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ABSTRACT

This report is an analysis of how satellite, lunar laser, and VLBI
stations available during the MERIT Campaign in 1983/84 could contribute
to the detection of short periodic variations in the rotational parameters
of the earth, as well as to the determination of the differences between
the various Conventional Terrestrial and Inertial Reference Frames inherent
in the above systems. Specific observational requirements are given both
by objective and by country. The report serves as the basis of the recom-
mendations made by COTES (IAG/IAU Joint Working Group on the Establishment
and Maintenance of a Conventional Terrestrial Reference System) to the
MERIT Steering Committee (CSTG Bulletin, June 9, 1982).
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1. INTRODUCTION
1.1 Motivation

The motivation for this proposal may be found in the proceedings of
the MERIT Workshop held in Grasse, France [Wilkins and Feissel, 1982], in
which, on page 43 there is an account of a joint meeting of the MERIT
(Monitor Earth Rotation and Intercompare the Techniques of Observation
and Analysis) Steering Committee and the newly formed COTES (Working Group
on the Establishment and Maintenance of a Conventional Terrestrial Reference
System) on May 21, 1981, at which

it was agreed that it would be of general benefit if the operations
during project MERIT were planned in such a way as to contribute
whenever possible to the establishment and maintenance of the new
conventional terrestrial reference system. In particular it was
noted that it would be necessary to identify precisely the coordi-
nate systems being used implicitly by each of the networks that
are participating in the MERIT project; these systems could differ
even within one technique since, for example, different gravity-
field models are used for different satellites. It would then be
necessary to establish the relationships betweeen these systems;
this might involve making observations by, for example, both laser
ranging and radio interferometry at some sites.

and

it was agreed that relevant material prepared for Project MERIT,

such as contributions to the report on standards, should be made

available to the new working group, which should in turn specify

what extra observations should be made during the main campaign

to unify the individual reference systems.

The frame of the future Conventional Terrestrial System (CTS) is to be
defined by an adopted set of spatial coordinates of a global network of observing
stations mainly Very Long Baseline Interferometry (VLBI), Satellite Laser
Ranging (SLR), Lunar Laser Ranging (LLR), and their motion models, or by an equiva-
lent way [Mueller, 1981; Kovalevsky and Mueller, 1981]. The stations will
define the vertices of a fundamental polyhedron whose deformation and move-
ment with respect to the frame of a Conventional Inertial System (CIS) is to
be monitored through periodic re-observations. The main differences



between this terrestrial system and that of the currently adopted CIO-BIH

are that in defining the former, the stations cannot be assumed to be motion-
Tess with respect to each other, and that the observations will no longer be
referred to the directions of the local plumblines (optical instruments), but
to other terrestrial directions (baselines).

The functions of the CTS are twofold. The first, requiring only a
subset of the polyhedron vertices, is to monitor the motions common to all
stations (polar motion and earth rotation) of the polyhedron with respect to
the frame of a CIS. The second, involving all stations, is to menitor the
internal motions (or deformations) of the polyhedron, i.e., those motions not
common to all stations. Of course, both functions are integrally related.
The latter function raises several problems. The first is how these stations
should be distributed on the surface of the earth so that the polyhedron is
geometrically optimal. Of course, the distribution of stations during the
1983-84 MERIT campaign will be constrained by practical "real world" consid-
erations. However, it still seems useful to first find the optimal distribu-
tion disregarding these constraints. Then, a "real world" network's anticipated
performance can be estimated by comparing it to the optimal network.

Considering that several advanced geodetic systems are available today,
the second problem is how to merge several networks, each one defining essen-
tially its own reference frames, both CTS and CIS, into a common set. In
order to accompiish this, several stations will need to be collocated, i.e.,
maintain different instrument types at common sites.

A third problem not addressed in this study is how well the adopted
optimal polyhedron can be expected to monitor the total behavior of the earth.
This would involve the incorporation of accepted earth models (e.g., a plate
tectonic model), which in view of the anticipated 1983-84 "real world"
constraint is not considered.

1.2 Proposal Objectives

This proposal for coordinated SLR, LLR and VLBI observations during the
MERIT main campaign is an attempt to get answers to the following questions:
(1) whether the most precise observational systems available at that time (i.e..
third-generation lasers, and VLBI's with Mark III receivers) will be able to
detect the systematic differences between the frames of the various
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(2)

Conventional Inertial Systems (CIS) and between the frames of the various
Conventional Terrestrial Systems (CTS) inherent in these cbservational systems.

whether the above observational systems will be able to detect short
periodic variations in the earth's rotational vector (and how accurately).

As a byproduct, the systems also should provide an initial global network of
baselines suitable to start the monitoring cf the deformation of the earth.

It is emphasized that since COTES aims at the establishment and mainten-

ance of a future CTS, the proposal is based only on the best SLR, LLR and
VLBI systems in a network which in our view could be established by 1983/84

with minor modifications of existing plans set up for other purposes (e.qg.,

NASA's Crustal Dynamics Project). Important use is made, however, of trans-

portable SLR and VLBI systems which will be available in that time frame in

Europe and the U.S.

