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ABSTRACT
In this report creation of the digital elevation model of Olkiluoto area incorporating a
large area of seabed is described. The modeled area covers 960 square kilometers and
the apparent resolution of the created elevation model was specified to be 2.5 x 2.5
meters. Various elevation data like contour lines and irregular elevation measurements
were used as source data in the process. The precision and reliability of the available
source data varied largely.
Digital elevation model (DEM) comprises a representation of the elevation of the
surface of the earth in particular area in digital format. DEM is an essential component
of geographic information systems designed for the analysis and visualization of the
location-related data. DEM is most often represented either in raster or Triangulated
Irregular Network (TIN) format.
After testing several methods the thin plate spline interpolation was found to be best
suited for the creation of the elevation model. The thin plate spline method gave the
smallest error in the test where certain amount of points was removed from the data and
the resulting model looked most natural.
In addition to the elevation data the confidence interval at each point of the new model
was required. The Monte Carlo simulation method was selected for this purpose. The
source data points were assigned probability distributions according to what was known
about their measurement procedure and from these distributions 1 000 (20 000 in the
first version) values were drawn for each data point. Each point of the newly created
DEM had thus as many realizations.
The resulting high resolution DEM will be used in modeling the effects of land uplift
and evolution of the landscape in the time range of 10 000 years from the present. This
time range comes from the requirements set for the spent nuclear fuel repository site.
Keywords: Digital elevation model, thin plate spline interpolation, Monte Carlo
simulation

Korkearesoluutioisen digitaalisen korkeusmallin luominen käyttäen thin
plate spline -interpolaatiota ja Monte Carlo -simulointia
TIIVISTELMÄ
Tässä raportissa kuvataan digitaalisen korkeusmallin luominen Olkiluodon saaresta ja
sen ympäristöstä merialue mukaan lukien. Mallinnettava alue oli kooltaan 960
neliökilometriä ja korkeusmallin näennäiseksi resoluutioksi määriteltiin 2.5 x 2.5
metriä. Korkeusmallin tekemisessä yhdistettiin olemassa olevia lähdeaineistoja, kuten
korkeus- ja syvyyskäyriä ja hajanaisia datapisteitä. Lähdeaineistojen tarkkuus ja
luotettavuus vaihtelivat suuresti.
Digitaalinen korkeusmalli on digitaalisessa muodossa oleva kuvaus mallinnetun alueen
maanpinnan korkeudesta. Digitaalinen korkeusmalli on olennainen osa paikkatietojärjestelmiä, jotka ovat tarkoitettu paikkaan liittyvän tiedon käsittelemiseen.
Digitaalinen korkeusmalli voidaan esittää joko rasteri- tai TIN – muodossa.
Useiden menetelmävertailujen jälkeen thin plate spline – interpolointi osoittautui
parhaaksi vaihtoehdoksi korkeusmallin luomiseen. Thin plate spline – interpolointi
antoi pienimmät virherajat ja sen avulla mallinnettu maasto oli luonnollisimman
oloinen.
Korkeusmallin jokaisesta pisteestä haluttiin saada selville myös luottamusväli, eli millä
varmuudella pisteen korkeus sijaitsee jollakin välillä. Tähän tarkoitukseen valittiin
Monte Carlo – simulaatio. Lähdeaineiston datapisteille määriteltiin tarkkuus, jonka
mukaan niiden korkeusarvoja vaihdeltiin 1 000 (ensimmäisessä versiossa 20 000)
kertaa. Jokaiselle korkeusmallin pisteelle luotiin näin ollen vastaava määrä realisaatiota.
Työn tuloksena syntyvä korkeusmalli tulee olemaan osa Olkiluodon maaston tulevaisuuden mallinnusta. Mallinnus ulottuu 10 000 vuoden päähän, mikä johtuu ydinjätteen loppusijoitukselle asetetuista vaatimuksista.
Avainsanat: Digitaalinen korkeusmalli, Thin plate spline -interpolointi, Monte Carlo
-simulaatio
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TERMS AND ABBREVIATIONS

ArcGIS

Software for geographical information analysis and management

DEM

Digital Elevation Model

DGPS

Differential Global Positioning System

DSM

Digital Surface Model

DTM

Digital Terrain Model

GIS

Geographic Information System

GPS

Global Positioning System

GTK

Geological Survey of Finland

IDW

Inverse Distance Weighting

IOW

Institut für Ostseeforschung Warnemünde

Kriging

Method for data interpolation

KKJ

Finnish coordinate system

MATLAB

Software for scientific calculation developed by Mathworks Inc.

N60

Finnish elevation system based on the average sea level in
Helsinki in 1960

QR

Mathematical method for matrix decomposition

RTK-GPS

Real Time Kinematic GPS

TPS

Thin Plate Spline, a method for surface fitting

TPAPS

MATLAB routine for thin plate spline approximation

TVO

Teollisuuden Voima Oyj, Finnish energy corporation operating
the Olkiluoto nuclear power plant
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1.

INTRODUCTION

In this report creation of the digital elevation model of Olkiluoto area incorporating a
large area of seabed is described. The modeled area covers 960 square kilometers. The
purpose of the work was to create a high-resolution elevation model combining existing
elevation data and including an estimate on confidence interval in each grid point in the
model. The work was started as a M.Sc. thesis (Pohjola 2008) and was done on the
assignment of Posiva Oy and supervised by Ari Ikonen. Posiva is responsible for the
final disposal of spent nuclear fuel produced in the nuclear power plants of Teollisuuden
Voima Oyj, at Olkiluoto, and Fortum Power and Heat Oy, in Loviisa, both in Finland.
The long-term safety requirements on the spent fuel repository imply also modeling the
changes in the Olkiluoto area in the course of time, at least for the next ten millennia
(STUK 2001). Therefore, the resulting elevation model will be used as an input to the
landscape development modeling toolbox UNTAMO created for the use of Posiva.
The data sets used in the creation of the elevation model contain regular grids, contour
lines, and lines of sonar measurements. The modeled area was covered by the source
data in a very irregular manner. The coverage was good on land area but the data were
sparse for the seabed far away from the coastline. In some cases the precision and
reliability of the data were clearly specified while in other cases their assessment was
difficult.
Digital elevation model (DEM) comprises the representation of the elevation of the
surface of the earth in particular area in digital format. Often DEM consists of data
points on a regular grid of x and y coordinates with elevation attribute (z coordinate).
The separation of the data points in x and y coordinates specifies the resolution of the
elevation model. In this work the resolution of the elevation model was determined to
be 2.5 x 2.5 meters taking into account the future use of the model.
In the creation of a high-resolution elevation model based on existing data sets an
interpolation method has to be applied. Commonly used interpolation methods include
the IDW (Inverse Distance Weighting) and various modifications of kriging. The
suitability of various interpolation methods for creating elevation models has been
studied in several papers. For example, (Chaplot et. al 2006) compared various
interpolation methods including the two mentioned above. They concluded that the
performance of the methods varied significantly depending on the density of the source
data and the flatness of the modeled earth surface. No single method was optimal in all
conditions. In this work the thin plate spline interpolation method was used as,
according to preliminary tests, it was found to perform well in terms of precision as well
as in the sense that the resulting surface looked natural.
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The probabilistic aspect of the elevation model was achieved by using Monte Carlo
simulation. 1 000 (20 000 in the first version) realizations of each point of the newly
created elevation model were calculated based on selected probability distributions of
the source data points. These realizations were used to assign elevation values and
confidence limits for the data points of the new model. In the further development from
the interim versions, the amount of realizations could be dropped to 1 000, still meeting
the quality criteria of the result.
The report is outlined as follows: In chapter 2 an overview on digital elevation models
and the methods used in their development is given. Chapter 3 concentrates on the
performance of the thin plate spline interpolation method used in the creation of
Olkiluoto area DEM. Monte Carlo simulation applied in the confidence analysis of the
elevation model is also discussed. In chapter 4 the procedure of the DEM creation is
presented: the source data sets are described, the problems faced in the process are
discussed and the phases of the work are presented in detail. In chapter 5 the resulting
high resolution DEM of Olkiluoto area is presented and chapter 6 summarizes the work.
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2.

