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3.5 AN AUTOMATED MAP.ING SATELLITE SYSTEM*

Alden P. Colvocoresses

U.S. Geological Survey
National Canter, Mail Stop #3520

Reston, Virginia 22092

Abstract

Throughout the world. topographic maps are compiled by manually operated
stereoplotters that recreate the geometry of two wide-angle overlapning
stereo irame photographs. Continuous imaging systems such as strip
cameras, electro-optical scanrers, or linear arrays of detectors (push
brooms) can alsc create stereo coverage from which, in thecry, topography
can be compiled. However, the instabili:y of an aircraft in the atmosphere
makes this approach impractical. The benign environment of space permits
a satellite to orbit the Ea: th with verv high stability as long as

no local perturbiag forces are involved. Solid—-state linear=-array :. :nsors
have no moving parts and create no perturbing force on the satellite.
Digital data from highly stabilized stereo linear arrays are amenable

to simplified processing to produce both planimetric imagery and elevation
data. A satellite, called Mapsat, including this concept has been
proposed to accomplish automated mapping in near real tice. Image

maps as large as 1:50,000 scale with contours as close as 20-m interval
may be produced from Mapsat data.

Background

The geomeztry of stereo mapping photographs, whether taken from alrcraft

or satell-te, is well known and documented. Transforming such nhotogranhs
into topographic maps is a relatively slow and expensive process that

for manv critical steps defies automation. Compared to an alrcraft, a
satellite oifers the unique auvantages of wmuch greater stability and
uuiform velocity.

Utilizing these advantages, a4 sensing system in space can now provide
imagery of mapping quality, even though a continuous eiectro-optical
imaging svstem is used instead of a mapping camers with its inherent

hizh zeometric fidelity. The next gen:ration of space sensors will
include solid-state linear arravs (fig. 1) that involve no moving

parts. By continuous imaging with very high geowetric fidelity they

will peramit, at least in part, the automated mapping of =he Earth

from space in three as well as twe dimensions. The fundumental diiference
berween conventional ana continuous stereo methods is illustrated

by figurs <.

* Asproved for publication by Director, U.S.G.S.
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At least four papers have been publisheé that relate dircc:ily to autouated
three-dimensional mapping. In 1952, Kacz (1) showed how height
me_.surements could be made with a stareoscepic continuous-strip camera.
The geometry of such a strip camera and stereo lirear arrays is basically
the same. In 1962, Elms (2) elaborated on the strip camera concept

and indicated its advauntages over frame cameras as a possible component

of an automa:ed mapping system. In 1972, Helava and Chapelle (3) described
the development of  instrumentation by which a conventional stereomodel '
can be scanned using the epipolar-plane* principle, and thus reducing
image correiation from a two-dimensional to a basically cne=dimens{ional
task.

"In"1978 Scarauo and Brumm (4) déscribed the automated stered-mapper
AS=-11B-X which utilizes the epipolar-scan ccncept and one-dimensional
digital image correlation described by Helava and Chapelle. Thus the
concept of reducing photograamstric data stero correlation _rom o
to cne dizmension is well established. The cited literature, however
does not describe the possibilicy of imaging the Earth directly in
stereoscopic digital form suitable for one-dimensional processiug.

Beginning in 1977 a serious effort to define a stereo satellite cr
Svereosat (5) war wndertaken by NASA. The Stareosat concept calls for
linear-array sensos.s, looking fore, vertical and aft, but its principal
objective (s to provide a stereoscopic view of the Earth rather than

to map it in automated mode. There ...2 other ways of obtaining stereo
imagery with linear arrays. The French SPOT (6) satellite can look
left or right of the track and thus achieves stereo by combining imagery
from nearby passes of the the satellite. NASA's Multispectral Lin=zar
Array {MLA) concept (7), as so far dafined, calls fo. fore and aft
looks through the same set of optics by use of a rotating mirror.
Howevei, neither the SPOT nor NASA's MLA approach are considered
optimum for stereo mapping of the Farth, as neither 1s designed to
acquire data in continuous forz.