[t should also be noted that although only third-generaticn lasers and

Mark III type VLBI are considered in this plan, other systems such as Doppler,

especially when utilizing the new NOVA satellites, could also follow a similar

plan for a secondary network by applying the principles described below. The
Doppler systems have their own inherent CIS's and CTS's, and the establishment

of the relationship between them and the others would be of scientific interest.
The Global Positioning System (GPS) during the 1983-84 time frame will still

be in a preliminary stage as a global system at best, and therefore except for

a few baseline determinations it is unlikely to be very useful for this immediate

purpose.




2. DETERMINATION OF THE CTS AND CIS RELATIONSHIPS AND SHORT PERIODIC
VARIATIONS IN THE EARTH ROTATION VECTOR

2.1 The Effect of CIS and CTS Differences on Earth Rotation Parameters

The two CIS's (and two CTS's) inherent in two different techniques are |
generally not exactly identical. Suppose the relation between the two CIS's
is
0™ = Rifar) Ralea) Re(aad (1)1 . (2.1)

Similarly, the relation between two CTS's is

)M = Ry(81) Ry(82) Rs(gs) (%)} (2.2)

where o and B; are small rotation angles about the axes "i".
The transformation from CIS to CTS is [Mueller, 1969]

)t =stne ! (2.3)

and
) =sttne (!l (2.4)

where common nutation (N) and precession (P) matrices are assumed to be used

in both techniques. The earth rotation matrix S = Rz(-xp)Rl(-y JR3(8), in which

xp, yp are the coordinates of the pole and & is the Greenwich Sidereal Time.
Substituting eq. (2.1) for the last term of the right-hand side of eq.

(2.4), and eq. (2.2) for the left-hand side,

|
Ri(81) Ra(82) Ra(8a)(X)! = ST NP Ria1) Ralaz) Rales)(X)
After some reduction, neglecting second-order terms,

(5)I = Ry(-B; + ay cos® + a, sine) Ry(-8, - a, sing + az cos6)"

[1

Ralege * ag) P . - (2.5)

Comparing eq. (2.5) with (2.3).,

SI = Ry(-By + a; €00 + ay sine) Ra(-Bz - a; sind + a, cose)"

ST RO % LR (2.6)




Or
-y, = -(yI - yII) = -2, + 4y COSO + wp SN
P p p
-AX = —(xI - xII) = -B, - wy SiNg + @y COSL {2.7)
P p p

L oUTL = we(UTII Sumithy = el v

Thus the CTS differences (8 angles) cause biases in all earth rotation
parameters. Because of the modulation of the earth's diurnal rotation, the
effect of CIS differences (u,, «,) on polar motion components are diurnal
terms, while the effect of a5 on UT1 is again a bias.

The direct way to determine all the R angles is the method of station
collocation. For connections of CIS's, there are a few methods such as the
use of space astrometry to connect the stellar CIS and the radio source CIS,
or using differential VLBI (which, for example, was used when the Viking Mars
Orbiters and a quasar were near eclipsing) to connect the planetary and radio
source CIS's (see [Kovalevsky and Mueller, 1981]). These are direct approaches.
One indirect method is via station collocation, i.e., using the earth as an
intermediate body (see [Kovalevsky, 1980]): First by station collocation one
determines the CTS difference (8 angles), then through the earth rotation
parameter differences one finds the CIS difference (a angles). Eq. (2.7) is
the basis for connecting the two CIS's via station collocations.

2.2 Station Collocation for Determining the CTS Differences

[t is obvious that using the station collocation method one can solve
for 1, 8., By directly. (5, and 3, can also be determined from the biases
between two sets of polar motion coordinates. (See eq. (2.7).) Suppose
station i is one of the coliocated stations, and 5§ and_i£I are the two sets
of "geocentric" coordinates, then

61 0 [1“3 'Bz X X.
T S o B R R T |+ ] (2.8)
S R FER 2 23 1 YT- C1Y; .
Ty T o= 0 i Z.i

where & s the translation vector, and ¢ is the scale difference. Eq. (2.8)

can aiso be seen as an observation equation. One must have at least three
collocated stations to solve for the above seven unknowns. If one set of



coordinates is geocentric, and the other is not, as in the VLBI case, then
there are two ways to proceed. For VLBI, Qiij is given between stations i
and j at the ends of the VLBI baseline; by assigning one VLBI station an
arbitrary position vector, the coordinates of other VLBI stations in the
same network can be obtained. Eq. (2.8) is still used as the observation
equation, but in this case the meaning of the translation vector is not
"geocentric" difference, but it expresses how much the initial arbitrary
positionvector differs from the geocentric position vector. The other way
is to solve eq. (2.8) for only four unknowns, namely the g's and c, and
choose one VLBI station position vector to exactly equal the geocentric posi-
tion vector of the same station as determined by means of a collocated SLR
or LLR.

