





AN AUTOMATED MAPPING SATELLITE SYSTEM

TasLe 1. MapsaT PARAMETERS

® Orbit—Same as Landsat 1,2, and 3 (919 km alt).
® Sensor—Linear Arrays—Three optics looking
23° forward, vertical, and 23° aft. Three spec-

tral bands:
blue green 0.47-0.57 um
red 0.57—0.70 um
near IR 0.76—1.05 pm

® Swath—180 km or portion thereof.

Resolution—Variable—Down to 10-m element.

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

® Processing—One dimensional, including stereo.

als, but perhaps the single most important contri-
bution was that of Donald Light (verbal communi-
cation), then of the Defense Mapping Agency,
who first suggested that epipolar planes, as de-
scribed by Helava® and used in the AS-11B-X
plotter, could be achieved directly from space and
that topographic data might then be extracted in
real time. There are several feasible configura-
tions by which linear array sensors can continu-
ously acquire stereo data. It was decided that the
system must permit selection from the three spec-
tral bands, provide for two base-to-height ratios of
0.5 and 1.0, and be compatible with the epipolar
concept. Figure 3 illustrates the configuration
selected to accomplish the stereoscopic as well as
monoscopic functions.

Acquiring stereo data of the Earth in epipolar
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Fic. 3. Mapsat sensor configuration (not to scale). Op-

tics A, B, and C are a rigid part of the satellite. Optic B
senses the same strip 60 seconds after A; optic C, 120
seconds after A. Any combination of A, B, and C pro-
duces stereo. Optics A and C are of about 10 percent
longer focal length in order to provide resolution com-
patible with optic B.
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form directly from space is the fundamental geo-
metric concept of Mapsat. The epipolar conditions
shown in Figure 4 implies that five points—the
observed ground point P, the two exposure stations
S, and S,, and the two image detectors f; and a;—
lie in a single plane. If this epipolar condition is
maintained as the satellite moves along its orbit,
every point P observed by detector f; in the for-
ward looking array will also be observed sub-
sequently by detector a; in the aft looking array.
Thus, image correlation can be obtained by
matching the data stream from detector f; with that
from a;,—a one-dimensional correlation scheme.
This description applies equally to the use of the
vertical with either the fore- or aft-looking array
but involves a weaker (0.5) base-to-height ratio
than the described use of the fore and aft arrays
(base-to-height ratio of 1.0). In practice, the data
streams from more than one detector may be in-
volved because there will normally be some offset
in the path of a given pair of detectors. Moreover,
under certain conditions, correlation may be im-
proved by a limited expansion of the correlation
function to two dimensions.

Because each detector array is looking at a dif-
ferent portion of the Earth at any given time, Earth
rotation complicates the epipolar condition. As
shown in Figure 5, this complication can be over-
come by controlling the spacecraft attitude. This
description is obviously simplified; further com-
plications involve such factors as the ellipsoidal
shape of the Earth, variations in the orbit, space-
craft stability, and even very large elevation dif-
ferences. The spacecraft position and attitude must
be precisely determined by such systems as the
Global Positioning System (GPS or NAVSTAR), and
frequent stellar referencing. Satellite attitude con-
trol involves gyros and inertial wheels, and, when
a satellite is free of perturbing forces created
by moving (actuated) parts, attitude can be main-
tained for reasonable periods to the arc-second.
Of course, the sensing system must retain pre-
cise geometric relationship to the attitude con-
trol system. Defining the correct satellite attitude
and the rates in yaw, pitch, and roll to main-
tain the epipolar condition requires precise math-
ematical analysis. Two independent analyses, one
by Howell of Itek'® and the other by Snyder'®
of the U.S. Geological Survey, confirm Mapsat’s
geometric feasibility, and a U.S. patent* has
been issued covering the concept. Table 2 in-
dicates the maximum deviations from the epipolar
condition caused by the various expected error
sources. This table is based on a half orbit (50
minutes) which covers the daylight portion to
which imagery is basically limited. Attitude rate
errors would be considerable if only corrected

* Patent No 4,313,678 issued to the Interior Depart-
ment on 2 February 1982.
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Fic. 4. Mapsat epipolar condition.

once every 50 minutes but, as the table indicates,
10-minute intervals based on stellar reference re-
duce the errors to a reasonable amount. Ten-
minute (or even more frequent) stellar referencing
using star sensors as described by Junkins et al.”
is considered reasonable. Computer programs
have been developed that result in the epipolar
plane condition being maintained as long as ade-
quate positional and attitude reference data are
available and properly utilized. Figure 6 illus-
trates the simplicity of elevation determination in
an epipolar plane which is the key element of
Mapsat.

Obviously, the Mapsat concept can be effec-
tively implemented only if stringent specifications
regarding orbit, stability, reference, and sensor
systems are met. Table 3 lists the Mapsat geomet-
ric requirements as defined to date, and each is
considered to be within the state of the art.
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Fic. 5. Mapsat epipolar acquisition geometry.

MAPPING ACCURACY

By meeting the geometric requirements indi-
cated and achieving stereo correlation, the result-
ing map accuracy is compatible with scales as
large as 1:50,000 and contours as close as a 20-m
interval based on U.S. National Map Accuracy
Standards. Reference 15 covers this analysis in
some detail. Such accuracies result from the indi-
cated geometric requirements and the following
factors:

® Linear array detectors are positioned with sub-
micrometre accuracy.

e Optical distortion effects, when accounted for by
calibration, are negligible.

® Atmospheric refraction, because of the steep look
angles, is of a very Jow order and is reasonably
well known; air-to-water refraction is also known
where underwater depth determination is in-
volved.

TasLe 2. MapsaT Epriporar ConpiTion Maximum DeviaTion (=) in HaLr OrBIT—(50 MINUTES)
(MEeTRES ON THE GROUND)

Case 1. Vertical plus Case 2. Fore and

For or Aft—B/H = 0.5 Aft—B/H = 1.0
® Optimum condition: 1.3 m 0.3 m
® Attitude errors (yaw and pitch) of:
10 arc seconds 0.7 1.6
100 arc seconds 5.0 12
e Attitude rate errors of:
10-% deg./sec. 11(2)* 22 (4)*
107 deg./sec. 110 (22)* 230 (46)*
® Elevation differences of:
1,000 m 2.3 0.5
10,000 m 22 1.8

* () Values obtained by 10 minute rather than 50 minute stellar reference intervals.
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V = satellite velocity (constant)
tys ty = time to stereo image points ! and 2

dy = V.t; dist. moved to acquire stereo
dy = V.t; data of points 1 and 2

H = satellite altitude above datum (constant)
elevation of points ) and 2 above datum

Z,. 1, = distance from orbit to points ) and 2

hy by =

‘Qgtum
k, K = constants

hy =H -2y =H-kdy =H-
hy =W =2, =H-kd, =H-
hy = hy= K (t,- t,)

ah, at = elevation and time differences,
points 1 and 2
Ah = K-at

K.Vt
Kv.t,

Fic. 6. Mapsat epipolar plane geometry. Elevation
difference as a function of time.

® Relative timing, which is referenced to data ac-
quisition, is accurate to within the microsecond.

® 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 posi-
tional errors for defined points of only 6 to 7 m
(RMS) both horizontally and vertically. This verti-
cal accuracy requires the 1.0 base-to-height ratio.
Such accuracy is adequate for the mapping indi-
cated but assumes that control is available for ref-
erence to the Earth’s figure. As indicated by Itek'®
and the author', control points of 1,000-km spac-
ing along on orbital path will be adequate for such
a purpose. Where no control exists, the absolute
accuracy of the resultant maps, with respect to the
Earth’s figure, may be in 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 re-
sponse from the same point or group of points as
recorded from two different positions. In the aerial
photography case these two positions are the cam-
era stations, whereas with linear arrays in space
the two recording positions are constantly moving
with the satellite. In the photography case, corre-
lation is achieved by orienting the two photo-
graphs to model the acquisition geometry. Once
this is done, correlation can be achieved by the
human operator, or the image stereomodel can be

scanned and correlated by automated comparison
of the signal patterns from the two photographs. A
system such as the AS-11B-X37 generates one-
dimensional digital data in epipolar planes from
the model. In theory, epipolar data should be cor-
related much faster than that from a system that
must search in two dimensions to establish corre-
lation. In practice, the automated correlation of
digital data has been only partially successful,
and, as Mahoney'® has recently pointed out, cor-
relation by either manual or automated systems is
still a slow and costly process. To date, no one has
acquired original sensor data in epipolar form.
Thus, no one can really say how well such data can
be automatically correlated, until a satellite such
as Mapsat is flown. Simulation using digitized ae-
rial photographs or linear-array stereo-sensing of a
terrain model are relevant experiments worth
conducting. However, they will provide only par-
tial answers, because the degree of correlation will
depend on the area involved. The characteristics

TasLe 3. Maprsat GEOMETRIC REQUIREMENTS

e Positional Determination of Satellite—10 to
20 m' in all three axes.

® Pointing Accuracy—Within? 0.1° of vertical.

® Pointing Determination—Within®> 5 to 10 arc
seconds.

e Stability of Satellite—Rotational rates within?®
10-% degrees/second.

' rms (lo).
* Very high probability (3¢).