DIGITAL ELEVATION MODEL AND ITS PRODUCTION

Digital elevation model (DEM) is an essential component of geographic information
systems. It comprises a digital representation of the elevation of the ground (or
sediment) surface in a particular area. In addition to DEM the terms Digital Terrain
Model (DTM) and Digital Surface Model (DSM) are also used. DTM is equivalent to
DEM while DSM follows the surface of vegetation and buildings.

2.1 Types of digital elevation models
DEM can be represented either in a raster or TIN format. In the case of the raster
representation the area is divided into pixels of equal size. The value associated with a
pixel describes the elevation of the ground (or sediment) surface at the particular
location. The size of the pixel determines the resolution of the DEM. The resolution can
be, for example, 25 x 25 meters, 10 x 10 meters or, as in this project, 2.5 x 2.5 meters.
In the latter case the DEM is considered of high resolution.
The abbreviation TIN comes from the term Triangular Irregular Network. In TIN format
the elevation model is described by means of a triangular network, i.e., the points of the
elevation model are connected to form triangles. In areas of highly variable elevation
the triangular network is dense while in flat areas the surface can be represented by a
few large triangles. The TIN model contains the topological relationships between the
points and the triangles connecting them like, for example, location with respect to the
other points (Smith et al. 2007 s. 19). Figure 2.1 gives examples of digital elevation
models in raster- and TIN formats. It can be seen that the model in the raster format on
the left panel of the figure consists of rectangular-shaped pixels while the model in the
TIN format on the right panel consists of triangular elements.
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Figure 2.1. Elevation models in raster (left panel) and TIN (right panel) formats.

2.2 Producing the source data for the elevation model
DEM can be produced based on the data obtained by means of remote sensing, for
example. Remote sensing can be defined as determining the properties of a target
without physical contact. In remote sensing the measured information is thus obtained
remotely with the sensor locating on an airplane or a satellite, for example. Most often
the information is carried by the electromagnetic radiation reflecting from a target on
the ground (or sediment) surface.
Laser scanning can be considered as one of the most common modalities of remote
sensing. The method employs optical radar commonly called LIDAR (Light Detection
and Ranging). LIDAR emits laser pulses towards the surface of the earth and measures
the time delay of the reflection registered at the sensor. Commonly laser scanners can
record several reflections of the same emitted pulse. In the case of a forest, for example,
the earliest reflections may occur from the leaves of the trees while the latest reflection
is caused by the proportion of the laser pulse penetrating the tree crowns and occur from
the ground (or sediment) surface. If the target is solid like a roof of a building, for
example, there might be only a single reflection. When producing a DEM the reflections
have to be filtered and only the reflections occurring from the ground (or sediment)
surface must be taken into account (Rönnholm & Haggrén 2004 s. 4).
Aerial photography is another common remote sensing method. The method usually
employs analog cameras situated on an airplane flying at the altitude of 500-9000
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meters. The images can either be black and white or in color and they are usually
rasterized for further use. If the images are partly overlapping so that the same target is
photographed from different angles, a stereo image pair can be constructed. This kind of
technique is often applied in the production of models of the ground (or sediment)
surface. (Longley et. al. 2007 s. 202).
Elevation data can be obtained also using the GPS positioning system. GPS receiver can
determine its location on the surface of the earth with the aid of the GPS satellites. The
receiver measures its distance from the satellites employing the signals emitted from
them. The location can be determined using signals from at least three satellites;
however, fourth satellite is needed for timing correction. (Chang 2008 s. 104).
For obtaining information about the depth of the seabed, sonar techniques are usually
employed. Sonar emits a sound pulse and measures its reflection from the bottom of the
sea, giving the depth of the sea at the particular location. Modern sonar devices employ
multi-beam techniques, containing about a hundred transmitter-receiver pairs situated at
even distances from each other in the measurement device. Multi-beam techniques
reduce the time needed for recording the depth of the seabed in a certain region
significantly.

2.3 Interpolation methods in the creation of elevation models
There are many different interpolation methods available for the creation of DEMs. The
most common methods include various modifications of kriging and the IDW (inverse
distance weighting). Among the modifications of kriging the methods of ordinary
kriging and universal kriging are most common. The IDW method is usually employed
in geographic information systems for its computational simplicity.
Kriging belongs to geostatistical interpolation methods. Based on the available elevation
data the properties of the surface are described by means of some kind of correlation,
which is then used in specifying the weights for the points of the source data. After this
the elevation values of the points to be interpolated are calculated.
In the following the method of ordinary kriging is described. In this case the empirical
semivariogram is calculated based on the source data points and a suitable model is
fitted to the semivariogram. The procedure starts by calculating the distances between
all the source data points in a pairwise manner. The semivariogram is then obtained by
plotting the differences in the elevation values of the data point pairs as a function of the
corresponding spatial distances. The model used in the interpolation is obtained by
fitting a curve to the empirical semivariogram. The curve fitting is usually done by
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minimizing the sum of the squares of the errors between the curve and the
semivariogram points. Various types of models have been proposed, the exponential
and Gaussian models being among the most common ones. Subsequently, the fitted
curve is compared to the distances of the source data point pairs to find out how the data
points should be weighted in the interpolation process.
The interpolation is done according to equation (2-1) using the weights obtained as
described above:
n

n
i z i , where

zp
i 1

1

i

(2-1)

1 1

In equation (2-1) z p and z i denote the elevation values of the points to be interpolated
and the source data points, respectively, and

i

stands for the weights. The weights

should sum up to 1. The total number of the source data points is n. Kriging
interpolation gives also the estimate of the interpolation error. The variance of the
interpolated points can be calculated based on the weights and the distance between the
interpolated points and the source data points. The variance can then be used to estimate
the confidence interval for the elevation value of the interpolated point, i.e., with what
probability the elevation of the point is within some predefined range. (Smith 2008
s.323–325).
In the case of the IDW interpolation method, weighted sum is taken over the source data
points in such a manner that the closer the data point is to the point to be interpolated
the higher is its weight. The idea has its basis in the Tobler‘s law stating that the closer
the points are located to each other on the ground (or sediment) surface the more related
they are (Tobler 1970 s. 236). Due to its simplicity IDW is fast to calculate and
therefore especially suitable in applications where computational power is limited. IDW
can be expressed mathematically in the form of equation (2-2):

z ( x, y )

i

i

1
zi
d ip
,
1
d ip

(2-2)

where z ( x, y ) denotes the elevation value of the interpolated point at location ( x, y ) , z i
denotes the elevation values of the source data points, and d i denotes the distances
between the source data points and the point ( x, y ) . The distances are taken into account
inversely. The value of the parameter p specifies the decay rate of the weights as the
distance from the point ( x, y ) becomes larger. Usually values 1, 2 or 3 are used for p,
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corresponding to linear, squared or cubic decay of weights, respectively. IDW is
considered an exact interpolation method as the calculation scheme respects the values
of the source data points strictly. However, this property can cause problems in the
presence of peaks or holes in the true landscape as the output of the IDW is always
inside the range of the values of the source data points. Therefore, IDW interpolation
can produce a hole in a location where there is actually a peak in the true landscape and
vice versa. The IDW interpolation method is suitable for DEM production if the true
landscape is relatively smooth and the source data points are located relatively evenly.
The performance of the IDW and the ordinary kriging interpolation methods was
compared by considering a rectangular area of 1.5 x 2.1 kilometers from the Olkiluoto
Island. The source data points were located as shown in figure 2.2. It can be seen from
the figure that the density of the source data points varies considerably over the test
area. Interpolation was performed using 30 closest neighbors to the particular point of
the new interpolated DEM in both tested methods. The resolution of the new
interpolated grid was 2.5 x 2.5 meters. In IDW the parameter value p = 2 was used. The
Gaussian semivariogram model was used in the implementation of the ordinary kriging
method. The resulting DEMs are presented in TIN format in figures 2.3 and 2.4 for the
IDW and the ordinary kriging interpolation methods, respectively. TIN format was used
for the results to be more easily examined and compared. The elevation values are
multiplied by the factor of 10 for visual purposes.
It can be seen from figure 2.3 that the IDW interpolation method did not perform well in
the case of this test area. At the slopes of the hills were the ground (or sediment) surface
rises monotonously, small holes and peaks are produced. These artifacts make the
slopes and hills look stair-like and therefore the overall landscape looks unnatural in the
IDW-interpolated DEM.
The DEM interpolated using the ordinary kriging method presented in figure 2.4 is
significantly smoother compared to the IDW-interpolated DEM. However, due to the
irregular spatial distribution of the source data points, several grooves can be noticed in
the surface.
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Figure 2.2. Spatial distribution of the source data points in the test area.
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Figure 2.3. The IDW-interpolated surface of the test area.

