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Abstract. The automated fitting method was applied to the modelling of gravity and magnetic
anomalies. This technique allows us to use for interpretation the observed components of gravity
and magnetic fields and their linear transformations, the geoid anomalies, and the course gradient
data of magnetic fields. The software is based on the optimization of the sum of square differences
between measured and modelled field components. The universal approximation procedure for
parametrization of anomalous sources allows us to describe effectively different elements of the
modelled space. The optimization procedure for the minimization of objective functions includes
gradient-based algorithms and singular value decomposition technique. The technology is tested on
practical geological problems.
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INTRODUCTION

Various universal techniques of the modelling of geological objects based
both on trial and error methods in general, and on their automated computer
modification in particular, are currently widely used in practice. At the sametime
it is necessary to admit that the informative value of the results received during
each modelling procedure are determined not only by the used computer fitting
techniques, but also by the outlook, experience, intuition, and knowledge of the
interpreter; by the volume of the used geological, geophysical, and experimental
data; by the interpreter’s understanding of the nonuniqueness, practical equi-
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valence, and instability of the inverse problem. Various computer techniques of
the automated fitting can only, to some extent, accelerate the modelling process,
increase the number of the alternative versions considered, and increase the
accuracy of the adjusted parameters. The resources of modern PC give an
opportunity to implement effectively the computer techniques of interpretation
using multi-variant and multi-stage strategies of the automated adjustment.
Computer implementation of such techniques with the use of the intuitively
comprehensive graphic interface for manipulation by simulated geological and
geophysical objects and models make them popular for a wide range of
specialists. One of the techniques of the automated fitting of gravity and magnetic
anomalies with the use of multi-stage strategy has been developed on the basis of
different approaches to the approximation of the anomalous sources of complex
configuration (Bulach & Mikheeva 1993; Kozlenko et al. 1997; Gross et a. 1998).

CRITERION OF APPROXIMATION BETWEEN THE OBSERVED
AND MODELLED FIELDS

The adjustment software is based on the optimization of the sum of square
differences between the observed and modelled components of the fields. For
modelling with afew fields aswell aswith linear transforms of the type of sliding
window

UiT=5Ui=ZCjU”j, j=-n,....0,....,n, (1)
j=-n
where oU; is the value of the transform at point i; {cj}q is the subset of
weighting multipliers of transformation operators;, g=2n+1 denotes the number
of values of the field component U used for the calculation of atransform at the
point. The objective function FC" isused in software as follows:

M N, Ny
FCT =Y any g 2 cmbi —ur,,;(xm)]g; o
m=1...,M; i=1...,N.
Here
UCP:EUV Yl =KmUiA + A" +B™y +C"™Z +D™;
xm=(x{“,x;“,...,xg“m);

M is the number of the field components used in the adjustment process; mis
the index of a field component; o, is the weighting multiplier of a field
component inthevalue FC'; N isthe number of points at which the component
isset up; a;, istheweight of point i; Uy, Ut , arethe observed and modelled

R,m?
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values of components; U '] ., Is the contribution of the jth approximation cell in
field value; K., is the number of cells; P, is the total number of parameters;
A" B™,C™, D™ are coefficients of the linear background of the component m.

FUNCTIONAL PECULIARITIES OF THE FITTING SOFTWARE

The software (Kozlenko et al. 1997; Gross et al. 1998) has a universal
character and gives the user wide opportunities for modelling specific geological
objects. It allows: (a) adjustment of the parameters of the anomalous sources
using the observed components of the gravitational (Ag) and magnetic (AZ, AT)
fields and the geoid anomalies (h) separately and simultaneously (AgandAZ,
Ag and AT,Agand h, AZ and AT, h and AZ, hand AT), the calculated course
gradient value of a magnetic field, second derivatives of a gravitational potential,
and linear transformations of simulated components, set by the operators of
weighting summation in a diding window (1); (b) modelling by solving linear,
nonlinear, and combined (linear and nonlinear) inverse problems of the gravity and
magnetics; (¢) using during adjustment the elements of the modelled components,
given along profiles, on a plane, in space, and in the wells; (d) application of
various fitting strategies at different stages of modelling (ssimulation of isolated
objects or the whole geological sequence; use of two-dimensional (2D) or 3D
objects, etc.).