A simple error analysis is given below to show how well the g's can
be determined by the collocation method. The third-generation SLR and LLR
stations and the Mark III VLBI observatories anticipated for MERIT 1983-84
are given in Table 1. It was assumed that the internal precision 9, for each
coordinate component is 10 cm, and all correlations were neglected. The
correlations might be significant, and they would degrade the results.
Since the coordinate error (ox) is free from the rotation error, it will
essentially be the same as the baseline length error (the rotation angles
are the unknowns to be solved for). For VLBI and third-generation lasers,
this error might be less than 10 cm. The combination of these two factors
makes the final results practically more or less reasonable. According to
Table 1 there exist two VLBI groups, the Deep Space Network (DSN) (Canberra,
Madrid, Goldstone), and the (extended) Polaris Network, which includes the
Polaris stations (Ft. Davis, Richmond, Westford) and those which might join
the Polaris network for certain observations (Wettzell, Onsala, Jodrell Bank,
Owens Valley). By "simultaneous" observations, these networks might be com-
bined into one (large) VLBI network, which would bring great benefits, as
will be seen later.

Cases A in Table 1 consider only seven VLBI stations (no DSN):; Cases
B include the combined ten VLBI stations. In Cases A there are two existing
primary collocated stations (Ft. Davis and Wettzell). In Cases B there are
three primary collocated stations (with the addition of Canberra). A1l three
primary collocation sites also have LLRs, in addition to the SLRs and VLBIs.
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In both cases additional mobile TLRS's were placed at certain other VLBI

sites, and mobileVLBI's at certain SLR stations, to see how the results

could be improved. In the results listed, at the bottom of Table 1, three

errors are given: og is the root mean square of %, %, %,° the rotation
is the scale factor error; o_, is the transformation

scale X
error when two CTS's are combined into a unique one by transformation; the

-
angle errors; ¢

coordinate error in this unified CTS is the combination of Ty and -
The table clearly shows that the various combinations in Case B are
much better than those in Case A. In Case A, the Og could reach 0Y008,
while in Case B it could be as low as 0Y0025. Thus from this point of view,
the DSN VLBI stations (especially Canberra and Madrid) are crucial. Since
the purpose here is not routine earth rotation parameter monitoring, observa-
tions over a relatively short time span(s) would be sufficient. Although
desirable, the observations over the different baselines do not have to be

made at the same time. Experiment B7 is the recommended combination.

2.3 Determining the CIS Differences

From eq. (2.7) it is clear that once the angles of CTS differences
(Bi) are known, one can estimate the CIS difference [ai) via earth rotation
parameter differences. Because the LLRs are at the same stations as the SLR's,
the SLR CTS can be used in lieu of the LLR CTS. At present, with only one
operational station LLR can determine only UT well, while SLR is really suitable
only for determining polar motion. Therefore, at present one can estimate well
only the a5 (equinox difference) between the VLBI and the LLR CIS, and the a,
and «, {equator tilt) between the VLBI and SLR CIS. It is hoped that with the
addition of the LLR stations at Canberra, Wettzell, Maui and Crimea, and with
improved SLR performance (including improved gravity field) this situation will
change and all angles can be satisfactorily determined by 1983/84.

Estimating a3 is straightforward, since it is a bias in UT1. Long series of
AUT1 = UT1I - UTlII data could be used yielding high accuracy in a3. It is
important that aUT1 should be the UT1 difference during the same time
period. According to the predicted accuracy of VLBI and LLR UT1l, and the o
in Section 2.2, s could be less than 0Y005. It could be better than that

B
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achieved by differential VLBI data of the Viking Mars Orbiters (0!01, see

[Williams, 1981]). Since any method might have some inevitable systematic

error, comparing the a, obtained by station collocation and that obtained

by, e.g., differential VLBI might give us some useful interesting information.
To estimate a, and u,, high resolution polar motion data should be

available from all the systems. Studying the short period real polar motion

components should be one of the aims of the MERIT Main Campaign. Fortunately,

the two phenomena {j.e., real vs. modulated) can be easily separated, since

in the ;xp, ﬂyp (eq. (2.7)) the contribution from diurnal real polar motion is

canceled.

The VLBI network should organize an intensive observation campaign of,
say, 12-hour sessions each dav for one to three months. Actually, from the
point of view of spectral analysis, 24-hour sessions every other day would be
, and az, SLR
and LLR high resolution polar motion data is also required. There are two dif-

preferred, but may not be practical. Naturally, to determine «

ferent approaches to estimate «, and :-. One approach is to determine the phase
and amplitude of diurnal polar motion from both VLBI and LR separately by

FFT or another method. Let these numbers be denoted as AI, ¢I and AII, ¢II,

I A] cos(e + ¢I), yé = -AI sin (5 + ¢I), etc., then from the following

where x
P
equation one can sclve for a, and ay:

4] = AII sin¢II - AI s1‘n¢,I ;

AII c03¢1I - AI cos¢I

(2.9)

]

o

The advantage of this approach is that VLBI and LR data for the same
time pericd are not necessary. But to obtain A and ¢ with adequate quality,

a comparatively long period (one month or so) of continuous high resolution
polar motion data is needed.

