AHOTALIS

Coconka [II. Amnamiz Ta OLIHKa SKOCTI YacOBHX cCepiil KOOpAMHAT
pedepenniHux GNSS-cranmit Ykpainn. — Kpamidikarjiiina HaykoBa mpaus Ha
paBax pyKOTMHCY.

Hucepranis Ha 3100yTTS HAYKOBOTO CTymHeHs JokTtopa ¢dutocodii 3a
cnemianbHicTiIO 103 «Hayku mnpo 3emmio» (10 «[lpupognuui Hayku»). —
Hamionanbauii yHiBepcuteT «JIbBiBChbKa nomiTexHika», JIbBiB, 2021,

JoBroTpuBani 4acosi cepii koopauHatr GNSS-craniiii HaOyau MIKUPOKOTro
3aCTOCYBaHHS JJIsI MOHITOPUHTY pyXiB 3emull (HalpuKiaj, TeKTOHIKA IUIHT, 3MiHA
PIBHS MOp#, AOCTIIKEHHS PyXy IMOJIIOCIB Ta 1H.). Y 4acOBOMY psi/ii KOOPAUHAT MU
MOKEMO BUSIBUTHU JIIHINMHY 4YM HENIHIAHY TEHJEHIIII0, PIYHI Ta MiBPIYHI CUTHAJIH,
pPO3pHMBH Ta IIyM BHUMIpIOBaHb. bBuIblIicTh MeTOAIB aHalizy (OKYCYIOThCS Ha
BU3HAYEHHI IMIOPIYHUX CHUTHAJIB, JOCIIIPKEHHI PO3PHUBIB y YaCOBUX psaax I,
HapeIITi, OIIHIII HAIIMHUX MMBUAKOCTEH 3MIHM KOOPJWHAT OIOPHUX CTaHIIH,
OCKUIbKH BOHM TMOBHHHI OYTU CTaOUIBHUMHU TPOTATOM JEKUTBKOX JACCATUIITH, IO
BUMAara€e HaJIMHUX METOJMIB CIIOCTEPEKEHHS Ta OMpAIfOBAaHHA [IaHUX, a TAKOX
PO3yMIHHSI OCHOBHHMX JMHAMIYHUX IMPOIIECIB. 3aJE€KHO BiJ] XapaKTepy CUTHAIY Ta
1HIUX (aKTOpPIB, IO CIPUUYUHSAIOTH 3MIHM 9aCOBOTO POy, HEOOXiaHI crienudivHi
METOIH ISl PO3PI3HEHHSI CUTHAIB, IO MOXOATh BiJl TEKTOHIYHOTO TIEPEMIIIICHHS,
Ta IHIIUX HETCKTOHIYHWX CHUTHAJIB, TaKWX, HAMPUKIAA, SK Ce30HHI 3MiHM. LI
METOAM MOXYTh OYyTH BHKOPHCTAaHI fAK [JIs Bi3yalbHOI IHTepmperamii Ta
MOTIEPETHHOTO OTPAIIOBAHHS YaCOBUX PSJIB, TaK 1 CTATUCTUYHOTO aHAI3y Ha
MpPEeAMET iX TOYHOCTI Ta HEOOXITHOCTI BpaxXyBaHHS PSAMY JKEpEad CUCTEMATHYHHX
MOXUOOK.

