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Television from Space
It is expected that photogrammetrically corrected space TV pictures will form
an important element in the future Earth Resources Satellite data outputs.

(Abstract on next page)

INTRODUCTION

T ELEVISION IMAGING systems have been
used for several years to transmit video

pictures from unmanned spacecraft. At pres
ent two systems (ESSA-APT and ESSA-AVCS)
m'e being used by meteorologists on a daily
operational basis, while many close-up pic
tures have been obtained of the surface of the
moon (by Ranger and Surveyor), and Mars
(by Mariner). The latest program for which
a television imaging system is proposed is an
Earth Resources Satellite, which will include
three high-resolution television cameras, each
operating in a different spectral band.

In many applications, such as land-use
surveys, the data from the satelli te will be
correlated with information from other
sources, such as topographic maps. This cor
relation process is simplified if the satelli te
data is of good photogrammetric quality;
that is, if it has constancy of scale and geo
metric fidelity. Unfortunately, television sys
tems are subject to photogrammetric error,
and preprocessing of the data is necessary if
the desired photogrammetric quality is to be
achieved.

Several papers have been written in the
past on the subjects of the errors in space
television systems, and the tech niques that
can be used to perform the corrections.l-s
This paper presents a brief survey of the refer
enced work and then goes on to deal specif
ically with a high-resolution system intended
for the Earth Resources Mission. The limita
tions of existing techniques for handling the
greatly increased amount of data generated
by the satellite are discussed, and a technique
that results in the generation of photographic

* Presented at the Annual Convention of the
American Society of Photogrammetry, Washing
ton, D. c., March 1969 under the title "Photo
grammetry and Television from Space."

hard copy wi th good photogrammetric
quality is described. An important feature of
the technique described is that it operates in
real-time; that is, at the same rate as the data
is generated. The errors that are likely to
occur in the complete system and the ac
curacy which would be desirable are also dis
cussed.

SO RCES OF PHOTOGRAMMETRIC ERROR

It is not well done, but you are sur
prised to find it done at all. (Sam uel
Johnson).

This uncritical attitude towards the pic
tures obtained from the first space television
systems was replaced by a realization that it
would be necessary to improve both photo
gram metric and photometric fidelity, if maxi
mum use was to be made of the pictures re
ceived. In this paper we are concerning our
sel ves speci fically wi th the photogrammetric
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rrors; as far as photometric corrections arc
concerned it is sufficient to mention in passing
that if we wish to make precise measurements
of scene reflectance (or scene bri~htness) it is
necessary to perform con'ections over the area
of a picture and from picture to picture. 9

The causes of the photogrammetric errors
lhat arise in the end product fall into three
~roups: those due to the sensing system (in
cluding the final display mechanism), those
due to the platform on which the sensor is
mounted (the spacecraft). and those due to
the "ie,\'i n~ geometn" .

.-\ \"en" detailed theoretical analysis of
sensor errors ,,"as presented at the 34th (1968)
Annual Meeting of the American Society of
!)hotogra mmetn' hv Dr. 'vVong,l and it is not

applications, the earth's curvature introduces
a significant distortion. and corrections must
he made for this. 1

f-J ence, if we wish to apply the au tpu t of
these space television systems, it is essential
to establish both the magni tude of the various
errors and a technique which will enable them
to be reduced to a satisfactorilv low value in
the final hard COP,".

ACCURACY REQUIHEME:\TS

It ,,"ill be seen later that accuracy require
ments are intimately related to the scale
chosen for the display of the data, and there
fore consideration must first be gi"en to the
range of scales for which satellite pictures arc
suitable. The calculations used in this section

.-\I:lSTRAC'I: The Earth Resources Satellite will illc!ade three high-resolutiontele
l·isioll wrneras, each operating 011 a di.tTereut spectral band. 111 mallY applica
tions. such as land-use sUYl'eys. the dah will be correlated with topograptn:c
maps. However, television systems are sllbject to photogmmmetric errors. ILnd
pre-processin g of the ria tIL is necessary if the desired photogrammetric quality
is to be IIchiel'ecl. The high-resolution system of the Earth Resonrces Ylissioll
mllst be processed in real time incllldi11g corrections for photogrammetric errors
sach as scale. skew. roll, yaw, pitch, earth rotatioll, etc.

intended to repeat the material presented
then. Vv'e will, hO"'ever, be discussing some
actual measured dist'ortion values in the
course of this paper.