PARAMETRIZATION OF GEOLOGICAL OBJECTS

The approximation procedure developed in the fitting software is multi-
elemental. It includes more than ten 2D and 23D elementary approximating
cells of a simple geometric form (from a dot source to cylindrical bodies with
polygonal section). It is open, i.e. presupposes expansion of the approximating
opportunities by other elementary approximation elements. It is universal as it
alows in an optimum way to carry out parametrization of geological bodies,
objects, and sections of different forms (structural, ore, and structural—ore). It is
adaptive and controlled because it gives the user an opportunity to perform many
operation modes of the fitting programs by fixing separate parameters and whole
objects, by using the restrictions in fitting parameters, by preserving the
configuration forms of the fitting objects, etc. The vector of the fitting parameters
of a separate cell of an approximation procedureis

X = X, U x, =(J,JX,Jy,JZ,yl,yz,xl,zl,xz,zz,..., XnrZn)s (3)

where o issurplus density; J,,J,, J, arethe components of a magnetization
intensity vector; Y, Y, are parameters of extension; X, , z, are coordinates of
angle points of the approximating polygon; N is the number of sides (angle
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points). For vertical cylindrical cells it is necessary to change places of the
parameters y and z.

The efficient technigue of the approximation of star contours of sources by a
radius vector which is set by the truncated trigonometric series has been used for
cylindrical bodies with polygonal sections (Bulach & Mikheeva 1993)

R(¢i):RO+Z(Aj cosj¢; +B;sinjg,), (4)
J=1

where R, is the initial value of a radius vector; A;,B; are coefficients of the
members of the approximating series;, N isthe number of seriesmembers; ¢, is
the angle of the current radius. This technique allows us to describe sources of
complex configuration by a small number of parameters. Including it into the
software (Kozlenko et al. 1997; Gross et a. 1998) we can set and perform a
multi-stage fitting.

To adapt the approximation technique of star bodies in a software, the
approximation procedure was complemented by several approximating cells,
which in general are described by a vector of parameters

X=X, Ux, =(0,3,,3,.3,. Y1, ¥a. X, 2o,

: ®)
m,R,, A,B;,.... Ay,By),

where X,,z, are coordinates of the gravity centre of a star body; mi is the
dimension of the radius vector describing the contour of the body (number of
points). The representation of parameters of additional cells in the form (5) enables
their use at modelling simultaneously with all other approximating cells. In a
vector (5) apriori the fixed parameters are x,, z,, and mi , any other parameter
can either be selected or fixed. Using these cells during the modelling, the
computation in program modules of solving the direct problem and calculation of
a vector gradient of the objective function on the current fitting iteration are
performed on analytical expressions for horizontal (2D or 21 D) and vertical
cylindrical cellswith polygonal sections.

Adaptation of the technique of the star bodies approximation by contours of
complex configuration (Bulach & Mikheeva 1993) extends the functional capa-
cities of asoftware (Kozlenko et a. 1997; Gross et al. 1998), asit allows modelling
of geological objects using a multi-stage strategy of fitting. Let us point out some
versions of a multi-stage strategy of the automated fitting method.

1. At the first step of interpretation the automated fitting of the anomalous
sources is performed by their approximation by polygonal contours of small
dimensions (rectangular or trapezoid section). After optimization of the anomalous
sources, the received optimized configurations are approximated using the
technique of the description of star bodies. At the second step the optimum values
of the radius vectors, the number of members of the truncated trigonometric
series, and initial values of the coefficients of series are calculated. At the third
step the automated adjustment of optimum values of the parameters, received
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as a result of the executed transitions which define complex configurations of
anomalous sources, is performed. The transition from step to step can be done
automatically, without interpreter, or interactively.

2. At the first step of the above-described interpretation not cylindrical cells
with polygonal contours, but singular approximating cells can be used: strings of
poles (2D and 23 D), inclined strips, and planes.

OPTIMIZATION PROCEDURE

The automated fitting of parameters of the specific approximation procedure
is performed by minimization of the abjective function (2) using a special
optimization procedure (Korchagin 1993). It includes some modifications of
gradient optimization methods (methods of the steepest descent with normalization
of the descent direction and acceleration of convergence, gradient, and conju-
gated gradients), and also the optimization based on the known singular value
decomposition (SVD) algorithm (Johansen 1977; Enmark 1981; Lines & Treitel
1984). The computing experiments have shown that far from the minimum of
the objective function the steepest descent method is rather effective, whereas in
the vicinity of the minimum it is characterized by slow convergence. At the same
time, in the vicinity of the minimum the SV D algorithm has doubtless advantages
in relation to the steepest descent. The speed of the convergence of the iterative
process and also the accuracy of the parameter restoration when the iterative
process gets into a global minimum are much higher than those at using the
steepest descent. Owing to essential differences between the direction of the
steepest descent and the direction determined by the SVD algorithm, very fre-
quently iterative processes from identical initial approximations result in different
local minima of the objective function. The developed optimization procedure
allows of using the steepest descent at initial iterations of the adjustment and
algorithm SVD in the vicinity of the minimum (using in that way the advantages
of both methods). The model calculations have shown that while solving a fitting
problem with a large number of freedom degrees the stability of the iteration
process can be achieved by introducing rather rigid restrictions, both on possible
variation limits of fitting parameters and on the changes of parameters on separate
fitting iterations. The principle of monotonous decrease of the optimized objective
function from iteration to iteration, used in an optimization procedure, is rather
rigid. On one hand, it does not alow getting out of alocal minimum into which
the iterative process gets; on the other hand, it results in the fact that the fitting
parameters experience maximum changes (which can lead to “jumping” of an
iterative process into another minimum of the objective function, rather far from
the initial approach) at initial fitting iterations. Hence, it is sufficient to use the
restrictions on the parameter changes (and also regularization of an iterative
process) at theinitial fitting iterations.
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THE LINEAR TRANSFORMATIONS
IN THE FITTING ALGORITHMS