BizyanbHa iHTEpHpeTallis Ta MmonepeaHe OnpaIoBaHHs OTPUMAHUX YaCOBHUX

pHI[iB KOOpAWHAT BKIIIOYA€ BHABJICHHA Ta BHAAJICHHA BCYBiB Ta BHIIAAKOBHUX



3HAY€Hb, XapAKTEPUCTHUK LIYMY, OLIHKY TPEHIY Ta CE30HHUX 3MIH, a TAKOX aHai3
3anumKoBUX MoxuOok. [{ogo cTaTMCTHYHOrO aHami3y Ha MpeaMeT HEOOXiITHOCTI
BpaxyBaHHSI psAy JDKEped CHUCTEMAaTHYHHX IOXHOOK, TO MOXJIUBUM €
BUKOPHUCTAHHS IIHPOKOTO aCOPTUMEHTY MaTeMaTHIHUX MiAXoAiB. OQHUM i3 HUX €
HeKJIacH4Ha Teopis noxubok Bumipis (HTIIB). Ii BusHauaoTh sIK cydacHy Teopito
MaTEeMaTUYHOTO OIPAIIOBAHHS JaHWX YacCOBHX PSAIB 3 JOCTaTHbO BEIUKUM
obcsirom BuOipku (61b11e 500), ockuTbKkH BioMo, 110 Tipu 6aratopa3zoBux GNSS-
BUMIPIOBaHHAX, (yHJAMEHTaJdbHI MNPUHUUOM KIACUYHOI Teopii MOXUOOK
BuMiptoBanb (KTIIB) mepecrtatoTe OyTH penpe3eHTaTUBHUMH. TakuM YHHOM,
OCHOBHa yBara JIaHOi JUCEpPTaIliifHOI POOOTH 30Cepe/KeHa Ha MPOBEACHHI
HAyKOBHX JOCJIIJPKEHb YaCOBHMX CEpid JJIsl SIKICHOI OI[IHKM TOYHOCTI BU3HAYCHHS
KoopauHAaT Ta oOIiHKM TpuaaTtHocTi GNSS-cranmiit  Ykpainum s 3amad
reoIUHAMIKH.

Y posnimi 1 «Ananiz MeroniB omparmtoBanHs GNSS-ganux Ta cTBOpeHHS
YacoBHX Cepii KOOpJAWHAT» PO3MVISHYTO METOAU JOCIIIKEHb YacOBHX cepiid
KoopauHaT. Buxonsuu 3 orisiay JiTepaTypHUX JHKEPEI, MOKHA CTBEPKYBATH, 110
KJIACUYH1 METOAM JTOCTIIKEHb YaCOBUX CEpili KOOPJWHAT AO3BOJISIOTH BUKIIOYATH
BIIOM1 JDKepesda MOXHOOK 3 JOCTaTHRO BHCOKOIO TOYHICTIO, HE 3aJIEKHO BiJ
BUKOPHCTAaHUX METOMIB omparmtoBaHHsA. IIpore, mnpu Benukid  BUOIPIN
CIIOCTEpEKEHD, JCTANBHINIUN aHaIi3 YacOoBUX Cepid KOOpAWHAT BKa3zye Ha
HECITPOMOXHICTh KJIACUYHUX METOMIB BUSBIATU 3aJUIIKOBI MOXUOKH, TOMY €
JIOIJTBHAM BUKOPUCTAaHHS HEKJIACHYHUX METOMIB JUIsl aHaJi3y JOBTOTPUBAIIAX
cnoctepexedb. Metonqu HTIIB BUKOPUCTOBYIOTH B acTpOMETpii, KOCMIYHHX
TOCIIHKCHHSIX, TEO/IE3UYHUX 3a7a4aX 1 Teoi3NIHUX eKCIIEPUMEHTAX.

VY pozaini 2 «DigpTpalrist Ta aHATI3 YaCOBUX CEPill KOOPAUHATY PO3TISTHYTO
MPOLIEypy aHAI3y YacOBUX cepii koopauHaT. DimbTpyBaHHS YaCOBUX CEPiil BiA

