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Introduction

HE Lunar Orbiter series of satellites revealed the potential

use of orbiting satellites to gather various types of physical
data on a celestial body. Among these data types are surface
photography and gravitational field characteristics. In the
case of the Lunar Orbiter satellites, another data type was
discovered which provided a means of determining the lunar
equatorial radius. This data was in the form of an extremely
accurate angular velocity reading from an electro-optical
device known as the image-motion compensator sensor (V/H
sensor) used to stabilize the film during the open period of the
shutter of the photographic system. The function of this
sensor was to provide a mechanical shaft rotation, propor-
tional to the image motion, to drive the camera platen
through a cam and lever arrangement. The ideal result of the
platen motion is to completely stabilize the film during the
entire time the system shutter is open. The output of the
system was divided by the focal length of the camera lens.
This ratio was then telemetered back to Earth as a V/H
measurement. The V/H measurement together with the
spacecraft state vector are used to determine the local lunar
radius at the point of measurement.

Operation of V/H Sensor

In general, operation of the V/H sensor was initiated just
prior to photographing a given site. The selenographic
latitude and longitude of the desired photo site were predeter-
mined and shortly before a picture-taking sequence the camera
optical axis was aligned along a direction parallel to the local
vertical of the desired photo site. The V/H sensor was then
put into operation and used to control the camera platen
speed throughout the photographing sequence.

The V/H sensor on the Lunar Orbiter spacecraft scanned the
lunar surface through a portion of the 24 in. camera lens out-
side the normal image format. A small rectangular aperture,
located on a scanner disk, rotated in a circle at the rate of
4000 rpm or one scan every 0.015 sec. During one scan or
one rotation of the rectangular aperture, an annulus with
outer radius of approximately 1.6 km and inner radius of
about 1.3 km is swept out on the surface of the moon. Be-
tween successive rotations of the scanner disk, the lunar scene
necessarily changes due to the motion of the spacecraft. The
V/H sensor detects the shift in the image and attempts to null
the image shift by changing the camera-platen speed. (See
Fig. 1 which was taken from Ref. 1.)

The V/H tracking cycle is defined by the motion of the
tracking optics over a fixed time interval during which the
angle 8 (Fig. 2) between the camera optical axis and the V/H
axis varies from about 10° to 6°. However, the exact value
of this angle at any given time is not known. For the purpose
of this analysis, an average value of 8° was assumed. At the
end of each tracking cycle, the V/H axis was reset to a position
10° ahead of the optical axis and a new tracking cycle was
begun.

The basic sensor consists of a lens system that creates an
image on the surface of the scanner, which in turn examines
the image and generates an electrical signal that uniquely
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Fig. 2 Spacecraft-lunar-surface photography.

defines the examined image. At the beginning of a cycle, the
line of sight (V/H axis) is swung forward to about 10°. The
image viewed at this position is scanned and the electrical
signal generated is memorized. As the satellite passes over
the terrain, a closed-loop servo maintains the system line of
sight point at the memorized area of the terrain; thus the image
on the face of the scanner stays constant and unchanged to the
extent that the system gain and response time are able to
provide perfect image stabilization. Further details of the
V/H sensor can be found in Refs. 1 and 3.

Lunar Radius Calculation

The relationship of the V/H reading to the lupar radius can
be determined from Fig. 2. The position of the spacecraft at
the time of orientation of the optical axis along the local
vertical of the photo site is P;. The photo site is at point P,.
The point on the lunar surface being scanned by the V/H
sensor is P;. Line P,P, is parallel to the local vertical at
point P,. The angle v is the tilt angle defined as the angle
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between the local vertical and the optical axis. The tilt
angle is positive whenever the optical axis leads the local
vertical. The time history of this angle was obtained from
photo support data from Ref. 4.

The V/H value is obtained by dividing the platen velocity, V,
by the focal length, H. The platen velocity is

V = d/(H tanf)/dt = OH/cos*0 )
From Fig. 2 0 is determined to be
0 =(V/Hy) cos(d + 71 — ) @

where ¥V, is the magnitude of the spacecraft velocity vectors,
H, is the straight line distance along the V/H axis to point P,
on the lunar surface, and y is the flight path angle.

