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ABSTRACT
' " /

The atmospheric transmission and airtight in three spectral

bands as a function of angle off nadir were calculated from radio-• 

metric measurements with cameras and film for a particular solar 

irradiance and atmosphere; the sun zenith angle was 49 degrees, the 

airpaths were from 15,000 feet MSL to the surface at 1,900 feet on a 

clear day at Tucson, Arizona, and the azimuth was into the sun. The 

three spectral bands had peak transmissions at 430 nm0 (blue), 530 nm. 

(green), and 800 nm. (infrared).

The statistics derived from numerous measurements show that 

a standard deviation of 2% can be attained in the relative radiances 

read out of multiband photography obtained with calibrated cameras 

and processed with carefully controlled sensitometry. In the blue 

and green bands, the atmospheric effect on contrast as a function of 

angle off nadir became statistically noticeable at about 35 and 50 

degrees respectively. The standard deviations of the relative 

radiances measured in the blue and green bands were 3% and 2% respec

tively. The effect in the infrared band probably became significant 

at even larger angles; greater inaccuracy in the infrared band data 

precludes a more definitive statement.

Also presented is a solution for an optimum ratio of play

back lamp luminances for false color recombinations in two bands.



CHAPTER 1

INTRODUCTION

Multiband photography exploits radiance differences in two 

or more spectral bands in order to increase the detectable differences 

between two ground objects. In the interpretation of multiband photo

graphy it is usual to compare, on the same frame, unknown spectral 

radiances from a ground scene with known spectral radiances from areas 

of ground truth, Clearly, to maintain reliability in this comparison, 

the recorded spectral radiances should not vary significantly as a 

function of their positions on the photographic frame. A practical 

definition of an insignificant variation is that it should be less than 

the combined effect of exposure variations across any frame, photo

graphic processing variations, etc.

In any particular band the radiance of ground objects will 

depend on several variables; principal variables besides the recording 

instrument itself are 1) nature of the objects, 2) nature of the 

irradiance, 3) intervening atmosphere, and 4) direction of view. This 

thesis reports experimental work done to determine the atmospheric 

effect on the contrasts in three bands of general interest in current 

multiband photography. The effect was measured as a function of angle 

off nadir, and expressed in terms of atmospheric transmittance and 

radiance due to airlight. Based on the radiometric accuracy ,of the
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experiment, a limit to the useful field of view of multiband photo

graphy was established for the conditions described below.

Measurements were made for angles off nadir into the sun, with 

the sun at 49 degrees off the zenith, on a clear day at Tucson,

Arizonao The clear day was chosen as offering the most representative 

and readily reproducible conditions in this region of the country„ 

Angles off nadir into the sun were used because it was in this direc

tion that the contribution of airlight was greatest, based on visual 

observationc The sun angle (49 degrees off zenith) was the highest 

elevation of the sun on 6 February, 1970» Measurements were made before 

and after the maximum elevation to minimize the variation of sun angle 

over the one hour required for measurements 0

The process of determining the scattering and transmission 

characteristics of the atmosphere resulted in a large set of measure

ments » The variation of theoretically identical measurements provided 

a measure of the accuracy that can be expected in practical multiband 

photography.

In the course of doing the main experiment some peripheral 

work was done which is reported in the appendices. In summary this 

work is: 1) experimental procedure and results of measurements of 

leris-filter transmission vs. field angle, 2) a derivation of optimum 

lamp luminances for false color recombinations in two bands,3) two 

calculations used in processing data, and 4) a note on film processing 

experienceo



CHAPTER 2

THEORETICAL BASIS FOR THE MEASUREMENT

The effect of the atmosphere on the radiance contrast between 

two objects can be determined by two quantities« The first is the 

transmission of the intervening atmosphere, and the second is the 

amount of airlight contributed by the intervening atmosphere« The 

objective of the measurements reported here was to determine these 

two quantities as a function of certain angles off nadir and spectral 

bands for a certain solar irradiance and atmosphere as described in 

the preceding section0

For a given angle off nadir, irradiance condition, atmosphere, 

and azimuth of view, the radiance of an object can be expressed as 

n = tN + S, where

n is the radiance as seen through the intervening atmosphere,

t is the transmission of the atmosphere,

N is the radiance of the object if no atmosphere were inter

vening between object and observer,

S is the radiance of the airlight that is received from the 

direction of the object0 

The quantities t and S can be found by measuring n and N for 

two different objects, A and B, and solving the simultaneous equations

3



nA - “ A + S- ”b  " “ b + S
to yield

t - (nA - nB)/(ttA - Hb)

s ‘ V a - “aV/^a " V
The validity of these equations depends on S and t not being functions 

of N« The independence of t and N can be readily accepted. The inde

pendence of S and N is reasonable if the object of radiance N were only

one of many objects of similar radiance in the neighborhood. It is

believed that the natural fields observed in this work satisfy this 

condition well.

Note that t is dimensionless, but S has units of radiance. The 

determination of S as an absolute value demands that an absolute 

radiometric measurement be made. In lieu of this, a comparison of 

- the measured radiances to the radiance of. some object of standard 

reflectivity may be used. In this work? a panel of reflectance paint 

was used as a reference.

The altitude from which the radiometric measurements were 

made was determined ultimately by aircraft characteristics. Low 

altitudes of 1,000 and 2,000 feet and a high altitude of 13,000 feet 

over the ground were used. The ground was at 1,900 feet MSL. An 

aerosol distribution model presented by Elterman (1968) predicts 

that at 13,000 feet above the surface about 96% of the aerosol con

tent lies below. Radiances observed downward from this altitude 

should include the major effects of Mie scattering by aerosols.

However, since only about 26% of the gaseous components of the atmosphere



lie between the high altitude and 2,000 feet oyer the surface, the 

effects of Rayleigh scattering are probably not well represented in 

the measurementso



CHAPTER 3

EXPERIMENTAL PROCEDURE

The objective of the experimental procedure was to measure 

the radiance of two objects with and without the atmosphere inter™ 

vening as a function of spectral band and angle of view off nadir0 

The sun angle, azimuth of view, and atmosphere were fixed* This 

chapter describes the equipment used, the specific measurements made, 

and the errors involved* An outline, presented first, provides an 

overview by which the significance of the diverse experimental factors 

can be better understood when they are detailed in subsequent sections*

Outline ,

Two agricultural fields were chosen as convenient sources of 

radiation* These fields were photographed in three spectral bands 

from 13,000 feet, 1,000 feet, and 2,000 feet altitude above the

ground at various angles off nadir on a clear day* On the following

clear day, photographs were taken on the ground of a reflectance
o

paint panel against various parts of the fields* The aerial and 

ground films were developed in a Versamat* The sensitometry of the 

film ttas determined through extensive use of sensitometrie wedges *

The radiances of the fields were determined by measuring the density 

of representative points on the fields, converting the densities to

radiances through the sensitometry, and correcting the radiances for

6



cosine^ decrease in image irradiance as a function of field angle. 

Concurrently with conversion of densities to on-axis radiances, the 

angle off nadir of the area measured was computed from its polar 

position on a frame and the camera pointing angle. The resultant 

measurements thus consisted of radiances of a high reflectance and 

low reflectance field, at various angles off nadir, from a high and

low altitude, in three spectral bands. From these radiances the

values of transmission t and airlight S were calculated as a function

of angle off nadir and spectral band.