JTIHIMHOTO TPEHJy, PIYHMX CUTHAJIB, BUMAJKOBHX 3HA4€Hb Ta 3CYBIB J03BOJIMIO



BWJIYYUTH CUCTEMATU4YHI MOXMOKU Ta BUIIAJKOBI 3HAYEHHS Ta 3I[VIAJAUTH YacOBi
cepii koopaunHat. [lopiBHSHHS OTPUMAHHUX 3HAYCHb CEPEIHHO-KBAIPATHIHHUX
MOXHOOK JI0 Ta MICJsl MPOBEACHHS Mpoleaypu QuibTpaiii BKazye Ha Te, IO
3aCTOCYBaHHSl KJIACMYHHUX METOIB aHalli3y YacOBHX CEpiid J03BOJISI€ 3MEHUIUTH
BIUIUB PI3HOTO poay moxubok B cepenuboMy Ha 40-50% 11 BCiX CKIIaIOBHX
KoopauHaT. Pe3ynbrat BUKOHaHOI (GibTpallii Ta aHaiizy, Mo OyJI0 MPOBEICHO
JUIST MEPEXi CTaHIK YKpaiHu, 103BOJISIE BUKOHYBATH YTOYHCHHSI KOOPJWHAT
OKPEMUX CTaHIIIM.

Y poznimi 3 «MaremaTuuHMil amapar JJis  aHaji3y YacoBUX cepii
KOOpJWHAT» PO3MVISIHYTO KIACH4YHI METOJAM Ta HEKJIACHYHHA METOJ| aHaji3y
4acoOBHX Cepiil KOOpJIWHAT. BusiBneHo, 10 KOPENsIlis MK OKPEMHUMH CTaHLISIMU
MEPEK MOXKE JOCATAaTH 3HAYHUX BEJIIMYMH, Yepe3 10 YaCOBi cepil MICTATh MOXUOKH
saranpHOoro peskumy (Common Mode Errors, CME), siki MOKyTh OyTH BHIIy4Y€HI
IMIUPOKHUM CIIEKTPOM KIJIACHUYHUX METOAIB. BHKOpHCTaHHS MPOCTOPOBO-YACOBOI
diTpTpari, METOZy  HaWMEHIIMX  KBaJpaTiB, OI[IHKK  MakKCHMaJIbHOI
PaBAOINOAIOHOCTI JO3BOJIAIOTH 3MEHIIUTH BIUTUB IIUX MOXHOOK B CepeHHOMY Ha
40%. Ilpore monmanmplivii aHaI3 OTPUMAHUX YaCOBUX Cepid, HANpUKIAA TIPH
MOPIBHSAHHI PI3HUX TEPIOJIB CIIOCTEPEKEHb, Y NESIKUX BHIAJKax I0Ka3aB, IO
pe3yiabTaTH 3HAYHO BIAPI3HIIOTBCS B 3aJIGKHOCTI Big 00paHOTO METOIY
OTIpAIIOBaHHS, IO BKAa3y€ HAa HASBHICTh 3aJMIIKOBUX TOXMOOK, BUSBUTH Kl
KJIIACHYHUMHU METOJaMHU HEMOXKIIMBO. 3aCTOCYBAaHHSA HEKJIACHYHOI TEOpil MOXHUOOK
BUMIpIB Tiepen0avacThCcsl MPU MATEMATHUYHOMY OTPAIFOBAHHI BEIHKUX OOCSTIB
CIIOCTEPEKEHb, OCKUIBKM BOHM HE MIJKOPSIOTHCS HOPMAIBHOMY 3aKOHY
posmoainy. Amnpoo6artis HTTIB pns mepmanentHux cranmid mepex 1GS ta EPN,
pO3TalllOBaHUX HAa TEpUTOpli YKpaiHW MOKazajia, 10 WMOBIPHICT, P Toro, 1o
BUMIpH € BHOIPKOBHUMH 13 HOpPMajbHOI TEHEpaIbHOI CYKYMHOCTI BIAMOBIIHO

3MmiHIOIOTHCS B Mexax Big 0.001 mo 0.92. A e o3Hauae, mo peanbHi PO3MOAITH



NOXUOOK BHUMIpPIB HE MIANOPSIAKOBYIOTBCS HOPMAJIbHOMY  3aKOHY, aile
Y3TOKYIOTBCS B paMKax 3acTapuInX KIACHYHUX YSIBJICHBb MPO 3aKOH PO3MOJLTY
MOXUOOK BEJIUKOTO 00CSTY.

