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ABSTRACT 

Image formation is a major area of Optical Sciences Center research. 
Parallel studies are progressing on analog and digital image processing 
techniques. This report describes the current progress in the analog ap- 
paratus and research. 

By February, 1968, the mechanical assembly of the system had been com- 
pleted. The optics were prepared and coated; beam splitters were fabricated 
and assembled. The electronics package was debugged and all elements were 
readied for initial tests. These tests were designed to provide systematic 
checkout and image restoration indications. 

The approach taken thus far is to optimize the system and study the 
broad aspects of signal -to -noise ratios that can be achieved with the analog 
method. It can be seen that, while analog may be faster and less expensive, 
it is less flexible than a digital approach. The description of mask making 
leads one to realize that refinements of the analog method are extensive. 
The balanced system must be achieved for proper gains in image processing. 

No firm conclusions are drawn in this report. Activity in image pro- 
cessing will continue throughout FY 69. The indication from these experi- 
ments, however, is that there is insufficient signal -to -noise ratio in the 
material shown in Fig. 5 to permit much objective improvement in image qual- 
ity before excessive grain modulation occurs. The question of whether the 
subjective improvement is useful in a practical sense has not yet been 
addressed. 
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I 

INTRODUCTION 

Much effort has been expended in image processing over the past few 
years, and the largest part of this has been by digital methods. However, 
the two -dimensional images with which we are most concerned suggest solving 
the problem by optical analog two -dimensional processing. The opto- mechan- 
ical simplicity of such an approach would permit rapid processing rates. 

In contrast with digital methods, the analog method is inexpensive 
(no computer is required) and the processing time is zero (assuming that the 
digital methods also require scanning and playback). In contrast with coher- 
ent reimaging techniques, the analog method operates by incoherent image for- 
mation, and is thus free of disturbance from the phase structure in the film 
and support and from parasitic interference effects. In addition, the fil- 
tering masks are somewhat easier to make because they are pure transmission 
filters and need no phase masking. In contrast with electronic analog pro- 
cessing, which is similar except that the image is processed during its exis- 
tence as a time - dependent electronic signal, the optical method provides the 
proper two -dimensional correction, whereas the electronic analog process is 
one -dimensional, and it is extremely difficult to provide proper correction 
in the direction perpendicular to the scan direction. 

There are several limitations to optical analog image processing. First, 
for its operation to be correct, it must operate on a linear positive trans- 
parency, and the range of linearity considerably restricts the dynamic range 
over which the image can be allowed to vary without significant impairment 
of the correction. Second, there are questions as to the accuracy with which 
the masks can be made to provide the proper corrective function and as to the 
flexibility with which they can be changed. Finally, because the scanning 
element is no longer a point source but a complicated extended distribution, 
conventional use of a flying -spot scanner tube is out of the question, and 
either a complicated scan function on the tube or replacement with an opto- 
mechanical mechanism is called for. In either case, maximum scan rates will 
be considerably lower than for the usual scan system. 

In summary, the main advantages of optical analog techniques for large - 
volume image processing are speed and simplicity. The utility of the optical 
analog computer for image enhancement results from a good match of problem 
and solution; that is, imagery is two -dimensional, and optical systems pro- 
cess in two dimensions. The usable object format size is limited only by 
the physical size of the drum. The data processing rate is set by the time 
required to expose the output image. 
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II 

DESCRIPTION OF SYSTEM 

The analog image processor is a modified scanning and playback device 

that scans a blurred transparency, not with close approximation to a point 

scanning function, but with an extended function having a Fourier trans- 

form that approximates the reciprocal of the transfer function responsible 
for the blur in the transparency. Such a scanning function must in general 

be oscillatory with strong negative lobes. 

Negative optical intensities or transmissions are not possible, but 
the required scanning function can in effect be obtained by simultaneously 
scanning the transparency with two coincident but independent beams. One 

has the shape of the positive part of the required scanning function, and 

the other has the shape of the negative part. Each beam is sensed with a 

photodetector,and the outputs of the photodetectors are fed into a differ- 

ential amplifier that drives the playback device. The two beams are made 
independent by orthogonal polarization. 