The reflectances of the fields relative to the reflectance 

paint panel were calculated by averaging numerous measurements of 

radiance of the fields seen from a stepladder. 1

Equipment

The equipment used in the measurements consisted of t

1) objects which served as sources

2) a radiometer to record radiances as a function of spectral 

band (cameras, filters, and film)

3) aircraft and reference platform for observing the objects 

from appropriate angles and distances

4) sensitometer, densitometer, Versamat, and reference source 

of radiation

5) computer software for data reduction

A description follows of the individual components and their 

characteristics.
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Objects

Large objects to serve as sources of radiation had to be used 

because they had to be photographed from up to 10 miles away at the 

most oblique angle, 75 degrees off nadire The objects had to be uni

form because measurement of their radiance involved using the whole 

object at the greatest distances and perhaps only 0*1% of the object 

at the closest distancee Finally, the two objects had to differ as 

much as possible in radiance to minimize the error in the computed 

values of transmission t and airlight S, as will be seen when the 

function describing the errors in t and S is presented (see Experi

mental Errors, this chapter)0

Artificial objects or specially prepared natural surfaces, 

would seem ideal as sources for the desired measurements« Such 

objects would be costly to prepare; in retrospect, they would not 

significantly alter the essential results0 The objects used as 

sources were two adjacent fields located in the Avra Valley agri

cultural region northwest of Tucson, Arizona, Their coordinates 
o ' o 'were 111 18 E, 32 28 N at an elevation of 1,900 feet MSL, The

low reflectance field was in agricultural use and was disked smooth 

at the time measurements were made* The high reflectance field, about 

twice as bright, was fallow; its surface consisted of fine blown dirt 

which was very soft. This fallow field was by far the brightest 

natural object in the area, as judged by the eye. Figure 1 is an 

aerial view of the two fields; Figures 2 and 3 show the two fields as 

seen from the ground,
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Figure 1. Aerial View of the Two Fields Used as 
Sources of Radiation

The low and high reflectance areas used for measurements 
are indicated on the photograph.



Figure 2. Disked Field Used as Low Reflectance Object
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Figure 3. Fallow Field Used as High Reflectance Object
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Radiometer

The camera system from the Apollo 9' S065 multiband photo- 

graphy experiment was used to make radiometric measurements » The 

system consisted of four Hasselblad cameras of the type purchased 

and modified by NASA for space use* The lenses were 80 mm* Zeiss 

Planars * The four were mounted on a ring, and all four shutters 

were triggered simultaneously through an electrical interconnection* 

The cameras are shown in Figure 4* At the time when the measure

ments were made which form the basis for this thesis, one of the 

four cameras was jammed* Consequently, measurements were made in 

only three bands*

The three bands used were defined by filters; they were blue 

(Wratten 47B filter), green (Wratten 58B filter, and infrared (Wratten 

89B filter)» The blue filter was made by mounting a Kodak Wratten 

47B filter in cardboard arid then on the camera lens frame* The green 

and infrared filters were part of the original SO65 experiment and 

are called Photar 58 (green) and Photar 89B (infrared) (NASA, 1969)* 

The transmission vs * wavelength for each of the filters was measured 

with a Cary 14 spectrophotometer at a scale of 75nm*/inch* The 

transmission values of these filters agreed with those published 

for the appropriate Wratten filters within 10 nm* (Kodak, 1965)*

Photar 58 corresponds to Wratten 58B *

The films used were Kodak SO-164 (blue and green bands) and 

SO-*246 (infrared band) * SO-164 is 3400 film (Pan-X type emulsion)
i

with a fast drying backing* SO-246 (irifrared band) carries an 

emulsion similar to that of 5424 film on a 102 nm* Estar base*
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Figure 4. Apollo 9 S065 Camera System Used as a Radiometer
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The infrared band is bounded at about 880 nm. by the film sensi

tivity. The relative spectral responses of the three lens-filter- 

film combinations used are presented in Figure 5 (Slater, 1969 

and 1970)o

Shutter errors were a significant unknown in the measurements. 

The lenses used for the blue and green band (#4488988 and #4593532) 

had shutters that gave repeatable exposures based on the small scatter 

observed in a consecutive series of measurements. The lens used 

for the infrared band (#4591824) had a systematic shutter error 

that appeared to depend on the time since the last exposure and the 

environment. This error is discussed in more detail in this chapter 

under Experimental Errors. Earlier measurements on the shutter 

operation had been made in connection with the S065 experiment for
i

which the camera system was built. The shutters of the four cameras 

had been tested by Zeiss to determine their actual open time before 

delivery of the lens to NASA. Using these data (NASA, 1968) the 

average deviations were determined; each lens had several suitable 

shutter speeds (1/60 sec or faster) with a low average deviation 

(0.4%) and usually one speed where the average deviation was much 

greater. National Bureau of Standards measurements made after 

flight of the system on Apollo 9 suggest that the shutters were 

staying open longer than they did preflight (Keenan & Slater, 1969).

The relative transmission of lens-filter combinations was 

measured as a function of field angle for each of the bands used, 

using a source of collimated light and an appropriate detector.



(2)

Wavelength (nm„)
Figure 5. Relative Spectral Response of Lens, Film, and Filter Combinations

' "  ' ' . , ■ ■■ -
(1) Lens + 47B filter + 3400 film . =
(2) Lens + 58B filter + 3400 film
(3) Lens 4- 89B filter 4- 5424 film

Dashed portion of infrared response is based on estimate, not measurement of 
lens-filter transmittance in that region,, The infrared cutoff is due to the-film.

MLn
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These measurements are described in Appendix A „ In essence, they

confirmed that the transmission of the lens-filter combination as a
4function of field angle followed the familiar (cosine) relation, and 

that vignetting was of concern for stops of f/2.8 and f/4. These 

stops were consequently avoided during the radiometric measurements. 

Only one lens was used for these relative transmission measurements; 

it was assumed representative of the -others.

The lens had half f/stop settings: it was observed during

the transmission measurements that the light admitted by the aper

ture varied in the proportion 1.0 : 0.70 : 0.50 from one f/stop to 

the next, the middle value being at the half f/stop. An error limit 

on these proportions is + 2%.

Aircraft and Reference Platform

The camera system was carried in a Cessna 206 aircraft. 

Exposures for large angles off nadir (75, 70, and 60 degrees) were 

made out a side door. The cameras were hand held and the horizon 

served as a reference from which the actual angle of view off nadir - 

could be determined by measurement on the frame to within Hh 1 degree.

Exposures for angles under 55 degrees were made through a 

hole in the floor of the aircraft. A camera mount made of plywood 

permitted pointing in 5 degree increments. The mount is shown in 

Figure 6. Photography through the floor was taken with the air

craft flying 5 degrees riose high. The attitude was monitored with 

a 2 foot bubble level. It was estimated that the attitude errors
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Figure 6. Camera Mount in Aircraft
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and mount errors resulted In pointing errors not in excess of + 4 

degrees; a standard deviation of 2 degrees was estimated0

Boresighting errors for the three cameras were negligible 

for the purposes of this experiment0 There were about 1.5 degrees 

between the two most widely divergent camera axes. It was difficult 

to achieve a good boresight with the type of camera holders used on 

the ring mount.

Sensitometer and Densitometer

The sensitometer used was an EG&G Model Mark IV. The Xenon 

flash tube output was described as "daylight quality" and the repeata

bility of output from flash to flash was quoted as being within + 3%.
.■*3(EG&G, 1967)o All exposures were made at 10 seconds.

The sensitometer output was more repeatable than the + 3% . 

specification would suggest. When the greatest control had been 

achieved with the Versamat processings a strip of sensitometer 

wedges would show average deviations of O01 in density; at a gamma 

of 2 and assuming all the variability was in the sensitometer out

put, this would correspond to an average deviation of 1% in 

irradiance.

