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Y nucepraliiitHiit poboTi BUPIIIEHO HAayKOBO-IIPAKTUYHE 3aB/IaHHs PO3POOKN
METOJIIB Ta IH(MOPMAIIITHIX TEXHOJIOTiH TOOY0BM KOMITO3UTHUX 1HJIMKATOPIB HA
OCHOBI $IJIEPHUX METOIB MAITMHHOIO HaBYaHHS Ta ONTUMAJJIHLHOIO Y3TOJZKEHHS
€KCIIEPTHOI Ta CTATUCTUIHOI iH(OPMAITiT.

06’exm docaidotcenns — TPOIECH TOOYIOBH KOMIIO3UTHUX 1HINKATOPIB y
3aJladax PaHXKyBaHHSI 1 OaraToKpUTepiaJbHOIO OIIHIOBAHHS Ta BHOODY.

IIpedmem docaidoicenna — MeTonn Ta iHGOPMaIliiitHl TeXHOJOrT o0y I0BH
KOMITOBUTHHUX 1HJUKATOPIB 3 Ha OCHOBI ONTHUMAaJbLHOIO y3TOIKEHHs €KCIIePTHOI 1
CTATUCTHIHOI iH(OopMaIlil Ta arperarii JaHuXx.

Mera i 3ama4i goCJIiI>KeHHS — pO3po0Ka, MeTO/IiB Ta iHMOpMAIiHIX Te-
XHOJIOTIH 1TOOY/I0BI KOMIIO3UTHUX 1H/IMKATOPIB OCHOBI SIJEPHUX METO/IIB MallliH-
HOI'O HaBYaHHS Ta ONTUMAJLHOI'O Y3TOJKEHHd eKCIIEPTHOI Ta CTATUCTUYHOI 1H-
dopmariii 3 MeTOoIO IiABUINEHHST TOYHOCTI OTPUMaHUX MoJIesieil Ta OOMexKeHHsI 1X
CKJIQJTHOCTI.

Y BeTyIll OOIPYHTOBAHO aKTyaJIbHICTh TEMU JIMCEepTalliiiHOl pobOTH, 3a3Ha~
YEHO 3B’sI30K POOOTH 3 HAYKOBUMU TeMaMu, cOpPMY/IbOBAHO MeTy, 3ajadi Ta Ifi-
JII JTOCJIIPKEHHsI, BUBHAYEHO 00 €KT, IPEJMET Ta METOJIN JAOCJIIYKEHHS, TOKA3aHO
HayKOBY HOBH3HY Ta MpaKTUUHE 3HAUYEHHs OTPUMAHUX Pe3yabTaTiB, HaBeJIeHO 1H-
dopmaliito npo MnmpakTUIHEe BUKOPUCTAHHSI, OCOOMCTUII BHECOK 37100yBava, alpo-
Oallito pe3y/IbTaTiB JIOC/IIZKEHHsT Ta X BUCBITJIeHH: Y myOstikallisix. [IpuBojasTbes
BIJIOMOCTI IOJIO CTPYKTYPH Ta 00CSTry JAUcepTaliiiHol poboTH.

Y IepiioMy po3/Iiii IPOBEIEHO aHaJIi3 3ajadi Ho0YI0BH KOMIIO3UTHUX 1H-
JIMKATOPIB Ta OIVISLJ PI3HUX IIJIXOJIB JIO 1X 10OYI0BHU, 30KpeMa, METO/IB MallllH-

HOI'O HaBYaHHA. H&BG,D;GHO INpuKJaaaInl BUKOPUCTaHHA KOMIIO3UTHUX iH,B;I/IKaTOpiB



y b6araTtbox cepax i MoOy0BU PI3HUX y3araJbHEHUX MOKA3HUKIB: JIIOJCHKOTO
PO3BUTKY, €KOJIOTTIHOI e(peKTHUBHOCTI, iHBecTHIiiHOTO 1TopTders Toio. Hapereni
NPUKJIJIM BUKOPUCTAHHS KOMIIO3UTHUX 1H/IMKATOPIB B 3a/a9aX PaHKyBaHHS: pe-
KOMEHJIAIlIiHI cUcTeMHU 1HTepHeT-Mara3niiB, peKoMeH IalliitHl cucreMn MeliaKoH-
TenTy, notrykosi cucremu (Google). [TpoanasizoBani pisHi mijgxo/u Ta aJropuTMu
y HaBYaHHI paHXKyBaHHIO: TOYKOBHIl, TapHUil Ta cruckoBuil. Po3risinyTo MeTpu-
KU OIIIHKHU sIKOCTI poOOTH aJIrOpUTMIB PaHKYBaHHSI, SIKi BHKOPUCTOBYIOTbCS JIJIs
OIIHIOBaHHsI 3aIIPOIIOHOBAHIX aJropUTMiB. Bu3HaueHO 0coOIMBOCTI 300py Ta BU-
KOPUCTAHHs eKCIEePTHO-CTATUCTUIHO! 1H(OPMAITIT /1 TTOOYI0BN KOMIIO3UTHUX 1H-
jqukaropis. OOrpyaToBano Bubip MeTu i 3ajia1 podOTH.