Y poszpimi 4 «Meroauka omiHku npupatHocti GNSS-cranmit  ans
reoIMHAMIYHUX JOCIIIKEHBY 0YyJ10 pOo3pOo0JIEHO Ta peaai3oBaHO METOAUKY SIKICHOT
OLIIHKM TOYHOCTI BU3HAYEHHS KOOpPAMHAT Ta OLIHKHM mpuaatHocTi GNSS-cranmii
Ui 3a/ad reoJuHaMiku. AmpoOallis METOAMKH TMpOBEIeHA IJii NMEPMaHEHTHUX
CTaHI[iii €Bpomu, 10 BIJHOCATHCA N0 PI3HUX KiaciB TouHOCTi. IlepeBipka Ha
HOPMAJILHICTh BUMIPIB IUX YACOBUX PSAIB JUIsl CTAHIIIHM, 1110 BXOASTH B KAaTEropito
CO mnokasana Xopoulli pe3yibTaTd iMoBipHOCTi p(¥?) Toro, moO BUMIpH Ha
CTaHI[ISIX € BUOIPKOBUMHM 3 HOPMaJIbHOI reHepabHOi CYKYNHOCTI ckianu Big 0,14
no 0,98 B cepegHboMy ISl BCiX CKIanoBuUX koopauHatr. [nms cranmii C6 us
nepesipka nokasana, mo 0,001< p(x¥?) < 0,16, mo mixTBepIKYE Nif0 clabKuX, He
BUJIYYEHUX CHCTEeMAaTHYHUX Toxubok. [IpakThuHe 3acTocyBaHHS METOIUKHU
POBENICHO MJisi aHali3y 72 pedepeHIHHX cTaHIid YKpaiHd, Ta 32 OTPUMaHUMHU
3HAYCHHSMM acCUMETpii, eKcllecy, eMIIPUYHUX PO3MOJUIIB Ta 3HA4YeHb
HMOBIpHOCTEH po3poOsieHa Kiacudikallis CTaHIINA, SKa J03BOJIMJA BHUIUTUTH
CTaHIIi, 10 € TPUIATHUMU IS TCOTMHAMIYHUX JTOCIIKEHb.

Knwouosi cnosa: T'mobGanbHl HaBiramiitHi cynyTHukoBi cuctemu (Global
Navigation Satellite Systems, GNSS), wacosi cepii koopaumaar, Common Mode
Errors, CME, xnacuuna teopis moxubok BumipiB (KTIIB), nHexmacuuna teopis
noxu6ok BumipiB (HTIIB), Tpenn, miBaiuna ckimagosa (North, N), cximgHa ckiagoBa

(East, E), BeprukansHa ckiamosa (Up, U), 3auKoBi MOXHOKH.
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ABSTRACT

Sosonka I.1. Analysis and evaluation of the quality of coordinate time series
of Ukrainian reference GNSS-stations. — Qualifying scientific work on the rights
of the manuscript.

Dissertation for the degree of Doctor of Philosophy (PhD) on specialty 103 —
Earth Sciences (10 «Natural Sciences»). — Lviv Polytechnic National University,
Lviv, 2021.

Long-term time series of GNSS-stations have been widely used to monitor
Earth's movements (eg, plate tectonics, sea level changes, pole motion studies,
etc.). We can detect a linear or nonlinear trend, annual and semi-annual signals,
gaps, and measurement noise in the time series of coordinates. Most analysis
methods are focused on identifying annual signals, analyzing time series gaps, and
finally estimating reliable rates of reference station coordinates changes, as they
must be stable for several decades, which requires reliable methods for observing
and processing data and understanding basic dynamic processes. Depending on the
nature of the signal and other factors that cause time series changes, specific
methods are needed to distinguish between signals from tectonic movement and
other non-tectonic signals, such as seasonal changes. These methods can be used
both for visual interpretation and pre-processing of time series, and statistical
analysis for their accuracy and the need to take into account a number of
systematic errors sources.

