COMPUTER GRAPHICS AND IMAGE PROCESSING (1974) 3, (163-177)

SURVEY

Unsharp Masking and Related Image
Enhancement Techniques

Leo LEvi
Jerusalem College of Technology, P.O. Box 16031, Jerusalem, Israel

Communicated by T. S. Huang
Received May 1, 1973

Unsharp masking—in many forms—is a frequent technique in image enhancement.
Various versions of unsharp masking are described together with the related dynamic
exposure control techniques. Detailed analyses of these techniques are appended.

1. INTRODUCTION

Image restoration consists of the reduction of degradations caused by the
original imaging process. The degradations generally include a distortion of
the spatial frequency spectrum so that image restoration requires a modifica-
tion of the spectrum of the degraded image. Such modification may be per-
formed directly in the Fourier transform plane of the image by means of spa-
tial filtering or by means of convolving the image with a spread function
which is the Fourier transform of the desired filter function.

Frequently, the original imaging process had a transfer function (tf) which
decreases from the origin, and the restoration technique must therefore
employ a tf which rises from the origin. Such a tf may be implemented in the
Fourier plane by using a spatial filter with transmittance rising away from
the origin. Alternatively, it may be implemented by convolving the degraded
image with a spread function which is the Fourier transform of the desired
filter function. Now, note that a tf rising above its origin value implies a
spread function which is negative over a finite region.! Since spread func-
tions of simple devices are usually nonnegative, the desired spread function

! Since the tf is the Fourier transform of the spread function, [T(») > T(o)] implies
[[P(x)e?™ = dx| > | [P(x) dx|.

The triangle inequality shows that this is impossible on the assumption of P(x) real and positive
everywhere:

IJP(x)e?7 v dxl < [IP(x)e”™»| dx = [P(x)le”™ »=| dx.
= [P(x) dx = |[P(x) dxI.
Clearly, the first member can not exceed the last member. Hence the initial condition implies

that P(x) is not real and positive everywhere.
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is occasionally implemented by means of a compound spread function con-
sisting of a positive and a negative component individually implemented.
Such techniques are called “unsharp masking” by analogy with the pho-
tographic prototype of the method.

When the total areas under the positive and negative components of the
spread function are equal, any uniform area will be rendered at zero level,
regardless of its absolute level, be it white, black, or anything between
these. Deviations from zero level will occur only in regions of changing ob-
ject signal level. Such arrangements may be called balanced masking.

A number of such techniques, and the related dynamic exposure control
technique, are here described. Since these techniques are often nonlinear,
their analyses are complicated. They are presented in the Appendix.

2. UNSHARP MASKING

2.1 Photographic Unsharp Masking

In photographic unsharp masking, two versions of the photographic image
are printed in register. One of these is a sharp negative and the other a
blurred positive. The combination corresponds to a spread function con-
sisting of a sharp positive peak surrounded by a broad, shallow negative
zone. This corresponds to a tf which first rises and drops only at higher spa-
tial frequencies and which, therefore, compensates somewhat for the degra-
dation of intermediate frequencies present in the original photograph.
Although this method is useful in photography in general [1,2], it was first
applied in roentgenology [3] and later in aerial photography [4] and map
making [5].

In general, such printing will lower the modulation everywhere in the
image —except to the extent that the photographic process compensates for
this by means of a high gamma. It has been suggested that the phenomenon
of spurious resolution—which implies a negative value of tfi—will produce
regions where the subtraction will yield absolute enhancement of modula-
tion [6].

Because of the nonlinearity of the photographic process—and especially
because of the essential nonlinearity of the mask production—photographic
unsharp masking is a nonlinear process not representable, in general, in
terms of a tf.

The expression describing the unsharp masking process is derived in the
Appendix. With the proper choice of gammas (y), the final image signal
may be written as

$r=0 Sp(n” ® Pp), (1)

where a is a proportionality factor, s,=s, OP, is the signal of the
degraded image, s, is the original object signal and P,, P, are the point
spread functions of the original photographing system and the mask-making
process, respectively.

