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ABSTRACT 

A technique is described for suppressing unwanted 

grain noise in scanned and digitized photographic images. 

The technique employs the rms granularity statistics of the 

film to divide, or quantize, the density range of the 

digital image into distinguishable ranges of density. For 

Eastman Kodak type 3414 film, the rms granularity 

statistics determined indicate constant Selwyn granularity 

for the range of scanning spot diameters from approximately 

16 to 4 micrometers, and this result agrees with Kodak data 

for a 48 micrometer diameter spot. For spots from 16 to 4 

micrometers diameter, the rms granularity is also determined 

to be a function of the square root of diffuse density. The 

number of distinguishable density levels, required to sup- 

press the grain noise of the digitally processed image, is 

found to be directly related to the scanning spot diameter. 

Finally, evaluation of the resulting digitally processed 

images indicates that subjective image quality is directly 

related to the spatial resolution of the image. That is, 

with the grain noise suppressed, subjective quality is 

improved by scanning the original image with a smaller 

diameter spot. 
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CHAPTER 1 

INTRODUCTION 

Photographic materials have long been recognized as 

an excellent means for storing and conveying information. 

However, only over approximately the past two decades have 

the principles of information theory, developed and used 

advantageously in electrical engineering and communication, 

come to be applied to the study of the photographic emulsion 

[1 -6]. Theoretical calculations and experimental confirma- 

tion of the maximum information capacity (expressed as 

binary bits per unit area) of a photographic emulsion are 

relatively straightforward in the case of binary density 

recording; such black and white recordings are used in 

microphotography of alphanumeric text and for machine 

readable patterns, such as read only dot matrices for 

computer input [3 -6]. On the other hand, such quantitative 

measures are more difficult to apply and experimentally 

verify in the case of continuous tone, scene photographs 

meant for subjective (human) evaluation. 

In order to relate objective measurements of the 

image forming optical system and of the photographic 

emulsion to subjective image quality, researchers have taken 

two general approaches: (a) a set of degraded, but 
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otherwise identical, images were arranged in a preference 

rank order by the subjects [7]; or (b) a list of questions 

were prepared about the degraded image series, and the per 

cent correct response scored by the subjects was tabulated 

[8]. In either instance, known photographic degradations 

were accomplished by various photographic printing opera- 

tions, applied to an original, high quality negative. 

Using the former technique, the subjective ranking experi- 

ment must be carefully designed to preclude measuring the 

esthetic qualities of the set of images, provided that is 

not the intention. The latter technique may be considered 

more closely related to a subjective measure of "informa- 

tion content" of the members of the image set, since it is 

essentially the process by which subjective, quantitative 

information is derived from photographs intended as tech- 

nical documentation, rather than as an art form. However, 

again, careful experimental design is necessary since, even 

for a simple scene, an exhaustive list of questions is un- 

likely to be prepared for the subjective evaluations. That 

is, the complexity of the scene photographed and /or the 

experimenter preparing the question list may bias the sub- 

jective results. Thus, rankings of the members of the image 

set should only be considered relative to one another and 

not necessarily as indicative of any absolute information 

content of the photographs of the scene. 
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Digital Image Processing 

More recently, the availability of high -speed 

digital computers, with large memory capacities, has made 

digital processing of photographic images possible. Digital 

image processing may be undertaken for one or more of 

several reasons, including: (a) imaging system diagnostics 

or simulations, (b) simulation and evaluation of sampled 

imaging systems, and (c) image restoration. These are not 

mutually exclusive but, rather, the three areas of endeavor 

share many of the same techniques, require similar hardware 

and computer software, and suffer from similar limitations. 

Imaging system diagnostics (or simulations) attempt 

to evaluate (simulate) the conditions of the optomechanical 

system at the instant of exposure of the aerial image on 

film. Diagnostics normally require imaging a formalized 

target, calibrated and of known characteristics, such as 

edges, lines, or sinusoids. Analysis (simulation) tech- 

niques attempt to evaluate (simulate) such parameters as the 

Modulation Transfer Function (MTF) of the optical system, 

defocus, and /or uncompensated image motion. 

Sampled imaging systems require some type of trans- 

ducer to transform the two -dimensional, spatial intensity 

distribution of the image into a one -dimensional, temporal 

series of electrical signal levels, compatible with a 

communication system. This allows reception of the image at 

remote locations, with minimal time lag from imaging by the 
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camera. Familiar examples of sampled imaging systems are 

television, facsimile systems used by the press services for 

their Wirephotos, and NASA's interplanetary spacecrafts, 

such as the Mariner series or, most recently, Pioneer 11, 

which imaged Jupiter in December, 1974. A series of experi- 

ments by researchers at Perkin -Elmer Corporation investi- 

gated the influence of design parameters of a sampled 

imaging system on the resulting subjective image quality 

[9 -11]. Design of the psychophysical experiments was 

similar to that described earlier by Scott [8], in that the 

per cent correct response of the subjects in identification 

or proper classification of processed images of military 

vehicles was tabulated and considered representative of 

the "informative value" of the particular sampled images. 

Such investigations, possibly due to the flexibility 

afforded the image processing by the digital computer, 

permit the designer of sampled imaging systems to optimize 

parameters of the system, guided by the subjective image 

quality requirements of the imagery user. 

The third area of application of digital image 

processing is image restoration, where the term "restora- 

tion" is used in the sense of giving the image back certain 

aspects of quality lost in the imaging process. This area 

has also been called image enhancement, where the term 

"enhancement" is used loosely to connote improved subjective 

quality to increase human perception of some detail(s) of 
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the image. Though it is possible and normal to employ 

ancillary data, in a strict quantitative sense, operations 

on the image data alone cannot increase the "information 

content" of the image. That is, there is some transfer 

function associated with the processing so that the output 

image, played back in intelligible image form, is actually 

degraded compared with the input image. However, the image 

data of certain details are presented in a form above the 

threshold of human visual perception, usually at the expense 

of degrading other less important features of the image. 

Image restoration for subjective quality enhancement is 

applied to unique, one -time images which are unlikely to be 

repeated, due to the time or expense involved or to un- 

availability of natural or man -made phenomena. Examples of 

such priceless images include photographs of astronomical 

events, the sampled imagery transmitted by NASA's inter- 

planetary spacecraft, and military intelligence photographs. 

Operations which may be performed on the digital 

image data may be broadly classed as radiometric and spatial 

image restorations [12]. Radiometric operations include 

image density modifications to correct for exposure errors 

or loss of image modulation, such as contrast reduction due 

to atmospheric haze, while spatial modifications include 

geometric rectification, to correct optical distortion, and 

blur removal, such as compensation for image motion blur. 

Ancillary data, which may be derived from imaging system 
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diagnostics and /or knowledge of the system's design param- 

eters, may be used advantageously in digital processing for 

image restoration. Such data may include the optical 

system MTF, photogrammetric calibration data, knowledge of 

image smear vectors and causes, and data on the image 

detector, whether a photographic emulsion or transducer. 

Image restoration for subjective quality enhancement is 

equally applicable to both photographic and sampled images, 

though techniques and requirements tend to be system and 

application dependent. However, a digital processing system 

employing a photographic image input is, after all, a 

sampled image system, with a photographic rather than an 

aerial image presented to the transducer. 

The basic hardware and software requirements of a 

digital image processing laboratory consist of: (a) an 

image scanner and digitizer, to transform photographic 

images into an array of binary bits representing the point 

by point image density (this element is omitted if imagery 

is received as sampled imagery, already in digital form); 

(b) a digital computer for analysis of and operations on the 

digitized image; (c) a software program library of algorithms 

for manipulation of the image data; and (d) an image 

recorder to reconstruct the processed digital data back into 

an intelligible image [12]. Though the image scanner may be 

constructed in many different configurations, certain re- 

quirements, particularly its photometric and positional 



7 

accuracy, are desirable design features of microdensi- 

tometers. However, in the interest of small scanning spots 

with high energy densities and high speed scanning, it is 

desirable to utilize a laser light source and a scanning 

mechanism other than the flat film platen employed in 

microdensitometers [13]. Similar design considerations 

apply to image recorders used for high -quality output 

images, recorded back onto photographic materials. 

Image Noise 

One of the most serious limitations to information 

extraction from an image, whether derived by subjective 

evaluation or by machine, is the noise. In the terminology 

of information theory, the image represents the output of 

a communication channel in which the signal (desired in- 

formation) is masked, or limited by the noise (information 

not desired). Though the noise is undesirable, knowledge of 

its characteristics and interaction with the signal is 

necessary to remove or reduce its effect. Among other 

characteristics, noise may be either signal dependent or 

signal independent; that is, its characteristics may or may 

not be functions of the signal characteristics. Examples of 

signal independent noise, not a function of the image 

signal, are the periodic raster scan lines of TV video and 

the random bit errors of a sampled image transmitted over 

a digital communication system. 
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On the other hand, photographic images contain 

signal dependent noise, which is a consequence of the 

microscopic structure of the image, composed of particles, 

or grains, of metallic silver. This is due to the manu- 

facturing process for silver halide films, which coats the 

base material with a suspension of silver halide particles 

in gelatin [14]. Upon imaging exposure and development, the 

silver halide particles become the metallic silver grains 

whose packing density determines the optical density of the 

image. Thus, in a sense, the image signal consists of 

modulated noise. 

The grain noise of a silver halide film image is 

apparent when it is viewed under high magnification; the 

resulting subjective impression is termed graininess. On 

the other hand, grain noise is observable in instrument 

derived data, such as microdensitometer traces of film 

images, as random fluctuations in the density. The magni- 

tude of these density fluctuations is dependent both on the 

mean density, or signal level, and on the size of the 

aperture employed in the film scanner [15 -18]. Generally, 

provided a sufficient statistical sample of fluctuations is 

analyzed and provided sufficient care is exercised in sample 

preparation and handling [17], the density fluctuations of 

uniformly flashed, developed film samples are found to 

approximate a normal, or Gaussian, distribution about the 

mean density. Thus, the statistical standard deviation, or 
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rms granularity a(D), is the accepted, standard objective 

measure of photographic grain noise, where the barred "D" 

indicates that sigma is a function of the mean density. Of 

course, in addition to the mean density and scanning 

aperture size, the rms granularity is dependent on the 

particular emulsion and development chemistry employed, with 

"fine grain" emulsions and developers yielding corre- 

spondingly lower grain noise than coarser grain materials. 

Since the photographic grain noise limits the 

reliability with which a signal may be quantitatively 

determined from the image, this poses a problem to digital 

processing in that most operations attempt to process the 

signal derived from the density data. That is, in both 

imaging system diagnostics (or simulations) and in image 

restoration, the point by point density of the microimage 

is required. In many operations, such as Fourier trans- 

formation for frequency domain analysis or operations, the 

effective exposure is utilized, so that the image density 

data must be converted to exposure through the character- 

istic (D log E) curve of the film /development combination. 

In scanning and digitizing the photographic image, the 

scanner quantizes the analog density signal into corre- 

sponding digital values. Most scanners employ at least 8 

bits of density quantization which is equivalent to at least 

256 levels. However, due to the signal limitations imposed 

by the grain noise, which increases as the size of the 
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scanning spot is diminished, the number of levels due to 

the signal is some fraction of 256, with the fraction 

diminishing as the rms granularity increases (e.g., all else 

being equal, for a smaller scanning spot). That is, the 

grain noise and the statistical reliability required for a 

signal determination (probability of signal determined by 

the number of standard deviations) influence the number of 

levels available for signal quantization. Such quantization 

of the density range results in discrete density ranges, 

termed distinguishable density levels, DDLs, and corres- 

ponding discrete exposures (obtained by carrying the mean 

density of each DDL through the characteristic curve), 

termed distinguishable exposure levels, DELs [2, 19, 20]. 

Grain Noise and Image Restoration 

Since the photographic grain noise limits the signal 

available for digital processing, the intent of this thesis 

experiment was to investigate the quality achieved in image 

restoration digital processing when the grain noise of the 

image data is suppressed, according to the rms granularity 

data for the particular film and scanning aperture employed. 

Or, stated another way, can quantization of the digital 

image density range into distinguishable density levels, 

DDLs, remove or reduce the effect of the grain noise in the 

digital image data? This may be considered an investigation 

in the attempt to determine an optimum noise filter to be 
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applied as a preprocessor to the digital image density data, 

prior to further digital processing for image restoration. 

This experiment was conducted while the author was 

assigned to the Rome Air Development Center (RADC) on active 

duty in the United States Air Force. Digital processing of 

military intelligence photographs for image restoration had 

been an area of active research and development at RADC 

since the mid- 1960's. During his assignment, the author was 

the project officer responsible for the development and 

installation of all the hardware and software components of 

the digital image processing laboratory; the components were 

designed and developed under various contracts with private 

industry. Numerous experimental investigations and actual 

attempts at digital processing for image restoration demon- 

strated that the image grain noise severely limited the 

success of attempts to enhance subjective quality, via the 

various processing algorithms. Thus, this experimental 

investigation was undertaken as an internal research project, 

under the sponsorship of RADC. 

The hardware and software employed in the experiment 

represented the most advanced available at the time, in 

terms of capability and accuracy. Undoubtedly the most 

advanced component, due to the design specifications to 

which it was built, was the film scanner /recorder, the Laser 

Image Processing Scanner (LIPS). LIPS was designed essen- 

tially as a high -speed microdensitometer, with requirements 
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of photometric and positional accuracy and repeatability, 

but employing a laser source and high -speed modulator to 

allow scanning and recording of film images (either se- 

quentially or simultaneously) at the rate of 80,000 image 

points, or pixels, per second. The first LIPS was designed 

and built under a 1967 RADC contract; it and other units 

were installed at other Air Force facilities. The LIPS at 

RADC was the Mark IV, which incorporated several design 

improvements over the earlier models, notably spatial 

resolutions selectively variable in steps from approximately 

20 to better than 450 cycles per millimeter. The latter, 

high resolution cut -off was designed into the LIPS in an 

attempt to minimize image data losses in digital processing 

due to the MTF of the scanner and recorder optics. That is, 

at more practical spatial frequencies of approximately 100 

cycles per millimeter, modulation loss would be minimized. 

In addition to high -performance equipment, the silver halide 

film used in the experiment was a commercially available, 

fine grain and high resolution type, High Definition Aerial 

type 3414, manufactured by the Eastman Kodak Company. 
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CHAPTER 2 

THEORY 

Granularity Theory 

Early attempts to characterize the nature of the 

photographic emulsion led to the development of a simpli- 

fied, geometric model relating the optical density to the 

area obscured by the silver grains. Nutting [21] proposed 

that density be related to the number of grains per unit 

area of the sample, the mean area of each grain, and the 

number of layers of grains in the emulsion. Later re- 

searchers [3, 22], in development and application of the 

theory, formulated the following expression, which is 

generally termed the Nutting equation: 

D = 0.434 (a/A)n (1) 

where D is the optical density, a is the mean grain area, 

A the area of the sampling aperture, and n the number of 

grains in the sampled area. By a simple extension of this 

equation, the rms density fluctuation, 6(D), may be related 

to the mean density, D. This requires the assumption that 

the fluctuations in the number of grains, n, are random and 

obey the statistics of a Poisson probability distribution 

[23]; i.e., that the mean, n, equals the variance a2. With 

this assumption, the resulting equation is: 
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Q (D) = 0. 66 (a/A) 1/2 D1/2 (2) 

This equation indicates the inverse dependence of the 

granularity measure, the rms density fluctuation, 6(b), on 

the square root of the area of the sampling aperture, A. 

