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Introduction

Topicality of the problem

Spatial statistics is one of the youngest trends in the science of statistics.
First, it has been applied in mining, during the fifth decade of the last century.
In fifty years after this trend of science had been discovered, the circle of the
scientists involved in it has grown drastically as well as areas of application.
Also, a wide range of theoretical and practical material has been issued.
Nowadays, spatial statistics methods are used in: ecology, quantity geology,
image processing and analysis, epidemiology, studying global climate change
and even cosmology. However, in Lithuania, the methodology of spatial data
analysis has been studied only from the beginning of this Millennium. Since
only few scientists (Dumbrauskas, A.; Kumetaitis, A.; Kumetaitiene, A. and
others) are involved, it is very important to expand this area and develop the
existing methods. Also it is essential to study the spatial dada modelling
methods throughly and provide general spatial data modelling methodology.

In order to apply the methods of spatial statistics, it is necessary to know
the location of data in space, which is usually expressed in geographic
coordinates. Thus, one of the main distinctions of spatial statistics which makes
it different from the classical is the ability to model both spatial trend and
spatial autocorrelation.

One of the main objectives of spatial statistics is creating a mathematical
model of spatial data, which can be used for interpolation (extrapolation) or for
other purposes. To accomplish data estimation the kriging method can be used.
Under certain conditions it minimizes mean square prediction error, that is to
say, provides the best linear unbiased prediction. Depending on spatial data
nature, the mean model of spatial process and other data characteristics, several
types of kriging can distinguish.

The spatial autocorrelation among observations is described by covariance
function or semivariogram. The last is often used in practical researches,
because it covers the wider class of spatial processes. To describe the variaton
of spatial data by semivariogram, firstly, the spatial structure of observations is
modelled using the graph of the empirical semivariogram. The empirical
semivariogram estimator mostly is calculated by using Matheron method of
moments (MoM). Then one of semivariogram parametric model is fitted.
Parametric model is described by several semivariogram parameters 0. Main of
them are nugget, sill and range.

The best linear unbiased predictor can not be computed unless 0 is known,
which is typically not. To evaluate semivariogram parameters, the least squares
methods (ordinary, weighted and generalised least squares methods) are often
used. As stated Lahiri et al. in “On asymptotic distribution and asymptotic



efficiency of least squares estimators of spatial variogram parameters* (2002),
under the general conditions the generalised least squares method (GLS)
asymptotically effective by comparing with other least squares methods.

The least squares methods can be also used for the estimation of
parameters of the mean model. Since in literature GLS method is presented
through covariances functions, it is important to take the expression of this
method through semivariogram.

Should also be noted that the estimators of semivariogram parameters by
analytical method is not available. Therefore, the asymptotic analysis of
estimators is live issue.

Another frequent task in the spatial statistic is the determination of the
optimal sampling plan. D and A criterion of sampling design is widely used.
Again, providing of expression of D and A criterion in semivariogram form is
very important.

Research object

The research object of the dissertation is the methodology of modelling,
prediction and results analysis of spatial data generated by spatial processes
with stationary errors.

Aim of the work

The main objective of thesis is to propose the methodology for modelling
of spatial data through semivariograms and prediction by kriging, when the
spatial data are generated by spatial processes with stationary errors.

Tasks of the work

1. To review the additive models of spatial processes with stationary errors
and decribe the fundamental characteristics of spatial processes.

2. To propose the methodology of modelling and prediction of spatial data
by using various parametric models of mean and stationary semivariogram.

3. To adapt the described and proposed methodology to modelling and
predictions of depth and sediments data of the Curonian Lagoon.

4. To compare the spatial sampling design using various criterions.

5. To perform the analysis of statistical properties of MoM estimator.

Methodology of research

In analytical part of work when the mathematical models of spatial data
and the methodology of modelling and prediction of spatial data are described,
the analysis of literature and comparative analysis are used. To summarize the
steps of modelling and prediction of spatial data, the techniques of conceptual
modelling and summary of the concepts are applied. For the practical



realization of modelling and prediction methodology proposed in this work,
experimental analysis is used.

Scientific novelty

In this work the general methodology of modelling and prediction of
spatial data through semivariograms, when the spatial data are generated by
spatial processes with stationary errors is proposed. The analysis of above
mentioned methodology discovers the possibility of improving of some of the
spatial statistical methods.

In this work the following findings are provided:

1.

The semivariogram estimator MoM is provided through spacial design
(Laplace) matrix.

