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FOREWORD

This final report for Contract NAS 9-7625 covers the study
period from 30 Novemtsr 1967 to 30 November 1968. Contract NAS 9-7625 is
Phase IV of work done by Eastman Kodak Company for NASA related to the

same basic subject, viz., photography of the moon,

Phase I work was done under Contract NAS 9-3826 in the period
1 December 1964 to 1 October 1965. The contract authorized a study to
investigate the materials and techniques for making realistic lunar
models, to examine the interpretation of photographs of simple geometric
shapes and typical lunar surface features with lunar photometric character-
istics and to prepare motion pictures simulating the landing approach of a

Lunar Module,

Contract NAS 9-3826 was extended for the period 1 November
1965 to 1 November 1966 to carry out Phase Il work. Kodak investigated
the preparation of contour maps from lunar photographs by the photo-
clinometric method and compared this method tc the stereo mapping
technique. A method was proposed for mapping by the comparison of
relative luminosities obtained from stereo photographs. Methods were
studied for enhancing lunar photographs by superimposition and high con-
trast printing. Techniques were studied for rating the quality of lunar
photographic systems by edge trace analysis and by uée of a file of
comparison photographs. Additional motion pictures were prepared simu-

lating a Lunar Module landing using a larger model.

Phase III work under Contract NAS 9-3826 covered the period
from 1 June 1967 to 30 July 1967 during which time additional motion
picture simulations were prepared for new lighting conditions and

trajectories.



Contract NAS 9-7625 was monitored by Mr. James L. Dragg
of the Mapping Sciences Laboratory. The work has covered three areas
related to lunar photography - motion picture simulations of Lunar
Module landings, lunar photometry and mapping, and rating and improving

lunar photographs.

Work done under the current contract was based substantially
on the experience gained in the earlier contracts. In this report many
references are made to the final reports(l)(z) for the work done under
Phases I and II. In cases where broad reference is made to the previous
work, the exact location is not cited for the description of the earlier
effort. In cases where very specific information is drawn from the
earlier reports (e.g., data, conclusions, formulas), the origin of the

item is called out.

Five computer programs were written for the current work.
tach of these programs has been delivered to the Technical Monitor in
three parts: (1) a description of the program, including the Setup of
the data deck; (2) the source deck in Fortran IV language, and (3) a
listing of the program in Fortran IV. This information has been omitted
from this report except for brief descriptions of the use and content of
the programs. The five programs are: EGADS, FILT, LODAP, LUNA II and
MAP .

A change has been made from earlier reports in the symbols
used to describe the photometric function ¢(g, a). The letters g and o
are widely used in publications to represent the phase angle and auxiliary
angle respectively describing the geometry of illumination and viewing
of the lunar surface. Readers referring to the final reports of Phases
I and II and bimonthly reports of Phase IV may be confused by the use of

the othe: symbols (a, 1) to describe the photometric function.

(1) All references are listed in the BIBLIOGRAPHY
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SUMMARY

A realistic 10' X 10' lunar model was made at a scale of
about 1:50 to represent a portion of a potential landing site in Sinus
Medii. Construction was based on a contour map -f the area furnished
by NASA. The visual appearance of the moon was achieved by dusting with

cupric cxide and lighting with a source simulating the sun.

Motion pictures of this model were made to simulate a portion
of the view from a LM window during one of the ftinal minutes of a landing.
The motion picture sequences showed two basic approaches to landing - a
straight-in approach along a 14° incline to a primary site and a dogleg
maneuver to a secondary site. A motion picture was made for each tra-
jectory for sun elevations of 5° and 12°; when projected at 24 frames/
sec, these motion pictures show events in real time, Still photographs
were made at seven selected positions along the trajectory dﬁring the

filming of the motion pictures for the straight-in approach.