Figure 2.4. The surface of the test area interpolated using ordinary kriging.
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Other interpolation methods available for the production of elevation models include the
linear and cubic interpolation based on the triangulated network of the source data
points, second order polynomial fitting, averaging, and median. In the case of linear or
cubic interpolation triangulation is first performed, i.e., the source data points are
connected by straight lines forming non-overlapping triangles. If linear interpolation is
used, the elevation value of the point to be interpolated is obtained as the height of the
surface of the corresponding triangle at a particular location. In the case of cubic
interpolation third order polynomials are formed based on the surfaces of the triangles.
In second order polynomial fitting, the source data points are fitted with parabola
usually using the least square error criterion. In averaging or median interpolation the
elevation value of the point to be interpolated is obtained as the mean or median of the
neighboring source data points. These other options were studied during the work
(Pohjola 2008), and performance of some of them is discussed further in section 4.3
below.
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3.

METHODS

The method applied in this work for the creation of high resolution DEM is based on
thin plate spline interpolation. The performance of this method can be depicted as if
bending a thin metal plate over the desired grid passing through the available source
data points by applying the minimal energy principle. In this way elevation value can be
assigned to every grid point of the new DEM.
An important aspect of this work was the need for determining the error tolerance of the
created DEM in order to be able to evaluate the reliability of each DEM point. For this
purpose Monte Carlo simulation was applied. The surface bended over the grid points
was varied randomly in the predefined tolerances of the source data points as many
times as needed to get statistical coverage. Each variation of the surface gives a
realization of the elevation value of every new grid point and thus the error tolerances of
the source data points are passed over to the points of the created high resolution DEM.

3.1 Thin Plate Spline interpolation
Thin plate spline interpolation is a method for fitting a surface through available data
points by applying the minimal energy principle. The method was first introduced for
geometric design applications in (Duchon 1976). In the work described in this report the
method was implemented using the tpaps routine of the Spline-toolbox of the
MATLAB software version 7.5 (R2007b). The routine takes the source data points (x, y
and z coordinates), the x and y coordinates of the grid points of the new DEM and the
relaxation parameter p as inputs. The relaxation parameter p determines how strictly the
approximated surface follows the source data points and its value is between 0 and 1. In
the case p = 1 the surface passes exactly through the z values of the source data points
while in the case p = 0 linear interpolation by minimizing the sum of squared errors
between the source data point values and the approximated surface is performed.
(Mathworks 2008). The x and y coordinates of the available source data points must be
given in the form of equation (3-1):

X

x1
y1

x2  xn
,
y2  yn

where n is the number of source data points.

(3-1)
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3.1.1 QR -decomposition

The first step in the thin plate spline algorithm is to find the weights of the source data
points. This step involves several matrix operations which are more feasible if the
matrix containing the x and y coordinates of the source data points is first decomposed.
The matrix of equation (3-1) can be decomposed using LU- or QR-decompositions, for
example. In the implementation of the thin plate spline interpolation method the QRdecomposition is applied. Given an m by n matrix (m rows and n columns) A the QRdecomposition can be expressed as:
A

m m

QR , Q

, R

m n

,

(3-2)

where Q is an orthogonal matrix and R is an upper triangular matrix. For an orthogonal
matrix the following property holds:

QT Q

QQT

I

(3-3)

i.e., its transpose is equal to its inverse. In an upper triangular matrix all the elements
below the main diagonal are equal to zero (Golub & Van Loan 1989 s. 211):

R



r11

r12

r1n

0


r22  r2 n
.




0

0

(3-4)

 rmn

3.1.2 Steps of the thin plate spline interpolation procedure

The first step in thin plate spline interpolation is the QR-decomposition of a matrix
containing the x and y coordinates of the source data points plus an additional column
of ones. The matrix is a modified version of that of equation (3-1) and is denoted here
by X l :

Xl

x1

y1 1

x2

y2 1





xn

yn 1



.

(3-5)
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The resulting matrix Q can be written in the following form:

Q

a11

a12

a13  a1n

a 21


a 22


a 23  a 2 n
.




a n1

an2

a n 3  a nn

(3-6)

Subsequently matrix Q is divided into two parts denoted by Q1 and Q2 so that Q1
contains the first three columns of the matrix Q and Q2 contains all the remaining
columns. The number of columns in Q1 comes from the number of rows in the matrix
of equation (3-1) increased by 1. The matrices Q1 and Q2 can be expressed as:

Q1

 a1n

a11

a12

a13

a14

a 21


a 22


a 23
, Q2


a 24  a 2 n
.




a n1

an2

a n3

a n 4  a nn

(3-7)

After that the collocation matrix is formed containing the x and y coordinates of the
source data points. The purpose of the collocation matrix is to specify the relative
location of the source data points with respect to each other. A matrix A1 where the
coordinates of each source data point are repeated as many times as there are source
data points is formed first. Given the number of source data points is n the matrix A1
has the following form:

A1

x1
y1

x1  x1
y1  y1

x2
y2

x2  x2  xn
y2  y2  yn

xn  xn
,
yn  yn

(3-8)

the number of columns being n 2 . Another matrix, A2 , is formed containing the same
columns as A1 but ordered in a different manner:

A2

x1
y1

x2  xn
y2  yn

x1
y1

x 2  x n  x1
y 2  y n  y1

x2  xn
y2  yn

(3-9)

The following operation is performed next between matrices A1 and A2 :

A

( A1

A2 ) 2

(3-10)
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It can be noticed that the upper and lower rows of the matrix A contain the squared
differences of the x and y coordinates of the source data points in a pair-by-pair manner,
respectively. Let us denote the elements of matrix A by aij so that A can be expressed
as:
a11 a12  a1s
a 21 a 22  a 2 s

A

The rows of matrix A are now combined into a vector B in the following manner:
(3-11)
where s is the total number of source data point pairs. The elements of B are the squared
distances between the source data points.
The vector B contains zeros corresponding to the cases when the distance of a source
data point to itself is considered. These zeros are changed into ones and the following
matrix is calculated:
(3-12)
The final collocation matrix C is obtained by rearranging the elements of the vector Bl
so that the distances from a certain source data all reside on the same row. The size of C
is n by n given the total number of source data points is n. The main diagonal of C
contains zeros as its elements correspond to the locations of the data points with respect
to themselves.
The relaxation parameter p is considered next. The following transformation is
performed on p:

p

1

p
p

(3-13)

and the main diagonal of the matrix C is filled with the resulting variable.
After these operations calculation of the weights may begin. Two weight vectors, K1
and K 2 are formed. K1 is calculated using the following formula:
K1

(

ZQ 2
)Q2T ,
Q2T CQ2

(3-14)
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where the vector Z contains the values of the z coordinate of the source data points, C is
the collocation matrix and Q2 , defined in equation (3-7), is a part of the matrix obtained
from the QR-decomposition. The weight vector K 2 is calculated using the formula:
K2

(Z

K1C )Q1
R1T

,

(3-15)

where, in addition to the above defined matrices and vectors, R1 is a modified version
of the upper triangular matrix R resulting from the QR-decomposition. R1 is obtained
by removing from R the rows containing only zeros. K1 and K 2 are then combined into
vector K by concatenation.
The points of the new grid the elevation value of which we finally want to approximate
are involved into the calculations next. Given that the number of points to be
approximated is k, their x and y coordinates are organized into matrix X e , which can be
expressed as follows:

Xe

x1
y1

x2  xk
y2  yk

(3-16)

