo base has
to reduce for successful stereo
viewing, thereby leading to re-
duced accuracy.

3.2. Stereo Computation

"Proper radar stereo computa-
tions may stard off from Equs.
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Figure 8: Example of
opposite side stereo
radar modal, area sa-
me as in Figure 7,
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Figure 9: Example of lu-
nar satellite radar stereo
model of the Apennin
mountains. Stereo base Is
very smalil (3° angles of
Intersection). Good ste-
reo viewability. (Courtesy
Jet-Propulsion Lab.).

Figure 10: Lunar radar
stereo model of the Orien-
tal region on the Far Side
of the Moon. Stereo
viewability is poor. Same
side geometry. (Courtesy
Jet Propulsion Labora-
tory, USA).

(1) and (2) where vector p is the
unknown and to be found from:

where (') denotes the left and (")
the right image.

A simplified formulation is
obtained when one assumes a
stereo pair with parallel, perfect-
ly straight and level flight lines.
Figure 11 shows that in" a
ground range presentation a
stereo parallax A p can be found.
that relates to AH as follows:

‘AH = p'/tanQ’

AH = p” | tanQ”

AP =p'—p" = AH(tanQ' — -

tanQ”) ;

AH = Ap | (tan @' — tan.Q")

Equ. (4) is valid only if the pro-
jection cercles can be approxi-
mated by straight lines pa, pp

. (Figure 11).

The situation for slant range
geometry is slightly more com-
plex. Even a flat ground will
appear to be bowed.in the radar
stereo model. A discussion of
this can be found in Leberl (1977)
or in Leberl and Elachi (1977).

3.3 Accuracles

The range of accuracies achi-
eved so far with stereo radar is
similarly wide as that of single
image mapping. Also here a
large series of factors is of in-
fluence.

Figure 12 illustrates  height
accuracies obtained in the past.
A conclusion may be that accu-
racies range from the resolution
up to many tens of times the
resolution, whereby stereo-ar-
rangement and control density
are the main factors of influence.
A study by Gracie et al. (1970)
concluded that stereo height
measurements would be accu-
rate to within = 13 m. However
the result applies to a density of
35 control points per 100 sgkm
and very well identifiable test
Dewideit (1977) achieved a + 25
'm root mean square height error
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Flgure 12: Accuracies achieved in. experiments with radar stereo. Results strongly

depend on project parameters.

root mean square height error
.using triple overlaps and high
density of control. The comput-
ing effort was very considerable.

With a more modest (and real- -

istic) density of control that
corresponds to a reconnaissan-

ce type survey, say 4 points per
10000 sq km, height accuracies
may deteriorate to + 100 to =
200 m and more (see for exam-

ple -Derenyi, 1975; Leberl, 1977.

a).

The future may bring about
an improved radar stereo capa-
bility from aircraft sensors only
if navigation improves; and from
satellite sensors only if look an-
gles are varied sufficiently from
one pass to the overlapping one
over a glven area. However, the
active mode of operation causes
an inherent weakness of stereo:

differing image contents if lock

angles vary, good visual stereo
fusion only with very similar
look angles. '

4. Block Adjustment and
Mosaicking

4.1 General

Actual radar mapping pro-
jects result in blocks of overlap-
ping image strips (Radam: 25%,.
Proradam: 60%, West-Virginia:
25% and 60%). Mapping should
‘thus be based on an adjustment
to densify the generally sparse
net of control points and to take
advantage of the available . re-
dundancy in the overlaps. So far
radar block adjustment has been
applied to planimetry, using
the original images (Leberl,
1975; Leberl, Jensen and Ka-
plan, 1976). Threedimensional
radar block adjustment has been
studied in a laboratory envi-
ronment by DBA-Systems
(1974) and by Dowideit (1977).
The approaches however were
not practical under present
constraints.

Radar mosaicking has been
carried out on three levels of
sophistication: (a) no control
points are used. The images are
simply compiled tofit each other
into mosaics; (b) * production
strips are flown along parallel
lines (for example north-south)
andtie-linesareflown across (for
example east-west). The tielines
are controlled by ground control
points or by tracking of the air-
craft (e.g. Shoran) and the pro-
duction lines are compiled into
mosaics to fit the tie-lines; (c)
all production strips are control-
led by continuous tracking of
the aircraft (Shoran); or a block
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adjustment is carried out to
control all radar images for mo-
saicking.

Of these the most satisfacto-
have been mapped notonly in
South America, but also in Afri-
ca and other parts of the world.

A recent extension of the
mere use of radar for mapping is
the image strips (Peterson,
1976) in a recorrelation. Mosai-
 cking is greatly simplified by
the method as compared to
other approaches.

4.2 Method of Block Adjustment

Internal Adjustment

The block adjustment is based
on afit of the radar image strips
with respect to each other
overlap of images (Figure 13).
A coherent image block is a
obtained as shown in Figure 13

(b). Spline functions are used to’

describe image corrections ,Xx
(along flight) and ,y (across f?i-
ght). A spline:consists of pieces
of polynomials according to Fi-
gure 14; each’of the pieces is:

AX = ajo + ait (x — Xi) +

aj2 (x — xi)2 + aj3 (x — xi)3 (4)
AY = bio + bit (x — xi) +

bi2 (x — xi)2 x big (x — xi)3
where the condition applies:.
Xi-1 € X < Xj _ (5)

This condition amplies that a
polynomial piece is valid only in
the range delimited by values
Xj-1 and X;j.