If only sparse high resolution but simul taneous polar motion data sets
are provided {for LR and VLBI), then a second approach could be used. Since
sin and coso (averages over some time span) are known, from each set of
(ay xxp) one can solve for «; and ., using the first two equations of (2.7),

p
that is,



a; C0s8 + a, sing
P (2.10)

-ay Sind + a, cose

Ly

By - Ay

Lo

Ba = AX
_ p

The average of all pairs of {a;, o,) obtained is the final solution. The error

of @, and o, depends on oL O ,e cosé and sind. Assuming oL, = oL, = o and
L
that Ly, L. are independent, by simple derivation

e . 2
Vo Y9N /JW (1-cos{as)) (2.11)
where A6 is the resolution of the polar motion. For example,
h

a8 = 8 o =90 =1.21g¢
a1 Qa2 E

a6 = 12 ¢ =g =150
(s 3] Q2 L

High resolution will help to reduce 1 /J'(E%)—z (l-cos(ae))' but generally
the smaller a6 is, the larger o will be. If a few simultaneous Bh (or 12“)
resolution VLBI and LR polar motion data sets are available with ¢ = 001,
then using this second method, o, and a, also might be determined with =
0V01. It is emphasized that the polar motion data from the two techniques
must be (approximately) simultaneous--more than a half-hour difference might
cause a significant error in a.

For calculating a3 from eq. (2.7), the method of station collocation is neces-
sary to first determine 8;. But to estimate a;, @, Or 8,, 8,, collocations
are not indispensible; they can be determined from the polar motion differences
observed at stations not collocated. As shown in eq. (2.9), one can determine
a; and a; directly from the diurnal terms of polar motion. Also, from eq.
(2.7), (as mentioned earlier) it is clear that 8, and g, are biases in the
polar motion differences. However, because of possible systematic errors,
the 8, 8, angles determined from polar motion biases and those from the
coliocation method might be different. Since collocation is necessary anyway
to obtain g3, 1t might be useful to estimate two sets of 8, and 8,
using both polar motion biases and station collocations, and then compare
them.

10




The above requirements for high frequency observations and polar motion
components for SLR's might be difficult to meet, both because of natural
reasons (weather) and for economic and/or technical feasibility based on
present experience. The feasibility, however, should be tested, since no
one knows at present what a third-generation SLR network with improved
satellite ephemerides will be able to do by 1984. Also, since the definition
of the geocentric origin of the CTS depends mostly on the performance of the
SLR network, participation of these systems in the campaign is indispensable
in any case.

11




3. OPTIMAL NETWORK OF BASELINES FOR GLOBAL DEFORMATION ANALYSIS
3.1 Mathematical Model

At some fundamental epoch, the frame of the CTS is defined by a set
of station coordinates adopted on the basis of an observational campaign
such as MERIT 1983/84. Call this set of coordinates Xg and its correspond-
ing set of fundamental (polyhedron) baseline lengths Do‘ At a later epoch
the baseline lengths D of the polyhedron are estimated from measurements
taken at all of the vertices during a short campaign. By comparing D to Do’
the deformation of the polyhedron can be estimated, i.e., a new set of
coordinates, Xt.

The mathematical model is derived from the length of baseline i-j,

0,5 = [Xy=Xg)2 + (Y5-¥,)7 (zj-ziJZJ* (3.1)

Linearization of this model about the fundamental coordinates yields

ij = Pig, * 31%1 [X; - X,
i Xi = )(,ic
8 Loa 4T [z, -2, ] (3.2)
Bl = 0
3 =5

Adding a residual vector V, the observation equations can be written in
matrix form as

V=AX+1L (3.3)

where for the kth observation (n is the number of polyhedron vertices)

Ly = 131.3.0 - Dy k=1, ..., n{n-1)/2 (3.4)
[BDi aDi.]
Ay = X iz (3.8)

12




X = : ) (3.6)

Thus the parameter vector X consists of the difference between the deformed
coordinates and the fundamental coordinates. Then the deformed coordinates
are computed as

Xt = Xy + X (3.7)

For the sake of greater generality, allow the possibility of adopting an
earth deformation model that will provide information on expected station
motion.