The analog system was designed as a progressive array of individual 
modules mounted on an optical bench. Each unit connects to the next by 
means of a sliding light -tight clamping tube. Thus, each unit is easily 
removed for adjustment or modification without disturbing the remaining 
units. The entire system is shown in the drawing on the following page. 

The first component (left end) is the scanning head. It contains a 

ribbon filament light source from which two beams emanate. Each beam passes 
through condensing lenses, a polarizer, and an appropriate mask for the 
scanning function. The beams are then combined in a beam splitter with the 
masks in register. Both masks are thus simultaneously imaged by an objec- 
tive onto the blurred transparency. 

The transparency is mounted on a plastic drum (in center unit). The 
drum is attached to two nuts threaded onto a stationary screw concentric 
with the drum. As the belt- driven drum rotates, it advances along the 
screw, providing a helical scan path on the drum. The light that passes 
through the transparency also passes through a hole in an inner concentric 
tube to which one end of the screw is fastened. A mirror deflects the light 
along the axis of the tube through condensing lenses and into a beam split - 
ter. Each beam leaving the beam splitter passes through a polaroid to ar- 
rive at one of the two photodetectors. The polaroids, of course, separate 
the input beams so that each detector sees only one of the two beams. 

In addition to the blurred transparency, the drum also carries unex- 
posed film to be used in the playback operation. A cam on the end of the 
drum operates a switch that controls a shutter on the light source of the 
scanning head. This keeps the scan beam from striking the playback film. 

The signals from the two photodetectors feed into the differential 
amplifier, the output of which controls the playback unit. 
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The playback head consists primarily of a modulator glow tube (shown 
at the far side of the unit), an aperture to control the shape of the play- 
back spot, and an optical system to image the aperture on the film. 

Also contained in the playback head is a beam -splitting plate which 
samples some of the glow tube output and feeds it to a third photodetector 
by means of a fiber optics bundle to provide optical feedback to the ampli- 
fier in order to linearize its response. A second light source, indicated 
in the diagram by another glow tube (left side of playback unit), is in- 
cluded to control the bias level. This light source is seen by the feed- 
back detector but not by the film. 
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III 

TESTING OF SYSTEM 

During the final quarter of FY 68, the checkout and tests of the vari- 
ous components of the system were kept to a minimum. We concentrated in- 
stead on establishing "reasonable" performance levels. Accordingly, detailed 
calibration of the various sub -elements was postponed until we could gain 
some experience at image correction with the entire system. We further de- 
cided that only those modifications deemed absolutely necessary for the 
achievement of some degree of image correction should be made at this time. 
The reasons for these decisions are apparent: There was considerable pres- 
sure to obtain "results" after the many delays in design and fabrication of 
the components and the considerable time spent earlier in preliminary tests 
of components prior to system design. More important, however, is the fact 
that the system is the product of a new idea which has never been tested 
experimentally. 

Though "results" to be expected with certain simple masks had been cal- 
culated, these calculations neglected the important contributions of noise. 
The best way to determine what could be expected in practice was to try some 
correction operations. Only in this way could the required tolerances on 
the various operations be determined. 

We have followed an iterative process in testing the instrument. After 
achieving what appeared to be a reasonable performance level for a particu- 
lar operation (for example, the film- reading), we tested the next important 
operation, i.e., playback. When this was working "acceptably," we studied 
mask -making techniques, etc. Tests with the first masks designed to give 
imagé correction indicated that a change from photodiodes to photomultipliers 
was needed to get an adequate signal -to -noise ratio in the film- reading oper- 
ation with these particular masks. Alternatively, the mask -making technique 
itself could be changed to accommodate the photodiodes. Thus, each operation 
of the system can force changes on other operations. The adopted policy of 
pursuing a direct course to attempts at image correction, thereby avoiding 
lengthy excursions into component and subsystem calibration, has proved well 
advised in retrospect. 