One of the possible approaches to using the linear transformations of potential
fields, set by the operators of weighting summation in the diding window (1)
(Bulach et al. 1987), is aso applied in the software. The peculiarity of this
approach isthe following. In the fitting al gorithms the same approximate operator
of transformation influences the modelled and measured sets of the field
components. In this situation the accuracy of the transform cal culations does not
much influence the adjustment results, only the properties of the appropriate
transforms are used. The model examples have shown that the fitting results on
the transformed anomalies are practically similar to the results of fitting on the
exact analytical anomalies of the corresponding type. The described method of
the automated fitting on transforms can be included in procedures and flow charts
for finding many solutions to specific model and practical problems.

PRACTICAL APPLICATION OF THE SOFTWARE

The recommendations for using the automated fitting algorithms and software
are developed on examples of modelling of (a) a gravitational field along regional
seismic profiles, (b) configurations of intrusive massifs and ore objects,
(c) airborne magnetic measurements along regional geotransects at different
atitudes and recalculated gravitational anomalies on different levels, (d) separate
ore bodies in an iron-ore deposit, and (e) gravitational and magnetic fields along
geological cross-sections during large-scale geological mapping.

For the practical interpretation of anomalies it is advisable (a) to model
complicated objects and cross-sections in parts, (b) to get different solutions of
the same problem (with various initial approximations, at different operation modes
of the fitting software, for different ways of fixing some of model parameters,
with linear transformations and without them, with restrictions for selected
parameters and without them), (c) analyse the accuracy of solutions on a special
problem constructed for those aims.

Some examples of practical interpretation are given below.

The Ukrainian shield—-Dnepr-Donetsk basin

The 400 km long deep seismic sounding profile Putivl-Krivoj Rog (Fig. 1)
passes through Krivorozhskaya and Dnepr-Donetsk superdeep wells. The 2D cells
with polygonal section were used for the parametrization of the Earth’s crust and
upper mantle. The vertical and horizontal contacts between the blocks were set in
view of the faults and borders, determined by the seismic data. Two versions of
section approximation (65 and 57 polygonal blocks) were considered, differing
in details of the upper mantle approximation. The density within the limits of
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Fig. 1. A density model of the Earth’s crust along the seismic profile Putivl-Krivoj Rog.

separate blocks was considered constant, and aso the restrictions in possible
limits of its variation were imposed in the process of solving the direct and
inverse gravity problems. The gravitational field data collected at 77 points
with a 5-km step along the structure were used during the calculations. In some
versions the calculation was carried out on the field data smoothed by a spline-
approximation algorithm. The initial values of density in blocks are given using a
velocity section and the known generalized data about vel ocity—density dependence.
The results of the calculations allow us to draw the following conclusions.

1. The developed software essentially accel erates the process of the modelling
of a gravitational field along regional structures and enables analysis of various,
practically equivalent solutions. The divergence between some parameters of the
practically equivalent solutions can be rather large. The number of the practically
equivalent solutions can be reduced by narrowing the given restrictions in the
limits of the density change in the blocks.

2. With the increase in the dimensions of the fitting problems (@) the restoration
accuracy of thefitting parameters decreases, (b) theinstahility of solutionsincreases,
and (c) receipt of reasonable solutions is impossible without rigid restrictions
on the limits of parameter changes. Using the principle of decomposition of a
large-dimension problem into some small subproblems can contribute to the
solution accuracy.

3. The accuracy of the fitting parameters (limits of dispersion) can be estimated
on an accompanying modelling problem that can be built on the basis of any
acceptable version of the practical problem solution.
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4. The constant component of the background field can be simulated with the
help of two formal methods: (a) by the adjustment of the negative density in the
block which covers the entire section and (b) by the use of the linear transformation
operator in a siding window for recalculation of initial field components in the
transformation oV,,.