In using the sensitometer it was necessary to attenuate the 

light output using neutral density filters. Filters of suitable 

density were made from the SO-246 and SO-164 film by flashing strips 

and developing in D-19. The degree of neutrality of these homemade 

filters with respect to the spectrum, from 350 nm. to 1200 nm. was
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checked on a Cary Model 14 spectrophotometer„ Both the SO-246 and 

SO-164 films were found to deviate relatively little from a flat 

transmittance with wavelength over the range 350 nirw to 1200 mru 

It is interesting to note that a Wratten 96 neutral density (N.D. = 1) 

filter had a much greater dependence of transmittance on wavelength. 

Figure 7 presents the transmittance relative to that at 600 nm. for 

the two films and the Wratten 96 filter.

The densitometer used was a MacBeth Model #402 with a digital 

outputs calibrated using a step wedge provided with the instrument 

and kept in calibration by using a secondary standard made up for 

the purpose o Measurement of sensitometer wedges was done at the 

center of each step using a 1 mm. aperture. The experience on 

' reproducibility of measurements led to the conclusion that the 

error introduced by the densitometer did not exceed + 0.005 density 

units when using the 1 mm. aperture. For measurement of very small 

areas or for integrating over large areas, apertures other than 1 mm. 

were devised. For very small areas, opaque tape laid over the 1 mm. 

aperture produced a slit about 1 mm. long and about 0.25 mm. wide.

For integrating over large areas a washer with an aperture of 5/32 

inch was used. For both these apertures the error in density 

readings was estimated to not exceed + 0.01 units.

Film Development

Development of the film was done on a Versamat Model 11C.
oThe development process used Hunt type A chemistry (90 F) and two
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rackso The film went directly from developer to hypo. SO-164 film 

velocity through the machine was 11 feet per minute; SO-246, 9 feet 

per minute. The velocities were determined by test to give a wide 

exposure range at a high gamma without raising the fog level exces

sively. The Versamat development was very uniform; the average 

sensitometry results for opposite ends of a strip showed that no 

regular gradient along or across the film could be noted. One.note

worthy point about the Versamat processing was that significant 

gradients were introduced on the first six to twelve feet of test 

film that entered the processor, apparently because of unsteady 

motion associated with starting the machine. The problem was elim

inated by letting twelve feet of leader enter the machine first (in 

addition to that leader already threaded through as a waymaker). The 

H & D plots for the three bands are presented in Figure 8.

Prior to using a Versamat to develop film, a motor driven 

rewind system was used. It did not work satisfactorily in that 

uniform development could not be achieved over the twenty foot 

lengths of film used. A summary of experience with the rewind 

system is presented in Appendix D.

Reference Source of Radiation

The values of radiance determined from film densities were in 

arbitrary units. In order to express the values in terms of some 

standard quantity, a level panel of reflectance paint was photo

graphed against the two objects^ Ideally the panel should have 

been large enough so that at low altitude and nadir it could be
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(1) Blue Band
(2) Green Band
(3) Infrared Band

Log Illumination 

Figure 8 0 H & D Plots for the Three Spectral Bands

There is no relation between the abscissa of the three curves 0 
Their relative positions are only illustrativee
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photographed from the aircraft, thus providing an immediate tie to 

the values of object radiance used to determine the effect of atmos

phere. To have a 2 x 2 mm. image on the film from 1000 feet, a 

square 25 feet on a side would be required with the 80 mm. lens 

usedo Equipment of such order was not feasible in this work. In

stead, three small panels a few inches on a side were photographed 

against several areas on each object from a stepladder. Figure 9 

is a typical exposure showing the panels on the low reflectance 

field. Figure 10 shows the experimental arrangement.

The panels were made by flowing a barium sulphate reflec

tance paint over oil painting canvas mounted on cardboard. The 

reason for having three panels was to examine aging characteristics 

of the paint. One panel was made and used for some earlier measure

ments; two weeks later it was used again with the second and third 

panels for the measurements reported here. All three panels were 

made one day before their first use. No significant difference in 

radiance was found between the one old and one of the two new panels. 

The other of the two new panels was made by flowing the paint over a 

previous coat; the resultant surface was rougher than one coat, and 

the radiance values in the three spectral bands were about 3% lower 

than for the smoother one coat panels. From these observations it 

was concluded that a panel would not change significantly after two 

weeks aging. Also significant is that two panels made by the same 

method at different times had the same reflectance to within 2% (the 

one coat panels).
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Figure 9• Typical Frame from Reflectance Measurements
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Figure 10. Typical Arrangement for Reflectance Measurements
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Another experiment done was to examine the lambertian be

havior of the test panels. Looking down at the panels from the 

stepladder, with the sun at about 50 degrees off the zenith, photo

graphs were made of the panels while their normal inclination with 

respect to the sun was varied from 20 degrees to 75 degrees. If the 

panels were lambertian, their radiance would vary as the cosine of 

the inclination of the sun to the panel normal. The results showed 

that their behavior was decidedly non-lambertian. Their radiance 

dropped off faster than the ideal cosine; however, out to about 50 

degrees inclination to the.sun* their radiance was 90% or better of 

the theoretical value expected.

Computer Software

The major data reduction program reduced a density at some

point on a frame to a radiance and an angle of view. The density

was converted to a radiance by using the density as an index to

select a corresponding radiance from a table. The table was made

using the sensitometrie results. The radiance was then converted
4to an on-axis radiance by (cosine) correction for field angle. Angle 

of view for each point whose radiance was found was computed using the 

angle of view off nadir of the camera axis and the polar position of 

the point in the frame. The density-radiance matching program and 

the angle of view geometry are of sufficient interest for presen

tation in Appendix C.



Radiometric Measurements 

A total of five aerial missions were flown, but it was only 

on the fifth that fully satisfactory data were obtainede That mis

sion was flown on 6 February, 1970, with high and low altitude 

photography being obtained in the blue, green, and infrared bands 

over the one hour period centered on the apparent noon* The sun 

angle during that period was between 4805 and 49.5 degrees off the

zenitho The Weather Bureau recorded pressure at 30.17 inches Hg,
■ ' V o " : . 'temperature at 66 F, humidity at 22%, and visibility of 50 miles.

(A visibility of 50 miles was a local means of expressing a very

clear condition. The maximum expressed was 60 miles, and that

rarely.) The sky was cloudless; the previous aerial mission had

been flown with scattered light cirrus that appeared white, not gray,

when in front of the sun. This cirrus affected the radiances

recorded by 10%, an unexpected and unacceptable amount.

Photographs from 15,000 feet MSL were obtained at 75, 70, and

60 degrees off nadir, four frames at each, and then at 5 degree

intervals from 50 through 10 degrees, one frame each. Three nadir

exposures were made both before and after these high altitude off

nadir exposures.

An identical set of exposures was obtained for low altitude

except that exposures at 35, 15, and 10 degrees off nadir were

omitted. The highly oblique exposures (60 degrees and over) were

made from 2900 feet MSL (1000 feet above the surface); the other.
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less oblique exposures were made from 3900 feet MSL (2000 feet over 

the surface)o Exposure settings were: blue and green, 1/60 at

f/5o6 - 8; infrared, 1/125 at f/16* The i/5.6 - 8 means the half- 

stop setting between f/5.6 and f/8.

. . On the following day, photographs were taken from a step- 

ladder of the reflectance panels against twelve representative areas 

on the objects, six on the low reflectance field, and six on the 

high reflectance field. Two exposures were made of each area. The 

time was again the hour centered on apparent noon, and the sun zen

ith angles were about 0.3 degree less than the previous day. The 

sky was again cloudless and the Weather Bureau recorded temperature 

at 72°, humidity at 16%, pressure at 30.06, and visibility of 60 

miles. There was no precipitation, wind, or other observed factor 

which would lead one to believe that the fields had changed since 

the aerial observations of the previous day. The weather had been 

stable for at least a week before so the fields were probably not 

undergoing any dynamic changes like drying. Exposure settings were: 

blue and green, 1/60 at f/8; infrared, 1/250 at f/16.

