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ABSTPACT

All television systems introduce distortions into the imagery they record
which influence the results of quantitatiwve photametric and geometric
measurements. Digital computer techniques provide a powerful approach

to the calibration and rectification of these systematic effects. Non-
linear as well as linear problems can be attacked with flexibility and
precision. Methods which have been developed and applied for the re- |
moval of structured system noises and the correction of photometric, ;
gecmetric, and resolution distortions in vidiocon systems are briefly ~
described. Examples are given of results derived primarily from the
Mariner Mars 1969 television experiment.

Introduction i

As all physically realizable instrurents influence the data they oollect, televi-
sicn careras leave their signatures on the imagery they record. Scientific anmaly-
ces of television photographs must be performed with the knowledge that the scene
is cbserved through the camera's eve and any distortions introduced by the camera
system processes potentially affect the results. The subject of this paper is the
application of digital ocomputer techniques to quantify and correct for video data
distortions so that measurements and interpretations of the imagery can be based
upon information as representative of the object scene as possible. This aspect.
of image processing repnesents but one of the several broad areas of application
of digital methods to imagery, including camera system diagnostics, suwjective
&:tail enhancement, quantitative data rectification, and infommation extraction.

* This paper presents the results of ane phase of research conducted at the Jet
Propuision Laboratory, Califormia Institute of Technology, under contract number
NAS 7-100, spansored by the National Aeronautics and Space Administration.
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146 Astronomicat Usé of TV-Type image Sensors

The spe.ific goal of the work to be discussed is the rectification of raw camera
output data, using calibrated camera system perfovmance characteristics, to pro-
duce photometrically and geometrically rrecise, high resolution imagery of the
cbject scene. In approaching this problem, five major topics will be discussed
including:

1. Encoding image information for the computer

2. Optimization of the system signal-to-noise properties

3. Calibration and ocorrection of photometric distortions

4, Calibration and correction of geometric distortions

5. Calibration and restora-ion of image resolution

These classes of distortions are common to all camera systems, even though the
physical mechanisms involved and the severity of particular types of distortion
vary from sensor type to sensor type. Exanples will be shown primarily illus-
trating the correction of distortions in vidicon television systems such as have
flown on the Ranger, Surweyor, and Mariner spacecraft missions. All of this
work was performed in the Image Processing Laboratory at the Jet Propulsion Lab—
oratory using a gzreral purpose copiuter, a specialized software system, and a
high resolution film recorder and scanmner.

Image Quancization

By their very natures, dbject scenes are continuwous distributions of light inten-
sities and digital computers are devices which manipulate discrete numbers. Two
quantization processes are involved in converting a continwus image inte an array
of numbers on which the cawputer can perform various operations, each of which
can cause seriows artifacte in the processing results. The first quantization
step is the two-dimensional spatial sampling of the image and the sewond is the
binary encoding of each intensity sample. Because the major video distortions

are introduced prior to the quantization procedure and because any distortions
introduced in the quantization prccess itself are not reversible, it is important
to cbserve certain criteria in encoding images for camputer processing.

The vertical sampling of the image is generally the result of the line scanning
of a raster and the horizontal sempling,the result of a susaquent periodic mea-
surement of the one-dimensional scanned video signal. The effective density of
these samples, in the image plane being scanaz2d, must be high enouwgh to satis™y
the Nyquist samwpling critericn, i.e., the sampling frequency in each direct’on
must be at least twice the spatial frequency bandwidth in that direction. Phys-
ically this means that there must be at least two samples in a charactecistic
horizontal and vertical diameter of the system point spread function. This cri-
tericn guarantees that the discrete set of samples accurately describe the con-
tinwus image intensity distributicn, even at points lying between the sample '
points. If this criterion is not satisfied (the data am aliased), then the
actual behavior of the continwus image function between two sample points can
Geviate significantly from an interpolated estimate between those points and
introduce spurious results in various geametric correction and enhancement
filtering processes.
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‘The binary encoding of each sampled intersity introduces an wncertainty in the
quantized data which is related to the size of the intensity steps between en-
coding levels. In order to guarantee that the quantized image data are limited
in their precision by the random noises of the image formation and camera sensor,
a sufficient nuwber of bits must be wed to make tne quantization noise insigni-
ficant. For a linear encoding to n bits of a signal such as the output of a
gidicon camera with limited dynamic range V, the steps between encoding lewels
V are

