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Abstract

In this tutoria! paper, remote imoging sensors such as
airborne photography, infrared scanners, =lectro-optical sensors,
television, and rader are discussed in terms of how their
performance is affected by the aerospace vehicle in which they
are carried. Imaging sensor porformance is discussed in terms of
suck. criteria as resolution, contrast rendition, dynamic range,
signal-to-noise ratio, sensitivity, geometric fidelity, general
cppearance of results, reliability, and data usefulness. How the
aerospace vehicle, carrying the sensor, offects the above criteria
is discussed in terms of vehicle altitude (or distance from
target), temperature at the sensor, moisture at the sensor,
induced and natural air turbulence around the vehicle, sensor
window, and the various motions of the vehicle, i.e., forward
motion, roll, pitch, yaw, vibration, etc. Methods, such as image
motions compensation (IMC), which have been used to
overcome warious deleterious effects on sensor performance, are
also discrased.

Introduction

Because the aerospace vehicle can and often does provide
a hostile environment in which to operate a2 remote
image-forming sensor, most remote sensors cannot be expected
to perform as well as they do in a laboratory environment.

This tutorial paper is intended to be an introduction to
the more significant aspects of this hostile environment — what
effact this environment has on the performance of
imege-forming sensors and what can be done about overcoming
the adverse effects.

The performance of all types of sensors is affected to
some degree. The higher the performance, i.c., the better image
the sensor is designed to produce, the more likely it is to be
degraded by the environment in which it operates. This applies
to all types of imaging sensors — photographic, electro-optical,
television, line-scan, infrared, rader, and passive microwave.

_ Evaluation Criteria

The subject of criteria for judging imaging sensor systems
is one in which there is considerable controversy today. This
controversy is rooted primarily in semantics as well as the
problems of making accurate, repeatable wmeasurements
involving many different technologies. In this paper, sensor
performance will he discussed from the point of vicv: of each
of the following parameters.

Resolving Power
Resolving power is defined as the ability of a system to

separate closely spaced lines such as those in the MIL Standard
USAF resolving power target (see Figure 1). This parameter,
which is somelimes loosely referred to as vesolution, is related
to the spread furction* of the system. Resolving power can
best b2 measured with resolving power targets of different
contrast.” it is ususlly expressed in line pairs per mm at the

*The complex Fourier transfurm of the line spread funciion is
the optical transfer function o OTF. Its modulus 1s called the
modulation transfer function or MTF and 1ty phase is called the
phase transfer function’! When the hne spread function 1s
symmetrical, the phase shift s zero, the phase transfer function
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detector (photographic film, photocathode, etc.) or at the
display. It can also be expressed in ilerms of line pairs per
meter (or foot) at the chject although usually it is in terms of
feet per line or % pair. (This is often called ground resolution
or ground object size resolved.) Quite often, as in TV
technology, ti.2 number of resclved lines per picture height is
used to exprews resolving rower. A line in TV terminology
corresponds to a line ¢: a space it photographic tezminology
and, thus, there are twice as mr 'y iines as line pairs. It is also
convenient to discuss resnlving power in terms of the size of
the limiting resolution ele.z»nt or the width of the line at the
resolution limit (just resolveu; either in the image space or
object space. Actually, the limiting resolution element is an
araa; thus it is the width of the resolved line squared. When the
resolving power is not symmstrical, that is it is different in
different directions, the limiting resolution element is the area
determined by multiplying the width of lines resolved in
perpendicular directions. The angle subtended by this
just-resolved line at the sensor is another very useful way of
describing system limiting resolution. This also is
two-dimensional and usually stated in milliradians. Pigure 2 is a
convenient graph for relaling some of the above concepts. It
should always be kept in mind that resolving power is a
function of the target-to-background contrast!-*-¢
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Figure 1. MIL Standard 150 Target

Conirast Rendition

The ability of an imaging system to discriminate between
an object and its background 1s called contrast rendition or
contrast discrimination. It 1s dependent on (1) object-to-back-
gound contrast at the detector, (2) the sensitivity of the
detector, (3) detective quantum elficiency of the detector, and
(4) the number of photons collected by the system (or energy
available to the detectori. This last factor i1s dependent on the