A demonstration and an error analysis made for the photo-
clinometric mapping techniquc for 30° sun elevation were compared with
results obtained at 15° sun elevation on an earlier contract under which
the method was developed. It was shown on a laboratory model that
photographic mapping at 30° sun elevation can be done with accuracy
comparable to that at 15° sun elevation. Accuracy depends on correctly
placing densities on the film charac eristic curve for photographic
photometry, fofcing a trade-off betwcen using small phase angles with
low scene contrast and large phase angles with lower sensitivity to
slope changes. It was concluded that the optimum sun elevation for a
photographic mapping mission depends on the average slope of the terrain
being mapped and the accuracy desired. In general rugged terrain should

be mapped at higher sun elevations.
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Tests were made on the ol/oz method of lunar mapping
suggested on a previous contract. From the ratio of the relative lumi-
nosity in two views of a stereo pair a unique slope can be obtained.
The ¢1/¢2 method offers best accuracy for mapping gradual slopes when
stereo photographs are available but there is insufficient surface

detail to permit conventional stereo mapping.

The photonetric function was measured with improved confi-

dence for a small range of slopes on a single photograph from Lunar

Orbiter. Techniques were developed to obtain data from spherical craters.

It was shown that predictions of the smaliest details
recognizable in lunar photographs are best made by combining methods
for predicting limiting resolving power for a lens-film system with
knowledge from a previous contract relating the threshold of i2solving

power to the threshold of recognition for lunar subjects.

Performance evaluation was done by edge gradient analysis on
laboratory and Lunar Orbiter photographs. Crater shadows make satis-
factory test objects when the crater is about 10 times the diameter of
the smallest recognizable crater. A film-process combination must be
treated as a nonlinear system when it exhibits photographic adjacency
effects. Therefore, the MTF of the photo optical system can be derived
from knowledge of its components, but component transfer functions can
not be determined by analysis of the overall MTF curve.

Measurement of Lunar Orbiter photographs confirmed the re-
sults obtained using laboratory photographs on a previous contract in
which the threshold of recognition of lunar subjects was related to the

threshold of resolving power.

iv

wany

£ S

=



Identification of rocks and craters is improved with multiple
views of a lunar surfuce, but rapid presentation of such photographs
cffers little advantage. Enhancement of photographs was demonstrated by
grain integration and ring smear masking techniques. Detail rendition
is improved in a system limited primarily by film grain rather than by
lens quality.
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I. MOTION PIiCTURE SIMULATIONS OF THi: VIEW FROM A LM WINDOW DURI.G LUNAR
LANDING

A. Introduction

The object of this work was to make a secies of motion pictures
showing a portion of the view from the LM window as seen by an Apollo
astronaut for about the last minute of approach to the lunar landing site.
Variations in the motion pictures in the series have been made to show
changes in the visibility of features on the lunar landscape resulting
f.om different sun elevations and different LM trajectories. These
motion pictures are for use by NASA personnel performing studies on the

effects of changes in lighting conditions.

The lunar photometric function is an important characteristic
of the moon's surface which has a major influence on the visibility of
subjects. The lunar surface gives a high degree of backscattering. Hence,
the amount of light reflected by a lunar subject depends on the relative

positions of the sun and the observer, as measured from the moon's surface.

Planning an Apollo landing on the moon requires taking into
account the ability of the astronaut to cbserve potential hazards.
Theoretical studies can describe the relative visibility of. subjects in
terms requiring interpretation for prediction of the subjective value.
However, a realistic simulation provides a visual experience supplementing
the calculations and interpretation, at least for a specific set of

conditions.
B. Description of Making the Lunar Model
Previous work has developed techniques of making realistic

lunar models. In the present work these techniques have been applied to

the construction of a scale model of a specific area of the moon.



NASA furnished a contour map made by photometric reduction
from video analog tapes of a small portion of Framelet 400 of Telephoto
Frame 122 from Lunar Orbiter II. The contour map covers a square area
about 750 feet on a side in Sinus Medii, a potential landing site for

Apollo astronauts.