Sv =y

The root-mean-square (mms) noise introduced by this enooding, c"q, is

oy = &v/2{3
If the s random noise at the output of the camera system is o, a reasonable

criterion for the nuiber of bits required for the encoding is drived from re-
quiring the quantization noise to be on the order of half the random noise

1
O"q < 70‘1'
The required nutber of bits is then
v (Vo
n2 L ,z(a,r) 0.8

If the quantization noise dominates the random noise, the possibility of proces-
sing artifacts again arises. As the quantization interval becames comparable to
the image intensity fluctuations ower a local area, the quantization noise be-
comes highly correlated with the sianal. This appears as blocks of neighboring
sanple points having the same encoded intensity value, thereby introducing series
of plateaus or ocontours in the encoded data. These ccrrelated noises cause arti-
facts in enhancement filtering processes in addition to limiting measurement
accuracy.

System Noise

The practical limit to all quantitative or photointerpretive measurcments on a
properly encoded image is the presence of noise. Enhancement processes such as
to inmprove image resolution can sharpen features only at the expense of overall
signal-to-noise ratio. For these reasons, one of the most important initial
steps in digital image processing is the suppression of noise so that subsequent
enhancemrent and restoration processing can be performed on maximum signal-to-
noise ratio imagery to achieve optimized results.
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Many noise sources exist in imaging systems ranging from random, wideband shot
and thermai noises to highly structured periodic noises. Furthermore,in situa-
tions such as space photography, it is generally not possible to obtain multiple
image,y in order to use frame averaging techniques. The precise separaticn of
any noise from the acmposite video of a single frame must be based on one or more
quantitiable characteristics of the noise signal of interest which distinguish
it uniquely from the other video components. In most real situations one has only
statistical information about the various components of the total video signal
and thus, even in the theoretical limit, their separation is approximate. This
is certainly the case in the data output of spacecraft video systens where the
dominant signal represents a complex natural scene. The essence of video noise
removal is to isclate and remove the various identifiabie and characterizable
noise components as rigorously as possible so as to do a minimum of damace to the
actual video data. In most cases, the errors introduced to the real signal by
the removal process, while small, vary from point to point and are impossible to
measure meaningfully since very little is known in detail about the scene being
photographed and the efficacy of remnval is data dependent. In the following,
the removal of three different types of structured noise will be described,in-
cluling periodic, long-line, and spike noises.

Periodic Noise Removal - In electronic video systems, a common noise problem
arises from the coupling of periodic signals related to the raster scar. and data
sampling drives into the low signal portions of the video handling electronics.

These noises are generally introduced when the video scene is represented by a
one-dimensional temporal signal. Because of the periodicity of this type of
noise, a useful method for characterizing it is in terms of a Fourier Jdecamposi-
tion. A one-dimensional digital power spectrum of a test scene photographed by

a Mariner Mars 1969 camera is shown in Figure 1. The power spectrum clearly shows
a smoothly varying background decreasing in amplitude with increasing frequoncy
and representing the trie video spectrum on which is superimposed a nurber of
narrow, abnormally large spikes. These spikes are the various camponents of the
periodic noises present in the Mariner system and are related to multiples of

the 2400 Hertz spacecraft power supply frequency.

For well designed systems, these periodic noises exhibit phase coherence over
times long compared to the frame time of the camera. For this reason,when the
two-dimens:.onal image is remnstructed, the periodic noise appears as a two—
dirensional pattem exhibiting periodicity not only along the scan lines, but
perpendicular to them as well. If one ooputes a two~dimensional Fourier trans-
form of a reconstructed picture, as shown in Figure 2, this two-dimensional
structure becames eviaent. Again the actual video signal spectrum appears as a
noisy continuum falling off in amplitwle toward high spatial frequencies and the
noise components appear as well-defined two-dimensional spikes.

Because the noise as well as the scene exhibit two-dimensional correlation, a more
precise removal can be achieved by filtering the noise from the two-dimensional
Fourier space than from the one-dimensional space. This can be seen by consider-
ing the effects of one-dimensional filtering as cbserved in the two~dimensional
transfom space. Since the removal of a one-dimensional frequency component is
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Figure 1. -Digitally computed Fourier power spectrum of test scene photographed by
a Mariner Mars 1969 camera. The spectrum was computed from the one-dimen-~
sional scan output of the camera.

done irresvective of its wertical variation, the corresponding spectral components
removed in two~dimensional frequency space lie in = vertical bar. Thus, since
the noise component is contained in one spike along the bar, a large amount of
video signal is unnecessarily removed.