The essential nonlinearity introduced by the negative exponent y prevents
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us from finding a simple expression for the spectrum. We may, however,
write a linear approximation to the unsharp masking process. This would be
valid for objects exhibiting only small modulation values. As shown in the
Appendix, this approximation yields a final image spectrum of the form

S¢=aSoTy(1— bTy), (@)

where S, is the original object spectrum, T, T,, are the tf’s of the original
photographing system and the mask-making process, respectively, and b is a
constant involving the gammas and relative mean transmittances in the
various photographic stages.

Thus, with linear approximation, the tf of photographic unsharp masking is

T;=a(l— bT,). (3)

This implies that a drop in T, at high frequencies could be compensated
for (up to frequency vy) by choosing T, and b such that [Ty(»)T,(»)] equals
unity, i.e.,

bTm(v) =1— [aTo(v)]" (4)

for all v < »,.

If the positive and negative transparencies were individually prepared
from the same master, with imaging tf’s T, and T, and gammas vy and v,
respectively, the following masking tf would result [7]:

T;= Yol o Vuln. (5)

A balanced version of unsharp photographic masking, combined with
printing on a very high gamma photographic emulsion, can be used to print
continuous-tone objects with a line-drawing quality. This has been called
the tone-line process [7,8].

The operation of this process can be understood as allowing only rapid
modulation changes to cause significant deviations, both positive and nega-
tive, from a mean exposure in the image. When exposed onto a high-gamma
emulsion so that the mean exposure is below the operating range of the
emulsion, only the positive exposure spikes will appear in the final image.

Photographic masking, with both positive and negative equally sharp, but
slightly out of register, is called “relief,” if it is balanced, and “pseudo-
relief,” if slightly unbalanced [7].

2.2 Phosphor Quenching and Herschel-Effect Photography

The unsharp masking process requires the subtraction of a blurred image
from a sharp one. Instead of doing this by means of a blurred “negative”
transparency, as described in Section 2.1, it may be accomplished by means
of quenching effects. Quenching refers to the process where radiation, be-
cause of its particular spectral character, reduces the image modulation
generated by radiation of a different wavelength. It is observed both in
luminescence and photography.

Specifically, some photoluminescent phosphors, which are excitable by
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ultraviolet radiation, exhibit a pronounced luminance reduction when ir-
radiated at a longer wavelength [9]. A similar effect is observed in pho-
tography. When photographic emulsions are exposed, at sufficiently high
levels, to radiation to which they are sensitive, grains in the emulsion
become developable —a latent image is formed. In some emulsions this state
of developability is drastically reduced—the latent image is partly
erased —upon subsequent irradiation at wavelengths beyond the range of
sensitivity. This reduction in effective exposure due to longer wavelength
radiation is called Herschel effect [10] and can be used for unsharp masking
purposes [11,12].

One “unsharp masking” technique, using a quenchable phosphor, is
named “fluoro-dodge” and is illustrated in Fig. 1. The negative is contact
printed onto the emulsion; but, instead of illuminating the negative uni-
formly, it is illuminated by means of a blurred positive image formed on the
phosphor screen. This phosphor-screen image is the result of two forms of
illumination: uniform illumination with exciting ultraviolet radiation and the
quenching action of the blurred infrared image formed on the phosphor
screen at the same time. The exposure at any point on the emulsion is
proportional to the product of two factors: the transmittance of the negative
and the luminance of the phosphor-screen image at that point. Since the
phosphor luminance at every point is reduced according to a blurred rendi-
tion of the negative, unsharp masking results [13].

Fluoro-dodge can be used in a balanced process, so that only regions of
changing density will appear in the final image. When this is combined with
high-contrast photographic printing, outlining is obtained [14].