The estimation of X given in eq. (3.3) is a sinqular problem due to
the familiar origin and orientation defects. Therefore one can adopt a
pseudo-inverse approach which is equivalent to applying a set of inner
constraints to (3.3) to make the resulting normal matrix non-singular
[Blaha, 1971]. Define in the observation space a weighted norm,

1Ll = (e (3.8)

where P is the weight matrix of the observed baseline distances obtained
from an adjustment of the VLBI and laser data. Furthermore, in the parameter
space, define the weighted norm

1% 11 = (xTMx)? (3.9)

where M introduces the statistics of the adopted earth deformation model.
Applying the pseudo-inverse{denoted by +) yields for the parameter vector
estimate [Rao and Hitra, 1972]

X = ML N(NMEN)T U (3.10)
where
N = AlPA
. (3.11)
= A'PL

13




[t can be shown that X is a minimum M-norm (conditional on minimum variance),
P-least squares (minimum variance), minimum bias and unique estimate which

makes it very suitable for our purposes [Bock, in preparation]. Although the
estimate is biased, this is not a problem as long as the linearization of (3.3) is
performed about the fundamental coordinates X,. The equivalent, but more com-
putationally efficient innner constraint estimate is given by

X = -[(N+mcem)™2 - ¢TeemeTeme™y™ ¢ v (3.12)
where

B AR 2o 1B

C = (3.13)
T R ]
0 -z, Y,

s =z, 0 X (3.14)
Y. X, 0

and 1 is the 3x3 identity matrix. The constraints CMX = O enforce the condition
that the origin and orientation of the deformed polyhedron do not differ

from that of the fundamental polyhedron. This is consistent with the
requirement that the crust should have only deformations, i.e., no rotations
and translations [Kovalevsky and Mueller, 1981]. It can be shown that with
this approach the axes of the CTS are fixed in the Tisserand sense in the
deformable earth [Moritz, 1980].

3.2 Optimal Polyhedra

If a global network of stations is to define a reference frame, then
it is plausible that choosing their optimal locations reduces to the problem
of distributing n points on a sphere so that they are, in some sense, as far
apart as possible from one another. On the circle, it is clear that the
optimal distribution is achieved by marking off equal arc segments resulting
in a regular polygon when adjacent points are connected. On the sphere, the
distribution is not so obvious although a reasonable requirement is that the
resulting polyhedron for a particular n value should be regular, i.e., all

14




of its faces should be of one kind of a congruent regular polygon. Only
five such polyhedra exist, the Platonic solids--the tetrahedron (n=4),
octahedron (6), cube (8), icosahedron (12), and dodecahedron (20) (see
Fig. 1). Semiregular polyhedra, that can be inscribed in a sphere as can
the Platonic solids, exist for other n values (see [Pearce, 1978]). How-
ever, in general we must define a broader optimal criterion dealing with
the set of baselines of a polyhedron, besides the regularity consideration
mentioned above. An accepted definition for distributing n-points in a
sphere so that they are as far apart as possible from each other is that
the shortest distance between any two vertices is maximized [Fejes Toth,
1964]. This problem has not been solved in general, but exact solutions
are available for n through 12 and n = 24. Near or possibly optimal solutions
have been proposed for n = 13 through 16, 20, 42 and 122. For this study
approximate solutions for n = 14, 18 and 37 are proposed (see Fig. 1).

The second criterion is that the average distance between vertices is
maximized. It turns out that only the regular polyhedra with triangular
faces (n = 4, 6, 12) meet both distance criteria, the cube the second, and
the dodecahedron neither, though it does meet the regularity consideration.
The antiprism (Fig. 1) meets the first criteria, and a distribution for n =
20 is proposed by [Van der Waerden, 1952] which meets both criteria. It is
shown below that all of the above criteria can be taken as optimal for the
deformation analysis model givenbyeq. (3.1) - (3.3), depending on the
design measure chosen. It can be shown that the optimal distribution of
stations on the sphere, in the sense of defining a reference frame and at
least for A and D optimality defined below, is obtained by meeting regularity
considerations. However, as mentioned above, the dodecahedron, for example,
though regular is optimal for deformation analysis on the basis of only one
design measure (D-optimality)}. Nevertheless, as we shall see below, the
other design measures for the dodecahedron are very close to the optimal.
Therefore, one can maintain to a very good approximation that distributing

.the stations so that the strongest reference frame is achieved alsc provides

the best configuration for subsequent analysis of the deformation of the
polyhedron with time.

The number of redundant baselines in the deformation analysis {number
of baselines + six inner constraints - number of coordinates) is given by
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Fig. 1 EXAMPLES OF OPTIMAL** POLYHEDRA

@m

12

20*

* near optimal

Faces:
8 triangles
Vertices:
6, each with 4
edges meeting
Edges:
12
Dihedral angle:
109°28'

Icosahedron

Faces:
20 triangles
Vertices:
12, each with 5
edges meeting
Edges:
30
Dihedral angle:
138°11°

Dodecahedron

Faces:
12 pentagons
Vertices:
20, each with 3
edges meeting
Edges:
30
Dihedral angle:
116°34'

Snub cuboctahedron

Faces:
32 triangles ] 38 total

6 squares

Vertices:
24, each with 5

edges meeting

Edges:
60

Dihedral angles:
142°59' (square-triangle)
153° 14" (triangle-triangle)