Sensitometry for Data Reduction 

Sensitometry of the film was derived from numerous wedges on 

each end of each film. Four were selected randomly from each end of 

any given film and the eight were measured and processed to give the 

mean H & D plot, density value deviations, and density gradients 

across and along the film. The sensitometric wedges on the aerial
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film and the ground measurement film had been put on four and five 

days before the use of the film and seven days before developmento 

Because it was feared that these seven day old wedges would not 

adequately represent the sensitometry of the two or three day old 

data exposures, sets of wedges were put on test lengths of film 

twelve hours before development* For a given band, the aerial, 

ground, and sensitometric test film were processed simultaneously* 

This permitted comparing data from one film with another, assuming 

that the environmental history unique to each film did not signifi

cantly affect the latent images*

Comparison of the H & D plots for the old wedges and the test 

wedges less than a day old showed that latent image decay did take 

place* The blue band showed a decrease in apparent exposure of 11 to 

16%, and the green and infrared bands a decrease of 7 to 11% at den

sities of 1*0 to 3*0* No. significant difference was found between 

the old wedges on the aerial film and the ground film which had a 

different environmental history*

The various filter stacks used in the sensitometer were re

moved and rebuilt in varying configurations to establish how much 

variation in supposed identical exposures was due to disturbing the 

filters* These tests showed that, there was a measurable effect but 

that it was small compared to the image decay*

The seven day old sensitometry was chosen as the basis for 

data reduction through the following logic* If the latent image 

were to decay in time from some initial value to some stable value.
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then the decay should be close to exponential „ Knowing only a 

twelve hour and a seven day point on this exponential is insuf

ficient to determine the time constant; one more point is necessarye 

However, a short time constant, say 12 or 24 hours, is implied by 

the practical rule that film used for radiometric measurements should 

be allowed to rest for 24 hours before development so that the re

sultant images are not too sensitive to time of development after 

exposure (Eyer, 1970)* With such short time constants, the seven 

day old sensitometry will adequately represent the 48 and 72 hour 

old ground and aerial exposures e

Determination of Radiance 

Radiances as a function of band and angle off nadir were 

determined from densities and locations of representative areas on 

the two fields used as objects,, At least two areas on each field 

were measured, except when the fields were too small on the film • . 

from the high altitude high oblique exposures0

Because different parts and different amounts of each field 

were involved in the measurements depending upon angle and distance, 

the uniformity of the fields had a direct effect on the errors in 

the final resultse To examine the uniformity of the fields, the 

radiances of eight to twelve points in a grid were found for high 

altitude nadir views, and for low altitude oblique views of about 

70 and 60 degrees off nadir„ Only the green band exposures were 

examined for uniformity; it was assumed that uniformity in the green
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band would be an adequate measure of uniformity in the other bands. 

This assumption was based on the ,observation that the objects in the 

green band had greater heterogeneity than in the blue or infrared 

bands. The average value and standard deviation of the grid radiances 

were compared to the. radiances of the areas which were measured to 

show the atmospheric effect. The comparison is presented in Table 1, 

The fields were much more uniform than expected9 and there was a 

close correspondence between the average field radiance and the 

radiance of the specific areas used for atmospheric effect data.

The only exception to this is the comparison between values for 

the high reflectance field seen; from 60 degrees; here the difference 

is 67o between the average field* radiance and the average radiance 
of areas measured for atmospheric effect.

The actual angle at which an area was viewed from the air 

was determined by using the polar position of the area measured on 

the frame. When the aircraft was crabbed because of cross winds, 

the polar reference line was taken as the line of the aircraft 

ground track. This was conveniently available on the frame in the 

form of north-south roads. Often, because of drift off the desired 

line of flight, the areas which were measured were not directly into 

the sun, For the highly oblique angles, the deviation in azimuth 

did not exceed j- 5 degrees, as the obliquity of view decreased, the 

deviation limits increased, reaching occasional values as high as 

20 degrees. The values that are quoted for nadir radiances were not 

in general measured from areas directly below the camera. Aircraft



Table 1. Object Uniformity Measurements and Comparison to Areas 
Used for Atmospheric Effect Measurements

Angle of View 
off Nadir Field

Number 
of Grid 
Points

Average 
Value of 

Radiance of 
Grid Points

Standard 
Deviation 
of Radiance 

of Grid 
Points

Radiance of 
Areas Used in 
Atmospheric 

Effect 
Measurements

high altitude 
nadir

high reflectance 12 21.0 0.38 20.7

low altitude

low reflectance 12 12.9 0.24 13.2

75° low reflectance 6 11.0 0.24 11.2

oo high reflectance 8 25.8 0.91 26.0

60° high reflectance 9 22.6 0.42 24.0

. 60° low reflectance 9 9.15 0.35 9.2

wto
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drift, delay between repeated nadir exposures * and spatial separation 

of areas being measured resulted in the areas lying elsewhere than 

in the center of the nadir frames» . On these frames the areas could 

lie in any azimuth and as far as 20 degrees off the center, i0e 0, .

20 degrees off nadir« Since the radiances were found to be slowly 

varying at nadir, and since the azimuthal dependence of radiance 

would be going through a symmetry point for the oblique views into 

the sun, these deviations were ignored in the data analysis„

The reflectances of the two fields were calculated from 

radiances recorded on the ground. Frames of this film were ran- . 

domly sampled to provide numerous radiances which were averaged and 

divided by the radiance of the reflectance panel on the same frame.

The resultant number was defined as the reflectance of the surface.

The reflectances of six areas (two frames each) were averaged to

gether to obtain an overall reflectance for a field. These overall 

reflectances are presented in Table 2.

It was also possible to compare the radiances observed from low 

altitude with those from the ground because of the sensitometry, 

simultaneous processing, and knowledge of the f/stop behavior of the 

lenses. An underlying assumption in this comparison was that the 

irradiance was the same on the two days when the aerial and ground 

exposures were made. The radiance compafisons are presented in 

Table 3. The close agreement between the radiance values obtained 

from a step ladder and those obtained from an. aircraft give confidence



Table 2„ Average Reflectance of Objects3

Band Blue Green Infrared

Object

High Reflectance 
Field 0.19 0.27 0.46

Low Reflectance 
Field .0.095 0.15 0.31

a Standard deviation is 2% for the blue and green bands, 
.4% for the infrared band 0
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Table 3« Comparison of Nadir Radiances
as Measured from Air and Ground3

