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Abstract.  The dynamic interactive network design for derivation of an optimal observational scheme of a new Gravity Basic Network for Bulgaria is proposed. This design has been obtained by a special case of sequential optimization. As a result a homogeneous network with minimal variances of the gravity values is suggested. The absolute gravity stations are included in the modeling by the establishment of national Gravity Datum and scale. The optimizing procedure is applied to the existing Bulgarian gravity network.
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1. The existing Bulgarian Gravity Basic Network

The primary class ( Gravity Basic Network (GBN) of Bulgaria will be discussed here. It is difficult to fix the year of its establishment. The GBN was completed in 1965. It is based on 12 stations of "airplane" network, which was established in 1958. The Gravity Basic Network consists of 24 stations and it is in Potsdam system (Project, 1962). The fundamental absolute gravity stations in Sofia and Varna are added to GBN later. This network has international connections with Bucharest in Romania (by Russe, Sofia and Varna), Odessa in Russia (by Varna), Tallinn in Estonia and Moscow in Russia (by Sofia), Giurgiu in Romania (by Russe) and with Potsdam in Germany (by Sofia).

2. The need of a new Gravity Basic Network
The International Absolute Gravity Basestation Network, built up with the support of the International Association of Geodesy (Boedecker & Fritzer, 1986), is regionally elaborated in the frame of the project unigrace (Unification of Gravity Systems in Central and Eastern Europe) for the countries of Europe and in particular for Bulgaria (Milev et al., 1999). This, as well as the recommendation of the International Gravity Commission, are serious preconditions for the establishment of a homogeneous Reference Gravity System for Bulgaria. The system will be the basis of a new national Geodetic System (Stoyanov, 1996). The corresponding new GBN should provide the precision values of gravity ((0.1((0.01 (m.s-2) and space geocentric (in static sense (3 mm) and temporary (in dynamic sense) behaviour of the network as well.

3. Structure of the new Gravity Basic Network
The structure of the existing Bulgarian GBN from 24 points is preserved. The newly built absolute gravity station "Plana" is added to this configuration. The concrete physical localization of points and their excenters, the possibilities to determine their horizontal and vertical position as well as the perspective to their development into absolute stations will not be discussed in the proposed design. With regard to optimizing the observational scheme of updating the existing GBN, the four variants (A, B, C, D) of a chosen structure are considered (Table 1).

4. A suggestion for an optimal observational scheme


At present there are appropriate preconditions for the construction of a new GBN in Bulgaria. The design has to give an answer concerning its configuration ( positions and links between stations, as well as concerning the type, distribution and precision of planned observations. Moreover, it has to take into account:

· the integration of GBN in the frame of the Basic Geodetic Network (Stoyanov, 1994);

· the model of adjustment of the new GBN;

· the derivation of optimal gravity datum by using absolute and relative information.

The accuracy of GBN must be included only in the target function in order to make a choice of optimal random measurements from the design network. To achieve this purpose it is not necessary to include the expenses of planning actions and quality of road traces for gravimeter transportation in the target function.
Table 1.  Optimal design of analyzed variants of the Bulgarian Gravity Basic Network.
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VARIANTS
Items
	A

Conjunction network
	B

Conjunction network
	C

Free network
	D

Free network

	Number of gravity stations (Free network) / Number

of unknowns (Conjunction network)                       u
	23
	17
	25
	25

	Number of relative gravity stations                        j
	21
	21
	22
	21

	Number of absolute gravity stations                      k
	4
	0
	3
	4

	Optimal number of observed gravity differences    o
	48
	47
	48
	49

	Number of stations with fixed values of gravity      f
	2
	4
	0
	0

	Total transportation distances in [km]                   D
(for relative, absolute and excenter stations)
	16419
	15446
	16533
	16583

	Total time spent in [h]                                            T
 ( for relative measurements

 ( for absolute measurements
	407

247

160
	246

246

0
	481

248

233
	554

248

306

	Average mean square error of unknowns

in 10-8[m.s-2]                                                        mX
	(8,33
	(7,95
	(7,32
	(7,18

	Interval of mean square error of unknowns

in 10-8[m.s-2]                                                          (
	((4,99 ( 11,91)
	((5,33 ( 11,26)
	((4,69 ( 10,48)
	((4,18 ( 10,48)


On the other hand the new GBN must support static and geodynamic investigations. The precision of ((5(10).10-8m.s-2 has been set in the proposed design. The reached higher precision in the Bulgarian absolute gravity stations realized in the project unigrace (Milev et al., 1999) is a precondition for the real fulfillment of the design precision.