Additional conditions apply
to enforce a smooth transition
from one polynomial piece to
the next: the derivatives of Oth,
1st, 2nd order are made identi-
cal at the joints of polynoms.
We find:
for the function value (Oth deri;
vative): '

Figure 13: Principle of\internal radar block adjustment. Tie-points are used to tie the
strips (or stereo models) into a coherent block.

i ajpD2 + aj3.D3
q—'loa?fﬂbn + 4i2 i3. )

for the tangent (1st derivative):

ait + 2aj2.D + aj3 D2 =
= a4y - ®)

for the curvature (2nd derivative):

2aj2 + 6aj3.D = 28 +1,1 (8)

D is the length of the polynomi-
nal piece:

D = Xj+1 — Xi (10)
Jax
Polyno-
mial

External Adjustment:

‘The coherent radar image
block must be transformed into
the net of ground control points.
The principle ‘is illustrated by
Figure 15. Any method of inter-
polation can be used to fit the
image block to the. control
points. )

Internal. and external -adjust-
ment can be carried out sequen-
tially or simultaneously. A se-
quential solution has the advan-
tage of low programming and
computational efforts. The ge-

L [ — e —— -

o S Sy =1
g

oi

Figure 14: Spline-function or piece-wise polynomial. The function is composed of
polynomial pieces defined over a range D. Conditions exist at joints that adjacent

polynomials are not discontinuous.
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Figure 15: Principle of external radar block adjusiment: the coherent block is made to

fit to-the ground control points.

Methods of fitting are numerical interpolation.

nerally limited density of ground
control and dominating effect
of periodical (“systematic”)
image errors permit to conclude
that a sequential solution does
not produce results significan-
tly inferior to a simultaneous
approach (Leberl, 1974).

4.3 Resulis

Block adjustment accuracy

~ has been evaluated in a control-
led experiment . with images
from the U.S.A. (Leberl, Jensen,
Kaplan, 1976). The result is
shown in Figure 16. The abszis-
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Figure 16: Accuracy of radar block adjustment for mosaicking:
data are from an experimental radar block in West-Virginia
(Leberl, Jensen and Kaplan, 1976) and from the Colombian

Proradam (Leberl, 1977a).

A2
4

@) GROUND CONTROL

sa shows the density of control,
the ordinate the root mean
square point errors in check
points. The images had side-
laps of 20%. _

An equal distribution of
ground control produces the
best results. A point density of
15 points per 100 000 sgkm can
result in r.m.s. point errors of
about = 150 m (or coordinate
errors of = 100 m).

DBA-Systems (1974) and Do-
wideit' (1977) obtained results
that were about 3 x the resolu-
tion of the radar images,. how-
ever using an unpractically high
density of about 10 'control

" points'per100sqgkm (1000 points

per100000 sq km!).

5. Some Recent Applications of
Radar Mapping

5.1 Geology / Planetoly

The application of side-look-
ing radar_ for mapping the. geo-

23
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Figure 17: Example of a radar image of ocean waves taken with the L-band SAR of the

Jet Propulsion Laboratory, USA.

Figure 18: Examples of SAR images of arctic .sea ice at
wavelengths of 3 cm (above) and of 25 cm (below) (x — and
L-band). (Courtesy of Jet Propulsion Laboratory, USA).

24 — Revista Brasileira de Cartografia n? 20

logy or surface of the Earth
and of other planets (Moon, Ve-
nus) is based on two kinds of
information:

(a) they show topographic de-
tail, vegetation borders, drain-
age etc and are thus used like
photography;

(b) radar image brightness is
related to surface roughness
and dielectric constant. It is
thus an indicator for soil mois-
ture in vegetated areas; and for
surface roughness in arid areas.

Particularly the item (b) is
one of great promise for the
future role of SAR and SLAR.
Work is under way to fully un-

derstand this phenomenon. A

number of satellite projects are
planned to evaluate the use of
radar for geologic mapping
(Shuttle OFT-2 in 1980; Space-
Lab in 1982). A planetary mis-
ion to Venus is planned for 1983
(Venus Orbital Imaging Radar —
VOIR) to explore the planet’s
surface topography and geology.

5.2 Oceanography

An important satellite ‘side-
looking radar experiment s
SEASAT-Awithalaunchplanned
for May 1978. Radar images are
to be producet of the ocean
surface to study wave pattern
(Figure 17) and related ocean
surface phenomena.

5.3 Sea and Lake Ice

Figure18 presehts two exam-

ples of arctic sea ice images

produced with and aircraft SAR
at wavelengths A = 3cmand A
= 25 cm (X-and L-band). Sea-.