The analysis of fluoro-dodge processing is presented in the Appendix.
Assuming the quenching process to be linear, the processed image will have
a modulation distribution given by

s;=as, [1—bs,®P,], (6)

where the symbols were defined following Eq. (1).
If the image modulation is small, the linear approximation becomes valid
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FI1G. 1. Fluoro-dodge technique. The phosphor is uniformly excited by radiation from the uv
source and selectively quenched by radiation for the ir source. The negative casts a blurred ir
shadow on the phosphor, controlling the quenching. The phosphor luminance contact-prints the
negative onto the emulsion. Blurring is controlled by the spacer.
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and takes, again, the form of Eq. (2); it has the same form as that for pho-
tographic unsharp masking.

The same method could be applied using the Herschel effect for
“quenching” the photographic emulsion directly. Alternatively, the two ex-
posures—one in focus and one, at longer wavelengths, out of focus—could
be made sequentially [11]. A third method, which has been used success-
fully, employs the technique of shaped apertures to yield similarly shaped
spread functions.

With this method, both exposures can be made simultaneously: We simply
place a shaped filter, passing only longer wavelengths, into the aperture to
cover the zones which are to be negative in the resulting spread function
[12].

A very elegant, and far simpler, method has been used. When a lens suf-
fering from chromatic aberration images a point source and is properly
focused for the short wavelengths, the image of a point will consist of a sharp
image of short-wavelength light and a blurred image of long-wavelength
light. If the lens has the proper amount of chromatic aberration, this blurred
image can be used for unsharp masking in conjunction with photographic
material exhibiting a significant Herschel effect [12]. This technique can, of
course, be used in a scanning device also.

Assuming the Herschel effect itself to be linear, the unsharp masking
process is described by

sp(x) =a [s7"— b 5, ® P,]. (7)

See the Appendix.
The linearized version again has the form of Eq. (2).

2.3 Dual Spot Scanning

The above unsharp masking techniques all involved simultaneous forma-
tion of all the image elements. Now we describe a sequential technique
where the image is built up, element by element, by means of scanning.

Although multiple spot scanning is possible, we discuss here only the dual
spot system. There the two spots are shaped to correspond, respectively,
to the positive and negative portions of the desired spread function. The
transmitted light from each of these spots is received on its individual
photodetector and the outputs of the two photodetectors are subtracted
(subsequent to possible amplification). In less sophisticated implemen-
tations of this technique, the positive spot diameter is made small com-
pared to the desired resolution performance and the negative spot consid-
erably larger, with no effort at controlling the distribution within each
spot. This technique, too, is closely related to “unsharp masking” and is
often referred to as such.

For each spot the photodetector-unit output, i.e., the product of the spot
flux and the photodetector-unit sensitivity and gain, at maximum object
transmittance, may be termed the “weight” of that spot channel. When the
weights of the positive and negative spots are equal, the system is said to be
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balanced. The output of a balanced system will vanish whenever the object
region being scanned is uniformly transmitting; indeed, the output will
vanish in any region where the transmittance gradient is constant. In prac-
tice, with such a system, only regions of rapidly changing transmittance will
yield a significant output signal.

This form of “unsharp masking” is most readily treated in terms of transfer
function theory: the tf of the system is simply the difference between the tf’s
of the two scanning spots (i.e., the Fourier transforms of their spread func-
tions). The weight of each of the two-spot channels must be applied to their
respective tf’s to establish their relative magnitudes before finding their dif-
ference. In terms of this theory, a balanced system has a tf which vanishes at
the origin, so that very low spatial frequencies are eliminated.

The dual-spot technique has been implemented in various forms. Usually,
two different spectral regions are used to permit separating the two
channels. The spots may be generated as the images of two shaped aper-
tures, covered by different spectral filters [15]. They may be generated on
two different cathode-ray tubes and then combined optically for scanning;
after scanning they may be separated again by means of a dichroic beam
splitter [16], or they may be provided with mutually orthogonal polarization
to facilitate their subsequent separation [17,18]. A particularly elegant ap-
proach employs a white scanning spot which is imaged by an optical system
suffering from severe chromatic aberration. The spot is focused for the short
wavelengths. This will result in a sharp blue image, surrounded by a reddish
halo. Again, a dichroic beamsplitter splits the light from the sharp central
spot from that of the blurred red image [19].