Y apyromy posjiii 3ajada 1mobyj 0B KOMIIO3UTHOTO iHJIUKATOpa chOpMYy-
JIbOBaHa B TepMiHAX MAaIlMHHOI'O HaBYaHHs, OTPUMAHO PO3B’S3aHHA 3ajadi I10-
Oy0BU HEJIHIHOI MOJIe/i KOMIIO3UTHOI'O 1HJIMKATOPY Ha OCHOBI SIIEPHOI PiK-
perpecii. [IpoanaizoBano MeTo/In y3rojizKeHHs PI3HOPITHOI eKcIiepTHOT iHpopMa-
I1i1, 10 JIO3BOJIAIOTH 3HANTH KOMIIPOMIC MizK €KCIIEPTHUMU OIIHKaMU KOMITO3UTHUX
IHIMKATOPIB Ta CTATUCTUYHUMHE OLIHKAMH YaCTKOBUX MOKa3HMKIB. OOIPyHTOBAHO
3aIIPOIIOHOBAHUIT METOJ ONTUMAJILHOI'O Y3T'OJI?KEHHS €KCIIEPTHOI 1 CTaTUCTUYHOL
irdopmallii 3a JOMOMOrOI0 peryasgpu3allil siiepHol perpecii 3 BUKOPUCTAHHSIM
arpiopHol iHdopMaIiil o0 BaXKJIMBOCTI YaCTKOBUX IMOKA3HUKIB, 110 CYTTEBO ITiI-
BUIIY€E TOYHICTH OTPUMAHUX MO/IeJIel.

Y TpeTboMY PO3/iJIi HaBeIeHO MPUHIINITN KOHIIEII1 BeJTUKIX JaHUX Ta OIN-
caHi 1pobJieMH, siKi BUHMKAIOTh HIPHU 30iJbllIeH] 00cAriB iH(OpMAaIlil, 10 BUKO-
PUCTOBYETHCA JIJIsI 1100Y/I0BU KOMIIO3UTHUX 1HJIUKATOPIB. 3alIPOIIOHOBAHO BHKO-
PUCTOBYBATU METOJU arperyBaHHs JaHUX JJIsd 3MEHIIEeHHs CKJAJHOCTI s1epHOl
Mozesi. Po3ryissHyTo MeTon rpylyBaHHs Ta KjaacTepusallil JJid arperaiil JaHmnX.
Jlist miiBUIEHHST TOYHOCTI Ta e(eKTUBHOCTI KJlacTepu3allil 3allpOIIOHOBAHO BU-
KOPUCTOBYBATH PETYJIIPU3AIII0 3a JIOIMOMOTOI0 IIJILOBOI 3MIHHOI Ha eTall po3-
paxyHKY BIJICTaHI MiK TOUYKaMHU B IIPOCTOP1 O3HaK, BUKJIAJIEHO 3aIlpOIIOHOBAHUI
MeTOJI PeryJIsipu30Banol Kjactepusallii. Buznaueno mpodsieMy HeJI0CTaTHLOI PO3-
MITKH JIaHUX, siKa OCOOJINBO YaCTO BUHUKAE TPU 301JbINEHHI KiJBKOCTI JaHUX.
st po3B’si3aHHs 11i€l pobJieME 3allPOIIOHOBAHO BUKOPHCTOBYBATH METOJIM Ha-
IIIBKEPOBAHOI'O HABYAHHS Ha OCHOBI I'padoBOl pery/sipusaliil Ta siiepHOI0 TPIOKY
iJT 9ac oNTUMIzaIl HeJiHiitHol QpyHKIil nepesar. /i po3s’sd3anns 3a3Ha9eHNX

1pobJieM po3po0JIEHO JTBOETAITHUI aJrOpUTM arperail JaHux, sikuii BUKOPUCTO-



BY€ K IJI00aJIbHI, TaK 1 JJOKaJJIbHI MATepHU y CTPYKTYPi HAOOPY TiJT yac arperarii.
Taxnii migxig 103B0JIsIE 3HAUHO CKOPOTUTH PO3MIp BHOIPKHU IIpU 30€perKeHH] BCix
BJIACTUBOCTEI Ta I1a0JIOHIB.

