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PROFESSOR DR. H. C. ISTVAN HAZAY OCTOGENARIO

The Hungarian geoscientists congratulate Professor Hazay with distin-
guished respect of his deep knowledge and outstanding human character at
his 80th birthday occurring on April 15, 1981.

Professor Hazay was born in Budapest in 1901. He finished his schools
there, and graduated in civil engineering at the Technical University of Buda-
pest in 1922.

He entered state service as land surveyor in 1923 and gained a lot of
experiences in all phases of geodetic and land surveying works for about 30
years. He was especially active in national geodetic control works (triangulation,
precise leveling,geodetic astronomy etc.). His outstanding abilities manifested
themselves already in his youth, thus he received soon managing tasks, at
first in the geodetic control net and survey of Budapest, later in the national
land survey of Hungary. From 1942 on, he became the head of the National
Land Survey.

Together with this practical activity, he turned successfully towards
scientific researches and professional education. His first papers appeared in
1930. He taught Adjustment and Geodetic Astronomy at special courses from
1929 on. After the successful solution of an astro-geodetic problem of the
Hungarian national control net, he was awarded the doctor degree by the
Technical University of Budapest in 1934. His first book appeared in 1938
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4 PROFESSOR HAZAY OCTOGENARIO

entitled “Adjustment in civil engineering practice”, which was honoured by
the golden medal ofthe Hungarian Society of Civil Engineers and Architects.
Already at that time he had several new ideas and scientific results —
unfortunately in Hungarian language — which have became topics of the inter-
national interest quite recently and which have been generally accepted. On
the basis of his educational and scientific activity, he was awarded the Profes-
sor title at the Technical University of Budapest in 1941.

In Hungary, the education of civil engineers specialized in geodesy, sur-
veying and mapping was started in 1949. Professor Hazay has put all his force
into the service of professional education from 1951, and obtained eminent
merits in its organization and scientific guidance. As Professor for National
Survey, Mathematical Cartography etc. and Head of the Department of
Geodesy, he founded the knowledge in, the attitude towards and the affection
for the profession of many generations of geodesists. Several of his students
and assistents have became professors, outstanding engineers or scientists.

As professor, he wrote lecture notes and 4 textbooks which were published
in several editions. His excellent educational and manage abilities appeared
on the highest level when he was Dean of the Faculty for Civil Engineering in
1960 —1964 and subsequently rector of the University till 1967.

In the meantime he continued his scientific activity. He published more
than 100 papers and books presenting new scientific results. In addition to the
4 textbooks, he published 6 other scientific books, among them the “Adjusting
Calculations in Surveying®“ which has been published also in English.

His most important scientific results are the following: a new theory of
the mechanical principles of adjusting, static principles of the method of varia-
tion of co-ordinates, a method used in the adjustment of the new national con-
trol net: the so-called “method of dominant stations”; the adaptation of the
Gauss-Kriiger projection for Hungarian conditions with the necessary for-
mulas and tables; representation of extended areas in a uniform projection co-
ordinate system; solution of a number of other problems in connection with
projections; application of the fictitious observations; special method of devel-
opment and calculation of traverse nets; the transformation of weights in
adjustment and its application in adjustment of geodetic control nets; adjust-
ment of leveling nets for the detection or recent crustal movements by taking
into account the velocity changes; theoretical investigations about the datum-
problems of different reference ellipsoids etc.

The Hungarian Academy of Sciences acknowledged his scientific merits
by electing him its corresponding and ordinary member in 1967 and in 1976,
respectively. For a long time he had a leading role in the Hungarian geodetic
science as president of the Geodetic Commission of the Hungarian Academy of
Sciences. His bright knowledge, zeal and working capacity have been stimulus
for all of us.
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PROFESSOR HAZAY OCTOGENARIO 5

As appreciation of his merits in technical education and in scientific
research, Professor Hazay was awarded several honours. He is holder of the
State Kossuth-prize, of three governmental and two ministerial medals, and
of the two Honorary Medals of Hungarian geodesists. The Technical University
of Budapest awarded him the title doctor honoris causa and the Honorary
Medal of the University.

At his 80th birthday we express our sincere wishes in the hope that Pro-
fessor Hazay with his amiable, commonly respected personality and deep
knowledge can further be active for a long time in good health for the develop-
ment ofhis beloved science, the geodesy and in the education of new generations

of engineers and scientists.
P. Bir6
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PUBLICATIONS OF PROFESSOR ISTVAN HAZAY

A) Books

. Adjustment in Civil Engineering Practice (Kiegyenlit§ szamitads a geodéziai gyakorlatban).

Own edition, Budapest, 1938. 380 p.

. Computation of Gauss-Kriiger Co-Ordinates (with A. Tarczy-Hornoch) (Gauss-Kriiger koor-

dinatdk szamitdsa). Akadémiai Kiad6, Budapest, 1951. 357 p.

. Terrestrial Projections (Féldi vetiletek). Akadémiai Kiadé, Budapest, 1954. 508 p.
. Manual of Geodesy, Vol. |—I1l (Editor and author of about one quarter) (Geodéziai Kézi-

kényv I —I11). Kézgazdasagi és Jogi Konyvkiadé, Budapest, 1956—1960. 2180 p.

. National Survey (Orszagos felmérés). Tankdnyvkiadd, Budapest, 1959. 360 p.
. Geodesy (for “Manual of Mining”) (Geodézia (Bénydaszati Kézikdnyv szémara)). Mdszaki

Konyvkiadé, Budapest, 1965. 130 p.

. Projections (Vetulettan). Tankényvkiadé, Budapest, 1965. 360 p.
. Adjusting Calculations (Kiegyenlit6 szdmitadsok). Tankényvkiadé, Budapest, 1966. 630 p.
. National Survey and Land Consolidation (with L. Szalontai) (Orszdgos felmérés és miszaki

foldrendezés). Tankdnyvkiadé, Budapest, 1967. 595 p.
2nd edition in 1973.

Adjusting Calculations in Surveying. Akadémiai Kiadé, 1970. 630 p.

High-Scale Surveying (textbook) (Nagyméretardnyl felmérések). Tankdényvkiadd, 1979.
280 p.

Geodesy (Engineering Manual) (Geodézia (Mérnoki Kézikdnyv)) Edited by L. Palotas (in
press). 120 p.

B) Papers in journals

. Kino-theodolite (Kind-teodolit). Geodéziai Kozlony, 1930.
. Adjustment of the Orosh&za network with Boltz’s method (Oroshaza belséségi hélézatanak

kiegyenlitése Boltz médszere szerint). Geodéziai Ko6zlony, 1930.

. Computations of lower order triangulation points (Als6bbrend( hdromszdgelési pontok széa-

mitdsa). Geodéziai KozIény, 1931.

. Studies for the determination of the dimensions and position of the reference ellipsoid best

approaching the Earth’s surface in Hungary (Vizsgalatok Magyarorszag feliletéhez leg-
jobban simulé referencia ellipszoid méreteinek és elhelyezésének meghatédrozésara).
Dr. thesis, 1932.

. Static adjustment of co-ordinates. For the use of the National Survey, lithography (Statikai

koordinéta-kiegyenlités). 1936.

. Statische Koordinatenausgleichung. M (iszaki és Gazdasdgtudomanyi Egyetem Soproni Banya-

és Kohomérnoki Osztalydnak Kézleményei, 1939.

. Die Lésung zusammengesetzter Aufgaben mittels statischer Ausgleichung. M (szaki és Gaz-

dasagtudoméanyi Egyetem Soproni Banya- és Kohdmérnoki Osztadlydnak Koézleményei, 1942.

. Projections, with special respect to Hungarian surveying (Vetlletek, kilénds tekintettel a

hazai felmérésekre). Mérnoki Tovabbképz6 Intézet kiadvanya, 1942.

. Activity of the National Land Survey (Az Allami Féldmérés munkakore). Geodéziai Kozlony,

1947.
Mathematic and mechanical principles of the adjustment of co-ordinates (A koordinata-

kiegyenlités matematikai és mechanikai fogalmazéasa). Allami Féldmérés Kézleményei,
1949.
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Transformation of Gauss-Kriger co-ordinates from one projectional stripe to the neigh-
borous one (Atszamitds a Gauss-Kriger vetiiletliéi az egyik vetileti savrél a szomszédos
vetileti sdvra). Foldméréstani Kozlemények, 1950.

Studies in connection with the use of the Gauss-Kriger co-ordinates in Hungary (Vizsgala-
tok a Gauss-Kriger dbrazolasi méd magyarorszagi alkalmazéasaval kapcsolatban). MTA
M lisz. Oszt. Kozi., 1951.

Zur Umrechnung der Gauss-Kriigerschen Koordinaten von einem Projektionsstreifen in
den benachbarten. Acta Technica, 1951.

Transformation of Gauss-Kriger co-ordinates from a narrower stripe to a broader one
(Gauss-Kriiger koordindtdk atszdmitdsa keskeny sévrdl szélesebb sdvra). Féldméréstani
Kézlemények, 1951.

Transformation of Gauss-Kriiger co-ordinates between different ellipsoids (Atszamitas kii-
16nb6z6 ellipszoidokhoz tartozé Gauss-Kriiger koordinatdk kozott). MTA Misz. Tud.
Oszt. Kozi., 1952.

On the adjustment of national and continental networks (Az orszagos és kontinentalis halé-
zatok kiegyenlitésérél). M TA Misz. Tud. Oszt. Kozi., 1952.

The Congress on Geodesy and Geophysics in Budapest (A budapesti Geodéziai és Geofizikai
Kongresszus). Féldméréstani Kozlemények, 1959.

Die Transformation Gauss-Krigerscher Koordinaten zwecks Darstellung in kleinem MaR-
stabverhéltnis. Acta Technica, 1952.

Umrechnung zwischen Gauss-Kriigerschen Koordinaten, die verschiedenen Ellipsoiden
angehodren. Acta Technica, 1952.

Uber Ausgleichung von Landestriangulierungsnetzen und kontinentalen Triangulierungs-
netzen. Acta Technica, 1953.

M athematical principles of a uniform table of conformal maps in different positions. (Kdlén-
b6z6 elhelyezésl szogtarté hengervetiletek egységes tdblazatdnak matematikai alapja).
Foldméréstani Kozlony, 1953.

Some words on the scale of maps (Néhany sz6 a térképi méretardnyrdl). Foldméréstani Kozle-
mények, 1954.

Mathematische Grundlage zur einheitlichen Tabelle verschiedener angeordneten winkel-
treuer Zylinderprojektionen. Acta Technica, 1954.

ZeitgeméaBRe Formeln fir Reduktionen von winkeltreuen Zylinderprojektionen. Acta Tech-
nica, 1955.

Studies in connection with the projection between different ellipsoids I —X 11 (Vizsgéalatok
a kiulénboz6 ellipszoidok kozotti vetités kérébdl 1 —X 11). Geodézia és Kartografia, 1955.

Die Umrechnung von der stereographischen Projektion und der konformen Zylinderprojek-
tion auf die Gauss-Kriigersche Projektion. Acta Technica, 1955.

Genauigkeitsuntersuchung der Triangulierungspunkte bei Richtungslinien verschiedenen
Gewichtes. A Banyamérnoki és Foldmérémérnoki Karok Kozleményei, 1955.

Untersuchungen Uber die Projektion zwischen Ellipsoiden und lber die Bestimmung der
relativen Lage der Ellipsoide durch Projektion. Acta Technica, 1956.

Beitrdge zur Bestimmung der Konstanten bei der Projektion zwischen Ellipsoiden und der
Lage des Ellipsoids. Acta Technica, 1956.

Die Losung der Koordinatenausgleichung mit einem Punkt unter Beriicksichtigung von
Richtungsgewichten. Banyamérndki és Foldmérémérndki Karok Kézleményei, 1956.

Azimutreduktion zwischen zwei Erdellipsoiden. Acta Technica, 1957.

Computation of a nodal point of traverses with fictitious direction measurements (Sokszdge-
Iési csomoépont szamitdsa fiktiv iranymérési eredményekkel). Geodézia és Kartografia,
1957.

A uniform interpretation of the break points of traverses oriented at its endpoints by several
directions (A végpontjain tobbirdnnyal tdjékozott sokszégvonal torésszégeinek egységes
értelmezése). Geodézia és Kartografia, 1958.

Mechanical principles of the adjustment (A kiegyenlités mechanikai elvei). Geodézia és Kar-
tografia, 1959.

Realization of the static adjustment. I. Adjustment of single points (A statikai koordinata-
kiegyenlités végrehajtdsa |. Egypontos kiegyenlités). M TA Misz. Tud. Oszt. K6zi., 1959.

Realization of the static adjustment. Il. Adjustment of several points together (A statikai
koordinatakiegyenlités végrehajtdsa Il. Tébbpontos kiegyenlités). MTA Misz. Tud.
Oszt. Kozi., 1959.

Uber die Probleme der Projektion zwischen zwei Ellipsoiden. Acta Technica, 1959.

Berechnung des polygonalen Knotenpunktes aus Ergebnissen der fiktiven Richtungsmes-
sungen. Banyamérnoki és Foldmérémérnoki Karok Kdozleményei, 1959.
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Ausfiithrung der statischen Koordinatenausgleichung 1. Ausgleichung eines Punktes. Acta
Technica, 1959.

Ausfiuhrung der statischen Koordinatenausgleichung Il. Gemeinsame Ausgleichung mehre-
rer Punkte. Acta Technica, 1959.

Die mechanischen Prinzipien der Ausgleichung. Acta Technica, 1960.

Statische Koordinatenausgleichung mit Richtungsmessungen ohne Orientierungsrichtun-
gen. Acta Technica, 1960.

Some words on certain formulas of error limits (Néhéany sz6 egy-két hibahatarképletrél).
Geodézia és Kartografia, 1961.

Studies on the use of Gauss-Kriiger co-ordinates in Hungary (Vizsgalatok a Gauss-Kriger-
féle abrazolasi méd magyarorszagi alkalmazasdhoz). EKME Tud. Kézi., 1961.

Die mechanischen Prinzipien der Ausgleichung. (Travaux du Groupe Spécial d’Etudes No 21
L’Association Internationale de Géodésie, Académie Polonaise des Sciences Krakéow,
1961.)

Untersuchung zur Anwendung der Gauss-Krigerschen Abbildung in Ungarn. Acta Technica,
1961.

Polygonale Knotenpunktsysteme. Acta Technica, 1961.

Summer practice for surveying and mapping students (Termelési gyakorlatok a féldmérd-
mérnokképzésben). Geodézia és Kartografia, 1962.

The use of dimensional weights in the adjustment (Dimenzids sulyok alkalmazédsa a Ki-
egyenlité szdmitdshan). Geodézia és Kartogréfia, 1962.

Dimensions for the subsidiary quantities of the adjustment (A kiegyenlités segédmennyisé-
geinek dimenzidja). Geodézia és Kartogréafia, 1962.

Discussion on the paper by Z. Heinemann “Some remarks on the principle of the static
adjustment” (Hozzaszo6las Heinemann Zoltan ,Megjegyzések a statikai kiegyenlitési
elvhez” c. tanulmanyhoz). MTA Miisz. Tud. Oszt. Kdzi., 1962.

Determination of the reliability of functional values directly from the normal equations of
the co-ordinate adjustment (Flggvényértékek megbizhatésdganak meghatarozasa koz-
vetlentl a koordinéta-kiegyenlités normélegyenleteib6l). Geodézia és Kartografia, 1963.

Computation of the mean square errors in connection with fictitious measurement results
(A kézéphibak szamitéasa a fiktiv mérési eredményekkel kapcsolatban). Geodézia és Kar-
logréafia, 1963.

The Use of Dimensional Weights in Adjusting Calculations. Acta Technica, 1963.

On the determination of the characteristic function of conformal projections with the basic
equation of conformity (Szogtarté vetiletek jellemz6é fliggvényének meghatdrozasa a
szogtartosdg alapegyenletével). Geodézia és Kartografia, 1963.

On the orthodrome and loxodrome (A loxodréméarol és az ortodroinérél). Geodézia és Kartog-
rafia, 1964.

O cpefHeli NOrpewwHOCTN (PUKTMBHLIX HabnwogeHnii. Mapkuieligepckoe feno B couunanuc-
TUYecKux cTpaHax. Mockea, 1964.

Bestimmung der charakteristischen Funktion der winkeltreuen Projektionen mit Hilfe der
Grundgleichung der konformen Abbildung. Acta Technica, 1964.

Dimension of the Subsidiary Quantities of Adjustment. Acta Technica, 1964.

ferdetengely( hengervetileten). Geodézia és Kartogréafia, 1965.

The significance of Tissot’sindicatrix (A Tissot-indikatrixok jelentdsége.) EKME Tud. Kézi.,
1965.

Die Bedeutung der Tissot-Indikatrix. Acta Technica, 1965.

On the problem ofindependence ofthe fictitious measurement results used in the adjustment
of triangulation networks (Haromszdgelési hal6zatok kiegyenlitéséhez felhasznéalt fiktiv
mérési eredmények fiiggetlenségének kérdése). EKME Tud. Kézi., 1966.

Uber die Frage der Unabhangigkeit der aus Winkelmessungen in allen Kombinationen her-
rihrenden fingierten MeRBergebnisse. (Das Markscheidewesen in den sozialistischen Lén-
dern) VEB Deutscher Verl, fur Grundstoffindustrie, Leipzig, 1966.

Uber die Loxodromen und die Orthodromen. Acta Geod., Geoph. Mont. Hung., 1966.

Hungarian geodetic projections and their future problems (A magyar geodéziai vetiletek és
jove kérdéseik). MTA X. Oszt. Kdzi., 1967.

Illustration of extended areas in auniform projection system of co-ordinates (Nagyobb terii-
letek abrazolasa egységes vetiileti koordinatarendszerben.) Geodézia és Kartografia, 1967.

On the adjustment of vertical crustal movement networks (A vertikalis kéregmozgasi halé-
zatok kiegyenlitése). Geodézia és Kartografia, 1967.
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hergeleiteten Netze. Acta Geod., Geoph. Mont. Hung., 1970.

On the adjustment of triangulation networks with all lengths and angles measured (Vala-
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egyenlitése). Geodézia és Kartografia, 1971.

Die methodische Auswahl unabhéngiger Bedingungsgleichungen komplizierter Triangula-
tionsnetze. Festschrift Karl Ledersteger, Wien, 1971.
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Geod., Geoph. Mont. Hung., 1971.
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szbgtartd hengervetilet geodéziai alkalmazésa). Geodézia és Kartografia, 1972.

Some projectional aspects and practical problems of the uniform projection system of Hun-
gary (Néhéany vetileti szempont és az egységes orszagos vetlleti koordindta-rendszer
gyakorlati kérdései). Geodézia és Kartografia, 1972.

25 years of the education of survey engineers (25 éves a magyar foldmérémérndk-képzés).
Geodézia és Kartografia, 1974.

Transformation between conformal cylindrical projections with the transformation of
directional angles (Atszamitas szdgtarté hengervetileti rendszerek kozott az iranyszégek
transzforméalésaval). Geodézia és Kartografia, 1974.

Construction of length- and area-preserving maps on the Gauss-Kriger projection (Hossz-
és terllettartd térképek készitése a Gauss-Kriiger vetileten). Geonémia és Béanyéaszat,
1974.

Constructing length- and area-preserving maps on the Gauss-Kriiger projection. Acta Geod.,
Geoph. Mont. Hung., 1974.

Eine langen- und flachentreue, groBmaRstdbige Kartendarstellung in winkeltreuen Rahmen
(Das Markscheidewesen in den sozialistischen L&ndern). Warschau, 1975.

25 years of education of civil engineers for geodesy and surveying in Hungary. Periodica
Polytechnica, 1975.

Umrechnung zwischen den Gauss-Kriger Projektionsstreifen durch Transformation der
Richtungswinkel. Periodica Polytechnica, 1975.

Talk with Andras Székely and Klara Fury (Beszélgetés Székely Andréssal és Firy Klaraval).
Geodézia és Kartografia, 1976.

Zug Arbeit »Uber die Ableitung der Vertikalgeschwindigkeiten der Erdkruste aus zwei
Nivellierungen nach Bedingungsgleichungen« von W. K. Hristow. Acta Geod. Geoph.
Mont. Hung., 1976.

Adjustment of leveling networks and computation of the velocity of vertical surface move-
ments with consideration of the acceleration (A szintezési halézatok kiegyenlitése és a
foldfelszin vertik&lis mozgassebességének szdmitdsa a gyorsuldsok figyelembevételével).
Geodézia és Kartografia, 1977.

Some ideas about the galery of Hungarian Surveyors (Gondolatok a Magyar Foldmér6k
arcképcsarnokahoz). Geodézia és Kartogréafia, 1977.

The adjustment of levelings for the determination of the vertical movements of the Earth’s
surface (A foéldfelszin vertik&lis mozgéasanak vizsgalatat szolgélé szintezések kiegyenli-
tése.) MTA X. Oszt. Kdzleményei, 1977.

Adjustment of levelings for the determination of the vertical movements of the earth’s
surface. Acta Geod., Geoph. Mont. Hung., 1978.

Some variants of the adjusting straight line (A kiegyenlité egyenes véltozatai). Geodézia és
Kartografia, 1980.
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PROFESSOR DR. LAJOS HOMORODI SEPTUAGENARIO

The rapid development of the last half century, the new tasks, the change
in measurement and computation technics produced an increasing specializa-
tion in every field of science including geodesy. At present those dealing with
theoretical geodesy are not familiar with the problems of photogrammetry,
surveyors know only superficially about the problems of adjustment. Practical
experts work quite independently from theoreticians and research workers.
The number of scientists or engineers who produced significant results in several
areas of geodesy, both in theoretical and practical problems iseveninternation-
ally very low. It is the great luck of Hungarian geodesists that one of these
exceptional personalities Dr. Lajos Homoraédi lives and works among us.

Professor Homoraédi was born in Arad in 1911. After completing the
Technical University in Budapest, he graduated in 1934. In 1944, he was award-
ed the doctor degree with his work on “Error sources of high precision distan-
ces measurements with rods”. In 1952, he obtained the title Candidate of
Technical Sciences on the basis of his earlier scientific activity. In 1962, a work
entitled “Solution of coordinate transformations necessary for the application
ofthe new national triangulation net” brought him the title Doctor of Technical
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Sciences. The Hungarian Academy of Sciences elected him corresponding and
ordinary member in 1973 and 1979, respectively.

Between 1934 and 1959, he occupied different positions at the National
Land Survey, thus he was for a time Director of the Surveying and Mapping
Enterprise in Budapest. Since 1959, he has been working at the university,
at first in the Institute of Theoretical Geodesy, later in the Institute of Photo-
grammetry. In 1962 he was nominated to Professor at the Technical University
for Civil Engineering and Traffic, where he was Deputy Rector between 1962
and 1964 and Dean of the Facvdty for Civil Engineering between 1964 and
1967. He was Director of the Institute for Geodesy at the Technical University
Budapest between 1971 and 1978.

He acquired the knowledge necessary for a fruitful work in practical
geodesy in the triangulation and polygon works of Budapest, further in the
surveying made by the National Land Survey. From 1942 on, he took part in
the high precision triangulation of the country. After the war his experiments
were utilized in planning and organizing the newly started geodetic works.
In the development of the first order chain-system he had taken an important
role both by personal contributions and by the formulation of measurements
and computation prescriptions.

Besides his practical activity he found always time to write papers which
reflect the high theoretical level used in the solution of practical problems.
He dealt in them with the accuracy of the angular and distance measurements
of polygons in urban areas as well as with the testing of the instruments used.
In several of his papers he discussed the basic problems of first order national
triangulation like position and orientation of the network, influence of the
dimension of the ellipsoid used, determination of the deflections of the vertical,
reduction of measurement results, adjustment of the network. He treated the
introduction of the new projection system and problems in connection with the
development of the fourth order network. In connection with the application
of the national network, he early recognized the necessity to establish precise
leveling networks for engineering purposes, and also published the results of his
investigations in this connection.

His wide theoretical and practical knowledge has been used since 1940
in teaching, too. He lectured geodesy and theoretical geodesy at corresponding
courses. Since 1954, he has been taking part in university education with lec-
tures on theoretical geodesy. Lecture notes for these were predecessors of the
textbook published in 1966, being the first Hungarian textbook on Theoretical
Geodesy. Since 1959, most of his time has been spent for university education.
He lectured in Theoretical Geodesy between 1959 and 1978, in Photogrammetry
since 1963. For shorter time, he also lectured Geophysics and Basic Networks
in Geodesy. Most of these were accompanied by lecture notes, too. He takes
also part in postgraduate education. He published not only papers on education
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in geodesy, but led the compilation of the program for students in geodesy in
the framework of the university reform.

As Professor at the Institute of Photogrammetry, he took an active part
in researches and solutions of practical problems. He analyzed theoretical ques-
tions in analytic aerotriangulation, and published several papers on the non-
cartographic use of photogrammetry.

Professor HomorOdi published more than hundred papers and nearly 150
recensions and review's. A part of these publications lias already been mention-
ed. His scientific portrait, however, would not be complete without mentioning
the technical news from abroad which he introduced in Hungary, such as e.g.
quartz clocks in 1937, atomic clocks in 1950, geodetic use of high capacity
computers in 1954, and of satellites in 1964.

He promoted geodesy at home and abroad by a wide-ranging public
activity. He is founder-member of the Society of Geodesy and Cartography,
and was chairman of this Society between 1962 and 1980. At present, he is
associate chairman of the Society. He has taken part from the beginning in the
activity of the Comission of Geodesy of the Hungarian Academy of Sciences,
where he has presided since 1975. Ha takes and took part in the activity of other
comissions, too.

Professor HomorOdi is also well known outside of Hungary. He has
participated for nearly three decades in the activity of the Fédération Inter-
nationale des Géometres (FIG), where he was between 1972 and 1974 vice-
chairman, between 1975 and 1976 chairman of Commission 2 (Education). He is
also active in ISP and UGGI, thus promoting the reputation of Hungarian
geodesy.

As an appreciation of Professor Homorodi’s merits, he was awarded
several times, from which two governmental medals, the Lazar Deak and
Fasching Antal medals of Hungarian geodesists, the price of the Association of
Hungarian Technical Societies and a honorary diplom of FIG should be men-
tioned here.

We wish Professor HomorOdi at his seventieth birthday good health for
many years coming, that his activity should not cease, that we could read his
papers, hear his lectures and his opinion about the problems arising on the
different fields of geodesy.
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GEODYNAMIC ASPECTS OF REPEATED
GEODETIC LEVELINGS AND GRAVITY ORSERVATIONS

P. BIRO
TECHNICAL UNIVERSITY OF BUDAPEST

[Manuscript received September 23, 1980]

Theoretical investigations show that time changes of geopotential or elevation differences
of bench marks characterize true vertical movements of Earth’s surface (or crust) only in ex-
ceptional cases, which do not exist in the case of our real Earth. Asfarastrue vertical displace-
ments of gravity stations cannot be determined, observed changes of gravity are insufficient
information to conclude to the non-tidal variations of Earth’s gravity field. Theoretical and
practical experiences show that the changes of gravity differences and of height differences are
in linear correlation. Thereby repeated precise gravity measurements may be in principle sub-
stituted for repeated geodetic levelings as a more economical and rapid method especially for
long distances. A new continental network scheme has been suggested for studying recent ver-
tical movements. Attention is called to possible considerable irregular local changes of Earth’s
gravity field within restricted ranges. It is recommended to carry out repeated simultaneous
precise gravity measurements and geodetic levelings completed by the observations of the
vertical gradient of gravity along several test lines and areas.

Introduction

Geodetic levelings and precise observations of gravity as well are carried
out in the gravity field and on the topographic surface of the Earth. The up to
date dynamic view of geodesy requires to assume the secular and long periodic
time variations both of the physical figure and of the gravity field of the Earth
[e.g. Barta 1979, Boulanger 1979, Torge 1979 etc.]. The mentioned time
variation of the former is usually termed as “recent crustal movement” while
that of the latter as “non-tidal variations ofgravity”. (Because of displacements
ofthe topographic surface can be observed and we are not convinced that these
are really followed by the entire crust, the term “surface displacement (or
movement) ” will he preferred instead of “crustal movement”.)

There is no doubt that both geodetic levelings and gravity observations
(either absolute or relative) are influenced by the mentioned time variations.
Therefore the investigation of the true physical interpretation of the results of
the mentioned geodetic observations is needed.

Repeated geodetic levelings

Geodetic leveling is the usual method of determining height differences
between neighbouring bench marks. Repeated geodetic levelings are the com-
mon method of determining vertical surface displacements (so-called “recent
crustal movements”). In both cases the equipotential surfaces of Earth’s
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gravity field serve as the reference system of heights. Basic assumption in
determining heights,in particular, vertical surface displacements is the stabil-
ity of our reference system, that is, the location of all level surfaces in space
are supposed to he unchangeable (i.e. they do not vary with time).
Having nowadays more and more theoretical and practical information
about variations of Earth’s gravity field we have to check
the influence of variation with time of Earth’s gravity field on the
heights of bench marks,
— the interpretation of the observed temporal changes of heights and of
gravity i.e. to explain their true physical meaning.
Theoretic investigations led to the following basic relationships for two
models of different complexities and for the real Earth [Bire 1971 —1979].
In the simple case of an earth model with perfectly rigid crust unable to
any deformation, no vertical surface movement could arise. Any change of the
potential of our bench marks would unambiguously show the variation with
time of the gravity field, or vice versa, changes of the surface gravity would
lead to unambiguous conclusions on the change of the potential. The displace-
ment of the equipotential surfaces of the gravity field is expressed by
R ow
ONr= (1)
g

where dNris the displacement of the equipotential surface of the model earth
of potential W, OW being the time variation of the potential at the tested point
(i.e. bench mark), g the gravity at the same point.

Let the second model be a model earth with elastic crust, deformable
upon gravity field changes. Consequently, field changes not only cause the
displacement of the equipotential surfaces, but this displacement will be fol-
lowed by the elastic deformation of the topographic surface (Fig. 1). Accord-
ingly, the position of our bench mark P referring to the equipotential surfaces
of the gravity field, i.e. its height above the sea level HP will change by
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OHp = —nip = Wp, — Wp = ) 2)

5 |

In general, it has to be assumed that the time variations of the gravity
field are different in different stations at the model surface. Let 6 Wp, and
OWq, be the variation of the geopotential at points P' and Q' resp., the height
difference HgP between points P and Q will change by

1 . A
&Hap —HaP  Hop:. —— (Gwp-  OWQ), (3)

It should be noticed that this is the difference of displacements of the
tested bench marks referred to the equipotential surfaces of the gravity field.
Since, however, the equipotential surfaces themselves are shifted in the space,
(3) fails to indicate the true vertical movements of the points. In our simple
model, beside elastic deformations following gravity field variations, no other,
e.g. geological surface movements have been assumed to occur.

Using for qualitative discussions Love’s theory of Earth’s elasticity
(instead of a visco-elastic model), the true vertical displacements of points P
and Q on elastic model surface can be estimated by

or = h*ONr= — — OH 4)
D
being
OW 1 wp-— Wp OH
g “9g D D

where D — 1 — h* -f- k*; h* and k* being special values of Love’s numbers.
The difference between the true vertical displacements of points P and
Q will he

Orp - 6rQ= (5)

As the difference of Eqs (3) and (5) expressing the difference between the true
and the relative displacement of model surface points, we obtain

d= 6Hgp — (6rP—6rQ = 1 + O0HopP — 1,
D

that would be zero only for quite exceptional values of h* and k*; in general,
however, it is significantly non-zero. The difference depends on the real values
of the Love’s numbers. Their empirical values being known only from observa-
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tions of relatively short-period phenomena, determination of special values of
Love’s numbers for long period or secular variations of the gravity field needs
further investigations.

Anyhow, from the available data it can be stated that both the relative
height difference and the true location in space of surface points in a gravity
field varying with time are in general time-dependent, even if no kind of geo-
logical movement intervened. Thus, a due circumspection is needed when inter-
preting observed changes of height differences.

In the general case of our real Earth, vertical displacements of Earth’s
surface are caused, — in addition to elastic deformations e following time
variations of the gravity field, — also by other unknown movements b, e.g.
those of geological origin (Fig. 2). The complete Earth surface displacement is
thus a resultant of different effects, hence also the observed variations of the
surface gravity are composed both of the effect of surface displacements and
of field changes.

Fig. 2

In this general case, too, geodetic levelings lead only to relative displace-
ments of Earth’s surface referred to the equipotential surfaces of the gravity
field which can be expressed by (2) where bWp. is the variation of geopotential
on Earth’s surface displaced by several causes.

In calculating the true vertical displacement of Earth’s surface br the
relative displacement m ought to be reduced by the displacement of the equi-
potential surfaces of the gravity field (Fig. 2):

brp = bNp — mp = bNp -f- bHp. )

Unfortunately, however, in the time being no exact method can be
suggested for calculating bN from the temporal gravity variations like in case
of a rigid Earth body or of purely elastic deformations, namely now it contains
various unknown effects. This is why researches to determine the absolute
displacement of equipotential surfaces by other means, or to determine the
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secular variation of the gravity ~field from the observation of that of some
other physical field (e.g. the Earth’s magnetic field) are of great importance.
There have been published some model investigations for different specific
models esp. for earthquakes giving formulae for the estimation of the real
vertical displacement of the ground surface, but they can not be accepted as
exact solution for our general case [Whitcomb 1976, Walsh and Rice
1979].

Until no relevant research result is available, one must be aware that the
vertical surface movements observed by usual repeated geodetic levelings are
but relative values referred to the equipotential surface which may significantly
differ from the true surface displacements.

Repeated gravity observations

It is known that observed gravity at the Earth’s surface is a function of
the location of the station on one side and that of the distribution of Earth’s
masses on the other side. Assuming a time variation of both variables, the
variation of gravity will be

a v goe o+ ow Ar @

being g the gravity vector, dW the time variation of the potential of Earth’s
gravity field — as before — caused by a redistribution of Earth’s masses and
v the displacement vector of the station.

Temporarily neglecting the effect of the horizontal components of v, for
the vertical component of the variation of gravity can be written

0g = 8_&dr+ -A-dW 9

being dr the vertical component of v, i.e. the true vertical displacement of the
Earth’s surface.

Formula (9) with observed changes of surface gravity on the left side
is one equation with two unknowns dr and dW. It could be solved for dW only
in that case if the determination of the real vertical displacement dr of the
station were possible.

In the simple case of the model with rigid crust there is no surface move-
ment, i.e. dr = 0 and (9) leads to a unique solution for dW the time variation of
the gravity field being

dg= *--dW = C-'dW 10
97 riw (10)
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with
Ci_MM._Jj.it. (1)
ah dw g 34

Equation (10) is a basic relation between variation of gravity and that of
the potential in the same point of the space.

If Earth’s crust showed pure elastic deformation it could be determined
by using Love’s theory of Earth’s elasticity being <& the single component of
the true vertical displacement of Earth’s surface. It could be calculated in the
terms of the observed change of elevation and Love’s numbers by formida (4)
(see Fig. 1), or more exactly by a visco-elastic model.

Unfortunately in the general case (Fig. 2) the vertical displacement of
E arth’s surface

dr= Db+ e (12)

is the resultant of more components (elastic and other deformations) and we
do not know any exact function either for 6r = 6r(6H) or for &r = 6r(6g)
determining uniquely the complete true vertical displacement in the term of
the variation of height or that of the gravity. (Some authors suggested the
application of Stoke’s integral formula for 6r = 6r(6g) hut we did not succeed
in proving the correctness of this application by the theory of potential.)

It should be noticed that repeated determination of geocentric coordi-
nates of the station by satellite geodesy would result in the needed true surface
displacement 6r only in the case if the displacement of the geocentre could be
simultaneously determined.

As we do not see any other possibility for the determination of the true
vertical displacement of Earth’s surface at the time being, we came to the con-
clusion that it seems not to be possible without further information to conclude
from observed changes of surface gravity to the non-tidal variations of Earth’s
gravity field. It seems that neither geodetic leveling nor satellite geodesy itself
leads to the needed further information.

Geodynamic use of repeated geodetic levelings and gravity observations

Let the variation of gravity on the real Earth’s surface (Fig. 2) expressed
by (9)
69 = gp-- §F= dH Or x qw OIF. (13)

Replacing (7) for ér, (2) for 6Hp, (10) and (11) for dgldW and
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in (13) we get

6g=gp'-gp= --"_! (R;.- Wp)= C-1{Wp-- Wp) (14)
g 35

mwhich is the generalization of (10) for the conversion of the variation of poten-
tial to that of the gravity on the displacing Earth’s surface.
By dividing both sides of (14) by g we get with

g o4
the relation

B(g'p--gp) = ~ Wp’~ Wp = OHp (15)
9

which leads to the conclusion that changes of geopotential (orthat ofthe height)
can be determined either by repeated leveling or in principle by repeated grav-
ity observations with a known vertical gradient of gravity.

The same relation is valid for the case of measurements between neigh-
bouring bench marks as follows:

Bpogpm BqdogQ- - Wp -OWg- - w *p= 0{Hp _ wen (16)
§
being
Ogp- - 0gQ- (gp.- 9gP) - (Q - ga)
and
bWp.- SWQ= (W'p.~ Wp) - (W §.- Wa).

Equations (15) and (16) show that repeated gravity observations can in prin-
ciple be substituted for repeated geodetic levelings if the vertical gradient
(i.e. factor B) is known [Birs 1973]. Both kinds of observations yield the
change of the potential difference of the bench marks. The experiences by
Nakagawa and Satomura (1977), Jacheiss (1978), Torge (1979) and some
other authors do coincide with this theoretical conclusion.

This conclusion has led to the suggestion that extended leveling lines for
determining the relative crustal movements can be replaced or controlled by
repeated precise gravity measurements [Biro 1975, Nakagawa and Sato-
mura 1977]. Considering the accuracy of modern absolute or relative precise
gravity observations they are safely comparable to the reliability of a leveling
of several hundred or 1000 to 1500 km length.

Therefore a new possible scheme of vertical crustal movement control
net presented in Fig. 3 has been suggested [Biro 1975, 1979].
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Fig. 3. Suggested scheme of a continental control network for studying recent vertical surface

movements. Legenda: 1 — super control point (with absolute gravity measurement), 2 —

regional control point, 3 — regional control point with tide gauge, 4 — iocal reference station,

5 — gravimetric connections, 6 — regional leveling lines, 7 — local systems for studies of
crustal movements

Relative surface (crustal) movements can be determined by usual repeat-
ed geodetic levelings in local systems related to the level surface of local refer-
ence stations Qj. These reference stations can be connected to each other and
to regional control points S, by regional geodetic leveling lines. Some of these
on the shore should be connected to tide gauges (i.e. to the current mean sea
level). Regional control points should be connected to each other and to some
super control points with known absolute gravity by relative precise gravity
measurements. Absolute gravity observations should be completed within the
possible shortest time interval (quasi simultaneously) in the entire net.

National vertical control nets could serve for local systems. Average
distance of local reference stations (reference bench marks) can be about some
hundred kilometers, average distance of regional control points could be sug-
gested as 1000 to 2000 km. On this way the reliability of relative crustal move-
ments could be increased very economically. The only one question is the
knowledge of the actual values of factor B in (15) and (16), therefore it should
be empirically determined at the gravity stations.

Formula (16) can be checked empirically with the conclusions deduced
therefrom by simultaneously observing both quantities. Special precise gravity
lines (as for example the Fennoscandian land uplift gravity line [Kiviniemi
1977], or the E—W gravity line in the GDR [Elstner et al. 1978] and similar
others) will give very important information also for this purpose if also varia-
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tions of height differences will be simultaneously observed directly by repeated
geodetic leveling between the stations.

Nakagawa and Satomura (1977) succeeded in making repeated simul-
taneous gravity observations and precise levelings around Lake Biwa (Japan)
between 1971 and 1976. They have 15 bench marks on a line of about 90 km
and made observations every year by LaCoste-Romberg G gravimeters. In
their paper they have graphically shown the gravity change and the changes of
elevations of bench marks and stated the obvious correlation of both measure-
ments.

With kind allowance of the authors we checked numerically this corre-
lation and got a correlation factor of —0.63 which is not too low, but also not
very high. But gravity change and changes of elevations above the sea level
are loaded by many uncertainties (i.e. unknown changes of gravity and that
of the elevation ofthe reference station, inhomogeneous reliability of data etc.).
Therefore it is more useful to check the correlation of changes of gravity differ-
ences and of height differences between neighbouring bench marks by formula
(16) assuming approximately being BP- Bqg— B. Observations (gravity
measurement and geodetic leveling) directly result in these changes without
making any assumption, and most probably with nearly the same accuracy
for any couple of stations. Between 15 bench marks one gets 14 differences.
Gravity observations were available from 4 or 5 years and levelings from 1971
and 1975/1976. According to this fact we had a set of data for the change of
height differences 6(HP — Hq) between 1971 and 1975/1976 and another set
of data for the change of gravity differences of neighbouring bench marks for
the same time interval (Fig. 4). This latter has been calculated according to
two alternatives:

a) as the difference of the observed gravity difference of 1971 and
1975/1976, when also levelings were completed (observed changes of gravity
differences);

b) for the time interval of the levelings, fitting a straight line by the
least squares method to the observed gravity differences of each couple of
neighbouring bench marks in each of the years between 1971 and 1975/1976
(predicted changes of gravity differences).

Applying both sets of changes of gravity differences 0(gP — g¢) the cor-
relation of them with the changes of height differences has been tested, yielding
the correlation factors of r = —0.84 and r = —0.70 for observed and for pre-
dicted changes of gravity differences respectively, showing a significant corre-
lation of the analyzed quantities.

Correlation factor for the predicted gravity changes is less significant
than that for the observed ones. This may be attributed to the fact that grav-
ity changes of all the bench marks are not really linear. The deviations of
observations from the “least squares” straight line are only partly due to errors
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8N

of obsérvations, partly they show real differences of gravity changes between
the different years. It means that gravity changes are most probably “rapid”
(irregular), local variations and in most part not regional, secular ones (trends
have different signs).

Checking the correlation of the both complete sets of observations by
fitting a mean adjusting straight line respecting also the different weights of
the different kinds of observations we got as results

B = —85 ¢ 109s2(= —0.85 m/mgal) and
B 1= — 118 «10~6s~2(= — 1.18 mgal/m) resp.

It must be mentioned that only a few of the pairs of observations do
exceed the amount of their mean square error. Selecting only this three pairs
of observations which can be regarded significant, the direct determination
of the factor B and its reciprocal results in

78 < B < — 32 «10%95s2 resp. —309< B 1< —128 «10~6s-2
(— 0.78 < B </ — 0.32 m/mgal resp. —3.09 < jB_1<7 —1.28 mgal/m)
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or in average

B = —60 109 s2(= —0.60 m/mgal) and
B-1= -16.7 *10-« s-2= —1.67 mgal/m).

Torge (1979) reported the analysis of gravity and height variations in
Northern Iceland. He got for the gravity-height-variation ratio (i.e. reciprocal
factor B~r) figures between —1.2 ¢10-es-2 and —4.3 «10-°s-2 (—0.12
and —0.43 mgal/m) and reported an anomalous value of —13 «10-6s5-2
(+ 1.3 mgal/m) ! Further theoretical and empiric figures are referred bv
Jachens (1978)

All these experiences call the attention to that the gravity-height-varia-
tion ratio (the reciprocal factor B~r) can vary between very extreme valuer
being some times more or less than the theoretical (free air type) one and show
considerable irregular local changes within restricted ranges (few kilometers
especially in active regions). Deduction of any mean value for the factor B ~1
even for very restricted areas can be very misleading. Therefore further investi-
gations by repeated simultaneous precise gravity observations, geodetic level-
ings and direct observations of the vertical gravity gradient along different
test lines in different areas of the world are of outstanding interest in the future.
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FEOAMHAMUYECKME OTHOLUEHWSA MOBTOPHbIX TOUYHbIX HUBE/IMPOBAHWY
NMNSMEPEHWNA TPABUTALVNOHHOIO YCKOPEHWA

n. BUPO
PE3IOME

MpoBedgHHbIE TEOPETUUECKME WU3YUeHUs! MOKa3blBalOT, YTO M3MEHEHWE PasHOCTU BbICOT
TOYEK Ha NOBEPXHOCTU 3eMIM U BbICOTbI TOHEK Haf YPOBHEM MOPS MO BPEMEHW XapaKTepuayeT
peanbHyl0 BEPTUKA/IbHYIO AMC/IOKALMIO MOBEPXHOCTU TOMIbKO B WAEANbHBIX CyYasiX, He CyT-
LLECTBYIOLUX B Cry4yae Hawweir 3emnu. Lo Tex nop, NoKa reoesvyeckMmy MeTofaMu HeBo3-
MOXHO OMPefeNUTb peasibHble BePTUKa/IbHbIE AUCNOKALMM HALLIMX FPaBUTALMOHHBLIX OCHOBHbIX
TOYEK, He/lb3s BbIBECTV OfHO3HAUHOE 3aK/IloUeHWe U3 HaG/MOAEHHbIX TPaBUTALMOHHBLIX U3Me-
HEHWI 3TUX TOUEK Ha Te U3MEHEHWS MO CU/bI 3EMHOT0 NPUTSXXEHUS MO BPEMEHW, KOTopble Npo-
NCXOANAT He U3 AB/eHUs NPUANBBLI-OTINBLI. [0Ka3aHo, UTO U3MEHeHMEe BbICOTbI MOBEPXHOCTHbIX
TOUYEK U TPaBUTALMOHHOIO YCKOPEHMUs MPOMOpLMOHAZIbLHO ApYr Apyry. dakTop nponopuuo-
Ha/IbHOCTW MPOMOPLIMOHANIEH BEPTUKA/IbHOMY TPafMEHTY TPaBUTALMOHHOIO YCKOPEHUSI U B
3aBYCUMOCTU Fe0/IOrMUECKO CTPYKTYPbI U3MEHSIETCS laXKe M Ha TECHON TeppUTOPUM B LLIMPOKMX
npegenax. Ha ocHoBaHVe AINOHCKMUX M3MEPEHWi aBTop MoKasblBaeT NpUMep /1 3MIUPUYECKOro
onpefieneHns aToro pakTopa. B 3aBeplueHMe OH 06palllaeT BHUMaHVe He BaXXKHOCTb YCTaHOB/e-
HUA TaKWUX UCMbITATENbHLIX MHWUI (TeppuTOpUiA), rae Mo CUCTEMATUYECKMM BpeMeHam Mpous-
BOASATCSA MOBTOPSIHHOE CMMY/NTaHWUUYECKOe TOUHOE HUBEMPOBaHMe, abCoMOTHbIE U PeNsTUBHbIE
M3MepeHnsl rpaBUTaLMOHHOIO YCKOPEeHUs W OnpedeneHve BepTUKANIbHOTO rpajveHTa rpasuTa-
LLMOHHOTO YCKOPEHUS B KaX/blX Hab/MOfeHHbIX TOUKAX.
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EVALUATION OF AUTOMATIZED GYROTHEODOLITE
MEASUREMENTS WITH SPECIAL RESPECT TO MOM
GYROTHEODOLITES

F. HALMOSf
DR. TECHN. SCI.

GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE
HUNGARIAN ACADEMY OF SCIENCES, SOPRON

[Manuscript received June 25, 1979]

Precise azimuths are determined by gyrotheodolites in different measurement cases at
the surface or in subsurface measurements. After a short instrumental description, the theoreti-
cal problems of the analysis of the measurement results are presented. Based on the mathema-
tical theory of the evaluation, a quick and simple method is proposed for the determination of
the instrumental constant and of azimuths. Technical solution, theoretical investigations and
some results of practical examples are given. The mean square error of a double azimuth deter-
mination will be i 2—3" by using the measurement method proposed in the paper.

1. Introduction

The increase of the accuracy of gyrotheodolites, the development of an
automatized observation and evaluation system led to high accuracy azimuth
determinations by gyrotheodolites [L—7]. From the instrument types, MOM
Gi-B21 (1972—73) should be mentioned which has a mean square error in
azimuth of ~2 —3" for a single measurement, further GYMO Gi-B1A (1974)
which is a common construction of the Hungarian firm MOM and the Canadian
firms Tellurometer and Plessy [8].

The determination of the equilibrium position (rest position) of the
pendulum system in both the gyroscopic and the free swinging case is carried
out by the automatic measurement of transit times and their numerical eva-
luation. Digital, objective transit time measurements have several advantages:

a) no vibration errors due to manipulations with the instrument;

b) no subjective errors in the observations of the following of the swing-
ings, which means an increase of the accuracy by at least one order of magni-
tude;

c) transit times can be accurately observed in case of medium sized
amplitudes (i40') and the irregular torsional resistance of the suspension
band, as well as small disturbances of the pendulum momentum are eliminat-
ed [2];

d) in case of medium sized amplitudes, the reversion points can be ob-
served on the scale of the autocollimators, which enables the use of combined
measurement methods [9];
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e) using measurements with and without following in turn at a single
station, the torsional coefficient most characteristic for the measurement con-
ditions can be deduced [2, 7, 9];

f) by measuring the transit times at three positions with photodiodes,
the differences of the transit times can be obtained, too, which enables the use
of the transit time difference-method [1, 9, 10];

g) using lighter material for the pendulum housing, the weight and the
torsional disturbing effect during the precessional movement can be decreased,
thus the accuracy can be increased;

h) the continuous measurement of transit times enables a significant
decrease of the computation and the introduction of simplified evaluation
methods [8], or even a rigorous evaluation program can be set up [11];

i) in addition to the digital display of the time values, an audio signal
reminds to the continuous readout of digital time values, if the instrument is
not a recording one.

2. The automatized transit-time measurement

2.1 Technical description

In case of automatized transit-time measurements the light reflected
from the mirror of the swinging system, consisting of the gyroscope and of the
suspension band must not be read out through the autocollimator as in case of
gyrotheodolites MOM Gi-Bl and Gi-B2, but it arrives through a slit to photo-
diodes. The light signals result in electric impulses which drive a quartz-stabi-
lized impulse-counter, thus transit-times can be measured and recorded theore-
tically with an accuracy of hundredth of seconds. The instrument includes
generally one slit and 2—3 photodiodes (phototransistors). In case ofthe instru-
ment MOM Gi-Bl two photodiodes are used recently, one of them being near
to the scale division +10, the other near to —10, that means the angle Ax
between them is approximately 600".

The symmetry axis of the two photodiodes is the limb division corres-
ponding to the preliminarily determined North direction (xh), theoretically
coinciding with the zero division of the autocollimator scale. The transit times
follow each other in a logical sequence. So e.g. in case of two-sided swingings,
the time measuring device is set to zero when the light crosses the first (L) pho-
todiode, then the first transit time is measured on the right-hand side photo-
diode (R) as tl0= 0. Reaching the right extreme position of the swing, the
reversion point nxcan even be read out in scale divisions on the autocollimator
(Fig. 1). As next the light slit is crossing again the photodiode R and the transit
time tn is measured which must be already recorded in the protocol. Now
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Ra

Fig. 1

come in turn the transit times t12 t13on the left-hand side photodiodes which are
also remarked in the protocol. If necessary, the position of the reversion point
n2can also be read out between them in scale divisions. In case of gyrotheodo-
lites MOM Gi-B the condition for this possibility is that the amplitude of the
swinging should not be greater than ~40', due to the extension of the scale
divisions. At last the transit time fl4is read out at the transit on the photodiode
R. The time value of *4is simultaneously the first measured value of the next
full swinging, i.e. t2ZL = 0. Afterwards the measurement is carried on autom ati-
cally. The data of the impulse counter are displayed till the next time value
appears. This is accompanied by an audio signal as warning. The serial number
of the value is also displayed. Displayed values can also be printed oiit or re-
corded on punched or magnetic tape in order to enable further processing in
on-line system.

2.2 Problems of observation technics

In order to eliminate hysteresis-like drifts resulting from warming up of
the suspension bands, it is advisaeable to run the motor before the first measure-
ment some 5—15 minutes depending on the outside temperature, further to
let the pendulum freely swing by arresting it in a position significantly differ-
ring from the torsionfree position for a significantly long time.

The high-accuracy azimuth determination requires a preliminary orien-
tation of the instrument in the North direction with the possible highest accu-
racy (i20 —30"). The torsion-free position of the suspension band can be best
regulated into the zero division of the autocollimator scale (with an accuracy
of 1 scale divisions). The centripetal force due to the rotation of the Earth
and the gyroscopic momentum due to the rotation of the gyroscope (Mq)
together with the torsion momentum of the suspension band (Mfree) give as
vectorial resultant the rest position with torsion (Fig. 2) (NO). In case of a well
approximated preliminary North the gyroscopic swingings are nearly symmetri-
cal in respect of the zero division of the autocollimator scale. If the torsion-free
position of the band has also a value near to zero, the swinging is also symmetri-
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Fig. 2

cal in respect to it. If this is not the case, a slow change of the torsion-free posi-
tion will he found during the whole time of the measurement due to the
counteraction between the gyroscopic momentum and the torsional momentum
of the hand, i.e. a slow drift of the torsion-free position towards the rest posi-
tion will he found. Since the gyroscopic momentum is about four-five times
greater than the torsional momentum of the band, only a slight change of the
torsional constant is to be expected in consequence of the effects of forces.
As it is known, the coefficient of the torsional momentum c is:

(1)

where 7\0) is the swinging time with following, TW is the swinging time with-
out following. According to experiences it can be stated that the temperature
effects due to running and current input, further the effects of mechanical
stresses result in changes of the swinging time in the order of 1 s (Table I).
This means a change already in the third digit of ¢, and this causes an error of
about one second of arc in the determination of the rest position. To these, the
effect of the change of geographical latitude is added. Therefore it is adviseable
to determine the cvalue corresponding to the environment of the measurements
directly from the results of the measurements. For this purpose, exact swing-
ing times with and without following are needed at each station. In case of
instruments, which enable automatic following but the automatics can be
switched off, this possibility is ensured. The swinging times T can be determined
in case of instruments with automatic determination of transit times with a
very high accuracy (T = t14). It is therefore concluded that observations are
necessary at each station with and without following. A more accurate North
determination necessitates anyway a several times repeated determination of
the North direction with the gyroscope.
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Table 1

Changes of the torsional constant ¢

No. Value of e Temperature, °C Place of the measurement
| 0.111 19
2 0.109 30 22 laboratory
3 0.110 70
4 0.110 82
14 subsurface measurement
5 0.109 39
6 0.108 33
7 0.109 52 20-25 field measurement
8 0.108 97
9 0.111 02
mean value 0.109 77

2.3 Computational problems of the automatic gyroscopic North determination

The present paper discusses mainly the solution "with two photodiodes
as that with three photodiodes has already been discussed earlier [2, 4]. Accord-
ing to Fig. 3 let us denote these two photodiodes (phototransistors) by L and R.
Let the angle between them he Aa. (in case of MOM Gi-B21 600"). The rest
position with torsion to be determined should be NO. The measured time values
are tl0 = 0, tn, t12 t13 tl4= t20, t2A .. .t24 t3, . . . i34 (t]j). If more full swingings
are observed, the algebraic average of the corresponding time values can be
used. Let aMbe the limb read out corresponding to the geometric central line
of the two photodiodes and A the amplitude of the swinging. The position of
the pendulum in the moment tt can be given on the limb circle in case of meas-
urements with following in the form [2]:

2n
Nti= oM -f A sin eexp + const (2)
Tton

where fais the damping coefficient of the pendulum, and the constant means
the deviation of the gyroscopic axis from the North (due to e.g. band torsion
or other disturbing factors). By substituting the time values ttj for tt the rest
position Ng is obtained by taking the exponential term equal one, what is
here anyway an allowed neglection:
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Be ah the distance of the phototransistor R from the reversion nv and xL the
distance of the phototransistor L from the reversion n2 In this case it can be
written [2]:

A cos (hi
Tt 2
AX 2n iTg;  (fig t12)
loll
(4)
cos
foil [foil/
COS 71— -71 hs f COos (*13 *12
ol Tfoll
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Similarly it can be written:

COS N ~ti3 <12'\iJ cos \n

TfOii foil
T T = 1 -1
T follJ foil

Let us introduce the notations:

M= @ i3 ™M2- ~2° U—TLW —

Now Eqgs 4 and 5 can be written as i

cos n E! cos 180 dx
XR S S
XR f- Ax cos 1% cos 180 —
and
cos 180—
sl= __
a + Ao cos 180— €
where
cos 1180A = e
cos 180 =/

For the rest position (Ng) the following connection holds:

XI, aR—a,
NO = «mMm - -

According to Eqs 7 and 8. the values of ccr and a” are obtained as:

AX ee
Xxa=

e+f

33

(9

(6)

™)

(8

9

(10

()

(12)
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L e+ f

By substituting the Eqs 12 and 13 into 11 one gets:

Axe f
AD = XM - (14)
2 e+ f

where Ax = 600", is the angular distance between the two photodiodes expres-
sed in angle. Eq. 14 holds for measurements with following. If a measurement
without following is made, these formulas will be somewhat modified due to
the lack of following, thus e.g. instead of Eq. 14, the following equation is to
be used:

AX _
Ni= «M @+ oge—f (15)
e+ f

where c is obtained from the swinging time deduced from momentaneous exact
transit time measurements (il4= T).

For the determination of the zero point correction of the band torsion
observations similar to those described in the preceedings are to be carried
out with non rotating gyroscope, i.e. free swingings are to be observed. Since
the computational formulas are identical with those for gyroscopic swingings,
for the sake of distinction the values measured here are denoted by an upper
line. The torsional correction denoted by AN can be written as follows:

AXx-ce
N = (16)
e’+ f ¢

Let us introduce for the term containing Ax in Egqs 14 and 15 the notation g,
for the remaining factor the notation L, then one gets:

MO=aM —gL - 17)

Carrying out the same for the terms in Eq. 16 one gets:

AN = hM (18)
where :
(19)
M=¢ -f (20)
e'+ "
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The corrected rest position (JV0) is computed from the following formula:

NO— xMm — gL “b IM = «m “b 6Na. (21)

Thus we reached the equation which is used in the factory MOM for the sche-
matized determination of the rest position in case of the gyrotheodolites MOM

Gi-B21. If not only one, but several full swingings are observed — what is
generally the case —, one gets e.g. for two full swingings:
*1 -(- t21 = A1 27 *13 1" *23 *12 *22 = A2 » *14 ~b *24 = S- (22)

In case of three full swinging periods:

*11 ~h *21 "b *31 = *A1” *13 *23 *33 *12 *22 *32 = d>>m*14 1" *24 "' *34 == S- (23)

After finishing the measurements one needs about 10—12 minutes for
the computations, when using a simple calculator with trigonometric functions.
In ease of a programable pocket calculator it takes 2—3 minutes of computa-
tion.

It follows from Eq. 11 that if one takes the algebraic average of the time

1
value differences measured at the phototransistors L and R — [c/f] -f- dt*] =
= dtjvr( one gets a time value corresponding to the theoretical geometric cen-

tral line (M). The necessary amplitude values can be obtained by using the
reversion points nv n2 n3...from the Fox—Schuler formula. In case of a pure
transit time measurement, there is no need to know the amplitudes as shown by
formulas presented. In case of a combination of transit times and reversions,
an independent North determination can also be carried out by means of these
values. If one takes into account the formula

At [(0*R, — <Rrt) + — dtir)] (24)

on the basis of the time differences dt, then by taking into account the linear
term one gets:

W = (25)
2 wtoll

where A means again the amplitude computed from the reversion. In Eq. 25,
A is measured in seconds of arc and At and TfaMin seconds of time. Taking into
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account that the reversions are read out in the scale divisions of the autocolli-
mator, it is necessary to take into account the value of the scale divisions in
seconds of arc (20—30").

In case of measurement without following one has the following formula:

NIl =«M=-2r (I + c)AAt (26)
2i wt

where TW is the full swinging time without following.

2.4 Measurement and observational program and the evaluation of the results

The observational program for the automatized transit time measure-
ments consists of the following steps:

1. Short free swinging and running of the motor in order to eliminate
disturbing torsions and to ensure constant inner temperature. Measurement of
the outer directions (3—5 minutes).

2. Determination of the zero position of the suspension band during a
full free swinging (2—2.5 minutes).

3. Speeding up the motor, then desarretation, then the measurement of
the transit time of a full or of a half swinging in order to obtain an acceptable
approximative North direction (10—15 minutes).

4. After arepeated start the determination of the transit times and rever-
sion points of three full swingings with following for the determination of the
exact North direction. The reading on the limb must be set to the preliminary
approximative North.

5. After breaking the motor the observation of a full free swinging (tran-
sit times and reversions) for the determination of the zero point position of the
suspension band to be used in the final computation of the torsional correction.

6. The measurements of the directions of outer points.

7. With repeated speeding up of the motor the observation of transit
times and reversions during three full swingings without following. Before the
measurements the reading on the limb must be set to the value determined
earlier.

8. Repetition of the manipulations described in 5. and 6. in order to
determine the corrections.

9. In case of high precision azimuth determinations, it is adviseable to
repeat the steps 4 and 8 once or twice.

10. Evaluation of the measurement data, determination of the most
probable values and their mean square errors.

The instrumental constant (A) is determined from calibration measure-
ments on a station with known azimuths. The observation and computation
program is identical with that described.
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For illustration we present the scheme used in the firm MOM for the
instrument MOM GI-B21 (Table I1). The first block contains data on the sta-

tion and the measurement.

Protocol

Instrumentai-B2L

Nb. of the instr.:.06 8266 StatiorAGVI5

Table 11

@O Jo=600"  Page m
Timel9740817.  Surveyor; XY
RecorderINN

Gyrosoopic measurement;

190k e

M1 180i 1 |cos|

g
026176000 02419 [334.07 1

2 IR IR
3pq wpp * TRALIAET QHE o gy
AR HR7L 108764 Qi 006l 129 1
Free swinging:
M I 1185 1 h
1j<5.§6 s PV 281070 oxss AT 1
5 Gy AEn + 7529 169280 os8ee vl [
4 *1M71 072 01431 A 00T £22
Eav7l
il Azimuth
leY3 b
] 335245 ] 55
J 1435314 3 1435314
A 12110 L 90-47-400
J 3BEEN  oqp2R261Q
2821095 21821302
*MZ226100 -N, 107
90-47-295 21821-1%
NC 07+ 3B5H5
A 047402 “A 1814190
AAJIVND  ASAAMISNDH)

At the left hand side of block 2 one can find the time values of two full
tij (gyroscopic measurement). The values 10, 20, 30 at the column’s head are
the numbers of the swingings (i) and the vertical columns contain the transit
times (j). At the right hand side of the block there are deduced values which
can be simply obtained from the formulas presented in the present paper. As a
result one obtains the deviation (gL) of the rest position burdened by the tor-
sion from the symmetry axis of the two phototransistors.
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The third block consists observational and computational data on the
free swingings. The result is the torsional correction hM. According to Eq. 21,
a summation of the terms gL and hM yields 3NO. This added to the limb read
out ap!, one gets the value NO.

The fourth block contains the schemes both for the determination of the
azimuth A and for the determination of the instrumental constant A. The
direction values measured in both positions of the telescope are denoted by
Jp J2. If the instrumental constant A is looked for, adirection with known azi-
muth A (or several such directions) are needed. Vice versa, if the azimuths A
are unknown, the instrumental constant A is necessary. In form of equations:

A=A -1 + *M+ WO 27)
and
A = A — oom— 3NO -f- J, (28)

respectively. Here | denotes the average value of the two telescope positions.
In case of measurements towards several targets, several azimuths, or several
instrumental constants can be determined. In case of repeated measurements
the algebraic average of the values is used.

This method ensures an azimuth determination with a mean square error
of ~2 —3" depending on the momentaneous conditions. Some empiric data can
be found in Table Ill. These are deduced from twice repeated measurements
with and without following carried out within field conditions, at normal mete-
orological conditions.

Table I11

Azimuth determination as the average of two measurements with and without following
1 2 3 4

measurement

1 207°38'40.9" 90°47'44.8" 116°45'18.3" 35°07'27.8"

2 46.7" 51.6" 13.3" 28.9"

3 48.9" 45.2" 15.8" 325"

4 44.3" 48.3" 18.9" 26.2"

5 45.8" 445" 14.8" 29.9"
Average value 207°38'45.3" 90°47'46.9" 116°45'16.2" 35°07'29.1"
Mean square error ofa

£2.8 £2.7" £2.1 £2.2

single measurement
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3. Summary

A schematizable, simple computation method is presented for the MOM
gyrotheodolites, departing from the theoretical formulas of the azimuth deter-
mination using automatized gyroscopes with digital display. Experiments and
practical azimuth determinations have shown that azimuths with mean square
errors of ~2 —3" can be deduced from measurements at a single station with
one repetition and with immediate determination of the torsional constant.
Moreover, not only a quick and acceptably accurate evaluation method is
given, but the possibility of the adjustment is also ensured.
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PACUYET ABTOMATW3VNPOBAHHbLIX TMPOTEOAO/INTHBLIX W3MEPEHWN,
YAENAA OCOBOE BHUMAHWE TMPOTEOAOJ/INTAM, M3TOTOBMEHHBLIX B
OBBEAVNHEHNW 3ABOOB MOM

. XA/IMOLL
PE3FOME

OnpegeneHbl TOYHbIE a3MMYTbl TMPOTEOA0/IMTAMM B PasHbIX M3MEPUTENbHbLIX CUTyaLusix
NPV Ha3eMHbIX WM MOA3EMHbIX U3MepeHuaX. locne KpaTKOro onucaHuWsi MHCTPyMeHTa npeg-
CTaB/ieHbl TeOpeTMYecKMe 3afauvn UCCnefoBaHUA M3MepUTENbHbIX pe3ynbTaTtoB. OCHOBbIBasiCh
Ha MaTeMaTMuecKoli Teopun pacyeTa npej/iaraeTcs 6bICTPbIA M NPOCTON METOA ANSA ONpefeneHNs
MOCTOSIHHOW WHCTPYMEHTA M a3uMyTOoB. [atoTCsA TEXHUYECKOe peLLeHue, TeopeTUYeckme uccneno-
BaHWS W HEKOTOPble pe3yNibTaTbl NPaKTUYECKUX NPUMePOB. MprMeHsis npefnaraemblii MeTog —
CpeAHne KBagpaTUYecKmne OWMOKN ABOMHbIX M3MepPEHN asumyToB bygyT + 2 —3"
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APPLICATION OF LEAST SQUARES COLLOCATION FOR
MINERAL RESERVE ESTIMATION

GY. ALPAR

DOCTOR OF TECHNICAL SCIENCES
RESEARCH INSTITUTE OF ALUMINIUM INDUSTRY, BUDAPEST

[Manuscript received September 8, 1979J

The planning of investments in mining needs a more and more exact estimation of mi-
neral reserves. For this purpose the so-called “kriging” method based on mathematical statistics
is widely applied.

In case of similar estimation problems the least squares collocation method has been
successfully applied in physical geodesy.

In the paper the congruence of the two methods is numerically and algebraically proved.
The estimation of ore reserves by the least squares collocation method is not only equivalent to
kriging, but also offers some remarkable advantages in computing technics.

The planning of mining investments needs among the present technical-
economical circumstances a more and more exact estimation ofmineral reserves.
Thus, it is obvious that more and more attention is paid to the so-called geosta-
tistical estimation methods. In this field of mineral estimation the best known
method is “kriging” developed by G. Matheron and his school and named
after the South African researcher D. G. Krige [1]. This estimation method
(of which more variants are used) secures more exact results because from the
point of view of mathematical statistics, it takes correctly into account the
variance-covariance relations of the input data and of the values interpolated
by means of the input data. From that follows that with kriging the error of
the mineral reserve estimation can also be determined applying the methods
of mathematical statistics. Thus, the error estimation of the technical-econo-
mical calculations based on mineral reserve estimation can also be made without
bias. In case of more simple mineral reserve estimation methods, the surplus
information given by the determination of the variance-covariance relations
are usually not taken into account.

On other fields of geosciences, first of all in the physical geodesy the least
squares based on the collocation method has been developed almost simulta-
neously [2]. Here, again, the variance-covariance relations of the input data
are correctly taken into account from the point of view of mathematical sta-
tistics and the interpolation is also made in correspondence with this. Conse-
quently, a comparison of both methods is obvious in order to propose on this
basis the application of collocation by least squares method (LSC) to mineral
estimation.
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The comparison would be very difficult if the methods based on different
concepts would be confronted in accordance to their mathematical presentation.
However, are the methods in question regarded as numerical methods in ac-
cordance with the requests of practice, a clear and simple comparison is pos-
sible.

For the sake of comprehension and mathematical proof the comparison
will be shown both numerically and algebraically on the basis of a simple cal-
culation example taken from [1]. The example is demonstrated on Fig. 1 [1].

The task is to determine the value Ip on the basis of the known values
1+ 12, Igand Z. In case of mineral reserve estimations the | values represent some
date of analyses or thicknesses of penetrated layers from exploration borings
situated e.g. according to Fig. 1.

2 h,-

50

Fig. 1

Kriging presents the requested (interpolated) characteristics ofthe mineral
reserve in the p point of the quadratic net covering the explored area by the

linear formula n

- A
Ip = i:1u/ 1, (1)
where the main point of the method lies of course in the determination method
of the “weight” numbers a- This most simple case of kriging is called point-
kriging. If the characteristics of the mineral reserve are determined for each
point of the quadratic net, the borders of the exploitable mineral reserve can be
easily determined by taking into account the cut off values ofthe characteristics
with respect to the actual economic situation.

For the determination of the weight-numbers in kriging, two conditions
most be satisfied: the variance of the /p-values to be interpolated must be mini-
mized and the estimation of the Z-values must be without bias. For the first
condition the variance of the ip-values will be
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n n n
Var@) = Var(Z) — 2" a, Cov(Zp, Z) — 2 2 2 Adovz,zy) (2)
i=iy=i

where Var(2 is the variance of the uncorrelated Z-values, Cov(Zp, Z) the covari-
ance between the Z-values to be interpolated and those known, and Cov(Z,Zy)
the covariance between the Z-values known.

In order to the secorr11d condition, the following simple equation follows

from the requirement E (” atlt) = E(lp) (the expected value of Ip should he

equal to the expected value of Z = unbiased estimation):

z% «= I ©)

The minimum after a, of Eq. (2) at the simultaneous fulfilment of condition (3)
can be calculated by the Lagrange method. In accordance with this the deriv-
atives after a, of the function

n

F = Var(zp) -f 2 Zc(™a, — 1)

give the following linear equation system:

cnal + n12n2 + cazez + .- 40 dna, 4 K S

v
c2i@1 + 2202 + C23@3 + me. + CdAn+ K= Qg
catat + D4 o035 + ... c3mn+ K= QB

cnlal + €HW2+ Q334 - W 4-CMan. K= cpn
® ~h a2+ a3+ ..c4-aAN—L
where Cij means the values Cov(Z, lj), cp_s the values Cov(lp li) and K the so-
called Lagrange factor.

When using matrix notation the equation system (4) can be written in
the following form:

where Cmeans the matrix which contains the covariance values ct - | is a unit
vector, the notation with capital letter aims to indicate the submatrix. Vectors
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a and CpinEq. (4a) follow from the notations of equation system (4) and contain
the elements a, and cp > respectively.

In case of kriging the solution of Eq, (4a) is calculated without respectto
the possibility of matrix partitioning; it has here the form:

(a c 1 o
Ir 0 1 ()

Returning to the example in Fig. 1, Fig. 2 presents the diagram of the
Gij-values (given numerically in [1]) as well as the variogram y from which the
values G j have been derived and to whose short explanation will be returned
later.

W ith the covariance values c-yand cP iwhich can be easily determined
as the function of the distance of the points taken from one to other by means
of Figs. 1 and 2, Eq. (4a) will be in this case:

'22.00 9.84 1.23 4.98 100 = 1266
9.84 22.00 2.33 0.29 1.00 (2 4.98
1.23 2.33 22.00 0.00 1.00 3 1.72
4.98 0.29 0.00 22.00 1.00 @« 9.84
1.00 1.00 1.00 1.00 0.00 « 1.00

The solution according to (5) will be (for sake of simplicity the symmetrical
m atrix elements will be denoted from here on only with dots):

£0.057560996 —0.031548091 -0.006638002 -0.019374904 0.148743063\ / 12.66\

a2 0.050310101 -0.014402322 -0.004359688 0.238432705 4.98
«3 - 0.033349440 —0.012309116 0.308034474 1.72
aA 0.036043708 0.304789758 9.84
Vk J , . . . -7.515260605 1.00j
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Finally, after the matrix multiplication one gets:

ax = 0.518289360
a2= 0.021906852
a3= 0.088513141
ad4= 0.371290634
K = —0.915828042.

The here calculated a,-values rounded off to three decimal places are
completely identical -with those given in [1]. The calculation for nine decimal
places has no practical meaning and was adopted here only for the comparison
following below.

Going over now to the LSC method, its interpolation strategy can be
represented by the following equation:

I, #vi— Ho b, (- bj u2 -f b) u3 - bj um - Si, (6)

where Z has the same meaning as before; v, isthe random error of /,; B u is the
nm ml

trend-function with the parameter u and s, the so-called “signal” appearing
at the place i, which is the part of Z that cannot be taken into account by the
trend-function. The expression “signal” comes from the information theory
related with communication technics, but some authors, as e.g. Krakiwsky
[3] have adopted it for the refinement of the mathematical model Bu describing
the phenomenon /- These “signals” are regarded generally as correlated and
in our case it should be supposed that the variance-covariance relations are
described by the same matrix C as used in Eq. (4a). Further, it should be sup-
posed that vector cp contains the covariance elements between the sp-values
to be interpolated and the s,-values.

The unknown parameters un of the trend-function are calculated in case
of the LSC method as follows [2]:

m= (B7C-1B)-1B7C-11, @)

ml Tn nn Nt Tn nnooni

where besides the notation already known B means the matrix composed from
nm

the trend coefficients 6, in Eq. (6). Thus, the trend-parameters u can be cal-
culated from the linear combination of the 1,-values by taking into account the
variance-covariance relations.

For the sake of comparison with the point-kriging method mentioned
above the number oftrend-parameters must be here reduced to one. In practice
this means the weighted averaging of the values 1, (the average of the values
is the most simple trend-function).
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If this simplification would not be introduced, the LSC method should be
compared with the so-called universal kriging [4], but this would he more dif-
ficult to follow and its result can be reached on the way of induction, too.

In case of point-kriging Eq. (6) becomes:

h+ Vi=u+ §, (6a)
where
u= (fC-lI?-lIr C-11 (7a)
nNnm n Inm nl

in correspondence with (7).

M atrix | has here the same meaning as in Eq. (4a),though itcan be derived
from the coefficient 1 of the trend-parameter n in Eq. (6a).

Finally, the Ip-values to he interpolated will he from the LSC method [2]:

Ip— u H spi (8)
where the signal appearing in point p is [2]:

sp= cp C-1( — | u). 9
11p |npm ?’ll ni 11) ©)

Applying the LSC method to the example in Fig. 1, Eq. (7) will be the
following:

122.00 9.84 1.23 4.98\_1a\] -1 22.00 984 123 4098
@111) 22.00 2.33 0.29 A @111) 22.00 2.33 0.29
22.00 0.00 1 22.00 0.00

22.000 V- \ 22.00

It can be seen that matrix Cto he inverted has here the dimension 4x4,
which will be given here with a similar accuracy for the sake of comparison to
the matrix with dimension 5x5 inverted at the point-kriging:

/0.060504939 —0.026828998 —0.000541341 —0.013342463 \
. 0.057874730 —0.004629475 0.005310215
4 -~ . 0.045975115 0.000183565 *
\ . . 0.048404976

Finally, for the values n and sp, and from them for Ip one gets:

/0.148743066\ | A/ ( Tan T (h\
0238432703y 0216525854  p . _ 0.021906849
0.308034476 |, 0.219521329 0.088513147
\0.304789755] \jj \ \h) \ij
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It can be seen that the coefficients of Ipare — notregarding the rounding-
off error in the ninth place of decimal — identical with the o-values of kriging,
i.e. in case ofthe numerical example shown here it has been proved that kriging
and LSC lead to the same result.

The equivalence has general validity, to prove this algebraically one has
to start from the inversion by Frobenian decomposition of the hypermatrix

/IC 1)\
m nl

ITO
\n 11/

to be found in Eq. (4a). (Notation K has been chosen with respect to kriging and
in honour of D. G. Krice [4].)
Let he introduced the following substitutions:

= ~4
. n

SR T T TR ¢

| T
The requested inverse matrix will be then:

— T

ﬁ%l ar -4 ﬂg

\r 1ql

Let be expressed now from Eq. (5) only the values a by using the decomposed
form of K_1:

a (C-1+qr-v. _—

nl

o]
=
[N
E]
O
'
—
'
—
o
=
-
o
o
=]
lo)

Substituting finally these values into Eq. (1) and resolving in the mean time
the substitutions in (10), the Z”-value according to point-kriging will be:

p= ¢c’C-U—CpC-'LAC-NATc-Y + (FC-4)-4TC-Y. (8a)

Taking into consideration now Eqs (7a), (8) and (9) the identity of Eqs (8)
and (8a) can be verified, and hence the identity between point-kriging and LSC
method is proved, too.

In the general case of kriging — this is called universal kriging or kriging
of /c-th order [4] — the trend-function of Eq. (6) will be taken into account with
further condition equations written in the sense of Eq. (3). In this case the matrix
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K will be increased by a number of rows and columns that correspond to the
parameters ofthe trend-function, whereby 0 elements come again into the main
diagonal of the matrix ([4]; pp. 316—320).

Thus, in case of universal kriging as many Lagrange factors are to be
determined together with the weight numbers a, as many parameters the trend-
function has. The decomposition technics applied above, which is an inherent
characteristic of the LSC method, ensures a possibility here, too, to prove the
identity of the two methods discussed.

The fact that the size of matrix K increases together with the number of
the parameters of the trend-function indicates unambiguously the practical
advantage of the LSC method, because the size of the variance-covariance
m atrix Cto be inverted directly is always smaller than that of matrix K. The ap-
parent difference between the two numerical methods is that in the LSC method
the interpolation is made with the s-values centered by the trend-function,
while in case of kriging the complete input Lvalues are used. The decomposition
of the Lvalues after Eq. (8) results in the clear structure of the LSC method
which means an advantage from the point of view of programing, too.

It has been proved in detail [2] that the LSC method is a BLUE (Best
Linear Unbiased Estimation) method. The same was proved from kriging [4]
and this demonstrates that the error estimations of both methods are the same.
W ithout going into further details it must be shortly mentioned that both
methods can be traced back to older methods based on least squares and re-
garded nowadays as classical ones [5], as already has been proved of the LSC
method [6]. Further interesting comparisons can be found in [3], where results
achieved in the last years in this field can be studied, too.

Finally, some attention must be paid to the situation in connection with
the determination of the covariance values citf and cpii, respectively. It is the
central problem of the Matheronian geostatistics and the covariance values are
reached by the practical determination (related to individual cases) of the va-
riograms mentioned in Fig. 2 (see Chapter 4 in [1]).

The point of the determination of the variograms is the variance analysis
of the differences of the input Lvalues and thus the elimination of the negative
covariance values is automatically ensured. In connection with the LSC method
the practical determination of the covariance functions is less emphasized, but
attention must be paid to avoid negative covariance values resulting from con-
volution technics. The effect of the different covariance functions is very ex-
pressively demonstrated in [7], it is very instructive especially for those who
apply the interpolation in practice. It is rather difficult yet to overlook the
situation on this field. Here it should be only remarked that it would be very
useful to compare the great experiences collected with both methods as soon as
possible. This, however, could not have been done in the framework of this

paper.
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As conclusion it can be said that the LSC method can be used to the up-to-
date mineral reserve estimation as it was proved numerically and algebraically.
First calculations based on this methods are carried out for the determination
of bauxite reserves in the Hungarian Research Institute of Aluminium Industry,
whereby the numerical investigations shown here were needed to the construc-
tion of the mathematical model of calculation.
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MPUMEHEHMNE KONNOKAUWKM MO METOAY HAMMEHbLLLUMX KBAAPATOB A4
PACLUEHKW MWMHEPAJIbHbIX PECYPCOB

Ab. ANNAP

PE3IOME

MnaHupoBaHWe MHBECTMPOBAHWI B rOPHOM fefe Bce 60see 1 Goniee TpebyeT TOUHYIO pac-
LIEHKY MUHepasibHbIX pecypcoB. C 3Toli Lienbio LUMPOKO MPUMEHSETCA TaK HasblBaeMblii MeTO
«KPUMYHra>>, KOTOPbI/i OCHOBbLIBAETCSI HA MaTeMaTMUecKoi cTaTucTMKe. B cnydae nofgobHbIX 3a-
[ay pacueHKW MeTof KO/TOKAL MM YCMeLHO NPUMEHANCA B (PU3MYECKOii reofesun. B ctaTbe fo-
Ka3sbIBaeTCs uuCeHHoe M anre6pamueckoe COBMafieHNe 3TUX MeTOoB. PaclieHKa pyaHbIX pe-
CYPCOB C MOMOLLBI0 KOM/TOKAUMU M0 MeTofy HaMMeHbLLMX KBaapaToB He TO/IbKO paBHOCW/IbHA
METOAY KPUTUHTA, HO W MpefCcTaBNseT HEKOTOpble 3aMeyaTe/lbHble NPEMMYLLECTBA B BbIUMC/N-
Te/IbHOW TexXHMKe.
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FREIE AUSGLEICHUNG IM GAUSS-HELMERT MODELL

H. WOLF
O. UNIV.-PROF., BONN

[Eingegangen am 2. Februar 1980]

Fir die Form der Ausgleichung nach bedingten Beobachtungen mit Unbekannten,
neuerdings als das »Gauss-Helmert-Modell« bezeichnet, wird die Theorie der »freien Ausglei-
chung« entwickelt, worunter man Ausgleichungen m it singulédrer Normalgleichungsmatrix
versteht. Dabei gelangt man aufeine 1948 von Prof. Tarczy-Hornoch und H. Wolfangegebenen
allgemeine Ausgleichungsform. Die Theorie kann génzlich ohne Beniitzung der »verallgemeiner-
ten Inversen« dargestellt werden. Zur Demonstration wird ein Zahlenbeispiel beigefugt.

Der von Mittermayer [6] eingefiihrte Begriff der »freien Ausgleichung«,
womit Ausgleichungen bei singuldrer Normalgleichungs-Koeffizientenmatrix
gemeint sind, ist seither nur fir den Fall der vermitteInden Beobachtungen
behandelt worden. Er 4Rt sich aber auch fur den Fall der bedingten Beobach-
tungen mit Unbekannten (dem sog. Gauss-Helmert-Modell) definieren. Man ge-
langt dann auf eine von Tarczy-Hornoch [8] angegebene Ausgleichungsform.
Im nachstehenden soll dieser Fall ndher untersucht und an einem Zahlenbeispiel
demonstriert werden.

1. Der Begriff der Uherparametrisierung

Eine »Uherparametrisierung« liegt dann vor, wenn hei einer Ausglei-
chungsaufgabe mehr Unbekannte (= »Parameter«) eingefihrt werden, als zur
eindeutigen Beschreibung des jeweiligen geometrischen oder physikalischen
Sachverhalts erforderlich sind. Die Anzahl g der zuviel eingefiihrten Unbekann-
ten sei als »Grad der Uberparametrisierung« bezeichnet.

Beispiele :

a) Werden in eine Stationsausgleichung zur Darstellung des stations-
ausgeglichenen Richtungsbischcls nach s Zielen nicht (s— 1) Winkelunbe-
kannte (wie bei Bessel) eingefiuhrt, sondern s Richtungsunbekannte (wie bei
Hansen), so ist g = 1.

b) Werden bei der Berechnung von Strichkorrektionen an linearen
Skalen oder Libellenteilungen mit s Teilstrichen nicht (s — 1) Intervalle als
Unbekannte eingefihrt, sondern die Lage der s Teilstriche, vgl. TARCZY-
Hornoch and Aipar [9], so ist gleichfalls g = 1.
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c¢) Wenn bei der Ausgleichung eines Nivellementsnetzes mit s Héhen-
punkten alle s Hohen als Unbekannte beniitzt werden, ist ebenfalls g = 1.

d) Wenn bei der Ausgleichung von zwei- und dreidimensionalen geo-
détischen Netzen auch fur die AnschluRpunkte variable Koordinaten eingefuhrt
werden, liegt ebenfalls Uberparametrisierung vor.

e) Desgleichen auch, wenn bei einseitigen Hohenwinkeln im Hdhennetz
auller den Hohenwerten auch noch die Refraktion als Unbekannte eingefihrt
wird, oder

f) wenn bei einer fast kreisformigen Satelliten-Bahn neben der mittleren
Anomalie M auch noch das Argument co des Perigdums als Unbekannte
benitzt wird, vgl. Worf [12].

2. Die Verfuigung uber die Uberflussigen Freiheitsgrade

Jede Uberparametrisierung hat zur Folge, daB man zur Herbeifiihrung
einer eindeutigen Lésung ebensoviele Bedingungen zwischen den Unbekannten
aufzustellen und in die Ausgleichung einzufithren hat, wie die Zahl g der Uber-
parametrisierung angibt.

Diese Losung des Problems der (iberparametrisierten Ausgleichung (heute
»freie« Ausgleichung) mittels Bedingungsgleichungen zwischen den Unbekann-
ten verdankt man Hansen [1]. Sind dabei die u Unbekannten xv x2, ..., xaim
Lésungsvektor

x = [aN a2, *e°, xu]

zusammengefalt, so seien diese g Bedingungen, in linearer oder linearisierter
Form, zunachst durch
G X-tce= 0 1)
@ w@l @i @b

ausgedrickt, worin ca ein Konstantenvektor ist.

3. Das Gauss-Helmert-Modell

Werden die n Messungen Lv Lv ..., Lnim Vektor

1= [LvL2 ... Ln]T

untergebracht, und handele es sich dabei um korrelierte Beobachtungen m it der
Kovarianzmatrix cov(l) = Q, wobei rang Q = n, so ist das Gauss-Helmert-
Modell gegeben durch

AE{} + B X+ cA= o0, (2)
Vo (<A 1Ny (N
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einen Konstantenvektor, sowie A und B

worin E den Erwartungswert,
r < n,wéhrend wegen der

Koeffizientenmatrizen bedeuten. Dabei seirang A =
vorausgesetzten Uberparametrisierung

©)

rang B = u—g

ist; g ist der »Defekt« von B, der den Grad der Uberparametrisierung angibt.
Geht man von den Erwartungswerten zu den gemessenen Werten 1 uber,

an denen man die Verbesserungen v anbringt, so erhdlt man aus (2) die Helmert-
schen »Bedingungsgleichungen mit Unbekannten«, vgl. Helmert [4],: S. 286

Av f-Bx -f-w = o, womit w = Al (4)

und wobei X den ausgeglichenen Wert (Schatzwert) von x bezeichnet.
4. Das Gauss-Helmert-Modell mit Zusatzbedingungen
Zusammen mit den Hansenschen Bedingungsgleichungen (1) fuhrt die
Methode der kleinsten Quadrate auf Grund von (4) gemaR
T .
% Vv = min
bekanntlich auf das von Tarczy-Hornoch [8] angegebene Normalgleichungs-
system, vgl. auch Woif [11,13], worin kj und k2 Korrelatenvektoren (Lagran-

gesche Multiplikatoren) bedeuten:

Nokx+ B x + w = o0, mit NO= AQAIJ
B7 kx - GTk2 =0
— G x —cG= O

(aus Symmetriegrinden ist dabei die Hansensche Zusatzbedingung mit dem

Faktor —1 multipliziert worden).
Die Korrelaten bestimmen die Verbesserungen v, indem

v- QATL. (6)

Gl. (5) 14Rt sich auch ausdriicken durch

[No, B, 0 1 g
BT, 0 - GT X o)

0, -G, 0 K2 —
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oder o
NKkf, i T, k83T fw’ " - .

Wegen rang A = r ist det No~ 0. Auch ist det N*O, wenn nicht weniger als
g linear unabhéngige Bedingungen (1) aufgestellt worden sind. Da also detNo

N 0, so kann kt aus (5) eliminiert werden. Wir multiplizieren hierfur die 1.
Gleichung von (5) mit —B N<T und addieren diese zur 2. hinzu. Dies ergibt

— B7N01IB x-Grk,-B” No1lw= o
und mit
BN 1B = Nu

iNux -f- Gr k2+ Br N§lw = o
1 G X -j- ca — 0.

Wegen (3) ist Nn singuldr, d. h.

det Nu = 0. (8)

5. Die numerische Auflésung des Normalgleichungssystems

Die numerische Aufldsung von (5) gelingt wegen (8) nur dann, wenn man
die Reihenfolge der Elemente im Vektor [xT, k*] so dndert, d. h. Zeilen und
Spalten symmetrisch so vertauscht, daB als letzte jeweils g Unbekannte x
bestimmt werden (nicht die g Korrelaten k2). Es ist dies eine Erkenntnis, die
man Helmert ([4], S.282) verdankt. Das gilt fur die »bestimmte« Auflésung (zur
Ermittlung des Ldsungsvektors) ebenso wie fur die »unbestimmte« Aufldsung
(zur Inversion der Normalgleichungskoeffizientenmatrix).

W ieder zur urspringlichen Reihenfolge zuriickgebracht, sei

Nu, Gr -1 s, R
G, 0 Rr, M ©)

da die Kehrmatrix einer symmetrischen M atrix gleichfalls eine symmetrische
M atrix ist.

6. Wahl der Bedingungs-Matrix G

Die Vielzahl der (mdéglichen) G-Matrizen in (1) werde durch gewisse For-
derungen eingeschrankt:
a) Es soll sein:
XTXx = min. (10)
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Seien Xalle jene Lésungsvektoren, die (10) nicht erfillen, so soll zwischen x und
X die folgende Transformationsgleichung bestehen:

X= x + Ct, (11)

wobei in t gewisse dulRere Parameter enthalten seien, deren Anzahl mit der
Defektzahl g iibereinstimme, die den Grad der Uberparametrisierung angibt.
Soll x x minimiert werden, so folgt aus (11) — als Verbesserungsgleichun-
gen genommen — das nachstehende Normalgleichungssystem zur Berechnung
.der Schétzwerte t von t:
CTCt+ Cr x= o,
so daB
t= —(C7C)-1Ct X
womit nach (11):
i = x— C(CTC)"1Cr x,
und damit
CTi= CTx— CTC(CTC)-1CTT, (12)
so daf

Man erkennt: In Gl (1) muBR sein:
G = Cr und Cu= o, (13)
wenn das Minimum in (10) eintreten soll.

b) Eine weitere Forderung soll darin bestehen, daR die ausgeglichenen
Beobachtungswerte (1 -f- v) invariant gegeniiber t sein sollen. Zu diesem Zweck
entnehmen wir kt aus (5) zu

ki= — NOH» x + w)
und setzen dies in (6) ein, so daR mit (4):
= — QATNOLIBi+ Al + cn)
.oder, wenn mit | die Einheitsmatrix bezeichnet wird:
l+v = (I-Q ArN'1A)1— QAT NF1IB(i + Ct) — QAT NO1cA.
[Dies soll dann — per definitionem — identisch sein mit

1+ y= (1— QA7N*"1A) 1— QAr NT1B x— QATNO XA.
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Die Differenz der beiden letzten Ausdricke liefert

o = QA7TNo"BCi.

Dieser Bedingung wird geniigt, wenn

BC = 0. oder CrBIr= 0 (14)
oder auch B7 NfT1B C= 0 oder Nu C= 0, (15)
bzw. Cr Nn = O. (16)

Man kann entweder durch Auflésung des homogenen Gleichungssystems
Nn C = O die einzelnen Elemente der Matrix C bestimmen, was mit dem Algo-
rithmus zur Berechnung von Eigenwerten durchgefihrt werden kann, vgl.
Mittermayer [7], Welsch [10], Hein [3]; oder aber man kennt von vorn-
herein — aus der Geometrie der Aufgabenstellung — die Struktur der Trans-
formationsmatrix, welche die Bedingung (13) von Haus aus erfullt, zusammen
mit den zugehdrigen &ulReren Parametern t:

So ist bei Stationsausgleichungen im Vektor t nur eine Drehung (= Orien-
tierungsunbekannte) enthalten, und Cist dann der Summationsvektor: CT =
= [1, 1,1, ...], wdhrend bei Skalenuntersuchungen in t nur eine Translations-
unbekannte vorkommt, und bei Héhennetzen besteht t aus einer Héhenver-
schiebung. Bei ebenen Triangulationsnetzen enthdlt t zwei Translationen, eine
Drehung und eine Mafistabsdnderung, so dall Ctdie Ahnlichkeitstransformation
beschreibt, wahrend bei dreidimensionalen Triangulationen 3 Translationen,
3 Drehungen und eine MaRstabsédnderung in t enthalten sind. (Bei Anwesenheit
von Streckenmessungen entféllt die MaBstabsdnderung als duBerer Parameter.)