Selwyn's investigations and development of the 

theory of granularity [24 -26] were based on a slightly 

different physical model of the emulsion and set of assump- 

tions, which are well summarized elsewhere [15]. One of the 

assumptions, however, is germane to this discussion; that 

is, it is assumed that the area of the sampling aperture, 

A, is large compared with the mean area of the silver 

grains, a. This assumption is also a necessary condition 

for the validity of the assumption on which the development 

of Equation (2), above, is based; that is, for a/A small 

and for practical densities (i.e., for D > 0), n will be 

large. Selwyn's investigations led to the result that, for 

a given emulsion developed under a given set of conditions, 

6(5) is inversely proportional to A1/2, or that the product 

of these two quantities is invariant. Thus, the Selwyn 

granularity, G, is: 

G = (2A) 1/2 u(5) . (3) 

Experimental attempts to verify this square root law met 

with somewhat limited success; Selwyn [25] explained the 

deviations he observed, from a value of 0.5 for the exponent 
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in Equation (3), as due to slow variations in density within 

the sample. 

Partially due to the failure of experimental in- 

vestigations to validate the Selwyn granularity law [16], 

doubt was cast on the simplified model and assumptions on 

which it was based. Thus, more rigorous mathematical tech- 

niques were applied to further developments in granularity 

theory. Fellgett [1] applied the concepts of information 

theory and pointed out the utility of the autocorrelation 

function in assessing granularity. The application of noise 

power (or, Wiener) spectrum analysis to assessment of the 

relative frequency content of the grain noise was discussed 

by R. Clark Jones [27]. Jones applied his theory to 

experimental data published earlier by L. A. Jones and 

Higgins [16] and found marked disagreement between results 

thus derived and the noise power spectrum of an ideal film. 

This anomaly he attributed to grain "clumping" affecting 

the experimental data of Jones and Higgins. 

Zweig [28, 29] further investigated the application 

of the autocorrelation function to the measurement of 

granularity by autocorrelating granularity traces, con- 

sisting of point by point density values as a function of 

scan distance along the sample. He emphasized the role of 

the scanning aperture in the resulting correlograms and, 

indeed, his experimental data demonstrated that the aperture 

diameter not only influences the magnitude of the ordinate 
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of the correlogram, but also coincides with the correlation 

distance, the abscissa value at which the correlogram 

approaches. zero. Zweig compared his correlograms with 

correlograms predicted from the noise power spectrum results 

calculated by R. Clark Jones and found disagreement; Zweig's 

results supported the flat noise power spectrum Jonas 

predicted for an ideal film. Thus, Zweig concluded that 

the data and results published earlier by L. A. Jones and 

Higgins had been erroneous, in that they had not adequately 

considered the influence of the microdensitometer optics for 

the range of aperture sizes employed. 

Autocorrelation and Granularity 

The importance of the sampling aperture to the 

measurement of emulsion granularity may be illustrated by a 

theoretical treatment, following that developed by Fellgett 

[1]: The mean square intensity fluctuation obtained by 

scanning an emulsion of area z, which has been uniformly 

flashed and developed, may be shown to be: 

(12) = II T(a,b) U(a,b) dadb (4) 
-00 

where T(a,b) and U(a,b) are the autocorrelation functions of 

the emulsion transmission differences and of the scanning 

aperture transmission fuction, respectively. Each auto - 

correlation is a function of the instantaneous location 

coordinates, (a,b), of the origin of the scanning aperture. 
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These autocorrelations are defined by: 

T(a,b) = lim IIt (x,y) t (x-a,y-b) dxdy (5) 
z- z 

U(a,b) = IIu(x,y)u(x-a,y-b)dxdy (6) 
_co 

where u(x,y) is the transmission function of the scanning 

aperture, defined over the area of the aperture where u is 

non -zero; z is the area of the emulsion scanned; and t(x,y) 

is the difference between the instantaneous transmission, 

txry, at point (x,y), and the mean transmission, t. That is: 

t(x,y) = tx.Y t . (7) 

The physical significance of Equation (4) is that the mean 

square intensity fluctuation, obtained when a photographic 

emulsion is scanned by an aperture, is equal to the volume 

under the product of the autocorrelation functions of the 

grain and of the aperture. 

Now, since the mean intensity transmitted by an 

aperture is given by the value of its autocorrelation 

function at the origin, by Equation 6: 

CO 

I = U(0,0) = II [u(x,y)]2dxdy 
_co 

Further, suppose that the correlation distance for the 

grain is small compared with the correlation distance for 

the scanning aperture. In the case of the aperture, the 

correlation distance is a physical dimension of the 

aperture; for example, for a circular aperture, the 

(8) 
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diameter. For the emulsion grain, the correlation distance 

is the physical dimension (value of the coordinates a,b) at 

which the autocorrelation, T(a,b) given in Equation (5), 

approaches zero. In general, due to the random distribution 

of grains through the emulsion, there will always be some 

degree of correlation (positive or negative) even for large 

distances. That is, the autocorrelation of the grain will 

not go to zero and remain there within the area, z, of the 

emulsion; however, T(a,b) will be of significant magnitude 

only near the origin, i.e., at values of (a,b) smaller than 

the correlation distance. Therefore, near the origin and 

within the grain correlation distance, suppose that the 

aperture autocorrelation function is approximately equal to 

its value at the origin, i.e.: 

U(a,b) = U(0,0), for (a,b) _ (0,0) (9) 

Thus, Equation (4) becomes: 

CO 

(I2) = U(0,0) if T(a,b)dadb 
-CO 

(10) 

Further, supposed that the aperture transmission is 

unity within the area, A, of the aperture and zero else- 

where. Then, the integral of Equation (8) reduces to: 

Ì = U(0,0) = if dxdy = A (11) 
A 

Applying this to Equation (10) yields: 

00 

(12) = A if T(a,b)dadb (12) 
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Taking the square root of this yields the root mean square 

intensity fluctuation, and dividing that result by Equation 

(11) gives the variation of the rms intensity fluctuation, 

6I, with the mean intensity, I: 

00 

6I/I 
= (1/A) 1/2 [IIT (a,b)dadb] 1/2 (13) 

Or, since the maximum intensity transmitted by the aperture 

is the clear aperture intensity (i.e., without the film), 

the numerator and denominator of the left side of this 

expression may both be divided by Imax to obtain the varia- 

tion of the rms fluctuation in transmission, GT, with the 

mean transmission, T: 

6T/T = (1/A) 1/2 [IIT (a,b) dadb] 1/2 (14) 

where 0 < T < 1, 0 < ßT < 1, and T(a,b) is the autocorrela- 

tion of the grain transmission differences given by Equation 

(5). Further, as has been shown in the literature [18, 30], 

the transmission noise, EJT /T, may be related to the rms 

granularity, 6(D), by a power series expansion which, when 

aT /T is small, reduces to: 

a(E) = 0.434 (GT /T) 

Thus, Equation (14) becomes: 

a(f) = 0.434 A -1/2 [IIT (a,b)dadb] 
1/2 

_00 

This equation (or alternatively, Equation [14]) will be 

(15) 

(16) 

recognized as another expression of the inverse root -area 
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law of granularity, similar to the extension of the Nutting 

equation as given by Equation (2), or to the Selwyn granu- 

larity, given by Equation (3). Note the assumptions, re- 

quired to derive Equation (16) from Equation (4) are: 

1. The correlation distance of the emulsion grain is 

small compared with the correlation distance of 

the scanning aperture (similar to requiring that 

the mean grain area is small compared with the 

aperture area). 

2. The aperture has a unit transmission function 

within its area, A. 

Fellgett [1] suggested several experimental tech- 

niques to measure the autocorrelation function, T(a,b), of 

photographic emulsions and, also, considered the case when 

the correlation distance of the grain is not small compared 

with the aperture correlation distance. He suggested that 

when the scanning aperture is small compared with the grain 

structure, the rms fluctuations become independent of the 

aperture area, A. Thus, by reference to Equation (16), as 

the aperture area approaches the area of the emulsion 

grains, the exponent of A should diminish downward from 0.5 

to zero and the rms density fluctuations should increase, 

ultimately becoming independent of A. 
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Equivalent Aperture 

In view of the assumptions required in the develop- 

ment of the preceding section, Autocorrelation and Granu- 

larity, this section considers the implications of an 

aperture which does not satisfy assumption 2 above; that is, 

it does not have a unit transmission function and, con- 

sequently, its area, A, is not well defined. In particular, 

the intent is to determine whether, for an aperture with a 

non -unity transmission, an equivalent aperture of unit 

transmission and area, A, may be found which yields the same 

rms fluctuation of density, a(D). This being possible, the 

equivalent aperture area, A, may be employed in calculations 

based on the extension of the Nutting equation, Equation (2), 

or the Selwyn granularity law, Equation (3). 

The case of interest to this discussion is an 

aperture transmission function described by an Airy disk 

intensity distribution. Such a distribution is character- 

istic of the Fraunhofer diffraction pattern of a circular 

aperture, and it is a good approximation to the intensity 

distribution formed by a well -corrected, near diffraction - 

limited, microscope objective, illuminated by a plane wave 

of quasi- monochromatic light [31]. The equivalent aperture 

to be considered has a pillbox intensity distribution, 

i.e., like a circularly symmetric "Rect" function. Thus, 

let the pillbox intensity distribution, of radius b and 

unit intensity, be defined by: 
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1 (r < b) 
u1 (r) = { 

O (r > b) 

Let the Airy disk intensity distribution, also of unit 

intensity, be defined by: 

u2 (r) = [2J1 (kar/f) / (kar/f) ] 2 (r > 0) 

(17) 

(18) 

where J1 is the Bessel function of the first order of the 

first kind, k is the wave number (k = 27/a), a is the radius 

of the lens aperture forming the Airy pattern, and f is 

the lens focal length. 

Now, if the autocorrelation functions of the pillbox 

and Airy disk are denoted by the capitalized symbols, U1(p) 

and U2(p), respectively, then for the pillbox function: 

27 b 
U1(p) = I Iu1(r)u1(r-p)pdpd8 

0 0 

(19) 

This integral may be evaluated geometrically by the method 

of common overlap area (i.e., determine the area of the 

sectors of two overlapping circles as a function of the 

separation, p, of their centers) to yield: 

U1 (p) = 2b2{cos-1 (P/2b) - (P/2b) [1- (P/2b) 2] 1/2 } 

= 0 (p > 2b) (0 < p < 2b) (20) 

The autocorrelation of the Airy disk distribution is: 

27 co 

U2 (p) = I Iu2 (r) u2 (r-p) pdpd8 
0 0 
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27 2J (kar/f ) 2 2J [ka (r-p) /f] 2 

= I I { (kar/f) } { [ka(r-p)/f] } pdpd6 (21) 
0 0 

This integral cannot be readily evaluated analytically; it 

could, however, be evaluated by numerical methods. Alter- 

natively, assume that a necessary condition for the two 

apertures to give equal mean square intensity fluctuations, 

as defined by Equation (4) of the preceding section, Auto - 

correlation and Granularity, is that the volumes under 

their respective autocorrelation functions be equal. The 

consequence and adequacy of this assumption are examined in 

greater detail in Appendix A, where it is shown that pro- 

vided the autocorrelation functions are similar and provided 

the correlation distance for the apertures is approximately 

an order of magnitude (or greater) than the grain correla- 

tion distance, the error of this assumption is several per 

cent (or less). This condition of equal volumes is 

equivalent to requiring that the Fourier transforms of the 

autocorrelation functions be equal at the origin or, if m 

denotes the radial spatial frequency coordinate, at m = O. 

Thus, denoting the Fourier transform of the respective 

autocorrelations by capitalized symbols with a tilde, e.g., 

U(m) = F.T.[U(p)], then for the pillbox function: 

1 

27 
U (m) = I dO I U 

1 
(p)exp(-imp cosh)pdp (22) 

At the origin, for m = 0: 
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CO 

U1 (0) = 2RfU1 (p)pdp 
0 

00 1/2 
= 2Rf2b2 {cos-1 (p/2b) - (p/2b) [1- (p/2b) 2] }pdp 

0 

Substituting x = 2b, then the limits of integration become 

0 and 1, since p runs from 0 to 2b and U1(p) = 0 elsewhere, 

and pdp = (2b)2xdx. Thus, the integral becomes: 

1 

i71 (0) = R (2b) 4 f [cos-lx-x (1-x2) 
1/2] 

xdx 
0 

1 

= R (2b) 4 [ (1/4) (2x2 -1) cos -lx- (1/8) sin -lx] 
0 

= R(2b)4[(1/4)(R/2) - (1/8)(7/2)] 

61(0) = (Rb2)2 

For the Airy disk function: 

2'rr co 

02(m) = f d8 fU2(p)exp( -imp cose)pdp 
0 0 

(23) 

(24) 

where U2(p) is the autocorrelation given by the integral 

of Equation (21). Equation (24) may be evaluated by use of 

the Autocorrelation Theorem for Fourier Transforms [32], 

which states if: 

then: 

= F.T.(g) 

F.T.[g*g] = 112 

where the * denotes the autocorrelation; that is, the 

Fourier transform of the autocorrelation is equal to the 

squared modulus of the Fourier transform of the function. 



Thus, for the Airy disk function: 

U2 (m) = I F. T. [u2 (r) ] 
I 

2 

2J1(kar/f) 1212 1F.T.[ 
(kar/f) ] 

Denoting the indicated Fourier transform as G(m): 

2r 2J1 (kar/f) 
G(m) = I I[ (kar/f) ] 

exp(imr cosA)rdrdA 
0 0 

and making the following substitutions: 

x = kar/f, 

then: 

rdr = (f/ka)2xdx, Q = (f /ka)m cosh, 

2 
271- 0. 2Jl 

(x) 2 iQx G(m) = (f/ka) f f[ 
x ] e xdxd6 

0 0 

25 

(25) 

Now, since the Airy disk intensity distribution and the 

autocorrelation of a pillbox function are Fourier transform 

pairs, the functional form of the integral of Equation (25) 

is that of Equation (20), so that: 

(m) = (f /ka) 2C [cos -1Q - Q (l -Q2) 1/2] (26) 

where C is a constant to be determined, which may be 

evaluated in the following manner: 

By conservation of energy, the total energy passing 

through the lens aperture must equal the total energy in 

the Airy disk intensity distribution formed by the lens. 