3. DYNAMIC EXPOSURE CONTROL

Dynamic exposure control is an entirely different approach to image
enhancement. However, it is in many ways equivalent to unsharp masking.
Here, image segments, containing many resolution elements, are exposed
sequentially, with exposure controlled by the object transmittance? averaged
over the segment. This is accomplished by imaging the object transparency
in the plane of the photodetectors (such as photographic film) and scanning
this transparency with a large luminous spot. The exposure rate at any one
instant is then controlled according to the total flux transmitted at that in-
stant. This control may be made either open- or closed-loop. In the open-
loop technique, we may expect a linear relationship between the rate of ex-
posure and the quantity of transmitted flux. In the closed-loop technique, an
effort is made to control the exposure rate in a manner such that the average
exposure rate remains constant. This is done by sensing the difference
between the actual exposure rate and a reference rate, and using this dif-
ference to adjust the exposure rate to reduce this difference.

¢ It should be noted that these techniques can be used with luminous objects. With such ob-
jects, the scanning “spots” are apertures as imaged on the object. More often, this technique is
used with passive opaque or transparent objects which are scanned by the image of a luminous
spot. For simplicity of terminology, the following discussion is worded for transparent objects;
the modifications necessary to apply to the other types of object are obvious.
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In this section we present one illustration each of open- and closed-loop
techniques.

3.1. Velocity Dynamic Exposure Control

As just stated, in dynamic exposure control, the controlled quantity is the
rate of exposure. Since exposure is the product of irradiance and time, this
rate can be controlled either by controlling the irradiance or the scanning
velocity. Control of velocity is particularly suitable to an open-loop tech-
nique and it has been used in that application [21].

In a practical system, a small fraction of the transmitted light flux is
deflected, measured, and the scanning velocity made proportional to this
flux. Since the effective exposure time of any one element is inversely
proportional to the scanning velocity, the total instantaneous exposure re-
mains constant with the relative exposure of individual resolution elements
still proportional to the transmittance of the object transparency.

The technique is illustrated in Fig. 2. A spot on the face of the cathode ray
tube traces out a raster on the tube face, thereby scanning the transpar-
ency, T. Lens L, images this transparency on the recording medium, R. A
small fraction of the transmitted light is deflected by mirror M, which may
be a plane piece of glass and collected on a phototube P by lens L,. The de-
tected irradiance level controls the raster scanning velocity, as generated by
the deflection unit D.

If the spot is made quite large compared to the image element regions, the
effect will be to equalize the mean exposure over the various image regions.
This tends to reduce the overall density range considerably. This is true
because often the largest density variations occur in going from one image
region to another, for instance, in going from a bright object image element
in a sunny region (image region) to a dark object in a shadow region. When
sunny and shadow regions are equalized, the density range is reduced and
may, consequently, fit into the transfer characteristic of the recording
medium.

If the spot is comparable in size to the image element regions, the effect will
be primarily one of edge enhancement: regions of constant transmittance
gradient will all be exposed to the reference level and only regions of chang-
ing gradient will appear darker or lighter than this.
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FIG. 2. Dynamic exposure control. A large spot on the face of the cathode-ray tube scans the
object transparency, which is imaged on the recording medium R by lens L. At any instant, a
fixed fraction of the total transmitted light is concentrated on the photodetector, P, after deflec-
tion by mirror, M. The output of the photodetector controls the deflection rate, D, in velocity
control, and the electron-gun grid, G, in luminance control.
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The quantitative analysis of this device is given in the Appendix. In brief,
the velocity is proportional to the correlation integral of the spot point
spread function (P) and the object transmittances (7); the exposure is, there-
fore, inversely proportional to this. It is given by

cr [P® (PO T)™], (8)

where ¢ is a constant.