1s unity, and the MTF 1 equal to the 57T, Resolving power 18

dependent on the OT?, but not m a simple manner; and while
1t 1s dependent upo« the contrast of the target being resolved,
1t 15 also dependz=t upon the signal-to-noise ratio out of the
system: Pure MTF-OTF theory is not concerned with noise.
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JUSTIFICATION ... ichos 1o discriminate. This is another way of saying that rensor, and the detective quantum efficiency (DQE) of the
- contrast rendition is related to resolution and signal-to-noise  detector/display subsystem is defined as
JA— ratio or that the limiting resolution or resolving power is
BV, dependent on the contrast of the target and background. (5/N)..
MSTRINTION/AvA ST all-size objects are easier to resolve when DQE = @ - TN
object-to-background contrast is high. If the contrast of the 5/NYin 3

"

size of the collecting sperture and on the size of the object one

A

YAIL, object and background is very low, the object must be larger in
order to distinguish it from the background**-

Conversion from ANGULAR RESOLUTION to GROUND RESOLUTION

‘This concept can be applied to both the input and output of a

The concepts of signal-lo-noise vatio and detective quantum
efficiency®? are very useful in understanding the
inter-relationship of resolution, contrast rendition, dynramic
range, etc., as well as forming a basis for comparing different
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i The scene dynamic range, i.e., the ratio of the brightest DYNAMIC n'::‘:ﬁ:” 5§

o (highest radiance) object in the scene to the darkest (lowest RANGE RANGE &

{g—. X radiance) object in the scene, must be accommodated by the Figure 3 ‘?fz

g‘_i imaging sensor in order to produce a good inage. In some Bu A
5 cases, such as the sensing of objects on the earth from high Sensitivit i

BEs altitudes, the path radiance of the atmosphere greatly reduces 2mstvity .
253 n " P Sensitivity can probably best be defined in terms of the
priz the scenz dynamic range. In other cases, such as imaging inverse of the energy per unit area required to produce a §
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objects on the moon, where some objects are in full sunlight
and others in deep shadows, the scene dynamic range is very
great indeed. Each case creates problems. In the case of low
scene dynamic range, it is desirable to utilize “high-gamma”
input/output characteristics to stretch the scene dynamic range
over the available output dynamic rsrge (see Figure 3). Such
systems are usually sensitive to small changes in the
environment and tend to exaggerate the “noise”. In the case of
scenes with a high dynamic range, a “low-gamma” system is
employed to compress the scene dynamic range over the
available output dynamic range (see Figure 3). If the
input/outnut curve is not linear, this type of system can suffer
from poor contrast rendition in the darker andjor lighter

imagery.

Signal-to-Noise Ratio

The signal-to-noise ratio in imaging systems can best be
considered as the ratio of the difference in the object and
background signals to the squaze root of the sum of the
squares of the rms fluctuation in the signal of object and
background*-*-5.7

Thus
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(087 « aSi)e
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specified result. Thus, the more energy a process or device
requires, the fess sensitive it is. In photographic sensitometry
the specified result is usually some guantity derived from the
density versus log exposure curve, such as a specified density, a
specified threshold gradient, a gradient which is a specified
fraction of the average gradient, etc. Maximum resolving power
of the phctographic material, which is a function of exposure
at a specified contrast, has also been used to define sensitivity.
Since the output signal-to-noise ratio is also a function of
energy per unit area, at any given resolution level, it too has
been used to define sensitivity for sensors other than
photography. Perhaps sensitivity for all sensors could best be

g : © : . defined in terms of the inverse of the energy per unit area
3
e portions of the scene. In either case, a high dynamic range . cp . "
73 output is highly derirable, and anything that degrades the {s?&“?;ywo?r:gzcibz:: eggtl'ier:jiti(?r:s“t:ﬁagva;mir:cgaseﬁcfnfge. t »
R 'nami ¢ s ali f *
o dynamic range of the output reduces the quality of the output noise andfor reduces the contrast will decrease the '%

output signal-to-noise ratio, and the system will require more
energy to produce the same result as before. The system can
then be said to be less sensitive. When the detective quantum
efficiency remains constant and the sensitivity is increased, the
resolving power 1s lower and the output signal-tc-noise ratio is
lower for the same size resoluticn element.