Another collocation matrix is formed based on the distances between the points to be
approximated (points of the new grid) and the source data points. The matrix X e is
modified so that each point of the new grid is repeated as many times as there are
available source data points. Another matrix is formed where each source data point is
repeated as many times as there are points to be approximated. By subtracting these
matrices from each other a matrix can be obtained with the differences of x and y
coordinates of the source data points and the points to be approximated in the upper and
lower row, respectively. The elements of this matrix are squared and summed point by
point to obtain a vector of squared distances between the source data points and the new
grid points. The elements of the resulting matrix are then multiplied by their natural
logarithms like presented in equation (3-12) and rearranged into matrix with the number
of rows equal to the number of source data points. This matrix is appended with the x
and y coordinates of the points to be approximated and a row of ones to form the
collocation matrix C e :
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Ce

w11
w21

wn1
x1
y1
1

w12
w22

wn 2
x2
y2
1

 w1k
 w2 k
 
 wnk
 xk
 yk
 1

(3-17)

In C e the elements denoted by w indicate how much the corresponding source data
points must be weighted in the approximation.
As the last step the weight vector K and the matrix C e are multiplied giving the z
coordinates of the points of the new grid:

Z est

KC e
(3-18)

The vector Z est contains the elevation values of the new high resolution DEM.
3.2 Monte Carlo simulation
Monte Carlo simulation has got its name after casinos of Monte Carlo: the casino games
are based on randomness and so is the Monte Carlo simulation method. The basic idea
underlying the simulation method is to perform some test repeatedly to obtain sufficient
number of realizations of the test result for statistical coverage. The number of
realizations is often at least a thousand but may be as high as several thousands. Monte
Carlo simulation suits well for situations where the precision of the source data used in
some calculations varies or is unknown.
Several variations of the Monte Carlo simulation method exist, however, they all have
similar basis involving three steps. Firstly, the source data points are assigned limits of
variation. For example, if the precision of the source data points used in interpolation
can be assumed to be ± 1.0 meters, the values of the points are randomly varied within
this range around their measured value in the simulation process. In addition, the source
data can be assigned some probability distribution; the values used in the simulation are
then drawn from this distribution. For example, if normal distribution can be assumed
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the values closer to the measured value of the data point occur more frequently in the
simulation.
In the second phase of the simulation procedure the source data values are actually
generated and the calculations – in our case the thin plate spline approximation – are
made. If the number of realizations required is 1000, for example, 1000 realizations of
each source data point are generated according to the limits and the probability
distribution assigned to the source data. The calculations are performed 1000 times
giving 1000 realizations of the interpolated points.
The third step of the Monte Carlo simulation procedure involves interpretation of the
results. If the number of realizations is sufficient, various statistical parameters like
mean, median, value of highest probability, confidence limits etc. can be estimated.
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4.

CREATION OF THE HIGH RESOLUTION ELEVATION MODEL OF THE
OLKILUOTO AREA

In this chapter the steps in the creation of the Olkiluoto area DEM are presented. The
data sets used as well as their preprocessing methods are discussed first. After that the
grounds for the selection of the interpolation method are presented. Finally the method
for the selection of neighborhood points and the procedure of forming the units of
computation are covered.
4.1 Data sets
The source data used in the creation of the Olkiluoto area DEM contain data sets from
various sources. These data sets include elevation data on regular grid, spatially
irregular measurement points, contour lines, as well as lines of sonar measurements at
sea areas. The majority of the data falls to land areas while the coverage is much worse
and more irregular at sea areas. Precision and reliability of the data sets vary a lot.
Normal probability distribution was assigned to all the other data sets except that of the
Finnish Marine Administration (© Finnish Marine Administration 2005. Permission
number 529/721/2005), for which an asymmetric distribution was generated. In the
following, the data sets are presented one by one and the preprocessing steps taken
before their application to DEM creation are described. An overview of the data sets is
presented in table 4.1 and figure 4.1 shows the spatial distribution of the source data in
the region of interest.
4.1.1 The data from Finnish National Land Survey

The data from the Finnish National Land Survey Korkeusmalli 25 (© Finnish National
Land Survey, permission 41/MYY/08-09) basically from 1997 contains individual
elevation- and sea depth points as well as elevation and sea depth contour lines covering
the whole area of interest except the westernmost sea areas. The elevation model
Korkeusmalli 25 is created based on the digitized elevation contours and water system
elements of the base map by means of triangulated network interpolation on the raster of
25 meter resolution. In the triangulated network interpolation a contiguous network of
triangles is formed between the available data points. The elevation of the interpolated
points is obtained from the information about the slope and orientation of the triangles.
The elevation contours of the source data occurred in 5 meter steps. The factors
determining the precision of the Korkeusmalli 25 data include the method used for
obtaining the elevation contours, the density of the contours, the quality of the source
data and the interpolation method. The mean precision and standard deviation of the
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Korkeusmalli 25 data at the area of interest is stated to be 1.76 and 1.39 meters,
respectively. (Finnish National Land Survey 2008).
4.1.2 Seismic measurements

This data set contains seismic measurements performed in different parts of the
Olkiluoto Island in 1975-1978 and 2001-2007.
In the case of data from 1975-1978, the positioning of the measurement points was
performed by the Olkiluoto power plant operator. It was a common practice then to use
local reference points and to determine the elevation and coordinates of the so-called
pole points by means of theodolite. Theodolite is common tool in geodetic measurement
for measuring angles between landmarks. The lines of seismic measurement points are
oriented in 45 degree angles with respect to the KKJ coordinate system causing about
10-15 meter interpolation error in the location of the points. The measurements cover
the power plant areas owned at the time by the energy corporations TVO and IVO. The
precision of the measurements was specified as ± 1 meters with 95 % confidence based
on comparison with the information contained in other data sets and the knowledge on
the acquisition of the data (Heikkinen 2008).
The more recent seismic measurements were performed in 2001-2003 and 2005. These
measurements were made along lines separated by 50 meters and oriented according to
the KKJ1 coordinate system. The RTK-GPS device was used for positioning of the
measurement points; the accuracy of positioning was within a centimeter. The
measurements cover a significant part of the island. The elevation of the measurement
points was obtained using a hosepipe-based device. The precision of the measurements
was specified as ± 0.5 meters with 95 % confidence based on the knowledge on the
measurement procedure and comparison with other data (Heikkinen 2008).
In 2006-2007 another seismic measurement campaign was carried out. The
measurement points were again positioned using the RTK-GPS device with the
accuracy of a centimeter. The precision of the data was specified as ± 0.3 meters with
95 % confidence based on the knowledge on the measurement procedure and
comparison with other data. (Heikkinen 2008).
4.1.3 Acoustic-seismic studies at sea area near Olkiluoto

The acoustic-seismic measurements performed by the Finnish Geological Survey for
Posiva Oy in July 2000 covered about 360 line kilometers. The studies covered sea
areas around the Olkiluoto Island. In addition, in September 2000 measurements along
another 90 line kilometers were performed at sea areas south west, west and north west
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to Olkiluoto. The depth of the seabed was measured using a sonar device (MeriData, 28
kHz sensor). Positioning was done using differential GPS (DGPS). The precision of the
data was estimated at ± 2.0 meters with confidence 95 % in the report of the
measurement campaign (Rantataro 2001, 2002). The measurement results were
corrected for the sea level data of the day the measurements were performed before the
data were used for DEM generation. Depth contours with the step size of 5 meters as
well as the coastline were produced as the result of the campaign. These contours were
also exploited in the generation of the high resolution DEM.
The positioning of similar measurements performed in 2008 by the Finnish Geological
Survey was done using DGPS. A sonar device (MeriData, 28 kHz sensor) was used in
measuring the depth of the sea. Based on the information the precision of the data was
specified as ± 2.0 meters with 95 % confidence (Rantataro & Kaskela 2009).
4.1.4 IOW data

The Leibniz Institute for Baltic Sea Research (Institut für Ostseeforschung
Warnemünde, IOW) has produced data about the ground (or sediment) surface elevation
at 1.8 x 1.8 kilometer resolution for the whole Baltic sea area covering sea as well as
land areas. The data has been produced based on various source data sets the resolution
of which has varied significantly. For each data point a number of variables are
provided including the mean elevation, minimum elevation, maximum elevation and
standard deviation of the elevation data over the area represented by the point. For the
purpose of this work each data point of the IOW data was assigned standard deviation
separately based on these variables (Seifert et. al. 2001).
4.1.5 Sonar measurements by TVO