7. Eigenschaften der Ldsung

a) Bei der bestimmten Auflésung der Normalgleichungen erhdlt man aus
der Multiplikation von (7) mit C :

CTNui + CTCk2+ CTR7N”w = o,

oder wegen (16) und (14):
CTCk2= o

woraus, vgl. Mittermayer [7]: k2= o a7
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b) Bei der unbestimmten Auflosung ergeben sich der Reihe nach aus

Nu, C S, R] Tl 0
CT, 0 R7.Mj-[o, |

au) N,R + CM =o. brar. C7”N, R CrCM= 0O,
was wegen (16) C7CM = 0 liefert, so daB, vgl. Meissl [5]:
M= 0. (18)
bb) CTS — 0, bzw. SC = 0. (19)
cc) N,S + CRr =1, oder
SNu S+ SCR7= S woraus wegen (19):
SNn S= S (20)
dd) Nu S Nu + CR7Nn = Nu.

Da aber Nj, R CM = O oder mit (18): NUu R =0 und RTNu = O.

so wird
Nn SNn = Nn. (21)

8. Darstellung des Lisungsvektors

Wegen (13) und (17) wird aus (7):

ET 8 8 Nglw] woraus
Nu, CI-t B7N, Jwl] S, R Br Nd1lw
C7 0 I Rr,0 (0]
so daB
X= — SB7TNf1w SB7NOL (Al + eA). (22)

9. Fehlerrechnung

In der Fehlerrechnung (= »lIntervallschdtzung«) ist der mittlere Fehler
mX des Elements Xi (aus x) zu berechnen geméfR
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TX. = T0]j QXX (23)
worin
wOo= }vTQ 1v/(r—wu+ g)m (24)

Dabei ist Qxfx, Diagonalelement der Matrix Qi, die sich in einfachster Weise
nach dem Fehlerfortpflanzungsgesetz, vgl. Wol ¥ ([13] S.72), ergibt: Ausgehend
von (22) findet man:

Qi= SB7N"A QATIV1B S= SBTN0"1NoNs-1BS =

= SB7Nf1IBS=SNUS= S

M ithin Q; = S. (25)

10. Kleinste mittlere Fehler (minimale Varianz)

Da nach (14) die (1 -)- v) und somit die v invariant gegeniber t sind, ist
v7Q _1v gleichfalls invariant bzgl. t. Dagegen ist von t die quadratische Form
XTX, bzw. XTx voll abhéangig, vgl. (11). Fir einen konstanten Wert v7Q™1lv exi-
stieren, je nach der Wahl von t, unendlich viele XxI'x, von denen hier mit (12)
ein spezieller Vektor X nach der Methode der kleinsten Quadrate ausgewdhlt
wurde. Nun weil man von Gauss und Helmert ([4] S. 185f), daR die aus der
-Bedingung X x = min folgenden Unbekannten kleinste mittlere Fehler (gegen-
tber allen anderen Ldsungen X) besitzen, so daB fir konstante m0, (bzw. kon-
stante v) gilt:

mt= m0Yquu= min. (26)

Dabei ist Qt t Diagonalelement von Q/ = (C7C)_1. AuRerdem ist, im Anschluf}
an (12), mit C(C7C)_1CT= R und RrR= RR = R

sodann X = (I — R)X, woraus Qx = (I — R)Qx(I — R), oder

Qi
Spur (RQiR)

Qx— RQx— QxR + R Qi R, und mit

Spur (Qi RR) = Spur (Qi R) = Spur (R QX) wird
Spur Qi = Spur Qi — Spur (R Qi) — Spur (R Q) + Spur (R Qi),

;S0 daf Spur Qi < Spur Q-, d. h.

Spur S= Spur Qi = min. (27)

Bemerkung : Die GréRen S mit den Eigenschaften (20, 21, 25, 27) heilen auch
Pseudo-Inversen und werden mit Njj. bezeichnet. Fur sie gelten alle jene Rela-
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tionen, die aus der Theorie der verallgemeinerten Inversen bekannt sind. —
Man ersieht, dal die Theorie der freien Ausgleichungen, d. h. von singuldren
Systemen, auch ohne Benutzung der verallgemeinerten Inversen darstellbar ist.

11. Ein Zahlenbeispiel

In einem ebenen Dreieck seien die 3 Winkel a, B, y je mit dem mittleren
Fehler (a priori) von gemessen sowie die beiden Seiten a und b mit den

mittleren Fehlern fja bzw. [b.
Bei der Ausgleichung soll fir die Seiten a und b je eine MaRstabsunbe-

kannte 6xa bzw. 6xbin Ansatz gebracht werden.

Die Aufgabe ist Uberparametrisiert: Es kann nur eine Malstabsunbe-
kannte bestimmt werden; die Ermittlung von z.B. 6xa setzt voraus, dall der
M alstab der Seite b fest vorgegeben ist (bxb= 0). Sollen — formal — aber
beide Unbekanten mitgefuhrt werden, so ist der offene Freiheitsgrad nach
Hansen [2] durch eine Zusatzverfiugung in Form einer Bedingungsgleichung
der Art (12) auszufiullen. Dabei istg = 1.

W ir stellen zundchst die Netzbedingungen auf, wobei an den Messungen
«, B, y, a, b die Verbesserungen va, VB, vy, va, vb angebracht werden sollen, und
erhalten:

a) (@ wB) -f- {B -j- WB) -f- (y «-VW) = 180°
oder v,, (- B -|- W -|-iv[ = o, mitiv[= a + B + y — 180°

sinfa+ V&) _ @+ d*0)(« + v,)
sin(B + vR) (1 + 0xb)(b+ vb

Durch Logarithmieren und Anwendung des Taylorsatzes erhdlt man die
folgende linearisierte Bedingungsgleichung:

vacotd -\- MBcotR + — --—- — + 6xa—Sxb+ ul = 0, (28)
a b

wobei Wi = In (o sin /3/6sin a).
Der besseren Ubersicht wegen setzen wiru,/a = ua, Vo/b = vbund nehmen

speziell * ss B % 45° an. Driickt man alle WinkelgroRen und ihre Anderungen
im Bogenmal aus (womit Q= 1), so ist

y' = [vaVR,vY,va,vb], A =
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Zur Aufstellung der Hansenschen Zusatzbedingung soll sein (um die Uber-
parametrisierung aufzuheben):

o

xPx= 0a ' Exé=

min ,
was nach (12) erreicht wird durch die Bedingungsgleichung

axa+ axb— 0 (29)
wom it

Cr= [1,1].
Verfugen wir auflerdem noch, daB
udo = Ne = Wo][2 und [Mlb = [ib— [tOY: .
so wird Q = ril diag[l, 1, 1, 2, 2] = p_1.

Da aber bekanntermafRen das Ergebnis einer Ausgleichung unabhéngig ist von
der Wahl der Gewichtskonstanten, so kann im folgenden unbedenklich u0— 1
gesetzt werden. Mit den Korrelaten k[ und K'[ fiir die beiden ersten Bedingungen
erhdlt man die nachstehenden Normalgleichungen, in denen sogleich nach
Helmert (a.a.0. S. 282) die Reihenfolge der Unbekannten im Hinblick auf die
numerische Auflosbarkeit festgelegt worden ist:

3ki j-0k"-f-00.t:a-)-0fez -f-06xi,-)-icl= 0

6kj 4+0Xg ok2m10xb 4y —o

0O/ + 1 + 00 =0
0fe -f- 10 =0 (30)
-{- ob Xy = 0.

k2ist dabei die Korrelate fiir die Hansensche Zusatzbedingung (29). Die »be-
stimmte« Aufldsung des Systems (30) ergibt:

k[ = —mi/3, K[ = o, bxa= —ic"/z, k2= 0, 6xb= wl/2.
Berechnet man hiermit nach (s) die Verbesserungen, so findet man:
W—WM= W= —wlls, va= vb= 0, so daB va= vb= 0.
Diese Verbesserungen erflillen nachweislich, zusammen mit den Unbekannten,

die aufgestellten linearen Netzbedingungsgleichungen, ebenso wie die Hansen-
sche Zusatzbedingung.
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AuRerdem ergibt sich: v7zQ_1v = —wJk = (w")2/3. Die »unbestimmte«
Auflésung der Normalgleichungen (30) mit Hilfe des Gaullschen Algorithmus
liefert:

In der Fehlerrechnung ergibt sich:
mo= fK)23(2—2+ 1)= + teil I'T,
mi, - m>»= m0/3/2 = + w/f2

Bemerkung : Man hétte, in gewisser Weise, schon voraussehen kénnen,
daB va— VWb — 0 sich ergibt. Dann wirde man in (28) lediglich ua/o = 0 und
Vb/b = 0 zu setzen haben und mufte die »freie« Ausgleichung in genau der
gleichen Weise fortsetzen wie vorstehend gezeigt.
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CBOBEOAHOE YPABHMBAHWE B MOAENN TAYCCA-TE/IbMEPTA
X. BOJIb®
PE3IFOME

[ns dopmbl ypaBHUBaHWNSA M0 CNOCO6Y YCNOBHbLIX N3MEPEHWNI C HEN3BECTHBIMU, KOTOPLIA B
nocnefHee BpeMs HasblBaeTCcs Mofenbto [Maycca-IenbmepTa, pasBuMBaeTcs Teopust CBOGOAHOrO
ypaBHVMBaHWSA, NOA KOTOPOM MNOApa3yMeBaeTCcs ypaBHUBaHWE C CUHTYNSAPHOM MaTpuuein Hop-
ManbHOro ypaBHeHUA. pu 3ToM nosy4vaetcsa hopma ypaBHUBaHWIA, paspaboTaHHas npodecco-
pom Tapum-XopHox n Bonbthom B 1948 rogy. 3Ty Teopuio MOXXHO NPeACcTaBUTbL 6e3 MCMOoNb-
30BaHMA «0606LLEHHBIX MHBEPCOB». [lNA Harnsa4HOCTU NpuaaraeTca YMC0BOW NpuMep.
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ORIENTATION-INDEPENDENT FILTERING
IN GRAVITY ANALYSIS*
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Some formulae for the coefficients for band-pass filtering of Bouguer gravity anomaly
have been derived so that when they are used in the weighted summations of gridded gravity
values, the results are independent of the orientation of the axes of rectangular grids. Such a
derivation has been achieved by starting from a transfer function of circular symmetry that
fulfils the requirements of a band-pass filter and then integrating its contribution over a rect-
angle with a grid point atits center. Computational checks applied to different setsofcoefficients
as evaluated by the proposed method confirm their accuracy to at least five significant digits.

Introduction

Orientation dependence of different filtering methods in the field of grav-
ity analysis has recently been a subject of considerable discussion in a series
of papers [7, 9, 10, 13, 14, 15].

Filtering of the Bouguer gravity anomaly is a pre-requisite for most of
its standard interpretations. Numerous investigations have been carried out
on this topic during the past three decades that have resulted in several meth-
ods of separation of residuals, evaluation of the first and second derivatives
and analytical continuation of fields. Some of these different methods have
been subjected to comparative studies. Fajklewicz [3] applied the first deriv-
ative method of Baranov [1] and second derivative methods of E1kins [2]
and Paul [11] to some model gravity anomalies due to assumed spherical
masses at some depth. While observing from his analysis that ‘of the three
formulas considered, the Paul formula is by a small margin the best’, he obtain-
ed undesirable fictitious peaks in the contour maps of the derivatives by each
of the above methods and interpreted them as due to the inherent defect of
these methods. Mesko [8] and Fuller [4] examined these as well as other
methods due to Rosenbach [12], Haalck [5], Henderson and Zeitz [6]
using Fourier transform technique and presented diagrams of their transfer
functions or frequency response functions. These diagrams show a considerable
lack of circular symmetry, or orientation independence, beyond some magni-
tudes of frequency and, as such, results of practical computations by these
methods are subject to distortion through orientation dependence.

* Earth Physics Branch Contribution No. 926.
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In the above filtering methods, the coefficients of the rectangularly grid-
ded gravity data were always assumed to have circular symmetry being depend-
ent on the radial distance only. This causes loss of circular symmetry for the
transfer functions as it is mathematically impossible to maintain circular
symmetry of both the coefficients and transfer functions simultaneously.

However, if the coefficients of the gridded data are not constrained with
circular symmetry, we may obtain some transfer functions free from orienta-
tion dependence. Thus, starting from an orientation independent model for
transfer functions, we should be able to find the coefficients of the grid gravity
values which do not possess circular symmetry. The method described in the
following section is approached from this standpoint.

Present method

At first, let us note that with (r, 0) and (0, A) as the polar coordinates in
space and frequency domains respectively, the gravity anomaly g(r, o) can be
related reciprocally to a transform G(a, A as follows

G(a, A= j (g(r, 0)K(r, 0, 0, Ardrdo
° N g (1)

g(r, 0) = j j G(a, A K(cr, A r, 0) adadA
0 — J

where, as one of many choices for the kernel,

K (r, 0,8 A= K({RA, T, 0) = 21 Jo(€r) + 2 A d mImr)cos {m (0 —A)}
n m+ 1

[cos {dr sin (o A)} - sin {dr cos (0 — A)}] (2)
2 N

with 6m = 1 or (—Il)»m-1~2 according as m is even or odd respectively.

Now, without any loss of generality we can assume that the origin of the
coordinate system in the space domain is at the point of computation; the rela-
tionship (assumed linear) between the filtered and non-filt.ered gravity anoma-
lies can then be expressed as:

gR(0,0) = \J \]g(r, o) tv(r) r dr do 3)
O—n

where the weighting function w must be independent of o so that gR(0, o)
remains invariant under rotation of the reference system.
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Then, from the substitutions of (1) and (2) in (3) we have

Ed(o,0) = G(or, A) W(o0) a dir dA ()

J f
O —n
where

W o(a) f w(r) K(r, 0, o, Ardrdo = Cw(r) JO(ar) rdr (5a)
0 0

|
—A
and hence

w(r) = Af W(a) Jo{or) 0'do". (5b)

It should be noted here that only the first term of the series (2) for K(r,
0, o, A) has its contribution in (5a) as those of the other terms vanish when they
are integrated over o from —n to n.

Now since K(0, 0, o, A) = 1, we find from comparison of (4) with (1) that

G*(<r, A = G(a, A) W(a) ()

where GK(a, A) represents the transform of the filtered gravity.

From (s) we note that W(a) is the transfer function or frequency response
function of the present filtering method and this, being free from A is orienta-
tion independent.

Let us consider a model transfer function for band-pass filtering

W(0) = — «'0O—W ) (<r/ffe)» (7)
n

2

which has been constructed such that

(i) JR(<r) is maximum at a = <Ci-e- gravity anomaly of frequency around ac
has the maximum ratio of contribution in filtered anomaly,

(i) 2m\Y(oc) = 1, which ensures fully unattenuated filtering of anomaly of
frequency o and

(iii) the width of the filter slot, being proportional to the radius of curvature
of W(cr) at ac, is related to the integral parameter n as

. . _ -1 no\
width a (radius of curvature) = 42w o
do2,

which indicates that the width can be reduced by increasing n and vice versa.
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Substituting (7) in (5b) we obtain

c"(nh2 ~ cry,an " (— r2t2dn)* _

0= 4anne ¢ W (1)2(n — f9)!

a2 " (-<124n)*
4nnntl c,t%k\(n k)\'

kK (e_x2a/14nx2') [c-y™liny 2(*-"))
2 I (fe-)1 (8)
where r2= a2 -f-y2
A few curves of JF(cr) and tc(r) forac= 1 and n = 2,4, 8, 16 and 32 have
been shown in Figs 1 and 2, respectively. It can be clearly seen that widths of
w-curves increase as those of IF-curves decrease which implies that practical

computations will require coverage of bigger areas with gravity data for nar-
rower filters.

Fig. 1. Curves of IF(ff) for ac— 1 and n = 2, 4, 8, 16 and 32

Fig. 2. Curves of u>r) forac— 1 and n — 2, 4, 8, 16 and 32
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Now let us consider the application of (3) to rectangular grid values,
g ([is,vs), g, V= 0,1, "2, ... s — grid separation. When s is sufficiently
small, the gravity anomaly over an sXs rectangle around a grid point can he
assumed constant and equal to the value at the grid point. Hence we have

gi?(0,0) = J~2 J? g ([is, vs) (9
where
(/<+i)s (v+i)s
«Vv= ] i w(r)da:dy, (10)
(p-i)s (v-i)s
[iLV= o,il, £2,...

The coefficients wY, can have circular symmetry i.e. wtv= f([L2-f- v2)
(e.g. maz = w5h0 and toiz-s = icls-0)only when ic(r)is assumed constant and equal
to w(j/ [iz -j- v2s) over the rectangle of integration in (10) and such an assumption
can hardly find any realistic basis. But all the filtering methods mentioned
above end up with virtually the same assumption as their coefficients were
found to possess circular symmetry which in turn introduced orientation de-
pendence to the corresponding transfer functions. In the present method we
substitute (s) for w(r) in (10) and perform the integration formally when we
obtain

o _ *n("o2 y y ( 1k [l (A+ 12 «) - 1, ([ =1/2 a)]
nnn fUiUK . ki(n- K)I 1 (k—1)I
e[>*_,(Vv+ 1/28) — (r — 12 «)] (12)

A% oD

G s
where a — — and em(*) = j e~x‘xim d*. Evidently, these coefficients are
2n 0

not functions of ([i2+ V2).

Computations

Computation of the coefficient wMWfrom (11) has been carried out on a
CDC CYBER 74 computer with our Fortran subroutine to evaluate em(x).
Different values of <ts and n have been considered with [i and v varying from
0 to 34. For economy of space, only a few sets of these results for acs = 0.5,
1.0, 20, n = 2,8 and [i,v= 0,1,... 5 are given in Table I. Disagreements
in the values of rcss and w50 confirm the expected departure of circular symmetry
in these coefficients. Similar effects, although not as easily demonstrable, are
found in the rest of the coefficients as well.
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Different sets of coefficients

MsS =05
n= 2 n= 8
.36180 E —01 17608 E —01
32909 E —01 16395 E —01
.29837 E—01 15229 E—01
24251 E—01 .13033 E—01
21718 E—01 .12001 E —01
.15053 E—01 91474 E —02
13116 E —01 .82742 E —02
11310 E—01 .74381 E — 02
.66031 E —02 51412 E — 02
77374 E —03 .19563 E —02
.28361 E —02 .31396 E —02
.17634 E —02 .25335 E—02
.97545 E —03 .88513 E —03
41971 E—02 -.13469 E—02
.66198 E—02 -.35534 E —02
41974 E—02 -.13469 E—02
—.46740 E —02 -.17233 E—02
58263 E —02 —.27260 E —02
.69823 E—02 -.40164 E—02
.74528 E—02 -.51533 E—02
.68865 E—02 -.57326 E—02

Table |

.13808
93181
.58418
.11900

27474
.24836
.27387
.28387
25773
14932
19477
.17188
10740
.28328

.23039

.28358
17215

.80011
.28785
.32488
22726

acs == 1.0

E+00
E—01
E—01
E—01
E —02
E—01
E —01
E 01
E —01
E —01
E—-01
E—01
E—01
E —02
E —02
E —02
E —02
E —03
E —02
E —02
E —02

.67982
.50386
.35427
12274
.35735

13596
16943
.19353
22219
18129
.20640
19490
.14990
63296

.36675

63345
46699
99477

56773
96418
92657

E —01
E—01
E—-01
E—01
E —02
E—01
E —01
E—-01
E—01
E —01
E—-01
E—01
E —01
E —02
E —02
E —02
E —02
E —04
E —02
E —02
E —02

45691
54175
-.75243
-.72783
-.44170
47819
.96050
11124
.80647
.21652
.39096
.29294
11399
.19895
13935
.19487
13498
43734
.62443
.36829
.85216

(lex-= 2.0

n=
E+00 23534
E—01 44669
E—01 -.45194
E —01 -.72538
E —01 -.53758
E —02 10740
E—02 23653
E —01 31537
E —02 30911
E_02 119682
E —02 113690
E—02 75784
E—02 -.65652
E —03 -.12857
E—04 -.36846
E —03 -.12866
E —03 -.12191
E —04 -.83365
E —05 -.99636
E —06 35777
E—08 .19849

E+00
E—01
E—01
E—01
E —01
E —01
E —01
E—-01
E —01
E— 02
E—01
E —02
E —02
E —01
E —02
E—01
E—01
E —02
E —03
E —02

E —02

nNvd
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These coefficients have been subjected to several checks based on the
following relations

1 M M

2 2 whvJofcts)/ir2+ \2) N W(a)
Z71/j= —M v=—M

M M (—e)n 4k k\2nk~n (12)
w2y TVUTar (acs fk (k — n)\
O K< n.

The first one of these follows readily from (5a) and the other from the klh deriv-
ative of W(a) at o= o where the integrals have been approximated by the
summations of function values at the center of sX* rectangle, weighted by

over (zM -j- I number of rectangles in place of an infinite number of
them. Evaluations of the left hand sides of these relations have been carried
out for specific values of acs, as, n, k and M and then compared with the com-
puted values of the right hand sides. These results for the first and the second
of the above equations may be found in Tables Il and 111, respectively. For
higher M, the left hand sides approach closer to the right hand sides — as
should be expected. Such agreements, however, can never be exact because of
the error involved in replacing an integral over any of the rectangles by the
corresponding product of the coefficient and the value of the function at the
center of the block.

Table Il
Comparison between two sides of thefirst equation in (12)

Left hand sides computed for

\ as acs Rigrs1itd2and
M= 1S M= 25 M =35
2 0 0.5 —.60378 E—02 -.17700 E—O06 -.48374 E—14 0
1.0 —.16254 E—09 87714 E—16 87714 E—16
2.0 30783 E—14 .30783 E—14 .30783 E—14
8 0.5 32168 E—01 -.64797 E—02 -.35739 E—03
1.0 33402 E—02 52638 E —05 -.22468 E—09
2.0 —.26910 E —06 -.61705 E—13 -.61705 E—13
2 0.5 0.5 .15689 .15750 .15750 15915
1.0 1.0 15262 15262 .15262
2.0 2.0 13461 13461 13461
8 0.5 0.5 .13460 15421 .15740
1.0 1.0 .15186 .15262 .15262
2.0 2.0 .13413 13413 13413
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Table W

Comparison between two sides of the second equation

o A N R 0O B N R 0 BN

Af=

-.10457
145953
56511

-.49582

—.23522
47290
42652

-.22765

-.14234
.29557

-.53937

—.13843

15

E + 02
E+04
E+09
E+19
E —06
E+03
E+08
E+18
E —04
E+02
E+04
E+14

M= 25

—.73247
.75659
.63119
.92584
.62885
47290
.23212

-.15841

-.14234
.29557
17105
48462

E —03
E+04
E+ 10
E+21
E —12
E+03
E+07
E+ 19
E —04
E+02
E —05
E+ 13

Left hand sides computed for

—.31280
.75664
-.15265
.80553
.62885
47290
-.36353
.30796
—.14234
.29557
17105
48462

in (12)

E —10
E+04
E + 11
E+22
E—12
E+03
E+03
E+18
E —04
E+02
E —05
E+ 13

Right hand
side

0

.75664 E+04

0

.20814 E+ 23

0

47290 E+03

0

31760 E+18

0

.29557 E+02

0

48462 E + 13

To serve as a further check, a few selected coefficients have also been

evaluated by performing the integration in (10) numerically. For the same accu-
racy, the method takes several times more computer-time than that required
by our method and, therefore, should be normally avoided. However, as can
be seen in Table IV, these results agree more closely with our previous results
as the number of ordinates used in numerical integration increases. Evidently,
they confirm the accuracy of our proposed method to at least five significant
digits which is sufficient for any practical purpose.
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0.5

1.0

2.0

Comparison of the coefficients

12
14

12
14

12
14

Our method

.36180
-.41971
.85632
.93864
.17608
—.13469
.13808
-.28328
.65116
19573
.67982
—.63296
45691
.19895
14718
0*
.23534
-.12857

E—01
E —02
E —03
E —05
E —01
E —02
E+00
E —02
E —07
E—18
E—01
E —02
E+00
E —03
E—29

E+00
E—01

Table 1V

20

.36182
-.41969
.85634
.93865
.17608
—.13467
.13810
-.28333
.65099
19573
.67990
-.63302
45717
19871
14439
.37398
.23545
-.12857

*Our method sets a coefficient less than 10-50 to zero.

E—01
E —02
E —03
E —05
E—01
E —02
E+00
E —02
E —07
E —18
E —01
E —02
E+ 00
E —03
E—29
E—77
E+ 00
E —01

Numerical integrations using number of ordinates as:

40
36180 E —01
-.41971 E—02
85633 E—03
93865 E —05
17608 E—01
-.13468 E—02
.13808 E + 00
-.28329 E—02
65112 E —07
19573 E—18
67984 E —01
-.63297 E—02
45698 E + 00
19895 E —03
14506 E —29
37500 E —77
23537 E+00
-.12857 E—01

60

.36180 E—01
-.41971 E—02
.85633 E —03
.93864 E —05
.17608 E—01
-.13469 E—02
.13808 E+00
-.28329 E—02
.65114 E —07
19573 E—18
.67983 E—01
-.63296 E—02
45694 E+00
.19895 E —03
14518 E —29
37505 E—77
.23535 E+ 00
-.12857 E—01

as computed by our method with the same obtained by numerical integration techniques

80

.36180
41971
.85633
.93864
.17608
13469
.13808
.28328
.65115
19573
.67982
63296
45693
.19895
14522
.37505
.23535
12857

E—01
E —02
E —03
E —05
E—01
E —02
E+00
E —02
E —07
E—18
E—01
E —02
E+00
E —03
E—29
E—77
E+ 00
E —01
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PUNNbTPALUNA, HE3ABUCAWAA OT OPUEHTALWN B TPABUMETPUYECKWKX
NCCNEOOBAHNAX

M. K. nayn

PE3IOME

BbIBOASATCSA HeKOTOpble (hopMy/ibl ANS KO3(PPUUMEHTOB MOMOCHO-NPONYCKaKLWen husb-
Tpauuu rpaBuMTaLMOHHOA aHoManuMu Byre Takum 06pasoMm, UTO KOrja OHW MCMOMb3YHTCS B
BECOBOI CyMMe CPeAHMX FPaBUTALMOHHbIX 3HAUEHNI B CETKUX, Pe3y/bTaTbl He 3aBUCAT OT OpU-
eHTaLuMKM oCeil KBafpaTHbIX CETOK. TaKol BbIBOA NOMYYNUIN UCXOAA U3 YHKLMM Nepefayn ¢ Kpy-
roBoii CUMMETpPMEN — KOoTopasi YAOB/ETBOPSIET TpeboBaHMAM MO/0CHO-MPOoNycKatoLero hub-
Tpa — MHTerpupys eé Bknaj B 061acTU KBajpaTa C CETOYHbIM MyHKTOM B LieHTpe. [poBepka
BbIUMC/IUTENbHBIM NMyTeM MOATBEPXAAET TOUYHOCTb KO3(h(MLMEHTOB pasINYHbLIX NOCNeA0BaTe b-
HocTeld, MoNyYeHHbIX Npej/iaraemMbiM MeTOAOM [0 MSATU LieHHbIX 3HAKOB
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GENERAL VALIDITY OF THE LAW OF LARGE NUMBERS
IN CASE OF ADJUSTMENTS ACCORDING TO THE MOST
FREQUENT VALUE

L. CSERNYAK —15 HAJAGOS-F. STEINER
TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC

[Manuscript received July 16, 1979]

The technical practice tries to achieve higher accuracy by increasing the number of
measurements (at a given technical level with given physical conditions). It is often found how-
ever, in the geophysical pratice that the increase of the number of measurements does not lead
to the expected decrease of the error (in ratio with I/yH). Even the case is rather frequently met
in the geophysical practice (e.g. see the frequency curves in [6]) when in spite of the increase
of the number of measurements, the values adjusted according to the least squares hypothesis,
or in the most simple case, the averages of the data do not have a normal distribution.

Gnedenko and Kolmogorov call in [2] the idea a “biassed prejudice” that only the
normal distribution can be a realistic limit distribution. Consequently even density functions
with infinite scatter can be used for the approximation of the measurement results or of values
deduced from them if the curve of the empirical cumulative frequencies necessitate either
theoretically or practically their application. (It is namely well known that in cases with finite
scatter, the normal distribution is necessarily the limit distribution.)

The distributions with infinite scatter can be manyfold. For some of them, no usual form
of the law of large numbers is valid: the confidence intervals of the averages computed from n
data do not decrease if n is increasing. A study of cases presented in this paper shows that
the accuracy of the most frequent value increases in each case with n, i.e. from practical point of
view even the distribution which does not fulfil the law oflarge numbers (in any usual form of it)
is easy to process independently from the complete unapplicability ofthe adjustment according
to the expected value (method of the least squares) to obtain reliably the information content
of the data.

Under the law of large numbers the following is understood in the tech-
nical practice: if a characteristic quantity being important from any technical
point of view is determined from a greater block of data, this quantity can he
the more accurately determined, the greater is the number of data n. The accu-
racy of the determination is on its turn greater if the confidence interval of
the frequency curve for any level of probability (e.g. mid-value width) is smal-
ler. The frequency curve is here determined from many (e.g. or at least 200)
measurement data sets of n values each used for the determination of the char-
acteristic quantity.

This characteristic quantity used to be in the overwhelming majority of
cases the algebraic average (to which the result of the adjustment according to
the least squares corresponds in case of a many-parameter adjustment). The
theorems known as “the laws of large numbers” from the theory of probabilities
(e.g. in [3]) refer also to this quantity.
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According to Glivenko’s basic theorem of mathematical statistics the
empiric distribution functions converge uniformly with a probability of 1+ to
the corresponding theoretical distribution functions (in [3] p. 423). The latter
is naturally completely determined by the phenomenon studied or by the set
of phenomena being effective during the measurements independently from
any subjective wishes. Therefore if no part of the measurement results will be
arbitrarily omitted, then in the geophysical practice not rarely a theoretical
distribution having infinite scatter is the best approximation of the empiric
distribution function.

It is therefore possible that the law of the large numbers is not fulfilled
if the algebraic average (the results of an adjustment according to the least
squares method) is taken as characteristic quantity. As it has been mentioned
the usual procedure in such cases is that certain values are arbitrarily omitted
and thus the results are distorted to a mathematical model well-known in the
technical practice. The authors of the present paper propose instead of this
theoretically hardly acceptable practice the use of such a characteristic quantity
which follows for every distribution the law of large numbers.

It can be easily seen according to the results in [5] that the most frequent
value defined in [4] has such a property. It is namely shown there that the error
of the most frequent value M determined from n data is

Cyfo
yn (1)
where the finite constant ¢ depends on the type of the distribution, e0 is the
so-called reciprocal cohesion playing an important role in the computation
and estimation of the accuracy of the most frequent value M. It is sufficient
therefore to prove that the value of eo is finite for each distribution function
with the density function f(x). According to [4] co is the greatest maximum
place of the function

F(s) = s3 ) dx 2
x2 4 sl (e )

Now it remains to prove that if s increases infinitely, F(s) converges to zero.
This is identical with:
2

F = *
©) i /P S

1
— -0 (3
a

being true as f(x) an integrand normed to unit is decreased by the factor

e2
— - being always less than unit (with the exception of the place with the

argument 0). (The finiteness of o follows else from the considerations published
in [1], too).
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It is naturally problematic how often distributions with infinite scatter
are met. Namely, if empiric quadratic errors are determined from measure-
ment results, this value is naturally always finite. The fact may lead to the idea
that a theoretical distribution function which is approximated by the empiric
distribution function has also a finite scatter.

Distributions with finite scatter belong to the attraction field of normal
distributions; this is the sense of the central limit theorem. The attribute
“central” refers to the role of the theorem, and it tells us that the theoretical
distributions are supposed to be practically without exception distributions
with finite scatter.

The theory of probabilities and the mathematical statistics based on it
in their present form (quickly outgrowing the frames of gambles of hazard)
can correctly handle first of all the cases with finite scatter according to the
demands of mass production (the deviations of the dimensions of a product
can be naturally well characterized by a theoretical distribution with finite
scatter). In geophysics, however, it cannot be said from all distributions occur-
ring in the praxis that they have finite scatter (see e.g. the frequency curves
in [e]).

The classical représentants of the probability theory have significantly
better worked out the problematics of the limit distributions as it is at present
known in the technical, specially in the geophysical practice (see e.g. the excel-
lent summarizing work of Gnedenko and Kolmogorov [2]). Let us refer from
there only to one single theorem: it is true for all characteristic functions <p(t)
of all limit distributions that their logarithms can be written as:

logep(t) = iyt —c\t * 1 +iB —co(t, ) 4)
1*1
where y is an arbitrary real number, O< 4<;2, ¢ o and:
n .
(« T2* ’ if
co(t, a) = ) . (4a)
Z'log o if a=1.
n

From the possible values of a being a set with a continuum cardinal number,
there is only a single one, the case 1 = 2 which the central limit theorem refers
to; as the normal distribution is the limit distribution for all distributions with
finite scatter, a non-estimable quantity of possibilities would be excluded with-
out any reason, if empiric distribution functions would not be approximated
by theoretical distribution functions with infinite scatter if they are necessitated
by the data sets.
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It is clear on the basis of Chapter 1 that the examples cannot he taken
from the small sample of probabilistic distributions with finite scatter which
are referred to in overwhelming majority not only in handbooks, but also in
special works dealing with probability theory and/or mathematical statistics.

The present investigations will be carried out on the following distribu-
tions defined by their probability density functions/(x) :

3y3 |
I*) = 4q et 1 (5)
3y3 1
) = sn \x [+ 1° ()
1
(T “
05 <1~ 1
/(*) = OE M1>!1 (8)
— 1 * 0
J(*) = Z|.*2 1
(*) 0 «d 9
| L —
)= gt &x 2 x>0 (10)
0 *<: 0.

It is clear at a first glance for all these distributions that their scatter is infi-
nite, as the functions x2 «f(x) cannot be integrated in the interval (— oo, oo0).
(Further there are no expected values for the distributions ¢ —10, as there the
function x mf(x) cannot be integrated either). If the curves/(*) for the distri-
butions being symmetrical to the origine are represented (left-hand side curves
in Figs 1—4), it can hardly be understood why these distributions do not yield
unambiguously their symmetry points more and more accurately with increas-
ing n ? In fact, the acceptance ofthe expected value as a characteristic quantity
must rather be doubted than to loose the possibility of the accurate evaluation
of such data systems under the pretext of the infiniteness of scatter.
According to the short theoretical considerations in Chapter 1, the accept-
ance of the most frequent value as a characteristic quantity reaches the aim,
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n=10 n=100
Fig. 1
n=10 n=100
-20-10 0 10 20 -200-100 0 100 200
--------- 1 [ ]
Fig. 2

as its error decreases for each distribution with increasing reaccording to Eq. 1.
Let us consider in the following the validity of the law of large numbers in the
previous examples, if the most frequent values are determined from data sets
with re values of the random variable with the given probability distributions,
instead of using the generally accepted method to use the averages (from the
same sets with re data).

The density function of Eq. 5is represented in the left-hand side of Fig. 1.
The legend “re= 1” means that the density function here should be regarded
as the frequency curve of one-element samples (i.e. belonging to re= 1). In
case of re = 1 the average and the most frequent value are naturally identical.
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Fig. 3

[025  |xSL
[X>1

Fig. 4

The frequency diagrams of data sets with re= 10 and n = 100 data are
identified in case of an adjustment according to the most frequent value by the
letter M ; the algebraic averages computed from the same data sets are denoted
by E. In both cases of e = 10 and re = 100, the computations were carried out
for 200 sets, and the frequency curves refer to these results.

The above said is also valid for Figs 2—s without any change. Since all
frequency diagrams refer to 200 data sets, the plotting of the ordinates seemed
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n=10 n=100

Fig. 5

N=10 N=100

us to be superfluous, and were omitted. At the same time, however, in all
examples i.e. on all figures — in order to enable better comparisons — an ordi-
nate scale is used due to which the identical areas below the curves of any two
frequency diagrams out of the five define the intervals of the data occurring
with identical probability (e.g. Mn or En values). On Figs 1—s below the
abscissae of the five frequency distributions the interval in which the probabil-
ity of the occurrence is 50% is shown in a way that the smallest values at
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left-hand side end and the greater values at the right hand side end have
equally the occurrence probability of 25%. This interval is called in the fol-
lowing the interval of the semivalue width, its length is the semi-value width
(the more usual name for it is interquartile semi-dimension). On the intervals
of the semi-value width, the value of the median is always noted.

As it is known the values of a random variable with the density function

f(x) can he obtained by the following procedure: at first the distribution
X

function ®(x) = I f(x) dx is computed, the interval (0,1) is distributed into a

great number (at least 500) intervals ofidentical lengths, the intersection points
are projected through the ®(x) curve to the abscissae-axis, and from this series
of data that one is taken whose serial number coincides with the serial number
chosen by the random number generator of the computer (the uniformly distri-
buted random numbers can be easily converted into serial numbers). (It must
be noticed that the finite representation of the probability distributions doesn’t
allow an arbitrary large re-value. The case of re = 100 is still correct for our
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probability models and for our purposes; if n would be too large the effect of
finiteness would overwhelm the very behaviour of the original probability
distribution.) Taking into account this procedure, further in order to get a bet-
ter picture of the asymptotic properties of the distributions, the distribution
functions of the random variables characterized in Figs 1—6 by their density
functions/(x) arc also drawn (Figs 7—12).

Let us now return to the probability distribution shown in Fig. 1 (its
definition is Eq. 5). The scatter is infinite in this case, too, but the law of great
numbers is nearly exactly as valid for the simple algebraic averages (diagrams
denoted by £) as for the most frequent values (diagrams denoted by M). The
values can be compared by the semi-value widths.

In complete difference from this the distribution defined by Eq. s (Fig. 2)
shows a drastic widening of the E-curves with increasing n. In case of n = 10
the abscissae must be reduced ten times, in case of n = 100, hundred times to
enable a representation of the semi-widths, the left- and right-side ends of the
E-diagrams had to be omitted even with this reduction. The M-diagrams hav-
ing an unchanged abscissa-scale show also in this case a decrease of the semi-
value width according to 1:/Vn-This is the more remarkable since the algebraic
averages show an inversed validity of the law of great numbers: the greater is
the set (n), the worse estimates of the symmetry point of the distribution are
given by the averages.
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Equations (7) and (s) are special cases of the distributions having the

form:
1

f(x) = const. ' (11)
x\' (M m+ 1*|-mlm

(the constant is a norming factor which makes the integral of f(x) equal to
unit in the interval (—oo, 00)). The distributions (11) of the values of the ran-
dom variable | and ofits reciprocal, i.e. the values 1/f have the same distribu-
iton. Equation (7) means the case m = 1/2, Eq. s is received if m — o0o. (The
substitution m = 1 yields the well-known Cauchy-distribution.)

It follows from the self-reciprocal property that in Figs 3 and 4, corres-
ponding to Eqs 7 and s, the interval of the semi-value width is the interval
(—1, +1). On both Figs 3 and 4, the semi-value widths of the E-diagrams
hardly change if n increases to 10 and then to 100:the law of great numbers
is not valid for the averages. The shortening of the interval is, however, appar-
ent in case of the M-diagram of Fig. 4, while in case of the strongly peaked
distribution of Fig. 3 the abscissae had to be extended five times in order to
illustrate them as the semi-value width decreases extremely rapidly. A similar
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conclusion can be obtained for the distribution of Eq. 9 which is essentially a
Cauchy-distribution defined only for the positive values (compare Fig. 5): the
semi-value width of the /1-diagram is in case of re= 100 approximately equal
to that of the original set (/(#)), corresponding to n — 1, while the semi-value
width of the M-diagrams decrease quickly.

As a last example let us consider the Smirnov-distribution (p. 178 in
[2]). The cur\ef(x) of Fig. s shows the probability density function correspond-
ing to Eq. 10. As it can be seen from the frequency curves of Fig. s, the Smir-
nov-distribution is an asymmetric example of such distributions, where for
the averages deduced from the elements the inverse of the law of the great
numbers is valid: in case of n = 10 the abscissae had to be shortened ten times,
in case of re= 100, hundred times in order to enable some kind of illustration.
The right-hand side end-points of the semi-value widths could not be shown
either, the numbers at the dotted line indicate for this case (and for f(x), too)
the position of the right hand side endpoint of the semi-value width interval.
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The M-diagrams have an unchanged scale, and the law of great numbers is
here fulfilled: the semi-value widths decrease quickly in case of the Smirnov-
distrihution, too. These examples strongly support the theoretical considera-
tions presented in Chapter 1 on the general validity of the law of the great
numbers, if the most frequent value is chosen as the characteristic quantity of
the probability distribution. The fulfilment of this statement is independent
from the advantageous or disadvantageous properties of the averages.

3.

The M-diagrams corresponding to n = 100 in Figs 1—s approximate
apparently a “regular” shape. It should he investigated therefore, if these fre-
quency curves approximate a normal distribution.

The answer to this question can he looked for using the so-called Gaussian
net (390 and following pp. in [3]). To each abscissa the respective cumulative
frequency is plotted in percents (i.e. in how much percent of all cases is the
value of the random variable less than the abscissa value). The scale on the
ordinate corresponds to the inverse function of the standard normal distribu-
tion.

Ifnormal distribution can be supposed, the points representing the values
of the cumulative frequencies on the Gaussian net lie in the vicinity of a straight
line. In Figs 13—18 representing the M -diagrams corresponding to the cases of

Fig. 13
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Fig. 14

Fig. 15
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Figs 1—s with n — 100, the points well approximate a straight line, — conse-
quently the frequency curves approximate the normal distribution. (The
numbers in circles on these figures indicate the number of the figure to which
they refer.) To obtain numerical values, khi-square tests were carried out; the
data do not contradict on a level of significance 97.5% to the zero hypothesis.

The theoretical background of this interesting secondary result is the
following. As it has been already shown in [5], the density function f(x) can
have any properties, the distribution

g(x) = f(x) ms(x) (129)

has in all cases an expected value and a scatter; here

eo+ (M —Xf

(for definitions of eDand M see [4]). That means that if xt follows a distribution
f(x), the expressions
*i“S{Xi
i=i S{ ) (12C)
n
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as the averages from a sample with reelements of a distribution g(x) with finite
scatter, have to follow a normal distribution, if re —»00 (in the sense of the cent-
ral limit theorem). Since the M -values can be computed with the help of the

expression
n

2 X, *s(xt)
1=1

2,509

(12d)

(in the last step of an iterative program), and the sum £s(Xj) is proportional to
re (with the proportionality factor dependent on the type ofthe distribution), it
follows from the distribution of the expressions in Eq. 12c being near to a
normal distribution that the most frequent values have also a normal distri-
bution in case of re —»co. The graphical method of the control of the normality
and the numerical values obtained from the khi-square test are even in knowl-
edge of the theoretical considerations surprising, as they show that already at
not very great values of re (re= 100) the frequency curve of the M,-values
approximates rather closely the normal distribution.

REFERENCES

1. Csernyak, L.: On the most frequent value and cohesion of probability distributions. Acta
Geod. Geoph. Mont. Hung., 8(1973), 397—402.

2. Gnedenko, R. V.—Kolmogorov, A. N.:Limiting distributions of the sums of independent
random variables. Akadémiai Kiadé, Rudapest, 1951.

3. Rényi, A.: Probability theory. Tankényvkiad6, Budapest, 1954.

4. Steiner, F.: Most frequent value and cohesion of probability distributions. Acta Geod. Geoph.,
Mont. Hung., 8 (1973), 381 —396.

5. Steiner, F.: Estimated error of the most frequent value. Acta Geod. Geoph. Mont. Hung,,
15 (1980), 79-96.

6. Steiner, F.: Weighted M-adjustment. A Nehézipari M(iszaki Egyetem Idegennyelvi Kozle-
ményei, Series |, Mining (in press).

BCEOBLWAA OENCTBUTE/IbBHOCTb 3AKOHA BOJIbLWIMX YMCE/ B METOQE
YPABHNBAHWNA MO CrocobyY HAMMEHbLLUWMX BEJTMYNH

N. YEPHAK-B. XAATOW -®. WTENHEP
PE3FOME

B MHXeHepHOW MpaKTMKe (Ha faHHOM TEXHWYECKOM YPOBHE U B pamMKax BO3MOXHOCTeNA)
CTPEMSTCA AOCTMYb MOBbILLEHNS TOYHOCTU YBE/IMYEHUEM YuMCna U3MepeHWin n. OgHaKo, Ha OCHO-
BaHMW reoM3NUECcKOro onbITa yBe/IMYeH e Ymcia U3MepeHunii He BCerga ConpoBOXAaeTCsl YMeHb-
LLIEHMEM OLLUMOOK B OXKMAAEMON cTeneHWn (Mo 3akoHy 1//n). Takxxe HepeAKWI criyyai B reomsn-
YeCKOW NpaKTuKe (CM., HaNpPMMep, Kp1Bble BCTpedaemocTeli B [6]), Koraa HanpacHo yBennumnBaem
UYMCNO U3MEPEHUIA BCe PaBHO AaHHble, YpaBHEHHbIe MO CNOCOOY HavMeHbLUMX KBaapaToB UM B
camMoM MPOCTOM C/lydae MosyveHHble YCPefHEHNEM, He MPOSIBMISIOT HOPMasIbHOe pacnpejieneHme.
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MHegeHko M KonmoropoB B pa6oTe [2] HasblBalOT «3aKOpeHesbIM MpeapaccyikoM» TO
npeAcTaB/ieHWe, MO KOTOPOMY TO/IbKO HOPMaJibHOE pacrnpefesieHe MOXeM CHUTaTb NPefesibHbIM
pacnpegeneHveM. W3 aToro cpasy cnefyeT, 4TO MOXEM CMOKOWHO WCMOMb30BaTb U (hyHKLMUK
NA0THOCTU C GECKOHEYHbIMM pa3dpocaMu NS annpoKCMMUPOBAHUSI KPUBbIX BCTPeYaemMocTeit
N3MepeHHbIX Pe3ybTaToB Be/IMUMH, C/IN UCMO/b30BaHME 3TUX KPUBbIX TPebyeTcs N160 NPUHLN-
nuanbHO nnMbo dopmanbHo. (BceobLen3BecTHO, YTO B CAy4Yasix KOHEYHOro pasbpoca 06s3a-
TeNbHO MoMyvaeM HOpMasibHOE pacnpefenieHre Kak npeaenbHoe pacrpegeneHue).

PacnpegeneHusi ¢ 6eCKOHeYHbIM PasbpocoM MOTYT 6bITb PasHOOGpasHbIMUK. [11s HeKOTo-
pbIX M3 HUX He BbIMNOMHSETCA 06blYHAs hopMa 3aKoHa 6O/bLLINX YUCEN: [OBEpUTE/NbHbIE UHTEpP-
Ba/lbl CPEAHMNX 3HAYEHWI BbIUYMC/IEHHbIX U3 n JaHHbIX HE YMEHbLUAKTCS ¢ pocToM n. Mccnegosa-
HMe c/lyyaeB, paccMaTpvBaeMbIX B 3TOW pa6oTe, MOKa3bIBAET, 4T0 TOYHOCTbH HauBonee 4acTbix
BEIMUYMH B Ka>X /oM cny4yae yBenumymsaeTcs c poctom n, T. €. U pacrlpe,qeneHVle y,qOBﬂeTBOpﬂIO-
Lee 06bIYHOMY (DOPMMPOBAHMIO 3aKOHA GOMbLUMX YMCEST C NPAKTUYECKOW TOUKW 3peHust oKasa-
10Cb NIEFKO WCMOMb3yeMbIM, HE3aBUCMMO COBPEMEHHO OT TOFO, YTO A/151 MOMYYeHUs] KO/IMYecTBa
WHOPMaLUM af3KBaTHO/A TOYHOCTU YypaBHMBaHWE MO MaTEMaTMYeCKOMY OXWAaHWK (MeTOA
HaUMeHbLLWX KBaApaToB) Yy 3TUX pacnpefeneHnid, KOHEUHO, HENPUIOAHO.
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RECENT RESULTS CONCERNING THE INVESTIGATION
OF THE RELATION BETWEEN THE LEVEL OF
ATMOSPHERIC RADIO NOISE AND
FORBUSH-DECREASE

G. SATORI

GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE
OF THE HUNGARIAN ACADEMY OF SCIENCES, SOPRON

[Manuscript received March 28, 1980]

The effect of Forbush-decrease on the lower ionosphere has been quantitatively studied
by means of the theory of VLF electromagnetic wave propagation and of atmospheric radio
noise level recorded at 5 kHz in Panska Ves (Jlw = 50.41° N, gm = 97.59° E). The computed and
measured effects of Forbush-decrease show a good agreement. The changes of computed atte-
nuation and of atmospheric noise level are more characteristic at 5 kHz, than at 27 kHz.

1. Introduction

It has been shown in two previous papers that during Forbush-decreases
the level of atmospheric radio noise decreases, if the shock wave, modulating
the galactic cosmic ray particles, misses the Earth, and that it increases in
case of geomagnetically active flares [1, 2]. It has been also found that the
influence of Forbush-decreases increases gradually with decreasing frequency
in the YLF band. The measured effects of Forbush-decreases have been com-
pared with the results of theoretical computations [2]. At 5 kHz the theoreti-
cal computations preceded the investigation of atmospheric radio noise level
connected with Forbush-decreases.

2. Method of analysis

The interpretation of the effect of Forbush-decreases in the lower iono-
sphere may be divided into three steps [2]:

a) Computation of ionization caused by galactic cosmic rays.

6) Calculation of electron density from ionization profiles.

c) Attenuation of YLF electromagnetic waves in the Earth-ionosphere
waveguide.

At first the influence of the geomagnetic field was not considered in the
computation of attenuation. In this study we used an inhomogeneous anisotro-
pic ionosphere model. The calculations were made specially for the cases of
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east-west, west-east propagation, as well as for north-south, south-north direc-
tions.
The attenuation may be obtained from the following expression [3, 4]:

L= —s686 *Ke*Im Sn [dB/Mm]
where

y Ghla)~ (2u—5)ass - (2kaj3) (2hjaf  2kh

Im Sn—a
2[2k2ha + (0/4) (2/ila)-1]

feis the wave number, h is the height of the Earth-ionosphere waveguide, a is
the radius ofthe Earth, nisthe number of modes, ais also acomplicated expres-
sion, which is the function of the plasma frequency, the effective collision fre-
quency, the gyro frequency and naturally the frequency of the propagating
electromagnetic wave. The geomagnetic field affects the propagation by the
gyro frequency depending on the direction of propagation of the electromagne-
tic wave.

3. Results

The attenuation was computed for a given geomagnetic latitude (Am =
= 54.36°) in case of different directions (north-south, south-north and east-
west, west-east) of propagation (Fig. 1). The similarity of the curves A (iso-
tropical case) in A1 (north-south, south-north propagation) indicates that in
this case the attenuation of the dominant mode is not appreciably affected by
the presence of a magnetic field. The attenuation in case of propagation from
east-to-west (curve A2) is larger than in case of propagation from west-to-east
(curve A3) and the influence of the geomagnetic field is more effective, than in

Fig. 1. Attenuation as a function of frequency at 54.36° geomagnetic latitude, in case of
undisturbed, isotropical (curve A) and anisotropical (curves Al, A2, A3) ionosphere models,
computed for the dominant (n = 1) mode
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the Al case. Fig. 2 shows the change of the attenuation due to the influence of
Forbush-decrease in different directions of propagation. It can be seen that the
change of attenuation in case of the same Forbush-decrease is smallest for
east-west propagation (curve A2p), altough the absolute value of attenuation
is in this case largest (see Fig. 1). Generally, the attenuation decreases with
increasing height of the Earth-ionosphere waveguide (Fig. 3).

The attenuation was computed in the 4—30 kHz VLF band for the geo-
magnetic latitude of Panska Yes for undisturbed condition and in case of
Forbush-decreases in January and in July, assuming day-time, south-north
waveguide propagation.

According to the theoretical computations the change of the attenuation
at 5kHz is 4—s dB/Mm in case of a strong Forbush-decrease but no geomagne-
tic storm at the geomagnetic latitude of Panska Ves (Fig. 4). In case of both
Forbush-decrease and geomagnetic storm, the computed attenuation differs
only slightly from the undisturbed value. Namely the attenuation depends also
on the decrease of the cut-off rigidity at the given geomagnetic latitude.

Fig. 2. Change of the attenuation in the dominant (rt = 1) mode, as a function of frequency,
at 54.36° geomagnetic latitude in case of Forbush-decrease, but no geomagnetic storm, deter-
mined for isotropical (curve Ag) and anisotropical (curves A 1a, A2a. A3pa) ionosphere models

Fig. 3. Attenuation as a function of frequency at 54.36° geomagnetic latitude calculated for
an undisturbed, anisotropical (south-north propagation) ionosphere, and different height of
the waveguide
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Fig. 4. Attenuation as a function of frequency in the dominant (re = 1) mode, in different

seasons (January, July) at 50.41° geomagnetic latitude, referring to an undisturbed, aniso-

tropical (south-north propagation) ionosphere model (curve A) and to a case of Forbush-
decrease, but no geomagnetic storm (curve B)

4. The comparison of theoretical results with the level of atmospheric radio noise,
measured at 5 kHz

Using the superposed epoch method with the days of occurrence of flares
(3B, 2B) as key days, the following results were obtained at 5 kHz measured
in Panska Yes.

If the flares were followed only by Forbush-decrease, the level of atmos-
pheric radio noise decreased at 5kHz, both day (08—12 h) and night (20—24 h),
even more, than the simultaneously recorded level at 27 kHz (Fig. 5). (The
mean error is ~0.6—0.8 dB at the different days.) It may be supposed that the
source-region of radio noise is situated day-time 1—2 Mm to the south-direc-
tion from the receiver site. The fall of the radio noise-level corresponds theoreti-
cally to the rise of the attenuation and inversely. Thus, it can be seen that the
theoretically determined change of attenuation of YLF electromagnetic
waves (4—s dB/Mm) is in accordance wdth the measured variation of the
atmospheric noise-level (*> 4 dB).

It must be noted that the electromagnetic waves, producing the night-
atmospheric noise-level in Panska Ves, originate from distances of 2—10 Mm
and propagate in west and south-west directions depending on the season,
partly from the day-side of the Earth. The height of the Earth-ionosphere
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Fig. 5. Four hourly averages of neutron monitor data and that of the deviations from the
monthly median of the noise level recorded in Panska Ves, at 27 kHz and 5 kHz before and
after flares (Upper part night-time, lower part day-time, number of cases: 11)

waveguide changes during the propagation, therefore the theoretical interpre-
tation becomes fairly complicated.

The reflection height (the height of the Earth-ionosphere waveguide) is
lower, therefore the attenuation is larger theoretically too for 5 kHz, than at
27 kHz. Since the influence of Forbush-deerease is more effective below 70 km,
the change of attenuation is also larger for 5 kHz, than at the higher frequencies
of the VLF band. Consequently, the propagation parameters at the lower
frequencies of electromagnetic waves of the YLF band are more sensitive both
to geometrical and to physical properties of the Earth-ionosphere waveguide.
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HOBbIE PE3YJ/IbTATbl NCCJIEAOBAHNA CBA3IN MEXAY MHTEHCUBHOCTbLIO
ATMOC®EPHOIO PAANOLLUYMA U ®OPBYLU-MOHMNXEHNA

. WATOPU

PE3IOME

BnusiHne ®opbywl-noHMKEHNSA Ha HWKHE MOHOC(epe KOMYECTBEHHO MCCef0Banoch
npy NOomoLWKn pacnpocTpaHeHnss Y HY 3neKTpOMarHUTHbIX BOIH M aTMOCepHOro paavollyma,
M3MepPEeHHOro Ha vactote 5 Kry, B MaHckaBec ()t = 50,41° N, gr = 97,59° E). BbluncneHHble
1 M3MepeHHble 3heKTbl P opOYLL-MOHUXEHMS XOPOLLO COrlacytoTcs. M3MeHeHMs BbIYUCIEHHOMO
3aTyXaHus M UHTEHCMBHOCTM aTMOC(epHOro paguollyma 6onee xapakTepHbl Ha 5 Kruy, 4em Ha
27 Kru,.
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STATISTISCHE ZUSAMMENHANGE ZWISCHEN
ELEKTRISCHER LEITFAHIGKEITSVERTEILUNG
UND BRUCHTEKTONIK IN TRANSDANUBIEN
(WESTUNGARN)

A. ADAM
GEODATISCHES UND GEOPHYSIKALISCHES FORSCHUNGSINSTITUT
DER UNGARISCHEN AKADEMIE DER WISSENSCHAFTEN, SOPRON

[Eingegangen am 5. April 1980]

Die Abhandlung geht auf die Verteilung der elektrischen Leitfahigkeit in Bereichen von
Bruchzonen ein. Im besonderen wird die Leitfahigkeitsanomalie von Transdanubien behandelt.

Bei den &uBerst verdnderlichen geologischen und topographischen Verhdaltnissen werden
vom Verfasser vorerst die die verzerrungsfreien Informationen liefernden magnetotellurischen
Sondierungskurven (MTS) mit statistischen Methoden untersucht. Er stellt fest, daB die pmin
Kurven die wahrscheinlicheren Parameter fiir die gutleitenden Zonen liefern. Aus dieser Eigen-
schaft, sowie aus dem Zusammenhang der Anisotropie der Leitfahigkeitsverteilung mit der
linearen Tektonik des Gebietes wurde die Folgerung gezogen, daRB die transdanubische Leitfahig-

keits-Anomalie mit den, wéhrend dem alpinen Gebirgsbildungs-Zyklus entstandenen Bruch-
systemen verbunden ist.

Einleitung

Die tektonische Karte des NW-Teiles von Transdanubien (Abb. 1),
sowie die Formations-Karte des Beckenuntergrundes von groBer Dichte und
groRem spezifischen Widerstand (Abb. 2) weisen auf die starke tektonische
Gliederung des Gebietes hin. Es kdnnen wichtige Lineamente (z. B. Raba-Linie,
Balaton-Linie) riftartige Grédben (Mdrer-Graben) und mosaikartige Blécke
(»basin and rédnge« Struktur) unterschieden werden.

An Hand des geodynamischen Entwicklungs-Modells des Gebietes, nach
Stegena et al. [10] wurde das Gebiet in der letzten Phase der Entwicklung,
im Pliozdn einer starken Zug-Belastung ausgesetzt, ein GrofBteil der Briche
O6ffnete sich. Aufgrund der Zugspannung entstand im Plioz&dn und Pleistozan
Basalt-Vulkanismus. Die Blockgrenzen sind zum grdBten Teil heute noch ge-
lockert. In Zusammenhang mit der Tektonik des Gebietes weisen unter anderen
Bauxitvorkommen auf die schwachen Zonen hin.

Die Haupt-Bruchrichtungen sind laut Balta [5] die folgenden:

— Richtung der Alpen-Struktur O-NO

— Richtung der varistiden Briche N-NW

— Richtung der prévaristiden Briiche O-SO

— Bruchrichtung des Rheines N-NO.

Ein Teil dieser trat im Laufe von mehreren tektonischen Zyklen wieder auf.
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/™MAufschiebungen  x ° Verwerfungen Bride

Abb. 1. Tektonische Karte des NW-Teiles von Transdanubien

Von den physikalischen Eigenschaften der Briiche von NW Transdanu-
bien wurde in letzter Zeit die Verteilung der elektrischen Leitfahigkeit einge-
hend untersucht. Die Anregung hierfliir kam teilweise aus der Literatur, welche
Uber eine bedeutende Verstarkung der Leitfdhigkeit entlang mehreren erstran-
gigen tektonischen Linien spricht. Solche Anomalien konnten an beinahe s&émt-
lichen groBtektonischen Einheiten beobachtet werden (z. B. die Karpaten-
Anomalie, die Anomalie der Tafelgebiete (Bajkal Rift Zone) und des kristallinen
Schildes (Kirovograd-Anomalie am Ukrainischen-Schild)). Die elektromagne-
tische Induktionsforschung in Ungarn konnte auch eine von den Ldngsbrichen
des Karpaten-Beckens herrithrende regionale magnetotellurische Anisotropie
feststellen [2]. Dies weist auf eine allgemeine Anwendbarkeit der Anisotropie-
Untersuchungen auch in der spreading-Forschung zur Bestimmung der Plat-
tenrdnder und transform-faults hin [9].

Uber die Blockgrenzen (»schwachen Zonen«) schreibt Olszak [8]: »Eine
Zone relativ hoher seismischer, magnetischer (basischer) und geothermischer
Aktivitat, die von tiefen Stérungszonen begleitet und begrenzt wird, und in der
sich intensivere vertikale Krustenbewegungen abspielen«. Diese Feststellung
mull also damit ergdnzt werden, dall die Bruchzonen auch durch eine groRe
elektrische Leitfadhigkeit charakterisiert werden kénnen. Die Ursache ist einer-
seits im oberen Krustenbereich mit Elektrolyt-haltigem, zerkluftetem oder mit
erzfihrendem, graphithaltigem Gestein zu suchen. Andererseits steht in den
tieferen Krustenteilen das Erscheinen der Leitfahigkeitsanomalie mit der geo-
thermischen Anomalie, u. zw. mit dem konvektiven WarmefluB in Zusammen-
hang (ev. Schmelzung).
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O Messpunkt O Ortschaft

Abb. 2. Formationskarte des Beckenuntergrundes des gcoelektrischen Anomalie-Gebhietes

2. Forschungsmethoden

Zur Zeit wird die rdumliche Verteilung der elektrischen spezifischen Leitfahigkeit (o)
bzw. des Widerstandes (p) in der Erdkruste und im oberen Erdmantel, d.h. bis zu groen Tiefen
am haufigsten mit magnetotellurischer (MTS) bzw. geomagnetischer Sondierung (GDS) unter-
sucht. (Siehe in zahlreichen monographischen Arbeiten, z.B. [1].) Die Grundlage beider elektro-
magnetischer Induktionsmethoden ist der »Skin-Effekt«, wonach die Emdringungstiefe des
elektromagnetischen Feldes in einem Medium von dessen spezifischem W iderstand und von der
Periode der Feldadndcrung abhéangt:

plkml = 27 V10 elii m Tis] » 0)

So erhalten wir bis zur obigen Tiefe (p) Informationen iber die p-Verteilung bei einer elektro-
magnetischen Variation von Periode T. Das natiirliche elektromagnetische Feld der Erde liefert
in weiten Spektren die Felddnderungen zu diesen Untersuchungen.

Bei der magnetotellurischen Sondierung werden von dem Zusammenhang zwischen den
geomagnetischen (I1) und tellurischcn Felddnderungen (E)
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E={Z}H @)

die Elemente des Impedanztensors Z und von diesen die extremen Werte des spezifischen
W iderstandes berechnet:

eCOx = 02T (if 0.2 T Z¥ymax (T) . 3)

min

W erden die Werte g im Koordinatensystem g — YT dargestellt, erhalten wir die MT Sondie-
rungskurve (MTS). Das Polardiagram Zxy(a) gibt die Richtung der Extremwerte des spezifischen

W iderstandes, und der Koeffizient der horizontalen Anisotropie 14 = - max| kann auch berech-
\% ?min J

net werden. Die Tiefendnderung der Anisotropie kann auch in Funktion der Periode ermittelt

werden.

Im Falle eines horizontal geschichteten Halbraumes hat der spezifische Widerstand keine
Anisotropie. Bei zweidimensionalen, d. h. bei ausgedehnten zylindrischen Strukturen zeigen die
Richtungen der Extremwerte von g in Streich-, bzw. Fall-Richtung. Wird zur Berechnung von
q die mit der Streichrichtung parallele tellurische Komponente (E) angewendet, so handelt es
sich um eine Polarisation E. Die den beiden Polarisationen entsprechenden Sondierungskurven
geben spezielle Informationen, falls die in Abb. 3 dargestellte mit Ablagerungen bedeckte
Beckensohle groRen Widerstandes zweidimensionale Anderungen aufweist.

9i S

S2»Si
93 =0

(92» 0)

Abb. 3. Schichtenmodell mit verdnderlicher Tiefe des hochohmigen Untergrundes zur Erklarung
des S-Effektes

Die Kurve von Polarisation E charakterisiert die Parameter des gutleitenden Grundes
(g3 — 0) (ev. Schicht) wesentlich genauer, als die der H-Polarisation. Die letztere gibt aber die

horizontale Leitfahigkeit der obersten Schicht (z.B. der Ablagerung) = —j meistens mit

einer kleineren Verzerrung an, als die Sondierungskurve von Polarisation E. Die Sondierungs-
kurve von Polarisation H verzerrt die Tiefe des gutleitenden Grundes (h) in Abhéangigkeit von
S, [6]. Werden also die von den Sondierungskurven von Polarisation H berechneten’/:-Werte in
Funktion der horizontalen Leitfadhigkeit der obersten Schicht (Sj) dargestellt, so erhalten wir
irgendeinen linearen Zusammenhang. Dies ist mit der FeldVerzerrung verbunden, und drickt
keinen tatsdchlichen geologischen Zusammenhang aus. Diese Verzerrung wird S-Effekt genannt.

Die charakteristischen, mit der Achse T einen Winkel von * 63.5° einschlieRenden
Asymptoten der MTS Kurven, die sog. S-und /i-Linien kénnen zur Bestimmung der hori-
zontalen Leitfahigkeit der gutleitenden Schicht (S), bzw. der Tiefe (h) unmittelbar angewendet
werden.

Die am héufigsten angewendete Methode der geomagnetischen Sondierung ist mit dem
Namen eines deutschen Wissenschaftlers, Wiese verbunden. Der nach ihm benannte Wiese-
Induktions-Pfeil, oder »Vektor« kann aus der Ubertragungsfunktion (w{r) des Zusammen-
hanges

Z(T) = Cz(T) Hn(T) (4)

m it einer einfachen graphischen Methode bestimmt werden. Der Wiese-Pfeil weist in Richtung
der Formationen groReren Widerstandes hin (im Gegensatz zu dem, von einem &hnlichen Zu-
sammenhang abgeleiteten sog. Parkinson-Vektor).

Die obigen Ausfiihrungen sollen keine vollstindige methodische Einleitung geben, son-
dern nur zum besseren Verstdndnis der MeRergebnisse beitragen.
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3. Die Verzerrungen der magnetotellurischen Sondierungskurven
und die Auswahl der Sondierungskurven der E-Polarisation

Die Méchtigkeit des oberflaichennahen Sedimentes betrdgt in Transda-
nubien und am Rande des Ungarischen Mittelgebirges von einigen m bis einige
km (Abb. 4). Dementsprechend ist die Verzerrung der MTS Kurven grof
(S-Effekt). Berdichevsky und Dmitriev [6] bewiesen fiur den gutleitenden
Grund analytisch, Tatrallyay gab aber [11] fir selbstdndige, zweidimensio-
nale gutleitende Kdérper mit paralleler Streichrichtung zur Beckensohle (z. B.
Bruchzone) mit numerischen Berechnungen Beweise, dal die Sondierungskur-
ven der Polarisation E die richtigen Parameter der gutleitenden Formation
(Grund, Schicht, zweidimensionaler Kdérper) liefern. Im Falle von schmalen
Zonen hat die gmjn-Kurve immer den Charakter der F-Polarisation. Die in den
Bruchzonen vorhandenen gutleitenden Formationen erscheinen in den MT
Sondierungen auch als Schichten, falls die Dichte der Bruchzonen in Verhdlt-
nis zur Eindringungstiefe des elektromagnetischen Feldes groB ist (Abb. 5).

Die Austvahl der Sondierungskurven der Polarisation E erfolgt in Kennt-
nis der Streichrichtung der Beckensohle. Obwohl die regionale Streichrichtung

| Mazn wikanische Gesteire 0 D20 D 4 Dkm
1 1 ud Sdinene 1171 1<
GesteirePQQoat foS| Pramesozoischer Kanpex

Bty e Geke || Bgppgere

Abb. 4. Schematisches geologisches Profil des Pannonischen Beckens nach Wein [13]. Es wurde
vereinfacht von Boccaletti ei al. [7]

Abb. 5. Dicht nebeneinander liegende und mit gutleitendem Material erfiilite Bruchzonen
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der geologischen Formationen in Transdanubien bekannt ist, kann die Streich-
richtung der kleinen Teilbecken unter den MeBpunkten bedeutendere Abwei-
chungen aufweisen (z. B. im Bakony Gebirge). Die Bestimmung der, der
Streichrichtung entsprechenden Sondierungskurve erfordert daher eine néhere
geologische Erkundung des MeRgebietes. Im Falle von gutleitenden Kd&rpern
(z. B. Bruchzonen) ist es auch fraglich, ob ihre Streichrichtung mit der des
Beckengrundes Ubereinstimmt, und ob man diese als zweidimensionale betrach-
ten kann. Es sei auch bemerkt, dal die sog. »epizentralen« Sondierungskurven
bei den gutleitenden Kdérpern die richtige Tiefe angeben.

Die unmittelbare L6sung der Auswahl der Polarisation schien unmdglich
zu sein. Aufgrund der Verzerrungstheorie des S-Effektes wurde eine indirekte
statistische Losung gesucht. Als Kriterium der Unterscheidung der Sondie-
rungskurven von E- und H-Polarisation wurde der Zusammenhang zwischen
den, von den Sondierungskurven abgeleiteten Parametern der gutleitenden
Formationen (z. B. Tiefe, horizontale Leitfdhigkeit) und den Parametern der,
die Verzerrung verursachenden oberflaichennahen Sedimenten betrachtet
(z. B. S*). Die Daten der Sondierungskurve der Polarisation E sind, wie bereits
erwédhnt, davon unabhdngig.

Die folgenden statistischen Zusammenh&nge beweisen eindeutig, daB die
grain Kurven der Polarisation E entsprechen:

Die abnehmenden Aste der gmin Kurven, die aus einem MeRprofil dber
das ndrdliche Vorgebiet des Bakonys, die mezozoischen Oberflichen-Karbo-
nate des Bakonys und das Balaton-Gebiet gewonnen wurden, bilden mit den
sog. »h« Tiefenlinien des g(J/rT) Diagrammes ein anndhernd paralleles und
enges Biundel. Die Lage des abnehmenden Astes der gmax Kurven ist aber von
den W iderstandsverhdltnissen der obersten Strukturen abh&ngig (Siehe Abb.
6 und 7).

Die aus den gmax Kurven bestimmten Tiefenwerte der gutleitenden
»Schicht« (hgmax) zeigen den verschiedenen geologischen Formationen entspre-
chende Haufigkeits-Spitzen. Im Falle der gmin Kurven konnte dies nicht be-
obachtet werden (Siehe Abb. s und 9).

Die Werte gmax zeigen mit der horizontalen Leitfahigkeit der Oberfla-
chenschicht (SX) folgenden, auf der Verzerrungstheorie beruhenden linearen
Zusammenhang (Abb. 10):

V kr= -0,04 s[@-1]1+ 28.3. (5)

«max rag;

Demgegeniber ist die Abhdngigkeit der hQia W erte von bedeutend Kleiner

(Abb. 11):
fa= —06 «10*Skma+ 91 . ©

Aufgrund der GI. (5) und (s) sollte zwischen den aus den gmin und gmax Kurven
berechneten Tiefenwerten ein Zusammenhang bestehen. Die Verbindung ist
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Abb. 6. gmjn Kurven aus dem Gebiet der Transdanubischen Leitfdhigkeitsanomalie

durch die Regressions-Geraden der Abb. 12 bzw. deren Gleichungen gegeben,

wonach hQ_ nur in geringem MalBe in die Berechnung von ha, eingeht;, z. B.
im Falle von = 0—20 R _1

omin 0,04 hpTax + 1.8 (?)

Auch die Verteilung der horizontalen Leitfdhigkeit der gutleitenden
»Schicht« zeigt charakteristische Eigenschaften im Falle der Kurve gmj, bzw.
gmax in Abhé&ngigkeit von der Tiefe. Wéahrend die von den gmin Kurven berech-
neten Smax Werte ausgeprédgte Maxima in beiden wichtigeren Tiefenbereichen
haben, vermindern sich die von der Kurve pmax berechneten Werte Smjn mit
der Tiefe exponentiell. In Abb. 13 wurden die S-Maxima mit der Wahrschein-
lichkeits-Verteilungsfunktion der Form S = a e-AAh‘ angenéhert. Laut Abb. 14
nimmt im Falle der Kurven pmax der Zusammenhang S(h) die folgende Form
an:

= 914,8¢e
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Abb. 7. omax Kurven aus dem Gebiet der Transdanubischen Leitfahigkeitsanomalie

Abb. 8. Héaufigkeitsverteilung der aus den £max Kurven bestimmten Tiefenwerte (J1Mwax)der
gutleitenden Schicht
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Abb. 9. Haufigkeitsverteilung der aus den £mjn Kurven bestimmten Tiefenwerte (hQmn) der
gutleitenden Schicht

Abb. 10. Zusammenhang zwischen den hQmw& Werten und der horizontalen Leitfahigkeit[(Sj)
des oberflachlichen Sedimentes

Abb. 11. Zusammenhang zwischen den hQmrin Werten und der horizontalen Leitfahigkeit (S,)
des oberflachlichen Sedimentes
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Abb. 12. Zusammenhang zwischen hBmaund hnajx W erten

S¢minfir)'Smox

15- «103

0 Mediane

Abb. 13. Die Verteilung der aufgrund der om;n Kurven bestimmten horizontalen Leitfahigkeit
Smax 'n Abhédngigkeit von der Tiefe hBmu
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Abb. 14. Die Verteilung der aufgrund der pmax Kurven bestimmten horizontalen Leitfadhigkeit
Smijn in Abhéngigkeit von der Tiefe fo(rex

4. Die Wirkung der Bruchtektonik auf die Leitfadhigkeitsverteilung

Das unterschiedliche Verhalten der gmax und gmjn Kurven beweist —
unserer Meinung nach —, daR

1. die gutleitenden Zenen an die linearen Bruchzonen gebunden sind,
deren Streichen die Richtung der gmjn bestimmt,

2. die gutleitenden Formationen jenen Btlichen angehdren, welche in
der Ausgestaltung der Beckenstruktur eine bedeutende Rolle spielen, d. h.
von diesen Briichen werden auch die Blocke begrenzt.

Nur wenn dies gilt, représentieren die pmjn Kurven in statistisch Uberwiegen-
der Mehrzahl die JS-Polarisation, d. h. wenn die Streichlinien der Briiche, sowie
Blocke und der Becken parallel sind.

Zur weiteren Untersuchung dieser linearen Tektonik kann eine Variante
der elektrischen Anisotropie als charakteristische GroRe gewdhlt werden, nédm -
lich der aufgrund der Kurven gmin und gmax berechnete Quotient der horizon-
talen Leitfahigkeit (S) der gutleitenden Formation (:Smax/Smjn Wert = S-
Anisotropie).

Abb. 15 zeigt unsere Smax [10s [2-1] Karte. In Abb. 16 ist die Karte der
Werte Smax/Smi,,und der Richtung der Impedanz Zxymex dargestellt. Aus dem
Vergleich der beiden Karten kann festgestellt werden — siehe die unterstri-
chenen Werte —, dall im Zweidrittel der Falle die grofRten Smax W erte mit den
groflten S-Anisotropie-Werten verbunden sind.

Die Gultigkeit dieses Zusammenhanges wurde auch an der gesamten
Datenmenge untersucht. Die S-Werte wurden als Funktion der S-Anisotropie
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Geree zwischen Palaozoikumund Mesozoikum

Abb. 15. Die Verteilung der S (1038 _1) Werte auf dem Gebiet der Anomalie

in Abb. 17 dargestellt und durch eine Regressions-Gerade angendhert. (Fur
kleinere S-Anisotropie-Werte wurde eine etwas abweichende Beziehung gefun-
den. Die Abweichung der beiden Regressions-Geraden kann durch die grofRe
Streuung der groferen S-Anisotropie-Werte erkldrt werden.)

Die GroRRe der horizontalen Leitfahigkeit in Streichrichtung Smax h&ngt
also im wesentlichen vom Charakter der linearen Tektonik ab.
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N66. 16. Karte der Richtungen von Zxymax Impedanz mit den Smax’Smjn Anisotropie-W erten

Die gemeinsame Karte der Richtung der Impedanz Zxymax und der S-
Anisotropie geben Mdéglichkeit zur Untersuchung, in welchen Zxymax Richtungen
die maximale S-Anisotropie der gutleitenden Zone erscheint. Es kann festge-
stellt werden, dal hei 70% der unterstrichenen Smax/Smjn ]> 10 Werte die
Richtung von Zxymax zwischen N und NW Richtung, d. h. rechtwinkelig zu den
Langsbriichen des Pannonischen Reckens liegt (siehe hei Ralla [5] die Rieh-
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Abb. 17. Zusammenhang zwischen Smax/Smjn Anisotropie-Werten und Smax-W erten

tung der Alpen-Struktur). Die gutleitende Formation ist also in diesen Briichen
stark ausgeprégt. Dies steht in Einklang mit der fiir das Pannonische Becken
abgeleiteten regionalen magnetotellurischen Anisotropie [2].

Der Zusammenhang zwischen transdanubischer Leitfdhigkeitsanomalie
und der Tektonik wird auch durch den festgestellten Zusammenhang zwischen
der Seismizitdt der Bruchzonen und den Tiefen der gutleitenden Zonen unter-
strichen. Mit diesem Problemkreis befaBten wir uns in einer eigenen Studie [4].

5. Geographische und geologische Lage der Leitfahigkeitsanomalie
in Transdanubien

Es folgt zwar aus der »regionalen magnetotellurischen Anisotropie«, daf
die Tektonik des ganzen Pannonischen Beckens durch eine eigenartige elektri-
sche Leitfahigkeitsverteilung charakterisiert wird; im NW-Teil von Trans-
danubien, hauptsdchlich im Gebiete des Bakony Gebirges, wurde eine wesent-
liche Verstarkung dieses Effektes festgestellt. Der Grund hierfiir scheint —
wie bereits erwdhnt — in geologischen, geochemischen und auch in geothermi-
schen Faktoren zu liegen. Abb. 18 zeigt deutlich die NW-Grenze der Anomalie
an der Grenze der mesozoischen und paldozoischen Beckensohle. Am N-Rand
des Balatons liegt die Grenze der Anomalie ebenfalls beim AusbiR der paldo-
zoischen Formation. In NW kann die Auskeilung mit der tektonischen Haupt-
linie des Flusses Raba in Zusammenhang gebracht werden.

In Abb. 18 sind auBer den MelRpunkten noch die aufgrund der ptr,nKur-
ven berechneten Tiefenwerte zu sehen. Die Isolinie von 10 km teilt das Gebiet
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Grerze 2nischen Paldozoikum und Mesazoikum
Abb. 18. Tiefenstruktur der gutleitenden »Schicht«

grob in einen NW- bzw. SO-Teil. Man kann etwa dieselben Anomaliestreifen
in der Karte der Wiese-schen Induktions-Pfeile beobachten, die aus Variatio-
nen mit > 20 sec bestimmt wurden [4, 12] (Abb. 19). Verzerrt die S-Wirkung
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Abb. 19. Induktionspfeile nach Wiese auf dem Anomalie-Gebiet bestimmt von den Variationen
mit der Periode von T ]> 20 Min

sogar die aus den gmin Werten berechneten Tiefen (siehe Zusammenhang s),
so mufl aufgrund der gemeinsamen Interpretation der MT Sondierung und der
GDS trotzdem eine Vertiefung von einigen km im SO-Teil der Anomalie ange-
nommen werden. Die Ursache dieser Erscheinung wird im spdteren ndher
untersucht.

6. SchluBfolgerung

In den offenen Briichen von Transdanubien ist in einer Tiefe von einigen
km eine bedeutende Zunahme der Leitfahigkeit feststellbar, wie dies auch durch
die statistische Aufarbeitung der elektromagnetischen Sondierungen bewiesen
wurde. Das Auftreten der Leitfdhigkeitsanomalie ist mit dem Vorkommen von
mesozoischen Oberflachen-Karbonaten (Trias Kalkstein, Hauptdolomit) ver-
bunden, sie entsteht aber nicht in diesen, sondern darunter, vermutlich in den
paldozoischen Schichten. Zur Zeit sind bezliglich der Materie der gutleitenden
Zone nur Annahmen mdglich. Es gibt zweierlei Vorstellungen: Die Leiter sind
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Graphit-Floze, oder es liegt eine Anreicherung von Elektrolyten vor. Diese
Teilfragen erfordern weitere Untersuchungen (Bohrungen).

Die Folgerung aus den besprochenen Ergebnissen ist, dal fir die Be-
schreibung und Charakterisierung der tektonischen Linien eine Prifung der
elektrischen Eigenschaften von groBem Vorteil ist.
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CTATUCTUYECKME 3ABVCVMOCTW MEXIY PACMPEAENEHVEM
3NEKTPUUYECKOM MPOBOAVMMOCTMN N TEKTOHWKOW PA3/IOMOB HA
3AAYHANCKOM KPAE

A. AIAM
PE3IOME

ABTOp McCNefyeT pacnpefeneHne a/eKTPUUEcKoii NpoBoAYMOCTM B 3adyHalicKux pas-
nomax (BeHrpusi), Ha TepPUTOPUSIX KOTOPbIX B MOCNEAHWUE FOfbl MarHUTOTENYPUUECKUMM 30H-
[AVPOBaHMSIMU 06HAPYXKNIN 6OMbLLYIO FE03/1EKTPUYECKYIO aHOMANVIO.

B nepBylo o4epesib aBTOP MOSICHSAET NPo6/ieMbl MarHUTOTeNNypUYecKoro Metoga. Mocne
3TOr0, Ha OCHOBaHWM CBSI3M HanpaBfeHUsi Pa3/IOMOB W aHW30TPOMUK SNMEKTPUUECKO MPOBOAW-
MOCTM, MPUXOAUT K BbIBOAY, UTO re0aneKTpuyeckasi aHOMasMsi HaXoAMTCSl B CU/IbHOM CBS3W C
pasnomamu, 06pasoBaHHbIMM BCAEACTBUMN albMMIACKOr0 OPOreHHOro LMKna.
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CONNECTION BETWEEN THE GAS CONTENT AND
STRENGTH OF ROCKS EXPOSED TO GAS OUTBURST
DANGER

F. KOVACS

TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC

[Manuscript received October 26, 1978]

The study analyses data from gas outbursts in the Mecsek Region (Hungary) and from
the technical literature. Based upon this analysis the influence of porosity, gas content, gas
pressure and rock strength upon the gas outburst danger is investigated. It is proved that these
natural parameters have a decisive role in provoking outbursts.

An active tectonical structure and metamorphosis promote the comminution of coal,
increase gas evaporation and produce greater gas content. The increase of pore volume and pore
pressure reduces the strength of the coal layer and encourages deterioration. W ith increasing
depth and rock stress, respectively, the pore volume and permeability decrease, thus increasing
the danger of gas outburst.

Investigation of the properties of sandstones, being particularly susceptible to outbursts,
shows that in the dangerous areas porosity is twice as great while rock strength only half that
found in the nondangerous areas. Gas content and gas pressure decrease the strength of sand-
stones, encourage deterioration and hence increase the gas outburst danger.

As the strength of the coal layer increases, the average gas content decreases, thus reduc-
ing the risk of deterioration. A manifold of the average gas content is needed to produce out-
bursts.

Development of methods of protection against gas outbursts has relied
upon experience of outbursts and statistical analysis ofthe data. The increasing
danger of working at greater depths and the need for further development of
protection methods demand a thorough investigation of outburst phenomena
based on theoretical principles. It is necessary to determine the cause of unex-
pected rock and gas outbursts and the physical, mechanical and geological
conditions leading to them.

A complex investigation of these problems requires an analysis of the
load assumption and interaction of the rock-gas dual system. Results of such
theoretical studies are reported in [1] and [2], where the load assumption of
the rock-gas system, problems of the pillar effect and deterioration and the
influence of various rock parameters (porosity, strength) are all investigated
in order to determine the cause of gas outbursts.

The author of [1] and [2] took into account the fact that with increasing
depth the gas content of the layers and the rock temperature increase while
pore volume and gas permeability decrease. Eventually, the pore gas pressure
increases. The mechanical consequences of the pillar effect and the protection
seam working method and their controversial effects on the rock-gas system
have also been studies in great details. Important discoveries have been made
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concerning the conditions leading to gas outbursts derived from a thorough
analysis of stress, deformation and deterioration. The role of pore gas pressure
and strength, and, similarly, the effect of pore volume on the outburst danger
have been emphasized.

The most important conclusions of Somosvari’s studies [1, 2] concerning
the latter parameters are as follows. Pore gas pressure and coal strength have
a basic role in the outbursts. Gas content of the layer and the pore pressure
reduce strength to a major extent. If this effect exceeds that of the load relief
by gas pressure, the state of stress comes closer to deterioration. Following a
specific decrease in volume, the process of deterioration is accelerated or, in
certain cases, it proceeds as an explosion. In creating the conditions of deterio-
ration, the initial void ratio (porosity), pore gas pressure, the uniaxial compres-
sive strength and Young’s modulus play a determinant role. The initial void
ratio has an essential influence on the rate of change of the gas pressure and
the effective stress due to loading and compression. A smaller void ratio brings
about a greater increase in gas pressure when the load is increased. Thus there
is a greater difference between the effective stress and the total stress, and the
danger of gas outburst is increased. A decrease in void ratio or an increase in
pore pressure enlarges the outburst danger.

In connection with the above statements, another question shall now be
investigated, in particular, to what extent the results derived from theoretical
mechanical equations can be proved by data taken from the literature and sta-
tistical analysis. It should be noted that the statements of studies [1] and [2]
referring to coal, can be applied to sandstones affected by gas outburst danger.

The statistical analysis of gas outbursts in the lias region of Pécs is dealt
with in [3]. Using the data from this paper, first, the specific gas output pro-
duced by the working and the value of gas content and pore gas pressure
needed to cause deterioration or to create gas outbursts will be investigated, as
a function of depth and rock pressure. According to our hypothesis, with a
constant rock (coal) strength, an increase in the gas content or pore pressure
(partly because of its strength-reducing effect) readily creates the conditions
of deterioration. The initiation of the process only requires a slight excess load,
excess gas content or excess gas evaporation.

The result of the statistical analysis carried out for three mines of the
Pécs district are illustrated in Figs. 1to ¢. According to experience, the average
gas output cproduced by the mining operations, linearly varies with the work-
ing depth H. The specific gas outputs cx experienced in various gas outbursts
are plotted against the working depth and the average gas output in Figures.
Average values of the specific output have been calculated for each level. The
variation of the average is indicated by the line cx. Further, the ratio of the
specific gas output cx of the outbursts to the average gas output ¢ of the min-
ing operations has been determined for each level. The variation of the ratio
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Specific gas output  ¢,oqnBt]

Fig. 1. The specific gas output and the ratio cx/c as function of the working depth at Pécshanya

cxlc as a function of the working depth and the average gas output has been
established using the regression method from the data of the levels. A similar
tendency can he observed in all six Figures. If the working depth, the average
gas output and the primary pore gas pressure increase or the porosity decreases,
a smaller amount of excess gas content, excess gas pressure or excess stress is
required to initiate the deterioration of the coal seem and to bring about the
conditions of gas outbursts.

Some comments should he made regarding the determination and accu-
racy of the values ¢ and cx. Current measurements of ventilation do not yet
enable us to determine precisely the original gas content of the seems or to
separate the amount of the primary gas evaporating from the worked layer
and that of the secondary gas coming from other seams and the side rock.
Consequently, the value cis not the gas content of any single seam hut rather
an average specific gas output characteristic of the total of seams in a given
production unit. The value of c also depends on the ratio of the worked seam
thickness to the total thickness of the productive series. This distorting effect
is evident in the data for Vasas, where the worked seam thickness is small com-
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Specific gas autput  c,cx[nB/t]

Fig. 2. Variation of the specific gas output and the ratio cx/c at Pécsbhanya

Specific ges output ¢.cTmiA]

Fig. 3. The specific gas output and the ratio cx¥'c as a function of the working depth at Szabolcs

pared with the total thickness of seams. The ratio of the secondary gas output
is high, this is why in this case the value of cx/c becomes less than 1. When mak-
ing comparisons based on the value cx, the parameters are not determined for
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Specific gas output  ¢,cx[mif]

Fig. 4. Variation of the specific gas output and the ratio cx/c at Szabolcs

Specific gas output ¢,ex[T3/m

Fig. 5. The specific gas output and the ratio cx/c as a function of the working depth at Vasas

single outbursts or outbursts in some given layer, but for all events of the work-
ing unit. Therefore, in the theoretical investigations of deterioration, the values
derived from the data should be regarded as approximate.
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Specific gas output  ¢,cx[MM]

Fig. 6. Variation of the specific gas output and the ratio cx/c at Vasas

The specific gas output cx of the outbursts is also known with a limited
accuracy. The continuous and accurate recording of the released gas volume
(the methane content of the mine air) has not been solved as yet either during
the outburst or in its various periods. Even if some instrumental observation
is used, it only indicates values between certain concentration limits. The
amount of the released gas is only determined by indirect or approximate
methods. This deficiency and the subjectivism of the estimation and calcula-
tion show, however, a random character. Consequently, the error can be both
positive and negative and it can be observed in all areas (mines, basins, coun-
tries). The average values calculated from the available statistical data can be
accepted as fair approximate ones, since the systematic errors of the specific
values caused by different properties (seam thickness and intensity) are consi-
derably smaller than the random errors compensating each other.

From the analysis of the values cand cxor the ratio cx/c, comparisons can
be made, laws obeyed by the trends can be formulated and the results of regres-
sion analysis can be utilized.

W ithin the investigated depth range (250—300 m) the original strength
of the rocks does not vary by such a degree as to bring about a major change
in the deterioration conditions. The ratios cxjc for Pécsbanya and Szabolcs are
nearly the same: 2.64 and 2.80, respectively. This value is, however, consider-
ably smaller in the Vasas area where the average specific gas output of the out-
bursts is lower than the average gas release. The value cxc is 0.85 for this mine.
According to the available data, this deviation is not due to the average seam
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strength. Rather, it depends on the ratio ofthe worked and the total seam thick-
ness on the one hand and oil further geological characteristics, on the other.

These special characteristics are dealt with in [4]. It is pointed out that
the degree of coalification is optimum in the layers of the Vasas mine from the
point of view of methane release. The porosity of the coal is highly increased
due to thermometamorf effects, while their sorption capability remains essen-
tially unchanged. The porosity of the contact seam parts of the Vasas area
amounts to 25—27% and this value leads to practically the same conditions
for the outburst danger as does the 3—9% porosity in the Szabolcs mine. The
tectonical conditions, contact effects and the thermal anomaly are responsible
for the fact that the natural degradation (defined as the percentage fraction
of the particles less than 0.5 mm) at Vasas does not characterize the outburst
danger so unambiguously as in the Pécsbanya and Szabolcs areas.

During the investigations reported in [3] we have been lead to the con-
clusions that there is a correlation between the average gas output released
during mining operations and the average specific methane output of outbursts.
For increasing gas outputs, the conditions of the outbursts (deterioration) are
more easily brought about and the amount of excess gas produced or accumu-
lated in the place of the outbursts is smaller. Correlation can be found between
the strength of the seams on the one hand, and the gas output and the specific
gas output of the outburst on the other. In cases of smaller rock strength, the
deterioration can also be initiated by a smaller gas content or pore pressure.

The above statements are supported by the analysis of statistical data.
From the data of gas outbursts in the three Pécs mines, the ratio of the specific
gas output cx of the outbursts and the gas output c released by mining opera-
tions has been determined for each district. Figure 7 illustrates the values cxc
(+ stands for Pécsbanya, 0 for Szabolcs and x for Vasas). The corresponding
data for the Zobak mine in the Komlo region were taken from the gas outbursts
Ne 5,6,7,10, 12,13,14 and 16 (represented by <Sin Fig. 7). Data from abroad
have been furnished by the literature. The data of the Kuznetsk basin is taken
from Fig. 1and Table 2 of [5]. In one set of data referring to 15 outbursts, the
average of cis 17.1 m3t and that of cx¥c 5.87. In another region, the gas output
produced by mining operations is 16.5 m3t and the average cxe amounts to
6.06 according to data from 23 outbursts. The study referred to points out that
the value cx/c ranges between 3 and 15 in the outbursts of the basin. Data for
the Donets basin can be found in [s6]. The average of the specific gas output
is 9.5 m3t in a given depth, the average gas output of the outbursts being
cx= 31 m3t and the value cxjc — 3.26. In [7] there arc data about the Ruhr
region: ¢ = 15 ms/t, cx — 50 m3t and cx/c = 3.33.

On Figure 7 Soviet and German data are also plotted. Even without any
regression analysis it can be stated that the ratio of the specific gas output,
produced by the outbursts and the mining operations, decreases considerably
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Fig. 7. The ratio cx/c as a function of the specific gas release
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Fig. 8. Variation of the specific gas release ¢ and the ratio c*/c

with increasing gas output. In cases of higher gas output, even a smaller amount

of excess gas content is sufficient to cause deterioration.

