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I]anie AI.A. MartematnuHe Ta mMporpaMHe 3a0e3MeueHHsT peadimTariitHol
apT-Tepamii BEpXHIX KIHIIIBOK TMAaIlleHTIB Ha OCHOBI AR-TexHomorid. —
Kamidikariitna HaykoBa Tparisi Ha MpaBax PyKOIHCY.

Juceprariis Ha 3100yTTs CTyIIEHs JoKTopa (piocodii 3a crierianbHicTiO 121
— Imkenepist mporpamMHOTo 3a0e3nedeHHsT — 3aXiJHOYKPAiHChKUH HaIllOHATBbHAN
yHiBepcutet, TepHonuib, 2026.

[linroToBka  3miiicHIOBasiach Ha  Kadeapl  KOMITIOTEPHUX  HAyK
3ax1JHOYKPAIHCHKOTO HAI[IOHAJILHOTO YHIBEpCUTETYy MIiHICTEpCTBA OCBITH 1
HayKH YKpaiHu.

Y nmuceptamiiiHii  poOOTI pO3B’SA3aHO HAYKOBO-TEXHIYHE 3aBJIaHHS
pO3pOOKM  MaTeMaTHYHOTO Ta MNPOrpaMHOTO  3a0e3MEYeHHS  CHCTEMHU
peabumiTaiiitHoi apT-Tepamii BEpXHIX KIHI[IBOK MaIli€eHTiB Ha ocHOBlI AR-
TEXHOJIOT1, 110 PpO3MMUPWIO (PYHKIII MPOrpPaMHOrO KOMIUIEKCY ISt
ABTOMATUYHOTO OO'€KTMBHOIO KOHTPOJIIO JMHAMIKHA BIJHOBJICHHS PYXJIMBOCTI
Cyrio0iB, MPOTHO3YBAHHS pE3yJbTaTiB pealimiTaiii Ta aJanTUBHOI KOPEKIIii
TEpareBTUYHOTO TMPOTOKONYy. MeTor AMCepTaIliifHOTO JOCHiIKEHHS €
MBUIIEHHS. €PEKTUBHOCTI peadimiTallii BEpXHiX KIHI[IBOK MAIlIEHTIB y CIOCIO
pO3pOOJIEHHS MaTeMaTMYHOro Ta TMPOTPaMHOrO 3a0e3MEYeHHs CHCTEMHU
pealbimiTamiitHoi apT-Tepamnii Ha OCHOBI AR-TeXHOJOTi Ta aBTOMATHYHOI
TOHIOMETPIi.

VY BCTyIli HaBEACHO aKTyallbHICTh TEMH AMCEPTALIMHOTO TOCIIIHKCHHS,
METy Ta OCHOBHI 3aBJaHHS, a TaKOXX HAYKOBY HOBHU3HY Ta MPaKTHYHY
3HAUYIIICTb.

VY nmepmiomy po3aiii NPOBEICHO NETAIBHUN aHaNI3 ICHYIOUHMX METOJIB 1
MPOrpaMHOro 3a0e3NeyeHHs AJi1 BUMIPIOBaHHS KyTIB CYTJ00iB, TEXHOJOTIH