Gecmetric Fidelity

The accurate depiction of the spatial relationships of a
scene is required when spatial or linear measurements are to be
made from remotely sensed imagery.’® Any deviation from an
accurate spatial presentation of the scene 1s called distortion.
Images containing low distortion are said to have high
geometric fidelity — a property much needed for
photogrammetric purposes. When large amounts of distortion
are present in an image, the result is often misleading even
without attempting to make accurate measuremexts.
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space vehicle in which they are carried. Imaging scnsor poerforu.uoe
discussed in terms of such criteria as resolution, contrast rcundl.lon,
tdynamic range, signal-to-noise ratio, sensitivity, geomctrie Tidenliy,
general appearance of results, reliability, and data uscfu.nes:z. ..w the
‘aerospace vehicle, carrying the sensor, affects tre above critcria
{discussed in terms of vehicle altitude (or distance from targe:),
_ature at the sensor, moisture at the sensor, induced &nd neturel air
gturbulence azround the vehicle, senscr window, and the various rmotioss
1the vehicle,()i.e., forward motion, roll, pitch, yaw, vibravion, etc.
fMethods, such’\as image motion compensation (IMC), which have teen used +to
overcome various deleterious effects on sensor performance, are also
discussed.
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The general appearance of the results of a remote imaging
sensor can also be affected by the environment. If care is not
taken, unwanted spots, markings, blank areas, streaks,
blemishes, unevenness, etc., can result.

Reliability

The environment in which a sensor is used or stored can
also have a noticeable effect nn the mean time between failure
(MTBF) or whether the sensor will even operate at ell.
Examples of this are obvious to all.

Data Usefulness

The purpos: for which the remotely sensed imagery is
intended can often be defeated if the environment in which it
is used is not carefully considered. For the imagery . > be most
useful, particularly when photometric or radiometric
measurements are o be made, it is of prime importance to
calibrate the sensor. Calibration of a sensor can be upset by a
different or changing environment. It is often necessary to
monitor, with other instrumenta, the environment in which the
sensor operates in order to ‘nterprel the results properly.
Procedures such as this require calibrating the sensor as a
function of the environment. Tlie usefulness of remotely sensed
data and the quality of the imagery, as evaluated by the above
criteria, are determined to a large extent by the environment
within and around the aerospace vehicle which carries the
sensor,

Aerospace vehicles have two general charactenstics which
determine the properties of their environment. These
characteristics are vehicle altitude and vehicle motion. Thus,
the sensor often is carried in an environment which (1) subjects
it to extremes in both pressure and temperature, (2) places it
at extreme distances from the objects it must record, and (3)
maker it “chake, rattle, and roll”. First, we will discuss the
properties of the sensor's environment due to this altitude and
distance: what degrading effect do these environmental
propet.ies have on the imagery, and what can be done to
eliminate or reduce this degradation.

Altitude

Object Distance

The most obvious effect of the altitude of the vehicle 1s
thet it places the sensor at a great distance from the oojects
being imaged. This usually results in a small-scalc image, and
many mportant objects of relotively small size may be
unresolved (see Figure 2). To obtain higher angular resolution,
the system designer can :zsort to large, long focal length optics
{large focused antennas for microwave), and this results in less
coverage for a gven image format. Of course, the simplest way
in which to get good “‘close-up” (large-scale) imsugery is to get
“close up™, but this often presents prcblems such as image
motion and, certainly, less coverage. There 1s always a trade-off
between angular resolution and anguiar coverage. The optical
collrctor must also be large in diaumeter for two reasons: (1) to
colicet enough energy to be compatibic with the sensitivity of
the detector (f number), and (2) to obtain small angular
resolution as shown in the famous Rayleigh cnterion

e - 1.22AD

where « = angular resolution in radians
A = wavelength
1) = diameter of cnllector

For practical radar targets, we can resolve better than the
Reyleigh criterion imphes by taking advantage of other {arget
parameters and sophisticated data processing techmques.”’

The resolving power of an imaging sensor is also related to
the sensitiity of the detector. In general, when the detective
quantum efficiency remains constant, a highly sensitive
detector, such as “fast™ film, has pcor resolving power.
High-resolution film has a low sensitivity. When there is plenty
of energy available, as in bright daylight, high resolviag power
systerus are more feasible.

Another problem (when using active systems such as
radar) resulting from operating at a great distance from the
scene is that the energy requirements increase as the area
covered increases. ‘Chis is often not just a simple quadratic
relationship. The pawer or energy required can often increase
at a rate greater tha:: the square of the distance, particularly if
one attempts to mamtun equivalent ground resolution over a
greater area.