Studies analysing the geological circumstances and conditions leading to
gas outburst danger often come to the conclusion that the specific gas coulent
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of the layers or the amount of accumulated methane increases with the reduc-
tion of seam strength (i.e. for greater degradation). At the same time, in coal
seams of greater strength, the specific gas flow of the outbursts exceeds several
times the amount of gas continuously during mining operations.

This statement will be illustrated with approximate data from three
regions, in Fig. s. The data should be considered as rough average values, for
in the Soviet literature seam strength is generally characterized by Protodia-
konoff’s number which has to be converted into strength. For gas outputs
produced by mining operations, only approximate data have been available and
it was not possible to identify the place of origin inside the basin for strength
and gas output data. The estimated average values are as follows:

Area Averaﬁ&itiﬁength o uStF;)Jelftiﬂcc[ r%a:;t] cx[l%;rgtai]o Notation
Donets (SU) 7 25 3.50 D
Kuznetsk (SU) 10 18 6.00 K
Pécsbanya (Hungary) 3 35 2.64 Pb
Szabolcs (Hungary) 4 37 2.80 Sz
Vasas (Hungary) 5 62 0.85 \%
Pécs (Hungary) 4 45 2.13 p

From Fig. s it can be seen that the specific gas output produced by the
mining operations has a tendency to decrease with increasing coal seam
strength. Also, the deterioration responsible for outbursts occurs only if the gas
content exceeds the average by several times. One of the essential conditions
of outbursts that the pore gas pressure or gas content should be considerably
greater than the average values. Relying upon the data of Figs 7 and s, the
conclusion of studies [1] and [2] based on theoretical principles, can be consi-
dered as verified. According to this conclusion, the pore gas pressure or gas
content influences rock strength to a great extent and reduces the safety
against deterioration.

In what follows we shall briefly review the technical literature concerning
the above questions. The problems of gas content — gas outburst danger, gas
content — rock strength, gas content — deterioration, porosity — gas outburst
danger, sorption properties and grade of degradation etc. are dealt with in these
studies.

Ettinger, in Section Il1l. of his monography [18] presents a thorough
analysis of these questions. He describes the strength-reducing effect of ad-
sorption, called the Rebinder phenomenon. The adsorbed molecules intrude
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into the microsplits in the deformed zone of the solid. This effect encourages
the deformation ofthe solid both in the elastic and the plastic fields at the same
load (stress). Atthe same time, the critical yield, strength, breaking and deterio-
ration values diminish.

Even a negligibly small amount of surface-active material can cause a
strong reduction in the mechanical strength of the rocks. According to experi-
ments, CO02 brings about the greatest reduction in strength. Methane has the
second strongest effect of this kind. The strength-reducing effect depends upon
the sorption capability of the gas.

The strength-reduction of coal layers is also related to the grade of coali-
fication or metamorphosis. Anthracite and young long-flame coal are the hard-
est ones. They possess an increased sorption capability. The degree of strength-
reduction is greatest in these types of coal, it amounts to 25—30%. The attri-
tion of certain coal sorts in a carbondioxide atmosphere may reduce the strength
by as much as 50%.

In coalswith a disintegrated structure and full of microsplits, this phenom -
enon has an increased effect. The strength of loose coals can decrease under
favourable adsorption conditions by as much as 50% or its value as measured
in the air. Of further importance asregards deterioration is the fact that active
gases with good sorption capability decrease the strength more rapidly.

The author of study [s] points out, on the basis of an analysis of the role
of tectonical effects and gas content, that the active parts of the tectonical
structure are areas of increased gas output, tectonical stresses encourage
extraordinary gas evaporation.

The metamorphosis of coal layers increases the methane content. The
danger-increasing effect of thermal factors (even 3—5 °C excess temperature)
can be positively indicated. Outbursts are always characterized by a certain
amount of excess gas output which exceeds in some cases the natural gas con-
tent of the layers by many times. Proportionally to the increase of gas content,
the danger of unexpected outbursts increases.

Based on the research results of Maknii, the author of [9] reports that
the principal factors affecting outburst danger are rock pressure and the phy-
sico-mechanical properties of gas and coal. As to the interaction of these three
parameters it is stated, on the basis of experiments, that the saturation of coal
with methane brings about a strength-reduction of the coal samples. On the
other hand, observation proves that coal is easier to win and comminute at
faces filled with gas than in properly ventilated gas-free places. Relying upon
these facts, the author emphasizes that in the investigations of the strength
and deformation properties in the analysis of the outburst danger and the
deterioration of coal layers due care should be taken of the effect of gas.

Experiences of working the Pécs region in southern Hungary which coin-
cide with French observations, tell us that an increase of the gas content in
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the coal face reduces strength. On the other hand, layers affected by gas drain-
age or workings beneath or above the layer are more stable. Similar practical
experiences are also listed in book [18].

In their simple equation describing the condition of deterioration and
rock separation, the authors of study [14] make use of the pore volume, pore
pressure and the tensile strength of the coal. Doing so, they attribute a basic
role to these factors in bringing about outburst conditions. According to them,
the method of protection layers and loosening blasts exert their danger-reduc-
ing effect mostly by reducing pore pressure. If water injection is used, a smaller
amount of the pore volume is exposed to the pore gas pressure and the gas
storing capability also reduces.

Research workers of the Moscow Mining University [10] report that the
gas outburst danger is exceptionally high in areas where the layer contains a
great amount of sorbed methane and the permeability is low.

Australian experiences [15] point to the fact that with increasing depth
the gas content of the layers and the amount of gas relieved during working
increase. In areas with accumulated stress, especially near dislocations with
sliding, the coal is comminuted, its inner surface increases, the gas storing
capability is greater than average. Thus, a much greater amount of gas is re-
lieved in course of outbursts than generally during working. From this, it is
concluded that the tectonical stresses contribute to the increased gas evapora-
tion and accumulation.

Investigations in Belgium [16] show that rock stress and deterioration
depend on gas pressure and rock permeability. The author also reports results
stating that with increasing depth and stress, the permeability of coal layers
decreases and the danger increases.

The connection of gas content and deterioration is also dealt with in
book [17]. Based on experimental results, the author states that the increase
of gas sorption increases the rate of deterioration. He claims, however, that the
pore pressure and gas pressure gradient have a more important effect on the
fracture process than the gas content and gas sorption. Further results prove
that with increasing coal strength, the rate of deterioration decreases.

Many authors investigated analogous problems in connection wdth sand-
stones, also affected by gas outburst danger.

The authors of study [11] reporting on research results of Donets sand-
stones exposed to outburst danger, point out that the level of gas content
influences the properties of the rocks and their behaviour under loading. Ac-
cording to their statements, the strength and fragility of sandstones vary under
the influence of methane saturation. The gas content affects and determines
the state of stress and deformation.

The role played by the gas in the initiation and further course of the
outbursts consists in increasing the inner stresses, reducing the strength prop-
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erties of the material and throwing out the deteriorated material into the
mine space.

From the analysis of the properties of sandstones affected by gas out-
burst danger, the authors draw the conclusion that the porosity of sandstones
subject to gas outburst danger is twice as great while their strength only half
that measured in non-dangerous areas.

Similar sandstone data are published in study [7] for the Ruhr district.
The porosity of non-dangerous sandstones is 2.7 —6.9% while it is 9.9—14.1%
and 10.2—14.3%, respectively, in areas with gas outburst danger.

Stress and deterioration investigations concerning rock and gas outbursts
carried out in the Donetsk Physical-Technical Institute [12] lead to the fol-
lowing results.

Gas content and gas pressure considerably affect the amount of surface
energy of sandstones, and this modifies to a large extent the value of the limit
rupture stress. At a given state of stress the gas factor encourages deterioration
and increases the gas outburst danger. The methane content and gas pressure
modify the deterioration of fracture energy of sandstones.

On the basis of experimental data it has been established that methane
does much more than simply splitting rock parts apart by pore pressure. In
case of great g as content and gas pressure the increase of the actual surface
energy proves that the methane filling the pores and splits makes the rock more
brittle. Brittleness, however, reduces tensile and fracture strength. At splits
and dislocations the stress concentration increases which results in an increased
deterioration.

Study [13] also summarizes observations and experimental data about the
deterioration problems of sandstone side-rocks exposed to gas outburst danger
in the Donets basin.

According to the authors’ opinion one of the characteristic parameters
concerning gasdynamical phenomena is the porosity of sandstones. Their in-
vestigations have shown that the porosity of sandstones affected by outburst
danger is in average by 50% greater than that of non-dangerous ones. With
increasing depth porosity decreases, the rate of decrease being 2.5% for every
100 m at small depths (100—400 m). In greater depths the rate of change
becomes less: the gradient amounts to 0.4—0.3% at 1300—1600 m. Similar
depth-porosity correlation is published by the author of study [4], based on
data from Saarbricken. The decrease of pore volume is 2—4% for 100 m.

In Donetsk detailed investigations have been carried out to determine
the correlations between gas saturation, gas content and the strength and
deterioration properties of sandstones. It has been proved experimentally
that the strength of sandstones, in zones subject to outburst danger, decreases
in the average by 30% under the effect of2— ¢ MPa pressure. Atthe same time,
however, no similar effect has been observed for rock materials without out-
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burst danger. Similar results were obtained by the analysis of the deformation
characteristics. The degree of deformation of the sandstone specimens consi-
derably increased with increasing gas saturation.

The laboratory tests were supplemented by in-situ investigations to
measure the strength factor of sandstones with and without outburst danger.
Using drillability data, Protodiakonoff’s number was s —9 in sections under
gas pressure in zones subject to outburst danger, while for non-dangerous zones
it was 11—12. After removing the gas from the dangerous places and relieving
the pressure by working above the layer, the strength factor increased to 12 —
13.

The different behaviour of dangerous and non-dangerous areas in the
gas-saturated state, i.e. the selective effect is believed to he due to the compo-
sition and structural properties of rocks. On the basis of experiments and ob-
servations, rock and gas outbursts are treated as dynamical problems from the
theoretical point of view.

Summing up the experimental and practical results about coal layers
subject to gas outburst danger [s, 9, 10, 14, 15], the following main statements
can he made.

An active tectonical structure, stress and metamorphosis and the commi-
nuted coal resulting from these produce an increased gas output and greater
gas content. The pore volume, pore pressure and the strength of the coal layer
decisively affect the deterioration and gas outburst danger. The increase of
the gas content and pore pressure reduces the strength of the coal layer
and encourages deterioration. Rock stress (depth) decreases the pore volume
and permeability on the one hand and increases the danger of deteriora-
tion and outburst, on the other.

As for sandstones subject to outburst danger [4, 7, 11. 12, 13], it can be
stated that in the dangerous areas porosity is twice as great while the strength
half that found in the non-dangerous parts of the layer. Gas content and gas
pressure reduce the strength of sandstones, they modify to a great extent the
limit tensile stress, disadvantageously influence deterioration circumstances
and increase outburst danger.

The practical and experimental results considerably support the theore-
tical conclusion of studies [1] and [2]. Gas content and pore gas pressure play
a decisive role in creating the conditions of deterioration. Gas pressure reduces
the strength of the coal layer or rocks, increasing the danger of deterioration.
Stress decreases the pore volume and permeability, increasing the danger of
outburst.

There is a difference in the parameters of outburst danger for coal layers
and for the side-rocks subject to gas outbursts. Experience and theoretical
considerations show that for coal layers a small porosity is disadvantageous
from the point of view of the outburst danger. The effect of depth on the in-
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crease of stress, gas content and pore gas pressure is much more disadvanta-
geous in encouraging deterioration if the pore volume is small. The ratio of the
effective and total stress varies in the wrong direction. For sandstones, however,
practical data show that porosity is by 50—100% greater in areas subject to
gas outburst danger than in non-dangerous ones [7, 11, 13].

When evaluating the degree of outburst danger for rocks with various
properties it should be taken into consideration that to a great rock porosity,
generally, a small strength belongs. If the Young’s modulus of the rock is
small, i.e. its capability for deformation is great, the danger-increasing effect
of the small porosity is stronger than the effect of the great strength which
reduces the danger of outburst. This is the case for coals with small Young’s
moduli and generally low strength. If the Young’s modulus of the rock is great,
i.e. its capability for deformation is small, the effect of great porosity decreas-
ing the outburst danger is weaker than that of the small strength increasing
the danger. This is the case for sandstones with high value of Young’s modulus
and great strength.

Figures 7 and s, constructed on the basis of our investigations, also seem
to prove the theoretical discoveries of studies [1] and [2]. If the gas content
of the layer is great, a small increase in the pore pressure is satisfactory for
deterioration. The amount of excess gas output released at outbursts is moder-
ate. With increasing strength of the layer its specific gas content decreases
the safety against deterioration consequently increases, and a manifold of the
average gas content is needed to encourage outbursts.

The review of the technical literature and the reported investigations
prove that in order to determine the conditions leading to gas outbursts, and
to improve the methods of combatting them, one has to carry on the theoreti-
cal investigations based on physical, mechanical and gas-dynamical principles
and to evaluate the accumulating experimental and practical data. In course
of this work, the effect of the working depth on rock strength, gas content,
gas pressure, porosity and other gas-dynamical parameters has to be analysed
in a simplex way. The correlations between porosity — gas pressure, porosity —
degree of comminution, and porosity — water content — gas characteristics
should be investigated. A detailed analysis will be needed to determine the
effect of gas content and pore pressure on the strength and — similarly — on
the loading and deterioration conditions of the rock-gas and rock-gas-water
systems.
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O CBA3N TASOHOCHOCTU W MNMPOYHOCTU BbIEPOCOOITACHbLIX MOPOA
®. KOBAY

PE3IOME

B cTaTbe Ha ocHoBe 06paboTKM NUTepaTypHbIX MaTepuanoB 1 aHaM3a JaHHbIX BbIGPOCOB
rasa B LlaxTax ropbl Meyek MccreayeTca: Kakum 06pasom B/MSIOT MOPUCTOCTb, FA30HOCHOCTb,
[aBfieHMe rasa u NpovHOCTb Ha BEPOSITHOCTb BbIGPOCOB rasa. ABTOP YCTaHaB/MBAET, YTO YMOM-
SIHYTble NPUPOAHbIe NMapamMeTpbl MMEKT peLuatolliee 3HAUEeHWe MPU MOSIBIEHUN BbIGPOCOB.

AKTMBHasa TeKTOHMYecKasi CTpyKTypa (MeTamopdo3) croco6CcTBYET U3MeSbUYEHUIO YIS,
yCUNBAET BblfeneHe ra3a, Co3faéT 60/bLUY0 Fa30HOCHOCTb. YBennveHne o6béMa U AaBneHus
Nnop YMeHbLUaeT NPOYHOCTb 3a/ieXka Yr/isl, CNocOGCTBYHOT ero pasopeHunto. YBendeHne riny6uHbl
N HanpskeHUs Mopoj yMeHbLUaeT 06bEM MOP M MPOHULAEMOCTb, YBENMUYMBAET BEPOSITHOCTb
BbIOPOCOB rasa.

Viccnepysi ecTeCTBEHHO-Ieo/10rMyeckmne ycoBums BbIGPOCOONACHbIX MeCHaHHUKOB MOXHO
YCTaHOBWUTb, YTO Ha OMAaCHbIX yyacTKax MOPUCTOCTb B ABa pasa 60/blie, a Ha 6e30MmacHbIX
yyacTKax MpPOYHOCTb B ABa pasa MeHblle. [a30HOCHOCTb W faB/ieHVe rasa yMeHbLUAT Npoy-
HOCTb MeCYaHHUKOB W OTPULATENIbHO B/USKOT Ha MPOLECChl Pa3opeHusi, yBeNMUMBaOT omnac-
HOCTb BbIGPOCOB rasa.

C poCTOM NPOYHOCTM 3as1eXKa Y5 CPpeAHsIst FTa30HOCHOCTb YMEHbLLAETCS, BCIEACTBMM Yero
6e30MacHOCTb OT pa3opeHnst YBEMUNBAETCS, /151 HACTYMN/IEHUS] BbIGPOCOB HEOBXOAMMO Fa3oHOC-
HOCTb B HECKOJ/IbKO pa3 BblLLE.
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INVESTIGATION OF THE ROCK-GAS SYSTEM IN FRONT
OF THE FACE OF WORKINGS IN ORDER TO DETERMINE
THE CAUSE OF ROCK AND GAS OUTBURSTS

ZS. SOMOSVARI
TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC

[Manuscript received January 5, 1979]

Based on investigations of the interaction of rock-gas system, it is proved that rock and
gas outbursts cannot occur in working if the Poisson ratio is small, i.e. near 2. In this case,
namely, the basic condition of outbursts, derived in our previous study, does not hold according
to which an outburst needs a reduction in the rock volume in front of the face. This result
explains the general experience that at extremely small coal strength, outbursts are concentra-
ted in the headings and they only occur in workings in case of great coal strength i.e. for great
Poisson ratio.

It is shown that the initial pore gas pressure, the primary vertical stress Hy, the Poisson
ratio of the layer, the angle of internal friction, the compressive strength and the change of the
compressive strength have major effect on the danger of outburst. The layer strength (uniaxial
compressive strength) necessary to avoid the outbursts is derived as a function of the aforemen-
tioned principal parameters. This connection will explain, among others, the experience that
the frequency of outbursts increases with depth and that in some cases, outbursts may occur
even at very small (0.3—0.4 MPa) pore gas pressure while in other cases, they do not come about
at all, even for much greater pore gas pressures. Also, the same formula will explain why out-
bursts, in general, occur in layers of small strength, and how it is that in certain cases they also
may occur in layers of great compressive stress.

The results presented further corroborate that, as we have previously reported, the out-
burst is a sudden, explosion-like process of deterioration of the load-bearing rock-gas system
catalysed by the pore gas pressure. The basic cause of outbursts is the strength-reducing effect
of the pore gas pressure. This effectinitiates a chain-reaction-like process which accelerates the
deterioration and makes it explosion-like. At the same time, the load is transferred from the
solid structure of the deteriorated rock to the pore gas. This brings about a great gas pressure
which throws out the solid phase into the open space. Simultaneously, a great amount of gas
flows into the mine, as an explosion, because the major part of the bound (adsorbed) gas phase
gets relieved due to the decreased gas pressure.

Symbols
li Brinke’snumber
initial void ratio
Young’smodulus
depth beneath the surface
semi-width of the cave

m Poisson’sratio

M thickness of layer under working
p pore gas pressure

Po initial pore gas pressure

s convergence factor

AV/IV specific change of volume

X distance measured from the face
y average unit weight

fx- Cy, | deformations

X polytropic exponent

o, t effective stresses

° uniaxial compressive strength
0'c uniaxial compressive strength in presence of pore gas pressure
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ap tensile strength

at total stress

ax primary horizontal stress

ax secondary horizontal stress
0z primary vertical stress

az secondary vertical stress

T primary shear stress

T secondary shear stress, shear limit stress
Aax horizontal deformation stress
Zlerz vertical deformation stress
At shear deformation stress

The problems concerning unexpected rock and gas outbursts can be
divided into two major categories: the phenomena before and after the begin-
ning of the outburst. The description of the phenomena after the beginning
of the outburst, i.e. the actual process of the rock and gas outburst, is of prac-
tical importance from the point of view of the development of the mechanical
effect. Since unexpected gas and rock outbursts always create an acute danger
for human lives and fortune, the processes preceding the outburst, and the
cause of the outburst, are for the every-day practice much more important
than the outburst itself. That is why our choice fell on the investigation of the
cause of outbursts, a problem even today not wholly understood. Despite
enormous efforts and expenses to reduce danger, unexpected gas and rock
outbursts occur in our country as well, causing loss of human lives.

This study, similarly to [3] and [4], presents an analysis of the mechani-
cal interactions of the load-bearing rock-gas system in order to determine the
cause of outbursts. It is realized, of course, that beside the mechanical inter-
actions between the two phases in question thermal and physico-chemical inter-
actions also occur. Thermal effects begin to influence the rock-gas system
starting from the chemical process of gas expansion since gas expansion is
controlled by thermodynamical conditions. The physico-chemical properties
of the free and adsorbed gas in the splits of the rocks depend on the thermody-
namical parameters. Also, the variations of gas pressure, temperature and
amount of bound and free gas obey thermodynamical laws. These variations
are caused by changes of volume of the free gas connected with the deforma-
tions and change of volume of the surrounding rock around mine excavations.
Consequently, the rise and development of the outbursts is accompanied by
thermodynamical effects. Nevertheless, the essential feature of the rise of rock
and gas outbursts is, to our belief, the mechanical interaction of the dual
system. This hypothesis is based on the fact that in the rocks surrounding mine
excavations, mechanical phenomena (stress rearrangements, deformations,
movements) occur in the first place and outbursts are always triggered by mine
excavations. Also, the phenomenon itself cannot come about without the me-
chanical deterioration of the solid structure of the rock. Regarding the nature
of the phenomenon, no analysis of the mechanical interactions could have been
carried out without taking account of the thermodynamical interactions, since
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the variation of the gas pressure required for the mechanical investigations, is
determined by thermodynamical interactions. For this reason, the thermal
effects will be considered as well.

In the study, necessarily, some approximate assumptions will be made.
Since these are generally accepted in rock-mechanical, soil-mechanical or geo-
mechanical calculations, their justifications does not seem necessary.

The main results of the previous studies [3, 4] can be summarized as
follows.

The outburst is a sudden, explosion-like deterioration process of the rock-
gas system. Its basic cause is the strength-reducing effect of the pore gas pres-
sure. If the specific volume of the rock decreases during deteriorations, the
pore gas pressure accelerates the deterioration process and gives it an explosion-
like character.

It is important to distinguish between deterioration processes character-
ized by a specific volume reduction, and those where the specific volume in-
creases. If the rock deterioration is combined with a specific volume increase,
no outburst can ensue because during the process the pore gas pressure de-
creases, the strength increases, thus the deterioration process is slowed down.
On surfaces of drifts or shafts, far from the face, outbursts never occur because
in these areas a specific volume increase takes place during rock deterioration.
The effect of working with protective layer can also be explained as due to the
specific volume increase.

According to experience, gas outbursts always begin at faces (roadhead,
working place or shaft sole). The reason of this, as explained in [3, 4] is that a
specific volume reduction proceeds in front of the face during rock deteriora-
tion combined with outburst.

1. Mechanism of the rise of rock-gas outbursts

According to our previous reports [3, 4] the mechanism of the rise of
outbursts can be outlined as follows. The rock in front of the face of excavations
(roadhead or shaft sole), is exposed to transferred rock pressure. In this part
of the rock, the specific volume change is reduction. The volume reduction
occurs to a large extent at the expense of the pore volume. Thus, in this area,
the initial pore gas pressure increases. The solid structure of the rock has to bear
a greater load due to transferred rock pressure. The strength, however, decreases
because of the increased pore gas pressure, and the condition of deterioration
easily arises. With the inset of deterioration, the load is transferred from the
solid structure to the pore gas, consequently, the pore gas pressure increases.
W hile the pore gas pressure increases, the strength reduces still further and the
condition of deterioration will be fulfilled in the stronger rock parts as well and
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the deterioration proceeds further on. Accordingly, a chain-reaction-like proc-
ess ensues during which the rock is deteriorated in form of an explosion and,
with simultaneous increase of the pore gas pressure to many times of its initial
value. This procedure produces a great gas pressure and a solid rock which
has hardly any internal resistance. An intensive gas flow begins towards the
free space, combined with the out-throw of the solid material. During this
out-throw, the adsorbed gas phase is relieved from the surface of the deterior-
ated rock pieces and pores because of the gas pressure reduction. So, a very
great amount of gas flows into the surrounding mine excavations.

In what follows, this mechanism will also be described numerically, in
case of workings.

2. Experiences about gas and rock outbursts in workings

It is a common experience that, in some areas, the majority of outbursts
(90—99 per cent) occurred during drifting while it hardly ever happened in
workings. In other areas, however, a considerable amount of outbursts (30—40
per cent) is observed in workings [1,2]. In the Balkan Basin in Bulgaria 84—89%
of the outbursts, in Poland 95%, in France 94%, in England 60%, in the
Donets Basin 65%, in the Kuznetsk Basin 62%, in the Pechora Basin 90%,
in the Pécs Region (Hungary) 99% of the outbursts occurred at drifting, the
remaining percentage in workings. It can be shown that the above figures are
in connection with the layer strength [2]. The decisive majority of outbursts
(90—100%) occurs at drifting in that case if the coal strength is extraordinary
small. This ratio is shifted towards the workings if the uniaxial compressive
strength is great. Also, we have to take into account that two drifts are required
to each longwall face, i.e. the number or roadheads is about twice the number
of working faces. This fact modifies the frequency of outbursts, independently
of all other circumstances, towards drifting. When evaluating outbursts, this
should also be taken into account.

Accordingly, no or hardly any outburst occur in workings if the coal
strength is small. In case of great coal strength, however, outbursts are rather
frequent in workings, too. At the same time, the practical observation also
holds that outbursts are concentrated in areas of small layer strength.

3. Stress of the rock domain in front of wide-face working

The mechanical behaviour of the rock domain in front of faces (shaft
sole, roadhead or working) is hardly dealt with in rock-mechanical literature,
the results can only he used for qualitative analysis. In o der to obtain quanti-
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tative results, we have to investigate the mechanical behaviour of the rock
domain in front of the face.

In the middle of a wide-face working, the state of deformation can be
assumed as planar, whereas the plane of deformation is vertical and perpendi-
cular to the face. Assuming elastic conditions the following primary stresses
are present in the investigated rock domain before opening excavations, if the
pore gas pressure is p0— o:

Hy
oz= Hy; ax . - —t —0 (1)
im !
where
= depth beneath the surface

y = average unit weight

m = Poisson’s ratio

a2 = vertical principal stress

Ox — horizontal principal stress

T = shear stress.

This state of stress is modified hy the effect of excavations, when the
secondary stresses 0,, €, rx-= Tzx = x arise. The equilibrium condition for
a volume element of thickness dx (Fig. 1) is:

Fig. 1. Stresses on a rock element of infinitesimal thickness in front of the working face

axM —(ax-)-d<sx) M -\-2 Tdr = 0. (2)
Hence
ddx =2r
€)
dx ~ M '
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The secondary stresses can be written as
az — oz Aaz, ax = ax f- Ax; x = x + zlr (4)

where Zlcr.,, zKIx and Ax are deformational or induced stresses. Since r = 0
thus x = At, consequently, the shear stress is a deformational one.

Since the deformations causes by opening excavations are always inter-
correlated, the deformational stresses calculated from the deformations, are
also in a functional correlation with each other, i.e. x = f(A<rx) and Aax =
— f(A<T2). The deformational stresses are caused by the same effect, viz. by
opening the excavations, thus their functional description in the area investi-
gated should be similar. Let us assume that these correlations have the form
T= — AAax, Aaz= —CAax. Thus

Hy

v = L (5)
Hy

e ¢ m—i 6)

Using these equations, the linear differential equation

dux 2 A 2 A Hy

dx ' M X~ M m—1 )

is obtained. The solution to this differential equation (subject to the initial
conditions x = o and ax = o) is

H
¥ Hyl (1 Aax —--¥-—e (8)

Using this solution

2A
T e Mx = Ax 9)
H 2A 20
Hy g = Hy (1 + M (10
m
CHy
Aa, — - —e M (11)
m—
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The value of parameter C can be determined from equation (10) since at
the face x — o

az(x = o) Hy (12)

The stress at the face can be calculated by taking account of the excava-
tion created until the first breakage. Under the effect of any further increase
of the worked-out area, the vertical stress at the face remains, practically,
unchanged. The vertical section of the mining excavation can be replaced by an
ellipse for the description of the stress in the roof until the first breakage. The
reaction of the supports used in workings amounts to about 0.6 MPa. This is
negligibly small compared with Hy (5—10 MPa). For this reason, the excava-
tion can be considered, from our point of view, as having no support. The tan-
gential stress in the roof point of the excavation is

Hy
<x)r — (13)

m-—i1

where M denotes the height of the working and

Ix is the semi-width of the excavation.

If the tensile strength in the surrounding of the roof point is ar than an
advance of

m—2—(m-—1)

is required until the first breakage sets in. The tensile strength, in the majority
of cases, is negligible compared with Hy, thus

(15)

The vertical stress at the face cannot be described by means of the ellip-
tic section because of the great difference in curvature. The working has to be
regarded as a quadrangle, at the side-point of which, i.e. at the face there arises
a stress

m —:2

azx — 0)= Hy (16)
m—:

For the roof m = 2.5—4, is, in general, characteristic which gives 2I1JM =
= 2 — 4. For this interval f(2I1JM) = 0.9—1.9 is valid. In what follows,
f(2IM) =1.5 will be assumed. Thus we have
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m--2
az(* : 0) Hy + 15 . (17)
m--1
On the other hand
az(x —0) —Hy (18)
From these two equations
C=1.5m - 2.5. (19)
Further, from the equilibrium
AA azdx = 0 (20)
lI.e.
H 2A CHy M
Aazdx =C yl\] b dx y (21)
J m —1:2A

is a definite value. This equation is suitable to determine the connection
between the parameters A and C. The sum of the total transferred vertical
stress on the rock domain in front of the face and the total pressure on the
goaf up to the semi-width of the worked-out area, should be equal to the weight
of the prismatic rock body above the semi-widths of the worked-out area. The
transfer of load is well characterized by the subsidence which can be seen even
on the surface above the working. The ratio of the volumes of the subsidence
trough and extracted mineral, is proportional to the pressure on the goaf. Since
the area of the vertical section of the subsidence trough can be calculated as
Ms 2Ix in case of a wholly worked-out area [5], the area corresponding to the
extracted mineral is M 2Ix. Thus, the sum of the vertical stresses transferred to
one side, is proportional to 1+ —s, i.e.

T=(@@- s)Hylx (22)

where s denotes the subsidence factor (s + 1).
The semi-width of the total worked-out area is Ix= s Hjk [5], and, in
general, Kk = s. Using this value

T— —s)HyH. (23)
The subsidence factor, usually is s = 0.85. Consequently
T=015HyH. (24)
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Since the semi-width of a working is essentially smaller than Il = 200 500 m,
the stresses transferred beside the working should also be taken into account.
This means that the calculations should be carried out using one third of the
aforementioned value of T, i.e. T = 0.05 Il y H. Thus,

A=~CHyM_= 10C Jif

TO—12 T m—1H n

4. Specific volume change in the rock domain in front of the working

In the first part of this study it has been explained how important it is
whether the specific volume change is an increase or decrease.
The specific volume change can be written as

AV
—— T &+ Byt EZ (26)

where ex, ey and sz denote deformations. AV/V < 0 means volume reduction,
AV/V > 0 a volume increase. Among the deformations, ey — 0 because the
state of deformation is planar. The deformational (induced) stresses are those
which are correlated with the deformations. Using Hooke’s law

1 /102 1. to+ 1 .
E= — e A 27
EV m2 Y o A 27
Fy =0 (28)
1 ITO2 . t04-1
mAa . —--—------ A (29)
e Lo (v

Substituting A< = C A ax

A0, [to2— 1 | l To+ 1
(30)
E [ m2 C m*
Aclifle2 1 wof11 31)
E | 1@ 102 C
Thus, the specific volume change becomes
AV AR(to-f1)(to—2)C —1 Afz(tof-1)(m —2)1.5m — 3.5 (32)

E TO O 15t0- 25
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The specific volume change, AV/V, is 0ifm — 2.33; it is a volume reduc-
tion if m +>2.33, while an increase if m < 2.33. This result immediately ex-
plains the fact that in certain areas no outburst occurs in workings while they
occur in other areas. If the Poisson ratio for the coal layer is smaller than 2.33,
the layer undergoes a volume increase due to the transferred pressure. In this
case, no outburst can arise in workings. However, if the Poisson ratio for the
coal layer is greater than 2.33, the volume change of the layer due to the trans-
ferred pressure is a reduction. Thus, one of the conditions for outburst is satis-
fied. If the other conditions are also met, the outburst sets in. The Poisson
ratio is in correlation with the strength. In general rocks of great strength have
great Poisson ratio. The Poisson ratio for rocks of extraordinary small strength
is around 2. This explains the observation that no gas outbursts occur in work-
ings carried out in layers of extraordinary small compressive strength.

Next, the mechanical state of the rock domain in front of the face will be
investigated by taking into account the pore gas pressure p.

5. Stress of the rock demain in front of the working
in the presence of pore gas pressure

If pore gas is present, the so-called effective stress (0') in the solid rock
structure and the pore gas pressure or neutral stress (p) have to be distinguished.
The sum of these two stresses is called the total stress (at).

Before opening excavations, the following stresses rise in the solid struc-
ture of the rock [3, 4]:

Hy~Po

m 1

Y- Pom(lv= (33)
where p0 denotes the pore gas pressure before opening the excavations. If
excavations are opened in an intact area, p0equals the initial pore gas pres-
sure. In case of rock pillars, pnis greater than the initial pore gas pressure.

The equilibrium of the volume element of thickness dx (Fig. 2) can be
described in the rock domain investigated by the equation:
Aa'xM - JAax + d(Aa'x)]M + [Ap + d(Ap)\M - ApM + 2t'dx = o. (34)
Hence:

nA ax)_ d(Ap) _ 2jA (35)
dx dx M

The change of pore gas pressure (Ap) due to opening excavations is appro-
ximately proportional to the specific change of volume of the rock. The specific
change of volume, however, is linearly proportional to the horizontal deforma-
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Adx

Afi

Fig. 2. Effective and neutral deformational stresses on a rock element of infinitesimal thickness
in front of the working face

tional stress (zlo"), for this reason the change of the pore gas pressure can be

written as Ap = —DA<j'x. Substituting, we get the differential equation
dJz K n
: (36)
dx M
whose general solution is
9 A
Aa'x = F e~M(,D+i)x . (37)
For X — 0 we should have Aax — ,thus
m—1
p Hy —Po (38)
m—:
i.e.
Ao0X= Hy Poe m(d+i)x. (39)
m- 1

Consequently, the stresses in the solid structure of the rock can he written in
the secondary state as

ax= Hy Po{l e M(D+i)x) (40)
m—1
t' = A —Y— -He~M(D+i)x (41)
m —1
4 = (Hy-p)@a+ —L s "+)x). (42)
m —1
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It should be noted that the values of parameters A and C are not affected by
the pore gas pressure, they are the same as in the previous case.

The determination of parameter D requires special attention. The specific
volume change in front of the face is

AV A Ox(m-\-1) (m 2) (1.5 m — 3.5)
Vv E in2

(43)

The change of the pore gas pressure, expressed with the specific change of
volume [4] is

€0
Ap = AV AV _ex_ (44)
0 --—--— |1+ €
|_ Vv J V | + eo

where eo denotes the void ratio of the rock corresponding to the initial pore gas
pressure (p0) and x is the polytropic exponent.
For methane 1 <[ x <[ 1.3. The value x = 1 stands for isothermic change of
state, i.e. for the case when the heat exchange is maximum for a constant tem -
perature. Ifx = 1.3, the change of state is adiabatic, i.e. no heat exchange takes
place but the change of temperature is maximum. Regarding the fact that x
varies within a very limited interval, it is of no decisive importance to which
ideal change of state the actual polytropic change is nearer. It would be no
major error if we used either x — 1 or x = 1.3 in the calculations.

If the specific volume change is small, the function p(AV/V) can be
replaced by its tangent taken at AVjV = 0. The equation of the tangent is

+
5 Xpo1 AV _ ny e, (45)
€0 (VA \% e+ 1

Since the use of the tangent instead of the function means an approximation
from below, we shall take x — 1.3 which gives an approximation from above.
In this way the differences compensate each other to some extent. Eventually,
the parameter to be determined becomes

1 e (m H)(m—2)(1.5m —3.5)

D= 13p0 (46)
en E m2

The equations show that the stress on the solid structure of the rock does not
depend on the change of the pore gas pressure Ap, due to the effect ofthe exca-
vation. The initial pore gas pressure (p0) relieves the solid structure from load.
The greater the pore gas pressure, the smaller becomes the stress in the solid
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structure. This effect is advantageous from the point of view of deterioration,
and explains the observation that in many cases layers with great pore gas
pressure are not subject to outburst danger. It is also evident that the greater
the initial pore gas pressure p0, the greater is Ap. This fact has a very disadvan-
tageous effect on rock strength. Correspondingly, the increase of the initial
pore gas pressure reduces the load on the solid structure but also reduces the
rock strength. The analysis of these two principal and controversial effects
deserves a special treatment.

The variation of stresses will be illustrated by an example. Let m — 4,
i.e. a value which can cause an outburst. In the calculations we shall use B = 4,
E = 400 MPa and eo = 0.05, characteristic of stronger coals. Further, we as-
sume H — 400 m,y = 25 kN/msand M = 2.5 m. In this case, the parameters
become C = 3.5, A — 0.073, D = 0.01 pOand 2 A/M = 0.058. The stresses
and gas pressure can now be written as

100 -P 0.01P.+1*

0 e +1%) (47)
3 \%
0.058 r

ff = (100- p,)(I + 1.17 e p > (48)

0.058 r
r' = 0.058(100 - Po)e (M PoH) (49)

0.058
100 — (0.01Po+1)x

Dd< = p0 1+0.01 -e (50)

The stresses are illustrated forp0O= 0. 1and 2 MPa in Fig. 3. It is seen that the
shear stress (r') is small, even at the working face, and it quickly diminishes
with increasing distance from the face.

6. Deterioration of the rock domain in front of the working
in the presence of pore gas pressure

In the presence of pore gas pressure the strength of the rock decreases.
The equation of the linear fracture limit line is [3]:

r= K - p) (51)

where ac denotes the uniaxial compressive strength measured without gas
pressure and
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6l

«6

Fig. 3. Effective stresses in front of the working face

B is Brinke’s number.
Brinke’s number is defined as

B = tg2 ZB>+f (52)

where ap is the tensile strength and
@ the angle of internal friction.
Taking into account pore gas pressure, the uniaxial compressive strength
becomes
«l = fic- (B - 1)p. (53)

The extremal principal stresses in the rock domain in front of the working
face are

dx; v ! + 12 (54)

co— < * 8z v T (55)
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Assuming a straight line for the linear fracture limit curve, the condition
of the occurrence of deterioration that the equation

0*= dc+ B o3 = ac —(B— )p + BE (56)

should be satisfied, where p pH Ap. Keeping in mind that x' is small even
at the face and quickly diminishes, we can write

a=a- (B—1np + Bix (57)

Further, D can he neglected beside the unity. Thus, the uniaxial compressive
strength just required to prevent deterioration is

2 A
e
ac.. = {HY Po) (1dm 25+ B) + 1 + (B 1)Pn (58)
m 1
where
2A 15Mm 25

M 0.05(m 1)//" (59)

H=400m
B=2 =195
m=2
|_r
X[m1

Fig. 4. Variation of the compressive strength required to avoid deterioration in front of the
working face
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Equation (58) shows that the greater Hy, the greater becomes the compressive
strength which could prevent deterioration. This explains why the frequency
of outburst increases with depth. The greater the required compressive strength
to prevent deterioration, the more common it would be that this condition
were not satisfied.

Figures 4—s show the compressive strength required to prevent deterio-
ration in front of the working face, as function of the pore gas pressure, Poisson
ratio and Brinke’s number, respectively. It is seen from the figures that the
compressive strength required to prevent deterioration quickly decreases to
zero with the distance from the face, if the pore gas pressure is small. The zero
value of the required compressive strength means that the internal friction
alone is sufficient to prevent deterioration. If the pore gas pressure is greater,
the compressive strength which prevents deterioration does not decrease to
zero. Such cases are disadvantageous from the point of view of the outburst
danger. With increasing Brinke’s number and Poisson ratio, the coal strength,
as a rule, also increases. The figures show that a greater compressive strength
is required to prevent deterioration if the values B and m are great. So, nature

H=400m
B=3 =3
m=3
iC.
HI
Xim]

Fig. 5. Variation of the compressive strength required to avoid deterioration in front of the
working face
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W 15 W &8 0 0 20 0
X[m]

Ilig. 6. Variation of the compressive strength required to avoid deterioration in front of the
working face

reveals again a compensation phenomenon which can he observed so fre-
quently.

If the compressive strength of the layer at or near the face is smaller
than that required to prevent deterioration, a rock deterioration ensues in the
area of the face. This, however, does not bring about outburst automatically
because the pore gas and the evaporating adsorbed gas can leave the rock
through the great surface of the face. So, the pore gas pressure has no possibi-
lity to increase. However, if the deterioration penetrates into great distances
behind the face, in case of m > 2.33 the pore gas pressure has the possibility
to increase. Thus, the deterioration process accelerates and an outburst comes
about. The situation is especially dangerous if the coal strength decreases more
quickly with the distance from the face than the compressive strength which
would prevent the deterioration. These circumstances come about near fault
zones. Here, rock deterioration ensues far from the face and pore gas pressure
increases. The intact rock mass of the face prevents the gas from escaping and
during advancing, gas pressure suddenly throws out the face from its place.
This explains why the outbursts at fault zones are combined with such large
mechanical effects.

It should be noted that pore gas pressure values greater than 0.4—0.5
Hy among those ofp0= (0.0—1.0)Hy in Figs. 4—s, have no practical import-
ance. Experience, namely, shows that pore gas pressure falls within the limits
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0 and 5 MPa, in many cases even within 0.5 and 1 MPa. The figures are comput-
ed for a layer depth of Il = 400 m where, in general, approximately Hy — 10
MPa. From Fig. ¢ it can be read that atpJHy = 0.4 i.e. at a pore gas pressure
p0— 4 MPa, cYHy = 1is valid even at great distance from the working face.
This means that a compressive strength of st = 10 MPa is required to prevent
rock deterioration. In case of a greater angle of internal friction (Brinke’s
number) and Poisson ratio, an even greater compressive strength is required
to avoid deterioration. This explains how outburst can occur even in case of
great layer strengths.

7. Conclusions

The results of the investigations carried out in this study are in concord-
ance with the results of our previous investigations, and experience, as well.
At the same time, further statements can be made about the cause of out-
bursts on the basis of our latest results.

No outburst can occur in wide-face workings if the Poisson ratio for the
layer is approximately m <T 2.3. Such is the case for extraordinarily small coal
strengths. However, if the Poisson ratio is approximately m 2.3, outbursts
have exactly the same chance to come about in wide-face working as at drifting.

Outbursts can happen in workings if ac<( <Creq farther from the face.
Such cases can be usually observed in or near the areas of fault /.ones.

Beside the pore gas pressure and the compressive strength, the danger of
outburst is strongly affected by the Poisson ratio anti the angle of internal fric-
tion (Brinke’s number) of the layer. In possession of these four data, the dan-
ger of outburst can be determined by means of the equations of Section s.

For coals for which the angle of internal friction and the Poisson ratio is
greater, a considerable compressive strength is required to avoid deterioration
if pore gas is present. This explains the frequent outbursts even in layers of
great compressive strength.

In the Pécs Coal Basin (Hungary) 99% of the outbursts happened in
roadheads and not in workings. This is due to the fact that the layers are dis-
turbed, their strength and Poisson ratio are extraordinarily small. Consequent-
ly, a specific volume increase ensues in front of the working face which does not
increase the pore gas pressure, so the rock deterioration does not take place
explosion-like.
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NCCNEQOBAHWVE OBJIACTU MEPEA NVHUENA OUYNCTHbIX 3ABOEB B CUCTEME
MOPOJA-TA3 ANA BbIACHEHWNA TNPNYNH BbIBPOCOB I'A3A U MOPO/JB1

X. WOMOLBAPK

PE3IOME

Ha ocHoBaHWMM uccnefoBaHWiA B3aMMOAENCTBIUIA CUCTEMbI MOpoAa-ra3 NoKaxem, 4To Mpu
3a6051X B TaKux cnyvasx, Korga uucno MyaccoHa Ans 3anexka Maso, ero 3HaueHue 6/IM3KO K
[BYM, BbIGpOC MOPOAbl U rasa HeBO3MOXEH MOTOMY, YTO He BbIMO/HAETCS OCHOBHOE YC/I0BME
BbIGPOCa, YCTAHOB/IEHHONO HamW paHbLUe, — YTO Nepes NMHUel 0UUCTHUX 3a60eB LO/MKHO Mpou-
30MTW YMeHbLLEeHNe 06bEMA NOPOAbI.

OTOT pe3ynbTaT 06bACHSET TOT 06LEMN3BECTHBIN AMANPUYECKINI (haKT, YTO NpU Ype3Bbl-
YaliHO ManeHbKUX MPOYHOCTSIX Y151 BbIBPOCHl KOHLLEHTPUPYOTCA Ha NMPOX0XAeHWEe BbIpaboTOK
N TONMbKO NpW 6OMbLUMX MPOYHOCTSIX YIS U BMeCTe C 3TUM MNpu 6onbluMx ymcnax MyaccoHa
NpomucxoasaT 1 B 0T6Oe.

MoKaxkem, UTO BEPOSITHOCTb BblGpOCa peLLarLyM 06pa3oM OonpesensieTcsl 0pUrvHab-
HbIM JaBfIeHVEM rasa nop, BePTUKa/IbHbIM MEPBUYHBLIM HanpshKeHUeM (Hy), umciom yaccoHa,
YINIOM BHYTPEHHEr0 TPeHUs, MPOYHOCTLI0 Ha CXXaTue 3anexu.

BbiBOAVM (hopMyny, KOTOPOI B 3aBUCUMOCTU OT YMOMSIHYThIX CYLLLECTBEHHbIX MapaMeTpoB
onpegensieTcs MPOYHOCTb 3a/1eXU (OAHOHaNpaB/ieHHasi MPOYHOCTb Ha CXaTue), Heobxoanmasi
BO M36eXaHUN BbIGpOca. 3TO COOTHOLLIEHME, MEXY NPOYUM, 06BACHSET TOT OMNbITHLIV (aKT, yTo
YaCcToCTb BbIBGPOCOB pacTeTe ry6UHOM, KpoMe TOro B HEKOTOPbIX C/lyvasX BbIGPOCHI NMPOUCX0AAT
N NPV COBCEM MasibixX AaBneHMsX rasa nop (3—4 kp/cm2), a B Apyrux cay4vaax v npu 6onee 60nb-
LUMX AaBeHUAX rasa nop BbIGPOChI He MPOUCXOAAT.

BhbiLLeynomMsiHyTasi 3aBUCMMOCTb O6BSICHAET M TOT OMbITHBIA (haKT, YTO BbIBPOCHI 06LIYHO
NPOUCXOAAT B 3a/eXax C MaJleHbKUMM MPOYHOCTSIMM, B TOXE BPeMsl B HEKOTOPbIX Cy4dasx
MOTYT MPOU30ATK 1 B3anexax ¢ 60bLIMMU MPOYHOCTAMM. onyYeHHble pe3ynbTaTbl CHOBA MOA-
TBEPXAAKT HallM MpefblyLine BbIBOAbl, YTO BbIGPOC ABMSETCS HUYEM WHbIM, KaK BHe3arHbIM
B3pbIBOO6PA3HbIM NPOLIECCOM Pa3pyLLEHNA CUCTEMbI MOpPOAa-ras, Hecylllas HarpysKy KaTaniusu-
poBaHHbIM [aBfieHVeM rasa nop. OCHOBHOW MPUYUHOL BbIGPOCOB ABMSIETCA BAUSIHWE AaBeHUs
rasa nop Ha NPOYHOCTb, KOTOPOE NMPY paspyLUeHNN BbI3bIBAET MNPOLLECC MOAOGHO LIEMHON peakLmu.
JTOT NpoLecc YCKOPSIET paspyLUeHne, AeaeT ero B3pbiBoo6pasHbIM. B ToXe BpeMsi Harpyska ¢
TBEpPAOV KapKacHO CTPYKTYpOli BHe3anHo BO3/1araeTcsl Ha JaB/ieHne rasa nop, BO3HMKaeT 60/1b-
LLIOe AaB/eHWe ras3a, KOTOpoe 6pocaeT TBepayto (hasy B CBOHOAHOE MPOCTPAHCTBO, MPUYEM B3Pbi-
BO0OOPA3HO OrPOMHOe KOMMYECTBO rasa TeyeT B BblpaboTaHHOe MPOCTPaHCTBO BBUAY TOro, YTo
13-3a YMeHbLUEeHNs1 faBneHnst rasa 6onbluass 4YacTb CBSA3aHHOM (agcopbupoBaHHOM) (hasbl rasa
BblAenseTcs.
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PROCESS CONTROL SYSTEM WITH FEEDFORWARD FOR
GRINDING-SEPARATING CYCLES

SZ. PETHO
TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC

[Manuscript received February 2, 1979]

The study deals with a computer process control system ensuring a feedforward for the
pneumatic separator. At the same time, it reduces the time loss of the mill to minimum. This
makes prossible for the product to have a constant and prescribed quality as well as maximum
mass, even in case of changing grindability.

1. Introduction

The control task for hall mills with a closed cycle can he as follows
[1, 2]: “A product of prescribed particle-size distribution and minimum cost
has to he produced so as to gain maximum product output.” This maximum
amount can vary first of all because of the grindability of the material. That
is why the authors of the quoted studies suggest an adaptive optimum control.
They give a rather general flowsheet for the optimum control of the mill. At
the same time, however, they do not exclude the possibility of other solutions

(D-
2. Principal scheme of the process control system

Figure 1 illustrates schematically the optimum control enabling quanti-
tative and qualitative steering. A feeder belt to measure and transport fresh
feed R is required. Mass M of the product leaving the mill is measured by
recording belt scales. Then, the product is sampled and the samples are contin-
uously analyzed by a particle-size analyzer. At the 1975 Nuremberg Congress
on Particle Size Analysis, a device was introduced which was capable to pro-
duce various fractions [5]. The particle size distribution and mass of the mill
product and the quality specifications for the end-product (e.g. the mass frac-
tion coarser than a given particle size) form the input data for the process con-
trol computer.

Another input signal is the mill characteristics as shown in Fig. 2. This
mill characteristics differs to some extent from those in studies [1] and [2],
hut it can be derived from them. In the studies cited, the endproduct which
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\jtheor 910 4o theor
F(X)Fd(x)r(t)Xlo
x(t)

Fig. 1. Principal scheme of a process control system with feedforward

M
4 theor

Fig. 2. Mill characteristics mass V) ttleor of the end-product versus mass X,- of the material fed
into the mill

can actually he separated by a pneumatic separator has been illustrated as a
function of mill feed X. The mill characteristics suggested here enables us to
determine the variation of the endproduct V/ttheor (» -1, 2, .. n), to be
obtained by a perfect separation, versus mill feed X.

A pneumatic separator with changeable parameter operates inside the
system. The parameter which can be changed in modern pneumatic separators
during operation is the revolution per minute. If the particle size distribution
of the product, however, changes permanently, the number of blades can also
be changed. Itis arather essential critérium for the design of an optimum con-
trol system that we have to know the partition curve for the various operational
parameters of the separator.
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The partition curves furnish the transfer function of the pneumatic sepa-
rator and form a further input signal for the process control computer.

The process control computer supplies the following “service” :

It determines and sums for any given period (e.g. shifts, days etc.) the
mass and particle size distribution of the product and masses V, theor and
VjoO theon respectively. The latter masses mean the “useful material” actually
present in the product and its maximum (see Fig. 2), i.e. the product finer than
a given particle size.

The computer calculates the results of the pneumatic separation for all
parameter values of the pneumatic separator using the recovery values of the
partition curve and the particle size distribution of the product [3]. The com-
puted results are the masses of the end-product and the circulating duff (or
the number of cycles) and their particle size distributions. From among these
processes the computer selects the particular separation which can produce the
end-product of prescribed quality in the greatest possible amount (i.e. with the
smallest possible number of cycles). Its mass and particle size distribution are
summed and averaged, respectively. If needed, the expected specific surface
of the end-product is calculated, as well.

The computer selects those parameters of the pneumatic separator (e.g.
the number of revolutions) which ensure the optimum separation. The mass G
and the particle size distribution of the duff product at the optimum separation
are calculated. From the difference X — G the mass of fresh feed R is also deter-
mined (R = X —G), this will be the input signal for the feeder belt shown in
Fig. 1.

The process control carried out as suggested above has the following
advantages.

1. The end-product can he produced so as to ensure a prescribed and
constant quality and maximum mass even in case of changing grindability.

2. By a weighing the product, continuously determining its particle size
distribution and, also knowing the mill characteristics, the grindability func-
tion of the material becomes known within the shortest possible time. Thus
the optimum mill feed X i0 can be adjusted within a minimal time loss (Fig. 2).

3. The optimum control of the pneumatic separator is carried out by
means of the so-called feedforward. This requires in the present case the knowl-
edge of the particle size distribution of the raw material and the transfer func-
tion of the pneumatic separator. (The algorithm of the calculation will be pre-
sented later in this paper.) In case of feedforward there is no time loss: the
pneumatic separator operating at the optimum parameters “expects” the
material with the altered particle size distribution. The quality prescriptions
can always he fulfilled accurately, unlike in case of feedback. The possible
minimum amount of fine product is in circulation, consequently, the proces-
sing capacity of the system can be further increased.
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3. Practical solution of the process control

Systematical experiments have been carried out on a WEDAG pneumatic
separator at the Department of Mineral Dressing, Technical University of
Heavy Industry. The cross-section of the classifying chamber of the pneumatic
separator was 0.07 m2. It can be operated at 2300, 2000, 1700, 1500 and 1100
r.p.m. and either without any orwith 2,3 and ¢ blades. The blades can be radial
or backwards arched at an angle of 15°, 30°, 45°, 60°, 70° or 90°. As a result of
experiments clinker sorts of several Hungarian cement factories have been
classified with most of the above parameters. Since the particle size distribu-
tions of the products of the pneumatic separator have also been determined,
the partition curves could have been established.

3.1 Transfer function of the pneumatic separator and quality prescriptions for
the end-product

Table | contains the transfer function of the pneumatic separator, i.e.
the parameters and the corresponding partition curves which can arise in case
of clinker classification. Fractions indicate the various parameter values (e.g.
2300/2) the numerator giving the revolutions per minute, the denominator for
the radial blade number. No other parameter values are included in the Table
since they cannot be taken into consideration for clinker classification because
of the low separation particle size. Backwards arching blades have hardly any
effect on the partition curve as compared with the radial ones. That is why
these parameter values are not contained in the Table, either. The last two
rows of the Table give two characteristic numbers for the partition curves.
M (X) is the expected value of the equalizing parameter. This gives the param -
eter of the separation. The ratio M(F)/M(X) characterizes the sharpness of
the separation. Table Il makes clear the calculation of these two numbers by
the example of the partition curve values for the parameter 1100/0 [4], while
Fig. 3 helps in the interpretation. The equalizing parameter ensures the con-
struction of a partition curve with a perfect separation, the area under which
would be equal to that under the actual partition curve. The horizontal side
of the partition curve wdth a perfect separation gives M(X). Between the two
functions two error areas M(F) of the same size can be obtained. The ratio
M(F)/M(X), i.e. that of the error area to the area under the partition curve,
characterizes the sharpness of separation.

W ith the aid ofthe above explanation the calculation methods illustrated
in Table Il should be easy to follow [4]. First, particle size intervals Ax are
formed, which are multiplied with the recovery values. Their sum gives the
value M(X). In order to calculate the error areas, M(X) is taken for one of the
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Tabic |
Transfer Function and Separation Numbers ofthe Pneumatic Separator
Particle Size Recoveries
ftm 2300/0 2000/0 1500/0 1100/0 230072
<63 0.82335 0.80962 0.79906 0.65110 0.64565
63-90 0.57906 0.53965 0.53586 0.23414 0.14735
90-160 0.40726 0.33957 0.31900 0.07449 0.02569
160-200 0.26572 0.19741 0.16718 0.02102 0.00882
200-315 0.18738 0.13598 0.08356 0.00900 0.00310
315-500 0.08850 0.08861 0.04691 0 0
500 < 0.03915 0.03629 0 0 0
M (X) 148.48 132.90 112.11 54.43 47.16
M (F)/M(X) 0.6467 0.3970 0.3590 0.3489 0.3543
Particle Size Recoveries
ura 2000/2 150072 230013 230006
<63 0.61526 0.56173 0.54949 0.53264
63-90 0.08974 0.06032 0.06989 0.01450
90-160 0.01826 0.00164 0.01596 0.00342
160-200 0.00434 0.00134 0.01323 0.00189
200-315 0.00122 0.00086 0.00206 0.00100
315-500 0 0 0 0
500 < 0 0 0 0
M (X) 42.78 37.49 38.78 34.37
M(F)/M(X) 0.3848 0.4383 0.4505 0.4674
T
10 ------
i M(X)=54.43m
M(F)i M(F)=18.99
i M(F)/M(X) =0.3489
i
------ t
05 !
i
i
i
i
M (nL
0 J ¢
0 100 200 300 /im
MX)

Fig. 3. Partition curve of the pneumatic separator
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Table N

Calculation Method ofthe Numbers of the Partition Curve 1100/0

Particle size Recovery Particle size interval o

fim Ti AX{ TiAxi
<63 0.65110 63 41.0193
63-90 0.23414 27 6.3218
90-160 0.07449 70 5.2143
160-200 0.02102 40 0.8408
200 —315 0.00900 115 1.0350

M(X) = 54.4312

Part%&lr% size 1 1t i Axi @-mHax, TiAxi
<54.43 54.43
54.43 —63 0.34890 0.65110 8.57 18.9906 5.5799
69-90 0.23414 27 6.3218
90-160 0.07449 70 5.2143
160—200 0.02102 40 0.8408
200-315 0.00900 115 1.0350

M(F) = 18.9906 M(F) = 18.9918

particle size limits. The transfer function together with the quality prescription
form input signals for the process control computer. Let the following prescrip-
tion be valid for the composition of the end-product: the ratio of the particles
coarser than 90 pm should not exceed 7% and the recovery of the particles
smaller than 90 /tin in the fine product be as high as possible.

3.2 Determination of the particle size distribution of the product and the value
WVt theor of the mill characteristics

Let us now assume that three different particle size distributions have
been established by an on-line particle size analyzer under steady conditions.
They are denoted by A, B and C in Table IlIl. Relying upon the quality pre-
scriptions the mass fraction finer than 90 pm is considered as the useful part
of the product. The mass contents finer than 90 pm are in the three products
59.06; 48.56 and 81.89%, respectively. These contents represent various grind-
ability and multiplying them with mass M of the product yields the points
Vi theor °f the mill characteristics (in this case Vjttheor = 0.5906 M, Lo, theor =
= 0.4856 M and V3 theor = 0.8189 M).
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Table 111

Particle Size Distributions of Three Clinker Products (A, B and C)

Purticle size " B ¢
pm
Am, % Am, % Am %
1 2 3 4
<63 46.98 38.95 61.14
63-90 12.08 9.61 20.75
90-160 18.13 23.15 9.17
160-200 6.98 5.87 3.35
200-315 8.62 15.84 3.04
315-500 5.28 3.73 1.51
500< 1.93 2.85 1.04
100.00 100.00 100.00

3.3 Calculation of the expected results of the pneumatic separation and selection
of the most suitable alternative

The computer calculates the expected results of the separation for all
parameter values of the pneumatic separator, making use of the transfer func-
tion and the particle size distribution of the product [3]. The separation results
of product A are contained in Table 1Y, forthe 1100r.p.m. and no blade case.
Multiplying the direct mass fractions and the recoveries one gets the so-called
reduced mass fractions /Imred of the fine product, while the multiplication of
the mass fractions with the complementary recoveries yield zlmrcd of the coarse
product. The respective sums represent the mass recoveries mh and of the
fine and coarse product, their sum adds up to 100%. The direct distribution
values Am and the cumulative ones Fh(x) and Fm(x) can also be found in the
Table. The last column gives the number of cycles 100/tren (2.86), the mass
fraction coarser than 90 fim in the end-product 4.50% and the recovery of the
particles smaller than 90 pm in the fine product 0.6811. The specific surface
of the fine product can also he calculated from the results of the particle size
analysis [5].

Table V helps in the selection of the most appropriate alternative. Here,
the principal parameters of the pneumatic separation are illustrated for seven
parameter values of the pneumatic separator (the values 2300/3 and 2300/6 are
not included, in contradiction with Table 1) and for all three particle size distri-
butions. The principal parameters are as follows: mass recovery T n, the number
of cycles 100/m,,, mass fraction 100—F\ (90) of the particles coarser than 90 m
in the end-product and the recovery k (90) of the particles smaller than 90 pm.
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Table IV
Calculation of the Expected Values of the Pneumatic Separation

Fine product

Particle size Product a Recoveries
[xm am, % (1100/0)
shred Am
<63 46.98 0.65110 30.589 87.42 87.42
63 —90 12.08 0.23414 2.828 8.08 95.50
90— 160 18.13 0.07449 1.349 3.86 99.36
160 —200 6.98 0.02102 0.147 0.42 99.78
200—315 8.62 0.00900 0.078 0.22 100.00
315—500 5.28 0 0
S00< 1.93 0 0
100.00 mh = 34991 100.00
Particle size Coarse product Somet
arameters
om ~mred Am Fm(x) P
<63 16.391 25.22 25.22 | S [-**_ = 100/mA
63-90 9.252 14.23 39.45
90— 160 16.781 25.81 65.26 100-95.50 = 45 = 100- Fn¢90)

30.589 + 2.828

_ = 06811
160—200 6.833 10.51 75.77 46.98 + 12.08

200-315 8.542 13.14 88.91
315—500 5.280 8.12 97.03
500< 1.930 2.97 100.00

nit = 65.009 100.00

The calculation ofthese parameters can be carried out by the method illustrated
in Table 1V.

The process control computer calculates the differences between the pre-
scription for the mass fraction of the part coarser than 90 jurn (in this case 7%)
and 100 — Fh (90). It choses that particular parameter value which keeps the
difference with positive sigh at minimum or at zero. If identical differences are
obtained the computer choses that parameter value which ensures maximum
recovery for the part finer than 90 “m in the end-product.

This solution ensures the fulfilment of the purpose outlined in the Intro-
duction. The pneumatic separator can be operated at the parameter value
ensuring the most effective separation even in case of changing particle size
distribution of the product. By the time the product with the altered particle
size distribution gets to the pneumatic separator, the new parameter will
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Table V

159

Principal Parameters of the Pneumatic Separationfor Various Revolution Numbers

e eters 230000 200000 150000 110000
mh 57.07 53.80 51.93 34.99
A 100/m/, 1.75 1.86 1.93 2.86
100 —F ft(90) 19.97 17.18 15.25 4.50
fc(90) 0.7734 0.7544 0.7452 0.6811
mh 52.04 48.33 46.14 29.60
B 100/m/, 1.92 2.07 2.17 3.38
100-F ,, (90) 27.67 24.02 21.38 6.72
fc(90) 0.7752 0.7562 0.7470 0.5686
mh 67.73 65.06 63.78 45.45
C  100/m/, 1.48 1.54 1.57 2.20
100-17,(90) 7.92 6.71 5.98 1.72
k(90) 0.7614 0.7412 0.7324 0.5454
Sample and
Separation parameters 230012 200072 15002
mh 32.67 30.36 27.17
A 100/m/, 3.06 3.29 3.68
100—F/,(90) 1.70 1.23 0.17
fc(90) 0.5437 0.5078 0.4592
mh 27.26 25.29 22.52
B 100/m/, 3.67 3.95 4.44
100—F/,(90) 2.55 1.84 0.27
fe(90) 0.5470 0.5112 0.4625
42.81 39.67 35.62
C  100/m/, 2.34 2.52 2.81
100 —F a(90) 0.65 0.47 0.06
fc(90) 0.5194 0.4821 0.4347
.already have been adjusted. — According to Table V the separation of material

A is the most effective without blades and at 1100 r.p.m. The discussed differ-
ence is now 7—4.5 = 3.5%, recovery becomes 0.6811. Material C is best sepa-
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rated at 2000 r.p.m., without blades. In this case the mass fraction of the clinker
coarser than 90 pm amounts to 6.71%, recovery being 0.7412. The most suit-
able separation parameters are specially marked in the Table.

According to the suggested solution the computer calculates the absolute
mass of the duffled hack to the mill with the equation G = mdM. If a material
with constant mass is fed to the system the mass of fresh feed can also be cal-
culated with the correlation R = X — G.

In order to keep the system at its optimum the previous knowledge of
the mill characteristics is required. It should, however, be noted that the ad-
justment of X 10 and Vjo theor is made in the direction of the arrows and the
control of the pneumatic separator is carried out so as to take account of these
values.

4. Consequences

For the sake of the process control the transfer functions of the pneuma-
tic separators applied in the industry have to be established by means of rep-
resentative measurements. The stability of these functions should be made
sure. The continuous analysis of the particle size distribution [7] isto be devel-
oped for various particle size fractions. The mill characteristics is proposed to
he formed as outlined in the study. It has to be checked continuously during
operation.
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CUCTEMA YMPABJIEHUA APOBU/ILHOIO CEMAPATOPA C 3AMKHYTOW
LUPKY NALMEN

C. neté
PE3FOME

B pa60Te MOXHO MO3HAKOMUTLCA C Takoi CUCTEMOI MPOrpPamMMHOro YNpaBieHus, KoTo-
pasi ocyLLecTBASAET «06paTHYIO CBS3b» BO3AYLUHOrO Cernaparopa, a Mo OTHOLUEHWIO Me/bHULbI
YMeHbLLIAET [0 MUHUMYMa MEPTBOE BpeMsi. JTO fenaeT BO3MOXHbIM M B BC/yyae MepeMeHHol
pa3mMo/10cnoco6HOCTM o6ecrneveHrie MaKCMMaslbHOW Maccbl MPOAYKTa MOCTOSIHHOrO U Mpeanu-
CaHHOro KauecTBa.
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Hamid N. Al-Sadi

SEISMIC EXPLORATION (TECHNIQUE AND PROCESSING)
LMW/A 7, ASTRONOMISCH-GEOPHYSIKALISCHE REIHE, BD. 7

Birkhduser, Hasel —Boston —Stuttgart 1979, 220 pages, sFr. 49.

This hook isa comprehensive, relatively short and up-to-date review of the physics and
mathematics involved in seismic exploration. The text is very clearly written, all important
information is given and nothing of importance for the understanding is omitted. It is therefore
well suited both as a textbook for students and as a handbook for anybody dealing with seismic
exploration in practice.

Chapter 1 of the book deals with the theory of wave motion, propagation of waves and
influences of the media traversed. Chapter 2 is devoted to seismic waves, their types and propa-
gation. Chapters 3 and 4 offer the mathematical background of the seismic processing methods,
both in time and frequency domain. This part can be even used in non-seismic problems, due to
its excellent presentation. Chapter 3, Time series analysis, is divided into parts on digital func-
tions, time-domain processes and filtering, Chapter 4, Spectral analysis, into a short historical
review, spectral analysis of periodic functions, spectral analysis of transient functions and basic
theorems for the Fourier-transform. Chapters 5 and 6 deal with seismic prospecting in a strict
sense, giving descriptions on seismic methods, reflection field technique, and detection and
recording of seismic signals. Chapter 6 discusses digital processing of reflection data, including
digital processing technique, data reduction and stacking, signal resolution, determination of
processing parameters, interpretation processing and a processing example. This example
illustrates the effect of different processing manipulations.

The book is a welcome addition to the library of all exploration geophysicists.

J. Veré

TIDAL FRICTION AND THE EARTH’'S ROTATION
Editor: P. Brosche, J. Sindermann

Springer, Berlin, Heidelberg, New York 1978, 252 pages, 81 figs, DM 48.—

It is quite unusual that the editor should passionately praise the topic of his book as here

is the case: “Tidal friction and the Earth’s rotation ... is one of the most fascinating books
not merely chapters! — of the modern history of science”. 1think that this is nevertheless no

exaggeration as the hook is also in the real sense of the word fascinating. It is a collection of
papers presented by représentants of different disciplines at a meeting hold in 1977 at Bielefeld.

The papers can be grouped below the following headings:

1. Did tidal friction cause measurable changes in historical times?

2. What is the importance of the tides of the solid Earth in comparison to those of the
oceans?

3. Does any reliable computation exist about tidal friction for the system Earth-Moon?

The first paper by T. R. Stevenson reviews the results of pre-telescopic astronomical
observations. From an analysis of total and near-total solar eclipses he concludes that the lunar
acceleration h measured in ephemeris time (ET) remained practically constant in the last three
thousand years.
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In the second paper L. Y. Merrison deals with tidal deceleration of the Earth’s rotation
from the results of astronomical observations in the period A. D. 1600 to the present. Due to
tidal friction the rotation velocity of the Earth decreases and the Moon’s orbit expands. The or-
bital velocity of the latter decreases, but its orbital angular momentum increases so that the
rotational angular momentum due to the Earth’s rotation decreases in favour of the orbital
angular momentum. This decrease cannot be found in astronomical measurements over the past
three centuries as the fluctuations due to the transfer of angular momentum between the core
and mantle cause greater effects in a somewhat shorter period range. The decrease of the Earth’s
rotation velocity can be obtained, however, from measurements of the decrease of the Moon’s
angular velocity using telescopic observations over the past three centuries. The velocity de-
crease of the Moon is from data observed since 1600 according to the author:

n 26 d; 2"/century?2
and the change of the rotational velocity:
G/tc = —29 £ 2 « 10~3century

where w denotes the Earth’s angular velocity.

The third paper (H. Ensi.iin) is devoted to the present determination of the Earth’s
rotation. The determination of the Earth’s rotation includes the determination of the Earth’s
rotation with respect to a celestial frame of reference, further the determination of the position
of the rotation axis with respect to the Earth’s crust — i.e. the determination of Universal Time
(UT) and polar motion. This can be realized only in an international cooperation supervised by
the Bureau International de I’'Heure (BIH) in Paris and by the International Polar Motion
Service (IPMS) in Mizusawa. The paper describes phenomena connected to these fields. It re-
views such notions as equatorial system, astronomical longitude and latitude, different time
scales (astronomical time, atomic time). Observational aids and methods are also reviewed
(optical measurements, Doppler satellite observations). Then the work done in the mentioned
centres (BIH, IPMS) is dealt with and some illustrative figures offered for the changes of the
days’ length and for the polar motion in recent years.

Calame and J. D. Mulhoixand |nvest|gate in the fourth paper the tidal effect on the
basis of Iaser and distance measurements. They summarize the tidal phenomenon and point out
possible consequences: change of the length ofthe day and of the angular position and geocentric
distance of the Moon. Modern techniques, as e.g. Doppler measurements, VLBI and laser rang-
ing have several consequences. The latter is discussed in more details. At present there are 5
laser refractors on the Moon (3 American, 2 Soviet ones). From a 7 years measurement series,
about two thousand reliable values are available with a typical accuracy of 15 cm, but the best
measurements have an accuracy of 5 cm. The determination of the lunar acceleration from
measurement data is discussed, the difficulties of interpretation are summarized.

The author of the fifth paper is M. Bonatz. He discusses the tides of the solid Earth
from gravimetric measurements. His paper is based on the material of the 8th International
Symposium on Earth Tides held 1977 in Bonn and summarizes the most recent results presented
there. After a short review of the static tidal theory, actual problems of the terrestrial tidal
research are treated. These are the following: present theoretical models do not consider inhomo-
geneities, the measurements are influenced by unknown local and secondary effects, further by
the effects of the oceans. The author hints at a recommendation of the mentioned symposium
which emphasizes the necessity of a study of these problems.

J. Zschau’s paper is a detailed, comprehensive review of the phenomenon of tidal fric-
tion. It is outstanding not only due to its length, but it can be recommended to everybody in-
terested in tidal friction not only on the level of a phenomenon. The dissipation energy in the
tidal friction is discussed, both for the tides of the solid Earth and for that of the oceans. The text
is illustrated by numerical computations and measurement results.

The seventh paper (K. Lambeck) considers tidal dissipation in the oceans. It concludes
that the greatest part of the tidal energy is dissipated in the oceans, but the dissipation mechan-
ism is at present unknown.

W. Zahel’s eighth paper investigates the effect of the deformation of the solid Earth by
diurnal and semidiurnal oceanic tides. This is even now an open question, and Zahel gives a
correct review on our present knowledge. Computations are made using a 4° X4° net presented
by the author in 1970. The result of computations for the JM2 and K 1 waves are presented.
The results obtained in the 4° X 4° net are more correct with consideration of the tide of the solid
Earth than without it, but worse than those obtained in the 1°X 1° net without solid Earth
tides.
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In the ninth paper, J. Sundermann and P. Brosche analyze numerical computations of
tidal friction for ancient and present oceans. Hydrodynamical equations and numerical models
for the problem are presented. Both application to presentoceans and to ancient ones are treat-
ed. The authors suggest that such computations may solve the contradiction between computa-
tions of the changes of the rotational energy and measured values.

K. Lambach deals in the tenth paper with the paleorotation of the Earth. In the frame-
work of this, conclusions are drawn from ancient organic material about the rotation of the
Earth. Bivalves, corals and stromatolites enable conclusions on three periodicities:

1. the number of days per year,

2. the number of days per synodic month.

3. the number of synodic months per year.

The three types of fossiles are treated at first separately, then combined results are pres-
ented.

The length of the day and month is discussed by C. T. Scrutton in the eleventh paper
by considering fossile growth features. The author gives a detailed analysis of bivalve, coral and
stromatolite growth features, their investigation methods and the data obtained. The following
conclusions are drawn:

1. The Moon has been in orbit around the Earth for the last 3000 million years at least.

2. There has been a gradual decrease in the number of days per year during the Phanero-
zoic and probably before.

3. There has been also a gradual decrease in the number of days per lunar month in the
same time, but the number of lunar months per year remained constant.

4. The decrease of the rotation rate of the Earth support the hypothesis of tidal friction.

In the last paper, J. D. A. Piper outlines a magnifie panorama on dynamics and hydro-
sphere of Precambrian continents on the basis of geological and geophysical data.

In conclusion this short summary will perhaps evoke the reader’s interest for this really
exciting book.

b. Hartha

TERRESTRIAL HEAT FLOW IN EUROPE
Editor: V. Germak and L. Rybach

Springer Verlag, Berlin  Heidelberg—New York. 1979. 151 figs, 47 tab., 1 twelve-c*lor map.
VIIl, 328 p. Cloth DM 89, U.S. $ 49

This book is the result of an international cooperation in the framework of the Inter-
Union Commission of Geodynamics to construct a 1 : 5000 000 heat flow map of the continent.
In the last decade the number of heat flow measurements increased considerably. The book con-
tains some 3000 heat flow data from Europe and from the surrounding marine areas. It is a great
merit of the editor that they brought together this vast amount of data and succeeded in con-
structing a heat flow map of Europe with considerable details. The coverage is naturally chang-
ing, there are regions where practically no data exist, while in other cases the strong local chan-
ges cause greater problems. In any case the book and the included map is a welcome addition
to earlier heat flow reviews with a significantly increased amount of data.

The first part of the book contains 11 papers on general problems. Roughly the half refers
closely to the map, describing or supplementing it, drawing conclusions from comparisons be-
tween the heat flow data and conductivity anomalies, fault tectonics, crustal thickness and
recent vertical movements. The other half deals mainly with correction problems, e.g. in sea and
lake bottom sediments due to sedimentation, topography and hydrology.

The second part contains national reports from 21 countries in which the authors describe
the data, their acquisition, error sources etc. It seems that the problem of corrections is still a
major source of inaccuracies; the editors have chosen the way that they do include as few cor-
rections as possible, while the topographic, climatic, glaciation corrections, effects due to cir-
culating waters, sedimentation and denudation, problems in the determination of the heat con-
ductivity in loose sediments are treated in individual papers or in certain national reports.

The book contains not only valuable information on heat flow in Europe both in form of
numerical data and of a map constructed with long-time practice and very great carefulness,
but also yields a very interesting picture on the present state of heat flow investigations by
enabling a comparison of many national reports in which the authors emphasize and discuss a
fascinating variety of problems related to heat flow problems.

J. Ver6
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E. Grafarend—H. Heister—R. Keim —H. Kropff—B. Schaffrin

OPTIMIERUNG GEODATISCHER MESSOPERATIONEN (OPTIMATION OF GEODETIC
MEASUREMENTS)

Herbert Wichmann Verlag, Karlsruhe, 1979, 499 p., 88 DM

A new book has been published on a mostinteresting field of geodesy, on the optimation
of geodetic measurements. In addition to an analysis of the accuracy and reliability of geodetic
measurements, the authors investigate the importance of qualitative and quantitative problems
in the construction of geodetic networks. Expenses and time demand are also taken into account
in the optimation. The book contains six Parts.

Part 1deals with the basic mathematical problems of the optimation ofgeodetic measure-
ments. The chapters ofthis Part deal additionally with linear spaces, transformation problems,
problems of the definiteness, further in the framework of optimation with the simplex method,
with the approximative method, and with the convex, quadratic and dynamic methods.

Part 2 deals with optim ation problems of geodetic networks, thus with the configuration
of the networks, with the optimum use of the instruments, further with optimum expenses.
Having finished the measurements, the actual accuracies in the network are studied diagnostic-
ally. Its chapters deal with the aim-functions of the optimation, criteria of utilization and ac-
curacy (trilatération networks, traverses, including inner orientations, — further the optimation
of different intersection and resection problems). The problems of the defects ofthe matrix ranks
and of the computation of different type pseudoinverses are also treated.

Part 3 deals with first order optimation (optimation methods according to the form of
the network), where — depending on the accuracy demand of the coordinates to be deter-
mined —the gradientmethod, the method using the graph theory, further the indirect methods
(network simulation, electric analogies) are discussed. As theoretical examples the optimum
resection, optimum satellite geodetic networks, very long base radio-interferometric measure-
ments, further the problems of networks produced by navigational methods are offered. Fur-
ther the use of implicite functions, determinants, and of the Laplace-theorem are also discussed
in the geometric optimation.

Part 4 discusses second order optimation (optimation of the measurement plan), includ-
ing measurement weights of geodetic networks, the criterion matrix method (Kronecker,
Khatri-Rao), and indirect solutions. Scalar aim-functions, optimum planning of continuous
observations (movement investigations) and optimation of the manpower demand are reserved.
In this Part planning of two-dimensional networks, further of gravimetric measurements are
treated, too.

Part 5deals with third-order planning (network optimation with supplementary measure-
ments). Mathematical problems of the supplementary control measurements, further of the
weight changes, and of the changes ofthe variance-covariance matrix are treated. A theoretical
example is presented with the use of Neumann-series for triangulation, trilatération and com-
bined networks.

In Part 6 the problems of the hybrid planning of networks are discussed. The optimation
methods (as methods according to the form ofthe network, to the determination plan) described
in previous chapters are combined with the method of the Neumann-series.

This list shows that the authors discuss a wide range of optimation problems in geodetic
measurements. The book has a more theoretical character, nevertheless a number of practical
problems are also discussed in connection with certain problems. The investigations are based
on random errors, though it would be desirable to study regular (model) errors inevitable in
networks, too. There are only some hints to such problems. Little attention is paid in the opti-
mation e.g. to refraction errors, calibration problems of the instruments, optimation of inter-
mediate orientations and regular errors in connection with them. The references are rather ex-
haustive in spite of some hiatuses which are probably due to the cooperation of several authors.
The most striking hiatus is that of the collocation being advantageously utilizable in optimation,
further that of some analogous physical-electrical methods.

It can be said that the authors deal with the optimation problems of geodetic networks
on a very high mathematical level, using the most up-to-date mathematical methods. The tech-
nical production of the book is of high standard, too, thus it can be recommended to anybody
dealing with the optimation of geodetic networks on a scientific and practical basis.

F. Halmos
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H. Moritz
ADVANCED PHYSICAL GEODESY

Herbert Wichmami Verlag, Karlsruhe and Abacus Press, Turnbridge Wells, Kent, 1980, 500 p.,
80 DM

An excellent book dealing with the problems of the theoretical geodesy and its use has
been published written by a prominent représentant of the physical geodesy, Il. Moritz. Pro-
fessor at the Technical University Graz. It was published in a very shorttime (one and half years
between the first letters of the manuscript and the publication) with the cooperation of two
publishing houses. It includes in 4 Parts and 55 Chapters the recent developments in this field
based partly on the excellent work by lleiskanen and Moritz (Physical geodesy, Freeman,
San Francisco, 1967) and on other works. The material is presented with the well-known peda-
gogical sense of the author, in a clear and continuous line of thoughts which enables even for the
less experienced reader to gain new knowledge in this field.

Part A deals with the basic ideas of physical geodesy. Part B includes least squares col-
location, Part Cits practical use. Part D discusses the boundary-value problem of geodesy and
problems in connection with it. The book is restricted to ‘‘classical” physical geodesy, i.e. it con-
siders the figure of the earth and its gravitational field as being independent of time. This is true
down to an accuracy of 10 7what is compatible with present accuracy possibilities. For an even
higher precision, mainly for geodynamical purposes, time variations must be also taken into
account. This problems are reviewed in a short chapter. It is remarked in the introduction that
the geodetic aspects of geodynamics would be worth of a separate part, or even of a complete
book. In the discussion of the boundary value problem of geodesy, the four-dimensional treat-
ment is also used. It can be therefore supposed that the author intends to write a work dealing
in details with the problems of geodynamics, offering a four-dimensional treatment.

The present book is didactically, pedagogically and practically of outstanding value for
the geodesy.

The parts have the following content:

Part A discusses the mathematical background of physical geodesy (spherical harmonics
describing the gravity field of the Earth, linear operators, convergence problems, etc.).

Part B deals with the determination of the anomalies of the gravitational field of the
Earth using the least-squares collocation. Equations are presented for the connection of different
kinds of geodetic computations. The structure of this Part is based on simple models starting
from which the author reaches through statistical and analytical structures collocation inter-
pretation and prediction. On hand of elementary examples, the notions of random and regular
errors, “noises” are clarified. In addition to this logical structure, the great number of illustra-
tive examples from the physical-geodesy is to be emphasized which promote an easy under-
standing. For the solution of very great linear equation systems a stepwise method is proposed.
The determination of the covariance functions is treated in details, being a problem of utmost
importance for the least-square collocation. Mathematical and numerical questions in this con-
nection are also analyzed. This part includes the author’s own results achieved through many
years.

Part C deals with the geometric basis of the least-squares collocation by representing the
Hilbert spaces with kernel functions. It is proved that this gives a unique solution for the figure
of the Earth and its gravitational field. The statistical background of the solution with colloca-
tion, the stochastic principles of the determination of gravity anomalies are also investigated.
A separate chapter yields the proofthat the spherical approximation is sufficient for the solution
with collocation, as ellipsoidic formulae cause only slight changes against the spherical ones,
but they cause a significant increase of computational work.

In connection with the boundary-value problem of the geodesy, discussed in Part D,
a detailed analysis is given on Molodensky’s, Brovar’s and other solutions which are based
on mathematical series (convergence, equivalence problems, etc.). From recent solutions,
Hormander’s, Krarup’s and Sanso’s methods are discussed. A theoretical basis of these com-
putations is given. The complexity of Hormander’s solution is emphasized. Sanso’s solution
which is based on the Legendre-transformation is recommended as a new, original and very
effective solution. The time dependence of the reference systems, tidal effects, further geodyna-
mical aspects are shortly summarized. Special attention is paid to the importance of the abso-
lute g determinations from the point of view of the four-diinensional geodesy. The importance
of tidal studies, polar motion and inertial systems are shortly reviewed.
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The book is supplemented by exhaustive references. The citations in the text give con-
siderable help for the less experienced reader for a more detailed study of certain problems.
The mathematics of the book is clear, simple and of a logical structure. A harmony of form and
content is characteristic for the book for what all geoscientists, especially all geodesists owe the
author thanks. A special merit of the author and the publisher is that they produced the book
in a very short space of time enabling a text including recent results on this field of science.
This should be a model for other publishing houses, too.

F. Halmos

P. Schmidt
SEISMOLOGIE UND MEDAILLEN VOM 17. JAHRHUNDERT BIS IN UNSERE ZEIT

Jahrbuch der Staatlichen Kunstsammlungen Dresden 1976 —1977. S. 193 —208.

Es ist interessant und nitzlich, daR der Verfasser die Medaillen iilber groBe Erdbeben
vom 17. Jahrhundert an zusammengesucht und verdffentlicht hat. Die erste Medaille bezieht
sich auf das niederldndische Erdbeben vom 18. September 1692; die letzte auf das italienische
Erdbeben vom 28. Dezember 1908. Es werden aber auch Medaillen behandelt, die von wissen-
schaftlichen Institutionen fir seismische Forschungsarbeiten verliehen wurden und werden.

Der Verfasser regt mit Recht an, in Anbetracht der groRen Bedeutung der Seismologie
und Seismik solche Medaillen auch in der Zukunft herauszugeben.

Die Arbeit stellt eine wertvolle Bereicherung unserer Wissenschaft dar.

A. Tarczy-Hornoch
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FOREWORD

This issue of Acta Geodaetica, Geophysica et Montanistica celebrates
the twenty-fifth anniversary of the foundation of the present Geodetic and
Geophysical Research Institute of the Hungarian Academy of Sciences as two
independent laboratories. The collected papers aim to give informations about
the investigations made in the Institute in recent years, and correspond to
the level reached in 1980, thus individual manuscripts do not bear any datum.
The picture given in these papers could not be considered as a complete one,
nevertheless they include the most important items of the last years.

Sopron, December 29, 1980

J6zsef Somogyi
Director
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DAS 25-JAHRIGE BESTEHEN DES GEODATISCHEN
UND GEOPHYSIKALISCHEN FORSCHUNGSINSTITUTES
(GGKI) DER UNGARISCHEN AKADEMIE
DER WISSENSCHAFTEN

J. SOMOGYI
DOKTOR DER TECHNISCHEN WISSENSCHAFTEN

Geoddatische und geophysikalische Forschungen wurden in Sopron bereits
vor dem Krieg ausgeubt. Am Lehrstuhl fiir Geoddsie und Markscheidewesen
bzw. am Lehrstuhl fiur forstliches Vermessungswesen der von Selmecbhanya
(heute Banska Stiavnica) nach Sopron Ubersiedelten Hochschule fiir Bergbau
und Forstwesen wurde nebst Unterricht auch nennenswerte Forschungstatig-
keit geleistet. Die Forschungsergebnisse wurden in zahlreichen in- und aus-
l&ndischen Zeitschriften, sowie in den fremdsprachigen Verdffentlichungen
der Hochschule publiziert. Dadurch hatte Sopron bereits zu dieser Zeit Ver-
bindungen zu heimischen und internationalen wissenschaftlichen Kreisen.

Nach 1945 nahmen — wie alle Wissensgebiete — auch die geoddtischen
und geophysikalischen Forschungen einen wesentlichen Aufschwung.

Im Jahre 1947 wurde mit der Ausbildung von Bergbau-Forschungs-
ingenieuren mit einem hauptsdchlich auf Geowissenschaften ausgerichtetem
Studium begonnen und damit verbunden nahm in demselben Jahr eine geo-
datische und geophysikalische Arbeitsgemeinschaft ihre wissenschaftliche
Téatigkeit in Sopron auf. 1949 begann ebenfalls in Sopron die Ausbildung der
Vermessungsingenieure, 1951 die der Ingenieure fur Geophysik.

Die Grinder der Arbeitsgemeinschaft waren die Professoren Istvan
Hazay, Karoly Kantas, Antal Tarczy-Hornoch und Miklés Vendel.
Daraus entwickelte sich im Jahre 1955 das Geodd&tische bzw. das Geophysika-
lische Forschungslaboratorium der Ungarischen Akademie der Wissenschaf-
ten unter der Leitung von Tarczy-Hornoch bzw. Kantas. Im Herbst 1956
ibernahm Tarczy-Hornoch — nach Ausscheiden von Kantas — auch die
Leitung des Geophysikalischen Forschungslaboratoriums; seither konnten
beide Institutionen unter einer einheitlichen Fiuhrung arbeiten. 1971 wurden
beide Forschungslaboratorien sowie das Seismologische Observatorium in
Budapest auch organisatorisch in ein einheitliches Forschungsinstitut ver-
einigt. Akademiemitglied Tarczy-Hornoch wirkte bis 1. Jdnner 1972 als
Institutsdirektor.
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Beide Forschungslaboratorien begannen ihre Té&tigkeit mit je 4—5 Mit-
arbeitern. Das Geodé&tische Forschungslaboratorium war in den ersten Jahren
in einem Zimmer des Lehrstuhls fir Geoddsie und Markscheidewesen der
Technischen Universitdt Sopron untergebracht. Das Geophysikalische For-
schungslaboratorium arbeitete unter verh&ltnismé&Rig ginstigeren Umstédnden,
in selbstdndigen R&umlichkeiten. Eine fir Grundlagenforschungen sowie fir
Instrumentenentwicklung wunerldBlich notwendige mechanische W erkstatt
konnte daher im Geophysikalischen Forschungslaboratorium schon am An-
fang eingerichtet werden. Die Mechaniker des Geodatischen Forschungslabo-
ratoriums konnten nur in der Werkstatt des Lehrstuhls arbeiten. Eine eigene
mechanische W erkstatt wurde hier erst nach der Umsiedlung der Technischen
Universitdt nach Miskolc eingerichtet. Nachdem im Juni 1960 auch das
Forschungslaboratorium fur Erddlgewinnung der U. A. d. W. nach Miskolc
verlegt wurde, konnten beide Laboratorien in einem selbstdndigen Gebd&ude
untergebracht werden. Die Unterbringung war aber bereits 1960 zu eng. Der-
zeit arbeiteten in beiden Forschungslaboratorien 16 wissenschaftliche Mit-
arbeiter, die Anzahl aller Besché&ftigten betrug 30. Bis 1970 erhdhte sich die
Zahl der wissenschaftlichen Mitarbeiter nur auf 17. Die mechanische Werk-
statt der Geophysiker und die Garage blieben an ihrer fritheren Stelle. Die
Probleme der Unterbringung konnten endgultig erst 1973, nach der Fertig-
stellung eines neuen Institutsgeb&udes geldst werden. Im neuen Gebdude hat
jeder wissenschaftliche Mitarbeiter ein selbstdndiges Arbeitszimmer. Die
Bibliotheken beider Forschungslaboratorien konnten vereinigt werden. Das
neue Rechenzentrum und die Instrumentenpriifhalle entsprechen weitgehend
den Voraussetzungen der modernen Forschungstatigkeit. Im alten Gebd&ude
konnten die Werkstatten fir Mechanik und Elektronik sowie das Fotolabora-
torium untergebracht werden. Hier sind auch R&ume fir Freizeitunterhaltung
und Sport eingerichtet. Der Personalstand des Institutes ist derzeit 110, die
Zahl der wissenschaftlichen Mitarbeiter 33.

Geowissenschaften, besonders Geodé&sie und Geophysik haben Tradition
in Ungarn. Die Instrumentenproduktion auf beiden Gebieten kann bis zum
vorigen Jahrhundert zuriickgefuhrt werden. Geoddtische Instrumente werden
in Ungarn seit 1872 hergestellt, die Erzeugung der Edtvésschen-Drehwaage
begann ebenfalls im vorigen Jahrhundert. Nach 1945 setzte sowohl in der geo-
détischen als auch in der geophysikalischen Instrumentenproduktion ein
groBer Aufschwung ein. Erfolgreiche Instrumentenentwicklung kann ohne
hochstehende Grundlagenforschungen nicht verwirklicht werden. Diese For-
schungen miussen die zu erwartenden Entwicklungsrichtungen, sowie die
Prufung und den Vergleich der Leistungsfdhigkeit der verschiedenen Instru-
mententypen erfassen. In der Forschungstdtigkeit der Soproner Laboratorien
haben seit der Grindung auch solche Untersuchungen eine bedeutende Rolle
gespielt, da man dessen bewuBt war, dall eingehende Grundlagenforschungen
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unmittelbar einen doppelten Nutzen bringen kdénnen. Einerseits kdnnen die
Ergebnisse der Grundlagenforschungen des fraglichen Gebietes das wissen-
schaftliche Ansehen des Landes erhdhen, wodurch das Vertrauen zu den
erzeugten Instrumenten zunehmen wird; andererseits kdnnen Forschungs-
ergebnisse bei den Instrumentenentwicklungen auch unmittelbar angewendet
werden.

Das Geoddétische Forschungslaboratorium begann seine Té&tigkeit im
Jahre 1955 mit 5 Mitarbeitern (Gyula AlpAr wiss. Abteilungsleiter, ferner
Lasz16 Gereben, Ferenc Halmos, J6zsef Somogyi und Gyula Szadeczky-
Kardoss). Diese Zahl erhdhte sich 1957 mit zwei weiteren M itarbeitern
(Erné Czuczor und Aladar Orban). Zwei Feinmechaniker (Antal Bummer
und Gyula Ullrich) arbeiteten in der W erkstatt, ferner war eine administra-
tive Kraft und ein PKW -Fahrer angestellt.

