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Models and methods of intellectual data analysis for forecasting nonlinear nonstationary processes
Pedepar (yxp.)

Y  nuceprauiiiHoMy J[ocnifpkeHHi posp’s3aHa 3afavya  IMiJBHIIEHHA AaJeKBaTHOCTI MaTEMaTHYHUX Momesaell  HeTiHIHMK
HecTaljoHapHUX (iHAHCOBO-€KOHOMIYHMX IMpPOUECIB Ta TOYHOCTI BiIMOBIHUX TIPOTHOBIB, ILISXOM 3aCTOCYBAaHHS CY4aCHUX
METOJIiB IHTEIEKTYaNnbHOrO aHaMi3y NaHMX JI0 CTATHCTUYHUX JAHUX, [IPEACTABTIEHUX Y BUIIII/ YaCOBUX PAfliB. B po6oTi BUGpaHO,



PO3IISIHYTO i OMUCAHO K/IACH HeNiHIHUX HecTallioOHAPHUX TPOLECIB, WO BUKOPUCTAH] JIJ1sl MOJIETIIOBAHHA Ta MPOrHO3YBaHHs, a
raKOK BUKOHAHO OMMC MaTeMATMYHMX MOJeNell Ta mijxofiB, mo Ha 6asi CTATUCTHYHUX JAHMX Y BUTTISI YACOBUX PSIIiB,
BUKOPMCTOBYIOTBCS /ISt OTIUCY iX AMHAMIKU. BUGPaHO TUIH MpOoUECis A1 JOCIIKEHHS, TaKi sK: iHTErpoBaHi, reTepocKegacTHYHi
npouecy, Tpoiiecy Jlesi, polecu 3i CTOXaCTUMHUM TPEHMIOM, TTPOLECH sioricTHYHOTO THIY. B poboti BuGpaHo Knac ¢iHaHCOBO-
€KOHOMIYHMX TIPOLIECiB, cHOPMY/IbOBAHO 3a/layy ix MPOrHosysaHHs. OfHaK po3po6IIeHy METOIMKY MOXIABO 3aCTOCOBYBATH i B
iHmMX cucTemax (TeXHIYHHX, MEeIUYHHX, TOWIO) 3 BiANOBIZHOIO BU3HAYEHOID AWHAMIKOIO, 715t TIPOrHO3YBAHHS PO3IJIAHYTO MIAXIL
IPEAMKTUBHOI AHAMITHKY 3 BUKOPUCTAHHSIM METOJIB iHTENEKTyalbHOro aHanisy jaHux. MeTOJOTIOTIYHOI OCHOBOK poboTH €
cydacHa aHanituana metogosoris SEMMA. 3i6pano craTMcTUdHi maui A excriepuMmeHTiB Ha 6asi npopaxis marasuny Walmart,
TpofIakiB NPOTHAA6ETHIHMK Npenaparis B ABCTPAJIl, MPOAAXY MaJlbHOrO B CIIIA myist 3aCTOCYBaHHS PO3PO6GIEHOI METOOMKH Ha
peasbHUX CTaTMCTMYHMX [AHMX. I TEPBMHHOTO aHAJi3y JaHWX 3anporoHOBaHO MiAXOOM CTATHCTUYHOrO Ta TpadiyHoro
aHaniay, a TAKOX CTATUCTMYHI TeCTH [IJif BU3HAYEHHA HeNiHIHOCTI TAa HecTalioHApHOCTI mpouecy: BuOpaHo TecT Yaiita a7
repesipku Ha HeNiHifHICTH Ta TecT KPSS st nepesipku Ha HECTal[iOHAPHICTh K OCHOBHI. PO3IJISIHYTO METOIM [1Ji BUSIBJIEHHS Ta
06pOGKM aHOMAJBHUX Ta MPONYWEHUX 3HAYeHb. [l BUJIINEHHS HIyMOBOI CKJIAI0BOi 3 4acOBOTO Psifly POSITISHYTO QUILTP
KaziMaHa Ta METoJ eKCIOHENiiHOro 3raamKysanHs. Iligxoau uudposoi (dinbTpauii BapTO 3aCTOCOBYBAaTH 0BepexkHO, HE 3aBXK/IU
4K HeoGXimHWil eTanm mpouecy NoGy[A0BM Mofeni, a K MOXIUBUH BapiaHT, OGOBI3KOBO nepepipsaouM B KiHUi mpouecy
