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The fundamental astrometry has accumulated wide practical experience on the devel-
opment of the inertial co-ordinate system in space, which confirms in particular that
rational selection of objects for this purpose is an important stage in investigations
and requires urgent attention from the very initial steps. In this respect the problem of
the development of a fundamental control system on the Moon is similar to those of
the fundamental astrometry (Hopmann, 1967).

Up to the present different catalogues used as reference points for selenodetic da-
tums different kinds of relief features: craters (mainly with diameters from 3 to 20 km),
separate mountain peaks or central peaks of great craters, light spots, groups of hills
or small craters. However it is well known that conditions for observations of moun-
tain peaks vary considerably according to the changing of azimuth and altitude of the
Sun, and are considerably dependent on the relief of neighbouring regions also. The
appearance of the light spots depends greatly on the albedo of surrounding areas, their
forms and sizes being unequal. Groups of hills or small craters look different on pho-
tographs of different scale. Naturally various effects of such kind decrease the preci-
sion of measurements.

In this connection a tendency appeared in the last decade to use as reference points
only small craters of regular circular form (Kopal, 1960; Kopal and Finlay, 1960).
This point of view is based on the following important ideas:

(1) The number of craters on the lunar surface is large enough and their distribu-
tion is sufficiently even for the establishment of a homogeneous control system of the
required density without using any other relief features as reference points. Thus, ac-
cording to (Arthur et al., 1963, 1964, 1965, 1966) there are more than 17000 craters
on the visible hemisphere of the Moon with diameters not less than 3.5 km. The distri-
bution of craters according to their diameters in four quadrants of the near side of the
Moon is presented in Table I*.

We can see from Table I, for example, that quadrants I and II, in which craters are
least numerous contain respectively 1229 and 1487 craters with the diameters from
3.5 to 14.9 km ~ a quantity quite sufficient for providing any catalogues necessary for
practical requirements of selenodesy.

* The table is compiled by N. G. Merkulova.
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TABLE I
The number of craters of different sizes on the visible side of the Moon

Diameter 1 II I v The whole

km quadrant quadrant quadrant quadrant visible
hemisphere

3.5- 49 344 545 1144 1800 3833

5.0- 9.9 586 758 2036 3136 6516
10.0-14.9 299 184 684 1159 2326
15.0-19.9 190 82 370 538 1180
20.0-24.9 135 41 197 359 732
25.0-29.9 95 42 136 194 467
30.0-49.9 167 99 275 379 920
50.0-99.9 92 67 146 189 494
100.0 and more 15 21 45 37 118

Total: 1923 1839 5033 7791 16586

(2) The majority of craters with small diameters have regular forms and thus repre-
sent relief features most favourable for astrometric measurements aimed for most
pricise determination of the position of their centres.

(3) The character of crater images does not depend on the slope and albedo of the
surrounding area and on the scale of photographs; in addition due to comparatively
small relative depth (~<% for craters with diameters 1-100 km (Baldwin, 1965)), the
errors in measurement resulting from different altitude of the Sun (phase errors) are
minimized.

Unfortunately, not one of the existing papers presents a consistent method for the
selection of relief details used as reference points. The present paper, taking into con-
sideration the pressing necessity for the creation of a unique lunar fundamental con-
trol system proposes a general principle for approach to the selection of features for
the development of such system.

The problem of establishing a selenographic co-ordinate system, that is the
determination of the position of reference points relative to the lunar equator and to
the central meridian, is inseparably linked with the problem of the study of the lunar
figure, its orbital elements and libration constants (Koziel, 1962). To make orbital
elements and libration constants deduced from the ground based observations more
accurate, precise three-axis co-ordinates of a rather limited number of points on the
lunar surface are sufficient. For further study of the lunar figure and solving different
cartographic problems, much more numerous reference points are needed. Therefore,
from the point of view of the expediency of the practical solution of the problem of a
lunar fundamental system, its creation may be divided into several stages (Kopal and
Finlay, 1960) resulting in the construction of control systems of the first, second and
subsequent orders.