Diese kleine Gruppe von W issenschaftlern befalRte sich aulRer den geo-
datischen, meRtechnischen, rechentechnischen, fehlertheoretischen und physi-
kalisch-geoddtischen Grundlagenforschungen (Ausgleichungsrechnung, An-
wendung der Matrix-Algebra, Genauigkeitsprifungen, Projektionsberechnun-
gen, numerische Probleme der Photogrammetrie, Gravitation, Astrogeodasie)
auch sehr intensiv mit instrumententechnischen Problemen. Dies wurde durch
den Umstand bedingt, dal die Ungarischen Optischen Werke (MOM) in der
M itte der fiinfziger Jahre die geodatische Instrumentenproduktion recht stark
und erfolgreich forderten. Eine enge Zusammenarbeit mit den Ungarischen
Optischen Werken (MOM) bestand seit 1958. Die Prifung s&mtlicher Ver-
suchsexemplare und die der Prototype wurde in unserem Forschungslabora-
torium in enger Zusammenarbeit mit den oft auch persénlich anwesenden
Konstrukteuren durchgefiihrt. Hauptzweck dieser Zusammenarbeit war das
Anpassen dieser Instrumente jenem technischen Niveau, das dem der von
fuhrenden ausldndischen Firmen hergestellten Instrumenten entsprach. Flr
diese auch als Heldenepoche bezeichenbare Periode war jene Begeisterung
charakteristisch, die dazu fuhrte, daR Diskussionen lber die Kl&rung auf-
regender Probleme bzw. Arbeiten zur Verwirklichung von Konstruktions-
&nderungen oft bis spdt in die Nacht dauerten, oder oft auch an Ruhetagen
fortgefliihrt wurden.

AuBerdem bestand auch mit dem Bergbau eine wirksame Zusammen-
arbeit. So wurden z. B. gemeinsam mit den Mitarbeitern des Lehrstuhls fir
Geodésie und Markscheidewesen fur den Ausbau neuer Gruben im Kohlen-
revier Mecsek geoddtische Richtungsmessungen zum Durchbruch zweier von
verschiedenen Fldozen ausgetriebenen Strecken durchgefihrt. Man kann ruhig
behaupten, daB die Forschungslaboratorien die im Jahre 1968 erlassene wirt-
schaftspolitische Forderung, wonach die Wissenschaft neben Grundlagen-
forschungen eine unmittelbare Produktivkraft werden soll, bereits 1956 ver-
wirklicht und praktiziert hat.
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Es wurden in der mechanischen W erkstatt spezielle der Grundlagen-
forschung dienende Instrumente gebaut (z. B. verschiedene halbautomatische,
automatische Libellenprifer, astrogeodétische Instrumente) daneben aber
auch Hilfsgerdte zur Prifung neuer geoddtischer Instrumente (z. B. Kreis-
teilungsprifer, Stehachsenschwankungsprufer, Diagrammprifer, usw.) her-
gestellt. Die zur Prifung geodatischer Instrumente entwickelten neuen Metho-
den wurden auch von der internationalen Fachliteratur Gbernommen.

Im Jahre 1959 begann die regelmdaRige geographische Breitenbestim -
mung zur Untersuchung der Polschwankungen im Observatorium bei Nagy-
cenk. 1968 "wurde in Sopronbanfalva ein Observatorium zwecks Messung von
Erdgezeiten mit der selbstlosen Hilfe des Kohlenbergwerks Oroszlany fertig-
gestellt.

1955 waren vier wissenschaftliche Mitarbeiter im Geophysikalischen
Forschungslaboratorium angestellt (Vilmos Auer wiss. Abteilungsleiter, fer-
ner Antal Adam, Pal Bencze und Akos Wallner). 1957 kamen dazu
— nebst Ausscheiden von V. Auer — Judit Czuczor, Ferenc Marcz und
Joézsef Vers, wiss. Abteilungsleiter wurde Antal Adam; weiters waren zwei
Krafte fur Verwaltung und Administration und zwei PKW -Fahrer angestellt.
In der Werkstatt arbeiteten zwei Mechaniker (Gyula Simon und Gyézé
Marcz).

Die ersten Aufgaben des Laboratoriums zur Grindungszeit war u. a.
die Untersuchung der Anwendungsmodglichkeit der tellurischen Methode in
Erdélforschungen, was vornehmlich auf dem Gebiete der Erddlstruktur Nagy-
lengyel in Sidwestungarn durchgefiihrt wurde; Konstruktion eines Erdstrom -
meflgerédtes, sowie einer Induktionssonde fur Bohrlochmessungen. Das tellu-
rische Instrument wurde im W inter 1955/56 auf einer Ausstellung in der Volks-
republik China gezeigt. Als Ergebnis wurden 50 Instrumente bestellt, zu derer
Herstellung die Budapester Fabrik Geophysikalischer MelRgerdte 1956 in
Sopron eine Abteilung mit 20 Arbeitern gegrindet und diese unter die unmiit-
telbare Leitung des Geophysikalischen Forschungslaboratoriums gestellt hat.
In dieser Abteilung wurden spéater noch aufgrund mehrerer Konstruktionen
des Laboratoriums geoelektrische und geomagnetische Instrumente sowohl
zur Deckung des heimischen Bedarfs als auch fir Exportzwecke hergestellt.

Eine wichtige Aufgabe bedeutete derzeit auch die Vorbereitung des
Internationalen Geophysikalischen Jahres 1957/58. Die Hauptaufgabe bestand
in der Errichtung eines elektromagnetischen Observatoriums. Dafir wurde
aufgrund von Probemessungen als geeigneter Ort ein Gebiet bei Nagycenk
ausgewdhlt. Darauf folgte der Bau der notwendigen Gebduden und die Aus-
stattung mit den ndtigen Instrumenten grdoBRtenteils im Eigenbau. Der Obser-
vatoriumsbetrieb begann im August 1957 mit den tellurischen Registrierungen,
die seither laufend durchgefihrt werden. Die Registrierung der geomagneti-
schen Elemente wurde im Jahre 1961 aufgenommen. Die Té&tigkeit des Obser-
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vatoriums wurde 1962 mit lonosphdren-Forschungen erweitert. Die Ver-
6ffentlichung der MelRergebnisse des Observatoriums geschieht in Jahrbichern.
Das Observatorium und dessen Umgebung stehen unter Naturschutz, was die
Ungestdrtheit der Forschungstéatigkeit sichert.

Aus den bereits erwdhnten geht es schon hervor, dal im Geophysikali-
schen Forschungslaboratorium seit ihrer Grindung ebenfalls nebst Grund-
lagenforschungen auf volkswirtschaftlichen Nutzen unmittelbar ausgerichtete
Forschungen durchgefiihrt worden sind. Auf diesem Gebiet sind noch einige
hydrologische Forschungen sowie geoelektrische Messungen am Ferto-See
zu erwdhnen.

Die Umrisse der heutigen geodé&tischen und geophysikalischen Forschun-
gen wurden schon in den sechziger Jahren festgelegt und diese bestimmten
auch grofRtenteils die Gestaltung der wissenschaftlichen Abteilungen, bei der
Reorganisierung in ein einheitliches Institut. Selbstverstindlich war dabei
auch die Wirkung der auf die ganze W elt sich erstreckenden technisch-wissen-
schaftlichen Revolution unserer Fachgebiete ein bedeutender Faktor. Die
Verbreitung und Anwendung der zeitgemé&Ren Rechentechnik zur Ld&sung
geodatischer und geophysikalischer Probleme bedeutet nicht nur einen Zeit-
gewinn, sondern auch die Untersuchung jener neuen Probleme, deren Ldsung
friher unvorstellbar war. Instrumente, die aufgrund verschiedener neuer
Prinzipien arbeiten und die die MelRgenauigkeit mit GroBenordnungen steigern,
sowie die Automatisierbarkeit der Messungen, ermdglichen die Inbetracht-
nahme von Parametern, die die Skale der Prifungen erweitern. Das Erscheinen
der kinstlichen Satelliten war Ausgangspunkt eines neuen Fachgebietes so-
wohl in der Geodé&sie als auch in der Geophysik. Mit ihrer Hilfe kénnen die
auf die Erde und die Atmosphére bezogenen Kenntnisse erweitert wer-
den.

Die geoddtischen Forschungen wurden in Sopron auf folgende Haupt-
gebiete konzentriert:

Steigerung der geodatischen Rechenkultur; Ldsung geodé&tischer Pro-
bleme aufgrund moderner mathematischer Methoden; Ausarbeitung von
Rechenprogrammen fir praktische Anwendung;

Forschungen aufdem Gebiet der physikalischen Geodasie (gravimetrische
und astrogeodétische Messungen zur Untersuchung der Erdkruste; Anwendung
der Daten der kunstlichen Satelliten zu geodynamischen Zwecken; Unter-
suchung lokaler geodynamischer Phdnomene);

Entwicklung spezieller Instrumente fir die eigenen Forschungen; Aus-
arbeitung moderner Methoden der Instrumentenprifung.

Die geophysikalischen Forschungen in Sopron wurden auf folgende
Hauptgebiete konzentriert:

Forschungen der Pulsationen sowie der zeitlichen und rdumlichen Eigen-
schaften des geomagnetischen Feldes; Theorie der Entstehung und der Ver-
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breitung der Pulsationen; die Bestimmung der Parameter der Magnetosphére
und des interplanetaren Raumes aufgrund der Observatoriumsdaten;

Untersuchung der atmosphdrischen Elektrizitdt; Beschreibung der
Eigenschaften der unteren lonosphére, Untersuchung der Erscheinung der
sonnenphysikalischen Effekte in deren Parametern, sowie der Dynamik der
unteren lonosphdre;

W eiterentwicklung elektromagnetischer Induktionsmethoden wie Tellu-
rik, Magnetotellurik und geoelektrischer Methoden sowie Instrumentenbau
aufdiesen Gebieten; Bestimmung derregionalen Eigenschaften der elektrischen
Leitfadhigkeitsverteilung im Ungarischen Becken; Beschreibung allgemeiner
geophysikalischer Zusammenhé&nge zwischen der elektrischen Leitfahigkeits-
verteilung und anderen geophysikalisch-tektonischen Parametern.

Der Generalsekretdr der Ungarischen Akademie der Wissenschaften hat
mit seinem Erlal von 1971 zwecks organisierter und zeitgem&Rer Durchfih-
rung der theoretischen und empirischen geodétischen und geophysikalischen
Forschungen in Ungarn, aus beiden Laboratorien sowie der seismologischen
Forschungsgruppe des Lehrstuhls fiir Geophysik der Lorand Edtvés Univer-
sitdt in Budapest das Geodé&tische und Geophysikalische Forschungsinstitut
der U. A.d. W. (GGKI) ins Leben gerufen. Zu den Hauptaufgaben des Institutes
gehdrt die Durchfiihrung der bedeutenden geodétischen und geophysikalischen
Grundlagenforschungen in Ungarn, die Entwicklung von wissenschaftlichen
Instrumenten, die Inbetriebhaltung eines Observatoriums-Netzes, eine enge
Zusammenarbeit mit der Industrie, eine aktive Teilnahme in der Tatigkeit
der internationalen wissenschaftlichen Organisationen, die Organisierung wis-
senschaftlicher Veranstaltungen, usw.

Das Institut besteht aus zwei wissenschaftlichen Hauptabteilungen:

a) Hauptabteilung fir Geodé&sie
b) Hauptabteilung fir Geophysik
Beide sind in je drei Abteilungen gegliedert:

Die Hauptabteilung fir Geod&sie besteht aus:

1. Abteilung fir mathematische Geodésie
2. Abteilung fir physikalische Geodésie
3. Abteilung fir Instrumententechnik.

Die Hauptabteilung fiir Geophysik besteht aus:

1. Abteilung fir Geomagnetismus
2. Abteilung fiir Aeronomie
3. Abteilung fir Seismologie.

W ir mdchten hier kurz auch die Vergangenheit und die derzeitige Lage
der seismologischen Forschungen in Ungarn uberblicken.
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Die organisierten seisraologischen Forschungen Ungarns begannen zwar
erst vor 75 Jahren, als Rado Kovesligethy das Seismologische Observato-
rium bzw. das Institut fur Erdbebenforschung griindete, einige beachtenswerte
Ergebnisse liegen aber schon aus friherer Zeit vor, z. B. ein Erdbebenkatalog
aus dem Jahre 1783 und die Bearbeitung des Erdbebens von Mér vom Jahre
1810 durch Kitaibel und TomecsAnyi die bereits Isoseiten konstruierten.

Der erste international bekannte Wissenschaftler der ungarischen Erd-
bebenforschung war Rado Koévesligethy, dessen Fachtdtigkeit in der inter-
nationalen Literatur auch heute noch geschdtzt wird. Das von ihm gegrindete
Institut baute ein seismologisches Observatoriumsnetz aus und wies gute Ent-
wicklung in der Forschung auf. Durch die Zerstérungen des zweiten W elt-
krieges erlitt es jedoch einen schweren Riickfall und organisatorische Anderun-
gen wirkten in den finfziger Jahren eher unginstig.

Ein bedeutender neuer Aufschwung der ungarischen Erdbebenforschung
ist mit dem Namen von Laszl6 Egyed verbunden, der mit Recht als der
zweite Begrinder der seismologischen Forschungen in Ungarn angesehen wird.
Im Rahmen der neben dem Lehrstuhl fiir Geophysik der Lorand Eodtvos
Universitdt arbeitenden seismologischen Forschungsgruppe der U. A. d. W.
vereinigte er die seismologische Forschung in Ungarn und unternahm Schritte
zur Modernisierung und zum W eiterausbau des seismologischen Observato-
riumsnetzes. Als Lasz16 Egyed 1970 pldtzlich starb, bestand die Arbeits-
gruppe aus 5 Wissenschaftlern und 10 anderen Angestellten und hatte 4 Obser-
vatorien in Betrieb. Seit 1971 bildet sie die Abteilung fir Seismologie unseres
Institutes.

Nennenswerte Ergebnisse der seismologischen Forschung sind: die Aus-
arbeitung einer neuen Methode zur Bestimmung der Magnitude aufgrund des
Zeitraumes der Oberflachenwelle, Berechnung von Platten-Oszillationen aus
Coda-Wellen, die Bestimmung der LVL in Europa, ingenieurseismologische
Untersuchungen, seismische Vibrationsmessungen in Bergwerken, die aufgrund
der Tektonik konstruierte Seismizitdts-Karte Ungarns, usw.

Zurzeit arbeiten das Zentralobservatorium Sashegy, sowie die Observa-
torien Piszkéstet, Josvafé und Sopron, deren moderne Instrumente teilweise
von den Fachleuten der Abteilung angefertigt wurden. Zwecks M odernisierung
des Beobachtungsnetzes begann 1976 der Ausbau eines telemetrischen Netzes,
d. h. die telemetrische W eiterleitung der Meflsignale der einzelnen seismologi-
schen Observatorien in das Zentralobservatorium Sashegy. Das System st
zwischen Piszkéstet6 und Budapest bereits funktionsfahig. Als ndchste wird
eine in der Umgebung von Pécs neu erbaute Station an das System ange-
schlossen werden.

Die Forschungstédtigkeit auf dem Gebiet der Geowissenschaften ist ohne
ein Observatoriumsnetz unvorstellbar. Wie bereits erwahnt, wurde als erstes
der Ausbau des Observatoriums bei Nagycenk im Jahre 1957 in Angriff
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genommen. Hier werden die Daten der Geoelektrizitdt, des Geomagnetismus,
der atmosphérischen Elektrizitdt und der Astrogeodé&sie registriert. Moderni-
sierungs- und Erneuerungsarbeiten im Observatorium bei Nagycenk wurden
1979 durchgefihrt. Es wurde ein neues Gebdude fur Verwalterwohnung gebaut
und sdmtliche alten Geb&uden wurden erneuert. Zurzeit ist die Digitalisierung
der Datensammlung im Ausbau.

Das unterirdische Observatorium von Sopronbanfalva wurde urspring-
lich als Beobachtungsstation fiir Erdgezeiten und Seismologie erbaut. Er-
génzt mit dem 1976 fertiggestelltem neuen MeRturm bildet es die geodyna-
mische Station unseres Institutes, wo auBer den bereits erwahnten Unter-
suchungen auch astrogeodétische Messungen und Doppler-Satellitenbeobach-
tungen zur Bestimmung globaler geodynamischer Ph&nomene durchgefihrt
werden. Ferner ist diese Station ein Punkt fiur die mit dem Institut fur Welt-
raumforschung der Osterreichischen Akademie der Wissenschaften gemeinsam
durchgefihrten regionalen geodynamischen Messungen (Bewegungsunter-
suchung der Ost-Alpen).

Der Ausbau internationaler Kontakte begann bereits in den flnfziger
Jahren. Die Zusammenarbeit mit der Technischen Universitdt Dresden und
der Bergakademie Freiberg begann bereits im Jahr 1958. Bald danach wurde
eine bis heute bestehende Zusammenarbeit mit dem Zentrallaboratorium fir
Geoddsie der Bulgarischen Akademie der Wissenschaften entwickelt. Weiters
entstand bilaterale Zusammenarbeit mit dem Zentralinstitut fir Physik der
Erde Potsdam, mit dem Institut fur Geophysik Prag, mit den geoddatischen
Instituten der Technischen Universitaten Graz und Wien, sowie mit dem Lehr-
stuhl fiir Geophysik der Technischen Universitdt Wien. Im Jahre 1979 wurden
gemeinsame Forschungstatigkeiten mit finnischen Institutionen auf dem
Gebiete der Geoddsie und der Geophysik konkretisiert. Mit dem Moskauer
Institut fir Physik der Erde wird derzeit eine langfristige Zusammenarbeit
im Thema der Erdbebenprognose ausgebaut. AuBerdem stehen wir mit zahl-
reichen ausldndischen Instituten und Universitdten in gegenseitigem Infor-
mationsaustausch. Seit 1966 besteht eine Zusammenarbeit mit den betreffen-
den Institutionen beinahe sdmtlicher sozialistischer L&nder im Rahmen der
KAPG-Organisation der Akademien der Wissenschaften der sozialistischen
Léander.

Die Organisierung von Symposien und Konferenzen in verschiedenen
Themenkreisen dient ebenfalls der Festigung der internationalen Kontakte.
Unser Institut war in der vergangenen Periode Gastgeber zahlreicher kleinerer
und grdéBerer Veranstaltungen. Auller den verschiedenen Arbeitssitzungen im
Rahmen der KAPG haben wir 1970 und 1978 die Plenarsitzungen der KAPG
und die damit verbundenen Symposien organisiert. Im Jahre 1973 fand in
Sopron im Rahmen der IAG eine internationale Erdgezeiten-Konferenz statt.
1976 organisierte das Institut ein Workshop des im Rahmen der IUGG wirken-
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den IAGA, 1977 ein IAG-Symposium. Im Herbst 1978 war das Institut Gast-
geber fur eine internationale Konferenz tUber Probleme der System-Analyse,
im Herbst 1979 fand eine gemeinsame KAPG-INTERKOSMOS Veranstaltung
im Thema der Anwendung der Doppler-Technik fiur geoddtische und geo-
dynamische Zwecke statt.

Im Interesse der engen Zusammenarbeit mit heimischen Fachkreisen
wird jahrlich auch eine die fachliche W eiterbildung férdernde Vortragsreihe
veranstaltet, zu der stets namhafte ausldndische Experten eingeladen werden.
So wurden in der vergangenen Zeit z. B. folgende aktuelle Themen behandelt,
analytische Photogrammetrie, Beobachtungen von kinstlichen Satelliten fir
geodéatische Zwecke, remote sensing, usw. Die Mitarbeiter des Institutes neh-
men mit Vortrdgen an sdmtlichen bedeutenden heimischen Veranstaltungen
teil.

Eine wesentliche Hilfe fiir die Forschungstdtigkeit des Institutes ist das
Rechenzentrum, bestehend aus einem Kleincomputer des Typs HP 2100 mit
entsprechender Datenspeicherung und den erforderlichen Peripherien. Der
Groliteil der Rechenaufgaben kann damit geldst werden, daher sind wir kaum
gezwungen Maschinenstunden am zentralen GroBcomputer der Akademie in
Anspruch zu nehmen. Eine weitere grofle Hilfe bedeuten die Dienstleistungen
der Werkstdtten fiur Elektronik und Feinmechanik. AuBer der Entwicklung
und dem Bau der zu den Forschungen ndétigen Spezialinstrumenten werden
von den W erkstatten die Arbeiten zur Digitalisierung des Observatoriums-
netzes, sowie die bendtigten Service-Arbeiten ausgefihrt.

Die Forschungsergebnisse des Institutes werden — abgesehen von den
fir Auftraggeber verfertigten Berichten und Studien —miber Instrumenten-
entwicklungen sowie experimentelle Feld- und Laboratoriumsmessungen in
erster Linie in Form von Abhandlungen und Dissertationen realisiert. In den
letzten 25 Jahren haben die Mitarbeiter mehr als 800 wissenschaftliche Ab-
handlungen veréffentlicht. Mehr als 600 Arbeiten erschienen in Fremdsprachen
in etwa 150 auslédndischen Fachzeitschriften. (Diese Statistik enth&lt nicht
die Publikationstdtigkeit des ersten Direktors Tarczy-Hornoch. Er selbst
schrieb insgesamt mehr als 300 wissenschaftliche Arbeiten und sechs Bicher.)
Die Zahl der von den Mitarbeitern des Institutes geschriebenen bzw. redigier-
ten Blcher und Monographien betrédgt 5.

Das Institut selbst publiziert Observatoriumsjahrbicher, ferner einige
Spezialausgaben, die die Ergebnisse groRBerer Forschungen enthalten.

Die wissenschaftliche Tatigkeit unseres Institutes ist durch den auf den
Zeitraum 1976—80 zusammengestellten und genehmigten mittelfristigen
Plan bestimmt. Im Plan haben wir uns an die Hauptforschungsrichtungen und
Forschungszielprogramme des Landes angeschlossen. Die Themen unserer
Grundlagenforschungen stehen einerseits in Zusammenhang mit den ange-
wandten Forschungen der Fachgebiete des Zentralamtes fir Geologie, des
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Lorand Eo6tvos Geophysikalischen Institutes, der Ungarischen Optischen
W erke, des staatlichen Unternehmens fiur Erddl- und Gasindustrie, des Landes-
amtes fiur Vermessungswesen und Kartographie, des Kohlenbergbaus, usw.
Andererseits sind die Forschungen an solche internationale wissenschaftliche
Programme angeschlossen die aufgrund der Initiative von internationalen
Organisationen der sozialistischen L&nder (KAPG, INTERKOSMOS) bzw.
von weltweiten internationalen Organisationen (ICSU, IUGG) angeregt wur-
den. Forschungen fir angewandte Zwecke und Entwicklung werden meistens
im Rahmen von Vertrdgen durchgefihrt.

Die Forschungsthemen des Institutes sind laut mittelfristigem Plan die
folgenden:

I. Untersuchung von mathematischen Modellen zur Bestimmung der
zeitgemdRen geodétischen Grunddaten und deren Speicherung;

Il. Geodynamische Forschungen;

Ill. Prifung und Weiterentwicklung geodé&tischer Instrumente;

IV. Untersuchung der zeitlichen Anderungen des elektromagnetischen
Feldes der Erde vom Gesichtspunkt der Magnetosphdre und des interplane-
taren Feldes aus;

V. Untersuchung der geoelektrischen Struktur im Ungarischen Becken;

V1. Untersuchung der zeitlichen und rdaumlichen Anderungen der lono-
sphére;

V 1l. Seismologische Forschungen.

In dieser Planperiode standen bzw. stehen wir mit mehreren grdéRBeren
Institutionen auf dem Gebiete der industriellen Forschungs- und Entwick-
lungs-Arbeit in Verbindung. Eigens erwdhnt sei die Zusammenarbeit mit den
Ungarischen Optischen Werken (MOM), mit dem Ungarischen Geoddtischen
Dienst, mit den Ungarischen Kohlenbergwerken, mit den Mecseker Kohlen-
bergwerken, mit dem Kartographischen Institut, mit dem staatlichen Unter-
nehmen fir Erdél- und Gasindustrie, mit dem Staatlichen Ungarischen Geo-
physikalischen Institut Lorand E6tvos und mit dem Zentralamt fiir Geologie.
Unsere angewandten Forschungen stehen in vollem Einklang mit unserer T4&-
tigkeit auf dem Gebiete der Grundforschungen, sie tragen zur unmittelbaren
Lésung der Aufgaben volkswirtschaftlicher Bedeutung bei und erweitern die
F orschungsbasis.
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REMARKS ON UNBIASED FREE NET ADJUSTMENT

B. BAROTHY—M. VERO-HETENYI

GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN ACADEMY OF SCIENCES,
SOPRON

A linear algebraic view of biased parameter estimations in singular linear systems is
given. A general theorem is proved for biased to non-biased estimation transformations. A free
net example is computed to apply this theorem.

1. The best linear minimum bias estimator

We can describe the free net adjustment problem by the following gener-
al model:

Ax = b+ v, exp (x) = x0, exp(b)= Axo cov (b) = s2P-1; (1)

where rank (A) = r min (m, n); P is hermitian positive definite; A, B and
P are known; x and v are unknown; Xo and sz are to be estimated.

It is useful to start with reflecting to the geometric background of the
problem. There are two linear spaces given: Emthe space of observation vectors
with the semi-norm P; and En the space of unknown vectors with the usual
euclidean norm. Let O(A) be the column-space of A, i.e. the subspace of rank
r in Em spanned by the column-vectors of A. It is evident Ax £0(A) for all
x £ Em, but in general 0(A) does not contain the vector b also given in Em.

Therefore it is a very reasonable step to choice that unique vector
AX(;O(A) which minimizes the distance between b and o (A) in the sense of
the P-norm; i.e. let AX be the result of the P-orthogonal projection of bonto
0(A).

Because of the rank defect of A there is an (n — r)-dimensional hyper-
plane £(Ax) in En containing the end points of all those vectors x £ En for
which Ax = AX It is also reasonable to choice the shortest X pointing into
the hyperplane £(AX) Let this unique vector be denoted by X

Figure 1 shows the simple case of m = 3, n= 2, r= 1and P =1
(unit matrix).
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Fig. 1. A:E2- ©(A); A : £Ax) - Ax

It is proved (see [1]) the solution of this double projection or double
minimization task should be given in the form

i = Ap b @
n, nm m
where Api denotes the Moore-Penrose P — I-inverse of the singular matrix A,
accepting the P positive definite semi-norm in Emand the | unit-norm in En.
In the following we use the notation Ap instead of Apj.
Summarizing, this so-called P — I-generalized solution of (1) has the
following property:

NXH= min ‘ﬂ/le/”l/le—b”pz min {[le—b”Plx CER}. @

The procedure described above shows how to derive the solution (2) from the
linear model (1) using only purely algebraic methods and aiming at the reason-
able geometric property (3).

In order to apply this result in geodetic problems we have to investigate
the stochastic properties of solution (2). Therefore we regard x, b and v in
model (1) as random variables; xo and sz as distribution parameters to be esti-
mated. The estimators (e.g. X) must also be random variables, having their
own distribution parameters.

The mathematical statistical properties of estimator x are collected in
the abbreviation BLMBE, which means the random vector-variable x is the
“Best Linear Minimum-Bias Estimator” of xo = exp (x). To give a complete
view of this question we prove the validity of this statement (see also [1]).

a) The vector x is a linear estimator, because Apb is a linear vector-
valued function of L.

b) The linear estimator x gives a biased estimation for x0, because
exp (x) = exp (A{i)) = Ap exp (b): ApAXo" Xo in general. Its bias is

M — AM)xO .
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c) The biased linear estimator x gives a minimum-bias estimation for
x0. Let H be an arbitrary (nxm ) matrix, then the linear estimator Hb has the
bias
/(H) = (Xo — HAX0)*(Xxo — HAX0) = XjXo— X*HAXo —

4
- X*A*H*X0o + X*A*H*HAXO0, )

where the asterisk denotes the conjugate transpose. Let us minimize this
scalar-matrix function:

XoX;JA* — Xox"A* -f- 2HAXoxJA* = 0 , (5)
3H
Az
AXoX*A*. 6
3H. ®
From (5) we have:
HAXox*A* = xOxqA* 7

and this equation should be valid for any x0. It means A* is invariant for the
transformation combined from HA and any one-rank hermitian singular trans-
formation. Consequently 0(A*) is invariant for HA. The matrix ApA is the
orthogonal P-projector onto 0(A*) therefore HA = ApA satisfies the equation
(7) and H = Ap is a solution of (5). This solution gives the minimum of func-
tion/because the matrix in (s) is a positive semi-definite one. Thus

min/(H) = /(AT) - 1|(I - ApA)xo 1
H

what agrees with the bias of estimator x.
d) The minimum-bias linear estimator x is the best one in the sense of
having the minimal variance among all minimum-bias linear estimators.
Let us examine the covariance matrix of an arbitrary minimum-bias linear
estimator Hb:
cov (Hb) = H cov (b)H* = s2HP-!H*. (s)

From a basic property of Ap it is evident:

ApAA* = A*(Ap)*A* = A*(A*)Ip_,A*, ie. ApA
is the P-orthogonal projectoronto O(A/) andd(A*) too, and therefore 0(A*) =
= 0(AE).

We have seen above for any minimum-bias estimator Hb the space
0(A*) is invariant for the transformation HA. Consequently 0(Ap) is also
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invariant and HAAp = Ap. Applying the identity Ap = (A*PA)+A*P we
have:
HP-1(A£)*= HP-IPA(A*PA)+= HAA+P-1(A*)+= A+P-1A*)+=(A*PA)+,
ApP—-AH*=(A*PA)+A*PP-1H*=A+P~1(A*)+A*H*=A+P-1(A*)+= (A*PA)+,
ApP_1(Ap)* = (A*PA)+A*PP-1PA(A*PA)+ = (A*PA)+A*PA(A*PA) + =

= (A*PA)+.

Using these identities the expression (s) could be transformed to the following
equation:

cov (Hb) - s2[(A*PA). . HP-IH* = HP~PA(A*PA)+_
— (A*PA) +A*PP_iH* + (A*PA)+A*PP-1PA(A*PA)+] = ©)

= s[(AIP-i(AD* + (H- A£)P-i(H — AD*]. i J1

It means the variances, i.e. the diagonal elements of the covariance matrix
are sums of two non-negative values; one of them is a constant, the other is
a function of H. The sum is minimum if and only if this function of H reaches
its own minimum, consequently when H = Ap is valid. Thus the variance
m atrix belonging to the minimum-variance minimum-bias linear estimator

Xis:
cov (i) = s2ApP-1(Ap)* = s2(A*PA) +. (10)
The other stochastic properties of BLMBE are:
exp (X) = ApAXx0, (11)
V= Ai—b= (AAp — )b, (12)
exp (v) = AApAx0— Ax0 —O0,
cov (V) = cov (Ax — b) = cov ((AAp — I)b) -

= (AAp — I) cov (b)(AAT — 1)* = (13)

s2IAAIP-I(AD)*A* — P-i(AD)*A* — AApP-1 + P“1] = s2 -1 — AAp),
exp [(v)*Pv] = exp [trace (Pv(v)*)] = trace [exp (Pv(v)*] =

= trace [P cov (V)] = s2 etrace (I — AAp) = sz « [trace (I) — trace (ApA)] =

= s2[m —mtrace (B*B)] - s2(m — r), (14)

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



UNBIASED FREE NET ADJUSTMENT 183

(we note ApAis a hermitian orthogonal projector and thus there is an (nXr)
unitary matrix B for which ApAz BB* and B*B = Ir, where Iris the r-rank

unit matrix)

s$S= ~ ; exp(s5) = s2 (unbiased), (15)
m—r
cov(v)= W —- P-~I AAt) . (i6)
m—r

2. The biased to non-biased estimation transformation

It was the study of E. Grafarend and B. Schaffrin [2] which directed
the attention of geodesists to the bias of estimator x. At the same time the
authors explained a lemma used as base for our further investigations. This
lemma could he generalized for the P-normed case in the following way.

Lemma :

Let x be the generalized solution (2) of equation (1), then for any (kXn)
matrix T (fcis arbitrary):
exp (Tx) = TxO0 17)

if and only if
T = T(A*PA)+(A*PA). (18)
Proof
i = Apb = (A*PA)+A*Pb,
exp (14) = T(A*PA)+A*P exp (b) = T(A*PA)+(A*PA)Xx0= Tx0
being x0 arbitrary, this is equivalent with

T = T(A*PA)+(A*PA); and inversely.

The matrix T was called the difference operator in [2] and computed
examples were given for the basic types of geodetic free nets.

In the following we give a general explicit formulation for the trans-
formation matrices satisfying the equivalent conditions (17) and (18).

The task is to create a new linear model using the known components
(A, b, P) which could offer an unbiased minimum-variance linear estimator for
the expectation-value parameter of its unknown. Let the new model be:

Cy = b + w. (19)
mKk K, 1 m 1 m 1
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Since r = rank (A) is the greatest possible number of unknowns that would
be unbiasedly estimable we restrict the problem for the case of k = r. Then
the detailed version of model (19) is:

C= A S;y =T x;Cy= (AS)(Tx) = b+ w;
m,r m,n n,r r, 1 ronon 1 (20)

AXx0; cov (b) = sP-1.

exp (y) = Tx0; exp (b)

According to the previous conditions C must be a fullrank matrix, i.e. column-
regular. Therefore Sis also column-regular and T is row-regular.

The BLUE (Best Linear Unbiased Estimator) of the model (20) is given
by y — Cpb. Thus the condition for unbiasedness is:

exp (y) = exp [(AS)Eb] = (AS)E exp (b) = (S*A*PAS)~1S*A*PAxo= Tx0. (21)
Considering this equation for all xo we have:

T = (S*A*PAS) 1S*A*PA , (22)
therefore TS = Ir (the r-rank unit matrix). Since T and S are full rank matrices
S= T+ =7*(TT*)-\

T = S+ = (S*S)-18*%
Consequently from Eq. (22);
T= (AT+)pA = QA, where Q= (AT+)p (24)

isan r X m full rank matrix. Let us choice a set of r linearly independent column
vectors of A. For any choice there is a permutation matrix M of order n,
dividing the matrix A for two partitions:

(R1 Z)= A M, Mz = I, (25)

mr m,n—r m,n n,n

where R is the column regular matrix containing the chosen columns and Z
linearly depends on R. Thus there is an rX(n — r) matrix U:

Z= RU and U= RpZ = (R*PR)-'R*PZ. (26)

W ith this notation:
A= (RIZM = R(I UM 27)

T = QA= QR(I lU)M. (28)
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Since both Q and R are full rank matrices and Q is arbitrary we can introduce
the notation:
D=Q R, (29)

where D is an arbitrary regular matrix. (Naturally the matrices D and Q are
not arbitrary simultaneously.) Then in the model (20):

C= AT+ = R(I IlUMM(I lU)+D-1= RD-1 (30)
and
y = Tx = D(l lU)Mx .
The BLUE is:
y= C+b= DRpb = D(R*PR)_1R*Pbh, (31)

what reduces the biased estimation to an unbiased one and the singular matrix
computations to a regular one. Let us summarize the results:

Theorem
Let Ax = b+ v; exp (x) = x0; exp (b) = Ax0, cov (h) = s2P-.1 a linear
model and
A = R(lI TUM an arbitrary rank-partitioning of A according to (25)
and (26). Then T is a biased to unbiased transformator if and only if
T = D(l 1U)M for any regular matrix D.
If T satisfies this condition then

Tx = Tx = D(R*PR)_1R*Pb is the best linear unbiased estimator for
TX,,.

From this infinite number of different transformations we can choice a
unique one by fixing a particular rank-partitioning of A and a particular reg-
ular matrix D. The simplest choice is what follows. Let R(l | UM be the rank
partitioning produced by the Gram-Schmidt orthogonalization method execut-
ed in P-norm sense from left to right on the columns of A and let D = Ir.

An economic way for rank-partitioning with G-S method was given
in [3]. This method produces the required matrices after the simultaneous
execution of orthogonalization on the matrices A and In:

Atx* (y 10)M (32)
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and

In (33)

where U= —X, RI= YV (34)

and the permutation matrix M is defined by the indices of null-vectors in

(V 10)M.
In the case of the proposed simplest transformation T = (I | UYM. The
related estimators are:

f=TE= Rjb (85)
and
w=Cy—b= (RRp — b. (36)
Using the Eqs (10), .. (16) the statistical character of these estimators could
he given as follows:
cov (y) = cov (Rpb) = s2(R*PR)-1, (37)
exp (y) = RpAXo= Txo (unbiased), (38)
exp (W) = (RRpR — R)(I | U)Mxo = 0, (39)
cov (W) = SP-XI1— RRp), (40)
exp [(w)*Pw] = s2(m — r), (41)
&= -—) ,exp (s") = s2 (unbiased), (42)
in—r
\vj*P
coviwy = “TEYPa( RRp)- (43)
m r

It is very important to emphasize the matrices determined in the above
theorem transform not only the biased estimator to a non-biased one but also
the object of estimation. Therefore there is not any guarantee for the reasonable
geodetic meaning of a transformed unknown.

After the estimation procedure described above we have a new linear
model for the original unknowns:

Tx = j + z; exp (X) = x0; exp (y) = Tx0; cov (y) = s2(R*PR)-1 (44)

Since T is row-regular all solutions of this model give biased estimators. That
makes more clear the fact: the examined transformation does not provide any
possibility to construct an unbiased estimation for the original unknowns.
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3. An example for practical computations
For the geodetic application of this method, the following example is

shown. The triangle in the example has been determined by distance- and
angular measurements (see Fig. 2).

Fig. 2.

The approximative coordinates are the following:

XP P= 10 P= 0
A B X c ~

y°=0 y° = 10 J° = 20.

I
o

The functions containing the unknowns have been linearized by introduc-
ing approximative coordinates (x = Xx° -j- 6x) and by series expansion. The
correction equations obtained are the following:

cab 6xb + dABOyB — cABaxA — dABOyA = bxil + vae

cac axc + dAc 6yc — cnc axA — dAc OyA — bac + viac

c¢Bc axc + dBc 6yc — cBc 6xB — dBc 0yB = fitc
@ aacrxa~ 9 dacexe 9 g
S°AC sV skC
" , a" .
AABAXA 9 dABAXB g
S°AB A B S°AB sAB
Q dBCo6xB — g dBcoxc g" g*
SBC SBC “BC 3BC
(45)
where
xY-x? "j-yd
Gtj=-—d=""m dj- yi-y (46)
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mean the coefficients, bjj the free terms referring to the distances, those
referring to the directions.

Taking into account that no data are supposed to be errorfree in the cor-
rection equations of the three distance- and three angular measurements, the
triangle is overdetermined and one has the case of a free adjustment. The ma-
trix to be inverted is naturally singular.

The correction equations are on basis of Eq. (45) in a matrix form:

In order to simplify the computations a triangle has been chosen (Fig. 2)
for the numerical test for which the form matrix A of the correction equations
can be split into a matrix product A = K «A'in away that the first term is
a quadratic matrix with non-zero elements only in the main diagonal, the sec-
ond term contains only positive and negative units as elements.

where the matrix K is:

In the following the computations are carried out with the matrix A’
instead of A without forgetting the matrix K. The number of the defects is in
the present case two; the matrix K has full rank (as a diagonal matrix), there-
fore A' can be split according to Eq. (27) as:

A'= (R 1Z)M,
and then one gets:

A= (KR IKZ)M = K(R I1Z)M = KA'
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—1 —1 +1 4+ 1" - 0 0"
o —1 0 0 0 +1
0 o +1 —1 and Z= —1 41
+1 0 0 0 — 1 0
+1 —1 —1 41 0 0
0 o +1 o+ 1 O

Thus the permutation matrix M does not play here any role, as no col-
umn- and row interchanges are necessary.

For the computation of the matrix U of Eq. (26) one needs the inverse
R + for which the following is valid:

1 1 1 1 1 -
- 0 + —  + H— +
4 4 2 4 T
1 1 1 1 1
0 +
4 2 4 4 4
R+ =
1 3 1 1 3
+ o+ — 4 +
8 8 4 8 8
1 1 3 1 3
+ - 0 H— +
~8 4 8 8 8

now one can compute the matrix U:

—1 0
0 —1
—1 0
0 —1

At last according to the theorem the computation of T can be made as
follows:

10 0 0 —1 0
T 0 1 0 O 0 —1
0 01 0 —1 0
0 0 0 1 0 —1

The matrix K which has been introduced in order to simplify the compu-
tations must be taken again into account when the unknowns are computed
according to Eq. (35), and the corrections according to Eq. (36).

yoTi= (RK)tb = K+R+b
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ba s ~
'—0.1768 0 +0.1768 + 0.000048 +0.000024 + 0.000024" p,c
—0.1768 —0.3535—0.1768 0 —0.000024 +0.000024 bue
y= +0.08839 0 +0.2651 + 0.000024—0.000012 +0.000036 b(AC)
+ 0.08839 —0.1768 —0.2651 0 +0.000012 +0.000036 b(AB)
b(BC).

The corrections are as follows:

w = ((KR)(KR)+—1)b = (KRR+K+ — I)b =

= (RR+KK+ — )b = (RR+ — )b

- — 1 4 o — 1 o 4+." ~bas *
+ 1 —2 41 L bac
W= — o 4+ -1 +21 —1 ° * bsc
4 -1 0 41 — 2 4 +1 b(AC)
o+, —1 + 4 —1 0 b(AB)
o+ — 1 o+ 1 ° - 11 -b(BC)_
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3AMEYAHVA O HEMCKAXXEHHOM YPABHUBAHWNI CBOBOAHbIX CETEN
6. BAPOTWU-M. BEPE-XETOHMU
PE3IOME
B cTaTbe faeTcsl pacCMOTPEHVEe METOAAMU NINHEHON anre6pbl 06 OLEHKE WCKaXEeHHbIX
napameTpoB B CUMHIYNAPHbIX NIMHENHbIX cMcTeMax. J[lOKasblBaeTcsi 06Lias Teopema Ans npe-

06pa303aH|/|;| VUCKaXXEHHbIX OLIEHOK B HEUCKaXKeHHble. [nA unacTpaunm npuMeHeHNs TeopeMbl
BbIHUCNAETCA NMPUMeEP B OTHOLLUEHUNN CBOﬁOAHbIX ceTein.
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ON THE TRANSFORMATION OF GEODETIC NETWORKS
USING LEAST SQUARES ADJUSTMENT
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Transformations between geodetic networks can be most easily carried out by using
least squares adjustment. The problem is at present of special importance for the common ad-
justment of Doppler-satellite geodetic networks, and of terrestrial triangulation and leveling
networks. In the investigations described here a solution for the common adjustment of the
geodetic networks of several countries is looked for, whereby the deduction of independent
transformation parameters for each network is justified. Basically a solution based on the
Helmertian block-adjustment is proposed, but other methods are also shortly reviewed. For-
mulae for the computations and for the adjustment are given.

1. Introduction

W hen connecting mathematically networks referring to different planar
and spatial coordinate systems, the contradictions must be resolved by trans-
formations. There are several known methods for the determination of the
transformation parameters; corresponding comprehensive analyses can be
found e.g. in Bursa (1962), WoIf (1963), Moritz (1973), Sigl (1978), Halmos
(1980).

From the transformation models, the Bursa-model (also known as
Bursa—Wolf model), the two methods proposed by Molodensky (also
denoted as Molodensky—Badekas method), the Veis-model, the Krakiwsky—
Thomson method and the Wells—Vanicek method should be mentioned. It can
he easily shown that the models of Bursa, Molodensky and Veis have many
similarities or common points. The adjustment based on the collocation prin-
ciple can also be used if the elements of the variance-covariance are a priori
well known.

The results of terrestrial geodetic triangulation and leveling measure-
ments can be easily transformed into spatial geocentric coordinates, and then
adjusted three-dimensionally. This can be connected with the three-dimen-
sional Doppler-adjustment [Vincenty,1980; W o1f,1980]. It can also be found a
solution where the original triangulation observations appear in the adjustment
model [Wolf, 1980], but in that case caution must be preserved to the intro-
duction of the height data into the adjustment. It is obvious that the accuracy
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of the rigorous leveling supplemented by gravimetric measurements is very
high. It should not be forgotten, however, that due to the connection to dif-
ferent absolute sea level differences of some tens of cm-s (in certain cases even
of about 1 m) can be experienced. From this point of view it should be con-
sidered whether it would be useful to compare the relative height differences
with Doppler observations having an accuracy of #0.3 —0.5 m, and to intro-
duce them as constraints into the adjustment. An other solution would be to
adopt the Doppler or other satellite geodetic heights.

In the following the problems of the so-called 7 parameters transforma-
tion (3 rotational, 3 translational elements and 1 scaling factor) based on the
similarity transformation are analyzed on the basis of the least squares adjust-
ment. Some special transformation problems shall also be mentioned mainly
for the sake of comparison. The solutions of the connection of several net-
works by using the Helmertian block adjustment are studied in details.

2. General problems of the transformations between coordinate systems

2.1 Systems of coordinates

The coordinates characterizing the position of geodetic points with
respect to each other can be either local or global ones. For the determination
of the coordinates, different kinds of geodetic or satellite geodetic measure-
ments can be used. Since the measurement results are referring to the physical
surface of the Earth, the gravitational force and its changes supplement the
originally purely geometric problem with physical—geophysical aspects.

From the point of view of the functional models, the following two
kinds of coordinate systems can be distinguished: Natural coordinate systems
are used for the description of the point coordinates on the basis of geodetic
measurement results, while traditional or conventional coordinate systems are
used for the description of the Earth’s surface. Recently, for latter purpose
the use of three-dimensional coordinate systems gains importance. In certain
cases the changes of coordinates with time must also be studied (geodynamics)
which leads us to four-dimensional coordinate systems. In national survey
and in industrial survey two-dimensional planar coordinates and separate
one-dimensional height coordinates are mostly used.

The global geocentric coordinate systems (their origin is the mass centre
of the Earth, the Z-axis points towards the mean pole, the X-axis towards
the mean Greenwich meridian, thus the plane XY is the equipotential plane
and the plane XZ is the Greenwich meridional plane) and the local astronomic
coordinate systems (their origin in a three-dimensional system is the chosen
initial point or topocentre, the vertical axis is the plumb line in the direction
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of the astronomical zenith, the n;-axis points towards the astronomical merid-
ian, i.e. towards North, the y-axis perpendicularly to it towards East) are
natural coordinate systems.

Traditional or conventional coordinate systems include the global el-
lipsoidic systems (the origin in the centre of the ellipsoid, the axis Z lies in the
rotational axis of the ellipsoid, the axis X points towards the zero, initial
meridian (Greenwich ellipsoidic meridian), the axis Y is perpendicular to it
in aright hand system) and the local ellipsoidic coordinate systems (the origin
is in an arbitrary basic point, the axis z lies in the normal of the ellipsoid,
i.e. in the geodetic zenith, the axis x is the rotational axis of the ellipsoid,
i.e. the geodetic meridian, the axisy points perpendicularly to them towards
East).

In order to be able to carry out transformations between coordinates
given in different coordinate systems, several transformation methods can be
used [e.g. Halmos 1980]. With respect to the present satellite observation
techniques it is a general practice to carry out computations and adjustment
in a geocentric coordinate system. On the basis of the ellipsoidic latitude B,-,
ellipsoidic longitude L,- and ellipsoidic height H, of the point i, the coordinates
in the spatial geocentric system X, Y, Z can be obtained by means of the
following formula:

rXn (Ni + H()cosBicosL,”
Y, (Nj + Hi) cos Bj sin Lj
Z, + sin B,

where H/ = Ht-f- hi, and the following notations are used:
Hi is the height of the point i above sea level,
h, is the height of the geoid in the point i above the ellipsoid,
Hj is the height of the point i above the ellipsoid,
0, b are the major and minor semi-axes of the ellipsoid,
Ni is the radius of the cross curvature.

It follows from Eq. 1 that for the determination of geocentric Cartesian
coordinates on the basis of ellipsoidic coordinates uniform heights above sea
level and geoid heights determined with an adequate accuracy are needed.
Since an accuracy of J*O0.3—0.5 m can already be reached in the determina-
tion of the spatial points coordinates even in a greater area, it follows that
in the future a more precise determination of the geoid will be needed.

It should be mentioned supplementarily that a satellite geodetic or
Doppler network in itself is undetermined together with the transformation
parameters, but the combination with a terrestrial geodetic network resolves
this undeterminedness.
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2.2 Determination of the transformation parameters between coordinate systems
with adjustment in case of two kinds of networks

The results of terrestrial geodetic measurements and of Doppler obser-
vations are often computed in a common adjustment model [Adam et al., 1979;
Halmos, 1980]. There are systematic deviations between the two kinds of
networks partly due to deviations in the scale factor and of the orientation
of the two systems, partly due to differences in the origin of the coordinate
systems. Let us denote the scale factor according to Wolf (1980) by (1 -f- A)
(it is sometimes denoted by (1 -f k), too), the rotational factor between the
three axis by <& if the deviation between the systems is very small in con-
sequence of the introductions of well-adopted approximative vector e, and
the translation vector in the origin by 6r0, if it is also very small due to the
introduction of a well-adopted approximative valuerO. It should be mentioned
that all these factors, i.e. the unknown one scale factor, the three rotational
factors, and the three translational factors refer to the system determined
by Doppler measurements. This means that the task is to transform the Dop-
pler data into the terrestrial geodetic coordinate system, i.e. the latter is
accepted as a general reference system. If there are some apriori informations
about the accuracy of the values A and de, their weights and Pe can also
be introduced into the adjustment.

From the point of view of the adjustment let us consider as one of the
blocks the system of correction equations deduced from the terrestrial geodetic
measurements, and as the other block the system deduced for the Doppler
observations. The system of normal equations for both blocks must be reduced
as long as the unknown coordinates of the Doppler stations will be reached
including now of course the transformation parameters. All other not common
unknowns have already been eliminated by the reduction of the normal equa-
tions. Thus, among others the orbital elements from the satellite observations,
the refraction unknowns and other parameters, too [Wolf, 1980]. A consider-
able amount of computations in the reduction and inversion can be spared by
using the splitting into Helmertian blocks [Wolf, 1978].

W hen neglecting the orbital and other parameters, the correction equa-
tion for the Doppler satellite observations is [Wolf, 1980; Halmos, 1980]:

V= rD(l -)- A) -f- Age + Bdro — (r° -f- 6r) (2

where 0e = [ex, ey, eZ]T are the rotational elements for all the three axes,
6ro = [AXO0, AYO, AZOY the translational values of the origin for the

three directions,
rD(= [...[XD,Yd,zd\...]Tthe coordinates deduced from the adjust-

ment of the Doppler observations (i = 1,2, ... n), nisthe number of
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Doppler stations, 6r = r—r°are the coordinate changes resulting from
common adjustment, r is the final coordinate,

r° the adopted approximative value,

V = the values of the corrections.

Further according to the Bursa-model [Halmos, 1980]:

A'= [AT,AJ... Af ..A*]

0 Zi A
A= -Zi 0 X,
Yt -X, 0
BT= [I,1 ... I] where | is the unit matrix.

If the changes of the coordinates &r are brought to the first places, as
made by Wolf, then:

v = —06r ~rDA4 f- Ab6e + B6r0 -~ 1D 4)

where 10 = rD— r° The value rD is received after elimination of all unknowns
with the exception ofthe unknown coordinates. If the reduced matrix is denot-
ed by No and the condition

VTNOV = min (5)

is introduced, where ND can be manipulated as a weight matrix of &r, then
the following reduced normal matrix can be written on the basis of Eq. 4
together with the transformation parameters [Wolf, 1980]:

ND, ADTD> -N dA, -N dB] '6r
-(N DD, rENRB A
-(NDAf, (riNDA)7, (ArNDA+Pg), atndb  be
~(NDB)r, (rBAT, (ArNDB)T, BINBB ¢ ro
(6)
Atld °
B71,

where the a priori weights FAand P£are also taken into account. It is supposed
that the changes A and 6 in the adjustment are very small and therefore their
products as well as the second- and higher order terms can be neglected
[Halmos, 1980].

The Doppler coordinate system XD, YD, ZD with the origin OD can
be seen in Fig. 1 with respect to the coordinate system of the terrestrial geo-
detic network having the origin OG. As it has been already mentioned it is
advantageous to transform the Doppler system into the terrestrial geodetic
coordinate system.
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Let us suppose that in the adjustment of the geodetic network the points
of the Doppler observations are at the same time triangulation points, there-
fore the reduction of the normal matrix must be done till the unknowns of
the Doppler points. The reduced normal matrix of the geodetic three-dimen-
sional adjustment [Wolf, 1980] is on the basis of the existing correction

equations [Halmos, 1980]:
iyr+1=o0 0

where Ng ist ehe coefficient matrix, is the free term. A combination of the
Eqs s and 7 gives the normal matrix obtained from terrestrial geodetic and
Doppler-satellite measurements in the following form:

(N* + Nd), ADre NdA, -N dB’ or
-(N DrD)T, (rSNoro *b Bj), [rrNDA, rTNDB A
-(N DA)r,  (rENDA)T, (atnda + P.), ATNDB ot
L-(NDBf, (rDNDB)T, (ATNDB f, btndb <40
)

+ Y

— -Pd

—Atud

L-Btld

The inversion of the matrix yields the unknown coordinate-changes, the
transformation parameters as well as their variance-covariance matrix.
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2.3 Transformation by the connection of several networks by adjustment

If one has not only one terrestrial geodetic network, but several net-
works or systems of networks, and all the networks must be interpreted as
independent units, the already mentioned seven transformation parameters
must be determined for each network. For the coverage of a greater area,
a Doppler observation system can be used. According to this, the transforma-
tion of the Doppler measurements into the geodetic network yields different
parameters of the different cases. The method for the deduction of the equa-
tions, further the normal matrices obtained on the basis of the terrestrial geo-
detic measurements and of the Doppler observations can he reduced till the
common unknowns. In the following, a partitioning is advantageous, as the
transformation parameters are different for the networks or network parts,
respectively.

Before deducing the connections it is worth illustrating the terrestrial
and Doppler measurements in the networks (Fig. 2), and the transformation
problems in connection with the coordinate systems (Fig. 3). Figure 2 shows
six geodetic networks with different orientations and scales, which are stif-
fened by the Doppler network denoted by full dots. The coordinate systems
of the terrestrial geodetic networks and the coordinate system of the Doppler
network is illustrated in Fig. 3. There are two possible solutions.

The first case occurs in consequence of the decision that the observation,
the orientation, the scale and the position of the Doppler network are more
reliable, and therefore the Doppler network is accepted. In that case the coor-
dinate systems of the terrestrial geodetic measurements must be transformed
into the Doppler system. Now there are 7 Xs = 42 transformation parameters

Fig. 2.
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Fig. 3.

to be determined supplementarily. The aim is in such a case the deduction
of a uniform common three-dimensional network.

In the second case the single national networks are to he accepted and
accordingly the data concerning the Doppler coordinate system must be
transformed into the terrestrial geodetic network. In this case the number
of the transformation parameters is again 42.

Let us consider the latter case taking into account that from the point
of view of the theoretical basis the two solutions are similar. As it can be seen
from Fig. 2, the individual network parts do not include all Doppler connec-
tion points. Further, it is obvious, from the structure of the system of equa-
tions (s) that if all network parts obtain independent transformation param-
eters, the matrix will be stepwise full. Taking all these into account let us
denote the coefficients and unknown parameters of the normal matrix reduced
till the common unknowns of the Doppler point coordinates of the different
(geodetic and Doppler) networks as follows:

[(Ne + ND),, (Ng+ Nd),,, ..., (Ng+ ND)m] = N
[-(NDD),] = Rn [-(NDDn]=R,,, ..., [-(NDDJ]m= Rm
[&7, or,,, ..., GmMr = 0. (10)
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Further one has:

{TD~DrD + Pj), rLNDA, rDNDB 1
(mEn da )t (ArNDA + P.), ArNDB = M,
L(rDNRB)T, (ATNDB)r, B7NdB
(n)
>DNDD+ Pj)> rENDA, rENDB*
(rENDA)F, (ATNDA + Pg, AtNdB =Mm
|_(rENDB f, (A\B)T, BTNDB jm
and
(4. 0sj, NOUr = ~/
(12
[4n. aem, O6r0, mT= 0&m
[@r + la)/, (l«+ ld)fa **+ (Ar+10)TE = b
&3 (A 71d), Btw)] = h
(13)
[-(*£W «. -(ArIDm -(B TID)m] = Lm.

Taking all these into account, the reduced geodetic and Doppler system of nor-

mal equations for a system consisting of (I — m) parts has the following form:
rN R R/ rRml ro - fL u
Ri M 0 0 g h
R; 0 M, .. 0 p + pq
Lri; 0 O O

The basis of the solution is the partitioning of the unknowns, and consequently
of the coefficient matrix into two groups. The first is the system of equations
containing the coordinate unknowns (0), the second is the equation group con-
06 are immediately correlated with the transformation parameters or groups
of parameters, the latter are, however, according to our supposition uncorrelated
between themselves, i.e. the coefficient elements for the covariances are equal
zero. If there are no a priori estimations for the values Pj and Pe, they are
equal zero, too.

If the number of the coordinate unknowns is n, the dimension of the
matrix N is (n, n). As all groups of the transformation parameters contain
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7 variables 6t, the dimension of the R,-s is (ra 7), and that of the M-s (7, 7).
The dimension of the &s is (7, 1) and similarly of the L-s (7, 1). Depending
on the unknowns for which the solution is looked for, either the form given in
the structure of the normal matrix (14) can be used, or if the 6 unknown
coordinate changes are to be found immediately, then this group of equations
is to be left at the end of the normal matrix [Halmos, 1975]. The blocks M¢
appearing in the Eqs 14 form a diagonal block-matrix. On the basis of the
diagonality, the following solution is evident for the unknowns and for the
transformation parameters:

6= (N— RM-iRT)-1(L — H,M, 1ll) (15)

where R and M contain all the elements, and

Sh ‘ML O ° W L/ 1
5 | 0 o |
Ci: | Mr/ . P
Lum) 0 0 .. Mm\ Lm
16
[Mr: R (16)
Mr/ R
M-1 R
The variance matrix referring to 6 is on the basis of Eq. 15:
Qm= (N- RM :RT)-\ 17)
Similarly it can be found for the <5,:
Q**= Mfi+ MfRftN - RM_iRr)_1(MrIR/)T (18)
and
Qaa = M_1Rf(N — RM_:iRr)-1(My_1RJ)T (19)
where i j. Using any known inversion method, the parameters together with

the elements of the variance covariance are obtained immediately.

If one does not succeed in grouping the coordinate unknowns (0 accord-
ing to blocks, there are also product terms in the second part of the normal
m atrix due to connections with the neighborous parts ofthe network. In such
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a case the normal matrix reduced till the common unknowns gets the following
form in analogy of Eq. 14:

R RSRIE RN v R TE D

R MT sl sivm Sniv « .. s/.m q h

Ril  sj.n D111 ! e 0 Alo,on

Rnl sjunn sji.an On, v .. 0 oni hn
| [ E Sl',m 0 0 0 Am—2,m—*"m —,m - L - - K

(20)

The matrix formulation in Eq. 20 is valid if the grouping between the single
networks is as shown in Fig. 2. If the network part | has no central situation,
the second part of the coefficient matrix in Eq. 20 is the band matrix (belong-
ing to the <5,-5).

The advantageous solution is in this case the elimination ofthe unknown
coordinate changes <§ and then the solution of the reduced normal matrix is
for the vectors &:

rMm, Si,n Si,ni  Si,iv Siim~ r6/ 1 [/ "
st,, M, sn,in 0 0 ai h
M1 su.., Min sy 0 om + RII
: o
-B—{,m 0 0 0 I32masT—,T _ |'_‘&-| — '_?i'lm N
(21
where the upper sign denotes reductions.
Having made the general reduction one gets:
+ lsm= 0 (22)

where the upper index (m) denotes again reduction. According to the proce-
dures of the adjustment, the variance-covariance matrix of the unknown
parameters can also be computed. Depending on the Doppler network, the
matrix (21) can also be fully filled. Its solution, inversion means no problem,
as the number of the parameters to be determined has at most an order of a
magnitude of some hundred:

'™, Si,n SiH m+ Sim & n rh 1
Sh i M, Sil,hi + * S,Im <& hi
U!IIII SJi,iii Mn/  eee sinm + hn
T

-I?',l'/,m Sn,m Sjnm eee Hm - Jm- -I'm -
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If there are significant differences in the accuracy of the observations
of different parts in the network, a “homogenization” (weighting) can be used
for the solution. For the solution of linear equations to be partitioned into
blocks the Helmertian method is the optimal one [Wolf, 1978]. It is advisable
that one group should consist of the “inner” unknowns, eliminated in the first
step, i.e. the coordinates of the network points, the unknowns introduced for
the elimination of the refraction and other regular error sources or in case
of Doppler or other satellite networks the orbital elements and correction
factors. The “outer”, connecting unknowns are the common terrestrial geo-
detic and satellite geodetic coordinates for Doppler or other satellite points,
further the transformation parameters.

In order to enable the transformation between the networks, at least
three common points, i.e. Doppler or other satellite geodetic and terrestrial
geodetic points are necessary.

The case when only superficial geodetic coordinates (e.g. B and L geo-
detic ellipsoidic data) are at disposal, but no height data, will not be treated
here [Wolf, 1980]. It should he remarked, however, that in such a case
spatial coordinates can be computed from the ellipsoidic data B and L (eventu-
ally taking into account the variance-covariance matrix, too), and the Doppler
height datum is accepted. The number of the transformation parameters is
4 when using ellipsoidic coordinates (one scale factor, 1 orientational rotation
and 2 coordinate translations in the directions of 8B0 and 6L0). According
to Wolf (1980) in such a case one has instead of the three rotational param-
eters one orientation (rotational) parameter (6A0) in the chosen point PO.

Vi cos BOcosLO
= cos BOsinLO (23)
ez sin BO
In such a case and P£ are equal zero. The scale factor and the rotational

parameters get a priori weights and accepting the Doppler height datum as
a constraint, a solution with 7 transformation parameters is given by Wolf
(1980). If the apriori weights Pj = .. and Pe= .. are introduced, this means
practically that the scale factor and orientation of the axis of the Doppler
system of coordinates is accepted as a final one.

It can occur that both the geodetic and Doppler observations contain
ellipsoidic coordinates. In this case similarly to Eq. (4) one gets:

VE= DE6r + r%A + AeOf + Be&oCeSE + Ig (24)

where the upper index E means ellipsoidic system:

sin L —cos L 0o
Ae —sin B sinL —-sin B sinL cosB ,
0 0 0
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a bB-
de = cosB |, br = bL
1 OH
—sin B cosL  -cos B sinL cos B (25)
BE = sin L cos L 0
cos B cos L cos B sin L sin L
0BO
<&,=  0LO
m 0
0 sin2 B
CE= — 0 0 ba
. ’ <5E =
1 sin2 B abf

Here ba is the change of the major axis of the ellipsoid and bfthat of its obliqg-
uity. The values I'g and 1g should he expressed by ellipsoidic coordinates, too.

2.4 The determination of the transformation parameters in case of a number of
parameters differing from the previous values

There are together s transformation parameters in the Wells—Vanicek
model (1975) [Halmos, 1980]. A general terrestrial system with the origin
OF (and axes X, Y, Z), a satellite or Doppler system of coordinates with the
origin OD (and with the axes X', Y', Z’) and a geodetic system of coordinates

Acta Geodaetica, Geophysica et Montanietica Acad. Sei. Hung. 16t 1981



204 F. HALMOS

(also called geodetic datum-system, and connecting the previous ones) with
the origin OG (and axes X, y, z, with a rotation A0 around the normal of the
ellipsoid in the origin if it is related to the terrestrial system (Fig. 4)) occur
here. In order to transform the results of the Doppler observations into a ter-
restrial coordinate system, the following transformation equation is given
taking into account that in all cases one has geocentric systems being rather
similar to each other:

[Q(e« ey, e?) — Q(AQ) — A] rD— &DG + rD—rG= v (26)

with the rotational matrix Q being similar to that in Eqg. (3) s, with the rota-
tional elements exsy, sz and A O, with the change in the scale factor A, and with
the three translational factors drOG (together s parameters). By expressing the
v-s, one gets similarly to Eq. 2 the following correction equations in a matrix
form:

—dr — raga -j- zl) -j- Ade + BdrE>G+ GGEAL + 10 27)
where
0 sin Bg a>s Bgsin Lg
—sin Bg 0 aos Bg aosLg . (28)

OB Bgsin Lg 008 Bg 05 Lg

Equation 28 can also be deduced from Eq. 23, as here 6AQis the orientational
rotation, and BO,LOare again the ellipsoidic coordinates of the origin. A com-
mon adjustment of the terrestrial geodetic network measurements and of the
results of Doppler or other satellite observations yields again the reduced
system of normal equations (14) or (20) by taking into account the trans-
formation parameters. The change results only from the introduction of the
new rotational parameter 0AOQ.

The Krakiwsky—Thomson model (1974) differs from the Wells—Yanicek
model by the introduction of three rotational parameters for the geodetic
system in addition to those of the satellite and Doppler coordinate system,
respectively, further one more scale factor if necessary and three translational
parameters. Correspondingly, the number of the transformation parameters
is 13 or 14 depending on the new scale factor. This solution can be especially
advantageous in networks with great extension, where differing transforma-
tion parameters appear. In such cases it is to be considered whether it would
not be more advantageous to use the Moritz collocation method (1973), or
the seven parameter solution with a separation of the network into smaller
regional parts proposed by Halmos. The structure of the common transforma-
tion parameter adjustment using the Krakiwsky—Thomson model is else
identical with our general model, if regionally separated network parts are
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considered. For an unambiguous solution one needs with the Krakiwsky—
Thomson model at least 3—3 points with known spatial coordinates, too.

In addition to the cases already treated it can occur that besides the
solutions using 7 or more parameters, the transformation is made with the
introduction of only 4 parameters (e.g. the change of the scale factor A and
the translational change consisting of 3 elements dr0). In case of an other solu-
tion, when the origin of two systems of coordinates coincide, the parameters
A and CEfor the transformation can be computed from the adjustment. An
adjustment on the basis of the least squares yields similar or identical results,
only the number of the unknowns decreases.

In cases when the parts of terrestrial geodetic networks refer to a com-
mon system of coordinates, and regional or local changes of the parameters
cannot be supposed among them, the number of the supplementary trans-
formational unknowns in the adjustment will be 7 when connecting the Dop-
pler and the terrestrial geodetic network.

If the terrestrial geodetic ellipsoidic coordinates refer to different ellips-
oids in different networks, or the origin of the ellipsoids is different, this
situation must be taken into account at the determination of the spatial
three dimensional coordinates. If the transformational parameters are good
approximations, and the geodetic latitude and longitude are known, the trans-
lational parameters between the origine of the ellipsoid centres can also be
introduced as unknowns.

In certain cases, the use of the affine transformation is also recommended
besides the similarity transformations [Modenov and Parkhomenko, 1961]#

4. Conclusions

The indeterminedness or defect of the Doppler networks can be resolved
by adjustmentin a common model of the terrestrial geodetic network measure-
ments and of the Doppler satellite observations, and by the introduction
of suitable transformation parameters.

For the determination of the spatial three dimensional coordinates of
traditional terrestrial geodetic measurements and for an increase of the
accuracy, it is necessary to uniformize the height values referring to several
mean sea levels, to know more accurate geoid heights or to introduce a uni-
form global equipotential surface.

For a determination of the transformation parameters by adjustment,
more than three points must be known by their coordinates in both systems.

If several networks (e.g. national ones) are to be connected (they are
called in such cases datum-systems), in each new system the three dimensional
coordinates of at least two common points must be known. As a general rule
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the coverage with common points should he as uniform in the whole area
as possible.

An adjustment on the basis of the least squares principle supposes signif-
icantly more than the minimum of common points with known coordinates
or where measurements were made.

Both the introduction of the different type transformation parameters
into the adjustment, or the neglection of a part of them necessitates a previ-
ous significance test in order to test if the used mathematical model corre-
sponds to the physical reality.

In the present situation of the accuracy, the mean square error of the
network coordinates deduced from Doppler observations is around 0.3 —
0.5 m [Halmos, 1978, 1979]. This value already necessitates to carry out the
adjustment of the terrestrial and Doppler or other satellite geodetic data in
a common model. Always practical points of view decide in the connection
of the transformation parameters with the corresponding coordinate system.
According to experiences gained hitherto, the scale factor and orientation
of the terrestrial networks is more reliable than those of the Doppler networks.
Therefore, quite recently work is done on the solution of the scale factor and
orientation problem of satellite geodetic networks (combined solutions with
laser and very long base interferometry measurements).

Having finished the adjustment, it is advisable to carry out an analysis
of the accuracy and reliability tests on the basis of the variance-covariance
elements.

If there is only one terrestrial network, but it is inhomogeneous, then
the regional transformation parameters can be determined by collocation or
by selecting the already mentioned regions and introducing for each region
3 rotational elements and 1 scale factor.
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MPEOBPA30OBAHUE MEOAE3VNYECKUNX CETEVW HA OCHOBE YPABHMBAHUA MO
CrocobY HAMMEHbLLUVX KBAAPATOB

. XAnMouw

PE3FOME

Mpeo6pasoBaHue reoAe3nyeckux CceTeli LENeco06pasHO OCYLLECTBSATL MNPUMEHEHUEM
METOfla HaVMeHbLLMX KBapaToB. STOT BOMPOC O0COGEHHO aKTyaneH C TOUKM 3pEHUS B3aWMHOI0
YPaBHMBAHUSIX AOMMNEPOBCKUX, HA3EMHbIX TPUAHTYNALMOHHBIX U HABENIMPHbIX ceTeld. B Halumx
1ccnejoBaHMAX U3bICKAETCS TaKoe peLleHue, Koraa pedb MaeT 0 B3aMMHOM YPaBHUBAHUMN reoe3n-
YECKUX ceTeli pasHbIX CTPaH, M A8 KaX[oi M3 HUX YCTAHOB/IEHME CAMOCTOSITE/IbHbIX TPAHC-
(hOpMaLIMOHHBIX NapaMeTPOB CHMTAETCA HernpeMeHHO 060CHOBaHHbLIM. B nepByto ouepeab U3na-
raetcs Metoq enbmepTa, OCHOBaHHbIM Ha ypaBHMBAHWKM 6/10KOB, HO KPaTKO YMOMUHAOTCA W
Apyrvie peweHus. NMprUBOAATCA COOTBETCTBYIOLLME 3aBUCUMOCTY UCUMCIIEHUI 1 YpaBHUBAHWIA.
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1. Introduction

In photogrammetric point determinations, the accuracy can be increased only if system-
atic errors are correctly detected and eliminated. In Hungary, blockadjustment with in-
dependent models is used in the practice. Thus the investigations described in this paper are
concentrated on the elimination of the systematic errors in blockadjustment with independent
models. When using adequate additional parameters, an accuracy increase of 20—25% can be
reached in the blockadjustment.

The accuracy of certain measurement technical tasks can be only in-
creased if systematic errors are eliminated. This holds also for photogrammetry.
Together with computer tools and methods, the photogrammetric aerotri-
angulation methods significantly developed in recent years both theoretically
and practically and up-to-date blockadjustment methods were proposed. The
increase of accuracy demands directed the interest toward systematic errors.
The continuous presence of systematic image errors sets alimit to the accuracy
of the determination of photogrammetric control points. A further increase
of the accuracy can be reached only by detecting the sources of systematic
errors and by eliminating them. Such investigations have already been dis-
cussed at the ISP Congress in Ottawa, 1972. At the Helsinki Congress in 1972,
the importance of this topic was generally acknowledged and a working group
(WG 111/3) created for these studies inside of Commission IlIl. The activity
of this working group has been reported by Kilpela at the 1980 Hamburg
Congress [1]. At the same congress, Ackermann [2] summarized the differ-
ent self-calibration methods mostly used for the elimination of the systematic
errors.

2. Aims of the present investigations

The theoretical investigations in connection with blockadjustment with
additional parameters refer mainly to bundle adjustment. This can be easily
understood as the effect of the systematic image distorsions appears immedi-
ately in the image coordinates being the basis for the bundle adjustment.
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The situation is more complicated in case of the method of the independent
models. A first neglection is that the independence of the model coordinates
being the basis ofthe blockadjustment is only a supposition. A further problem
is that the effect of the systematic image distorsions can he hardly traced.
That is perhaps why this problem has been less treated up to now (e.g. [3, 4]).

In the Hungarian practice blockadjustment with independent models is
used. Therefore the possibilities for an accuracy increase should be looked for
in such blockadjustments. The Geodetic and Geophysical Research Institute
of the Hungarian Academy of Sciences has been lead by these considerations
— in addition to the immanent interest for the problem — when it joined
WG I11/3.

In our investigations, the material of the test area Jamijarvi in Finland
has been used. The investigation included following items taking into account,
the aims of WG 111/3:

a) Application of mini-computer systems

b) The effect of the overlapping between strips on the accuracy

c) The effect of different type additional parameters on the systematic
errors

d) The connection of the control points appearing in the adjustment and
the additional parameters.

3. Preparation

The comparator coordinates of flight No 77 215 measured with PSK-1
have been handled in the following way:

a) The comparator coordinates are transformed to the four fiducials
with affin transformation.

b) Radial distorsion is numerically corrected according to calibration
report.

c¢) Refraction is corrected according to Bertram’s formula.

W ith the corrected image coordinates, analytical relative orientation
was carried out to get independent models. The models belonging to the single

Fig. la. Control point patterns

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



BLOCKADJUSTMENT 211

strips have been transformed in a strip system using the coordinates of pro-
jection centres. For each strip we determined the approximate ground coordi-
nates with help of control points on the first models of the corresponding
strips. These coordinates serve as input data to the blockadjustment.

The blocks were composed in two different ways for the computations.
The first variant consisted of ¢ strips with a 60% sidelap, the second of three
strips with 20% sidelap. The overlapping inside the strips between individual
images was 60%. The combinations for the control points used in the block-
adjustment can be seen in Fig. la (s and 20 control points, respectively).

4. Computation

4.1 Description of the programs applied

The blockadjustment was carried out by the two-dimensional independ-
ent model method. To compensate the systematic model deformations the
program was completed with additional parameters. Two variations have
been worked out:

a) conformal polynomials
b) free polynomials.

The terms of the conformal polynomials are:

X = ax + by + pfxl—y2 + 2pXy
Y

= —ay + bx + 2ppcy + p2(x2—y?2). n

The terms of the free polynomials are:
X = ax -(- by -j- apel -f- a2xy a3a2

Y = —ay bx bpcl 4- b2xy + b3y2. n

The linear terms of the additional parameters are common for the whole block,
the non-linear terms are used for the strips.

The programs can be divided into four groups:

a) Construction of strips from measured data: neighbouring models are
linked through 3 common points, the second model is transformed into the
coordinate system of the first, using the Caley—Euler matrix. At the end
of the procedure all the models in the strip are given in the coordinate system
of the very first model of the strip. Then the whole strip is transformed into
the ground coordinate system, yielding the approximate ground coordinates.

All computations are done in double precision (12 significant digits).
D ata storage: disc and magnetic tape.
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b) Construction of the matrix of normal equations, according to the
type of adjustment applied. Matrix elements are stored on disc in single
precision (7 significant decimal digits). Construction of the right hand side
of the system of normal equations.

c) Solution of the system of normal equations by the Cholesky factoriza-
tion. At the end, iterative refinement of the solution is applied, until machine
precision is attained (2.4E-7).

Inner products are computed in double precision. For time efficiency
4 buffers were used on disc. Using the formula A = LLr, both A and L were
stored in row sequential as well as line sequential format. Run-time was
about 4 hours in case of 260 unknowns. Determination of the unknowns.

d) Computation of coordinate discrepancies, standard deviations

5. Informations on hardware and software

5.1 Hardware

The whole computational procedure was made on a Hewlett-Packard
mini-computer system. This system is based on an HP 2100A CPU with
24 Kwords of operative memory and an HP 7900A disc with 4.8 M byte of
mass memory capacity. The cycle time of the CPU is 960 ns. (Fig. Ib shows
the configuration of the system).

The punched tape reader was used as primary input unit for original
(distributed and measured) source data.

The tape punch unit was used as auxiliary output unit.

The secondary input data, the intermediary data and most of the final
data were handled as disc-resident files.

Fig. Ib
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The 9-track magnetic tape was used for storage of some kinds of final
data.

The run-time parameters were inserted through the console display or
from pseudo-disc batch file.

5.2 Software

The computer system described in the hardware section was used in
a disc based operating system environment. This software system was the
HP-DOS-III [5].

All programs were written in the HP representation of standard NSI
FORTRAN-1Y programming language [s].

6. Results

In the following, the results for the block composed of flight 77,215,
strips 7—12 shall he shown in different combination. The notations for the
different versions can be seen in Table I.

It should be remarked that the improving effect of the additional param -
eters of the free polynomials did not appear in the present case using few
control points, or even the results were deteriorated by them. Therefore this
version has been omitted using few control points.

The coefficient matrix of the normal equations was inverted in the
adjustment, thus the weight coefficients of the unknowns could be also com-
puted. Using the computed mean square errors of the unknown tie points,
informations were obtained about the planimetric accuracy of the adjusted
blocks and on the distribution of the systematic errors without using the check
points. Figures 2 to s show the mean square errors (p”) of the tie points with
60/60 overlapping, Figs 7 to 10 those with overlapping 60/20 from the adjust-
ments related to the image scale.

Table |

Versions of blockadjustment

Overlaps N“tToﬁego?f,f;’”' without add. p. with add. p.
conformal p. free p.
60/60 8 A . -
60/60 20 A ‘.
60/20 ) 3 s _
60/20 20 A c, g
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These figures show that if few control points are used (versions Ax, Cx, C3)
the reliability generally decreases toward the boundaries of the blocks in
accordance with the theory. It can be concluded from this result that the
homogeneity of the blocks is weakest at the boundaries and in the corners,
respectively. Greater discrepancies inside the blocks indicate the presence of
systematic errors. The increase of the number of control points increases

Al
A 230 21.2
17.0
14.7 10.2 105 142 us A
10.5 13.2 145 137 16.0 16.2
13.2
12.0 ao
132 13.2 12.7 14.2 125 117 10.7
tx
175 17.0
157 9.7 10.7 17 125 117 107
127
12.0 a
9.7 10.0 120 115 12.0 122
215 10.7 10.2 11.0 9.7 13.0 112
a
182 A 132 13.0 117 A 197 21.0
Fig. 2.
Cl
22.7 187
— 1
a
11.2
122 7.0 7.0 9.5 10.0
7.0 8.7 10.0 1.2
105 122
9.7 . 8.0 8.2 9.7 100 8.7 5.0
9.7 9.2 75
I\
10.7 6.2 7.0 80 11.7 112 72
* 8.2 ' 8.2 9.2 8.2 a
6.2 7.2 80 7.7 7.7 8.5
16.7 7.5 72 7.7 6.5 8.5 7.7
a
125 0 90 8.7 77 0 140 15.7
Fig. 3.
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a2
P — A—
A 182 155 130
9.7
115 8.5 7.7 e .
7.7 9.5 87 12 102
A 1075 1
1.2 8.2
8.2 8.0 9.7 115 107 9.0 8.7
8.2
A A
15.2 Uz
1Q 95 90 9.7 107 9.7 8.5
A 80 97 A
8.5 8.7 102 9.7 8.7 7.2
A
15,5 72 8.2 9.5 7.7 7.2 70
A A

147 n 110 A 110 n 102 N 122 A 13.0

Fig. 4.
Cc2
-A-" - A-n
— n-~1
A
8.7
9.0 5.7 5.2 6.7 57
'6.5 5.7
A 5.2 7740 67 ,70
55 5.5 6.5 8.0 80 60 6.7
55 75 6.0
'u' lul
102
6.7 6.5 6.0 6.7 9.7 55
a 5.5 6.5 75 65 a
5.7 6.0 7.0 6.5 57 50
A
112 4.7 5.7 6.5 52 4.7 47
A A

1004 75 A 72 A 67 A 82 A 92

Fig. 5.

the homogeneity of the blocks, hut the maximum coordinate differences do
not appear in the centre of the block. In case of adjustment without additional
parameters it can be clearly seen how the 60% overlapping between strips
increase the accuracy (cf. Figs 2 and 7, or Figs 4 and 9). In case of an adjust-
ment with additional parameters, however, the difference of the overlapping
between strips does not influence the reliability of the determination.
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167 17 g 120 130 w20 1

]25”' 105 122 137 130 12 uo

n 7 n
125 i
T 150 A2 w2 12 w00 27
120 130 105 100 |
1 Jr 4
B BN 120 B7
Fig. 9.
G

The use of additional parameters increases the accuracy of the adjust-
ment and the homogeneity of the blocks. Conformal polynomial are more
effective than free polynomials.

Figures 11 to 20 show the vector diagrams of the coordinate differences
computed from the check points of the test area for the different adjustments.
A certain correlation can be found here with previous figures. The effect of
the systematic errors can be easily seen after adjustments without additional
parameters. Greatest vectors can be found at the boundaries and in the cor-
ners. The improving effect of the additional parameters — mainly that of
the version with conformal polynomials — is well illustrated. It can be also
seen that conformal polynomials yield better results even in case of less control
points. In the vector diagrams of the simple adjustments, the effect of the
overlapping between strips is also significant. When using free polynomials,
the effect of regular errors can be detected even if 20 control points are used
in the adjustment.

The accuracy data for the different adjustments can be seen from
Table 1I.

Let us consider first the values 60, meaning the standard deviations
of the model coordinates. In case of versions without additional parameters
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Fig. 20.
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Fig. 31. Fig. 32.

they are more scattered and depend on the distribution of control points,
further on the overlapping between strips of the block. This fact proves the
absence of systematic errors and supports our previous conclusions. In case
of the use of additional parameters this scatter and the dependence on the
number of control points and on overlapping decreases significantly. Further
the values of @ decrease themselves significantly in case of adjustments with
additional parameters (a decrease of 30—40%).

Table M
Control n c F
Overlaps points
00 My 0Q H-xy 00 rzy
60/60 8 12.7 14 8.0 11 — —
60/60 20 115 12 7.5 9 8.2 11
60/20 8 15.5 16 7.5 11 - _
60/20 20 135 12 7.0 9 6.0 10
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Table W

: A X C'

Discrep. cm
X y X y

24-20 1

19-15 1 1 1

14-10 10 4 4 1

9-5 29 15 26 9

4-0 42 37 49 45
-1-5 11 31 15 36
-6-10 3 9 4 7
-11-15 2 2 1 2
-16-20 1 1

The absolute accuracy of the blockadjustment can be estimated based
on the RMS coordinate errors of check points, The Table shows clearly
the improving effect of the additional parameters (in average by 20—25%),

a2

Fig. 33.
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Fi g. 34. Fig. 35.
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further the fact that the increase in accuracy is greater if the number of
control points and the overlapping between strips are less. The results show
further that the improving effect of the additional parameters from conformal
polynomials was stronger than that of the parameters from free polynomials.
These conclusions are consistent with the conclusions drawn from Figs 2 to 10.

C3

la.

Fig. 38.
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a
5 1 3 5 1 3
6 2
4 4
1/a. 1/b.
5 5 3
1
1
6 4 6 2 "
2 3
Fig. 39.
F4
5 3 3
6 ] 6 2 V]
5 1 3
\ 5 1
\
V_
6 2 4 6 2 4
2. 3
Fig. 40.

Tables 11l to VI show the deviations of the adjusted coordinates from
the given values of the coordinates x and y of the check points in per cents
in 5 cm intervals.

The curves of the relative occurrence frequencies of the deviations in
x and y directions in 5 cm intervals can be seen in Figs 21 to 30. The data
of the Tables and the frequency distribution curves confirm the previous
conclusions.

The distribution curves of the deviations in direction x are in all cases
more flat than the distribution curves y. If additional parameters are used,
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Table IV
Diecrep. cm " ¢
X y X y X y
24-20 1
19-15 1 1
14-10 4 3 1 | 2 1
9-5 22 10 13 8 15 11
4-0 39 48 47 59 47 48
-1-5 24 32 31 28 26 33
-6-10 6 5 6 4 6 6
—11-15 2 2 1 3 1
-16-20 1 1
Table V
Discrep. cm A ¢
X y X y
15-19 1 | 1
10-14 15 5 4 1
5-9 35 26 26 1
0-4 31 39 44 60
-1-5 13 19 19 27
-6-10 4 8 5 1
-11-15 0 2 1
-16-20 1
Table VI
Discrep. cm A c F
X y X y X y
24-20 1
19-15 0 |
14-10 3 1 0
9-5 17 10 12 3 8 6
4-0 40 50 50 58 37 6i
-5-5 28 30 27 37 39 31
-6-10 8 5 9 2 14 1
-11-15 2 4 1 1 1
-16-20 0 0
-21-25 0 1
—26-30 1
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this difference even increases. That means that the determination of the coor-
dinates y was in all cases more accurate. This effect is very likely to be con-
nected with the direction of flight.

Figures 31 to 40 show the average distortion of the strips of the differ-
ent blocks after adjustment.

7. Conclusions

Any generally valid conclusions can be hardly expected from experi-
ments made on test areas. Anyway the following conclusions seem to be
justified in accordance with other investigations:

The use of additional parameters increases the homogeneity and accuracy
of the points determined by the blockadjustment. The choice of adequate
additional parameters is very important as ill-chosen parameters may result
in certain complications. In case of blockadjustment with independent models,
it is sufficient to attribute the additional parameters to the strips which the
block consists of.

The improving effect of the additional parameters is more significant
in case of few control points than in case of many control points.

The effect of free polynomial parameters is not unambiguous. In case
of few control points, e.g. in case of the present version with s control points,
its effect can be even a negative one.

For the qualification of practical blockadjustments with few check
points it is advisable to invert the coefficient matrix of the normal equa-
tions. The mean square errors of the tie points yield information of the homo-
geneity of the adjusted blocks and on the effect of the systematic errors on
the blocks.
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KOMMEHCAUMNA CNYYAMHbIX OLIVMBOK B YPABHWBAHWW MO BJIOKAM MPU
MOMOLLN HE3ABUCUMbIX MOJIEJEW

M. WOMOAU-N. BATTA-N. HALb

PE3IOME

MoBblILLIEHVE TOYHOCTU B (HOTOrPaMMETPUUECKOM OMNpeae/ieHUN TOUEK BO3MOXKHO TO/IbKO
BbISIBNIEHWEM N UCK/IHOUEHMEM CUCTEMATMUYECKUX OLUMGOK. B BeHrpumn ypaBHMBaHMe No 6/10KaM
NPV NOMOLLIM HE3ABUCUMbIX MOZENel NosTyunsio NpaKTUUYecKoe npumeHeHve. MoaTomy nccnefoBa-
HUS, U3MOXKEHHbIE B CTaTbe KOHLIEHTPUPYIOTCA HA UCK/OUYEHUN CUCTEMATUYECKMX OLLIMGOK B
yBaBHMBaHUW M0 6/10KaM MpKY MOMOLLUMX He3aBUCUMbIX Mogeneid. Mpu NpUMeHeHWM COOTBETCTBY-
IOLLMX AOMOSTHUTENbHbBIX MapameTPOB [OCTUraeTcsl MOBbILUEHME TOYHOCTM B ypPaBHUBaAHWWU MO
610Kam.
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DIGITAL MAP CONSTRUCTION USING BICUBIC
SPLINE INTERPOLATION

J. ZAVOTI
GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN ACADEMY OF SCIENCES, SOPRON

For the illustration of the classification of the elements in a data system contour maps
are widely used in geosciences. Here a method is presented which enables the automatic con-
struction of contour maps using digital computers. The isolines produced by this method fit
to the given discrete data — without being influenced by the spatial distribution of the
points —, hut the contour map produced by the computer does not contain any kind of in-
formation not present in the original data.

In recent years, methods for the construction of contour maps have
been proposed by Crain and Bhattacharyya (1967), Kraus and Stanger
(1975), Assmus (1976), Ebner (1980) and Koch (1973).

The method proposed in the present paper is based on the advantageous
characteristics of the two-variable spline interpolation.

1. Two-dimensional third order spline functions

For sake of simplicity let us chose the rectangular domain T = [a, ¢] X
X [c, d] as area of interpolation, and distribute it into a rectangular grid:

{T = (xt,yk)/a <;xt<;b,c<;yk<.d; i=0,1,...M; k= 0,1, ... N}. (O

[In case of a connected, non-rectangular interpolation domain the spline inter-
polation can also be used, if the graph obtained by a connection of the neigh-
borous points of the data system is topologically equivalent with a rectangular
grid of the dimension (iff -f- 1) X (N + 1)-] Let us suppose that the values of
a two-variable, continuous function f(x,y) are known in the grid points. By
defining third order polynomials in both variables in the dots of the rect-
angular block

Xi-1< X< ,Xi; YyK-X<y<.yK 2
in the form:
Slkzm_0 nZ:o amn (X - xI-I)m (Y — Jfc-I)n (3)

The coefficients a'’En can be obtained with the following supposition: the sur-
face elements are connected smoothly, they exactly fit to the given points,

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



238 j. zZAvoTi

and the surface obtained by the composition of the surface elements is double
derivable in both variables continuously, the second derivative in normal
direction disappears at the boundary of the domain.

It can be proved [Marcsuk, 1976] that a function g(x,y) fulfilling these
conditions exists, it is unique and it is the solution of the following variation
problem:

(4)
8(X|7yk) = N1 xnY«k) k =

— where W% denotes the space of the double derivable, quadratically in-
tégrable functions.

The amount of computations can be considerably decreased when deter-
mining the coefficients a”n if the values of the following dérivates are known
in the boundary points of each dot:

Pik — YX('/’ Yk) 1 gik  fy(xi>yk)-> Sik  fxy(xi’YK)e (®)

According to the boundary condition, the following conditions are valid:

li= 0, M
BX(*i>Yi) = 0 jj = 0,1,..1V 6
. i= 0,1, ... N
yyxpyl) =0 - o y ()
In case of all the straight linesj = 0, 1, ... N the dérivates p(, have
to fulfill the following system of equations:
Pi+vj + "Pij + Pi—x,j = 4&i+i,j- Si-ij) i = 1»2, eeeM — 1 (8)

The boundary condition according to Eq. s ensures the necessary equations
for the unique determination of the dérivates pu.

For the determination of the dérivates gfythe equations can be written
similarly for all straight lines i = 0,1,... M

8i,jo1 + 4gij + gij—i = 3[gbyi- gtd-1]j = 1,2, ... N — 1. 9)

The supplementary equations necessary for the determination of the dérivates
gtj can be obtained from Eq. 7.

For the determination of the mixed dérivates the previously deter-
mined dérivates p( and gt can be used. Ify = 0 orj — N, and the boundary
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condition is being used, the system of equations:
s/I+id + 4s/j + si-ij = 4éi+ij - gi-ij] i=1,...M—I (10)

can be solved. In the inner grid points i = 0,1, ...M the lacking dérivates
Sy can be obtained by using the dérivates pu:

oi,j+i+4*tj+ = J= 1,2, ... IV— 1. (11)

For the solution of such equation systems, the algorithm developed for the
one-dimensional spline interpolation can be advantageously used [ZAvoti,
1978].

Having determined the dérivates py, gy, Sy it is easy to determine the
coefficients a*n of the two variables, being in each dot third order spline
polynomials.

The mathematical principles of the spline interpolation are dealt with
more detailed by De Boor (1962), Alborg et al. (1967) and Sunkel (1977).

2. Fourier transformation of bicubic spline functions

The bicubic spline interpolation of data observed in discrete points can
be used for the determination of the direct and inverse Fourier transforms
in the spatial or frequency domain. It is a very important and advantageous
result that the amplitude and phase spectrum obtained by the spline functions
has a sufficient correspondence with the real spectrum at low frequencies
[Sunkel, 1977].

This fact explaines the exceptional accuracy reached by spline inter-
polation in the computation of second- and higher order dérivates of the
potential of gravitational anomalies. The small and large amplitudes i.e. the
peaks of gravitational anomalies are exactly reflected in the interpolation.
The gradient vector of the field is not distorted significantly. All these facts
show that bicubic spline fitting is a reliable and exact interpolation method
for the practice.

The general model for the representation of a given data set by bicubic
spline functions is given by Eq. 3, which can be analytically expressed in the
following form:

Mi1N-If 3 3

= ™ (% _ 1 _
g(xy) = 2, kZZO}rTZI:O 2 am™( xiym(y - YT m

| (12)
B - Xy - —*m )] [KHY - Yo - Sy — Yatrll

— where 06x is the so-called unit-step function.
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After lengthy computations using the theses of the Fourier transforma-
tion, the following formula can be received for the Fourier transform of the
bicubic spline functions:

G(u, v) = r I_ g(x.y) e-d~+nrdx dy =

J —®©®J —m

M—1 N— i pitux(ewh
: ik p—j(ux(+vyk)
- 12=0 /%:0 fgo 720
(13)
ml p]n _m' * n
L (M m+1 FlGu)m-T+t (i)™ e 32I0 sl(jv)n~S+1

Having determined the bicubic spline coefficients of a data system given
in grid points, this equation can be used for the determination of the phase
and amplitude spectrum of the anomalous potential.

