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Comparison of deformation analyses performed on the basis of GNSS
observations using single-frequency and double-frequency measurement
receivers

Pavel Kukuéka', Gabriel Weiss', Slavomir Labant' and Roland Weiss®

The given article addresses 2D processing of a deformation network measured using Global Navigation Satellite Systems in part
of the Dargovskych Hrdinov housing estate. In order to perform deformation analyses and their comparison, two stages of measurement
were performed using single-frequency as well as double-frequency measurement receivers. Experimental measurements were taken
using the static method by permanent observation at selected observed and reference points of the deformation network. The geodetic
network in both stages was processed using the Gauss-Markov model with full rank and using the least square method whilst
observations were tested and the results of performed deformation analyses were graphically visualised using relative confidence
ellipses on the basis of a positional and altitudinal plan.
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Introduction

At present, geodesy is undergoing great progress and development which is bringing a considerable
amount of the latest geodetic computer and display technology into geodetic practice. Terrestrial
measurements implemented using relatively modern, universal measurement stations are gradually being
replaced with measurements using Global Navigation Satellite Systems. Their gradual, more frequent use
is accompanied by a number of benefits which they provide. It is possible to take a measurement without
direct visibility between points, with a lower number of measuring personnel, using less financial means,
and without regard to season and time of measurement. When meeting certain measurement accuracy
conditions, measurement methods using Global Navigation Satellite Systems can also be effectively applied
for monitoring stability of landslide areas.

Satellite systems

In the 21st Century, we can hardly imagine the existence of a civilization without the use of accessible
satellite systems. The need for their use is vital in many industrial fields, various types of transport,
in governing countries and also in geodesy. World powers have built and are still building their own regional
and global satellite systems for their military and multi-civilian use, and they are investing considerable
financial means into their development. Systems which were deployed first are constantly being renewed,
improved and supplemented by new satellites. The current status of the existence and operation of satellite
systems is shown in Tab. 1. It is currently possible to use Global Navigation Satellite Systems (GNSS) -
GPS, GLONASS - while the European GALILEO system, currently being built, should be fully functional
from 2014 and the estimated global coverage for the COMPASS system should be from 2020. GNSS can be
divided into two generations.

First generation GNSS 1 - (GPS, GLONASS) was developed to meet military needs and later, they
could also be used for civilian purposes. To obtain quality data, these systems use accuracy enhancement
systems (support satellite system) belonging to the SBAS (Satellite Based Augmentation System). Accuracy
enhancement systems included in this group are shown in Tab. 1.

Second generation GNSS 2 - (GALILEO) - provides information for civilian purposes without
the support of accuracy enhancement systems. Releasing frequency L2 is under preparation for the GPS
system as well as implementation of frequency F5 which will rank it amongst the second generation (Hefty,
Husér, 2003; Samama, 2008).

There are two networks for spatial determination of positions in operation in Slovakia which are
SK POS, a state funded service, and a private network owned by Leica SmartNet. SK POS permanent
services is a network of cooperating stations which process and, in real time, provide geometric coordinates
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for accurate localisation of objects and events (Fig. 1). Reference stations receiving GNSS signals
are installed at geodetic points mainly situated on the roofs of cadastre administration buildings. In order
to provide quality electronic communication, they are connected to a departmental virtual private network
(VPN). (www 2).

Tab. 1. Distribution of satellite systems.

Regional navigation systems
Generation | Name Country Status
DORIS (Doppler Orbitography and Radiopositioning Integrated by France in operation
Satellite)
BEIDOU 1 (Beidou Satellite Navigation and Positioning System) China in operation
IRNSS (Indian Regional Navigational Satellite System) India under .
construction
QZSS (Quasi — Zenith Satellite System) Japan ggg:trruction
GNSS
GNSS1 GPS (Global Positioning System) USA in operation
GLONASS (Global Navigation Satellite System) Russia in operation
GALILEO Europe under
construction
GNSS2 GPS- release frequency L2 a implementing frequency LS USA under preparation
COMPASS (BEIDOU 2) China under
construction
Supporting satellite systems
WAAS (Wide Area Augmentation System) North America, in operation
EGNOS (European Geostationary Navigation Overlay Service) Europe, Asia in operation
LAAS (Local Area Augmentation System) Canada
SBAS CWAAS (Canadian Wide Area Augmentation System) Canada
MSAS (Multi — Fuction Transport Sattelite Augmentation System) Japan in operation
SNAS (Satellite Navigation Augmentation System) China
GAGAN (GPS and Geostationary Augmented Navigation) India planned
Leica SmartNet is the private
commercial network of permanent ‘{ kﬂ,“:’"‘““\
reference GNSS stations with -\ )

countrywide coverage. It consists of 24
stations (at 11/2010) equipped with
accurate Leica GNSS receivers (Fig. 2),
which support the reception of GPS and
GLONASS signals at L1 and L2
(including L2C) frequencies and are
ready for further extension to support
triple frequency signals such
as GALILEO and GPS LS.