Photogrammetrists are very familiar "'i th
the errors due to instabilities in the sensor
platform. Fortunately it is possible to control
the attitude of a spacecraft to a much higher
precision than that of an aircraft, while the
accuracy with which the orbital elements can
be computed enables a precise determination
of altitude to be made. It must be realized,
however, that because of the much greater
altitudes at which a spacecraft operates, a
relatively small attitude error can still result
in a large absolute error in terms of ground
position.

\Vhat we ha,"e referred to as viewing geom
etry error in a television system basically re
1"lects the problem of converting a spherical
into a plane sut-face. (I n line-scanning sys
tems, addi tional errors arise as a resul t of the
scanning geometry). In the Earth Resources
\lission. the area co,"ered by each photo
graph (100 XI 00 nau tical miles) is relati vely
small, so the use of the flat earth approxima
tion does not introduce significant error. For
those missions using cameras which cover a
wider field of ,·ie,,". such as in meteorological

are based un the proposed operating paranl
eters for an Earth Resources spacecraft"

At the nominal altitude of SOO nautical
miles, the field of view of each camera covers
a square 100 nautical miles on a side (608,000
feet). Doyle 'O provides a criterion for deter
mining the extent to which a picture should
be enlarged. This reference states: "A useful
criterion to apply is that the photograph can
be enlarged until its resolution is equivalent
to about 20 line pairs per millimeter. This
will present all the information which the
human eye can extract without enlarging the
map scale by magnification." The limiting
resolution of the sensor (6,000 lines) would
lead to a picture size of 6X6 inches. "'hich
corresponds to a scale of 1,200,000: I" En
larging the picture to 7.2 X7.2 inches results
in a scale of 1 : I ,000,000, which is rather morl'
convenient, as data on the picture can be
directly correlated wi th that on a 1 : t .000,000
map. At this scale a picture element has a
linear dimension of 0.0012 inch. \Ieasure
men ts by Black\\"eIJl' indicate the abili ty uf
the eye to resoh'e a visual angle of 0.6 minute~

of arc, which corresponds to a Yie,,"ing dis
tance of seven inches. Jt would seem that a
scale of 1 : 1,000.000 would be optimum for the
displa,", because further enlargement would
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not increase the amount of detail visible.
whereas a smaller scale would require magnifi
cation to extract all the information contained
in the picture.

In consideri ng the accuracy req uired for
the pictures, it would appear desirable to
conform to the same standards that are re
q uired for topographic maps, because maps
are likely to be the most common source of
data to be correlated with the pictures. The
United States map accuracy standards re
quire an accuracy of 1/50th inch for 90 per
cent of "he well defined points which can be
located wi th precision of 1/100th inch.'2
\iVhen related to the pictures in terms of limit
ing resolution elements, this corresponds to
an accuracy of 17 video elements for objects
which can be located to a precision of 8 video
elements,

The standards derlne a well defined !-Joint
as one that is easily visible on the ground, If
we assume an intrinsic contrast of 2: 1 as one
cri terion for meeti ng this condi tion, atmo
spheric luminance will reduce this to an ap
parent contrast of 1.6: 1. \\'ith this contrast
target, the Ii mi ting resol u tion of the system is
reduced to 2,700 lines, or 0,0027 inch, The
degradation of sensor resolution that occurs
in viewing 10\I'-contrast targets under low
ligh t-Ie,'el condi tions \\'ill not therefore sig
nificantly affect the precision to \\'hich a
point can be plotted,

Doyle 'O calls for an accuracy of 300 meters
(1.000 feet) and a resolution of 50 meters
(150) feet) for a scale of 1:1,000,000, On the
fi nal hard copy, this corresponds to an ac
curacy of 0.012 inch and a resolution of
0,0018 inch, The accuracy that Doyle con
siders necessary is rather higher than the
ligure given above, but if the inaccuracies
that will be introduced in the transfer of the
data from the initial hard copy to the final
uutput (annotated maps for example) are
taken into consideration, Doyle's figure prob
ably represents a better target accuracy
than that derived from the mapping accuracy
standards,