A Juv feet square portion of the contour map served as a
guide in the construction of a square model 10 feet on the side at a
scale of about 1:50. A photograph was taken of the contour map for the
area to be represented in the model. This photograph was reproduced as
four transparencies, each representing a quadrant. The model was made
in square quadrants 5 feet on a side. For each quadrant, a box was built
with removable sides. Each box was painted white for use as a projection
screen for one of the transparencies. While the contour map was projected
bnto the floor of the box, the contour lines were painted in black.
Allowances were made in projection for the presence of the box sides.
Wire brads were driven perpendicularly into the floor of the box along
the contour lines and allowed to protrude in an amount proportional to
the contour height. The brads were spaced closely in locations of
marked change in direction of the coritour. Figure 1A shows one of the
quadrants at this stage, with contour lines and wire brids; Figure 1B

shows the four quadrants together.

Each quadrant was finished before assembly of the complete
model. Plaster of Paris was poured into the quadrant box to a depth
within about one-half inch of the tops of the wire brads and allowed to

dry. The remaining depth was filled with Marblex self-hardening clay.

Marblex cléy was chosen for a number of reasons. It was de-
sirable to have a model made of a material not easily damaged in handling
or by falling objects, particularly with the prospect of repeated dusting
and dust removal. Preliminary tests showed that the dried Marblex clay

was compatible with the cupric oxide dust to be used to simulate lunar



A One quadrant before addition of clay showing contours
with nails set to correspond to the elevations

B Four quadrants before addition of clay

FIGURE |, TWO STAGES IN MAKING MODEL FROM CONTOUR MAP



photometric characteristics. Ordinary modeling clay does not have either
of these desirable properties. An advantage of the Marblex clay over
plaster of Paris was that the hardening could be retarded several days
to permit careful shaping. The material remained readily workaule

when covered with moist cloths and plastic to limit evaporation. Pre-
liminary tests showed that during drying the Marblex clay developed
only hairline cracks which were easily and permanently repaired.
Experience on the final model indicated that the resistance to cracking
may depend on the batch of material. About one-half of the model was
made with a batch which dried ielatively slowly; this portion of the
mcdel has been free of cracks. The other half of the model has con-
sistently required repair of cracks after standing more than a few days.
Unfortunately, the cause of the problem cannot be identified beyond
question. The base layer of the first half of the model was made with
thick plaster of Paris which was allowed to dry about 3 days before
applying the Marblex clay which subsequently dried relatively slowly.
The second half of the model was made with a base layer of thin plaster
of Paris which was allowed about 3 weeks drying time before finishing
with Marblex clay which dried rather rapidly. The cracking of the conm-
pleted model could have been related *o the preparations prior to

application of the Marblex clay.

Craters smaller than the minimum detail on the contour map
were added in random locations as follows: 170 craters with 2-feet
diameters; 120 with 3-feet diameters and 80 with 4-feet diameters. The
number of craters added to the model was based on two guides. On the
contour map, 50 craters were counted in the diameter range from 5 to 10
feet within the area of the map being used. This area represents about
1/100 of a square mile on the moon, within which, from previous work,
one expected to find about 500 such craters. The same data lead one to
expect about 2 times as many 2 1/2 feet craters (representing the range
1-5 feet) as 7 1/2 feet craters (representing the range 5-10 feet).

However, while the ratio of craters of each size was felt to be correct,
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the absolute number of craters was less than anticipated. Therefore,
the ratio of numbers of craters of two different sizes was preserved

but the detail was extcnded on the basis of the crater count on the map.

Repairs to the model have been made using vinyl spackle
which was sanded to match the surface after drying. Painting the model
with epoxy paint provided some reduction in hairline cracks. A coating
of epoxy paint on a model made with common modeling clay would be a good

candidate for investigation in future model construction.

Each quadrant of the model was completed in the same manner.
After removal of the sides of the boxes and joining of the bases, the
intervening spaces were filled in and shaped using Marblex clay. Figure
2 shows a comparison of profiles prepared from measurements of the finished

model with those prepared from the contour map furnished by NASA.