All stations continuously transport
measured data via the internet
to a common server with Leica Spider
software installed, which subsequently
provides its  processing,  creation
and provision of RTC and DGPS
differential corrections for SmartNet
users. Unlike the SKPOS service which
works with VRS technology,
the SmartNet network uses the latest
MAC technology (Master Auxiliary
Concept). This is technology for network
provision of RTC corrections and was
developed by Leica Geosystems (wwwl).

’ Hpagrra

Fig. 1. Display of SKPOS service reférence points (héreinaﬁer RP).

Fig. 2. Display of Leica SmartNet service RP.

Gauss-Markov model with full rank

A Gauss-Markov model (GMM) consisting of functional and stochastic parts, is the most frequently
used model for adjustment of a geodetic network:
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v=AdC—dL = A(C-C°—(L-L°), -functional part,

2 . (1
X, =500, - stochastic part,

where v represents the correction vector for observed values, A is the design matrix, dC=C-C°
is the vector of an increase of adjusted values of determined coordinates, dL =L —L° is the vector
of reduced observations.

The measured GNSS data of vectors, primarily processed using software, can be processed on the basis
of Gauss-Markov's estimation model (adjustment of measurement parameters) as linked adjustments.
We consider spatial Cartesian coordinates of a RP obtained from a software solution as fixed. We seek

adjusted coordinates C of network points via sighted and pre-processed values in the network. In this case,
the GNSS observation vectors AXYZ;; are lined into vector L in the following order:

AX
L =(AXYZy), kde:AXYZ; =| AY; | - observation components. 2)
(m,1)
3, AZ..

ij
Observation vector L creates m — of observation vectors, i.e. n =3m observation components.

C° - represents vector of approximate coordinates of determined points with a column structure:
(k1)

X;°
C° =| Y,° |, where i=1, ...,b points. 3)
(k1)

Z;°

L° - vector of approximate values of observations obtained from the vector of approximate coordinates
(n,1)

C° can be expressed as a vector of functions L°= f(C°).
(k1)

dL - vector of auxiliary measured values: dL = L — L° | (@)
(n,1) (n,) (nl) (nl)

v - correction vector, we obtain: v = 4 -dC- dL, (&)
(1) () (k) () (n1)

where A is the design matrix - matrix of function partial derivation (L° = f(C®) according to the vector
n,l)

n7

of determined parameters C° :
(kD)

oL, oL’ oL
a o, a, ag; ac; ac;
oL oL oL

A = ail e aif cee aik — lo e lo eee lo . (6)
(k) | ‘ oc; ac; e
Gt G ) ppe or, oL,
acy ac’ oc;

Q; - diagonal cofactor matrix of vector L :
() (0

9,

. daxax  9daxay  Yaxaz
0, = where O =| qayax  Gamar  danaz | > @

(n,n) Ql,.j ) (3’3)

dazax  9azay  9azaz i

where elements Q, correspond to individual GNSS observation vectors AXYZ i elements in submatrix O,
ij u

on the main diagonals are cofactors of values (AX;,AY;,AZ;), elements outside the main diagonal

ooy
are mixed cofactors. Apart from measured observations, entry data for such a constructed model is L,

and approximately values of coordinates C;° as well as selection of cofactors g;; .
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Within processing data obtained by observations using Gauss Markov model with full rank, mainly
the following values are determined (Caspary, 1987; Sabova et al., 2007; Weiss, Jakub, 2007; Weiss et al.,
2008; Gasincova et.al., 2011):

(g) - vector of adjusted coordinates of determined points: C =C°+dC, ®)
> (k1)

dC- vector of auxiliaries of estimates of determined points: dC = (A "o, A)fj ATQ;'dL,  (9)

>

0 - cofactor matrix of adjusted coordinates of determined points:

(k.k)
(47074 = N 10
0, =4"0'4] =N, (10)
(k k)
N - matrix of normal equation coefficients: N =A"Q;"'4, an
(n,1) (n1)
v1 - correction vector of observed values L1 which has the form of: v = AdC —dL , (12)
n, n, n,l
(1:1 ) - vector of adjusted measured values: L=L+v, (13)
n,
T -1

sg - estimated variance factor: sg = M S (14)
(11) an  (n—k)

%; - covariance matrix of adjusted measured values: ¥, =570, = s(fA(ATQL’IA)f1 A", (15)
(n,n) (n,n)

.- covariance matrix of
(n,n)
X .Y, determined points in deformation network (DN): X = 500 P (16)

(n,n)
Evaluation of whether the given measurement is controllable and in which ratio can be done on the basis
of redundancy of the network (Sabova et al., 2007; Weiss, Jakub, 2007):

(R) - redundancy matrix characterising network geometry is given by the multiplication of cofactor matrix
nn

0, and cofactor matrix of corrections Q) :

R =00,"=(Q,~AN"ANQ = 1-AN"A'Q;". (a7

Deformation analysis

After testing the adjusted DN, deformation analysis (hereinafter DA) of spatial changes of individual
observed points (hereinafter OP) is performed. When evaluating stability or instability of an observed
location, i.e. whether there was a spatial shift of OP, the adjusted coordinates of individual OP are compared

in the same coordinate system, in between stages Af =¢; ; —t;, whilst the differences in OP in individual
stages or changes in individual coordinates are determined (Sabova et al., 2007). Coordinate differences

create vector AC and represent the size of change in individual points between stages in the direction

of axes, which means single dimensional shifts: " AC="C-"C.
Global test

Stability or instability of all points can be tested using a global test with zero hypothesis:

Hy:AC=""C-"C=0. Testing statistics T = , where R=ACT Qdéfl AC is compared with

<2
501
the critical value of F-distribution, random variable 7', at a selected level of significance a (0.02, 0.05, ...),
with degree of freedom f, =k, f, =n—k ,Tj; = F,(f1, fr.l—a).

If T<T,,, the created coordinate differences between stages Af=t,,, —#; can be considered

as an expression of a statistically insignificant, stochastic change in the point position and therefore all
determined points of DN be considered as stable. In such cases, network implementations are congruent.
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Local congruency test

. oA
ac;” Q,  dC
Localisation test statistics for individual DN points is a random variable 7; = ———— which

1 -
S()2k1

{
is compared with the critical value 7,, = F, (1-a,, f, "), where @y =1-(1-a)., with F - distribution

with degree of freedom f =k, f=n —k and the level of significance « . In the equation k, - the number

of tested parameters of the given point (1D=1, 2D=2, 3D=3), k - the value of argument k after already
performed individual testing is gradually lessening and i =1,2,..,b (Biacs, 1989; Heck, 1984; Weiss, Jakub,
2007).

If T; >T,,,;, the test shows a significant change in the point position between stages At =t —¢;, H,

can be refused with risk ¢« whilst the spatial change of the appropriate point is allowed due to the effects

of deformation forces. After local congruency tests, a graphic test using confidential ellipsoids (Sabova et al.,
2002) takes place.

Location used for experimental measurements

Resolving the stated issues required
selection of a suitable location for
carrying out experimental measurements
necessary for the preparation of DA
ofan area and stating certain
conclusions. In order to monitor stability
or instability of an area within a certain
time period, it is necessary to have
stages of measurements between which
the DA will be performed. Additionally,
based on this fact, the location
of Dargovskych hrdinov (DH) housing
estate, which had been geodetically
monitored for several years, was
selected for experimental observation.

Due to the large area of the given
location, measurements were only
applied in a certain, selected part of the DH

| - areas threatened by landslide
| S—

[ e |
i | -settlements

Fig. 3. Extract from the map of slope deformations.

housing estate which were at threat in terms ' -iihl'ihr:a By e SR
. . f . [FeN ] Ty,
of possible slope movement. Selection of OP was L PreSov )
conditioned by several criteria whilst the area with -/ Trengin
. . . S s
the highest risk of landslide was selected based -/ Banska Bystric

on a slope deformation map (Fig. 3) - from the map Tnava (oo
server of the State Geological Institute of Dionyz "1 S L

Stir (hereinafter SGUDS). In terms of geological ~Bratislava e

and morphological factors, the given housing estate \“\ L

(Fig.4) is built in a complicated terrain T ' m T -
in the eastern part of Kogice, bordered by: o S L S
Presovska Road, Adlerova Street, delineating e Remll "T,_;,,:Ich'lm
watersheds Furfa — Haringe§ and SeCovska Road.