Temperature
The temperatures to which a sensor is subjected at high

altitudes can also create probiems. Both high temperature, due
to solar radiation and inadeguate cooling, as well as low
temperature can affect the performance of an optical system.
Temperature also affects the sensiuvity of the detector.
Temperature gradients within e high-resolution optical system
can often decrease the performance considerably and in a
manncr not easily amenable to comper stion such as changing
the focus.

High temperature is particularly troublesome with infrared
detectors, which must be cooled to very low temperatures to
obtain the required sensitivity, contrast rendition, and
signal-to-noise ratio. Not only should the temperature at the
detector be extremely low, but any material in the optical
path, which the detector ‘“‘sees” (such as optics, windows, or
objects near the aperture), should also be cool in order to
reduce *background thermal noise”. Any increase in thermal
nowse csn result in image degradation consisting of poor
contrast rendition, loss of dynamic runge, or loss of resolving
power at low contrast. Photoconductors in general, including
those responsive in the visible and near-visible region of the
spectrum, operate more efficiently with less dark current when
cooled. Photographic film, on the other hand, requires that the
temperature be above a certain minimum (usually about 30°C)
to operate efficiently and not lose sensitivity. Photographic
materials, when stored at high temperatures, become fogged.
The fog is somewhat analogous to dark current in
photoconductors. ldeally, photographic matenal should be
stored at low temperature and exposed (either informationa! or
post exposure)” at moderatcly high temperature,

Pressure

Low atmospheric pressure can create problems. The focus
of an optical system 1s upset due to the change n index of
refraction of the atmosphere. If part of the system 1s
pressurized, the pressure can create physical distortions of
optical components, such as windows, and cause degraded
imagery. Low pressure can also result in the outgassing of
solvents i photogranhic film, altering its sensitivity. This has
been observed particularly with false-color IR Ektachrome, in
which the color balance of the three layers .-as noticeably
upset. Outgassing at low pressure, coupled with low humidity
and low temperature, can also result in bnttle film and camera
malfunctions dv2 to torn film. Moving parts of sensors must
also be properly lubricated for low temperature and pressure to
prevent malfunction Low pressure also increases the
prodability of arcing n electronic systems utinzing high-voltage
components.
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Humidity

Humidity is another culprit that can be troublesome in
more ways than one. Not only is low humidity a problem in
outgassing of photograptic film when coupled with low
pressure, but the same combination of environmental factors
increases the problem of static electricity, which results in
unsightly marks on photographic film (see Figure 4). To
eliminate static marks on film, care should be taken to make
proper use of anti-static costings on moving parts of the film
transport and on the film itself. Attention should be given to
suitable grounding to prevent static buildup. High humidity, of
course, cin cause moisture precipitation on optical components
such as mirrers, lenses, and windows (particularly if they are
cooled). This moisture, even when hardly visible to the human
eye, can be extremely harmful in reducing dynamic range and
resolving power at low contrast. This lowering of contrast often
results in & lower output signal-to-noise ratio. Moisture
condensation on improperly pottad electronic components can
also result in poor imagery as well as decreased MTBF, i.e., less
reliability. Condensed moisture, if subsequently exposed to
very low temperatures, will often result in freezing and
complete malfunction of moving parts of an imaging sensor.

Correcting for Temperature, Pressure, and Humidity Effects

The best way to munimize the problems resalting from
extremes of temperature, pressure, and humidity 18 to inclese
the sensor in a properly climatically controlled environment.
This will include, for best results, heaters, air-conditioners,
desiccants, etc. Extreme temperature gradients should be
avoided. Impiied in the above i, of course, a window which
must be of adequate optical and physical quality to meet the
conditions. This window, IRDOME (infrared) or RADOME
(radar), should be treated as part of the optical or
electromagnetic sensor system with respect to iis quality,
spectral transmission, etc. In high-resolution outical systems,
turbulent air flow near the aperture (entrance pupi) should be
avoided.