~and lake-ice can very well b&
‘imaged and studied with radar

images. The longer wavelength
radar penetrates through the
snow cover and through part of
the ice. The image appears the-
refore different from the shorter
X-band radar wavelength. Ice
images permit the study of ice.
motion (Leberl et al. 1976) and
enable the shipping routes to be
constantly monitored, even un-
der adverse weather and ice
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conditions (Schertler et al.,
1975).

5.4 Cartographic and Thematic
Mapping

From the above it is evident
that side looking radar can also
be used for cartographic map-
ping reconnaissance surveys for
land use, forestry, soils etc.
Brasil’s Radam (Roessel and de
Godoy, 1974) was and is a prime
example for this. Large regions
have been mapped not in South
America, but also in Africa and
other parts of the world.

A recent extension of the me-
re use of radar for mapping is
the combination was only expe-
rimental and purely for the pur-
pose of enhanced image inter-
pretation. The geometric
accuracy of satellite imaging
with Landsat scanner data is
however such that the combi-
ned use of satellite images and
tation. The geometric accuracy

_of gatellite imaging with -Land-
sat scanner data is however su-
c¢h that the combined use of
satellite images and radar

radar should also be considered
for cartographic (geometric)
mapping. Figure 19 presents ex-
perimental results of geometric
mapping with Landsat (Leberl,
1977). It turns out that a relative-
ly modest control density can

-already lead to mapping accura-

cies of about + 70 to = 100 m
(coordinate errors).

A next step of cartographic
radar mapping would ‘thus be
the combined block adjustmeant
with satellite and airborne scan-
ner and radar images.

6. Conclusion

Radar earth science applica-
tions otherthan the classical
ones to general purpose land
mapping and delineation of
geological lineamants are rapi-
dly baing developed. Major re-
cent applications concern pla-
netology, surface roughness,
soil moisture, ocean waves,
sea-and lake ice, vegetaticn
types and health, snow surveys
gtc. Several satellite projects
promise to help furthel deve-
lopment of radar applications

(Seasat A, Space Shuttle
OFT-2, Space-Lab, VOIR).

The applications rely in part
on radargrammetric processing
of the image strips. Basic facts
are here reviewed concerning
singie images, stereo and block
adjustment. It is shown that ra-
dar block adjustment on a digi-
tal computer, even with modest
effort can produce co-ordinate
accuracies of about = 100 m.
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SOCIO DA SBC NA CHEFIA DE

CURSO NA EslE

Depois de ocupar a subchefia
da 22 Divisdo de Levantamento
do Servigo Geografico do Exér-
cito, e de breve passagem, de
retorno, ao COC, assume a

Chefiado Curso de Formagao de

-Sargentos Topografos da EsIE,

0 nosso muito caro sécio e
amigo TC Norival dos Santos
Junior. E para a SBC motivo de
‘muita satisfagdo este evento

.pois se constitui em argumento

forte para que fortalegam nos-
sas relagbes de amizade junto

.aquele conceituado centro de.

instrugcdo especializada.

IBGE recomenda adoc¢ao do Datum SAD-69

~Como se sabe o IBGE & o
Orgao Nacional responsével pe-
lo estabelecimento da Rede
Geodésica de Apoio Fundamen-
tal no territério brasileiro.

Em consequéncia dessa res-
ponsabilidade, é ainda, o Orgao
que dita as normas para esse
tipo de trabalhos e, também,
determina o melhor ponto de
referéncia para ajustamento das
cadeias de triangulagdo e da
malha de pollgonals, ou seja 0
“Datum”

Dentro dessa ordem de idéias

e,

— considerando terem sido
concluidos os estudos gra-
vimétricos e astrogeodési-
cos definitivos para o esta-
belecimento do Datum Bra-
sileiro;

— considerando que esse Da-.
tum esta sendo adotado por-
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todos os paises do Conti-
nente Sulamericano e, em
conseqléncia sera o Datum
Sulamericano, cuja sigla &
DSA, mais conhecido como
SAD-69;

— considerando que o Datum
Astronémico de Corrego-
Alegre, até entdo utilizado
como ponto de referéncia
para o mapeamento siste-
matico, & provisério;

— considerando que a diferen-

¢a entre um e outro & pouco
significativa no campo car-
togréfico; '

— considerando que o Datum
de Cérrego-Alegre ja nao sa-
tisfaz a finalidade geodésica
se se considera a extenséo
do Continente Sulameri-
cano;

— considerando que deve ha-
ver uniformidade de princi-
pios, quer se trate da finali-

dade geodésica ou cartogra-
fica.

Conclui o IBGE:

Que se utilizem, para todas
as finalidades, os novos valores
do Datum SAD-69, cuja origem
é o Vértice de Triangulagdo
Chud, situado nas proximida- -
des da cidade de Uberaba-MG,
de Coordenadas = Geodésicas,
Azimute para o vértice Uberaba
(a partir do Sul) e Afastamento
Geoidal, seguintes:

Latitude -19° 45’ 41.6527"S
Longitude 48° 06’ 04.0639"W
Azimute 271° 30’ 04.05”
Afastamento Geoidal N = 0 m.

Os parametros do eiipsblde
de referéncia sao:

Semi-eixo maior
a = 6 378160 m.

Achatamento f = 1/298. 25