The expression of generalized least squares estimator of [ is

presented through semivariogram.
The expressions of D and A criterion functions for parameters and

estimators of [} are given through semivariogram.

For increasing domain asymptotic the asymptotical normality of MoM
estimator, when errors of data model are stationary and Gausian, is
proofed.
The expression of asymptotic variance-covariance matrix in the case of
exponential isotropic semivariogram is derived.
The proposed methodology of modelling and prediction of spatial data
generated by spatial processes with the stationary errors allows:
a) to describe the variation of spatial data through semivariograms
by including spatial trend and anisotropy;
b) to predict the data by ordinary, universal, median polish kriging
and cokriging;
c) to apply methods (SSE — sum of square of errors, cross-validation
method, Akaike criterion), which verificate the selected
parametric semivariogram models and kriging methods.

Practical value

The proposed methodology of modelling and prediction can be used in
other scientific fields (for example in econometrics, demographics and others)
to analyse a various types of spatial data. The theoretical results can be used in
analysis of optimal sampling design. The practical results can be an example
how to realise methodology of modelling and prediction of spatial data by
functions in the various packages of open source system R.



Defended propositions

1. The proposed methodology of spatial data modelling through
semivariograms and prediction by universal, ordinary, median polish
krigins and cokriging.

2. The given expression of variance-covariance matrix of semivariogram
estimator (MoM) through theoretical semivariogram in the case of
stationary Gausian data model.

3. The expression of generalised least squares (GLS) estimator through

semivariogram for B is put by replacing variance-covariance matrix

with matrix of semivariogram accordingly.
4. The given expressions of D and A criterion functions through

semivariogram for GLS estimator of 3 .

5. The asymptotical normality of MoM semivariogram estimator, when
errors of data model are stationary and Gausian.

6. The derived expression of asymptotic variance-covariance matrix
MoM semivariogram estimator for spatial sampling design of
increasing domain asymptotic named LIDA, which described in Lahiri
et al. (2002), in case of exponential isotropic semivariogram.

The scope of the scientific work

The scientific work consists of the general characteristic of the
dissertation, 4 chapters, conclusions, list of literature, list of publications and
addenda. The total scope of the dissertation — 127 pages, 60 figures, 20 tables
and 4 addenda.

1. Mathematical models of spatial data

In the first chapter of the work the additive models of spatial processes and
their generating spatial data are introduced. Cressie and others scientists define
three main groups of spatial data: geostatistical, lattice and point patterns. The
one of fundamental attributes of spatial data is spatial autocorrelation:
observations closer together tend to be more alike than observation further
apart. The standard methodology in spatial statistics is essentially based on the
assumptions of stationary (strictly stationarity, weak stationarity, intrinsically
stationarity) and isotropy (see section 1.2).

In this work the additive spatial model { Z(s):s € D, where D C R} of
spatial observation at location s is analyzed:

Z(s)=P" f(s)+&(s), )



where B = (ﬂo,...,ﬂQ)T — vector of parameters, f(s)=(L, f,(8),..., f,, ()"
— vector of explanatory variables and £(S) is zero-mean error finite variance
stationary process.

The spatial dependence structure of &(S) could be expressed by

covariance function C(k) or by semivariogram:

I YY) .

It is obvious that ¥(h) = C(0) — C(h), where C(0) is variance °. The
semivariogram used more often as it covers the wider class of spatial processes.
Since the class of intrinsic stationary process contains the class of second-order
stationary process, the semivariogram of a second-order stationary process can
be constructed from the covariance function. If the process is intrinsic but not
second order stationarity, the covariance function can not be used to describe
spatial correlation between observations. In this work the assumptions of weak
stationarity or intrinsic stationarity is mostly used.

The semivariogram and its parameters, some semivariogram estimators,
the most common parametric models of semivariogram and advices on their
practical usage are described in section 1.4. Noted, that in applications the
MoM estimator is mostly used. The semivariogram estimator MoM for
stacionary spatial data model is calculated by such formula:

4y 1
y(h)=———— [Z(s,)—Z(s )]’ » 3)
Z‘N(h)‘ (si's_;é:N(h)

where ‘ N (h)‘ are number of pairs in the population N(h), s, —S ;= h. The
semivariogram estimator MoM may be written in such way:
’ Z"L(h)Z
yy=ZEDZ 4)
2|N(h)
where L(h)in graph theory is known as Laplace matrix. In the spatial statistics

this matrix called the spatial design matrix.

Depending on properties of spatial process, the empirical semivariograms
are divided into isotropic and anisotropic. The spatial variability between two
correlated physical magnitudes is described by the cross semivariogram.

2. Methods of spatial data statistical modelling and estimation

Prediction or estimation of spatial data at unobserved location is particular
important for geostatistical data. Complete sampling of a surface is impossible
and the user may be interested in predicting the amount Z at arbitrary location s.



The understanding of geostatistical assumptions and methods allows
choosing the best way of estimation. It looks too confusing for the
representatives of other scientific areas the sequence of stages of spatial data
statistical modelling and estimation.

Thus, in the second chapter the stages of spatial data modelling by
semivariograms and estimation by kriging are described and the execution plan
is proposed. The chapter is divided into six parts. In the section 2.1 the
classification of estimation methods of spatial data and the common stages of
geostatistical modelling and estimation are described. In the section 2.2 the first
stage of preliminary spatial data analysis and tools for it are reviewed.

In the section 2.3 the modelling by semivariogram, identification of the
trend and anisotropy and types of anisotropy are analyzed. The elimination of
anisotropies is considered in the section 2.3.1.

The empirical semivariogram displays half the average difference in Z
values of two data points as a function of the separation distance between the
points. In order to calculate the empirical semivariogram, it is needed to specify
a lag distance and a maximum number of lags. The empirical semivariogram
provides the estimates only in finite set of lags. In order to obtain estimates at
arbitrary lag the empirical semivariogram must be smoothed — replaced by
some parametric form. The fitting of parametric models to the empirical
semivariogram can be done by several methods: least squares estimation,
maximum likelihood and restricted maximum likelihood. The least squares
estimation methods are reviewed in details in the section 2.3.3.

The section 2.4 is designated for spatial data prediction method — kriging
and their types. The emphasis is put on: simple, ordinary, block (ordinary),
universal, median polishing krigings and cokriging.

Further, in the section 2.5 the validation methods, such as cross-validation
methods and Akaike criteria, of the selected semivariogram model and/or
kriging, are analyzed.

In the next section 2.6 the influence of semivariogram parameters and
models to estimation (prediction), the advantages and disadvantages of kriging
by comparing with other prediction methods are reviewed.

The analysis of all stages of geostatistical modelling and prediction
showed that the statistical analysis of spatial data allows to verify the data
attributes, logicality of topological information; to analyze data by classical
methods of statistics (to select the data distributions, to detect the outliers, to
analyse trend and etc.) (Fig. 1).

To detect the anisotropy, the semivariogram map and directional
semivariograms can be created.
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VERIFICATION OF ATTRIBUTE INFORMATION

L]

BY GIS TOOLS

LOGICAL VERIFICATION OF TOPOLOGICAL INFORMATION

L]

DATA ANALYSIS BY METHODS OF CLASSICAL STATISTICS
(detection of outliers, trend, choosing of data distribution)

Fig. 1. The statistical analysis of spatial data

Is the data on
regular grid?

Do exist trend?

A A
Using of median Analysis of trend surface and
polishing trend substracting from
procedure empirical semivariogram

A

Creation of directional

semivariogram

all directional semivariograms?

Detection and
elimination of
anisotropy

Are the nugget, sill and range same in

A

Creation of
omnidirectional
semivariogram

L]

Fitting of parametric
semivariogram model

Fig. 2. The block scheme of semivariogram modelling stages
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The last stage in semivariogram modelling after elimination of trend and
anisotropy is the fitting of parametric models to the empirical semivariogram.
The block scheme of semivariogram modelling is shown in Fig. 2.

The analysis of reading materials shows that a popular approach for
estimating semivariogram parameters are the methods of least squares
semivariogram model fitting and are based on the least squares principle. Those
are: ordinary least squares (OLS), generalized least squares (GLS) and weighted
least squares (WLS) methods. Under very general conditions, the generalized
least squares estimators of semivariogram parameters are asymptotically
efficient among all least squares procedures. The possible situations when the
described kriging methods (section 2.4) can be used to predict the spatial data
are shown in Fig. 3.

If the trend detected and If the mean is constant and
data nongridded, then known, then
UNIVERSAL KRIGING SIMPLE KRIGING
(COKRIGING) is used (COKRIGING) is used
If the trend detected and If the mean is constant and
data is gridded, then unknown, then
MEDIAN POLISHING ORDINARY KRIGING
KRIGING is used (COKRIGING) is used
v v Y v

The creation of kriging prediction and variance prediction maps

Fig. 3. Using of kriging methods under different conditions

These and other prediction/interpolation procedures were used and
compared in the chapter 4 of dissertation.

3. Methods of estimation of semivariogram parameters

In third chapter the new theoretical results are described. Theoretical
results investigated for spatial data, which generated by stationary Gausian
spatial processes or by Gausian process with stationary errors. In this work the
term of stationarity is used in both situations.

To estimate the mean parameters of spatial processes and semivariogram
parameters the least squares (LS) and maximum likelihood (ML) methods are
most popular. In this work main focus is on least squares methods. In the case
of estimation of mean parameters, the optimal is GLS estimator. Its expressions
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usually available during covariance function. Thus, in the section 3.1 the
expression of GLS estimator B is given by:

Bos(0)=(X"2'X)"'X'2'Z =X'T'X)"'X'T"Z, (5)
where X is variance-covariance matrix and I' — matrix of semivariograms,

Zn vector of observations, X — matrix of explanatory variables. Then the D

A

criterion function for the BGLS estimator have the form:

¥, (l;GLS) =(=D*d- C(O)G”)/det(XTF"X), (6)

where G, is element of matrix X"T "X in position (1,1).

A

The A criterion function for the the B, ¢ estimator have the form:

¥, Boss) = —tr(X'T7X)" +C(0). %)

In the section 3.2 the known asymptotical properties of semivariogram
estimators MoM methods are described. The case of stationary Gausian spatial
data model, for increasing domain asymptotic type called LIDA (described in
Lahiri et al. (2002)), is considered. Under some regularity conditions, the
asymptotic normality of semivariogram estimator MoM is proved. The
analytical expression of the element (i, j) of asymptotic variance-covariance
matrix 27(9) for isotropic exponential theoretical semivariogram model is

derived (section 3.2.).

4. The application of proposed methodology of the data modelling and
prediction

In the fourth chapter the proposed methodology of spatial data modelling
through the semivariogram and the prediction by kriging is applied to the two
data arrays of the Curoniant Lagoon in such way:

1) The depth data of Curonian Lagoon (263 observations), bottom
sediments (213 observations) measured in 1990 year and the depth
data (2990 observations) measured in 2005 year are analyzed by
preliminary spatial data analysis methods: the Gausian distribution of
data is examined, the histograms and box plot are created, the main
descriptive statistics are calculated.

2) The empirical semivariogram is calculated; the trend and anisotropy
are detected; the linear, spherical, exponential and Gausian
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semivariogram model are fitted to the empirical semivariogram. The
suitable semivariogram model by the smallest error sum of squares
(SSE) is selected.

3) To predict data in entire area of the Curonian Lagoon, when using
the data of 1990, the ordinary, universal krigings and ordinary
cokriging are used. In the case of data of 2005’s, median polish
kriging and universal kriging are used. The kriging, which performes
the suitable prediction, by the cross-validation method is selected.

4) The comperative analysis of two deterministic methods and four
krigings methods by terms of SSE has been performed. The
prediction results of depth data of 1990 against measured data of
2005°.

Also, in order to identify the optimal design of points in regular grid and
apply D and A criterions described in section 3.1, the sampling grid 2x2 with
center (0,0) was chosen. The experiment with 5 points was executed. During the
experiment one of point with coordinates (0,0) is stable and positions of others
points is variable.

General conclusions

After performing the general methodology of modelling and prediction of
spatial data generated by spatial processes with stationary errors the following
conclusions were made:

1. The expression of GLS estimator for ﬁ, when the vector of

semivariogram parameters @ is known, was given. In the final expression the
variance-covariance matrix is being replaced by matric of semivariogram
accordingly.

2. In the case of nonconstant mean, the D and A optimal criterions are
expressed for GLS estimator through the semivariogram. It's determined, that in
the case of constant mean model these expressions are equal.

3. The experiment, which was used to determine the optimal sampling
design in grid 2x2, showed that the greatest sum of distances ensure the
optimality of D and A criterions.

4. The proposed methodology of spatial data modelling through the
semivariogram and the prediction by kriging was applied to two data arrays of
the Curonian Lagoon measured in different time. To describe the spatial
variation of depth data the linear, spherical, exponential and Gausian
semivariogram models have been used. The spherical semivariogram model, in
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many cases, describes the spatial variation of Curonian Lagoon depth data in
the best way.

5. During the spatial statistical modeling of Curonian Lagoon depth data,
was determined that the depth data can be characterized by trend and
anisotropy. Most likely the reason of such nonstationarity is the streams of
influent rivers.

6. The ordinary kriging, universal kriging, ordinary cokriging, inverse
distance interpolation and trend surface interpolation methods were used for
prediction/interpolation of depth data of 1990. The comperative analysis of that
prediction/interpolation methods and depth data of 2005 by SSE showed that
the minimum SSE value is obtained when depth data is predicted by kriging
methods including trend and anisotropy.

7. After conducting the prediction of depth data of 2005 by median
polishing kriging and universal kriging methods it was determined, that the
results of median polish kriging is closer to the data average then the results of
universal kriging. The reason for it is the robustness of median polish kriging
method.
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ERDVINIU DUOMENU MODELIAVIMAS NAUDOJANT
STACIONARIU ERDVINIU PROCESU
SEMIVARIOGRAMAS

Mokslo problemos aktualumas

Erdviné statistika — viena jauniausiy statistikos mokslo kryp¢iy, praéjusio
Simtmecio penktame deSimtmetyje pradéta taikyti kalnakasyboje. Per pusSimti
mety nuo Sios statistikos atSakos atsiradimo, iSaugo ja nagrinéjanciy
mokslininky ratas bei taikymo sri€iy spektras, buvo iSleista nemaZzai teorinio ir
praktinio pobiidZio metodiniuy priemoniy. Siuo metu erdvinés statistikos
metodai taikomi ekologijoje, kiekybinéje geologijoje, vaizdy apdorojime ir
analizéje, epidemiologiniuose, klimato pokyCiy ir net Visatos tyrimuose.
Lietuvoje gi erdviniy duomeny tyrimo metodologija pradéta nagrinéti tik Sio
Simtmecio pradzioje, Sio mokslo taikymai vykdyti tik keliy mokslininky
(Dumbrauskas, A.; Kumetaitis, A.; Kumetaitiené, A. ir kt.). Tad labai svarbu
plétoti Sia sriti, tobulinti esamus metodus, iSnagrinéti erdviniy duomeny
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modeliavimo metodus ir pateikti bendring erdviniy duomeny modeliavimo
metodika.

Norint taikyti erdvinés statistikos metodus, btina Zinoti duomeny
iSsidéstyma erdvéje, kuris daZniausiai apraSomas geografinémis koordinatémis.
Tad, vienas esminiy bruoZy, iSskirianciy erdving statistika nuo klasikinés, yra
tas, kad ji modeliuoja ir erdvini trenda, ir erdving koreliacija.

Viena pagrindiniy erdvinés statistikos uZduo€iy yra erdviniy duomeny
matematinio modelio sudarymas, kuris gali biiti naudojamas interpoliacijai
(ekstrapoliacijai) ar kitiems tikslams jgyvendinti. Duomeny prognozei atlikti
gali buti taikomas krigingo metodas, kuris prie tam tikry salygu minimizuoja
viduting kvadrating prognozés paklaida — pateikia geriausiq tiesing nepaslinkta
prognoze. Priklausomai nuo erdviniy duomenuy pobidzio, erdvinio proceso
vidurkio modelio ir kity duomeny savybiy krigingai skirstomi { kelis tipus.

Erdviniy duomeny sklaida apraSoma kovariacine funkcija arba
semivariograma. Pastaroji apima platesng¢ erdviniy procesuy klasg, tad yra
daZniau naudojama praktiniuose skaiiavimuose, ypa¢ juos vykdant
programiniais paketais. Turimy duomeny pagrindu sudaroma empiriné
semivariograma (daZniausiai naudojant momenty metodu gaunama Matheron‘o
ivertini (MoM)), kuriai parenkamas ir priglodinamas vienas i§ semivariogramos
parametriniy modeliy. Dazniausiai naudojami semivariogramy modeliai
aprasomi keliais semivariogramos parametrais, kuriy pagrindiniai yra grynuolis,
slenkstis ir slenkscio atstumas.

Semivariogramy parametry jvertinimui daznai taikomi maziausiy kvadraty
metodai (svertinis, paprastas bei apibendrintas maziausiy kvadraty metodai).
Kaip nurodyta Lahiri ir kity autoriy straipsnyje “On asymptotic distribution and
asymptotic efficiency of least squares estimators of spatial variogram
parameters® (2002), prie bendry salygu, lyginant su kitais maZiausiy kvadraty
vertinimo metodais, apibendrintas maZiausiy kvadraty metodas (AMKM)
vertinimo metodas yra asimptoti$kai efektyvus.

MaZiausiy kvadraty metodai gali buti taikomi ir vidurkio modelio
parametry jvertinimui. Kadangi AMKM metodas literatiiroje pateikiamas per
kovariacines funkcijas, svarbu uZraSyti §io {vertinio iSraiSka per
semivariogramas.

Taip pat reikty atkreipti démesi, kad semivariogramy parametry ivertiniai
analitiniu biidu néra gaunami. Todél aktuali $iy jvertiniy asimptotiné analizé.

Kitas daZnai erdvinéje statistikoje pasitaikantis uzdavinys, yra optimalaus
im¢iy plano nustatymas. Placiau taikomi du eksperimenty plany optimalumo
kriterijai: kriterijus D, kriterijus A. Vélgi, kadangi praktiniuose skaiiavimuose
dazniau naudojamos semivariogramos, aktualu S$iuos planus suformuluoti
semivariogramy pavidalu.
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Tyrimy objektas

Disertacijoje autoreé tiria erdviniy duomeny generuoty erdviniais procesais
su stacionariomis klaidomis modeliavimo, prognozavimo ir gauty rezultaty
tyrimo metodika.

Darbo tikslas

Pagrindinis darbo tikslas yra apibendrinti ir realizuoti vieninga erdviniy
duomeny generuojamy erdviniais procesais su stacionariomis klaidomis
modeliavimo metodika, pagrista semivariogramomis.

Darbo uZdaviniai

1. Apzvelgti adityvius erdviniy procesy modelius su stacionariomis
klaidomis, apraSyti pagrindines erdviniy procesy charakteristikas.

2. Pasitlyti apibendrinta erdviniy duomenuy modeliavimo metodika,
naudojant  jvairius  parametrinius  vidurkiy ir  stacionariy
semivariogramy modelius.

3. Apradyta bei pasiiilyta metodika pritaikyti KurSiy mariy gylio ir dugno
nuosédy duomenims modeliuoti ir prognozuoti.

4. Atlikti erdviniy imciy plany palyginimus, naudojant {vairius
optimalumo kriterijus.

5. Atlikti MoM ivertinio statistiniy savybiy analizg.

Tyrimy metodika

Analitinéje darbo dalyje aprasant erdviniy duomeny matematinius
modelius bei erdviniy duomeny modeliavimo ir prognozavimo metodika
naudojami literatiiros ir lyginamosios analizés metodai. Erdviniy duomeny
modeliavimo etapams apibendrinti naudojami savoky apibendrinimo ir
koncepcinio modeliavimo metodai. Darbe apibendrinty modeliavimo ir
prognozavimo metody praktinei realizacijai naudojami eksperimentinés
analizés metodai.

Mokslinis naujumas

Sioje  disertacijoje  pateikiama vieninga erdviniu duomenuy su
stacionariomis klaidomis modeliavimo metodika, pagrista semivariogramomis.
Analizuojant erdviniy duomeny su stacionariomis klaidomis modeliavimo
metodika, pastebétos galimybés tobulinti kai kuriuos erdvinés statistikos
metodus.

Siame darbe pateikti nauji rezultatai:

1. MoM jvertinys pateiktas per erdvinio plano (Laplaso) matrica.

2. UzraSyta [ parametry apibendrinto maZziausiy kvadraty metodo

ivertinio iSraiSka per semivariogramas.

18



B parametry ivertiniui isvestos D ir A kriterijy funkcijy iSraiskos per

semivariogramas.

Stacionaraus Gauso erdvinio proceso atvejui jrodytas MoM

semivariogramos jvertinio asimptotinis normaliSkumas, naudojant

didéjancios srities asimptotikos schema.

Izotropinés eksponentinés semivariogramos atvejui iSvesta minéto

ivertinio asimptotinés dispersijy-kovariacijy matricos iSraiska.

Pateikta apibendrinta erdviniy duomeny generuojamy erdviniais

procesais su stacionariomis klaidomis modeliavimo ir prognozavimo

metodika, leidZianti:

a) duomeny sklaida aprasant semivariogramomis atsizvelgti i erdvini
trenda bei anizotropija;

b) duomenis prognozuoti ordinariu, universaliu, medianinio
iSlyginimo krigingais ar kokrigingu;

c) taikyti kelis geriausio modelio ar prognozés rezultaty patikros
metodus (klaidy kvadraty sumos, kryZminés patikros metodus,
Akaike kriteriju).

Praktiné verté

Darbe pateikta vieninga erdviniy duomeny su stacionariomis klaidomis
modeliavimo metodika gali biiti naudojama {vairaus pobiudzZio (pvz.:
ekonometriniy, demografiniy ar kt.) erdviniy duomeny analizéje. Teoriniai
tyrimy rezultatai gali biiti naudojami ieSkant optimaliy im¢iy plany. Praktiniai
tyrimy rezultatai gali biiti pavyzdZiu kaip realizuoti apibendrinty erdviniy
duomeny metodika atviro kodo sistemos R jrankiais.

Ginamieji teiginiai

1.

Pasitlyta  vieninga  erdviniy duomeny  modeliavimo  per
semivariogramas ir prognozavimo ordinariu, universaliu, medianinio
iSlyginimo krigingais ir kokrigingu metodika.

Stacionaraus Gauso duomeny modelio atvejui pateikta MoM
semivariogramy jvertinio dispersijy-kovariaciju matricos iSraiSka per
teorines semivariogramas.

Apibendrinto  maziausiy  kvadraty  jvertinio  iSraiSka  per
semivariogramas [} parametrams uZraSoma dispersijy-kovariacijy
matricas atitinkamai pakeiciant semivariogramy matricomis.

P parametry apibendrinto maZiausiy kvadraty ivertinio D ir A

kriterijy funkcijy iSraiSkos i§vestos per semivariogramas.
MoM semivariogramos jvertinio normaliSkumas atvejui, kai duomeny
modelio klaidos yra stacionarios ir Gausinés.
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6. ISvesta MoM semivariogramos jvertinio asimptotinés dispersijuy-
kovariacijy matricos 1iSraiSka Lahiri ir kt. (2002) apibréZtam
didéjancios erdvés asimptotikos erdviniam im¢iy planui izotropinés
eksponentinés semivariogramos atveju.

Darbo struktiira

Darba sudaro santrumpy ir Zyméjimy sarasas, ivadas, keturi skyriai,
iSvados, literatiiros saraSas, publikacijy ir konferencijy praneSimy disertacijos
tematika saraSas bei priedai. Bendra disertacijos apimtis — 127 puslapiai, 60
iliustracijy, 20 lenteliy ir 4 priedai.

Pirmame skyriuje analizuojami erdviniy duomeny tipai, skaliariniai
erdviniai procesai, pagrindinés ju charakteristikos. Nurodomi erdviniy duomeny
vidurkio modeliai. Taip pat analizuojamas vienas pagrindiniy ir daZnai
praktikoje naudojamy sklaidos rodikliy — semivariograma — bei jos parametrai,
nurodomi  keli semivariogramos ivertiniai, pateikiami populiariausi
semivariogramy parametriniai modeliai bei jy naudojimo rekomendacijos.

Antrame disertacijos skyriuje siekiant pasitlyti apibendrinta erdviniy
duomeny modeliavimo ir prognozavimo metodika pateikiama erdviniy
duomeny prognozavimo metody klasifikacija, nurodomi geostatistiniy duomeny
modeliavimo ir prognozavimo etapai. Sie etapai veliau aprafomi detaliau.
Ypatingas démesys skiriamas semivariogramy modeliavimo etapui, duomeny
trendo ir anizotropijos identifikavimui, trumpai apZvelgiamas semivariogramos
modeliy parametry vertinimas maziausiy kvadraty metodais. Taip pat aprasomi
keli praktiniuose skai¢iavimuose naudoti erdviniy duomeny prognozavimo
metodai (krigingai), geriausio semivariogramos modelio ar krigingo patikros
metodai (kryZminés patikros metodas, Akaike kriterijus). Kiekvienas
modeliavimo ir prognozavimo etapa apraSantis skyrelis uZbaigiamas etapa
vaizduojancia schema. Skyriaus pabaigoje pateikama semivariogramos
parametry bei modeliy itakos prognozei apZzvalga, krigingo privalumy ir
trikumy lyginant su kitais prognozés metodais analizé.

Tredias skyrius skirtas teorinéms darbo naujovéms aprasyti. Cia

pateikiama P parametry apibendrinto maZiausiy kvadraty jvertinio iSraiska bei

D ir A kriterijy funkcijos per semivariogramas. Véliau analizuojamos MoM
semivariogramos jvertinio statistinés savybés. Tuomet naudojant didéjancios
erdvés asimptotikos schema Gauso duomeny modelio atveju irodomas MoM
ivertinio asimptotinis normaliSkumas. Taip pat izotropinés eksponentinés
semivariogramos atvejui pateikiama minéto ivertinio asimptotinés dispersijy-
kovariacijy matricos iSraiska.

Ketvirtas skyrius skirtas disertacijoje sililomos erdviniy duomeny
modeliavimo ir prognozavimo metodikos taikymui. Dviem — 1990 ir 2005 mety
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— duomeny masyvams taikomi statistinés erdvinés duomeny analizés,
modeliavimo semivariogramomis bei prognozavimo ordinariu, universaliu,
medianinio i$lyginimo krigingu bei kokrigingu etapai. Atlikta lyginamoji keliy
deterministiniy interpoliavimo procediiry bei prognozeés krigingu analizé, kurios
metu kelios prognozuoty (interpoliuoty) 1990 mety gylio duomeny reik§més
lyginamos su 2005 metais iSmatuotais gylio duomenimis. Taip pat siekiant
nustatyti optimaly taky iSsidéstyma taisyklingoje 2x2 gardeléje, kurios centras
(0,0), vykdomas eksperimentas su 5 taskais. SkaiCiavimams atlikti naudotos
ivairios nemokamos R sistemos pakety funkcijos.

Bendrosios isvados

Darbe apibendrinta ir realizuota vieninga erdviniy duomeny su
stacionariomis klaidomis modeliavimo metodika. Gautus darbo
rezultatus apibendriname ir pateikiame i§vadas:

A

1. ISvesta nepastovaus vidurkio su laisvu nariu parametro B AMKM
ivertinio iSraiSka per semivariogramas, kai semivariogramos parametry

vektorius 0 yra Zinomas. Pastabéta, kad galutingje iSraiSkoje dipersijy-
kovariacijy matrica atitinkamai keic¢ia semivariogramos matrica.

2. Nepastovaus vidurkio su laisvu nariu atvejui iSvestos D ir A kriteriju
AMKM ivertinio iSraiSkos per semivariogramas. I$siaiSkinta, kad pastovaus
vidurkio atveju Sios iSraiSkos yra lygios.

3. Eksperimentas, kurio metu buvo siekiama nustatyti optimaly tasky
iSsidéstyma taisyklingoje 2x2 gardeléje, irodé, kad D ir A kriterijy optimaluma
garantuoja didZiausia atstumy tarp konfigiiracijos tasky suma.

4. Taikant darbe sililoma vieninga erdviniy duomeny su stacionariomis
klaidomis modeliavimo metodika atliktas skirtingais laiko periodais (1990 ir
2005 metais) matuoty Kur§iy mariy gylio duomeny erdvinis statistinis
modeliavimas. Gylio duomeny erdvinei variacijai apraSyti taikyti tiesinis,
sferinis, eksponentinis ir/arba Gauso semivariogramy modeliai. Nustatyta, kad
KursSiy mariy gylio duomeny erdving sklaida prie ivairiy stacionarumo salygu
daugeliu atveju tiksliausiai apraso sferinis semivariogramos modelis.

5. Kursiy mariy gylio erdvinio statistinio modeliavimo metu, iSsiaiSkinta,
kad gylio duomenims biidingas trendas bei anizotropija. Tikétina, kad Sios
nestacionarumo savybés tokio pobudzio erdviniame procese atsiranda dél i
Kur$iy marias jtekan¢iy upiy sroviy.
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6. 1990 metais matuoty gylio duomeny prognozei/interpoliacijai atlikti
naudoti ordinarus krigingas, universalus krigingas, ordinarus kokrigingas,
atvirk§tinio atstumo metodas, trendo pavirSiaus interpoliacijos metodas. Siy
prognozavimo/interpoliavimo procedury rezultaty ir 2005 metais iSmatuoty
duomeny lyginamoji PKS pagrindu analizé parodé¢, kad maZiausia PKS reik§mé
gaunama duomenis prognozuojant krigingu, kai atsiZvelgiama i duomeny trenda
ir anizotropija.

7. Atlikus 2005 mety gylio duomeny prognoz¢ medianinio islyginimo
krigingu bei universaliu krigingu bei palyginus prognoziy paklaidas, nustatyta,
kad medianinio iSlyginimo prognozés rezultatai labiau artimi duomeny
vidurkiui dél prognozés metodo robastiSkumo.
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