3. Collocation

M ost methods for the automatic construction of contour maps determine
a data system regularly given in the grid points of a rectangular grid from
the original data irregularly distributed. The selection of the prediction method
for this purpose is an arbitrary one, but the maps produced by different
methods differ in important parameters. The different properties of the differ-
ent prediction methods can be used for the filtering of data systems. In the
practice the transformation of the arbitrarily distributed data is mostly carried
out by collocation using the methods proposed by Koch (1973) and Ebner
(1980).

In these methods it is supposed that the measured values include random
errors, therefore the surface fitted to the predicted points does not contain
in all cases the original measured data.

The collocation based on the least squares principle is a prediction
method which yields from among linear estimations the best undistorted
estimate of the predicted values. The method is not treated here, as it has
been described several times [Moritz, 1972].

The basic equations is:

N A) ciP.pj . crPn-1 vy
[CiPPJ, C(PPD), ... c(PPry] (P2

C(PnPJ ... C{PnPn), A

= ¢ C 1h. (
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Fig. 1. Map of Bouguer-anomalies

The quantity u is the predicted value of a grid point P and the quantities ht
are the data appearing in the prediction. The vector ¢ yields the covariances
of the point P and the measuring points P(, i.e. the statistical dependence.
M atrix Ccontains the covariances of the measurement points P,. The covari-
ance C(P,PJ) expresses how the points influence each other. It is supposed
that it is sufficient to use the value of the covariance C(P-Pk) as a function
of the distance between the points. That means that the distribution of the
points is homogeneous and isotropic.

Several functions can be recommended as covariance functions. The
following types of these functions have been recommended:
_IL
c(r) = aoe a Gaussian
_er
c(r) = (ge a exponential (15)
c(r) Hirvonen-type.

The unknown parameters of these covariance functions can be estimated
on the basis of greater quantities of measured data.

Acta Geodaetica, Geophysica et Montanistica Acad. Set. Hung. 16, 1981

114



242 J. ZAvOTI

4. Numerical example

The practical application of the proposed method is presented in form
of the representation of a gravimetric field. The original data were provided
by H. Sunkel.

Figure 1 shows the anomaly distribution in a practical exploration area
with the network of the measurement stations (number of the measured
stations is 97). The stations are denoted by + — signs. The measurements
were made along highways. There are rather big areas between the measured
sites where no measurements were made. On the basis of these data, a digital
surface model consisting of 13x8 points has been produced (the distance
between the grid points is 3 km). The anomalies in the grid points of the
quadratic network have been predicted by collocation having estimated the
statistical parameters of the measurements. The regularized values obtained
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Fig. 4a. Generalized isoline wap of the anomalies, scale 1 : 500,000

Fig. 4b. Generalized isoline map of the anomalies, scale 1 : 1,000,000

by this method are the initaial data of the bicubic spline interpolation. A per-
spective view of the fitted surface can be seen in Fig. 2.

The intersection points of an arbitrary plane z = H and the surfaces
gik defined by Eq. 3 can be found easily for the construction of the isolines.

In case of given values x —xi-1< x <[ xt and for all i= 1,2,... M, Kk =
= 1,2,... N the roots of the third order equation
Ao Brpotmn 0o xi-DT (y-y*-D)T o= H (16)

are to be found for which yk~i <CY <CYk is valid.

The plotter connected to the computer plots these roots, thus the iso-
line map of the interpolating surface is automatically constructed. Figure 3
shows an isoline map with the scale 1:250,000.

Maps with smaller scale can be similarly obtained, thus this method
solves the problem of map generalization, too. Figure 4a shows a map with
the scale 1:500,000, Fig. 4b that with a scale 1 :1,000,000.
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COCTABJIEHVE UN®POBbIX KAPT MPN NOMOLWW MHTEPMNO/TALNN
OYHKUMNAMUN BUKYBUUYECKUX CMIANHOB

. 3ABOTU

PE3IOME

B reogesuu gna UNaCTpauumn pasfenieHuns 3f1eMeHTOB CUCTEMbI JaHHbIX Ha Kacchl LWMPOo-
KO WCM/b3YHTCA YPOBEHHble KapTbl. OMuCbIBaeTCA MeTof, MO3BO/IALWMA Npyu nomowm 3BM
aBTOMaTMYeCKOe COCTaB/IeHNe KapT C U30NMHUAMU. JIMHUWN YPOBHEW Co3faHHble TaKnuM 06pasomM,
XOpOLLO MOAXOAAT K 33faHHbIM [AUCKPETHbIM AaHHbIM — He3aBWCMMO OT MPOCTPAHCTBEHHOrO
pacnpegeneHusa To4eK —, HO KapTa C M30/IMHUSIMW CO3/1aHHas npu nomowy 3BM He cofepXut
HUKaKOW HOBOW MH(hopMaLum MO CPaBHEHUIO C UCXOAHBIMU AaHHBLIMM.

B nocnegHee Bpema KpeliH n Battavapua [1], Kpayc n LTaHrep [2], Accmyc [3],
Q6Hep [4] n Kox [5] ony6nnkoBanu MeTofbl aBTOMATU3MPOBAHHOIO COCTaB/IEHUS KapT C M30-
NVHUSIMU.

MpegnaraeMblii HamMyM MeTOJ OCHOBbIBAETCA Ha BbIFOAHbIX CBOWCTBAX WHTEPMONSALUN
cnnaHoB C ABYMSI NepeMeHHbIMU.
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DETERMINATION OF POLAR MOTION
COORDINATES FROM DOPPLER OBSERVATIONS OF A
SINGLE STATION

GY. SZADECZKY-KARDOSS
CAND. TECHN. SCI.

GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN
ACADEMY OF SCIENCES. SOPRON

The paper presents a method for the deduction of the polar motion coordinates x, y
from the data of Doppler measurements made at a single station during longer time. Formulae
are given for the computation of the changes of geographical longitudes and latitudes, then
of the coordinates of the polar motion. Formulae are also deduced for the determination of
geographical coordinates from spatial Cartesian ones, further for the determination of the mean
pole position. Lastly in a complete numerical example the coordinates of the polar motion are
computed from fictitious measurement results.

1. Introduction

If measurements are made continuously for a longer time with a Doppler
receiver set up stably in a geodynamic station, series of the sets X, Y, Z
of orthogonal spatial coordinates can be computed. Such measurements are
carried out in a number of stations in different parts of the globe, and from
a common processing of the data, polar motion coordinates are deduced.

The question can be raised whether polar motion coordinates could be
deduced from Doppler observations of a single station, carried out continu-
ously during longer time, for the time interval of the measurements. The
present paper deals with this question.

It is naturally accepted that the polar motion coordinates x, y deduced
from the measurements of a single station cannot be as accurate as the values
determined from the measurements of several stations.

2. Computation of Acp and Ah from Doppler observations

The spatial orthogonal coordinates of the ellipsoid of rotation, X, Y, Z
can be computed — as generally known — by the formulae:

X = (N + h)cosocos 4 1)
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Y = (N -f- h) cos psin 4 (2)

Z=N-- ®

where pand fare geographic coordinates, N is the radius of curvature in the
prime vertical, and h is the height above the ellipsoid.

In a first step it is supposed that the value of h does not change, but
N is changing due to changes in Acp. In this case the change of the geographic
latitude due to the polar motion can be deduced from a derivation of Eq. 3:

b2
dz N "~ + h cos pd @-)- sin pdN
a

where (4)

p
N = a(l —esinagp 2

and
N3 _
dlvV = e —Sin Pcos @ dip 6

then dip can be written after some simple algebra:

., dzen
dip* = (6)

Z ctg (- N 3sin2 qpcos @
a2

The formula for the change of the geographic longitude dX can be de-
duced in two different ways. The first is obtained from a derivation of Eq. 1:

» dxq" . e2N 3 Sin w coSs2 pcos Ad®"
R P ------ ctg Atg pdip" -)-----—--- g-------—-- i — . ©)

The second way for the computation of dl is obtained from a derivation
of Eq. 2. From this one gets:

dy p" e2N 3 sin (p cosz2 e sin Adip"
dA = Ytg AdT - - J mm —mm 1 oo . ©)

In the following the formula of the change of the geographic longitude
for the case when his changing will also be necessary. Thus, from a derivation
of Eq. 3 one gets:

Ir
dzt q" =AQ dNi + dh,

d<A Zxctg gx (9)
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and from the derivation of Eq. 2:

dy, p* Y, .  Cosaysin A p"
dA,. = 4 AP - e Xi Y (W + dht).  (10)

In the practice Eqs s —10 are used if the differences Axt, Ayi and Az{relating
to certain terms Xx Yv Zx of the series X,-, Y, Z- are computed, then the
values of dg- one gets from the Eqs s or 9 and, the values of dA- from Eqs
s and 10. Concerning dimensions it is to be remarked that the values of dx,-,
dy,-, dz,-, X, Y, Z, dN,- and db,- are substituted in meter, the values of d<pt and
dA- in seconds of arc, and the value

p" = 206 264.806".

3. Deduction of the coordinates x, y of the polar motion from the values of Acp,
AX computed from X, Y, Z coordinates of Doppler receiver measurements

Let PO be the mean pole with reference to CIO, P,- the true pole. The
equations of the polar motion are if the Eastward values of the geographic
longitude are taken positive [Mueller, 1969; Eqs 4.39 and 4.40, p. 87]:

Aol = = — gD = x" cos A—y" sin A

ZIA0-= A — A = x" sin Atg gy" cos Atg P

From these two equations the values of the unknown coordinates x, y of the
polar motion can be computed. After lengthy computations and trigonometric
transformations, the final results is:

x" = AX'gctg (psin A+ Acpl(cos A (12)
y" = AX6i ctg (pcos A—A(pl[sin A. (13)

The correctness and usefulness of these deductions can be illustrated
on hand of a practical example. Starting from the CIO coordinates g0 and A
of a station, the changes of the coordinates Acpj, AXt have been computed
from Eq. 11 with an accuracy of 0.001" on the basis of the polar coordinates
X, y for each tenth day of the Chandler period between January 1.0, 1979,
and April 5.0, 1980 [BIH, 1980; p. B21—B22] (see column 2,3 in Table I).
Using these values and further g0, A0, the values of ¢+ and A have been com-
puted, latters are valid each tenth day. Now from Eqs 1—4, the spatial coor-
dinates X,-, Y, Z, for each tenth day have been computed with an accuracy
of 1 mm in the WGS—72 system (see columns 4—s of Table I).
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Table |
?9a7t5 Amp AX 4 128%0+ 1226200+ 4608300+ = Xi—X0dy = Yi-Y0d = 2i—0
Jan. 1.0 +.112  +.124 57933 71650 80.210 -3.189 + 1.750 +2.329
11.0 +.093 +.105 58462 71393  79.815 -2.660 + 1.493 + 1.934
21.0 +.072  +.090 59011 71.230 79.378  -2.111  + 1.330 + 1.497
31.0 +.046 + .076 59.663 71120  78.837 -1.459  + 1220 +0.956
Feb.  10.0 +.018 + .068 60323 71.142  78.255 -0.799 + 1.242  + 0.374
20.0 -015  + .064 61070 71.277 77569 -0.052  + 1.377 —0.312
Mar 2.0 —050 + .064 61.835 71505 76.841  +0.713 + 1.605 —1.040
12.0 -.084  + 072 62533 71.886 76.134 + 1411  + 1.986 -1.747
22.0 -.113  + 087 63078 72375 75531 + 1956 +2.475  —2.350
Apr. 1.0 -.140  + .106 63556 72.930 74.970 + 2434 + 3030 -2.911
11.0 -163  +.131 63911 73580 74.492  + 2789 + 3.680 —3.389
21.0 —182  + 155 64.184 74183  74.097 + 3.062 +4.283 —3.784
May 1.0 -197  + 180 64364 74781  73.784  + 3242 +4.881  -4.097
11.0 -.208  +.203 64.468 75312  73.556 +3.346 +5412 -4.325
21.0 -.217  + .227 64522 75851  73.368  +3.400 + 5951 -4.513
31.0 -.222 4+ .250 64.495 76.343  73.264 +3373 +6.443 -4.617
Jun. 100 -221  + 277 64313 76.876 73.286 +3.191 +6.976 —4.595
20.0 -.218  +.304 64.086 77.396  73.348 +2.964 +7.496 —4.533
30.0 —.213  + 330 63.822 77.884 73.451 +2.700 +7.984  —4.430
Jul 10.0 -.206  + .354 63526 78.318  73.597  +2.404 + 8418 —4.284
20.0 -192  + .376  63.089 78.667 73.889  + 1.967 +8.767  -3.992
30.0 -171  + .398 62499 78.970  74.325 + 1377 +9.070 -3.556
Aug. 9.0 -.148  + 418 61876 79.220 74.803 +0.754 +9.320 -3.078
19.0 -.123  + 435  61.228 79.397  75.323  + 0.106 +9.497 -2.558
29.0 -.100  + 449  60.641 79527 75.801 —0.481 +9.627 —2.080
Sep. 8.0 -.074  + 456  60.031 79.498  76.342 -1.091 +9.598  -1.539
18.0 -.052  + 461 59519 79.455  76.799 -1.603 +9.555  -1.082
28.0 -.033  + 459 59115 79.291  77.195 -2.007 +9.391 —0.686
oct 8.0 -.019  + 454 58839 79.100 77.486 —2.283 +9.200 -0.395
18.0 -.007  + .448 58612 78.902 77.735 -2.510 +9.002 —0.146
28.0 +.005 + .438 58408 78.624 77.985 -2.714 +8.724  +0.104
Nov. 7.0 +.019  + 424 58185 78.253  78.276 -2.937 + 8.353  +0.395
17.0 +.034 + 404 57976 77.755 78.588 -3.146 +7.855  +0.707
27.0 +.044 + 382 57887 77.250 78.796 -3.235  + 7.350  + 0.915
Dec. 7.0 +.049 + .358 57.921 76.738  78.900 -3.201  + 6.838  + 1.019
17.0 +.052  + .336 57.986 76279  78.962 -3.136 +6.379 + 1.081
27.0 +.052 + 315 58111 75.859 78.962 -3.011 + 5959  + 1.081
Jan. 6.0 +.051  + .294 58257 75446  78.941 -2.865 + 5546  + 1.060
16.0 +.045 + 274 53508 75085 78.816 —2.614 +5.185  + 0.935
26.0 +.036 + 252 58835 74703  78.629 -2.287 +4.803  +0.748
Feb. 5.0 +.026 + .234 50161 74409 78.421 -1.961 +4.509 + 0.540
15.0 +.021  +.220 59.354 74161 78.318 -1.768 +4.261  +0.437
25.0 +.015  +.209 59551 73980 78.193 -1.571 +4.080  +0.312
Mar. 6.0 +.008 + 203 50739 73.906 78.047 -1.383 +4.006 +0.166
16.0 -.007  + .202 60.074 73.984 77.735 -1.048 +4.084  -0.146
26.0 -.026  +.202 60490 74.107 77.340 -0.632  +4.207  -0.541
Apr. 5.0 -051  + .204 61.025 74.310 76.820 -0.097 +4.410 -1.061
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Jan.
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1979

1.0
11.0
21.0
31.0
10.0

20.0
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dr= X{ —Xx

0.000
+ 0.529
+ 1.078
+ 1.730
+2.390

+ 3.137

Table M

+ 7.017
+7.320
+ 7.570
+ 7.747
+ 7.877

+7.848
+7.805
+7.641
+7.450
+ 7.252

+ 6.974
+ 6.603
+ 6.105
+5.600
+ 5.088

+4.629
+4.209
+3.796
+ 3.435
+ 3.053

+2.759
+ 2,511
+2.330
+2.256
+ 2.334

+ 2.457
+ 2.660

d* = z|—2Z[ Apt

0.000 0.000
-0.395 -0.019
—0.832 -0.040
-1.373 -0.066
-1.955 —0.094
—2.641 -0.127
-3.369 -0.162
—4.076 -0.196
4679 -0.225
—5.240 -0.252
-5.718 -0.275
—6.113 -0.294
-6.426 -0.309
-6.654 -0.320
—6.842 -0.329
-6.946 -0.334
—6.924 -0.333
—6.862 -0.330
—6.759 -0.325
-6.613 -0.318
-6.321 -0.304
-5.885 -0.283
—5.407 -0.260
—4.887 -0.235
—4.409 -0.212
-3.868 -0.186
—3.411 -0.164
—3.015 -0.145
—2.724 -0.131
-2.475 -0.119
-2.225 -0.107
—1.934 -0.093
-1.622 -0.078
—1.414 -0.068
-1.310 -0.063
-1.248 -0.060
-1.248 -0.060
-1.269 -0.061
-1.394 -0.067
-1.581 -0.076
-1.789 -0.086
-1.892 -0.091
—2.017 -0.097
—2.163 —0.104
—2.475 -0.119
—2.870 -0.138
-3.390 -0.163

249

.00000
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—.04800
—.05602

—.06001
—.06000
—.05201
—.03700
—.01803

.00700
.03097
.05600
.07898
.10301

+ 4+ + + +

112599
15297
17996
.20600
.22999

+ 4+ 4+ 4+

.25200
27399
.29399
.31098
.32497

+ o+ o+

.33199
.33700
.33498
.32999
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.07796
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+ +
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In the following, every term of this fictitious series has been subtracted
from the values of the spatial coordinates corresponding to the position PO:

Xo= 4123761. 122 m
Yo= 1226 269. 900 m

Z0= 4693 377. 881 m .

Thus columns 7—9 of Table | have been obtained.

After these preparatory calculations, the changes of the geographic coor-
dinates Acp and AX are computed with the help of Eqs s —s. These coincide
within a maximum deviation of ~0.0004" with the values in columns 2 and
3 of Table I. Lastly using Eqs 12—13, the polar coordinates x andy are com-
puted, which agree within a maximum deviation of ~0.0006" with the values
of [BIH, 1980]. This experimental computation proves that if the spatial
coordinates X, Y, Z are homogeneous and sufficiently accurate, then the polar
coordinates can be computed from the data of a Doppler station using the
equations in Chapters 2 and 3. Naturally, the computed results cannot have
better accuracy than that of the coordinates X, Y, Z.

In the next experimental computation it will be shown that even if the
mean pole Po is unknown, the deviations Ag>f and AXt corresponding to an
arbitrarily chosen pole position P:-are real. Let us take as reference point
the values of X5 Yis Zx for January 1.0, 1979, and compute the differences

dXj = Xt- Xx
dy, = Yt- Yj (14)

<4 = T7i— Zx

from these values (columns 2—4 of Table 11), then similarly to the previous
case, the values of A<pi and AXi referring to the position Px can be obtained
by means of Eqs s and s. It can be seen from columns 5 and s of Table 11
that the differences of the geographic coordinates referring to Px coincide
within 20.00004" with the values in columns 2 and 3 of Table I, and even
these differences are due to rounding-off in the computations.

4. Computation of geographic coordinates and of h from spatial orthogonal
coordinates

For the following the values of gt, A-and hj of the points P ¢are needed
if the spatial orthogonal coordinates X;, and Z( are known, i.e. inverses
of Eqs 1—3. For the computation several formulae have been proposed, the
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most recent ones are proposed by Halmos (1980, Eq. 14 on p. 9). For sake
of completeness the following equation can be obtained from Eqs 1—2:

tgx (15)
X
For the computation of the geographic latitude | propose a new solution
which can be used most advantageously on microcomputers. One gets from
Eqs 2—3:

N
ZsmR - -
< s 16
4<p v b h (16)
Va*» + iv
and in a first approximation one has:
tg 0= —sin A (16a)

The approximation in Eq. 16a is the better the smaller the quotient h/N is.
From the value of g0 obtained so one can compute in the following:

Wt= 1 —e2sinz2 17)

V-= alWj (18)

and using Eqs 1—2 one has:

N, + h, = ——- - r= -— (19)
cos ¢Fcos X cos gqfsin X

Using these equations, an approximative value for the height above the ellip-
soid can be calculated. By substituting these values into Eq. 16, a better
approximation can be reached for ¢p, which is then used again in Eqs 17—19.

In case of the present numerical example, the values of @ and h are
obtained with the following differences:

iteration 1: Jlep =0.0405", Ah = 1.377m
0.004 m

iteration 2: Acp =o.0002", Ah

iteration 3: Acp =0.0000", Ah 0.001m.
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5. Determination of the mean pole

In the next numerical example it is supposed that datum values (a,
b2/a2, e2, mean pole) are unchanged, but the measured values of the coordinates
Xj, Y/ and Z, have measurement errors. In this numerical experiment the
measurement errors are simulated using a subroutine which generates pseudo-
random numbers on the computer HP2100A of the Institute (Barsothy) using
which a measurement error series having uniform distribution in the interval
—0.5 m and -(-0.5 m has been produced by Kaimar. By adding the values
of this error series to the orthogonal coordinates in columns 4—s of Table I,
the series of values Xt, Yt and Zfin columns 2—4 of Table Ill is obtained
which can be taken as quasi measurement results. From this series the geo-
graphic coordinates g0 and $b referring to the mean pole P0can be computed
most advantageously with the following method. Let the original data be
the values Xx Yx and Zx for January 1.0, 1979, which are then subtracted
from columns 2—4 of Table Ill according to Eq. 14, which yields then the
series of the coordinate differences dx,-, dyt, dzr

For a number n of the times T¢chosen in well separated intervals (e.g.
3—4 times in one year) one obtains:

fo= <A+ dfi — 'Hol = &8+ dtpi — x-cos A+ ylsin 4 (20)
and

0= K + — A?0i = Ix+ dAb—xi sin Atg @ —Yy,- cos Atg P. (21)

W ith these equations, the value n of the mean pole can be determined, and
the average of these values approximates rather well the mean pole.

In the numerical example n equals 4 according to column 1 of Table IV.
In Eqs 20—21 the values of the differences of the geographical coordinates
dtp- and ddkcan be found in columns 2 and 5 of Table IV. They are computed
from Eqs e —s using the values of dx,, dy,-, dz- from the present experiment.
The geographical coordinates gx, Xx are computed with a maximum of three
iterations from the spatial coordinates Xx, Yx, Zx of January 1.0, 1979, see
columns 2—4 of Table 11l using Egqs 15—19. The polar coordinates x and y
for Eqs 20—21 are taken e.g. from [BIH, 1980] but only for the time moment
n used in the averaging. As the lowest part of columns 4 and 7 in Table IV
shows, the mean pole can be determined by this method with an accuracy
of —0.0080" in the geographical latitude, and of +0.0015" in the geographical
longitude. With these one gets:

- n = +0.1122" (2)
— D= +0.1135" )
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4123700+

57.719
58.748
59.154
59.449
60.254

61.081
62.018
62.033
62.936
63.701

63.560
64.277
64.579
64.419
64.791

64.050
64.722
64.044
63.387
63.793

63.109
62.719
61.515
61.579
60.494

60.495
59.124
59.071
58.634
58.277

58.739
57.690
57.521
58.117
57.895

58.261
58.490
58.558
58.403
58.998

59.582
58.918
59.644
59.718
59.617

60.435
61.305

Table U

1 226Y2{00+ 4 6932§00+

71.326
71.428
70.855
71.059
70.650

71.378
71.039
71.683
72.851
73.111

73.882
73.863
74.646
74.878
75.963

76.421
76.834
76.940
78.025
78.773

78.628
79.140
79.091
79.595
79.374

79.299
79.137
79.674
78.757
78.898

78.187
78.165
77.665
77.001
76.553

75.912
75.818
75.008
75.324
74.580

74.025
74.462
73.744
74.282
73.868

74.525
74.362

80.261
80.154
79.455
78.743
78.504

77.405
77.118
75.774
75.378
74.790

74.288
73.992
73.489
73.237
73.607

73.065
73.441
73.576
73.918
73.851

73.712
74.474
74.792
75.415
75.954

75.937
76.488
77.476
77.476
77.641

78.014
77.796
78.949
78.778
79.042

78.481
79.297
78.780
78.334
78.688

78.615
78.453
77.758
77.729
77.237

77.718
77.069

'
N
o
~
~

Vo
N
w oo
Wk~
© A ©

+

ax

.00000
.00344

-.03619
—.03712
—.06133

—.04210
-.06355
-.05241
-.00017

+

+ o+ 4+ o+

o+ o+

+ +

I T T S e e S T &

+ o+ o+ + o+

.00362

.03434
.02873
.06002
.06768
12775

14219
.16871
17613
.23577
27211

.26300
.30023
30276
33774
33492

33111
33163
37396
32809
33772

.30798
.30349
.29652
.26064
24237

.20151
.20958
.16099
.16979
.13815

110921

.12856

.08174

.10820

.07981

.12019
.10188

+ 4+ + + o+

+ +

+ o+ o+ o+

+ 4+ o+ o+ o+

T s

+ +

B T T o T S e S T S

+ o+ 4+ + o+
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Table IV

Date o .

1979 W —Mpoi 47980 + dAG o 165+
Jan. 1.0 .000 -112 53.158 0000 -.124 38.628
Jun. 10.0 -.328 + 221 53.163 + .1687  -.277 38.644
Nov. 7.0 -.118 —.019 53.133 +.3035  -.424 38.632
Apr. 5.0 -.154 + .051 53.168 +.1020 -.204 38.650
Mean 53.158 38.6385
Diff. -0.008 + 0.0015

By adding these values to the known ¢q and Ax, the coordinates o and A
of the mean pole are obtained. After this, the computation is carried out with
the method outlined previously, i.e. to the values of dqq and dAf calculated
with the help of formulae 20 and 21 the values from Eqs 22—23 are added.
Thus values of dtp and dA are obtained:

dPi + i —n = d(P (24)
dA. + Ajl- A= dA (25)

using which Eqs 12—13 yield the coordinates xt and yt of the polar motion
(columns 7 and s of Table I11).

By comparing these values with those from the publication [BIH, 1980],
the greatest deviation found in xt is +0.030", that in yi+ 0.026". These
deviations are naturally not totally the result of rounding-off errors, but they
are partially the consequence of measurement errors up to 0.5 m in the coor-
dinates Xt, Yj, Zf.

6. Practical computations

In the computations presented upto Chapter 5, it has been supposed
that the heights above the ellipsoid h remain unchanged. This is no more
valid in case ofthe computational method presented here, as due to the meas-
urement errors the value of h is also burdened with errors, therefore a more
exact solution is reached if Eqs 9 and 10 are used instead of Eqs s and s.
Using these equations, the coordinates x( and yt of the polar motion can be
computed from the Doppler observation of a single station with the following
method:

Let us start from the spatial coordinates X, Y, Z computed from the
Doppler transits in a single station which have been observed during a longer
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time interval, e.g. in a complete Chandler period. From the series of the three
coordinates, averages are computed for each 10 days interval e.g. with the
Orlov method [Oritov, 1961]. The time moments of these averages are the
central points of the intervals. Let us denote the 10 days-averages by Xt, Y),
Zf. In an experimental example the values from columns 2—4 of Table 111
are used. Let us further use the same n = 4 value and compute the values
(@, Xj, dN[ and dhj from the quantities of Eqs 15—19 after three iterations,
dNj and d/i¢ denote the deviations from point P x their values can be found
in Table ¥. With these values and Eqs 9—10, the values dQ- and dAQ- are
computed which can be found in columns 2 and 5 of Table VI. The values
of (W and A referring to the mean pole computed with Eqs 20—21 differs from
P by —0.0052", from A by +0.0031". One gets referring to n = 1 measure-
ments:

®1- (Po= +0.1150" (26)
- ;0= +0.1151". 27)
The following computations are summarized in Table VI1I: the value of A(pt

is computed from Eq. s, that of AAt from Eq. s (columns 2 and 3 of Table
VIIl). Then the value of dip- is computed with Eq. 20, and that of dA, with

Table V
Date
1979 d\& duy dy< dz
Jan. 1.0 .000 .000 .000 .000
Jun. 10.0 -.036 + .534 + 5.508 -6.820
Nov. 7.0 —~o0 o —.528 —2.465 + 6.839
Apr. 5.0 -.018 + .536 -3.192 + 3.036
Table VI
Date fo i
1979 drai —/Jlpn 4740'+ <U,i M 16«33+
Jan. 1.0 .0000 -.112 53.1582 .0000 -.124 38.6280
Jun. 10.0 -.3470 +.221 53.1442 + .1574 =277 38.6324
Nov. 7.0 —.0998 -.019 53.1514 + .3146 -.424 38.6426
Apr. 5.0 -.1541 + .051 53.1671 + .0965 -.204 38.6445
Mean 53.1552 38.6369
Diff. -0.0052 + 0.0031
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Date
1979

1.0
11.0
21.0
31.0
10.0

20.0
2.0
12.0
22.0
1.0

11.0
21.0

1.0
11.0
21.0

31.0
10.0
20.0
30.0
10.0

20.0
30.0

19.0
29.0

8.0
18.0
28.0
8.0
18.0

28.0

17.0
27.0
7.0

17.0
27.0

16.0
26.0

5.0
15.0
25.0

6.0
16.0

26.0
5.0

Api

.0000
-.0051
—0388
-.0730
-.0845

-.1373
-.1511
-.2158
—.2348
-.2631

—2872
-.3015
-.3257
-.3378
-.3200

—.3460
—.3470
-.3215
—.3050
-.3083

-.3140
-.2783
—.2630
-.2330
-.2077

-.2079
-.1814
-.1339
-.1339
-.1260

-.1081
-.0998
-.0631
-.0713
-.0586

-.0856
-.0464
-.0712
-.0927
-.0756

-.0792
-.0869
-.1204
-.1218
-.1454

—.1223
-.1541
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AXi

.00000
+ .00344
—03619
—03712
— 06133

—.04210
—06355
—05241
—00017
+.00362

+ .03434
+ .02873
+.06002
.06768
12775

+ +

14219
.15740
17613
.23577
27211

44+

.26300
.30023
.30267
33774
.33492

+ o+ o+ o+ o+

33111
.33163
.37396
.32809
33772

++ 4+t

.30798
.31460
.29652
.26064
24237

+++ 4+

20151
.20958
.16099

16979
.13815

+ + + 4 +

.10921
.12856
.08174
.10820
.07981

+ 4+ + + +

+

12019
+.09650

Table YN

difi

.1150
.1099
.0762
.0420
.0305

++ 4+ +

—0223
-.0361
-.1008
-.1198
-.1481

-.1722
-.1865
-.2107
-.2228
—.2050

-.2310
—.2320
-.2065
-.1900
-.1933

-.1990
-.1633
—.1480
-.1180
-.0927

-.0929
—0664
-.0189
-.0189
-.0110

.0069
.0152
.0519
.0437
.0564

++ 4+ +

.0294
.0686
.0438
.0223
.0394

++ + + +

+.0358
+ .0281
-.0054
-.0068
—.0304

-.0073
-.0391

+ .1151
.1185
.0789
.0780
.0538

4+ + + o+

.0730
.0516
.0627
1149
.1187

++ 4+ +

.1494
.1438
1751
.1827
2429

R

.2573
2725
2912
.3509
.3872

+ o+ + o+

.3781
4153
4179
4528
L4500

4+ 4+ + 4+ +

4462
4467
4891
4432
4528

++ ++ +

4231
4297
4116
.3757
.3575

+++ ++

.3166
.3247
.2761
.2849
.2533

+++ 4+ +

2243
2437
.1968
.2233
.1949

+ 4+ o+ o+ o+

+

.2353
2116

+

+.1401
+.1361
+.0935
+ .0605
+.0432

—.0024
-.0212
-.0803
-.0850
-.1112

-.1263
- 1414
-.1565
-.1661
-.1335

-.1546
-.1517
-.1224
-.0911
-.0848

-.0926
-.0487
-.0334
+ .0044
+.0279

.0268
.0523
.1088
.0969
.1070

++F ++

1164
1161
.1566
.1394
.1468

+++++

.1103
.1500
1136
.0953
.1035

+ o+ o+ o+ 4

.0925
.0902
.0459
.0514
.0214

+ o+ + o+ o+

+

.0541
.0174

+

yi

+.0677
+ .0721
+.0471
+.0561
+.0383

4-.0701
.0553
.0835
.1344
.1458

++ 4+ +

1795
1787
.2129
.2230
.2704

++ + + +

.2904
.3040
.3130
.3604
.3930

+ + + + +

.3867
.4090
4069
4288
4192

F+ o+ o+

4159
.4088
4323
.3922
.3983

++ 4+ +

.3673
.3707
.3444
.3154
.2959

+ o+ o+ o+ 4

2679
2638
.2285
2423
.2098

+ o4+ o+

.1856
.2047
1733
.1968
.1788

+ 4+ 4+ + o+

+

.2074
.1958

+
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Eqg. 21 (columns 4 and 5 in Table VII). Finally the xt coordinate of the polar
motion is computed with Eq. 12 and the y{coordinate with Eq. 13 (columns
6 and 7 of Table VII). If the values computed in the last step are compared
with the corresponding values in [BIH, 1980], the greatest deviation in X[
is -0.027" (June 30.0, 1979), that iny, -0.026" (March 22.0, 1979).

According to this numerical example even in the case of measurement
errors up to 0.5 m, the coordinates of the polar motion can be computed
from the continuous Doppler observations of a station with a maximum error
of £0.027".
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OMPEAENEHNE KOOPAWHAT ABWXXEHWA TMOJ/IMOCA M3 AOMMJIEPOBCKUX
HAB/TIIOAEHNA OAHOWM CTAHUMMN

Ob. CAAELKN-KAPLOL

PE3IOME

B cTaTbe M3naraeTcs MeTof UCUMC/EHUS KOOPAMHAT x, y [ABWXKEHWsI Nostoca U3 Aonmnsne-
POBCKMX M3MepeHUii NPOBEEHHbIX Ha OfHOV CTaHUMMW 3a A/IUTe/bHbIA NPOMEXYTOK BpPEMEHN.
LatoTcs PopmMy/ibl A5 UCUMCNEHWUS UBMEHEHUI reorpadruecKux A0NroT W WMPOT W Nocie 3Toro
ON1A1 KOOPAMHAT ABMXKEHUA nostoca. MpuBeaeHbl opMy bl TakxXe A5 orpefeneHust reorpadpu-
YeCKMX KOOpAVHAT M3 MPOCTPAHCTBEHHbIX NMPSIMOYTO/HbIX KOOPAUHAT U A/ OnpejeneHns cpes-
Hero MosioXKeHusl nontoca. HakoHel, NpuBeAeH MOMHBIA YWUC/EHHBIA NPUMEP ANS UCUUCIEHUS
KOOPAUHAT ABMKEHUS NOMOCcA U3 (PUKTUBHBIX Pe3yNbTaToB U3MEPEHUSI.
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DIE LICHTGESCHWINDIGKEIT UND DIE DARAUF
BERUHENDE DEFINITION DES METERS
IN DER GEODASIE

G. FELSO

GEODATISCHES UND GEOPHYSIKALISCHES FORSCHUNGSINSTITUT DER UNGARISCHEN AKADEMIE DER
WISSENSCHAFTEN, SOPRON

The speed of light e as a fundamental constant of nature — which plays an important
role in many branches of natural science — has been the source of an impressive development
in experimental and theoretical physics. Due to the possibility of highly accurate optical fre-
quency measurements, ¢ can now be determined to an accuracy limit inherent in the present
wavelength standard for the meter. In addition, cis proven to be constant and to be independ-
ent of frequency till a prodigious accuracy.

It was suggested by Bay that, instead of redefining the meter on the basis of a new
wavelength standard, it would be more advantageous to create a unified time-length measure-
ment system in which the definition of the second and the meter are connected by a defined
value of the speed of light. The necessity of the introduction of this new standard in some geo-
detical measurements is underlined.

Das Produkt der Frequenz (r) und der Wellenldnge (4) der in Vakuum
sich fortpflanzenden elektromagnetischen Welle ergibt die Lichtgeschwindig-
keit in Vakuum

VA= c. (1)

Ausdruck (1) ist eine Definition, d. h. jede der darin auftretenden Gréf3en
wird von den beiden anderen eindeutig bestimmt. Bei der Definition der Maf-
systeme schien es zweckmdRig, die Frequenz (oder die Zeit) und die Wellen-
l&nge zu standardisieren und die Geschwindigkeit als abgeleitete GréfRe zu
betrachten. Mit der Entwicklung der Melmethoden konnten fir die funda-
mentalen Gréfen neue Eichmale eingefliihrt werden, wodurch auch die abge-
leitete GrolRe genauer bestimmt werden kann.

Das Comité International des Poids et Mesures hat im Jahre 1960 anstatt
des Urmeters und 1967 anstatt der auf der Erdrotation beruhenden Sekunde
neue Standarddefinitionen festgelegt.

Demnach ist

1 Meter = 1650 763,73 50,

wo 50 die im Vakuum gemessene Wellenlange eines bestimmten Uberganges
des ungestdrten 8Kr Atoms bedeutet. Ferner ist

1 Sekunde = 9 192 631 770 r0,

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



260 G. FELSO

wo 70 die Periode des zu einem bestimmten Ubergang des 133Cs Atoms geho-
rende Schwingung bedeutet.

Bereits im X 1X. Jahrhundert begann man zu erkennen, dall unter den
Naturkonstanten die Lichtgeschwindigkeit eine bevorzugte Stellung ein-
nimmt. Im Jahre 1856 haben Kohlrausch und Weber erstmals die Proportion
der elektromagnetischen und elektrostatischen Maleinheiten gemessen. Max-
well erkannte, dal diese Proportion durch die Lichtgeschwindigkeit bestimmt
ist. Daraufhin hat er den Wert cin die elektromagnetische Grundgleichungen
eingefihrt.

Die spezielle Relativitatstheorie hat die bevorzugte Stellung der Licht-
geschwindigkeit noch mehr in den Vordergrund gestellt.

Es folgt aus der Invarianz der Gleichungen der Mechanik gegeniber
der Lorentz-Transformation, dafR prinzipiell keine Bewegungsgleichung (folg-
lich auch keine jederlei physikalisches Phdnomen beschreibende Gleichung)
exakt aufgestellt werden kann, ohne den Wert ¢ nicht zu enthalten.

Mit einer groReren Geschwindigkeit als die Lichtgeschwindigkeit kann
keine Informations-, Material-, und Energietransport verwirklicht werden.
Das Quadrat der Lichtgeschwindigkeit stellt die Verbindung zwischen den
MaReinheiten der Energie und der Masse her. Die Einstein-Minkowskische
Raumzeit hat eine derartige Struktur, dal unabh&ngig von der Geschwindig-
keit des Systems c ein Invariant ist. Ahnliches Gesetz gilt fiir die Einsteinsche
allgemeine Relativitidtstheorie. Hier dndert sich zwar die Lichtgeschwindig-
keit fur irgendwelchen Beobachter von Punkt zu Punkt (in Abhdngigkeit
vom Gravitationspotential), aber dennoch erhé&lt jeder Beobachter, der in
seiner lokalen Umgebung die Lichtgeschwindigkeit miRt, denselben invarian-
ten Wert c, falls er seine lokalen Koordinaten verwendet.

P 1anck schlug 1906 (ein Jahr nach Aufstellung der spezialen Relativi-
tatstheorie) vor, die physikalische MaReinheiten mit Hilfe der grundlegenden
Naturkonstanten festzulegen [1]. Durch Zuschreibung von Einheitswert fir
die Konstanten ¢, /i, G und K (d. h. fir Lichtgeschwindigkeit, Plancksche,
Gravitations- und Boltzmann-Konstante) kdnnen die natirlichen Einheiten
von Zeit, Ladnge, Masse und Temperatur definiert werden.

Dieser Vorschlag war zwar theoretisch von groBer Bedeutung, konnte
aber damals nicht in die Praxis umgesetzt werden, da die Ungenauigkeit der
damals bekannten Werte der Grundkonstanten in die Bestimmung der MaR-
einheiten Ubergegangen waére.

P 1ancks Vorschlag kénnte auch heutzutage nicht verwirklicht werden,
mit Ausnahme der Einheiten von Zeit und Lé&nge.

Das ist dadurch méglich, dall in der Dimension der Lichtgeschwindig-
keit nur Zeitund Ldnge Vorkommen und daB durch ceine Verbindung zwischen
diesen Einheiten besteht.

W édhrend die Préazision des Meterstandards 10~8 betrdgt, erreicht die

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



DEFINITION DES METERS 261

Prazision des Sekundestandards 10~12. Es wdre auch aus praktischen Grinden
wichtig, diese Differenz von vier GréRenordnungen zu Uberbriucken. Friher
wurden die Frequenzen, mit Hilfe des bekannten Wertes der Lichtgeschwin-
digkeit, aus Wellenldngenmessungen berechnet. Die auf diese Weise erhaltenen
Frequenzwerte konnten jedoch die Genauigkeit der Lichtgeschwindigkeit nicht
Uberschreiten.

Derzeit kann man die Frequenz mit groRBerer Genauigkeit messen als die
Lichtgeschwindigkeit, weil die Messung der Schwingungszahlen eine durch die
Genauigkeit der Atomuhren bestimmte Zeitmessung ist, wogegen die Genauig-
keit der Lichtgeschwindigkeit von der jeweiligen Meterdefinition abhéngt.

Nach Erscheinen des Lasers hat Townes darauf aufmerksam gemacht,
daB durch die Messung optischer Frequenzen die MafReinheiten von Lé&nge
und Zeit mit Hilfe der Lichtgeschwindigkeit miteinander in Verbindung
gebracht werden kénnen [2].

Ein auf der Lichtgeschwindigkeit beruhender einheitlicher Zeit- und
Langestandard wurde von Bay und Luther vorgeschlagen [3, 4].

Die Grundidee dieses Vorschlages besteht darin, dall anstatt der Bestre-
bung die Genauigkeit der Meterdefinition zu erhdhen, die Lichtgeschwindig-
keit als Grundkonstante aufgefallt werden sollte, wodurch das Meter eine neue
Definition erhdlt. Die vom Licht in einer Sekunde zurlickgelegte Entfernung,
d. h. die sog. »Lichtsekunde« soll in Meter ausgedriickt, und diese Meterzahl
von einem internationalen Ausschufl ein fur allemal bestimmt werden. Dem-
nach wird die Genauigkeit der Meterdefinition immer dieselbe sein, als die der
Definition der Sekunde, d. h. sie erreicht die Genauigkeit der jeweiligen Atom-
uhren.

Es ist eine grundsétzliche Frage zu kldren, ob die Fortpflanzung des
Lichtes im Vakuum frequenzabhé&ngig ist oder nicht. Eine eventuelle Vakuum -
dispersion wirde die Einfuhrung des neuen Systems verhindern, weil dann
die Lichtgeschwindigkeit mit einer konstanten Zahl nicht charakterisiert wer-
den kdénnte.

Aufgrund der Zeitspiegelungssymmetrie wird von der allgemeinen Dis-
persionstheorie die Bedingung gestellt, dall eine eventuelle Vakuumdispersion
der Lichtgeschwindigkeit nur von den geradzahligen Potenzen der Frequenz
abhédngig sein kann. Die spezielle Relativitdtstheorie beruht (unter anderen)
auf der konstanten Lichtgeschwindigkeit.

Mit Hilfe der Lorentz-Transformation haben Bay und White nach-
gewiesen, daR die Verallgemeinerung der Theorie eine Anderung des Bre-
chungsindizes nach der Formel

=1+ 4 )

V2

zuldBRt (wo A konstant ist).
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Dieses Ergebnis ist fur alle sich im Vakuum fortpflanzenden Wellen
gultig, weil nichts von Art und Quantisierung der Wellen vorausgesetzt wurde.
Formel (2) gilt auch flr die quantisierten de Broglie-Wellen; in diesem Falle ist

A = —{mO0c2h)2,

wo mO die Ruhemasse des Teilchens bedeutet, d. h. Formel (2) ist auch fur
ein Photon mit einer endlichen Ruhemasse gultig.

W irde in der Dispersionsformel ein Glied vom Typ Bv2 Vorkommen,
wirde dies das Relativitadtsprinzip verletzen. Dennoch haben Bay und W hite
fir die Auswertung der auf eine Frequenzabhédngigkeit der Lichtgeschwindig-
keit hinweisenden Daten, die Formel

n2= 1!+ -- + Bv- 3
v ®)

angewendet, weil die Gultigkeit der Einsteinschen Relativitdtstheorie bei sehr
kleinen Wellenldngen von manchen Forschern in Frage gestellt wird. Auf-
grund der modernsten MeRergebnisse haben Bay und White nach Festlegung
von Obergrenzen fur die Koeffizienten A und B der Formel (3) nachgewiesen,
daf vom Bereich der Mikrowellen bis zu dem der ultravioletten Strahlen die
Dispersion des Lichtes nicht groBer als 10-2° sein kann.

Die praktischen Voraussetzungen der Einfihrung eines einheitlichen
Raum-Zeit MeRsystems wurde von Bay mit den folgenden zwei Bedingungen
angegeben:

1. Die Lichtgeschwindigkeit mufR bis zur Genauigkeit des Krypton-
standardes bekannt sein.

2. Es miuissen die Voraussetzungen dazu geschaffen werden, daB die
Messung der optischen Frequenzen in allen Bereichen des Spektrums auf die
Standardfrequenz bezogen werden kdnnen.

Mit der Entwicklung neuer, sowie mit der Verbesserung alter MeR-
methoden kénnen diese Bedingungen in ndchster Zukunft erfallt werden.

Im Jahre 1973 schlug das Comité International des Poids et Mesures
drei Mdoglichkeiten fir die Einfuhrung des neuen Meters vor: mit Hilfe eines
infraroten Lasers (mit einer Vakuumwellenldnge von X = 3392 231,40 « 10-12
m), mit Hilfe eines rotfarbigen Lasers (mit einer Vakuumwellenldénge von
X = 632 991,399 « 10-12 m), oder durch die Annahme eines neuen Wertes fir
die Lichtgeschwindigkeit (c = 299 792 458 m sec-1). Die Unsicherheit bei
jeden dieser drei Werte betrdgt 4 « 10-9. Es mull betont werden, dall diese
nur vorgeschlagene, nicht aber angenommene W erte sind.

Die Frage eines einheitlichen Raum-Zeit Mef3systems ist noch nicht ent-
schieden, da das Komitee sich bisher jeder Stellungnahme darliber enthielt,
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durch welches dieser drei Werte das Meter definiert werden soll. Bemerkens-
wert ist aber der Vorschlag des Meterkomitees, wonach im Falle der Annahme
eines neuen Meterstandards der derzeit vorgeschlagene Wert der Lichtge-
schwindigkeit nicht gedndert werden soll.

Es sei noch erwdhnt, dal bei den planetarischen Radar-Experimenten
der von Fromme gemessene c-Wert als ein angenommener Wert ohne Un-
sicherheit (c = 299 792 500 m sec-1 mit 3 « 10 _7 relativer UngewilRheit) ver-
wendet wird, obwohl die Genauigkeit dieses Wertes mit zwei GréRenordnungen
niedriger ist als die des gegenwdrtigen W ertes. Frommes Messung wurde im
Jahre 1958 auf einer Wellenldnge von 4 mm durchgefuhrt [5].

Es sei hier der Standpunkt vertreten, dal der von Bay und Luther
vorgeschlagene Meterstandard bei einigen Messungen von hdchster Genauig-
keit der kosmischen Geoddsie bereits jetzt eingefihrt werden soll, uberwiegend
bei jenen Messungen, wo die atmosphdrische Refraktion keine wesentliche
Rolle spielt, z. B. bei der Einmessung des auf den Mond aufgestellten Laser-
spiegels, oder bei der sogenannten satellite-to-satellite tracking-Methode.

W irde die von Pontecorvo Vvorausgesagte Neutrino-Konversion sich
als wahr erweisen, wird es nicht ausgeschlossen sein, dal — obzwar mit einem
riesigen Kostenaufwand — Entfernungsmessungen von hdchster Genauigkeit
zwischen zwei Punkten mit Hilfe von, die Erde durchdringenden Neutrino-
stromen durchgefiihrt werden kénnen. In diesem Falle wird der Gebrauch des
einheitlichen Raum-Zeit Systems unvermeidlich sein.
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CKOPOCTb CBETA VI HOBbI METP B FEOLE3VU

r. ®ENbW E

PE3IOME

OrpoMHoe pasBuTVe B 061acTV TEOPETUYECKOM W 3KCMePUMEHTAIbHOW (U3MKN BbIgBu-
rano CKOpoCTb CBETA C KaK (DyHAaMeHTa/IbHbIA KOHCTAHT, KOTOPbIi MMeeT 60/bLLIOoe 3HaYeH e BO
MHOFUX OTPAcNAX HayKW. B pesynbTaTe BO3MOXKHOCTU BbICOKOTOUHbIX U3MEPEHUI OMTUYECKMX
4aToT, C MOXHO OMpPefie/INTb C TOUYHOCTLIO 9TasIOHA MeTpa. Kpome 9Toro CKopocTb CBeTa oKasa-
nacb C NnopasnTe/ibHOW TOYHOCTHIO MOCTOSIHHOW M HE3AaBUCUMOW OT YacToTbl.

Mo npeanoxeHnio Banm BMECTO HOBOrO OMpPefe/ieHnsl MeTpa Ha OCHOBE HOBOrO 3TafioHa
paccTosiHWA, NPeanoYTUTENbHO CO3A4aTb eAMHYI0 CUCTEMY W3MEpPEeHWs BPeMeHW W pacCTOsHMS,
rfe onpeaeneHne CeKyHAbl U MeTpa NpoBoAMTCS B3aMOCBA3aHHO Yepes onpeaesieHHoe 3HaveHne
CKOpOCTK cBeTa. IMoauepKMBaEeTCA Heo6X0AMMOCTbL BBEfIEHNs 3TOr0 HOBOIO CTaHAapTa B HEKOTO-
pbIX reofe3nyecknx U3MepeHUsx.
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EARTH TIDES IN GEODYNAMICS

G. BARTHA

CAND. OF TECHN. SCI.
GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN ACADEMY OF SCIENCES, SOPRON

A short mathematical description is given about the composition of a tidal record.
Geodynamic informations included in tidal records are reviewed. To obtain these informations,
it is necessary to improve the evaluation methods and the cotidal maps as well as to carry
out a greater number of parallel measurements.

The instruments recording the Earth tides effect measure both the change
of the magnitude of the gravity vector and the direction change of the gravity
vector:

zJg(/1r, At) = g(rot0) — g(r, t) (1)

where the vectors r0, r are the position vectors of the observation point at
epoch tOand epoch t, respectively.
If the Earth is modelled as a rigid body, then:

Ar(t) = 0
and
dg(r0, dt) = TE(r0, At) + d(r0, At) 2)
where the vectors Tg and & denote the Earth tides effect and the non-lunisolar
global effect (planetary, cosmic, etc.), respectively. The vector is usually
called theoretical Earth tides. Generally, the following relation is valid between

this two effects:
ITEI> 1|l 3)

If the Earth is assumed as a perfect elastic body, then:
Ar(t) ~ 0 O]

i.e. the observation point moves periodically in consequence of the elastic
deformation. W ith respect to the relation (3) the non-lunisolar global effect can
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be neglected, because the change of the gravity vector is:
Ag(Ar0, At) = TE(r0, At) + TD(r0) + TA(r0, At) (5)

where vector Tg denotes the effect caused by the deformation and vector TA
that caused by the mass rearrengement. According to Love the Earth tides
can be described with a poliharmonical series:

Ag(t, fi) = TE(a>,i -f- (pi) + TD(co,f + <pi) -f- TA(w,t -f- <pj) . (6)

According to Love’s theory the vectors TD and TA can be expressed as the
linear combination of the vector TE:

Ag= TE+ KOTE= (E + KOTE @)

where matrix E -|- KOis a diagonal matrix, and its valuable elements are the
linear combinations of the Love numbers. They are the so-called Earth tides
factors.

If an elastic-plastic Earth model is taken — which is the best approxi-
mation for the real Earth — a phase lag e, appears in the term of the defor-
mation as well as in that of the rearrangement:

Ta = TD(cOit -f- (pi + £) (8)
and

TA= TA@>(+ (pi + £i)-

In consequence of this effect there is a distortion in the Earth tides factor,
further a phase lag in comparison to the perfect elastic model. In addition to
these an indirect effect (loading effect TE) appears as a result of the ocean
tides, too:

Ag(L Vi) = TE(co,t + (pi) 4- KOTE(<ut + gn + xi) + TL(wit + (pi -f xt) . (9)

Equation (9) includes all the effects of lunisolar origin recorded with our
instruments. At the same time the instruments react not only to the lunisolar
effect but also to other effects arised by local or regional reasons such as crustal
movements, local movements, movements due to artifical activities, etc. Our
instruments record them together with the lunisolar effect. Therefore, Eq. (9)
should be transformed into the following form:

zlg( = T(H) + LW (10)
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where vector T denotes the lunisolar effect and vector Sthe local effect. These
gravity changes are real changes from the point of view of the measurement
technique. However, some non-real effects such as temperature, air pressure
and inner changes in the instrument have also an influence on the output signal.
Thus, a signal recorded by an Earth tidal instrument consists of three parts:

I(t) = T(t) + S(t) + D(t) . (11)

Here the term D(t) denotes the non-real part.

Summarized, the global and regional/local geodynamic informations are
included in the recorded signal. Although the global informations represented
by tidal factors concern primarily to the inner elastic properties of the global
Earth, but experiences show that the value of these factors depend on the
geographical site of the observation point, too. Therefore, the informations
about the tectonical structure are involved into the distribution of the tidal
factors.

For the use of the tidal records for geodynamic purposes it is essential
to separate the three terms as sharply as possible. This separation can be
achieved by two steps. The first step is the separation of the lunisolar and the
non-lunisolar part, and the comparison of the recorded lunisolar part with
the theoretical tides. This comparison yields the tidal factors and the phase
lags. The several existing methods can be classified to three groups [Wenzel,
1977]:

1. deterministic methods, in which the records are only described by
a deterministic model (e.g. Fourier analysis),

2. stochastic methods, in which the recorded data are handled as sto-
chastic variables,

3. mixed methods, in which a deterministic model is applied to describe
the records, but a superposed white noise is also assumed.

The methods of the third group are most frequently applied to evaluate
the tidal records. These methods can also be used for the evaluation of the
gappy data series in contradiction to the other ones. It is well known that the
tidal data series have often gaps in consequence of technical and other reasons.
In these methods a determinated function is assumed for the description of
the non-lunisolar part (e.g. Venedikov method) [Venedikov, 1966.] Therefore,
the non-lunisolar part is forced into an appropriate form. To get a more cor-
rect form of the lunisolar part the methods based on the operations of data
differences are preferred [Usandivaras and Ducarme, 1969; Bartha, 1973]

The first step yields the tidal factors and the phase lags from the luni-
solar part independently from the applied method. Further it yields a data
series including the non-lunisolar real effects and the non-real effects, re-
spectively (non-tidal part).
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Let us see the tidal factors and the phase lags from the point of view
of geodynamics. Accepting an Earth tidal model anomalies can be got be-
tween the model and the tidal parameters. These anomalies can be inter-
preted as the loading effect and they considerably depend on the tectonical
structure between the observing point and the loading area. By modelling the
structure and applying the finite element methods, the tectonic model itself
can be tested. Nowadays the first step of the development of this technique
can be observed [Beaumont, 1972], but better cotidal maps are essential
for its success.

In respect of the separated non-tidal part the essential problem is to
separate the real and non-real terms. One of the possible solutions of this
problem is to determine an analytical form for the non-tidal part. If parallel
recording has been carried out with different instruments on the same place,
there is a chance to get the real part based onthe common part of the analyt-
ical forms [Bartha, 1979].

After this short review it is clear that the tidal records include many
interesting informations on geodynamic effects, but for obtaining them it
should be necessary:

— to improve the cotidal maps,

— to improve the modelling of the lateral inhomogeneities,

— to increase the number of the recording instruments to carry out

more parallel recordings,

— to improve the evaluation technique of the non-tidal part.
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3EMHbIE MPU/IMBbI B TEOANHAMWKE
. BAPTA

PE3IOME

[aeTcA KpaTkoe MaTemMaTW4ecKoe OMMUCaHVWe O COCTaB/SKOLLIUX PErucTpaumm 3eMHbIX
npuaMBOB. PaccmaTpuBatoTcs reogvHammyeckune MH(OPMaLUK, Mony4veHHble B MpoLecce pe-
rucTpaynii. [ns nonyyveHust aTux mHdopmMaumii Heobxo4MMO YAy4ylWnTb 06paboTKy AaHHbIX U
KOTUAa/IbHbIX KapT, & TAKXXe NPOM3BECTU 6O/bLUIEro Yucna napainenbHbIX U3MepPeHNIA.
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TRANSDUCER
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The paper deals with the digitizing problems of the pendulum recordings. It describes
new horizontal pendulums supplied with capacitive transducers. A detailed description of the
test to investigate the effect of different capacitive transducers on the operation of pendulums
is given.

1. Introduction

The effect of the Earth tides is the result of two forces, i.e. the attractive
force deriving from the mass of the Earth and the centrifugal force deriving
from the rotation of the Earth acting at each point of the surface (Fig. 1).
The resultant is the force of gravity with a periodic change in consequence
of the rotation of the Earth. This periodic change brings about a periodic
deformation on each point of the surface of the Earth. The magnitude of the
deformation depends on the construction and elasticity of the Earth. Hence,
the recording of the change of gravity force can give informations on the
elasticity of the Earth and likely on the tectonic construction of the Earth’s
crust. Further, the effect of the Earth tides must be taken into account at
precision geodetic measurements. These problems require the more exact
measurement of the Earth tides. In the history of Earth tides measurements
the first attempts were to measure any changes produced by Earth tides effect
in the direction of the gravity vector by means of vertical pendulums. The
sensitivity of these pendulums, however, was not enough to measure the Earth
tides. Hengler solved the problem in 1832 by inventing the horizontal
pendulum with a much greater mechanical amplification as that of the vertical
pendulum. In 1872 the horizontal pendulum was improved by Zstiner with
the special suspension of the pendulum arm. Zd&llner’s suspension has been
worldwide used. The Zdllner pendulum (Fig. 2) consists of a bracket fixed
on a very rigid base plate; latter stands on a fixed point and on two levelling
screws Lx and L2. At the points A and B two metal wires are clamped and
their other ends are fixed at the points C and D to a horizontal metal arm.
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Points A, B, C, D lie on the same vertical plane. Thus, the rotation axis of
the arm is the line A —B which can be set almost vertical by suitable manip-
ulation of the levelling screws. The levelling screws are situated at the tips
of a right-angled triangle. bris the “sensitive screw” and L2the “drift screw”.
By turning Lj one modifies the angle i and so the sensitivity of the pendulum
will be changed. By turning the screw L2 one can change the equilibrium
position of the pendulum arm.

The moving of the pendulum arm can be recorded photographically
by means of a light beam reflected from a mirror fixed on the pendulum arm
to the photographic paper on a drum rotating around its horizontal axis.
The disadvantages of this recording are:

I.The record becomes visible only after the development of the photo-

graphic paper.
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2. To get the required optical amplification a distance of about 4—5 m
between mirror and photodrum and so a rather large room for recording is
necessary.

3. Each change of the photographic paper disturbes the pendulums.

4. Checking and adjusting of the pendulums must he done in darkness.

5. The analogous records of the pendulums must be read out and typed
into a computer giving occasion to a lot of mistakes.

The disadvantages and the development of the computing techniques
requires the development of pendulum recording, too. The main problems are
to read out the analogous records of the pendulums and to type the data into
a computer. The solution of this problem is the digitizing of the pendulum
records.

2. Methods of digitizing Earth tides records

There are two ways to get a digital signal from a horizontal pendulum:

1. Indirect digitizing (Fig. 3).

An analogous record e.g. a photorecord made by a photodrum or a
record made by an electric strip chart recorder can be digitized by means
of a curve digitizer and can be processed directly by a computer. In this case
the irregularities of the record can be corrected manually, however, the evalu-

Pendulum

Fig. 3.

Capacitive
pendulum

Digital data_ Results
Computer
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ation of the record is a very tiring work. Moreover, this method has a dis-
advantage: the digital data contain the error of the analogous recorder of
about 0.5—2%, too.

2. Direct digitizing (Fig. 4).

This method requires horizontal pendulums with digital signal output.
This can be reached by means of a transducer transforming the mechanical
rotation of the pendulum arm, i.e. an angle into an electric signal. This anal-
ogous output signal of the pendulum can be directly digitized by means of
an A —D converter and recorder on a punch or a magnetic tape. For observing
the irregularities of the record it is advisable to record also the analogous
signal of the pendulum.

Since 1971 experiments were made in the Geodetic and Geophysical
Research Institute of the Hungarian Academy of Sciences to develop such
a pendulum [1].

3. Construction of the capacitive pendulum

The principle of the construction of the pendulum is similar to that
shown in Fig. 2. It has a Zdllner suspension as the Tomaschek —Ellenberger
pendulums. The dimension of this suspension is shown in Fig. 5, where all
sizes are given in mm. The weight of the pendulum arm together with the
moving plate of the capacitive transducer is 47 g its centre of gravity is S.
The moving plate of the differential condenser is mounted on the pendulum
arm (Fig. 6), and its working principle is based on the change of the surfaces
of the opposite-standing plates. The inner construction of the pendulum
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Fig. 7.

together with the shielded capacitive transducer and preamplifier is shown
in Fig. 7.

To understand it easier why a differential condenser is needed and what
kind of problems can arise by the adaptation of the capacitive transducer,
let us see the formula of the capacity of a single plate-condenser:

C = eler4 1)
a

where

C — the capacity of the condenser
e0 = the dielectric constant of the vacuum
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er = the relative dielectric constant of the dielectric between the
plates

A = the surface of the opposite-standing plates

d = the distance between the plates.

As Eq. (1) shows the capacity of the transducer can be changed by the
change of the dielectric constant and the distance, too. For this reason these
values must be kept constant. The change of the dielectric constant is the
reason of the most problems, because its value depends very strongly on the
changes of environmental parameters (temperature, humidity). Although the
application of the differential condenser reduces this effect, it will not be
eliminated totally.

The principle of our capacitive pendulum is the following (Fig. 8): The
differential condenser has been completed to a bridge circuit by two capaci-
tances of equal value. The supply voltage of this bridge is produced by a sine-
wave oscillator. The amplitude of the supply voltage is 20 ¥ and its frequency
15 kHz. The output voltage of the bridge is detected by an amplifier having
a high input and a low output resistance. The preamplifier is placed near to
the transducer and it transforms the high output impedance of the bridge
to a low one. So, the output voltage of the bridge can be transmitted on a
small impedance to the separate electronical unit to ensure a lower noise-
sensitivity. The preamplifier is followed by a selective amplifier and a phase-
sensitive rectifier which enables the sign-correct measurement of the deviation
of the pendulum arm from its zero position. Its output signal contains yet
the free oscillation of the pendulum. The phase-sensitive rectifier is followed
by a low-pass filter for the filtering of the free oscillation of the pendulum.
Both the phase-sensitive rectifier and the low-pass filter are followed by
a D.C. amplifier where the clock signal is superposed to the filtered and un-
filtered output signals. The unfiltered output is necessary for the measure-
ments of the eigenperiod of the pendulum at the installation and of course
at the recording of the unfiltered signal, too, because the unfiltered signal

Unfiltered Filtered
output output

Fig. 8.
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contains yet all informations. The filtered output is also necessary because
earth movements independent from the Earth tides also excite the pendulum
and increase very much the magnitude of the free oscillation, and that would
saturate the D.C. amplifier having a greater amplifying than the one of un-
filtered output. The filter has a cut-off frequency of 0.005 Hz. This output
gives a smooth signal easy to digitize.

Two pairs of pendulums were built, in the first the capacitive transducer
has an air dielectric, in the second an oil dielectric. Some measurements were
made to investigate the changes caused by the adaptation of the capacitive
transducers to the pendulums.

4. Test of the capacitive pendulum with air dielectric

The dielectric of the transducer has no significant effect on the damping
of the moving of the pendulum arm and so the eigenperiod of the pendulum
arm can be measured. The test of the pendulum was made as follows: a small
known tilt was given to the pendulum by means of a crapoudine [2] placed
under the drift screw, and the displacement of the pendulum arm at different
eigenperiods was optically and electrically measured. The results compared
with other pendulums can be seen in Fig. 9a where:

®
£

N = =kTH 2)

= the static sensitivity of the pendulum

= the angle of the deviation of the pendulum arm
the angle of the tilt of the pendulum

= the constant of the instrument

H = the horizontal eigenperiod.

H x< & =
I

The deduction of the above mentioned formula can be found in [3].

The angle ® was measured optically and the results show that the dif-
ferent pendulums have similar characteristics, and the instrument constant
is practically the same as at other pendulums. HI-175 and HI-175/1 are
capacitive pendulums with different clamping of the suspensory wire.

In Fig. 9b the angle @ is plotted against the eigenperiod TH measured
electrically. The sensitivity of the capacitive transducer was got from these
measurements:

mV
S = 1.698
sec. of are

Acta Geodaotica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



276 GY. MENTES

O 1 D D O N H

Fig. 9a.
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5. Test of the capacitive pendulum with oil dielectric

The relative dielectric constant of air is 1, that of water 80, therefore
a change in the air humidity can cause great disturbances in the Earth tides
record. For insulating the capacitive transducer from humidity it is the best
to place it into oil. The oil between the plates of the condenser ensures an
aperiodic damping which is further advantageous for the filtering of the free
oscillation of the pendulum and of the microseismic activity.

For showing the influence of the oil to the pendulum let us solve the
differential equation of the horizontal pendulum in a different way as given
in [3]. Figure 10 gives schematic horizontal and vertical views of the suspended
pendulum arm and of the forces acting on it. The vertical line Z and the rota-
tion axis of the pendulum arm i.e. the line AB form a small angle i which
determines the sensitivity of the pendulum. The differential equation of the
pendulum is:

0 q_Z_C_)_ 4 KA-q) ----- + mgsiniesin ® n® = mgscp 3)
dt2 dt
where
r'(-(—j—(—13 the damping term
df

mg sin i ¢sin® = the restoring moment of the gravity

o = the restoring moment of the suspensory wires

mgs(p = the moment derived from the deviation of the vertical
in the plane perpendicular to the plane Z and AB

0 the moment of inertia

m the mass of the pendulum arm

S the distance between the centre of gravity and the axis
of rotation

(O] the angle of rotation of the pendulum arm

P the angle of rotation of the vertical.

Acta Geodaetica, Geophysica et Montanislica Acad. Sei. Hung. 16, 1981



278 GY. MENTES

The differential equation can be written as follows

deo + 2 R "N + cof-0=fFf - (4)
dt2 dt h
where
20 = — ; sin — - [0, co2= —sini + — .
0 ms D B

The homogeneous part of (4) describes the movement of the pendulum arm
in the transient period:

o" + 2/30'+ co?d = 0. (5)
The solution of this homogeneous differential equations is
b — — ——-(e2di—
K- %
where = —B VR2—col; A= —R — VR2 — col.

If the damping is great enough:

B> oo B2 ? and A o; BN —2R.

This approximation is possible because the eigenperiod of the pendulum with-
out damping is between 50 s and 120 s.
Therefore the solution will be

d= W (L _ e2’=o0e.T(!_ ef) (6)
28

where T= -—--

0j0 = the angle velocity of the pendulum arm at crossing of the zero
position of the pendulum arm
T = the time constant of the pendulum.

Equation (s) is the transient function of the horizontal pendulum and it is
plotted in Fig. 11. This equation will describe the movement of the pendulum
arm, when a known tilt (@ = 1) is given to the pendulum by means of a crapou-
dine placed under the drift screw.

The static sensitivity of the pendulum can be calculated from Eq. (s)
too. In the stabile state when t oo itt will be

® = co0 T
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Because = 1 the static sensitivity of the pendulum is:

)
2

N = =co,-T. (7)

The values of the time constant x and the sensitivity N can be deter-
mined directly from the output record as demonstrated in Fig. 11. In Fig. 12
the sensitivity N is plotted against the time constant x. The results of these
measurements prove the correctness of the above approximations because
the measured and calculated function of the static sensitivity is the. same.

Equation (7) is very interesting because it gives a possibility to calibrate
the pendulum in an indirect way, by means of measuring the time constant r.
The accuracy of the indirect calibration does not surpass the accuracy of the
direct calibration, but it can be very useful at the installation ofthe pendulums.

This capacitive pendulum with oil dielectric gives a very smooth out-
put signal without any filtering. The signal can be digitized very easy.
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The main advantage of this pendulum is the insensibility of the trans-
ducer to the changes of environmental parameters. The systematic error arisen

from damping can be avoided by means of a correction of the pendulum
records at the evaluation.

6. Conclusion

It has been shown that the capacitive transducer especially that with
oil dielectric is a reliable transducer for horizontal pendulums. Such pendulums
are suitable for the development of a “zero method tiltmeter” with an electric
(piezoelectric, magnetostrictive) dilatable crapoudine where the harm effect
of the suspensory wires can be avoided. In consequences of the accuracy
of the measurement with capacitive pendulums may be somewhat greater
than that of the traditional Earth tides recording. The data processing will
be faster and more reliable although the record of the analogous signal remains
further necessary, since this one contains all the informations.
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HAK/TIOHOMEP C EMKOCTHbLIM TNPEOBPA3OBATEJIEM
O. MEHTELW

PE3IOME

B cTaTbe paccmMaTpuBaloTcs NpobnemMbl NpeotpasoBaHnsa perucTpauuy HakioHOMepoB B
uMpoByto hopmy. ONUCLIBAETCS HOBbIV HAK/IOHOMEP C eMKOCTHbIM Mpeo6pasoBaTteniem. [aeTcs

AeTanibHOe onucaHue TecTta ANnsA mnccnegoBaHUA BANAHUA pPasHbIX eMKOCTHbIX npeoGpasoBaTeneM
Ha peXXMM HaK/IoHOMepa.
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ABOUT THE CALIBRATION OF INVAR LEVELING RODS
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D. BESSKO
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For increasing the accuracy of the leveling the systematic errors of the invar leveling
rods must be taken into account. It is expedient to perform the calibration of the rods in two
steps (laboratérium and field calibration). For such a two step testing of leveling rods a field
comparator device is required which is conveniently manageable in field conditions and assures
an accuracy of 2to 3 pm. Furthermore a special mathematical solution is needed too, to get
the wanted corrections.

The application of new, up-to-date instruments and methods of metrol-
ogy exerts an influence also on the accuracy requirements of surveying
measurements. The enhanced measurement accuracy renders possible the
solution of such tasks that were regarded impossible so far. The increase in
measurement reliability, however, involves certain difficulties. Besides random
errors, the measurement results may carry systematic errors, too that may
act against the enhancement of accuracy and the diminution of their effect
constitutes a basic requirement.

The value "1.5 mm/km has been internationally accepted as the limit
of error for precision leveling. With this limit considered, systematic errors
may not exceed 0.2 to 0.3 mm/km. In special leveling tasks — as e.g. in the
investigation of vertical crustal movements, determination of vertical deforma-
tions during the construction of nuclear power plants or of valley dams, etc. —
this accuracy requirement may be increased even further up to 0.1 to 0.5 mm
per km. In case of such high requirements, the effect of systematic errors in
leveling — thus the errors of the leveling rods, too — must be taken into
account in order to obtain reliable values from the measurements.

Calibration methods for leveling rods can be distributed into two main
groups. In the methods of investigation pertaining to the first of the categories
a normal metre standard is compared to partial intervals of rod graduation.
From series of observations taken from different places of the rod the cor-
rection of the average rod metre related to one metre length is derived. Then,
by adding the value thereby obtained to the “desired” metre length, the
average rod metre is attained. These comparators, utilizing the optical principle
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of operation can be divided into two main groups from the point of view
of design as follows:

a) comparators with fixed measuring microscope;

b) double image comparators (by coincidence principle).

A more detailed treatment of these instruments is provided in Refer-
ences [1, 2, 3] and [4, 5, s, 7], respectively.

As in this method rod sections are measured, therefore it is a drawback
of this method that no information is obtained on individual graduation
errors, instead, the differences between the graduation errors of individual
sections is obtained and their sum gives information on the order of regular
errors and on the tendency thereof.

To counterbalance this disadvantage various procedures of measure-
ment and calculation were elaborated. The simplest solution is to determine
the scale factor for the rod graduation (average metre) in function of the
position along the rod taking the readings e.g. by every metre. For this pur-
pose the 0.5 metre long comparison base can be advantageously used as it
has been proposed for a more reliable control of leveling rods by Csatkai [5].
If a suitable number of graduation intervals are measured, then the corrections
for the part graduations can be calculated by some suitable mathematical
method as for example by the method of Hansen as described e.g. Makzahn
in [3].

Schlemmer [10] and Witte [13] give solutions for calculating the cor-
rection ofrod graduations by integrating rod metre corrections. That is feasible
because a correction of the rod metre can be regarded as the difference between
two graduation corrections.

In the test methods pertinent to the second group the distance of each
of the graduations is measured from an initial point, or zero point. This way,
the error of each graduation of the rod can be determined with respect to
the zero point. This kind of measurement can be carried out with laser inter-
ferometer with a high accuracy maintained.

Both methods of standardization are applied in laboratory conditions.
Consequently, the results attained also refer to laboratory conditions only.
In field measurement, the mechanical and physical effects encountered by the
rods may change the parameters of standardization. To measure these influ-
ence directly and to take them in consideration is not an easy task, their
uncertain estimation may even lead to the determination of erroneous cor-
rections.

The increased accuracy requirement demands the possible most reliable
estimation of the systematic errors of leveling. For this purpose it seems
advisable to change the calibration methods applied so far.

Systematic error sources of leveling rods may be divided into two groups
as follows:
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1.errors in the graduation process like erroneous template, and error
in the graduating machine, etc.;

2. changes of external physical and mechanical influences, as those of
temperature, of tape pull force, mechanical deformations, etc.

W hile graduation errors may be considered steady for a longer period,
external physical and mechanical influences and the systematic errors caused
by them are changing from time to time. Accordingly, it is expedient to per-
form the calibration of the rod in two steps. The first is the determination
of rod graduations by a laser interferometric comparator in laboratory en-
vironment. This information can be stored either in numerical or in graphical
form supposing that the relative position of graduations on the invar tape
is rather steady and does not alter its position to a significant extent upon
external physical and mechanical influences. The change in the scale thus
caused can be determined by means of a simple field comparator simultane-
ously with field measurements. So the graduation errors determined by a
laboratory calibration process that can be considered steady for a longer
period may be modified with the application of field calibration data.

By mathematical methods, the original graduation errors can be modi-
fied so as to approximate the curve interpolated to these graduation errors
with the measurement data of field standardization calculating thereby the
modified graduation errors.

In the following treatment a mathematical method will be given for
the modification of the original graduation errors after a comparison per-
formed in the field.

Let us denote the deviation of the graduations of a leveling rod from
the nominal values

*0 *1 e e xyg (1)
respectively, by

foJv mmmfa® (2)

In our model of rod comparison all It reading values are built up of two
components: the actual value xt of the rod graduation and the pertinent
correction fi

t=xi+ft i=20,1,2,...n. ?3)
Denote the length unit of the meter standard incorporated in the field

comparator by L. In a comparison of such a character the differences between
the graduation errors will be obtained:

Nl —Ifci = ixitk-i ~—~xk~1) ~ ([t+ft-i i=12,..»—1-f1 (4
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The precondition, is that the graduation corrections (2) of the gradu-
ations (1) are known. The corrections may he defined as a function of gradu-
ation values as independent variables:

/= 5% . (5)
Let us consider the derivatibes in the dividing points:

f{xL+k-1)~ f(xk-1 fo t—1 — fk-1 Y k
| ier) - POETIeD S RGdeD e -

(6
kK= 1,2, ... e—L ~ 1.

From the theorem of mean values of differential calculus it may be
stated that in the interval (x1+H(_v xk_x) there exists at least one point were
the derivate assumes the value (s). In the following, it will be supposed that
this point is the halving point of the interval.

Consequently, by performing the field comparison, informations are
obtained from the derivate function of graduation errors. The task to be per-
formed is as follows: from the behaviour of the derivate function known in
discrete points conclusions should be drawn about the local characteristics
of the prime function. This way, modified correction values should be assigned
to each individual graduation according to field comparison results.

The mathematical model applied here is as follows:

The each part-interval

[*—, xi\ i= 1°2, ... n @)
of the leveling rod third-order polynomials, so-called spline functions are laid
gi(x) = abD-(-al(xj —x) + a2(xj —m2 -f- a3(xi —x)3 i= 1,2,...n. (s8)

Be the interpolated function an element of the function class C2(x0, xn), being
this way continuous as well as its first and second derivatives.
Now, the task to be performed is to determine the coefficients

[ao, a\, a2, ad] i=1,2,...n. 9)

Equations required for the determination of the coefficients may be
obtained from the conditions that assure the continuity of the interpolated
function as well as its first and second derivatives in the grid points and from
the boundary conditions.
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As on the base of the above considerations no fixed values are given
in the graduations Xi (i = o,1,...n) to be assumed by the spline functions,
therefore further equations are required. Further connections may be derived
by the application of field comparison measurement results

gk+L- 1(xk+L-1) — gk{xk-1) = Y k Kk £ | (10)

in which | is the set of indices of field comparison instrumens.

The set of indices | can be selected arbitrarily. Therefore it is sufficient
to perform the field comparison only in some positions along the rod, as e.g.
in the lowest, middle and upper sections, that is, in three positions.

W henever any variations are revealed by the field comparison then,
upon their effect, the correction of graduations determined by laboratory
measurement, as defined in Eq. 2, will also be subject to change.

Yk=/T+£-1- 1-i  kei. )

Using the values obtained in the field comparison the spline functions
best fitting to the laboratory comparison values are to be determined by least
square technics.

Our task can be reduced to the solution of the following problem of
extremes (see [14] for detailed deduction and proof):

fo—al — a\K - \_a\h\ +jg|(ft—<<0)2 i
) i=

o] [aj ,agr.n. .(3)1 “a}]

«S+i_1- «S'1=Y k kel~ {1} (12)

«0 —«0 —«1 1 ——«2 h\ = Y1,
0

To find the extremes Lagrange’s multiplicator procedure can be applied.

The solution is the following:

For each individual graduation of the leveling rod it can be decided
whether there has been a measurement performed during the field comparison
or not (or whether the graduation has been an end point of the length com-
pared to the standard metre or not). Rod graduation can be classified on the
base whether there exist such indices kr £ Ixk2£ | (not necessarily different
ones) whose rod comparison Yn and YM have at least one common terminal
point.

If a graduation has no pertinent k £ 1, then this graduation should form
a separate class.

This way, the set of Yk (k ClI) measurement results will split into dis-
junct chains.
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Be the length of such a chain m and be P the set of indices for the com-
parison values Yfc figuring in the chain. It can be supposed that

{r=12...m}
The form the following vectorial series:
Po= (—m, —m -f- 1, ... 1) (13)
P\ = P\+1+ atjm + 1) i= 1,2,...m j= 1,2,...m (14)

in which dji is the known Kronecker symbol.
The following values are assigned as corrections to the graduations of
the leveling rod:

1
- i i 1 2, 15
Iao-m+rY|y._20fJ+p|2pJ| (15)
This assignment entails the feature that if

Yj= fj+L-i —fj-i jeil (is)
then

<= t1- (1)

On the base of [15] and [12] the still missing coefficients of the spline
polynomials can be determined.

In the following, numerical examples will he given to illustrate the above
expounded procedure. For the examples the measurements treated in [10] will
be utilized. Field comparison was simulated by the use of the data so that
average rod metres were taken with a step distance of 0.5 m, (this corresponds
to five measurements). In Fig. 1 that case is illustrated when there was no
deviation between laboratory and field measurements. In this case the correc-
tions for the graduation calculated from the field comparison are practically
not different from the laboratory measurement results. Figure 2 shows that
case when the deviation of field measurements from laboratory ones is linear.
Graduation corrections because of non-linear variations are indicated in Fig. 3.

If only a comparator equipped with a standard meter is available for
laboratory comparison then the correction values pertinent to the individual
graduations can be determined only in an indirect way, by means of calcula-
tions. Similar to the procedures described by Schilemmer and Witte, the
method given here can also be modified for the determination of graduation
corrections on the base of measured differences.
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Fig. 1.
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Connection 15 that serves to estimate the graduation errors of the level-
ing rod are composed of two terms:

I m m
afj= _ _ A4 i—1,2,. (18)
8 m + 1 "\J=o pzi 3 A
Consequently, if a consistent estimate is available for the expectable
value of the average of graduation errors, then a sufficient estimate can be
given for graduation corrections also on the base of the rod metre correction
values.
The expected value of the arithmetic mean of graduation errors can be
estimated by the following statistics:

L
— 1
Yi- 1+ T 2 2 vy (y-hDL-H +
1=1 1=1 7=1
(19)
[t]- .
(I DL P

From the above expression it can be stated that hereinafter it will prove
sufficient to estimate merely the sum of the graduation corrections /; i =
= o0,1,...L —1 and by this the formerly expounded procedure will be
rendered readily applicable.

To estimate the firsti = 0,1, ...L — 1values of graduation corrections
the method given by Schiemmer in [10] will be applied.

If the discrete comparison values Yk (k= 1,2,...n —L — 1) are
interpolated by a higher-order adjustment polynomial, then to integrate this
polynomial will involve no serious difficulties. In this case, using Eqs 5 and s,
the corrections pertinent to each individual graduation will be obtained.
To decide about the order of the trend polynomial the criterion of least square
of deviations may be used. The integration constant can be determined in
the following manner: no error may be assigned to the first graduation of the
leveling rod because of physical considerations, that is, fO= 0. By this, the
value of the graduation correction will be known in point L/2 and therefore
the integration constant for this place can be determined directly.

The graduation corrections of the first and last part of L/2 length in
the leveling rod can be determined from the rod comparison values Yk and
from the graduation corrections already determined by integration.

As, according to Eq. s, rod comparison is corresponding to a derivation
and because the operation of derivation is basically a filtering process, there-
fore this operation cuts off not only the higher frequencies but attenuates
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also those slower variations that are interesting for our purposes. Therefore,
with the aim of reestablishing the original form of graduation corrections,
the smoothed function should be subjected to a “restoration” process. Brace-
well [16] gives the following connection for the restoration:

)= o - U+ . - g+ L) (20)

In the following, some numerical examples will be given for this solution,
too. In the figures the continuous line indicates the real graduation correc-
tions, the dot-dash line pertains to those obtained by the polynomial solution
while the dashed line shows graduation corrections as calculated by the spline
functions. Figure 4 gives the correction curves for the approximate graduation
errors calculated with the numerical data published in Schlemmer’s paper
[10]. The figure clearly shows the enhancement of accuracy attained by the
application of the spline function. By the method, the mean errors of the
calculated graduation corrections can be determined by the deviations from
the original value. In Figs 5, 6, 7, 8 and 9 one can distinguish the curves of
approximate graduation corrections calculated according to graduation errors
of different character. All five figures clearly indicate that the method here
described approximates the actual value more closely. Consequently, from
the so calculated informations one can obtain a closer view on the character
of the graduation errors of the leveling rod investigated.

For such a two-step testing of leveling rods a field comparator device
is required that is conveniently manageable in field conditions, too, and
assures the required 2 to 3 m of accuracy. Schlemmer [10] expounds those
sources of error in comparators applying a metre standard for standardization
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due to errors the required accuracy can be but hardly attained. These are
the thermal expansion of the normal metre applied, the drift ofthe comparator
upon the influence of thermal changes and the application of one metre base
length for standardization.

In the Geodetic and Geophysical Research Institute of the Hungarian
Academy of Sciences the development of comparators is a subject that has
already some background. An earlier design was described by Halmai [11].

oim
50-

Fig. 7.
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Even at the first type, to assure the required measurement accuracy,
due care was taken to eliminate the previously listed sources of errors. That
is why the standard rod used for the comparison has been made of a ceramic
material and its base length is 0.5 metre. On the base of our control measure-
ments the thermal expansion coefficient of the ceramic rod is so low that it
can be neglected for the measurements. To eliminate the thermal drift of the
comparator structure, the optical components were fastened on a beam made
of invar material. Using the experiences obtained from the first instrument
the design was further developed. Keeping the accuracy requirements, the
main objective of the work was to decrease the weight of the device, to facili-
tate easy handling in the field and to render possible its application for vari-
ous types of rods.

The comparator (Fig. 10) is an optical measuring tool with a length
standard incorporated in the equipment. Its optical arrangement is shown
in Fig. 11. The optical system serves to project the image of the rod gradu-
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Fig. 10.

Fig. 11.

ations or those of the length standard from both ends of the longitudinal
structure to coincidence prism(l) in the centre. The left side of the optical
system simply projects the image to the centre while the right side includes
plan-parallel glass plate (2), too, tiltable around a horizontal axis, its position
readable by a micrometer screw fitted with a graduated drum (3). Lenses (4),
at the left side and those at the right diminish the rod image by a factor
of 0.7. Pentagon prisma (5) maintain the optical axes parallel to each other
in spite of any occasional distorsion of the device. The images appearing in
the respective windows of the coincidence prism are viewed from above
through ocular lens (s), of the eyepiece resulting in a total magnification
of 7x.

The optical system, with the exception of the parallel plate micrometer,
is mounted on an invar steel rod (7) of a very low thermal expansion coeffi-
cient. The complete system is accommodated inside an aluminium alloy housing
provided with legs below to be supported on the frame of the leveling rod.
Two of the legs (s) are fixed together and can be moved together by turning
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left focusing knob (9) to lift up or descend the left side of the comparator.
The other two legs (s) can also be moved in the same way by right focusing
knob (9) to focus the right side of the image, however, they are not fastened
together but connected through an equalizing mechanism. This mechanism
maintains the average height of the two legs fixed but, with this condition
observed, the two legs can move freely. So, by lifting up one of the legs the
other is caused to descend and inversely. This provision is necessary to elimi-
nate the instability because of the irregularity of the rod frame surface.

The four legs are fitted with plastic shoes (10) by which the comparator
can be positioned with respect to the rod. The plastic shoes belong to a certain
cross-section of rod. For measuring another rod of different size the set of
four shoes can be interchanged for another set. With the comparators the
following rod types can be tested: Wild, C. Zeiss Jena, Rost and Kern.

For transport and storage the comparator is housed in a wooden trans-
port case. In the bottom part of the transport case the length standard is
incorporated. The length of the standard is measured between the lines en-
graved on glass plates adhered at the ends of the ceramic rod. The lower part
of the case accommodates the comparator as well, and in this position one can
observe the end marks of the ceramic rod through the eyepiece of the com-
parator in the respective halves of the coincidence prism (Fig. 3).

In the course of test measurements with the comparator we got for
the coincidence of the lines of length standard an accuracy of 1.2 fini and
for good quality lines of leveling rods ~2 fim. The behaviour of the instru-
ment was separately tested on effect of larger temperature changes. Test
measurements in conditions when the temperature was changed between
—10 °C 25 °C were unable to discover provable deviations in the measuring
accuracy of the comparator. One can get more information about the calibra-
tion results with the field comparator from [17].
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O KANIMBPOBAHWN MHBAPHOW HUBEJTMPHOW PENKW
N. WOMOAW-. 3ABOTU-A. BEWKO

PE3IOME

[N NOoBbILLEHNST TOYHOCTU HMBEMMPOBaHUSI HEOBXOAUMO YUUTbIBATL CUCTEMATUYECKUE
OWMNGKM MHBApHbIX HUBEMMPHbLIX peek. KannbpoBaHve LenecoobpasHo MNpousBecTV B ABYX
warax (nabopatopHoe KanubpoBaHMe W KanmbpoBaHMe MpW MOMEBbIX YCNOBUSX). ANns ocy-
LLLECTB/IEHNSI TAKOr0 KanmbpoBaHWsi B ABYX LUarax Heo6xoAMMO MPYMEHSITb KOMMapaTop, Ko-
TOpbI yA06HO MCMONb3YeTCsh NpW MOMeBbIX YCIOBUSIX. Heobxoamnmasi TOUHOCTb KommnapaTopa
2—3 /w. Kpome 3Toro Ans JOCTMXKEHUS XXe/laeMoii KoppeKLuy TpebyeTcsi cneymanbHoe Mate-
MaTUYeCcKOe peLLeHMe.
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NEUE STEREOKAMMER,
MESS- UND RECHENMETHODE IM UNTERTAGEBAU

L. BATTA-E. HALMAI—J. SOMOGYI

GEODATISCHES UND GEOPHYSIKALISCHES FORSCHUNGSINSTITUT DER UNGARISCHEN AKADEMIE
DER WISSENSCHAFTEN, SOPRON

Zur Ermittlung der Konvergenz bzw. der Deformation eines Tunnelteiles mit etwa
15 m Léange, wurde eine schlagwettersichere, gut transportable photogrammetrische Stereo-
kammer mit fixer Basis, eine schlagwettersichere Punktmarkierungsanlage fir Untertagebau,
eine automatisierte MeR- und Rechenmethode der Nahbereichsphotogrammetrie entwickelt.

Die Anlage, die MeR- und Rechenmethode kann im Untertagebau und auch im StraRen-
und Eisenbahntunnelbau ginstig eingesetzt werden.

Die Anwendung der Photogrammetrie im Bergbau wurde in Ungarn
bereits im vergangenen Jahrhundert an der Akademie zu Selmechéanya (Banska
Stiavnica) und spédteran der Kdniglichen Ungarischen Akademie fiir Bergbau-,
Hitten- und Forstwesen zu Sopronin den Vorlesungen behandelt. Im Jahre 1913
schrieb Prof. Finkey in der Zeitschrift »Berg- und Hittenmannische Blatter«
Uber die Wichtigkeit der Photogrammetrie im Bergbau. Im Jahre 1932 deutete
Prof. A. TArczy-Hornoch in seinem Vortrag vor der Gesellschaft der Ungari-
schen Photogrammeter, »Photogrammetrie im Dienste des Bergbaues« auf die
neue, durch die Photogrammetrie angebotene Meftechnik hin. Nach dem zweiten
W eltkrieg, in Folge des grofRen wissenschaftlich-technischen Aufschwunges,
entstanden neue meR- und rechentechnische Methoden, wobei die Photo-
grammetrie eine wesentliche Rolle spielte. Die Erfolge in der Rechentechnik,
die modernen Rechenzentren, die genauen Auswertegerdte bieten uns auch
gegenwadrtig die Mdglichkeit um die Instrumente der markscheiderischen
Photogrammetrie weiterzuentwickeln. Der Einsatz der Photogrammetrie im
Bergbau war fur eine lange Zeit nur zur Lésung vermessungstechnischer Auf-
gaben im Tagebau vorstellbar. Der rasche Fortschritt in Wissenschaft und
Technik, die rasch zunehmenden Anspriche verdnderten diese Auffassung
allméhlich. In dieser Beziehung ist in Ungarn die Tatigkeit des Kohlenberg-
bau-Trustes und dessen Abteilung fiir Markscheidewesen am bedeutendsten.

In der Fachliteratur gibt es gegenwdartig Uber Photoapparate, Auf-
nahmeanlagen, Mono- und Stereokammern der Nahbereichsphotogrammetrie
viel zu lesen. Es gibt serienm&Rig hergestellte Mono- und Stereokammern, die
mehr oder weniger zur Ldsung universaler Zwecke dienen sollen (UMK-10,
SMK 5,5 usw.), kaum gibt es aber handelsiubliche Stereokammern und Punkt-
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markierungsaiilagen, die auch schlagwettersicher sind und den ungilinstigen
Bedingungen im Untertagebau entsprechen. Im Einklang mit dem Bedarf
der Markscheider haben wir im Institut fir Geoddsie und Geophysik der
U. A. d. W. in Sopron eine Stereokammer entwickelt, die auch in schlag-
wettergefdhrlichen R&umlichkeiten im Untertage zugelassen werden kann.

Beim Bau der Aufnahme-Anlage haben wir folgende Ziele gesetzt:

1. Das Gerét soll photogrammetrische Aufnahmen der Objektpunkte
im Stollen von 5—20 m Entfernung ermdglichen.

2. Der mittlere Fehler der drei errechneten Koordinaten eines Raum -
punktes darf den Wert von ~2 cm nicht Uberschreiten.

3. Kammer und Punktmarkierung soll schlagwettersicher sein.

4. Transport und Handhabung der Anlage soll den Bedingungen im
Untertagebau entsprechen.

5. Die Berechnung der Raumkoordinaten der photographierten Punkte
soll mit einer Rechenanlage automatisch berechnet werden kénnen (EDV).

6. Die in verschiedenen Zeitpunkten verfertigten Aufnahmen sollen zur
Messung und Darstellung der Konvergenz bzw. der Deformation eines Stollen-
teiles anwendbar sein.

7. Die Bilder sollen im Stereo, mit einem Stereokomparator ausgewertet
werden und ein Lochstreifen fiir EDV soll automatisch gelocht werden.

