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ABSTRACT 

This second report on the analog image processing program describes 

some modifications made to the machine and the results of some recent exper- 

iments. The chief modifications are increasing the speed of operation, re- 

wiring the amplifier circuits, and introducing a new modulator. A playback 

intensity function generator has also been incorporated. 

Photographs are included to illustrate the results of an attempt to 

process an astronomical photograph, a simple pattern recognition experiment, 

and the removal of motion blur. 

DESCRIPTOR: Image processing 
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INTRODUCTION 

A report published in 1968* described the status of Optical Sciences 

Center research in analog image processing as of September 1968. Shortly af- 

ter that report was published, the equipment was moved to a new location, and 

the break was used to implement certain improvements that, with even the ex- 

perience gained at that stage, were felt to be warranted. Additional improve- 

ments and additions to the equipment were made over the course of a few months. 

These improvements and additions are described in the chapter entitled "Machine 

Status." 

A significant addition to the equipment is the playback intensity func- 

tion generator (PIFG). The device itself and some of the many interesting 

modes of operation are described herein. 

The first attempt at spatial processing was done with some astronomical 

photographs. The results of this exercise are given in this report. It will 

be interesting to repeat the work when more experience and theoretical results 

are gained. 

*James J. Burke and John G. Thunen, "Progress in analog image processing," 
Optical Sciences Center Tech. Rept. 33, 13 Sept. 1968, 16 pp. 
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MACHINE STATUS 

The original analog image processor (Fig. 1, on the opposite page) has 

been improved through an increase in rate of drum rotation, rewiring of am- 

plifiers, replacement of the modulator, and addition of a playback intensity 

function generator. 

Increase in speed 

At the original rate of drum rotation (1 revolution in 12.5 sec), it 

took 33 min to scan a 4 x5 -inch (10 x13 -cm) film. A new motor and gear box 

have resulted in a fivefold increase in machine speed. This is nowhere near 

the maximum speed that can be used in facsimile -type machines, but it does 

represent a significant improvement in regard to work output and operator 

sanity. 

A number of minor alterations were required following the increase in 

speed. The weight of the shutter assembly surrounding the light source had 

to be reduced in order to reduce its inertia, and the solenoid assembly re- 

quired some reworking, as did the transmission holes in the shutter. Further- 

more, the timing of the switching cam had to be adjusted because the faster 

solenoid action and the increased machine speed resulted in shutter bounce, 

an action that occurred at the beginning of the image screen and the effects 

of which could be seen in the processed pictures. No problems were encoun- 

tered with the electronics; they are still "slow," with an upper frequency 

limit requirement of only 320 Hz. 

Amplifiers and wiring 

The amplifiers have been rewired, rehoused, and recalibrated. Care has 

been taken to avoid earth loops and noise pickup. The photodetectors are now 

separately powered by screened dry cells located close to the detectors. 

There is now ample sensitivity with negligible noise. 

Modulator 

The original modulation was somewhat unreliable and appreciably nonlin- 

ear. Nonlinearity can be corrected using optical feedback, but to avoid cor- 

recting for nonlinearity, a new linear modulator was built to reduce the ma- 

chine to the simplest conceptual and operational form. It functions as 

follows: 
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The glow tube is driven in a digital mode and is either turned off 

or turned on to a predetermined level that is established by a con- 

stant current power supply. The tube is switched at 1 kHz, and the average 

intensity is controlled by varying the duty cycle. An analog -to- digital con- 

verter (designed by L. R. Baker) allows the light output to be controlled 

directly by the modulator. Tests show the functional relationship to be lin- 

ear over at least 22 decades (Fig. 2, below). Switching transients start to 

produce nonlinearity for duty cycles <_ 0.2 %. 

1.0 

0 

1 

-I.0 0 1.0 2.0 

Loo [duty cycle] 

Fig. 2. Graph showing linearity of the modulator. 

The capability of the processor to reproduce a continuous -tone image 

can be inferred from Fig. 3, on the opposite page. The photo on the right was 

scanned and reconstructed (in negative form) with scanning and playback spot 

diameters of 0.026 in. (0.66 mm). The playback intensity function generator 

(PIFG) was used, but only to permit a negative to be produced directly from a 

negative. The photos should be compared by viewing them from a distance of 

about 6 ft. 
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A playback intensity function generator (PIFG) 

There are two basic modes of image processing: density processing and 

spatial processing. Without the playback intensity function generator (PIFG) 

the image processor performs spatial processing; it attempts to unscramble or 

improve images that have formed with a system possessing an undesirably large 

point spread function (psf). Density processing refers to the modification 

of the density (tonal) content of the image. Contrast enhancement is a sim- 

ple example. 