Sonar measurements arranged by TVO in 1972 contain measurement lines at the sea
areas surrounding the Olkiluoto Island at two different places. The results of the
measurements are given with 10 centimeter precision. The measurements are performed
using a sounding line. Possible factors causing errors in the measurement results include
the sea level at the moment of the measurements and deviations in the angle of the
sounding line. Based on these arguments the precision of the data was specified as ± 1
meter with 95 % confidence.
Depth contour lines were produced for TVO in 1973 and they cover sea areas near the
Olkiluoto Island. The step size of the contour lines is 1 meter. The precision of the data
was specified as ± 1 meter with 95 % confidence based on comparison with other data
and the year of measurement.
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In 2007 TVO arranged a sonar measurement campaign of coastal water areas near the
Olkiluoto Island. Depth contours of the seabed covering various regions around the
island were produced based on the results. The areas covered are of relatively small size
and include mainly coastal areas and straits. The contour lines were produced at every
0.2 meters of depth. The precision of these data was specified as ± 0.5 meters with 95 %
confidence based on the knowledge on the measurement procedure and comparison
with other data.
4.1.6 Prism measurements

Prism measurements were performed by Prismarit Oy in 2001. The data contains
individual measurement points from various parts of the Olkiluoto island. The
measurements using prism techniques can be considered highly reliable. The precision
of the data was estimated as ± 0.01 meters with 95 % confidence.
4.1.7 Data from the Finnish Marine Administration

The data obtained from the Finnish Marine Administration and produced in 2005 (©
Finnish Marine Administration. Permission number 529/721/2005) includes depth
contour lines and individual measurement points from the area of interest. The contour
lines are composed so that the sea at the location of the lines is at least as deep as
indicated by the assigned depth value. At depths below 10 meters it can be assumed that
the sea is actually at least 1 meter deeper than the indicated number would suggest. At
deeper sea areas it can be assumed that there is at least 2 meters more water than the
indicated number would suggest. Due to this property, asymmetrical probability
distribution was assigned to the data, limited from above by the value indicated at the
contour line but having a longer tail towards lower values. Using this kind of probability
distribution allows values indicated on the depth contour line to occur, however, their
probability in the Monte Carlo simulation procedure is low.
4.1.8 Precision leveling in Olkiluoto

Precision leveling was performed in Olkiluoto in 2007. The data includes several
measurement points at the Olkiluoto Island (Lehmuskoski 2008). The precision of the
data was estimated as ± 0.01 meters with 95 % confidence based on comparison with
other data and the measurement method.
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4.1.9 Measurements at Olkiluodonjärvi using ground penetrating radar in 2001

The aim of the measurements performed by the Finnish Geological Survey in 2001 was
to determine the thickness of the peat layer as well as other soil layers at the mire area
of Olkiluodonjärvi. The measurement points were positioned using GPS. The
measurements were performed using the ground penetrating radar SIR-2 produced by
the Geophysical Survey Systems Inc. (GSSI) and the antenna Subecho-150 produced by
Radarteam AB. Measurement time was set to 200 ns. The power lines located at the
measurement site caused interference in the GPS positioning as well as in the radar
measurements. (Leino 2001). Based on this information the precision of the data was
specified at ± 0.5 meters with 95% confidence.

Figure 4.1. Spatial distribution of the source data at the area of interest.
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Table 4.1. Summary of the source data sets.
Name of the data set
Finnish National Land
Survey database
© Finnish National Land
Survey, permission
41/MYY/08-09
Seismic measurements

Year of
acquisition
1997

Type of the
data set
Elevation- and
depth contour lines,
elevation and depth
data points

Precision

1975–78

Lines of elevation
data points

± 1 m (95 %
confidence)
± 0.5 m (95 %
confidence)
± 0.3 m (95 %
confidence)
± 2 m (95 %
confidence)

2001–05
2006–07

Mean precision=
1.76 m
Standard deviation=
1.39 m

Acoustic-seismic studies
at sea areas near
Olkiluoto

2000

Sonar measurement
lines,
Depth contour lines

IOW data

2001

1800 x 1800 m
resolution data grid

Pointwise assigned
standard deviation

Sonar measurements by
TVO
Sonar measurements at
coastal sea areas by
TVO
Prism measurements

1972

Sonar measurement
lines
Depth contour lines

± 1 m (95 %
confidence)
± 0.5 m (95 %
confidence)

Depth contour lines by
TVO
Finnish Marine
Administration data
© Finnish Marine
Administration
permission number
529/721/2005
Precision leveling

1973

Elevation data
points
Depth contour lines

2007

2001

2005

Depth contour lines
and data points

± 0.01 m (95 %
confidence)
± 1 m (95 %
confidence)
± 10 m (95 %
confidence)

2007

Elevation data
points
Lines of depth data
points

± 0.01 m (95 %
confidence)
± 2 m (95 %
confidence)

Lines of data points

± 0.5 m (95 %
confidence)

Measurements at sea
2008
areas by Finnish
Geological Survey
Ground penetrating radar 2001
measurements at lake
Olkiluoto
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4.2 Preprocessing of the data
The source data sets of various origins were first transformed into a format accepted by
the ArcMap GIS software and their coordinate systems were unified. The coordinate
system of the high resolution DEM was chosen to be the Finnish KKJ1.
The data were then searched for possible outliers, which might have come either from
typos during compilation of the data sets or from measurement errors. Outliers were
searched for by transforming the vector data sets into raster format and visually
inspecting if any suspicious data points could be identified. An ArcGIS analysis tool
based on the calculation of spatial autocorrelation was also employed. The tool applies
the Local Morans I theory, presented in (Anselin 1995), which enables to identify
spatially related data elements and find the data points ‗sticking out‘ from the rest of the
data. Using these methods a few outliers were identified in the source data and the
corresponding data points were removed from the data used for DEM generation. Raster
data sets could be used as such for DEM generation while the depth and elevation
contour lines had to be transformed into point format. Only points falling on the contour
lines were included in the source data. Alternatively, the contour lines could have been
transformed into raster format from which data points could have been extracted.
However, the latter procedure would have involved interpolation already at this stage of
the calculations and therefore decreased the reliability of the source data.
4.3 Selection of the interpolation method
In the selection of the interpolation method for DEM creation, various methods like
linear and cubic interpolation based of triangulated network, parabola fitting, IDW with
the exponent value of 1, 2 and 3, averaging, median interpolation, as well as the thin
plate spline interpolation method were compared. An area of 2.5 x 1.8 kilometers in size
at Olkiluoto island was selected as test area for the comparison of the performance of
the methods. Figure 4.2 shows the spatial distribution of the source data at the test area.
The comparison of the methods was performed as follows: 20 % of the source data
points (altogether 1972 points) were removed and subsequently regenerated based on
the rest of the data using the tested interpolation methods. The values of the regenerated
points were then compared to those of the original points. The interpolation was
performed using 30 neighbors of the particular missing source data point. Test results
including the 95 % confidence interval of the error distribution and the number of
interpolated points outside the ± 2.0 meter range around the original data point are given
in table 4.2. Figure 4.3 presents the error distributions obtained using the tested
methods.
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Figure 4.2. Spatial distribution of the source data points at the test area of size 2.5 x 1.8
kilometers.
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Table 4.2. The results of the comparison of the interpolation methods.
Interpolation method

95 % confidence
interval of the error
(lower limit; upper
limit; range) in meters

Number of errors (percentage),
exceeding the -2,0 … 2,0 meter
bounds
(lower limit; upper limit)

Linear interpolation

-1.41; 1.36; 2.77

16 (0.81%); 15 (0.76%)

Parabola fitting
Cubic interpolation
IDW 1
IDW 2
IDW 3
Averaging
Median
Thin plate spline

-3.45; 2.15; 5.60
-0.84; 1.84; 2.68
-2.80; 1.96; 4.76
-2.56; 1.65; 4.21
-2.56; 1.57; 4.13
-3.36; 2.36; 5.72
-2.76; 2.56; 5.32
-1.53; 1.24; 2.77