This is a nonlinear expression and therefore does not lend itself to state-
ment in terms of a tf. When application is restricted to low-amplitude
signals, this is shown, in the Appendix, to lead to the following expression
for the tf of the process:

T,=c [1—IT,?], 9)

where T, is the Fourier transform of P—the “tf” of the scanning spot. If T, is
negligible, except at low spatial frequencies, this process can be seen to
reduce the overall tf at these low frequencies, compensating for the degrada-
tions at the higher frequencies in the original imaging system which pro-
duced the object being processed.

3.2 Closed-Loop Dynamic Exposure Control (Log Etron)

In the closed-loop approach to dynamic exposure control, the illumination
is controlled so that the total transmitted light tends to be constant. The
method is illustrated in the block diagram, Fig. 3. Light from a cathode-ray
tube (or any other modulatable light source) scans the “object” transparency.
The transmitted light exposes the recording medium and its area integral is
measured by a photosensor. This measurement is compared to a reference
signal and the difference between the two is amplified. The amplified signal
then controls the spot brightness [22].

The optical portion of the system, enclosed in the broken outline, is iden-
tical to that of the velocity-controlled dynamic exposure control system, as
illustrated in Fig. 2, except that the controlled unit is now the grid of the
electron gun (G) rather than the deflection signal generator (D).
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FIG. 3. Closed-loop dynamic exposure control. The total transmitted light, ¢y, is sampled by
the photosensor and its voltage output, V, is compared to the reference voltage, V,. The dif-
ference is amplified by a factor G and then controls the cathode-ray-tube grid. The upper, boxed

portion of the block diagram is identical with the system depicted in Fig. 2 (except for the con-
nection between P and the cathode-ray tube).
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The performance of this system is very similar to that of the open-loop
system. The exposure at any point x is given by

s(x) =cr(x)[P® (PO 7+ K)™], (10)

where K is the reciprocal of the “loop gain™ as defined in the Appendix. The
linear version, applicable to low object modulation, leads to a tf:

T,(v) =¢ [1 - 1‘2*;{] (11)

SUMMARY

A variety of techniques, both linear and nonlinear, are available for re-
storing the reduction in image spectra at higher spatial frequencies. A
number of these have been reviewed here.

APPENDIX: ANALYSIS OF SOME NONLINEAR
IMAGE-PROCESSING TECHNIQUES

Here we analyze some of the more complex processing techniques. The
analysis is made difficult by the nonlinearity of the processes which also
have a finite spread, making them particularly refractory to the usual analytic
approaches. When necessary, they are here treated in two steps: a linear
finite-spread process followed by a nonlinear zero-spread process.

Each process approaches linearity for low signal levels and this process of
“linearization” is carried through for each of them. This enables us to as-
sociate a transfer function (tf) with each process, valid whenever the condi-
tions for linearization are met sufficiently closely. A number of the linearized
forms here derived have been stated previously [7], but the more important
general expressions have not, apparently.

The signal may have the form of luminance, transmittance, reflectance,
etc. For the present purposes, the symbol s is used throughout, with sub-
scripts 0, p, etc., designating the original object, the completely processed
image, and intermediate stages.

For purposes of linearization, the signal is broken up into two terms: its
mean value (5) and a fluctuating portion (5). When the Fourier transform is
taken, the constant § leads to a delta function at the origin and is tacitly
dropped in the following.

Also, the reader is reminded of the normalization assumed for the point-
spread function so that the convolution of a spread function with a constant
is simply the constant.

1. Photographic Unsharp Masking

In the photographic unsharp masking process, as described in Section 2.1,
the print obtainable from a degraded negative is improved by preparing a
blurred positive version of the negative, superimposing it on the negative,
and printing the two in register.