Many of the catalogues of lunar features used at present are based on the Franz
system (Franz, 1899), consisting of nine points, eight of them having been measured by
differential method relative to the ninth one - crater Mosting A. Therefore, generally
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speaking, the control selenodetic systems of such a kind are systems of the third order
at least. Almost every recently published paper on selenodesy emphasizes the necessity
of the creation of a new lunar absolute control system free of the Franz catalogue
inaccuracies (or of inaccuracies of Schrutka-Rechtenstamm catalogue (Schrutka-
Rechtenstamm, 1958) based on it). It is evident that the new fundamental system of
the first order should be given by absolute three-axis co-ordinates of a comparatively
small number of points measured with the highest possible accuracy. However their
number should be sufficient not only to realize the lunar control system and to make
the character of the motion of the Moon in space more exact, but also for further
study of the lunar figure and construction of the base for lunar charts of high
accuracy.

General methods for the development of works on lunar cartography are considered
in detail in the paper by Florensky et al. (1971). In accordance with the suggestions
proposed in this paper the scale 1:1000000 widely used now should remain the base
scale for future lunar charts also. The fundamental control system of the first order
should ensure the reliability of the cartographic works of scale 1:1000000. This is
based on the fact that maps of that scale for the visible hemisphere may be compiled
using mainly Earth-based observations and should serve as a main link between large-
scaled maps compiled on the basis of extraterrestrial pictures and general small-
scale maps compiled by terrestrial methods. An average density of 4 points for each
nomenclature sheet of the map should be taken as the necessary minimum density of
control system for ensuring the reliability of the cartographic works. This requires
that the first order points be distributed evenly on the lunar surface with the density
approximately 1 point per 10° x 10° square transferred to the lunar equator. The same
requirements have been already substantiated earlier (Kopal and Goudas, 1967;
Marchant, 1963) proceeding from some other ideas.

Since the area of the lunar surface is amounts to ~41000 square degrees there
should be altogether ~410 of the first order reference points on the Moon and about
250 of these on the visible side (the libration zones included). If we exclude marginal
zones which are not clearly observable on the ground-based pictures then ~200
points will be sufficient.

Tn accordance with the nomenclature division suggested by Florensky et al. (1971)
for the maps of 1:1000000 scale and coinciding on the whole with the nomenclature
division of American aeronautical charts LAC (ACIC, 1967) the whole lunar surface
is covered with 140 sheets of the map, 48 full sheets covering the area of +70° along
the longitude and latitude. If there are 200 reference points in this area, then every
chart sheet of 1:1000000 scale really contains on the average 4 first order reference
points.

However as it was mentioned above, the number of points with precise co-ordinate
values used for obtaining more accurate parameters of lunar motion in space (which
is connected with long and systematic observations) need not be numerous (but not
less than three), thus it will be unnecessary in future to use for this purpose the whole
complex of the first order points. Moreover, observations for the aims stated above
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will be carried out in future both with the help of the laser location of cube-corner
retro-reflector and with direct astronomical observations carried out from surface of
the Moon. Neither method requires a very large number of observational points and
therefore it is rational to select a certain sub-group of craters from 200 fundamental
first order points evenly distributed on the visible hemisphere of the Moon. The
craters will serve like M6sting A as the fundamental points for obtainig with special
methods of high precision more accurate parameters of the motion of the Moon and
initial geodetic dates. The number of such points should need not be more than twenty.

Thus the first order fundamental control system consisting of 200 points can provide
simultaneously the solution of three problems:

(1) Obtaining more accurate values of the libration constants, the Moon’s orienta-
tion in space and its orbital elements. Since the whole period of libration (optical and
physical) covers several decades, the solution of this problem requires long and sys-
tematic observations of ~20 points.