165 (8.37%); 56 (2.84%)
33 (1.67%); 39 (1.98%)
109 (5.53%); 41 (2.08%)
87 (4.41%); 29 (1.47%)
95 (4.82%); 28 (1.42%)
154 (7.81%); 62 (3.14%)
258 (13.08%); 150 (7.61%)
21 (1.06%); 18 (0.91%)

Figure 4.3. Error distributions obtained using the tested interpolation methods. The
size of the error (in meters) is on the horizontal axis and the corresponding number of
interpolated points on the vertical axis. The methods are presented in the order they
appear in table 4.2 starting from the upper left corner row by row to the lower right
corner of the figure.
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It can be noticed from table 4.2 that cubic, linear, and thin plate spline interpolation
methods give the narrowest 95 % confidence interval. The disadvantage of the cubic
interpolation method is, however, the higher amount of outliers outside the ± 2.0 meter
error bounds. The most common interpolation method in elevation model generation,
the IDW, did not perform well in the test suggesting that the form of the landscape and
the spatial distribution of the data were not optimal for the IDW method. Parabola
fitting, averaging and median did not give results good enough to be considered for the
creation of the high-resolution DEM. The two best-performing methods, the linear
interpolation and the thin plate spline interpolation, performed equally well both in
terms of the width of the confidence interval as well as the number of outliers outside
the ± 2.0 meter error range. The thin plate spline method was chosen for the highresolution DEM creation as the resulting interpolated landscape looks more natural with
this method. The is due to the property that the surface approximated using thin plate
spline interpolation may have several minima and maxima and is the method is not
limited by the sparseness of the source data. In the case of linear interpolation the
varying spatial density of the source data would cause problems and the resulting
surface would not look as natural as that produced by thin plate spline interpolation.

4.4 Division of the area of interest into computational units
It was clear from the beginning that the area of interest (see figure 4.1) must be divided
into smaller subareas for computation due to the size of the area and the resolution of
the elevation model. Dividing the area into computational units enables to perform
computations in parallel and reduce the computation time. In the development of the
algorithm for forming the computational units the test area shown in figure 4.2 was
used. The first approach was to pack those 2.5 x 2.5 grid points sharing the same
neighbors from the source data into the same computational units. The neighborhood
was determined by increasing the radius of a circular search area step by step. The
minimum and maximum number of neighbors was determined to be 15 and 25,
respectively. Soon, however, the maximum was increased to be 30 as it was noticed that
the result of the thin plate spline interpolation method improved if more neighbors were
considered. To further reduce the number of computational units those points of the new
high-resolution grid the neighborhoods of which differed by one or two source data
points only were packed into the same computational units. Thin plate spline
interpolation was performed for the test area using the computational units formed in
the above described way and a 2.5 x 2.5 meters resolution DEM was created. The model
was transformed into TIN format and visually inspected using the ArcScene software.
The elevation values were exaggerated for the possible artifacts to become more visible.

33

The inspection of the resulting surface revealed groove-like artifacts which did not look
natural. The elevation values at either side of the grooves differed by up to a couple of
meters. The problem was addressed by increasing the number of neighbors in the
computational units so that the area corresponding to the computational units increased.
Various limits for the minimum number of neighbors between 30 and 70 were
considered. As a result the artifacts were reduced but the grooves and the steps in the
elevation value they caused were not totally removed. By further analyzing the results it
was noticed that the artifacts were caused by the abrupt changes in the approximated
surfaces from a packet to a neighboring one. Even if the set of neighbors differed only
by a small amount of points, the approximated surfaces may differ significantly. The
effect was especially severe in areas were the density of the source data was very low.
Figures 4.4 and 4.5 present the DEMs created using the above described method for
neighborhood selection with the number of neighborhood points being 30 and 50,
respectively, in TIN format. The southwest part of the test area is shown in the figures.
It can be seen that the DEM of figure 4.4 (30 neighbors) has severe groove-like artifacts
making the surface look unnatural. The DEM of figure 4.5 (50 neighbors) looks better,
however, the grooves are still clearly visible.

Figure 4.4. DEM of the southwest part of the test area in TIN format. The
neighborhoods contain 30 source data points.
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Figure 4.5. DEM of the southwest part of the test area in TIN format. The
neighborhoods contain 50 source data points.
As the above described approach did not give desired results, the test area was divided
into subareas by finding the centers of mass of the source data point groups and
calculating Voronoi regions based on these centers. Dividing an area using the Voronoi
algorithm is an important tool in computational geometry. It is based on the principle
that all the points closer to a particular center point than to any other center points
belong to the same Voronoi region. As a result, one Voronoi region for each center
point was obtained. Subsequently, the points of the new high-resolution grid were
divided according to the Voronoi regions, and the thin plate spline interpolation was
performed. Altogether 100 Voronoi regions were formed in the test area leading to
larger computational units compared to those obtained by the previously presented
algorithm. Also, the surfaces approximated as a whole were larger.
The DEM obtained using Voronoi regions in forming the computational units is
presented in figure 4.6. The modification did not improve the results; the borders
between the computational packets are clearly visible introducing abrupt changes in the
elevation values and the surface looks unnatural.
In the next test, applying the thin plate spline algorithm in a point by point manner
without forming any computational packets was tried. The neighborhood of
approximation was formed separately for each point of the new grid by looking for
source data points in a stepwise-increased circular area. This algorithm was first
considered as computationally inefficient, however, it turned out that the computations
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Figure 4.6. DEM of the southwest part of the test area in TIN format. The
neighborhoods are formed using the Voronoi algorithm.

Figure 4.7. DEM of the southwest part of the test area in TIN format. The
neighborhoods are formed for each point of the new high-resolution grid separately.
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could still be performed in a reasonable time and therefore testing the algorithm was
found feasible. The results did not meet the expectations: The resulting DEM looked
worse than in previous tests with individual points ‗sticking out‘ from the background.
In some cases the differences in the elevation values of these points and the background
were as large as several meters. The result of the point by point approximation is
presented in figure 4.7. The roughness caused by the individual outlying points is
clearly visible.
The problem of forming the neighborhood was solved by applying the so-called overlap
technique where the areas of the neighboring computational packets overlap partly. The
size of the computational packets in terms of the new grid was 100 points (10 x 10 point
or 25 x 25 meter rectangular area) and neighbors were determined for each packet
separately. The packets were arranged as shown in figure 2.8. Each point of the new
high resolution grid belongs to 4 neighboring packets except for the points at the edges
of the area which belong to two neighboring packets and the points at the corners of the
area which belong to a single computational packet. In this manner the elevation value
of each new grid point was approximated, in general, from four different
neighborhoods. Combining the four estimates gave much more natural-looking surface.
The estimates were combined using the Inverse Distance Weighting (IDW) principle.
Each of the four estimates was assigned a weight according to the distance between the
estimated point of the new grid and the center of the computational packet based on
which the estimate was computed. The closer the estimated point was to the center of a
computational packet, the higher was the weight of the estimate computed based on this
particular packet.

Figure 4.8. The arrangement of the computational packets used in the overlapping
technique. The overlapping packets are shown in different colors. The points in the
middle 5 x 5 area belong to all four packets shown in the figure.
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In figure 4.9 the DEM obtained using the overlapping technique of neighborhood
determination is presented. It can be seen that the groove-like artifacts are not present
any more and the surface looks natural.

Figure 4.9. DEM of the southwest part of the test area in TIN format. The
neighborhoods are formed using the overlapping technique.

4.5 Description of the algorithm for neighborhood selection
The tests of interpolation methods and neighborhood selection algorithms performed
using the test area of figure 4.2 indicated that several aspects had to be taken into
account while selecting the neighbors. The neighborhood had to contain source data
points relatively evenly from all directions with respect to the center of the packet. This
became clear in cases where the search algorithm found neighbors only from a certain
direction corresponding to a sonar measurement line or an elevation contour line, for
example. In these cases the interpolated surface could be bended arbitrarily in the other
directions where no source data was available and large errors might occur. To avoid
this problem the search area was divided into eight 45 degree sectors and a rule was
introduced that at least two source data points had to be found from each sector. The
minimum number of neighbors was set to 80 except at the westernmost sea areas
containing mainly the IOW source data, where the minimum number of neighbors was
set to 12. The maximum number of neighbors was set to 500. The minimum radius of
the search area was set to 75 meters to guarantee that there are source data points
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available for interpolation outside the area of the particular computational packet and
that the new grid points at the edge of the computational packet have also neighbors at
various directions. The 75 meter rule was important in areas where the density of the
source data points was high.
The algorithm of neighborhood selection using the overlapping technique and the above
described rules is illustrated in figure 4.10. The points A, B, C and D denote the centers
of the computational packets. The area covered by one packet is 50 x 50 meters (i.e., 20
x 20 points on the 2.5 x 2.5 meter grid). The area of the neighborhood selection is
divided into eight sectors numbered from 1 to 8 in case of the computational packet A in
the figure. The overlapping technique is also illustrated. Figure 4.11 presents the flow of
the algorithm of neighborhood selection.