There are many associated geodetic points in this
location, whose stabilisation fully corresponds with
the requirements of DA. The majority of points
ofthe point field stabilised in 1973 — 1974
undertook gradual reconstruction since they were
established; part was damaged by the construction
of additional buildings and part is still in its
original state (Kukucka, 2011).

Fig. 4. Location of the area of interest.
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Experimental observations L anticorrosive metallic plate
As already mentioned, part of the - =g Sarthaiive sy
, . 8 eton—____ i
Dargovskych Hrdinov housing estate was — B
. . | pile -
selected for experimental observation. On the LSS spotlavel
i

basis of reconnaissance, five OP were chosen: upper stratum_ ez
B6, B10, C20, P-11I-1, P-IV-1 as well as three -
RP: Haringes, Varkapa, Sirok4, hereinafter

marked as H, V and S. The selection of RP was reinforced layer —_

. el
conditioned by the fact that they had already
N gross beton — o4
been used in the 2003 measurement stage, used T
in subsequent DA. The pertinent area was
measured using the GNSS static measurement
method in two consecutive stages in May 2009 o=
steel wands —

and June 2009. Experimental measurements
in the May 2009 stage were carried out using
single frequency (hereinafter 1-F) Sokkia Stratus receivers and in the June 2009 stage using double frequency
(hereinafter 2-F) Leica GPS900CS and Leica GPS1200 receivers (Labant et al., 2009).

Fig. 5. Stabilisation of a geodetic point by a kerbed bore.

Experimental measurement performed using Sokkia Stratus 1-F GPS receivers (May 2009 stage)

The first experimental measurement for this contribution, in order to monitor stability of part of the DH
housing estate, was performed on 16 May 2009. Before commencing measurement, long term reconnaissance
of the terrain took place as well as ascertaining the status of the point field and on the basis of visual re-
evaluation of the risk ratio of possible slope deformation, suitable OP were selected. However, the selection
of points was carried out even taking into account the dense built up area and greenery situated
in the majority of the deformation location, since it was necessary to ensure an unobscured view of the sky
in the southern part. In order to monitor the given area, selected OP has previously been stabilised
by associated geodetic points (Fig. 5), whilst the height mark was located in the bottom of the pillars,
protruding above the level of the terrain.

After considering measurement strategy, we placed eight Sokkia Stratus receivers on individual OP
and RP using special fixing screws. At 09:31 hrs, after necessary horizontal levelling of all receivers,
measurement commenced by switching on the first receiver at point P-IV-1, whilst the last was switched
on at the Haringe$ point at 13:28 hrs. Observations at all points were completed at the same time at 17:30 hrs
and the measured data was imported to computer memory media using Spectrum Survey software.

During observation of the receivers at points, the height differences of individual aerials and height
marks of the points were determined using a levelling method via a Topcon DL101C electronic levelling
device. After allocating names and measured heights to individual points in the Spectrum Survey programme
environment, the data was exported to Rinex format and further processed.

Experimental measurement performed using Leica GPS900CS and Leica GPS1200
2-F receivers (June 2009 stage)

Two types of receiver, Leica GPS1200 and Leica GPS900CS were used for the June 2009 measurement
stage on 13.06.2009. Five 2-F Leica GPS900CS receivers and three Leica GPS1200 receivers were used for
measurement. Before measurement, it was necessary to establish a suitable measurement method in order that
data obtained via observation would achieve the highest possible accuracy and subsequently the receivers
be adjusted to static measurement mode. Since Leica GPS900CS GNSS receivers can receive signals from
several Global Navigation Satellite Systems, they were placed in OP from which there was limited visibility
of satellites. Leica GPS1200 receivers, receiving only GPS signals, were distributed in RP (H, V, S) with
a clear view, and the assumption of a larger number of visible GPS satellites.

Leica receiver aerials were placed on RP as well as OP using the same method and the same devices
as Sokkia Stratus 1-F receivers; however, observations at each point were simultaneously started at 10:18 hrs
and completed at 13:18 hrs. During observation at individual points, the height differences of individual
aerials and height marks were determined using the same levelling devices as in the May 2009 stage.