The PIFG is a device that facilitates a wide range of density process- 

ing techniques. When the PIFG is connected, the differential amplifier out- 

put is used to provide the X input of a cathode ray oscilloscope (CRO). The 

Y input is obtained from a photomultiplier that monitors the light coming 

from the CRO tube face. The connection is such that an increase in intensity 

drives the spot downward. An opaque mask (cut from black paper) is fastened 

to the CRO tube face, and the controls are adjusted until the spot follows 

the edge of the mask when the X input is varied. The Y output of the CRO is 

used to feed the modulator. 

It can be seen that the relationship between the input to the modulator 

and the output from the amplifier is given by the shape of the opaque mask. 

Fig. 4 shows schematically the present circuitry. 

Dl 

VR2ti- " 
D2 

V Rl 

VR3 

U ) 

G .T 
MOD 

Yout X in 

Yin 

PMT 

Fig. 4. Circuitry of 
amplifier- modulator 
system. 
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The simplest mask consists of a straight edge of positive gradient, 

thus providing a linear relationship. Negative slope would reverse the con- 

trast. Fig. 5, below, shows some of the many masks that have been used in 

investigating the usefulness of density processing. 

d e 4 

Fig. 5. Masks used in image processing. 

Examples of processing using some of these masks are shown in Fig. 6 

on the next page. 
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Input for two reconstructions 
below 

Playback of input using 
mask c 

Playback of input using 
mask similar to b 

Fig. 6. Examples of processing using masks shown in Fig. 5. 

(Above,80% of actual size; next page, actual size.) 



Input for the photos below is the same 

as upper photo on page 19 

Playback using electrical differentiation 
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AN ATTEMPT TO PROCESS SOME ASTRONOMICAL MATERIAL 

Description of the experiment 

One of the first experiments was an attempt to remove the seeing blur 

from an astronomical photograph (supplied by R. H. Cromwell). The photo- 

graph was in negative transparency form. One attractive feature was the 

presence of star images within the field of view, permitting the point spread 

function to be determined directly by measurement. It was also verified that 

the point spread function was shift -invariant, a property required for this 

kind of processing. The negative was enlarged to a positive transparency of 

suitable scale for processing. The curve below (Fig. 7) shows the measured 

psf; it is surprisingly gaussian. The dashed line represents the curve 

s(x) = exp -7r(r/0.O75)2, where r is in inches. 

.004" 

TRANSMISSION 
NORMALIZED 
TO UNITY 

1.0 

MEASURED 
psf 

BACKGROUND 
TRANSMISSION 

2 
-7r(r /0.075) 

f = 0.05 
i 

40.075" 

Fig. 7. The measured point spread function. 
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The theoretical program is not yet at the stage where masks can be cal- 

culated for any given psf. Theoretical arguments have not yet shown how sen- 

sitive the process is to photographic nonlinearities. With this in mind, it 

was decided to process the picture using binary masks (pinholes of 1.25 mm 

and 2.5 mm) identical to those used in the earlier work (Technical Report 33). 

The experiment was performed as follows: 

The channel gains were adjusted with a uniform image density, for no 

output from the differential amplifier. This "equal volume" condition pro- 

vided a processing mtf with a value of zero at zero cycles per inch. The 

gain of the negative channel was then reduced to 80 %, 50 %, 20 %, and 0% of this 

value, and four processed pictures were obtained at these settings. The cor- 

responding mtf's are shown below in Fig. 8; the dashed line is the mtf of the 

recording process, calculated on the assumption that the psf was gaussian. 

Fig. 9 on pages 12 and 13 shows the four processed photos. (Again, these 

should be viewed from a distance.) 

mtf 
3.0 

2.0 

I .0 

0 

80% 

20% 
0% 

1 

o ( w cycles /inch) Io.o 

Fig. 8. MTF's of 80 %, 50 %, 20 %, and 0% negative channel gains. 
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O OO 

20% 

Fig. 9. Astronomical photos processed at increasing amounts of high - 
frequency boost (actual size). 
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Discussion 

There are obvious differences in the foregoing sequence of processed 

photographs. However, expert opinion (A. B. Meinel, R. H. Cromwell) was un- 

able to detect any more intelligence in the processed photos. "Intelligence" 

is used here to mean observable detail or information, as opposed to infor- 

mation that may still be present but not in a visually realizable form. 