Reading operation 

The first problems to arise were associated with the reading operation. 
RF pickup on exposed leads contributed unacceptable noise levels. This was 
eliminated with proper shielding. There still remained considerable noise, 
apparently contributed by ground loops. After much rewiring and testing, this 
was reduced to an acceptable level. Tests showed that the signals in the two 
arms were isolated by the polarizers to 1 part in 1000. A signal -to -noise 
ratio of 10 could be achieved in either channel with a 1 mm diameter mask il- 
luminated by the tungsten strip filament through which a 15 amp current was 
maintained. The lamp is rated at 18 amps and can be driven at 22 amps, with 
shorter lifetime. With a .1 mm diameter mask, the signal was buried in the 
noise (again with 15 amps through the filament). This noise was determined to 
be associated with the fundamental noise power of the photodiodes, caused by 
leakage currents. It thus sets the lower limit to the radiant flux levels in 
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the two scanning spots. If the photodiodes are replaced by photomultipliers, 
flux levels at least one order of magnitude lower can be accommodated. (This 
is discussed later in connection with changes made to accommodate certain 
types of masks.) 

Playback operation 

A set of tests on the playback unit was then initiated. 

The fiber optics feedback arrangement was found to be inadequate because 
of the substantial losses in the light pipe. Accordingly, the light pipe was 
eliminated and the feedback photodiode was moved into the housing of the play- 
back unit. In this position, signal levels are more than adequate. A coaxial 
cable now replaces the light pipe to effect the transmission of the feedback 
signal to the electronic package. It was found that the feedback loop in the 
playback circuit was not necessary for purposes of achieving reasonable linear- 
ity between the difference signal generated electronically and the brightness 
of the glow tube. The feedback photodiode is currently being used simply as 
a photometric monitor of the glow tube during playback. It thus provides a 
convenient means of setting the current level in the glow tube to match the 
desired exposure of the film used in playback. Prior to July, 1968, we were 
using Polaroid P/N material for this operation. We are now using 4 x 5 sheets 
of Kodak Gravure copy film. 

Several changes in the glow tube circuit were needed to provide minimum 
acceptable performance. A neon warning lamp was incorporated to assure that 
the user does not overdrive a control transistor. (First tests revealed that 
the transistor then in the package was already inoperative.) The addition of 
another transistor into the design provided needed voltage stability at a 
point that previously had been wandering undesirably. These changes provided 
adequate performance to permit the playback of a transparency scanned by a 
small reading spot in each arm of the illumination unit. This was first done 
in early April. 

During the rest of the month we gained valuable experience with the sys- 
tem by simultaneously reading and playing back several continuous -tone trans- 
parencies, including density wedges. A reasonable degree of tone reproduction 
was achieved, indicating that the instrument was ready for preliminary testing 
in real image -processing operations. (By "preliminary" is meant that the time 
had come to attempt some image processing so as to assess what further modifi- 
cations or changes would be required before meaningful research could be done. 
This phase of the program will necessarily be a continuing one.) 

To illustrate the types of imagery that can be generated by the system, 
we show in Figure 2 the intentionally distorted playback of a transparency 
consisting of two unit -contrast square waves. These waves, with periods of á 
and 1% inches, were read by a Gaussian spot approximately 3 mm in diameter at 
its half -power points,. This scanning spot, which was made by the techniques 
described below, is shown at the left. The varying contrasts (in some areas 
overexposure) are the result of changing the bias level of the glow tube dur- 
ing the exposure. An attempt will be made in the future to restore this badly 
degraded image. 
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Fig. 2. Intentionally distorted playback of transparency consisting of two 

unit -contrast square waves with periods of < and 12 inches. Scan- 

ning spot, approximately 3 mm in diameter, is shown at left, mag- 

nified by 1.8. 

Mask -making techniques 

During May we assembled the equipment needed to generate radially sym- 

metric, continuous -tone masks. 