The total energy passing through the lens aperture is the 

energy per unit area multiplied by the aperture area. 
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Letting IAo12 denote the energy per unit area passing 

through the lens aperture, then: 

27 0. 

7a21A 
I2 

= I I u (r)rdrd6 
° 0 0 

2 

Now, let: 

IAo 
2 

2 2 
27 09 2J1 (kar/f) 

2 = 
4 

(ka /f) I f 
[ (kar/f) ] rdrd6 

0 0 

x = kar/f; rdr = (f/ka)2xdx. 

Then: 
2 

A 27 00 2J (x) 
ra21 AoI2 

4 (ka 2/f)2(f/ká)2 I I [ x 
]2xdxd6 

0 0 

Therefore: 

1 A I 2a2 27 09 2J (x) 
= o I I [ 1 ]2xdxd6 

4 

27 09 2J1 (x) 
I I[ ] xdxd8 = 47 
0 0 

(27) 

Hence, the integral of Equation (25) must equal 47 for 

Q = 0; also, the term in brackets in Equation (26) becomes 

7/2 for Q = 0. Therefore, the constant, C, of Equation (26) 

must equal 8, so that 

and 

a(m) = 8 ( f/ka) 2 [cos-1Q-Q 
l-Q2 1/2 

G(0) = 8(f/ka)2(7/2) 

= 47 2 r . 

And since: U2(0) = 1.-(0)12 

Therefore: U2 (0) = 1672( 4 
(28) 



Equating this to the result in Equation (23) yields: 

b = 2f /ka = (1 /7) (af /a) . 

Now, since the radius of the Airy disk to the first dark 

ring is given by: 

Ro = 0. 61 (af/a) 

then, by Equation (29): 

b = Po/ (0. F1Tr) 

= 0.522 Ro 

27 

(29) 

(30) 

(31) 

This gives the radius of the pillbox intensity distribution 

in terms of the radius, Ro, of the first dark ring of the 

Airy disk pattern, for equal volumes under their respective 

autocorrelation functions. 

Signal and Noise 

As discussed in Chapter 1 under the section Image 

Noise, the random density fluctuations, obtained when a 

photographic image is scanned by a small aperture, limit 

the reliability of signal extraction from the density data. 

These fluctuations are characterized statistically by their 

standard deviation, termed the rms granularity, ß(D). Pro- 

vided the rms granularity can be determined for the 

particular emulsion and development chemistry employed and 

as a function of the scanning aperture size, then the film's 

usable density range, from the minimum (density of base plus 

fog) to the maximum (near the shoulder of the D log E curve) 
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may be quantized into ranges of density, termed distinguish- 

able density levels, DDLs. The corresponding quantized 

exposure values, the distinguishable exposure levels, DELs, 

may be obtained by projecting the mean density of each DDL 

through the D log E curve to the abscissa, or log E axis 

[19, 20]. The range of densities encompassed by each DDL 

is a consequence of suppressing the film's noise by 

employing its rms granularity statistics. Also, the 

magnitude of each DDL, for a given set of experimental con- 

ditions, is dependent on the reliability required in deter- 

mination of the signal. For example, defining each DDL to 

be the range of densities included within plus or minus one 

standard deviation, 6(D), of the mean density, D, results 

in a 68% probability of densities within the range being 

caused by a signal, of exposure equal to the corresponding 

DEL; the use of two standard deviation bounds for each DDL 

results in a 95% probability of densities caused by signal, 

etc. 

Now, in order to divide the film's usable density 

range into DDLs, the requirement for n(n = 1,2, ...) 

standard deviation bounds, 6(D), on each DDL is: 

Di +l 
ne (D) i +1 = 

Di + "(5)i (32) 

where the index, i, runs from 0, for the density of base 

plus fog, to m, the maximum usable density near the shoulder 

of the D log E curve. Now, in general, under a given set of 
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experimental conditions, the standard deviation, or rms 

granularity cs(D), is expressable in terms of the mean 

density as: 

6 (D) = kDim (33) 

where the constant k and the exponent m are determined by 

the experimental conditions; i.e., the film, processing, 

and scanning aperture dimensions. Also, if we are working 

with diffuse densities, the Callier Q factor calibration 

[15] of the microdensitometer used to measure the rms 

granularity will affect the value of the constant, k. Sub- 

stituting Equation (33) into Equation (32) yields: 

Di+1 - nkD = Di + nkD (34) 

Since, for i = 0, the film's base plus fog density is 

measurable experimentally and consequently known; since 

the constant k and the exponent m may be determined experi- 

mentally; and since the number of standard deviations n may 

be chosen; the unknown of this equation is the i + 1st mean 

density, Bin.. Thus, Equation (34) is of the form: 

ax + bxm + c = O. (35) 

However, since the exponent m is not, in general, expres- 

sable in terms of integers, this equation may not be solved 

algebraically for its roots. Rather, iterative numerical 

techniques must be employed, such as the Newton - Raphson 

method, applicable to finding the real roots of numerical 

algebraic and transcendental equations [33]. Thus finding 
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the i + 1st mean density, it is used in place of the ith 

mean density on the right side of Equation (34), and 

Equation (35) is again solved for the new i + 1st mean 

density. This iterative procedure is continued until the 

entire density range is divided into the possible number of 

DDLs, N. The mean density of each DDL may then be projected 

graphically through the D log E curve to determine the 

quantized exposure of the corresponding DEL. 

Once the number, N, of distinguishable density 

levels is determined under a given set of experimental 

conditions, this value may be used to determine the informa- 

tion capacity in binary bits, per unit area of the 

photograph [2, 51: 

I = (A/a) log2N (36) 

where A is the area of the photograph and a is the area of 

the recording cell, or pixel. Also, for a square pixel, the 

side length w (where a = w2) may be calculated from: 

w = 21/2 nG (N-1)/ (D -D ) m o 
(37) 

where n is the number of standard deviations (n = 1,2,...), 

G is the Selwyn granularity constant given by Equation (3), 

N is the number of DDLs, and Dm and Do are the maximum and 

minimum densities of the film, respectively. Equation (37) 

may be incorporated in Equation (36) to yield: 

I = [A(Dm-Do) 2/2n2G2] [log2N/ (N-1) 2] . (38) 
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As discussed in Chapter 1, for a continuous tone 

image, with a number of DDLs N, experimental verification 

of the information capacity as given by Equation (38) is 

difficult if not impossible. This is due to the requirement 

for subjective evaluation of the image and the difficulty 

in defining an absolute subjective measure of information. 

However, Equation (38) may be applied to measure the relative 

information capacity of two different images of identical 

area A and of identical subject matter. Provided all other 

parameters of Equation (38) are held constant and N is 

varied, a relative comparison (numerically and via subjective 

comparison) can be made of the information capacity of the 

image as a function of the number of DDLs, N. This may be 

considered a quantitative measure of the relative quality 

of the image, resulting from suppression of the grain noise 

by quantization of densities. 
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CHAPTER 3 

THE EXPERIMENT 

Experimental Outline 

As stated in Chapter 1, in the section Grain Noise 

and Image Restoration, the intent of this investigation was 

to determine whether subjective image quality can be en- 

hanced, in preparation for digital image restoration, by 

suppressing the grain noise in the digital image data by 

employing density range quantization based on the rms 

granularity characteristics of the particular photographic 

emulsion, development chemistry, and scanning aperture 

employed. That is, can the visually apparent grain noise be 

reduced or removed by such a procedure, without disturbing 

the signal of the image data? Thus, rather than apply one 

or more of several algorithms available for image restora- 

tion after the noise suppression, the objective of the 

experiment was to determine only the results of the density 

range quantization alone. This, then, required four major 

steps in the experimental procedure. 

First, a sensitometric strip was needed on the 

particular emulsion type to be used and processed under 

controlled conditions and chemistry. Each of the 21 steps 

of the sensitometric strip, above and including the base 
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plus fog density, had to be scanned with each aperture size. 

Statistical analysis of the resulting digital data then 

yielded the mean density and standard deviation (the rms 

granularity) for each case, i.e., density step and aperture 

combination. Finally, application of this statistical data 

to the D log E curve of the film /processing combination 

allowed the film's density range to be divided into dis- 

tinguishable density levels, DDLs, and their corresponding, 

quantized distinguishable exposure levels, DELs. 

Second, a suitable test scene had to be prepared 

and photographed on the film. Processing of the resulting 

latent image, if not simultaneous with the sensitometric 

strip (the preferred approach), had to be under identical 

controlled conditions and chemistry. Finally, to obtain the 

digital images for noise suppression processing, the test 

image had to be scanned and digitized on the same instru- 

ment, calibrated in the same manner, and with the same 

scanning apertures as employed to scan the sensitometric 

strip. 

The third step was to digitally process the test 

images to achieve suppression of the grain noise. This 

required converting the continuum of digital densities in 

the original test images into the discrete, quantized values 

resulting from the grain noise data analysis of the first 

step, above. That is, all pixels of a digitized test image 

having a density within the bounds of a DDL had to have 
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their density converted to the mean density of that DDL. 

Applying this algorithm to all pixels of an input, digital 

test image resulted in an output, digital test image, with 

its grain noise suppressed. 

The fourth and final step was to record the output, 

digital test images back into intelligible image form. 

Depending on the format of the digital image data required 

by the image recorder, either the output test images were 

represented by the mean densities of each DDL or further 

digital computer processing had to be applied to convert the 

mean densities of each DDL to the corresponding DEL values. 

The two are equivalent provided proper account is taken of 

the D log E curve transformation, by digital processing or 

by an analog transformation of density to exposure within 

the image recording instrument. The former technique was 

applicable in this experiment; that is, the output, digital 

test images consisted of pixels represented by the mean 

densities of the DDLs. Finally, the resulting output images 

had to be subjectively evaluated and compared to assess the 

results of the digital grain noise suppression processing. 

Experimental Equipment 

The primary hardward and software employed, con- 

sidered to be the best available at the time the experiment 

was conducted, consisted of: 
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1. Specular Sensitometer, Model HG -438, manufactured 

by Hycon Corporation. 

2. Laser Image Processing Scanner (LIPS), Mark IV, 

manufactured by CBS Laboratories, Inc. 

3. Digital Image Manipulation and Enhancement System 

(DIMES) software, developed for Rome Air Development 

Center's GE 635/45 computer by Computer Sciences 

Corporation. 

4. Digital Image Display, Model 36, manufactured by 

Dicomed Corporation. 

5. Digital Graphics Generator (DGG, also known as the 

Bikini ink jet plotter), manufactured by Mead 

Technology Laboratories. 

Additionally, the following materials and equipment 

were employed during the course of the experiment: 

6. Eastman Kodak 3414 film, 70 mm width. 

7. Eastman Kodak D -19 developer and Rapid Fix. 

8. Assorted images, photographic and offset prints, for 

composition of the test scene. 

9. Macbeth densitometer, Model 217DR. 

10. Hasselblad 500C, 70 mm camera, with Zeiss Planar 

f/2.8, 80 mm lens. 

11. Mann Comparator. 

12. GE 635/45 digital computer. 
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Specular Sensitometer 

There were two principal reasons for choosing the 

Hycon Specular Sensitometer, over a more conventional 

contact printing sensitometer, for exposure of the step 

tablet on the 3414 film. The first of these was to avoid 

contact printing any grain structure of the master step 

tablet through to the 3414 film. This was desirable to pre- 

clude confounding the rms granularity data with any granu- 

larity transferred from the master tablet. The second 

reason for choosing this Sensitometer was that it exposes 

the film in a manner which is analogous to a camera. That 

is, illumination of the film plane is specular, rather than 

diffuse, and the f /number, exposure time, light intensity, 

and source color temperature are selectable over a broad 

range of values. 

Table 1 lists the specifications of the Sensitometer, 

while Figure 1 is its optical schematic. In Figure 1, note 

that resolution or other photographic targent patterns may 

be installed in the target plane and imaged onto the film, 

at any exposure within the usable range of the instrument. 

The target plane is uniformly illuminated, due to the 

uniform illumination emanating from the front face of the 

integrating bar, a quartz rod, whose ends are finely ground 

and whose sides are polished and aluminized. The intensity 

of the illumination at the target plane is determined by the 

neutral density of the filter wheel (and /or auxiliary 
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Table 1. Specifications of Hycon Specular Sensitometer 

Aperture range f /1.5 to f/32 

Shutter speeds 100 microsec to 99 sec 

Film capacity 48 inches, 35 or 70 mm 

Optical resolution 100 cycles /mm 

Achromatization 400 to 700 nanometers 

Maximum illuminance 60,000 meter -candles 

Formats: 

Exposure area 2.5 x 3 mm 1/4 x 3/8 in 3/8 x 3/8 in 

21 -Step tablet 
length 62.5 mm 5.25 in 8 in 
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filters on slides --not shown) in the optical path. Imaging 

relationships in the instrument are: (a) the target plane 

is imaged onto the film plane, by the matched pair of 

objective lenses; (b) the front face of the integrating bar 

is imaged into the system entrance pupil; and (c) the 

neutral density filter, located at the focal plane of the 

condenser lens, is imaged at infinity. This last imaging 

relationship provides uniform, collimated light illumination 

of the film plane by light which does not image any grain 

pattern of the master step tablet, the neutral density 

filters in the filter wheel. The filters used in the filter 

wheel were Kodak type M colloidal carbon and, for this 

experiment, the target plane was a clear, square aperture 

(for 3/8 -inch square density steps). 

Laser Image Processing 
Scanner (LIPS) 

The Laser Image Processing Scanner, or LIPS as it is 

commonly called, pictured in Figure 2, was designed as a 

high speed, high quality image scanner and digitizer, as 

well as a digital image recorder. Figure 2 illustrates 

that LIPS consists of two separable units, connected by 

cable, the electronic control console and the optical bench 

unit. The optical bench components are enclosed in a box, 

to provide a relatively clean, stable environment for the 

optical components and a darkroom for unexposed film, during 
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Figure 2. Laser Image Processing Scanner (LIPS) Mark IV 
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output image recording. 

fications of LIPS. 

Table 2 lists the general speci- 

Table 2. LIPS Mark IV General Specifications 

Source type 

Film capacity 
Recording modulator 
Max. sampling rate 
Approx. density range 
Density quantization 
Data I/O format 
Max. tape data file 

HeNe laser, 632.8 nanometer, TEMoo, 
5 mwatt 

95 x 70 mm 
KDP, 1000: 1 extinction ratio 
80,000 pixels /sec 
0 to 2.55 
8 bit digital 
9 channel mag. tape, IBM compatible 
4096 records (lines) x 4096 
characters (pixels) 

Modes (scan /record) 1 2 3 4 5 6 
Approx. spot dia. (pmeter) 1.25 2.5 5 10 20 40 
Pixel spacing (pmeter) 1.25 2.5 5 10 20 40 

In the interests of achieving high speed scanning 

and /or recording and yet maintaining geometric fidelity and 

focus of the scanning (or recording) spot, LIPS was designed 

as a drum scanner /recorder. That is, the film, either a 

transparency to be scanned or unexposed film for recording, 

is mounted on a drum, which rotates about its longitudinal 

axis to provide the line scan. The scan drum is a quartz 

cylinder, with its inner and outer surfaces ground and 

polished to close tolerances and which is aligned and mated 
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to the metal record drum. This drum assembly runs in pre - 

loaded, precision instrument bearings and is driven from a 

shaft, at one end, by a digital stepping motor coupled to a 

rotary, optical encoder. The drum assembly and other 

optical components are pictured in Figure 3. 