Radiation

The radiation encountered at high altitudes is the final
altitude-related environmental problem to be considered The
sun 18 perhaps the chief culpnt as far as radiation 15 concerned
Not only 1s 1t the source of much of the particle radiation
existng in the Van Allen Belts, but 1t 15 also a source of
gamma and X-radiation at higher alutudes The prumary

dn

radiation of the sun can seriously degrade images whes: the
sensor is not properly shielded from direct or near-direct
impingement. Improper shielding will result in flares, ghosts,
and veiling glare, not to mention permanent damage to the
detectors (when the sun is imaged directly). It has been
reported ® that the color television camera on Apollo 12 failed
because of direct exposure to the sun or reflection of the sun
from the foil covering of the landing module. The sun’s
rad .lion can also cause heating of the sensor compartment.

Particle radiation such as alpha particles, beta particles,
and neutrons can add to the base fog of photographic film.
Normally, though, even with photographic film which
integrates exposure over a long period of time, the effect does
not cause serious trouble. Gamma rays and X-rays are
potentially more serious. Even here the photographic film is
usually no more sensitive to a given dosage than is man. Any
environmment, which is deemed safe for a human, is safe for
photographic film/9 After all, a very sensitive dosimeter is
made from special photographic film. Particle, X-ray, and
gamma radiation produce even less effect on the final image in
electro-optical systems since the photoemissive and
photoconductive detectors used in these systems do not
integrate exposure during storage.

Electrical and electromagnetic interference can also result
in radiation which sometimes produces spurious signals that
interfere with or mask the desired result. Imagery, suffering
from this type of interference, will sometimes show false,
unwanted data in the form of streaks, dicioriions, scrambled
images, or random noise. Photograrhy, of course, is not subject
to this type of interference. However, the electrical
components in a photographic senso: can be the source of
nterference for other sensors. Elect: cal interference is most
pronounced in electro-optical and nivared sencors where
high-gain amplifiers are employed. Rs,jsr systems, which utilize
a broad bandwidth in the electroms.n.vtic spectrum, are also
highly susreptible to interfering noswe, !¢ 23iution to electrical
interference is attention to dwic = in electrical noise
suppression and proper shielding of *- ~:1.we components.

Vehicle Motion

The motions of an acrospace vehicle are many and
complex. They include nct only the velocity of the vehicle but
2lso externally induced riotions resulting from the interaction
of the vehicle and its environment. There are also vehicle
motions caused by suci, things as the propulsion system.

Indirectly, the forward motion uf an aircraft can create
induced air turbulence and a shock wave, particularly at high
speed. The induced air turbulence at the boundary layer,
particularly in the transonic region, can degrade the
performance of a high resolution sensor!’'” The opiical
imhomogenities, created at the ~ensor window, result in reduced
resolving power. To avoid this, the window should be located
at a positior n the aw~raft where laminar air flow exists i the
boundary layer.

Shock Wave

When the shock wave occurs 1n the far field of an optical
sensor and 1s 1n a relatively steady state, the resulting imagery
can be of good quality if the intersection of this shock wave
with the ground 1s not 1n the p:cture!’ Figure 5 is an example
of a picture made with a wide-angle mapring camera. The
intersection of thz shock wave with the ground creates a sharp
discontinuity 1n the picture. When this picture is used as one of
a stereo pair, with the other made either before or after the
shock-wave lne, the threc-dimensional model shows a 20-foot
cnff 1in the corn field When the shock wave occurs i tie near
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field of an optical system (at o near the entrance pupil,
particularly in an unsteady state), the resolution of the
resulting imagery can be degraded. To avoid shock-wave
problems as well as heating effects of supersoric flight at low
altitude, it is best not to perform mapping ptotography at
transonic oz supersonic speeds.

Figure 5. Shock Wave on Ground

Heating Etffects

At high air speeds, heating effects (particularly window
heating) can creat2 problems such as those discussed akove on
the subject of tcmperature effects. In addition, temperature
gradients in the windsw cause geometric distortion, of
significance to photogrammetrists. As one would expect,
infrared sensors will suffer mcst from warm windows.
Air-conditioning and cooling techniques are the obvious
solution to this problem. Removing the window entirely may
result in compounding other environmental problems.

Sensor Motions

Vehicle motions, which induce sensor motions resulting in
image smear, are perhaps the most serious obstacles to high
resolutions&s7  which a sensor has to overcome. The
following types of motion must all be considered carefully in
designing a high-resolution, .image-forming sensor subsystem:

Forward Vehicle Motion
Roll

Pitch

Yaw

Buffeting

Vibration
Sensor-Induced Motions.