Figure 3 shows the portion of the contou: map from which the
model was prepared. Figure 3 is a transparent overlay ror Figure 4 which
is a high quaiity, vertical photograph of the completed and dusted model.
In Figure 5 the quality of the photographic rcvroducticn has been degraded
from Figure 4 to simulate that in ligure o, the portion of the Lunar

Orbiter photograph from which the contour map was prepared by NASA,

Figure 5 was prepared from the negative of Figure 4 by de-
focusing in the enlargement stage and adding a granular pattern to simu-
late the phosphor noise of the Lunar Orbiter Ground Reconstruction

Electronics.

The general resemblance of Figures 5 and 6 suggests faithful
interpretation of the lunar scene by the contour map and in turn, care-

ful execution of the model after the contour map.
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APPROXIMATE RESOLUTION 7 INCHES AT LUNAR SCALE
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FIGURE 5., PHOTOGRAPH OF MODEL DEGRADED TO
LUNAR OREITER JUALITY
APFROXIMATE RESOLUTION | METER AT
LUNAR SCALE

FIGURE 6., LUNAR ORBITER PHOTOGRAPH IN SINUS MEDI |



Prior to each occasion of photography, the model was freshly
dusted with cupric oxide. Figure 7 shows the preparations for dusting

the model using the procedure previously developed.
C. Description of Making the Motion Pictures

The motion picture simulations were made by time-lapse
photographic teciinique using a 16mm roll film camera with single frame
capability (Eastman Kousk Cine - Kodak Special). The camera was actu-
ated for individual exposures by the Kodak Electric Release Control for

Cine-Kodak Special.

The camera was mounted on a fixture fastened to a dolly
rode down a ramp. Figure 8 shows this equipment with the ramp along the
side of the model. Figure 9 shows the camera and fixture in detail. The
fixture was constructed to allow the camera to ride in outrigger fashion
so that the ramp remained out of the field of view. The ramp provided a
constant slope of about 14°. Small changes from this basic path were
added by the motions of the fixture which had 3 degrees of freedom in
both translation and rotation. The camera fixture moved along a path
parallel to the ramp surface by a lead screw. Periodically, it was nec-
essary to restart the lead screw; the delly was moved down the ramp to

position the camera correctly to retain continuity of action.

The model was illuminated by a source simulating the angular
size and position of the sun. Figure 10 shows a schematic diagram of
the projector used for this purpose, a Kodak Master Model 1000-watt
Projector with £/2.3 lens of 5'" focal length. A condenser lens retainer
acted as a field stop (with the slide gate of the projector removed) to
give a full field angle of illumination of 25 degrees. At a distance of
30 feet to the center of the model the apparent angular subtense of the
source was about 0.4°, nearly the angular size of the sun viewed from the

moon. The sun was positioned 5° to *he left of the initial straight

12




FIGURE 7. PREPARING TO DUST THE MODEL

FIGURE €. PHOTOGRAPH OF RAMP ALONGSIDE MODEL
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trajectory line described in a subsequent paragraph, i.e., on the model

side of the ramp.

The camera was assumed to be firmly mounted to the LM.
Figure 11A shows the geometric relationship of the camera to the LM.
Figure 11B shows the field of view of the camera with respect to the

astronaut's view of the LM window from the nominal eye-point.

Two basic trajectories were used in the preparation of the
motion pictures, one giving a straight line approach (as seen in a plan
view) to the primary landing site and the other using a dogleg maneuver

to shift from the primary landing site to a secondary landing site. Two

ey e wmes wmm TEm SR @6

views of the trajectories are shown in Figure 12.