A schematic of the LIPS influx optics is illustrated 

in Figure 4. Not illustrated in Figure 4 is a 75/25 beam - 

splitter which divides the collimated beam into the scan and 

record beams, respectively; the record beam equivalent of 

Figure 4 would contain the KDP modulator in the collimated 

beam. Also not illustrated are several fold mirrors in each 

beam, one pair of which folds the collimated beam parallel 

to the axis of rotation of the drum. One of this pair of 

45- degree fold mirrors is stationary, while the other is 

mounted on a carriage which traverses the width of the drum 

parallel to its axis of rotation to provide successive scan 

lines. Also mounted on this carriage, which rides on a 

precision lead screw driven by a digital stepping motor 

coupled to a rotary optical encoder, are the optical turret 

assemblies (two identical, one each for the end to end scan 

and record drums) and the photodiode probe for the scan drum. 

The optical turret assemblies, which may be seen in Figure 3, 

contain the three microscope objectives and six circular 

apertures to form one of the six possible spot sizes. A 

micrometer on each turret assembly controls the position of 

the microscope objective, radially outward from the drum, 
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Figure 4. LIPS Influx Optics Schematic 

for focus control. As indicated by Figure 4, the influx 

optics control the spot size and shape at the plane of the 

film emulsion. In the current configuration of LIPS, the 

apertures (indicated in Figure 4) are clear and circular and 

they pass the central portion of the collimated beam which 

is, to a good approximation, a plane wave of uniform in- 

tensity. Thus, the aperture diameter determines the 

effective numerical aperture of the microscope objective 

and the spot at the plane of the emulsion is, to a good 

approximation, an Airy disk intensity distribution. This 

approximation was verified by employing LIPS to record 
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isolated spots, at several exposure levels, onto 3414 film. 

The spot images at the higher exposure levels, though over- 

exposed in the central order, exhibited at least the first 

ring (and possibly the second) of the Airy pattern. The 

optical parameters of LIPS Modes 1 through 4 are listed in 

Table 3, where Modes 2, 3, and 4 were employed in this 

experiment. 

Table 3. LIPS Mark IV Influx Optical Parameters, Modes 1 -4 

Mode 

Objective 
lens 
NA 

Focal 
length, 
f (mm) 

Aperture 
dia., 
D(mm) 

Effective 
NA 

1 0.25 16.0 6.00 0.187 

2 0.25 16.0 3.00 0.094 

3 0.17 22.7 2.25 0.050 

4 0.17 22.7 1.13 0.025 
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Figure 5 illustrates the LIPS scan drum and shows 

the photodiode probe, which runs axially inside and tracks 

the influx objective outside. The photodiode is an EG &G 

type 100A, mounted in a TO -5 can case as used in packaging 

integrated circuits. As illustrated in Figure 5, other than 

the TO -5 can window, there are no efflux optics between the 

photodiode and inner drum surface. Thus, other than 

scattering of the light due to spatial frequency structure 

of the image in the emulsion and /or at the film base to air 

and air to outer drum surface interfaces, the efflux beam 

exits the inner drum surface with a numerical aperture 

equal to the influx beam. Pertinent dimensions and the 

calculated numerical aperture of acceptance of the photo- 

diode are listed in Table 4. 

As indicated by the tested performance data listed 

in Table 5, the LIPS Mark IV is a high performance instru- 

ment. The positional repeatability was tested by scanning 

the same image twice, without moving the film between scans 

since position coordinates are tied to the scan drum. Then 

a digital correlation was performed between the two 'image 

files; a portion of this positional repeatability error may 

be attributed to the grey scale repeatability error. The 

maximum and root mean square (rms) grey scale repeatability 

errors were evaluated by inserting Various neutral density 

filters in the collimated scan beam (i.e., before the 

microscope objective and its limiting aperture) and scanning 



SCAN DRUM 
(ROTATES) 

°v 

/// /// 

DRUM 
AXIS 
OF 

ROTATION 

/1 

OBJECTIVE LENS 

FILM 
(ROTATES) 

TO -5 

CAN 

PHOTODIODE 
PROBE 

PHOTODIODE 

Figure 5. LIPS Efflux Light Collection 

47 



48 

Table 4. LIPS Mark IV Efflux Collection Parameters, All 
Modes 

Distance --outer drum surface to outer 
diode window surface: x = 0.265 in 

Distance- -outer diode window surface 
to diode surface: 

Photodiode window thickness: 

Photodiode window diameter: 

Photodiode active area diameter: 

Photodiode collection numerical aperture: 

y = 0.09 in 

t = 0.05 in 

D = 0.24 in 

d = 0.10 in 

NA = 0.14 

Table 5. LIPS Mark IV Tested Performance Data 

Max. position repeatability error (micrometers): + 0.5 

Max. grey scale repeatability error (per cent): 1 

rms grey scale repeatability error (per cent): 0.1 

Mode 1 2 3 4 5 6 

Tribar resolution (cycles /mm): 456 256 144 81 40 20 
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an empty drum. A portion of these errors is attributed to 

sub -micron size dust particles on the drum and /or refractive 

index variations in the drum. The tribar resolution was 

tested by scanning a high contrast target (approximately 

100:1 contrast, at low spatial frequencies) and observing 

the modulation in the digitized signal on the oscilloscope 

in the LIPS electronic console. Since the modulation of the 

456 cycle per millimeter target element, the last on the 

target, was unknown, all that could be said from the low 

oscilloscope modulation in the digitized signal was that 

this frequency was spatially resolved by Mode 1. That is, 

in order to evaluate the LIPS MTF at 456 cycles per 

millimeter, the tribar target modulation at this frequency 

would need to be calibrated and known. Further, due to the 

accuracy in the bearings and in the grinding and polishing 

of the drum surfaces, once the focus is properly set, the 

resolution limit for Mode 1 due to defocus error over the 

entire 95 x 70 millimeter scan drum surface, is at least 400 

cycles per millimeter. 

Digital Image Manipulation and Enhancement 
System (DIMES) Software 

The Digital Image Manipulation and Enhancement 

System software is a program library of algorithms, or 

routines, for digital image restoration processing. DIMES, 

written in a user oriented control language, was derived 

from the VICAR software system, used at the Jet Propulsion 
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Laboratory to process NASA's interplanetary spacecraft 

imagery. The desired routines, to be applied by DIMES to 

the digital image data, are assembled by the user in a deck 

of control cards and submitted, along with the scanned 

image digital tape from LIPS, for batch processing on the 

GE 635/45 computer. Available routines include the con- 

volution and Fast Fourier Transform (FFT); however, for 

this experiment, only the histogram and contrast routines 

were employed. HISTO plots a histogram of the number of 

occurrences (i.e., number of pixels) in an image of the LIPS 

grey levels from 0 to 255. It also determines the maximum 

and minimum of the grey levels present and the mean, 

median, and the standard deviation of the distribution. 

The output from HISTO occurs on the computer line printer 

and consists of a table of the frequencies of occurrence 

from 0 to 255, as well as the graphical histogram plot. 

CONTR permits the grey levels of the input image file to be 

modified to any value from 0 to 255 in an output image file. 

This permits, for example, a negative image to be changed to 

a positive or a small density range of the input to be 

expanded to a much larger range, for contrast enhancement, 

in the output. Output from CONTR is an output image file, 

which may be further digitally processed or recorded on 

magnetic tape for playback onto unexposed film on LIPS. 
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Digital Image Display 

The Dicomed Model 36 Digital Image Display is a 

cathode ray tube, storage display; that is, it is driven 

from a digital magnetic tape unit and does not require a 

refresh of the video display. An image up to 2048 pixels 

square may be displayed, with 64 shades of grey (i.e., 

driven by 6 bit digital density data) and with an image 

generation time of approximately 15 minutes. Following 

viewing of the image, it may be erased in preparation for 

the next image by an infrared source, mounted in the Display 

unit. This device is utilized to "proofread" the scanned 

digital image tapes from LIPS, prior to DIMES processing, 

and to review the processed output image tapes from DIMES 

prior to hard copy image recording. The major limitation 

of the Display is that it is not capable of presenting an 

image larger than 2048 pixels square. 

Digital Graphics Generator 

The Digital Graphics Generator, or DGG, is a hard 

copy image recording device, which is also known as the 

Bikini ink jet plotter. As the name "ink jet plotter" 

implies, the image is generated by a jet of ink droplets. 

Each droplet is electrically charged as it leaves the jet 

orifice and subsequently passes through an electric field, 

where it is either passed to be plotted or deflected and 

caught, to be recycled through the plumbing to the ink 
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supply reservoir. As opposed to a halftone process image, 

in which the dots are of varying diameters to provide the 

grey levels of the image, the DGG ink droplets are of 

uniform size, nominally 5 mils (5 x 10 -3 inch) in diameter. 

Grey levels are achieved by employing a square dot matrix to 

represent each pixel of the image. The number of dots in 

the matrix element of the image pixels is selectable (same 

for entire image) and, for this experiment, a 4 x 4 matrix 

was employed. The 4 x 4 matrix causes each pixel of the 

plotted image to be nominally 14 mils square, and adjacent 

pixels are interlaced in order to achieve 39 grey levels in 

the resulting image. The DGG, pictured in Figure 6, is a 

drum plotter, capable of a maximum image format size of 40 

by 60 inches, and capable of either prints or transparencies, 

depending on the substrate material mounted on the drum. 

Experimental Procedure 

The 3414 film was exposed in the Specular Sensi- 

tometer to obtain the 21 -step tablet. An Eastman Kodak 80A 

filter was employed to raise the color temperature of the 

illumination, from the quartz halogen bulb, to a color 

temperature approximating daylight. Exposure time in the 

Sensitometer was 1/20 second, the aperture was set at f /4, 

and a clear square aperture was in place in the target plane 

to yield 3/8 inch square density steps on the film (see 

Figure 1 and Table 1). 
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Figure 6. Digital Graphics Generator 
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The resulting sensitometric strip latent image was 

tray processed in D -19 developer, at 68 degrees F., for 4 

minutes. A one -inch artist's camel -hair brush was used to 

brush the developer across the emulsion surface, at the rate 

of 20 strokes per minute, to assure uniformity of develop- 

ment. Development was followed by a 10- second rinse in 

distilled water, 5 minutes in Kodak Rapid Fix with 

occasional agitation, and 30 minutes of rinsing in clear 

water, to which Kokak Photo Flo was added to prevent water 

streaking. Following drying of the strip, the densities of 

the 21 steps were read on the Macbeth densitometer, using a 

3 millimeter diameter aperture. The resulting diffuse 

densities and log exposure values, from the Specular Sensi- 

tometer, are tabulated in Table 6, and the D log E curve is 

plotted in Figure 7. 

The sensitometric strip was cut into two equal 

lengths 95 millimeters long, since the 8 inch length of the 

21 density steps exceeded the allowable length which could 

be mounted on the LIPS scan drum. That is, each half of the 

strip now measured 95 x 70 millimeters, compatible with the 

LIPS drum format. The scan drum was cleaned with 99% pure 

isopropyl alcohol, and dust and lint were blown off with a 

can of compressed air. Then the first half of the strip was 

mounted on the scan drum, and isopropyl alcohol was applied 

between the drum surface and film base with an eyedropper. 

This index matching between the film and drum served two 
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Table 6. 3414 Film Log Exposure and Diffuse Density 

Step number Log10E DD 

Base + Fog 0.06 

1 0.0070 0.06 

2 0.2570 0.06 

3 0.3820 0.06 

4 0.5000 0.06 

5 0.6890 0.06 

6 0.8650 0.06 

7 1.0780 0.07 

8 1.1760 0.07 

9 1.3150 0.09 

10 1.4460 0.15 

11 1.6150 0.24 

12 1.7140 0.38 

13 1.8710 0.69 

14 2.0070 1.05 

15 2.1870 1.44 

16 2.3450 1.80 

17 2,5030 2.03 

18 2.6430 2.24 

19 2.7830 2.34 

20 2.9360 2.46 

21 3,1030 2.51 



56 

3.00 DEVELOPER: D -19 

TIME: 4 MIN 

D 

i 

TEMP: 680 F 

AGITATION: 20 /MIN a,o 
F 

GAMMA: 2.25 

F 

U 2.00 
e 

S 
0 

E 

e 
D 

E 

N 1.00 
S 

1 

T 

Y 
0 
o 

-O-OO-O-O-OO-O o' 
DD 

1.00 2.00 3.00 4.00 

ABSOLUTE LOG EXPOSURE , LOG E 

Figure 7. D Log E Curve of 3414 Film 



57 

purposes. First, the matte antihalation backing of the 3414 

film contains plastic spheres, commonly called pelloids, 

many of which remain imbedded in the base material after 

processing. These pelloids represent phase objects to the 

coherent light of the scanning spot and their presence would 

confound the granularity data. Index matching renders them 

virtually invisible to the scanning spot. Second, inter- 

ference fringes had been observed previously in LIPS scanned 

images. These are due to multiple reflections across the 

air gap, between the film base and drum surface, and due to 

the fact that the collection numerical aperture of the photo- 

diode is less than unity. If the collection numerical 

aperture of the photodiode were unity (or nearly so), the 

photodiode would collect all the light in the interference 

fringe pattern and intensity modulation would not occur. 

However, index matching eliminates the air gap and conse- 

quently the fringe problem. 

The LIPS scanner analog to digital (A /D) electronics 

were calibrated according to the specified procedure in the 

operator's manual. The resulting settings of the poten- 

tiometers (also used for the remainder of the experiment) 

on the "Scanner A/D Electronics" panel of the LIPS 

electronic control console are given in Table B.l, Appendix 

B. Then the microscope objective and aperture on the 

scanner optical turret were set for the Mode 4 spot (approxi- 

mately 10 micrometer diameter), and the selector switch on 
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the electronic control console was set for Mode 4, i.e., 

10 micrometer pixel and scan line spacings. The target 

locating microscope, above the scan drum on the optical 

bench unit (see Figure 2), was employed to determine the 

coordinates of the four corners of the scan "window" which 

fell within the 3/8 inch square, first step of the sensi- 

tometric strip. Settings were made on the elctronic control 

console for this scan window to be 512 pixels per scan line 

by 8 scan lines, for a total of 4096 samples. A fresh 9 

channel magnetic tape was mounted on the tape transport in 

the LIPS electronic control console (in center rack, see 

Figure 2) and readied for recording the first file of scan 

data (i.e., from first step on the sensitometric strip). 