Band Blue Green

High Reflectance 
Field Radiance 
from:

ground

1000 feet

2000 feet

Low Reflectance 
Field Radiance 
from:

ground

1000 feet

2000 feet

24,6 + 0.5

23.9 + 0.7

24.4 + 0.8

12.0 + 0.4

12.7 + 0.3

13.4 + 0.4

21.2 + 0.4

21.1 + 0.4

20.9 + 0.3

11.5 + 0.2

11.2 + 0 . 2

11.2 + 0.1

Infrared

16.0 + 0.8

16.7 + 0.06

17.5 + 0.4

10.9 + 0.4

11.9 + 0.2

12.0 + 0.4

a Radiances are in relative units and may be compared only
with others in the same band. Errors are standard deviations 
based on at least four values in each case. :
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in relating radiances of the reflectance panel to the observed 

airlight radiances«

Experimental Errors

The chain of compounding errors in this experiment was long* 

Variations in object reflectance, irradiance, shutter speed, develop

ment, measurement of density, and field of view location were the 

principal errors that one might attempt to combine to determine, the 

aggregate error in radiance0 Such a course is not rewarding because 

of uncertainty in the magnitude and randomness of the individual 

errors,

The error in the radiances can be more accurately judged by 

the variation that was observed in repeated measurements of the same 

objecto Determining an error in this pragmatic manner eliminates 

the uncertainty in trying to combine the individual errors that 

were observed,in the course of finding the final radiance result0

The measurement of the reflectance panel radiances on 24 

frames in each band provided an ideal repeated measurement from which 

a standard deviation can be calculated0 Standard deviations of 

2%, 2%, and 4% were observed for the blue, green, and infrared bands 

respectivelyo These errors based on reflectance panel radiances have 

a different origin in two respects than the other radiances. First, 

the field angle dependent error should not be important because the 

panels were within a few degrees of the center of each frame. Field 

angles around 15 degrees were frequently encountered in the object 

radiance measurements. Second, the error in levelness is peculiar
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to the panelso The estimated error limit with the bubble level was 

+ 0*5 degree; interpreted to be a two sigma range, it will lead to a 

percentage error of about 0*5% which is small compared to the errors 

of 2% or higher actually observed*

Repeated measurements of the same area on the fields from 

approximately the same view angle on successive frames of the aerial 

film show standard deviations of the same order as seen in the 

reflectance panel measurements* These standard deviations are 

3%, 2%, and 4% for the blue, green, and infrared bands*

Already discussed under "Aircraft and Reference Platform" is 

the error in the angle off nadir* To summarize, for angles greater 

than 55 degrees, the angle of view is known to within >  1 degree 

(assume standard deviation of 0*5 degree)* For angles less than 

about 55 degrees, 1»e *, all data obtained through the hole in the 

aircraft floor, the standard deviation is estimated at 2 degrees *

A serious systematic error was observed in the shutter of 

the infrared camera* The high altitude exposures taken in sets of 

four a few seconds apart from highly oblique angles showed that the 

shutter would admit less light on the first exposure, then admit 

progressively more on the second and third so that it appeared to 

be approaching a stabilized value at the fourth exposure* The 

third or fourth exposure was as high as 1% times the first exposure* 

For the high altitude exposures taken from 50 degrees to nadir the 

cameras were triggered at about 10 to 20 second intervals* There 

was no detectable irregularity in the infrared shutter * The tendency
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of the infrared shutter to admit less light on its first exposures

after a rest was apparent in retrospect in aerial photography from

of certain of the infrared data because of the shutter was accounted

for in interpreting the results,

As described in Chapter 2, the atmosphere transmission t and

airlight radiance S can be calculated from the high and low altitude

radiances of the two objects <> The standard deviation in t and S can

be found by noting that these dependent variables are functions of

the four independent variables n , n , N , and N «A B A  B

In general, if

earlier missions not described here. The peculiar characteristics

f = f (a, b ? o • o o)

then

where df, da, db, etc0 are the standard deviations of the variables.

The standard deviations of t and S (dt and dS) are thus

2(dt) .2(na  - nb)
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2 2 n̂A " nB^ 2 2
• (NBdnA) + (NA dnB) + •• ' 2 ((NBdNA ) + (NAdNB) )

n K A iBJ

(dS) = _  (na  ■ n b >2

where dn , etc., are the standard deviations in the radiance measure- A
mentso This analysis assumes a normal distribution of values for the 

radiance of an object; this was believed to be a good assumption.

The analysis also assumes that error in the radiance of one object 

was independent of the error in radiance of the other object* This 

assumption is not completely justifiable* In the experimental pro

cedure, radiance values for both objects were determined from a 

given frame* An error that would affect the entire frame, such as 

a shutter error, would introduce radiance errors that were not inde

pendent* However, the standard deviation that is calculated assuming 

full independence of the variables will be at least as great as the 

standard deviation that takes account of their partial dependence*

The standard deviations for transmission t and airlight S that are 

presented in the next chapter are thus larger than they would be if 

the dependence between variables were considered* The data obtained in 

the experiment were in a form that precluded a sufficiently simple 

accounting for the dependence *



CHAPTER: 4

RESULTS

This chapter presents the high and low altitude radiances 

of the two objects as a function of angle and band, and the values 

for atmosphere transmission and radiance calculated as described in 

Chapter 2, Some implications of the results for multiband photo

graphy are examined„

Object Radiances

Figures 11, 12, and 13 are plots of the radiances of the high 

and low reflectance objects, for 13,000 feet and 1,000 or 2,000 feet 

altitude above the objects, as a function of band and angle of view off 

nadir. Standard deviation error bars are shown at appropriate positions. 

The infrared data suffers from the systematic error that is present in 

the shutter. In an attempt to minimize this error, the data are not 

presented from all four infrared exposures at a given highly oblique 

angle over 55 degrees; only the highest radiance derived from the 

exposures is presented for these angles.

Comparing Figures 11 through 13, the airlight contribution 

to the radiances in the blue band can be easily seen. This would be 

expected for a Rayleigh atmosphere. In Figure 11, for angles off nadir 

up to.35 degrees, there is little apparant variation of the airlight 

contribution with angle, but a rapid increase occurs above 35 degrees.

40
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The radiance of the low reflectance field as seen from low altitude 

turns .up sharply at 70 degrees. It is believed that this sharp up

turn is not due to the nature of the field but to the airlight 

from the 3,000 foot path to the field at this highly oblique angle*

In Figure 12 the plot of radiances in the green band show 

only a suggestion of an atmospheric effect out to about 50 degrees. 

Beyond 50 degrees the data show a marked effect on the radiance of 

the low reflectance field and very little effect on the radiance of 

the high reflectance field. The appearance of the curves causes one 

to suspect some systematic error was affecting either or both of the 

low altitude radiance curves. However, examination of the functions 

for t and S show that such behavior is not unreasonable.

Of interest was the dip in low altitude radiance of the low 

reflectance field at 60 degrees. It is believed that this dip is 

formed by the introduction of significant airlight from the observa

tion path at angles above 60 degrees.

The infrared radiances shown in Figure 13 are suspect in 

detail because of the peculiar behavior of the shutter. However, the 

trend of the data is such that one can conclude that the effects of 

the atmosphere with increasing angle off nadir are much less signifi

cant than in the green band.

Calculation of Transmission rand Airlight 

The transmission t, airlight S, and their error were calcu

lated using object radiances taken from smoothing curves drawn 

through the data plotted in Figures 11-13. The functions used are
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given in Chapter 2 and in Chapter 3, Experimental Errors * Tables 

4 and 5 present the object radiances and the calculated values of 

t and S. The standard deviations assumed for the object radiances 

are 3% for the blue band, 2% for the green.band, and 4% for the 

infrared band„ A footnote on each table gives the radiance of the 

new, one coat reflectance panel in terms of the arbitrary units of 

radiance peculiar to each band. The values for t and S are plotted in 

Figure 14 to show the trends.

Conclusions

There were two goals in this research. We sought, first, 

to determine a reasonable value for the radiometric accuracy which 

may be expected from multiband photography, and second to determine 

a maximum useful field angle for a camera such that the atmospheric 

effects would be less than the expected radiometric errors. The 

results presented were based on measurements made in a desert atmos

phere, with the sun at a zenith angle of 49 degrees, and along one 

azimuth (into the sun) from an altitude of 13,000 feet above the 

surface.

