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Abstract

The present article summarizes the progress and results of geodetic works during the construction of a
geodetic network inside the Dobsinska Ice Cave underground space to monitor temporal and spatial changes in
its ice filling. In order to objectively evaluate the changes, parameter estimations of the first- and second-order of
the geodetic network from the set of field geodetic measurements were provided, and a robust analysis of the
network was applied in terms of the assessment of impacts of potential outlier measurements on the network
geometry.

Abstract

Predlozeny prispevok sumarizuje priebeh a vysledky geodetickych prac pocas budovania polohovej
geodetickej siete zalozenej v podzemnych priestoroch Dobsinskej 'adovej jaskyne za icelom monitorovania
casovych a priestorovych zmien jej 'adovej vyplne. V snahe objektivneho vyhodnotenia tychto zmien boli zo
stborov terénnych geodetickych merani stanovené odhady I. a II. radu geodetickej siete a z hl'adiska postidenia
vplyvu potencidlnych odl'ahlych merani na geometriu siete bola aplikovana robustna analyza tejto siete.
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1 INTRODUCTION

The Dobsinska Ice Cave ranks among the most important world's caves. Its magnificent ice filling has
remained the same for thousands of years at an altitude of only 920 to 950 meters. The ice filling is not static; it
changes depending on climatic conditions and gravitational distortions. On the surface of the ice filling and on
the walls of tunnels along a scenic route cut into the ice, various large and small morphological shapes, created
by running and dripping water as well as air flow and sublimation of ice, are produced. In addition to a
geoscience and environmental point of view, this issue is particularly important namely in terms of safety and
maintaining footpaths of the scenic route for visitors. In 2010 and 2011, the mentioned issue started to be
addressed in an innovative way by the project VEGA No 1/0786/10 based on the cooperation of the Institute of
Geodesy, Cartography and Geographic Information Systems at the BERG Faculty, Technical University in
Kosice with the State Nature Conservancy of the Slovak Republic and the Slovak Caves Administration in
Liptovsky Mikulas. Its main objective was the exact recording and digital modelling of changes in ice filling in
caves by means of contactless measuring methods, due to their protection and operation needs. From the
perspective of the objective assessment of glaciation development, it is, of course, very important to measure
changes in ice filling at the highest level of precision which would be impossible without any well-built
horizontal and vertical networks.

2 DOBSINSKA ICE CAVE

The Dobsinska Ice Cave is situated on the southwestern border of the Slovak Paradise National Park in
the Spis-Gemer Karst which ranks among the most important karst areas in Central Europe. The cave is located
in the cadastral area of the town of Dobg$ind, Roznava district, at a distance of about 18 km from the town. The
cave and its surroundings belong to the National Nature Reserve Stratena [10]. The entrance to the cave, which
is on the northern slope of the Duca Hill at an altitude of 969 m, has long been known as the “ice hole”. It takes
about 25 minutes to walk from the road up to the cave. As regards natural conditions, the Dobsinska Ice Cave is
part of the genetic system Stratenska Cave, consisting of 6 separate caves: Dobsinskd Ice Cave, Duca Cave,
Stratenska Cave and Dog Holes Cave, Military Cave, Green Cave and Sinter Cave (Fig. 1). In this system, five
genetic levels and two horizons, of which the fourth genetic level is the most developed and the most important,
were classified. The entire system was created by two underground streams — the Tiestiava brook and the Hnilec

River [1].
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Fig. 1 Dobsinska Ice Cave [4]

Currently, the Dobsinska Ice Cave is largely filled with ice extending here and there up to the ceiling and
dividing its upper part into two separate sections — the Small Hall and the Great Hall (Fig. 2).