Abb. 1 zeigt das in unserem Institut entwickelte Aufnahmegerat auf ein
geoddtisches Stativ montiert. Das Instrument kann aber auch an ein Hénge-
stativ (Firstenstativ) oder in vertikaler Lage an ein Seitenstativ (Seitenarm)
montiert werden. Die Basisldnge ist fix in 0,75 m abgestimmt, die Kammer-
konstante ebenfalls fix montiert. Letztere wurde so eingestellt, d. h. das
Objektiv wurde so montiert, dal eine Scharfentiefe von 5 m bis 20 m ent-
stand. Die Kammern erzeugen die Bilder auf die bekannte 9x12 cm2 Topo-
platte TO-1.

Abb. 1
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Das Instrument wird mit Hilfe der drei FuBschrauben horizontal ein-
gestellt. Zur Kontrolle der Einstellung dienen die beiden quer zueinander
eingebauten Rdhrenlibellen, die sich am mittleren Teil des Instrumentes
befinden. Hier sind weiters ein kleines Sucherfernrohr, der Schalter der Rah-
menmarkenbeleuchtung und die Ratterie untergebracht. Die Justierschrauben
sind an den beiden Enden der Rasis, womit man die Kammerachsen dem
Normalfalls entsprechend justieren kann.

Das Objektiv ist eine handelsibliche Meopta Anaret Linse mit einge-
bauter Elende. Die Fokusldnge betrdgt 105 mm.

Der VerschlulR konnte in Folge der unempfindlichen Negative sehr ein-
fach ausgefihrt werden.

Die Kasetten der Negative sind ebenfalls handelstibliche Elemente des
Instrumentes.

Die Releuchtung der Rahmenmarken ist mit Hilfe von 2x4 LED
Dioden geldst, eine neunte dient zur Kontrolle. Der Schalter des Stromkreises
(Abb. 2) ist ein vakuummagnetischer Schalter, ein sog. Reed Relais. Auch die
handelsiiblichen Eatterien werden schlagwettersicher eingebaut (Abb. 3).

Mit dem justierten Instrument kénnen Normalstereogramme gefertigt
werden. Die beiden Kammern missen aber einzeln kalibriert werden. Zu die-
sem Zweck haben wir im Labor ein Testfeld — mit 70 Punkten — aufgebaut
und die Raumkoordinaten der Punkte mit einer Genauigkeit von 20,2 mm
mit geodatischen Methoden festgestellt. Zur Eerechnung der inneren und
&uBeren Orientierungselemente verwendeten wir die Perspektiven Beziehun-
gen der Punkte des Objektraumes und Bildraumes.

Ausgehend von den Grundgleichungen der Zentralprojektion

cLcan (X - X0+ an(Y - YO+ a3i(Z - Z.)
0 al(X-X0+a2(Y-y0+ a3AZ-20
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Abb. 3

und analog
z _ oz _ ¢ al3(X — m+ <<23(y~~yp+ «33 (% ~~ Zp) 19\
0 an (x - X,)+ OZ(Y v 0+ a:Q(Z ZQ

wurden die Verbesserungsgleichungen der Tabelle | hergeleitet, woraus die
Normalgleichungen und weiters die Verbesserungen der Nd&herungswerte
berechnet werden kénnen. Auch die mittleren Fehler der Unbekannten wer-
den ermittelt.

Der Verzeichnungsfehler des Objektives wird mit dem Computer berech-
net und auch zeichnerisch dargestellt (Abb. 4).
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Tabelle 1

Im Normalgleichungssystem sind 15 Unbekannten vorhanden, und zwar
der angewandten Reihenfolge:

x0,20, co = innere Orientierungselemente
X, Y,Z = Raumkoordinaten des Objektives
co,(p, X - Drehwinkel
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Os, a5 = Koeffizienten des radialen Verzeichnungspolynomes
pvp2 = Koeffizienten der tangentialen Verzeichnung
dm, dB = Koeffizienten der Bildschrumpfung.

Nach der Lésung der Normalgleichungen und Verbesserung der Néhe-
rungswerte kdnnen mit den nun schon gut bekannten Kammern auch im
Untertage Bilder aufgenommen werden, wenn die aufzunehmenden Punkte
entsprechend der Blendezahl und der Empfindlichkeit der Negative beleuchtet
werden. Die schlagwettersichere Punktmarkierung geschieht bei unserem
System mit ringférmigen, zentralsymmetrischen Zielzeichen. Sie werden mit
der elektrischen Lampe eines Markscheiders von hinten durchleuchtet (Abb. 5).
Die Punktsignale werden mit Hilfe einer Schraube und einer Ankerung an dem
eisernen Versicherungsring befestigt oder magnetisch angebracht; sie kénnen
aber auch an Stangen oder Rdhre, die in den Felsen einragen, befestigt werden;
man kann aber auch »sich kontinuierlich bewegende« Punktsignale verwenden.

Die Punktsignale werden im Stollen an einem oder an mehreren nach-
einander folgenden Querschnitten (Sicherungsringen) angebracht und
wéhrend der Aufnahme von hinten durchleuchtet. Die entstandenen Bilder
werden an Ort und Stelle entwickelt und erst spéter im Stereokomparator
stereographisch ausgewertet. Gleichzeitig wird ein Lochstreifen gelocht, womit
man die Daten in den Computer Uberfihrt. Zu diesem Zweck eignet sich unter
anderen das Stekometer C des VEB Carl Zeiss Jena am besten.

Abb. 5
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Da der Komparator die Bildkoordinaten in einem eigenen Koordinaten-
system miRt, missen sie in das Bildkoordinatensystem umgerechnet werden
(Programm 1.).

Weil die Bildkoordinaten mit den Verzeichnungsfehlern des Objektives
belastet sind, missen sie verbessert werden (Programm 2.).

Mit den so ermittelten Bildkoordinaten berechnen wir die Raumkoordi-
naten mit Hilfe der Gleichungen des Normalfalles, wo auch die Ungleichheit
der beiden Kammerkonstanten und der Koordinaten der beiden Bildhaupt-
punkte einbezogen werden (Programm 3.).

bc" («' - Xx0)
X = (3)
c"{x' X0) - ¢ (*'- *)
bc'c"

- 4)
X0) - c¢'(x" - xl)

z= b + 7'

*'- <)- (x"- *5 < 2

(5)

b Lénge der Basis

c Kammerkonstante der linken Kammer
c = Kammerkonstante der rechten Kammer
X

X

,z” = verbesserte Bildkoordinaten des linken Bildes
,z" = verbesserte Bildkoordinaten des rechten Bildes
X0 = Bildkoordinate des linken Bildhauptpunktes

X'o Bildkoordinate des rechten Bildhauptpunktes

Zur Ableitung der a priori Fehler nimmt man ¢' = ¢" und x' =x" = 0,
bildet die totalen Differentialgleichungen der Gleichungen (3)—(5) mit einem
Ubergang zum mittleren Fehler und durch Vereinfachungen erhilt man:

2 2
rx — x § + G + M2 6
”15 (0)
| X p)
2
5 = 1Pb7f+\Py . PP2 %)
b Y p
f 2
Pz —~A 2+ |+ Pp 2 (8)
b X P

Praktisch kann man

©)
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annehmen, so vereinfachen sich die Ausdriicke wesentlich, und wenn wir
weiterhin up= £0,004 mm undpmin = 4 mm einsetzen, so gehen die mittle-
ren Fehlergleichungen in

Hx = +-X ¢10-3 mm (10)
Hy = =Y ®mlO.-3 mm (11)
Hz= +2 *10_3 mm (12)
Uber.
Mit unseren Abmessungen der Praxis, bei
Amax = 5 m (13)
Ymax = 20 m (14)
Zmax = 5 m (15)
wird

;

5 mm
nicht Gberschritten.

Mit Gleichungen (3) —(5) berechnen wir die Raumkoordinaten der stereo-
graphisch ausgewerteten Bildpunkte. Diese Koordinaten beziehen sich auf das
im Raume willkirlich stehende Basis-Koordinaten-System. Richtungen X und
Y wurden zwar mit den Libellen horizontiert, die Richtungen der Achsen
entsprechen aber der Richtung der Aufnahmebasis bzw. quer zu dieser. Der
Ursprung des Koordinatensystems liegt im vorderen Hauptpunkt des linken
Objektives.

Der Ursprung dieses Koordinatensystems wird zundchst in einen Punkt
der gemessenen Raumpunkte, z. B. PI, I. (Abb. ¢) versetzt und zusdatzlich
um die Achse Z so verdreht, daB die Richtung U das Lot eines zweiten Fix-
punktes P2, Il (Abb. ¢) trifft.

Die Mdglichkeit um Aufnahmen zu verfertigen und Raumkoordinaten
zu berechnen ist in verschiedenen Zeitpunkten TV Tt, T3, usw. gegeben.
Reduzieren wir alle Koordinaten auf PI, | und P2, Il, so erhalten wir die
zur TV tv ts gehdrenden Raumkoordinaten in ein und demselben Bezugs-
system. Die Abweichungen der entsprechenden Raumkoordinaten sind die
KonvergenzgréBRen bezogen auf PI, I und P2, II.

Instrument, MeB- und Rechenverfahren wurden an Hand von Aufnah-
men die in einem Kohlenbergwerk in 260 m Untertagebau verfertigt wurden,
erfolgreich erprobt. Mit dieser Methode wurden nicht nur KonvergenzgrdRen,
sondern auch Deformationen mit allen rdumlichen Richtungen festgestellt.
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Den mit Ill bezeichnet.en Querschnitt des untersuchten Stollenteiles
zeigt Abb. 7a—b. Der &uBerste Ring entspricht den Daten der Aufnahmen
vom 2., 11., 17. und 24. Mai. Die Konvergenz begann erst nachdem sich die
quer zur Stollenrichtung arbeitende Forderkette n&her als 20 m zum unter-
suchten Querprofil angené&hert hat. Der mittlere Ring der Abb. 7 wurde von
den Aufnahmen vom 19. Juni, der innerste vom 4. Juli abgeleitet. (Derzeit
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war der Bau unmittelbar bei diesem Querschnitt.) Abb. 7b zeigt die Punkt-
bewegungen in der Ebene X Y, diese sind aber bedeutungslos und klein. Ahn-
lich wurden bei unseren Testaufnahmen auch die anderen vermessenen Profile
behandelt und die Konvergenz bzw. die Deformation ermittelt. Die Raum-
koordinaten der Punkte der einzelnen Querschnitte wurden mit dem Computer
ermittelt und aufgezeichnet und die Verbindungslinie mit Gleichungen der
»Spline-Funktionen« beschrieben.

Das Instrument ist auch beim Bau von StraRen- Und Eisenbahntunneln,
zur Herstellung von Schnitten verschiedener Richtungen, zu Volumenberech-
nungen, usw. anwendbar. Der Zweck der Messungen im Untertagebau ist
entweder die Bestimmung der Form, oder Forméanderungen, oder die Erm itt-
lung jener Spannungskréfte, die die Forméanderungen hervorrufen. Auf Grund
des Hook’schen Gesetzes sind die Krdfte und Spannungen im Gebirge aus
den Konvergenz- und Deformationswerten ermittelbar. Kennen wir die Kréfte
des Gebirges bzw. des Flozes, so kdnnen die Entfernungen der nachbarlichen
Sicherungselemente (Sicherungsringe) so ermittelt werden, dall deren Einbau
preisginstig, aber trotzdem zuverldssig sein soll. Zur Ermittlung der Defor-
mationen im Tagebau kann die Luftbildmessung eingesetzt werden. Die
Bewegungen im Untertage und Obertage sind in der Regel verknipft. Zur
Erkldrung der zwischen diesen Bewegungen bestehenden Gesetzmé&Rigkeiten
kénnen die photogrammetrischen kontinuierlichen Messungen dieser Bewe-
gungen eine grofe Hilfe leisten. Die Anwendung der photogrammetrischen
Methoden im Bergbau kann gut an die Konzeption der bergbaulichen Daten-
bank angepallt werden, da die von den Lichtbildern gemessenen Daten digita-
lisiert und direkt in die Rechenanlage eingegeben werden kénnen. Mit Hilfe
einer zentralen EDV-Anlage und mit ausgebauten Terminal-System kdnnen
die Daten jederzeit fur die Verbraucher gut zugdnglich gemacht werden.
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HOBAA CTEPEOKAMEPA, METO/ M3MEPEHUA N BbIYNCIEHVSA B MOA3EMHON
OOBbIYE

N. BATTA-3. XANIMAW-N. WOoMOAN

PE3FOME

Lna onpefeneHnst KOHBepreHUMn 1 geopMaumm yyacTka TYHHenst gnnHoi 15 m 6bim
paspaboTaHbl raso6esonacHas TpaHcrnopTabenbHasi CTepeoOTOrpamMMeTpuuyeckasi Kamepa cC
NOCTOSIHHOI 6a30/4, razo6e3onacHoe MapKUPOBOYHOE MPMUCMOCO6/IeHNe AN NOA3EMHON A00bIYK,
aBTOMAaTU3MPOBaHHbI METOf W3MEPEHWUst W BbIYUC/IEHUS KPaTKOAUCTAHLUMOHHOM CcTepeodoTo-
rpaMMeTpumu.

YCTPOICTBO, METO/ U3MEPEHUS 1 BbIYUC/IEHNS MPUMEHSIHOTCA TakKXKe BXKe/1Ie3HOJ0POXKHOM
1 LLOCCEHOM TYHHe/NIMPoBaHUM.
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INTERFEROMETRIC ANGLE MEASURING SYSTEM
OPERATING IN SMALL ANGULAR RANGE

B. J. INCZEDY—K. KRAUSZ
GEODETIC AND GEOPHYSICAL RESEARCH INSTITUT OF THE HUNGARIAN ACADEMY OF SCIENCES, SOPRON

The paper describes an interferometric angle measuring instrument operating in a small
angular range (about 1°). It is a modified version of the Michelson interferometer. The principle
of the instrument is presented, the accuracy demands in the construction of the interferometer
discussed and the obtainable accuracy of the system given.

Geodynamic studies necessitate measuring methods ensuring higher
accuracy than those used hitherto. Special attention is to be paid to angular
measurements as the greatest part of the geodynamic phenomena can be
observed by a small amount (less than :°) of inclination or rotation of some
kind of surfaces or lines (e.g. surface of the Earth, vertical direction etc.).
For the measurement of small angular changes different kinds of instruments
can be used. The traditional ones are levels, collimators, autocollimators and
different kinds of pendulums, but recently electronic inclinometers are also
getting more and more into use.

A common characteristic of these instruments is that they are not
calibrated as angular measuring devices, as no corresponding angular étalons
are at disposal. The accuracy of the instruments measuring small angles reach
the value of 0.1 —1 second of arc, therefore devices enabling the detection
of 0.01 —0.05 secs of arc rotation are needed for their calibration.

The measurement of angles is an important problem also from the point
of view of metrology, as no angular étalons exist, and consequently the angular
measurements must be reduced anyway to length measurements. The accuracy
of angular measurements depends on the accuracy of these distance measure-
ments.

At present, the most exact method to measure distances is the laser
interferometry. The interferometric distance-measuring method, which enabled
some 20—30 years ago the measurement of distances of only some cm-s under
laboratory conditions, developed recently in a way due to a rapid improve-
ment of the laser technics and of the electronics that an instrument is produced
in great series which enables a relative accuracy of 10 -7 in case of distances
of 60 m.
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This large-scale development of the interferometric distance meters made
possible to develop interferometric angle measuring devices. The basic idea is
to reduce the measurement of the angular rotation by the use of a trigono-
metric function to a distance measurement, whereby the latter is made by an
interferometer with high accuracy. Such a method ensures a very quick and
accurate determination of angles.

The disadvantage of the method is that the angle to be measured is
received indirectly, as a trigonometric function of the angle i.e. as the ratio
of two distance values. One of the distances is measured directly, the other
cannot he directly determined, it is an instrumental constant corresponding
to the given instrumental construction.

According to that said above a solution of the calibration problems in
angular measurements can be awaited from the interferometric measurement
methods. Consequently the intention has been to construct a basic instrument
which can be used under laboratory conditions for a large scale of purposes.

For the investigation and calibration of the precision levels or so-called
second-levels used in geodesy level triers have been developed, where the
necessary angular rotation is set on an arm rotable around a horizontal axis
by means of a vertically movable precision measuring screw.

A level trier of the Geodetic and Geophysical Research Institute of the
Hungarian Academy of Sciences has been manufactured in 1953, at which
the pitch ofthe measuring screw is 0.40 mm, the distance between the rotation
axis and the supporting point of the measuring screw, i.e. the length of the
balance arm 463 mm [1]. The measuring screw can be rotated by means of
a drum of 120 mm diameter with a scale of grades. By means of the drum
the value of the inclination can be simply set: it follows from the geometry
of the level trier that due to a 1° rotation of the drum, the height of the screw
changes by 1.1 /nT, and the balance arm is dipped by an angle of 0.5 sec of arc.
Rigorously taken the level trier measures not the rotation angle itself but its
tangent, the error due to this omission, however, is within 1° negligible.

A greater problem is the error caused by the uncontrollable inaccuracies
of the pitch of the measuring screw: an error in the linearity of «+ [nT which
is a rather good value causes already an error of 0.5 sec of arc.

If the lift of the measuring screw is controlled interferometrically both
the angular resolution and the accuracy of the measurement can be increased.
Level triers controlled by multiple beam interferometers were reported by
Delmonte [2] in 1949 and by Kanngiesser and Schuhr [3] in 1976. The
balance arm was chosen as 30 cm, thus a lift by about 1.5 /nT caused an in-
clination of 1 sec of arc. The error of the angular rotation produced by the
screw and controlled by the interferometer could be reduced to 0.05 and
0.004 secs of arc according to experiments carried out by these authors in
a range of 1 min of arc and 30 secs of arc, respectively.
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The level trier of our Institute has been controlled by a Michelson-
interferometer. The results were reported in 1977 [4]. The level trier has been
studied in a range of 30 secs of arc, and an accuracy of 0.04 secs of arc could
be reached.

The accuracy data quoted are theoretically sufficient to enable a precise
calibration of the instruments measuring small angular changes, i.e. the inter-
ferometric technics ensures sufficient resolution and measurement accuracy.
A great disadvantage of the mentioned arrangements is, however, that while
the lift produced by the screw is controlled with interferometric accuracy
the rotation axis is at the same time supposed to be ideal. Due to its construc-
tion procedure, a perfect rotation axis cannot be produced, and the errors
resulting from this are practically uncontrollable. Therefore it was necessary
to choose an arrangement, where the accuracy of the rotation axis does not
influence the accuracy of the measurements.

The interferometer for angular measurements shown in Fig. 1 fulfils
these requirements. Such an instrument has been manufactured by J. G.
Marzolf in 1964 for spectroscopic purposes [5]. The instrument is a modified
version of the Michelson interferometer. A parallel light beam reaches from
the laser light source the plate-type beam splitter. One half of the beam is
reflected from here by mirror Mv the other half by mirror M2 parallel to each
other through the corner cube reflectors Cxand C2, respectively, to mirror M 3.
The incident beams are reflected from mirror M3 into themselves and thus
interfere having met at the beam splitter 0. Similarly to the Michelson inter-
ferometer the interference is produced in the apparent air slot between the
end mirrors of the two arms, but in this case the virtual pictures of M 3 are
the two border plains of the air slot.

The moving part of the interferometer consists of the corner cube reflec-
tors C3and C2being fixed with respect to each other, but can be tilted together
around the rotation axis a. In this arrangement an arbitrary translational
movement of the rotating part does not change the order of the interference,
i.e. the observed interference picture remains unchanged. The practical advan-
tages are the following: the operation of the instrument is independent from
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the position of the rotation axis; the position of the momentaneous rotation
axis, its parallel movements during the measurements do not influence the

accuracy ofthe angular measurements. The operational equation of the system
is:

sin(p= 4 A

T

where <pis the angle of rotation, d the relative motion of tﬂe corner prisms
in direction of the parallel light beams incident on the rotating part and r (an
instrumental constant) the distance between the optical centres of the corner
cubes. Thus the movement d is measured interferometrically, and when know-
ing the instrumental constant r the value of the angular change can be un-
ambiguously determined.

For the construction of the interferometric level trier the existing level
trier has been used as basis. The optical system and the light paths have been
chosen so that on the one hand any kind of devices, instruments etc. could
be mounted on the tiltable arm, on the other the possibilities for the un-
voluntary interruption of the beam should be avoided.

The beam path lays in a plane parallel with the rotation plane of the
tiltable arm, and the light beams propagate partly below the basis, partly
along its two sides (Fig. 2). The two corner cubes are mounted on the moving
arm, all other optical elements are mounted on the basis. A beamsplitter
covered by a semipermeable layer and a pentaprism are mounted on one side,
a pentaprism, a right-angle prism and a mirror on the other. Of course all
these optical elements can not be put into their operational position during
the mounting, since the possibility of a small change of their position is neces-
sary for the regulation and calibration of the optical system. This task has
been solved by the use of the mechanical devices shown in Fig. 3. The two
triangular plates are held together by three screws, and the distance between

r=630

Fig. 2.
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the sheets is ensured by a ball. The whole device is mounted on the bearer
with a pin so that it can be rotated. With the help of the screws the upper
plate can be tilted around two axes, and the rotation around the third axis
is ensured by the pin mounting.

The position of the optical elements must be very carefully set with
suitable apparatus in order to keep regular setting errors due to uncorrect

position at a minimum [s]. The choice of corner cubes needs very great care,
the other optical elements have not to fulfil special requirements.

In the angle measuring interferometer the beam path is the following:
the light leaves the laser, crosses a collimator and reaches the beamsplitter
cube as parallel beam of a diameter of about 7 mm. The beam splitter cube
halves the light beam, one half of the flux reaches through the corner cube
Cj and the pentaprism the mirror M and there it is reflected into itself;
the other half of the flux crosses the pentaprism P2, the comer cube C2 and
the right-angle prism T, then it reaches the mirror M and is also reflected
into itself. The two returning beams meet at the beamsplitter cube and inter-
fere; the interference can be visually observed or detected by a suitable instru-
ment. In case of ideal optical elements and perfectly plane wave front per-
fectly bright and black fringes would occur in the interference picture. Since
it is very difficult to fulfil this condition in the practice, such a setting is aimed
at where only either maximum intensity or minimum intensity should appear
in the sight field at once: such an interference picture can be easily detected
electronically.

The angle measuring interferometer is enlighted by the frequency stabil-
ized laser of the distance measuring instrument Metra Blansko typ LA 3000.
Since a circularly polarized light beam leaves the laser and the collimator
built together with it, the observation of the stripe movement due to the
change of the position of the balance arm and its counting is made in the
way as with the Czechoslovakian instrument [7]. The detector projected is
shown in Fig. 4. The light beam returning from the arms of the interferometer,
and united at the beamsplitter cube 0 is cut into two with the beamsplitter O,
and the two beams are transm itted to the photodetectors through polarization
filters. The polarization filters transmit the components of the circularly
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Fig. 4.
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polarized light beam being perpendicular to each other, thus the signals pro-
duced by the photodetectors and proportional with the intensity of the in-
cident light differ from each other by 90° (Fig. 5). The signals detected so are
processed electronically and thus a direction-dependent counting of the inter-
ference stripes is enabled with an accuracy of 1/4 period [s].

The relative motion d of the corner cube in a direction being parallel
with the incident light beams causes a change in the length of the optical
path 4d. The change can be measured by means of the electronic transforma-
tion in units of A/4 (A is the wave-length of the light), i.e.:

d —n— = o0,il, 0 2,¢0e¢ 2
n16 (n i i )> (2)

using which the operational equation (1) gets the form:

2
sin p= n-— (re= o, 1,0 2,...). 3)
16r

In the measuring range ofthe interferometric level trier (about i3 0 min)
it can be supposed that

sin pcas (p. 4)
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As the error in case of end deflection is only:

A = 0.024 secs of arc (5)
(b= 30min

the operational equation will be:

=n
© 16r 6

By substituting n = 1, X= 0.63 fim and r «<63 cm, the resolution
power of the angle measurements will be:

f = 0.012 secs of arc . ()

W hen the interference stripes are counted electronically, the error due
to the digital output (An = ~1) is:

Acpa = 0.025 secs of arc . (s)

The sources of regular errors at the interferometric level trier and their
effect on the angular measurements are summarized in Table I. The error due
to incorrect adjustment is according to this table:

6
Acpj = N Acpi = 0.015 secs of arc 9)
i=i
in the whole operational range.
It follows from operational equation (s) that the incorrect determination
of the distance of the edge prisms causes an error of the following value:

AP@r=n-TTJIATr- (10)
lon

In order to reach A(pr <[ 0.01 sec of arc, the distance between the optical
centres of the corner cubes must be determined with an accuracy of

r= 1.7 /im .

A direct measurement of a distance with such an accuracy is impossible, hence
an other method must be looked for, i.e. the instrument has to be calibrated
with known angular values. As the angle measuring interferometer has an
operational range of 1° and the output of the interferometer as well as the tilt
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Table |
The source of the regular error Value of the regular error
Inaccuracy of the wave length Ap= 5-10 1mm Alp = 16 AX
Non-parallel incident light beams on the rotating part f) = 120 sec Rp = ’,Zla_n)}’
Non-perpendicularity of the rotation axis and the 2= 60 sec Ap=ri tag <
incident beam -
Different heights of the corner cubes Ah = 0.1 mm
Ay- A
. . . Afi m'AgR f
Different refractivity of the corner cubes Afi= 5+10-° .
Ap= - A-fi2
. ae*l6ehepe(n —1)
The corner cubes are of different a = 30 sec AP = e I—n

In this Table

3 « 105
63 cm
0.63 pinl
io

15
0.012
5era

S~ ® p»=3

fi « A

the counter gets n impulses in the complete range,
the distance of the corner cubes,

the wave length of the He—Ne laser,

range of the level trier,

refractivity index of the corner cube,

resolution power of the interferometer,

height of the corner cube.

Arp, = 3-10 4sec

Arp2 . 6 ¢ 10-4 sec

Arp3= 1.5 ¢ 10-4 sec

Arpd = 1.5 «10-3 sec

A6 = 5.2 «10-4 sec

Arp6 = 1.2 « 10-2 sec

1€
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of the arm can be supposed as linear within the error limits given by Eq. 5,
it is sufficient to produce an angular rotation of 30 mins of arc with respect
to the central position. As no suitable detector has been at our disposal, we
only give the method usable for the calibration.

The simplest calibration method can be made by means of an auto-
collimator. A mirror is mounted on the moving arm of the level trier as shown

Fig. 6.

in Fig. ¢ and the autocollimator picture in the infinite is pointed with a tele-
scope. Then the telescope is rotated around its horizontal axis both in positive
and negative directions by 30 mins of arc. In both cases the autocollimator
picture is set by the dipping of the balance arm. If the balance arm is moved
the optical path and together with it, the order of the interference changes,
and the stripe transits are detected by the electronic instrument.

During a dip of 1° the counter counts about re= 3 ¢ 10s impulses;
the ratio of these two values yields the resolution power of the instrument
(f = 0.012 secs of arc).

The error of the angle measurement with the autocollimator method is
about 0.5 secs of arc which value divided by the number of impulses (re
« 3 + 105) yields the error of the resolution power of the interferometer due
to the calibration method

zVres = 1.6 *10-« secs of arc . (11)

The error of the resolution power due to the incorrect adjustment is:
zlipadj = —— = 5 « 10-s sec of arc . (12)
e

The sum of the two regular errors is:
ACoreg = "Cres + “i'adj A1-7 ’10~esec of arc .

The accuracy of the interferometric level trier can be obtained from
the sum of the errors analyzed hitherto:

apP = n e Acpreg + Aqudig. (13)
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Ap
40 msec

20 msec-

Aq
200 msec

100 msec

10 min

------------ error of the digitization
---error of the calibration
---------- error of the angle measurement

Fig. 7.

Thus, the accuracy of the instrument contains a term independent from
the measuring range (zl<pdig) and an other depending on it (nAcpreg).

Figure 7 shows the error function described by Eq. 13 in different
measuring ranges. It can be seen that in case of small (around 10 secs of arc)
angles the error of the digital values plays the greater role, while in a greater
range the error due to A<preg a more and more important role, meanly in con-
sequence of the increasing influence of the inaccuracy of the calibration.

It can be concluded that the accuracy of the level trier has been signifi-
cantly increased, therefore this instrument is now suitable to solve problems
with higher accuracy requirements in case of laboratory measurements.
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NHTEP®EPOMETPUYECKWNX YT NTIOMEP, AENCTBYOWWA B MAJZIOM MHTEPBAJIE
A. MTHUEAN-K. KPAYC

PE3FOME

B cTaTbe onncbIBaeTcs MHTEP(EPOMETPUYECKUIA NPUBOP ANS1 U3MEPEHUS YT0B, LeACTBY-
OLLMIA B Ma/IoM MHTepBase (NMpumepHo 1°).

OnvcbIBaeTCA NPUHLMN AeACTBUSE MHCTPYMEHTA, KOTOPbIA MOXHO cUMTaTh MogUdrKaL e
MHTepdepoMeTpa MalikencoHa. PaccmaTpuBatoTCst KpUTEPUM TOUHOCTU Npu c6opKe MHTePdEepPO-
MeTpa U JOCTUXUMAs TOYHOCTb M3MEPEHWI YINI0B 3TUM WHCTPYMEHTOM.
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DAS PRUFEN DER KIPPACHSEN VON THEODOLITEN

A. ORBAN

GEODATISCHES UND GEOPHYSIKALISCHES FORSCHUNGSINSTITUT DER UNGARISCHEN AKADEMIE
DER WISSENSCHAFTEN, SOPRON

Die Prifung der Kippachse des Theodolits hat in erster Reihe nicht fir die Geodasie,
sondern vor allem fir die Instrumententechnik eine groRe Bedeutung. Die Anderung der
Kippachsenlage kann ndmlich Ursprung mehrerer anderer Instrumentenfehler sein.

Nach deren Erdrterung werden weitere Bemerkungen hinsichtlich der Wirkung des
Kippachsenfehlers auf die horizontale Winkelmessung und Punktablotung gemacht. Die Wir-
kung des Kollimationsfehlers und des Stehachsenfehlers auf die Prufung der Kippachse wird
eingehend erdrtert. Die zweckmaRigsten Prifmethoden und Prifinstrumente werden bespro-
chen (Justierkollimator).

In diesem Zusammenhang wird auf einige in der Fachliteratur vorkommende Fehl-
bemerkungen hingewiesen. Zum SchlufR werden die mit Reitlibelle durchgefiihrten Prifungen
der Kippachse und die Kritik dieser Methode angeschnitten.

Einleitung

Der Kippachsenfehler von Theodoliten kann — wie bekannt — durch
das Messen in zwei Femrohrlagen eliminiert werden. Deswegen ist die Kipp-
achsenprufung in geoddtischer Hinsicht hauptsédchlich nur dann erforderlich,
wenn die Messungen aus irgendeinem Grund, sei es aus Zeit- oder Platz-
mangel, oder eventuell wegen der Bauart des MeRgerdtes nur in der einen
Fernrohrlage durchgefiuhrt werden kdnnen.

Hingegen gehdrt hei der Erzeugung oder Reparaturen von Theodoliten
die Kippachsenprifung zu den wesentlichsten instrumentellen Untersuchun-
gen; es empfiehlt sich sogar, sie in der Reihenfolge der Untersuchungen unter
die ersten zu setzen. Der Grund hierfiir liegt darin, dall bei den modernen
Theodoliten der Kippachsenfehler mehrere andere Instrumentenfehler nach
sich ziehen kann. Als solche wéren zu erwé&hnen: Rektifikationsfehler der
Alhidadenlibelle, VergroBerungs- und Scharfefehler der Ableseeinrichtung,
Fadenkreuzschiefe im Fernrohr, Projizierungsfehler des optischen Lotes usw.
Die Eliminierung dieser Fehler vor der Prifung der Kippachsen kann sich
sogar als eine Uberflissige Arbeit erweisen, da ja gegebenenfalls diese Fehler
durch die Rektifikation der Kippachse ev. automatisch verschwinden
kdénnen.
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Bei der Untersuchung und der Beseitigung des Kippachsenfehlers ist
es durchaus nicht immer ndtig, den effektiven Wert der Schrdaglage zu kennen.
Oft genlgt die Kenntnis schon jener Wirkung, welche von der Schrégheit
auf die horizontale Winkelmessung oder das Herabloten eines hochgelegenen
Punktes ausgeubt wird. In solchen Fé&llen mufR die Rektifizierung mit schritt-
weiser Annéherung solange fortgesetzt werden, bis der FehlereinfluR erléscht.

Die Bestimmung des numerischen Wertes des Kippachsenfehlers wird
in erster Linie nur zur Kontrolle der Konstruktion bendtigt, wenn man sich
Uber jene Verédnderungen zu informieren wiinscht, die sich im spédteren Ge-
brauch an der Kippachse einstellen werden. Die bekannteren Prifmethoden
sind hierbei folgende: Untersuchung durch horizontales Winkelmessen oder
Punkt-Herablotung, Kollimator-Prifung usw. (Die Priufung durch Visieren
eines mechanischen Lotes ist nur zum Nachweisen des Vorhandenseins eines
Kippachsenfehlers geeignet.)

Sehr wesentliche Gesichtspunkte hei der Wahl der besten Untersuchungs-
methode bestehen darin, dal der Kippachsenfehler mdéglichst von der Wir-
kung anderer Instrumentenfehler getrennt werden koénne, ferner, dafl das
Messen und das Auswerten einfach sei.

Fir den Geod&ten scheint es am néchstliegendsten zu sein, die Kipp-
achsenprufung mit der horizontalen Winkelmessung zu verrichten, da hierbei
die Untersuchung ohne irgendwelche Hilfseinrichtungen mit dem zu priufen-
den Theodolit selbst durchgefiihrt werden kann. Deswegen soll diese Methode
hier an erster Stelle behandelt werden.

Der EinfluR des Kippachsenfehlers auf das horizontale Winkelmessen

Ist i der Wert des Kippachsenfehlers, dann erh&lt man den Wert des
bei der horizontalen Winkelmessung begangenen Ablesungsfehlers dh auf
Grund der aus der sphédrischen Geometrie bekannten Ableitung aus der Formel

&= itg a,

worin a der Hohenwinkel der Ziellinie ist.

Obzwar nun diese Beziehung aus der Fachliteratur [1] allgemein bekannt
ist, erachten wir es — mit Rucksicht auf unsere spéteren Darlegungen — doch
fir wichtig, hier folgendes festzulegen:

— Der Fehler & erscheint in der Horizontalebene.

— Die Formel gilt nur dann, wenn die Stehachse des Theodolits wéhrend des
Messens vertikal ist (mithin die Kippachsenneigung nicht durch das
Schiefstehen der Stehachse verursacht wird).

— SchlieBlich hat die Formel nur Geltung, wenn die Fernrohrziellinie normal
zur Kippachse ist, d. h. der Theodolit keinen Kollimationsfehler hat.
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Ein vorhandener Kollimationsfehler kann sehr stérend sein, da es
— ohne seinen numerischen Wert vorher zu kennen — sehr schwer fallen
dirfte zu sagen, in welchem Ausmal der Ablesefehler am Horizontalkreis von
der Kollimation, beziehungsweise von dem Kippachsenfehler abhédngig ist.
Wert und Vorzeichen der beiden Fehler kénnen sich sogar so ergeben, dal} sie
einander bei gewissen Héhenwinkeln léschen.

Herablotung des Hohenpunktes auf die Horizontalebene

Der in WinkelmaRReinheiten ausgedrickte Wert des Fehlers, der beim
Herabloten des Punktes auf die Horizontalebene begangen wird, stimmt seiner
Natur gemdR mit jenem Fehler Uberein, den der Kippachsenfehler auf die
Horizontalkreisablesung ausiibt. Mit der Projiziermethode kann der Fehler
6h sehr einfach abgeleitet werden.

In Abb. 1 sei angenommen, dafll der Schnittpunkt der Kippachse/ und
des Fernrohrs t des zu prifenden Theodolits auf den Punkt A entfdllt, und
dall das Fernrohr keinen Kollimationsfehler hat. Das Herabloten des als
natlrliches Signal benitzten Hohenpunktes P auf die Horizontalebene kann
auf zweifache Weise erfolgen: Bei dem Herabloten wird das Fernrohr zu-
ndchst um eine gedachte horizontale Kippachse verdreht (PB ist die Projizier-
gerade), danach aber um eine Kippachse verdreht, die um den Winkel i zur
Horizontalen geneigt ist (Projiziergerade ist PC). Wenn kein Kolliinations-
fehler vorliegt, dann ist die Fernrohrziellinie normal zur Kippachse. Demzu-
folge ist von den beiden, aus dem Punkt P ausgehenden Projizierlinien PB
normal auf die horizontale Kippachse, PC aber normal auf die um i geneigte
Kippachse. Somit ist auch der von den beiden Geraden am Punkt P ein-
geschlossene Winkel gleich i.

Nach dem Projizieren durch Verdrehung um die gedachte horizontale
Kippachse bzw. um die i-geneigte Kippachse schlieBen die Ziellinien der bei-
den in horizontaler Stellung befindlichen Fernrohre miteinander einen W inkel
6h ein, der mit jener, vom Kippachsenfehler i auf die Horizontalkreis-Ablesung
ausgelibten Wirkung dbereinstimmt.
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Die Berechnung des Winkels <&, (Abb. 1) lautet wie folgt:

Aus ABCA (= (i)
e* T
T

Aus ABPA d= (2)
tg a
ieT

Aus CBPA a-= 3)
9

Wird (2) und (3) in (1) eingesetzt, so erh&lt man:
dh = itga-

Ist der Projizierwinkel a = 45°, dann ist die Wirkung des Kippachsenfehlers
auf die Horizontalkreisablesung gleich dem Schrégheitswert der Kippachse.
Diese bekannte Feststellung trifft jedoch nur dann zu, wenn die Fernrohr-
ziellinie normal zur Kippachse ist, mithin kein Kollimationsfehler vorliegt.
Die vom Kollimationsfehler (c) auf die Horizontalkreisablesung ausgelibte
Wirkung oit &ndert sich ndmlich — wie bekannt — gleichfalls als Funktion
des Hohenwinkels, laut Beziehung

cos a

Beim Herabloten des Punktes auf die Horizontalebene weicht die nur
mit Kollimation behaftete Ziellinie in beiden Fernrohrlagen mit dem gleich-
groRen absoluten Winkelwert, doch mit entgegengesetztem Vorzeichen von
der richtigen Projizierrichtung ab. Deswegen besteht zwischen den beiden
Projektionen von P in der Horizontalebcne selbst dann eine lineare Abweichung,
wenn die Kippachse horizontal ist. Ist auch die Kippachse schief, dann muf
man, um die Fehler zu trennen, den Kollimationsfehler bei horizontaler Fern-
rohrlage gesondert bestimmen, (wobei hier die Wirkung der Kippachsennei-
gung gleich null ist); danach aber muf ihre Wirkung rechnerisch beriick-
sichtigt werden, indem man es an die Formel des Kippachsenfehlers anknipft
([2] S. 142., Formel 87).

Projizierung von gleichem Hdéhen- und Tiefenwinkel

Ein, mit einem Kollimationsfehler ¢ behaftetes Fernrohr bewegt sich
beim Drehen um die Kippachse auf einem Kegelmantel (Abb. 2). Die Ziellinie
des Fernrohrs beschreibt dabei in der zur Kippachse parallelen Vertikalebene

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



K IPPACHSENPRUFUNG 323

eine Hyperbel. Die unter gleichem Hohen- und Tiefenwinkel sichtbaren Punkte
der Hyperbel P und P' fallen (in beiden Fernrohrlagen) in eine Vertikale,
vorausgesetzt, daB die Kippachse horizontal war.

Wenn also das Herabloten in der Weise erfolgt, daB der zu projizierende
Punkt eben so hoch Uber der Horizontalen zu sehen ist, wie der projizierte

Abb. 2

Punkt (P') darunter liegt, dann ist die Projizierung frei von jeglicher Kolli-
mationswirkung. (Der zu projizierende und der projizierte Punkt liegen in
diesem Falle in gleichem Abstand von der vertikalen Symmetrieachse der
Hyperbel.) (Abb. 3a)

Liegt aber auBer dem Kollimationsfehler auch noch ein Kippachsen-
fehler vor, dann steht auch die vorhin noch senkrecht angenommene Sym-
metrieachse der Hyperbel schridge, und die projizierten Punkte gleichen
Hoéhen- und Tiefenwinkels entfallen nicht mehr auf eine Vertikale. Doch selbst
in diesem Falle wird die Wirkung der Kippachsenneigung bei der Projizierung
durch den Kollimationsfehler nicht verzerrt, da der zu projizierende und der
projizierte Punkt P und P' von der Gerade a', b' in gleichem Abstand bleiben.
Das ist so vorzustellen, als oh sich die Punkte P und P' auf der die wirk-
liche Schrégheit der Kippachse angebenden Gerade a'b' befénden
(Abb. 3b).

Bei einer derartigen Punktherablotung kann das Ausscheiden des Kolli-
mationsfehlers auch auf Grund der aus der sphdrischen Geometrie bekannten
Ableitung des Kollimations-Effektes erldutert werden.

DemgemdR wird die Wirkung des Kollimationsfehlers (c) auf den nur
in einer Fernrohrlage gemessenen Horizontalwinkel Adk durch die Formel

COoS ax cos az

ausgedriuckt, worin axund @ die Hohenwinkel der angezielten Punkte bedeu-
ten. Diese Formel ist im ausldndischen Fachschrifttum selten anzutreffen [2,
S. 140]; in den ungarischen Lehrbiichern aber ist sie sogar an zwei Stellen
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angefihrt. Die in [3], (S. 385) dieser Formel beigefiigte Erkldrung lautet folgen-
dermalfien: »Ist ax= a2, mithin der Hohenwinkel der rdumlichen Richtungen
der Winkelschenkel einander gleich, dann ist Adk = o, d. h. man erhélt den
gemessenen Winkel fehlerfrei.« Nach der Formelerklarung in [4, |. 287] aber
gilt: »Wenn Winkel gemessen werden, und dabei die beiden Richtungen nicht
unter dem gleichen Neigungswinkel liegen, dann wird der Wert des gemessenen
W inkels falsch sein; und zwar wird der Fehler umso groéRer, je groBer der
Unterschied zwischen den Neigungswinkeln ist.«

Beide Erkldrungen der Formel bedirfen einer Ergdnzung. Es ist ndmlich
aus den vorhergehenden Erdrterungen, wie auch daraus, dall cos (—a) = cos K
ist, offensichtlich, dafl ein in der einen Fernrohrlage gemessener Horizontal-
winkel auch dann frei von Kollimationswirkung ist, wenn die Hohenwinkel der
angezielten Punkte die gleichen Werte, aber entgegengesetzte Vorzeichen haben.

Zu der Formel

(«)

sin Z1 sin Z2
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welche in [2], (S. 140) fur den Zenitwinkel mitgeteilt ist, wurde folgendes hinzu-
gefuhrt: »Der EinfluR des Zielachsenfehlers auf den in einer Fernrohrlage
gemessenen Winkel ist um so kleiner, je kleiner der Unterschied der beiden
Zenitwinkel (Héhenwinkel) ist. Bei gleichen Absolutwerten der Zenitwinkel
ist er gleich Null.«

Es ist jedoch klar, dafl auch diese Formelerkldrung einer Ergdnzung
bedarf: Die erwdhnte Wirkung ist n&mlich auch dann gleich Null, wenn

Z2 = 180° — ist.

Die Wichtigkeit dieser Ergdnzungen ist u. a. gerade zum Verstdndnis
des fur die Prifung des Kippachsenfehlers gebauten, und spéter noch néaher
erdrterten Justierkollimators erforderlich.

Die Prufeinrichtung besteht aus zwei Kollimatoren, die zur Horizontalen
um den gleichen Héhen- und Tiefenwinkel geneigt sind und vor welchen der
zu prufende Theodolit aufgestellt wird. Im Gesichtsfeld des oberen Kollima-
tors ist ein einfaches Fadenkreuz, in dem unteren aber eine Horizontalskala
zu sehen.

Das Prufen besteht nun darin, dal der Mittelpunkt des oberen, ein-
fachen Fadenkreuzes in zwei Fernrohrlagen auf die untere Kollimatorskala
herabprojiziert wird. Fallen dabei die beiden Projizierungen auf verschiedene
Skalenteilungen, dann ist die Kippachse schief. Der Wert dieser Schrégheit
kann an einer geeichten Skala auch direkt in WinkelmaReinheiten bestimmt
werden.

Diese einfache Prifmethode ist in den allgemein gebrauchten Lehr-
biichern nicht beschrieben, trotzdem sie — nach den Informationen aus den
Gerdteprospekten — von den Werken fiir geodatischen Gerdtebau in weitem
Umfang benditzt wird. Bisher gelang es nur in einer Dissertation [5] von
Ochsenhirt aus 1962 eine kurze Beschreibung der Vorzige dieser Methode
zu finden, und an gleicher Stelle wird auch an einem Beispiel aufgezeigt, auf
welche Weise der Wert des Kippachsenfehlers numerisch bestimmt werden
kann. Letzterer bedarf aber einer Korrektur und einer Ergdnzung. Und dies
gab den Anlall dazu, daB "wir uns mit der Theorie dieser Methode eingehender
befassen sollen.

Die Vorzuge dieser Prifmethode sind:

a) Im Gegensatz zu mehreren anderen Prifmethoden ist hier keine
Winkel- und Entfernungsmessung ndétig. (Besonders bei Labormessungen, die
in einem relativ kleinen Raum durchgefiuhrt werden miussen, kann das Prufer-
gebnis durch die Fehler der Winkel- und Entfernungsmessung sehr ungenau
werden.)

b) Wegen des Anzielens der Kollimatoren ist das Prifergebnis unab-
h&ngig vom Fehler der Fernrohrexzentrizitdt und der Negativlinse-Fihrung.
(Die visierten Signale liegen im Unendlichen.)
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c) Wegen der bei gleichen Hdhen- und Tiefenwinkel erfolgenden Herab-
lotung ist diese Methode frei von jeglichem KollimationsfehlereinfluB.

d) Bei der Prufung erlbrigt es sich, die Theodolit-Stehachse genau verti-
kal einzustellen.

Prifen wir nun zuerst, welcher Fehler hei der Bestimmung des Kipp-
achsenfehlers entsteht, wenn wdéhrend der Herablotung in zwei Fernrohr-
lagen die Stehachse des Theodolits nicht vertikal ist.

Abb. 4

In Abb. 4a ist die Projizierung des Punktes P mit Hilfe eines Theodolits
von vertikaler Stehachse in zwei Fernrohrlagen durchgefihrt worden. Der
Abstand der beiden projizierten Punkte ist c. Abb. 4b zeigt die mit einer
Schiefe e der Stehachse erfolgende Projizierung. Hier ist der Abstand der
projizierten Punkte c'. Berechnen wir nun jenen Projizierungsfehler (zlc =
= ¢' — c¢), der aus dem Stehachsenfehler oder aus dem gleichgroBen zusétz-
lichen Kippachsenfehler erwéchst.

Auf Grund von Abb. 4a ist c= 2mtg i (worin m die Hohe des Punktes
P, i aber den Kippachsenfehler bedeutet).

Auf Grund von Abb. 4b ist:

a= mtg (s -fi); e= mtg (e —i)
¢'= a—e= mf[tg (e f-i) —tg (e — /)]

zlc= ¢ —c= m[tg (e -f-i) —tg (e — i) — 2 tg »].

Ohne eine eigene Abbildung sei angenommen, dall der zu priifende Theo-
dolit im Abstand d von der vertikalen Projizierungsebene stehe. Von dieser
Entfernung erscheint der Punkt P unter dem Hdhenwinkel a, und der Abstand
zlc unter dem parallaktischen Winkel Ah— g" (Zlc/d). Der Winkel Zft, d. h.
die auf die Winkelmessung bezogene Wirkung des doppelten Wertes des zu-

sdatzlichen Kippachsenfehlers, ist auf dem Horizontalkreis des Theodolits
meRbar.
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Wird die fir Ac erhaltene Gleichung in die Formel Af eingesetzt und
bertcksichtigt, dal tg a = m/d ist, dann erhdlt man:

Al = g"tg «[tg (s+ i) —tg (r —i) —2 tgi].

Der Fehler (Ai) der Bestimmung des einfachen Kippachsenfehlers i lautet auf
Grund der bekannten Beziehung (6h = itg a):

Ai= Ah =q9"tg(e+ o - 4 (e—0o - 21tgt
2 tg a 2
Es seien e = 7°; i = 60"; dann ist Ai = 0,9".

Wenn also die Stehachse des Theodolits um 7° schief ist, und der Kipp-
achsenfehler 60" betrdgt, dann ist die Bestimmung des Kippachsenfehlers
nur mit einem Fehler kleiner als 1" behaftet.

Diese Darlegungen gelten auch fur die mit dem Kollimator erfolgende
Punktherablotung, wenn der Punkt in die horizontale Ebene projiziert wird.

Es stellt sich ferner noch die Frage, wie groB soll der Neigungs-
winkel der Kollimatoren zum Horizontalen sein. Diesbezuglich wird von
Ochsenhirt 45° vorgeschlagen. Bei den sog. Justierkollimatoren der Ungari-
schen Optischen Werke (MOM) werden 30° benitzt, w&hrend im sowjetischen
GOST Standard [¢] — obzwar diese Prifung auf der horizontalen Winkel-
messung beruht — Winkel nicht kleiner als 20° vorgeschrieben werden.

Der Kippachsenfehler kann prinzipiell mit Kollimatorpaaren von vieler-
lei Neigungswinkel bestimmt werden. Bei kleinerem Neigungswinkel ist das
Priufergebnis weniger genau; bei grofem Neigungswinkel aber ist das Messen
sehr unbequem; bei manchen Theodolittypen sogar unmadglich.

Die Verwendung von bevorzugten Neigungswinkeln vereinfacht aber
den Untersuchungsgang. Ein solcher Neigungswinkel ist beispielsweise der
bereits erwdhnte, und auch in [5] mitgeteilte Winkel -(-45°/—45°, bei
welchem der vierfache Wert der Kippachsenschrdge am Horizontalkreis des
Theodolits direkt gemessen werden kann.

Betreffs des anderen bevorzugten Neigungswinkels -$30/—30°, der
auch bei den Justierkollimatoren, Bauart MOM Verwendung findet, konnten
wir im Fachschrifttum keine Hinweise finden.

Dieser Neigungswinkel wird auf Grund unserer eigenen Nachforschungen
deswegen bevorzugt, da das Dreieck APB — wie es auf Abb. 5 zu erkennen ist
— gleichseitig ist und deshalb der Abstand 2a zwischen den Punkten C und B
sowohl von P, wie auch von A aus unter dem gleichen Winkel erscheint.
Demzufolge kann der in Punkt P erscheinende Wert i der Kippachsenschrdge
aus Punkt A einfach bestimmt werden (i = <)

Diese Darlegungen gelten auch fir Prifungen, die mit dem Herabloten
von natdrlichen Punktsignalen durchgefihrt werden, doch ist es dann wesent-
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lieh, daB dabei die Gerade d, welche den bei Punkt A befindlichen Winkel
2a halbiert, normal auf die vertikale Projektionsebene (in Punkt D) sei. Bei
einer solchen Anordnung kann auf Grund von Abb. 5 sogar errechnet werden,

mit welchem Hohen- oder Tiefenwinkel man projizieren muB damit i gleich
o werde.

£ 4)
. (5)

m= 2dtga (6)
d ?

cos (—a) cos a ()

Aus (4) und (5) ist zu ersehen, dall i" dann gleich " wird, wenn d' gleich
In ist. Werden die mit den Gleichungen (¢) und (7) gegebenen Werte m und

d' einander gleichgesetzt, und die so erhaltenen Gleichungen nach a auf-
geldst, so erhdlt man:

2tga = ——
cos a
sin a 1
cos a 2 COSa
R 1
sina = —
2
a = 30°

Demnach sind die Winkel i und @ dann einander gleich, wenn a = 30° ist.
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Der Winkel epist in einer schrdgen Ebene gelegen, sodalR er am Horizon-
talkreis des Theodolits direkt nicht gemessen werden kann. Der Horizontal-
kreis liegt in der durch den Punkt A gelegten Ebene. (In Abb. 5 zu sich parallel
in den Punkt F verschoben.) Am Horizontalkreis ist anstatt ¢ der zwischen
den durch die Punkte C und B gelegten, einander in AF schneidenden Verti-
kalebenen gebildete Winkel 6h meRbar.

Wie verhdlt sich nun der Wert 6h zu dem in einer schrdgen Ebene er-
scheinenden cp? Auf Grund von Abb. 5 ist:

» 28 dh d'
~980=Q —; - =
d d' on d

= dh- = cosa
o = djcosa.

In der Horizontalebene wird ein groRerer Winkel gemessen, als in der
schrdgen Ebene (Punkt F liegt n&dher der Entfernung 2a als Punkt A). Die
Prufmethode, welche die -\-j—30° Projizierung benitzt, ist also gegenuber
der -(-/—45° Projizierung im Nachteil, da hier die Kippachsenschragheit am
Horizontalkreis des Theodoliten direkt nicht gemessen werden kann.

Anders verh&lt es sich, wenn in der Projizierungsrichtung —30° ein mit
einer mm-Skala, oder mit einem Okularmikrometer versehener MeRBkollimator
von bekannter Brennweite steht. Mit dem MeRkollimator kénnen Winkel
auch in schrdger Ebene gemessen werden. Somit kann der, der Kippachsen-
schréagheit gleiche Winkel i direkt bestimmt werden.

Auf Grund des Vorhergehenden kann betreffs der Kippachsenprifung
folgendes festgestellt werden:

- Wird der parallaktische Winkel zwischen den in zwei Fernrohrlagen
herabgeloteten Punkten am Horizontalkreis des zu prifenden Theodolits, oder
am Horizontalkreis eines Hilfstheodoliten gemessen, welch letzterer als Kolli-
mator gegentber dem zu priufenden Theodoliten aufgestellt ist, dann muf} der
Projizierwinkel —45° und —45° sein.

— Wird der in einer schragen Ebene erscheinende Winkel zwischen den
in zwei Fernrohrlagen herabgeloteten Punkten mit dem MeRkollimator gemes-
sen, dann muf der Projizierwinkel 4-30° und —30° sein.

Von Ochsenhirt [5] wurde eine Projizierung von -j-45° und —45°
angewendet. Der Winkel zwischen den beiden herabgeloteten Punkten wurde
von ihm in schrdger Ebene gemessen (besser gesagt: auf Grund der im Kolli-
mator vorgesehenen mm-Skala und der bekannten Brennweite des Kollima-
tors berechnet). Doch im Sinne des Vorhergesagten erhielt er auf diese Weise
nicht die richtigen i-Werte, da diese bei der Projizierung von —45° zu —45°
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in der Horizontalebene erscheinen. Die in der schrégen Ebene ermittelten
W erte sind kleiner als die wirklichen Winkelwerte, so dall diese noch durch
cos 45° (= 0,707) dividiert werden missen. Somit sind in [5] die Formeln (69)
und (70) unrichtig, und ebenso unrichtig die aus diesen errechneten Werte (Ta-
belle 44 und 45).

— Um bei der Kippachsenprifung festzustellen, welches Achsenende
hdher liegt, kann folgende einfache Methode empfohlen werden: Nach dem
Herabloten des Héhenpunktes in zwei Fernrohrlagen beobachtet man, welche
Fernrohrstitze aus der Vertikalrichtung gedriickt werden muf}, um die Fern-
rohr-Ziellinie zur Mittellinie der beiden Projizierpunkte hin zu verschieben.
Dieses Kippachsenende liegt namlich hdéher. Mit dieser Prifmethode fallen
dann alle die zur Kippachsen-Rektifizierung erforderlichen Vorzeichenpro-
bleme automatisch weg.

—e Zwischen den horizontalen Winkelwerten, die bei Kippachsenfehler
mit Anzielung der Punkte unter verschiedenen Hdhenwinkeln in zwei Fern-
rohrlagen gemessen wurden, ergibt sich eine von der GroRe des Hohenwinkels
abhéangige, variable Differenz (Scheinbare Kollimationsfehler-Anderung). Die-
ser Umstand macht darauf aufmerksam, daR es nicht in jedem Falle ratsam
ist, selbst bei Theodoliten mit diametraler Ablesung, die Gite der im Geldnde
durchgefithrten Messungen auf Grund der Anderung des Kollimationsfehlers
zu kontrollieren und beurteilen.

— Bei Projizierungen, die bei gleichem H6hen- und Tiefenwinkel erfol-
gen, fallt die Wirkung des Kollimationsfehlers — wie wir sahen — aus. Nicht
dasselbe geschieht aber in dem Fall, wenn mit einem mit Kollimations- und
Kippachsenfehler behafteten Theodolit Horizontalwinkel durch das Anzielen
von unter gleichen Hohen- und Tiefenwinkeln erscheinenden Punkten, in zwei
Fernrohrlagen gemessen werden. Der Unterschied der in zwei Fernrohrlagen
gemessenen Winkelwerte ist ndmlich in der Aufwérts- und Abwartsrichtung
nicht gleich groB. Der Grund hierflr liegt darin, daR die Winkelwerte durch
die Kollimationsfehler oben und unten mit dem gleichen Vorzeichen, wéhrend
durch die Kippachsenfehler mit entgegengesetztem Vorzeichen beeinflufit
werden. Die Wirkung der Kollimation wird demnach einmal zum Kippachsen-
fehler hinzuaddiert, ein andersmal aber von diesem subtrahiert. Demzufolge
meldet sich die scheinbare Anderung des Kollimationsfehlers auch bei dem
Anzielen von Punkten gleichen Hohen- und Tiefenwinkels.

— Nach der Eliminierung des in der horizontalen Fernrohrlage be-
stimmbaren wirklichen Kollimationsfehlers miften eigentlich die scheinbaren
Kollimationsfehler der Punkte gleichen Hdhen- und Tiefenwinkels einander
gleich sein. Bemerkt man trotzdem eine Abweichung, so muB daraus auf einen
Taumelfehler der Kippachse, eventuell auf ihre Ovalitdt gefolgert werden.

Fir das Prifen des Kippachsenfehlers durch Winkelmessung werden
in der Fachliteratur im allgemeinen solche Prifmethoden beschrieben, die nur
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mit einem Hdéhenwinkel erfolgen. Eine Prifung hei nahezu gleichen Hdhen-
und Tiefenwinkeln wird nur im Standard GOST 20063-74 vorgeschlagen [s],
doch auch hier werden die Vorteile dieser Methode nicht dargelegt.

Zur Verminderung der vorher erwé&hnten Fehler ist es zweckmé&Rig, die
Untersuchungen der Kippachse bei gleichem Héhen- und Tiefenwinkel durch-
zufihren, und dann aus den erhaltenen Ergebnissen die Mittelwerte zu bilden.
Nach unseren Erfahrungen ndhern sich die auf diese Weise erzielten Kipp-
achsenfehlerwerte am besten den mit dem Justierkollimator bestimmten
W erten. Die Ergebnisse der nur mit den Hohenwinkeln -)-a, oder —ce durch-
gefuhrten Prifungen wichen hiervon in Einzelfdllen selbst um 10"—15" ab.
Bezuglich der GrofRe der Ursachen, welche diese Abweichung bewirken, sei
hier folgendes bemerkt: Wenn sich das eine Ende einer 10 cm langen Kipp-
achse beim Drehen im Lager nur um 0,01 mm hebt, dann &ndert sich die
Kippachsenschrdgheit um 20,6". Durch diese Kippachsenfehler kann beim
Anzielen unter einem Hdéhenwinkel von a = 30° der am Horizontalkreis abge-
lesene Wert um 12" falsch sein.

Priafung mit Reitlibelle

Die Kippachsenschrdgheit kann bei einzelnen Theodoliten auch mit der
Reitlibelle gepruft werden [7], (S. 154). Nach unseren Erfahrungen aber weicht
der auf diese Weise ermittelte Wert der Achsenschiefe gegebenenfalls von den
mit anderen Methoden bestimmten Werten ab. Dieser Unterschied kann u. a.
auch dadurch verursacht werden, dall die Aufliegefliche der Kippachse im
Lager zum Laufring der Reitlibelle nicht parallel ist. AuRerdem kann auch
das Taumeln der Kippachse und die Ovalitdt der Achse Abweichungen ver-
ursachen. Die erwédhnten Fehlerquellen kénnen mit der Reitlibelle so geprift
werden, dall die Libelle bei verschiedenen GrdRen der Fernrohrneigung auf
die Kippachse aufgesetzt wird. Wegen der Unsicherheit des Aufliegens und
der voéllig nicht vermeidbaren Kreuzungsfehler der Libelle hat aber diese
Prifung an sich keine befriedigende Genauigkeit mehr. Betreffs der Auto-
kollimatorprifung der Auflageflache der Reitlibelle ist ein leicht ausfiihr-
barer Vorschlag in [¢] zu finden. Eine elegante Kippachsenprifmethode ist
noch in [9] beschrieben.
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MPOBEPKA FTOPW3OHTANLHOW OCU TEOLO/NINTOB
A. OPBAH

PE3IOME

MpoBepKa ropm3oHTaIbHOM 0CK TEO0/IMTOB MMeET 3HaUYEHWe B NEPBYHO o4vepedb He C reo-
[le3MYEeCKOW, a NpMBopOCTPONTENIbHOM TOUKM 3pEHMUS, TaK KaK M3MeHEHWE MOM0XKEeHNs1 FTOPU30H-
Ta/lbHOW 0CU MOXET BbI3bIBaTb HEKOTOPbIE APYr1e Byibl MOrPeLLHOCTU UHCTPYMEHTA.

Hapsify ¢ M3N0oXeHUeM 3TUX, cenaeM AasibHelLllne 3amedaHus Mo MOBOAY WM3BECTHOMO
B/INSIHUS OLUMOGKM rOPU30HTa/IbHOM OCU Ha FOPU30HTa/IbHbIE U3MEPEHMWS YII0B U NPOEKTUPOBa-
HMs ToueK. [logpobHO paccMaTpuBalTCA B/MSIHUA KOMUIMMALMOHHON OWMOKM WM HaK/oHa
BEPTUKaNIbHOW OCK Ha MPOBEPKY FrOPU30HTasIbHO Ocu. 3naraeTcs Hanbosee NoAXOAALL A MeTOZ
1N Npnéop (PeryMpoBOYHbIA KONAUMATOP) ANS NPOBEPKU.

B cBA3M € 3TMM 06paLLlaeTcsl BHUMaHWe Ha HEKOTOpble OLUMGOYHbIE MPeACTaBNeHUs], BCTpe-
yawuimecs B nnTepaType. HakoHel, BKpaTLe YNOMUHAETCA NpoBepKa ropu3oOHTa/IbHOM ocy npu
MOMOLLM HaK/afHOT0 YPOBHSI M KPUTMKa 3TOro MeToja.
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In the first part of the paper the geological-geophysical structure below the observatory
near Nagycenk is reviewed. A detailed analysis is given on the determination of the magneto-
telluric sounding curves and on the geoelectric layer sequence. In the second part, earth cur-
rent (telluric) and magnetic instruments of the observatory are described, and the parameters
of the recording summarized. Finally the processing of the data is outlined with an estimation
on the reliability of the different parameters and indices on a routine basis. Some effects
disturbing the recordings are also reviewed.

Introduction

Since the beginning of the International Geophysical Year (IGY) in
mid-1957, earth currents, since 1961, geomagnetic elements have been recorded
at the geophysical observatory near Nagycenk in Hungary, situated 15 km
to the East from the town Sopron at the Southern shore of the Lake Fertd.
A study of the atmospheric electric parameters began in 1960, the ionospheric
research with the recording of the absorption of radiowaves in 1966. The
present paper reviews earth current and geomagnetic studies carried out in
the observatory and supplements earlier descriptions [Adam and Vers, 1958;
Adam et al., 1967]. It contains informations on the geological-geophysical
structure, on instrumentation and principles of data processing methods.

Geological and geophysical structure of the observatory site

The crystalline schist mountains of Sopron is thrust into a depth of
about 2000 m along a NE—NW striking fault towards SE from Sopron, in the
line Balf—Kdphaza—Magyarfalva. The deep range beginning here is closed
towards E by a high corresponding to the Mihalyi gravitational maximum.
The crystalline basement has an amphitheater-like structure open towards
SW in the vicinity of the village Nagycenk. The observatory lies on the North-
ern slope of this local deep. The thickness of the sediments is here about
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Fig. 1. Telluric isoarea map. — isoarea lines, O measuring point and its area value
(area of the relative telluric ellipse)
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observatory

Fig. 2. Basement depths deduced from telluric measurements along a profile S of Lake Fert6
with the axes of the relative ellipses

1500 m. The relief of the basement has towards East several deeps and
lows etc.

The crystalline basement is in a significant physical contrast with respect
to the loose sediment overlaying it. It can be traced by gravimetric, seismic
and geoelectric methods, and from the results of prospecting works with these
methods, the main changes of its depth are rather well known. So e.g. in con-
nection with the planning of the regional water supply of the Sopron area
a detailed geological-geophysical survey has been carried out at the W and
S shores of Lake Ferté in 1977. The relief of the basement was determined
by seismic and geoelectric methods and the results of the two methods were
well correlated. Figure 1 presents the geoelectric (telluric) isoarea map along
the shore of the Lake Fert6; Fig. 2 the geoelectric E—W profile to the South
of the Lake [Wallner, 1977]. The basis station of the telluric measurements
was in the observatory lying roughly near the centre of the profile. On the top
of the profile, the axes of the relative ellipses can be seen which reflect the
depth changes of the basement by direction changes. This geological situation
is important for the observatory, as at least a part of the anisotropy observed
in the frequency range of the pulsations can be explained by these near-
surface structures.

Deep electric conductivity-distribution

If connections characteristic for the upper atmosphere and represented
by the primary electromagnetic field are to be deduced from the time series
of an electromagnetic observatory, the induction effect in the subscil must
be taken into account. This effect can he described by the transfer function
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between the geomagnetic field and the electric field in function ofthe frequency
of the electromagnetic variations. From the transfer function, the distribution
of electric conductivity can be determined by using e.g. the magnetotelluric
(MT) method.

The first magnetotelluric data from the observatory Nagycenk were
published at the beginning of the sixties [Adam, 1962, 1963]. The first sound-
ing curves computed in the directions N—S (ar) and E—W (y) were later ex-
panded from the frequency range of the pulsations to the low harmonics of the
daily variation, Sqand computed with a higher accuracy [Adamand Veré, 1967].
The layer sequence corresponding to the px-curve was approximated by a
theoretical ID model [Adam, 1968]. As in the seventies a change has been
observed in the values of gx and @ at periods shorter than 100 s, a repeated
determination of the sounding curves was necessary, now using the MT data
processing program of the Institute [Vers, 1972]. This program yields the
extrema of g (Fig. 3, gmax and Rmin) together with their directions (Figs 4
and 5). The reliability of the values is given by the RMS error corresponding
to the medians for g, and for a, by the scatter of the individual averages.

Negycerk

Fig. 3. Magnetotelluric £-maxX" and £mjn-curve of the Observatory Nagycenk
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Fig. 4. Directions of the MT pmax-values in the Observatory Nagycenk

Fig. 5. Directions of the MT pmjn-values in the Observatory Nagycenk

The sounding curves have been obtained from, three types of records:

— in the frequency range of the pulsations, JAT= 3—50s12 with mag-
netic sensors MTY-2, the observatory plumb electrodes, and a common photo-
recorder with a paper speed of 6 —20 mm/m;

— in the frequency range of substorms, ]jT = 45—100 s1/2, with an

Askania variograph (paper speed 20 mm/h) and earth currents recorder
(26 mm/h);
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Fig. 6. Error limits of MT £max"curve of Nagycenk in comparison with the theoretical ID model
(thick line ID model curve, thin lines error limits of gmax curve)

— the harmonics of the daily variation (Sqg) (/T >100s12) with La Cour
type variometers (15 mm/h) and with the same earth currents recorder
(26 mm/h).

All earth current measurements were made on the plumb electrodes
of the observatory, being in use since about 20 years (distance of electrodes
500 m).

In case of the first two ranges, the records have been digitized with an
appropriate digitizing interval (between 0.3 and 3 mm on the record), in case
of Sq, the hourly mean values were used.

The sections of the curve determined with different instruments overlap
each other quite well. The maximum RMS error of the gmjn values is zb14%,
that of the gmax values zb9%.

It can be seen from Fig. s that the ID MTS curve determined in the
sixties lies between the error limits of the gmax curve till a period of J/"T =
= 80 s12 In the frequency range corresponding to the harmonics of Sq, the
model curve differs from gmax, but intersect each other only at the first har-
monics of Sg. Thus the depth of the first conducting layer in the upper mantle
of the asthenosphere is according to the new curves the same within the error
interval as in the previous model, while the conducting layer supposedly
corresponding to the phase transition of the rocks is nearer to the surface.
The inaccuracies of the MT values computed from the Sq harmonics were
already studied in 1963 [Adam, 1963, 1965].

The ID models computed from the curves gmax and gmin are given in
Table 1. By changing the parameters so that the curves remain within the
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error limits, the inaccuracies of the layer sequence have also been studied.
It is evident that the parameters of the model are intercorrelated i.e. a change
in the MTS curve can be approximated by the change of several parameters.
In the present error computations these correlations are not taken into ac-
count, each parameter has been individually changed, therefore they are
only approximative values. As a summary it can be concluded that a con-
ductivity increase appears in three depth ranges in accordance with the pre-
vious model: in the crust (at 17.6 km from gmin), in the asthenosphere (at

Table |
Geoelectrical layer sequences of ID model computed from the curves gmm and omax of the Observatory
Nagycenk
Thickness Resistivity
Layer an [km] e [o»]
| 1.60 2.30 SI= 690 70R -1
(dh2= 1.6 j2km)
+ 500
2 16.00 = 2.50 200.00
- 60
3 1.00 1.50 S3= 650+ 120R “1
(Ah3= 1+ ™ km)
4 60.000 = 9.0 80.00 £ 50.00
5 230.00 + 40.00 6.00 £ 0.80
6 0.10
Thickness Resistivity
Layer an [km] e [On]
1 1.50 + 0.40 8.00 £ 1.00
2 4.00 £ 1.50 16.00 + 3.00
3 8.00 = 3.00 28.00 = 5.00
4 15.00 + 15.00 45.00 + 10.00
5 55.00 + 10.00 + 50.00
90.00
- 25.00
6 15.00 8.00 Se= 1900 + 1250 B -1
(afob = 157 km)
7 200.00 £ 25.00 20.00 = 4.00
8 0.10
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78 km from £mjn, and at 83 km from gmax)» respectively, further in the depth
range of the phase transition of the rocks (?) (at 310 km from gmjn, and at
300 km from Qmax, respectively).

As it has been shown earlier [Adam, 1963], the direction of pmax changes
in the period range studied. From ENE —WSW it turns towards N—S, and
in the period range of substorms and Sq, it reaches the latter direction.

In addition to this direction change, there is a clear change in the direc-
tion of gmax in the Pc 3 range around 25 s which has been observed at several
stations in the Carpathian Basin, therefore it is connected with the regional
MT anisotropy of the area (see on the intersection of the gx and gy curves
in Adam (1969)).

The instruments of the observatory

The electromagnetic recording instruments of the observatory have
mostly been produced in the Institute, with the exception of some generally
used magnetic instruments (La Cour-type variometers). These have been
described in earlier publications, here the main characteristics are summarized
in tables (see Tables Il and IIl).

Absolute magnetic measurements are made in the observatory only with
control purposes about biweekly using Danish QHM and BMZ instruments
and a magnetic theodolite. The magnetic basis observatory in Hungary is
the Observatory Tihany where the absolute values are regularly compared
with neighborous countries and the observatory Nagycenk.

Geomagnetic data processing

The most important data of the records made in the observatory have
been determined continuously since the beginning, possibly with the same
method, and a part of them is also published in the observatory reports. These
data are not the same as determined and published by other observatories,
as we consider our main task a continuous monitoring of shorter period varia-
tions. The determination of the secular variation, i.e. the measurement of
the absolute magnetic elements is carried out only by comparing them to
neighborous observatories, as mentioned earlier.

The main aim of the processing of shorter period variations is to produce
time series in a possibly wide range of frequencies with good time resolution.
For this purpose different kinds of instruments are necessary (see Tables Il
and I11). The observatory data contain inevitably local influences, such as
geographic situation: latitude and longitude, geologic structure, etc. In order
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186T

Task

Recording of longer period va-
riations (Normal recording)

Recording of the geomagnetic
pulsations (Rapid run)

High resolution recording of
pulsations (ultraquick record-

ing)

Task

Recording of longer period va-
riations (Normal recording)

Recording of Pc 1type pulsa-
tions

Digital system with 1 min
sampling interval

Table M

Telluric (earth current) instruments
(Distance of the electrodes: 500 m)

Mode of operation, paper speed Type of the instrument

continuous, 20 mm/h T9

continuous 6 mm/min T14A

on world days 20 mm/min T9
Table 1M

Magnetic instruments

Mode of ti .
oo os%eer:dlon paper Type of the instrument

continuous 15 mm/h La Cour-systems
normal system

sensitive system

pen recorder continuous dur- induction coil
ing night time, analogue

magnetic tape recorder on

special intervals

experimental magnetic variometers

MTV-2

Components re- Scale value
corded mV/km/mm Reference
2 0.18 Adam, 1956
2 0.15 Adam, et al., 1962
2 0.15 Adam, et al., 1962
Comggrré%r&ts re- Scale value Reference
3 4—5nT/mm
2(mo D) 15nT/mm
1(N-S) max. 2 m10-4 Adam et al., 1977
nT/mm
between 0.8—1.5Hz
3 1+10'2nT, for the magnetic in-

linear below 1 Hz strument, Adam
and Horvath,

1976
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to eliminate these effects a greater observatory network would be necessary
(e.g. the effect of the local time can be eliminated from pulsations data using
3—4 longitudinally well distributed stations). As long as such a station net-
work does not exist, our observatory data are published in local time, or more
correctly in Central European Time, approximating rather closely the local
time (CET = LT — 7 min).

The use of CET does not cause considerable errors in this case, as the
basic interval of the data is either 1 hour or 30 minutes, thus a transformation
into UT does not mean any problem.

15h 18h 2lh CET
August 9. 1980
Amplitudes in the North-South component/in 0.18 mV/km/

o' mn 1 - - 1 - - 1
2- 6 mn - - 1 1 - 1 2
6-12 min 2 3 2 2 2 1 1
12-24 min 8 . 8 3 - - -
24-60 min - 28 - 4 2
Amplitudes in the East-West component/in 0.18 mV/km/
0- 2mn 1 1 - - - - 1
2-6 mn 1 1 2 - 4
6-12 min 2 2 2 2 2 1 2
12-24 min 7 5 9 3 2 2 5
24-60 min - 30 - - - 7

Fig. 7. A sample of the earth current normal record from August 9, 1980, and the correspond-
ing part of the processing with the amplitudes in the 5 period ranges. The amplitudes in each
hour are given below in mm of the original record corresponding to 0.18 mV/km
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Amplitudes in the North-South component/in 0.18 mV/km/

0- 2 min 1
2-6 min 1
6- 12 min 2
12-24 min

24-60 min 1

Amplitudes in the East-West component/in 0.18 mV/km/

0- 2min 1 1 1 - - 2
2- 6 min 1 1 1 - - 1
6-12 min 2 2 1 2 2 1 2
12-24 min 6 2 3 2 2 5
24-60 min 2 4 - - 2

Fig. 8. A sample of the earth current normal record from August 10, 1980. Notations as in
Fig. 7

The daily variation of the geomagnetic elements is determined on the
usualway from the results of the recording with La Cour-type magnetic variom-
eters and T9 type telluric instruments. The daily variation of the 3 magnetic
components and ofthe 2 electric components is averaged for individual months,
years, quiet and disturbed days. For the latter, days are chosen by taking
into account the telluric current activity, too, i.e. by considering with higher
weight the shorter period variations, and not by accepting the international
D and Q days.

From the earth currents records, activity in five period ranges is con-
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tinuously determined for each hour by subjective estimation. The average
hourly amplitudes are estimated in the following period ranges:

K1 o— 2 Mmin
K2 2— 6 Mmin
K3 6- 12 Min
K4 12- 24 min
K5 24-60 min.

On the basis of the hourly amplitudes, daily averages are computed, which
are then converted into daily activity indices using Table IV.

In addition to daily averages, the daily variation of the activity is
determined separately for each month, for the year, for quiet and disturbed
days.

The occurrence frequencies of the indices for each range had been iden-
tical in a basic interval in the first years of the observatories; since then the
occurrence frequencies have not been any more identical partly due to changes
in the geomagnetic activity, partly due to changes in the subjective scale of
the person making the estimation.

The following should be remarked in connection with these activity
indices K1—K5 and their basic material:

The index K1 and the period range 0—2 min is mainly characterized
by the pulsations of the type Pc 3—4. The night time Pi 1—2 impulses in-
fluence the index only insignificantly, hut they cause some slight increase
of the average amplitude around midnight.

The index K2 and its range 2—s min has somewhat the character of
a mixture, including long period, Pc 5—s type pulsations, short (si-type)
impulses, etc. Anyway, this band is closely correlated with the geomagnetic
activity; its scale is, however, too high, most likely due to a change in the
subjective estimation, i.e. the daily indices are generally very small.

Table IV
Limits between K-values

Values in 10~6 V/km

0—1 -2 23 34 45 56 6—7 —8 8—9

K1 2 4 7 13 18 23 29 41 54
K2 9 13 18 23 29 34 41 56 90
K3 16 22 25 32 38 45 56 83 120
K4 34 43 54 70 85 101 124 151 202
K5 29 43 67 88 110 131 191 234 339
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The third band, K3 with ¢ —12 min, has clearly, noise-character. The
average amplitudes lie mostly between 0.3—0.4 mV/km, the index is then 4.
Lower activity is very exceptional, higher one occurs only on very disturbed
days. Here both the noise-character and some subjective influence are present.

The index K4 and the activity of the corresponding band is similar
to K3, the variability of the index, however, much greater. It can be said
in general that the index K4 (and K3, too) is greater in the descending part
of the geomagnetic activity [Veréd, 1959].

The index K5 with the period range 24—60 min contains essentially
the substorm-type activity.

In our opinion these indices can be distributed into 3 groups: the most
reliable ones are K1 and K5; K2 and K4 can be practically used, and K3 is
of little value. As the indices are now determined for two solar cycles, it is
not intended to change the method for their determination taking into account
that in the rather near future they should be determined digitally. For this
purpose, several experiments have already been made.

On the basis of the & mm/min earth current record, pulsation data are
determined in a greater time resolution. Here 12 period hands are used:

Pl: 1-5 s,P2:5-10 s, P3: 10-15 s, P4: 15-20 s, P5: 20-25 s,
P6:25-30 s,P7:30-40 s, Ps:40-60 s, P9: 60-90 s, P10: 90 -
—120 s, PIl: 2—5 min, P12: 5—10 min.

Occurrence Amplitude (E-W component)
... 20-25S 25-30s... 60-90s 90-120s....... 20-25s 25-30s... C0-90s 90-120s...
8h30m-9h 00OM T - - - 1 1 10 10

August 5, 1980
08h 30m 09h00m

Fig. 9. A sample ofthe earth current quick run record from August 5, 1980, and the correspond-

ing part of the processing with occurrence frequencies and amplitudes (in 0.18 mV/km) in

the 12 period ranges (here only period ranges, in which activity was noted, are shown). The

chosen part of the half hour interval is denoted, all the values are taken from this part of
the record
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Occurrence Amplitude (E-W component)
...5-10's 60-90s 90-120s..........5-10 s 60-90s 90-120s...
22h00m-22h30m pt - - - trace 48 10
22h 00m August 22h30m

Fig. 10. A sample of the earth current quick run record from August 6, 1980. Notations as in

Fig. 9
Occurrence Amplitude (E-W component)
... 15-20 S v 15-20 s ...
7h 00m-7h 30m 0 3
August 20,1980
7h 00m 7h30 m

Fig. 11. A sample of the earth current quick run record from August 20, 1980. Notations as in
Fig. 9

The presence of any activity in these bands is examined in 30 min inter-
vals, and in all such intervals, where an activity of a certain band is present,
its amplitude is also found. These data constitute the pulsation catalogue
which is therefore a description of the pulsation activity in all 30 min inter-
vals using the most typical part of the interval. The catalogue also contains
descriptive letters for the characterization of the pulsations. Occurrence and
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amplitude data are summed daily, and based on these sums, a daily activity
index having the values 1—5 is attributed to all bands. The published indices
are determined on the basis of the occurrence frequency; amplitude indices
are also determined, but they are not published, as they are somewhat less
reliable than occurrence-type indices. The occurrence frequency of the 5 pos-
sible different indices was equal in a basis interval; later changes in the sub-
jective estimation of the activity were eliminated by changes of their scales.
Such changes are inevitable in case of personal changes. Therefore the pulsa-
tion indices Pl —P12 are comparable only within one year.

The indices P1 —P2 are rather unsure in consequence of the parameters
of the recording, even the uniform distribution could not be reached in the
basis interval, as the activity of these bands is often absent during full days,
i.e. the index has a priori the value 1. A similar but less strong uncertainty
has been observed in case of the indices P Il —P12, which are too long in
comparison to the recording speed.

Data on the Pc 1 activity from recording with the induction coil are
at disposal from a comparatively short time. For comparison, a catalogue
is being made also from these data, which contains the occurrence time and
amplitude of all Pc 1-events, and on the basis of the total daily occurrence,
daily Pc 1-indices are also determined. This experimental Pc 1 will substitute
the P11 index of the quick-run earth current recording with the difference
that the Pc 1-index contains only regular variations (no Pi 1), while P11 all
variations in the corresponding period range.

Observatory data include in addition to the already listed ones special
events found in magnetic and earth current normal or quick-run records (ssc,
b, pi, si, and short impulses, i.e. so-called “needles”). Fourier-coefficients of
the daily variations of the 5 electromagnetic components are also computed
and published.

For inner use, local activity indices are determined on the basis of the
maximum 3-hour amplitudes of the magnetic and electric components neglect-
ing the daily variation (M and T, respectively). As the scales are linear, they
can be compared to local ap indices, but their possible values are 0—9, i.e.
for activities greater than corresponding the limit of the index 9, the final
index is always 9. These indices are used exclusively for investigations where
local time -|- activity appear together.

From the data mentioned, the indices K1 —K5 and their original data
are at disposal since August 1957, the indices Pl —P12 and the catalogue
with somewhat more interruption since 1966, but yearly averages cannot be
compared in these cases due to already mentioned causes. Pc 1 recording
is operating with several interruptions since 1976.

Two questions can be raised in connection with these indices. At first,
they are deduced with the exception of the Pc 1 index from earth current

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



GEOPHYSICAL OBSERVATORY NAGYCENK | 349

measurements; how does this fact influence the results? The second question
concerns the long-term stability of the subjective estimation of these indices.

Let us consider the first question. Figure 3 shows that the ratio of the
extremal magnetotelluric resistivities is generally less than 2 ; the value of the
impedance changes between periods of 10 and 1000 s by a factor of 1.5, above
1000 s, the changes are significantly greater reaching the factor 3. It seems
therefore to be justified to substitute the magnetic components with the cor-
responding earth current ones bearing in mind the possible differences of the
values given here.

The constancy of the subjective estimation can be controlled among
others by comparing its values to some interplanetary parameters. A com-
parison of the 23 years long K1 series with solar wind data (from about
16 years) has shown that the level suffered no significant changes. In case of
the P 1—P12 indices, the levels are in each year different, as explained earlier.

The reliability of the system earth current instruments -j- cables -)- elec-
trodes can also be evaluated on the basis of 23 years of experiences. The area
of the Nagycenk observatory is exceptional in Hungary, as it is practically
free of electric noises from a frequency of about 1 Hz to DC, or more exactly,
if there are noises, then these are produced by the observatory itself. Such
noises are mostly due to faulty electric network, not corresponding to the
inner prescriptions and they can be in the majority of cases eliminating the
grounding of the neutral point. The observatory area is anyway a nature
preservation area and the consent of the Institute is necessary for all buildings
in the neighbourhood.

The scale values of the instruments can slightly change during longer
time. In case of a change of 5% they are eliminated by the change of resistiv-
ities (a change can cause certain changes in the subjective estimation). Such
a stability is necessary to exclude the changes due to scale value differences
in the subjective estimations. Such changes are necessary once in about
4—5 years.

The cables were laid down in 1963. They are armoured cables; earlier
simple cables had been used without outer protection. During the 17 years,
no problem was detected with the cables. At present, the cables on the humid
part should be exchanged due to a decrease in their insulation.

The total resistivity between electrodes is regulated to a constant value
with the help of a Wheatstone-bridge. Thus changes in the resistivity of the
circle do not influence the scale value of the recording. The electrodes them -
selves are lead plates with a surface of 2 m2 they have been buried since 1963
between two layers of clay. An electrode has been buried out since then for
control purposes, but no remarkable changes were found not regarding some
corrosion, and the measurements remained also unaffected by electrode
problems. In our opinion the lifetime of such electrodes is about 35—40 years.
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Some meteorological effects influenced the measurements of earth cur-
rents. One of such effects is heavy rainfall (about 50 mm rain in two days)
or strong thaw with a comparable amount of water. In such cases the elec-
trodes are most likely inondated by water or they lie in streaming water, and
the potential of the electrodes changes after such events for a maximum
of 30—50 days rather strongly. The changes are normally about of a value
of 0.01 mV/day, after such heavy rains they are by one or several orders of
magnitude higher, reaching a value of 1 mV/day in certain cases. Such great
water quantities are rather seldom, as an average one case in five years can
be given.

The second meteorological influence is the lightning stroke. Due to them,
sudden potential differences appear either by electrochemical processes or
by static loading. The impulse like change decays in about 2—4 hours, maxi-
mally in one day. Such near lightning stroke occur in summer months about
once in each month.

On the basis of all these, we can characterize the indices ofthe Nagycenk
observatory as follows:

Long, reliable data series: K1, K5, P3—P10

Less reliable, long data series: K2, K4, P2, Pli, P12

Unsure indices: K3, P

Short data series: Pc 1l-indices

Local indices, long series: T and M.

As it has been already mentioned, experiments to begin with the digital
recording are for a longer time being carried out. We should like to determine
similar indices from the digital data. It is clear that the methods of determina-
tion cannot be equivalent, nevertheless the experiments are aimed to reach
the possible best overlapping.
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SNIEKTPOMAIHNTHAA OBCEPBATOPNA B HAAbLLEEHKE
A AQAM-. BEPE —/. L. MUAETWUY-N. XONNO-A. BAJHEP

PE3FOME

B nepBoii YacT paboTbl PacCMaTPUBAIOTCS reo/0ro-reoduMsnyeckre yCioBus Mnoanoysbl
o6cepBaTopun B HafblieHKe, 1 NOAPO6HO M3NaraloTcst MeToAbl OnpeeneHnst MarHUToTeNTypu-
YECKMX KPUBbIX 30HAMPOBAHMIA, @ TAKXKe [jaHHbIe Fe03/IEKTPUUECKON CBUTbI. Bo BTOpOIi YacTu B
Buae Tabnuu NpPeaCcTaBNsSOTCA TEeNNYPUUECKMe U MarHUTHbIe NpuGopbl o6cepBaTopmmn 1 napa-
MeTPbl Hab/MoAATENbHOM 1 PErMcTPaLMOHHON TeXHUKU. B 3aK/loueHne onucbIBaeTesa cTaHaapT-
Has 06pa6oTKa AaHHbIX C OLEHKaMN Hafie)XHOCTM PasHbIX NapamMeTpoB v noKasaTeseid.

PaccmaTpuBaroTCsl HeKoTopble NepTypGaLMoHHble 3(eKTbl Mo MOBOAY 3anvcbiBaHUS
JaHHbIX.
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THE GEOPHYSICAL OBSERVATORY NEAR NAGYCENK
Il. ATMOSPHERIC ELECTRIC AND IONOSPHERIC MEASUREMENTS

P. BENCZE
CAND. GEOSCI.
F. MARCZ
GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN ACADEMY OF SCIENCES, SOPRON

The measuring site, the equipments used for atmospheric electric and ionospheric meas-
urements in the Geophysical Observatory near Nagycenk, as well as the processing of the
records are described. The scaling of the instruments and supplementary measurements,
necessary for the control of the recordings, are also discussed.

Introduction

Since it was planned that in the observatory all six components and
possibly the whole spectrum ofthe geoelectromagnetic field should be recorded,
in addition to the components of the geomagnetic field and earth currents
the measurement of the vertical electric component in the air, i.e. that of
the atmospheric electric potential gradient has been started in 1961. During
disturbed periods (cloudy weather, thunderstorms) if the field strength reaches
the breakdown voltage, point discharge current, proportional to the field
strength, occurs. For the investigation of such periods the recording of point
discharge currents has been started already in 1960.

The geoelectromagnetic field is influenced at a given recording site not
only by the structure of the underground, but also by the state of the iono-
sphere. Thus, the measurement of ionospheric absorption of radio waves as
a complementary investigation has been carried out since 1966.

The brief description of the site and the instruments was published
earlier [1]. In this paper a review of the atmospheric electric and ionospheric
measurements will be given, as well as the description of the measuring tech-
nique and the data processing in [1] will be completed.

The measuring site

Reliable atmospheric electric and ionospheric measurements can only
be made in an undisturbed environment. Atmospheric electric investigations
require a possibly flat ground far from high-voltage power lines and sources
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of air pollution. As regards ionospheric measurements, the noise level should
be small at the observing station. Efforts were made to meet these require-
ments in the observatory. The boiler, assuring the heating in the observatory
is mounted in the dwelling located north—eastwards from the measuring site,
while the prevailing wind direction is west—north—west. To avoid inhomoge-
neous ionization of the air due to the radiation of enrichments of radioactive
materials in the soil, the place assigned for the mounting of the atmospheric
electric measuring gauges was surveyed by means of a Geiger counter. Anom-
alies indicating the presence of such enrichments have not been found.
The observatory is supplied with electric power from the nearest village, the
cable in the vicinity of the observatory is buried.

Atmospheric electric measurements

The vertical electric component of the geoelectromagnetic field can be
measured in the air. The vertical electric component is, however, the resultant
of field components of different origin. Besides the slowly varying field due
to the global atmospheric electric circuit, fluctuations attributable mostly
to local sources (clouds, air parcels having an ion concentration different from
their surroundings and drifting with wind, rainfall, fog, snow) are recorded.
There occur variations, for which a connection with the geomagnetic pulsa-
tions of extraterrestrial and magnetospheric origin can be proved. Finally,
with increasing frequency the sources of the geoelectromagnetic field become
lightning discharges. The study of these different contributions to the vertical
electric component can be achieved with different methods and equipments.

At present only the slowly varying field is recorded. A radioactive col-
lector is used to equalize the potential appearing in an altitude of 1 m above
the surface of the ground and that of the input of the equipment. The radio-
active collector has a time constant of ~ 30 s and cannot follow variations
of a period less than 30 s. According to our investigations [2] the radioactive
preparation corresponds to a transitional resistance of 1.7 « 1012 Q in the
substituting circuit of the apparatus. The case containing the radioactive
preparation and attached to a vertical rod is held by a double walled insulator
with an insulation resistance of 4 « 1013 Q. The input resistance of the measur-
ing apparatus is another important factor in case of the recording of the
atmospheric electric potential gradient, as the voltage of a power supply of
high inner resistance has to be determined. The measuring apparatus consists
of a triode, the anode of which is connected with the radioactive potential
equalizer and the potential of the anode controls the grid current. This circuit
has an input resistance of 1 « 1013 Q. Both the filament voltage (4 ¥) and the
voltage (250 V) necessary to hold the grid-cathode system at a positive poten-
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tial as compared to the anode are supplied by a stabilized power supply unit.
The variations of the grid current due to the changes of the atmospheric
electric field are recorded photographically by means of a sensitive galvanom-
eter. The equipment is scaled weekly by putting the collector in an artificial
electric field. This is produced by a regulated high voltage power supply
between the ground and a metallic net. The latter is placed over the case
containing the radioactive preparation. Moreover, the scaling net is also placed
over the collector and grounded every day for some minutes to mark the zero
field on the record by a zero line. The sensitivity of the equipment is adjusted
so that a deflection of 10 mm on the record corresponds to 100 V. The speed
of the recording is 20 mm/hour. Hourly time signals are given by the central
digital clock, which is continuously controlled by comparing it with the
markers of the time-signal transmitter Mainflingen (FRG).

The point discharge currents are observed by means of a tip made from
stainless steel. This is insulated and attached to the top of a vertical boom
mounted on the roof of a 3.5 m high building. Thus, the tip is in a height
of about 7 m above the ground. The currents flowing through the tip during
disturbed periods are recorded photographically with a sensitive galvanom-
eter. The recording speed is 20 mm/hour.