Figure 4.10. Division of the neighborhood selection area into eight 45 degree sectors in
the context of the overlapping technique.
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Figure 4.11. Flow chart of the neighborhood selection algorithm.
4.6 Computation of the elevation model and the confidence limits
As the resolution of the elevation model was specified to be as high as 2.5 x 2.5 meters
the overall computational demand posed a serious problem. The size of the area of
interest was 960 square kilometers containing 153 600 000 points in the 2.5 x 2.5 meter
grid. To obtain the confidence limits for the DEM 5000 realizations had to be calculated
for each grid point, increasing the computational demand of the algorithm significantly.
Due to these aspects the algorithm was implemented using distributed computing. The
area of interest was first divided into 32 subareas of equal size (5 x 6 kilometers each).
The borders of the subareas were extended by 100 meters in the north and east
directions to avoid discontinuities. Subsequently, the grid points of each subarea were
divided into computational packets of 400 points (20 x 20 points) and saved in separate
.mat files in the MATLAB file format to simplify further computations. One 5 x 6
kilometer subarea thus contained 49 329 computational packets taking into account the
overlapping technique of neighborhood selection. The total number of computational
packets was a bit less than 1.6 million. The computational packets were saved in the
server memory where they were accessed by the computers included into the
computation cluster for calculations. The results of the computations were returned to
the server memory where they were organized into directories according to the
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subareas. At the most 60 computers of various computational power participated in the
computations; the processor clock rate of the computers varied between 1 GHz and 3.2
GHz. On the highest rate 45 000 computational packets could be computed a day and
the computations took altogether about two months.
The MATLAB routine responsible for the computations first loaded the source data
points into its memory. The source data information included x, y and z coordinates as
well as the form and standard deviation of the corresponding probability distributions.
The distributions were assumed to be Gaussian for all other source data sets except that
obtained from the Finnish Marine Administration, which was assigned asymmetric
probability distribution (see section 4.1.9). The standard deviation was predefined only
for the data by the Finnish National Land Survey and IOW. The data from all the other
sources were assigned standard deviations according to the 95 % confidence limits
given in table 4.1. After loading the source data the MATLAB routine downloaded the
desired amount of computational packets, containing the x and y coordinates of the new
data grid from the server.
The next step of the computations was selecting the source data points belonging to the
neighborhood of the particular computational packet according to the algorithm
presented in section 4.5. The center point of the computational packet was calculated
and the radius of the search area was increased in 5 meter steps. As soon as the
conditions presented in the flow chart of figure 4.11 were fulfilled, the neighbors were
accepted. The elevation values of the source data points belonging to the neighborhood
were then compensated for the land uplift according to the year of acquisition of the
data. The amount of yearly land uplift, which in the Olkiluoto area is 6 millimeters
(Vuorela et al. 2009), multiplied by the age of the data with respect to the year 2008 was
added to the elevation values of the source data points.
Determining the value of the relaxation parameter p of the thin plate spline algorithm
was addressed next in the routine. The value of p was determined according to the
variance of the source data points belonging to the neighborhood. If the variance of the
data points was higher than 0.7 m2, the value of the relaxation parameter was set to
0.01, i.e., linear approximation by minimizing the squared error was applied. If the
variance was less than 0.05 m2, the value of the relaxation parameter was set to 0.99. If
the variance was between 0.7 m2 and 0.05 m2, the value of the relaxation parameter was
determined by logarithmic mapping between the mentioned range of variance and the
range of p between 0.01 and 0.99. The reason for determining the value of the relaxation
parameter according to the variance of the data points came from the need to avoid the
so called overshooting effect. If the interpolation followed the data points exactly and if
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there were large abrupt changes in the values of the data points, the resulting surface
tended to oscillate.
The elevation value estimates for the points of the new data grid in the computational
packet were computed next. Several estimates were calculated. The first estimate was
obtained by approximating the surface according to the measured values of the
neighboring source data points, i.e., without any statistics involved. The other estimates
as well as the confidence limits were obtained using Monte Carlo simulation.
The Monte Carlo simulation involved drawing 5000 values for the neighboring source
data points from their corresponding probability distributions and approximating the
corresponding surfaces using the thin plate spline method. From these 5000 realizations
of the surfaces, 5000 realizations of the new grid points of the computational packet
were obtained. The 5000 realizations enabled to estimate the error probability
distributions of the points of the new high resolution grid. Mean, median and the
maximum of these distributions were used as alternative estimates of the elevation
values of the new data grid points. All the mentioned estimates gave relatively similar
values in the area of interest.
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Figure 4.12. Error distribution of a single point of the new high resolution data grid.
The horizontal axis presents the elevation value and the vertical axis gives the number
of realizations.
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Figure 4.12 presents an example of the error distribution of a new data grid point. The
elevation estimate based on the measured source data values is 21.295 meters;
maximum of the error distribution after Monte Carlo simulation is 22.097 meters; mean
of the error distribution is 21.290 meters and median of the error distribution is 21.285
meters. The 95 % confidence limits were 18.058...24.624 meters.
For each point of the new data grid the following data was saved in computer memory
in addition to the above described elevation value estimates: the distance to the center of
the corresponding computational packet, histogram obtained from the Monte Carlo
simulation, the variance and the standard deviation of the source data points of the
neighborhood, and the value of the relaxation parameter used.
After all the computational packets were processed, the data had to be combined
according to the overlapping technique. Depending on the location of the new grid point
one, two, four or even eight histograms were available for a single point. The last case
concerned the points located in the overlapping region of the subareas of the whole area
of interest. In order to combine the computed points they had to be reorganized. Finding
the results of the same new grid point in the files corresponding to different
computational packets in a point by point manner would have taken too much time,
therefore the following scheme was applied: The computational packets were processed
so that all the points inside the packets having the same x coordinate were saved into a
file named after the value of the x coordinate using the MATLAB .mat file format.
After that the files having the same name in the different directories corresponding to
different computational packets were combined. This resulted in 19 240 files
corresponding to x coordinates of the whole are of interest. In each file a single data
point occurred several times. Each file covered the 20-kilometer range in the northsouth direction.
The realizations of the data points corresponding to different computational packets had
to be combined next. This was performed according to the IDW principle as described
in section 4.4. For each point of the new data grid, the distances to the centers of the
computational packets containing this particular point had been saved. The data was
combined so that the closer the data point was to the center of a computational packet
the higher was the weight of the result computed based on that particular packet in the
combined data. The inverse distance was considered as such, i.e., the exponent value in
the IDW algorithm was 1. Using this kind of combination scheme the combined
estimates based on the pure measured source data values as well as on the mean, median
and the maximum of the error distributions were obtained. In addition, a combined error
distribution using the IDW principle was calculated and the 95 % confidence interval
was estimated from this combined distribution.
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Figure 4.13 presents an example of a cross-section of the high-resolution DEM at the x
coordinate level of 1533617.5 m. The blue curve corresponds to the median of the
combined error distribution and the red curves correspond to the 95 % confidence
limits. It can be noticed that the width of the confidence interval changes according to
the precision of the nearby source data points. If there is a source data point of high
precision near a certain point of the new DEM, the confidence limits are close to each
other. This occurs in the figure at the y coordinate value of 6700 meters, for example.
On the other hand, if the source data points in the vicinity of a certain DEM point are of
low precision, the confidence interval is wide.
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Figure 4.13. A part of the cross-section of the created high resolution DEM at the x
coordinate level of 1533617.5 m. The blue curve corresponds to the median of the error
distribution and the red curves correspond to the 95 % confidence limits. The vertical
axis presents the elevation in meters.
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5.