Y derBepTOMY PO3/ILJIi HABEJIEHO OIUC 3AITPONOHOBAHOI iH(MOpPMAIIITHOT Te-
XHOJIOTIT JIJTs1 TTOOY/TI0BU KOMIIO3UTHUX 1HUKATOPIB METOJAMI MAITNHHOT'O HaBYaH-
Hsl, siKa peaJiizye po3pobJieHi y podoTi MeToin Ta ajaroputMu. Po3podieHa indop-
MalliffHa TeXHOJIOTisl peaJslizoBaHa y BUIJISII 6I0JI0TEKN MOBOIO ITPOTrPaMyBaHH
Python 3 BigkpuTuM mOXiJHUM KOJZOM Ta HACJIiIYBaHHAM iHTepdeliciB 6i01i0TeKn
scikit-learn Ta Bijnosizae yciM BUMOraM MeTO/I0JIOTi{ po3poOKHU MPOEKTIB y cdepi
MaIIMHHOIO HaBYaHHS Ta aHaIi3y jJaHux, a came KDD ta CRISP-DM. Ilepesipeno
npare3/ aTHICTh Po3pobJIeHO] iHPOPMAIIIiTHOT TEXHOJIOTIT, TOYHICTH 3allpOIIOHOBa~
HIX aJTOPUTMIB Ta IMPOAHAJII30BAHO OTPUMAaHI Pe3yJIbTaTH JTOCTizKeHHsd. [l
I[OI'0 BUKOPUCTAHO JIeKiJbKa OaraToMipHIX HAOOPIB JAaHUX, AKi IPEJCTaB/IsIIOTH
pizHi jloMeni obJtacTi. PesybraTu mokasasm npare3aTHICTh Ta ePeKTUBHICTD 3a-
IIPOIIOHOBAHUX Y POOOTI METO/IIB Ta aJrOPUTMIB.

Y BHUCHOBKaxX HaBeJIEHO OCHOBHI Pe3YJIbTATH JIMCEPTAIIITHOI poOOTH IIOJI0
BUPIIIIEHHST [TOCTABJIEHUX HAYKOBHUX 3aJiad JIOC/IIPKEeHHsI. 3a pe3y/IbTaTaMu JI0CTi-
JIZKEHHSI OTPUMAHO TaKl HAyKOBI Pe3yJIbTaTu:

1. Brepire pospobiieno MeTo 1 o0y 10BU KOMITO3UTHUX 1H/IMKATOPIB 3 BUKOPU-
CTAHHSAM HeJIIHIITHOT (DYHKIIT 1TepeBar, 1o BiAPI3HAETHCs TOETHAHHSIM s1J1ep-
HUX METOJIIB MaIllMHHOI'O HaBYaHHA 3 PiK-perpecieio Ta 3abe3redye Mo-
YKJINBICTH TTOOYI0BU HEJIHIMHUX MOJIeIeit;

2. Orpumasin noJajbIuil PO3BUTOK METO/M Y3IOJ?KEeHHS €KCIIePTHOI 1 cTaTH-
CTUYHOI iH(OPMAIIil, BIEpIe 3allpOIIOHOBAHO METO] ONTUMAJILHOTO y3I0-
JKEHHST 3 BUKOPHUCTAHHSIM PETYISPU3YIOU0ro (PyHKIIIOHATY, MO0 MIiCTUTDH
eKCIIePTHI OLIHKH, 10 3a0e3ledye IiABUIIEHHS TOYHOCTI OTPUMAHUX MO-
JneJei;

3. Buepiie po3pobJieHo aJIrOpuTM JIBOETAITHOI arperailii JaHuX, SKUil BIKO-
PUCTOBYE 1JIe10 TOMIYKY TJI00AJBHUX 1 JIOKAJBHUX MaTEpHIB y BUOIPI Ta
peryJisipu3oBaHy KJiacTepusalliio, o J03BOJIIE€ 3HAYHO 3MEHIITYBATH PO3MIP
HAaOOpY JlaHuX Tpu 30epexKeHHl HOro BJIACTHBOCTEN Ta XapaKTEpPUCTUK Ta
Oy/yBaTH pejlyKoBaHi MOJE/l 1HIUKATOPIB;