GeoScience Engineering Volume LX (2014), No.1
http://gse.vsb.cz p. 45-54, ISSN 1802-5420


http://gse.vsb.cz/

47

Fig. 2 Forms of ice filling in the Small and Great Halls

3 ESTABLISHMENT OF GEODETIC NETWORK IN DOBSINSKA ICE CAVE SPACES

Surveying measurements took place in collaboration with personnel of the Slovak Caves Administration
based in Liptovsky Mikulas. With regard to the short, two-year duration of the VEGA project, two stages of
measurements have been carried out so far. In the first stage of surveying works which took place in March
2011, spatial measurements of the Great Hall and the Small Hall of the Dobsinska Ice Cave were made by the
terrestrial laser scanner Leica ScanStation C10 and through the motorized universal measuring Trimble ® VX ™
Spatial Station; in the second stage, the universal measuring station Leica Viva TS15 and the same laser scanner
Leica ScanStation C10 were used. In the first stage of surveying works, positional and vertical connections to the
preserved points of underground positional and vertical control was realized in the coordinate system of the
Datum of Uniform Trigonometric Cadastral Network (S-JTSK) and the Baltic Vertical Datum — After
Adjustment (Bpv). The vertical connection was made due to the subsequent creation of a spatial model of the
Dobsinska Ice Cave. Since a considerable number of the points were damaged, it was necessary to monument a
new minor geodetic control in the second phase of surveying works within solving the project. The point
monumentation was performed so that any damage or destruction of the ice filling occurs, the monumented
points cannot be damaged or possibly destroyed by natural processes ongoing in the cave or by visitors
themselves, and good visibility of as greatest number as possible of other points in the geodetic network are
preserved. The structure of the built geodetic network consisting of 11 points is demonstrated in Fig. 3.
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Fig. 3 The clear outline of the network of surface and underground surveying points

Surface points of the new created network were attached to the National Spatial Network; the connection
was implemented via the Slovak Spatial Observation Service (SKPOS) using signals of the Global Navigation
Satellite Systems (GNSS). For the static GNSS measurement lasted for three hours, two two-frequency Leica
GPS1200 receivers and Leica GPS900 were used which identify the points of the orientation line 5001-5002
located approximately in a distance of 1047 m from each other. From the orientation line 5001-5002, the surface
surveying witness marks No 8001 and No 8002, the points of underground control of the cave No 5004-5011
monumented in solid, unweathered parts of the rock cave ceiling with surveying pins (Fig. 4) as well as the
points No 7013, 7018, 7020 and 7021 monumented with reflecting labels, were determined. With regard to the
fact that the point No 5001 is monumented before entering the cave, and could be damaged e.g. during
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reconstruction works on the pavement, the part of the built geodetic network are also the mentioned witness
marks No 8001 and 8002 which can be used in this case in subsequent geodetic measurements. The witness
marks were not subject to the adjustment and the robustness analysis of the geodetic network.

Fig. 4 The monumentation of a surveying point in the Small Hall of the Dobsinska Ice Cave

The connection of the geodetic network to the S-JTSK was implemented unilaterally by the connected and
oriented traverse consisting of the points 5001, 5003, 5004 and 5005 with an orientation to the point 5002 (Fig.
3).

4 ADJUSTMENT AND ROBUSTNESS ANALYSIS OF POSITIONAL GEODETIC
NETWORK

The measurement carried out in situ by using a static method was processed through the use of the Leica
Geo Office software. Cartesian coordinates Y, X and Z of the measured points 5001 and 5002 in the European
Terrestrial Reference System ETRS 89 (B, L, Heips) are the results of the processing; such as they are
transformed to the coordinates Y, X and H in the S-JTSK and the Bpv systems through a transformation service
provided by the Office of Geodesy, Cartography and Cadastre of the Slovak Republic (Tab. 1).

Tab. 1 The coordinates of the points 5001 and 5002 determined in the S-JTSK and Bpv systems

Point Y [m] X[m] H [m]
5001 331,904.430 1,219,467.427 969.349
5002 332,194.234 1,218,472.894 871.125

The estimation of parameters of the first order of the geodetic network was implemented by the method of
least squares applied to the model of adjustment of intermediary measurements with the following conditions for
the unknowns:

v=AdC-dl,
0=G".dC, (1)
Y, =0,Q,,

Where:

v —vector of measured quantities,

A —design matrix,

dC — vector of complements of adjusted coordinates,

d

— vector of complements of measured values (dI=I-19),
G —datum matrix,

Y, —covariance matrix of measured values,
o? —apriori unit weight variance factor,
Q, - cofactor matrix of measured quantities [7].

Whereas the number of measured values (n = 44, 19 measured lengths, 25 measured horizontal directions) is
greater than the number of the determined parameters (k = 22, 11 points of the network for each point of the
network, two coordinates are determined for each point of the network), there are redundant measurements for
adjustment (LSM) in the network (Tab. 2). In order to avoid undue weighting of individual measured values due
to the influence of the specific cave environment on the surveying process, the appropriate weighting
coefficients of the cofactor matrix QI (estimation of parameters of 1l order) were calculated by means of the
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method MINQUE (Minimum Norm Quadratic Unbiased Estimation) [5],[8] and are represented by an estimated
standard deviation of the measured lengths m ¢ = 1,4 mm and the directions m , = 1,49 mgon for the motorized
universal measuring station Leica Viva TS15. For testing the residues (corrections) of the measured values in
terms of the detection of outlier measurements which could contaminate the set of measured values due to the
influence of the cave complex physical environment on the surveying process, the Pope t—test [3] was used:

T = Ml r @)
i = Tt -a2/2)
S0 "\, qvI

Where:

T — test statistics,

Vi — corrections,

So — posteriori variance factor,

Qui — cofactor of corrections,

T a-a2/2) — 1he Pope test critical value for the chosen level of significance o

Tab. 2 Coordinates and accuracy characteristics of points of the positional geodetic network
PO | nt Y X Sy Sx Syx Sp ds bs (¢} dc bc

[m] [m] [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [] | [mm] | [mm]

5005 | 331880.840 | 1219513.959 | 0.0 0.0 0.0 0.0 0.0 0.0 0.00 0.0 0.0
5006 | 331863.605 | 1219520.031 | 0.6 0.2 0.5 0.7 0.7 0.0 | 32156 | 2.3 0.0
5007 | 331879.790 | 1219537.898 | 1.0 0.6 0.8 11 1.0 0.5 | 32797 | 3.6 1.6
5008 | 331860.951 | 1219547.233 | 1.3 0.9 1.2 1.6 14 0.9 82.76 4.7 3.0
5009 | 331836.520 | 1219557.762 | 1.9 1.6 1.8 2.5 2.1 1.3 60.58 7.3 4.5
5010 | 331817.615 | 1219548.690 | 1.4 2.2 1.8 2.6 2.5 0.8 32.13 8.5 2.9
5011 | 331817.182 | 1219525.537 | 0.8 2.2 1.7 2.4 2.2 0.8 3.11 7.7 2.7
7013 | 331823.952 | 1219509.954 | 1.4 2.1 1.8 2.5 2.2 1.2 | 37510 | 75 4.3
7018 | 331821.131 | 1219553.159 | 1.6 2.1 1.9 2.7 2.5 0.9 40.09 8.6 3.1
7020 | 331837.318 | 1219559.308 | 2.0 1.6 1.8 2.6 2.2 14 64.59 7.6 4.6
7021 | 331847.769 | 1219557.039 | 1.9 1.6 1.8 2.5 1.9 1.6 83.98 6.6 5.3

Legend:

Y, X - coordinates of points in S-JTSK,

Sy, Sx  — mean coordinate errors of point in direction of axes Y and X,

Syx — mean coordinate error of point,

Sp — mean point position error,

as, bs —major and minor semi-axes of standard error ellipse,

a, b —major and minor semi-axes of absolute 95% confidence level error ellipse

c — convolution of major semi-axis of error ellipse.

The error ellipses (Fig. 5) indicate the error propagation in the direction from the fixating point 5005 to the
network. The network as a whole can be characterized by the mean average coordinate error m ,, =1,5 mm and
the mean positional error m , = 2,1 mm.
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Fig. 5 Standard and confidence error ellipses

In many cases, the terrestrial measurements are tested only in a statistical sense (testing blunders in the set
of measured data, testing posteriori variance factor value, testing absolute and relative confidence ellipses,
testing posterior estimates of residues) [7]. In the event that a blunder in the statistical tests of estimated residues
is revealed, the incorrect measurement can be corrected (in practice most excluded). A problem occurs when a
blunder is not revealed during testing, or the test does not recognize any blunders. The aim of the so-called
robustness analysis is to determine the degree of the network robustness — to determine the effect of undetected
blunders [6]. The degree of robustness of the network is determined by its degree of deformation. The easiest
way to describe the deformation of the network consists in the displacement of individual points of the network.
The shifts cause a problem as their estimates are datum-dependent, i.e. their estimates depend not only on the
network geometry and the accuracy of measurements, but also on the choice of the method of adjustment which
has nothing to do with the deformation of the network. If the deformation is to be used to quantify the robustness
of the network, then the deformation characteristics must reflect only the network geometry, the type and
accuracy of measurements.

Let us denote the shift of a point P. of the network as follows:

sl ®

in the shift vector A)‘(:(AT.Q,*l.Afl.AT.Q,*l.\/Z 3 Wwhere each coordinate differences are replaced due to the

I
Jr
simplification of notation by the symbols u; and vi, the symbol r; reflects the redundancy of the network.

Then the gradient tensor in respect to the position is given by:

U
E =gradax)=| 3¢ |, @
x oy

where Ax; is the shift vector of the point P.. The matrix E is a so-called matrix of deformation [2], [3] or strain
matrix (of the point P) and is independent on the method of adjustment — datum. The strain matrix elements of

each network point can be determined in several ways. The simplest of them is to obtain partial derivatives right
from the shifts. Let us take, for example the point P, =P, with the position vector r, =(x,y;)=r, and the adjacent

points P, with the position vectorsr;. For the point P and each pointP;, two equations for two planes
corresponding to the shift components u; and v; can be then written as follows:
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it ae S 2 -v)-u,
V= bi+(%)(Xj—Xa)+(%J(y,-—yi)=vj,

oy
where all the partial derivatives, the absolute members a, and b, coordinates x; and y, relate to the point P,. To
determine the strain matrix of any point P, of the network, all points of the geodetic network were used (Fig. 6).

The arrows at the connecting line of two points do not indicate the direction of measurement, but the correlation
between the points.
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Fig. 6 Relationships between points in the analysis of robustness

Any potential change in the measurement causes a potential deformation of the entire network. To study
the degree of deformation caused by potential gross errors in the measurements, only the greatest deformation of
each point is to be taken into account. This greatest potential deformation corresponds to the weakest point in
the network — a network can be just as strong (robust) as its weakest point.

To describe the dimension of deformation, the following is used [6]:
principal strain o (strain in scale):

1(au avj
o=—|—+—
2{ox oy , 6)
full shear v (strain in configuration):
2 2
1 |[ou ov ou ov
y=—uo|| ——— | | —+—| , (7)
4 \{ox oy oy X
local rotation w (strain in orientation):
1[6'v auj
a):_. —_—— —
2\ox oy ) ®)

The values of the principal strain o, full shear vy, and the rotation ® of each point are illustrated on the
relevant maps (Fig. 7, Fig. 8 and Fig. 9) by means of circles whose radius corresponds to the numerical value of
the appropriate deformation primitive. The analysis results clearly show that the point 7018 is the weakest point
in the network in terms of robustness in scale, in configuration and in orientation.
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Fig. 9 Robustness of the positional geodetic network in orientation
CONCLUSIONS

The robustness analysis highlights the weak points in the network, the use of which may lead to biased

monitoring results of ice filling. For its use, it would be appropriate to make further supporting measurements
binding to the points 7013 and 7018 and effectively increase the robustness and homogeneity of the network in
its weak points.
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RESUME

Vytvorena meracska siet’ po svojom dobudovani aj v spodnej Casti DobSinskej 'adovej jaskyne umozni
vytvorenie jej presné¢ho digitdlneho modelu, umoznujiceho na zidklade opakovanych expedi¢nych merani
popisat’ exaktnymi aj empirickymi zavislostami fyzikalne procesy zmien jej I'adovej vyplne. Kvantitativne nové
udaje o sezonnych, cyklickych a trendovych zmenach l'adovej vyplne v Dobsinskej 'adovej jaskyni vo vztahu
k zmenam a sezénnemu rezimu klimatickych procesov, doplnia doterajSie poznatky o tejto vyznamnej,
z celosvetového hl'adiska unikatnej zaladnenej jaskyne pre jej bezpeéné a trvalo udrzatelné vyuZzivanie.
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