The lowest consistent standard deviation in relative radiance 

that was observed in this experiment was 2%; it is believed to be. 

a good indication of the accuracy achievable in practical multiband 

photography. For determining the maximum useful field in each band, 

the standard deviations achieved in each band were used. From exam

ination of Figures 11 and 12 for the angle off nadir where atmospheric



Table 4, Calculated Values for Transmission and Airlight (Blue Band)3

Angle 
off Nadir 
(degrees) “A . %A V Y Transmission

t

,Standard 
Deviation 
in t

Airlight
' 'S '
(Arbitrary 
Units of 
Radiance)

Standard 
Deviation 
in S
(Arbitrary 
Units of 
Radiance)

75 61.0 36.2 55.0 20.0 0.37 0.15 47.6 4.4
70 51-0. 33.6 43.0 16.5 0.47 0.12 35.3 3.0
65 42.7 31.5 34.0 14.1 0.50 0,10 26.9 2.2
60 39-2 29.-3 30.4 13.3 0.55 0.10 23.0 2.0
55 36-6 27.8 27.0 13.0 0.65 0.10 18.6 1.9
50 33 .8 27.0 24.1 13.0 0.69 0.10 15.1 1.8

■■ 45 ... 31-2 27.0 22.0 13.0 0.66 0.09 . 13.4 1.7
40 30-5 26.4 21.0 13.0 0.71 0.09 11,8 1.7
35 29.2 25.8 20.0 12.8 0.71 0.09 10.9 1.7
30 28.5 25.2 19.4 12.8 0.73 0.10 10.0 . 1.7
25 28.2 24.8 19.0 12.8 0.77 0.10 9.2 1.7
20 28.0 24.3 19.2 12.8 0.76 0.10 9 A 1.8

. 15 27.8 24.3 19.0 13.0 0.78 0.11 . 8.9 1.8
10 28-0 24.5 19.5 13.0 0.74 0.10 9.9 1,9

% standard deviation for blue band radiances is 3%.
The reflectance panel on the ground had a radiance of 132 + 3 of these arbitrary units 
(error is one standard deviation).



Table" 5. Calculated Values for Transmission and Airlight (Green and Infrared Bands)3

Standard 
Airlight , Deviation

S in S
Angle 
off Nadir 
(degrees) V X nB "b

Transmission
t

Standard 
Deviation 
in t

(Arbitrary 
Units of 
Radiance)

(Arbitrary 
Units of 
Radiance)^

Green Band

75 31.2 27.1 23.0 11.2 0.52 0.05 17.2 0.9
70 28.8 26.0 20.0 10.1 0.55 0.05 14.4 0.8
65 26.5 24,8 16.8 9.5 0.63 0.05 10.8 0.7
60 24.7 24.0 14.9 9.2 0,66 0.04 8.8 0.6
55 23.0 23.0 13.0 9.8 0.76 0.05 5.6 0.7
50 22.0 22.0 12.0 10.0 0.83 0.05 3.7 0.7

Infrared Band

75 . 16.2 20.2 10.6 9.4 0.52 0.08 5.7 1.1
70 16.8 20.5 10.4 9.3 0.57 0.08 5.1 1.1
65 17.0 20.2 10.5 9.2 0,59 0.09 5.1 1.1
60 17.0 19.9 10.2 9.3 0.64 0.09 4.2 ■ 1>2
55 . 16.8 19.4 9.4 9.4 0.74 0.10 2.4 - 1.2
50 16.0 18.0 8.5 8.5 0.79 0.10 1.8 . 1.1

. 45 15.0 17.0 9.0 9.0 0.75 0.11 2.2 1.3

7» standard deviation for green band radiances is 2%; for infrared band, 4%.
Reflectance panel on the ground had a radiance of 83.1 + 1.7 arbitrary units of the green 
band; a radiance of 35.6 + 1.5 arbitrary infrared radiance units (errors are one 
standard deviation).
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effects exceed the standard deviation, it is concluded that the 

maximum useful field of view off nadir would be about 35 degrees 

for the blue band and about 50 degrees for the green band. An angle 

of 50 degrees for the infrared band is suggested by a similar exam

ination of Figure 13. However, the systematic shutter error that 

affected the infrared measurements renders the selection of 50 

degrees suspect; a more limited, but useful conclusion that can be 

reached is that the angle in the infrared band is the same or greater 

than in the green band.



APPENDIX A

CAMERA LENS TRANSMISSION MEASUREMENTS

Use of the cameras as radiometers required that the relative 

transmission of the lens-filter combinations be known as a function 

of field angle and stop size. Measurements were made of this func

tion using one lens as representative of all four lenses0 In addi

tion to the three filters used for the work reported in this thesis, 

a Wratten 25A filter (red) was used in these transmission measurements„

Instrumentation

. A.twelve inch f/8 reflecting collimator was the source of a 

chopped beam of daylight quality light« The camera lens was mounted 

on a rotating table which could be positioned to 4 1 arc minutee 

The camera lens could also be positioned in one horizontal direction 

relative to the rotating table0 An RCA.7265 photomultiplier, an 

amplifier designed for the purpose, and a strip recorder were used to 

measure the relative quantity of light passing through the lens as a 

function of angle, band, and f/stop„ The source of light was a 

General Electric microscope illumination lamp with a 3 mm. wide 

strip filament. The output of this lamp was modified by a blue 

filter to approximate daylight quality light. Figure 15 is a photo

graph of the output and of the collimator, the lens holder, and the 

photomultipliero Figure 16 is a schematic of the system.

50 '
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Figure 15. Lens Rotation Platform and Photomultiplier
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Lettered elements are referred to in the text.



Alignment

Collimator

The first alignment to be done was of the collimator mirror P 3 

diagonal D, and focal plane F (refer to Figure 16). Because resolution 

measurements would eventually be made using the collimator, the focal 

plane, which was a physical platform on which slides could be mounted, 

was established as the reference plane. The optic axis was to pass 

through the center and be perpendicular to this plane. To establish 

the optic axis, the lenses Ll, L2, and L3 were removed, and a 3 mm. 

diameter He-Ne laser beam was sent down the light path from where 

the lamp would be mounted. A mirror, masked out except for a small 

square in the center 2.5 mm. on a side, was centered on the focal 

plane platform F. The laser beam and the two folding mirrors were 

adjusted until the beam returned back upon itself. The beam then 

was that unique ray which was perpendicular to and which passed 

through the center of the focal plane, i.e., the optic axis. The 

return beam fell within 12 mm. of the outgoing beam. Since the 

total path was 3 m., the beam was within (12/3000)(57.3)(60) = 14 

arc minutes of the normal to the focal plane. The play in the fit 

of the removable focal plane platform made it impossible to achieve 

any. finer alignment than this approximate 14 arc minutes

The masked mirror in the focal plane was. removed, and the 

beam could then proceed to the diagonal D and primary mirror P.



The laser beam was made to strike the center of the primary by ad

justing the diagonalo Assuming that the vertex of the parabolic 

figure of the primary mirror was at the center of the disk of the 

mirror3 the primary mirror was adjusted in inclination so that the 

laser beam came back upon itself as seen at the laser itself«, The 

return beam was no longer a narrow pencil but a disk about five cm* 

in diameter which could be centered to within 10 mm* on the outgoing 

beam* Thus an angular alignment accuracy of the primary mirror with 

respect to the beam defining the optic axis would be (10 mm*)/(total 

path length) = (10 mm*)/(2x(focal length of primary mirror) + 2x 

(distance from focal plane to laser)) = (10 mm.)/(4880 mm 4- 3000 mm*)= 

(10)(57*3)(60)/(7880) = 4  arc minutes* The focusing, or adjustment 

of the distance from the primary mirror P to focal plane F , was 

mechanically difficult with the particular mirror mount and focal 

plane mount built into the collimator* The state of focus without 

any adjustment was examined by observing the crosshairs of an auto

collimator imaged by primary mirror P on a ground glass in focal 

plane F * They appeared sufficiently in focus for the purpose of
2 \these measurements * Using the criteria that depth of focus d = 2fA, 

we have a very large depth of focus because the effective f-number 

of the small portion of the' primary mirror needed to provide light 

to the camera lens is very large* As an example, at a camera lens 

opening of f/2*8, the effective f number was 175; the calculated green 

light depth of focus tolerance of the collimator target was 3 cm*
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Light Source

The filament filled lens Ll with light and lens Ll was imaged 

by lens L2 onto the focal plane F where an aperture of 3/4 inch di

ameter was overfilled by the image0 The. filament itself was imaged 

by Ll and L2 to a point such that L3 imaged the filament onto the 

primary mirror« The imaging of lens Ll onto focal plane F was done 

with lens L2 by focusing a mark placed on lens Ll onto a ground glass 

placed in focal plane F » The filament was imaged by L3 onto the 

primary mirror P by adjusting lens Ll until the difficult to judge 

filament image appeared to be in the vicinity of the mirror as seen, 

on a paper card.

Camera Lens

The camera lens in its mount was positioned on the rotating 

platform so that it would be rotating about its nodal point« This 

was necessary so that the light focused by the lens would not move 

while the field angle was being varied and the relative transmittance 

measuredo Alignment of the camera lens began by placing a flat 

mirror against the frontmost ring of the camera lens and assuming 

this mirror would be perpendicular to the axis of the lens» A 

pinhole was then placed in the center of focal plane F and the camera 

lens mount and rotating platform were adjusted so that the image of 

the pinhole coincided with itself on focal plane F to within 6 mm.

The camera lens axis was thus aligned to within (6)(57.3)(60)/(2)(2440)
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4 arc minutes of the collimator optical axis. 2440 mm. was the 

focal length of the primary mirror P.

■ . ' Transfer of Light to Photomultiplier

The light passing through the camera lens was allowed to 

fall in a defocused spot upon a ground glass mounted on a one-inch 

aperture about 1/4 inch in front of the photomultiplier face. This 

ground glass was made by grinding both faces of a 1 mm. thick micro

scope glass slide with twelve micron grit. Based on measurements 

in which the response of the photomultiplier was observed for dif

ferent sizes and slightly different positions of the defocused spot 

of light, this ground glass diffuser was an excellent means of 

transferring light to the photomultiplier cathode. This diffuser is 

not believed to have any influence on the spectrum of the incident 

lighto. Measurement of the transmission of the glass from 375 rim. 

to 900 nm. shows a deviation from flat spectral transmission of less 

than 17oo The scattering by a surface ground with twelve micron grit 

should also be independent of wavelength in the same spectral region.

Uniformity of Irradiance of Lens 

The collimated beam had to be uniform in intensity because 

the camera lens sampled different portions of it as the field 

angle of the lens was changed by rotating the platform. To 

test the uniformity of the beam, advantage was taken of the 

fact that the image of the filament could be moved on the pri-* 

mary mirror by slight movement of two folding mirrors between the
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lamp and the focal plane F » When the image of the filament was 

moved in this way, a fairly sharp response peak was observed as the 

photomultiplier received light from points across the filament, and 

a long plateau as it received light from points along the filament 

centero The filament was positioned on the primary mirror so that 

the camera lens at zero field angle was receiving light from that 

part of the filament where the response was peaked» When the camera 

lens field angle was varied during the measurements, it intercepted 

light from regions along the length of the filament, ioe0, from 

along the plateau of uniform photomultiplier response.

Measurements

With lens (serial # 4489010) aligned as described previously, 

the angular variation of transmission of the lens was measured 

relative to zero field angle for four, bands and for f/stops that 

might be used in subsequent aerial work.

Calibration

The linearity of response of the photomultiplier was checked 

by changing the f/stop in half stops over two stops. In general, it 

was found that a photomultiplier voltage of 1500 to 1700 v and a 

preamplifier output not greater than five volts gave linear response 

and no noise. Operating under these restrictions required varying 

the light flow with neutral density filters, The filters used had 

a flat spectral transmittance as discussed in Chapter 3, The
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variation in response from measurement to measurement as observed 

at 0o5 and 0 e25 readings was within + 2%,

Results

The fraction of light transmitted by the lens at different 

field angles relative to that transmitted at zero field angle was 

measured. Field angles were varied in 5° stops out through 25°,

The angle was increased further in some cases to examine the vig

netting, Other parameters were the four bands and f/stops of inter

est, Data was not obtained for f/stops greater than f/8 because it 

was reasoned that the results would not be significantly different 

from those obtained for f/8.

The results are plotted in Figures 17 through 20, The 

apparently immediate vignetting off axis at f/2,8 eliminated this 

stop from consideration for the radiometric exposures the cameras 

were to make. The cosine to a power was a desirable function to 

describe the decrease of transmittance in the region without vig

netting, A first power cosine appeared to fit the data best. The 

transmittance in the Wratten 47B (blue) band appeared to decline 

less rapidly with angle than the other bands, but this was quite 

possibly untrustworthy data. Limits of error were not cited because 

a large number of measurements were not made, only enough to confirm 

that there were no significant differences between bands for the 

field angles of interest under twenty degrees.
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All four bands gave essentially the same result at each 5° step so only 
one point is shown for all four bands.
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The function cosine(OC) relating the observed relative 

transmission to field angle(% had to be converted to a function 

that would, relate the film plane irradiance to the field angle0 

The experimental arrangement used was essentially a flux measurer; 

the only factors affecting the flux were the inclination of the 

exit pupil as seen from the region of the light spot on the photo

multiplier light diffuser and any transmission losses• To describe

the irradiance on a film plane, the cosine(cX) function describing
3

the flux variation was multiplied by cosine (CC) » This factor

accounted for the decrease in solid angle with increasing distance
2 ■of the image from the exit pupil (cosine ((X)) and the inclination 

of the image with respect to the principal ray (cosine(OC)) (Born

and Wolf, 1965)o Thus, irradiance with respect to field angle
4 ■followed the familiar cosine (OC) dependence.

Comparison with other Measurements

The National Bureau of Standards measured the relative 

image irradiance vs, field angle for the lens and f/stop combina

tions used in the Apollo 9 SO65 experiment without filters on the
4lenses. Their results show a cosine (p C ) dependence for the f/4

3 5 -opening and a cosine ° (OC) for f/8 and f/16. The quoted accuracy 

on the work is "within 5% " (Keenan and Slater, 1969) , A 

satisfactory correlation is thus found between the two sets of 

measurements.



APPENDIX B

OPTIMUM RATIO OF PLAYBACK LAMP LUMINANCES 
FOR TWO BAND FALSE COLOR PROJECTIONS

If one had two black and white transparencies (negative or 

positive) taken in different1 bands of the same scene and one wished 

to project the two onto one another with selected playback colors* 

what ratio should the luminances of the playback lamps have in order 

that a maximum difference in hue is achieved between two images in 

the scene? To find this ratio we begin by describing the colors 

of the two lamps by their x-y coordinates on a plane of the CIE 

color solid;

(xv yi) color of lamp illuminating band 1 transparency

( x ^ )  color of lamp illuminating band 2 transparency

Let D^ and D^r be the inverse transmittances. in band 1 of the two

images to be distinguished; D and D 1 are the inverse transmittances2 2
in band 2, Now if the lamps have luminances L and L , then the1 2 ’
amounts of light that go through the unprimed image in both trans

parencies are proportional to L^/D^ and These two quantities

of light of different color may be recombined, for instance, on a 

screen. The coordinates (x,y) of the resultant color can be cal

culated as though doing a center of mass calculation, one coordinate 

at a time

64
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x , a i/lDl)Xl + <L2/D2)X2 y , a i/Bl>yi + (L2/D2)72 
.(Lj^) + (L2/D2) (Li/Di)' + (L2 /D2)

Reasoning similarly for the primed image, its resultant color has 

coordinates

x , , v . . ( h /Di'>yi + a 2 /D2 ,)y2-
a i/D1') + (L2/D2') (Î /D̂ ') t (Lg/Dg')

The difference in hue between the two images can now be 

expressed in terms of the length S of the line segment connecting 

the two points (x9y) and (x? ,y?)