4. Buepre 3amrponioHOBaHO METOT peryJigpr3aliil npu mody 0Bl HETHITHIX MO-

Jiesieft 1HJIMKATOPIB, SIKUII BUKOPUCTOBYE HEMAapKOBaHI €KCIlepTaMU CIIOCTe-



PEXKEHHSI 3 BUKOPUCTAHHAM HaIlIBKOHTPOJIHOBAHOIO I'padOBOro IiIX0/1Ly Y

MO€IHAHI 3 sIJIEPHIMU METOJIaMHU, 1110 3a0e311euye MOYK/INBICTH BUKOPUCTAH-

HsI JJAHUX 3 00MEKEHOI0 eKCIIEPTHOIO iH(MOPMaIIIENo;

5. Bnockonasiena indopmaliiitHa TeXHOJIOTIA I OOy 0B KOMIIO3UTHUX 1H-
JIMKATOPIB METOJaMI MaIllMHHOIO HABYAHHS, IO BiJIPI3HSIETHCS KOMOIHAIII-
€10 TIIXO/IIB, a caMe, BUKOPUCTAHHIM SJePHIX METO/IIB MaIINnHHOIO HaBYa~
HHSI, ONTHMAJILHOTO Y3TOJIKeHHS €KCIEePTHOI Ta CTATUCTUYHOI iH(OPMAIIil,
arperariil JaHUX Ta HalllBKEPOBAHOI'O HaBUYAHHSI.

Pesynbratn  poOOTH BIPOBaKEHO Y  HAYKOBO-JIOCTLIHUX pobOTax Ta
HaBYAJIbHOMY TIporieci KadeJpu KOMII'IOTEpHOI MaTeMaTHKH 1 aHaJIi3y JaHuX
HarmionasmpHoro Texnidnoro yuiepcuTery “XapKiBCHKUN MOJITEXHITHWI 1HCTH-
TyT”. 3allpOIIOHOBAHI METO/IN Ta iH(OopMalliiiHa TeXHOJIOTisd MOXKYTh OYTH MOBHOIO
MIpPOIO BIIPOBaJI?KEH1 B OpraHizallisX BCIX TaJjy3eil eKOHOMIKHU JIJI II1JIBUIEeHHS
SIKOCTI BUOODPY a/IbTePHATUB Ta aBTOMATU3alil IIPOIECIB 100YI0BU KOMIIO3UTHUX
1HIUKATOPIB 1 paH KyBaHHSI.

Karwwosi carosa: MallllHHE HaBYaHHSI, OaraToKpuUTepiajbHa ONTHMI3allid,
paHKyBaHHS, KOMIIO3UTHUI 1HJIUKATOP, €KCIIEPTHA OIIHKA, Y3IO/2KEeHHs, arpera-
Iist, KjlacTepusallis, GyHKINS nepesar, sjaepHa (QyHKIlid, peryadpu3allisd, Mopsi-

KOBa perpecis, HalllBKOHTPOJIbOBaHE HaBUaHHSI.
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ABSTRACT

Yamkovyi K. S. Information technologies for building composite
indicators based on a machine learning approach. — Manuscript.

The thesis is submitted to obtain a scientific degree of Doctor of Philosophy
in the specialty 122 — Computer Sciences. — National Technical University
“Kharkiv Polytechnic Institute”, Kharkiv, 2023.

The scientific and practical task of developing methods and information
technologies for building composite indicators based on kernel methods of machine
learning and optimal concordance of expert and statistical information is solved
in the dissertation work.

Research object — the processes of building composite indicators in the tasks
of ranking and multi-criteria evaluation and selection.

Research subject — methods and information technologies for building
composite indicators based on optimal concordance of expert and statistical
information and data aggregation.

The purpose and objectives of the research — the development of
methods and information technologies for building composite indicators based
on kernel methods of machine learning and optimal concordance of expert and
statistical information, to increase the accuracy of the obtained models and limit
their complexity.

The introduction substantiates the relevance of the topic of the dissertation,
indicates the connection of the work with scientific topics, formulates the goal,
tasks and objectives of the research, defines the object, subject and methods of
the research, shows the scientific novelty and practical significance of the obtained
results, provides information about practical use, personal contribution of the
recipient, the approbation of research results and their coverage in publications.
Information on the structure and scope of the dissertation work is given.

In the first chapter, an analysis of the task of constructing composite indi-
cators and an overview of various approaches to their construction, in particular,
machine learning methods, was carried out. Examples of the use of composite

indicators in many areas for the construction of various generalized indicators



are given: human development, environmental efficiency, investment portfolio,
etc. Examples of the use of composite indicators in ranking tasks are given:
recommender systems of online stores, recommender systems of media content,
and search engines (Google). Different approaches and algorithms in learning to
rank are analyzed: pointwise, pairwise, and listwise. Metrics for evaluating the
quality of ranking algorithms, which are used to evaluate the proposed algori-
thms, are considered. Defined the specifics of the collection and use of expert
statistical information for the construction of composite indicators. The choice of
the goal and tasks of the work is substantiated.

The second chapter formulates the task of constructing a composite indi-
cator in terms of machine learning, and a solution to the task of constructing a
nonlinear model of a composite indicator based on kernel ridge regression is obtai-
ned. The methods of concordance of disparate expert information, which allow
finding a compromise between expert assessments of composite indicators and
statistical assessments of partial indicators, are analyzed. The proposed method
of optimal concordance of expert and statistical information using kernel regressi-
on regularization with the use of a priori information on the importance of partial
indicators is justified, which significantly increases the accuracy of the obtained
models.

The third chapter provides the principles of the concept of big data and
describes the problems that arise when the amount of information used to
construct composite indicators increases. It is proposed to use data aggregation
methods to reduce the complexity of the kernel model. Methods of grouping
and clustering for data aggregation are considered. To increase the accuracy
and efficiency of clustering, it is proposed to use regularization with the help
of a target variable at the stage of calculating the distance between points in
the feature space, and the proposed method of regularized clustering is outlined.
The problem of insufficient data marking, which especially often arises when the
amount of data increases, is identified. To solve this problem, it is proposed to
use semi-supervised learning methods based on graph regularization and kernel
trick during the optimization of the nonlinear preference function. To solve these
problems, a two-stage data aggregation algorithm was developed, which uses both
global and local patterns in the set structure during aggregation. This approach

allows to significant reduce the size of the sample while preserving all properties



and patterns.

The fourth chapter describes the proposed information technology for
building composite indicators using machine learning methods, which implement
the methods and algorithms developed in the work. The developed information
technology is implemented in the form of a library in the Python programming
language with open-source source code and inherits scikit-learn library interfaces
and meets all the requirements of project development methodologies in the
field of machine learning and data analysis, namely KDD and CRISP-DM.
The functionality of the developed information technology, the accuracy of the
proposed algorithms, and the obtained research results were analyzed. For this,
several multidimensional data sets representing different domains of the area were
used. The results showed the efficiency and effectiveness of the methods and
algorithms proposed in the work.

In the conclusions, the main results of the dissertation work on the solution
of the set scientific research problems are presented. According to the results of
the research, the following scientific results were obtained:

1. For the first time, a method of constructing composite indicators using a
non-linear preference function was developed, which is characterized by a
combination of kernel machine learning methods with ridge regression model
and provides the possibility of constructing non-linear models;

2. The methods of concordance of expert and statistical information have
received further development, for the first time the method of optimal
matching using a regularizing functional containing expert evaluations,
which ensures an increase in the accuracy of the obtained models, has been
proposed;

3. For the first time, a two-stage data aggregation algorithm was developed,
which uses the idea of finding global and local patterns in the sample and
regularized clustering, which allows you to significantly reduce the size of
the data set while preserving its properties and characteristics and build
reduced indicator models;

4. For the first time, a regularization method was proposed for the construction
of nonlinear models of indicators, which uses unlabeled observations by
experts using a semi-supervised graph approach combined with kernel

methods, which provides the possibility of using data with limited expert



information;

5. Advanced information technology for building composite indicators using
machine learning methods, characterized by a combination of approaches,
namely, the use of nuclear machine learning methods, optimal matching of
expert and statistical information, data aggregation and semi-supervised
learning.

The work results are implemented in the research works and educational
process of the Department of Computer Mathematics and Data Analysis of
the National Technical University “Kharkiv Polytechnic Institute”. The proposed
methods and information technology can be fully implemented in organizations
of all sectors of the economy to improve the quality of the choice of alternatives
and automate the composite indicators building and ranking processes.

Keywords: machine learning, multicriteria decision analysis, ranking,
composite indicator, expert evaluation, concordance, aggregation, clustering,
preference function, kernel function, regularization, ordinal regression, semi-

supervised learning.
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