The idea for making such masks is quite simple. One merely projects onto 

a rotating photographic emulsion a binary intensity distribution describable 

by a function 0(r), which is unity for all angles between 0 and 6 and zero for 

all angles greater than 6. The function is normalized in such a way that, at 

the radius r where the symmetric distribution has its maximum value, e = 350° 

For purposes of illustration, Figure 3 (next page) shows a composite negative 

of a binary distribution 6(r) designed to generate a radial step wedge, and the 

step wedge generated on the rotating emulsion when this distribution was pro- 

jected onto it. The original of the binary distribution was cut from Ulanofilm, 

obtained from Graphic Arts Supplies, Inc., of Brooklyn, New York. Ulanofilm is 

a red plastic film on clear plastic base, used extensively in mask making for 

microelectronic circuits. The red film may be easily and accurately cut and 

peeled from the clear plastic base to give any desired "black- and -white" pat- 

tern if used with an orthochromatic emulsion. 



8 

Fig. 3. Composite negative of binary distribution 0(r) designed to gener- 
ate a radial step wedge, and the step wedge generated from this 
distribution. 

The specific procedures used thus far in making radially symmetric masks 
are as follows: We begin with the calculated values of the radially symmet- 
ric distribution function T(r), describing the transmission of the mask whose 
image in the system will constitute one of the scanning spots. The function 
T(r) is then normalized so that its maximum value is 350. (It is convenient 
for centering purposes to use a maximum value of 270, and this value is used 
when it will provide sufficient latitude in the final mask.) The function 

T(r), normalized to 350 °, then becomes our binary distribution function 0(r). 
This is plotted on polar graph paper. It is then cut out of Ulanofilm on a 
light table. The polar plotting paper has a radius of 5 inches. All of this 

area is used to achieve the maximum accuracy in the cutout. 

The Ulanofilm cutout is then placed in a photographic enlarger adapted 
so that it can reduce, as well as enlarge by a factor of 8. On the copy table 
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of the enlarger is placed a modified phonograph turntable to which a 4 x 5 

film holder has been fixed. The center of the turntable is lined up with the 

projected image of the center of the Ulanofilm cutout. A 4 x 5 emulsion is 

placed in the filmholder and the turntable is set into rotation. Approximately 

100 rotations during the exposure assure uniformity of the negative, which 

is a 2:1 reduction of the function N(r) obtained by rotating 6(r). This 4 x 5 

negative is then used in the same enlarger to obtain a much reduced positive 

whose transmission function T(r) is proportional to the desired intensity dis- 

tribution in the scanning spot. 

Figure 4 shows a pair of masks made in this manner. At the left is the 

mask containing the "positive" lobes of the desired scanning spot; at the right 

are the "negative" lobes. Theory indicates that these masks should provide for 

the correction of images distorted by a Gaussian point spread function in the 

original transparency. As is apparent from the figure, the transmission of 

these masks is not equal to zero in areas outside the appropriate lobes. The 

constant low value in these regions is the same in both masks, however, and 

is eliminated when the difference between the signals in the two arms of the 

system is taken electronically. By making this background transmission in 

the masks significantly greater than zero, the system operator provides him- 

self with a sensitive control of the gain setting in the two arms of the sys- 

tem. This is because of the fact that even a slight imbalance in the gains 

in the two arms will provide a difference signal which is substantially the 

result of convolving the full 1 -inch aperture of the dominant arm of the sys- 

tem with the transparency being read. 

Fig. 4. Pair of masks made in the described manner: left, mask containing 
" pbsitive" lobes of scanning spot; right, mask containing "nega- 

tive" lobes. M = 1.8. 
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IV 

ATTEMPTS AT IMAGE CORRECTION 

In line with the stated policy of proceeding directly toward tests of the 
system in image correction, little time has been spent since February on in- 
vestigating various types of image distortion or the various suggestions for 
generating scanning spots that would correct them. Such studies constitute 
the detailed careful research for which the system was designed. We first had 
to determine whether the system in its present form was operating well enough 
for such research to be carried out. 