For the needs of deformation analysis (hereinafter DA), processing of the DN was performed, which
corresponded to the processing the 2003 stage, where positional determination of points was carried out
by a GNSS method and height determination was carried out using a hight precision levelling (HPL) method
using a Zeiss Ni 007 levelling device with a mean empirical kilometer error of double-run levelling
of 0.5mm/km. In the 2009 stage, a static GNSS method with a vertical position deviation
of 10 mm + 0.5 ppm was applied.
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Tab. 2. Admission and balanced coordinates OP targeted 1-F and F 2-receivers.

marking . LF 2
A coordinate o A A o ~ ~
points C m |dC mm] C [m] O [mm]| -~ (m] | dC [mm] C [m] O¢: [mm]
B6 X 1238170.743| -0.18 1238170.743| 0.53 1238170.732] -0.39 1238170.732 0.37
Y 261135.928 0.87 261135.929 0.53 261135.927 0.38 261135.927 0.38
B10 X 1238862.023] 0.02 1238862.023| 0.54 1238862.015 0.12 1238862.015 0.40
Y 260850.324| 0.15 260850.324/ 0.53 260850.322 0.66 260850.323 0.42
X 1238054.804| -0.16 1238054.804| 0.54 1238054.795| -0.14 1238054.795 0.38
20 Y 261450.469| -0.13 261450.469 0.54 261450.467| -0.39 261450.467 0.38
) X 1237837.331] -0.49 1237837.331| 0.55 1237837.321] -0.61 1237837.320] 0.38
Y 261238.302 1.36 261238.303] 0.53 261238.302 0.11 261238.302 0.38
PoIV-1 X 1238412.367 1.35 1238412.368| 0.53 1238412.354] -1.44 1238412.353 0.38
Y 261173.399| 0.47 261173.399| 0.53 261173.393| -0.02 261173.393 0.39

Since stage measurements are not adjusted with the same level of accuracy and even in the first height
comparison, there were clear major differences, we did not carry out 3D network processing in which severe
height differences would negatively influence the overall results, and we only carried out position processing
of the DN. Initial pre-processing of observation data was carried out in an LGO 5.0 software environment,
and in order to obtain the current status using a Unified Trigonometric Cadastral Network 03 (UTCN 03)
transformation parameters, the transformation of coordinates of OP and RP from the ETRS 89 coordinate
system into a UTCN 03 local coordinate system was performed.

Pre-processed data from 1-F and 2-F measurement receivers was subsequently processed and evaluated
in a Python processing environment and two processing variants were prepared (May 2009, June 2009
stages). Based on GMM processing, adjusted coordinates of individual OP were calculated using the LSM
(Tab. 2).

Compatibility of observations, the correctness of GMM selection, the correctness and completeness
of the model during processing were verified by a global test of the estimated model and the presence
of remote measurements (serious errors in vector L) was tested using the Pope's Tau method, Kriiger's test
and test for determining remote measurements. The results of individual tests confirmed that there were
no remote measurements in the collection of measurement data. In subsequent DA, the stability or instability
of OP in part of the DH housing estate were evaluated and two measurement stages were compared in two
different processing variants. Coordinates of five OP (B6, B10, C20, P-III-1, P-IV-1) from the DN with
Gauss-Markov model with full rank forming the May 2009 and June 2009 stages were compared with
the coordinates from the 2003 stage, which were transformed using a similarity transformation (Siitti, 1997)
into an UTCN 03 coordinate system. Based on appropriate formulas, the transformation accuracy
of individual coordinates of OP was stated with an average value of median transformation error
of 17.68 mm.

From 2003 to 2009, the method of analysis proved differences in both processing variants (Tab. 3), but
stating whether there was an actual position movement of points or whether there are coordinate differences
in individual stages caused by the influence of errors in processing of observation data measurement itself,
or processing, had to be verified using a suitable statistic hypothesis test in which coordinate identity was
evaluated based on certain probability of normal distribution.

Using individual statistical tests, it was verified whether the created coordinated differences were caused
by actual movement of a point or whether measurement or processing were influenced by errors. Initially,
the global test of the congruency of two DN implementations was used (2003 stage and May 2009 stage,
2003 stage and June 2009 stage) where significant stability or instability of individual OP were tested

by verification H . Testing both variants of processing showed that 7 <7, i.e. created coordinate

differences during the period of 2003 to 2009 in this case may be considered with the risk of «
as an expression of a statistically insignificant change in the point position, i.e. in DN, there is no single
positionally unstable moved point.
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Tab. 3. Coordinate differences and position vector of OP compared epochs.