PHOTO(jRA~IMET1UCERRORS 11'> THE EARTH

RESOURCES SATELLITE SYSTE~I

\\'e ha,'e previuusly di"ided the errors that
uccur in the satellite system into three groups;
those due to the sensor, those due to the sen
sor platform, and those due to the viewing
geometry, \\Ie will discuss in some detail the
various effects that give rise to these errors,
placing particular emphasis 011 measured or
computed values, rather than a theoretical
analysis,

CAMERA ERRORS

Unfortunately the camera is a major con
tribu tor to the overall system error, and as its
performance may change during its working
life \\'e are faced with a calibration as well as
with a distortion problem. In a paper pre
sen ted last year, Dr. 'Nong analyzed the
various sources of error in a television system
without including actual values. In practice
we are more concerned wi th the com bi ned
effects of the errors, rather than attempting to
determine the magnitude of their individual
components. For this reason we will he di"id
ing the sensor errors into four classes:

1. Scale, defined as deviar-ion from the nominal
overall picture size. .

2, Skew defined as lack of orthogonalIty be
tweel; frame ,Lnd line scan, resulting in the
scanning of a parallelogram. . .

3. Nonlinearities defined as variatIOns of scale
over different ~ections of the picture.

4. Geometric Distortion, defined as distortions or
the geometric positions between points on the
picture.

The basic differences bet\\'een scale and skew
distortions on one hand, and nonli neari ties
and geometric distortions on the other, is that
the error in the first instance is constant o"er
the whole of the picture, and in the second
instance varies from position to position
wi thin the picture.

The performance specified for the sensors
to be flown on the first Earth Resources
Spacecraft dictates the follo\\'ing significant
parameter values: size, ± 2 percen t; skew
±0.5 degree; and image distol,tion 1 perc.e~t.

(Image distortion includes both nonlineantles
and geometric distortion.) .

Although these values are approxlIllately
the same as those that have been employed
for ,the existing meteorological series of tele
vision cameras, the resul tan t distortions at
the output of the system will be at least an
order of magnitude less, because the narrow
field of view required for the Earth Resources
mission will result in much less lens distor
tion. Figure 1 shows comparative measure
men ts of distortion on a wide angle (100°) lens
and a narrow angle (11.5°) lens, Actual mea
suremen ts on the television cameras used on
meteorological missions indicate that elec
tronic (electron-optic, scan waveform, etc.)
distortions of less than 0.5 percent are cur
rently being achieved.

SE:--ISOR PLATFORM ERRORS

Altitude Variations. The specified orbit of
the Earth Resources Spacecraft approximates
very closel y a ci rele (the speci fied maxi mUlll
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% FIELD OF VIEW

FIG. 1. Lens distortion.

retrospective measurements to a precision of
approximately 0.1 degree. These deviations
will result in both absolute and relative
positional inaccuracies in the final data. (An
absolute error is an error which occurs if the
ground coordinates of points in the picture
are computed from knowledge of the sub
satellite point at the time the picture was
taken. A relative error occurs if the relation
ships between the individual points in a
picture are distorted.)

Motion around each of the three axes will
introd uce a different form of error in the dis
play; in addition two or more disturbances
may be present simultaneously. The nature of
the error will also change with time; for ex
ample we have the interchange between roll
and yaw errors which occurs cyclically during
the period of an orbit.

For the purposes of this paper, the magni
tude of the errors introduced by each effect
will be considered independently. The figures
that are introduced are based on a maximum
error of 1 degree in each axis. This figure is
very conservative, and a pointing accuracy of
0.3 to 0.5 degree is more likely to be achieved
in practice. Because the ground position error
is proportional to the attitude error for small
angles, the magnitude for other attitude
errors can easily be determined.

Roll Error. The geocentric angle corre
sponding to a roll error of 1 degree is 9 minutes
of arc. The center of the picture will therefore
be displaced by 9 nau tical miles from the su b
satellite point. This is the absolute error re
sulting from the attitude error. In addition,
the picture is subject to significant relati,'e
errors.

A I-degree roll error will result in the dis
play of a section of the earth corresponding to
a trapezoid with the parallel sides parallel to
the subsatellite track. Individual points will
be subject to a relative error of up to ± 555
feet across track and 615 feet along track.
These errors correspond to 0.0065 inch and
0.0075 inch, respectively, in the final hard
copy.