MOJIE/IIOBAHHS AKICTh OTPUMAHMX NPOTHO3IB 3 Ta 6e3 BUKOPUCTaHHS nonepensboi dinprpauii. B po6oTi 3anponoHoBaHO METOJ
no6y/10BM MOJIEJiell HeNiHIMHUX NPOLECIB, L0 BiIPi3HAETHCA 3aCTOCYBAHHAM OKPEMMX TIPOLETYD AJId onTUMizanii CTpyKTypH
miEifizol Ta HemiHIAHOI CKAANOBUX MOMesi 3 iX HACTYITHMM aJMTUBHHM O00'€[lHaHHAM B €JMHY MOJE/Nb, IO 3abearneuye
MiIBUIEHHS aleKBATHOCT MOe | TOYHOCTI POTHO3IB y 1inomy. PO3I/ISHYTO Pi3Hi METOAM KOMOIHYBaHHA OLHOK NPOTHO3iB
pisHMX Mopeneil, BU6paHo Merop GyCTIiHTY SIK OCHOBHMH [JIi BMKOPHUCTaHHS B pobori. Onucano nifxin Ag BUALTEHHS Ta
MOJIeJIIOBAHHS NiHiHOI cKlagoBoi npoliecy Ha 6asi perpeciiHux MOZesiedt, a TAKOXK MiJIXijl 3 BAKOpUCTaHHS OTPUMAaHOI Moz AR
pus bopMYBaHHS OL{HOK MPOTHO3IB, POCISHYTO i BUGpano KpuTepii 17151 OUiHKY afieKBaTHOCTI OTPUMaHKX Mogenei, Taki sk BIC.
Ilas ouiHOK SKOCTi MPOrHO3iE No6yaoBaHO KpuTepianbHy Gasy Ha Gasi kpurepiis MSE, MAE, RMSLE. [l omucy HeniniitHoi
CK/IaJI0BOI PO3ITIAHYTO aBTOPETrPECUBHUI MIAXiA HA 6asi ARIMA, 3 alITOpUTMOM aBTOMATHYHOI IIOOYIOBM MOJIEN, @ TAKOXK MiIXoaH
Ha 6a3i pexypenthux (RNN) i sroprrosux (CNN) HEAPOHHHUX MEpEX, IIPOAHANI30BAHO ix mepepary Ta HEHOMIKK. [1J1s1 HEMPOHHUX
Mepek TpoaHalizoBaHo MigXogu Jo omTUMisallii TmapameTpiB Mozesi, 3alpoNOHOBAHO ANTOPHTM Adam, #aK HalbiNbI
edexTuBHMiA, PosrsHyTO pisHi mimxoam s 6araTOKPOKOBOTO MPOTHO3YBAHHS 32 JIOMOMOTOIO HEMPOHHUX MEpEeX, BUOpaHO
migxip i3 3acrocysanHsam multi-output Mepex sk OCHOBHHUIL. PO3IISHYTO HEoOXifHICTh agarnTUBHOI no6yjoBU Mofenel i
NPOrHO3YBaHHs HEJIHIMHUX HecTallioHapHUX [POLECIB, OCHOBHI NIPUHUMIN amanTaiii Takux Mopenei. PoarisHyTo BiANOBimHI
MiEXoau [0 aflanTalii AK A7 MHIAHUK MOJIenelt, Tak i A9 HEUPOHHUX Mepex. [ins ajanTanii JiHiHNX MOJIeNel yI0CKOHAIEHO
MeTO], OLIHIOBAHHS TTapameTpis Ha ocHOBI MeTosy MonTte-Kapsio a7 MapkiBCbkux naHLori. [Iposeaeno NOPiBHANLHUI aHai3
OTPUMaHMX [IPOTHO3IB 3 Pe3yJNbTaTaMM BUKOPMCTAaHHS BIIOMHUX MifIXOAIB Ta MeTOfiB. 3a pes3yibTaTaMu BCiX NPaKTUYHHX
eKcTiepUMeHTIB 6yJI0 MOKa3aHo, 0 BUKOPUCTAHHA poapobaenoro migxony AR-CNN f03B0s1s€ OTPUMYBATH aneKsaTHi Mopesi Ta
TOYHI POrHO3H MPY BIGHOCHIN MPOCTOTI NO6Y/0BI T HEBEJIMKMX 0GUUCTIIOBANILHUX BTPaTax.