The isopropyl alcohol index matching was checked under the 

first step of the strip, more was applied if required, and 

the access hatch on the optical bench unit was closed and 

latched to prevent stray ambient light from reaching the 

photodiode. With all readied, the first density step was 

scanned. Then the access hatch was opened, the coordinates 

of the same size scan window in the second step were located 

and set electronically, the isopropyl alcohol was checked 

(and replenished as required), the hatch was closed, and the 

scan of the second step was accomplished (with the digital 

data written onto tape as the second file). This procedure 

was repeated for successive steps of the first half of the 

sensitometric strip, until the last step had been scanned 
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and digitized onto tape. Then the first half was removed, 

the drum was cleaned, and the second half of the strip was 

mounted, with isopropyl alcohol index matching. The pro- 

cedure was repeated for successive steps on the second half 

of the strip, until the last density step had been scanned 

and digitized onto tape. 

The above procedure, again, was repeated for each of 

the Mode 3 and Mode 2 scanning spot sizes (i.e., approxi- 

mately 5 and 2.5 micrometer diameter scanning spots, 

respectively). In each case, the corresponding Mode switch 

was selected on the LIPS electronic control console; that 

is, the sample spacings (between both pixels and lines) were 

set at 5 and 2.5 micrometers, respectively. The electronic 

calibration was repeated in each case, and potentiometer 

settings were found to be nominally the same as the Mode 4 

scan, so the values listed in Table B.l were retained. For 

each mode, a fresh magnetic tape was mounted on the tape 

transport and each density step on each half of the sensi- 

tometric strip was scanned and digitized onto the tape. 

The next step was to statistically analyze the 

digitized microdensity data for each step of the sensi- 

tometric strip, recorded on each of the three magnetic tapes 

(i.e., for each of Mode 4, 3, and 2 scanning spot sizes). 

This was accomplished by submitting the tapes, along with 

the required control deck, for processing on the GE 635/45 

computer with the DIMES routine, HISTO. This resulted in 
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approximately 63 histograms (several fewer, since, of the 21 

density steps, the bottom several were uniformly the base 

plus fog density), approximately 21 for each of the three 

tapes (spot size modes). Along with the histogram and 

tabular listing of the histogram data, HISTO gave the 

desired mean density and standard deviation (rms granu- 

larity) for each density step. 

Upon examination of the histograms and by plotting 

the standard deviation versus mean density data for each 

spot size mode, several anomalies in the data were dis- 

covered. Three general cases of histogram data are 

illustrated in Figures 8, 9, and 10. Though these histo- 

grams are from the Mode 4 data (i.e., approximately 10 

micrometer spot diameter) they are generally illustrative 

of the histograms of the data from the two smaller spot 

diameters (Modes 3 and 2). 

Figure 8 illustrates well- behaved data, as was 

obtained for the majority of the density steps of each mode 

(for Modes 3 and 2, the peaks are generally lower and the 

distribution broader). Superimposed on Figure 8 is the 

normal, or Gaussian, distribution of the same mean and 

standard deviation as the histogram data. As may be seen, 

except for the quantization due to the digital levels, the 

histogram is a good approximation to the normal distribution. 

One data anomaly, which was only present in the Mode 

4 (10 micrometer) data, is illustrated in Figure 9. Note 
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here the scatter in the distribution, which has its ordinate 

value beyond LIPS density value number 16 magnified ten 

times. Here the distribution centered at about LIPS density 

value 12 would be approximated by a normal distribution, if 

the values above about level number 16 could be ignored. 

Note also in Figure 9 that, although the mean is a low 

value, the standard deviation is abnormally high (compare, 

for example, the corresponding values on Figure 8). Three 

such bad data points occurred in the Mode 4 data only, one 

each in the low (shown in Figure 9), medium, and high 

density data. In two of the three cases of bad data points, 

dust or lint particles in the data bounded by the scan 

window were the suspected cause. In the third case, in 

addition to dust or lint confounding the data, either a 

pinhole in the emulsion or a small number of pixels from the 

adjacent, lower density step were the suspected cause of a 

small secondary peak lower than (as well as above) the main 

histogram peak. To verify these assumptions, the three bad 

point files were written onto magnetic tape in a format 

compatible with the Dicomed Digital Image Display. The 

displayed images verified the assumptions of dust and lint 

and, that for the low density secondary peak, a small por- 

tion of the next lower density step had been included in 

the scanned area. Rather than repeat scanning the density 

steps for these three data points, the tabular data were 

examined and compared with the graphical histogram for each 
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case. Then the tabular data were truncated at the points 

corresponding to the skirt of the central peak, and the mean 

and standard deviation were redetermined; these data values 

are noted as "adjusted" in subsequent sections. 

Finally, Figure 10 illustrates another type of 

anomaly that occurred in the data. As may be seen, the 

histogram appears like half of a normal distribution, which 

nullifies the significance of the standard deviation. This 

effect is due to the limited dynamic range available in the 

LIPS density digitization. That is, the maximum available 

value is digital level 255, so that any microdensity values 

exceeding this will be written onto the tape as a digital 

255. This problem was most severe in biasing the standard 

deviations of the last one or several data points downward 

toward abnormally lower values. Rather than change the 

electronic calibration of LIPS and repeat the scanning of 

these density steps, since that would create problems in 

correlating the resulting data with the original data, these 

points were omitted from further calculations. 

Now, with the LIPS mean density and standard devia- 

tion for each density of the 3414 sensitometric strip, and 

with the corresponding diffuse densities read on the Macbeth 

densitometer, the data were tabulated and plotted for each 

LIPS scanning mode. Tabular and graphical data are given 

in the next chapter. A least squares fit to the data was 

performed, resulting in an equation of the form of Equation 
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(33). Such an equation was fit to the LIPS standard devia- 

tion versus LIPS mean density data, as well as to the LIPS 

mean density versus Macbeth diffuse density data. The two 

equations were combined to relate the diffuse rms granu- 

larity (standard deviation) to diffuse density. Finally, 

the resulting least squares regression equation was applied 

to the 3414 density range via Equation (34). This equation 

was iteratively solved for the mean density and bounds of 

each distinguishable density level, and was repeated for 

each of one through five standard deviation bounds on each 

DDL. 

Next, a test scene was composed on the laboratory 

bulletin board. Assorted image prints, both photographic 

and offset, including an USAF 1951 tribar target, grey 

scales, aircraft silhouettes, and outdoor scenes, were 

pinned to the board (see Figure 11). Illumination of the 

target scene was provided by three quartz halogen lamps, 

and a Wratten 80A filter was used in the Hasselblad camera 

to achieve a source color temperature approximating daylight 

(same illumination as employed in the Specular Sensitometer). 

The Hasselblad camera was loaded with a roll of 70 mm 3414 

film, cut from the same roll as used for the sensitometric 

strip, and was tripod mounted 19 feet from the bulletin 

board target. This resulted in the bulletin board image as 

measured on the camera's ground glass viewfinder being 10 

millimeters square. The camera was visually focused, the 
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Figure 11. The Test Scene 
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shutter speed was set for 1/30 second (compared with 1/20 

second exposure for the sensitometric strip), and a cable 

release was employed to minimize jarring the camera during 

exposure. A total of ten image exposures were made, with 

two replicates of each of the f /stop settings 2.8, 3.5, 

4.0, 4.8, and 5.6. The resulting strip of latent images was 

cut from the supply roll and processed under identical con- 

ditions as previously described for processing the sensi- 

tometric strip. Following drying, the densities of each 

image were read on the Macbeth densitometer, with a one 

millimeter aperture (due to the small size of the grey scale 

image), and the limiting tribar resolution in each image was 

determined by visual examination under a microscope. The 

Mann comparator was employed to measure the image to deter- 

mine the reduction factor (86x) and, thence, the resolution 

limit of each image. The highest visual resolution, group 1 

element 5, was read in the third image, the first image 

employing an f/3.5 aperture. The resolution of the image 

was determined to be 91 cycles per millimeter and the 

Macbeth diffuse densities were 0.07 for the base plus fog 

level and 0.09 and 1.80 for the minimum and maximum 

densities, respectively. 

The selected image was cut from the strip of images 

to yield a 95 millimeter length, compatible with the LIPS 

drum format. This strip was mounted on the scan drum, 

index matched with isopropyl alcohol, and scanned with each 



69 

of the Modes 4, 3, and 2 spots in the same manner as previously 

described for the sensitometric strip. Due to the 10 milli- 

meter square image area and the 10 micrometer sample spacing 

(between both pixels and scan lines) , the Mode 4 scanned image 

was 1024 pixels square. The file sizes of the Modes 3 and 2 

images were, correspondingly, 2048 and 4096 pixels square. Due 

to the large file length of the Modes 3 and 2 scanned images, a 

fresh magnetic tape was required for each of the image files. The 

tapes of Modes 4 and 3 were reviewed on the Dicomed Digital 

Image Display, prior to DIMES digital processing; however, 

the Mode 2 image could not be viewed first since its size 

exceeded the Display's capability. Later, after recording 

back several of the processed output images of Mode 2, it was 

discovered that a LIPS malfunction had completely scrambled 

the original, scanned image tape data, rendering the proces- 

sing useless since no intelligible images resulted. In retro- 

spect, it would have been beneficial to have verified the 

original scanned image Mode 2 tapes before the DIMES pro- 

cessing, by employing the recording feature of LIPS to ob- 

tain an output photographic image as a check of this tape. 

Now, DIMES processing of the scarred, digitized test 

images was the next step. First, HISTO was applied to each 

of the three input image files to obtain a histogram of the 

digital. densities. Figure 12 illustrates the Mode 4 

(approximately 10 micrometer diameter spot) input image 

histogram; the corresponding histograms for Modes 3 and 2 
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are quite similar with slightly broader distributions toward 

both higher and lower LIPS density values. 

The DIMES density scale modification routine, CONTR, 

was employed to suppress the grain noise by generating 

output images with only the discrete densities of the means 

of each DDL. That is, the upper and lower bounds of a DDL 

(in terms of the LIPS density values, from 0 through 255) 

were used to determine the range of LIPS density values in 

the original digital image which were all to be changed to 

the LIPS density value of the mean for that DDL. This 

modification by CONTR is accomplished by a table look up in 

which the table contains 256 values, each value being the 

output LIPS density value, and the sequential position of 

the value in the table determines the input LIPS density 

value affected. For example, if the lower and upper bounds 

of a LIPS density value DDL are 8 and 10, respectively and 

inclusively, while the mean for this DDL is 9, then the 

values of table positions 9, 10, and 11 (allowing for 0 as 

the first position) would all be 9. That is, the first 

11 values of the table would be 0, 0, 0, 0, 0, 0, 0, 0, 

9, 9, 9 (assuming no image density below LIPS value 8). 

Such look up tables were generated for each of the three 

tapes of scanned, digitized images and, in each case, for 

each of one through five standard deviation bounds on the 

DDLs. CONTR was applied in each case, creating noise 

suppressed output image files, each of which was written 
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onto magnetic tape and for each of which HISTO was employed 

to obtain a histogram of the image densities. 

An example of one Mode 4 output image histogram is 

given in Figure 13, for two standard deviation bounds on 

each DDL. Note that the first histogram spike at LIPS 

density value 9 corresponds to the CONTR table values of the 

example above. That is, this histogram is the result of the 

processing and, consequently, the spike at level 9 includes 

all pixels which, in the original image, had LIPS densities 

of 8, 9, or 10. Thus, the ordinate value of level 9 in 

Figure 13 is equal to the sum of the ordinate values of 

levels 8, 9, and 10 in Figure 12. The corresponding Mode 4 

processed image histogram, for one standard deviation bounds 

on each DDL, would have more spikes (approximatly twice as 

many as Figure 13), while histograms for a greater number of 

standard deviation bounds would have fewer. The corre- 

sponding Mode 3 processed image histogram, for two standard 

deviation bounds, would have approximately half the number 

of spikes, due to the rms granularity (standard deviation) 

being about twice as large as that for Mode 4. Similarly, 

for Mode 2, the number of spikes would again be approxi- 

mately half as great as for Mode 3. 

Finally, the processed, output image files on 

magnetic tape were recorded back as intelligible images on 

the Digital Graphics Generator. Originally, image re- 

cordings were attempted using the recording function of 
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LIPS. However, difficulties were encountered in proper 

calibration of the recorder's digital to analog (D /A) 

electronics and the resulting gamma (gradient) in the 

digital density to exposure conversion was too steep, 

resulting in excessive contrast in the output images. The 

best settings obtained in the D/A electronics are given in 

Table B.1. This problem with LIPS was overcome by gener- 

ating the output images on the DGG which, since it does not 

employ a photographic process for image generation, does 

not suffer the problem of an analog electronics conversion 

of the densities. 
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CHAPTER 4 

DATA AND CONCLUSIONS 

Granularity Data 

Data, resulting from the histogram and statistical 

analysis of the sensitometric strip density steps, are given 

for Mode 4 in Table 7, for Mode 3 in Table 8, and for Mode 

2 in Table 9. Also given, in each case, are the Macbeth 

diffuse densities of each density step. Note that, for 

comparison with diffuse density, all LIPS data values are 

multiplied by 10 -2. 

In Table 7, three data values are noted as 

"adjusted." As discussed in the Experimental Procedure 

section of Chapter 3, these represent data in which the 

film granularity was confounded by inclusion of extraneous 

data (such as dust and lint particles, illustrated by 

Figure 9) within the film area scanned; for these three, 

the original values are also given. Also noted in Table 7 

are the last three data values, omitted from the least 

squares regression curve fit to the LIPS standard deviation 

versus mean density data. As discussed in the Experimental 

Procedure section of Chapter 3, these are data in which the 

standard deviation value was meaningless since the density 
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Table 7. LIPS Mode 4 Scan Density Data 

Sensitometric 
Strip 

No. Step No. 

Diffuse LIPS Mean LIPS Standard 
Density, Density, Deviation, 

ULa 
a(5)La 

1 4 0.06 0.0851 0.0093 
2 5 0.06 0.0911 0.0106 
3 6 0.06 0.0939 0.0101 
4 7 0.07 0.0941 0.0093 
5 8 0.07 0.1141b 0.0128b 

(0.1765) (0.1482) 
6 9 0.09 0.1561 0.0110 
7 10 0.15 0.2240 0.0094 
8 11 0.24 0.3876 0.0167 
9 12 0.38 0.6486b 0.0237b 

(0.6250) (0.1332) 
10 13 0.69 1.1101 0.0334 
11 13 (Duplicate) 0.69 1.1273 0.0315 
12 14 1.05 1.6728 0.0400 
13 15 1.44 2.1267b 0.0546b 

(2.1550) (0.1023) 
14 16 1.80 2.3759 0.0683 
15 17 2.03 2.4670 0.0614 
16 18 2.24 2.4953 0.0474 
17 19 2.34 2.5ï_05c 0.0423c 
18 20 2.46 2.5163c 0.0369c 
19 21 2.51 2.5145c 0.0380c 

by 10-2, 
aValues tabulated are LIPS density values multiplied 

bAdjusted values; original data values enclosed 
within parentheses. 

cValues omitted from least squares regression 
curve fit. 
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Table 8. LIPS Mode 3 Scan Density Data 

No. 