In general, the photographic process is highly nonlinear and cannot be



172 LEO LEVI

represented in a simple analytic form. However, in most emulsions a signifi-
cant portion of their range can be represented in a form which is linear when
density is plotted against the logarithm of exposure. The slope of this line is
called gamma and we call its log exposure at zero density log W,. Note that
density is defined as

D =—log 7, (A1)

where 7 is the transmittance (or reflectance) of the processed emulsion.
Hence the transmittance resulting from an exposure W may be written

T=(Wo/W)"=kW-7, k=W,. (A2)

We denote the point-spread function of the original recording process by

P, and that used in preparing the positive mask by P,. Then an object

luminance distribution s, (x) will result in an image distribution s, ® P, and

reference to (A2) shows that this, in turn, will yield a negative with transmit-
tance distribution

$; (x) =k, (s¢®P,)~ ", (A3)
Similarly, the transmittance of the positive mask will be
S (x) =ks (s, ® Py)=", (A4)

When these two transparencies are printed in register, the spread function
of the printing process also enters. In practice, however, this can be made
negligible and it will, therefore, be neglected here. (If desired, it can be
added on as an additional printing process.) Hence, the final image exposure
will be simply the product of the two transmittances, and the final image it-
self will be

$p(X) = ko (8182) 772 =k (Ki™7%hk;) ™ "»{ (5 ® P,)""[ (5, ® P,)~"" ® P,] 2} %.
(AS)

This simplifies considerably if
¥1= Y2 = 1/y,. Then
$p (X) =k (sg®P,) (5®P)~" @ P,, (A6)
where k =k k'~ %k, 7.
For linearization, we write
So(X) = 85 + 55(x), 5o(x) < §,. (A7)

On the assumption of a normalized spread function (fP dx = 1), the convo-
lution of P with any constant will equal simply that constant. We can then
write the following approximations:

$1=k,(5+ 5, ® Py iRy (S5 — 48 VIR, @ Py (A8)
and its spectrum

S, ==k, y,85 718, T,. (A9)
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Here we have used subscripted capital S’s to indicate the Fourier transform
of the signal with the same subscript and a subscripted T to designate the otf
(ie., the Fourier transform of the point-spread function) with the same
subscript. Similarly,

8= kp(kks) ™7 (55 757 7%) [1 +nm(Ls0P, +140 Pz)], (A10)
and
Ss=—ky 28577718, Ty = kikgy 1ys51 'S, T Ts. (A11)
Again,
Sp=kyp (5,8,) .
On substituting values (A8) and (A10), expanding and dropping all higher-

order terms in §, we find

$p = kp(kiks)™ % (35 157 ) [1 + v, (11 HOP+L50 Pz)], (A12)

So
and hence
Sp = k[‘gﬁ‘ SDTI +‘% S‘ITz]
=k % 8,7, [1— BT, (A13)
0
where
k= kp(kxkz)_}i‘yp(sohﬁ 'Yz) Tp
and
= T8 W g iy B
b 5, ¥ kiy:50 5 Yoki. (A13.1)

Thus the effective tf of the masking process itself is
T, =Ty(1—bTy/(1 —b). (A14)
For complete compensation,
T~ T
or
bT,=1 —¢|T,T,. (A15)

If the positive and negative transparencies are made by independent
processes, the linearized approximation to the tf becomes [7]

Ty =T, — y,Ts. (A16)

2. Fluoro-Dodge

The fluoro-dodge process is, essentially, unsharp masking using phosphor
quenching, as described in Section 2.2. Here we analyze its operation,
without consideration of the initial and final photographic processes.
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The spacing between the transparency and the phosphor causes blurring
in two ways:

(1) blurring of the transparency as imaged on the phosphor, and
(2) blurring of the phosphor image on the transparency.

We describe these by the spread functions P, and P,, respectively. These
are, in general, not identical.

We also presume that quenching proceeds with a gamma vy, Then the
luminance distribution on the phosphor will be

S¢g~1—a (s, ®P,) %, (A17)
and the final photographic exposure will be
Sp:(30®P2)31=k1[31—a-5'1(31@Pl)y”®P2]- (A18)

If the quenching process has unity gamma (y, = 1), we can write the spec-
trum resulting from the fluorododge process immediately:

Sy =k [sl“sl® (SlTlTZ]]' ' (A19)

To enable us to derive an otf for the process, we apply our earlier lineariza-
tion technique to (A18). This yields