Yaw Error. Yaw error will cause a rotation
of the picture about the nadir. The center of
the picture will remain at the correct point,
and the other poin ts will retain their correct
position relative to each other. Errors in ab
solute position of up to 1.2 nautical miles will
be present if compensation is not made for
the yaw error.

Pitch Error. The figures given for roll error
also apply to pitch error, except along track
should replace across track, and vice versa.

Effect of the Earth's Rotation. Al though the
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eccen trICI ty would resul tin a deviation of
± t nautical mile). As a result of the oblate
ness of the earth, the actual spacecraft-geoid
distance will vary during the orbit. However
either the Clarke Spheroid or the Interna
tional Ellipsoid can be used as a reference, as
the differences between the two will have a
negligible effect on the scale of the final prod
uct.

Where the spacecraft is operating with zero
altitude error, the effect of variations in the
earth-ground difference is to introd uce changes
in the scale of the final picture. In the operat
ing system the factors discussed in the pre
vious paragraph can result in a maximum un
corrected error of 0.1 inch. After corrections
for these errors have been performed, the
inaccuracies in the measurement of the orbital
characteristics and the variations between the
reference geoids can result in a maximum
residual error of approximately 0.009 inch.

Topography. Variations in the altitude of
"arious points within a picture can result in
significant positional errors in the final out
put. Corrections for topography are extremely
di fficul t, and would req uire the use of adja
cent pictures (both along- and across-track).
The maxi mum error in trod uced by topo
graphic factors would be 0.01 inch.

Attitude Errors. The attitude control sys
tem on the spacecraft ensures that the maxi
mum attitude deviation in any axis of the
spacecraft motion will not exceed 1 degree.
The actual errors can be determined by
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earth's rotation will not cause the picture to
be distorted, it is necessary to take the rota
tion into account in relating the picture to its
correct position on the earth. As a result of
the rotation of the earth, the roll axis of the
spacecraft is not, in general, parallel to the
subsatellite track. If the sensor is aligned to
be parallel to the roll axis, the result is es
sentially the same as a yaw error. The magni
tude is however, considerably greater than
the yaw error we have previously considered,
and is plotted in Figure 2. I t will be observed
that the magnitude depends on the latitude of
the subsatellite point at the time the picture
was taken. Although similar to yaw error,
the translation between roll and yaw error
during the period of the orbit does not occur,
and the sense of the error is always in one
direction.

Combination of Attitude Errors. The actual
errors that will be present in the final dis
played data will result from a combination of
the attitude errors in each of the three axes.
If a relative error exists between two points,
at least one of them will also have an absolute
error. However any number of points may be
in absolute error, and yet still be in the cor
rect relative posi tions. As far as the display
is concerned it is only necessary to correct fol'
relative errors, because compensation for
absolute errors can be readily achieved in the
subsequent processing. Thus, it is not neces
sary to correct for yaw error.

Viewi1lg Geometry Distortion. . ormally,
whel'e the earth is viewed from satellite alti
tudes, the curvature of the earth will result
in a relatively lal'ge distortion. Fortunately
the nal'row field of view that will be observed

LATITUDE. DEGREES

FIr.. 2. Variation of heading angle.

±0.15in.
±O.OlO in.
±O.002 in.

±O.0075 in.
±O.0065 in.

±O.0065 in.
±O.0075 in.

±O.007 in.

±O.16in.
±O.03in.
±O.08 in.

Attitude Errors (Relative Errors only).
Roll

Across- track
Along-track

Pitch
Across-track
Along-track

Sensor Errors
Lens
Camera

Size
Skew
Distortion

by the Earth Resources cameras will mini
mize this problem.

The 100 X 100-nautical-mile coverage of
each picture gives a measurement across the
diagonal of 141 nautical miles. This corre
sponds to a geocentric angle of 2 degrees 20
minutes (a half-angle of 1 degree 10 minutes).
The error that results from the deviation
from a plane surface is given by the difference
between the tangent of the geocentric half
angle and the magnitude of the angle ex
pressed in radian measure.

For the application being considered, this
errol' corresponds to approximately one-half
a video element.

Summary of Errors. Based on a 100 X 100
nautical mile area to a scale of 1: 1,000,000:

Altitude Errors
Orbital
Topographic
Geoid

TECHNIQUES FOR CORRECTION

Existing techniques are based mainly on
the use of a relatively large digital com
puter to pel'form the corrections. Calibration
information, obtained prior to the launch,
and measurements of a reseau pattern en
graved on the vidicon faceplate, enable the
magnitude of the errors to be determined. The
distorted picture is digitized and stored within
the computer, the relative positions of the
digitized elements within the picture then
being rearranged to correct for the distor
tions.

I n addition to removing sensor distortions,
it is also possible to rearrange the individual
elements to correspond to the position they
would occupy if the corresponding ground
coordinates were converted to one of the
standard map projections. Thus the meteoro
logical data generated by the ESSA-AVCS series
of satelli tes is processed by the NESC to pro
duce outputs in both a polar stereographic
and a Mercator map projection.3

Reduction of sensor nonlinearity by a fac
I()r of 5: 1 has heen achieved using these tech-
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TABLE I. :-J'U~ILlER OF VIDEO ELE\lE~TS

CONTAINED l~ ONE FRAME

niq ues.:' In addi tion to correcti ng for sensor
distortions, it is possible to relate the stored
data to its actual ground position, by using
information as to the time at which the pic
ture was taken, and introducing corrections
to compensate for spacecraft attitude errors.
.-\ccuracies of 5 nautical miles have been
achieved in the meteorological satellite pro
gram 1

Qne factor \\'hich is cummon tu all the pru
cesses is the large volume of data that has tu
he processed. Table 1 shows the number of
video elements contained in one frame (one
picture) of some typical space television
systems. :'I\ention should be made of the out
standing work being performed at the ESC,
which processes approximately ISO pictures
each day. An indication of the magnitude of
data that will have to be processed on an
I':arth Resources mission is obtained when it
is realized that the spacecraft is capable of
generating an average of 680 pictures each
day, each of which contains more than SO
ti mes as much information as a meteorological
photograph. On this basis alone, the data
processing load will be approximately 250
times that currently handled by the NESC.

PHOTOGRAMMETRIC CORRECTIONS IN AN
EARTH RESOURCES MISSION

Of the photogrammetric errors that have
been considered ina previous section, those
due to attitude and altitude errors may be
readily corrected using conventional tech
niq ues t2 pro\'idi ng adeq uate orbi tal and atti
tude data is available, or a source of ground
truth is present which can be correlated with
thc data contained in the picture.

I t is in the correction of camera errors that
\\'e are required to adopt alternate techniques.
\\'hen \\'e are handling data from an Earth
Resources satellite, our approach must be
condi tioned hy the high rate at \\'hich the
data is being received. \Ve have previously
mentioned the rate of 680 pictures per day
which can be generated by the spacecraft.
This <orresponds to one picture to be pro
cessed e\'cry three and a half minutes, or

Size (T \. tines) No. of ElementsSvslelll

\Iariner 1\'
Ranger I'
Sllrveyor
I·:SS.\-.\ \'CS
I·:RS

200X200
290X290
600X600
800X800
6000X6000

+OX103

89X103

360X103

6+0X10'
36,000X 103

(expressed in another way), we must cor
rectly posi tion a \'ideo elemen t every six
microseconds. Although it \\'ould be dan
gerous to draw too close an analogy, currently
ESSA is processing pictures at a rate of one
element every 860 microseconds, using a CDC
6600 co m p u ter.

Actually, if the data are to be processed at
the same rate as they are being generated, it
is necessary to operate on eigh t elemen ts
every microsecond; however, the data is re
ceived discontinuously, so if necessary, a
lower processing rate can be adopted without
introducing a backlog of work. Although the
Earth Resources data does not have the same
degree of urgency as, for example, meteorolog
ical data, it is still desirable to be able to
process the data at least at the average rate
at which it is received, otherwise in a very
short time the output \\"ill be subjected to
such a delay as to compromise seriously its
usef ul ness.

At present there is only a limited number
of display devices capable of converting the
high resolution signals from the television
sensor into a suitable hard copy form. One of
these is the Laser Beam Image Reproducer,
and it is this device which forms the heart of
the photogrammetrically corrected display
system. A simplified sketch of the Laser Beam
Reproducer is shown in Figure 3.

Basically the image is built up by intensity
modulating the deflecting laser beam, with
the line structure being generated by the use
of a rotating mirror deflection system while
the individual lines are obtained by driving
the table (or in an alternative approach, feed
ing the film) at the appropriate rate.

Three alternate approaches were consid
ered for the generation of a photogram metri
cally corrected display. These were:

I. Controlling the rate of mirror rotation and
table (film) feed rate to correctly locate the
individual points in the final hard copy.

2. Storing a complete frame of data, and replay
ing it so that the individual poi\l[s are cor
rectly positioned, while maintaining a con
stant rate of mirror rotation and table drive.

,\. A combination of (I) and (2), in which a
single line of data is stored and the mirror is
rotated at a fixed rate, while the table (film)
drive rate is varied during the period of each
frame.

VARIABLE J'vlIRROR AND TABLE DRlVE RATE

The problem of deflecting a laser beam is
generally recognized as one of the major
limitations in the usefulness of laser display
devices. "The principal disadvantages (of
laser displays) are their exceedingly 10\\' effi-
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FJ(;, 3, I.,,,er be'lIl1 i''''lge reproducer, ,;chematic repre,;ellwtioll,

ciellL'~' alld their lack uf a ';UiLcdJk. lu\\'
inertia deHectioll method" Senf.13 At present
low-inertia systems using, for example, the
\'ariable refraction effect in Potassium Dideu
terium Phosphate (KD*P) crystals can be
used in low-resolution displays, although
there are several major practical problems
involved, such as the power required to dri\'e
the prisms and piezo-electric effects,

For high-resolution systems, deflected
(gah-o-type) or rotating mirrors are generally
used, and it is this latter approach \\'hich has
been used in the LBIR, Rotating mirror-deflec
tion systems ha\"e the ad\'antage that, be
cause of their relati\'ely high inertia. they are
generally less subject to perturbations, and
hence have a high positional accuracy, On
the other hand. this high inertia makes rapid
modulation of the scanning rate to permit
positional corrections in the line direction
very difficult, Calvo-type devices can be
modulated at high rate (up to 13 kHz), but
are inherently less accurate,

I n the frame direction, the rate,; are lIat
urally much lower. Pro\'ided that the varia
tion of table feed rate required is not too
great and that the sen'o drive has sufficient
band\\'idth, control of the table feed rate is
usually satisfactory for the correction of
positional f'rrors in the frame direction,

FIlA~IE STORM;E TECH:-iIQUES

Ti me bu fferi ng essen tiall y retai ns the Iinear
scanning features of the LBIR and rearranges
the relative positions of the indi\,idual points
in the received data by the use of an inter
mediate storage medium, so that they are
tinally displayed in the correct positions,

I f linear scanning is retainecl, it is n('ceSSiln'

lu u,;c a ,;turag,e lIlediulll Lo \\'hich acee,;s call
be obtained completely asynchronously (thaI
is. at times determined by an external de\'ice),
irrespeeti\'e of the relative positions \\'ithill
the store, This immediately rules out the u,;e
of analog or digital tape as a storage medium.
because the time required to access a point
depends on the position relative to the pre
vious point,

The only other suitable analog storage
medium is film, For a number of reasons,
storage on film is unsuitable, For example
additional noise is introduced in the signal
\\,hen a flying spot scanner is used to read out
the data from the film, For this reason sub
sequent discussion will be limited exclusively
to digital storage,

The technique of digitizing and storing a
complete frame of data and rearranging it in
the correct seq uence is basically that used at
the ]'0; ESC for the prod uction of the cloud maps,
Ho\\'ever the increased amount of information
contained in one frame of EROS data imposes
a significantly greater processing problem,

The limiting resolution of the 2-1nch Re
turn Beam Vidicon Camera--the high
resolution TV camera proposed for EROS-is
6000 lines, To provide an accuracy of 1 per
cent it is necessary to digitize to 7 bits, The
total number of bits per line is then .+2X10"'
I f a complete frame of 6000 lines is considered,
the total number of bits per frame is approxi
mately 2S0XI06,

Based on 6000 samples per line, a sampling
rate of 8 samples per microsecond is required
if the data is to be processed in real time. At
7 bits per sample this corresponds to a data
rate of 56 bits per microsecond,

,-\\l;tlog-to-cligil;t\ anrl cligital-to-analofl. ('Oil"
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FIG. 4. Simplified block diagram of correction system.

verters are available which are capable of
operating at this rate. However the large
numbers of bits that must be stored makes the
storage of a complete frame of data uneco
nomical if we wish to operate in real time (the
cost would be approximately 5 million
dollars). On the other hand, if we consider the
use of more economical storage, such as disc
or drum, the processing rate is so low as to
lead to an excessively long time (typically
several hours) to process one picture.