16

AN

Antiprism

Cube:

6 faces, 8 vertices, 12 edges
Octahedron:

8 faces, 6 vertices, 12 edges

32+

Dodecahedron:

12 faces, 20 vertices, 30 edges
Icosahedron:

20 faces, 12 vertices, 30 edges

**minimum distance maximized -

Fejes Toth , 1964 , Regular Figures




(n-4)(n-3) (3.15)

2

where n is the number of vertices. Therefore, it is necessary to maintain
at the lTeast, five stations. Optimal design measures were studied for nine
different vertex numbers ranging from n = 6 to n = 32 (Fig. 1). Before the
results are presented, the design measures used in defining optimal parameter
estimation are briefly reviewed.

The corresponding covariance matrices for the parameter estimate vectors
(3.10) and (3.12) are given by (assuming M =1, i.e., no a priori earth defor-
mation model)

p(x) = n' (3.16a)

N+ eyt - cTeeTeey ¢ (3.16b)

respectively. The optimal design then involves distributing n stations on
the carth's surface so that (3.16) is minimized in some sense. A canonical
notion of design optimality is not available, and we will briefly describe
several common design criteria which have been used in this study. A1l of
these can be expressed in terms of the reduced eigenspace of N+, of dimension
3n-6.

A-optimality is defined as minimizing the average variance (the

A-measure), or equivalently the spectral mean, i.e.,

3n 3n

gae ] +_ .1 " RN
min 3n trace N = min 3n i;l o; = min In-6 1

6

¥ (3.17)

Ine-1 1

1

where A; are the eigenvalues. D-optimality is given as minimizing the

determinant of N raised to the 1/(3n-6) power (the D-measure) or equivalently
1

3n-6 3n-6
min LIRS (3.18)
i=1

E-optimality is defined as

min (3.19)
A 5
.

We shall refer to the maximum eigenvalue as the E-measure.

‘max
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Another criterion, though used usually for determining the condition
of N rather than for optimal design, can be termed C-optimality, and is defined

by

qzn T (3.20)
the ratio of maximum and minimum eigenvalues. This is useful, since it is
unitless and independent of scale factor, i.e., baseline precision. It should
be noted that all of these criteria are rotationally and translationally
invariant (isotropic and homogeneous) [Grafarend, 1974]. That is, only the
relative distribution of the stations affects the optimal design.

The different design measures for the various polyhedra studied are
presented in Table 2. It can be inferred by examining the polyhedra for
n=28andn =20 that A-optimality results from maximizing the average
distance, D-optimality from regularity considerations, while E- and C-
optimality result from maximizing the minimum distance. The optimal designs
have been computed under the assumption that all baseline lengths have a
precision of 10 cm and are uncorrelated. To relate the corresponding
measures for different baseline accuracies (except for C-optimality), one
has

(3.21)

where D denotes any design measure and o, the baseline accuracy.

In Fig. 2 the optimal design measures are plotted for the different
polyhedra. The points have been connected under the assumption that the
intermediate n-values will behave regularly. A1l four curves seem to be
Teveling off as n get larger so that one can make the observation that
increasing the number of stations outside the range of the curves (n=32)
will not yield any significant improvement. That is, the sphere is quite
well covered in the geometrical sense, and the stations provide a strong
reference frame and the ability to subsequently monitor polyhedron deforma-
tions.

Now that the optimal design measures are available for the best dis-
tribution of a global network, it is possible to compare the expected
strength of the MERIT-COTES global network in Table 1 to this standard.
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3.3 MERIT-COTES Network Simulations

The planned MERIT 83/84 campaign may be the first opportunity to
investigate the frame for a future CTS, considering that approximately 20
globally distributed stations will be available with a combination of the
best VLBI, SLR and LLR instrumentation. Therefore, it is appropriate to
compare the planned networks to the optimal networks discussed in the
previous section. First, the VLBI and laser (LLR and SLR) networks are
compared separately. Second, both networks are combined into one, and the
effect of different collocations schemes are studied. Table 3 summarizes
again the stations involved, their status and the experiment descriptions.
Four stations have been added to those in Table 1 as possible candidates
for addition to the presently planned network.

The results of the sincle type of observations are plotted in
Fig. 2. The experiment number reflects the number of participating
stations. Experiment 7 includes the (extended) Polaris VLBI net
described in Section 2.2. As can be seen, the network is very weak. The
addition of the DSN network to the configuration (Experiment 10) greatly
improves the VLBI net. It follows that the DSN sites, particularly Canberra
(being a primary collocation site) should be upgraded to be compatible with
Mark 111 equipment. Of all the stations in Table 3, the addition of a station
in South America (e.g., Sac Paulo or Santiago) provides the greatest improve-
ment as seen in kxperiments 11 and 12.