From Egs. (1-2) the V/H value is determined as

V/H = V, cos(8 + n — v)/H, cos?f 3)

The value for V, was obtained from an orbit determination
program while y is computed from the two-body relation

tany = e sinv/(1 + e cosv) @

The eccentricity e and true anomaly v were obtained from an
orbit determination program.

The lunar radius R is determined from consideration of
triangle P,OPs in Fig. 2 as

R=1[r>+ H? — 2rH, cos(d + p)]*/? &)}

where r, the magnitude of the position vector of the spacecraft,
is obtained from the orbit determination program. Substitu-
tion for H, from Eq. (3) into Eq. (5) results in

2rVs cos(@ + n — ) cos(@ + n)
= 2 __
R [r (VIH) cos?8 -

V2 cos* (0 +n -]
(VIH)? ‘cos“(? ] ©®)

The selenographic latitude ¢ and longitude A corresponding
to the radius of Eq. (6) are determined from

sing = sini sin(w + v + B)

siny cos¢ = cos(w + v + B) sin® + cosi cosQ siti(w + v + B)

€0sA cos¢ = cos(w + v -+ B) cosQ — cosi sinQ sin(w + v + )
@)

The angles i, w, and Q are the inclination, argument of
periapse and longitude of ascending node of the orbit. These
angles are illustrated in Fig. 3 and are determined from the
orbit determination program. The angle 8 is calculated from
the equation

B = sin'{(H,/R) sin(d + )] ®
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Fig.3 Orbital plane relative to a selenographic coordinate system.
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Error Analysis

In order to obtain an éstimate of possible radii error, three
error sources were considered: the uncertainty in the deter-
mination of the spacecraft radius, the uncertainty in the angle
0, and the biases associated with the V/H sensor. The sensor
was designed to operate between 8 and 50 mrad/sec and in fact
operated well within this design during the Lunar Orbiter I
flight. Also, there has been no evidence from the lunar
photographs to indicate that the sensor operated improperly.
The maximum uncertainty in § and the spacecraft radius has
been estimated to be -+2° and 40.5 km, respectively. By
assuming the maximum uncertainty in these two parameters,
and assuming that the spacecraft radius error is entirely along
the lunar radius, the estimated possible error in the magnitude
of the lunar radius is 4-0.7 km.

The selenographic coordinates of the lunar radii locations
have errors associated with them due to the uncertainty in the
angle 6, the uncertainty of the V/H sample point within the
scanning annulus, and the uncertainty in the orientation of the
spacecraft radius vector. The maximum error in the angle 8
leads to a possible error of 1.7 km in the location of Ps; on the
lunar surface. The V/H sample was assumed to have been
at the center of the scanning annulus although it was some-
where between the outer and inner circle. This assumption
leads to a possible error of 1.6 km in the location of P; on
the lunar surface. Finally, the orientation of the spacecraft
radius vector was assumed to be in error by 0.095° of arc at
the center of the moon. This assumption corresponds to
about a 3 kim error at the spacecraft in the position vector and
to a possible error of 2.7 km in the location of P;. By adding
the three errors in the location of P;, a possible maximum
error of 6 km or 0.2° central angle is obtained.

Two additional error sources which were assumed to be
negligible should be mentioned. These are the error intro-
duced by neglecting the velocity of the lunar surface at point
Ps and the error introduced in the V/H value due to possible
perturbations in the angular velocity from limit cycle motion
of the vehicle about the desired attitude.

Discussion of Results

The primiary result presented in this paper is the determina-
tion of the lunar radii in the vicinity of the equatorial region
of the moon. These radii are plotted in Fig. 4 as a function
of longitude. The maximum latitude for either of these radii
is 2.2° north and 4.0° south. The maximum lunar radius of
1738.6 km occurs in the mountainous region just to the east
of the Central Bay (Sinus Medii) area. The minimum lunar
radius of 1734.6 km occurs in Mare Tranquillitatis. The
arithmetic mean of the lunar radii is 1736.5 km or about 1.5 km
smaller than the mission planning value of 1738.09 km. From
Fig. 4 an asymmetrical bulge toward the Earth in the Central
Bay area of the lunar equator can be seen. This same type
of bulge was observed in the results in Ref. 5.