Mapsat Geometric Concept

Linear arrays represent a relatively new remote sensiung concept. Five
papers on -hic subject were presented at the ASP/ACSM aanual convention
during March 1978 (8,9,10,11,12). These papers concentrated on detector

*An epTEJTér plane is defined by two air or space exposure (imaging)
stations and one poiat on the ground.
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technology and the application of Ilinear array sensors in a vertical
imaging mode. We'sh (13) rece=t:y Jescribed the geometry of linear arrays
in stereo mod:, although his ercor analysis for such a system is based on
measurements made rfrom images rather than computations based on the digital
data.

3y compining che technology of linear arravs, the concept of epipolar-—
plane scanning, and the experi.ace gained from Landsat and other space
seasing systems, Mapsat was de.ined (14), and its proposed parameters are
listed in Table 1. The Mapsat concept was the work of several individuals,
but perhaps the single most important contribution was that of Donald Light
(verbal communice*ion), then of the Defense Mapping Agency, who first

- suggested that epipolar piapes, as descrihed by Helava (3) and used in the L
AS-113-X plotter, could bhe achieved directly from space and that topographisc =~
data might then be extracted in real time. There are several feasibhle
configurations by which linear array sensors can continuously acquire stereo
data. It was decided znat the svstem must permit selection from the three
spectral sands, provide fcw two base—-to-heignht ratios of 3.5 and 1.0 and

be compatible with the epipola. concept. Figure 3 illustrates the
configuraticn selected to accnmplish the stereoscopic as well as monoscopic
functions.

Acquiring stereo data of tne Zarth in epipolar form directly from space is
the fundamental geometric concept of Mapsat. The epip-lar conditiuns

shown in Figure 4 implies that five points-—the observed ground poiat P,

the two exposure stations S and S . and the two image detectors f and a --lie
in a singl. planme. 1 this epipolar condition is maintained as the satellite
moves along its orbit, every point P observed by detector f in the forward
looking array will also be obcerved subsequently bv detector a 1in the aft
looking irrav. T“hus image correlation can be obtained bv matching

the data stream from devector £ with that from a -—-a one-dimensional
correlation scheme. This desgcription appiies equally to the use

of the vertical with either the fore—-or aft-loocking arrav but involves

a weaker (0.5) base-to-height ra.io than the described use of the fore

and af- arravs (base-to-height racio of 1.0). 1In practice the data streams
from more than one detector mav be involved -ince there will normallv be sore
offset in the nath of a given pair of detectors. Morecver under certain
conditions, cor.elacion mav be improve by a limitad expansion of

the corvelation fuaction to two aimens’ous.
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Because each detector array is looking at a different portion of the
Earth at any given time, Earth rotation complicates the epipolar
condition. As shown in figure 5, this complication can be overcome

bv controlling the spacecraft actitude. This description is obviously
simplified; further complications iavolve such factors as the ellipsoidal
shape of the Earth, variations in the orbit, spacecraft stability,

and even very large elevation differences. The spacecraft posizion and
attitude  mzst be precisely determined by such svstems as the Global
Fositioning Svetem (GPS or NAVSTAR) and frequent stellar referenciang.
Satellite atti.ude control involves gyroe and inertial wheels, and,

when a satellite is free of perturbing forgces created by moving (actuated)
parts, attitude can be maintaingd for ressonable periods to the arc-zecond.

‘0f course, the sensing system must retain precise geometric relationship
to the attitude control system. Defining the correct satellite attitude
and the rates in vaw, pitch, and roll to maintain the epipolar condition
cequires precise mathematical analvsis. Two independent analvses, one

bv Howell of ITEX (15) and the other bv Savder (16) of U.S.

Geological Survey, confiim Mapsat's geometric feasibiiity, and a

U.S. patent has been allowed on the concept. Table 2 indicates the
maximum deviations from the epipolar condition caused by the various
axpected error sources. This rable is based on a half orhit (53U minutes)
which covers the daylight portion to which imagery is basically limited.
Attitude rate errors would be considerable if only corrected once every
5O minutes but, as the tabie indicates, iJ-minute intervals baced on
staillar reference reduce the errors to a reasonable amount. Ten-minute
stellar referencing using star sensors as described by Junkins et al.,
(17), is considerei reasonable. Computer programs have been developed
that result in the epipolar plane condition being maintained as long as
adecrate positional and attitude reference data are available and properly
utilized., Figure 6 illustrates the simplicity of elevation deteimination
in an epipolar plane which is the key element of Mapsat.