Removing the two-dimensional spikes, one achieves a first orxder clean-up of the
pericdic noise components. By this method only the portion of the companent
spectral spikes can be isolated which protrude above the video spectrum’continuum,
without wnduly removing the video signal. As can be seen in the powec spectrnm
of Figure 1, the spikes clearly have skirts extending bclow the continuum. These
skirts represent a sibtle local modulation (generally arplitude medulation) of
the basic noise pattemn as might occur 'with amplitude dependence or saturation
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Figure 2. - The top picture is a raw photograph of Mars returned by a Mariner VI
camera. Note the diagonal bands of periodic noise. The bottom picture is a
digitally computed two-dimension Fourier spectrum of a portion of the top picture.
The absolute spectrum amplitudes are displayed as gray levels increasing from
black to white. The DC point of the spectrum is in the center of the bottom
picture. Positive and negative horizontal spatial frequencies are above and below.
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effects on the noise signal. These cannot be readily isolated by frequency space
filtering. A imore effective apprcach is to detemmine a local modulation coeffi-
cient for the idealized noise pattem derived from careful two-dimensiciial file
tering. This ooefficient is typically slowly varying relative to the resolution
limits of the camera. The criterion which has been used for detemining the
local modulation coefficient is to mininize the variance of the noisy sicnal
minus a varialle fraction of the idealized noise pattem over a local region. If
N, . is the noisy image, n. ., i§ the idealized noise pattemn, a.. is the local mod-
uldtion coefficient . and Lg<. is the "cleaned-wp" signal vatiance for the local
region of dir»nsion M, the deF?nition of local signal variance

M/2 M/2

2 1 o _ _ 2
Cis" TrD2 Z Z [(Ni+k,j+1 a3 M54k, 5410 ™ 245 aij<“>ij)]
K=M/2 1=M/2

is used. ‘The brackettad tenmms are average values defined for any matrix mij to be

M2 M2
1
<55 = D2 z Z ™4k, 3+1
. k=M/2 1=-M/2

By using the minimization oondition

ij =0
Ezj

one derives the expression

a3 = ([ <] [y

([Ps57@3] %)

which defines a modulation coefficient for each point in the picture in temms of
the noisy image and the idealized noise pattern. ‘The dimension Mof the local
area wed to determine the coefficient a.. for each point is chosen on the basis

of the spatial frequency bandwidth appropriate for a4
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The results of applying these techniques to remowve the perizdic noise component
fram the Mariner VII picture shown in Figure 3 are apparent in Figure 4. The
complicated periodic noises which were extracted are seen in Figure 5.

Long-Line Noises - A variety of mechanisms can produce long-line or streak noises
in television umages such as gain variations, line bunching, data outages, and
analog tape recorder drop-outs. This type of noise, caused by drop-outs in the
case of Mariner 1969, becomes apparent as horizontal streaks in Figure 4 with the
romoval of the periodic noise. The characteristic which distinguishes streak
noises from the actual scene is their linear correlation along some particular
direction and the lack of correlation in the perpendicular direction. This dis-
tinction is not complete, however, since linear features are common in natural
scenes. ‘The problems of data dependent noise removal are exemplified by this
case since major damage to the true video sigral may result in particular local-
ized regions which contain scene ocomponents resembling the noise.

Figure 3.-A Mariner VII picture of Meridiani Sinus as received from the spacecraft
and enlarged two times to make the noises apparent.
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Figure 4.-The result of removing the periodic noises from Figire 3. Note the
presence of horizontal streak noises at this point.

The technique developed to correct for these streak noises is to compare the
local average intensity value o lines adjaocent and parallel to the streaks with
the awerage value of the streak itself &and to apply a gain factor to account for
any differences. A multiplicative rather than an additive ocorrection is applied
because the physical origin of the noice (magnetic tape drop—outs) is multiplica-
tive. Since the oorrelation between points in a picture decreases with increas-
ing separation, a linearly decreasing weight is applied to rore édistant local
lines in detemmining the surrownding average. If N.. is the noisy picture (j is
the index along the direction of the streak noises) *and Gi‘ is the corrective gain
tc be applied to the point (i,j), the expression J

P
) 1;1 (P-k+1) [(N > a5t <D l]
ij -~ P(P+1) KN ;o

~
3,
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is used where P is the nurber of adjacent lines above and below the streak and

tha average values are defined by
Q/2
1
DT ) Ny
k=-Q/2

In this latter expression, Q is the low pass filter dimension along the direction
of the streaks and is detemined by the lengthwise correlation of the long-line
noise. The dimension, P, is determined by the perpendicular correlation.
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Flm §.-The periodic noise pattern removed from Figure 3 to obtain Figure 4.
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Figure 6.-The result of removing the streak noises from Figure 4. Note the pres-
ence of black and white spike noises scattered through the picture.