The reason for this becomes apparent if the expected result of the 

processing is analyzed in real space terms. Knowing the psf before process- 

ing, and the masks used for correction, it is possible (assuming photographic 

linearity) to calculate the psf of the processed image. Fig. 10 shows the 

results when these calculations are applied to the present case. Even in 

the case of highest boost (3:1), there is not much narrowing measured at the 

half height (approximately 10 %) of the original psf. 

Fig. 10. Point spread 
function of the 
processed image. 

1.0 

% "EQUALVOLUME" 

0 

50 
80 

- -- ORIGINAL 
psf 

0 .05 .I(inches) 

There is a simple one -dimensional model that allows implicit evalua- 

tion of the improvement to be expected in a similar circumstance. In this 

model, the original psf is given by 

s(x) = exp -Trx2 . 
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That is, the mtf associated with the image- forming process is given by 

S(w) = exp -m-w2. 

At w =1, S(w) is down to about 5% of s(0). Thus, w =1 is a reasonable 

value to describe as a high frequency. If the processing enhances the fre- 

quency response of the degraded scene by 1 +aw2, then 1 +a gives a suitable 

measure of the high spatial frequency boost, and it is easy to show that the 

normalized spread function after processing is given by 

s' (x) = (1 - bx2) exp -7rx2, 

with b = 27ra/ (27r + a) . The results are shown in Fig. 11. The dashed curve is 

the new psf achieved by processing with binary masks (slits, in this case), 

whose frequency response approximates the form 1 +aw2, and fits exactly at 

w = 1 and w =O. A boost of 5X decreases the half -height width by only 26 %. 

Q=4 

1/2 HEIGHT WIDTH 
RATIO = 0.74 

S(x) 

a= 2 

1/2 HEIGHT WIDTH 
RATIO = 0.81 

Fig. 11. Normalized psf before and after processing. 
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The Sparrow criterion (for equal intensity point sources) can also be 

applied to assess the improvement in image quality (Fig. 12). It seems op- 

timistic to hope for visual restoration of more detail when the restored psf 

is only slightly narrower than the original. 

Fig. 12. Use of the Sparrow 
criterion to assess an in- 
crease in resolving power. 

a 
3 4 

These results point to a possible danger in analyzing a processing op- 

eration in terms of spatial frequency only. A picture is viewed in real space 

and mentally analyzed in real space terms. An object is identified directly 

by its real space intensity distribution, for there is no mental process of 

Fourier transformation required (at the conscious level at least) before rec- 

ognition takes place. Because of this much greater facility for thinking in 

real space, it would seem that, in many cases of image processing, knowledge 

of the degraded and restored psf's is of more value in assessing the useful- 

ness of the operation than is knowledge of the corresponding mtf's. 

The conclusion is that degradation due to gaussian blur is not signif- 

icantly reduced by analog processing using circular binary masks. Other com- 

binations of mask sizes have been investigated theoretically, and it is ap- 

parent that the use of different masks does not significantly alter the avail- 

able results. 

It will be required to investigate the problem of continuous -tone masks 

to see how much further the psf can be narrowed by this means. It will also 

be necessary to investigate the effects of nonlinear photography on the image - 

processing capability. 

The present work involved material photographically processed to a gamma 

of between -2 and -3. 
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A PATTERN RECOGNITION EXPERIMENT 

A simple experiment was devised to demonstrate how the processor can 

be used as a correlator and thus as a pattern recognizer. The machine was 

required to indicate where a given symbol occurred in a field of binary 

alphanumeric characters on the input material. This material consisted of 

an opaque background with transparent characters (see Fig. 14). The re- 

quired character was the numeral 3. The positive channel contained a mask 

identical to the required channel, and the negative channel contained a mask 

whose transmission was essentially the complement of the positive mask 

transmission. The situation is conveniently described by the coordinate 

system shown in Fig. 13, where X and Y are the input material coordinates. 

X 

I I 

XY 

m(x,Y) 

Fig. 13. Coordinate system for pattern recognition. 

The characters, located at Xn,Yn, have transmission factors on(xn,yn). The 

scanning mask is instantaneously located at X',Y'. The scanning mask trans- 

mission function is m(x,y). We also define Vout as the differential ampli- 

fier output, kp and kn as positive constants related to the channel gains, 

and A and An as the areas over which the transmissions p(x,y) and n(x,y) of 

the positive and negative masks are unity. (Elsewhere, the transmissions 

are zero.) It follows that 
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That is, 

03 

Vout a J on(xn,yn)m(x,y)dxdy. 
_CO 

Vout = 
k 

J on(xn,yn)P(x,y)dxdy - kn J on(xn,yn)n(X,y)dxdy 

Vout = 
k J o(X' +x - Xn, Y' + y - Yn)dxdy 

A 
P 

- kn J o(X' +x - Xn, Y' +y - Yn ) dxdy . 

An 

Since on is binary, it is evident that Vout is maximum at X' = Xn only 

if on(xn,yn) is exactly equal to p(x,y). If on(xn,yn) exists other than over 

the region where p(xn,yn) exists, the second integral will be nonzero. Con- 

versely, if on(xn,yn) fails to exist over the whole region where p(x,y) exists, 

then the first integral is reduced. In either case Vout is reduced from its 

maximum possible value. 

In other words, the positive channel requires at least the full area of 

the character to be present; the negative channel discriminates against char- 

acters that have areas in excess of the required character. It is only neces- 

sary to adjust the bias of the playback modulator so that the glow tube strikes 

only for the maximum in Vout, and the pattern- recognition capability follows. 

Fig. 14 on the next page shows the result. All the 3's are detected, and 

no spurious detections are present. There are, of course, many other possible 

output displays using the PIFG. 
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1314159265 
18ABCDE3FGH 

2G3E"S8B3DS 
+8t ?:X3V,C8 

3 3 

Fig. 14. Pattern recognition experiment. Input material (top) 
was scanned with positive and negative masks (middle) 
to give detection pattern (bottom). 
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SOME THOUGHTS ON MASK FUNCTIONS 

In principle, the mask function required to correct a known given blur 

can be calculated as follows: If the object intensity distribution o(x) is 

imaged with spread function s(x), and the image i(x) is subsequently pro- 

cessed with mask function m(x), then the restored image o'(x) is given by 

o' (x) = o (x) *s (x) *m (x) , 

where * is the symbol for convolution. The functions o(x), s(x), m(x), and 

o'(x) may be one- or two -dimensional. 

For perfect processing, we require s(x) *m(x) = 5(x), where ö is the 

dirac delta function (one- or two- dimensional as the case may be). The pre- 

vious expression is solved for m(x) using the convolution theorem 

m(x) = F- 1 

1 F [s (x) ] ] 

where FE J and F -1[ ] are the Fourier and inverse Fourier transform opera- 

tions. When the inverse transform F -1 is possible, it follows, using the 

properties of Hermetian functions, that m must be real (i.e., the mask can 

be made). Thus, any spatial degradation can, in principle, be corrected by 

analog means. 

Several problems arise. First, F[s] may contain zeros, thus creating 

poles in [F(s)] -1. However, in some cases (such as linear image motion), the 

integral in the region of the poles still exists in the Cauchy sense. As an 

alternative, or for cases where the integral does not exist, the poles can 

be artificially suppressed as follows: 

m(x) = F-1 L(s(x)) 

F[s (x) ] ] ' 

where L is some function of F(s) which is unity for F[s(x)] not close to zero 

and which approaches zero faster than F(s) as F(s) tends to zero. A suit- 

able function is 

L = 1 - exp -[IF(s)I/A]2, 

where A is a constant. 
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Another problem concerns existence of the inverse transform. The oper- 

and of the transform, L /F[s(x)], is a divergent quantity, a consequence of 

band limiting in the imaging system. Thus, the inverse transform cannot ex- 

ist. An approximate solution is available if L /F[s(x)] is truncated in some 

manner. Truncation limits or some other attenuating function can be deter- 

mined after considering the spatial frequency content of the degraded image. 

There is also the problem of the physical extent of m(x). Quite often, the 

above calculation will produce a solution for the transmission function of 

the mask which has a much greater spatial extent than the size of the aper- 

ture where it is to be located on the instrument. This means that the solu- 

tion is not suitable for use on the present machine. There is a continuing 

theoretical program looking at these problems. 

In light of these difficulties, the following heuristic approach is 

perhaps more useful in designing mask functions for some specific corrections. 

A heuristic approach to linear, uniform image motion correction 

The problem is to solve the equation s(x) *m(x) =6(x) for m(x); that is 

co 

s (x - X)m(X)dX = 6(x). 

There is no loss of generality if the blur is made unit length, and 

thus we write 

x+j i 

m(x)dx = s'(x). 

x-11 

The strict (and physically unrealizable) requirement for a delta func- 

tion psf has been relaxed in favor of a realizable psf, s'(x). 