The accuracy of the designed GBN can be estimated by the average mean square error of unknowns (gravity values)
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or by the average network precision (Mikhail, 1976)
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where 
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 is a variance matrix of unknown parameters; m0 – mean square error of observation with unit weight; u – number of unknown parameters (gravity values); 
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. Formula (2) is a generalized estimation for the whole network. It, as well as (1) and (3), depend essentially on constrains of unknown parameters in a subsequent adjustment procedure.

The weight matrix of the observation gravity values (or differences) is diagonal (or an uncorrelated noise for the gravity differences is assumed) in the adjustment by observation equations. The world practice manifests preference for adjusting the national GBN as a free network (e.g. Torge et al., 1999). In this case the variance matrix of unknown parameters can be computed by the method of generalized matrix inverses ( pseudoinversion (Bjerhammar, 1973).
5. Sequential optimization
Here we shall offer the analytical method for solving a design-structure problem. The method includes:

· development of an algorithm in which the network must satisfy some optimal requirements;

· human (interactive) activity at the final stage of undertaking a decision.

The configuration of absolute and relative stations is fixed and the weights of observations for a proposed design for a new GBN are known.

The developed program starts with a minimal configuration. It makes a suggestion for every loop for connection between two points of network in accordance with a scalar target function chosen in advance. The operator makes a decision to accept the analyzed loop or to propose the new connection on the basis of previous information, depending on the result of this target function. In short this is the idea of sequential optimization.
Let number 
[image: image7.wmf]u

~

of the absolute and relative station is given ( it was defined in the preceding optimal configuration of GBN. The number 
[image: image8.wmf]o

~

of optimal observational connections is specified for this configuration. We start giving number 
[image: image9.wmf]2

2

3

2

+

-

=

u

~

u

~

d

 of additional planned connections, which exceed the minimal number 
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 for unique determination. Then we add a new observation (connection) in order to improve the accuracy mX without increasing number 
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The observation lop, which has the maximum contribution to improve n.p., has been uncovered from all possible connections (the possible observations lр in number 
[image: image12.wmf]d

o

~

u

~

u

~

p

min

+

=

-

=

2

)

1

(

 with weights pр) and first of all from the additional planned connections d by applying the optimizing procedure. This procedure was classified by Grafarend (Grafarend, 1974) as a third order optimization for a network design. For a given 
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 has been specified. After that the number of stations has been increased by unit and the optimizing procedure has been repeated.
The variance matrix of unknown parameters
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 is included in the target function, i.e. the minimum of mX or n.р. is sought for. Тhe network with homogeneous accuracy is attained as a final result by applying this optimizing procedure and comparing different measurement configurations (connections).

The insertion of new observation li with weight pi (0< i ( p) forms the new variance matrix 
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where 
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in number) from the previous optimal solution. Here ( is the vector of residuals. In such a way the highest network precision n.p. is achieved by this modification of A-optimality, well-known in statistics (minimizing the mean variance 
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The successive application of this sequential optimization has a disadvantage ( it requires a lot of matrix inversions, which are 
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 in number. Instead we may consider the additional observations as a second group in adjustment in-groups (Wolf, 1968), where each one has an observation equation

(i = Ai(X+(X) ( li ,    with weight pi ,  i=1, 2,…, p 
(5)
and the corresponding covariance matrix of unknowns is given as
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In view of the fact that the expression in brackets is a scalar, the inversion is trivial and the all-additional observations are verified by optimizing the target function
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There are four criteria for the estimation of the network quality – precision, reliability, geometrical strength and economy, the last one being contrary to the precision. The combination of these two criteria leads to the target function ( ( iE ( max, where the expense parameter iE can be estimated for instance by the time necessary for additional observations li, which are realized by 2, 4… jointly transported gravimeters.

