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IZVLECEK

Pri statisticnem testiranju hipotez preverjamo, ali testna
statistika lezi v obmodju, kjer hipoteze ne moremo zavrniti,
pri Cemer labko kriticne vrednosti izracunamo glede na
gnano porazdelitev verjetnosti. Empiricni pristop za
dolocitev ustreznega Stevila prostostnih stopenj v postophku
Miinchen uporabimo za potrditev teoreticno dolocenih
vrednosti. Rezultati kazejo, da se uporabljena Stevila
prosto:mi/a stopenj ujemajo z empiricno izracunanim
Stevilom pri statisticnem testiranju hipotez pri testiranju
skladnosti, pri testiranju sprememb dolzin in testiranju
sprememb koordinat oglis¢ trikotnikov v geodetski mrezi.
Vendar pa se pri testiranju sprememb kotov med tockami
v geodetski mrezi empiricna vrednost Stevila prostostnib
stopenj razlikuje od stevila, ki se obicajno uporablja in je
po nasem mnenju pmw’/na vrednost za ustrezni statisticni
test. To Stejemo za glavni prispevek tega dela.
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ABSTRACT

When statistically testing the hypotheses, it can be checked if
the test statistic lies in the fail-to-reject region, whose critical
values can be computed according to the known probability
distribution. The empirical approach to determine the
appropriate value of the degrees of freedom is considered to
confirm the theoretically defined values from the Munich
approach. The results show that the commonly used
numbers of degrees of freedom agree with the empirically
derived numbers when statistically testing hypotheses in the
congruence test, when testing the changes in distances and
coordinates of the triangles vertices. However, when testing
the changes of angles between points in the geodetic network,
the empirical value for the number of degrees of freedom
is different from the number which is commonly applied.
It can be considered the correct value for the corresponding
statistical test, which is the main contribution of this work.
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1 Introduction

The Munich approach in deformation analysis is a geodetic statistical method that involves (as
general property of all geodetic deformations’ methods) the monitoring of displacements of points
by selecting reference points on the surrounding terrain and control points on the observed ob-
ject. According to statistical testing in the different methods of deformation analysis: Hannover
approach (Pelzer, 1971), Delft approach (Heck et al., 1982), Karlsruhe approach (Heck, 1983),
Fredericton approach (Chrzanowski, 1981) and Munich approach (Welsch, 1982, 1983; Welsch
and Zhang, 1983) the adopted procedure is to reject null hypothesis about the displacements of

points in geodetic networks.

The Munich approach was developed in Munich, Germany, and has been discussed in various
geodetic publications (Welsch, 1982, 1983; Welsch and Zhang, 1983). The approach is a part of
the broader field of deformation analysis, which is used in geodesy and geodynamics to study de-
formations of natural and man-made objects, crustal deformations and gravity field deformations.
The method is based on statistical and geometrical analysis of deformation measurements, which
is an important tool in engineering surveying (Caspary et al., 1990; Dermanis and Livieratos,
1983; Nowel, 2015).

Hypothesis testing in statistics is crucial for making decisions based on sample data. It helps in check-
ing and controlling errors, ensuring scientific validity and making inferences about populations. In this
study, the analysis of deformation will be adopted to explore the behaviour or deformed state of natural
or man-made objects. In general, hypothesis testing is performed by the following procedure (Lehmann
and Romano, 2022):

— The null A, and the alternative /7, hypothesis about specific population property is set,
— The test statistics, which corresponds to the null hypothesis and for which we know probability
distribution, is selected,
— The significance level « is selected and the limits of the reject region on the basis of @ and the
probability distribution of test statistic is determined,
— The sample data is used to compute the value of the test statistic,
— A conclusions are drawn:
— If the value of the statistic is in the reject region, the null hypothesis is rejected at significance
level o or
— If the value of the statistic lies in the fail to reject region, the null hypothesis cannot be rejected

at a significance level a.

When determining the probability distribution of the selected statistic, the limits of the reject region
from the inverse cumulative distribution function can be computed. In some cases, the distribution of
the statistics is Fisher’s probability distribution (F-distribution). To be able to compute the limits of the

reject region unambiguously, the correct number of degrees of freedom need to be known.

Displacements of unstable points can be identified with significance level @ only if the precision of
displacement is adequate. And in that context, the limit value that represents the lower limit of the

displacement of unstable points, i.e. the minimum detectable deformation, is important.
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In Munich approach of deformation analysis (Savsek and Ambrozi¢, 2023; Welsch, 1983; Welsch and
Zhang, 1983):

— The test statistic for coordinate differences of all points in a two-dimensional geodetic network in
two epochs is distributed according to the F-distribution £,

— The test statistic for changes in distance between two pomts P and P in two epochs is distributed
according to the F-distribution F, .

— The test statistic for changes in angles between points P, P, and P, in two epochs is distributed
according to the F-distribution , .

— The test statistic for changes in coordinates of triangle vertices P, P, and P, in two epochs is distri-
buted according to the F-distribution 7, ,

where f, = u — d is the number of degrees of freedom, u = 2m is the number of coordinate unknowns
in 2D network (2 is the number of all points in geodetic network), & is the datum defect of geodetic
network, /= f1 + f2 is the number of redundant measurements in adjustment of previous (f ) and current
(f)) epoch or measurements. To compute critical values £ o F ,sand F, correctly the correct number
of degrees of freedom is needed.

To confirm the correct number of degrees of freedom in the computation of the critical values, Monte
Carlo simulations can be used to determine the limits of the reject region, which is the main aim of this
study. The procedure is based on the study by Savsek and AmbroZi¢, 2023, and in the following sequel
the study represents the logical evolution of previous research.

2 Simulation of measurements and adjustment

The work started with the simulation of measurements in the geodetic network (i.e. of horizontal direc-
tions and distances) with software written for this purpose. The measurements are free of any gross or
systematic errors, which means observations must have random errors only. Therefore, it can be assumed
that the measurements are normally distributed around the mean valuey  with standard deviation o.
To simulate measurements, a normally distributed random errors #,0 must be added to the expected

values of measurements:

-y/z:ymm:-‘rukg’ (1)
where #, is the standardized normally distributed random variable.

The expected values of the measurements are computed from the coordinates of the points, which are
known as they are basis for simulations (Kuang, 1996).

Simulated £ horizontal direction 5, (or bearing angle because in simulations the orientation of the initial
direction at station point is arbitrary) in the triangulation geodetic network, which is obtained by the
following equation:

5= S 4oy T 41,0, @)

— Y =i, . . . _
where 5, = arctan ~“—— is the bearing angle between points P and P, 0, is the standard deviation of

.X'].—.X'i

horizontal direction, which is selected, and u,,is standardized normally distributed random variable.
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The simulated #" horizontal distance 4, in geodetic trilateration network is obtained by the following
equation:

d,= d+u6 3)

2k d’

— 2 2
whered,, = \/ ( V= ) + (x = xt.) is the horizontal distance between points P,and P, o, is the stand-

ard deviation of horizontal distance, which is selected and #,, is standardized normally distributed

random variable.

In the next step, these simulated measurements are adjusted using the Least Squares method (as if the
measurements had actually been made) as constrained network where v'Pv = min. or as free geodetic
network where vIPv = min. and X"X = min. (Kuang, 1996). The adjusted coordinates of new points in
the network and the reference variance a posteriori s? are obtained.

Start
e Read input data:
e approximate coordinates of points x
* standard deviation of directions o,
* standard deviation of distances o,
For all simulations ¢ =1, ..., Sim:
For all measurements in the geodetic network k=1, ..., 7:
*  Generate samples of standardized normally distributed random variables:
* u,=randn, #, = randn
¢ Calculate measurements from approximate coordinates of points 2 and P
Y, =V
X, =X

° ;kﬂﬂ = (}'j_.}’i)z+(x]_xi)z

*  Compute simulated measurements:

S = Arctan

=5, tu,0 ..Q2)
> d= d,m+ 1,0, ... (3)
End of measurements in the geodetic network

}
|
:
|
|
|
|
|
|
|
|
|
|
|

e Adjustment of simulated measurements in the geodetic network:

—

e constrained network: ¢ free network:
vIPv = min. v'Pv = min. and £'% = min.
*  Results of adjustment:
* adjusted coordinates of points X
*  cofactor matrix of coordinate unknowns Q, .
2
* aposteriori reference variance s
* number of redundant measurements f,
End of simulations
End
Figure 1: Flow chart of the simulations of measurements and adjustment.
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After the described process of simulating measurements and adjustments, the results of the first iteration/

simulation are obtained. The process of simulation of measurements and adjustments must be repeated,

ED ARTICLES

exactly as it has just been described, namely Sim-times, where Sim is the number of simulations. The
result of this work of research is therefore the adjusted coordinates of the points of the geodetic network

X_and the reference variances a posteriori s?, where ¢ = 1, ..., Sim. Since the geometry and precision of

the measurements o, and o, do not change between simulations, the corresponding cofactor matrix

=
)
oc
[
o
)
)
=

of coordinate unknowns Qi . in all simulations stays the same. Thus, in all iterations, also the cofactor
matrix of the coordinate difference Q.= QK +Q,
in (Savsek and Ambrozi&, 2023).

= ZQ"# ,c=1, ..., (§im — 1) stays the same as

[ CLANE

1%

~

3 Testing the transformation of the geodetic network s
After iterations, the homogeneity of measurement accuracy is fulfilled and there are no non-identical
points, since the simulations on the same geodetic network are repeated. Thus, between two simulations
representing two times measurements (epochs), the a posteriori reference variance can be computed ¢
according to the equation in (Savéek and Ambrozi¢, 2023), which is given below:

2 2

KO ol UK .

2:”—‘“‘“,6:1,...,(517}1—1), 4)
ﬁ + f;+1 =

where f and £ are the number of redundant measurements in two consecutive simulations and s> and

s>, are the reference variances a posteriori in two consecutive simulations.

3.1 Testing the congruence of geodetic network

Testing the congruence of the geodetic network, which is the next phase of the Munich approach, is not
problematic, because test statistics between two simulations is generated (Welsch, 1983; Welsch and
Zhang, 1983; Kuang, 1996):

2 T -1
2 Su u, Q. u, .,

o :S_ZZ’f—_Sz’,c=l,...,(Sim—1), (5)

where u__ is the displacement vector of identical points between two simulations and Q_ is the cofac-
tor matrix of coordinate differences. The computation of the critical value F, is straight forward as the
"

degrees of freedom f, and fare known.

3.2 Testing the changes of distances in geodetic network

When testing distance differences in the geodetic network, which is one of the components of testing the

transformation of the geodetic network, test statistics between two simulations 77 1 (Welsch, 1982;
[(Yad

Saviek and Ambrozi¢, 2023) is created:

T}, = “”QdD‘”' Do se=1...,(Sim-1), (6)

e+l
ny s

where

dl

o =D, =D, (7)is the change of the distance between two points 2, and P in two simulations,
60t c+ c
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= J( 5, -3, ) +(%, - ) and D, - J( 55 ) (5, -4 ) )

are the distances between the points P, and P in the ¢" and (¢ + 1)* simulation, f/ x, andj/\ fc are

adjusted coordinates of the points 7, and g wrltten in the vector X_in the ¢ 51mulatlon and 7, " x

Tesl

in the (c + 1)
in Equation (6)

are the adjusted coordlnates of the points P, and P, written in the vector X,
simulation. The element of the cofactor matrix of the distance differences Q 1
(e

are computed by:

QdD = Lle-]-QudDi]-Lng-]-’ (9)

where the vector of the partial derivatives of the measurements is

oo+l

L w0, = [-sin v, —cosv, sinv, cos Vij] and (10)
v.=(v. +v. )2 11
5= Vit Vi) (1)
is the average value of the bearing angles between the points P, and P, between two simulations,
v, =arctan 2% and Vv, = arctan XL (12)
L A ‘ Fiew ~ Xiea

are bearing angles between the points 7 and P in the ¢ and (¢ + 1) simulation. In submatrix Q, i, A€
the corresponding elements of the matrix Q,, whlch refer to the points 2 and P.

In order to confirm the correct number of degrees of freedom 7, = 1 when computing the test statistics
(6) and the critical values for determine the limits of the reject region, the computed test statistics 77
should be sorted according to the values from smallest to largest according to Equation (6) and plotted
on the empirical cumulative distribution function (CDF) graph.

3.3 Testing the changes of angles in geodetic network

When testing angular changes in the geodetic network, which is presented as a novelty in the

article presented by (Saviek and Ambrozi¢, 2023) on testing the transformation of the geodetic

network, test statistics between two simulations 77, 1 according to (Savsek and Ambrozic, 2023)
ct+

is compiled:

T2 P o4l Qd‘% o+l ‘7“ !

2 T 2 ; (Sim=1), (13)
n, s
where
dl =a, —-a 14
da[,ﬁl ’ﬂ%d jjkr ( )
is the change in the angle between the points 2, P and P, between two simulations,
o = Vi — Va0 =V, —V. 1
a’/’% ik 2 d a‘Jk +1 ki1 [ (15)
are angles in P, between P] and P, in the ¢" and (¢ + 1)* simulation, Vis Vo Yy and v, are bearing
c+l

angles from adjusted coordinates between the points 7, and P, and between P and P, in the ¢ and
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(c+ 1)* simulation. The element of the cofactor matrix of angular changes Q. 1 in Equation (13) are

computed by

Qd Qudal]k da (16)

where the vector of the partial derivatives of the measurements is

L, - _cosv, +cosvl.]. ’ sinv,, _sinVl.]. , _cosvl.]. ’ sinvt.]. ’ cosV,, ’ _sjnyik (17)
o D, D. D, D, D. D. D, D,
i ij i ij ij ij i i

v = (ij[ + \/17£+1)/2 and v, = (vl_kc+ vl_km)/z (18)

7

[[+1 z]k

are average values of bearing angles,
D, = (ijf + Dij,m)/Z and D, = (Di/e[ + Dikm)/Z (19)

are average values of the distances from adjusted coordinates between the points 7, and P and between
P and P, between two simulations. In the submatrix Q.. gy € the corresponding elements of a matrix

Q, Wthh refer to the points P, P and P,

To confirm the correct number of degrees of freedom 7_= 1 when computing the test statistics (13)
and the critical values for determine the limits of the reject region, the computed test statistics T;a
¢+l

according to Equation (13) should be sorted by the values from smallest to largest and plotted on the
empirical CDF graph.

3.4 Testing the changes coordinates of the triangle vertices in the geodetic network

When testing changes in the coordinates of the vertices of triangles in the geodetic network, which is
one of the components of testing the transformation of the geodetic network, test statistics are generated
between two simulations 77 A (Welsch, 1983; Welsch and Zhang, 1983) and according to (Savsek
and Ambrozi¢, 2023):

HZ Q;xlAuA
Ty, —=—=——— c=1,...,(Sim-1), 20)
.ol ”A .5
where
uA :ﬁt‘«fl _ﬁt (21)

oo+l
is the vector of displacements or coordinate changes of the triangle vertices P, P] and P, between two
simulations. The submatrix Q_, contains the corresponding elements of the cofactor matrix Q_, which
refer to the points P, P and P,

In order to confirm that the number of degrees of freedom 7, is equal to 3 when computing the test
statistics (20) and the critical values to determine the limits of the reject region, the computed test sta-
tistics 77, accordlng to Equation (20) should be sorted by values from smallest to largest and plotted
on the empmcal CDF graph.
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Start
e Read input data:

* adjusted coordinates of points X, X_

e cofactor matrices of coordinate unknowns Qif‘ ,Q, .
c c+17exl

* reference variances a posteriori 57, 57 |

* number of redundant measurements f;, /.

e+l

3
RECENZIRANI CLANKI | PEER-REVIEWED ARTICLES =~

e Forall simulations c=1, ..., Sim-1:
* e Testing the congruence of geodetic network:
: S W= S
| ' Q" Q" Q‘ulxul - 2Qif‘:
| . fﬁ+]€*l,]€ rank Q =u—d
| R
| . 2 _Jee :+1:+1”.(4)
| f; + f;:rrl
S o _uaQuu,
| R T
I . I:fuf: fedf(f, 1)
| ¢ Forall distances — testing the changes of distances in the geodetic network:
I * © d, =D, -D,..(7)
1 D e fer
I . ",yz(",;["' Vi )/2 . (11)
[T LJD = [—sinv, —cosV,, smv, cosvi]] ... (10)
— : : ° Qﬂ'D[”l LdD QudD dl 9)
= . =1
I "p
o Qp
Lyt T —L;“...(G)
I - ny s
1y F"Df: fedf(n,, f) = fedf(1, f)
I« End of testing the changes of distances in the geodetic network
: *  For all angles — testing the changes of angles in the geodetic network:
| [ (v + Vi W2, v,=(v, +v, 1)/2 ... (18)
L. A ek
e, (D,][ + DXIM)/Z, D,=(D,+D, )2...(19)
: : c L, - _cosv, +cosv,.j , sinv, _sinV‘.] ) _cos, ’ sinv; ’(cosvik]’{_sinvikj a7
: | o D, ij D, D]J D,.J D,]. D, D,
e th Qi L, - (16)
| © n,=
|
| o, Q/a o,
| : . 231 dly,, Qua,,ia,, ..(13)
|
| : . = fedf(n,, f) = fcdf(l, £
[ End of testing the changes of angles in the geodetic network
: For all triangles — testing the changes coordinates of the triangle vertex in the geodetic network:
| * . uAm1=§iM—§ic... (21)
I : o n =1
| T -1
| u u
LT = 7%'(2“’32 “l L (20)
| | 7y S
I Pt nAf= fedf(n,, f) = fcdf(3, f)
|« End of testing the changes coordinates of the triangle vertex in the geodetic network
: e Dlot distribution functions
*  End of simulations
End
Figure 2:  Flow chart of the simulations for determination of the number of degrees of freedom.
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4 Numerical example

To confirm the correct number of degrees of freedom in the computation of limits of the reject region an
example of a 2D geodetic network is considered. It is used to demonstrate the functioning of all procedures
of deformation analysis methods and investigated by many researchers (Figure 3). The case of the considered
2D geodetic network has been studied also in our research group in several scientific articles (Ambrozic,
2001, 2004; Ambrozi¢ et al., 2019; Hamza et al., 2020; Marjeti¢ et al., 2012; Savek and Ambrozi¢, 2023;
Soldo and Ambrozi¢, 2018; Vretko and Ambrozi¢, 2013) and (Batilovié et al., 2022). The correctly selected
number of degrees of freedom is shown by means of examples for the computation of critical values when
testing congruence, the changes of distances, angles and coordinates of triangle vertices in the geodetic network.

5

2500 - 4

2000 -

3

g 6
* 1500 -

1000 - 1 2

500 . . . . . )
500 1000 1500 2000 2500 3000
y [m]

Figure 3:  Geodetic network.

4.1 Number of degrees of freedom when testing the congruence

When testing the congruence of the geodetic network, the test statistics 77, c=1, ..., (Sim —1) are
computed according to Equation (5). They are sorted according to their values from smallest to larg-
est. The graph with the primary axis corresponding to 77
o (Sim 1), c=1,

values of the first parameter of degrees of freedom £, and the Cumulative Distribution Function (CDF)

o and the secondary axis corresponding to
. (Sim —1) is plotted. Figure 4 shows ‘the graphs of the test statistics for different

of the F-distribution at the correct number of degrees of freedom £, and f.

1 1 1

0.8 0.8 0.8
w w w
2 06 2 06 2 06
m: decreased fu N: N.; increased fu
& & S
s0.4 s04 s04
LN N N
0.2 0.2 0.2
0 0 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

cl(Sim-1) cl(Sim-1) cl(Sim-1)

Figure 4:  Graphs of the probability distribution function of the test statistic when testing the congruence of geodetic network
(smooth thin brown line) for Sim = 1000 simulations and the cumulative distribution function of the F-distribution
(smooth thickened red line).
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Figure 4 clearly shows that the graph of the probability distribution of the test statistics (5) perfectly
matches the graph of the cumulative distribution function of the F-distribution for the first parameter
of degrees of freedom f, = u — d (Figure 4 middle), which is not the case when the first number of £, is
decreased (f, = u — d — 1; Figure 4 left) or increased by one (f, = # — d + 1; Figure 4 right).

Figure 5 shows graphs of the test statistics for different values of the second parameter of degrees of free-

dom fand the cumulative distribution function of the F-distribution at the correct number of degrees

of freedom f; and f.

0.8 0.8 0.8

w w w
?“ 0.6 g 0.6 g 0.6

T decreased f T T increased f
“L‘; 0.4 “L§ 04 °L§ 04
0.2 0.2 0.2
0 0 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
cl/(Sim-1) c/(Sim-1) c/(Sim-1)

Figure 5: Graphs of the probability distribution function of the test statistic when testing the congruence of geodetic network
(smooth thin brown line) for Sim = 1000 simulations and the cumulative distribution function of the F-distribution
(smooth thickened red line).

Figure 5 clearly shows that the graph of the probability distribution of the test statistic (5) perfectly
matches the graph of the cumulative distribution function of F-distribution for the second parameter of
degrees of freedom f=f; + f, (Figure 5 middle), which is not the case if the second number of degrees of
freedom is decreased (f=f; + f, — 5; Figure 5 left) or increased by five (f=f, + f, + 5; Figure 5 right). If

the number of degrees of freedom is increased or decreased by one, the difference would be less visible.

4.2 Number of degrees of freedom when testing the changes of distances

When testing distance changes in the geodetic network, the test statistics Tﬁ b €= 1, ..., (Sim—1), are
et

computed according to Equation (6). They are sorted by their values from smallest to largest. The graph

with the primary axis corresponding to 77, and the secondary axis corresponding to ¢/(Sim —1),

oo+l

c=1, .., (Sim—1) is plotted. Figure 6 shows graphs with different numbers of simulations of the test

statistics for all 21 distances between points at the same number of degrees of freedom (7, = 1).

0 5 10 15 0 5 10 15 0 5 10 15
ol(Sim-1) cl(Sim-1) cl(Sim-1)

Figure 6:  Graphs of probability distribution function of test statistic (6) at different numbers of simulations.

Figure 6 shows that the probability distribution graphs already take the correct shape at 100 simulations
(Figure 6 left), at 500 simulations the distribution graphs are quite similar regardless of which distance

et
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is considered (Figure 6 middle), and at 1000 simulations we no longer distinguish which distance the
graphs refer to (Figure 6 right).

To confirm the correct number of degrees of freedom, the distribution of the test statistic (6) is shown
in Figure 7 for all 21 distances and the cumulative distribution function of F-distribution at different
degrees of freedom.

1 i 1

0.8 0.8
w w
o o
£ 06 S 06
% %
8§04 §04
N =
0.2 0.2
0 0
0 5 10 15 0 5 10 15
c/(Sim-1) c/(Sim-1)

Figure 7:  Graphs of the probability distribution function of the test statistic for changes in distances (lines of different colours)
for Sim = 1000 simulations and different numbers of the degrees of freedom and the cumulative distribution function
of F-distribution (smooth thickened red line).

Figure 7 clearly shows that the graphs of distribution of the test statistics (6) exactly match the graph of
the cumulative distribution function of F-distribution at number of degrees of freedom 7, = 1 (Figure
7 left), which is not the case when the number of the degrees of freedom is 7, = 2 (Figure 7 right).

4.3 Number of degrees of freedom when testing the angular changes

When testing angular changes in the geodetic network, the test statistics 77, ¢=1, ..., (Sim —1), are

computed according to Equation (13). They are sorted by their values from smallest to largest. The graph
with the primary axis corresponding to 77, o and the secondary axis corresponding to ¢/(Sim —1),
oot

c=1, .., (Sim—1) is plotted.

To confirm the correct number of degrees of freedom, in Figure 8 the distribution of the test statistic
(13) is plotted for the first 105 angles and the cumulative distribution function of the F-distribution at
different degrees of freedom.

0.8 0.8
w w

2 o6 2 o6

S04 S04
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0 5 10 15 0 5 10 15
cl(Sim-1) cl(Sim-1)
Figure 8: Graphs of the probability distribution function of the test statistic for angular changes (lines of different colours) for

Sim = 1000 simulations and different numbers of the degrees of freedom and the cumulative distribution function
of the F-distribution (smooth thickened red line).

Figure 8 clearly shows that the graphs of the probability distribution of the test statistics (13) exactly
match the graph of the cumulative distribution function of F-distribution at the number of degrees of
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freedom 7= 1 (Figure 8 left), which is not the case when the number of degrees of freedom is =2

(Figure 8 right).

4.4 Number of degrees of freedom when testing changes in the coordinates of the triangle
vertices

When testing changes in the coordinates of the vertices of triangles in the geodetic network, the test

statistic 77, s e= .» (Sim —1) are computed according to Equation (20). They are sorted according

to their values from smallest to largest. The graph with the primary axis corresponding to 77,

. (Sim —1) is plotted.

, and
c+1

the secondary axis corresponding to ¢/(Sim —1), c= 1,

To confirm the correct number of degrees of freedom, Figure 9 shows the distribution of the test statis-
tics (20) for all 35 triangles and the cumulative distribution function of the F-distribution at different

numbers of degrees of freedom.
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Figure 9: Graphs of the probability distribution function of the test statistic for changes in the coordinates of the triangle
vertices (lines of different colours) for Sim = 1000 simulations and different numbers of the degrees of freedom and
the cumulative distribution function of the F-distribution (smooth thickened red line).

Figure 9 clearly shows that the graphs of the probability distribution of the test statistics (20) match
perfectly with the graph of the cumulative distribution function of the F-distribution at the number of
degrees of freedom 7, = 3 (Figure 9 middle), which is not the case when the number of the degrees of
freedom is 7, = 2 (Figure 9 left) or 2, = 4 (Figure 9 right).

The experiments in Figures 4-9 confirms that the correct number of degrees of freedom can also be

computed using the Monte Carlo method.

5 Discussion and conclusions

In this study, another way of applying the Monte Carlo method is shown, namely to confirm the cor-
rect number of degrees of freedom in the computation of the critical values (limits of the reject region).
The measurements of horizontal directions and horizontal distances were simulated in a 2D geodetic
network and adjusted using the Least Squares Method. The simulations of measurements and network
adjustments were repeated 1000 times. The value of 1000 simulations were chosen because at this value
the graphs of the probability distribution function of the test statistic almost perfectly coincided with
the graph of the cumulative distribution function of the F-distribution. Between two consecutive net-
work adjustments, representing two time measurements, the test statistics used to test the congruence,

changes in distances, angles and coordinates of the vertices of the triangles in the geodetic network were
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computed. The test statistics for each tested variable were sorted according to their value and presented
in the graph together with the cumulative distribution function of the F-distribution, according to which
the test statistics are distributed.

The aim of the study was to empirically confirm the probability distribution and the number of degrees
of freedom for testing the congruence of geodetic network, the changes in distances, angles and coor-
dinates of triangle vertices as proposed in the Munich approach of deformation analysis. With results

we can confirm that:

1. The test statistic in testing the congruence of geodetic network between two measurements is dis-
tributed according to F-distribution E e with the degrees of freedom f, and f;

2. The test statistic for the change of distance between two points P, and P] is distributed in two mea-
surements according to the F-distribution F, P i.e. with the first degree of freedom n,=1,

3. The test statistic for the change of coordinate of vertices in triangle P, P] and P, in two measure-
ments is distributed according to the F-distribution £, , i.e. with the first degree of freedom 7, = 3.

In addition, it was found out that:

4. The test statistic for the change of angles between points 2, P] and P, in two measurements is dis-
tributed according to the F-distribution 7, P i.e. with the first degree of freedom 7= 1.

‘The values of degrees of freedom cannot be found in any literature and is considered as the most important
contribution of this work. The appropriate number of degrees of freedom is important for determine the
limits of reject region when testing various test statistics in the Munich approach and is therefore crucial
for choosing the right decisions in the process of analyzing the measured deformations of different objects.
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Testiranje uporabe metode simulacije Monte Carlo za dolocitev
Stevila prostostnih stopenj v deformacijski analizi postopka
Miinchen

OSNOVNE INFORMACIJE O CLANKU
GLEJ STRAN 187
1 Uvod

Deformacijska analiza po postopku Miinchen je geodetsko-statisticna metoda, ki kot splosno lastnost vseh
deformacijskih analiz dolo¢a spremljanje premikov kontrolnih to¢k na opazovanem objektu glede na izbrane
referen¢ne tocke na okoliskem terenu. Pri razli¢énih metodah deformacijske analize: postopek Hannover
(Pelzer, 1971), postopek Delft (Heck et al., 1982), postopek Karlsruhe (Heck, 1983), postopek Fredericton
(Chrzanowski, 1981) in postopek Miinchen (Welsch, 1982, 1983; Welsch in Zhang, 1983) poskusamo s

statisti¢nim testiranjem zavrnit ni¢elno domnevo o nicelnih premikih to¢k v geodetskih mrezah.

Voo

Postopek Miinchen so razvili v Miinchnu v Nemciji in je bil obravnavan v razli¢nih geodetskih publi-
kacijah (Welsch, 1982, 1983; Welsch in Zhang, 1983). Je del $irSega podroéja deformacijske analize,
ki se uporablja v geodeziji in geodinamiki za preucevanje deformacij naravnih in umetnih objektov,
deformacij skorje in deformacij teznostnega polja. Postopek temelji na statisti¢ni in geometrijski analizi
deformacijskih merjen;j in je pomembno orodje v inzenirski geodeziji (Caspary et al., 1990; Dermanis
in Livieratos, 1983; Nowel, 2015).

V statistiki je preizku$anje domnev klju¢nega pomena za sprejemanje odloditev na podlagi vzorénih
podatkov. Pomaga nam pri nadzoru pogreskov, preverjanju znanstvene veljavnosti in sklepanju o popu-
lacijah. V nasi raziskavi smo metodo uporabili v deformacijski analizi pri raziskovanju deformiranega
stanja naravnih ali umetnih objektov. Testiranje domnev na splo$no izvajamo po naslednjem postopku
(Lehmann in Romano, 2022):

— postavimo nic¢elno A in alternativno domnevo /o dolocenih lastnostih populacije,
— izberemo testno statistiko, ki ustreza ni¢elni domnevi in za katero poznamo porazdelitev verjetnosti,
— izberemo tveganje oziroma stopnjo znacilnosti ¢ in na njeni osnovi ter na podlagi porazdelitve testne
statistike dolo¢imo meje obmodja zavrnitve nicelne domneve,
— na vzor¢nih podatkih izra¢unamo vrednost testne statistike,
— oblikujemo sklep:
— e vrednost testne statistike lezi v obmodju zavrnitve ni¢elne domneve, potem ni¢elno domnevo
zavrnemo ob tveganju a,
— e vrednost testne statistike ne lezi v obmod¢ju zavrnitve ni¢elne domneve, potem nicelne do-

mneve ne moremo zavrniti ob tveganju o.

Pri dolo¢anju porazdelitve izbrane testne statistike izracunamo meje obmodja zavrnitve ni¢elne domneve
iz inverzne kumulativne porazdelitvene funkcije. V nekaterih primerih je porazdelitev testne statistike
Fisherjeva porazdelitev verjetnosti (porazdelitev F). Da bi lahko pravilno izratunali meje obmo¢ja zavr-
nitve nicelne domneve, moramo poznati pravilno stevilo prostostnih stopen;.
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Premike nestabilnih tock je mogode identificirati pri tveganju le, ¢e je natan¢nost doloéitve premikov
ustrezna. V tem kontekstu je pomembna mejna vrednost, ki predstavlja spodnjo mejo premika nestabilnih

tock, tj. minimalno zaznavno deformacijo.

V deformacijski analizi po postopku Miinchen (Saviek in Ambrozi¢, 2023; Welsch, 1983; Welsch in
Zhang, 1983) se:

— testna statistika za razlike koordinat vseh tock v dvodimenzionalni geodetski mreZi (testiranje skla-
dnosti) med dvema izmerama porazdeljuje po porazdelitvi F (Ff.. f),
— testna statistika za spremembo dolZine med tockama P, in P, med dvema izmerama porazdeljuje po
porazdelitvi F (£, f),
— testna statistika za spremembo kota med tockami P, P] in 2, med dvema izmerama porazdeljuje po
porazdelitvi F (F, f),
— testna statistika za spremembo koordinat oglis¢ v trikotniku P, P] in P, med dvema izmerama po-
razdeljuje po porazdelitvi F (F, f),
kjer je f. = u — d $tevilo prostostnih stopenj, # = 2m je $tevilo koordinatnih neznank v 2D mrezi (7 je
stevilo vseh tock v geodetski mrezi), 4 je defekt datuma geodetske mreze, f= f; + £, je $tevilo nadstevilnih
meritev v izravnavi predhodne f; in tekoce £, terminske izmere. Za pravilen izra¢un kriti¢nih vrednosti

F, . F, ,inF, torej potrebujemo pravilno Stevilo prostostnih stopen;.

Za potrditev pravilnega Stevila prostostnih stopenj v izratunu mej obmodja zavrnitve nic¢elne domneve
lahko uporabimo simulacijo Monte Carlo, kar je tudi cilj te raziskave. V raziskavi se ve¢inoma opiramo
na nase predhodne raziskave, ki sta jih izvedla Savsek in Ambrozi¢ (Savsek in Ambrozi¢, 2023), kar je
logi¢na nadgradnja prejsnjih raziskav.

2 Simulacija meritev in izravnava

Raziskavo za¢nemo s simulacijo meritev v geodetski mrezi, torej horizontalnih smeri in dolzin s pro-
gramom, napisanim v ta namen. Predpostavimo, da meritve vsebujejo le slucajne pogreske, grobih in
sistemati¢nih pogreskov ne smejo vsebovati. Zato lahko predpostavimo, da so meritve porazdeljene nor-
malno okoli srednje vrednostij s standardno deviacijo o. Ce torej zelimo simulirati meritve, moramo

pricakovanim vrednostim meritev priSteti normalno porazdeljen slu¢ajni pogresek # o
y/e:ymea:+ukg’ (1)
kjer je u, standardno normalno porazdeljena slucajna spremenljivka.

Pri¢akovane vrednosti meritev izratunamo iz koordinat tock, ki jih seveda poznamo, saj zelimo simulirati

meritve med temi to¢kami (Kuang, 1996).

Simulirano 4-to horizontalno smer s, (oziroma smerni kot, saj pri simulacijah orientacija smeri na stojis¢u

ni pomembna) v triangulacijski geodetski mrezi dobimo z naslednjo enacbo:

5= S hay T 41,0, @)

Lo Ji 7 . . . T .
kjer je 5, = arctan~—— smerni kot med to¢kama P, in P, o, je standardna deviacija izbrane smeri
X, —x,
J z

in «,, standardno normalno porazdeljena slucajna spremenljivka.
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Simulirano 4-to horizontalno dolzino 4, v trilateracijski geodetski mrezi dobimo z naslednjo enacbo:

dk = Zkaa + uZ/eGd’ (3)

—_ 2 2 . Ve v . .
kjer je d,,, = \/( V- J’i) +(xj - xi) horizontalna dolZina med tockama P, in P, o, je standardna de-
viacija izbrane horizontalne dolzine in %, standardno normalno porazdeljena slu¢ajna spremenljivka.

V naslednjem koraku te simulirane meritve izravnamo z metodo najmanjsih kvadratov, kot bi izravnali
dejansko opravljene meritve, in sicer kot vpeto geodetsko mrezo, kjer velja vIPv = min., ali kot prosto
mrezo, kjer veljata pogoja v'Pv = min. in X'X = min. (Kuang, 1996). Tako dobimo izravnane koordinate
novih toc¢k v mrezi in referenéno varianco a posteriori s2.
Zacetek
«  Citanje vhodnih podatkov:
* priblizne koordinate tock x
* standardna deviacija smeri o,
* standardna deviacija dolzin o,
Za vse simulacije c= 1, ..., Sim:
za vse vizure v geodetski mrezi k=1, ..., n:

* generiranje vzorca standardizirano normalno

* u,=randn, u,, = randn
* izratun meritev iz pribliznih koordinat to¢k P, in P] :

Vi~ Vi

x]—xi

e 3, =arctan

e d,= (}/] y,)2+(xj—xi)2

¢ izraun simuliranih meritev:

* s,=s5,, tu,0, ... (2)

: porazdeljenih slu¢ajnih spremenljivk:
|
|
|
|
|
|
|
|
|
|
|
|
|
|

* d=d, +u0,. (3)
*  Konec vizur v geodetski mrezi
* Izravnava simuliranih meritev v geodetski mreZi:

* vpeta mreza: * prosta mreza:

vI'Pv = min. v'Pv = min. in 7% = min.

.
*
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| ..
I Rezultati izravnave:

: * izravnane koordinate tock £

| * matrika kofaktorjev koordinatnih neznank Q’”ﬁf‘t
: * referen¢na varianca a posteriori s>

I e Stevilo nadstevilnih meritev £

I' Konec simulacij

Konec

Slika 1: Diagram poteka simulacij meritev in izravnave.

Ales Mar cﬂ(TomazAmbozwc Muamer Didelija, Goran Turk, Simona Savsek | Test \rancupoabcmc tode simulacije Monte Carlo za dolocitev Stevila prostostnih stopenj v deformacijski analizi postop-
kaMinchen| Testing the use of th ( g . in the deformation analysis of the Munich approach

te Carlo simu
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Po opisanem postopku simulacije meritev in izravnave dobimo rezultate prve iteracije oziroma simula-
cije. Postopek simulacije meritev in izravnave moramo ponoviti Sim-krat, kjer je Sim Stevilo simulacij.
Rezultat tega dela raziskave so torej izravnane koordinate tock geodetske mreze X in referen¢ne variance
a posteriori s%, kjer je ¢ = 1, ..., Sim. Ker geometrije in natan¢nosti meritev o, and o, v simulacijah
meritev ne spreminjamo, je pripadajoca matrika kofaktorjev koordinatnih neznank QA‘;‘[ enaka v vsch
simulacijah. Tako v vseh iteracijah ostane enaka tudi matrika kofaktorjev koordinatnih razlik Q, = Qi[ﬁ[
+ = 2Qﬁ;‘£, c=1, ..., (Sim—1) in jo izra¢unamo, kot je opisano v Saviek in Ambrozi¢ (2023).

Rop1Rer1

3 Testiranje preoblikovanja geodetske mreze

Po izvedenih simulacijah imamo izpolnjena pogoja o homogenosti natan¢nosti meritev in identi¢nih
tockah, saj simulacije ponavljamo na isti geodetski mreZi. Zato lahko med dvema simulacijama, ki
predstavljata dve terminski izmeri, izraéunamo referen¢no varianco a posteriori s* po enacbi iz Savsek
in Ambrozi¢ (2023):

2 2
ST+ fFus .
5 zw,CZI,...,(Szm—l), (4)
fotfon
kjer sta f in f | $tevili nadstevilnih meritev v dveh zaporednih simulacijah, s* in 5 sta referen¢ni varianci

a posteriori v dveh zaporednih simulacijah.

3.1 Testiranje skladnosti geodetske mreze

Testiranje skladnosti geodetske mreze, kar je naslednja faza postopka Miinchen, ne pomeni tezave, saj
sestavimo testno statistiko med dvema zaporednima simulacijama (Welsch, 1983; Welsch in Zhang,

1983; Kuang, 1996):

2 T -1
2w, Q. u .
Po= o e et o=, (Sim-1), )
s furs
kjer je w__, vektor premikov (razlik koordinat) tock med dvema zaporednima simulacijama, Q, je ma-

trika kofaktorjev koordinatnih razlik. Izracun kriti¢ne vrednosti Ff ftudi ni tezaven, saj sta prostostni
s

stopnji]f1 in fznani.

3.2 Testiranje sprememb dolzZin v geodetski mrezi

Pri testiranju sprememb dolzin med to¢kami v geodetski mrezi, ki je eden izmed sestavnih delov testi-
ranja preoblikovanja geodetske mreze po postopku Miinchen, sestavimo testno statistiko med dvema
zaporednima simulacijama 77 1 (Welsch, 1982; Savsek in Ambrozi¢, 2023):

oot

dl » dl
2 e nton (), ©)
e+l nD .5
kjer je
dldDL‘,f+l = Dijml N Di]‘c (7)

sprememba dolZine med tockama P, in P med dvema zaporednima simulacijama,
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= \/(J’J _5’4 )2 +("%]} _’Acz; )2 in Di/c+1 = \/(JA’/M _-j/iz+1 )2 +(’AC/M _’A%l )2 (®)

sta dolzini med tockama P, in P] v simulacijah cin (¢ + 1), 7, X, in f/] , fcj so izravnane koordinate toc¢k
c c c c

)
furfl|
—
=
=
o
<

P in Pj, zapisane v vektorju fir v simulaciji ¢, )71 o X inf/j , X so izravnane koordinate toc¢k P in Pj,
o+

g e+l Jerl =

zapisane v vektorju X | v simulaciji (¢ + 1). Element matrike kofaktorjev spremembe dolzine Qv

e+l

enacbi (6) izra¢unamo z

QdD = LdDﬁQudDgLEDﬁ’ ©)

kjer je vektor parcialnih odvodov meritev

NKI | PEER-REV

e+l

Lle_j = [—sin V, —cosv,, sin v, cos vl_],] (10)
Y= )2 an

je srednja vrednost smernih kotov med tockama P, in P med dvema zaporednima simulacijama,

N N
Vi =Y. P =
Vv, = arctanAJ—A inv, arctanu (12)
‘ X, —X, o X, - x
Je % Jen Loyl

sta smerna kota med to¢kama P, in P, v simulacijah ¢ in (¢ + 1). V podmatriki Q, i, 5O pripadajoci

S| N

elementi matrike Q,, ki se nanasajo na tock1 P in P

Za potrditev pravilnega Stevila prostostnih stopenj 72, = 1 v izra¢unu testne statistike (6) in izracunu mej
obmodja zavrnitve ni¢elne domneve moramo izraunane testne statistike 77 po enacbi (6) razvrstiti
po velikosti od najmanjse do najve¢je vrednosti in narisati graf empiri¢ne porazdehtvene funkcije.

3.3 Testiranje sprememb kotov v geodetski mrezi

Pri testiranju sprememb kotov med to¢kami v geodetski mrezi, kar je v ¢lanku Saviek in Ambrozi¢ (2023)
predstavljeno kot novost v testiranju preoblikovanja geodetske mreze po postopku Miinchen, sestavimo
testno statistiko med dvema zaporednima simulacijama TZM (Savsek in Ambrozi¢, 2023):

o+l

Qda da,
Tfauﬂ - — “*21 o s -)(Sim_l), (13)
n,:-Ss
kjer je
dldacﬁl - aijkﬁl - ajjkr (14)

sprememba kota med tockami P, P, in P, med dvema zaporednima simulacijama,
a,=v, —v.ina, =V, —V 1
ijk, ik, e ikei1 key1 fes1 (15)
sta kota z vthom v tocki P, med tockama P in P, vsimulacijah ¢ in (¢ + 1), Vio Vi Vi inv, sosmer-
[ e eyl
ni koti, izra¢unani iz 1zravnan1h koorchnat med tockami P, in P ter P in P, v 31mulac1)ah cin (c+1).

Element matrike kofaktorjev spremembe kota Q v enacbl (13) izra¢unamo z
¢, C+

Qda Qudalj/e doc (16)
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kjer je vektor parcialnih odvodov meritev

L cosvy . cosv; | [ sinv, sinv, cosv, | [ sinv, | [ cosv, sinv,, (17)
da, — - > - | T > > s T >
& D, D, |\ b, D, D, '\ b, \'p, D,

g g g g

Vi = (vij; + V"JL-+1)/2 in Vie ™ (Vi’% + Vi/m])/z (18)

ij

sta srednji vrednosti smernih kotov,
= (D, +D, )2in D= (D, + D, )2 (19)

sta srednji vrednosti dolzin iz izravnanih koordinat med to¢ckami P in P] ter P, and P, v simulacijah
cin (¢ + 1). V podmatriki Q“d so pripadajo¢i elementi matrike Q. ki se nana$ajo na tocke P,
P in P

Za potrditev pravilnega $tevila prostostnih stopenj 7z = 1 v izracunu testne statistike (13) in izracunu

mej obmodja zavrnitve ni¢elne domneve moramo izra¢unane testne statistike 77 PO enacbi (13)
(las

razvrstiti po velikosti od najmanj$e do najvecje vrednosti in narisati graf empiri¢ne porazdelitvene

funkcije

3.4 Testiranje sprememb koordinat oglis¢ trikotnikov v geodetski mrezi

Pri testiranju sprememb koordinat oglis¢ trikotnikov v geodetski mrezi, ki je eden izmed sestavnih de-
lov testiranja preoblikovanja geodetske mreze po postopku Miinchen, sestavimo testno statistiko med
dvema zaporednima simulacijama 77 Ao (Welsch, 1983; Welsch in Zhang, 1983) po enacbi iz Savsek
in Ambrozi¢ (2023):

Q,u
T22A _“*‘—“AA““’C:L'__,(Sim—l), (20)
o+l n,-s
kjer je
uA =it‘+1 _it (21)

e+l
vektor premikov oziroma sprememba koordinat oglis¢ v trikotniku P, P] in P, med dvema zapore-
dnima simulacijama. V podmatriki Q_, so pripadajo¢i elementi matrike Q_, ki se nanasajo na tocke
P, P in P,

P27 3

Za potrditev pravilnega $tevila prostostnih stopenj 7, = 3 v izracunu testne statistike (20) in izracunu

mej obmodja zavrnitve ni¢elne domneve moramo izra¢unane testne statistike 77, ,po enacbi (20)
o+

razvrstiti po velikosti od najmanj$e do najve¢je vrednosti in narisati graf empiriéne porazdelitvene

funkcije.
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Zacetek

v
«  Citanje vhodnih podatkov: o
* izravnane koordinate tock X, %X _ %
° a2
matrika kofaktorjev koordinatnih neznank QA‘ ¢ Q"mxm =
e referen¢na varianca a posteriori 2, 57 | =
e Stevilo nadstevilnih meritev £, £ | E‘é
e Zavse simulacije c= 1, ..., (Sim-1): %
+ * testiranje skladnosti geodetske mreze: %
: S ow = ﬁu - ﬁ =
| © Q- Q" + Q’"‘mim - 2Qf‘f?[ )é
| . ff+_)€+1,f rank Q =u—d =
I M A =
I D _Jo crt¥er .. (4) =
| f +f;+1 =
| . 2 j _ rr+1QlluL‘f+l
| T et )
: . F=fdf(f, f)
| Zavsedolzine testiranje sprememb dolzin v geodetski mreZi:
I
L S vf(v +v )/2 (11)
: : L,w [ smv, cosv, smv cosv] . (10)
K
oyt Q/DGHl LdD QudD (9) _
: | * n,=3 ;
| dl,, Qp dl 0
: | TR, = 2 Do (6)
| ny s
| | Fan= fedf(n,, f) = fedf(1, £)
: *  Konec dolZin v geodetski mrezi
| Zauvse kote testiranje sprememb kotov v geodetski mrezi:
| T T Ve TV Py = Vi, T Yy (1)
11 : dl""‘ml = By, T Y
Pyt v-(v +v, )/2 =(v, +v, )/2 . (18)
[ (D +D )/2 D (D +D ) .. (19)
| .
| : - L, - _cosv{k+COSV,-] ’ vaik_smv,j ’ _cosv, ’ sinv :[COSVH(]:(_SinV&] .7)
I D, D,,j D, D, b, ' b, )\ D, D,
K Q,a SL,,,Qu, L, 00
I "=
[ dl o Qua e,
I I L] o e Qa’ +1 d +1 (13)
: R ) —fedf(1, )
| Konec kotov v geodetski mrezi
I Zavse trikotnike testiranje sprememb koordinat oglis¢ trikotnikov v geodetski mrezi:
Y w, =% -%..(Q1)
| I orl o+ ¢
|| s n =1
| u “u
[ : e )
| ny S
| : * E, = fedfn, f) = fedf3, f)
I« Konec trikotnikov v geodetski mrezi
: e Izris porazdelitvenih funkcij
e Konec simulacij
Konec
Slika 2: Diagram poteka simulacij za dolocitev Stevila prostostnih stopen;.
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4 Racunski primer

Za potrditev pravilnega $tevila prostostnih stopenj pri izratunu mej obmodja zavrnitve ni¢elne domneve
obravnavamo primer 2D geodetske mreZe, ki smo ga uporabili za prikaz delovanja vseh postopkov defor-
macijske analize (slika 3). Primer obravnavane 2D geodetske mreze smo obravnavali v nasi raziskovalni
skupini v ve¢ znanstvenih ¢lankih (Ambrozi¢, 2001, 2004; Ambrozi¢ et al., 2019; Hamza et al., 2020;
Marjeti¢ et al., 2012; Savsek in Ambrozi¢, 2023; Soldo in Ambrozi¢, 2018; Vrecko in Ambrozi¢, 2013)
ter v Batilovi¢ et al. (2022). Pravilno izbrano $tevilo prostostnih stopenj bomo pokazali na primerih izra-
¢una kriti¢nih vrednosti pri testiranju skladnosti, pri testiranju sprememb dolZin in testiranju sprememb

koordinat oglis¢ trikotnikov v geodetski mrezi.

5
2500 4
2000 ~
3

= 6
* 1500 -

1000 - i 2

500 I I . . . )
500 1000 1500 2000 2500 3000

y [m]

Slika 3:  Skica mreze.

4.1 Stevilo prostostnih stopenj pri testiranju skladnosti

Pri testiranju skladnosti geodetske mreZe izracunamo testne statistike 77

u

enacbi (5) in jih razvistimo po velikosti od najmanj$e do najve¢je. Narisemo graf tako, da na absciso

. (Sim =1) po

,c=1,
o+1

nanesemo vrednosti 777

3

, na ordinato pa ¢/(Sim —1), c=1, ..., (Sim —1). Nasliki 4 prikazujemo grafe

1

porazdelitvene funkcije testne statistike za razli¢ne vrednosti prvega parametra prostostnih stopenj £ ter
u

porazdelitveno funkcijo porazdelitve F pri pravilnem stevilu prostostnih stopenj /£, in /.

1

1 1

0.8} 0.8 0.8}

w w w
c 06 c 06 € 06
‘g{ man;jsi fu Z z vedji fu
04 =04 w04
0.2 0.2 0.2
0 0 0
0 1 2 3 4 0 1 2 0 2 3 4
c/(Sim-1) c/(Sim-1) c/(Sim-1)

Slika 4:  Grafi porazdelitvene funkcije testne statistike pri testiranju skladnosti geodetske mreze (gladka tanka rjava ¢rta) za

Sim = 1000 simulacij in porazdelitvena funkcija porazdelitve F (gladka odebeljena rdeca crta).
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Slika 4 jasno prikazuje, da graf porazdelitvene funkcije testne statistike (5) popolnoma sovpada z gra-
fom porazdelitvene funkcije porazdelitve F za prvi parameter prostostnih stopenj . = u — d (slika 4
sredina), kar pa ni primer, ko prvo stevilo ., zmanjsamo (f, = u — d — 1; slika 4 levo) ali zvecamo za ena

(f, =u—d+ 1; slika 4 desno).

Slika 5 prikazuje grafe porazdelitvene funkcije testne statistike za razli¢ne vrednosti drugega parametra

prostostnih stopenj ter porazdelitveno funkcijo porazdelitve F pri pravilnem $tevilu prostostnih stopen;j

finf

1 1
0.8 0.8 0.8
w w w

c 06 < 06 < 06

3 manjsi f 3 % Ve f
o 04 04 w204
0.2 0.2 0.2
0 0 0

0 1 2 4 0 2 4 0 2 3 4
ol(Sim-1) cl(Sim-1) c/(Sim-1)

Slika 5: Grafi porazdelitvene funkcije testne statistike pri testiranju skladnosti geodetske mreze (gladka tanka rjava ¢rta) za
Sim = 1000 simulacij in porazdelitvena funkcija porazdelitve F (gladka odebeljena rdeca crta).

Slika 5 jasno prikazuje, da grafi porazdelitvene funkcije testne statistike (5) popolnoma sovpadajo z
grafom porazdelitvene funkcije porazdelitve F za drugi parameter prostostnih stopenj /= f; + f, (slika 5
sredina), kar pa se ne zgodi, ko drugo $tevilo zmanjsamo (f=f, + f, — 5; slika 5 levo) ali pove¢amo za
pet (f=f, + f, + 5; slika 5 desno). Ce bi §tevilo prostostnih stopenj zmanjsali ali povecali za ena, bi bila
razlika manj opazna.

4.2 Stevilo prostostnih stopenj pri testiranju sprememb dolzin

Pri testiranju sprememb dolzin v geodetski mreZi izra¢unamo testne statistike T; b s c=1,.., (Sim—1)
oo+l

po enacbi (6) in jih razvrstimo po velikosti od najmanj$e do najvedje. NariSemo graf tako, da na absciso

nanesemo vrednosti 72, , na ordinato pa ¢/(Sim —1), c= 1, ..., (Sim —1). Nassliki 6 prikazujemo grafe

o0

.
empiri¢ne porazdelitvene funkcije testne statistike z razli¢nim $tevilom simulacij testnih statistik za vseh

21 dolzin med to¢kami pri enakem Stevilu prostostnih stopenj (7, = 1).

- 1 1
0.8 0.8
S 06 S 06
% b3
S P
4S04 QR 04
0.2 0.2
0 0
10 15 0 5 10 15 0 5 10 15
c/(Sim-1) c/(Sim-1) c/(Sim-1)

Slika 6:  Grafi porazdelitvene funkcije testne statistike (6) za razli¢no stevilo simulacij.

Slika 6 prikazuje, da grafi porazdelitvene funkcije testne statistike ze pri 100 simulacijah dobijo pra-
vilno obliko (slika 6 levo), pri 500 simulacijah so grafi Ze zelo podobni ne glede na to, katero dolzino

Ales Marjetic, Tomaz Ambrozi¢, Muamer Didelija, Goran Turk, Simona Savsek |Testiranje uporabe metode simulacije Monte Carlo za doloitev Stevila prostostnih stopenj v deformacijski analizi postop-
kaMinchen | Testing the use of the Monte Carlo simulation method to determine the number of

s of freedom in the deformation analysis of the Munich approach | 187-212
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obravnavamo (slika 6 sredina), pri 1000 simulacijah pa grafi za vse razdalje sovpadajo (slika 6 desno).

Za potrditev pravilnega stevila prostostnih stopenj prikazemo na sliki 7 grafe empiri¢ne porazdelitvene
funkcije testne statistike (6) za vseh 21 dolZin in graf porazdelitvene funkcije porazdelitve F pri razli¢nih

$tevilih prostostnih stopen;.

1 1
0.8 0.8
uw
£ 06 £ 06
S b
P P
4S04 QR 04
0.2 0.2
0 0
0 5 10 15 0 5 10 15
c¢/(Sim-1) c/(Sim-1)

Slika 7:  Grafi porazdelitvene funkcije testne statistike za spremembe dolzin (¢rte razli¢nih barv) za Sim = 1000 simulacij in z
razli¢nim Stevilom prostostnih stopenj ter porazdelitvena funkcija porazdelitve F (gladka odebeljena rdeca ¢rta).

Slika 7 jasno prikazuje, da se grafi porazdelitvene funkcije testne statistike (6) natan¢no ujemajo z grafom
porazdelitvene funkcije porazdelitve F pri $tevilu prostostnih stopenj 7, = 1 (slika 7 levo), kar pa se ne

zgodi pri $tevilu prostostnih stopenj 7, =2 (slika 7 desno).

4.3 Stevilo prostostnih stopenj pri testiranju sprememb kotov

Pri testiranju sprememb kotov v geodetski mreZi izracunamo testne statistike 77 pe=1 (Sim 1)
oot
po enacbi (13) in jih razvrstimo po velikosti od najmanjse do najve¢je. NariSemo graf tako, da na absciso

nanesemo vrednosti 77 na ordinato pa ¢/ (Sim —1), c= 1, ..., (Sim —1).
(s

Za potrditev pravilnega Stevila prostostnih stopenj prikazemo na sliki 8 grafe empiri¢ne porazdelitvene
funkcije testne statistike (13) za vseh 105 kotov in graf porazdelitvene funkcije porazdelitve F pri razli¢nih

$tevilih prostostnih stopen;.

1 1
0.8 0.8
w w
£ 06 £ 06
% %
$04 $04
R G
0.2 0.2
0 0
0 5 10 15 0 5 10 15
c/(Sim-1) c/(Sim-1)

Slika 8: Grafi empiri¢ne porazdelitvene funkcije testne statistike za spremembe kotov (¢rte razli¢nih barv) za Sim = 1000
simulacij in z razli¢cnim Stevilom prostostnih stopenj ter porazdelitvena funkcija porazdelitve F (gladka odebeljena
rdeca ¢rta).

Slika 8 jasno prikazuje, da se grafi empiri¢ne porazdelitvene funkcije testne statistike (13) natan¢no
ujemajo z grafom porazdelitvene funkcije porazdelitve F pri $tevilu prostostnih stopenj 7, =1 (slika 8

levo), kar pa se ne zgodi pri $tevilu prostostnih stopenj 7 = 2 (slika 8 desno).
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4.4 Stevilo prostostnih stopenj pri testiranju sprememb koordinat ogli$¢ trikotnikov

Pri testiranju sprememb koordinat oglis¢ trikotnikov v geodetski mrei izracunamo testne statistike 77, g
L‘,L"F
c=1, ..., (Sim—1) po enacbi (20) in jih razvrstimo po velikosti od najmanjse do najvedje. NariSemo graf

tako, da na absciso nanesemo vrednosti T;A , na ordinato pa ¢/(Sim —1), c= 1, ..., (Sim —1).
o+l

Za potrditev pravilnega stevila prostostnih stopenj prikazemo na sliki 9 grafe empiri¢ne porazdelitvene
funkcije testne statistike (20) za vseh 35 trikotnikov in graf porazdelitvene funkcije porazdelitve F pri

razli¢nih $tevilih prostostnih stopen;.

1 1 1

0.8 0.8 0.8
w w

£ 06 £ 06 £ 06
3 3 3
% % 1y
5 [ 53

g 04 g 04 QA 04

0.2 0.2 0.2

0 0 0

0 5 10 15 0 5 10 15 0 5 10 15

cl(Sim-1) cl(Sim-1) cl(Sim-1)

Slika 9:  Grafi empiricne porazdelitvene funkcije testne statistike za spremembe koordinat oglis¢ trikotnikov (Crte razli¢nih
barv) za Sim = 1000 simulacij in z razlicnim Stevilom prostostnih stopenj ter porazdelitvena funkcija porazdelitve F
(gladka odebeljena rdeca ¢rta).

Slika 9 jasno prikazuje, da se grafi empiri¢ne porazdelitvene funkcije testne statistike (20) natan¢no
ujemajo z grafom porazdelitvene funkcije porazdelitve F pri $tevilu prostostnih stopenj 7, = 3 (slika 9

sredina), kar pa se ne zgodi pri $tevilu prostostnih stopenj 7, = 2 (slika 9 levo) ali 7, = 4 (slika 9 desno).

S poskusi na slikah 4-9 potrjujemo, da lahko pravilno stevilo prostostnih stopenj dolo¢imo tudi z me-
todo Monte Carlo.

5 Razprava in zakljucki

V nasi raziskavi smo prikazali alternativno uporabo metode Monte Catlo, in sicer za potrditev pravilnega
$tevila prostostnih stopenj za izra¢un meje obmogja zavrnitve nic¢elne domneve. Najprej smo simulirali
meritve horizontalnih smeri in horizontalnih dolzin v 2D geodetski mreZi ter jih izravnali po metodi
najmanj$ih kvadratov. Simulacije meritev in izravnave mreze smo ponovili 1000-krat. Vrednost 1000
simulacij smo izbrali zato, ker so pri tej vrednosti grafi empiri¢ne porazdelitvene funkcije testne statistike
skoraj popolnoma sovpadali z grafom porazdelitvene funkcije porazdelitve E Med dvema zaporednima
izravnavama mreze, ki predstavljata dve terminski izmeri, smo izracunali testne statistike in jih uporabili
pri testiranju skladnosti mreZe, pri testiranju sprememb dolZin in testiranju sprememb kotov ter pri
testiranju sprememb koordinat oglis¢ trikotnikov v geodetski mrezi. Testne statistike za vsako testirano
koli¢ino smo razvrstili po velikosti od najmanjse do najve¢je vrednosti in jih prikazali na grafu skupaj s

porazdelitveno funkcijo porazdelitve F, po kateri so testne statistike porazdeljene.

Cilj nase raziskave je bil empiri¢no potrditi verjetnostno porazdelitev in $tevilo prostostnih stopenj pri
testiranju skladnosti geodetske mreze, sprememb dolZin, kotov in koordinat oglis¢ trikotnikov, kot je

predlagano v deformacijski analizi po postopku Miinchen. Nasi rezultati potrjujejo, da:
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1. je testna statistika za testiranje skladnosti geodetske mreze med dvema izmerama porazdeljena po
porazdelitvi F (Ff‘.1 f), torej s prostostnimi stopnjami £, in f;
2. je testna statistika za testiranje spremembe dolzine med dvema tockama P, in P med dvema izmerama

NED ARTICLES

porazdeljena po porazdelitvi F (7, ), torej s prvim Stevilom prostostnih stopenj 7, = 1,
3. je testna statistika za testiranje spremembe koordinat oglis¢ v trikotniku P, P in P, med dvema
izmerama porazdeljena po porazdelitvi F (F3 f), torej s prvim Stevilom prostostnih stopenj 7 = 3.

e}
o
o
]
]
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Poleg tega smo ugotovili, da:

4. je testna statistika za testiranje spremembe kotov med tockami P, P in P, med dvema izmerama

porazdeljena po porazdelitvi F (F, ,), torej s prvim Stevilom prostostnih stopenj 7= 1.

V literaturi nismo zasledili teh vrednosti, zato menimo, da je to najpomembnejsi prispevek nade raziska-

RECENZIRANI CLANKI

ve. Pravilno doloceno $tevilo prostostnih stopenj je klju¢no za izratun meje obmodja zavrnitve nicelne
domneve pri testiranju razli¢nih testnih statistik v postopku Miinchen in je zato odlod¢ilnega pomena za
sprejemanje pravilnih odloditev pri analizi izmerjenih deformacij razli¢nih objektov.
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