S = ((x-x')2 + (y-y')2) 2 

Substituting for x,x', y,y* and rearranging, we have

s -  < % '  - V i ' )  (M) (1)• (L1/L2)D2D2 ' + 0^2' + D2Dj' + (L2/L1)D1D1'
2 2  ^where M = ((x2"X^) + (y2”,y^) ) %  a constant that is fixed by the

playback colorso .

Now, defining = (D^’/D^) and = Dg'/Dg, substituting for 

D^' and D2 ’ and differentiating S with respect to we have

ds/d^ = -(m )(c2 - " c i(l2di/l id2)2)
Setting dS/dL^ - 0, only the last factor may equal zero to have a 

significant relation. Setting the last factor to zero and rearranging, 

we have

= (d 2/d 1)(c2/c 1)% (2)
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This is the optimum ratio of luminances at which S is an extreme 

valueo

Substituting (2) into (1), and eliminating as before,

D^f and D2 f by the use of and C2  9 we have the extreme value

s = (m)(c2% - c%yi(c% + G^)
This is the distance that separates the colors of the recombined 

primed and unprimed images when the luminances of the lamps are set 

at the optimum ratio„

The above results may be rewritten in terms of familiar 

photographic density if we note that

density = d = log10(l/T) = log10(D) 

or D = 10^.

Substituting into (2) for D^,D^', and P2 ' using the above function 

of density, we have

L /L - 1 0 « d2 + d2') - <dl + dl ' » /22 1
The problem of choosing the optimum ratio is thus reduced to adding 

and subtracting the four densities of two images in two bands.0

The above analysis considers making a distinction between two 

images by using hue alonee In reality, difference in luminance 

between the two images should also be important for making dis

tinctions, but it is not considered here* Further, it should be 

noted that changing the ratio of lamp luminances by varying currents 

will mean changing the color temperature at which at least one of 

the lamps is operating„ This, too, has been neglected here*



APPENDIX C

TWO DATA REDUCTION PROCEDURES OF INTEREST

1, Density to. Radiance Mapping Program 

This program written in Fortran IV takes the densities of 

a sensitometric wedge and the densities of the resultant wedge on 

a film to create a table.of radiance logarithms, the table being 

indexed by numbers from 1 to 4000 corresponding to densities of 

OoOOl to 4«>0o The components of the program are presented below 

with explanatory commentso

DIMENSION SENS (21), SEND (21), CURVE (4000)

SENS will hold the densities of each step of the wedge;

SEND will be filled with the sensitometry, ioec, the densities , 

of the steps on the film; CURVE will hold the radiance logarithms 

corresponding to densities 0

DATA (SENS(J), J=l,21)/3o04,2o87,ooo/
READ 1, SEND 

1 FORMAT (21F3.2)

SENS and SEND are given values by these statements0 SENS will

not be changed unless the wedge in the sensitometer is changed6 SEND

holds the sensitometry for a given film beginning with the lowest

densitieso Each density must be greater than the preceeding one,

until filling stops at some upper limit on density.
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NO = SEND (1) * 1000

NO is an index number which will designate that position in 

CURVE corresponding to the lowest density in the sensitometry„

CURVE (NO) = 0

This lowest density NO is given an associated radiance of 1. 

The zero put in CURVE (NO) is the logarithm of 1.

DO 13 I = 1,20
NO = SEND (I) * 1000
Nl = SEND (1+1) * 1000 '
IF (Nl) 13, 13, 12 

12 ELOG = SENS (I) - SENS (I + 1)
N = Nl - NO 
DELOG = ELOG/N 
DO 14, J = 1,N 

14 CURVE (NO + J) = CURVE (NO) + J * DELOG
' 13 CONTINUE

Twenty times, once for each pair of adjacent steps, this 

block of code finds ELOG (the log of the factor that one wedge step 

is more radiant than the previous) and N (the number of sensitometrie 

density steps between the two wedge steps). ELOG and N are then 

used to linearly approximate the correspondence between radiance 

logarithms and density between two steps, i.e., two adjacent points 

on the H & D plot. The IF statement detects if and when the unfilled 

(zero filled) upper portion of the SEND array is reached.

A radiance corresponding to a density can now be found 

by a statement of the form

RADIANCE = 10. ** CURVE (DENSITY * 1000)
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Note that these radiances are relative, not absolute» They only have 

meaning compared with one another or to a reference which in turn 

can be compared to some absolute radiance«

2 0 Angle of View Geometry .

A photograph containing an object whose radiance is to be 

measured will generally not have that object centered» A problem 

is to determine the angle at which the object is actually viewed, 

given the angle off nadir of the camera axis and the polar position 

of the object in the frame, the zero polar angle being along the 

ground track of the aircraft,,

Figure 21 shows the geometry used to find the angle of view« 

From point P, above ground point Z , target T is observed with a 

camera whose axis passes through 0. The resultant photograph may 

be considered a plane ABO perpendicular to PO upon which is mapped 

the actual ground sceneo Target T will map to point B i n  this plane, 

and the field angle and the azimuthal position^ can be measured 

on the plane (photograph) * Q  is the angle of view off nadir , A is 

a point in plane PZO from which a normal can be constructed to B ;

D is the point in plane PZO from which a normal can be constructed 

to To D lies on line PA provided plane DTZ is normal to PZ, ioOo, 

level ground is being photographed0

The objective is to find Q ' as a function of 0, A/, and%, 

which are known«
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OC

T

Figure 21. Geometry for Angle of View Correction Calculation
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Now PZ/cos0 = OP
OP tan (XL = OB 
OB cos "it = OA 
<5= tan” (OA/OP)
PD = PZ/cos(@+|3)

using a relation for. a right spherical triangle, the angle between PT

and PD, called X* , is

X  = cos \cos Af/cos^<? )

continuing

PT = PD/cosS1 
& ' = cos” (PZ/PT)

Substituting to develop the desired function we obtain

0 '  = cos "**((cos A!!cos(9 +/S)) /cosyS )
"1where /3 = tan (tanA: cos it)



APPENDIX D

SUMMARY OF REWIND 
DEVELOPMENT EXPERIENCE

Substantial effort was put into trying to develop film uni

formly using a motor driven rewind system* The uniformity could not 

be achieved over the twenty foot lengths of film used for radiometric 

measurements, but could over much shorter lengths (five feet)*

Processing which proved best from the point of view of uni

formity was % D-19 for eight minutes for the 30-164, and full strength 

D-19 for twelve minutes for S0-246, Gammas achieved were 2*5 - 3*0 

for S0-164 and about 1*8 for 30-246* A lowest average deviation of 

density achievable was 0*015, and a gradient of 0*04 density units 

could be expected over the five foot length*

The difficulties encountered in attempting to maintain uni

formity over the longer strips of film were severe; this experimenter 

would not recommend using any device short of a Versamat for such 

development*
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