Processing of atmospheric electric records

Since atmospheric electric investigations in the Institute are mostly
connected with the study of the global atmospheric electric circuit, the records
of the atmospheric electric potential gradient are processed as described below.
First the hourly average deflection as compared to the zero line are deter-
mined. The zero line can be drawn by connecting the parts of the record cor-
responding to the times when the grounded scaling net was placed above the
collector. Besides the determination of the hourly averages, the differences
between the largest and smallest deflection occuring within periods of three
hours and proportional to the atmospheric electric activity are also read.
The value of the potential gradient is obtained by multiplying the deflection
in mm with the scaling factor in V/m/mm, which is determined on the basis
of the weekly scaling.

Point discharge current records can be used for the determination of the
charge exchange between the ground and the atmosphere. The quantities
of positive and/or negative charges transported by point discharge, which
occurred within the interval of an hour are determined. They result from the
multiplication of an area (formed by the recording trace, the hourly time
markes and the zero line) with the charge sensitivity of the equipment.
The charge sensitivity can be obtained by multiplying the current producing
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a unit deflection (A/mm) with the reciprocal of the recording speed (s/mm).
The various features appearing on point discharge current records and their
interpretation are discussed in detail in [3].

lonospheric measurements

Nowadays, first of all the use of ground based methods is reasonable,
which allow the investigation of the lower ionosphere, i.e. the region inacces-
sible by direct satellite measurements. In the observatory one ofthese methods,
the measurement of the absorption of radio waves obliquely incident on the
ionosphere (method A3) is used. For the measurements transmitters of long
wave (LF) and medium wave (MF) bands have been chosen. They have to be
located in suitable distances from the observatory, i.e. the condition of an one
hop reflection should be given and the field strength of the reflected wave
must be comparable with that of the ground wave. At present the field strength
of the reflected wave of the transmitter Ceskoslovensko (272 kHz) is continu-
ously recorded and in addition the transmitter Bratislava (1098 kHz) is experi-
mentally received.

The apparatus for the measurement of ionospheric absorption of radio
waves with the method A3 consists of an antenna system, a receiver and
a recorder. The antenna system is a vertical loop aerial combined with a ver-
tical rod antenna for the removal of the voltage, which remains, when the loop
aerial is set perpendicular to the vertical plane passing through the transm itter
and the receiver (minimum position). The receiver is a three stage amplifier
with two outputs of different sensitivity [4]. The less sensitive channel is used
for the determination of the night time absorption. The more sensitive channel
can be used for the study of the daytime absorption. The recorder, connected
with the output of the receiver is a compensograph with a recording speed
of 60 mm/hour. The apparatus is scaled daily by turning the loop aerial from
its minimum position into both directions by steps of five degrees till 30°
and by steps of ten degrees from 30° till 90° whereby the appropriate deflec-
tions on the recorder are read. Thus, the records are scaled by means of the
ground wave. The scaling is performed near noon, when the contribution
of the field strength of the reflected wave to the total field strength is the
smallest and its elimination is easier. Hourly time signals breaking the con-
nection between receiver and recorder as well as giving a small negative
voltage to the recorder are supplied by the central digital clock.

For the control of the ionospheric absorption measurements the absolute
values of the field strength of the earlier mentioned transmitters are measured
daily.
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Processing of records for the determination of ionospheric absorption

The records of the relative field strength of the reflected wave are proc-
essed according to international agreements [5]. The amplitudes are read
at times corresponding to predetermined solar zenith angles (40°, 50°, 60°,
66.4°, 72.5°, 78.5°, 85°, 90°, 100°). Since the recorded curve consists of fluctu-
ations in accordance with the rotation of the plane of polarization, the average
of the maximum deflections (envelope) for the period ranging from 10 minutes
before to 10 minutes after the time corresponding to a given solar zenith angle
is taken. On the basis of the daily scalings these averages are expressed in
units of the ground wave field strength (i.e. the average deflections are given
on the basis of the daily scaling with the angles, by which the frame antenna
should have been turned away from its minimum position to produce these
deflections on the record). At first the conversion coefficient is determined
by using the computed field strength ratios and an appropriate factor. This
factor can be computed on the basis of the propagation path as well as in
knowledge of the characteristics of the antenna and of the power of the trans-
mitter. It is supposed that neither the electrical properties of the ground
along the propagation path, nor the power of the transmitter do change and
the reflection height does not significantly vary. Finally, from the conversion
coefficient the corresponding absorption value is computed.
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FEO®PUNINYECKAA OBCEPBATOPUA B HAABIAEHKE II. ATMOC®EPHO-
SNEKTPNYECKME U NOHOCPHEPNYECKUVE WN3MEPEHWNA

n. sEHLUE-® M EPL
PE3FOME

V3noxeHbl MecTo HabnoAeHNs, NpPUGOpPbI, NPUMEHKMbIE 4151 aTMOCHePHO-3/1eKTPUYECKNX
1N MOHOC(epnyecKnx nsmepeHnii B HaabLIEHKCKO reom3nyeckoli o6cepBaTopmmn, a Takxe 06-
paboTka permcTpaumii. KannbpoBka npru6opoB U A06aBOYHbLIX M3MEPEHWUIA, HEOOXOANMbIX AN
KOHTPONSI perncTpauuii, ToXe NprBefeHbl B CTaTbe.
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As geoelectric and electromagnetic methods play a significant role in geophysical pros-

pecting in Hungary, it became necessary to solve the interpretation of complicated geological
structures.

The electromagnetic modeling laboratory built up in the Geodetic and Geophysical
Research Institute of the Hungarian Academy of Sciences in cooperation with several Hungar-
ian institutions serves this purpose.

To meet the modeling requirements an extremely wide frequency band modeling appa-
ratus was to be planned. This involves in its present form instrument packages for modeling
artifical frequency soundings using electric dipoles and for modeling some DC methods as well.

The large quantity of the measured data and the requirements for parameter calcula-
tions made it necessary to use computerized data processing.

This modeling apparatus has been used for investigations of high conductivity dykes
related to faulting zones in the Transdanubian conductivity anomaly. We have used this ap-
paratus in the bauxite exploration work of the Edtvés Lorand Geophysical Institute and for

modeling frequency soundings above inhomogenous basement structures for the Geophysical
Exploration Company.

Future developments involve a plane-wave field generation as well as developing of
magnetic sensing coil systems.

Aims for a model construction in Hungary

Geoelectric and electromagnetic methods play a significant role in geo-
physical prospecting in Hungary. There are three fields of exploration where
an increase of effectivity of these methods is especially justified in view of
both economic and scientific aspects.

1. Exploration of the Earth’s crust and upper mantle i.e. of deep
tures by electromagnetic induction soundings (magnetotelluric and geomagnetic
soundings). The geophysical information received by these methods is used for
formulating the geological exploration concepts and for implementing the
exploration strategies. Moreover, this information has also basic theoretical
value.
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2. Determination of the topography of the high resistivity basement
of the Pannonian sedimentary basin and of the sediment parameters in the
basin for the purpose of hydrocarbon exploration by artificialfrequency sound-
ings.

3. Exploration of shallow (less than a few hundred meters thick) sedi-
mentary basins in the Hungarian Middle Mountains Range and its foothills
for the purpose of bauxite ore and coal exploration by low frequency, mainly
DC geoelectric methods.

All in the listed exploration fields geoelectric methods have supplied use-
ful, in numerous respects requisite results. The basic mathematical—physical
formulas of these methods are deduced only for quite simplified models (usu-
ally only for one- or two-dimensional structures). Nature is much more com-
plex. The simple models may be regarded as rare limiting cases that describe
nature with various ambiguity. For this reason general acceptance has been
gained by analogue modeling in the interpretation process of geoelectric
(electromagnetic) data beside recent numerical methods generally used in the
interpretation of 2D structures.

To meet the requirements an extremely wide frequency band modeling
apparatus had to be planned. This in its present form involves two basic
instrument packages:

a) DC modeling apparatus

b) Apparatus for artifical frequency soundings (conductive model).

Media for modeling purposes (salt solution and model bodies) are con-
tained in all cases in the same large size plastic container (tank). The apparatus
for excitation and sensore may change according to the modeling requirements.
The mechanical tools for positioning and determination of spatial location
(coordinates) are always the same.

The paper describes the modeling apparatus and also shows some charac-
teristic results gained in the exploration fields described above.

Modeling laws

The laws of modeling are based on the Maxwell-equations. For sake
of completeness they are presented here in Dosso’s (1967) formulation:

rotke B O
1
i~ (1)
rot11  j — s (egoE) @] (2)
91
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where
B= ike+fiOH and j= aE

1 109 F
° 4n 9 m

jbh= 4n 10_7 H/m.
Let us make the following substitutions:
E = elE'; H= hOH'; a= aJS; D = d0D’ and t = t0T,

where E', H', D’ and T as well as and e are dimensionless quantities; €0, hQ,
a0, Dand to as well as //,, and eo are units of electric and magnetic fieldstrengths,
electric conductivity, length and time, vacuum magnetic premeability and
dielectric factor, respectively.

The Maxwell-equations 1 and 2 take thus the following form:

a7 (@)
BF'
rotH' R — -—--- yE'= O (4)
9T
where
_dofi[xo
= (5)
<0
0 __ d0esO
(6)
Yy — doffoS (7)

Equations 3 and 4 are invariant in case of changes in the units if the dimen-
sionless quantities a, B, y are invariant.

Assuming that eeo and ee0 are vacuum values and s = /r = 1, e0/h0 can
be eliminated from the equations. As a result one gets the following invariance
condition in case of changes in the units:

ffo/o (Ll = const (s)

that has to be fulfilled in natural (“t” index) and model (“m” index) circum-
stances. Thus one gets

<Tmfmden = 0,ftdf . 9

13* Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16t 1981



362 A. ADAM et al.

Measuring technology of the conductive frequency sounding model

Model experiments are carried out in a NaCl-solution with suitable
specific resistivity.1 The electrolite solution is contained in a 4 «3 +0.5 cu.m,
poliester tank. Structures of the basement are represented by high resistivity
model bodies. For the conductive measurements a selective measuring system
has been developed mainly for dipole—dipole electric frequency soundings.

The most important requirements for the measuring system were as
follows:

1. Generation of an earth-symmetric constant inducing current in the
10 kHz —10 MHz frequency range.

2. Measurement of the electric field by a selective microvoltmeter pro-
duced on the surface of the electrolite.

3. Comfort in the operation.

4. Possibility for automatization of measurements.

5. Possibility to determine the relative phase of the measured signal.

These requirements were met by a synthesizer generator and a syn-
chronously tuned (tracking) receiver unit. The synthesizer generator can
produce an output voltage of constant amplitude in 100 Hz steps [Kormos
et al.,, 1978]. This voltage controls a current generator as output stage that
is built together with the generating electrode pair. The proximity of the
current generator output to the generator electrodes is an important factor
because already a shunt capacity of some 10 pF would deteriorate the output
impedance of the current generator on a frequency of 10 MHz.

The selective microvoltmeter is a heterodyne receiver converting the
frequency of the measured signal three times [Regeni et al.,, 1978]. The auto-
matic synchronizing with the generator unit is enabled by the fact that the
signal of the first oscillator of the receiver is the same as one of the signals
that control the generator output. Namely the output signal of the generator
is produced by mixing: it is the difference between the signals of a fixed
frequency oscillator (being the same as the 1. IF frequency of the receiver)
and a synthesized digitally programable oscillator. The frequency of the
generator output and of the receiver input may be written as

font fin fprg fl

This solution fulfills requirements 3 and 4.

To meet requirement 5 it is necessary that the generator frequency and
all oscillator frequencies in the receiver should be synchronized to the same
reference signal i.e. these signals must be coherent.

1The specific resistivity of the solution can be controlled with an error of 2% by an
OK 102/1 conductivity-meter using normal KCIl-solutions as standards.
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Synthesizer Generator

Selective Microvoltmeter

Fig. 1. Simplified block diagram of the generator and the receiver

This requirement has been fulfilled by phase locked loop arrangements.
Signal detection is carried out by multiple phase sensitive detectors.

Just like in the case of the generator, the front end of the receiver must
be in close proximity to the measuring electrodes. This is necessary due to low
signal levels (pV range) and to a large input impedance. (A current loading
on the measuring electrodes would distort the field strength distribution.)

So the pre-amplifier, mixer 1 and the 1st IF amplifier of the receiver
have been built in a separate unit close to the measuring electrodes.

The simplified block diagram of the generator and the receiver is shown
in Fig. 1.

Although the modeling apparatus was carefully constructed the first
experiments were unsuccessful because of the geometry of the measuring
layout.

At higher frequencies (above 1 MHz) quite large disturbances occurred
that were by several orders of magnitude higher than the signal itself. These
disturbances were created by the common mode (asymmetric) current com-
ponent flowing from the generating electrodes to the ground (electrolyte).
The generator can be setto an optimum symmetry in the low frequency domain.
At higher frequencies the compensation deteriorates due to parasite capaci-
tances in the circuit and a common mode signal component appears also on the
output. This common mode signal current component can flow to the ground
only through the grounding of the generator—receiver complex. The ground-
loop where the disturbance current flows can be seen in Fig. 2.
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The common mode component flows along the loop shown in this figure
and produces a voltage drop corresponding to the loop impedance between
the electrolyte and the ground of the current generator. As the ground of the
generator and of the preamplifier are shorted galvanically and from the high
frequency point of view as well (the coaxial cables are running side by side

Fig. 2. Ground-loop where the disturbance current flows

for 10 meters) the voltage drop described earlier reaches also the differential
inputs of the preamplifier as an unwanted common mode signal. The common
mode rejection of the preamplifier (CMR) is 40—46 dB (up to 10 MHz).

Since this value could not be significantly improved in the 10 MHz
bandwidth of the instrument, the common mode component had to be attenu-
ated in a great extent. To this end the following modifications had to be done:

1. The preamplifier grounding was to be separated from the grounding
of the system and of the current generator and it had to be connected to
the electrolyte.

2. The current generator must be grounded to the electrolyte through
a connection of a low impedance to shunt the large ground loop. Since some
capacitance remained between the current generator and the grounding of
the preamplifier, it is advisable to decrease the common mode disturbance
on the ground of the current generator as much as possible.

In practice the followings were carried out:

Power to the preamplifier was supplied from ground independent
sources (batteries). This way the preamplifier could be grounded to the electro-
lyte. Besides both signal lines had to be provided with coupling transformers
of low capacitance. This was achieved by small size high frequency toroidal
transformers. The capacitance between the primary and secondary coils of
the transformers could be reduced to a value of 1.5 pF. Some problems were
encountered at the stray inductance of the transformers. In case ofthe 20 MHz
signal it could be eliminated by resonant tuning. In case of the oscillator
signal this method coidd not be used because of the varying frequencies in
the 20—30 MHz band. Since the stray inductance had caused some s —10 dB
change in the signal level of the oscillator, a limiter amplifier had to be used
to remedy the problem.
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Grounding to the electrolyte was performed with an electrode that is
placed in the neutral centre between the two measuring electrodes. To ground
the current generator a relatively large electrode was required. It could not
be placed between the two transmitter electrodes since it would have also
distorted the potential distribution. To solve this problem the grounding
electrode was placed in the symmetry axis of the two transmitter electrodes
on the opposite side of the receiver. The distance to the grounding electrodes
was chosen so that the current flowing through it should not interfere signif-
icantly the electric field. (This distance must be greater than that of the wall
effect.)

As a result of the low capacitive coupling only a small fraction of the
common mode signal can reach the ground of the preamplifier. The attenuation
is governed by the ratio of the coupling impedance (stray capacitance) and

Fig. 3. To the computation of the resulting disturbance rejection

Fig. 4. Selective microvoltmeter and synthesiser generator (left) and x—y coordinate plotter
used for the profile measurements
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the contact resistance of the grounding electrode. Other factors in the noise
reduction are the ratio of ground-loop impedance (it can be several hundred
ohms, since it has a resonance at about s MHz) and the “grounding” contact
resistance of the current generator. The resultant noise attenuation is the
product of the two factors (Fig. 3).

The apparatus described above can be seen in Fig. 4 (lefthand side).

Electrode moving apparatus

The transmitter and measuring unit can be moved with suitable accuracy
along the tank by rolling bridge structures on which carriages can move
crosswise. The electrode holding rods are fixed on these carriages.

Most of the mechanical parts of the modeling apparatus (Fig. 5) are
made of plastic materials (ongroplast, bonamide, textile-bakelite, polymethyl-
acrylate and polyester resin). Since only these materials proved to be suitable
for easy carriage movement in spite of long span, they are corrosion resistant
and suitable also for carrying out MT-modeling experiments.

The determination of the location and resetting to a given point is done
by the measuring tapes along the two coordinates with ~0.5 mm accuracy.
(In points above the tank where the coordinates on the measuring tapes are
not known, the accuracy of setting is mm.)

Z-coordinates of the transmitter and receiver can be continuously
changed by the vertical setting apparatus on the electrode holding carriage
(Fig. ). Setting error of the Z-axis is J*O.05 mm.

Fig. 5. Apparatus for moving the electrodes above the tank in a Faraday-cage and the measur-
ing panel
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Fig. 6. Rods for holding the electrodes on the bridge'frame

The electrode holding rods may be turned by 90 degrees. Platinum
electrodes are used. Their length is 2 mm, the diameter at the generator elec-
trodes (A, B) is 2 mm, at the measuring electrodes 1 mm.

Conductive alternating current modeling

The operation of the apparatus is simple and so the model measurements
are very productive.

In case of one point frequency sounding having determined the measur-
ing configuration — model structures, electrode system — the frequency is
digitally changed between 10 kHz and 10 MHz in at least 100 Hz steps then
the microvoltmeter is read. The measuring limit is set by hand or in case
of larger range it is automatically set between 1 fxV and 300 mV in s steps.
The current generator supplies 50 mA via the A, B electrodes to the electrolite
regardless of the frequency so no regulation is required.

In the other often used measuring method i.e. in the profiling the
frequency is set to a required value. The distance between the receiver and
transmitter is set to a constant value and the whole system is simultaneously
moved above the model structure. The profile is plotted by an x — y recorder
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unit. The position of the measuring unit is determined by the voltage values
taken from resistivity lines placed along the tank and along the transverse
bridges.

Apparatus for DC measurements

The lower limit of the frequency sounding band of the conductive model-
ing apparatus is 10 kHz. By taking into account all other geoelectric param-
eters of the system (specific resistivity, linear dimensions) this frequency is
enough for modeling DC methods, but because of the possibility of a technical
simplification of measurement at lower (audio) frequencies it seemed to be
reasonable to use an other apparatus for this aim.

An audiofrequency generator with maximum 10 W power-output (Type
TR 0161) set at 300—500 Hz is used as a generator. The current flowing
through the A, B electrodes into the electrolite is held on a specified value
within 0.3% by regulating the voltage on a resistance of 1 abs. ohm (by
a TR 1660 digital multimeter) as it is seen in Fig. 7.

The potential difference of the MN-dipole is measured by a voltmeter
(Bruel and Kjaer Te 2107) tuned to the frequency of the output signal. The
sensitivity of the instrument in the least measuring range is 300 mm/mV.

The electrode system fulfils the requirements of the method. The move-
ment of the electrode system is carried out with the same apparatus as used
in case of the conductive frequency sounding modeling.

AF. poner gererator

07 dm

Fig. 7. Block diagram of the DC modeling unit
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1.03 1.02 1.03 1.03 103 103 t03 102 1.03 t03 1.03
101 101 101 101 t6t 102 101 102 101 102 101
0.99 101 101 100 101 101 101 too 101 101 102
0.99 099 101 1.00 téo too 101 too tot ten too
too 100 1.00 téo 101 too 101 101 1.00 101 100
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0.99 too 1.00 too 101 too too too too 0.99 Q98
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Fig. 8. Ratio of the measured and computed potential differences in potential mapping (PM)
on the surface of a two layer half-space. A and B are the feeding electrodes (Szarka, 1980)

The measuring program involves the potential mapping (PM) and under-
ground potential mapping (UPM) methods as well as conventional geoelectric
soundings.

In case of the potential mapping, the largest relative deviation of the
measured and computed field intensities is 3% on the surface of a half-space
containing two layers, with gm basement (Fig. s).

Processing of model data

In order to determine the rules, all model experiments are carried out
by varying certain parameters of the structure to he explored. In general tens
of thousands of AUmn voltage measurements are needed to solve one model
problem.

The geophysical interpretation is carried out by evaluating certain
derived quantities (T, Qn S, computed depth values, etc.).

The large quantity of the measured data, the requirements for the param -
eter calculation and a possible future need for a new kind of data processing
made it necessary to use for the processing a computer, the HP-2100A of the
Geodetic and Geophysical Institute (MTA GGKI). The measured data are
stored on punchtapes.

All data-processing programs are written in FORTRAN. Interpretation
algorithms owned by other cooperative institutions are programmed and
MTA GGKI mathematical programs are used for solving special problems.

The MTA GGKI computing centre is equipped with all usual peripherical
units. The computed quantities — depth maps, sounding curves etc., — can
be plotted on the plotter of the computer. These plots are fast and descriptive
tools of the interpretation as shown by the following examples:
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Figure 9 illustrates an anomaly map of electric field intensity vectors
around a 3D high resistivity uplift as obtained by DC current modeling. The
electrode configuration is shown on a sketch in Fig. 9.

A vector anomaly (E —Eo)/|[EO| maps is determined comparing the
EO(*,y) field intensity which was measured by the same electrode configura-
tion over a horizontally homogeneous two-layer model. This map shows the
location of the anomaly and its characteristics.

Figure 10 illustrates the curves above a 3D step-like structure obtained
by two different electrode configurations. The points of sounding curves were
determined at 19 frequencies. The measured j/"T — Qm pairs of values were
joined by a special cubic polynomial (spline function). The interpolation made
in this manner is quite satisfactory. The plot is made in a scale corresponding
to a 62.5 mm mode log-log sheet. In this way the manual drawing of sounding
curves is eliminated. A program is also available for the numerical solution

\
i
r
Il 100
* RO=0.72 meter
RHO01=0.07 ohmmeter
H1=0.20 meter
Delta-H =0.12 meter
0.10 meter
X
X
x Na | 4 » —
n »V t »fr » . *—— M-
nl . .a . ,, ro» o«

Fig. 9. Anomaly map of the electric field intensity vector around a 3D high resistivity uplift
(see the electrode configuration right side bottom of the figure)
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H |_020 meter
RHO!'=0.06 ohmmeter
AB =0.08 meter

MN =0.025 meter
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Number of frequencies =19
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Fig. 10. Frequency sounding curves measured by dipole equatorial and axial configuration
above a 3D step-like structure

of the graphical interpretation applied by the Geophysical Exploration
Company.

In Fig. 10 the profile of the MN-dipole crosses a high resistivity uplift.
The locations of the measuring points are denoted by 1, 2 and 3.

Analysis of geological-geophysical problems by modeling

a) Modeling of the high conductivity bodies in Transdanubia

Conductivity anomalies (Fig. 11) observed in the Transdanubian Middle
Mountains (Hungary) and its foothills were explained by conductive material
in the faults of the Earth’s crust under several km thick Mesozoic and Palae-
ozoic media. It was assumed that this material consists of graphite, graphitic
shale (whose veins predetermined the tectonics, and as a result the Earth’s
crust has been broken up along these tectonic lines during the basin’s iso-
static subsidence), or of some other high temperature electrolyte [AdAm, 1977].
The connection between the tectonic lines on the surface (fault zones) and
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Fig. 11. Indications of the Transdanubian conductivity anomaly on the basis of omax and ?min

MTS curves (gmin corresponds to the E polarization). The half circles (according to the key on

the left side) indicate the existence of a decreasing part on MTS curves depending on the S-value
of the high conductivity layer (Adam, 1977)

the EM induction directional quantities (ZxymaK impedance, direction of the
W iese-vector) were proven by statistical analysis [Adam, 1980].

Suitable geoelectric methods were selected by modeling that (beside
natural electromagnetic induction soundings) would make it possible to
analyse dykes related to faulting zones, but covered with high resistivity rocks.

Due to the screening effect of high resistivity materials, DC methods
could not be used. For this reason induced frequency soundings were applied
in dipole equatorial configuration with electric excitation and electric sensing.

The high conductivity dyke was represented by a vertical metal plate
set in an insulator base, which was placed in the electrolyte of the model tank.
The metal plate was covered by an insulator plate. The measurements were
carried out in various parameter combinations to determine the characteristics
and size of the anomaly. Soundings and profilings were carried out above
the different structures with the high conductivity dyke, without dyke, with
and without insulator.
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Figure 12 illustrates the sounding curves with various solution thick-
nesses (hj) in case of uncovered dyke. Significant points on the sounding curve
e.g. minimum points are shifted along the frequency axis vs. solution depth.
The low and high frequency parts of the sounding curves with dyke or with-
out dyke shift in opposite directions. For comparison the effect of the covered
dyke in the case of the smaller solution thickness is shown in Fig. 13. It can
be stated that the electric dipole—dipole system is quite insensitive for tracing
such insulated dykes.

The above statements were also proven by profiling on low (0.1 MH2z)
and high (4 MHz) frequencies (Fig. 14). A high conductivity dyke reduces

Fig. 12. Dipole—dipole equatorial frequency sounding curves above ahighly conductivity dyke
placed in insulator media with various electrolite overburden thicknesses (/q), (f? = distance
between the dipoles = const)

20- 1
2
10-
10 5 VTtsMO4

Fig. 13. Effect of the high conductivity dyke covered by an insulating layer (2) on sounding
curves as compared to the effect of the same structure but without the dyke
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Fig. 14. Proffing with dipole— dipole equatorial configuration on frequencies 0.1 and 4 MHz
in the case of highly conductive uncovered dyke (1), dyke covered by an insulator layer (2),
and in the case of similar structures but without highly conductive dyke

at low frequencies and increases at high frequencies the field intensity. These
effects are significantly reduced due to the presence of a screening layer as
it was shown in the case of sounding.

b) Modeling of potential mapping (PM) for bauxite exploration

“Bauxite bodies explored or assumed to be present in the Western part
of the Bakony Mountains are small in size and are located in tectonically pre-
formed dolomite trenches and depressions of 50—100 meters diameter. Karstic
well or canyon like structures can also be found. These small size structures
are economically important since the bauxite deposits are quite thick (30—
50 m), and of high quality that can be mined from the surface without danger
of karstic water flood (MAELGI, 1975 Report).”

The aims of the geophysical survey are

1. exploration of the Triassic dolomite (and limestone) outcrops;

2. determination of basement structures under 30—300 m thick over-
burden.

The aim is in both cases to prospect for the structures. For this reason
complex geophysical exploration is carried out. One of the significant methods
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nn

Fig. 15. Potential mapping (S/PM/) above bauxite bearing dolomite blocks and the geological
profile based on gravity profile (/lg) with the geological structure reconstructed from borehole
(F) informations (MAELGI, 1975)

Fig. 16. Relation between computed depth values (h) from DC potential mapping (PM) and
the real structures. Continuous lines represent depth values in the S-interval. Broken lines
represent depth values outside of the S-interval at the margins (Szarka, 1980)
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in this is the potential mapping. E.g. as it is seen on the profile J-10 (Fig. 15)
the shape of trench-like structure can he easily interpreted on the corrected
S-profile. The depth values can only be verified by borehole data.

It can be determined by modeling how the PM anomaly reflects the
effect of subsurface horizontal inhomogeneities (faults, trenches, uplifts, etc.).
Moreover, information concerning to the depth deformation can also be
derived about the high resistivity basement on the basis of S-values by assum-
ing a linear relationship. Figure 16 illustrates the deformation effect above
a 2D model series representing uplift structures [Szarka, 1980]. As it can
be seen, the depth values computed from measured data contain some dis-
tortion. By neglecting this fact, the computed depth values would also con-
tain this distortion. At present modeling studies are carried out above trench-
like structures.

c) Modeling of frequency soundings above inhomogeneous basement structures

Modeling of frequency soundings has been an important experimental
tool in the planning of frequency soundings and interpretation of their meas-
ured data concerning to the hydrocarbon exploration in the Paleogene belt of
the Northern Pannonian Basin.

In the Paleogene basin the triassic limestone basement structures (in
some cases together with thin Eocene structures) form under Miocene and
Oligocene sediments an ideal marker horizon of high specific resistivity for
geoelectric prospecting. The inhomogenous basement structures are charac-
terized by faults of great dislocations and blocks of small horizontal exten-
sions.

The theory of frequency soundings is available for horizontally homo-
genous, horizontally stratified layers. Informations about inhomogenous
media are not complete or only very simple models have been investigated
[Isaev et al., 1970]. Results of earlier published analogue model investigations
can be used in some cases for inhomogenous basement structures [Kuznetsov
et al., 1972, 1974].

By modeling of frequency soundings many problems of the field ex-
plorations were solved and the experiences gained with modeling were profit-
ably put into practice in the exploration of the Paleogene belt of the basin.

Modeling problems shown on Figs 9 and 10 yielded clues about the
correct location of the transmitting dipoles in the sounding runs. Moreover,
they also supplied clues to the interpretation of frequency sounding curves
above fault zones.

Figures 17,18 and 19 illustrate some results gained in the V atta— M akiar
area of the Paleogene belt. Modeling results were applied in the field measure-
ment and interpretation as well.
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Fig. 17. Location of the measuring lines of the frequency soundings as compared to the gravity
anomalies

200 uee 1 2o 30 «6“ 50"

1
F6 5°° IFI 13 F5 F4 27 37

Fig. 18. Depth profile of the frequency sounding profiles shown in Fig. 17. H is the surface
of Triassic limestones, ht and h2are Miocene and Oligocene layers. A —A is the projection of
the crossing of the measuring profiles. F’l, F2, etc. are boreholes
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FRS Depth profile
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Fig. 19. Frequency sounding profile across the Vatta—M akiar trench. H values have been inter-
preted from the soundings as surface data of the Triassic limestone, /t, is the reference level
(1st layer)

Figure 17 shows the location of frequency sounding profiles on a filtered
gravity anomaly map. The faults determined by frequency soundings are also
shown on the figure.

Figure 18 shows the depth profile of the two frequency sounding lines
in Fig. 17. Horizon H is interpreted as the surface of the Triassic limestone,
hxand hz as those of layers in the Miocene and Oligocéne sediments. Because
of the employed relatively small transmitter-receiver spacing only the loca-
tions of the fractures could be primarily determined. In the shallower zones
of the basin, the basement could also be followed. An example for continuous
mapping of the basement can also be seen on Fig. 19.

Some important methodical conclusions could be drawn from the model
measurements e.g. if the frequency sounding profile agrees with the direction
of dip and the dipole-radius R between the transmitter and receiver dipoles
is nearly parallel with the direction of strike, the rules valid for horizontally
homogeneous layers can be used with the assumption that there is no uplift
of the basement between the transmitter and receiver (feeding and measuring
dipoles) that could create a “screening side-effect”. To avoid these effects
special attention is to be paid to the selection ofthe location ofthe transm itter.
To identify these effects a “multifold” sounding system was developed in
hydrocarbon prospecting. In this system the length and position of (fen-like)
profiles to one transmitter location further repeated measurements from other
transm itter locations are planned on the basis of some methodical aspects
also considering the modeling results.
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Future developments

— One of our aims is to develope a magnetic sensing coil system for
frequency soundings in addition to the measurement of the electric com-
ponents. Experiments have proved that in certain cases the measurements
of the magnetic components may supply better results (e.g. to indicate a high
conductivity body between insulating layers).

— In the near future means for plane-wave generation will be developed
beside conductive excitation by building a suitable aerial system to study
the problems of magnetotellurics [Dosso, 1967].
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AHANOIOBOE MOAEJ/IMPOBAHUE ON1A NCCNELOBAHNA TEO3NEKTPNYECKNX
METOA0OB B TEOAESNYECKOM N TEOPUNINYECKOM WCCJ/IEQOBATE/IBCKOM
MHCTUTYTE AKALEMUWN HAYK BHP

A. AOAM-A. NOHTPAL-N. CAPKA-N. KAPOEBAH-N1. CABAABAPWN-3. HAQb —
n. SUMAHWN-. KOPMOLW-MN. PETEHWN

PE3IOME

MocKoNbKy B BEHrpUM reoaieKTPpUUecKne U 3N1eKTPOMarHUTHbIE METOAbI UMEIOT BaXHOe
3HaueHve B reoM3MUECKO pasBefKe, CTano HeoBXOAMMbIM peLlaTh MHTEPMPETALMI0 COXHEN-
LLINX TPexpasmepHbIX reoslorMyeckmx CTpyKTyp.
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LN 3Toi Lenm cny>XnT 3/eKTpoMarHUTHasi MofiennpyoLas nabopaTopus, Kotopasi bbina
co3gaHa B LLlonpoHe B Meope3nyeckoM u MeomsmueckoM WccnepoBaTensckoM MHCTUTYTe COB-
MEeCTHOW paboToli HECKONIbKMX BEHTEPCKUX YUPEXAEeHUNA.

YUT06bl YA0OBNETBOPUTL TPe6OBaHUSIM MOAE/MPOBaHNS, 6GbI10 HEOBXOAUMO MIaHMPOBaTh
yCTaHOBKY, paboTaloLLyt0 B 3KCTPeMasibHO LUMPOKOL 06/1acTu 4acToT.

3Ta ycTaHOBKA B HbIHELLIHEM 3Tare pasBMTUs COCTOUT M3 FPYNMbl MHCTPYMEHTOB, KOTOpble
NPUroAHbl ANS MOLENMPOBAHUS UCKYCCTBEHHbIX YaCTOTHbIX 30HAMPOBAHWUMA 3MEKTPUYECKUMU
AUNONAMU N AN MOJENIMPOBAHUSA HECKOMIbKMX 3/1eKTPOPa3BefoYHbIX METOA0B MOCTOSIHHbIMU
TOKamMu.

BonbLLOe KONMYECTBO M3MEPSIEMbIX AaHHbIX M MOTPE6HOCTb B BbIYMC/IEHUM Pa3HbIX Napa-
MeTPOB CAenann Heo6xoaMMbIM MpUMeHeHUe 3BM.

[0 cux nop aTa MmogenupytoLLas ycTaHoBKa 6blna NpUMeHeHa B UCCef0BaHUMN JalikoB C
XOpOLUei 3M1eKTPUYECKON MPOBOAVMOCTBI HAXOAALMXCA B PasfOMHbIX 30HaX Ha TeppuTopun
aHOManuii ¢ 3NeKTPUYECKUMM NPOBOAUMOCTAMK 3afyHalickoro Kpas. YcTaHoBKa ToXe npu-
MeHsinack B 60KCUT-pa3BefoyHoOl paboTe Meodumamyeckoro HCTUTYTa UM. STBELLA U C Heli Mofe-
nupoBanu ans eodumsnyeckoro PassefoyHoro MpesnpusiTus 4acTOTHble 30HAMPOBAHUSI Hap
OCHOBaHMUSIMU reosorMyeckux 6acceliHoB.
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PC 3-4 TYPE GEOMAGNETIC PULSATION PERIODS
ALONG A MERIDIONAL CHAIN IN CENTRAL EUROPE

J. CZ. MILETITS

GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN ACADEMYj
OF SCIENCES, SOPRON

A summary is given on the investigations of the latitude dependence of geomagnetic
pulsation periods. A detailed study of the latitude dependence of Pc 3—4 periods has been
carried out using one month data of a meridional chain of stations consisting of 4 stations at
the latitudes ® = 42,9 — 52.2° N. As the latitude dependence of pulsation periods is strongly
connected with the origin of the pulsations, theories of pulsation excitation are also reviewed.
Latitude dependence may yield clues for the control of the theories, therefore enables a better
understanding of the near-Earth space.

Geomagnetic pulsations play an important role in a better understand-
ing of magnetospheric processes. In recent years, the determination of certain
pulsation parameters proved to be an effective tool for the surface monitoring
of magnetospheric and interplanetary phenomena. It is, however, unclear how
the pulsation activity is influenced by magnetospheric parameters, and a
theoretical determination of the pulsation periods did not succeed so far,
either. The dependence of the periods of the geomagnetic pulsations on the
geographic latitude can contribute significantly to an understanding of these
connections.

For a study of the latitude dependence of pulsation periods simulta-
neous geomagnetic orearth current records from different stations are necessary.
It is generally accepted that the period of the Pi-type pulsations does not
change with the latitude, at least at middle latitudes, while there is no uni-
form view on the latitude dependence of Pc-type pulsations.

The first studies of the latitude dependence were made by Obayashi
and Jacobs (1958) with the result that periods get longer at higher latitudes.
The same result was confirmed by Duncan (1961) and Yoelker (1963). The
latter used in the FRG three instruments of the same type at different lati-
tudes, therefore the first reliable proof for the latitude dependence has been
received by his study. Later pulsations with latitude dependent periods were
identified by Bol’shakova and Zybin (1964), Fanselau (1966, 1968), Ele-
man (1967), Vers (1969), Saito (1969), Orr and Matthew (1971). On the
contrary, Entis (1961), Herron and Heirtzler (1966), Baransky et al.
(1969) did not found any latitude dependence of the periods.
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In an earlier experiment [Cz. Miletits, 1971] the average periods of
Pc-type pulsations were determined from the records of 30 observatories
distributed at different parts of the Earth, whereby a period-increase with
latitude from the geomagnetic equator towards higher latitudes, till the auroral
zone was found. The rate of increase has shown three frequency peaks at rates
of O (i.e. no latitude dependence), 4 and 10 percent increase for one degree
of geomagnetic latitude.

For the investigations carried out in several steps the results of the
synchronous measurements organized by the KAPG completed with the data
of more and more observatories were used [Adam et al., 1972,1976; Cz. Mile-
tits, 1975]. It has been also dealt with the problem whether the period change
is continuous or stepwise. Indications were found that pulsations have periods
being in harmonic relations to each other, but the basic period remained
uncertain. For the following investigations, pulsation spectra were used.

In a next step the microstructure of the pulsations was studied, i.e.
coherence and amplitude spectra of pulsation events recorded at distant
stations were compared [Cz. Miletits and Vers, 1975; Cz. Miletits, 1977,
1978]. It was found again that the peaks of both types of spectra can be
considered as harmonics of a basic period of several minutes.

The latitude dependence of the pulsation periods is in connection with
the origin of the pulsations. There are several possible excitation mechanisms,
which could be controlled by it. Such a theory would significantly contribute
to a better understanding of the Earth’s environment. Pulsations were always
supposed to originate outside of the rigid Earth. Some theories considered
the ionosphere as the source region, while variations in the equatorial ring
current were also regarded as possible sources at least for a part of the pulsa-
tions. Dungey (1954) as first pointed out the possibility of the inner-magneto-
spheric origin‘of pulsations by certain field line resonances. The resonant
period would naturally depend on the geomagnetic latitude. The form of this
dependence changes with the magnetospheric model adopted.

In this connection the idea of the harmonic structure of the pulsation
spectra seemed to be of interest. The basic period would be in the period range
of Pc 5 [Cz. Miletits and Vers, 1965]. The Pc 5-type pulsation is excited
at the magnetopause by a Kelvin—Helmholtz instability due to inhomo-
geneities in the solar wind. The harmonics of the basic period propagate in-
wards together with the basic wave and get into resonance with particular
field lines [Stuart and Usher, 1966]. Our results were not in contradiction
to this theory, but the determination of the basic period proved to be very
uncertain [Cz. Miletits and Veres, 1975; Cz. Miletits, 1977].

Dungey’s idea in a somewhat modified form of resonating magnetic
shells has been widely accepted. Such a shell consists of field lines crossing
the equatorial plane at identical distances, and it can resonate independently of
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neighborous shells with the period corresponding to Dungey’s theory. In the
framework of this theory an explanation can be found for the different rates
of the period change in our investigations (0, 4 and 10%/°). The footprint
of a resonating shell has everywhere the same pulsation period, then it changes
stepwise to the period corresponding to the next shell. According to recent
estimations the width of a shell is 150—200 km, and in such distances the
period can remain constant, or change by a value corresponding to neighbor-
ous shells, etc. Thus the period can change with the latitude in different rates,
the typical values were found by us, but their occurrence frequency differs
according to the frequency of momentaneous situations [Cz. Miletits, 1971].

In recent years it became obvious that a great part of Pc 3—4 type
pulsations originate outside of the magnetosphere, in the space at and before
the magnetopause. In case of the outer-magnetospheric origin the harmonic
structure cannot be maintained, but inner magnetospheric resonances are
possible.

The idea of the outer magnetospheric origin of pulsations is supported
by connections between pulsation parameters and parameters of the inter-
planetary space. The pulsation periods have approximately a value of T(s) =
= 160/B, where B is the interplanetary magnetic field in nT. This connection
was found by Guir’eimi (1974) and he was among the firsts to propose a hypo-
thesis of the excitation of the pulsations before the magnetopause and the
shock wave. The excitation mechanism he considered was proton cyclotron
instability in the solarwind due to reflected protons from the magnetosheath.
Gul’elmi et al. (1976) investigated numerically this cyclotron instability
supposing Maxwellian distribution for both the solar wind and the reflected
protons. An instability in the range of Pc 3 seemed to be possible.

Kovner et al. (1977) have supposed Kelvin—Helmholtz instability at
the plasmapause as the source of long period pulsations, and at the magneto-
pause as that of shorter period pulsations.

If pulsations are excited outside of the magnetosphere in the region
before the magnetopause, it must be re-evaluated how latitude-dependent
periods originate. Several possibilities can be taken into consideration.

One possibility is that only primary spectra are determined by the source
region, and when propagating through the magnetosphere, the signals change
due to e.g. shell resonances. In this case, however, the validity of the con-
nection T = 160/B at different latitudes is not clear.

An other possibility is to suppose that only a part of the pulsations have
extra-magnetospheric origins, namely those which have latitude-independent
periods. It is further possible that pulsations originating outside and inside
the magnetosphere are mixed; even pulsations with identical periods at dif-
ferent latitudes may originate at the plasmapause. Orr (1973) supposes that
pulsations with latitude-dependent periods may originate from the plasma-
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period change in percentage

period change in percentage

Fig. 1. Period changes in per cents between the observatory pairs Ngk/Nck and Alx/Aqu for
both components (magnetic or telluric)

pause, too. From practical experience it is clear, however, that at least a part
of the extramagnetospheric signals have latitude-dependent periods at the
surface. So, it is inevitable to suppose a mechanism in the magnetosphere
which selects different periods from the primary spectrum at different lati-
tudes. The most likely mechanism seems to be the shell-resonance.

Anyway, it is rather paradoxical that while the pulsation periods are
determined by the interplanetary magnetic field, their periods still depend
on the latitude [Cz. Miletits, 1980b].

For a study of these problems the microstructure ofthe latitude depend-
ence of pulsation periods may yield an important contribution. For this
purpose a meridional chain of stations was established with the Nagycenk
observatory in the centre, one Northern (Niemegk) and one Southern (L’Aquila)
station lying farther away, and a temporary station (Alexandra) lying some
180 km to the South of the observatory. Data of the stations are shown in
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Table |
Geographical coordinates Geomagnetic coordinates
Station Code s med
£ A o] n

Niemegk Ngk 52°04'N 12°41'E 52.2° 96.5°
Nagycenk Nek 47°38' 16°43' 47.2° 98.3°
Alexandrapus/ita Alx 46°05' 17°30' 45.6° 98.8°
L’Aquila Aqu 42°23' 13°19' 42.9° 93.0°

Table |I. Records from about one month (March—April 1977) were collected,
including earth current (in Hungary and in Ngk) and magnetic components
(in Aqu). For each typical Pc-event (about 300 events at all) the average

Fig. 2. Period changes in function of the geomagnetic activity (Kp) for the pairs of observato-
ries Ngk/Nck, Nck/Alx, Alx/Aqu
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Ngk/Nck + +

Fig. 3. Period changes in function of local time for the same pairs of observatories

period was computed at each station. Such an event contained at least 5,
but generally about 10 individual cycles of rather regular shape. About 90%
of the events were of Pc 3-type, the others of Pc 4-type. From these averages
the rate of the period change was determined between each pairs of obser-
vatories.

One of the first results of this investigation was that period changes
could be proved even between stations lying in N—S direction only 180 km
far from each other. In both components the average periods were longer in
Nagycenk than in the more Southern station Alexandra. The rate of the period
change is greaterinthe X (earth current E—W or magnetic N—S) components
than in the Y (earth current N—S or magnetic E—W) components [Cz. Mile-

tits, 1979].
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The rates of period changes have not a normal distribution (Fig. 1), but
they can be well approximated with the sum of two normal distributions.
There is a distinct maximum between 0 and 1% (positive values indicate
periods increasing with increasing latitude), and several smaller maxima at
higher rates, too. The average rate depends approximately linearly on the
distance between the stations.

No differences were found in the latitude dependence in function of geo-
magnetic activity as illustrated by Fig. 2 where the rate of the period change
is shown for all the three station pairs vs. geomagnetic activity. The station
pairs are formed in decreasing order of latitude. For sake of simplicity quartiles
and medians are represented here. This independence is in contradiction with
several other investigations.

(0}

Fig. 4. Different types of the latitude dependence of periods. (Y components). Explanation
see in text
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Nck/Alx - Alx/Aqu
X

50H

JiteR o median to Nok/AIX
X median to AXAQU

5 "0l

U KAy
yK%l.

“) [T .
10 15 Nck/Alx

period change in percentage

Fig. 5. Correlation of the period changes for the X components of the station pairs Nck/Alx
and Alx/Aqu

The rate of period change does depend, however, on local time, it is
maximum during local daytime with a maximum around local noon (Fig. 3).

If cross sections of the latitude dependence of periods are constructed,
it becomes clear that very different types can occur for both types Pc 3 and
Pc 4, the occurrence frequency of these types is rather different. Figure 4
shows some typical examples for the most common types of latitude depend-
ence. Numbers at the curves denote the serial number of the events studied.

There are cases when the period increases more (e) or less (/, g) rapidly,
sometimes with a minimum at one intermediate station (a), or at two stations
(c), or with a maximum (6). In case d, there is a nearly stepwise increase be-
tween the two Northern stations.

It is therefore clear that the period increase in function of the latitude
takes place on the background of rather big random variations which are
uncorrelated at the different stations, thus for their interpretation more or
less independent sources, e.g. shell resonances are necessary.

The uncorrelated changes of the periods between different stations can
be seen in Fig. 5, where the period changes at the station pairs Nck/Alx and
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Alx/Aqu (X components) are shown in function of each other. As the medians
shown lie along horizontal and vertical lines, the two kinds of changes are
independent. Similar situation is found for the station pairs (Ngk/Nck and
Alx/Aqu which are computed from fully different stations (Fig. 6). If, how-
ever, station pairs are compared where one section (pair of stations) includes
the other, as e.g. in case of Ngk/Alx and Ngk/Nck, the correlation is very
strong, the medians lie both along nearly the same oblique line (Fig. 7).

As already mentioned, a minor part of the several hundred events were
of Pc4 type. According to the present and other investigations, it seems that
the boundary between the two types is by no means a sharp one, and it would
be more acceptable to set the boundary at 30 s.

In the majority of the events the period — as mentioned — was shorter
even than 30 s. The average change of the periods is stronger if the period
is shorter (Fig. 8). This regularity has been illustrated in form of an adjusting
family of curves, each of them representing the rate of the period change for
a certain period in Nagycenk in form of averages for the different local times.
The curves are represented in Fig. 9 for periods 15, 20, 25 ... 90 s, and show
that the rates of period change are greater during local day, and increase
with decreasing period. Both the rate of the period change and its daily
variation are rather big if the period is shorter than 30 s, for longer period

Alx/Aqu - Ngk/Nck

Yo median to Alx/Agqu
5 O Xedian to Ngk/Nck

0 5 P 5 2 5 DAXAU
period change in percentage
Fig. 6. Correlation of the period changes for the station pairs Alx/Aqu and Ngk/Nck (Y com-
ponents)
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Ngk/Nck-Ngk/Alx

_X
< Y
)
35
0
25 - o
* *)( *
£ 20-
o« -R°
015 J—y
o -<&°-
o 10 *0 )
o median to Ngk/Nck
X median to Ngk/Alx
il e S f T— 1 1 1 1

10 50 5 D B D B D NGk

period change in percentage

Fig. 7. Correlation of the period changes for the station pairs Ngk/Nck and Ngk/Alx (Y com-
ponents)

both are much smaller. It should be remarked that the daily variation of the
occurrence frequencies has a single daily wave for periods less than 30 s, for
longer periods it has a double wave (morning and evening maxima). The
transition at 30 s is here naturally continuous as the mathematical model
does not allow abrupt changes [Cz. Miletits, 1980a].

From a time-series of the period changes not shown here it is evident
that the rate of the period change is at first rather big for a certain time, then
gets small, and remains so for some hours, then after it becomes again greater.
W hen the rate changes, the form of the pulsations can remain unaltered.

All these facts show that pulsations with periods less than 30 s and those
with longer periods belong to different physical classes. (There is some over-
lapping, as in a part of the shorter period pulsations, the signals belong to
the “longer period” group; the inverse case does not occur.) As it was sup-
posed that in addition to the period difference, the regularity of the two
groups differ, too, an immediate comparison of regularity and rate of period
changes seemed necessary.

The pulsation events of the Nagycenk observatory are grouped into
4 groups according to their regularity:

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



PC 3—4 TYPE GEOMAGNETIC PULSATIONS 391

Nck/Alx

Fig.Ji. The period changes in Y components of the station pair Nck/Alx in function of the
pulsation period in the observatory Nek

Fig. 9. The daily variation of the period change in function of local time and period for the
observatory Nek

15
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O T T T T S T T A S NS WS U U S
12 16 20 24 28 32 36 40 44 48 52 56

awerage period (5) Nk

Fig. 10. The period changes for the station pair Ngk/Nck for events of very regular character
(O-s) in function of the average period (X components)

1. Oscillations (O), if the difference of the periods in the event is less
than 110 % ,

2. Quasi-oscillation (Q): the periods differ by less than i50 % ;

3. Waves (W): any period is allowed, if the form is sinusoidal;

4. Irregular variations (T): all others (in the present case, less than 5% of
all events belong to this group).

Figures 10 and 11 show two typical groups, O and W from the material
of the pair Ngk/Nck, in function of the Nagycenk periods. Medians are shown
separately for periods less and more than 30 s. It can be seen, that in case
of the group W, there are more variations with periods above 30 s, and even
the shorter period cases have higher rates of period change.

A physical boundary in the pulsations at periods of 30 s has been already
supposed several times (e.g. [Rankin and Kurtz, 1970; Gokhberg et al.,,
1976]), but without greater emphasis. The first mention of a difference in the
latitude dependence for periods above and below 30 s is at Jacobs and Sinno
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(1960), who found latitude-dependent periods only for shorter period events,
similarly to the present results.

A number of other differences have also been found between the two
kinds of pulsations: Vers (1980) found for the shorter period group a weak
influence by the geomagnetic activity, and a strong one by the interplanetary
medium, and vice versa. He has also shown that the frequency of occurrence
spectra can be supposed to be the sums of two, nearly lognormal distributions:
one includes the regular, shorter period cases (between about 10 and 30 s),
the other the remaining pulsations (between 10 and 90 s).

It is paradoxical that periods changing with geomagnetic latitude, i.e.
from station to station would follow a connection T = 160/B which seems
to be valid for both kinds of pulsations. Varga (1980) carried out computa-
tions based on Kovner’smodel and found that the primary spectrum is rather
wide, being several times 10 s wide. From this the shell-resonance selects the
corresponding period. If the resonance is strong, the latitude dependence
follows the characteristic shell periods, which can depend on the IMF due
to the distortion of the magnetosphere. If the primary spectrum contains
the actual shell resonant period, the resonance is active, and regular pulsa-
tions appear. If it does not contain the shell resonance, the variations are less
regular, but the dependence on the IMF intensity remains. Thus, the extra-
magnetospheric signals are strongly modified inside of the magnetosphere.

average period (5) Nk

Fig. 11. The period changes for the station pair Ngk/Nck for events of rather irregular character
(W-s) in function of the average period (X components)
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Our investigations with the meridional chain of 4 stations has shown
that the period changes of the pulsations in different sections of the chain
are uncorrelated, thus yielded an important proof for the shell resonance idea.
The most important point is the separation of the two groups of pulsations,
one of them having periods less than 30 s and regular form, a strong latitude
dependence of the period and an occurrence maximum at local noon. The
other type has periods of 10—60 s, the latitude dependence of the period is
small, the waveform is less regular and the occurrence peaks at morning
and evening.

We identified the pulsations from shell resonances with those having
great latitude dependence and regular wave forms. As the shells are only
loosely coupled, they resonate rather independently, thus the high rate of
period change can be explained. The shell thickness is a function of momen-
taneous ionospheric and magnetospheric parameters, thus the uncorrelated
latitudinal changes can also be explained. The other group contains variations
which reflect more or less directly the primary spectrum, therefore the wave
form is irregular and the period does not depend on the latitude.
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MEPNOJ, FEOMATMHUTHBIX MY/bCAUUA TUMA My 3-4 BAO/b
MEPWANOHANBbHbIV LEMW B CPEAHEN EBPOIME

M. 4. MUAETKY

PE3IOME

B cTaTbe usnaratoTca pesynbTaTbl UCC/EL0BaHUM MPOBEJEHHbIX aBTOPOM B OTHOLLEHUM
3aBMCUMOCTY Nynbcaumii Tuna My, 3—4 oT WKupoT. Bonee geTanbHO paccMaTpuBatOTCA pesy/ib-
TaTbl UCCNEA0BaHNIA NPOBELEHHbIX Ha reOMarHUTHbIX 06CepBaLMOHHbIX MaTepyanax, perucTpu-
poBaHHbIX B TeuyeHVe Mecsila BAO/Ib MEPUAMOHANbHOM Lenu, COCcTosAllenca u3 4  cTaHuwui
(p = 42,9°—52,2° ceBepHOM WMPOTbI). TaK Kak 3aBUCMMOCTb OT LUMPOTbI TECHO CBSi3aHa C BO-
NPOCOM BO3HWKHOBEHUS My/bCalnii, aBTOPOM U3naratoTCsa 1 TeOPUK, CBA3AHHbIE C BO3HWKHOBE-
HWeM nynbcauuii. 3aBUCMMOCTb OT LUMPOThI M03BOISIET NPOBEPKY HEKOTOPbIX CO06PaXkeHn, 06-
HaZexmBas Ny4ynM no3HaBaHWEM OKO/103eMHOI0 MPOCTPaHCTBa.
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ABOUT THE CONNECTION BETWEEN LONGER PERIOD

GEOMAGNETIC VARIATION AND THE
INTERPLANETARY MAGNETIC FIELD

L. HOLLO
GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OFTHE HUNGARIAN ACADEMY OF SCIENCES, SOPRON

In this paper investigations are presented on the connection between geomagnetic
variations with periods 2—60 min and intensity and direction of the interplanetary magnetic
field (IMF). It seems that IMF influences mainly the variations with periods longer than 12 min
and this effect is maximum for variations with periods of about 1 hour. In this case the activ-
ity is namely increasing — mainly for the night time activity — if the IMF is directed towards
south. The variations with periods 2—12 min are primarily connected with the overall geo-
magnetic activity, and depend on the IMF only indirectly.

In situ space measurements caused a basic change of our ideas on events
in the geomagnetic field and their connection with the interplanetary mag-
netic field.

Geomagnetic pulsations were shown to correlate with certain parameters
of the interplanetary magnetic field and solar wind [1]. It was found that
the pulsation periods are inversely proportional with the IMF intensity, while
the pulsation activity is correlated with the IMF direction and solar wind
velocity.

Among a wide range of longer period geomagnetic events, mostly sub-
storms were investigated as they constitute the most remarkable class of
phenomena. They mainly occur during geomagnetic storms, but are often
met also during quiet times indicating some kind of instability in the magneto-
spheric tail.

The aim ofthe present investigation was to look for general connections
between longer period geomagnetic variations (periods 2—60 min) and the
parameters of the IMF. A statistical study was carried out using the 4 out
of the 5 period bands applied for the description of the geomagnetic activity
in the Nagycenk (® = 47.2°, J — 98.3°) observatory. The activity of these
bands is determined in each hour from the telluric current records of the
observatory permanently. These values were then grouped according to
certain direction groups of the IMF. The period ranges are the following:

Kx periods of 0— 2 min (pulsations, not discussed here)
K2 periods of 2— 6 min (long period pulsations)
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Ka periods of 6—12 min
Ka periods of 12—24 min
K5 periods of 24—60 min (including substorms).

The average daily activity in each period band is characterized by an
index number between 0 and 9, with each index having the same frequency
of occurrence in a basic interval. Original records have a scale value 0.18 mV
per km for 1 mm.

From the NASA-NSSDC Data Book the intensity [4] (in nT) and the
direction (in solar ecliptic coordinates, azimuth and inclination, #, i) of the
IMF could be obtained for any time between 1963 and 1974. In the present
investigation the data of the year 1972 were used so, that directions of the
IMF, pointing towards certain parts of the unit sphere were grouped and the
corresponding activity indices computed. Altogether about 40,000 data were
averaged.

Since the Kp index characterizing the geomagnetic activity is in con-
nection with the parameters of the solar wind and the IMF (solar wind energy
and velocity, respectively, direction ofthe IMF), the effect of the geomagnetic
field must be separated from the effect of the IMF. The grouping of the IMF
data has enabled that the situation in case of different IMF intensities, or of
different geomagnetic activity levels could be studied. By holding the geo-
magnetic activity on a certain level, the variations due to changes in the IMF
could be obtained and vice versa.

Kp 0 12 3-5 6-9

=3 315° 135° 315° 315° 135° 315° 315° 135° 315° 315° 135° 315°

Fig. 1. Average amplitudes in the different period ranges in function of the geomagnetic
activity (Kp) and of the direction of the IMF
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Fig. 2. Average amplitudes in different period ranges in function of the IMF intensity (B)
and of the direction of the IMF

The special events observed in Nagycenk during the year 1972 were
the following:

Bays 357 cases, average amplitude 30 nT
Ssc-S 19 cases, average amplitude 49 nT
si-s 41 cases, average amplitude 13 nT
pi-s 260 cases, average amplitude 5nT

These events have increased the activity in the corresponding period band
(bays mainly in K5 ssc-s and si-s in K2 or K3 pi-s in Kxor K2.

The amplitudes in function of the geomagnetic activity and of the direc-
tion of the IMF show (Fig. 1) that in K5 the amplitudes are significantly
higher in case of southwards directed IMF than in case of northward fields.
This effect can be seen most definitely in case of high geomagnetic activities.

If the variable (in addition to the IMF-direction) is the scalar magnitude
of the IMF, a similar conclusion can be drawn (Fig. 2). Here the increased
activity in case of southwards directed fields can be seen for all intensity levels.
At medium or high IMF-intensities, the effect is also visible in Ki amplitudes,
while it is apparent in K2and K3only at the highest IMF-intensities.

If the effects of the geomagnetic activity and of the IMF area separated
(Fig. 3), the following conclusions can be drawn:

1. In the period bands K2— a very high geomagnetic activity causes
a sharp increase of the amplitudes, while at medium or low activity its effect
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Kp B

Fig. 3. Results of the separation of the Kp- and B-effects on the activity of different period
variations

is rather small. In the longer period range (K5) the increase is continuous with
increasing geomagnetic activity (substorms).

2. The increase of the IMF intensity does not cause any appreciable
increase in activity levels in the period ranges K2—Kt (2—24 min), while
in the period range K5 (24—60 min) the increase of the IMF intensity causes
a significant increase of the activity.

As at middle latitudes, thus in the Nagycenk observatory substorm
occur generally only during night, it is of interest to see separately the day
and night time activity. In case of the daytime activity, the amplitudes
increase in the period range Ki with increasing southward component of the
IMF, similarly in the range K5 with the exception of the strongest fields
(Fig. 4).

In case of the night time activity this correlation can be found only for
the K5range where a continuous increase was found with the increasing of the
southward component of the IMF (Fig. 5). Here no similar effect can be found
in the range JC4. In the range K2 something similar can also be seen, mainly
in case of stronger interplanetary fields, perhaps due to an increase of the
longer period component of Pi-impulses (Pi 3).
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B<5nl B 510l B>10nT i

Fig. 4. The day time activity in function of B, and of the direction of the IMF in the different
period ranges

B<5nT B 510l Bx10 T

K2

Fig. 5. The nighttime activity in function of B, and of the direction of the IMF in the different
period ranges
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Summarizing it can be stated that:

1. The geomagnetic activity changes due to changes in the intensity
of the interplanetary magnetic field, but the effect is strongly modulated
by the direction of the IMF.

2. The variations in the period ranges K2—Ka (2—12 min periods) are
mainly connected with the geomagnetic activity, and depend on the inter-
planetary field indirectly. The outer effect reaches these variation types
through an increased geomagnetic activity and magnetospheric convection.
The maximum activity during disturbed periods appears 1—2 days earlier
in the ranges K2and K5, than in the ranges K3~ K i [5]. In present case simul-
taneous geomagnetic and IMF data were used, therefore this effect could
not be studied. Anyway, the connections of the IMF with K2 and K5 are
somew hat stronger, and there is a minimum between them. This could be an
expression of the primary and secondary character of these period ranges.

3. The present investigations have shown that the direction and intensity
of IMF influences mainly the variations with periods longer than 12—20 min
(in addition to pulsations with periods shorter than 2 min and not discussed
here), and their effect is strongest and unambiguous in the substorm period
range, i.e. around 1 hour. A study of the periods longer than 1 hour is not
possible based on the present material.

The effects in the period range 12—60 min can be well explained by
reconnection and following substorm activity. An effect of the substorms can
be supposed on the dayside geomagnetic field, too, thus enabling an explana-
tion of the daytime enhancement in this period range. For shorter periods,
in addition to substorm-associated events, the propagation of magnetohydro-
dynamic waves from the interplanetary space through the magnetopause can-
not be excluded, as it was discussed by Wolfe and Kaufmann [6]. It seems
probably that at the dayside magnetosphere both effects play a similarly
important role.
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O CBA3N ANVMHHO-NEPUNOANYECKMX 3MEKTPOMAIHUTHBLIX BAPUALUIA W
MEXTMJTAHETHOIO MAITHUTHOIO MNoJiA

Nn. Xonno

PE3FOME

B cTaTbe M3y4yaeTcs CBA3b Mexnay BapuauusMy ¢ neprofom 2—60 MUHYTbI, MHTEHCUB-
HocTblo MMI 1 HanpaeneHnem. BbisieneHo, 4yto BnnsaHne MMM B NepByto o4vepedb MPOUCXOAUT
Npwv 3MeKTPOMAarHUTHbIX Bapuauusax ¢ Neprosom AnvHHee Yem 12 MUHYT, KOTOpoe 60nee 3HaUN-
TeNbHO NPV Nepuoge okono 14aca. 3gecb Ke —0C06eHHO MPU HOYHOW aKTUBHOCTUM — B3aBuUCU-
MOCTM OT UHTEHCMBHOCTM MMM, npu Bapuaumax, NPOUCXOAALLNX B FOXKHOM HanpaB/iieHUn, ak-
TMBHOCTb BO3pacTaeT MPONopUuoHanbHO. Bapraunn ¢ nepnogom 2—12 MUHYT B NepBYH0 O4e-
pefb CBA3aHbI C FreOMarHUTHON aKTUBHOCTBIO, @ C MEXMN/IaHETHbIM MarHUTHbIM NOseM OHW CBS3a-
Hbl TO/IbKO KOCBEHHO.

Acta Geodaelica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981






Acta Geodaet., Geophys. et Montanist. Acad. Sei. Hung. Tomus 16 (2—4),pp. 405—414 (1981)

A STUDY OF THE VARIATION OF IONOSPHERIC
ABSORPTION AND WIND INDUCED ION-CONVERGENCE
AFTER GEOMAGNETIC DISTURBANCES

P. BENCZE
CAND. GEOSCI.
F. MARCZ

GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN ACADEMY OF SCIENCES,
SOPRON,

The ion-convergence induced by atmospheric waves at mid-latitudes is used to study
the possible role of dynamic processes in the lower ionosphere after geomagnetic disturbances.
The after-effect in ionospheric absorption has been investigated in dependence of season.
Its amplitude is larger during summer (between April and September) than in winter (between
October and March). It has been found that in summer the after-effect is larger, if at the same
time the ion-convergence is long-lasting decreased. In winter the after-effect seems to be more
pronounced during periods when the ion-convergence is increased. Considering the ion conver-
gence as an indicator of turbulent transport the conclusion might be drawn that transport
processes also influence the development of the after-effect.

Introduction

It has been long ago assumed [1] that in the development of ionospheric
storms following geomagnetic disturbances dynamic processes play a signif-
icant role. Later satellite measurements, enabling in situ determination of
different atmospheric parameters, verified this supposition [2]. However, the
question needs further investigation. Namely, on the one hand satellite
measurements can be carried out for a long time only at altitudes above
about 150 km. Thus, for long-lasting observations at altitudes lower than this
height indirect and ground based methods are needed. On the other hand
a post-storm effect revealed by the ionospheric absorption of radio waves
also takes place in the lower ionosphere [3, 4], to the formation of which
dynamic processes may also contribute [5, ¢]. These conditions prompted
the investigation of the problem by means of an ionospheric parameter which
is connected with the dynamics of the lower ionosphere and which can be
determined on the basis of ground based measurements. From the data
obtained by the widely used vertical soundings, at mid-latitudes only the
sporadic E parameters are directly related to the dynamical conditions in the
lower ionosphere.

Assuming the validity of the wind-shear theory of mid-latitude sporadic
E, first the background electron density has been computed on the basis
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of the International Reference lonosphere [7]. In the computation [s] the
maximum electron density was calculated from the observed fOE value. The
height of the sporadic E layer for which the background electron density has
to be determined was given by the measured parameter EEs. The background
electron density has been computed below the valley region by means of
a polynomial of third degree and in the valley on the basis of a polynomial
of fifth degree. The electron density deduced from the observed blanketing
frequency has been considered as maximum electron density of the Es layer.
Then following Reddy and Matsushita [9] the ion-convergence was computed
by means of a relation derived from the starting equation of the wind-shear
theory and giving the ion-convergence as a function of the maximum electron
density of the Es layer, the background electron density, as well as the effec-
tive recombination coefficient outside of the Es layer. It has been assumed
that the effective recombination coefficient inside of the Es layer is equal
to that outside of it and the effect of ambipolar diffusion can be neglected.
The former supposition may be justified, if only variations of the ion-con-
vergence are studied. For the sake of completeness it should be mentioned
that the ion-convergence can be easily converted into wind-shear by multiply-
ing the former with a factor. This factor is a function of the ion-neutral colli-
sion frequency and the gyrofrequency of ions. Thus, the time variation of the
factor is practically negligible, but the factor itself is decreasing with increas-
ing height. This means that the time variation of the ion-convergence can
be considered identical with that of the wind-shear.

Seasonal dependence of the after-effect observed in radio wave absorption

Investigations carried out by Lauter and Knuth [3] have revealed
a seasonal dependence of the after-effect observed at mid-latitude in case
of sunspot maximum conditions (R > 50). It was found that days with in-
creased ionospheric absorption (at %— 90°) occurred more frequently in
summer than in winter. Such an annual variation was not experienced in case
of sunspot minimum conditions. Lauter and Knuth [3] attributed the strong
summertime maximum in the occurrence of the increased absorption (at
R > 50) to the increase of air density in the mirror point region of the outer
radiation belt electrons. The precipitation of these electrons into the lower
ionosphere (R-region) following certain geomagnetic storms is generally
accepted as the main cause of increased absorption.

W e carried out two independent superposed epoch analyses by using
the ionospheric absorption of obliquely incident radio waves measured at
245 kHz in Kihlungsborn (reflection point: = 54.9° N, A= 11.4° E) at sun-
set (x = 90°) between 1968 and 1974. One was based on summertime values,
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Fig. 1. Variation of mean departures from the corresponding monthly medians of sunset ab-
sorption (AL) measured at 245 kHz Kihlungsborn between 1968 and 1974 after selected geo-
magnetic disturbances in summer (upper curve) and in winter (lower curve)

another on wintertime data. Key days were selected on the basis of the daily
sum of Kp indices. Those days were accepted as key days, when the criterion
E Kp 30 was fulfilled. In addition it was required that on two days out
of three preceding the key day the E Kp-value must not surpass the mean
value of E Kp determined for the corresponding year.

The year has been divided into a summer and a winter half on the basis
of the change of dynamic conditions in the strato-mesosphere. The zonal
circulation at mid-latitudes (e.g. ~ 50° N) is characterized by distinct changes
of the wind-system in spring and autumn. The eastward wind (W) predomi-
nates during winter, i.e. between autumn and spring. On the contrary, be-
tween spring and autumn the westward wind (E) becomes prevailing. Thus,
the period between April and September can be regarded as summertime and
that between October and March as wintertime by considering only the changes
of the general wind direction.

In Fig. 1 the mean departures (AL) of sunset absorption from the cor-
responding monthly medians are presented around the selected key days.
The departures given in percentages are separately shown for the summer
months (in the upper part) and the winter months (in the lower part). It can
be seen that the amplitude of the after-effect is larger in summer than in
winter. In summertime the primary storm effect is indicated by a peak occur-
ring immediately on the storm day, however, in winter this peak is shifted
to the second day following the geomagnetic disturbance. The more pro-
nounced after-effect shown for summer seems to have a main phase lasting
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till day + 11 and it terminates in a declining phase between days + 1 2 and
+ 15. In case of the winter months, the primary storm effect and the after-
effect are clearly separated. The latter (being quite moderate in comparison
to summer) is finished on day +14 without a declining phase.

The results shown in Fig. 1 hint at characteristics of the increased
absorption which are rather different in summer and winter. An association
of these characteristics with seasonal changes in the dynamics of the lower
ionosphere cannot be excluded. In addition, Lauter and Knuth [3] reported
that strong after-effects are mainly produced in the summer months during
sunspot maximum conditions (R > 50). The data used in the present investiga-
tion were partly measured during solar maximum (1968—1970) and partly
in an interval (1971 —1972) where the R > 50 criterion applied by Lauter
and Knuth [3] was also fulfilled.

The dependence of the mean departures of ion-convergence on season during
the after-effect in ionospheric absorption

In order to complete the informations on the conditions of the lower
ionosphere during after-effects in radio wave absorption the values of ion-
convergence were applied. As it has previously been mentioned, the ion-

Y-Mn

Fig. 2. Variation of the average of departures of ion-convergence jAA j J Yom the

corresponding monthly mean of day time hourly values after selected geomagnetic disturb-
ances of the period 1968 —74 in summer (upper curve) and in winter (lower curve)

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



IONOSPHERIC ABSORPTION 409

convergence is a parameter which is connected with the dynamics of the lower
ionosphere. For the computation of ion-convergence we needed data of an
ionospheric station situated close to the reflection point of the radio waves
used for absorption measurements. Thus, the sporadic E parameters, deter-
mined on the basis ofthe vertical soundings of the ionospheric station Juliusruh
(54° 38' N, 13°23' E) have been chosen. The average of departures of ion-
A d«+

dZ
time hourly values was determined for each day of the interval (from day —3
to day +16) around the selected geomagnetic disturbances of the period
1968-74.

In Fig. 2 results of the superposed epoch analyses carried out with the
latter values are given separately for summer (in the upper part) and winter
(in the lower part). It can be seen that in summer the ion-convergence shows
decreased values following the geomagnetic disturbance till day +10. Then,
a period of fluctuating values follows. In winter the average departures
indicate a characterless variation of the ion-convergence during the whole
period covered by the superposed epoch analysis.

convergence from the corresponding monthly mean of day-

Discussion

The foregoing results have revealed that in summer the ion-convergence
is generally decreased during the after-effect. Naturally, this does not occur
in each individual case, it is valid only on the average. Therefore, the selected
43 geomagnetic disturbances were examined one by one and it was found that
during 21 events the ion-convergence showed continuously decreased values.
Sometimes the ion-convergence was decreased for several days also in the
remaining 22 cases, however, these periods alternated with intervals of in-
creased values. On the basis of the two kinds of events the previously used
absorption data were divided into two groups and separately analysed by the
superposed epoch method (the number of events was quite equal in both
groups).

The results are presented in Fig. 3, where the upper part includes the
events with a durable decrease of ion-convergence and the lower part the
remaining ones. The illustration reveals that in summer the after-effect is
more pronounced in cases, when the ion-convergence is decreased for a longer
period. Thus, it can be assumed that during the after-effect interval especial
dynamic processes might also contribute to the more effective ionization of the
lower ionosphere, as well as to the increase of absorption.

For the comparison of ionospheric absorption and wind induced ion-
convergence the superposed epoch method was applied to the average of
departures of ion-convergence determined for the two kinds of events. In the
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Fig. 3. The results of superposed epoch analyses carried out with mean departures from the

corresponding monthly medians of sunset absorption (dL) measured at 245 kHz in Kuhlungs-

born in summer a) Key days: Selected geomagnetic disturbances, decreased ion-convergence

for a longer period, b) Key days: All the other cases of geomagnetic disturbances used in this
study (in Fig. Lupper part)

upper and lower parts of Fig. 4 the mean variation of this parameter for the
21 events, respectively for the remaining 22 cases are plotted. As regards
the upper curve, the ion-convergence shows a depressed interval from the
beginning of the disturbance to day —+o, while the lower curve indicates
no systematic changes except the period before day +2. These results justify
that the selection of events has been properly performed.

Though in winter the variation of the average departures of ion-con-
vergence did not indicate characteristic changes, the 47 geomagnetic disturb-
ances were separately examined. It has been found that during 16 events
the ion-convergence showed continuously increased values. In the remaining
31 cases the ion-convergence could be characterized by alternating increased
and decreased periods. The absorption data were divided into two groups
corresponding to this classification of events and both groups were processed
by means of the superposed epoch method. (It is to be mentioned that the
number of events was rather different in the two groups.)

In the upper part of Fig. 5 the variation of the mean departures of
absorption is shown in case of events with a durable increase of ion-con-

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



IONOSPHERIC ABSORPTION 411

vergence, while in the lower part the variation of the absorption departures
during the remaining events is plotted. It can be seen that the shifted primary
storm effect and the after-effect is somewhat more pronounced in cases, when
the ion-convergence is increased for a longer period. Notwithstanding the
rather small number of this kind of events (a) the variation of increased ab-
sorption is quite similar to that shown for all winter cases in Fig. 1. Con-
sequently, the more numerous remaining events (b) without a durable increase
of ion-convergence should be less important in point of view of the after-effect
observed in winter. Thus, it can be assumed that after geomagnetic disturb-
ances dynamic processes may to a certain extent contribute also in winter
to the ionization conditions of the lower ionosphere.

For the control of the above mentioned the superposed epoch method
was applied to the average departures of the ion-convergence obtained for
the two groups of events. In the upper and lower parts of Fig. ¢ the mean
variations of this parameter for the 16 events, respectively for the remaining
31 cases are illustrated. The upper curve indicates increased ion-convergence

4NN

Fig. 4. Illustration showing the effectiveness of the separation of ion-convergence departures
IA N—jJin summer into cases of durable decrease (a) and all the other cases used in

this study (b)
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Fig. 5. The results of superposed epoch analyses carried out with mean departures from the

corresponding monthly medians of sunset absorption (JIb) measured at 245 kHz in Kihlungs-

born in winter, a) Key days: Selected geomagnetic disturbances, increased ion-ionvergence

for a longer period, b) Key days: All the other cases of geomagnetic disturbances used in this
study (in Fig. 1. lower part)

Fig. 6. lllustration showing the effectiveness of the separation of ion-convergence departures
[A ~emm ¢ ,rjjinwinterinto cases of durable increase (a) and all the other cases used in this

study (b)
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from day -)-I to day +10, as it has been expected. The lower curve shows
decreased values from the beginning of the disturbance to day +4. Again
the Figure gives evidence ofthe proper selection of events. Thus, the character-
less shape of the lower curve in Fig. 2 results from the superposition of por-
tions of the upper and lower curves in Fig. ¢ showing positive, respectively
negative departures.

On the basis of the investigations described in the present paper the
conclusion might be drawn that the increased absorption of radio waves
observed at mid-latitudes after geomagnetic disturbances is more pronounced
in summer, than in winter. Using wind induced ion-convergence determined
for the same periods, it has been found that in summer the after-effect in
absorption is more important, if at the same time the ion-convergence is
decreased. In winter the shifted primary storm effect and the after-effect
seem to be more distinct during periods of increased ion-convergence. Taking
into account that wind induced ion-convergence may be considered as an
indicator of turbulent transport, the results hint at a possible influence of
transport processes in the development of the after-effect. Thus, disregarding
the role of the temperature gradient, in summer decreased, while in winter
increased turbulence would favour the formation of the after-effect.
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N3YUEHWE BAPUALMA WOHOC®EPHOIO MOMOWEHUS W CXOAMMOCTb
MOHOB BETPOBOIO MPOUCXOXIAEHWS MOC/E TEOMAMHUTHbIX
BO3MYLLEHNN

n. BEHUE-®. MEPL

PE3FOME

CXOLUMOCTb MOHOB, CO3laHHbIX aTMOC(HePHbIMM BOSIHAMM B CPEAHMX LUMPOTax, UCMob3yeT-
€A AnA uccnefoBaHUsi BO3MOXHOW ponu AUHAMUYECKUX MPOLLECCOB B HUXKHEN MOHOchepe nocne
reoMarHuUTHbIX BO3MYLLEHWIA. [MocnefeiicTBre, HabNOAaEMOe B MOHOCHEPHOM MOr/IOLLEHNN W3-
y4danocb Kak (yHKLUMA BpeMeH roga. Ero amnantyzga netom (¢ anpensi fo CeHTA6ps) GonbLue Yem
3UMOI4 (C OKTS6pA A0 MapTa). YCTaHOB/IEHO, UTO Noc/eaencTBme ieTom 60Mblue, eCN B TO Xe
BpEMSI CXOAMMOCTb WMOHOB MPOAO/HKUTENBHO YMeHbLUAeTCs. 3MMOl MnocnefeiicTBUE KaxeTcs
6onblue B Te Mepuofbl, KOrja CX0AMMOCTb MOHOB yBenn4yMBaeTcs. CumTtas CXOAMMOCTb WMOHOB
MHAMKATOPOM TYpOYyneHTHOr0 TpaHCMopTa, MOXHO fefaTb BbIBOA, YTO MpoOLEcchbl TpaHcrnopTa
TOXe BAUAIOT Ha (POPMUPOBaHMe NocnefeiicTBYS.
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VARIATIONS OF THE ATMOSPHERIC ELECTRIC
POTENTIAL GRADIENT AT NAGYCENK OBSERVATORY
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Two kinds of variations of the atmospheric electric potential gradient are reviewed:
the long term and the short term variations. Both are presented on the basis of the continuous
measurement of the potential gradient at Nagycenk observatory. Three types of the long term
variations have been investigated: the diurnal, the seasonal and the 1l-year variation. The
two former can be regarded as periodicities regularly recurring at Nagycenk, however, the
11-year period have not been found in the investigated characteristics of the potential gradient.
Several types of the short term variations are presented. The atmospheric electric noise is
shown for different seasons and examples of oscillation type variations are also given.

1. Introduction

The continuous measurement of the atmospheric electric potential gradi-
ent at Nagycenk observatory covers a period of almost two decades. Using
this rather large observation material, we review three of the long term periodic
variations already recognized on the basis of records at other stations [:].
The diurnal and the seasonal (or annual) variations of the potential gradient
can be regarded as regularly recurring periodicities. Some uncertainties exist
about the third one. Namely, sometimes a correlation between the 11-year
period of solar activity and certain atmospheric electric parameters could be
revealed [2], but in other cases a connection seemed to be dubious [3]. The use
of potential gradient data measured between 1964 and 1976, i.e. during the
last 11-year solar cycle, makes possible an analysis of all the three mentioned
periodicities in case of Nagycenk observatory.

In addition, variations much shorter than the diurnal one have also
been studied. The most common variations occur during periods of minutes
up to fractions of an hour and they can be regarded as atmospheric electric
noise [1]. Though it is possible to find variations of a periodic character, the
unperiodic fluctuations are more frequent. The occurrence of both types is
a sign of increased atmospheric electric activity. Its appearance may he
associated with the changes of meteorological conditions and seasons, too.
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2. Long term variations

2.1 The diurnal variation

It is known [1] that three predominant types of the diurnal variation
of the potential gradient exist:

a) the single-oscillation continental type, in local time

b) the double-oscillation continental type, in local time

¢) the single-oscillation oceanic type, in universal time.

In order to clear what type of them occurs at Nagycenk observatory,
hourly means of the potential gradient have been determined. They are shown
in universal time (UT) for the interval between 1964 and 1976 in Fig. 1. (There
isnot large difference between UT and the local time at Nagycenk observatory:
LT = UT -f- 1 hour.) The hourly means were calculated without a greater
selection of data, however, those uncertain for some reason have been omitted.

In Fig. 1, the mean diurnal variation of the potential gradient for
the period, mentioned above is roughly a single-oscillation. Its continental
character is indicated by a steeper increase in the morning and an earlier
afternoon maximum than those observed in case of the oceanic type. The mini-
mum appears at 03 00—04 00 LT, the maximum at 1400 — 1500 LT. The
range of the mean daily variation (i.e. the difference between the maximum
and minimum value) is about 40 V/m.

Figure 2 shows the mean diurnal variation of the potential gradient
separately for winter (W = November, December, January, February), equi-
noxes (E = March, April, September, October) and summer (S = May, June,
July, August). The curve indicating the variation in the equinoxes (E) scarcely
differs from that of Fig. 1. Both have quite similar features, as regards their
shape and the positions of their extreme values. A rather different morning
increase can be seen in winter (W) and summer (S).

The slower increase of the winter curve during forenoon is comparable
to that observed in case of oceanic conditions. On the contrary, the steep
increase in the morning and the early afternoon maximum of the summer
curve clearly indicates the continental character. This can be attributed to
the sudden rise of temperature in the morning which causes a more effective

Fig. 1. The diurnal variation of the potential gradient at Nagycenk (between 1964 and 1976)
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Fig. 2. The same as in Fig. 1 but for different seasons

evaporation in summer than in other seasons. This evaporation yields an
enrichment of the suspension content of the air near the ground which results
in the early morning maximum of the potential gradient (between 09 00 and
10 00 LT). Nevertheless, with rising temperature the convection and thus
the mixing of the air near the ground also becomes more effective. Con-
sequently, a part of the suspensions is lifted from the ground to higher levels
and the potential gradient does not increase further. This is shown by the
decreasing tendency of the summer curve starting well before noon.

It should be mentioned that in spite of the position change of the maxi-
mum, the minimum appears on each curve between 03 00 and 04 00 LT, i.e.
it does not depend on season. Also the amplitude of the diurnal variation
(the difference between the maximum and minimum value) seems to be un-
changed. In all three cases it is ~ 40 V/m on the average.

2.2 The seasonal variation

The same data set of the potential gradient which was utilized for the
presentation of the diurnal variation, has been used in order to determine
the seasonal variation. Averaged monthly means have been calculated for
the interval 1964—1976 and they are presented in Fig. 3. Disregarding the
fluctuations, a single-oscillation is shown by the averaged monthly means.
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Vim

Fig. 3. The seasonal (or annual) variation of the potential gradient at Nagycenk (between
1964 and 1976)

The maximum of the potential gradient appears in the winter months (except
January) and the minimum in the summer months.

The rather small average in January seems to be peculiar. According
to a detailed analysis (not shown here), in s years out of the investigated
13 ones the January mean remained below the 13-year summer average
(~ 60 V/m). This occurred only once in case of February and twice in the two
remaining winter months (November and December). In all of the other years
in the winter months the mean values of the potential gradient were larger
than the above mentioned summer average. For the present, we have no
explanation for the peculiarity observed in January. Nevertheless, the winter
maximum of the Nagycenk potential gradient cannot be questionable.

It was found that the single-oscillation of the seasonal variation occurs
not only in the northern but also in the southern hemisphere and even above
the oceans [1]. The maximum value regularly appears in the northern winter
(southern summer) months. The amplitude of the seasonal variation, however,
is depending on the hemisphere. It is larger in the northern hemisphere
(~ 40%) than in the southern one (~ 16%). In case of the Nagycenk observ-
atory the annual average calculated from the monthly means of the period
1964 —1976 is about 70 V/m. The difference between the highest and the
lowest values shown in Fig. 3 amounts to about 30 V/m, i.e. at Nagycenk
the amplitude of the seasonal variation corresponds to that usually observed
in the northern hemisphere.

2.3 Study of the 11-year period

According to an early study of Bauer [2] the annual mean of the poten-
tial gradient should change in an 11-year cycle in accordance with solar activ-
ity. For the investigation of this periodicity the annual means of the Nagycenk
potential gradient have been determined for the years of the last solar cycle,
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between 1964 and 1976. They are presented in Fig. 4 (by crosses) together
with a parameter indicating (by dots) the changes in solar activity. The
potential gradient varies between 1964 and 1967 more or less parallel with
solar activity. In years of solar maximum the potential gradient shows a sud-
den decrease and rather large fluctuations occur after the maximum. A regular
11-year periodicity can hardly be found.

In Fig. 5 the mean values of the potential gradient are given separately
for the individual seasons (W = winter, E = equinoxes, S = summer) of the
investigated interval (1964—1976). A comparison with Fig. 4 reveals that
the changes of the winter means are principally responsible for the run and
fluctuations of the potential gradient during the period shown there. Smaller
fluctuations and a slow decrease in the declining phase of solar activity can
be seen in case of the equinoxes. The summer means show a rather smooth
character with a continuous decrease starting in 1966. Thus the presentation
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Fig. 4. The annual means of the Nagycenk potential gradient and a solar parameter (radio flux
measured at 2800 MHz in Ottawa) for the 1964—1976 interval
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Fig. 5. The mean values of the potential gradient for different seasons in the 1964 —1976
interval
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based on the seasonal separation of data has also not indicated a regular
11-year periodicity of the Nagycenk potential gradient.

Muhteisen [4] reported an inverse run of the yearly means of the iono-
sphere potential measured by balloons in comparison with solar activity
characterized by relative sunspot number. The measurements were carried
out at Wcissenau (FRG) between 1959 and 1971. Taking into account the
connection between the ionosphere potential and the atmospheric electric
field measured at the surface, the long term variation of the potential gradi-
ent should also be inverse to that of solar activity. Results shown in Figures
4 and 5 do not indicate even this kind of variation in the Nagycenk potential
gradient.

Bauer [2] found that also the amplitudes of the annual and the diurnal
variation changed in accordance with the 1:1-year period of solar activity.
Figure s shows the variation of the difference between the highest mean during
the winter months and the lowest one during the summer months for each
year of the interval 1964—1976. The calculated difference can be accepted
as an amplitude of the annual variation, but in Fig. ¢ there is no indication
of a regular 11-year period reported by Bauer [2].

vim

Fig. 6. Changes in the amplitude of the annual variation of the potential gradient for the
1964 —1976 interval
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Fig. 7. Changes in the amplitude of the mean daily variation of the potential gradient for
different seasons between 1964 and 1976
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Fig. 8a. The diurnal variation of the potential gradient in spring (14. 03. 1980) showing the atmospheric electric noise around noon

Fig. 8b. The same as in Fig. 8a, hut for summer (31. 07. 1980)

Fig. 8c. Potential gradient record of a summer day (11. 07. 1980) showing thunder-storm conditions in the afternoon

Fig. 8d. Large period (20—60 min) and large amplitude variations of the potential gradient

Fig. 8e. Medium period (3—10 min) variations of the potential gradient

Fig. 8f. Small period (<3 min) fluctuations superposed on large period variations of the potential gradient
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Finally, in Fig. 7the amplitude of the mean daily variation is presented
for the individual seasons of the investigated interval. A more or less parallel
run of this parameter is seen in the individual seasons, however, the influence
of solar activity does not appear.

On the basis of results shown in Figures 4, 5, ¢ and 7 a long term varia-
tion depending on solar activity cannot be assumed in case of the Nagycenk
potential gradient. Nevertheless, previous investigations [5] have revealed
a connection between ionospheric absorption and potential gradient on a short
er term. An increase of the potential gradient for some days following anom-
alously high ionospheric absorption hinted at a temporary association of
the two parameters due to extraterrestrial influences including geomagnetic
and solar ones, too.

3. Short term variations

Some interesting features ofthe short term variations ofthe atmospheric
electric potential gradient recorded in the observatory are shown in Fig. s.
In Fig. sa a record illustrating the diurnal variation of the atmospheric elec-
tric potential gradient in spring is shown. The variation of the potential
gradient is quite smooth during the night and in the morning. Fluctuations
called the atmospheric electric noise (agitation) appear only around noon,
as the exchange in the atmospheric boundary layer becomes more intense
(stability decreases). In Fig. sb a record showing the diurnal variation of the
potential gradient in summer is presented. The amplitude of the atmospheric
electric noise in daytime is larger than in spring due to the increased exchange
in the boundary layer.

Figure sc shows arecord of asummer day, when in the afternoon due to
thunder-storm conditions the potential gradient reached values exceeding
the range of the equipment (*250 V). Figs sd, e and f are illustrations of
different periodic variations of the atmospheric electric potential gradient.
In Fig. sd large period (20—60 min) and large amplitude variations can be
seen. It is to be noted that there are almost no fluctuations of smaller period.
Figure se shows a part of arecord, where variations of medium period (3—10
min) occurred connected probably with drifting ion clouds. These pulsations
have sometimes sinusoidal character. Figure sf is an example for small period
(<7 3 min) fluctuations superposed on variations of large period. Such small
period fluctuations occur mostly, when the humidity of the air is large.
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N

BAPUALMWN TPAOVNEHTA NOTEHUWMANA ATMOC®EPHO-3/IEKTPUYECKOIO
nona B OBCEPBATOPUU B HAALLUEHKE

®. MEPLU-M. BEHLE

PE3IOME

PaccMOTpeHbl fiBa TuNa BapuaLuil rpagueHTa noTeHumana atMoctepHo-31eKTPUYeCKoro
nons, AMHO- N KPaTKOBPEMeHHble Bapuauun. Oba Tuna npefcTaBneHbl Ha OCHOBaHUW Hempe-
PbIBHbIX U3MEPEHNI TpajieHTa noTeHUMana B HafpLleHKCKOM o6cepsatopuit. Tpu TUMa /IMHHO-
BPEMEHHbIX Bapuaumii 6blimn ncciefoBaHbl COOTBETCTBEHHO CYTOYHOW, Ce30HabHOW 1 BapuaLmm c
nepuogomM 11 net. MNepBble ABa TUMNa perynspHoO NoBTOpsAkoTCA B HagblLeHke, HO 11-neTHWiA ne-
puod He Habnogancs B WUCCNEAOBaHHbIX XapaKTepuUCTWKax rpagneHTa noteHuwana. lpen:
CTaB/eHbl MHOTUE Y/CNEHHBIE TUMbl KOPOTKOBPEMEHHbIX BapuaLmil. ATMOCHEPHO-3IEKTPUYECKIIA
LYM MOKa3aH B PasNyHbIX CE30HaX W MPeACcTaB/eHbl TakxXe NpuMepbl BapuaLluil 0CLMANaLoH-
HOro XapakTepa.
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75 YEARS OF SEISMOLOGICAL RESEARCH IN HUNGARY
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GECDETIC AND GECPHYSICAL RESEARCH  INSTITUTE OF THE HUNGARIAN ACADEMY OF SCIENCES,
DEPARTIVENT OF SHSMOLOGY, BUDAPEST

The rise, development and present situation of seismological research in Hungary is
summed up in the paper. The direction of further development is indicated.

Scientific interest for earthquakes has early arisen in Hungary, too, but
an organized data collection and interpretation exists only since 1881. Let us
look over — without the claim to completeness — the early works dealing
with earthquakes in Hungary. They are mainly catalogues, as e.g. Gros-
Singer; Dissertatio de terrae montibus Regni Hungariaé, a catalogue pub-
lished in Gy6r in 1873, further the works by Holéczy (1824), by Hunfalvy
(1859), by Saly and Jeitteles (1860) and by Koch (1880).

Among papers in connection with individual earthquakes, that one
issued by P. Kitaibel and A. Tomtsanyi dealing with the earthquake of
1. 14. 1810 is the most important, since the authors introduced in it the con-
cept of isoseismals, thus being ahead of his time by 50 years. Isoseismals are
even now an indispensable basis for the processing of earthquakes by macro-
seismic methods.

Inkey (1876), Hantken (1882), Schafarzik (1880, 1901), Réthly
(1907, 1908, 1910, 1911, 1912, 1918, 1922), Ballenegger (1911), Cholnoky
(1912), Szitber (1913, 1914), Schréter (1925), Moravetz (1925), Simon
(1931, 1937) and others dealt with individual earthquakes or investigated
the seismological conditions of a smaller area.

On special sessions of the Hungarian Geological Society some authors
gave reports on earthquakes burst out or detected in the Hungarian territory
or dealt with some strong world-wide quakes.