Experiment 13 examines the most realistically available laser net for
the MERIT campaign. It is about at the same level as the 12-station VLBI
net. Again, the addition of a station in South America (e.g., Santiago)
yields the greatest improvement as indicated in Experiment 14. This con-
figuration yields a fairiy close approximation to the optimal design and
is best among the single experiment networks.

Combining VLBI and laser stations intc one frame requires at least
three collocated sites. The best scenario, of course, would be to have all
sites coilocated and, therefore, the optimal design curves shown in Fig. 3
are the result of each baseline being observed twice for each of the optimal
polyhedra. Realistically, as mentioned, MERIT mav have three primary
collocation sites (Ft. Davis, Wettzell and Canberra) where both VLBI and
Taser (SLR and LLR) equipment may be available on a full-time basis.
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Furthermore, we again assume that the two U.S. mobile VLBI and four mobile
SLR's (two U.S. and one each from FRG and the Netherlands) will be available
for additional collocations or for occupying new sites. In Experiment 18A,
for the purpose of comparison to the optimal, all sites are collocated. In
188, only the primary sites are collocated. In 18C and D a comparison is
made between constraining the mobiles to operate on their respective contin-
ental bases (U.S. and Europe) and allowing this deployment anywhere in the net.
A similar analysis is performed in the Experiment 20 series, except that the
top of the line second-generation lasers are also included at Arequipa and
Grasse. In Experiments 24A and B, the possibility of adding new sites is
investigated. 1In 24A all sites are collocated; in 24B there are only seven
collocations since two of the mobiles have now been used to occupy other

new sites.

The following can be inferred from the combined type of experi-
ments. It is crucial to increase the number of collocations above the minimum
three primary collocation sites. Using mobile VLBI and laser equipment is
somewhat beneficial when the mobiles are deployed in their respective contin-
ental bases (see Exp. 18 and 20C). However, a much more significant improve-
ment in the strength of the network would results from a more global distri-
bution of these mobiles (compare 18C and D, 20 C and D). The addition of
new sites into the planned network in South America, South Africa, and
Alaska (in this order) would improve the strength of the network and would
reduce the number of collocations necessary to achieve similar accuracy
without the new sites (see Exp. 24). However, the optimal use of the planned
network can also yield comparable results (compare Exp. 18D and 24B). In any
case, it would be very beneficial to have several collocated sites in Australia
and South America.

Based on preliminary discussions with MERIT participants, it seems that
Experiment 20C represents the most realistic network available for the MERIT
campaign in 1983-84 and should yield reasonable results. However, this
configuration is not perfect for defining the frame of the future CTS for
several reasons. First, the number of collocations are not sufficient and
not optimally distributed throughout the net (compare 20A and C to D).
Second, the stations do not adequately cover the tectonic pliates. Consider-
ing that there are at least six major plates (N. American, S. American,
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African, Pacific, Eurasian and Indian-Australian) and that each one should
be covered by at least three stations, it should be possible to plan a
more optimal future CTS frame with about the same number of stations (18-24).
(Note that Experiment 20C in Table 3 is identical to the recommended
Experiment B7 in Table 1, except for Arequipa, Grasse and Sao Paulo. These

stations, however, would not contribute anyway to the CTS-CIS connection
problem).
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4. SUMMARY OF OBSERVATIONAL REQUIREMENTS TO MEET THE COTES OBJECTIVES

1. Short Periodic Earth Rotation Parameters (ERP)

To detect short periodic ERP's, an intensive campaign of observations
is needed over one to three months. As a guide, these observations should
be for 12 hours daily, or for 24 hours every other day.

2. CTS/CIS Differences

(a) To determine CTS differences (g,, B,, B3 angles), an appropriate
number of collocated stations are needed (see Exp. B7 in Table 1 or Exp. 20C
in Table 3). Mobile stations should be on these sites for a few weeks to
get station coordinates or baseline components with adequate accuracy. (81,
B2 can also be estimated from the bias of polar motion from two techniques in
which case there is no requirement for collocation.)

(b) To connect the first axes of CIS's, the angles «3; can be obtained
as a by-product of the MERIT Main Campaign, but 83 must be known. There is
no other special requirement.

(c) To detect the tilt of the CIS equators {a;, @, angles), about ten
12-hour resolution simultaneous polar motion data from the various techniques
are required. The 12-hour observation time spans should be synchronized
within 30 minutes. B8, and g, should also be known (see eq. (2.7)). An alter-
native to this method is participation in the intensive observational campaign
(see #1 above). As a by-product, a,, a, could be estimated from the differences
of the diurnal polar motion components as determined by the various techniques
{see eq. (2.9)). In this case, knowledge of g,, £, and simultaneous observa-
tions are not necessary.

The two campaigns (1 and 2c) can be observed during the same time period
(to be specified) with as many SLR's observing the same satellite passes as
possible.
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3. Collocated Sites

(a) The number of collocated sites within the network should be
increased above the three primary collocations which have been proposed
previously (Ft. Davis, Wettzell, Canberra).