NO G kN

Thea severity of the effects of roll, pitch, and vibration is shown
in Figures 6 and 7. Figure 6 is a plot of vibration amplitude
versus vibration frequency; lines of constant acceleration (g) are
shown. The shaded region inciudes most vibrations, which
influence sensor quality, likely to be found in aerospace
vehicles. Figure 7 is a plot of maximum rol! and pitch rate (in
milliradians per second) es a function of frequency. The first
shaded region includes roll and pitch motions of most
serospace vehicles. The second shaded region is a re-plot of
Pigure 6 and shows the effective maximum angular rate of
vitzation, assuming that the vehcle vibration is transmitted
direclly to an optical system having a 12-inch optical length
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and that the two ends are vibrating out of phase. The shaded
regions irs Figure 7 overlap, which indicates that high roll and
pitch rates cau result in sensor motion similar to that due to
low vibration frequencies. The resulls of thege types of motion
on the imagery will be discussed later.
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Forward Image Motion

Forward image motion smear is one degrading effect

which we can correct, at least partially®® In fact, most sensors
depend on the forward velocity of the serospace vehicle to
provide the coverage in the direction of flight. Many senscrs
scan perpendicularly to the flight line, and the aircraft Zorward
motion provides a means of scanning in the direction of flight.

Image smear can best be anslyzed in terms of angular

resolution. The image can be suid to have an angular velccity in
the focal plane which is measured in terms of V/H, whete V is
the sensor velocity and H is the object distance or altitude.
V/H is measured in radians per second. Figure 4 is a plat of
the V/H, as a function of altitude, in a range o! scrospace
vehicles when the vensor is pointed downward.
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To compute the limiting anguler resolutiona.due to
forward image motion, one need only muitiply V/H by ¢ (the
integration time, exposure time or dwell time of the sensor)
and by § (the IMC error). Thus:

ay = (V/H) (5

In addition to image smear created during exposure time,
there is often a loss of resolution due to “lag” or image
“sticking”. This can occur, for example, in the case of
photoconductive sensors such as the vidicon television camera
tube when some stored charge from previous frames remeins on
the target, out of register with the new image being read out
by the electron beam.

If one assumes that the spread function at the image plane
due to this motion is Gaussian in shape and that the limiting
angular resolutions due to the optics and detector are also
Gaussian, then one can write the following approximate
expression for the limiting angular resolution ot the system:

ul o+ af)?

a5 = (af + =

where = angular resolving power nf system

=~ angular resolving s-ower of optics

= augular resolvin{’ y ower of detuctor/dispiay

= angular resolving ,"ower due to motion or image
smear
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To reduceayto the lowest practical value. one can reduc2
t by utilizing very sensitive detectors. In the case
vhotogiaphy and television, this requires more sersitive
dew ~tors which, in tum, usually have less resolving power so
tuata,“ecomes large. The exposure time ¢ is very short in
mary line-scan devices where the dwell time of the detector on
the scene is measured in microseconds. The size of the detector
and, thus, the angular resolution of the detector/display
portion may, however, be made large to increase sensitivity.
The dwell time of this type of sensor cannot be shorter than
the detector response time constant for efficient operation.
Mechanical problems of providing a high scan rate at high V/P
may also result in an inadequate scan pattern with gaps in the
area scanned. Larger detectors (poorer angular resolution) or
multiple detectors will help solve this problem.

Vel

Another way in which image smear may be reduced ‘. oy
compensating for the image motion with some type of IMC
(image motion compensation) device®* Moving sensors, film,
mirrors, mounts, prisms, and lenses have all been used at on2
time or arother to compensate for forward imzge motion.
Some of these principles are tllustrated in Figures 8 and 9. The
IMC principles illustrated in Figure 8 show four methods of
providing a compensating motion:

(a) Rotating the camera in its mount to track the
moving scene.

(b) Moving the recording film at the same velocity
as the image motion.

(c) Rotating two prisms about the optical axis to
vary the total refracting angle at the proper m the
proper directior.

(d) Moving only the lens of the camesa at the same
velocity as the ground.

Figure 9 shows 3 additional methocs:

{a) Moving a flat optical side of a liquid prism to
provide varations in refracting angle (si.nilar to Figure 8, c.

(b) Electronically moving an electron image with the
same velocity as the image motion.