First attempts 

Our first experiments were designed to test a theoretical approach sug- 
gested two years ago by Dr. Frieden of the Optical Sciences Center. A brief 
outline of the theory is as follows: 

Given a transparency described in the spatial frequency domain by a func- 
tion T(wx,wy), which is the product of an unknown object 0(wx,wy) and a known 
system transfer function S(wx,wy), find a scanning function p(x,y) whose Four- 
ier transform P, when multiplied by T, will be approximately equal to 0(wx,wy) 
over frequencies w less than the cutoff frequency of the image- forming optics. 
Since S is equal to zero for all frequencies greater than this cutoff fre- 
quency, and may have zeroes within its passband, it is not sufficient to set 
P = 1 /S. One thus looks for a function Q = PS which equals unity for all non- 
zero values of S and equals zero when S = zero. Dr. Frieden suggests a func- 
tion Q = a11S1 + a2IS1 + a31S13 + a4IS14 ..., where the coefficients ai are 
chostn so that, in the least squares sense, Q is equal to unity for all non- 
zero values of S and is equal to zero when S equals zero. Dr. Frieden has 
calculated the six coefficients appropriate for the function Q to the sixth 
order in S. These are as follows: 

al = 19.5352 
a2 = -122.943 
a3 = 351.500 
a4 = -505.749 
a5 = 357.400 
a6 = -98.7336 

The resulting function, Q, is plotted in the graph on the next page. It is 
observed to depart from unity by small amounts. 

Dr.Frieden then numerically simulated the correction achievable with the 
corresponding scanning spot p(x,y), which is the Fourier transform of Q /S, for 
the case where S was a Gaussian function and the transparency T was the prod- 
uct of a Gaussian object with the Gaussian function. The theoretical result, 
which is based on the assumption of negligible noise throughout, indicates ex- 
cellent restoration. We therefore based our first experiments on the avail- 
able calculations of Dr. Frieden. 
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The two masks shown earlier (Figure 4) were prepared from Dr. Frieden's 
calculations by the method described above. Though not the first masks made, 
they are representative. Many problems have arisen in the attempted use of 
these masks in the system. Though some "improvement" in scanned transparen- 
cies has resulted, it does not warrant an attempt to reproduce the original 
and altered versions in this report. Some edge sharpening has been obtained. 
Its reproduction in a document of this kind would not, however, give a good 
indication of the differences between original and processed versions. Ra- 
ther, it might tend to mislead, either positively or negatively, according to 
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what the photographer did in making the reproductions. Their main value to 
current and future efforts on the program is in pointing out where our instru- 
ment and our techniques need improvement. Some of the problems encountered 
thus far are described below. 

The first masks were made so as to have a very low transmission over 
areas where theory called for zero brightness in the scanning spot. In order 
to achieve reasonable fidelity to the theory, we strove for an over -all gamma 
of unity in the processing of the masks. In order to achieve this, we found 
it necessary to have a low transmission in the masks, even over those areas 
corresponding to the brightest regions in the scanning spot. The most dras- 
tic consequence of this first attempt was an unacceptable drop in signal -to- 
noise ratio in the difference signal. To test the masks further, we replaced 
the photodiode detectors by photomultipliers. Since the optical elements in 
the reading operation, particularly the beam splitters, are designed to work 
at 0.9 nm, however, and the photomultiplier housings were mechanically too 
big to occupy only the small space needed for the photodiodes, the resultant 
photomultiplier breadboard system was optically very inefficient and mechani- 
cally awkward. Isolation of the two arms could not be improved by more than 
one part in ten. Even under these quite undesirable conditions, however, some 
edge sharpening in the processed images was apparent. 

We are now designing several modifications of the system that will permit 
easy interchange of photomultipliers and photodiodes, together with the opti- 
cal elements suited to each. We wish to keep both arrangements as part of the 
system. The photodiodes have distinct advantages in those cases where there 
is adequate flux in the two arms of the system. Their small size, together 
with their freedom from high voltage requirements, make packaging simple. 
They have the further advantage of working at a wavelength which permits op- 
tical isolation of reading and playback operations. The photomultipliers, on 
the other hand, permit research with dimmer scanning spots. At least one pho- 
tomultiplier is required to obtain meaningful sensitometry of the masks. Since 
the masks are illuminated by nearly collimated light and are imaged by an op- 
tical system of very high f- number, the only proper way to determine their 
point -to -point transmission is in the system itself. With photodiodes, how- 
ever, insufficient flux is transmitted by the necessarily small pinholes re- 
quired to obtain transmission vs. position curves on the masks. We are thus 
planning to have both photodiode and photomultiplier options on the instrument. 