Pedepar (anrn.)

In the dissertation study, the problem of increasing the adequacy of mathematical models of nonlinear nonstationary financial
and economic processes and the accuracy of corresponding forecasts is solved by applying modern methods of intellectual data
analysis to statistical data presented in the form of time series. In the work, the classes of nonlinear nonstationary processes
used for modeling and forecasting was selected, considered, and described, as well as a description of mathematical models and
approaches that are used to describe their dynamics based on statistical data in the form of time series. Types of processes are
selected for research, such as integrated, heteroskedastic processes, Levy processes, processes with a stochastic trend, and
logistic-type processes. In the work, a class of financial and economic processes was selected, and the problem of their
forecasting was formulated. However, the developed methodology can be applied in other systems (technical, medical, etc.) with
the corresponding defined dynamics. For forecasting, the approach of predictive analytics using methods of machine learning is
considered. The methodological basis of the work is the modern analytical methodology of SEMMA. Collected statistical data for
experiments based on sales of the Walmart store, sales of antidiabetic drugs in Australia, and sales of fuel in the USA to apply the
developed methodology to real statistical data. For exploratory data analysis, statistical and graphical analysis approaches, as
well as statistical tests for determining process nonlinearity and nonstationarity were proposed: White's test for nonlinearity
and KPSS test for nonstationarity were chosen as the main ones. Methods for the detection and processing of anomalies and
missing values were considered. To extract the noise component from the time series, the Kalman filter and the exponential
smoothing method were considered. Digital filtering approaches should be used carefully, not always as a necessary stage of the
model building process, but as a possible option, necessarily checking at the end of the modeling process the quality of the
obtained forecasts with and without the use of preliminary filtering. The thesis proposes a method of building models of
nonlinear processes, which is distinguished by the use of separate procedures for optimizing the structure of linear and



nonlinear components of the model with their subsequent additive combination into a single model, which ensures an increase
in the adequacy of the model and the accuracy of forecasts in general. Different methods of combining estimates of forecasts of
different models were considered, and the boosting method was chosen as the main one for use in the work. An approach for
the selection and modeling of the linear component of the process based on regression models was described, as well as an
approach for using the obtained AR model to form forecast estimates, criterion for assessing the adequacy of the obtained
models, such as BIC, was considered and selected. A criterion base based on the MSE, MAE, and RMSLE was built to assess the
quality of forecasts. To describe the nonlinear component, an autoregressive approach based on ARIMA, with an algorithm for
automatic model building, as well as approaches based on recurrent (RNN) and convolutional (CNN) neural networks were
considered, and their advantages and disadvantages were analyzed. For neural networks, approaches to optimization of model
parameters were analyzed, and the Adam algorithm was proposed as the most effective. Different approaches for multi-step
forecasting using neural networks were considered, and the approach using multi-output networks was chosen as the main one.
The need for adaptive construction of models for forecasting nonlinear nonstationary processes, the main principles of
adaptation of such models were considered. Appropriate approaches to adaptation for both linear models and neural networks
were considered. To adapt linear models, the parameter estimation method based on the Monte Carlo method for Markov
chains has been improved. A comparative analysis of the obtained forecasts with the results of the use of known approaches and
methods was carried out. According to the results of all practical experiments, it was shown that the use of the developed AR-

CNN approach allows for obtaining adequate models and accurate forecasts with relative ease of construction and small
computational losses,
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