A further refinement was used in determmining the numerator of the gain determin-
ing equation. The nurerator was camputed as shown but then a "majority rules"
logic was applied so that terms deviating significantly from the average were
eliminated from detemining the average on a second pass. This algorithm is a
refinement of the long-line filwer described in reference 2.

The result of correcting for the streak noises in Fiqure 4 is shown in Figure 6.
It should be emphasized that this ocorrection is particularly data dependent and

its effect, while closer to the truth in the large, may introduce artifacts in
the small.

Isolated Spike Noises - The occurrence of a bit error in telemetering digital
video data or the presence of sharp spikes of noise from the analog electronics
can cause isolated picture elements to devizate significantly fram the surrounding
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data. The remcval of the periodic and screak noises illustrated in Fiqure 6 re-
veals an additional noise component consisting of black and white spikes. The
characteristic which distinguishes these spike noises from the actual video is
the fact that because of resolution limitations of a Nyquist sampled video system
the picture eloment to picture clenent variation of the true signal is limited.

The logic used to remove spike noises is very simple. Each picture element is
examined anl if it is significantly above each of its neighbors or significantly
below its neighbors it is replaced by the average neighboring intensity. The
results of applying this correction to the remaining spike noises in Figure 6

is shown in Fiqure 7.

A comparison of Figures 3 and 7 shows a dramatic improvement in signal-to-noise
ratio by using the digital computer to isolate and remove various structured
noise components from the raw video. This type of processing, while preliminary
to further restorative steps, of itself produces an enhancement which allows
analysis of surface detail closer to the resolutlon limits of the camera system.
Techniques for removing noises fram video are of widely varying character and
in some cases strongly video system and data dependent.

Photomet+r’ ¢ Distortions

Probably the most variable and complex properties of the various types of image
sensors ave those affecting the conversion of light intensity to electrical signal
amplitude. The discussion here r~nters on the photometric properties of vidicon
systems but is more broadly appl:icable to other types of sensors. Procedures
for correcting for sensitivity non-uniformity, sensitivity non-linearity, and
image retentivity as a function of wavelength and temperature have been-developed.
In a very real sense, each encoded sample or picture element intensity value, in
the output image of a camera system, can be thought of as a reading of a tiny
photometer with its own unique properties. The owerall properties of sensor shad-
ing, spectral response, and dynamic range, as well as local blemishes, can be con-
sidered, to a good approximation, as a composite of the ocorresponding properties
%f many such discrete independent photometers positioned at each sample point of
e image.

The correction procedure which is being applied to the Mariner 1969 photographs
consists of calibrating each of these photoreters and then applying the appropri-
ate linearity or residual correction to the ocorresponding picture element in the
experiment data. The positicnal and geametric stability of the image raster with
time is very important here sinze as the picture raster is displaced the cor-
respondence between picture elements in the image and physical position on the
sensor surface changes. Particularly in areas of rapid spatial variation in
photometric respanse, such as around blemishes or reseaux, a misalignment of this
type between calibration and experiment data can cause larges correction errors.
Calibration is achieved by exposing the sensor to a series of test targets and
then extracting the absolute and relative photometric properties of each sensor
element from these test images.
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Residual Image - The vidicon is a good exanple of an image sensor exhibiting mem-
ory or resicdual image effects. Each output image is actually a camposite of the
current exposure and the retained effects of previous exposuwres. The residual
effects of any one exposure die out in time, but the rectification of photometyic
distortions for a given image requires the consideration of the effects of the
immediate exposure history of the sensor. 1In the Mariner Mars 1969 calibraiion
a very simple modal for residual image was vsel. The net camera output O.(x,y)
for a given exposure § was assumed to be a conbination of the output E.(Q,y)

which would result if no residual effects were present and a fraction b(x,y)
of the previous total camera output,

Oj (x,y) = Ej(le) + b(x,y) oj_l(xly)

WYy s

S
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Figure 7.-The result of removi ng the black and white spike noises from Figure 6.
Note in comparison with Figure 3 that objects of considerably higher resotution
are discernable ta Figure 7.
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Figure 8.-The left picture is a raw photograph of the moon taken by a Mariner 1969
camera system and illustrates residual image from a prior exposure. The right
picture is the result of removing the residual component by a linear combination
with the previous exposure.