The weights of absolute gravity measurements are determined by their corresponding precision, achieved in the project unigrace (Milev et al., 1999). It is supposed those relative measurements are performed by LaCoste & Romberg (LCR) gravimeters. Then their weights are calculated by the empirically detected expression (for this type of gravimeter). This expression gives a connection between the mean square error of one measurement and the distance (or the time necessary for the measurement of one connection). Here the individual instrumental multipliers converting the weights as well as those connecting to the instrumental range were ignored at this stage of design. The empirical relation between the time interval necessary for measuring a loop with 4 gravimeters and distance is specific for the LCR gravimeter (Morelli, 1974). This relation is used to estimate the time spent and expense iE.

6. Analysis of the different designing variants
Here the number and position of relative and absolute stations is fixed in advance for the different variants (Table 1).

The GBN is adjusted as a conjunction network for variants A and B and as a free network for variants C and D. The values of mX for variants A and B are smaller but close to the maximal mean square error of the absolute gravity measurement achieved on unigrace project for "Varna" station. This is still no reason to prefer the adjustment as a free network. The cause to prefer the free network is the fact that mX(variant C or D) < mX(variant A or B).

Another considerable question is what kind of a procedure we have to perform in order to improve the accuracy of the network. One possibility is to increase the number of absolute stations. Their number for variant D is a unit greater than for variant C respectively. It leads to the improved accuracy of their neighbour relative stations and decrease of mX with 2%. Another possibility is to improve the adjustment model by means of constrained adjustment. The absolute measurements have to be up to the requirements of thе constrains.
The differences of variances 
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 of unknown parameters between two variants of the optimal network are presented in Fig.1. Between two variants of the conjunction network a decrease with 5% in mX is established as well as between two variants of the conjunction and free network - a decrease with 11-14% in mX. For this reason variant D is accepted as a conclusive optimal design of the new Bulgarian GBN. In this project the twelve connections from existing GBN have dropped out by means of the optimization which is a considerable result. The proposed optimal design (Fig. 2) of the new Bulgarian GBN is going to be realized by means of 4 LCR gravimeters with a mean square error less than (20.10-8m.s-2 of an observation.
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Fig. 1. Differences 
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7. Conclusions

1. The adjustment of the proposed optimal design of the new Bulgarian GBN has to be performed as a free network;

2. The accuracy of the GBN increases by the reconstruction of the relative stations into absolute ones. The same effect is achieved by increasing the number of constrains of unknown parameters as well as the number of restriction of the unknowns in an approved adjusted model, which leads to increasing the degree of freedom and thus decreasing the value of mX;

3. The two proposed basic parts of absolute gravity measurements which have never been used in Bulgaria yet are:

· Forming a gravity datum and scale of GBN;

· Their treating as the observable quantities weighted properly and as the weighted unknown parameters in the adjusted model.
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Проект на нова гравиметрична базисна мрежа за България

Л.Д.Стоянов, Р.А.Иванов

Резюме.  Съществуващата първостепенна гравиметрична мрежа на България е подложена на оптимизиране с оглед изготвянето на проект за нейното преизмерване. Проектът е насочен към установяването на нова Референтна система за силата на тежестта. Той стъпва върху базисните абсолютни измервания в България, осъществени по проекта unigrace. Анализирани са четири варианта. В предложения оптимален вариант отпадат 12 от досега съществуващите връзки като се постига хомогенна по точност мрежа от порядъка на ((5(10).10-8m.s-2. Предлага се мрежата да се изравни като свободна, като абсолютните измервания играят ролята на отежестени неизвестни параметри в изравнителния модел.
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