1-F 2-F
axes of coordinates in coordinate stage coordinates stage
. i the 2003 st i iti i iti
i | el e stage May 2009 cc.:ordmate positional June 2009 c?ordmate positional
S-UTCNO3 differences | vector differences vector
system [m] S-UTCNO3 el | S-UTCNO3 el |
[m] [m]
X 1238170.736 1238170.743 6.955 1238170.732 -4.253
B6 19.61 17.369
Y 261135.911 261135.929 18.332 261135.927 16.840
X 1238862.019 1238862.023 3.795 1238862.015 -4.104
B10 4.45 4.186
Y 260850.322 260850.324 2.319 260850.323 0.821
X 1238054.798 1238054.804 6.228 1238054.795 -2.750
Cc20 8.73 4.736
Y 261450.463 261450.469 6.117 261450.467 3.856
X 1237837.317 1237837.331 13.551 1237837.320 3.428
P-llI-1 13.65 3.447
Y 261238.302 261238.303 1.613 261238.302 0.365
X 1238412.365 1238412.368 2.870 1238412.353 -12.921
P-IV-1 2.89 14.301
Y 261173.399 261173.399 0.356 261173.393 -6.130

After this step, localisation testing took place, where each coordinate difference in individual variant
processes was investigated separately without the mutual influence of other measurements. Localisation
testing confirmed the results of the global test which means that no statistically significant movement was
confirmed at any OP from observed DN. In order to verify
the results of localisation tests, graphic testing was also
pel.rformed and the basic parameters of rel.ative c.onﬁden.ce points a[mm] | b (mm] | oa ] | a (mm] | b [mm] | ox €]
elhpses: .(Tab. 4) borderlpg the area in whlch, \y1th B6 2065 |2061 000 (2049 |2045 0,00
probability « the positional vector connecting points [gio 2088 120,76 10,00 2136 |21.09 |0,00
measured in the 2003 and May 2009 stages and in the | cz9 20,75 |20,67 |0,00 |20,60 |20,46 |o0,00
second variant, in 2003 and June 2009 stages were |[P-ll-1[20,80 [20,61 |0,00 [20557 [20,48 [0,00
calculated. Subsequently, for better visualisation of the test [P-IV-1]20,65 |20,63 |0,00 |20,73 |20,58 |0,00
results, these ellipses were drawn on the basis of a positional and height description plan (Fig. 6, Fig. 7).

Tab. 4. Parameters of relative confidence ellipses.

for 1-F receivers for 2-F receivers

o . -, 1 R
scale of location i R \ 5 X scale of location

scale of vectors o W < . scale of vectors
and ellipses - J \ and ellipses

Fig. 6. Graphic testing of DN 1-F by Sokkia Stratus receivers. Fig. 7. Graphic testing of DN adjusted by 2-F Leica GPS900 CS
and Leica GPS1200 receivers.
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Conclusion

By constant monitoring of areas threatened by slope movement, it is possible to discover risk factors
which could cause great damage to property as well as lives. Prior to monitoring, preparation of the project
and selection of suitable work methods took place, taking into consideration economic, time and accuracy
criteria. The achieved results showed the fact that the use of GNSS is very favourable for the needs
of investigating deformation, whilst when also using Sokkia Stratus 1-F receivers during sufficiently long
observation, more suitable measurement conditions and with improved quality preparation of measurements,
it is possible to achieve results comparable to the more expensive double frequency Leica GPS900CS
and Leica GPS1200 receivers Worsening of the quality of data obtained by observations of double frequency
Leica receivers on RP and OP of the deformation network could also be caused by the fact that measurement
took place from 10:18 hrs to 13:18 hrs, when there is limited signal reception from GNSS satellites which
invludes the values of PDOP and HDOP. Another factor which could have negatively influenced
the achieved accuracy was the use of two Leica receivers equipped with different firmware. Disadvantages
of using GNSS could also include determination of the point position in a vertical direction which, in case of
3D processing of a deformation network, would influence the overall results. That is why it is more
beneficial to determine the vertical position of observed points using a method of very accurate levelling.
The results of the deformation analysis show that coordinate differences of observed points are not
statistically significant which proves that the monitored area is relatively stable.
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