The residual ocoefficient, b, was measured as a function of position in the frame
by expcsing the camera to a gray wedge target constructed to produce varying gra
level exposures ower each local region of the sensor. The residual image oo2ffi-
cient was then determined by reexposing the target in a slightly displaced posi-
tion and measuring the remaining gray step transitions from the previous exposure
In this way a residual image ocoefficient map was constructed as a function of
position in the image format and by varying the operating conditions, as a func-
tion of temperature.

An example of applying this oorrection procedure is shown in Figure 8. An image
of the mocn taken with a Mariner 1969 camera is shown in Figure 8(a) containing
a residual of the previous displaced exposure. The result of applying the above
correction is shown in Figure 8(b). The residual image has been removed so as
not to be visible in the print but a careful investigation shows the correction
to be good to only sewveral percent. The model used is only marginally adequate
and the residual ooefficient exhibits strong intensity dependence. Efforts to
inprove the technique are wnder way for the Mariner Mars 1971 mission.

Photometric Linearity - Vidiocon systems hawe limited dvynamic ranges and exhibit
Iight transfer curves relating the camera output to input luminance lewel, simi-
lar to H & D curves for film systems., Because of various mechanisms causing non-
uniform sensitivity in the tubes (cblique beam landing and blemishes), each point
in the tube exhibits a unique light transfer curve. Aopropriate curves are genera—
ted simultaneowsly for each point by sequentially exposing the carera to spa-
tially uniform illuninations with varying intensities. Wawelength and tenpera-
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Figure 9. -A sequence of coitoured flat field calibration frames from a Mariner 1969
camera system. Contouring was achieved by suppreszing the five most significant
bits of eight prior to display. Tho light levels are (a) 100 Foot-Lamberts, (b) 400
Foot-Lamberts, (c) 800 Foot-Lamberts, and (d) 1600 Foot-Lamberts.

ture dependence is detemined by altering the spectral filtering of the light
source and the operating tumperature. The light transfer curwe for each point in
the image is stored on megnetic tape and is applied to correct the corresponding
elerent in the actual esperiment data. A sufficient number of points on each
curve is measurzd to juarantee that a linearly interpolated correcticon produces
adequate accuracy.

Contoured examples of four such flat field exposiures are shown in Figures 9(a)
throuwh 9(d). The ocontours were generated by removing the five most significant
bits fram the eight bit calibration data thereby producing a "caw tooth" effect
in the image display. The changing shapes of the contours with changing light
levels is apparent and indicates a strong spatial dependence of the sensor light
transfer properties, 'The presence of isolated blemishes and reseaux is also
apparent.
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Ceametric Distortions

Geometric distortions in the output of an electronic imaging system arise in many
ways and must be removed in order to measure the gearetric shapes and relation-
ships between dbjects in the scene, as well as to properly align calibraticn data
with experiment data. This latter consideration is important, for example, in
the aligument of photometric sensitivity data taken prior to flight with the data
returned by a space mission, since a raster shift is typical once th2 device is
reroved from the earth's magnetic field. In Mariner class systems, shifts of

the order of five to ten pictwre elements are common. In addition, small shifts
from frame to frame due to electronic sweep variations can also occur.

The major sources of distortion in vidioon systems, apart fram foreshortening due
to dbligque photography, are optical distortions, electronic raster sweep distor-
tions, and raster shifts due to changes in the magnetic environment. A negligible
effect in vidicon systems is mentioned only because it is important in other types
of sensors and represents an interesting problem. This effect is called "beam
bending" and arises because as the sensor charge image is read out and discharged
small tangential electric fields are set up on the tube targ~t which are a func-
tion of the recorded image intensity. These fields can cause a corresponding
displacement of the readout electron beam, particularly foi low enargy electrons,
and introduce an image dependent geometxic distortion.