Sp=k[[-§1_0-§12+§1(1_’ﬂ§;) _a§1§] ®P1®P2_ E 2 ']. (AQO)
For the spectrum, this yields
§,=k S, [1-bT,T,], (A21)

where b = a3,/(1 — a5,).
Thus the otf of the process is [7]

T, =(1—bT,T,)/(1 —b). (A22)

3. Masking Using Herschel Effect
Assuming for the Herschel effect a response of the same form as in usual
photography:
$p(x) =k,[(s; ®P,)" " —a(s; ® Pg)~" ]
=k1[(§1 +Sl @ Pl)_.h "_a(§1 +Sl @PH)_}'},
= k57" — a7 —ySTTT5, @ P+ ays w5, ® Py,

(A23)
where vy, Py, and Ty are gamma point-spread function and tf of the Herschel
exposure.

Hence,
Sp = ky[—y:81 "7'S,T, + aygsi '8, T4]
= k[T, — bTy1S:, (A24)

where k=— %‘,}%‘, b=5§"""4aygyly;.
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Thus the tf of the process is [7]
T,=(T,—bTy)/(1— D). (A25)

4. Velocity Dynamic Exposure Control

In velocity dynamic exposure control, the scanning spot velocity varies
with the total transmitted flux. This flux, in turn, is proportional to the corre-
lation of the spot-spread function P, and the transmittance 7. Thus the veloc-
ity is

v=kys, OP, (A26)

The resulting exposure will be the product of the transmittance s, and the

exposure pattern s,, generated by the scanning spot. This pattern, in turn,

can be seen to be proportional to the convolution of P, with the reciprocal of
the velocity. Thus,

3 = kisy8, = kys, E ® Ps] - k;{:: [P, ® (5,0 P,)“]. (A27)
For linearization, we find
$p=ki(5;+5,) [ks(5, + 5§, O Py)"' ® P,]
§1+§1)[§1‘_ (§1 OP:) ®P:

I
o Lo

a%[ﬁﬂls‘l—glwl@m@Pr-- 1. (A28)
Note that
F(fO=F(f®=FHF®) =F(f)F* (&),
where g(x) = g(—x). Noting that P, is real so that P} =P, (A28) leads to
S, =2 8108, = $.TT.] = 8, [1 - I7,2]. (A29)
Thus, the corresponding off is
T,=1—IT, (A30)

5. Closed-Loop Dynamic Exposure Control (Log Etron)

The reader is referred to Fig. 3 for an illustration of the closed-loop
dynamic exposure control system.
The voltage generated by the photosensor is

V=mnoa(x) [s OP,], - (A31)

where 7 is the fraction of the phosphor radiant flux which is collected onto
the photosensor when the object is totally transparent, o is the photosensor
sensitivity in volts/watt or volts/lm, a(x) is the total flux generated in the
scanning spot when its center (or other reference point) is at .
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The phosphor flux, in turn, is controlled by the cathode-ray-tube grid volt-
age, which is the amplified difference between V and the reference voltage
VR:

a=gG (Vp,—V), (A32)

where g is the cathode-ray-tube phosphor flux per unit grid voltage (W/V or
Im/V), and G is the gain of the voltage amplifier.
Eliminating V between (A31) and (A32) and solving for a, we find

a=k[s® P,+ K], (A33)

where k = Vg/no, and K = 1/n0ogG is the reciprocal of the loop gain.

Thus, during the scanning of a full raster, an integrated luminance dis-
tribution will be generated of the form a ® P,. This must be multiplied by
the transmittance, s, to yield the net exposure, which is

1
W(x)=saOP,=ks (m)cw,. (A34)
This expression permits the calculation of the exposure resulting from any
object transparency s (x).

For linearization, we again follow the approach used earlier in this Ap-
pendix:

W(x)=k{§+.§)[ !

§+§®P3+K®PS]'

On expanding and dropping terms of higher order in §, we find

k §

W ~33x% 5+

KEOP5®P3+§,

and, hence,

k IT, 1
Sp = 2 (1 §+K)’

and the equivalent tf is
T, = 1— |IT.1%4 (3 + K).
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