VR/AR y peaOunitaiiii, METOJIB IPOTHO3YBaHHS JWHAMIKH BiJHOBJEHHS Ta



CHUCTeM peKOMEHJalii y ¢(i3uuniil Tepamii. Po3risHyTO KOHTaKTHI METOIU
roHioMeTpii (MexaHI4H1 TOHIOMeTpH, HUGPoBI iHKIIHOMETpH, IMU-cuctemn),
MapkepHi cucremu 3axoruieHHs pyxy (Vicon, OptiTrack) ta Oe3mapkephi
CHUCTEMH OIIIHKK To3W Ha 0a3i rmbokoro HaBuaHHs (OpenPose, BlazePose,
MediaPipe Pose Landmarker, MoveNet, ViTPose, YOLOv8-pose).
BcTaHoBiieHO, 110 KOHTaKTHI METOAM MAalOTh HEIOCTaTHIO TOYHICTH (5—10°),
MapKepHi CHUCTEMH € HENPaKTUYHUMHU 4Yepe3 BHUCOKY BapTICTh, a ICHYIOUI
O0e3MapkepHl CHUCTEMH TNOTPeOYIOTh aaanTuBHOI (uIbTpamii Imymy Ta
OaraTokaMepHoi TpiaHryssiii. [TpoananizoBaHo cucTeMaTHyHI OTJIAIU Ta METa-
ananizu epexruBHocTi VR/AR y pealimiTalii BepxHix KiHIIBOK. [loka3zaHo, 110
KJIaCUYHI METOJIU MpOTHO3YyBaHHs (perpeciitHuil ananiz, ARIMA, HelipoHHI1
Mepexi) MalOTh CyTTE€BI OOMEKEHHSI IIPU 3aCTOCYBAHHI 10 KOPOTKUX KIIIHIYHUX
BuOipok. [lopiBHsuibHMM aHaii3 icHyrounx VR/AR-peaGimitaniiinux miatdopm
BUSBUB KPUTHYHUN PO3PUB: IKOJHA CHCTEeMa HE IHTETpye OJHOYACHO
0e3MapkepHy TOHIOMETpIIO, 1IHTepBajJbHE MPOTHO3YBaHHS, AR-apT-Tepamnito Ta
pPEKOMEHJIAIHY CUCTEMY Y 3aMKHEHUI aJalTUBHUN LIUKIL.

VY 3akiIouYHIi YacTHHI MEpPHIOro po3JAUTy, Ha MIJCTaBl MPOBEAECHOIO
aHai3y Ta BUSIBICHUX HEJOJIKIB ICHYIOUMX PIIICHb, 3J1IMCHEHO MOCTaHOBKY
HayKOBO-TEXHIYHOTO 3aBaaHHs. C(hopMylIbOBaHO METy Ta OCHOBHI 3ajadl
JTUcepTalitHoro aociipkeHHs. OOIpyHTOBAHO JIOIUIBHICTh 3aCTOCYBaHHS
IHTEePBAJIBHOTO MIAXOAY 3 1MeHTU(DIKAIIEI0 HA OCHOBI aJIrOpUTMY OIKOTUHOI
KOJIOHIi JJii MPOTHO3YBaHHS JIMHAMIKM BIJIHOBJICHHS HAa KOPOTKUX KJIIHIYHUX
BUOIpKax.

Y apyromy po3aiiai HaBEAEGHO pe3yJbTaTH PO3POOKH MaTeMaTUYHUX
MoJIeNiel Ta MEeTOAIB Oe3MapKepHOi TOHIOMETPIi 1 TUHAMIKHA BIJIHOBJICHHS KYTIB
PYXJUBOCTI cyriio6iB. Po3pobieno Meron 6e3mMapkepHOi TOHIOMETpIli Ha OCHOBI
aHaii3y TPhOX BIJIEONOTOKIB, SIKUW 0a3ye€TbCsl Ha HEHPOMEpEKEBOMY JAETEKTOPI
YOLOV8-pose, amantuBHii ¢inbTparii koopauHaT OneEuro-dinmeTpom Ta

QITOPUTMI TEOMETPUYHOTO 3JMTTS BHUMIPIOBaHb BIJ] TPbOX OPTOTOHAIBHO



pO3TaIllOBaHUX KaMep 13 TMPIOPUTHU3AINEI0 HA OCHOBI IUIOMUH PyXY.
3anponoHOBaHUM MeTo 3abe3nedye cepeHIo0 a0COIOTHY MOXHOKY MeHie 4°
JUTSI BCIX THUIIIB PYXiB IJIEYOBOTO CYTII004, 0 3HAXOIUTHCS B MEXKaX MiHIMAITbHOT
KIITHIYHO 3HAYYII01 PI3HUIIL.

VY 1mpoMy K po3Jili HA OCHOBI METOJIIB CTPYKTYPHOI Ta mapameTpuIHOI
imeHTudikaiii  1HTEpBAJbHUX  JUCKPETHUX  JUHAMIYHHUX  MOJENed 13
3aCTOCYBaHHSM QJITOPUTMY OJKOJIMHOI KOJIOHIT MOOYA0BaHO MOJEINI JUHAMIKH
BITHOBJICHHS KYTIB pyxJMBocTi cyrio0iB. CrTpykTypHa iJeHTU]IKALIs
3a0e3neuye BUOIp ONTUMAIBHOTO Habopy 0a3ucHUX (DYHKIIIH, a mapaMeTpuyHa —
3HAXOJ[KEHHsI 1HTEPBAJIbHUX OIIHOK KoedirieHTiB Mojaenm. [ToOynoBani mojaerni
320€3MeuyI0Th CTOBIJICOTKOBE MOKPUTTS EKCIIEPHUMEHTAIBHIX CIIOCTEPEKCHD Ta

KJIIHIYHO NPUUHATHY TOYHICTh IPOTHO3YBAHHS.