(2) Obtaining more precise figure of the Moon, for which the whole first order sys-
tem (~200 points) should be observed for a short period of time.

(3) Realization both of the control system for cartographic works of 1:1000000 scale
and the basis for development of the second and further order systems which will
serve as a basis for the compilation of larger-scale maps. Observations pointed out in
Section 2 are sufficient.

The next stage consists of building the second order system of reference points,
whose co-ordinates are determined with the differential method. Such a point system
should serve as a basis for linking ground and space observations of the Moon. For
this one needs at least 10 points for 10° x 10° (Gavrilov, 1969), which means that the
second order system should contain about 4100 reference points over the whole lunar
surface or about 2000 in the area +70° along the longitude and the latitude (of course,
all the first order points should be included in that number). Such a number of second
order points ensures in the first approach cartographic works of 1:250000 scale,
because at least two second order reference points fall on each sheet of the map ac-
cording to the nomenclature division (Florensky ez al., 1971). Besides, they can be
widely applied for astronautical aims.

The next stage is the creation of a wide third order control system permitting us to
pass to a detailed mapping of the lunar surface and providing the solution of any
cartographic problems. This probably requires about 20000 points on the near side of
the Moon. During the Bagnéres Conference 10000-40000 third order reference points
were suggested (Kopal and Finlay, 1960).

So, the following harmonious scheme for the development of different orders con-
trol systems on the visible side of the Moon can be traced:

— about 20 points serving for solving scientific problems on the basis of ground as-
trometric observations and the subsequent installation of cube-corner retro-reflectors
and devices for observations from the lunar surface in the same points;

— about 200 first order fundamental points serving for the study of the figure of the
Moon and for small scale mapping up to 1:1000000 scale;
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— about 2000 second order points serving mainly for linking ground and space pic-
tures of the lunar surface as well as for applied astronautical problems;

— about 20000 third order points providing large scale cartographic works.

It is evident that different requirements in the number of points and the accuracy of
their co-ordinates while constructing control systems of I-III orders involve different
methods for observations and for the reduction of the initial data. Undoubtedly in
future photogrammetric methods will find wide application in selenodesy.

At present the principal methods for building control systems on the lunar surface
remain those of photographic astrometry and the best way for determining the first
order point co-ordinates remains taking photographs of the Moon together with the
stellar background. In this case the size and quality of the lunar image is limited by
the possibilities of modern instruments. To obtain accurate measurement it is obvi-
ously reasonable to take, as the first order points, craters with a diameter about 1012
km (that corresponds to ~6" geocentric or to the Mdsting A crater sizes). Craters of
such sizes are easily visible on the illuminated lunar surface, irrespective of the angle
of the Sun, and in particular — on ground pictures taken near the full Moon.

While estimating the quality of the selected craters images one should follow the
requirements suggested by Franz (1901), which are valid up to the present time:

(1) The diameter of craters as small as possible.

(2) The contrast against the background as large as possible.

(3) The shapes as clear as possible.

(4) The form as near to a circle as possible.

All these requirements remain valid when constructing the second order system.
As the second order craters will be used for linking ground and space pictures of the
Moon (i.e. they should be clearly distinguished on the ground photographs), their
diameter should amount to 3-5 km. But it is necessary to remember that the visibility
of small craters depends on the angle of the Sun and they can be measured in many
cases at a distance of some degrees from the terminator only.

Thus, the following scheme of crater selection is suggested for constructing a new
lunar fundamental system:

(1) The first order fundamental system including about 200 craters of as regular
circular form as possible evenly distributed through the lunar surface, the diameter
being about 10-12 km (approximately from 7 to 15 km with the approach to the
marginal zones).

Co-ordinates of these points are determined simultaneously by the absolute method
from Earth-based pictures of the Moon against a stellar background. The co-ordinates
for approximately one tenth of these points are constantly made more accurate during
many years both with ground methods and — in the future — with the aid of the laser
location of cube-corner retro-reflectors as well as with derect observations from the
Moon.