Four motion pictures were made with the straight-in approach.
Motion pictures #1A and #2A were made under identical conditions except A
for position of the light source; the sun elevation was 5° for motion
picture #1A and 12° for motion picture #2A. For these two motion
pictures a scale of 1:50 was used, the same as the scale used to con-
struct the model. Distance and attitude descriptors for the LM in this
trajectory are shown in Figure 13 starting at 621 seconds elapsed time

from ignition.

Motion picture #1 is the same as motion picture #2 except for ‘
sun elevation, 5° in motion picture #1 and 12° in motion picture #2. The
scale is 1:150 in these two motion pictures. Distance and attitude
descriptors for the LM in this trajectory are also shown in Figure 13.
The scale of 1:150 permits filling the frame of the camera with model
for a longer interval of time. Dimensions of features shown in Figure

12 must. be multiplied by 3 to be applicable to motion pictures 1 and 2.

Figures 14 and 15 show the attitude and distance descriptors

for the LM in the dogleg maneuver in motion pictures #3 and #4 which were

16
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made at a scale of 1:250, In motion picture #3 the sun elevation is 5°
while in motion picture *J4 it is 12°, A multiplier of 5 must be used
to make dimensions in Figure 12 applicable to these two motion pictures.
In each of the motion pictures, except #1, tiie landing sites
were marked with a small, open triangle at the request of NASA. The
equilateral triangle was 1 inch on a side, corresponding to 4.16, 1..5
and 20.8 feet on the moon at the three scales of 1:50, 1:150 and 1:250.

In early frames of ecach motion picture, the imuge of the
mode . was not large enough to fill the frame of the camera  The apparent
lunar horizon caused by this limitation in the model is about 16° below
the position where the real lunar horizon would occur., During the film-
ing of the motion pictures, a shadow was cast on the foreground in front
of the model by a panel placed in front of the light source, Black felt
plush was used to provide a background behind the model. This procedure
placed both the foreground and background at the minimum density on the
negative., When making motion picture #1A, one of the boxes supporting
the ramp was not covered with plush during the exposure of several frames.
Although the presence of thesc images is a cosmetic defect in this motion
picture and distracts the attention cof the viewer, this defect does not
affect the quality of the useful area of the picture. The defect did not

warrant remaking the motion picture, R

In the last few seconds of each simulation, the camera was
put through motions to represent a pitch-up maneuver by the LM and the
initiation of the vertical descent. The shadow of the camera and its
support appear in the last few frames of ecach motion picture; the camera
film plane was about 4 inches from the model surface dufing ‘he last

exposure.,

The motion pictures were filmed on Kodak Double X Negative

Film, Type 7222, and printed on Kodak Fine Grain Duplicating Positive

21



Film, Type 7366. Since the average illuminance on the model was very
low and the model had about 7% reflectance, camera expc-.'r> times were
4 or 5 seconds depending on lighting conditions. The ' . were given

standard processing.

The lens in the camera was an f/2.8 Kodak Cine Ektar of 15mm
foca' iength. During the photography, the aperture of the lens was
adjusted slightly to compensate for the reduction in illuminance at the
far side of tae nodel compared to that at the near side. The lens was
set at f/16 at the start of the motion picture and adjusted to f/14 by

the end of the motion picture, a change of about 1/2 stop.

A magnetic sound track may be added if desired as the motion
pictures were made for projection at 24 frames per second to simulate
real time. During projection, the viewer can eliminate distortion of
perspective by sitting at a distance from the screen that is 2 1,2 times

the height of the projected image.

The sketch of the model that was given in Figure 12 shows
the vicinity of the landing sites and gives the sizes of certain features.
The sizes of craters are given for the scale of 1:50 used in mction
pictures 1A and 2A. For motion pictures 1 and 2 with scale of 1:150
and 3 and 4 with scale of 1:250, the sizes in Figure 12 must be multi-

plied by factors of 3 and 5, respectively.
D. Description of Preparation of Still Photographs

In connection with motion pictures 1A, 1, 2A and 2, still
photographs were made of the model at 7 selected points along the tra-
jectory. These photographs were reproduced as enlarged prints. One
purpose of these prints was to make them available as visual cues to

evaluate the potential of such aids for previewing.