(b) Using mobile VLBI and laser equipment is somewhat beneficial when
the mobiles are deployed in their respective continental bases (e.g., Exp.
20C in Table 3); however, a much more significant improvement in the strength
of the network would result from a more global distribution of these mobiles
(compare combined Exp. 18B with C, 20C with D).

(c) The strength of the VLBI net (as well as the combined VLBI and
laser net) is greatly improved with the addition of the DSN stations (Canberra,
Goldstone, Madrid). (Compare single Exp. 7 and 10.} Especially Canberra, being
a primary collocation site, and Madrid should be upgraded with Mark III equipment.

4, Station Upgrading and Construction Completicn

Upgrading of other stations (especially Yaragadee and Quincy) to the
levels indicated in Tables 1 or 3 as well as the completion of construction
work at the indicated stations (Herstmonceaux, Graz, Simcsato, Richmond) and
the NASA, Dutch and German TLRS's by 1983 crucial (compare combined Exp. 12,
18 and 20).

5. Additional Useful Sites

For both VLBI and Taser baseline networks, the greatest improvement
should result from additional stations in South America (next is South Africa).
This suggests the addition of, e.g., Sao Paulo to the VLBI net and a station
in the southern portion of South America (e.g., Santiago) to the laser net.
(Compare single Exp. 10 and 11-12; 13 and 14.)

6. Radio Satellite Tracking Participation

In order to determine the relations between the reference systems of SLR,
LLR, VLBI and the Doppler satellite techniques, Doppler receivers should be
collocated on the sites where the above systems will be operated. Those Dop-
pler stations should observe simultaneously for a period of at least one month,
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and their positions determined with respect to the best available precise
ephemeris.

A collocation campaign using the available GPS geodetic receivers is
also suggested.

7. Importance of Monumentation

[t is extremely important to the realization of the proposed experiments
that the participating stations be unambiguously described and permanently
monumented. This is particularly critical when mobile systems are to be used
for collocations and there is danger that the exact position may not be
recoverable after the mobile system has departed. COTES urges that MERIT
establish appropriate standards concerning the geodetic surveying, data
reduction, and adjustment procedures to be followed to insure that the neces-
sary documentation is compiled and preserved. Briefly, it is urged that a
"master" station mark (with suitably placed reference marks) be placed at
each complex, and that the offsets of the individual measurement systems
with respect to the master station mark be determined by three-dimensional
geodetic surveys. The observations should be reduced and adjusted, using
proven programs. The raw geodetic survey data should be considered as part
of the MERIT data set and should be available to the general community for
analysis and study.
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5. SUMMARY OF REQUIREMENTS BY COUNTRY

A1l systems below should observe as per #1 and #2 in the previous

section.

Australia - Canberra SLR should be upgraded to G3 and participate with LLR.
Austria - SLR construction and testing should be finished in Graz.

France - Grasse should participate with LLR and possibly G2 (G3 preferred)
SLR (in South America?). MEDOC participation {see #6 in Section 4).

Federal Republic of Germany - The construction at Wettzell is to be finished.
The Mark 1II VLBI and G3 SLR and LLR should be in full operation.
The German TLRS is imperative and should be deployed as per Exp. B7
(at Madrid) in Table 1.

Greece - Dionysos should be upgraded to a G3 SLR.
Japan - SLR construction and testing should be finished at Simosato.

Netherlands - Kootwijk possibly should participate with G2 SLR (G3 preferred).
The Dutch TLRS is imperative and should be deployed as per Exp. B7
(at Onsala) in Table 1.

Sweden ~ Onsala should be upgraded to a Mark III VLBI.
USSR - The Crimean LLR should participate.

United Kingdom -~ SLR construction and testing should be finished at
Herstmonceaux. Jodrell Bank should be upgraded to a Mark III VLBI.

United States - (a) The Polaris network--all three stations (Westford, Ft.
Davis, Richmond)--should be completed.
(b) DSN VLBIs (Madrid, Goldstone, Canberra) should be upgraded to
Mark III (at least at Canberra and Madrid).
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(c) Continue to operate SLR at Greenbelt and Mark III VLBI at

Owens Valley.

(d) SLR's at Quincy, Yaragadee, Moblas 6 (if it is to go to the
Southern Hemisphere) should be upgraded to G3. Arequipa would also
be useful as a G3.

(e) TLRS's and ARIES's should be deployed at locations specified in
Exp. B7 in Table 1 (TLRS's at Westford and Richmond, ARIES's at
Greenbelt and Quincy).

(f) Participation by McDonald and Maui LLR's is important.

(g) GPS geodetic receiver participation would be desired as per #6
in Section 4.

(h) Doppler participation (DMA network) as per #6 in Section 4
is desired.
Miscellaneous - Additional stations as per Exp. 24 are desired, e.g., in

South America, South Africa, China, Alaska (~ three per major
tectonic plate).
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