Current work 

We are currently attempting to obtain image correction with the use of 
simple binary masks in each arm of the system. Initially these masks are sim- 
ply two holes in brass plate, the holes being of different size. A new prob- 
lem arose in connection with these tests. They require a difference signal 
which is about an order of magnitude smaller than the signal in either chan- 
nel. Under these conditions, the difference signal is never large enough to 
drive the playback light source in such a way as to provide good contrast in 
the processed image.. To eliminate this difficulty, we have incorporated a 
variable amplification stage between the glow tube circuit and the amplifier 
that originally drove the glow tube. This modification, as demonstrated in 
the next section, has brought the system to an operating level sufficient to 
test binary mask theory. 
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V 

BINARY MASKS 

The use of simple binary masks to generate a scanning spot was motivated 
by a desire to eliminate several troublesome variables from the analog sys- 
tem. The complexity of constructing continuous -tone, multiple -ring, photo- 
graphic masks and the desire for a higher light flux through the individual 
channels suggested the use of masks consisting of a transparent circular hole 
in an opaque material. The transmission properties of these masks are shown 
below. 

o 

L TA 

rA 

Channel A 

r 

TB 

Channel B 

rB 

By adjusting the electronic gain of the two channels, one obtains an 
equivalent scanning spot with the following characteristics: 

Teff 

r 

r 

rA r8 

Such a scanning spot is equivalent to multiplying the object spectrum by 
a function with the following general properties: 

Tmax 
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By scaling the size of the masks such that the object scene cutoff fre- 
quency is as shown above, the net effect is a reconstructed image with an in- 
creased high- frequency spectral content. 

We conducted an experiment in which a photograph was processed by using 
binary masks constructed by drilling holes in brass shimstock. The hole sizes 
were approximately 0.1 and 0.05 inch. The relative gains of the two channels 
were such that Teff at zero spatial frequency was approximately 20% of Tmax. 

Fig. 5 on the next page is a print of the photograph that was used for 
the experiments. 

Fig. 6 is a print of the reconstruction made by using only the 0.05 -inch 
spot from channel A. 

Fig. 7 is a print of the reconstruction made with both of the channels 
in operation. 

An additional reconstruction, not included here, was made with the masks 
slightly defocused to attenuate the very high spatial frequencies that serve 
only to enhance the grain noise outside the signal passband. The reconstruc- 
tion was not significantly different from that shown in Fig. 7. 

Before examining the reconstructed image, it is important to note that 
the resolution of the original photograph is primarily limited by the film 
granularity. Thus, while it is theoretically possible to enhance the high 
frequency content of the scene, the grain noise will still be the fundamental 
limitation. There is no means by which the grain noise within the signal pass - 
band can be separated from the signal spectrum. 

Of particular interest in Fig. 7 is the improved edge sharpening, partic- 
ularly in the regions of high density and low granularity. It is also of in- 
terest that processed granularity is indeed the limiting factor in improving 
resolution. This implies that the basic processing system is operating prop- 
erly and that more sophisticated correcting masks might now be employed. 
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VI 

FUTURE WORK 

Our experience to date with continuous -tone masks has indicated the 
desirability of changing our mask -making technique in the following way: 
In the past, the functions 0(r) used to generate, by rotation, the desired 
intensity distributions in the masks have been directly proportional to those 
calculated theoretically. Thus we have been forced to do our photographic 
processing in such a way as to retain this linearity. This has proved a 
most difficult task, even as a fair approximation. We are therefore chang- 
ing the procedure to incorporate all film and processing nonlinearities into 
the function 0(r). This will first of all require the attainment of highly 
controlled processing conditions which can be fully standardized so as to 
yield repeatable results. Temperature control and uniform agitation are most 
important. We are currently looking for equipment to provide both. Though 
our first attempts at image processing are by no means conclusive, it appears 
that the more complicated the mask, the more controlled should be its prep- 
aration. 

jm/mws 
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