COMBINATION or LINE STORAGE AND

RATE-MoDULATED TABLE DRIVE

The approach which most economically
provides the required degree of accuracy
involves a combination of the two previously
described techniques. \Ve can store a line of
data at a time, subsequently reading it out
at a variable rate to ensure the correct posi
tion of the elements within a line. At the same
time, we can correct in the frame direction by
varying the rate at which the table is driven.
\Ve then have a flexible system which pro
vides a high degree of accuracy and the ad
vantage that it operates at the same rate as
the received data, so no backlog of processi ng
should arise. Figure 4 shows the elemen ts of
such a system.

The analog data is first digitized in a high
speed analog-to-digital converter at a rate of
8 samples per microsecond (6000 samples per
line). Groups of samples are assembled into
larger words before their storage in a core
memory (the formatting of the individual
samples into longer words permits a slower
memory to be used). After a complete line of
data has been stored, the storage of the
sampled incoming data is transferred to a
second store. The contents of the second store

is then read out. Each word is broken down
into individual samples, and each sample is
transferred in turn to a digital-to-analog
converter (one possible modification to the
display is the inclusion of a digital modulator,
which would make the digital-to-analog con
verter unnecessary). The times at which the
words are read out from the memory and
transferred to the digital-to-analog converter
are under the control of the control unit,
which varies the rates so as to ensure the
correct positioning of the points within the
line. At the same time, the control unit
generates synchronization pulses for appli
cation to the table drive circuits. The rate at
which these pulses are generated is varied so
as to ensure correct positioning of the indi
vidual lines throughout the frame.

The correction data for the whole of the
frame must be stored by the control unit. We
can visualize the data as a matrix which for
the various positions in the frame contain the
information relating to the rate at which the
data is to be read into the digital-to-analog
converter, and also the rate at which table
drive pulses are to be generated. Although
this may seem a formidable amount of infor
mation to be stored, the problem is made
rather easier to solve by the fact that the
range of rates over which both signals have
to be generated is relatively small, and hence
it is only necessary to store the difference be
tween the nominal rate and the actual rate
required, where the same correction data
can be applied to relatively large areas of the
frame.

Correction System Performance. Analysis
of the performance that can be achieved by
the composite correction system just de
scrihed shows that it can corn'ct to a very
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TABLE 2. ERRORS REMAINI 'G AFTER CORRECTIO S

ARE ApPLIED

large extent for the photogrammetric errors
arising in the television system. Table 2 shows
the initial errors and the errors that remain
after corrections have been performed is
given below. This is based on a 100 X 100
nautical mile area to a scale of 1: 1,000,000.
These compare favorably with the required
accuracy for National Map Standards: 0.020
inch, and for Doyle: 0.012 inch.

SOURCES OF CALIBRATION DATA

The extent to which photogrammetric
errors can be corrected is very dependent on
the accuracy to which these errors can be
measured, and hence an accurate source (or
sources) of calibration data is essential.

One major source of information is, of
course, measurements made on precise cali
bration targets prior to the launch of the space
craft. These measurements can yield valuable
data, but of course only relate to the perfor
mance of the system prior to launch.

A second source of information is the reseau
pattern that is normally engraved on the
faceplate of the vidicon. Here, of course, the
information relates to the actual operating
conditions, but gives no information on errors
which may arise prior to the vidicon face-

Root-Sum-Square of all Errors

plate. Also if we prO\'ide a sufficient number of
points to give the required accuracy, it may
result in obscuring the very information for
which we are looking.

A third approach is to view automatically
a calibration target which is inserted in the
field of view of the camera automatically at
certain times during operation. This is a
possibility, although the additional com
plexity is a source of concern.

A final source of calibration information is
the ground itself. Many parts of the world
have been mapped to a high degree of ac
curacy, and when these areas are photo
graphed, correlation between known ground
coordinates and photographic positions will
provide a great deal of information on both
sensor system distortions and spacecraft
orbi tal and atti tude inaccu racies. As sensor
performance is unlikely to change rapidly
during its operating life, this procedure need
only be performed rarely.
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