Sensitometric 
Strip 

Step No. 

Diffuse 
Density, 

DD 

LIPS Mean 
Density, 

LIPS Standard 
Deviation, 

s i) La 

1 4 0.06 0.0919b 0.0262b 
2 5 0.06 0.0467 0.0157 
3 6 0.06 0.0569 0.0139 
4 7 0.07 0.0516 0.0137 
5 8 0.07 0.0598 0.0123 
6 9 0.09 0.0982 0.0109 
7 10 0.15 0.1764 0.0191 
8 11 0.24 0.3295 0.0256 
9 12 0.38 0.5891 0.0537 

10 13 0.69 1.0330 0.0314 
11 14 1.05 1.5254 0.0388 
12 15 1.44 1.9436 0.1097 
13 16 1.80 2.0971 0.0894 
14 17 2.03 2.1725 0.0875 
15 18 2.24 2.2411 0.0902 
16 19 2.34 2.3019 0.0972 
17 20 2.46 2.3017b 0.0684b 
18 21 2.51 2.3025 0.0869 

by 10-2. 

fit. 

aValues tabulated are LIPS density values multiplied 

bValues omitted from least squares regression curve 
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Table 9. LIPS Mode 2 Scan Density Data 

Sensitometric Diffuse LIPS Mean LIPS Standard 
Strip Density, Density, Deviation, 

No. Step No. DD DLa a (D) La 

1 4 0.06 0 0 

2 5 0.06 0 0 

3 6 0.06 0 0 

4 7 0.07 0 0 

5 8 0.07 0 0 

6 9 0.09 0 0 

7 10 0.15 0.0164 0.0110 
8 11 0.24 0.1634 0.0254 
9 12 0.38 0.4177 0.0391 

10 13 0.69 1.4277 0.0528 
11 14 1.05 1.4355 0.0499 
12 15 1.44 1.8994 0.0906 
13 16 1.80 2.1713 0.0963 
14 17 2.03 2.2545 0.1046 
15 18 2.24 2.2692 0.1020 
16 19 2.34 2.2706 0.1024 
17 20 2.46 2.2479 0.0920 
18 21 2.51 2.3108b 0.0649b 

by 10-2. 

fit. 

aValues tabulated are LIPS density values multiplied 

bValues omitted from least squares regression curve 
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histograms were non -normal distributions, as illustrated in 

Figure 10. 

In Table 8, two data values are noted as omitted 

from the least squares regression fit to the LIPS standard 

deviation versus mean density data. Of the two, the first, 

at the low density, may have been confounded by inclusion of 

extraneous data, such as the opaque metal fingers used to 

clamp the film strip to the scan drum (since this density 

step was at the beginning of the first half of the sensi- 

tometric strip). However, this possibility was not checked 

and there was not conclusive evidence to support this in the 

density histogram for this step. Since these data appeared 

anomalous, they were omitted from the regression line fit. 

The second of the two data values noted was a case of a non - 

normal distribution. 

The two data values noted in Table 9 were both 

examples of non -normal distributions, one at each end (high 

and low densities) of the available LIPS quantizing range. 

Also omitted from the regression line fit were all the 

leading zero data values. 

To each set of the LIPS standard deviation versus 

LIPS mean density data, a least squares fit was performed, 

yielding a linear regression equation of the form of 

Equation (33) in the Signal and Noise section of Chapter 2, 

THEORY. Several fits to each data set were performed, 

omitting different data values; however, the fits so 
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obtained were not significantly improved. Thus, the 

equations fit to the data values of the tables (omitting 

those values noted), the correlation coefficient of the fit, 

and the square of the correlation coefficient (the per cent 

of the variance of data values from the regression line 

accounted for by the equation fit) are given for each case 

in Table 10. 

Table 10. Least Squares Regression Equations Relating LIPS 
Standard Deviation to LIPS Mean Density 

Per Cent 
LIPS Data 
Scan Data Correlation Variance 
Mode Points Coefficient, Explained, 
No. Fit Regression Equation r r2 

4 1 -16 a(D)L = 0.032651,0.5367 0.9724 94.6% 

3 2 -17 (5(5)1, = 0.05225L0.4998 0.9401 88.4% 

2 2 -11 G(5)1, = 0.059652.5193 0.9321 86.9% 
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The LIPS standard deviation versus LIPS mean density 

data of Tables 7, 8, and 9 are plotted in Figures 14, 16, 

and 18, respectively. The adjusted and /or omitted data 

points are noted in each case, and the least squares re- 

gression line fit to the data, given in Table 10, is plotted. 

Further, since the LIPS efflux light collection 

technique discussed in Chapter 3, THE EXPERIMENT, causes 

the LIPS density values to be semi -specular, the LIPS 

standard deviation is not the diffuse density rms granu- 

larity desired. Thus, it was necessary to determine a 

calibration, for each of the three scanning modes employed, 

of the LIPS density values to diffuse density. This was 

accomplished by plotting the LIPS mean densities versus 

diffuse densities, given in Tables 7, 8, and 9, in Figures 

15, 17, and 19, respectively. From these graphs, it is 

apparent that the calibration becomes non -linear for diffuse 

densities above about 2.0. This effect is due to a dif- 

ferent cause than the limited dynamic range of density 

quantization which affects the LIPS standard deviation data 

for high mean densities (approximately above LIPS density 

value 230). The probable explanation is that the photo - 

diode signal preamplifier and /or the logarithmic amplifier, 

for transmittance to density conversion, each operate with 

one gain characteristic, which is incapable of providing 

linearity over the wide dynamic range required. This prob- 

lem might be overcome by recalibration of the scanner 
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Figure 19. LIPS Mode 2 Mean Density Versus Diffuse Density 
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electronics and reducing the "Analog Density Gain" setting 

used (see Table B.l). However, in an attempt to utilize 

the available data, those values which appeared to be beyond 

the point of approximately linear calibration were omitted 

from the least squares regression equation fit to the LIPS 

mean versus diffuse density data. To each set of data, an 

equation of the form of Equation (33) in Chapter 2, THEORY, 

was fit to the data by a least squares linear regression. 

As with the LIPS standard deviation versus mean density 

data, several fits were tried. However, again, there 

appeared to be no valid justification or improvement in the 

fit over omitting only those points noted in each of Figures 

15, 17, and 19. Table 11 lists the regression equation, the 

correlation coefficient, and the per cent of the data 

variance explained by the equation fit, obtained in each 

case (for Modes 4, 3, and 2), and the regression lines are 

plotted in Figures 15, 17, and 19. 

Diffuse rms Granularity 

In order to relate the 3414 diffuse rms granularity, 

6(5)D, to diffuse density, DD, the two regression equations 

for each of the scanning modes (i.e., each of Modes 4, 3, 

and 2) were combined to derive one equation to express 

a(D)D as a function of the diffuse density alone. That is, 

in the first regression equation for the LIPS standard 

deviation, the LIPS mean density was replaced by the second 
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Table 11. Least Squares Regression Equations Relating LIPS 
Mean Density to Diffuse Density 

Per Cent 
LIPS Data 
Scan Data Correlation Variance 
Mode Points Coefficient, Explained, 
No. Fit Regression Equation r r 

4 1-13 DL = 
D 
1.0154 

0.9984 99.7% 

3 2-13 DL = 1.1516DD1.0586 0.9911 98.2% 

2 2-6 DL = 1.4599DD1.3677 0.9579 91.8% 

regression equation which, in turn, expresses the LIPS mean 

density in terms of the diffuse density. The resulting 

regression equation, and the per cent of the data variance 

explained by the equation fit, obtained in each case are 

listed in Table 12. Here the meaning, of the correlation 

coefficient and per cent of the data variance explained, is 

that these indicate the goodness of the fit of the final 

net regression equation to the original LIPS data values, 

the standard deviations and mean densities. These net re- 

gression equations for all three LIPS scanning modes are 

plotted in Figure 20. Note that the rms granularity values 

for a net density of 1.00 (i.e., above the base plus fog 

density), tabulated in Table 12 and indicated in Figure 20, 

are approximately in the order of 1:2:4 for Modes 4, 3, and 

2, respectively. 
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Figure 20. 3414 rms Granularity Versus Diffuse Density 
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By the use of Equations (30) and (31) of the 

Equivalent Aperture section in Chapter 2 and the LIPS 

influx optics parametric data, given in Table 3, the 

diameters of the Modes 4, 3, and 2 scanning spots were 

determined. The Airy disk distribution radius (to the first 

dark ring) and the diameter of the equivalent pillbox 

intensity distribution spot are listed in Table 13. 

Table 13. Calculated LIPS Scanning Spot Dimensions 

LIPS Scan 
Mode No. 

Airy Disk 
Radius, Ro 
(micrometers) 

Pillbox Spot 
Diameter, 2b 
(micrometers) 

4 15.513 16.190 

3 7.798 8.138 

2 4.135 4.315 
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Then, the diameter of the equivalent pillbox 

distribution scanning spot was employed, via Equations 2 and 

3 of Chapter 2, to determine the mean grain diameter of 

the 3414 silver grains and Selwyn granularity for each LIPS 

scanning mode spot. Also, an approximation to the tribar 

resolution limit was derived from the mean grain diameter. 

This approximation equates the resolution (in cycles per 

millimeter) to the reciprocal of twice the mean grain 

diameter (expressed in millimeters). These calculated 

values are listed, for the three LIPS scanning modes, in 

Table 14. Also included for comparison are 3414 values 

published by Eastman Kodak [34] (or calculated from the 

published values), and data for 1414 film (the same basic 

emulsion coated on a thinner Estar base stock) determined 

by Gray [35]. The LIPS data appear to agree well with the 

Kodak data; however, there appear to be inconsistencies in 

Gray's data (the causes of which were not determined) and, 

here, agreement with LIPS data is poor. 

DDLs and Information Capacity 

In order to determine the number of distinguishable 

density levels, DDLs, of 3414 film, as a function of the 

scanning spot diameter (the three LIPS scan modes), and as 

a function of the number of standard deviation bounds (i.e., 

the number, n, of units of rms granularity) defining each 

DDL density range, Equations (34) and (35) in the Signal and 
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Table 14. Calculated and Published Granularity Data for 
Film Types 3414/1414 

Spot Diameter (pm) 

Selwyn 
Granularity, G 

Mean Film Grain 
Diameter (pm) 

LIPS 
Mode 4 

LIPS 
Mode 3 

LIPS 
Mode 2 

Kodak 
Data 

Gray 
1414 
Data 

16.2 8.1 4.3 48 3.6 

0.58 0.60 0.62 0.54 0.354 

0.68 0.71 0.73 0.64a 1.14 

Calculated Resolu- 
tion Limit (cy /mm) 735 704 684 630b 970 

aBased on rms granularity of 3414/1414 of 0.009, 
D -19 development for 8 minutes at 68 degrees Fahrenheit. 

bBased on visually read tribar resolution for 
1000:1 Test Object Contrast. 

Noise section of Chapter 2 were employed. For processing 

the three digitized test scenes, the resulting mean density 

and upper and lower bounds of each DDL were required in 

each case (LIPS scan mode and number, n, of units of rms 

granularity used). However, for the digital image pro- 

cessing, these data were required in terms of LIPS density 

values from 0 through 255. For diffuse density rms granu- 

larity, the total number, n, of DDLs as a function of the 

three scanning spot sizes and for each of 1 through 5 a(D)D 

bounds on each DDL are given in Table 15. Again, as with 

the rms granularity data, note the approximate ratio of 

4:2:1 for the LIPS scanning Modes 4, 3, and 2, respectively. 
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Table 15. 3414 Distinguishable Density Levels, DDLs, as a 
Function of Scanning Spot Size and Number of 
Standard Deviation Bounds on Each DDL 

LIPS Scan Mode 

4 3 2 

Spot Diameter (pm) 16.2 8.1 4.3 

No. DDLs, N for bounds: 

la(D)D 49 24 12 

20 (D) D 
25 12 6 

30(5)D 17 8 4 

4a (5)D 12 6 3 

5a (D)D 10 5 2 

Here, rather than an inverse dependence on spot diameter as 

in the rms granularity, the number of DDLs appear directly 

related since the number N decreases with the decreasing 

spot diameter. The values of Table 15 are ploted in Figure 

21, where the dotted lines extrapolate each scanning spot 

size case to the number of standard deviation bounds, n (or 

number of units of rms granularity), which would yield one 

DDL above zero exposure for a binary (two level) image. 

Finally, the information capacity, I, of each 

digitally processed test image was calculated from Equation 

(36) of the Signal and Noise section of Chapter 2. This 

calculation was performed for each of the three LIPS 

scanning spot size modes and for each of the one through 
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five standard deviation bounds on the DDL ranges. The 

number of pixels in the processed images was that of the 

original scanned, digitized images, as determined by the 

sample interval between pixels. Thus, the area of each 

pixel of the image was determined by the pixel spacing used 

for each LIPS scan mode, rather than calculated from 

Equation (37) of the Signal and Noise section of Chapter 2. 

The resulting values of the information capacity in binary 

bits calculated for each case are listed in Table 16. Here 

it is interesting to note that the spatial content of the 

image outweighs the density scale content and largely in- 

fluences the value of I. That is, for the l6(5)D bounds 

case as an example, for the progression from LIPS Mode 4 to 

Mode 3 to Mode 2, the DDLs are in the ratio of 4:2:1, the 

number of image pixels are in the ratio of 1:4:16, and the 

resulting values of I are in the ratio of 1:3:9, 

respectively and approximately. 

Experimental Errors 

It is somewhat difficult to quantitatively evaluate 

the magnitude of errors in the experimental data, due to the 

lack of repetition of the same conditions. That is, in the 

LIPS standard deviation and LIPS mean density data, a number 

of conditions (i.e., the three spot size scanning modes and 

eighteen density steps of the 3414 sensitometric strip) were 

tested, rather than a number of duplications of the same 
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Table 16. Information Capacity in Binary Bits for LIPS 
Processed Digital Test Images 

LIPS Scan Mode 

4 3 2 

Spot Diameter (pm) 16.2 8.1 4.3 
Pixel Spacing (pm) 10 5 2.5 
Number of Pixels (1024)' (2048) 2 (4096) 2 
Information Capacity, 
I (x106) ,for DDL Bounds: 

la (D) 5.88 19.2 60.1 

2ß(5)D 4.87 15.0 43.3 

3ß(D)5 4.29 12.6 33.6 

4a (D)D 3.75 10.8 26.5 

5a (D) 3.48 9.73 16.8 

aImage area was slightly greater than 1 cm2, i.e., 
was (1.024 cm)2. 

conditions. However, in one case, the number eleven data 

set of the LIPS Mode 4 scan data, noted as "duplicate" in 

Table 7, the same step of the strip was scanned twice, under 

the same conditions, except that the two areas of the scan 

were contiguous rather than identical. This was due to an 

error in not resetting the LIPS electronic switches to 

define the scan window area at the next higher density step. 