The Atlantic Ocean

The magnetic field modelling above considerably massive underwater mountains
in the Atlantic Ocean (Fig. 2) is rather interesting because of the methods used.
Here the mountain towers like awall from 4-km depth practically up to the water
surface (in some intervals of the vessel’s course the depth above the mountain
decreases to 25 m). The values of the module of magnetic field intensity above
the mountain are highly differentiated. Visual analysis of the diagram of the
changes in the magnetic field intensity module above the mountain allows us to
assume that a series of rather intensive local positive anomalies (up to 500 nT),
caused by local magnetic sources in the mountain itself, isimposed on the negative
magnetic anomaly of about the same intensity, caused by the mountain. Thisidea
about the character of a magnetic field change above an underwater mountain
served as a basis for the magnetic modelling.

At the first stage of the processing of magnetic data along the tack the
transition from the values of the total module intensity to local magnetic
anomalies AT was carried out by the background component approximation
with the first-degree polynomial.

According to the accepted circuit of magnetic modelling the negative magnetic
anomaly above the underwater mountain was described as a large magnetic body
of trapezoid section covering practically the entire mountain (Fig. 2a8). The top
edge of the underwater mountain was fixed; the bottom edge coordinates were
fitted. The local anomalous objects in the body of the underwater mountain were
approximated by separate objects with four-corner sections. At the first step of
fitting the rectangular form of local anomalous bodies was fixed, while at the last
steps the restriction on preservation of the anomalous body’ s form was removed.
One version of the automated fitting of the parameters of the anomalous source
according to the described circuit is presented in Fig. 2a. It shows that the main
features of the magnetic field anomaly above the underwater mountain are quite
satisfactorily reproduced by afield of the magnetic sources model.

Figure 2b displays another version of anomalous field fitting above the
mountain. Unlike in the previous model, here an additional local source is not
used for modelling regional negative components of the mountain. For this
purpose a horizontal cylindrical body with the section completely identical to that
of the underwater mountain along the modelled tack was used. This magnetic
source model also reveals quite satisfactorily the basic features of the anomalous
field behaviour.
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Fig. 2. The magnetic field along the fragment of tack 1005 in the Atlantic Ocean and the results
of the sources fitting by bodies of simple configuration. The numbers on the contours of the
anomal ous bodies show the values of the vectors of the magnetization intensities of the bodies
(in 107° CGS units).

The Antarctic Peninsula region

Figure 3 shows some versions of the magnetic field modelling along the
tack fragment in the Bransfield Strait. At the first stage of modelling the
anomalous field was fitted by four prismatic disturbing objects. The geometrical
parameters of the objects were selected simultaneously with the value of
magnetization intensity of separate bodies and the linear background coefficients.
The limitations on geometrical parameters of objects were used. At the second
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Fig. 3. The magnetic field along the fragment of tack 0704 in the Bransfield Strait and the results of
the sources fitting by bodies of trapezoid form (a) and in contours of complex configuration (b).
The numbers on the contours of the anomalous bodies show the values of the vectors of the
magnetization intensities of the bodies (in 10~° CGS units).

stage the approximation of the objects was performed with the help of contours
of trapezoid section (Fig. 3a). Magnetization intensity and linear background
coefficients were selected. The approximation of the objects was carried out
also by contours of complex configuration. The magnetization intensity of the
objects was fixed — the values received at the previous stage of modelling were
used. The linear reference coefficients were fitted during solving the problem.
The coordinates of the centres of gravity of the anomalous bodies and initial
approximation of radius vectors were set in view of the results of the previous
solutions. The problem was solved repestedly, with a different number of members
of the truncated trigonometric series, which approximated radius vectors of
separate objects. A version of solving this problem is shown in Fig. 3b.
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CONCLUSIONS

The 23D horizontal cylindrical cells with polygonal sections can be used
for modelling the 3D geological objects. However, at significant changes in the
configuration of such objects the approximation by cylindrical bodies will not be
optimum. In such situations it is preferable to use, as approximating cells, body-
polyhedrons built on separate vertical sections of the object. The technique of the
approximation of the star bodies of complex configuration can be successfully
used for automatic construction of polyhedrons on sections.

The modified approximation procedure gives us many opportunities for
modelling mineral objects of complex form. On one hand, it is a quite convenient
way of parametrizing anomalous sources with complex physical properties. On
the other hand, it allows fitting to be carried out by consecutive complication of
the model, from the use of simple (singular) approximating cells to more complex
ones.