For the Mariner television experiment, the optical and electronic gecretric dis-
tortions are characterized by measuring separately the overall system distortions
and the frame to frame electronic distortion fluctuations. The system distor—
tions are determined by ieasuring the relative displacements of the intersections
of a precise grid target after being photographed by the system. The electronic
distortions are determmined by measuring the relative displacerents of the images
of reseaux in a pattern permanently deposited on the sensor tube target., This
reseau pattern allows the frame to frame tracking of electronic changes. The
corresponding stability problem in the case of optical distortions does not
exist vypically.

The correction for geametric distortions is then performed in two steps. Since
the reseau pattern is permanently affixed to the tube and since the reseaux must
not abscure a sizable portion of the image area, they are typically too sparse to
determine, in detail, the electronic geametric distortions. The frame to frame
electronic shifts as well as the shifts due to magnetic environment changes are,
however, typically small and are largely simple translations in the raster. Thus,
the reseaux are uwsed to apply a small and largely homogeneous correction on a

per frare basis to align the reseaux of a particular frame with those in the
calibration grid target frape. The more detailed and precise system distortion
correction is then applied to the result. Partially successful attempts have been
made to automate, in the camputer, the reseau detection and measurement proceduve,
on a per frame basis, to acconmodate the overall correction process,

The actual application of the geametric distortion correction to the raw sampled
output of the carera is conceptually the superposition of a new, non-uniform set
of sanple points on the raw data. The positions and local spacings of the new
sample points are determined by linearly interpolating the distortion data derived
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from the calibration frames. Clearly the locations of the new sample points will
not be commensurate with the uniform sampling of the raw camera output so that |
interpolation of the intensity data is required to determine the intensity values
at the new sanple locations. If the raw image was not Nyquist sampled, this
interpolation process can severely degrade the ocorrected image resolution.

The result of photographing a grid target with a Mariner 1969 camera is shown in
Figure 10(a). A significant pin-cushion distortion is evident. The result of
applying the above correctica is shown in Figure 10(b). The location corrections
for points between the various grid target intersections were determined by
linear interpolation.

[

b

0)
Figure 10. -Grid patterns. (a) Grid pattern photographed through a Mariner 1969

camera system exhibiting barrel distortion. (b) Result of computer correction of
the distorted target.



162 kstronomical Use of TV-Type Image Sernsors

Resolution Enhancement

The scale size of ocbject scene detail visible through a television camera is
limited, in a perfect system, by diffraction effects in the optics. This, of
course, ignores the effects of atmospheric turbulence. For most systems this
limit is not realized as the camera sensor system itself impcses resolution limi-
tations which are dominant. In any case, the result is an agpparent loss of con-
trast in small scene detail (small relative to the resolution of the system) or
equivalently a broadening of the transitions between adjacent intensities in the
carera output. These effects influence not only the visibility of scene detail
for photointerprative purposes but aiso photometric measurement accuracy on
small detail. )

If the camera system is linear or if the input scene is sufficiently low in ocon-
trast, the degradation in image resolution is describable in tamms of an ampli-
tuée independent system point spread function. If the point spread function is
furthenmore independent of position in the image plane, such as for narrow angle
systems, then the camera output, O(x,y), can be written in terms of the dbject
scene intensity distribution, I(x,y), and the system point spread function,
S(x,y), by a sinple convolution relation

owx,y) = fdu fdv I(x+u,y+v) S(u,v)

This relation can be inverted using Fouriexr transformations to express the desir-
ed input sceie in terms of the camera output

I{x,y’ =fdufdv O (xtu,y+v) F(u,v)

F(x,y) is a correction filter related to the point spread function through the

relation
-1 1
P = F Ol
WY

where JF [ ] is the Fourier trunsfomm operator.

This sequence of equations has a discrete counterpart appropriate to digital campu-
tation. The additional condition of Nyquist sampling must be imposed in the dis-
crete case for validity.

The correction filter function F is a finction only of the wniform camera point
spread function and thus may be calibrated independently of the cbject scene.
This 1s done for the Mariner 1969 experiment by measuring the modulation transfer
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function (MIF) or the Fourier transform of the point spread function rather than
the point spread function directly. The reason is that for vidicon systems, in
order to produce a sufficient output point spread amplitude to make reliable
measurerents for all spatial freguencies, the input must be so large as to drive
the system into non-linear response. 7The MIF is measured by exposing the camera
to spatial sine wave transmittance targets of various frequencies and orientations
and extracting the sine wave amplitude degracdation along the line scan and per-
pendicular to the line scan directions. These curves are then used to model the
two-dimensional MTF finction by assuning the contours of equal response are ellip-
ses. The phase ocomponent of the MIF is ignored, not so much as justified as be-
cause the measurement of phase properties has not been possible. The resulting
MIF is then wsed to generate the ocorrection filter.