Obviously, the Mapsat concept can be effectively implewmented only if
stringent specifications regarding orbit, stabilicy, reference, and sensor
svstems a - met. Table 3 lists the Mapsat geometric requirements as defined
to date, and each is considered tu be within the state of the arc.

Mapping Accuracy

By meeting the geometric requirements indicated and achieving stereo
correlation, the resulting ms; accuracy is compatidle with scales as large
as 1:50,000 and contours as close as 20 m interval based on U.S. National
Map Accuracy Standards. Reference 15 covers this analysis in some detail.
Such accuracies result from the indicated geometric requirements and the
following factors:
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o Linear e:ray detectors are positioned with sub-micron accuracy.

o Optical distortion effectsi when accounted for by calibraction,
are negligible.

.0 . Atmospheric refraction, because of the steep look angles, is of
a very low order and i< reasonably well known; air-to-water
refraction is also knawn where underwater depth determination
is involved..

0 Relative timing, which is referenced to data acquisition, is
accurate to wichin the microsecond.

o “Digital stereo correlation, where uniquely achieved, provides
" "three ‘dimensional root-mean-square (rms) positional accuracy
to within half the pixel dimension.

These considerations result in relative positional errors for defined

points of only 6 to 7m (rms) both horizoatallv and vertically. This

vertical accuracy requires the 1.0 base—-to-height ratic. Such accuracy is
adeyuate for the mapping indicated but assumes tha: control is availakle

for reference to the Earth's figure. As indicated by ITEK (15) and the

author (19), control points of 1,000 kmz spacing alorg on orbital path will

be adequate for such a purpose. Where no control exists the absolute accuracy
of the resultaant maps, with respect to the Earth's figure, may be ia rms

error by 50 to 100 m although their internal (relative) accuracy remains

at the 6 to 7 m rms level.

Stereocorrelation

The determination of elevations from stereo data requires the
correlation of the spectral ~esponse from the same poinc or group of points
as recorded from two different positions. In the aerial photographv case
these two positions are the camera stations, whereas with linear arravs in
space the two recording positions are constantly moving with the satellite.
In the photography case, correlation is achieved bv orierting the two
photographs to model the acquisition geometry. Once this is done, correlaticn
can be achieved bv the human operator, or the image stereomcdel -an be scanred
and correlated by automateu comparison of the signal patterns from the two
photographs. A system such as the AS-11B-X (3,4) generates cne~dimensional
digital data in epipolar planes from the model. Ta theory, epipolar data
should be correlated much faster than that from a system that must
search in two dimensions to establish correlation. In practicze, the automated
correlation of digital dat- has been only partially successful; and, as Mahonev
(18) has recently pointed out, correlation by either manual or automated svstems
is still a slow and costlv process. To date, no one has acquired original sensor
data in epipolar torm. © .8, n¢ one can realily say how well such data can be
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automatically correlated, until a satellite such as Mapsat s flown.
Simulation using digitized aerial photographs or linear—array stereo-sensing
of a terrain model are relevant experiments worth conducting. However, thev
will provide only partial answers, since the degree of correlation will depend
on the area involved. Tbhe characteristics of the Earth’s surface, coupled
with related conditions, such as the atmosphere and Sum angles, are highly
varied; which meins that the degree of correlation will also be highlv varied.
This problem does noc imply that the Mapsat concept has not been validated.
Having stereo data organized in linear digital form is of obvious advantage

to create the three-dirwesnsional model of the Earth's surface. !Many areas
will correlate in one~dimensional mode, others will require two-dimensional
treatment, and still other areas may not correlate at all. By praperly
defining the satellite parameters.and data processing, the correlation
fumctien-can be-.optimtzed and raised well abeve that obtainable- from
wide—-angle photography systems. For example, digital data can readilv be
modulated to enhance contrast or edges that make up the patterns on which
correlatiou dspends. Photography can also de modulated, bhut it is far more
difficult {(and less effective) chan digital-data modulation, as fila lacks

the dynamic range and sensi:ivity of solid-state detectors. Mapsat will
acquire data in an optimum form for automated correlation, which will expedite
the precise detarmination of elevations and create digital elevation data

that are becoming a basic tcol fcr many disciplines.

Acquisition Modes and Products

As previously described (.4), Mapsat i{s designed to be operated in a
wide variety of modes. These include variation in resolution (10-m elements
on up), spectral baands, swath width, and stereo modes. Such flexibility
peramits optimum data acquisition without exceeding a specified data-
transmission rate that is now defined at 48 megabits per second (Mb/s).