Various techniques, methods, and modifications of fitting can be synthesized
in a uniform computer-and-information subsystem of modelling using a local
database of the computer model. Basic elements of such alocal database can be
(a) field catalogues, (b) wells, (c) stratigraphic column, (d) physical properties,
and (e) model geometry. The communication of the user with elements of the
computer model of the investigated object can be carried out through the dialogue
interface, the basic elements of which might be presented by blocks of the
following procedures: (a) visualization; (b) optimization; (c) solution of direct
problems; (d) automated fitting; (e) formation of fastenings and restrictions;
() creation, updating, and destruction of separate elements of the model; and
(g) helpful and auxiliary information.

The various techniques and strategies of the automated fitting can be performed
rather effectively on the basis of the approximation procedure used in the fitting
software: by the method of multiparameter functional optimization, by constructing
families of the equivalent solutions, by using various modifications of algorithms,
and by consecutive complication of the model using the transition from simple
singular approximating cells to more complicated ones.
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Keerulise kujuga anomaaliaallikate gravitatsiooniline
ja magnetiline modelleerimine

Mokola Jakimtsuk, Ignat KortSagin, Tatjana Mihhejeva,
Marina Orlovaja Juri JakimtSuk

On kasitletud geoloogiliste objektide modelleerimise pohielemente automaat-
sobitamise meetodite raames. Vaadeldav metoodika voimal dab t6l gendamise kai-
gus kasutada magnet- ja raskuskiirenduse véljade mdddetud komponente, nende
lineaarteisendusi, geoidi anomaaliaid ja magnetvalja méddetud suundgradienti.
Tarkvara pohineb mdddetud ja modelleeritud véljakomponentide havete ruutude
summa optimeerimisel. Anomaaliaallikate parameetrimise kdikehaarav aproksi-
meeriv konstruktsioon voimaldab efektiivselt kirjeldada modelleeritava ruumi
erinevaid elemente. Optimeerimisprotseduur funktsioonide minimeerimiseks sisal-
dab gradiendi tldpi algoritme ja singulaarmaatriksi dekompositsioonimeetodit.
On esitatud ka valjatdotatud tarkvara praktilise kasutamise néiteid.

I'paBuTaniMOHHOE U MArHUTHOE MOJEJIMPOBaAHHE
AHOMAJIbHBIX HCTOYHHMKOB CJI0KHOW KOHGUrypamuu

Muxkona fxumuyk, Uraar Kopuarun, Taressna Muxeesa,
Mapuna OpiioBa u FOpuit SAxumuyk

PaccmaTpuBaroTcsi OCHOBHBIE 3JIEMEHTbI TEXHOJOTUM MOAETUPOBAHUS TPaBU-
TaLMOHHBIX M MarHUTHBIX TOJeH B pamMKax METOJOB aBTOMATH3MPOBAHHOTO
nondopa. TexHonorust mo3Bossi€T MUCMOJIBL30BAaTh B IPOLIECCE HMHTEPHPETALMU
Ha0JIt0JaeMble KOMITIOHEHTbl IPABUTALIMOHHOIO U MArHUTHOTO M0JISH, JINHEHHbIe
TpaHc(hOpMaHThl HAOJIIOJAEMbIX KOMIIOHEHT, aHOMaJIMM Ieou/1a, JaHHbIe U3Me-
PeHUsi KypcOBOro rpajueHra marHutHoro mnoisi. [lporpammHoe obecriedeHue
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GasupyeTcs Ha ONTHUMH3ALMH CYMMBbI KBaJIPATHBIX PACXOXJICHUNH MEXOy H3Me-
PEeHHOH ¥ MOJENbHOW KOMITIOHEHTAMH TMOJield. YHHUBepcalbHas aIpoKCH-
MUpYIOIIas KOHCTPYKUMS Ui TapaMeTpu3allid aHOMAaJbHBIX HWCTOYHHKOB
no3BosiieT 3¢ (EeKTUBHO OINUCHIBATh PaA3IUYHBIC 3JEMEHTHl MOJIEIUPYEeMOro
npocTpancTBa. ONTUMHU3ALMOHHAS MTPOLeAypa TSI MUHUMU3AIMK (PYHKIUHN 11e11
BKJIIOYAET aJrOPUTMBI TPAIUEHTHOTO THIIA, & TaKXKe MPOLEIypY, MOCTPOSHHYIO
Ha 0a3e aJirOpuTMa CHHTYJISIPHOTO pasiokeHus marpull. llpuBonmsarcs mpakTu-
YecKHe MPUMePhl UCTIOJIb30BaHuUs pa3paboTaHHON TEXHOJIOTHH.
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