Various m(x) can be proposed, and the resulting spread function can be 

immediately obtained by performing the above integration. In many cases, 

this operation can be performed visually. For example, consider the convo- 

lution of the infinite train of paired rectangles, m(x), and the unit spread 

function, s(x), as shown in the figures: 
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L i L 
-1 

m(x) 

s(x) 

X 

-_>co 

rli ,>x 

s'(x) 

The final spread function s'(x) can thus be reduced to an arbitrarily 

narrow triangle. Because m(x) is limited in size by the apparatus, it is 

necessary to investigate the effect of restricting m(x) to some finite ex- 

tent. Some simple apodization appears to offer a reasonable approach to the 

problem. Consider the following m(x): 

6 

5 

m(x) 

l° 
3 I 11111 I>X 

Visual inspection allows the new psf to be drawn: 

V 

st(x) 
Original psf 

r- - 
x 

The economy of real space synthesis is evident. The restored psf is seen to 

consist of a narrow central peak on a wide, low plateau with six weak nega- 

tive ghosts, three on each side. In this case, the number and relative sizes 

of the ghosts are determined in an obvious way by the number of lobes in m(x) 

and by the apodization function. 
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The extension to smooth functions is straightforward: 

Even this preceding pictorial analysis yields some informative results. It 

would seem that "ghosting" is inevitable and is a consequence of the finite 

size of the correcting mask. It is also obvious why the degrading function, 

s(x), must be known with greater precision as the requirement for narrower 

psf's in the reconstructed image increases. 

An interesting case exists when the object is seen against a uniform 

background and when there is no reasonable limit to the size of the correct- 

ing mask. Because of the finite field of view, a truncated portion of the 

infinite mask can be utilized; and reconstruction without ghosting is possi- 

ble if the mask is at least twice the size of the blurred image: 

- CO <--- 

1 

1 
L 

441 

4 di 1 Lp * LIT I ill I 

s(x) 

x 

--> CO 

1 ,>x 
L 

1 

X 
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The image must be smaller than L if overlapping of the twin images is to be 

avoided. If the background is nonzero, it will be necessary to bias the mod- 

ulator (replay intensity) positive by an equivalent amount as a result of 

the restored psf having total integrated area of zero. This does not affect 

the interesting result that arbitrarily near -perfect restoration of linear 

motion blur seems possible with finite -sized correcting masks if the object 

is seen against a uniform background. 

Extension to defocus 

Pure defocus is the two -dimensional equivalent to linear image motion. 

It can be seen that the basic mask configurations required to process blur 

due to pure defocus are essentially rotated versions of the preceding one - 

dimensional masks. 
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TWO EXPERIMENTS SHOWING REMOVAL OF UNIFORM LINEAR IMAGE MOTION BLUR 

Two experiments were performed to demonstrate the removal of uniform 

image motion blur. The object scene used for these experiments was the pho- 

tograph of an airplane, shown at the left in Fig. 15. On the right is the 

same object scene after scanning by the image -processing machine. 

Original object scene 

M 

Scanned object scene 

Fig. 15. Original and scanned object scene, reproduced here at 
80% of original size. 

For the experiments, different amounts of uniform linear image motion 

blur were introduced into the scanned photo by the image -processing machine. 

In both experiments, subsequent image -processing resulted in a significant 

gain in the amount of retrievable information. 

Experiment 1 

The unit width rectangular spread function gives a transfer frequency 

response S(w) = sinc w. The restoring mask was designed to have a restor- 

ing frequency response M(w) as shown in the diagram on the next page. There 

is thus high- frequency compensation and phase correction. The over -all fre- 

quency response M(w) xS(w) is also shown. 
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S(w) M(w) M(w)S(w) 

w 

It is relatively simple to calculate the mask function that will give 

the desired M(w). The m(x) has the following shape: 

m(x) 

x 

Fig. 16 is an example of a picture blurred with a rectangular point 

spread function, plus its reconstruction as obtained by processing with the 

mask function above. 

fntl4ììc =>t8is's' 

4 AI 

Fig. 16. Blurred and reconstructed scene (80% of original size). 
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Experiment 2 

The same original material, with a larger amount of blur, was processed 

with a different mask. In this experiment the mask m(x) consisted of three 

groups of paired rectangles. This mask and the corresponding restored spread 

function are shown below. 

m(x) 

X 

s'(x) 

X 

The processed picture (Fig. 17) has the expected properties, namely 

separated positive and negative images. (The faint intermediate ghosts are 

due to imbalance in the amplifiers and would not normally be present.) 

"'X1#23tz 

.. 

7)., 

Fig. 17. Blurred and reconstructed scene (80% of original size). 
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