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Mapping the Surveyor lll Crater

Large-scale maps may be produced from Lunar Oribiter photographs

(Abstract on next page)

INRODUCTION

URVEYOR III spacecraft was launched

on April 17, 1967 toward the moon on a
mission to explore possible Apollo landing
sites. On April 19 the Surveyor landed on the
moon’s Ocean of Storms and almost imme-
diately began transmitting television pictures
back to Earth. When the lunar day ended
on May 3, over 6,300 photographs had been
received from Surveyor III by the Jet Pro-
pulsion Laboratory.*

When the spacecraft landed, it came to
rest on the inside slope of crater giving it a
12.4° tilt from the local vertical (Figure 1).

t Presented at the Annual Convention of the
American Society of Photogrammetry in Washing-
ton, D. C., March 1968 under the title “Mapping
Surveyor III's Landing Area.”

* Surveyor I1I crater became the landing sight
for Apollo 12 and two of its Astronauts on Nov-
ember 18, 1969.—Reviewers

Because of the inclination of the camera,
lunar features were viewed more clearly than
would have been possible on flat terrain.

This crater, then, became an object of in-
tense interest to the scientific community,
especially to astrogeologists who had the
unique opportunity of observing high quality
pictures of the interior of a lunar crater for
the first time.

Because of this unusual characteristic, the
National Aeronautics and Space Administra-
tion (NAsA) requested that the Department
of Defense prepare two maps of the crater
and surrounding areas. The request was for
a photo mosaic at 1:2,000 scale with 10-meter
contours and a shaded relief map with con-
tours at the smallest interval possible. As-
trogeologists will use these maps as a base to
delineate features found on Surveyor III
photography. These maps were made at AMS
(later named ToPOCOM) using high-resolution
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convergent photographs which had been
taken by w~Nasa’s Lunar Orbiter TIT space-
craft prior to the Surveyor III landing.

PHOTOGRAPH ASSEMBLY

Lunar Orbiter III had photographed the
Surveyor III landing area with its 24-inch
focal-length camera. Each photograph was
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tions within the framelets and even greater
distortions between framelets. For triangula-
tion, corrections were made to the measured
image coordinates by the preprocessor pro-
gram described in the nextsection. No method
is available which will remove these trans-
mission distortions from the reassembled pho-
tographs.

ABsTRACT: Two lunar orbiter high-resolution convergent photographs were used
lo produce a 1:2,000 scale controlled photo mosaic and a 1:500 scale shaded re-
lief map. A control net from previously triangulated Lunar Orbiter medium reso-
lution photography was used to control the two high resolution photographs. The
map area was triangulated by a block process to establish a large number of pass
points. These pass points controlled the AS-11A analytical plotter upon which
the 1:2,000 scale manuscript was compiled. The use of high resolution photo-
graphy can give relative accuracies which are great improvements over mediwm

resolution photographs.

exposed as a full frame with a camera format
of 2.165 inches by 8.622 inches. The film was
processed on board the spacecraft and elec-
tronically transmitted to earth in segments
0.10 inch by 2.165 inch in size. As the signals
were received on earth they were recorded on
magnetic tape. From these tapes permanent
35-mm film records of the images were made.
The 35-mm film records of each segment are
called framelets and are 7.2X enlargements
of the original spacecraft segments.

Awums received the 35-mm framelets from
NasA. They were then trimmed and reas-
sembled into complete frames using a pre-
cision cutting instrument developed by AMms.

In the transmission, however, were erratic
fluctuations which caused non-linear distor-
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M APPING THE CRATER

Two high-resolution photographs, H137
and H154, cover the Surveyor III landing
site. These photographs were taken on two
different passes of the same Lunar Orbiter
mission. Photograph H154 has —2° of x-tilt
and photograph H137 has 37.°6 of x-tilt.
Thus it was possible to construct a convergent
stereo model of the crater area (Figure 2).

It was evident that this was an unusual
model. As the two frames were exposed from
different passes over the site, the rotation of
the moon during the interval between ex-
posures resulted in the BYV-distance being
greater than BX (BX: 11.6 km, BY: 40.6
km). Hence the vertical displacement was
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MAPPING THE SURVEYOR III CRATER

determined from y-parallax. What actually
existed was a two-photograph block. The
Surveyor landed in Lunar Orbiter Site I P-7.
However, insufficient control points were in
the Surveyor I1I area to permit compilation
on photogrammetric instruments. Therefore,
a control network had to be established.

Several conventional approaches were
considered. One logical approach for a two-
photograph model would be an intersection.
However, previous tests had shown a possible
discrepancy of five km in camera positions
for different missions. Also a displacement of
100-to-300 meters in position and 800 meters
in elevation occurred between adjacent passes
of the same mission. The control had been
established from Mission I, and this pho-
tography was from two different passes of
Mission III. This left much uncertainty about
the relationship between Mission 111 camera
parameters and control from Mission I.
Clearly some other means of establishing
control had to be used.

As mentioned earlier, the Surveyor III
crater fell within the area previously pho-
tographed by the Lunar Orbiter I medium-
resolution camera. This area, Lunar Orbiter
Site I P-7, had been triangulated by awms
using analytical programs. These programs
performed a simultaneous adjustment of a
strip of lunar satellite photography treating
orbital elements, camera attitude, recorded
exposure time, ground control coordinates,
and plate measurements as weighted observa-
tions. These parameters were weighted ac-
cording to their known standard errors given
for the particular mission. The mathematical
model for the short-arc triangulation can be
represented in functional form as follows:

Collinearity equation:

[ j] = Fl(tp, 30, 9, (X, ¥, 25,0, ,), (X, ¥, 2)]

where

Xe ‘l
Ve | = &(Xy, Yo, 20, X, V, 2, ).
7)
Then, by substitution
x
[T]-61wn9 @axn,

(Xo, Yo, Zo, X, V,2),(X, ¥,2)]

An auxiliary program computed ground co-
ordinates for an unlimited number of image
points based on the adjusted camera pa-
rameters as determined in the triangulation

.
i

F1G. 2. Lunar Orbiter Coverage of Surveyor III.

program. Both programs generate statistical
evaluations for all computed values.

Six control points from the Site I P-7
reduction fell near the Surveyor III landing
area. These six control points were identified
and marked on the high-resolution photo-
graphs at a scale of 1:22,000 using a Wild
PUG modified with Bausch and Lomb Zoom
70 adjustable lenses. The Zoom 70 made it
possible to mark the points even though there
were significant changes in scale across the
photographs resulting from the tilt.

Sixty-four pass points were marked and
measured in and around the crater area, with
45 of these points within the crater itself.
The coordinates of these points were mea-
sured on a Mann Comparator and auto-
matically recorded on punched cards in the
desired format for preprocessing. In the pre-
processing program, analytical techniques
apply corrections to the image measurements
to remove distortions and unify the coordi-
nates into one system (Figure 3). The photo-
graphs have both a calibrated sawtooth sys-
tem, which serve as fiducials, and a preprinted
reseau.

Using a six- or eight-parameter projective
transformation, the preprocessing program
first transformed all image measurements for
each framelet into the calibrated reseau sys-
tem. The resulting values were then trans-
formed again, this time into the calibrated
sawtooth fiducial system. This process is re-
peated for all framelets, resulting in a uni-
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F1G. 3. Lunar Orbiter Preprocessing.

fied system of image measurements referenced
to the principal point of the photograph.
Finally, these coordinates were corrected for
lens distortion, and a punched cart output
was generated. These cards were used in the
triangulation program.

TRIANGULATION

As previously stated, the existing situa-
tion was treated as a two-photo block. An
attempt was made to adjust to all six control
points, but the control from Lunar Orbiter
I had standard errors of 238 meters horizon-
tally and 518 meters vertically. Obviously a
precise solution of this net was unlikely. Four
of these six control points were consistent
with each other in position and elevation.
These four points were used to tie the map
area to Site I P-7.

In the triangulation program, the camera
parameters were weighted to their one-sigma
level. This allowed the spacecraft position to
adjust. Both cameras adjusted in the same
direction by nearly the same distance thus
orienting the model to the Lunar Orbiter site.
The shifts in longitude and y-tilt were some-
what greater than expected. There are no
indications as to whether this is due to control
discrepancy or uncertainty in the orbit.

Pass points were forced to intersect in the
object space with image coordinates weighted

to 20 micrometers. The plate residuals were
well within these limits in the vicinity of the
crater where there were 45 pass points. How-
ever, residuals became quite large, often
over 50 micrometers, as the distance of the
points from the crater increased. No pass
point with a residual greater than 50 micro-
meters was retained in the solution, but the
relationship between the location of these
points and the residuals is an indication that
the removal of all distortions is incomplete.
There is no reason to believe that these points
were marked and measured less accurately
than those within the crater.

After eight iterations, the program con-
verged to within 30 seconds in longitude, 10
seconds in latitude, and 500 meters in eleva-
tion with respect to control established from
Site I P-7. Camera parameters converged to
within 10 mintues of arc. The use of differ-
ent combinations of the six control points
shifted the positions of the 64 pass points
on the lunar surface, but they always re-
mained consistent with each other. Thus,
although there is a circular probable error of
47.6 meters in position relative to Site I P-7,
there is a very close agreement within the
points themselves. This internal consistency
is the essence of the task because the primary
interest is the relationship of these points
to each other.
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SURVEYOR 1 STE 1,2000 15T 000N IaN 1483
3

Fi1c. 4. 1:2,000-Scale Map.

CONTROL ACCURACY

With respect to Site I P-7, the four control
points had a standard deviation of 367.18
meters in elevation. Standard deviations for
latitude and longitude were 2.8 seconds and
8.3 seconds respectively (23.45 meters and
69.73 meters). The pass points were very
consistent with themselves in their relative
positions on the model. The standard devia-
tion, as determined from the program error
propagation was 1.6 meters in latitude, 1.4
meters in longitude and 3.6 meters in eleva-
tion.

COMPILATION

The map was compiled on the AS-11A
analytical plotter. The plates were viewed in
the instrument at a scale of 1:13,000. Plate
H137 was rectified to plate H154 and the
instrument was cleared of parallax manually.

The model was compiled one framelet at a
time. Each framelet was scaled and leveled to
the computed pass points within the frame-
let. Because the framelet in which the crater
ell had the most control, and was the point
of greatest interest, it was compiled first.

The outer framelets were then held sequen-
tially to this. This meant that areas pre-
viously compiled were used to constrain the
entire mapping area to the crater framelet.
The outer framelets were then adjusted and
scaled by additional control points.

It would seem that 64 control points would
be sufficient to control a model. But 70 per-
cent of these points were within the crater.
Thus, the entire model was held tightly to
the crater area. The nonlinear distortions in
the photographic models made it necessary
to relevel the model to the pass points from
time to time. For this purpose, the control
along the northern edge was less than desir-
able.

The manuscript was compiled at a scale
of 1:2,000 with two-meter contours. From
this manuscript, a 1:2,000 controlled photo-
mosaic with 10-meter contours was pro-
duced. The 1:2,000 scale manuscript was en-
larged to the scale of 1:500 with additional
features added from a large-scale enlargement
of the photographs. The enlarged manuscript
was made into a 1:500-scale shaded relief
map with two meter contours (Figures 4 and
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Fi1G. 5. 1:500-Scale Map.

5). (Figure 6 and the stereo view on the front
cover were added by the Reviewers).

Mapr ACCURACY

Several tests were conducted to determine
the accuracy of the compilation. The first
step was to find the possible topographic
accuracy that may be obtained from the
photographs. To determine the possible ele-
vation accuracy, the formula

H
dr= 3 (dXs — dX,) (1)

was used, where (dX,—dX,) is the error in
the ground X-parallax and dj is the corres-
ponding error increment in elevation. To
compute dX; and dX, for non-vertical
photography, the collinearity equation was
differentiated, giving the equation

mu(m 23y—m33f) —m1s(n221y—m31f)
(m 13X +Hmazy "maaf) %

dX=—H dx (2)

where:

H =altitude of spacecraft
m;;=elements of the orientation matrix
x,y =image coordinates
f=focal length
dx =differential error of image x-measure-
ment.

Using the well-known law of error propaga-
tion, Equation 2 may be written in terms of
standard deviations as:

mn(mmj’ - mazf) - mu(?’ﬂﬂy - mslf)
ox = H
(mmx + mazy — masf)z

a: (3)

where o, is the standard deviation of one
image coordinate measurement and ox the
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I'16. 6. This unusual photograph, taken during the second Apollo 12 extravehicular activity on
November 18, 1969, shows two U.S. spacecraft on the surface of the moon. The Apollo 12 Lunar Module
is in the background and the unmanned Surveyor I1I spacecraft is in the foreground. The Apollo 12
LM, with Astronauts Charles Conrad, Jr., and Alan L. Bean aboard, landed about 600 feet from Surveyor
I1T in the Ocean of Storms. The television camera and several other pieces were taken from Surveyor I11
and brought back to earth for scientific examination. Here, one of the Apollo 12 crewmen examines the
Surveyor's TV camera prior to detaching it. Astronaut Richard F. Gordon, Jr., remained with the Apollo
12 Command and service Modules in lunar orbit while Conrad and Bean descended in the LM to explore
the Moon. Surveyor 111 soft-landed on the Moon on April 19, 1967. (Photo by NASA).

corresponding standard deviation in object termined for the entire model (n=73) by the

space. formula
Similarly, equation 1 may be rewritten as: @ =[S0 — )]/ — 1) )
oL = {B{ \ (cr_\'i + tr,\'i) 4
where o) is the standard error in elevation. TaBLe 1. TABLE OF VARIANCES FOR 15 PoINTs
With the assumption that O'll=0'_,._,=2 EacH OBsSERVED 5 TIMES
microns, Equation 3 is evaluated and sub- __ A ———
stituted in Equation 4 giving an estimation of Point Range of Variance Standard
the accuracy obtainable from these non- No. ho(m) s?(m?)  Deviation s(m)
symmetrically, convergent, high-resolution i
photographs. The value obtained was found 4 4.81 3.28 1.81
to be g,=2.7 meters, which is the standard 17 6.86 7.57 2.75
deviation of the height observation for a 29 2.49 1.17 1.08
point on the model. ia ;f; ‘;g; 0.48
During compilation, readings were taken 1 2 04 1 39 }‘;;
to determine the repeatability of the AS-11A. 44 0. 64 0.20 0 45
The operator read each point in sequence 15 7 74 12.01 3 46
until 15 points had been read. He then made 47 1.19 0.23 0.48
the circuit again, and again, until all 15 points 50 3.37 1.55 1.24
had been read five times. The results for ele- 51 3.23 2.42 1.55
vations are shown in Table 1. These points 52 3.52 2.90 1.70
were selected over the entire model to include 92 4.09 2.34 1.53
areas of varying contrast. This is reflected 2; ;g; 8“2; ggé

in the table of variances. Variance was de-
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TasLE 2. VARIANCES AND STANDARD DEVIATIONS
FoR Hor1zoNTAL AND VERTICAL COORDINATES

ox?=0.409 m? ox=0.639 m
oy?=7.122 m? oy =2.668 m
o32=2.598 m? ar=1.611m
where
= (Zh)/n. (6)

Tables for horizontal positions were also
computed. The results for the model are
given in Table 2. These results show that it is
possible to compile contours within a two-
meter interval. Clearly this test is more
stringent than the requirement for plotting
contours that does not require ability to re-
cover an image.

CONCLUSION

This project indicates that Lunar Orbiter
high-resolution convergent photography may
be used for triangulation and mapping pur-
poses, at least on a single-model basis and in
relatively small areas. Use of this photog-
raphy can give relative accuracies which are
greatly improved over those obtained solely
from medium-resolution photographs. How-
ever, due to the nature of the overlap, me-
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dium-resolution photography is still required
to establish a control network to which these
convergent models may be related.
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Comm. I-—Columbus, Ohio, U.S.A.; May 25-28, 1970.

Comm. II—Munich, Germany; Sept. 16-19, 1970.

Comm. III—London, England; Aug. 9-13, 1971.

Comm. IV—IL.T.C., Delft, The Netherlands; Sept. 8-10, 1970.

Comm. V.—Paris, France; Sept. 21-23, 1970. To be followed by a joint meet-
ing of the Council and the Commission Presidents, Sept. 24-26.

Comm. VI—Bratislava, Czechoslovakia; Sept. 1-3, 1970.

Comm. VII—Dresden, East Germany; Sept. 10-16, 1970.

International Archives

The International Archives of Photogrammetry, Series XVII, Volumes 1 to 10
(which constitute the proceedings of the Eleventh International Congress of Photo-
grammetry in Lausanne in 1968) may now be ordered. Briefly, the Contents are:
Vol. 1: Congress Affairs. Vol. 2: National Reports and Commission Reports. Vol. 3
and 4: “Invited” Papers. Vol. 5-10: “Presented”” Papers.

Edition A: Vol. 1-4, 190 Swiss Francs plus 10 Francs postage. Edition B: Vol.
1-10, 440 Swiss Francs plus postage.

Send orders to: Institut de Photogrammétrie EPFL, 33 Avenue de Cour, CH-1007
Lausanne, Switzerland. Payment may be made to: Société de Banque Suisse for ac-
count Nr. 155172, Photogrammétrie, pl St. Francois, CH-1001 Lausanne, Switzer-
land.