22




The still photographs were made with the same procedure and
equipment used in making the mction pictures except that Kodak Plus X
Negative, Type 7231 was used. This film was given standard processing.
Enlargements of 25X were made on Kodak Polycontrast Enlarging Paper,
Type F. The prints were dry-mounted on 8 1/2 x 11 card stock for

delivery.

Table I lists the conditions for the s.ill photographs, one
of which is shown in Figure 16. For proper perspective, the viewer
should hold this figure at a distan.e from his eyes corresponding to

two and one-half times the height of the picture, i.e., 19 inches.

The steps used in making the still photographs yield tone
reproduction characteristics that cause the prints to have very nearly
the appearance of the model seen by an observer looking at it under the

lighting conditions for the corresponding motion picture.
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TABLE 1

CONDITIONS FOR STILL PHOTOGRAPHS TAKEN CONCURRENTLY
WITH MOTION PICTURES OF LM LANDING

Straight-in Approach - 5° and 12° Sun Elevation

Motion Photo Elapsed Time Pitch Horizontal
Picture# Number From Ignition Angle Altitude Range
(degrees) (ft) T?%T
1A & 2A 1 | 621 17.0 280 660
2 627 15.0 220 420
3 633 13.5 175 260
4 639 11.5 135 150
5 645 9.5 100 80
6 . 653  J 72 10
7 661 0 54 0
1 & 2 1 600 22.6 600 2000
2 612 20.0 410 1200
3 622 17.0 280 650
4 632 14.0 190 300
5 642 11.8 140 140
6 654 9.0 90 35

7 658 3.0 70 0
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[I. LUNAR PHOTOMETRY AND MAPPING

A. Introduction

Earth-based telescopic measurements have shown the moon's
surface to produce a high amount of backscattering. The luminance of the
lunar surface for all conditions of illumination and viewing can be ex-
pressed in terms of the luminance for vertical illumination and viewing

and a factor of proportionality, ¢, using the lunar photometric function.

The photometric function for any area on the lunar surface
is represented in terms of phase angle g, between the directions of inci-
dence and emittance (viewing), and angle «, which is the component of
the angle of emittance projected into the phase plane. The angle a is
negative when it overlaps the phase angle. Figure 17 illustrates these

geometric relationships.

The graphical representation of the value of the photometric
function in terms of the two variables « and g is shown in Figures 18 and

(3)

1 for lunar maria.

Krowledge of the photometric function can be combined with
information about parameters of the photographic system (f-number N,
exposure time t, and lens transmittance T), the normal surface albedo
(reflectance) p and the illuminance I to make a prediction of the expo-
sure E on the film plane in a photographic system. Equation 1 describes

the relationship between these variables.

10.76 1 p ¢ Tt

5 Equation 1
4N

E =

Exposure E is given in meter-candle-seconds if exposure time
t is given in seconds and I is given in foot-candles; ¢, N, T and p are
dimensionless. The conversion factor 10.76 gives the number of square

feet in a square meter.

26

—— wamm mEE W AN S B =

I
l
I
5
:
g
-




NORMAL TO SURFACE

, )\ANGLE OF EMITTANCE (VIEWING)
ANGLE OF INCIDENCE =
v = /

PHASE ANGLE

FIGURE |7, GEOMETRIC RELATIONSHIPS BETWEEN o AND g

27



. ———
A
17z
T

SN
§§“_k

ON DATA

.!ES§W
NV T
YN

IR
-_ [/ _- My

=
..45(78)N3U\)
=
O
—
'_

28

FROM FEDORETZ, 1952

BASED

PHOTOMETRIC FUNCTION OF LUNAR MAR

FIGURE 18.



6c

o

0

F I GUKE

19,

"

(e

N

N

Lo 60 80 100 120 140 160 1R0

w

PHOTOMETRIC FUNCTION CF LUNAR MARIA BASED ON DATA FROM FEDORETZ,

1951.