EVALUATION OF THE FIRST VERSION OF PRODUCED DEM

In this chapter, the created elevation model is evaluated and the aspects requiring
improvement are brought up.
5.1 The first version of the elevation model and its deficiencies
The first version of the elevation model is presented in figure 5.1 in raster format. The
resolution of the presented model is 10 x 10 meters.
In the next step newly obtained sonar data from the sea areas measured by the
Geological Survey of Finland in 2008 was included in the source data sets. In addition,
it was noticed that the IOW data caused large deviations from the other more accurate
source data sets, especially at sea areas. Therefore the IOW data was excluded from the
computations except for at the westernmost sea areas. The deviations caused by the
IOW data are illustrated in figure 5.2. It can be seen from the figure that, at the regularly
distributed locations of the IOW data points, small hills occur in the interpolated
surface. The tops of these hills were on the average 5 to 10 meters higher that the
surrounding surface areas. For the implementation of these kinds of local improvements
and inclusion of new data sets a method was developed enabling to update a part of the
elevation model given the coordinates of the borders of the area to be updated.

Figure 5.1.The first version of the elevation model of the Olkiluoto area in raster
format (10 x 10 meter resolution).
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Figure 5.2. Deviations in the created DEM caused by the regularly located IOW source
data points.

5.2 Improvements to the creation of the DEM
After the inclusion of the sonar data by the Geological Survey into computations it
occurred that there is a conflict between these data and the data from the Finnish Marine
Administration. The severity of discrepancy varied from region to region. Figure 5.3
illustrates the difference between the two data sets. To solve the problem, the data
obtained from the Finnish Marine Administration was removed from the computations
as less reliable for the purpose at the regions where sonar measurements of the
Geological Survey were available. Figure 5.4 illustrates the effect of the discrepancy
between the source data sets at locations where conflicting source data points occurred
close to each other. The red dot in the figure denotes a data point belonging to the
Finnish Marine Administration data set and its value is -26 meters. The black lines
correspond to the Geological Survey sonar data and their value is around -31 meters.
This discrepancy causes a pattern resembling a crow‘s foot and not belonging to the true
shape of the seabed in the elevation model.
It also occurred that, in the recalculation of some regions of the DEM, areas not large
enough were considered that caused discontinuities at the edges of the patches. These
discontinuities appeared as vertical and horizontal lines of abrupt changes in the
elevation values.
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Figure 5.3. Difference (m) between the sonar data measured by the Geological Survey
of Finland in 2008 and the data obtained from the Finnish Marine Administration. The
difference is presented in TIN format.

Figure 5.4. A crow’s foot like artifact at sea area caused by the discrepancy between
the data from different sources. The red dot denotes a data point belonging to the
Finnish Marine Administration data set and the black lines correspond to the
Geological Survey sonar data measured in 2008.
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6.

COMPILATION OF THE FINAL VERSION OF THE ELEVATION MODEL

Due to the problems discussed in section 5.2 the whole elevation model was
recalculated using slightly different parameters. The source data were preprocessed
using an algorithm which arranged the data sets according to their precision (using the
values in table 4.1) and removed the source data points which were closer than 3 meters
to a point of higher precision. In addition, the data points closer than 10 meters to a
more precise point were removed if the vertical angle of the line connecting the two
points was larger than 45 degrees. The original and the reduced source data were then
visually inspected. The original and the reduced source data contained 1 880 701 and
1 874 216 data points, respectively. The reduction algorithm removed altogether 6 485
source data points.
To save the calculation time the number of realizations computed was reduced to 1000.
1000 realizations is still enough to get reliable results from the Monte Carlo simulation.
Also, the area of interest was divided into eight subareas of size 6 x 20 kilometers and
each subarea contained 195 000 computational packets. Some improvements were also
made to the MATLAB code making it more efficient. With the settings given above the
computation of one subarea took about 36 hours using 30 computers on the average.
Combining the computational packets according to their x coordinates took about 24
hours per subarea. Altogether the computations took about one and a half weeks as the
two procedures could be performed in parallel. After this the files arranged according to
the x coordinates had to be processed to combine the realizations of the same points
obtained from different computational packets as described in section 4.6. This phase of
the computations took slightly more than a week using ten computers. Altogether the
whole procedure of computations took about three weeks. The final elevation model is
presented in figure 6.1 in raster format using the resolution of 10 x 10 meters.
In the created DEM two regions were identified where too sparse source data caused the
model to deviate significantly from the true landscape. In the lower left corner of figure
6.2 the Sorkanlahti Bay region is presented where, according to the model, the sea depth
is about 20 meters, an outlier in shapes of such depressions. In reality the depth of the
Sorkanlahti Bay may be a couple of meters as estimated from aerial images. No source
data points were available from the bay itself; the only available source from the
surrounding area is from the coast of the bay where the landscape rises sharply. The thin
plate spline approximation method extrapolates the depth of the Sorkanlahti Bay
according to the slope given by the data available from the shores and therefore the
depth of the bay got exaggerated. Another region where the model deviates from the
true landscape is the lower course of the River Lapinjoki, shown in the lower right
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corner of figure 6.2. In this region the width of the riverbed is exaggerated in the model
due to lack of elevation data from the even fields on another side of the river.

Figure 6.1. Final version of the DEM in raster format. The resolution of the presented
model is 10 x 10 meters.

Figure 6.2. The final DEM in TIN format produced based on the 10 x 10 meter raster.
The lower left panel presents the Sorkanlahti Bay region and the lower right panel
presents the lower course of the River Lapinjoki.
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Altogether the improvements made to the computational procedure improved the
quality of the model significantly eliminating computational artifacts and solving the
problems cause by discrepancies between the available data sets. After these efforts,
best way to improve the quality of the DEM is to acquire more as precise measurement
data as possible especially from the areas of low input data density in this DEM and
from the areas of specific interest in the further modeling using the DEM as an input.
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7.

SUMMARY

This report describes the procedure of creating the digital elevation model of the
Olkiluoto Island and the surrounding areas. The size of the modeled area is 960 square
kilometers (20 x 48 kilometers). The elevation model is based on source data from
various sources in the form of elevation and depth contour lines, lines of sonar
measurements as well as individual data points. The precision of the source data was
estimated based on the information available about the measurement procedures.
In creating a digital elevation model based on various source data an interpolation
method has to be applied. After several tests the thin plate spline interpolation was
found to perform best in the case where the density of the source data varied a lot over
the area of interest. The thin plate spline interpolation method resulted in natural
looking elevation model and gave the smallest error in the test where certain amount of
points was removed from the data.
The confidence limits of the points of the elevation model had also to be estimated. For
this purpose Monte Carlo simulation was applied. 1000 realizations (20 000 in the first
version) were computed for every data point of the DEM grid according to the precision
and assigned probability distribution of the source data. In this way the confidence
limits could be determined for the created DEM.
Due to the size of the area of interest, the model had to be computed in parts. The area
was divided into eight subareas of equal size. Dividing the subareas into computational
units (i.e., neighborhoods of data points) turned out to be a challenging task. The
borders of the computational units caused clearly visible artifacts in the model. After
numerous tests the problem was solved using the so-called overlapping technique were
the grid points of the computational packets overlapped and the elevation of a single
point of the model was estimated from surfaces approximated based on four different
neighborhoods on the average.
The computations were performed using distributed computing. The data packets were
saved in the memory of a server were the computers participating in the computations
could access them. At the most, 60 computers were involved in the computations in
parallel. The approximated DEM points were arranged into files according to their x
coordinates and the realizations of the same points computed based on different
computational units were combined.
The first version of the elevation model revealed problems in the algorithm caused
mainly by the different nature of the source data sets and discrepancies between them.
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An algorithm for finding these discrepancies and removing the less accurate source data
from locations were more precise data was available was developed. After recalculating
the model the quality of the resulting DEM was clearly better compared to the first
version.
The resulting digital elevation model will be applied as an input to the UNTAMOtoolbox made for modeling the development of the landscape in Olkiluoto area in the
time frame of 10 000 years as a part of the biosphere assessment in the safety case for a
deep repository of spent nuclear fuel.
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