A comparison of the results of this paper with those obtained
from other techniques is given in Fig. 4. The solid curve in
Fig. 4 represents the results for lunar radius variations in the
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Fig. 4 Comparison of lunar orbiter I results with other analyses.
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Table I Comparison of Lunar Orbiter I values of lunar radius with radar and photogrammetric values

Lunar Orbiter Radar
Latitude, Longitude, Radius, Accuracy, Latitude, Longitude, Radius, Accuracy,

deg deg km km deg deg km km
—2.86 —6.71 1737.70 —2.95 —6.72 1737.17

—3.15 —5.28 1737.50 +0.7 —2.27 —5.96 1737.36 403
1.05 —5.74 1737.00 1.17 —527 1737.21
0.73 —4.33 1736.76 0.70 —4.51 1737.34

Lunar Orbiter Photogrammetric

0.37 34.08 1735.35 0.37 34.08 1734.82
0.07 35.49 1736.20 0.07 35.49 1735.82
—0.23 36.91 1736.09 —0.23 36.91 1735.60
0.11 —1.51 1736.77 0.11 —0.15 1736.13

—3.23 —36.14 1735.88 +0.7 —3.23 —36.14 1735.31 +0.2
—2.08 —43.81 1735.60 —2.08 —43.81 1735.31
—2.37 —42.39 1735.76 —2.37 —42.39 1735.26
—2.35 —44.47 1735.67 —2.35 —44.47 1735.65
—2.64 —43.06 1735.74 —2.64 —43.06 1735.42

equatorial region from a harmonic analysis by Bray and
Goudas of a selenodetic control system of the U.S. Air Force
Aeronautical Chart and Information Center (ACIC) (Ref. 5).
These results, derived from Earth-based photography, are
with respect to the center of figure of the moon. The Lunar
Orbiter values are smaller .on the average by about 2 km.
Some agreement is seen in the region from 30° to 40° east
longitude. Note the appearance of an asymmetrical bulge in
the solid curve similar to that previously mentioned for the
Lunar Orbiter results. Also shown in Fig. 4 is a radius
determination with respect to the center of mass of the moon
from Ranger VIII impact analysis. (See Ref. 7.) This value
is in agreement with Lunar Orbiter values. The trends
illustrated in Fig. 4 indicate that the radii relative to the center
mass of the moon are systematically less than those relative to
the center of figure which suggests a displacement of the
center of mass of the moon toward the Earth, relative to the
center of figure.

A comparison of Lurar Orbiter 1 values with recent radar
and photogrammetric determinations is presented in Table I.
The radar values were taken from Ref. 5 and were chosen to
coincide as closely as possible to the Lunar Orbiter points,
The few radar points which are compared are in agreement
and appear to support the Lunar Orbiter I data. The photo-
grammetric data (Ref. 8) are lower than the Lunar Orbiter I
data. The differences, which range from 0.2 km to about
0.6 km, lie well within the respective accuracies of the values
presented.

Conclusions

The lunar radius has been determined in the equatorial
region from about 50° west to 40° east selenographic longitude.
The lunar radius was found to be about 2 km smaller, on the
average, than the accepted value prior to the Ranger VIII and
the Lunar Orbiter flights. The suggestion of an asymmetrical
bulge toward the earth was noted in the general area of Sinus
Medii. Comparisons of the Lunar Orbiter I values of the
radii were made with thoseé determined from a harmonic
analysis, Ranger VIII impact analysis, radar measurements,

and photogrammetric technique. In general, the Lunar
Orbiter I values agree with these results with the exception of
the harmonic analysis. The radii presented in this paper lie
within a band +4° of the lunar equator and no limb data has
been included. 1In order to substantiate the lower mean value
presented in this report, it would be helpful to include data
over the entire interval from the western to the eastern limb.
Since the radii presented in this report are with reference to
the center of mass of the moon, a displacement of the center
of mass of the moon toward the earth, relative to the center of
figure is suggested.
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