The Earth's surface is highly varied, and data product requirements
are likewise highlv varled. By varving the acquisition modes and, in turm,
producing a variety of products, the data management problem become:
complicated as compared to existing systems such as Landsat which produces
only two basic types of data. However, solving this dara management problem
is a small price to pay for a system that can meet a wide variety of
requirements for remotely sensed data of the Earth. Only four primary
products are expected from Mapsat as follows:

(a) Raw-data digital tapes from which gquick-look images can be
displaved in near real time.

(b) Processed digital image tapes calibrated both radiometriczally
and geometrically to a defired map projection. Such data will be
two-dimensional (planimetric) but describe the Eartt's radiance
(brightness) in multispectral form as is now accomplished by
Landsat Multispectral Scanner tapes.
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(c) Processed digital tapes, again calibrated both radiometrically
and geometrically, but which now describe the Earth's surface
in three dimensions (topographically) with an asscciated radiance
value. Such tapes are, in effect, digital elevation data sets of
the Earth's surface.

(d) Standardized images, both black—and-white and in color, which
include gecmetric corrections and radiometric enhancements. Such
corrections and enhancements wiil be of recognized general value
"and of a type that can be performed without undue delay or
excessive cost. The images would also be of standardized scale.

Etonhtﬁese:feu:~hnaic~produets;»amutde;véniétyrof defivatives.can.be made whigh
include the following:

{a) Black-and-white arnd mulcicslor image maps and mosaics at scales
as large as 1:50,00C, or even 1:25,00C (1:24,000) where map accuracy
standards are not required.

(b) Thematic displavs and maps involving such subiects as land cover
and land use classification.

(¢) Maps which depict the Earth's topography by such means as contours
~ (as close as 20-m interval), slopes, elevation zones, shaded relief,
and perspective display.

Cenclusion

Mapsat will not meet all anticipated remote sensing requirenents,
and 1t will in no wayv replace those air-photo survers requirel to meet
mapping requirements for scales larger chan 1:50,000 and contour {ntervals
of less than 20 m. What it will do, is provide a precise three-dimensional
mulcispectral mcdel of the Earrh at reasonable resolutica and in digital
form. Moreover, the satellite will record the changzing responses of the
Earth's surface as long as it is in operation.

Mapsat can be built today at what is considered t~ be a reasonable
cost (15) as 1t is based on available components and technologv. Moreover,
{t 15 dasigned for simplified operation and data processiag. Assuming that
a~ operational Earth-sensing svstem will be flown, surely Mapsat Iis a
deserving candidate for such a ;ob.
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Mapsat Parameters

Orbit—Same as Landsat 1, 2 and 3 (919 km alc’.

. 3ensor——Linear Arrays~-Three optics looking 23° forward, vertical
and 23° aft. Three spectral bands:

blue greea 0.47 = 0.57 um

red 0.57 = 0.70 um

near IR 0.76 - l.OS‘um
Swath--18Q km or portion thereof.

Resolution—Variable=—Down to 10 a element.

Transmission—S (or X) band, compatible with Landsat receivers
but with rates up to 48 Mb/s.

Processing-—One dimensional, including stereo.

Table 1
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Mapsat Geometric Requireme..:s

o Positional Determination of Satellite--10 to 20 mlj in
all taree axes.

o Pointing Accuracy-WichinE/ 0.1 of vertical.
o Pointing Determination—-ﬂithingj 5 to 10 arc seconds

o Stabtlity of Satellite—Rotational races-within2/ 107
degrees/second.

1/ rms (k)
2/ very high protability (3a)

Table 3
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" Linear arrays of detectors in
focal oi.*s, 1G t3 30 <2 long

Qotics (3) in satallice

30 emta 1 @ Tocal lengih

Stgreo arrays {(2)

Myitispectral
arrays (3)

Mapeat Semsor Configuracion (not ta scala).

Optics A, 5. and T ars a rigid part of sazellice.
Optic 3 senses the same 3T S0 saconds afzar A;
opeic C, 120 secomds aftar A. Any czombination of
A, 3, and C produces starmo. Jpcizs A md C are
of about 11X lomger f3cal langzha to provide
sescluction campatidle wizh apcic 3.
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