This was a fortuitous and fortunate mistake on the part of 

this author since it did provide, though not a statistically 
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significant sample, a second duplicate sample which indi- 

cates the data repeatability for adjacent areas of the film 

under the same conditions (i.e., same scanning spot size, 

diffuse density, and number of pixels). By reference to 

Figures 14 and 15, the separation between these two data 

points (plotted near the 1.0 abscissa point and between the 

upper right -hand two circled points in Figure 14) provides 

an indication of the magnitude of the repeatability error 

for two duplicate scans under the same conditions. Had 

this scan been of the same area of that density step, 

rather than of an adjacent area, the difference in the 

values between the two data sets would have been approxi- 

mately 0.8 %, as indicated by utilization of the maximum 

grey scale repeatability error listed in Table 5, of 

Chapter 3. This would have resulted in a difference of 

0.008 between the LIPS mean density values, and a difference 

of 0.0002 for the LIPS standard deviation values for the two 

data sets of Table 7, nearly negligible errors. Had a 

sufficient statistical sample of scans of the same density 

step under identical conditions been made, the rms re- 

peatability error due to LIPS electronic noise would have 

been reduced from the latter values by an order of magnitude. 

A much more serious source of error in the LIPS 

density data is attributable to contamination of the 3414 

sensitometric strip film sample. An example of one form of 

contamination was discussed in the Experimental Procedure 
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section of Chapter 3. This was in the Mode 4 scanned data, 

due to scanning dust or lint particles and illustrated by 

the histogram of Figure 9. The magnitude of this error may 

be seen by reference to the three "adjusted" data points in 

Table 7 and noting the large difference in the LIPS standard 

deviation values for each of the three (i.e., compare the 

original and adjusted values). The error in the three sets 

of data values was relatively simple to detect and correct 

by examination of the histograms. However, in the case of 

similarly caused errors in the data but of a lesser magni- 

tude, no estimation of error could be determined from 

examining the histograms. Examples of such data are the 

points plotted in Figures 14 through 19 which have some 

scatter away from the regression line. Other than dust or 

pinholes in the 3414 emulsion, such deviations could be due 

to small spatial variations in the uniformity of the silver 

halide emulsion coating, density deviations due to developer 

streaks, and /or fingerprints on the emulsion surface. The 

requirements for care and handling of film samples for rms 

granularity measurements were discussed by Higgins and 

Stultz, who found that many sensitometric strips had to be 

generated and measured before one yielding reliable and 

consistent data was found [17]. 

Due to these probable sources of error and to the 

fact that the developed film sample contamination and /or 

impurities (manufacturing and /or development) can account 
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for an error equal (or greater as in the three Mode 4 data 

values adjusted) to the scatter of the data points about the 

least squares equation regression line, the regression lines 

are considered the best fit to the data. Examination of the 

values of the per cent of the data variance explained listed 

in Tables 10 and 11 indicates the magnitude of the residual 

error attributable to the problem of contamination and /or 

impurities. As indicated, this error increases with smaller 

spot sizes and affects the LIPS standard deviation more 

seriously than the LIPS mean density data. The reason for 

the increasing error with smaller sizes is due to the fact 

that the total number of pixels was the same for all three 

LIPS scan modes and, consequently, the area scanned became 

smaller with each smaller spot. Thus, any density varia- 

tions due to contamination and /or impurities of the sensi- 

tometric strip film sample represented a greater percentage 

of the total area of the scan (or a greater percentage of 

the total number of pixels). Therefore, the difference 

between 100% and the respective values of the variance 

explained listed in Tables 10 and il should increase for 

smaller scanning spots. A corrective step would be to 

maintain a constant area of the film sample for all the 

scanning spot sizes. Thus, for every reduction of the 

sample spacing by a factor of two (e.g., from the Mode 4 to 

Mode 3 scan), the number of data samples (pixels) would 

increase by a factor of four. This should reduce the effect 
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of increasing variance in the data with decreasing the spot 

size. 

This has been, of necessity, a rather qualitative 

evaluation of probable data errors. In order to properly 

quantify these errors, an adequate statistical sample of 

sensitometric strips would be necessary and would require 

several scans of each density step of each, under duplicate 

conditions. 
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CHAPTER 5 

RESULTS AND CONCLUSIONS 

Granularity Results 

Results of this experiment indicate confirmation of 

the Selwyn granularity law -- Equation (3) --for 3414 film, 

over the range of scanning spot sizes employed, from 

approximately 16 to approximately 4 micrometers diameter. 

Reference to Table 14 of Chapter 4 indicates that for the 

three spot sizes employed (LIPS Modes 4, 3, and 2) the 

Selwyn granularity, G, is constant. The small differences 

among the three tabulated values are well within the range 

of experimental errors and are chiefly due to imperfections 

in the film sample caused for example by dust, pinholes, 

etc. This constant Selwyn granularity indicates an inverse 

dependence of the rms granularity on the square root of the 

scanning aperture area or, equivalently, on the inverse of 

the aperture diameter. Besides this dependence, the 

equations in Table 12 indicate that the rms granularity is 

directly related to the square root of diffuse density. 

Here again, the small differences among the three exponents 

of DD are within the range of experimental errors. 

Again referring to Table 14, the LIPS values of 

calculated Selwyn granularity and mean silver grain diameter 
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are slightly greater than the Kodak data suggest. Also, the 

approximate calculated resolution limits are slightly 

greater than Kodak's test data. The difference between the 

LIPS values and the Kodak values for the Selwyn granularity 

and mean grain diameter is most probably due to the dif- 

ference in processing. That is, the times of development 

were 4 minutes for the LIPS data and 8 minutes for the Kodak 

data, with the shorter time in an attempt to counteract 

somewhat the high agitation rate of the brushed developer. 

The discrepancy between the LIPS calculated and the Kodak 

tested resolution limits is attributed principally to the 

fact that the LIPS calculated values represent an upper, 

theoretical limit while the Kodak value was experimentally 

determined. That is, the Kodak value would be expected to 

be less than a theoretical limit, since the tribar modula- 

tion threshold sensitivity of the human eye, the MTF of the 

viewing optics, and the MTF of the camera lens used to 

image the tribar targets onto the 3414 film would all lower 

the experimentally observed resolution limit. Further, the 

LIPS calculated resolution limit was derived from the mean 

grain diameter. However, the grain size frequency distribu- 

tion of 3414 film is not a normal distribution, but rather 

is shaped like a logarithmic normal curve, i.e., with a 

broader skirt on one side of the peak than the other, the 

broad skirt being toward larger sizes. Thus, the location 

of the peak, the largest number of silver halide particles 
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in the emulsion, is below (at smaller grain sizes than) the 

mean grain size, and this grain diameter is the value which 

probably should be used to calculate the resolution limit. 

This would yield a theoretical resolution limit for 3414 

film even greater than the approximately 700 cycles per 

millimeter, determined from the mean grain diameter. 

Also notable are the number of distinguishable 

density levels available for recording on 3414 film. These 

values, listed in Table 15 were compared with corresponding 

values derived from a formula presented by Higgins [36]. 

This formula provides a means of determining the number of 

DDLs, N, from the mean value of the rms granularity, 6, as 

follows: 

N _ [(Dm - Do)/2n6] + 1 

where, as before, Dm and Do are the maximum and minimum 

densities, respectively, which determine the range available 

for recording, and n is the number of standard deviation 

(or rms granularity) bounds on each DDL. The values of N 

thus derived agree with the values listed in Table 15 to 

within 10 per cent difference or less; for example, Higgins' 

formula yields 45 DDLs compared with 49 for the one standard 

deviation bounds case for LIPS Mode 4 in Table 15. Thus, 

Higgins' formula provides a good approximation to the number 

of DDLs, a value verified by the experimental results. 
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Processed Images 

Various output test images, digitally processed to 

suppress the 3414 image grain noise are presented in Figures 

22 through 30. The experimental procedure employed was 

discussed in Chapter 3 and the distinguishable density level 

(DDL) data utilized were presented in Chapter 4. As dis- 

cussed, the required data for each case of digital image 

processing were the mean density of each DDL (for playback 

of the processed image) and the upper and lower bounds of 

each DDL (to determine the density range of the input image 

to be changed to the mean density level). These data were 

required in the form of LIPS density values and, since the 

total density range of the input image was slightly less 

than the full 0 through 255 of available LIPS densities (see 

Figure 12), the DDLs in the processed, output images are 

slightly fewer in number than the numbers given in Table 15 

for diffuse densities. As noted in Chapter 3, an error 

during scanning of the Mode 2 image resulted in an input 

image tape which contained a totally unintelligible image. 

The processed output image tapes, also contained processed 

copies in which the spatial context was nonsense. Thus, 

unfortunately, no processed Mode 2 images are presented. 

Also, refer to Figure 11 for the original test image prior 

to scanning, for comparison with the scanned images. 

Figure 22 is the LIPS Mode 4 scanned image, pro- 

cessed with one standard deviation bounds on the DDLs. 
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Figure 22. Mode 4 One Sigma Processed Image 
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Figure 23. Mode 4 Two Sigma Processed Image 



ommaleil 

rW.cfilw 

i 

1 

109 

Figure 24. Mode 4 Three Sigma Processed Image 



110 

l 

t 

Figure 25. Mode 4 Four Sigma Processed Image 
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Figure 26. Mode 4 Five Sigma Processed Image 



11 

.110 

IMO 

Figure 27. Original Mode 3 Unprocessed Image 
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Figure 28. Mode 3 One Sigma Processed Image 
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Figure 29. Mode 4 One Sigma Processed Image, for Comparison 
with that of Mode 3 

Figure 30. Mode 3 One Sigma Processed Image, for Comparison 
with that of Mode 4 
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Reference to Table 15 indicates that, for this case, the 

image contains nearly 49 DDLs. The original Mode 4 scanned, 

but unprocessed, image was also recorded and compared with 

the processed image of Figure 22, and no visual distinction 

could be made between the two. Thus, the original un- 

processed image is not illustrated. However, comparison of 

the Mode 4 scanned and processed image of Figure 22 with the 

original unscanned image in Figure 11 indicates that the 

spatial resolution of the scanned image is degraded compared 

with that in the original test scene. This is to be 

expected since the tested LIPS Mode 4 spatial resolution 

capability (81 cycles per millimeter) is less than the 

resolution (91 cycles per millimeter) read from the 

original image. 

Figure 23 illustrates the Mode 4 image, processed 

with two standard deviation bounds defining the DDLs (nearly 

25, per Table 15). Comparison of this image with that of 

Figure 22 indicates but a very minor visual distinction in 

the density scale (the histogram of the Figure 23 image DDLs 

is illustrated by Figure 13). Note that for two standard 

deviation bounds, the probability of the resulting processed 

image densities being signal (rather than grain noise) de- 

pendent is 95 %, compared with a 68% probability of signal 

dependent densities for the one standard deviation bound 

processed image of Figure 22. Figures 24 through 26 

illustrate the effect of three, four, and five standard 
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deviation bound limits on the DDLs. Note the increasingly 

apparent effect of density contouring in these three images, 

caused by the smaller number of DDLs in each successive 

image. Refer to Table 15 for the approximate number of 

DDLs of each image, several fewer for each case (due to the 

density range in the scanned input image being slightly less 

than the full 0 through 255 available). 

Figures 27 and 28 illustrate the original Mode 3 

scanned, but unprocessed, image and the image processed with 

one standard deviation bounds defining its DDLs, respec- 

tively. The two, three, four, and five standard deviation 

bounds, processed images for Mode 3 were visually comparable 

to those for Mode 4 and, consequently, are omitted. Similar 

comments apply to these Mode 3 images, as for their Mode 4 

counterparts. Here, however, as opposed to the lack of 

visual distinction between the Mode 4 scanned but unpro- 

cessed and the one standard deviation bounds processed 

images, there is a small visual distinction in the density 

scale of the Mode 3 counterparts -- illustrated in Figures 

27 and 28. The slight density contouring of the Mode 3, 

one standard deviations bounds processed, image of Figure 28 

(with nearly 24 DDLs as indicated in Table 15) is most 

noticeable in large regions of nearly uniform density. This 

effect is of significance and is attributable to a small 

reflectance difference within those regions of the original 

test scene objects. This effect is not readily visually 
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distinguished in the scanned, but unprocessed, image of 

Figure 27. Similarly to the Mode 4 images, the density 

contouring for the Mode 3 processed images began to be 

most noticeable beginning with three standard deviation 

bounds in processing. Again, the number of DDLs of the 

Mode 3 processed images are several fewer for each case than 

the values cited in Table 15 (due to a less than full 

density range in the input image). 

Finally, Figures 29 and 30 present the Modes 4 and 

3 images for a side by side comparison, each processed with 

one standard deviation bounds on the DDLs. Reference to 

the number of DDLs for each, listed in Table 15, indicates 

that the Figure 29, Mode 4, image is recorded with approxi- 

mately twice the number of DDLs as the Mode 3 image in 

Figure 30. Yet, the Figure 30 image, with fewer DDLs, 

appears visually preferable to that in Figure 29. The in- 

formation capacity values for the two images given in Table 

16 indicate the reason for the subjective preference for 

the Mode 3 image (Figure 30) over its Mode 4 counterpart 

(in Figure 29). That is, the factor of four greater number 

of pixels in the Mode 3 image more than offsets the factor 

of 1/2 reduction in the number of its DDLs, compared with 

the values for the Mode 4 image. However, more important 

than the absolute magnitudes of the information capacities, 

I, is the ratio of the two. The ratio of the two values, 

19.2 million and 5.88 million binary bits for Modes 3 and 
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4, respectively, is approximately three. This is more 

tractable for a relative subjective comparison of the 

quality of the two images, than is an attempt to verify any 

absolute measure of the information capacity values, I. 

Had the Mode 2 image, processed with one standard deviation 

DDL bounds, not resulted in a processed nonsense image, 

comparison of that with the Mode 4, Figure 29, image should 

have provided a more dramatic difference than illustrated by 

the comparison between Figures 29 and 30. 

This latter point is of major significance. That 

is, results indicate the subjective image quality is related 

to the information capacity and is most strongly influenced 

by the spatial resolution of the scanned, processed images. 

The number of DDLs of the processed images is of lesser 

importance, and the number of DDLs obtained with one 

standard deviation bounds processing appears to be adequate. 