{¢) Rotating a murror or mirrors in an optical system
to track the moving scene,
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Figure 10 is a photograph made with u 6-inch focal length
lens without IMC, while Figure 11 is the same scene
photographed utilizing a moving-film technique wheremn the
film was moving at a rawe of 4.8 inches per second.

The input signal required for the operation of the davices
illustrated in Figures 8 and 9 can come either from previous
knowledge, or independent measurement of the vehicle velocity
and the distance from the scene, or it can be sensed by a V/H
sensor directly”*** Figure 12 illustrates three principles that
form the basis for V/H sensors which have been employed.
They aze:

(2) Scanning the ground with a detector in back of
a multihne (“picket fence”) reticle at a focal distance £ from
sn amaging iens. This produces a signal s proportional to the
veiocity. Then

V/H - (%, F)

(b) Tracking the ground with an optical tracker,
whico -~an be ong of several types, and sensing the angular
tracking rate w, then

V/H «~ Fia)
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(c} Sensing the scene twice with optical sensors
which record an analog signal of the scene as viewed from two
directions at two different times. The first record is stored and
correlated with the one sensed at a later time. The
time ¢ between the first lock and the second look at the same
scerie and the angle Sbetween the sensors provide the V/H:

V.H - 1. B)

Various combinations of the above principles have been
used, including a movable grid (similar to (a)) combined with
(c), as well as singleslit scanning to produce the video
corvelation signal. Many different comrelation techniques have
been applied. Some yield not only V/H but its direction, which
in tumn yields yaw angle. The Correlatron tube has also been
applied. -

Figure 11. Photograph With IMC

Reproduced from
be?t available copy.
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To obtain some idea of the expected magnitude of V/H,

refer to Figure 13. In this figure, the conventional flight

spectrum is depicted but, instead of plotting velocity as a
function of altitude, we have plotted the ratio V/H as a
function of altitude with diagonal lines representing velocity. It
can be seen from this plot that V/H can vary, depending on
vehicle and flight regime, from less than 0.01 radian per second
to approximately 6 radians per second.

All IMC subsystems have limitations in their ability to
compensate perfectly for forward image motion. This limitation
is expressed as IMC error & and is the result of inaccuracies in
measuring V/H and inaccuracies in producing the required IMC.
One of the chief problems is that in any given picture or
display V/H can seldom be considered constant over the whole
format. This is particularly true when the scene ir imaged at
other than a constant scale factor, due either to distoriion of
imaging in a forward- or side-looking oblique direction. In some
vertical panoramic-type imaging devices or side-looking
frame-type oblique installations, a form of variable IMC can be
employed in which different amounts of IMC are used in
different parts of the image. Variations of terrain height within
the scene also introduce IMC errors.
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Roll, Pitch, and Yaw
Roll, pitch, aud yaw of the aerospace vehicle further

complicate the V/H problem and, with some sensors, introduce
their own unique problems. For example, line-scan sensors,
either of the electro-optical scanning type or strip camera type,
will produce, in the presence of roll, distorted images of the
scene (see Figure 14), Pitch rate will introduce a varying
forward image smear; yaw, unless corrected by adjusting the
“crab angle”, will introduce a vector of image motion which is
not parallel to the compensated motion.

Figure 14. Roll Distortion

High rates of pitch, yaw, and roll will introduce image
smear in a manner similar to high-amplitude, low-frequency
vibration (see Figure 7).

STABIL!IZED MOUNTS

Figure 15

Roll, pitch, and yaw of aerospace vehicles can often be
prevented from degrading the imagery of remote sensors by the
use of stabilized mounts’® Several types of stabilized mounts
are illustrated in Figure 15. Stabilized mounts usually depend
upon some type of inertial platform for their control inputs.
Some stabilized mounts have been controlled directly by the
inertia of a large gyroscope. An excellent type of mount is the
torquer mount in which the sensor package is mounted on
gimbals and the gilabals are controlled by electromagnetic
forces. The internal part of the torquer performs like the rotor
of a d-c motor. The external part of the torquer acts as the
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stator (see Figure 15). Stabilized antennas are also utilized in
high-resolution radar systems in addition to electronic
stabilization, Both techniques require inputs from a
high-quality inertial platform, Stabilized mounts provide
another useful function for mapping cameras, that is,
maintaining verticality of the camera to reduce the necessity
for laborious data r2duction during map compilation.

Buffeting

Buffeting can be thought of as a severe form of roll,
pitch, and yaw produced in a more crratic manner. It is the
result of the vehicle’s reaction to natural air turbulence. When
this turbulence is very severe, stabilized mounts cannot
sdequately cope with it.

Vibration _

Vibrations within the vehicle structure und sensor itself
are often transmitted in such a manner as to create an image
smear during the exposure or integration time’’ The relative
motion of detectcr and image during this exposure time is not
as simple as in the case of pure linear motion created by the
forward motior: of the vehicle in absence of yaw. The complex
nature of the vibrations involvad is often difficalt to analyze.
When the exposure time ir short and the amplitude of the
resulting sensor vibration is great (usually the case with
low-frequency vibration), the zesulting vector of motion
involves less than one cycle of vibration, This creates an effect
on the sensor which is somewhat like that caused by roll,
pitch, or yaw (see Figure 16), When the resulting sensor
vibration is high-frequency, low-amplitude and with relatively
long exposure time, the resulting image smear can be
two-dimensional and its magnitude iz determined by the
amplitude of the image vibration (see Figure 17), which may
be more or less than the impressed vibration.

LARGE AMPLITUDE LOW FREQUENCY SMEAR
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The sources of vibration can be numerous. Some common
sources are vehicle engines, propellers, interaction of wind on
vehicle surfaces (which causes skin motions and air frame
flexures), acoustical vibration, as well as intemal sensor
mechanical motions resulting from moving parts of the sensor.
Even the body motions or heart beat of an astronaut
astronomer could nossivly affect the resolving power of a very
high resolution telescope in ocbit. The exact menner in which
vibrations are translated into image smear is largely a function
of sensor desigs and sensor mounting. Sensors involving mirror
designs are often more susceptible to vibration because of the
amplitude doubling effect of reflecting surfaces. If mirrors are
not mounted properly, flexures of their surface can degrade
optical quality.
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Mounting sensors at their center of gravity is the
recommended operating procedure, and the use of passive
vibration isolator mounts of many different types has long
been standard practice,??-34:45

LOW AMPLITUDE HIGH FRSQUENCY SMEAR

/ EXPOSURE TIME

TIME

VIBRATION AANPLITUDE @t DETECTOR

Figure 17

Passive isolators, however, have their limitations. They can

only be designed to operate best over a rather limited .

frequency range. Active vibration isolators are now being
studied.”® These active isolator systems sense the motion by
means of accelerometers and apply a countering force through
either clectric or pneumatic actuators. Active optical means,
similar to IMC devices, have also been employed. These apply a
corrsction to the light psth through moving mirrors* or by
changing the power of liquid prisms**. Small gyroscopes have
been used as sensors for determining the amount of correction
required. In elecizo-optical systems, the correction required can
be applied by deflecting an electron beam or electron
image***. These optical, active techniques hsve proven
successful when dealing with small-aperture systems, but they
have limitations for some very high resolution, large, ptical
systems.

Conclusions

In spite of the many pitfalls. problems, anc difficulties
outiined**** in this paper, remarkably high-quality imagery
has been obtained with a wide variesy of remote imaging
sensors. We have all seen examples of this high-quality imagery
obtamned under adverse environmental conditions. We seldom
see the faiiures,

To provide more successes and fewer failures, remote
sensing systems must b. designed to be compatible with the
aerospace environment in which they are to be used. The
required quality of the imagery should be dictated by the
purpose for which the infermation is collected.

Detailed consideration should be given to the selection of
the most suitable aerospace vehicle. Duning design, analysis, and
testing of the remote sensing subsystem, attention must be
given to the folluwing details:

* Mark Systems, Inc.

x* Dyna Lens, Dyna Science Corp.

***  Jtek Corp. & others

**%¢  For a more complete discussion of this subject see
the references in the bibhiography.
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(a) Location, on and mn the vehicle, of the sensor
components

{b) Sensor mounting inethods

(c) Image motion compensation (IMC)

(d) Vibration isolation or control

(e) Temperature and humidity control

(f) Pressurization

(g) Sensor calibration

(h) Auxiliary data recording.

Finally, the most appropriate time, altitude, and vehicle
velocity at which to perform the mission are prime factors to
consider. Careful cons:deration of the above factors will insure
successful resuits.
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