(2) The second order system including about 2000 craters with diameters of 3-5 km.
Their co-ordinates are determined by differential methods relating to the first order
points using ground and space pictures.
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(3) The third order system including about 20000 small craters the co-ordinates of
which will be determined by the differential method relatively to the second order
points on space pictures by the use of photogrammetry.

Appendix T contains the list proposed by the authors of 192 craters which in general
meet the demands formulated in the present paper in conformity with the first order
fundamental control system.

Crater distribution according to their diameters in four quadrants of the lunar disc
(between the limits +70° along the latitude and longitude) is presented in Table 1I.

TABLE II

The distribution of craters proposed for the first order fundamental system realization
according to their diameters in different quadrants

Diameter 1 I I v The whole
km visible
hemisphere

7.1- 79 4 5 - 1 10

3.0- 8.9 6 5 3 4 18

9.0- 9.9 8 9 4 2 23
10.0-10.9 5 11 15 10 41
11.0-11.9 8 3 10 8 29
12.0-12.9 8 10 5 17 40
13.0-13.9 6 4 10 7 27
14.0-14.7 2 - 1 1 4
Total: 47 47 48 50 192

Table III shows the number of points common to the proposed system and each of
the following systems: Schrutka-Rechtenstamm, 1958 ; Meyer and Ruffin, 1965; Mar-
chant et al., 1967; Gavrilov et al., 1967; Arthur and Bates, 1968; Moutsoulas, 1970.

TABLE IIT

The number of points common to the proposed list
and some other systems used at present

Catalogue The number of
common points

Schrutka-Rechtenstamm (1958) 26
Meyer and Ruffin (1965) 45
Marchant et al. (1967) 120
Gavrilov et al. (1967) 83
Arthur and Bates (1968) 154
Moutsoulas (1970) 18

To have the distribution of the chosen fundamental points on the lunar surface
sufficiently even, 13 craters absent in all indicated catalogues are also included in the
system. The distribution of craters from the proposed list along the visible hemisphere
of the Moon is illustrated by the Figure 1.
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Fig. 1. Distribution of the craters from the proposed list on the near side of the Moon.

Of course the proposed list of points for a fundamental control system is of a prelim-
inary character since the final version can be prepared as a result of thorough discus-

sion only.
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Appendix 1. List of craters

proposed for the development of a first order fundamental selenodetic system

The appendix contains the following data:
Column 1 - ordinal number;

Column 2 - crater designation according to Arthur ef al. (1963, 1964, 1965, 1966);
Column 3 - crater number according to the nomenclature of the TAU (Blagg and
Miiller, 1935) and to the system of lunar craters by Arthur et al. (1963,

1964, 1965, 1966);

m
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Column 4-5 — approximate selenographic co-ordinates 4, 8 according to Arthur et al.

Column 6

(1963, 1964, 1965, 1966);
— crater diameter according to Arthur et al. (1963, 1964, 1965, 1966);

Column 7-8 — data concerning the presence of a certain object in the catalogues listed

Column 9

in Table II1. The following abbreviations were accepted:

Schrutka 58 (Schrutka-Rechtenstamm, 1958)

Meyer 65 (Meyer and Ruffin, 1965)

Marchant 66 (Marchant et al., 1967)

Gavrilov 67 (Gavrilov et al., 1967)

Arthur 68 (Arthur and Bates, 1968)

Moutsoulas 70 (Moutsoulas, 1970)

The craters number according to these catalogues are also included;
since Rechtenstamn (1958) and Marchand et al., (1967) have no their
own numbering the crater numbers according to the IAU nomenclature
and to the system of lunar craters (Arthur; 1963, 1964, 1965, 1966)
respectively are repeated in Column 8;

— number of the corresponding sheet of the Lunar Aeronautical Chart

(ACIC, 1967);

Column 10 - notes.
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