Equation 1 is basic to all of the work reported in this
section, Efforts were made to improve knowledge of the photometric
function by solving the relation for ¢ with initial knowledge of all
the other values including g and a., Work on mapping was carried out by
solving the relationship first for ¢ and then for a,

Dependence of the photometric function on a and g indicates
that tilt of the normal to the area under observation in a plane normal
to the phase plane does not enter into the computation for observed

luminance.
B. Photoclinometric Mapping
1. Summary

The work of Phase II, Contract NAS 9-3826(%) has been ex-
tended in a study of photoclinometric mapping from a single photograph.
New profiles prepared from photographs of Model KLM 6-65 with a sun
elevation of 30° are compared to profiles for a 15° sun elevation, and

an error analysis made on the technique for the 30° condition.

Mapping of a lunar model at 30° sun elevation can be done at

least as well as at 15° sun elevation.
2. Background

The lunar photometric function expresses the variation in
lunar luminance with the geometry of illumination and viewing. The
photometric function at a point is described by two variables, g and a.

For vertical photography with very small angular coverage, the phase

angle g is the complement of the solar altitude and a is the component
of the lunar surface slope in the phase plane.
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The measurement of luminance values from a vertical photo-
graph of the lunar surface together with knowledge of the photometric
function and other calibration data provides a photometric method for
generating lunar surface profiles. 7To determine these luminance values
at points near the optical axis, the photograph is scanned with a micro-
densitometer in lines parallel tou the phase plane at the nadir point.
The phase angle is the complement of the solar altitude at the nadir
point, therefore the luminance differences occurring in the scene
photographed are a function of the single variable «, the ground slope
in the phase plane. On the basis of a single scan, no information is
available about the surface slope in any direction other than the phase
plane., But the slope in the direction perpendicular to the phase plane
can be deduced or inferred from a numbcer of adjacent scans. The profiles
obtained by adjacent scans can be assembled on the basis of the scanning
geometry relating the end points of the separate scans. Contours are
constructed by connecting points showing common values of elevation in

the phase plane. This procedure was used in Phase II work.

The slope 1s found by use of three relationships. The first
relationship is the characteristic curve of the photcgraphic film which
relates optical density to exposure. The second relationship relates
exposure to the various optical parameters of the camera and illumination

conditions of the scene. This relationship is given by Equation 1:

10.76 I o ¢ Tt

. 4N2
where: E = exposure (meter candle seconds)
I = scene illumination (ft. candles)
p = albedo
¢ = relative luminosity factor (function of g and a)
T = lens transmittance
t = exposure time (seconds)

N = lens f-number



The third relationship is the empirical representation of the photo-

metric function in terms of g and a,

Assuming a constant albedo within the picture area of a
single vertical photograph, all the variables in Equation 1 are constant,
except ¢ which only changes as « varies. For a short scan over an area
of constant slope, g and o are conctant. The density changes obtained
from the microdensitometer traces of the photograph may therefore be
related to changes in surface slope. The slope, tan u can be related
to the height difference, Ah, and separation, Ax, between two points by

the following relationship:
dh = Ax .an a Equation 2

A profile may be generated using the expression:
n
b

tnoag AX, Equation 3
n i=0

where h
X
n

height at point X relative to the height at

point x., the starting point.

Ol

3. Previous Work

Much of the work done in the Phase II Lunar Photo Study
under Contract NAS 9-3826 involved application of the photometric mapping

technique to the photography of laborato.y subjects.

Initially, simple geometric shapes, core¢s and spherical con-
cavities were photographed. The subjects were dusted with cupric oxide
which has reflectance properties similar to the lunar surface, as shown
in Figure 20. Figure 20 is comparable to Figure 18, the lunar photo-

metric function,
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The last part of the Phase 11 work included mapping the
portion of the Lunar Model KLM 0-65 (scale of 1:48)(5) that is outlined
in Figure 21. The model was illuminated by a sour-:e simulating the sun
at an elevation of 15°. S0-243 film was used with an optical system
capable of producing a system resolution of 130 lines/mm, high contrast,

at a scale of 1:30,000 (model scale 1:48 and photographic scale 1:625).

A contour map of the area outlined in Figure 21 was made
from the height profiles determined from 22 microdensitometer scans.
This map compared favorably to one determined from stereo photographs

of the model and to a map made from measurements on the model itself.

Quantitative evaluation ¢f the photometric mapping technique
was obtained by comparing height measurements made on the model to those
results obtained from the photograph. This comparison showed that photo-
metric mapping could determine lunar heights with a standard deviation

of 2.6 inches where excursions in heights were as much as 20 inches.
4. Present Work

The purpose of the current work is to investigate the mapping
capability of the photometric technique at a sun eievation of 30° by

comparing the results to those obtained at 15° sun elevation.

Vertical photographs were taken of both Model KLM 6-65 and
a flat plane surface, dusted with cupric oxide, on S0-243 film at a scale
of 1:30,000 and a sun eievation of 30° using a system having a limiting
resolving power of 130 lines/mm, high contiast. The film was processed
in D-19/D-76 to a gamma of 1.2. The plane surface is used to correct
for the light fall-off which occurs across the width of the model because

of changing distance from the light source.

A Davidson autocollimator with divisions to 1 second of arc
was used to establish a perpendicular to the base of the model and to set
the camera optical axis coincidence with this perpendicular. A surveyor's

transit was used to establish the sun elevation of 30 degrees *10 minutes.
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Photographs of the model and the plane surface were scanned
in the phase plane with a microdensitometer using a spot of 2-microns
diameter. Twenty-two scans were made at separations of 4 microns within
the area shown in Figure 21. In each scan 271 samples were taken at

separations of 3 microns. The data from each scan were stored on punch

cards for computer analysis.

A photographic step tablet processed with the photographs was
also traced to provide exposure calibration. A modified least squares
curve fit was made relating film exposure E to microdensitometer output

voltage V:

2

E = -0.6497 + 3.630V - 3.840V° + 2.179V°

Equation 4

A ¢ versus a equation for the photometric function of cupric
oxide dust at a phase angle of 60° (sun elevation of 30°) was generated
using the same modified least square technique, where @ is the slope

angle in the phase plane.
a = 26,263 + 0.781 ¢ - 616.803 ¢2 + 416.895 ¢3 tquation 5

An equation was obtained for zero o to account for light fall
off on the model as a result of the inverse-square law. To get this
equation, the mean microdensitometer voltage was computed for each of
the twenty-two scans made on the image of the plane surface. Through
this mean, a first degree equation was obtained for each scan which
adjusted each point to this mean. An average equation was derived based
on the individual equations ©. tlc twentv-two scans. This average

equation is:

4

V=1237+5.8x10 " x Equation 6
where V = microdensitometer voltage
x = feet on the moon in the phase plane from the

start of the scan
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The microdensitometer data from the photograph of the model
and Equations 4 through 6 were used as inputs for the computer program
LUNA II. This program, written for the Phase II work, computes lunar

surface profiles from the microdensitometer data.

In LUNA [I, an array of voltages is computed using Equarion 0
corresponding to the points across the model at which microdensitometer
readings will be made. This vcltage array is converted to an exposure
array using the exposure-voltage equation. A new array is created by
dividing the value of ¢ corresponding to zero « by each member of the
exposure array. This ¢/E ratio is used to correct the microdensitometer
voltages obtained from the trace of the model photograph for the apparent
slope which results from the effect of the light fall-off. The ratio is

given the symbol A:
A= = Equation 7

The value of A at each point is adjusted to zero slope, therefore any
variation in E can be attributed to a change in ¢, i.e., EA = ¢ and one
does no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>