Visual interpretation and pre-processing of the obtained time series of
coordinates includes detection and removal of offsets and random errors, noise
characteristics, assessment of the trend and seasonal changes, as well as analysis of
residual errors. Regarding statistical analysis on the need to take into account a

number of systematic errors sources, it is possible to use a wide range of



mathematical approaches. One of them is the Non-classical error theory of
measurement (NETM). It is defined as a modern theory of mathematical
processing of time series data with a sufficiently large sample size (more than 500)
because it is known that with multiple GNSS-measurements, the fundamental
principles of Classical error theory of measurement (CETM) cease to be
representative. Thus, the main attention of this dissertation is focused on
conducting research of time series for qualitative assessment of the accuracy of
determining the coordinates and assessing the suitability of Ukrainian GNSS-
stations for geodynamic researches.

In section 1 "Analysis of methods for processing GNSS data and creating
coordinate time series" discusses methods for research time series of coordinates.
Based on a review of literature sources, it can be argued that the classical methods
of research of time series of coordinates allow excluding known sources of errors
with sufficiently high accuracy, regardless of the methods used. However, with a
large sample of observations, a more detailed analysis of the time series of
coordinates indicates the inability of classical methods to detect residual errors, so
it is advisable to use non-classical methods for the analysis of long-term
observations. The NETM methods are used in astrometry, space research, geodetic
researches and geophysical experiments.

In section 2 «Filtration and analysis of time series of coordinates" the
procedure of analysis of coordinate time series is considered. Filtering time series
from linear trend, annual signals, random errors, and offsets allowed to eliminate
systematic and random errors and smooth time series of coordinates. Comparison
of the obtained values of RMS errors before and after the cleaning procedure
indicates that the use of classical methods of time series analysis can reduce the
Impact of various errors by an average of 40-50% for all coordinate components.

The results of the performed filtering and analysis, which was carried out for the



network of Ukrainian stations, allow specifying the coordinates of individual
stations.

In section 3 "Mathematical apparatus for the analysis of time series"
discusses the classical and non-classical methods of analysis of coordinate time
series. It was found that the correlation between individual network stations can
reach significant values, due to which time series contain Common Mode Errors
(CME), which can be removed by a wide range of classical methods. The use of
Spatio-temporal filtering, the Least Squares Method (LSM), Maximum Likelihood
Estimation (MLE) can reduce the impact of these errors by an average of 40%.
However, further analysis of the obtained time series, for example when comparing
different periods of observations, in some cases, showed that the results differ
significantly depending on the chosen method of processing, which indicates the
presence of residual errors, which can not be detected by classical methods.
Application of non-classical error theory of measurement is assumed in the
mathematical processing of large volumes of observations because they do not
confirm to the normal distribution law. Approbation of NETM for permanent
stations of IGS and EPN networks located on the territory of Ukraine showed that
the probability P that the measurements are sampled from the normal general
population varies in the range from 0.001 to 0.92. This means that the real
distributions of measurement errors are not confirm to the normal law, but are
consistent in the framework of outdated classical ideas about the law of
distribution of large errors.

In section 4 "Methods for assessing the suitability of GNSS-stations for
geodynamic research" was developed and implemented a method of qualitative
assessment of the accuracy of coordinates and assessment of the suitability of
GNSS-stations for geodynamic researches. The approbation of the method was

carried out for permanent stations in Europe belonging to different accuracy



classes. Verification of the normality of the measurements of the time series for
stations in category CO showed good results of the probability p(x?) that the
measurements at the stations are sampled from the normal summation from 0.14 to
0.98 on average for all coordinate components. For C6 stations, this validation
showed that 0,001< p(x2)< 0,16, which confirms the effect of weak, not removed
systematic errors. The practical application of the method was carried out for the
analysis of 72 Ukrainian reference stations, and according to the obtained values of
asymmetry, excess, empirical distributions, and probability values, classification of
stations was developed, which allowed to select stations suitable for geodynamic
research.

Key words: Global Navigation Satellite Systems (GNSS), coordinate time
series, Common Mode Errors (CME), Classical Error Theory of Measurements
(CETM), Non-classical Error Theory of Measurements (NETM), trend, North

component (N), East component (E), Up component (U), residual errors.
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