The correction filter is theoretically the reciprocal of the MIF fimction. For
typical systems however, the response at high spatial frequencies becomes quite
low so that gains in excess of ten at these frequencies are necessary. The addi-
tion of wideband noises within the system make this theoretical correction unde-
sirable. Since the scene spectral carponents decrease in amplitude at hich fre-
quoncies and add ooherently and since the noise is essentially white and adds
incoherently, any filter correction degrades the gross signal-to-noise ratio of
the resulting image. Thus some criterion for suppressing the large hich spatial
frequency gains is necessary based on the competition between small fzature and
edee transition fidelity and degraded signal-to-noise ratio.

There are quantitative criteria for this trade-off and correction filter genera-
tion such as the Wiener-Hopf filtering technique. For many purposes however,
these are unacceptable since they are based on large scale statistical measures
of error and in the small, produce less than optimum results. Adaptive filtering
approaches, based on both large scale and small scale fidelity, are most desir-
able but are expensive in temms of computer time. Continued development in this
area is under way.

For many purposes a simple trial -and error solution to the problem is adequate.

In Figure 1l a typical MIF curve is shown and labelled A . The theoretical
correction filter based on this MIF is shown as curve B . By introducing an
artificial truncation to the theoretical curwe, such as shown in the dashed
curves labelled C , the emphasis of high spatial frequency noise amplification
can be controlled. A filter or series of filters consistent with the carera
signal-to-noise properties, the typical scene spectral camposition, and experiment
measurement goals can be deriwed.

Examples of applying this type of truncated MIF ocorrecticn to a Mariner Mars 1971
test scene are shown in Figures 12 through 14. The raw camera output is shown

in Figure 12 and the results of resolution enhancements with gain truncations at
2.5 and 10.0 respectively, are shown in Figures 13 and 14. A cawparison of these
results show the most subjective improvement between Figure 12 and 12 with a
slight additional sharpening in Figure 14 but a more significant increase in noise
levels.
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Figure 11.- Modulation transfer function and correction filter spectra. Curve A
shows a typical modulation transfer function (MTT) for a vidicon system.
Curve B shows the theoretical reciprocal correction filter function. Curves C
{dashed) show various gain truncations of the theoretical correction curve used to
minimize the signal-to-noise degradation caused by the enhancement process.

Figure 12. -Raw output image of a Mariner Mars 1971 breadboard television camera
An Apollo 11 photograph of the moon was used as the test target.
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Figure 13, - High spatial frequency enhanced version of Figure 12 with a gain trunca-
tion of the correction filter spectrum at 2.5.
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Figure 14.- High spatial frequency enhanced version of Figure 12 with a gain trunca-
tion of the correcticn filter spectrum at 10. 0.
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These corrections were apnplied as convolution filters with 'the
kernels generated frcm the reciprocal MTP function rather than as
direct frequency space filters. The reason is strictly one of
economy. The convolution ke.nel matrix for these corrections needs
be only on the order of 195 picture eloments square and increased
calculation speed 13 realized by matrix convolution rather than
transformation, This trade-off ias, of course, machine dependent.
An example of the opposite trade-off ts that ot the previously dis-
cussed periodic noise filtering. In order to obtain sufficiently
narrow freguency space bandpass characteristics, the convolution
kernel would be prohibitively large thereby making direct transform
space filtering the more economical approach,

Conclusion

The inherent physical limitations in camera system and sensor ca-
patilities tntroduce significant distortions into the imagery which
is recorded. Careful measuremants on such imagery must take these
effects 1nta account. The digital computer ts an extremely useful
tool for this purpose offering precision arnd floxibility to solve
non-linear as woll as linoar distNrtion problems in a highly con-
trolled and ceproducible ‘aanner. Technigues have been demonstrated
and continue to ke improved for the correction of camera system
noise, photometric, qeomatric and resolution distorticna. The ap-
plication of digital ir.ge processing techniques rakces possihle
quantitative scientific investigations using television imagery
which would not be possible otherwise.
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