Note that the number of DDLs for one standard deviation 

bounds decreases as the spatial resolution of the scanning 

spot increases (e.g., approximately 49, 24, and 12 DDLs for 

each of the Modes 4, 3, and 2 spot sizes employed, respec- 

tively). This result is in general agreement with results 

published by researchers at Perkin -Elmer Corporation [9], 

wherein the investigation addressed the number of gray 

levels required for encoding sampled images. Their results 

indicated that, for a constant number of gray levels (e.g., 

8), subje ̂ tive image quality improved as a function of 
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increasing spatial resolution. Also, for a given level of 

subjective quality, the number of gray levels required 

decreased as the spatial resolution increased. 

Evaluation of LIPS 

The use of the Mark IV Laser Image Processing 

Scanner for this experimental investigation provided some 

data and familiarity with its performance capabilities and 

limitations. The major limitations determined are summarized 

in Appendix B. Also included are several recommendations 

for improving the performance. 

Further Research Recommendations 

In considering the effect of applying a film's rms 

granularity data to suppress the grain noise of a digitally 

processed image, it seems possible that, in addition to the 

grain noise density fluctuations, some signal may also be 

eliminated from the digital image. That is, the rms granu- 

larity is determined from a very large statistical sample 

taken from the sensitometric strip, while the image may 

contain small areas (i.e., with very few pixels) which have 

the same mean density. The size of the statistical sample 

of each will be vastly different. For example, consider one 

area of small dimensions in the image within which there are 

two spatial distributions of density, each having comparable 

grain noise but of slightly different mean densities. 

Within the large statistical sample of the total image such 
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a minute difference would be lost. Thus, provided the means 

of the two small density distributions were separated in 

density by less than the range of the DDL encompassing them, 

the spatial significance of the difference would be 

destroyed in the processing. Thus, a method of overcoming 

this loss is suggested, which might be investigated as a 

continuation of the research effort reported here. 

Suppose one quantized the density range of a 

digitized image into DDLs, bounded by some number of 

standard deviations, determined from the rms granularity, 

characteristic of the film, development, and scanning aper- 

ture. Suppose that, in so doing, some spatially signifi- 

cant image signals were eliminated from the processed 

digital image, along with the grain noise. If the differ- 

ence image were digitally generated from the difference 

between the original and the processed image, it would 

contain the point by point density differences of the 

original values from the closest DDL mean density. Then, 

suppose that the density values of the difference image were 

digitally expanded to cover nearly the full range of 

densities, while the densities of the quantized image were 

compressed to a limited density range, centered about the 

middle density of the total range. Then supposed these two 

images of modified contrast were added. Density ranges 

would require adjustment to account for negative values of 

the difference image. The net resulting image could then be 
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displayed for examination. If only grain noise had been 

deleted in the noise suppression processing, a random salt 

and pepper effect of high contrast, superimposed on a low 

contrast image, with the spatial context of the original, 

would result. However, if spatially significant signal data 

had also been eliminated, it would be recognizable in the 

spatial context of the original image, as an area of high 

contrast but with a less random, more uniform density. 

Armed with this visual indication of eliminated signal, it 

could be isolated and reinstated into the quantized image. 

This general description of an improved technique for 

eliminating the image grain noise seems plausible and 

attractive, and it is suggested as the possible starting 

point for further research. 
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APPENDIX A 

COMPARISON OF THE rms INTENSITY FLUCTUATIONS 
FOR TWO HYPOTHETICAL APERTURE 

FUNCTIONS, u 
1 
AND u2 

The purpose of this appendix is to compare the 

resulting rms intensity fluctuations obtained when an 

uniformly flashed, developed emulsion is scanned with two 

different aperture functions, ul and u2. The notation used 

is the same as that under THEORY and for simplicity 

functions are considered to be rotationally symmetric so 

that only the radial coordinate is used. Thus, let the rms 

intensity fluctuations be given by: 

00 

csI = [f T(r) Ui (r) rdr] 1/2 
0 

(A.1) 

where T(r) is the autocorrelation function of the emulsion 

grain and U(r), for i = 1 or 2, is the autocorrelation 

function of the scanning aperture. 

Further, since only comparative results are desired 

and since T(r) is common to both integrands (i.e., for U1(r) 

and U2(r)), the exact function form of T(r) is not important. 

However, as will be shown, the correlation distance at which 

T(r) ->0 is important. Thus, let: 

T(r) = 1 - I RI 

= 0 

(IrI R) 

(Ir > R) 



Also let: 

U1(r) = (1/A2) (A - Ir )2 ( IrI < A, A> R) 

= 0 

U2(r) = 1-(IrI/X) 

=0 
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These functions are plotted in Figure A.1. 

Now, in order to compare the rms density fluctua- 

tions yielded by the two aperture functions, suppose we form 

the following hypothesis: For two different apertures 

scanning the same photographic emulsion of uniform density, 

a necessary condition for the rms intensity fluctuations 

resulting to be equal is that the volumes under the re- 

spective autocorrelation functions of the apertures be 

equal. In this case, due to rotational symmetry of the 

functions, the areas must be equal. Thus: 

co 

ó 

U1 (r) rdr = fU2 (r) rdr (A.2) 

Now: 

and: 

A 
IU (r)rdr = (1/A2)I(A2-2Ar + r2)rdr 
0 1 0 

= A 2 /12 

co X 
IU (r) rdr = I [1- (r/X) ] rdr 
0 

2 
0 

= X2/6 
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Then, for Equation (A.2) to hold, solving for x in terms of 

A: 

Now, from Equation (A.1): 

Thus: 

Also: 

Thus: 

X = A/(2) 1/2 

(I2)1 = fT(r)U1(r)rdr 

R 
= f [1- (r/R) ] [ (1/A2) (A-r) 2] rdr 

0 

= (R2/6)- (R3/6A) +(R4/20) 

aI,l = [(R2/6)-(R3/6A)+(R4/20)]1/2 

(I2)2 = 7T(r)U2(r)rdr 
0 

R 
= f [1- (r/R) ] [1- (21/2r/A) ] rdr 

0 

= (R2/6) - (21/2R3/12A) 

ßI, 2 = [ (R2/6) - (21/2R3/12A) ] 1/2 

(A. 3) 

(A.4) 

Further, the difference in the rms intensity fluctuations 

between these two is: 

AIrms 
I 6I,2 G1,11 

The per cent difference is: 

(A.5) 

Aorms (AI rms) (1000/uI,l (Irms) (100)/6I2 

(A.6) 
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Now, in order to compare the rms intensity fluctuations, 

allow the correlation distance for the film gain, R, to take 

on various relative magnitudes compared with the correlation 

distance, A, of the aperture (A is a dimension of the 

aperture; e.g., for circular apertures, the diameter). For 

example, for R one -hundredth of A, let A be unity and R 

equal 10 -2. Thus, the quantities given by Equations (A.3) 

through (A.6) are tabulated in Table A.l, for various 

relative magnitudes of R and A. 

Table A.l. rms Intensity Fluctuations for Two Aperture 
Functions,a as a Function of Correlation 
Distances of Grain, R, and of Aperture, A 

R A 6I,2 6I,1 AI 0 A% °rms 

10-2 1.0 4.068 x 10-3 4.062 x 10_3 5.9 x 10-6 0.15% 

10-1 1.0 3.935 x 10-2 3.879 x 10-2 5.6 x 10-4 1.4% 

2 x 10^1 1.0 7.566 x 10-2 7.358 x 10-2 2.1 x 10-3 2.8% 

5 x 10¡1 1.0 1.641 x 10^1 1.548 x 10-1 9.3 x 10-3 5.8% 

aThe magnitude of the rms intensity fluctuations, 
aI 1 and 01,2; their difference, AIrms; and the per cent 
difference, Arms will depend on the exact functional form 
of the autocorrelation functions. Values given here are 
for the functions illustrated by Figure A.1 and for equal 
volumes under the autocorrelation functions of the two 
apertures, as defined by Equation (A.2). 
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As is apparent from the values in Table A.1 (and was 

intuitively obvious from the beginning, illustrated by 

Figure A.l), the hypothesis is incorrect. That is, the rms 

intensity fluctuations from the two different apertures are 

not equal for equal volumes under the autocorrelation 

functions. The non -zero difference is equal to the differ- 

ence in volume (in this case, area, shown as cross -hatched 

area in Figure A.l) between the two aperture autocorrelation 

functions, out to a distance equal to the correlation 

distance, R, of the grain. However, one conclusion which 

may be drawn from this analysis: Though the hypothesis, as 

stated, is incorrect, the dotted line of Figure A.l gives an 

indication of how it may be restated to be correct. That 

is: 

1. For two different apertures scanning the same 

photographic emulsion of uniform density, a neces- 

sary and sufficient condition for the resulting rms 

intensity fluctuations to be equal is that the 

volumes under the respective autocorrelation 

functions of the apertures be equal, over a range 

equal to the correlation distance of the film grain. 

For example, for the functions given by Equations (A.3) and 

(A.4), and replacing A/21/2 by K, the condition required 

is that: 

- (R3 /6A) + (R4/20) = - (R3 /12X) 
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Solving for x in terms of A and R: 

X = 5A/(10 -3AR) 

Using this result, an U3(r), which yields rms intensity 

fluctuations equal to U1(r), may be defined as: 

U3(r) = 1- 1r1(2 /A -3R/5) Irl<5A/(10 -3AR) 

= 0 Irl>5A/(10-3AR) 

U3(r) is plotted as the dotted line in Figure A.l, for 

R = A /3, or: 

X = 5A/9 = 0.56A (A = 1) 

A second, more generally useful, conclusion which may be 

drawn is: 

2. Provided the autocorrelation functions of two 

scanning apertures are well- behaved and similar and 

provided the correlation distance for the apertures 

is approximately an order of magnitude (or greater) 

than the correlation distance of the film grain, 

the rms intensity fluctuations yielded by the two 

apertures will be equal to within several per cent 

(or less). This is for equal volumes under the 

autocorrelation functions of the two apertures, as 

in the original statement of our hypothesis. That 

is, the error contributed by the condition of equal 

volumes is several per cent (or less). 
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APPENDIX B 

LASER IMAGE PROCESSING SCANNER 
PERFORMANCE EVALUATION 

During utilization of the Mark IV Laser Image 

Processing Scanner (LIPS) and due to the analysis of data, 

gathered with the instrument for this research project, in- 

sight was gained into those areas in which the LIPS per- 

formance could stand improvement. Most points have been 

discussed during previous chapters, but they bear repeating 

and summarizing. 

The first two points relate to decreased photometric 

accuracy at densities above approximately 2.0 diffuse 

density. One problem is illustrated by the histogram of 

Figure 10 and by the data point plots of Figures 14, 16, and 

18 (those points marked "omitted "). That is, the limited 

number of bits of density quantization (8 binary bits, for 

levels 0 through 255) causes errors in density quantization 

at the ends of the density dynamic range. Approaching these 

limits, the statistical distribution of density fluctuations 

is increasingly forced to a non -normal distribution (as in 

the Figure 10 histogram). Though a difficult solution from 

the standpoint of practical implementation, due to the 

standard 8 bit plus parity magnetic tape character of 

standard 9 channel digital tape, the solution would be to 
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add at least one extra bit of density quantization. This 

would provide 9 bits for levels 0 through 511. The second 

photometric problem is illustrated by the break in the 

plotted points above diffuse density 2.0 in Figures 15, 17, 

and 19. These points, marked "omitted," illustrate the 

region of non -linear calibration of LIPS density values with 

diffuse density. This is most probably due to the large 

dynamic range required in the signal preamplifier and 

amplifier of the photodiode circuit. This is a problem 

since a single electronic gain setting is used over the 

entire dynamic range (note the gain settings, as listed in 

Table B.1, used during the entire experiment). A possible 

solution might be a two level gain setting, autoranged to 

the appropriate level by an electronic servo loop in the 

photodiode signal amplifier circuit. 

The second major problem with LIPS is in its optical 

design. This was alluded to in Chapter 3, when the problems 

caused by limited collection numerical aperture of the 

photodiode were discussed. The design of microdensitometer 

influx and efflux optics for linear performance has been 

the subject of a number of recent papers in the literature 

[37 -42]. The essence of these articles is that the instru- 

ment will have a non -linear Modulation Transfer Function 

due to coherence in small sized scanning spots (and /or 

narrow scanning slit widths) if all of the light flux 

emanating from the film emulsion (transmitted) is not 
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Table B.l. LIPS Mark IV Electronic Calibration Settings 

Scanner A/D Electronics Potentiometer Settings 

Analog Transmission Gain: 

Analog Transmission Simulator: 

Analog Density Gain: 

Analog Density Zero Adjust: 

168 

948 

623 

15 

Recorder D/A Electronics Settings 

Modulator Driver Bias Voltage: +145 volts 

Analog Exposure Gamma: 308 

Analog Density Offset: 0 

Analog Exposure Gain: 638 

Analog Exposure Zero: 332 

collected by the detector. A solution to the problem is to 

mis -match the numerical apertures of the influx optics and 

the efflux collection technique (optics if employed). For 

spot sizes determined by the numberical aperture of the 

influx optics (as in LIPS) the collection numerical aperture 

must be greater than that of the influx optics. According 

to Swing [39], the ratio of the numerical apertures deter- 

mines the spatial frequency limit of linear performance in 

the instrument. Following Swing's treatment, these spatial 

frequency limits were calculated for the LIPS Modes 4, 3, 
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and 2 spots employed in the experiment. The numerical 

aperture data are given in Tables 3 and 4. The resulting 

spatial frequency limits are listed in Table B.2. Note that 

the smaller the scanning spot size, the lower this limit. 

The only potential solution, somewhat difficult to implement 

due to the physical confines inside the LIPS scan drum, 

would be to employ some type of tiny light collector of high 

numerical aperture between the inside drum surface and the 

photodiode. For example, a tiny lens of short focal length 

and high numerical aperture might be mounted above and 

attached to the photodiode can (see Figure 5). This would 

also reduce the interference fringe problem discussed in 

Chapter 3, since more of the fringe field would be collected. 

If the collection numerical aperture were unity (or greater 

for index matching the efflux optics to the inner drum 

surface), nearly the entire fringe field, or nearly unit 

flux, would be collected. Thus, the fringes should 

effectively disappear from the scanned data. 

Table B.2. Calculated Limits of Linear Performance for 
LIPS Mark IV Scanning Modes 2, 3, 4 

Mode 2 3 4 

Frequency Limit (cycles /mm) 73 142 181 
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A comparison of the values of Table B.2 with the 

LIPS performance test results in Table 5 indicates that for 

LIPS scanning Mode 2 the MTF is appreciably non -linear. 

Thus, the Mode 2 data results may be influenced by coherence 

of the scanning spot, such as modulation of the signal due 

to the phase relief image on the film emulsion surface. 

This is highly undesirable, and bears investigation and 

correction to provide valid LIPS scanned data, dependent on 

the silver grain density alone. 
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