Questions in connection with earthquakes were considered as important
by the Hungarian Geological Society. Already on a committee session of Dec. 1,
1880, F. Schafarzik proposed to establish an institution after the model
of the Swiss Erdbeben-Commission, which as the task of observation data-
collecting and scientific processing of seismic phenomena all over the country.
The committee accepted the proposal and delegated a commission consisting
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of K. Hoffmann, B. Inkey, L. Léczy, F. Schafarzik, S. Schmidt and M.
Staub to work out a detailed plan in this question.

The committee sessions of Jan. 5, and March 2, 1881 dealt with the
question to constitute a Seismological Committee and at the March session
a temporary committee of 3 members was nominated (Karoly Hoffmann,
Béla Inkey, Ferenc Schafarzik) taking into account the urgency. In 1881
the Committee of Mathematics and Natural Sciences of the Hungarian Acad-
emy of Sciences ensured the requested financial support to the Hungarian
Geological Society for the Seismological Committee and the six members of
the Seismological Committee were elected at the committee session of Nov. 9,
1881

Jozsef Szabo, as president

Lajos Léczy, as vice-president

Ferenc Schafarzik,

Miksa Hantken,

Tamas Szontagh,

Mikl6s Yalya, as members.

According to the proposal of this session, the activity of the Committee
has been self-regulated. The activity of the Seismological Committee started
with a session on Nov. 25, 1881 on the basis of the plans of the temporary
seismological commission. These plans were sent to the Committee of Mathe-
matics and Natural Sciences of the Hungarian Academy of Sciences.

The following resolutions were accepted on the first session ofthe Seismo-
logical Committee:

1. A circular will be sent to the redactions of all newspapers in Hungary.

2. Letters in Hungarian and German will be sent to the provincial cities.

3. A short explanation of earthquakes and a description of their obser-
vation will be compiled for correspondents.

4. A questionary will be printed for these correspondents and finally

5. After having done the preparatory work, the Committee will connect
the Hungarian Central Meteorological Institute.

The leaflet and the questionary were compiled by the Seismological
Committee on the basis of a paper by Albert Heim, professor at the Zirich
University.

It should be mentioned here that the Swiss Seismological Committee was
the first in Europe.

It was discussed already at the first session of the Committee that it
would be necessary to install seismograph stations at several points of the
country besides to the collection and interpretation of the macroseismic
material of earthquakes.

In the meantime the Committee was increased to 8 members with the
new members Jéozsef Bernath and Sandor Kalecsinszky.
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In 1886 the Committee found it necessary to establish a data collecting
lentre in Kolozsvar (Cluj-Napoca). As its leader Prof. Dr. Antal Koch -was
nominated by the Geological Society.

From 1888 on Mihaly Kispatich, professor in Zagreb regularly sent
the macroseismic material collected in Croatia to the Seismological Committee
and so the activity of the Committee was extended over the whole kingdom.

The Seismological Committee organized within the Hungarian Geological
Society was regularly supported by the Hungarian Academy of Sciences.

In 1891 the Seismological Committee purchased 10 Lepsius-type seismom-
eters in order to install them in suitable scientific institutions. S. Kale-
CSINSZKY described the above mentioned seismometer in the “Fdldtani Koz-
I6ny” (1892). Data corresponding to the installation of these instruments are
lost. These instruments are fundamentally no seismographs, hut seismoscopes.

The personal composition of the Seismological Committee changed in
the meantime and the Committee was reorganized on January 20, 1900, by
the Geological Society with F. Schafarzik as president. On April 4, 1900 the
Seismological Committee asked the Hungarian Academy of Sciences for
a scholarship to study foreign seismological stations and took contact with
the director of the Meteorological Institute and asked him to support or to
take over the seismological service.

The Seismological Committee sent Radé Kovesligethy to study the
Strasbourg Institute. Kovesligethy visited not only the Strasbourg Insti-
tute, hut also several other seismological stations in Western Europe and
Italy. In his report he described the different seismological observatories and
instrument types. At the end of his report he summed up his experiences and
made a proposal for the organization of a seismological observatory network
in Hungary. The 7th International Geographical Congress in Berlin in its
resolution of October 4, 1899 — which proposed the establishment of an
international seismological network and missed the stations in Hungary —
did not declare the necessity of the unification of instruments in contrast
with Kovesligethy. He pointed out the lack of Hungarian stations in the
European network and proposed to set up five stations in Hungary. The
central station was planed in the cellar of the Geological Institute in Budapest,
further the Meteorological Institute should install a seismological station in
Ogyalla (Hurbanovo) and for the others he suggested the places in Fiume
(Rijeka), Kolozsvar (Cluj-Napoca) and Zagreb.

Kdvesligethy gave estimates in this report for the installation and opera-
tion of the stations Budapest, Fiume (Rijeka) and Kolozsvar (Cluj-Napoca).
He calculated the installation costs in 6500—7000 Korona, their operational
cost 1000 Koronal/year. To these estimates he completed a research plan, too.
At the last session of the Geographic Congress Gerland’s proposal was
accepted to call into being an international seismological committee.
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The first international seismological meeting was held in Strasbourg
between April 11—13, 1901. Hungarian participants were Konkoly-Thege,
Koévesligethy and Schafarzik. Schafarzik reported on the work done
by the Hungarian Seismological Committee since its establishment. He pre-
sented the occurrence of the more important earthquakes on the geological
map of Hungary. This was the first seismological map of the territory of
Hungary. Kovesligethy reviewed the First Hungarian Earthquake Cata-
logue by Ferenc Lajos,which compiled the data of the earthquakes occurred
in Hungary from the 11th century.

The participants of the meeting elected Kovesligethy as one of the
seven members of the Committee. Kovesligethy considered already then
the possibility of the practical application of seismology.

On the initiative of the Seismological Committee of the Hungarian Geo-
logical Society seismometric instruments were installed and checked in the
cellar of the Geological Institute and regular recording started on March 1,
1902. Grablovitz, Omori and Bosch installed the so-called Strasbourg pair
of horizontal pendulums, which were able to record only rather strong earth-
quakes. Till 1902 the Seismological Committee got a regular financial support
from the Hungarian Academy of Sciences. The costs of purchase and instal-
lation of the seismological instruments in the Geological Institute were paid
by Andor Semsey, director h. c. of the Royal Hungarian Geological Institute
from his own funds.

As an order of the Minister of Agriculture (February 10, 1903) put the
tasks of earthquake observations in Hungary and the establishment of the
new seismological station network into the competence of the Meteorological
Institute, the Geological Society dissolved its Seismological Committee at the
committee session of March 4, 1903 on condition that the Society will further
deal from a scientific point of view with earthquakes and its observatory will
be sustained. In order to perform these tasks, a new committee was called
into being under the name: Seismological Observatory of the Hungarian Geo-
logical Society with the members: Kalman E rnszt, Sandor Kalecsinszky,
Rado Kovesligethy and Ferenc Schafarzik.

The collection and processing of macroseismic data were made till 1911
by the Royal Hungarian Meteorological and Geomagnetic Institute. Here
Antal Réthly dealt with the collection of earthquake data and compiled
the yearly report: Earthquakes in Hungary. The Publishing House of the
Hungarian Academy published in 1952 the macroseismic data of earthquakes,
which he collected in this life entitled Earthquakes in the Carpathian Basin
(455—1918). This book has first of all as a catalogue an immense value. Its
interpretations and estimations require in many cases a revision.

Under the influence of the first international seismological meeting in
Strasbourg, 1901, the leadership of the Royal Hungarian Meteorological and
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Geomagnetic Institute decided to take the observation of earthquakes into
its. plans. The Meteorological Institute installed already in 1901 a Strasbourg
seismometric pendulum pair, the recording was started on January 1, 1902.
In 1901 in Temesvar (Timisoara) a Cacciatore and in 1902 an Agamennone
seismoscope have been installed.

The initiatives of the Hungarian Geological Society did not lead to the
establishment of a Hungarian seismological observatory network. As in the
meantime the Meteorological Institute installed in Ogyalla (Hurbanovo)
a horizontal pendulum pair of the Vincentini type, the Institute let 5 pairs
of Vincentini—Konkoly pendulums be manufactured from the 5000 Korona
paid to the Geological Society. Three pairs of them had been installed in
Budapest, Ogyalla (Hurbanovo) and Temesvar (Timisoara), while it was
planned to outfit seismological stations with the other two in Kolozsvar (Cluj-
Napoca) and Zagreb.

The Imperial and Royal Naval Academy established a seismological
station in Fiume (Rijeka) in 1903.

KOVESLIGETHY became in 1904 member and représentant of Hungary
in the Permanent Committee of the International Seismological Society and
in 1905 he founded with the financial support of the Hungarian Academy of
Sciences the Budapest Seismological Observatory and the International Earth-
quake Calculation Institute in connection with the Institute for Geography
of the Royal Hungarian Péter Pazmany University. The Hungarian Geological
Institute presented the instruments to the Central Seismological Observatory.
The government charged KOVESLIGETHY with the leadership of the Obser-
vatory, as leader of the Calculation Institute Karoly Jordan, former honorary
lecturer at the Geneva University was appointed and one assistant post to
each was secured. The new institutes were accommodated by Professor Lajos
Léczy. For the Central Observatory Imre Szalay, director of the Hungarian
National Museum, gave place in the cellar of the Museum. From the financial
support of the Department IIl of the Hungarian Academy of Sciences a
Wiechert astatic horizontal seismograph (1000 kg) and other outfit were pur-
chased in 1905. The Wiechert pendulums was installed in July 1906.

The Meteorological Institute installed in January 1903 a Vicentini—
Konkoly pendulum pair in Temesvar (Timisoara) and a Konkoly seismoscope
in Kalocsa.

In the year following the foundation of the Central Seismological Observ-
atory 4 seismological stations were run in the territory of Hungary and two
seismoscopes were installed. Further seismological stations were set up on the
territory of our country between 1910 and 1914 in Kalocsa, Kecskem ét,
Kolozsvar (Cluj-Napoca), Szeged and Ungvar (Uzhgorod).

At the foundation of the Central Seismological Observatory in Budapest,
KOVESLIGETHY considered the location in the cellar of the Hungarian National
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Museum only as temporary and in 1911 he made plans and took the necessary
steps to secure a proper place for the new central observatory to be built
in the capital. For this purpose the capital gave on the southern slope of
Istenhegy a proper ground for the new observatory. The WW 1 and its con-
sequences hindered him to realize his plans. After the peace treatment only
4 observatories remained on the territory of Hungary (Budapest, Kalocsa,
Kecskemet and Szeged). The observations of Budapest were run from 1905
till 1962 in the Hungarian National Museum.

The two Institutes founded by Kdévesligethy were unified in September
1912 under the name of Budapest Seismological Observatory. After the death
of Kovesligethy in 1934 the Institute was removed at first into the Semmel-
weis Street and in 1937 into the Dedk Ferenc Street where Béla Simon at
first as deputy director and later as director could secure an accommodation
fulfilling modern requirements. All research workers had own rooms with
reference library, typewriter, etc. In 1942 the Institute got two researcher
posts and two mechanician posts from the Ministry of Culture, thus the number
of researchers increased to four. In this way objective conditions for a success-
ful research work and the undisturbed operation of the observatories were
created.

Here we should like to sum up briefly the activity in the Institute
founded by Kovesligethy and its development. Four seismological observa-
tories (Budapest, Ogyalla (Hurbanovo), Fiume (Rijeka) and Temesvar (Timi-
soara) and a seismoscope in Kalocsa operated in Hungary in 1904. During
the following ten years five new observatories have been set up (Zagreb,
Kalocsa, Ungvar (Uzhgorod), Kolozsvar (Cluj-Napoca) and Kecskemet.
Koévesligethy and his coworkers dealt not only with theoretical problems as
e.g. the emerging angle of the initial ray, density distribution, but also called
attention to the possibilities of practical application (they gave expertises
to the Hungarian State Railway and to private persons in 1913) and emphasiz-
ed the necessity of special instruments for this purpose. The Seismological
Calculation Institute was commissioned by the Association Internationale
de Sismologie founded in 1906 — its first secretary general was Koévesligethy
till 1916 — to carry out practical tasks, as e.g. to compile the international
scientific catalogues of the macrographic stations. Further calculations were
made in connection with the gas-eruption of Kis-Sarméas. KoévesligeocHY dealt
with the problems of the possibility of scientific earthquake prediction, too.
Béla Simon considered as the task of the Institute besides the seismological
service and the scientific research the application of seismology in practice,
too.

WW 1 stopped already the well-starting development in almost all
respect, worldwar Il hit the Hungarian Seismological service and research
by an even harder blow.
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During WW 2 the rooms of the National Seismological Observatory
(since 1937), respectively the Hungarian Seismological Institute (1943) were
almost totally destroyed. The Institute suffered irreperable losses, as among
others the original macroseismic material collected by the Hungarian Geo-
logical Society and the Meteorological Institute were destroyed. During the
war only the stations Kalocsa and dgyalla (Hurbanovo) worked in 1943 and
in 1945 for a short time only Kalocsa. Almost the total equipment of the
stations Kecskemét and Szeged were destroyed.

Between 1946 and 1950 only the stations Budapest and Kalocsa were
operated. Recording in Kecskemet was restarted in 1951 with the 100 kg
Krumbach horizontal pendulum pair transferred from Budapest. In the mean-
time the workshop set up in the National Museum restored tha Mainka-type
horizontal pendulum pair of Szeged, thus recording in Szeged could be restarted
in February 1952, too. Since the rooms of the Institute in the Dedk Ferenc
street has been destroyed, the institutes was accommodated in the Kanizsai
street where it could work only in very tight rooms. Although Béla Simon,
the director of the Institute often asked the Ministry of Culture for an appro-
priate accommodation, his requests were overdone, they did not correspond
to the realistic possibilities. At the end of January 1952, the Institute moved
into the rooms of the Lorand Edtvos Geophysical Institute in the Damjanich
Street and it became a Department of this Institute.

When the Ministry of Culture (Religion and Education) gave over the
non-educational Institutions to other government offices, the seismological
institute being an institution founded with the support of the Hungarian
Academy of Sciences and dealing with basic research — came under the super-
vision of the Ministry of Mines and Energy due to ununderstaudable and in-
conceivable reasons, while at the same time the Astronomic Institute was
put under the supervision of the Hungarian Academy of Sciences. The Minister
of Mines and Energy incorporated it with January 1, 1952 into the Lorand
Edtvds Geophysical Institute with the clause that in international relation
the old name: Hungarian Seismological Institute can be retained. The Edtvds
Institute had then already primarily the task of exploring raw materials.

The observatory remained further on in the cellar of the Hungarian
National Museum, a place which became in consequence of the ever increasing
traffic quite unsuited for the installation of instruments more sensible than
the 1000 kg Wiechert pendulum. It had been possible already during WW 2
to identify with minute exactness the beginning and the end of air alarms,
because then the short période disturbances caused by factories and traffic
ceased and the otherwise thick basic line became thin.

In 1953 the Institute received Krumbach type horizontal seismographs
with optical recording as well as the electrodynamic vertical seismographs
which were ten times more sensitive than the Wiechert pendulum. They
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could not be installed in the cellar of the National Museum, therefore the
Department got the task to find a suitable place in the environment of Buda-
pest. Experimental recordings with portable pendulums started from Mt.
Dobog6k6 towards Budapest. The instruments worked in 1956 in the district
Obuda, in the Schmiedt manor-house and yielded acceptable seismograms
of the earthquake in Dunaharaszti and of its after-shocks. Some vibration
measurements required by the industry and public authorities could have
been carried out with these instruments.

Following the earthquake of Dunaharaszti a Soviet-made Kirnos-type
three-components seismograph with electrodynamic recording was received
in 1957 with which only experimental records were made in the National
Museum, and which has been later (1963) installed in the new observatory
in Sopronbéanfalva.

A great development was reached in the fifties worldwide in the level
of seismological instruments, 1000 kg seismographs — where great mass
was intended to overcome the friction — were transferred slowly from the
observatories into museums. Although Galitzin constructed the electro-
dynamic seismograph already in 1911, its use, however, spread slow by due
to the high costs of photographic paper. In Hungary its use started only at
the beginning of the sixties. The development of seismology being still dynam -
ic at the turn of the century slowed down in Hungary, one of the reasons
were without doubt the two WV-s. But for a time after the wars it cannot
be spoken from any development. If we survey the first fifty years of seismol-
ogy in our country, we can see how it changed from one supreme authority
to the other, and its position was not essentially improved in the fifties when
it operated as a Department of the Lordnd Edtvdés Geophysical Institute.
It is of interest to compare the development of the seismology with that of
astronomy in Hungary. While the latter developed due to its continuous
independence, due to the capacity and diligence of its experts a richly out-
fitted observatory network and a successful staff, in the meantime the seismol-
ogy had a network with old instruments, its staff consisted of four scientists
and one mechanician with small scientific output. An out-of-date instrumen-
tation can results only in very exceptionally cases in up-to-date scientific
results.

The late Professor Laszlé Egyed turned his attention to this situation
in the middle of the fifties. He recognized early that the seismological obser-
vatory network of the world will soon get an important role. As head of the
Geophysical Institute of the Lorand Edtvds University Budapest, he decided
to organize a seismological research group and started to develop an up-to-
date observation network as basis to this group.

In the beginning the seismological group consisted only of one scientist
one mechanician and two assistants, but the seismological research in Hungary
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got without doubt a sudden impulse at the end of the fifties. New stations
were built in Budapest, Sopron, Piszkéstet6 and Jésvafé with considerably
better noise levels, thus it was possible to apply seismographs with 1000 —
100,000 times magnification. Hence, the number of recorded quakes increased
from some hundreds to some thousands in a year. This necessitated to increase
the staff. On Egyed’s initiative, the Seismological Department of the Lorand
Edtvds Geophysical Institute was incorporated into the Seismological Re-
search Group of the Hungarian Academy of Sciences at the Lorand Edtvos
University. Egyed knew that a research group at the University Institute
was not the adequate form for the whole seismological research of a country
as well as he recognized the social and political importance of the seismology,
therefore he planned to establish an institute where all the geophysical re-
search and observation units of the national observatory service would have
got their places, among them the seismology with greatest weight due to its
greatest importance. In consequence of his early death this remained only
a plan. Since the Seismological Research Group has outgrown the frame
of a university institute, it was unified after his death in 1971 with the
Geodetic and Geophysical Research Laboratories of the Hungarian Acade-
my of Sciences in Sopron in the form of a new Institute called Geodetic
and Geophysical Research Institute ofthe Hungarian Academy of Sciences.

The development of the seismology was accelerated at that time. This
had more reasons. At first the very quick development of mass communica-
tion in the last decade widened the interest of people from theis immediate
surroundings to events all over the world. Disasters in far continents became
topic of conversation, a world-wide public matter. From events in Central
America we are informed with a delay of some hours through the television.
Attention is paid to the possibility of disasters even in our country, thus
seismology came into the centre or social interest all over the world. The other
reason is in close connection with the experiments with nuclear bombs and
with the threat of nuclear war. We hope that the convention to stop nuclear
experiments in the atmosphere, space and sea will be extended to underground
explosions in the future, too. The effective control of such a treaty would
be one of the tasks of seismology. A total nuclear silence would have a great
political effect to the countries, which do not take part in this treaty.

The rapid development of seismology was supported by the immense
modernization of electronics and by the improvement ofthe financial situation.

The speed of developmentin seismology and the effectiveness of observa-
tion can he illustrated by an example.

Between 1940 and 1945 the Hungarian network with instruments of
200 times magnification recorded 200 earthquakes in a year. With the new
network described above about 2000—3000 seismological events can be
detected in a year. With the most up-to-date arrays where the magnification
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is some millions, fifteen thousand tremors can be recorded. By means of
up-to-date instruments the amplitude of 10~9m i.e. 10 A can already be ob-
served.

This development is imperative for us, too. We got the possibility at the
beginning of the present five years plan to establish a more up-to-date seismo-
logical observatory network as the present one. This includes not only the
finances for constructing new instruments, but also the unavoidable increase
of staff, too. According to the plans the signals will be transmitted by radio
waves to the centre in Budapest, where automatic signal processing is planned.
Analoguous transmission of signals has been existing since some years from
the station in the Matra Mts, the final digital data transmission and auto-
matical signal processing will probably start in mid 1981 using three stations.
The installation of two further stations is planned for 1982 —83.

The number of research workers in the Observatory increased only
a little bit in the last 25 years, i.e. from four to five, but the number of papers
yearly published has been multiplied. It can be stated today that the change
was not only quantitative, but qualitative, too. The results of certain investi-
gations are used world-wide. A method to calculate earthquake magnitudes
based on the duration of the surface waves, published at the UGGI Conference
in Toronto, 1957 brought the first international success.

A new map of seismic risk has been constructed as well as several iso-
seismal maps, and all these contribute to the economic and seismically safe
planning of housing estates and industrial plants in our country.

Further on, the seismicity maps became part of the seismic risk map
of Central Europe constructed with the cooperation of the socialist countries.

A method to calculate the depth of the low velocity layer from seismic
data was published and a map of the LYL depths for a great part of Europe
constructed.

Investigation of the coda waves resulted in new aspects on the charac-
teristics of the final part of the surface waves.

A method has been developed for the rapid construction of microrayon
maps and investigations in this direction are intended to be continued. In-
vestigations of mining security have been also done since some years.

The establishment of the telemetric observatory network is a very
complicated task. With except of a few units, the automatical recording,
signal-recognizing and source determining system will be developed in our
department. We hope that this development will soon lead to an up-to-date
seismological network of observatories and together with this further important
results can be achieved on the fields of both seismology and of engineering
seismology.
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75 JIET CENCMOJIOTMYECKNX UCCNELOBAHWA B BEHIPUU
3. BUCTPUUYAHU—[. YOMOP

PE3IOME

B cTtartbe nsnarawTca UTOMM BO3HUKHOBEHUSA, Pa3BUTUA U COBPEMEHHOI0 COCTOAHNSA celic-
MOJIOTMYECKNX UCCnefoBaHnii B BeHrpun. lNokasaHbl HarnpaBfeHUs AalbHEeNLero passuTus.
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SEISMOLOGICAL TELEMETRY NETWORK IN
HUNGARY

E. BISZTRICSANY —L. HETESI-I. SZABO-GY . SZEIDOVITZ

GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE CF THE HUNGARIAN ACADEMY OF SCIENCES,
DEPARTMENT OF SEISMOLOGY, BUDAPEST

The Hungarian seismic station network will be reorganized in the next three years.
Telemetry stations will be built and this system will work just like an array. The data trans-
mission from the stations to the centre will happen by radio link. Atpresent the data trans-
mission is a one-way link from the first station, but in the future there will be possibility for
duplex. Temporarily the first link has worked on analog FM — FM way for three years. In the
next future (from the second half of 1980) digital data transmission will be achieved.

On the stations, the amplified and filtered seismic signals will be converted in digital
form moreover completed by error correction code. Using digital phase shift keying, the data
will be transmitted by VIIE radio telephone. The rate of data transmission will be 3.000 bit/s.
In the centre the receiver and signal converter decodes the signal train after demodulation,
and there will be a simple analysis of the signals for discrimination. Using the arrival times
of the first onsets originated from different stations, the time difference zlt," = q — t* will be
computed too. |- and q are the arrival times of the first onsets at the i-th and k-th stations.
Having a knowledge of the At series, the coordinates of the events can be computed auto*
matically.

Hungary lies beyond the northern side of the Alpide and Balkan earth-
quake belt. This area is poorer in seismic events than the Mediterranean zone,
but this does not mean that the damages of the Hungarian earthquakes have
not to be taken into consideration. In this century ten earthquakes occurred
in the Carpathian Basin, with the intensities 7 10 9. These earthquakes
were followed by several aftershocks with magnitudes of 2 M 4. Shocks
with less than M = 2 cannot be observed by our present instrumentation,
except if the event occurred in a close neighbourhood of a station. Foreshocks
were observed in very few cases, but we may suppose that they occurred more
frequently, than they were recorded with relatively low sensitive instruments
(highest magnification is 60,000 with galvanometric recording).

If we should like to study microearthquakes which are indispensable in
earthquake prediction, the complete seismological network has to be reformed.

For quick and as far as possible accurate information, a telemetry net-
work was planned. In a first step only five stations will be established (Fig. 1).
The network centre is in Budapest.

At first, every station will be equipped by short period vertical pendu-
lums. Since the central station is Budapest, where the noise level is rather high,
the pendulum will be set up in a 200 meters deep borehole.

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



436 E. BISZTRICSANY et al.

Fig. 1. Telemetry seismic network in Hungary

The data transmission from the stations to the centre occurs via radio
link. The firstinstalled station isthe M atra Mountains the distance between the
station Piszkéstet6 (PSZ) and Budapest (BUD) is 90 km. Since the altitude of
PSZ is more than 900 m and that of the central observatory 260 m, moreover
there are no higher hills between Matra and Budapest, the data can he trans-
mitted directly. The next station will be established at Pécs (PEC), here seismic
data are to be transmitted from 200 km, therefore the radio contact consists
of theree radio links. From the middle part of Transdanubia the radio chain
consists of two parts, and from the fourth station a direct line will be suffi-
cient again.

At present permitted YHF frequencies arc less than 100 MHz but only
temporarily, later more than 400 MHz will be used. Now from the first station
to the centre, the data transmission is one-way, hut in the future there will be
possibility for duplex channels.

A requirement for the radio link is that the signal-noise ratio must be
better than 26 dB. As far as possible short antenna cables and multielement
Y agi antennae are used. The gain of these Yagi antennae are nearly s dB.
The permitted transmitter power is 10 W for each radio station. W here this
relatively high power is not necessary, only 2—5 W will be used. Double modu-
lation has been applied in the expérimentais. The frequency of the 2kHz sub-
carrier has been modulated by the amplified seismic signal and it modulates
the carrier frequencies. Phase-locked loop IC-s are used for modulation and
demodulation. The subcarrier zero-phases stay unchanged or jump 180° de-
pending on the value of data which can be 0 or 1. The data signal contents an
error correcting Haming code to decrease the transmission noise of the carrier.

The facilities of the telemetry network have to possess the features as
follows:
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— digital recording of the amplified seismic signals

— the signal train has to be supplied by a key system for error detection

— the digitized and coded signal must be suitable for remote trans-
mission

— the signals have to arrive to the central receiver and recording site
by means of the data transmission system,

— the signals from the single stations to the centre have to be received
independently from each other. The initial phase must be determined
in spite of the noise

— using arrival times of the first onsets originated from the different
stations the time differences to = t, — to for all channels have to be
determined. In this formula tois the arrival time of the first onset at
the station which first observed an event

— if an event was observed by a station, the centre has to waits 20 s for
the other first onsets originated from the rest stations of the network

— the central set must be suitable for monitoring of analog and digital
data as well as digital recording, moreover it must be fitted for con-
nection with a separated set which has analyzing tasks.

Short description of the Hungarian telemetry system.

The schematic diagram of the telemetry network can be seen in Fig. 2.
The planned Hungarian telemetry network consists of four field stations with
the centre in Budapest, as shown in Fig. 1. Naturally the instruments in the
centre join by direct digital lines to the processing facilities, while the other
four have radio connections.

Fig. 2. Schematic diagram of the telemetry network
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Fig. 3. Data acquisition and handling system

The data acquisition, and handling system, can be seen in Fig. 3. These
systems consist of two parts, namely field station and centre.

The block diagram of the station is shown in Fig. 4. These facilities con-
sist of four main parts. The amplified and filtered seismic signal arrives to a
12 bit A/D converter. The sampling time is20 ms. A Hamming coder is applied
for hindering defective data transmission. This coder gives possibility to correct
three errors or to mark six errors. The correction and marking are made in
the decoder unit at the centre. The signal can be received by means of a
parallel/serial converter. The data signal controlled by the phase shift keying
modulator (PSK) is sent to the transmitter.

Digital front-end-processor

The detailed block diagram of the centre can be seen in Fig. 5. From
the output of the receiver, the signal is guided after demodulation to the front-
end processor’s input. This block ensures temporary storage and error correc-
tion. If the data are stored without error, they go to the input of the amplitude
averager and D/A converter. The D/A converter enables to use a pen recorder
and provides opportunity for monitoring the frequency changes of seismic
signals. If the amplitude of a seismic event can be identified from the noise
so this unit generates an “error signal”. In this case the time measuring control-
ler starts and gives a zero time signal for the channel which observed the event
first. For the other channels the time difference — ti0O will be indicated if the
seismometers received the event.

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



00

18 "pRIY BOMSIUBIUO 18 BoiAYdoso feonseposs eioy

T861%9T "BunH

seismometnc channel

digitizer

————————————— data transmission equipment

—————————————— uninterruptible power

Fig. 4. Block diagram of a field station

MHOMLIN AHLINITIL TVIIDO0TT0NSIFS



S BISZTRICSANY et al.

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981

Fig. 5. Block diagram of the centre



SEISMOLOGICAL TELEMETRY NETWORK 441

PERTEC t
| |
L =0 Q _ PERTEC?
real time ) t
station's error
signals
station station station station
0 station 2 3 U printer __ .
1 controller <= Printer

Fig. 6. Block diagram of data processing and recording system

The block diagram of data processing and recording system can be seen
in Fig. s .

The automatic phase identification, location and the magnitude determi-
nation occur by means of a system controlled by a micro processor. Two random
access memory (RAM) units are provided for storage. One ofthe RAM-s collects
the continuously arriving signals, the other gives the possibility for recording
on digital tape. The two RAM-s provide these tasks by turn. There is a monitor
unit which consists of a serial-parallel (S/P) converter, a universal asynchro-
nous receiver transmitter (UART) and drives the printer controller.

CEMICMOIOMMYECKASA TEJIEMETPUYECKAA CETb B BEHIPUM
E. BUCTPUYAHU—N. XET3W U-U, CABO—T. CENJOBUL

PE3IOME

B cnegytowme Tpu roga B BeHrpun peopraHusyetcs CeTb CECMONOrMYECKUX CTaHLMIA.
ByayT NoCTpoeHbI TeNeMeTPUYECKMEe CTaHLUK, 1 3Ta cucTema byaeT paboTaTb B pexume ,,appau,,.
Mepegaya faHHbIX OT CTaHUMI [0 LeHTpa OCYLLecTBASEeTCA yepes3 pagmo. B HacToswee Bpems
nepefaya, AaHHbIA OT NepBOW CTaHLMMW NPOBOAWUTCA OAHOHAMNpaBfieHHO, HO B OyayLuem CTaHeT
BO3MOXHbIM paboTa B pexxume ,,AynaeKc”. B KayecTBe aKCNepuMeHTa nepsas TMHUA paboTaeT
y)Xe roga Tpu aHanoroBbiM MeTogom ®M—>PM. B 6nmxaiiem byayuiem (BepossTHO C NepBoi
nonoBrHbl 1980 r.) ocyllecTBAseTCA UMGppoBas nepejada AaHHbIX. YCWeHHble U (OUAbLTPUPO-
BaHHble CEMCMUYECKME CUTHaNbl Ha CTaHUMAX npeobpasyloTcs B UMppoBytd (opMy, MOTOM
[OMOMHAKTCA KOAOM C McrnpasrieHVeM owun6oK. MprMeHAs uudpoByld MaHUNynsauuio ¢as,
[laHHble NepejatoTcs Npy nomowm paguoTeneoHa BX®d CkopocTb nepefayvm gaHHbix 3000
but/cek. Haxopgawminics B UEHTPe MPUEMHUK W YCTPOWCTBO ANS1 NpeobpasoBaHWUs CUMrHAIOB
nocne AemMoaynaLmmn LeKOAMPYIOT NOC/efoBaTeNbHOCTb CUrHAI0B Y MPOU3BOAAT MPOCTON aHa-
N3 pacno3HaBaHWUA CUTHA/IOB.

Vicnonb3ys BpemeHa MpMXofa CUTHaN0B OT pPasHbIX CTaHUWA, MCUMCASeTCs pasHuua
At/k = <J— tk. BenlMunHbI tj U tk — Bpems MpUXoja Hadana CUrHanoB. 3Has nocnefoBaTeflb-
HOCTN At KOOPAWMHATbI COBbITUIA UCHUCAAOTCA aBTOMATUYECKW.
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The coda waves are in connection with the earths crust. Since the duration of the surface
waves depends mainly on the magnitude of the earthquake and the coefficient of epicentral
distance is of a small value, it was assumed that the coda waves are guided waves at greater
distances.

The estimation of an earthquake size does not cause a great difficulty if
it occurred on populated area. Therefore the first Hungarian isoseismal map
was made as long ago as by Kitaibel and Tomtsanyi in 1814 after the earth-
quake of Mor (Hungary) of January 14, 1810. But in most cases earthquakes
occur in unpopulate areas because the surface of the globe is covered predomi-
nantly by oceans and moreover many continental faults lie fortunately in un-
populated regions.

But for various reasons we have to determine the size ofthe earthquakes
whether they touched populated or unpopulated areas.

Therefore the method requires instrumental observation. First this size
determination was introduced by Richter and his method was based on the
maximum amplitudes of surface waves registered by Anderson-Wood seis-
mographs. Richter’s magnitude scale was applied in California and was soon
extended by Gutenberg and Richter to remote earthquakes, too.

In Hungary these researches began in 1954 and the first calibration curve
was made for the Wiechert seismograph in Budapest. For the first equation
was well usable if the epicentral distances are more than ten degrees. The mag-
nitudes of local and near earthquakes were overestimated by this method.
An excellent example are the Greek shocks whose epicentral distance related
to Prague was about 12°, and to Athens within a few hundreds kilometer. Both
stations determined the Richter magnitude of these Greek earthquakes but
the magnitudes determined by Athens were some 0.4 units above the values
given by Prague (Fig. 1). By investigating several Hungarian earthquakes of
small epicentral distance a similar result was obtained. Thus the need arose
to seek a different way of magnitude determination.
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Fig. 1. A comparison of earthquake determined in Athens and Prague

Fig. 2. A plot of magnitudes vs. duration t (log t) of surface waves

It was observed earlier that the duration of surface waves depends mainly
on the size of the earthquake. Therefore a mathematical form of this relation

was looked for.

It was found that the logarithm of surface wave duration is in a linear

relation with the Richter magnitude, namely
M = alogt bA° C.
The magnitude of 166 shocks were determined by

M = log ADa4- 1.37 log A° 4- 2.63

@

&)

and plotted against log t. Here t was defined as the time difference between F
and L in minutes, as usually given in the literature, L being the first onset

and F the end of the surface waves.
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Performing a least-squares approximation, a straight line
M = 212 logt-f 0.005/10 + 2.98 3)

was obtained. The epicentral interval used in this study was 3° < A° < 180°.
It can be seen in the Fig. 2, that the values of local earthquakes are above
the straight line because the magnitudes are overestimated some half M unit
by equation (2). It well agrees with the above mentioned statement shown in
Fig. 1.

It is a striking feature of Eq. 3 that the coefficient of A° is very small
i.e. the duration of surface waves is almost independent on the epicentral
distance if the pendulum’s natural period is 10 sec.

The slight distance dependence of the duration of surface waves turned
the attention among others to investigations of coda waves [Aki, 1969; Biszt-
ricsAny 1970, 1971]. In the first case the seismograms of Kimos {V = 600,
Tp = 125 s, Tg= 1.25 s) vertical seismograph were used, since we wanted to
investigate the properties of Rayleigh coda waves of shallow focus earthquakes.
The epicentral distances were in an interval of 5° <[ A° 50°.

Before the properties of coda waves would be discussed, the earthquake
mechanism has to be summed up shortly. An earthquake is anticipated by
accumulation of elastic stresses along a discrete fracture like a geological fault.
If the stress and strain are great enough, the fault will be splitted. The dura-
tion of this process of tearing is rather short as compared with the total dura-
tion of surface waves, as it was shown by Eq. 3. Aki gave an explanation for
build up of coda waves of local earthquakes which are responsible for the long
duration of surface waves. But the decreasing of duration of surface waves is
light if the epicentral distance increases. Therefore the cause of this nearly
constant duration was studied in a greater interval of epicentral distance.
Since the train form of coda waves are very similar to the form of seismic noise,
a connection of coda waves was supposed with the layers of the earth’s crust
as it was studied by Hardtwig (1962) for long period noise.

If the coda waves were in connection with the properties of the plates
in the earth’s crust, the recurrence of the periods of coda waves might not
depend on epicentral distance significantly. Investigating this question, the
interval of 5° <[ A° 50° was divided into four parts (Fig. 3). It can be seen
that there is a very significant maximum at 7.5 s between two smaller peaks
(at 5 and 9 s). If the recurrence maxima do not depend on epicentral distance
in the interval of 5° <[ A° <[ 50°, it ought to be done so if A° <'5°, provided
that the magnitudes of the earthquakes are in similar intervals. This value of
the magnitude 5 < M < 7 is very rare in the Carpathian Basin.

The earthquake of May s, 1976 of North Italy (M = 7, AO= 4°), provid-
ed a suitable seismogram (Fig. 4). The result of the investigation of coda waves
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periods is shown in Fig. 5. The similarity is remarkable between Figs 1 and 3
in spite of the fact that in Fig. 3 more earthquake seismograms were used and
in Fig. 5 only one. The two curves show similar resonance properties. The dom-
inant period probably exists in consequence of the geometric and geophysical
properties of the layers. This effect travels in the different layer of the earth’s

Fig. 3. The recurrence of periods of coda waves in the interval of 5° A° 50°

YWVWWAWWW MANWNAIWV Y AN

End of the
reading

Fig. 4. Seismogram of the analysed Rayleigh-type coda waves
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Fig. 5. The results of the investigation of coda wave periods

crust with little damping, therefore the duration of surface waves stays un-
changed.

In case of small earthquakes, the energy is insufficient to shake a thick
layer. Therefore in case of near, small, shallow focus earthquakes, the frequency
maximum reflects the properties of thinner layers, sometimes presumably the
properties of the unconsolidated upper layer.

Henceforth we shall investigate the relation between maximum re-
currence of periods and layer thickness. We shall follow Hardtwig’s method
(1962). In accordance with Hardtwig the microseisms are supposed to be
plate vibrations and they may be interpreted as Rayleigh waves, but naturally
they are not pure Rayleigh waves.

For Rayleigh waves, the motion can be described by

n = crr(k, z) cos k(x — Vt) @)
W—c;= = = rUK,z sin k (8 — Vt),
1= =5 Wk sink( ) ()
where
I\ = e-AZ- (1 - x)e~4z,T2= -(1 - x)e~4dZ+ e~4z (s)
and

x=\-~— = 042265
3
is the root of the equation
3ks - 12x2+ 14* - 4= 0.

and c is an arbitrary constant.
The displacement will decrease with depth according to
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Substituting kK= ---- and L = VT (where V and L are the velocity and wave

length of the waves respectively and T is the period. With the experimental
value V = 3.2 km/s we can write

6.28- 0.8475 1 10,7723

. ?
5= 3.2 T~ T )

and
6.28- 0.3933 1 1,6640 o
2= 3.2 T~ T ©

W e have to investigate the amplitude 17/ and £ of 1 and w namely

V= clx(k,z), £= clr2{k,z) * ~»

For normalizing of c, let the horizontal displacement be of unit value atz = 0.
Then
clF"k, 0) = ex = 1.

The amplitude of the vertical displacement as it is expectable, 1.4679
atz = o.

Letus supposethat the amplitudes decrease continuously and rapidly at
the depth z = zo of boundary layer of less solidity. Moreover we shall suppose
that the Z and Z' amplitudes of the Rayleigh waves with periods T and T’

will decrease by a factor of n.
Therefore it can be written

The depth of the boundary layer can be determined, if n = n', then

4 z'
£
or

©)

(we remark that the value of £is 10—20 percent of Z at the boundary layer).
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Substituting Eqs (7) and (s) into 2 at Eq. (s) moreover considering
that Tr2= £ = £' by putting the values of £ and £' into Eq. (9) we get

—0.7723y - —1.6640 ~ . —0.7723y - -1,6640y -

e - 05774 ¢ =-=Le - 05774 . (10)
z

From (10), Zgcan be determined, but the solution is lengthy.
If we neglect the second part at both sides of Eq. (10), a very simple
relation can be obtained:

—0.7723y g -o7723y

e = — e
7
and
TT In—
0= . (112
(r-r) o0.7723 Y

Having determined the T = a(Z) function a series of values T, T' and
Z, Z' can be obtained in a close neighbourhood of the period with recurrence
maximum; by substituting them into Eq. (11), zO can be determined.

Using the least squares method, the first T = a(Z) equation was deter-
mined by BiszxRicsANY (1970):

T = 4.28Z - 047Z2: + 1.83. (12)

Computing the pairs of values from Eq. (12) according to the peaks of
the curve seen in Fig. 3, we get

56 <[T 6.6 20 = 13.2 km,
748 < . TN 87 *z0 = 18.4 km,
94 ~ T < 107 Zo = 29.65 km .

These layer thicknesses are in good agreement with the results of deep
seismic sounding.

Since the pairs of data (T, Z) have a great scatter [Bisztmcsany, 1971],
later that part of the seismograms were measured, where well developed wave
groups could be found. In such a way a more favourable data distribution was
obtained with less scatter [Bisztricsany, 1971]. This shows a great similarity
with the results on long period noise obtained by Walzer (1969). The Z = a(T)
relation was determined by means of 1000 data:

Z = 0.035T2 (13)
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Substituting Eq. (13) into Eq. (11):

TT In—

T
(14)

22~ {T'-T) 0.7723*
It can be derived in a simple way from Eq. (14)
2r

*) — * (15)

0.7723

where T is the maximum of the recurrence curve [BisztricSjGy, 1975]. The
discrepancy between z0 values computed by means of Eq. (10) and Eq. (15)
may be neglected.

On the basis of this study it was assumed that the coda waves are in con-
nection with the thickness of different layers in the earth’s crust. Further it is
supposed that these waves travel as guided waves (that is perhaps the reason
of small energy loss) from the neighbourhood of the epicentral zone where
they build up in a way defined by Aki.
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OMPEAENEHWNE BEJ/INYNHbLI 3EMNETPACEHVA N CBA3AHHBLIE C HUM
ABJIEHNA

3. BUCTPUYAHWN

PE3FOME

BonHbl Kofa cBA3aHbI C 3eMHOW KOpOVI. Tak Kak Npofo/HKUTENIbHOCTb MOBEPXHOCTHbLIX
BOJIH INaBHbIM o6pa30M 3aBUCUT OT BETMYUHDI 38Ml'|eTpF|C€HI/II‘/JI n KOS(*J(*)I/ILI,I/IEHT paccToaHnA ann-
LEHTPa B ypaBHEHUN ANA onpeaeneHna sBenynH 3eMl'IeTp$|CGHVIi7I SABNSETCA HeOOMbLLON BeNNYK-
HOW, npepnosiaraeTtcd, 4YTo BOJ/IHbl KOAa NPeACTaBIAOT cobolii HarnpasB/iEHHbIE BOJIHbI, HOCALLME
XapaKTepHble TEOMETPUYECKNE U ¢M3MHECKM6 CBOWICTBA CNOEB 3eMHOIA KOpblI.
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Microtremors source processes in Budapest are not stationary broad-band phenomena
with flat spectrum. In order to obtain informations on the natural ground frequency, one would
have to make repeated measurements in the hope that some common spectral peaks can be
attributed to site conditions. Thus the study of site conditions by the microtremor technique
is a time-consuming process of questionable reliability. The greatest difficulty — even in the
case of a one-layer system — associated with the application of the microtremor technique is
the fact that it is almost impossible to select from many, often sharp spectral peaks the right
one which may be characteristic for the ground properties.

Studies of the distribution of damages caused by earthquakes indicate
that large differences in the extent of damage often occur over relatively short
distances. Damage to engineering structures caused by earthquakes is known
to depend on the nature of the arriving seismic energy as well as on the charac-
teristics of structures. For the purpose of engineering design, the characteris-
tics of ground shaking that are of primary importance are the amplitude, the
frequency content and the duration. These characteristics are dependent on
various factors such as the earthquake source mechanism, the orientation of
the site with respect to the source, the material properties of the earth media
along with the waves propagate, the nature and orientation of various geolog-
ical discontinuities, the local topographic and subsoil conditions.

Microtremors are low-amplitude oscillations (1—3wy of the ground sur-
face produced by natural sources such as the wind and the sea breaking on
nearby shores, and by artificial ones such as vehicular traffic and other
cultural noise. The microtremor motions may be modified by local soil and
geological conditions and hence the records may contain information on these
local conditions.

Kanai and Tanaka (1961) made several studies of microtremors. Their
investigations typically made use of 2 min long records from one horizontal
component of ground motion and involved measuring the intervals between
successive zeros. The periods of ground motion were taken to be twice the time
interval. By plotting the number of waves vs. period, they obtained the oc-
currence frequency curve of periods. From this study the suggested [Kanai,
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1962] that for a given site such curves had some correlation with similar plots
obtained from those of strong earthquake ground motions.

Before studying the nature of microtremors a short review of its physical
characteristics is to be made.

Wilson (1953) studied microtremors of frequenices 4 to 100 Hz and found
the main sources to be heavy traffic, machinery, aircraft, other and wind man-
made noises. Aki (1957) stated that microtremors at a particular site had a
uniform intensity with respect to azimuth. He found that these waves had a
definite velocity at a given frequency and identified them as Love waves.
Akamatu (1961) by studying particle orbits arrived at the conclusion that they
are mainly combinations of Love and Rayleigh waves. Kanai (1962) has inter-
preted microtremors as being chiefly multiple reflections of SH waves in parallel
subsoil layers. Recordings made at the surface and at different depths by
Douze (1964) indicated that microtremors may be both P and Rayleigh waves,
while Allam (1969) concluded that microtremors are combinations of body
and surface waves.

Udwadia and Trifunac (1973) found that in EI Centro, California micro-
tremor and earthquake processes were widely different in character, being
little to no correlation between the ground responses to earthquake and
microtremor excitations.

Microtremors were found to be non-stationary within a day or so.

The above brief outline was intended to indicate the diversity of preva-
lent opinions on the basic nature of microtremors.

This paper attempts to investigate the influence of local conditions on
the seismic energy of microtremors. Low-amplitude ground motions of micro-
tremors were measured at ten different locations at which geological condition
were investigated.

Field measurement of microtremors

Three YEGIK seismographs with a natural period of about 1 sec and
70 per cent damping were used to measure the three components of microtrem -
ors. The output was then recorded by a four channel FM magnetic tape
recorder. A direct display of the ground motions was obtained simultaneously
by oscilloscope.

A part of the measurements was carried out during night in order to
eliminate as far as possible the effects of local disturbances. In order to get an
idea about the stationarity of the process, all the sites were revisited during
following nights or days when measurements were made once more.
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Data analysis

Microtremor ground motions with a recorded length of 300 s were ana-
lyzed in the frequency range Oto 100 Hz by a Real Time Narrow Band Analyser
(Briiel & Kjaer, Typ 3348).The spectra produced by the system were linearly
averaged according to the equation:

1 r=K
A= ¢ Tr

where A is the final averaged spectrum, K is the number of spectra to be aver-
aged (in our case 32) and TVis a spectrum making up the average.

Spectral analysis of microtremor motions

At four sites the equipments were placed on “outcrops”. In these cases
microtremors have been considered by many investigators as a process analo-
gous with white noise. The spectra (Figs 1to 4 left side) obtained from micro-
tremor-records on these sites are different of white noise spectra and a number
of spectral peaks can be seen. In order to see if the stationarity persists over
relatively longer periods (a day or so) measurements were reiterated on the
following day. The spectra on the right side of Figs 1to 4 show the nature of
ground motion about 24 h after the first measurements were made. A visual
comparison of these spectra indicated low similarity between spectral peaks.
Some ofthe peaks observed in these spectra might be the result of a particular
excitation which took place at the time the recording was made.

Figures 5 to 10 show the spectra oftypical one layer system. At site num -
ber five (Fig. 5), the dolomite was covered by a (11 m thick) loose layer. The
stationarity of the spectral peaks is rather good. Both horizontal components
indicate a spectral peak at about 5 Hz which might he the result of a resonant
effect. The velocity of P waves (Vp)in the loose layer was 200 m/s and from the
equation

T- vpm

where T is the period in sec and H is the thickness of the loose layer in m, the
predominant frequency can be calculated. The measured (5 Hz) and calculated
(4.5 Hz) predominant frequencies are quite similar in this case.

At site No. ¢ (Fig. s), limestone was covered by (5 m thick) loess.

A weak sign of oscillations can be seen on the spectra of the EW-compo-
nent. A peak at 4 Hz in the vertical component seems to be non-stationary
and disappeared in the spectra of the next day indicating that these peaks
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were possibly results of forced oscillations of the ground surface caused by
local sources.

Limestone was covered by detritus limestone (6.2 m thick) at site No. 7
(Fig. 7). In the spectra of all three components of microtremor motions a peak
at about 10 Hz can be observed which seems to be stationary and characterizes
the ground properties. A similar peak, however, occurs also in the spectra
measured at other sites and on other days. Deductions from such spectra must
be made with caution.

At site No. s (Fig. s) limestone was covered by loose clay (8.9 m thick).
The velocity of P waves is 472 m/s in the upper loose layer. A resonance is
expected at 13 Hz. A peak at about 10 Hz can be found in the spectra of all
three components. As we mentioned, a spectral peak occurs here almost in
every spectrum and it is probably a characteristic of microtremors in Buda-
pest. There is a sharp peak in these spectra at 24.5 cps and one may conclude
that probably a resonant ground frequency exists.

However, a correspondence between the geological structure of the site
and the spectral peak cannot be found. The two sets of spectra measured in
different time have dissimilar appearance (Fig. s, left and right sides), the
prominent spectral peak at 24.5 Hz observed in spectra of June 16 however
has appeared in the spectra of June 17, indicating that this peak was possible
a forced oscillation of the surface caused by local sources.

Figure 9 shows the spectra of three components measured over geological
structures being similar to the previous models. Compact marl was covered
here by yellow marl (4.8 m thick). The peak frequency calculated is 24.6 Hz
in agreement with a spectral peak of the EW components. The two sets of
spectra measured at different times are similar especially below 20 Hz. This
similarity can be explained with the relatively short time difference (5 h)
between the two measurements.

Figure 10 shows the spectra of all three components measured on clay
covered by (1.3 m thick) filling. The calculated frequency is rather high, about
38 Hz. The two sets of records were carried out at 10 a.m. and 15 p.m. on the
same day. A sharp spectral peak at 34—35 Hz can be found in the spectra of
the NS component only. A visual comparison of the spectra of vertical com-
ponents measured at different times indicates a high similarity of spectra.
These spectra show that the form of peaks has a stationary character within
5 h.
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Fig. 1. Two sets of the spectra of three components (from top: V, NS, EWH) measured On
June 16, at 15 h (left) and on June 17 at 15 h (right)
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Fig. 2. Two sets of the spectra of three components (from top: ¥, NS, EW) measured on
June 16 at 10 h (left) and on June 17 at 13 h (right)
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Fig. 3. Two sets of the spectra of three components (from top: V, NS, EW) measured on
June 9 at 17 h (left) and on June 10 et 6 h (right)
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Fig. 4. Two sets of the spectra of three components (from top: ¥, NS, EW) measured on
June 9 at 13 h (left) and on June 10 at 4 h (right)
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Frequency Frequency

5. Two sets of the spectra of three components (from top: V, NS, EW) measured on
June 9 at 13 h (left) and on June 10 at 3 h (right)
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Fig. 6. Two sets of the spectra of three components (from top: V, NS, EW) measured on
June 9 at 16 h (left) and on June 10 at 5 h (right)
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Fig. 7. Two sets of the spectra of three components (from top: V, NS, EW) measured on
June 16 at 11 h (left) and on June 17 at 6 h (right)
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Fig. 8. Two sets of the spectra of three components (from top: V, NS, EW) measured on
June 16 at 14 h (left) and on June 17 at 6 h (right)
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Fig. 9. Two sets of the spectra of three components (from top: V, NS, EW) measured on
June 23 at 11 h (left) and on June 23 at 16 h (right)
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Fig. 10. Two sets of the spectra of three components (from top: V, NS, EW) measured on
June 23 at 10 h (left) and on June 23 at 15 h (right)
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M3MEHEHWSA MUWUKPOCEMNCMOB B BYOAMEWTE
0. CENaoBUL

PE3IOME

MCTOUHMKOM Hab/tofaeMbix B Bydanelite MUKPOCEMCMOB SIBMSIETCA HecTalMoHapHOE,
LLIMPOKOMO/IOCHOE SIB/IEHME C MIOCKMM CMEKTPoM. [Ns c60pa AaHHbIX 06 eCTeCTBEHHOW YacToTe
rpyHTa Heo6XOAMMbI NOBTOPHbIE M3MEPEHNs], HaflesChb, YTO HEKOTOPbIE 06LLMe NUKU NpUCBanBa-
I0TCS MECTHBIM YCNIOBUAM. TakuM 06pasoM, U3yUeHne MeCTHbIX YC/I0BWIA NPy NOMOLLM TEXHUKM
MUKpOCecMOB 6yaeT KponoT/IMBbIM MPOLLECCOM, HAfiEXXHOCTb ero ToXe 6YAeT COMHUTENbHbLIM.
Han6onbLLUUM 3aTPyAHEHMEM B CBSI3M C UCMO/b30BaHMEM TEXHUKU MUKPOCEIMCMOB — faxKe B CNy-
Yae OfJHOC/IOMHOM CUCTEMbI — TOT (haKT, UTO MOYTM HEBO3MOXHO M3 MHOMMX — YacTO OCTPbIX —
MWKOB CNEKTPbI TOT, KOTOPbI MOXET XapaKTepu3oBaTb CBOMCTBA rPyHTa.
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ESTIMATION OF SEISMIC DETECTION THRESHOLDS OF
SEISMOGRAPH STATIONS IN HUNGARY

L. TOTH

GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN
ACADEMY OF SCIENCES, DEPARTMENT OF SEISMOLOGY, BUDAPEST

The event detection probability of a seismic station is function of event magnitude and
epicentral distance. In order to have a quantitative measure on the relative information contri-
bution from individual stations the detection threshold has been introduced. This is defined
as magnitude of an event at a given probability of detecting. Based on one year of data, Jan-
uary 1975—December 1975, the routine event detectability of Hungarian stations has been
investigated in terms of 50 and 90 per cent detectability thresholds.

1. Introduction

Several methods have been developed to estimate the detection thresh-
olds of seismic stations [3]. The main methods are as follows:

a) Indirect estimation method. By measuring the seismic noise level
and estimating the signal-to-noise ratio required for detection, one can rea-
sonably well predict the actual detection performance of a system.

b) The recurrence curve estimation method is a two-step procedure.
First the seismicity of a region is estimated by extrapolating the observed
data, using the exponential magnitude — frequency relationship. Then, the
observed number of events is compared to the estimated seismicity in order to
establish detection thresholds.

c) The direct method based on comparison to a reference system.

The recurrence curve estimation method has been applied in this study
to determine the detection thresholds of Hungarian stations.

2. The recurrence curve estimation method

The true P(m) detection probability of the station as a function of mag-
nitude m is [2, 3]
m  fiT + bA\

(<4 +0 1|
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from JOS (region 14). On the right hand side is the detectability in percentage as a function
of body wave magnitude

where LT and oy are the expectation and variance of the threshold magnitude,
m -f- bA and aA are the expectation and variance of the npg station magnitude,
and ® denotes the standard cumulative Gaussian distribution function. This
is derived by assuming:

a) the magnitude 14 at the station in question is normally distributed
mA ~ N(m + bA, od)

b) the threshold magnitude wris normally distributed

nr ~ N(BTi BT)

¢) mA and 1T are independent
d) the event is detected if mA > mp.
To estimate the frequency curve we assume that

log N = a bnib 2)

where N isthe number of events of magnitude mi, or greater, and a and b are
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parameters estimated from the distribution. The observed number of events
is compared to the estimated seismicity (Fig. 1).
As shown by Ringdal [3], this method estimates the curve

PAW) = @ )

(the notations are the same as in (1)) which gives significantly lower thresholds
than the true value [1].

3. Data basis and seismic regionalization

The data basis used in this study consists of all events found in [4].

Locations of the Hungarian seismograph stations are shown in Fig. 2
and Table I.

For several reasons the detection capability of a station varies with the
source region, therefore some kind of regionalization is to be used. There are

Table |

Seismic stations in Hungary

Station Code (Ioa ,Ej) |ng1%.
Budapest BUD 47.48 19.02
Josvafé JOS 48.50 20.54
Piszkéstet6 psz 47.92 19.89
Sopron SOP 47.68 16.56
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Fig. 3. The geographic regions used in this study

two conflicting arguments which must be considered: on one hand the regions
should he small enough to give an adequate representation of regional varia-
tions and on the other hand each one should he so large that an acceptable
amount of data should be available.

The regions used in this study (Fig. 3, Table Il) are the same as widely
used, defined by Gutenberg and Richter [5] and Flinn and Engdahnl [6].

Definition of the regionalization used in this study

Region Area of coverage Region Area of coverage
l. Aleutians — Aiaska 10. Japan — Kamchatka
2. Western North America li. New-Guinea — Hebrides
3. Central America 12. Fiji — Kermadec
4. Mid-Atlantic Ridge 13. South America
5. Mediterranean — Middle East 14. distance range 30—90°
6. Iran — W estern Russia 15. distance range 110—180°
7. Central Asia 16. distance range 0—30°
8. Southern — Eastern Asia 17. distance range 90—110°
9. Ryukyu — Philippines 18. the whole earth

4. Detectability results

The detection thresholds estimated by the method described previously
are shown in Table Ill. A dash indicates that available data were not sufficient.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Region

MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB
MB

50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
50
90
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Table ill

The estimated detection thresholds

BUD

5.62
5.70

5.14
5.31
5.10
5.21
4.72
4.93
4.93
5.10

5.32
5.61
5.54
5.64
5.32
5.43
5.10
5.72
5.02
5.46

5.21
5.39
5.07
5.29
4.36
4.99
5.44
5.56
5.22
5.41
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JOS

5.00
5.11

5.11
5.22
5.02
5.20
4.33
4.41
4.84
5.02
4.50
4.92
4.92
5.17
5.32
5.43
5.01
5.22
5.00
5.12
5.05
5.14

5.13
521
5.01
5.13
4.32
4.55
5.49
6.52
5.21
5.33

PSZ

5.02
5.13

5.12
5.24
5.10
5.27
4.34
451
4.90
5.04
4.92
5.01
4.95
5.13
5.33
5.42
5.12
5.33
5.02
5.70
5.03
5.11

5.15
5.23
5.05
5.17
4.38
451
5.42
5.54
5.25
5.47

SOP

5.43
5.74

5.16
5.25
5.10
5.23
4.42
4.81
4.92
5.17
4.73
5.02
5.02
5.14
531
5.42
5.03
5.20
5.04
5.12
5.17
5.48

5.17
5.25
5.00
5.33
4.32
4.57
5.46
5.74
5.24
5.48
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The limits for a least-squares fit were determined manually (Fig. 1).
The difference in percentage between the straight line and the actual data was
plotted as a function of magnitude, and a sixth — degree polynomial was then
fitted to the data at magnitudes below the 100 per cent point. Finally, the
90 and 50 per cent levels of detectability were computed.

Fig. 4. The estimated detection thresholds in terms of 50 (upper part) and 90 (lower part)
per cent

One should notice that all regions (region 5, 6, 7) located on the same
tectonic plate as the stations give the best results. On the other side, the
regions where the stations have the poorest event detectability are found in
the shadow zone (region 2, 13).

The results show that station JOS has the best event detectability, while
BUD and SOP have the poorest, corresponding to the magnification of the
seismographs operating at these stations. But it should be noted that the de-
tectability can not be increased sufficiently by increasing seismograph magni-
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fication. Other conventional single stations also have detection thresholds at
about 4.5—5.5Tb value [2]. Only arrays give much better event detectability,
below the 4.0mj value [1].
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OLIEHKA TMOPOrA CEMCMWYECKOW YYBCTBUTE/IbHOCTU
CEMCMOIPA®UYECKNX CTAHUWVMN B BEHIPUU

n. 70T

PE3IOME

BeposATHOCTb BbISIBNEHMSA COObITUIA CEMCMMYECKOM CTaHUMK ABAsSieTCs OYHKUWEN BeNn4un-
Hbl N PacCTOSAHMSA OT AMULIEHTPA CoBbITUSA. [151 NONYyYeHUsI Ka4yeCTBEHHO Mepbl 06 0THOCUTESb-
HOM BKJ/afie MH(OpMaLMKN OTAeNbHbIX CTaHUMIA 6bl10 BBEAEHO MOHATME Mopora celicMuYeckol
YYBCTBUTE/ILHOCTW. STOT NOPOr 6bl1 ONpefenieH Kak BeMyuHa cobbITvs NPy AaHHOV BepOATHOC-
TN BbIsIBNIEHMs1. Ha OCHOBe [aHHbIX OfHOro rofa (siHBapb—aekabpb 1975 r.) 6blna nccnegoBaHa
pYTUHHasi 06HapPY>XMBaeMOCTb BEHIepCKUX cTaHuuii B cny4dasx 50 1 90 NpoLeHTOB MOPOros
BbISIBIEHWSA.
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OBITUARY

FERENC HALMOS
(1931-1980)

Prof. Ferenc Halmos, Doctor of Technical Sciences, deputy director of
the Geodetic and Geophysical Research Institute of the Hungarian Academy
of Sciences suddenly died after a short but serious illness on 21 October, 1980.
His death is a great loss for the Hungarian geodetic science.

Ferenc Halmos, born in Héassdgy on 5 September 1931 completed the
secondary school in Pécs in 1949 and graduated at the Technical University
of Sopron in 1953. Here he became assistant at the Department of Geodesy
and Mining Survey. Since the foundation of the Geodetic Research Laboratory
of the Hungarian Academy of Sciences in 1955 he had worked there as a scien-
tist, senior scientist, since the reorganization into Geodetic and Geophysical
Research Institute in 1971 as head of department and since 1977 as deputy
director. He obtained the degree candidate of technical sciences in 1963 and
doctor of technical sciences in 1973,

The main fields of his research work were: application of least squares
adjustment in geodesy, investigation of gyroscopic theodolites, construction
of mathematical models in geodesy and satellite geodesy. The results of his
versatile research work were published in about 200 papers, mostly in English
or German, several of them in this journal.

He was very efficient in the organization of research too, especially in
that of international scientific symposia. He had been secretary ofa FIG com-
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mittee since 1971 and secretary of IAG Section 4 of IUGG since 1979. Further
he was secretary of the Geodetic Committee of the Hungarian Academy of
Sciences and chairman of the Sopron local group of the Geodetic and Carto-
graphic Society.

As appreciation of his outstanding scientific work he was awarded with
titular professorship in 1979.

Ferenc Halmos’s name is internationally well-known among geodesists.
His early death ended a successful and promising scientific career.

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



Acta Geodaet., Geophys. et Montanist. Acad. Sei. Hung. Tomus 16 (2—4), pp. 479—480 (1981)

RECENSIONES

M. Wyss (Ed.)
Earthquake Prediction and Seismicity Patterns
Contributions to Current Research in Geophysics 8
Birkh&user. Basel —Boston —Stuttgart, 242 p.
Reprinted from Pure and Applied Geophysics, Vol. 117 (1979)

The series of reprints from PAGEOPH has received a new volume being an extremely
interesting lecture even for those not being engaged exactly in the same field. Accounts as
by T. Gakza and C. Lomnitz on the recent history of the Caxaca gap in Mexico, or by W. H. K.
Lee and D. R. Brillinger on an analysis of historical earthquake data in Chine, including
an estimation of reliability on the basis of population density and document survival can be
nearly read as fiction. The volume isintroduced by a review on the seismic gap theory by
McCann, Nishenko, Sykes and Krause, followed by papers on some more or less prominent
gaps, like those in Costal Peru (Dewey and Spence) Kurile Island (Wyss and Habermann),
the Makran region in Pakistan (Quittmeyer), North Anatolia (Toks6z, Shakal and Michael),
and Kanto in Japan (Fujii and Nakane). Mogi, one of the initiators of the seismic gap theory,
describes two distinct classes of seismic gaps whose confusion can result in misinterpretation.
Delsemme and Smith used the migration method for South American earthquakes, and LI-
Sheng Huang, McRaney, Ta-liang Teng and Prebish found correlation between precipi-
tation in an arid zone (Southern California) and large earthquakes.

The volume offers interesting reading for anybody interested in geophysics or in this
new branch of seismology which received impetus by recent research. Its wide scope yields
possibilities for future students of this topic.

J. Ver6

K. Rinner (Red.)

Festschrift zur Emeritierung von o. Univ.-Prof. Dipl. Ing. Dr. techn. Karl Hubeny
Mitteilungen der geodatischen Institute der Technischen Universitdt Graz, Folge 35. Graz,
1980 p. 200

. Rinner: Zur Emeritierung von o. Univ. Prof. Dr. techn. Karl Hubeny

. Allmer: GauR-Kriiger Koordinaten oder wer war Louis Kruager?

. K. Bachmann: Die Zuverlassigkeit von Luftaufnahmen (franzésisch)

J. Blachut: Gehdrt die Fernerkundung zur Photogrammetrie, oder die Photogrammetrie
zur Fernerkundung? (englisch)

Brandstatteh: Richtungsfehler auBerachsialer Strahlengédnge in Kompensatorfernrohen

. Brettenbauer: Uber Zentralschnitte des Rotationsellipsoides

. Burkhard: Untersuchungen zur Kalibrierung eines Elektromikroskopes

. Ettr: Der Ingenieur fiir Vermessungstechnik und seine Ausbildung in Osterreich

HomorOdi: Die Anfange der Vermessungsingenieurausbhildung in Ungarn

Kittian—P. Meiss1: Bestimmung der Lage von gegenseitig nicht sichtbaren Stationen
der Erdoberflache aus Dopplereffekt-Messungen zu bewegten Zielen mit unbekannten
Koordinaten

dsmx

ACIDRO
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Koppenwalener: Das Lichtschnittverfahren nach Prof. Hubeny bei der OBB 1958 —1980
Lerere: Die Erforschung der Oberflache des Planeten Venus
. Moritz: Das geoddtische Bezugssystem 1980
. Scheleing: Mobile Schwimmlote als Elemente der Schiittdammbeobachtung
. Schmid: Die Chancen und technischen Mdglichkeiten eines Kontaktes mit extraterrestri-
schen Intelligenzen (CETI)
. Schodebauer: Kugeln als Hilfsflachen bei der Lésung der beiden geodétischen Hauptauf-
gaben

> IToImm

Die Arbeit entstand anl&Blich des 70-ten Geburtstages und der Emeritierung von Herrn
Prof. Hubeny, dem Vorstand des Institutes fir Allgemeine Geodé&sie der Technischen Uni-
versitdt Graz. Prof. Rinner befallt sich in der ersten Studie mit der Bedeutung dieses Ereignis-
ses und bringt Angaben Uber seinen l.ebendauf. bzw. dessen wichtigere Stationen. Die Liste
der wissenschaftlichen Tatigkeit des Jubilars wird auch angefiithrt. Im weiteren folgen Arbeiten
von Mitprofessoren, Kollegen, Freunden und gewesenen Schillern von Prof. Hubeny. Die
Themen entsprechen dem Forschungsbereich des Jubilars, oder behandeln angrenzenden
Gebiete.

So befassen sich Bachmann, Burkhard und Koppenwaeener mit der Photogram-
metrie, die Fernerkundung wird von Beachut und Leberl behandelt. Schmid erdrtert die
Chancen eines Kontaktes mit extraterrestrischen Intelligenzen.

Die Arbeit von Atimer gehdrt zum Themenkreis der hoheren Geodéasie. Er befal3t sich
mit der Entstehungsgeschichte des Gauss-Kriigerschen Koordinatensystems und schreibt Gber
das Leben, Wirken bzw. Daten von L. Kriger. Die Arbeit von Brettenbauer behandelt
eine neue Anwendung des Rotationsellipsoids, den sog. Zentralschnitt. Schodelbauer’s
Studie gibt eine Losung der beiden geodatischen Hauptaufgaben mit Hilfsflichen. Die Arbeit
von Moritz bringt Daten Uber geodatische Bezugssysteme einiger Ellipsoide von nunmehr
historischer Bedeutung und gibt Angaben (ber angenommene Bezugssysteme der IAG (1964),
der IAG (1967) Luzern, der IAG (1975) Moskau und der ITUGG (1980) Canberra.

Brandstatter’s Arbeit behandelt ein instrumententechnisches Problem und bringt
eine vektoranalytische Lésung fir die Richtungsfehler auferachsialer Strahlengdnge in Ni-
vellier instrumenten und fir den FaB der Durchfihrung von Almukantorat-Durchgédngen.
Letztere wird vor allem bei der préaziseren Berechnung der mit Vorsatzprismen durchge-
fuhrten auf Astrolabium bezogenen Messungen angewendet.

E tt1’s Arbeit befalt sich mit Fragen des dsterreichischen Hochschulwesens, Homorodi
behandelt die Geschichte der Aushildung von Vermessungsingenieuren in Ungarn.

Gy. Szadeczky-Kardoss

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



FOTEWOTA —— J. S OM O QY ittt s et st et s bbb bbbt e st ens 167
Somogyi, J.: Das 25-jdhrige Bestehen des Geoddatischen und Geophysikalischen For-

schungsinstitutes der Ungarischen Akademie der Wissenschaften 169
Barothy, B. — Verd-Helényi, M.: Remarks on unbiased free net adjustment 179
Halmos, F.: On the transform atlon of geodetic networks using least squares adjustm ent 191
Somogyi, J. —Balta L.—Nagy, I.: Compensation of systematic errorsin blockadjustment

with independent models 209
Z&voli, J.: Digital map construction using bicubic spline interpolation 237

Szadeczky-Kardoss, Gy. : Determination of polar motion coordinates from
Vations 0F @ SINGIE STATIO N i 245
Felsé, G.: Die Lichtgeschwindigkeit und die darauf beruhende Definition des Meters in
der Geodésie e
Barlha, G.: Earth tides in geodynamics
Mentes, Gy.: Horizontal pendulum with capacmve transducer

259

Somogyi, J.—Z4avoti, J.—Bessk6, D.: About the calibration of invar leveling rod s 281
Batla, L.—Halmai, E.—Somogyi, J.: Neue Stereokammer, Mess- und Rechenmethode im
UNTEITAGEDAU oottt bbbttt bttt b s en e e en e 295

Inczédy, B.J. —Krausz, K. : Interferometrie angle measuring system operating in small an-

gular range 307
Orbéan, A.: Das Prifen der Kippachsenvon Theodoliten.. 319
Adam, A.—Veré, J. —Cz. Miletits, J. —Holl6, L. —WaIIner A.:The geophyswal observa-

tory near Nagycenk. I. Electromagnetic measurements and processing of data ... 333
Bencze, P.—Maércz, F.: The geophysical observatory near Nagycenk. Il. Atmospheric elec-

tric and ioNOSPhEeric MEASUIEMENTS ettt 353
Adam, A.—Pongracz, J. —Szarka, L.—Kardevan, P.—Szabadvary, L.—Nagy, Z.—Zima-

nyi, I.—Kormos, |.—Bégeni, P.: Analogue model for studying geoelectric methods

in the Geodetic and Geophysical Research Institute of the Hungarian Academy of

SCIBMCES o bbb bbb bbb 359
Cz. Miletits, J.: Pc 3—4 type geomagnetic pulsation periods along a meridional chain in

Central Europe . 381
Holl6, L.: About the connection between longer period geomagnetic varlatlon an

interplanetary magnetic Fie ld ..o 397
Bencze, P.—Marcz, F.: A study of the variation of ionospheric absorption and wind in-

duced ion-convergence after geomagnetic diStUrbanCes. . iecicceneseee e 405
Marcz, F.—Bencze, P.: Variations of the atmospheric electric potential gradient at Nagy-

CENK OB S IV ATO Yttt 415
Bisztricsany, E.—Csdmor, D.: 75 years of seismological research in Hungary ... 423
Bisztricsany, E.—Hetesi, L.—Szabd, I.—Szeidovitz, Gy.: Seismological telemetry network

in Hungary ................................................................................................................................................
Bisztricsany, E. : Magnitude determinationand related phenomena... .
Szeldovnz Gy.: Mlcrotremor measurements in Budapest .
Téth, L.: Estimation of seismic detection thresholds of seismograph stations in Hungary 469

Obituary Ferenc Halmos (1931 —1980) cciciiirieirieieinienieieieie ettt sttt 477

Recensiones

Wyss M. (ed.): Earthquake Prediction and Seismicity Patterns — Ver6, J ... 479

Rinner, K.: Festschrift zur Emeritierung von o. Univ.-Prof. Dipl. Ing. Dr. techn. Karl
Hubeny — SZAdeCZKY-KardoSS, J ..ttt 479

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 16, 1981



Printed in Hungary

A kiadasért felel az Akadémiai Kiad6 igazgatoja. Mszaki szerkeszt6: Zacsik Annaméria
A kézirat nyomdaba érkezett: 1981. Il. 12. — Terjedelem: 28,0 (A/5) iv, 172 &bra (1 melléklet)
81.9297 Akadémiai Nyomda, Budapest — Felel6s vezet6: Bernat Gyorgy



Acta Geodaelica, Gcophysica et Montanislica, eine Halbjahresschrift der Ungarischen
Akademie der Wissenschaften. Sie veroffentlicht Originalbeitrage aus dem Bereich der
Geodasie, Geophysik und des Bergbaus in deutscher, englischer, franzdsischer oder russischer
Sprache.

Redaktion: 11-9400 Sopron, Muzeum u. 6.

Bestellbar hei »Kiiltura« AiifRcnliuntlelsuntcrnehiiicn (1389 Budapest 62 I*O.B. 119)
oder seinen Auslandsvertretungen.

Acta Geodaetica, Geophysica et Montanislica est une revue biannuelle de I’Académie
Hongroise des Sciences publiant des essais originaux du domaine de la géodésie, géophysique
et des sciences miniéres en francgais, anglais, allemand ou russe.

Rédaction: H-9400 Sopron, Muizeum u. 6.

On peut s’abonner a I’Entreprise du Commerce Extérieur « Kultura » (1389 Budapest
62, P.O.B. 149) ou chez représentants a I’étranger.

Acta Geodaetica, Geophysica et Montanislica BbIXOAAT Ba pas3a B rog B nsgaHuum Aka-
JeMun HaykK BeHrpuw. B ypHane ny6/uKylOTCA OpuUrnHasbHble uccnefoBaHMA No npobie-
MaM reofie3viv, reoyM3MKn 1 roOpHOro Aesia Ha PyccKOM, aHrIMACKOM, HEMELLKOM U (hpaHLly3CKOM
A3bIKax.

ALpec pefakuun: H-9400 Sopron, MUzeum u. 6.

3aKasaTb XXypHan 4epe3 BHewHeToprooe npeanpusatne «Kultura» (1389 Budapest
62, P.O.B. 149) nnn 4epes ero 3arpaHuyHble NPeACTaBUTENbCTBA.



Reviews of the Hungarian Academy of Sciences are obtainable
at the following addresses:

AUSTRALIA

C.B.D.LIBRARY AND SUBSCRIPTION SERVICE,
Box 4886, G.P.O. Sydney N.S.W. 2001

COSMOS BOOKSHOP, 135 Ackland Street, st.
Kilda (Melbourne), Victoria 3182

AUSTRIA

GLOBUS, Hochstadtplatz 4, 1200 Wien XX
BELGIUM

OFFICE INTERNATIONAL DE LIBRAIRIE,
30 Avenue Marnix. 1050 Bruxelles

LIBRAIRIE DU MONDE ENTIER, 162 Rue du
Midi, 1000 Bruxelles

BULGARIA

HEMUS, Bulvar Ruszki 6, Sofia

CANADA

PANNONIA BOOKS, P.O. Box 1017, Postal Sta-
tion “B”, Toronto, Ontario M5T 2T8

CHINA

CNPICOR, Periodical Department, P.O. Box 50,
Peking

CZECHOSLOVAKIA

MAD’ARSKA KULTURA, Narodnl tfida 22
115 66 Praha

PNS DOVOZ TISKU, Vinohradska 46, Praha 2
PNS DOVOZ TLACE, Bratislava 2

DENMARK

EJNAR MUNKSGAARD, Norregade 6, 1165
Copenhagen

FINLAND

AKATEEMINEN KIRJAKAUPPA, P.O. Box 128,
SF-00101 Helsinki 10

FRANCE

EUROPERIODIQUES S. A., 31 Avenue de Ver-
sailles, 78170 La Celle St.’Cloud

LIBRAIRIE LAVOISIER, 11 rue Lavoisier, 75008
Paris

OFFICE INTERNATIONAL DE DOCUMENTA-
TION ET LIBRAIRIE, 38 rue Gay-Lussac, 75240
Paris Cedex 05

GERMAN DEMOCRATIC REPUBLIC

HAUS DER UNGARISCHEN KULTUR, Karl-
Liebknecht-Strasse 9, DDR-102 Berlin

DEUTSCHE POST ZEITUNGSVERTRIEBSAMT,
Strasse der Pariser Kommine 3—4, DDR-104 Berlin

GERMAN FEDERAL REPUBLIC
KUNST UND WISSEN ERICH BIEBER,
Postfach 46, 7000 Stuttgart 1

GREAT BRITAIN

BLACKWELL’S PERIODICALS DIVISION, Hythe
Bridge Street, Oxford 0X1 2ET

BUMPUS, HALDANE AND MAXWELL LTD,,
Cowef Works, Olney, Bucks MK46 4BN

COLLET’S HOLDINGS LTD., Denington Estate,
Wellingborough, Northants NN8 2QT

W M. DAWSON AND SONS LTD., Cannon House,
Folkestone, Kent CT19 SEE

H. K. LEWIS AND CO., 136 Gower Street,

London WC1E 6BS

GREECE

KOSTARAKIS BROTHERS, International Book-
sellers, 2 Hippokratous Street, Athens-143

HOLLAND

MEULENHOFF-BRUNA B.V., Beulingstraat 2,
A msterdam

MARTINUS NNHOFF B.V. Lange Voorhout
9—11, Den Haag

10. XI1. 1981 HU ISSN 0374-1842

SWETS SUBSCRIPTION SERVICE, 347b Heere-
weg, Lisse

INDIA

ALLIED PUBLISHING PRIVATE LTD. 13/14
Asaf Ali Road, New Delhi 110001

150 B-6 Mount Road, Madras 600002
INTERNATIONAL BOOK HOUSE PVT. LTD,,
Madame Cama Road, Bombay 400039

THE STATE TRADING CORPORATION OF
INDIA LTD., Books Import Division, Chandralok,
36 Janpath, New Delhi 110001

ITALY

EUGENIO CARLUCCI, P.O. Box 252, 70100 Bar
INTERSCIENTIA, Via Mazzé 28, 10149 Torino
LIBRERIA COMMISSIONARIA SANSONI,
Via Lamarmora 45, 50121 Firenze

SANTO VANASIA, Via M. Macchi 58, 20124
Milano

D. E. A., Via Lima 28, 00198 Roma

JAPAN

KINOKUNIYA BOOK-STORE CO. LTD. 17-7
Shinjuku-ku 3 chdme, Shinjuku-ku, Tokyo 160-91
MARUZEN COMPANY LTD., Book Department,
P.O. Box 5056 Tokyo International, Tokyo 100-31
NAUKA LTD., IMPORT DEPARTMENT, 2-30-19
Minami Ikebukuro, Toshima-ku, Tokyo 171

KOREA

CHULPANMUL, PhenJan

NORWAY

TANUM-CAMMERMEYER, Karl Johansgatan
41—43. 1000 Oslo

POLAND

WEGIERSKI INSTYTUT KULTURY, Marszal-
kowska 80, warszawa

CKP I W ul. Towarowa 28 00-958 Warsaw
ROMANIA

D. E. P., Bucurefti

ROMLIBRI, Str. Biserica Amzei 7 Bucurefti
SOVIET UNION

SOJUZPETCHATJ — IMPORT, Moscow

and the post offices in each town
MEZHDUNARODNAYA KNIGA, Moscow G-200
SPAIN

DIAZ DE SANTOS, Lagasca 95, Madrid 6
SWEDEN

ALMQVIST AND WIKSELL, Gamla Brogatan 26

101 20 Stockholm

GUMPERTS UNIVERSITETSBOKHANDEL AB,
Box 346, 401 25 Goteborg 1

SWITZERLAND

KARGER LIBRI AG, Petersgraben 31, 4011 Basel
USA

EBSCO SUBSCRIPTION SERVICES, P.O. Box
1943, Birmingham, Alabama 65201

F. W. FAXON COMPANY, INC., 15 Southwest
Park, Westwood, Mass, 02090

THE MOORE-COTTRELL SUBSCRIPTION
AGENCIES, North Cohocton. N. Y. 14838
READ-MORE PUBLICATIONS, INC., 140 Cedar
Street, New York, N. Y 10003
STECHERT-MACMILLAN, INC., 7250 Westfield
Avenue, Pennsauken N. J. 08110

VIETNAM

XUNHASABA. 32, Hai Ba Trung, Hanoi
YUGOSLAVIA

JUGOSLAVENSKA KNIJIGA. Terazije 27, Beograd
FORUM, Vojvode MiSiéa 1, 21000 Novi Sad

Index: 26.031



	1. szám��������������
	P. Biró: Professor Dr. h. c. István Hazay octogenario������������������������������������������������������������
	Publications of Professor István Hazay���������������������������������������������
	Professor Dr. Lajos Homoródi septuagenario�������������������������������������������������
	Biró, P.: Geodynamic aspects of repeated geodetic levelings and gravity observations�������������������������������������������������������������������������������������������
	Halmos, F.: Evaluation of automatized gyrotheodolite measurements with special respect to MOM gyrotheodolites��������������������������������������������������������������������������������������������������������������������
	Alpár, Gy.: Application of least squares collocation for mineral reserve estimation������������������������������������������������������������������������������������������
	Wolf, H.: Freie Ausgleichung im Gauss–Helmert Modell�����������������������������������������������������������
	Paul, M. K.: Orientation-independent filtering in gravity analysis�������������������������������������������������������������������������
	Csernyák, L.–Hajagos, B.–Steiner, F.: General validity of the law of large numbers in case of adjustments according to the most frequent value�����������������������������������������������������������������������������������������������������������������������������������������������������
	Sátori, G.: Recent results concerning the investigation of the relation between the level of atmospheric radio noise and Forbush-decrease������������������������������������������������������������������������������������������������������������������������������������������������
	Ádám, A.: Statistische Zusammenhänge zwischen elektrischer Leitfähigkeitsverteilung und Bruchtektonik in Transdanubien (Westungarn)������������������������������������������������������������������������������������������������������������������������������������������
	Kovács, F.: Connection between the gas content and strength of rocks exposed to gas outburst danger����������������������������������������������������������������������������������������������������������
	Somosvári, Zs.: Investigation of the rock-gas system in front of the face of workings in order to determine the cause of rock and gas outbursts������������������������������������������������������������������������������������������������������������������������������������������������������
	Pethő, Sz.: Process control system with feedforward for grinding-separating cycles�����������������������������������������������������������������������������������������
	Recensiones������������������

	2–4. szám����������������
	J. Somogyi: Foreword���������������������������
	Somogyi, J.: Das 25-jährige Bestehen des Geodätischen und Geophysikalischen Forschungsinstitutes der Ungarischen Akademie der Wissenschaften���������������������������������������������������������������������������������������������������������������������������������������������������
	Baróthy, B.–Verő-Hetényi, M.: Remarks on unbiased free net adjustment����������������������������������������������������������������������������
	Halmos, F.: On the transformation of geodetic networks using least squares adjustment��������������������������������������������������������������������������������������������
	Somogyi, J.–Batta, L.–Nagy, I.: Compensation of systematic errors in blockadjustment with independent models�������������������������������������������������������������������������������������������������������������������
	Závoti, J.: Digital map construction using bicubic spline interpolation������������������������������������������������������������������������������
	Szádeczky-Kardoss, Gy.: Determination of polar motion coordinates from Doppler observations of a single station����������������������������������������������������������������������������������������������������������������������
	Felső, G.: Die Lichtgeschwindigkeit und die darauf beruhende Definition des Meters in der Geodäsie���������������������������������������������������������������������������������������������������������
	Bartha, G.: Earth tides in geodynamics���������������������������������������������
	Mentes, Gy.: Horizontal pendulum with capacitive transducer������������������������������������������������������������������
	Somogyi, J.–Závoti, J.–Besskó, D.: About the calibration of invar leveling rods��������������������������������������������������������������������������������������
	Batta, L.–Halmai, E.–Somogyi, J.: Neue Stereokammer, Mess- und Rechenmethode in Untertagebau���������������������������������������������������������������������������������������������������
	Inczédy, B. J.–Krausz, K.: Interferometric angle measuring system operating in small angular range���������������������������������������������������������������������������������������������������������
	Orbán, A.: Das Prüfen der Kippachsen von Theodoliten�����������������������������������������������������������
	Ádám, A.–Verő, J.–Cz. Miletits, J.–Holló, L.–Wallner, Á.: The geophysical observatory near Nagycenk. I. Electromagnetic measurements and processing of data������������������������������������������������������������������������������������������������������������������������������������������������������������������
	Bencze, P.–Märcz, F.: The geophysical observatory near Nagycenk. II. Atmospheric electric and ionospheric measurements�����������������������������������������������������������������������������������������������������������������������������
	Ádám, A.–Pongrácz, J.–Szarka, L.–Kardeván, P.–Szabadváry, L.–Nagy, Z.–Zimányi, I.–Kormos, I.–Régeni, P.: Analogue model for studying geoelectric methods in the Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	Cz. Miletits, J.: Pc 3–4 type geomagnetic pulsation periods along a meridional chain in Central Europe�������������������������������������������������������������������������������������������������������������
	Holló, L.: About the connection between longer period geomagnetic variation and the interplanetary magnetic field������������������������������������������������������������������������������������������������������������������������
	Bencze, P.–Märcz, F.: A study of the variation of ionospheric absorption and wind induced ion-convergence after geomagnetic disturbances�����������������������������������������������������������������������������������������������������������������������������������������������
	Märcz, F.–Bencze, P.: Variations of the atmospheric electric potential gradient at Nagycenk observatory��������������������������������������������������������������������������������������������������������������
	Bisztricsány, E.–Csomor, D.: 75 years of seismological research in Hungary���������������������������������������������������������������������������������
	Bisztricsány, E.–Hetesi, L.–Szabó, K.–Szeidovitz, Gy.: Seismological telemetry network in Hungary��������������������������������������������������������������������������������������������������������
	Bisztricsány, E.: Magnitude determination and related phenomena����������������������������������������������������������������������
	Szeidovitz, Gy.: Microtremor measurements in Budapest������������������������������������������������������������
	Tóth, L.: Estimation of seismic detection thresholds of seismograph stations in Hungary����������������������������������������������������������������������������������������������
	Obituary Ferenc Halmos (1931–1980)�����������������������������������������
	Recensiones������������������

	Oldalszámok������������������
	_1���������
	_2���������
	_3���������
	_4���������
	_5���������
	_6���������
	1��������
	2��������
	3��������
	4��������
	5��������
	6��������
	7��������
	8��������
	9��������
	10���������
	11���������
	12���������
	13���������
	14���������
	15���������
	16���������
	17���������
	18���������
	19���������
	20���������
	21���������
	22���������
	23���������
	24���������
	25���������
	26���������
	27���������
	28���������
	29���������
	30���������
	31���������
	32���������
	33���������
	34���������
	35���������
	36���������
	37���������
	38���������
	39���������
	40���������
	41���������
	42���������
	43���������
	44���������
	45���������
	46���������
	47���������
	48���������
	49���������
	50���������
	51���������
	52���������
	53���������
	54���������
	55���������
	56���������
	57���������
	58���������
	59���������
	60���������
	61���������
	62���������
	63���������
	64���������
	65���������
	66���������
	67���������
	68���������
	69���������
	70���������
	71���������
	72���������
	73���������
	74���������
	75���������
	76���������
	77���������
	78���������
	79���������
	80���������
	81���������
	82���������
	83���������
	84���������
	85���������
	86���������
	87���������
	88���������
	89���������
	90���������
	91���������
	92���������
	93���������
	94���������
	95���������
	96���������
	97���������
	98���������
	99���������
	100����������
	101����������
	102����������
	103����������
	104����������
	105����������
	106����������
	107����������
	108����������
	109����������
	110����������
	111����������
	112����������
	113����������
	114����������
	115����������
	116����������
	117����������
	118����������
	119����������
	120����������
	121����������
	122����������
	123����������
	124����������
	125����������
	126����������
	127����������
	128����������
	129����������
	130����������
	131����������
	132����������
	133����������
	134����������
	135����������
	136����������
	137����������
	138����������
	139����������
	140����������
	141����������
	142����������
	143����������
	144����������
	145����������
	146����������
	147����������
	148����������
	149����������
	150����������
	151����������
	152����������
	153����������
	154����������
	155����������
	156����������
	157����������
	158����������
	159����������
	160����������
	161����������
	162����������
	163����������
	164����������
	165����������
	166����������
	166_1������������
	166_2������������
	166_3������������
	166_4������������
	166_5������������
	166_6������������
	167����������
	168����������
	169����������
	170����������
	171����������
	172����������
	173����������
	174����������
	175����������
	176����������
	177����������
	178����������
	179����������
	180����������
	181����������
	182����������
	183����������
	184����������
	185����������
	186����������
	187����������
	188����������
	189����������
	190����������
	191����������
	192����������
	193����������
	194����������
	195����������
	196����������
	197����������
	198����������
	199����������
	200����������
	201����������
	202����������
	203����������
	204����������
	205����������
	206����������
	207����������
	208����������
	209����������
	210����������
	211����������
	212����������
	213����������
	214����������
	215����������
	216����������
	217����������
	218����������
	219����������
	220����������
	221����������
	222����������
	223����������
	224����������
	225����������
	226����������
	227����������
	228����������
	229����������
	230����������
	231����������
	232����������
	233����������
	234����������
	235����������
	236����������
	237����������
	238����������
	239����������
	240����������
	241����������
	242����������
	243����������
	244����������
	245����������
	246����������
	247����������
	248����������
	249����������
	250����������
	251����������
	252����������
	253����������
	254����������
	255����������
	256����������
	257����������
	258����������
	259����������
	260����������
	261����������
	262����������
	263����������
	264����������
	265����������
	266����������
	267����������
	268����������
	269����������
	270����������
	271����������
	272����������
	273����������
	274����������
	275����������
	276����������
	277����������
	278����������
	279����������
	280����������
	281����������
	282����������
	283����������
	284����������
	285����������
	286����������
	287����������
	288����������
	289����������
	290����������
	291����������
	292����������
	293����������
	294����������
	295����������
	296����������
	297����������
	298����������
	299����������
	300����������
	301����������
	302����������
	303����������
	304����������
	305����������
	306����������
	307����������
	308����������
	309����������
	310����������
	311����������
	312����������
	313����������
	314����������
	315����������
	316����������
	317����������
	318����������
	319����������
	320����������
	321����������
	322����������
	323����������
	324����������
	325����������
	326����������
	327����������
	328����������
	329����������
	330����������
	331����������
	332����������
	333����������
	334����������
	335����������
	336����������
	337����������
	338����������
	339����������
	340����������
	341����������
	342����������
	343����������
	344����������
	345����������
	346����������
	347����������
	348����������
	349����������
	350����������
	351����������
	352����������
	353����������
	354����������
	355����������
	356����������
	357����������
	358����������
	359����������
	360����������
	361����������
	362����������
	363����������
	364����������
	365����������
	366����������
	367����������
	368����������
	369����������
	370����������
	371����������
	372����������
	373����������
	374����������
	375����������
	376����������
	377����������
	378����������
	379����������
	380����������
	381����������
	382����������
	383����������
	384����������
	385����������
	386����������
	387����������
	388����������
	389����������
	390����������
	391����������
	392����������
	393����������
	394����������
	395����������
	396����������
	397����������
	398����������
	399����������
	400����������
	401����������
	402����������
	403����������
	404����������
	405����������
	406����������
	407����������
	408����������
	409����������
	410����������
	411����������
	412����������
	413����������
	414����������
	415����������
	416����������
	417����������
	418����������
	419����������
	420����������
	420_1������������
	420_2������������
	421����������
	422����������
	423����������
	424����������
	425����������
	426����������
	427����������
	428����������
	429����������
	430����������
	431����������
	432����������
	433����������
	434����������
	435����������
	436����������
	437����������
	438����������
	439����������
	440����������
	441����������
	442����������
	443����������
	444����������
	445����������
	446����������
	447����������
	448����������
	449����������
	450����������
	451����������
	452����������
	453����������
	454����������
	455����������
	456����������
	457����������
	458����������
	459����������
	460����������
	461����������
	462����������
	463����������
	464����������
	465����������
	466����������
	467����������
	468����������
	469����������
	470����������
	471����������
	472����������
	473����������
	474����������
	475����������
	476����������
	477����������
	478����������
	479����������
	480����������
	481����������
	482����������
	483����������
	484����������


