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Abstract detector (phowgraphic film, photocathode, etc.) or at the
display. It can also be expressed in terms of line pairs per

• In this tutorial paper, remote imaging sensors such as meter (or foot) at the object although usually it is in terms of
airborne photogmphty, Infrared scanners, electro.optloat sensors, feet per line or k' Dim. (This is often called ground resolution

Stelevuison, and radar are discused in terms of how their or ground object m.e resolved.) Quite often, as in TV
?044 performance is affected by the aerospace vehicle in which they technology, tis number of resolved lines per picture height is

are carried Imaging sesor pi-formance Is discussed in terms of used to exprem resolving ,ower. A line in TV terminology
suck criteria as resolution, contrast rendition, dynamic range, corresponds to a line ci a space k- photographic terminology
skmnal-to-noise ratio, sensitivity, geometric fidelity, general and, thus, there are tWce as mi "•y iines as line pairs. It is also

- cppearance of results, reliability, and data usefulnest. How the convenient to discuss re.%edving power in terms of the size of
LW aerospace vehicle, carrying the sensor, affects the above criteria the limiting resolution eletnt or the width of the line at the

is discussed in terms of vehicle altitude (or distance from resolution limit (just resolveuh either in the image space or
Starget), temperature at the sensr, moisture at the sensor, object space. Actually, the limiting resolution element is an

Induced and natural air turbulence around the vehicle, sensor area; thus it is the width of the resolved line squared. When the
4 window, and the various motions of the vehicle, i.e., forward resolving power is not symmnitrical, that is it is different in

motion, roll, pitch, yaw, vibration, etc. Methods, such as image different directions, the limiting resolution element is the area
motion compensation (JMC), which have been used to determined by multiplying the width of lines resolved in
overcome various deleterious effects on sensor performance, are perpendicular directions. The angle subtended by this
also disc-Ased. just-resolved line at the sensor is another very useful way of

describing system limiting resolution. This also is
Introduction two-dimensional and usually stated in milliadians. Figure 2 is a

convenient graph for relating some of the above concepts. It
Because the aerospace vehicle can and often does provide should always be kept in mind that resolving power is a

a hostile environment in which to operate a remote function of the target-to-background contrast!-"r'
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 slgnlflcant aspects of this hostile environment - what RESOLVING P T[*T T
effect this environment has on the performance of
image-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.e., 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 4
The subject of criteria for judging imaging sensor systems 6 MEMO

is one in which there is considerable controversy today. This
controversy is rooted primarily in semantics as well as the U S[ A 1 .- - Z
problems of making accurate, repeatable measurements
involving many different technologies In this paper, sensor
performance will be discussed from the point of view: of each
of the following parameters.

Figure 1. MIL Standard 150 Target

Resolving Power Contrast Rendition
Resolving power is defined as the ability of a system to The ability of an imaging system to discriminate between

separate closely spaced lines such as those in the MIL Standard an object and its background is called contrast rendition or
USAF resolving power target (see Figure 1). This parameter, contrast discrimination. It is dependent on (I) object-to-back-
which is sometimes loosely referred to is resolution, is related ground contrast at the detector, (2) the sensitivity of the
to the spread function' of the system. Resolving power can detector, (3) detective quantum efficiency of thi detector, and
best be measured with resolving power targets of different (4) the number o! photons collected by the system (or energy
contrast! it is usually expressed in line pairs per mnn at the available to the detector.. This last factor is ,lependent on the

*The complex Fourier transform of the line spread function is is unity, and the MTF P• equal to the RT,7 Resolving power is
the optical transfer function oi OTF. Its modulus is crAled the dependent on the OT., but not in a simple manner; and while
modulation tra.nsfer function or MTF and its phase is called the it is dependent upo,. the contrast of the target being resolved,
phase transfer function. When the line spread function is it ihs also depende,:t upon the signal-to-noise ratio out of the
symmetrical, the phawe sLhift is zero, the phase transfer function system.- Pure MTF-OTF theory is not concerned with noise.
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size of the collecting aperture and on the size of the object one i'fh concept can be applied to both the input and output of a"J iUSTIFICAT|lW wishes to 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 .s defined as

""ratio or that the limiting resolution or resolving power is
-IT ......... . dependent on the contrast of the target and background. (SIN)-'

|•mWllI N/AVAiSmall-size objects are easier to resolve when DQE = Q (-/.)",
object-to-background contrast is high. If the contrast of the (S/N)f.

|sIL AVAIL object and background is very low, the object must be larger in
order to distinguish it from the backgiround. • 7  The concepts of signal-to-noise ratio and detective quintum

efficiency-.7 are very useful in understanding the
C.o*"rsien ff0. ANGULAR RESOLUTION to GROUND RESOLUTION inter-relationship of resolution, contrast rendition, dynamic

range, etc., as well as forming a basis for comparing different
TV LINEs BRouNo RESOLUTION types of sensors.
Per INCH (METERS)
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L000 SCN IIO SCENEI

The scene dynamic range, i.e., the ratio of the brightest CY¥NAMIC DIYNAMIC
(highest radiance) object in the scene to the darkest (lowest RANSE RANaE

radiance) object in the scene, must be accommodated by the Fgr
imaging sensor in order to produce a good image. In some Fgr
cases, such asthe sensing of objects on the earzth from high nsivy
altitudes, the path radiance of the atmosphere greatly reduces Sensit.ivitycnpoal etb eie ntrso h
the scene dynamic range. In other cases, such as imaging ines- fteeeg • ntae eurdt rdc
objects on the moon, where some objects are in full sunlight ivreo h nrypi ntae eurdt rdc
ai~d others in deep shadows, the scene dynamic range • er specified result. Thus, the more energy a process or device
great indeed. Each cdse creates problems. In the case of low requires, the Less sensitive it is. In photographic sensitometry
scene dynamic range, it is desirable to utilize "high-gamma" the specified result is usually some quantity derived from the
input/output characteristics to stretch the scene dynamic range density versus log exposure curve~, such as a specified density, ao d ispecifed threshold gradient, a gradient which is a specified
sysems are usu•ally senutpu yaive to smal chigurs in. tuhe fraction of the average gradient, etc. Maximum resolving power
sseniomen and tsal endito ivageae the"oise".l ch •In theae of te photographic material, which is a function of exposure

envionmnt nd endto ~x~eret th "nise. I th cae o at a specified contrast, has also been used to define sensitivity.
scenes with a high dynamic range, a "'low-gamma" system is Sneteotu i~lt~os ai sas ucino
employed to compress the scene dynamic range over the Sneteotu inlt-os ai sas ucino
available output dynamic range (see Figure 3). If the energy p~r unit area, at any given resolution level, it too has
input/ouitout curve is not linear, this type of system can suffer been used to define sensitivity for sensors other than
from poor contrast rendition in the darker and/or lighter photography. Perhaps sensitivity for all sensors could best be

LINEne PAIR PEPm GRUN RESLUIO tits ft nrype ntae

portions of the scene. In either case, a high dynamic range deidintrsothivreofhenrg pruitaa
output is highly desirable, and anything that degrades the required to produce a specified detective quantum efficiency.
dynamic range of the output redusces the quality of the With any of rhe above definitions, whatever increases the
imagery, output noise and/or reduces the contrast will decrease the

output signal-to-noise ratio, and the system will require more
Signal-to-Noise Ratio energy to produce the same result a• before. The system can

The signal-to-noise ratio in imagirg systems can best be then be said to be less sensitive. When the detective quantum
considered as the ratio of the difference in the object and efficiency remains constant and the se-nsitivity is increased, the

~~,,I

- I background s•ignals to the square root of the sum of the resolving power is lower and the output signal-re-noise ratio is
suares of the rms fluctuation in the signal of object and lower for the same size resolution element.

The accurate depiction of the spatial relationships of

DyamckgRangei.. Gemeri Tiel

Thusescene is requirdrd when spatial or linear measofrements are to be

(iniade from remotely sensed tmagery s tny deviation from an
ricaccurate spatial presentation of the scene is called distortion.c ,- ,- Images containing low distortion are said to have high

aliuetept aineo th amspher gretl geu e omSenstricv i deiytaprpry mch neeyo

photogrammetric purposes. When large amounts of distortion
are present in an image, the result is often misleading even
without attempting to make accurate measuremea cts.

2 ftepcorpi aeil hc safnto fepsr
envionmnt ad tnd t exggeate he nois". n th cae o
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Performance of Imaging Sensors Aloft'

u1n Astronputics & Aeronautics ~S(- 71___________________

In thBis~ tutorial paper, remot3 .linaging sonsoro :,uch az alrbornt_ pihoto-

graphy, infrared scaiiners, clectrco-optical ovnun~rs, 1~ci.in .d radar
are discussed in ternis of how their performnance iZ IafUCctt.k. 14 L-. uvro-

"4 space vehicle in which they are carried. Imag~ing serizor isC~t ~1
discussed in' terms of siich criteria as resolution., conLrazt c:d.I.L

dynmicrane, signal-to-noise ratio, sensitivity, geomeLrlc£d..Jt_
general appearance of results, reliability, and data useflezz ,.-w the
iaerospace vehicle, carrying the sensor, affpcts the above CritL_1ia' __S
Idiscussed in terms of vehicle altitude (or distance from, targeL), te=zper-
,atuzie at the sensor, moisture at the sensor, induced and nazura2. aý -
"~turbulence arounC the vehicle, sensor window, and.3 the various mozio:. 3

vte veicle.0i...e. , forward motion, roll, pitch, yaw, vibratrion, etc.
MXethods , suchAnas image moti~on compoensation (.IMC) , 'which have "been use d 4.0

lovercome variouis deleterious effects on sensor performance, are also

DI INOV 1114-
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General Appearance The resolving power of an imaging sensor is also related to
The general appearance of the results of a remote imaging the se.itivity of the detector. In general, when the detective

sensor can also be affected by the environment. If care is not quantum efficiency remains constant, a highly sensitive
taken, unwanted spots, markings, blank areas, streaks, detector, such as "fast" film, has poor resolving power.
blemishes unevenness, etc., can result. High.resolution film has a low sensitivity. When there is plenty

of energy available, as in bright daylight, high resolving power
Reliability systeras are more feasible.

The environment in which a sensor is used or stored can
also have a noticeable effect on the mean time between fadsre
(MTBF) or whether the sensor will even operate at all.
Examples of this are obvious go all. Another problem (when using active systems such as

radar) resulting from operating at a great distance from the
Data Usefulness scene is that the energy require-ment. increase as the area

The purpoaw for which the remotely sensed imagery is covered increases. This is often not just a simple quadratic
intended can ofte' be defeated if the environment in which it relationship. The p3wer or energy required can often increase
is used is not carefully considered. For the imagery , be most at a rate greater thai: the square of the distance, particularly if
useful, particularly when photometric or radiometric one attempts to maintain equivalent ground resolution over a
measurements are to be made, it is of prime importance to greater area.
calibrate the sensor. Calibration of a sensor can be upset by a
different or changing environment. It is often necessary to
monitor, with other instruments, the environment in which the
sensor operates in order to -nterpret the results properly.
Procedures such as this require calibrating the sensor as a Temperature
function of the environment. The usefulness of remotely sensed The temperatures to which a sensor is subjected at high

data and the quality of the imagery, as evaluated by the above altitudes can also create probiems. Both high temperature, due

criteria, are determined to a large extent by the environment to solar radiation and inadequate cooling, as well as low

within and around the aerospace vehicle which carries the temperature can affect the performance of an optical system.

sensor. Temperature also affects the sonsitivity of the detector.
Temperature gradients within a hign.resolution optical system

Aerospace vehicles have two general characteristics which can often decrease the performance considerably and in a
manner not easily amenable to romper "1,tion such as changingdetermine the properties of their environment. These the focus.

characteristics are vehicle altitude and vehicle motion. Thus,
the sensor often is carried in an environment which (1) subjects
it to extremes hi both pressure and temperature, (2) places it
at extreme distances from the objects it must record, and (3) High temperature is particularly troublesome with infrared
makei it "shake, rattle, and roll". First, we will discuss the detectors, which must be cooled to very low temperatures to
propelties of the sensor's environment due to this altitude and obtain the required sensitivity, contrast rendition, and
distanse: what degrading effect do these environmental signal-to-noise ratio. Not only should the temperature at the
propes.ies have on tho imagery, and what can be done to detector be extremely low, but any material in the optical
eliminate or reduce this degradaion. 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
noise can result in image degradation consisting of poor

Altitude contrast rendition, loss of dynamic range, or loss of resolving
power at low contrast. Photoconductors in general, including

Object D-istance those responsive in the visible and near-visible region of the
The most obvious effect of the altitude of the vehicle is spectrum, operate more efficiently with less dark current when

that it places the sensor at a great distance from the oojects cooled. Photographic film, on the other hand, requires that the
being imaged. This usually results in a small.scale image, and temperature be above a certain minimum (usually about 30"C)
many important objects of r-L'tively small size may be to operate efficiently and not lose sensitivity. Photographic
unresolved (see Figure 2). To obtain higher angular resolution, materials, when stored at high temperatures, become fogged.
the system designer can isort to large, long focal length optics The fog is somewhat analogous to dark current in
(large focused antennas for microwave), and this result.s in less photoconductors. Ideally, photographic material should be
coverage for a given image format. Of course, the simplest way stored at low temperature and exposed (either informationa! or
in which to get good "close-up" (large-scale) imagery is to get post exposure)' at moderately high temperature,
"close up", but this often presents problems such as image
motion and, certainly, less coverage. There is always a trade-off
between angular resolution and angular coverage. The optieal Pressure
collo-ctor must also be large in diameter for two reasons: (1) to Low atmospheric pressure can create problems. The focus
collkct enough energy to be compatib~c with the sensitivity of of an optical system is upset due to the change in index of
the detector (f number), and (2) to obtain small angular refraction of the atmosphere. If part of the system is
resolution as shown in the famous Rayleigh criterion 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

a - 1.22 A,'D solvents in photogra-hic film, altering its sensitivity. This has
been observed particularly with false-color IR Ektachrome, in

where a = angular resolution in radians which the color balance of the three layers , -as noticeably
A - wavelength upset. Outgassing at low pressure, coupled with low humidity
D =ditameter of collector and low temperature, can a!so result in brittle film and camera

malfunctions d"'. to torn film. Moving parts of sensors must
also be properly lubricated for low temperature and pressure to

For practical radar targets, we can resolve netter than the prevent malfunction Low pressure also increa3es the
Rayleigh criterion implies by taking advantage of other target pronability of arcing in electronic systems utilizing high-voltage
parameters and sophisticated data processing techniques.' components.

L3
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Hutmidity radiation of the sun can seriously degrade images when the

Humidity is another culprit that can be troublesome in sensor is not properly shielded from direct or near-direct
more ways than one. Not only is low humidity a problem in impingement. Improper shielding will result in flares, ghosts,
outlpsing of photograptic film when coupled with low and veiling glare, not to mention permanent damage to the
pressure, but the same combination of environmental factors detectors (when the sun is imaged directly). It has been
increases the problem of static electricity, which results in reported 9 that the color television camera on Apollo 12 failed
utsightly marks on photographic film (see Figure 4). To because of direct exposure to the sun or reflection of the sun
eliminate static marks on film, care should be taken to make from the foil covering of the landing module. The sun's
proper use of anti.static coatings on moving parts of the film rad Zion can also cause heating of the sensor compartment.
transport and on the film itself. Attention should be given to
suitable grounding to prevent static buildup. High humidity, of Particle radiation such as alpha particles, beta particles,
course, cin cause moisture precipitation on optical components and neutrons can add to the base fog of photographic film.
st.ch as mirrors, lenses, and windows (particularly if they are Normally, though, even with photographic film which
cooled). This moisture, even when hardly visible to the, human integrates exposure over a long period of time, the effect does
eye, can be extremely harmful in reducing dynamic range and not cause serious trouble. Gamma rays and X-rays are
resolving power at low contrast. This lowering of contrast often potertially more serious. Even here the photographic film is
results in a lower output signal-to-noise ratio. Moisture usually no more sensitive to a given dosage than is man. Any
condensation on improperly potted electronic components can environment, which is deemed safe for a human, is safe for
also result in poor imagery as well as decreased MTBF, i.e., less photographic fidm!Y After all, a very sensitive dosimeter is
reliability. Condensed moisture, if subsequently exposed to made from special photographic film. Particle, X-ray, and
very low temperatures, will often result in freezing and gamma radiation produce even less effect on the final image in
complete malfunction of moving parts of an imaging sensor. electro-optical systems since the photoemiasive and

photoconductive detectors used in these systems do not
integrate exposure during storage.

[,,<'., Electrical and electromagnetic interference can also result
9 "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, diertbions, scrambled
- .- images, or random noise. Photography, of course, is not subject

to this type of interference. Hov, ever, the electrical
components in a photographic sensor can be the source of

s. ' •interference for other sensors. Elect, .:Al interference is most
pronounced in electro-optical and min'ared sensors where

"I •. $! '. high-gain amplifiers are employed. RiJder systems, which utimze
a broad bandwidth in the electromrw.•.v,,ic spectrum, are also
interference is attention to &,t , in electrical noise

4 suppression and proper shielding •tf. -nive components.

Vehicle Motion

SThe motions of an aerospace vehicle are n'any and
Figure 4. Static Marks complex. They include net only the velocity of the vehicle but

also externally induced motions resulting from the interaction
of the vehicle and itr environment. There are also vehicle
motions caused by suci, things as the propulsion system.

Correcting for Temperature, Pressure, and Humidity Effects
The best way to minimize the problems resulting from Indirectly, the forward motion -f an aircraft can create

extremes of temperature, pressure, and humidity is to inclose induced air turbulence and a shock wave, particularly at high
the sensor in a properly cl'matically controlled environment, speed. The induc¢.d sar turbulence at the boundary layer,
This will include, for best results, heaters, air-conditioners, particularly in the transonic region, can degrade the
desiccants, etc. Extreme temperature gradients should be performance of a high resolution sensor.''*"The optical
avoided. Implied in the above is, of course, a window which inhomogenities, created at the -ensor window, result in reduced
must be of adequate optical and physical qualitl to meet the resolving power. To avoid this, the window should be located
conditions. This window, IRDOME (infrared) or RADOME at a position in the au.!raft where laminar air flow exists in the
(radar), should be treated is part of the optical or boundary layer.
electromagnetic sensor system with respect to its quality,
spectral transmission, etc. In high-resolution optical systems. Shock Wave
turbulent air flow near tlie aperture (entrance pupil) should be When the shock wave occurs in the far field of an optical
avoided. nensor and is in a relatively steady state, the resulting imagery

can be of good quality if the intersection of this shock wave
Radiation with the ground is not in the p~cture!' Figure 5 is an example

The radtation encountered at high altitudes is the final of a picture made with a wide-angle map:ing camera. The
altitude-related environmental problem to be considered The intersection of thz shock wave with the ground creates a sharp
sun is perhaps the cbief culprit as far as radiation is concerned discontinuity in the picture. When this picture is used as one of
Not only is it the source of much of the particle radiation a stereo pair, with the other made either before or after the
exiting in the Van Allen Belts, but it is dlso a source of shock-wave line, the three-dimensional madel shows a 20-foot
gamma and X-radiaton at highex altitudes The primary citff in the corn field When the shock wave occurs in t.e near

Z"Z,



fieAl of an optical system (at ot near the entrance pupil, and that the two ends are vibrating out of phase. The shaded
particularly in an unsteady state), the resolution of the regions in Figure 7 overlap, which indicates that high roUl and
resulting imagery can be degraded. To avoid shock-wave pitch rates cau result in sensor motion siflar to that due to
problems as well as heating effects of supersonic flight at low low vibration frequencies. The results of theme types of motion
altitude, it is best not to perform mapping plotogrmphy at on the imagery will be discussed later.
transonic at supersonic speeds.

VIORATION AMPLITUDE vs FREQUENCY

I 'a
ILI

.001 100 100

Figure 5. Shock Wave on Ground Figure 6

Forward Image Motion
Forward image motion smear is one degrading effect

which we can correct, at least partially"', In fact, most sensors

-Heating Effect$ depend on the forward velocity of the aerospace vehicle to

At high air speeds, heating effects (particularly window provide the coverage in the -itection of fight Many sens

heating) can ceate problems such as those dibcubed above on scan perpendicularly to the flight line, and the aircraft forward

the subject of tcmperature effects. In addition, temperature motion provides a means of scanning in the direction of flight.

gradients in the wir.3w cause geometric distortion, of
significance to photogrammetrista. As one would expect, Image smear can best be anclyzed in terms af angular

infrared sensors will suffer most from warm windows. resolution. Tho image can be .aid to have an angular velocity in

Air-conditioning and cooling techniques are the obvious the focal plane which is measured in terms of V/H, where V is

in tirely may the sensor velocity and H is the object distance or altitude.rsultin compounding th problem.Removironmthe window enm. V/H is measured in radin per second. Figure 4 is a plot ofSthe V/H, as a function of altitude, in a range of aerospbce

S vehicles when the uensor is pointed downward.

Vehicle motions, which induce rensor motions resulting in
image smear, are perhaps the most serious obstacles to high

* resolutionl4\sI which a sensor has to overcome. The
following types of motion must all be considered carefully in ROLL-PITCH fad VIBRATION
designing a high-resolution,image-forming sensor subsystem: ANGULAR NorflON , R Pf ENc

1. Forward Vehicle Motion -. J ,Ii ATA FnHiWX
2. Roll IELATED TO I FT OPTICAL tTh

3. Pitch O
4. Yaw 4 I
5. Buffeting
6. Vibration 100

7. Sensor-Induced Motions. I

The severity of the effects of roll, pitch, and vibration is shown

in Figures 6 and 7. Figure 6 is a plot of vibration amplitude
versua vibration frequency; lines of constant acceleration (g) are 10.0,

shown. The shaded region includes most vibrations, which
influence sensor quality, likely to be found in aerospace j
vehicles. Figure 7 is a plot of maximum roll and pitch rate (in ' _ _o_,_,_, _,
m~liradians per second) as a function of frequency. The farst 0.1 ,o 100 100

shaded region includes roll and pitch motions of moet r/egour#cr INJ
erospace vehicles. The smcond shaded region is a re-plot of

Figure 6 and shows the effective maximuim angular rate of
vibration, assuming that the vehicle vibration is transmitted
directly to an optical system having a 12-inch optical length Figure 7



To compute the limiting angular resoluitionaA~due _ _

forward image motion, one need only multiply V/H by t (the W_____
integration time, exposure time or dwell time of the sensor)
and by a (the IMC error). Thus: TRACKING CAY MOVING LENS

am (V/H) t 85 I
In addition to image smear created during exposure time,

there is often a loss of resolution due to "lag" or image COtS RTAIIN"stickin, ". This can occur, for example, in the case of CIARSM

photoconductive sensors such as the vidicon television camera IM FEZZ1
tube when some stored charge from previous frames remains on COU MG
the target, out of register with the new image being read out G. nRO,11 . I
by the election beam. IM I%•AGEMORION jj

CM CV'J'PER MOTIOIN

If one assumes that the spread function at the image plane CM

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 resolv'tion ot the system: Figtre 8

as (a + + A

where as = angular resolving power of system uU

a, - angular resolving Yower of optics VARIABLE LIQUID PRISM MOVING MIRWcR OR PRISM

UD a ngular resolvirnu ower of detectoridispiay I C
".u -angular resolving ,-ower due to motion or image IM W -C"nRS~OF

smea GM•U MOTION

LIQUID

// ELECTRONIC
To reduceato the lowest practical value, one can redue? '-Cm IM ELCTRTRNIC

tby utilizing very senaltive detectors. In the case G'q7J1->MCphotogtaphy and television, this requires more sersitiven
ies,. •tors which, in turn, usually have less resolving power so ECTRCDfltCTOR

tlatutDecomes large. The erxposure time I is very short in GM GROuNoMOTiON F

nmu"7 line-scan devices where the dwell time of the detector on MMAono'I
the scene is measured in microseconds. The size of the detector CMCOONTRMOIION
and, thus, the angular resolution of the detector/display CATOOE
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. Fgure 9
Mechanical problems of providing a high scan rate at high V/IP
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. Figure 10 is a photograph made with u 6-inch focal length

lens without IMC, while Figure 11 is the same scene
Another way in which image smear may be reduced -. oy photographed utilizing a moving-film technique wherein the

compensating for the image motion with some type of IMC film was moving at a rate of 4.8 inches per second.
(image motion compensation) device!' Moving sensors, film,
mirrors, mounts, prisms, and lenses have all been used at on," The input signal required for the operation of the devices
time or another to compensate for forward imge motion, illustrated in Figures 8 and 9 can come either from previous
Some of these principles are illustrated in Figures 8 and 9. The kiiowledge, or independent measurement of the vehicle velocity
IMC principles illustrated in Figure 8 show four methods of and the distance from the scene, or it can be sensed by a V/H
providing a compensating motion: sensor directly!-''° Figure 12 illustrates three principles that

(a) Rotating the camera in its mount to track the form the basis for V/H sensors which have been employed.
moving scene. They ate:

(b) Moving the recording film at the same velocity (a) Scanning the ground with a detector in back of
as the image motion. a mult'line ("picket fence") reticle at a focal distance F from

(c) Rotating two prisms about the optical axis to rn in;agg lens. -this produces a signal s proportional to the
vary the total refracting angle at the proper rat-- and :n .t;c v-c,',oy. " Then
proper directior.

(d) Kwing only the lens of the came.-a at the same V/1 11 ( x, F)
velocity .s the ground.
Figure 9 shows 3 additional methods- (b) Tracking the ground with an optical tracker,

(a) Moving a flat optical side of a liquid prism to whico -en be one of several types, and sensing the angular
provide variations in refraLting angle (si.nilar to Figuie 8, cl.

(b) Electronically moving an electron image with the ckiC• rate , then
same velocity as the image motion.

(c) Rotating a minfor or mirrors in an optical system
to track the moving scene. V/li -. F I,)
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(c) Sensing the scene twice with optical sensors
which record an analog signal of the scene as viewed from two I / ESN
directions at two different times. The first record is stored and STATIONARY GRID
correlated with the one sensed at a later time. The TRACKING
timet between the first locok and the second look at the same SIGNAL OF MlOIENCY IS)

scede nd th a~eibetween the sensors provide the V/H: NTEETI EETRAGLRPT

Vroscmiainofthe above principles have been _CM~ :§
uodinluin amoabegrid (similar to (a)) combined with CA- CRRLTO

(c), as well as single-slit scanning to produce the video
coveelation signal. Many different correlation techniques have V IDEO ANALOG Slr GElso
been applied. Some yield not only V/H but its direction, which VI 0 ANALOG
in turn yields yaw angle. The Correlatron tube has also been

aplid COMLATIONTINIE I

VERTICAL 8 Y-Al
REFERENCE-

Figure12

To obtain some idea of the expected magnitude of V/H,
refer to Figure 13. In this figure, the conventional Molt

~ ~ spectrum is depicted but, instead of plotting velocity as; a
function of altitude, we have plotted the ratio V/H as a

f)I function of altitude with diagonal linet representing velocity. It
cnbe seen from this plot that V/H can vary, depending on
vhceand flight regime, from less than 0.01 radian per second

~ ~ x.*/4 to approximtey6radians persecond. ~ teraiiyt

4, ",compensate perfectly for forward image motion. This limitation
is expressed a3IMC error IS and is the result of inaccuracies in
measuring V/H and inaccuracies in producing the required IMC.
One of the chief problems is that ki any given picture or
display V/H can seldom be considered constant over the whole
format. This is particularly true when the scene it imaged at
?. the! than a constant scale factor, due either to distortion of

~ imaging in a forward- or side-looking oblique direction. In some
Figure 10. Photograph Without JMC vertical panoramic-type imaging devices or side-looking

frame-type oblique installations, a form of variable IMC can be
empoye inwhich different Amounts of IMC are used in*1U different parts of the image. Variations of terrain height within

j the scene also introduce IMC errors.
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Roll, Pitch, and Yaw stator (see Figure 15). Stabilized antennas are also utilized in
A Roll, pitch, and yaw of the aerospace vehicle further high-resolution radar systems in addition to electronic

"complicate the V/H problem and, with some sensors, introduce stabilization. Both techniques require inputs from a
"their own unique problems. For example, line-scan sensors, high-quality ii.ertial platform. Stabilized mounts provide
either of the electro-optical scanning type or strip camera type, another useful function for mapping cameras, that is,
will product, in the presence of roll, distorted images of the maintaining verticality of the camera to reduce the necessity
seene (see Figure 14). Pitch rate will introduce a varying for laborious data reduction during map compilation.
forward image smear; yaw, unless corrected by adjusting the
"crab angle", will introduce a vector of image motion which is Buffeting
not parallel to the compensated motion. Buffeting can be thought of as a severe form of roll,

pitch, and yaw produced in a more erratic manner. It is the
result of the vehicle's reaction to natural air turbulence. When
this turbulence is very severe, stabilized mounts cannot

, adequately cope with it.

t Vibration
1 , •• Vibrations within the vehicle structure and 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 detector and image during this exposure time is not
I assimple as in the cae of pure linear motion created by the

Snature of the vibrations involved is often diffic.alt to analyze.
When the exposure time i, short and the amplitude of the
resulting sensor vibration is great (usually the case with

low-frequency vibration), the resulting 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 is determined by the
amplitude of the image vibration (see Figure 17), which may

Figure 14. Roll Distortion be more or less than the impressed vibration.

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

STAWILIZED MOUNTS SiMIAB

---- - -- - - - -- - - - ----------

rim

SEO OTOD TOROUEASTATOR

R"-OTORR Figure 16

Figure 15 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

Roll, pitch, and yaw of aerospace vehicles can often be flexures), acoustical vibration, as well as internal sensor
prevented from degrading the imagery of remote sensors by the mechanicas motions resulting from moving parts of the sensor.
use of stabilized mounts!* Several types of stabilized mounts Even the body motions or heart beat of an astronaut
are illustrated in Figure 15. Stabilized mounts usually depend astronon•er could p.saibly affect the resolving power of a very
upon some type of inertial platform for their control inputs. high resolution telescope in o:bit. The exact manner in which
Some stabilized mounts have been controlled directly by the vibrations are translated into image smear is largely a function
inertia of a large gyroscope. An excellent type of mount is the of sensor desigi and sensor mounting. Sensors involving mirror
torquer mount in which the sensor package is mounted on designs are often more susceptible to vibration because of the
gimbals and the giubals are contr'lled by electromagnetic amplitude doubling effect of reflecting surfaces. If mirrors are
forces. The internal part of the torquer performs like the rotor not mounted properly, flexures of their surface can degrade
'bf a d.c motor. The external part of the torquer acts as the optical quality.

8



Mounting sensors at their centesr of gravity is the (a) Location, on and in the vehicle, of the sensor
recommended operating procedure, and the use of passive components
vibration isolator mounts of many different types has long (b) Sensor mounting inethods
been standard practice.,3. 4 .3  (c) Image motion compensation (IMC)

(d) Vibration isolation or control
(e) Temperature and humidity control

LOW AMPLITUOE HIGH FR60UENCY SMEAR (f) Pressurization
(g) Sensor calibration
(h) Auxiliary data rccording.

Finally, the most appropriate time, altitude, and vehicle
SMA velocity at which to perform the mission are prime ftctors to

consider. Careful consideration of the above factors will insure
successful results.
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