VY  3aBepuianbpHid YacTHHI pPO3AUTY ONHUCAHO AJANTUBHUN  LUKII
IOPOrHO3YBAaHHS Ta KOPEKIii TEpaneBTUYHOIO MPOTOKONY, WO pealli3ye
3aMKHEHUW KOHTYp KEpyBaHHS peaOUTTalliHUM TPOIECOM: BHUKOHAHHS —
BUMIPIOBAHHS — MPOTHO3 — PEKOMEHAIlISI — KOPEKIlisd 300pa)KeHHs — ajanTailis
pYyXiB.

VY TperboMy po3AUTI PO3KPUTO MPHUHLMIIK MPOEKTYBAHHS MPOTPAMHOIO
3a0e3nedyeHHss KomIiuiekcHOI  AR-cucremu  peaOumitamii.  CHpoO€eKTOBaHO
MIKPOCEPBICHY  apXITeKTypy KOMIUIEKCHOI mporpamHoi cucremu AR-
peabumiTaiii BEpXHIX KIHIIIBOK, MMOOYyJOBaHY Ha MPHUHIUII OpKecTpari
MIKpOCEPBICIB: MIKPOCEPBICY aHaJI3y TPhOX B1JCOMOTOKIB 3 MPIOPUTU3ALIIEI0 HA
Python, wmikpocepBicy iHTEpBaJIBHOTO MPOTHO3YBAaHHA Ha Ta MIKPOCEPBICY
pEKOMEHIalllii Ha OCHOBI T€HEPATUBHOIO IITYYHOTO 1HTEJIEKTY, OPKECTPOBAHUX
HeHTpaabHuM cepBepoM Ha Nest]S 13 6a3oto qanux PostgreSQL, a Takox AR-
3aCTOCYHKY apT-Tepartii 1 rapHiTypu Magic Leap 2 va Unity Ta Be03acTOoCyHKY
¢i13iorepaneBTa Ha React. OnucaHo 3araibHy apXIiTEKTypy CUCTEMH 3 YOTUpMa

HEe3aJeKHUMHU KaHaJaMH JaHUX MK MIKpOCEpBICaMH, MPOrpaMHy apXiTEKTypy



MIKpOCEpBICY  aBTOMATHYHOI TOHIOMETpPii 3  KOHBEEPHOIO  OOPOOKOIO
BIJICOTIOTOKIB, apxiTekTypy AR-3acTocyHKy apT-Tepamii Ta apxiTeKTypy
CEPBEPHOI YaCTUHM 3 PEKOMEHIAIIMHNM MiKpocepBicoM. OCHOBHI KOMITOHEHTH
(YHKITIOHYIOTh y JIOKaJIbHIA Mepexi pealimiTamiifHOro kaOiHeTy; 30BHIILIHE
IHTEpPHET-3'€ITHAHHS BUKOPUCTOBYETHCSA JIUIIE PEKOMEHIAIMHUM MOJYJIEM ISt
reHeparlii TeparneBTUIHUX 300pakeHb.

VY derBepTOMY pO3IUII HABEACHO pEe3YyJbTAaTH peailizallii Ta KIIHIYHOI
arpoOariii  po3pobaeHoi cucremu. OmnmcaHO peai3alio  MIKPOCEPBICY
aBTOMATHYHOI TOHIOMeTpii, AR-3acToCyHKy apT-Tepamii s rapHitypu Magic
Leap 2, cepBepHOi 4YacTUHU 3 PEKOMEHIAIIWHUM MIKPOCEPBICOM Ta
BeO3acToCcyHKy (i3ioTepaneBTa. Ha KIIIHIYHMX AaHUX M'SATH peadumTarliiHux
namieHTiB KHIT «TepHominbchka obsacHa kiiHiuHa jJikapHs» TOP moOGyaoBaHo
IHTepBAJIbHI MaTEMaTU4YHI MOJEIl JUHAMIKM BiJHOBJEHHS KYTIB ILIEYOBOTO
cyrioba Jijisl TphOX KIIFOUOBUX PYXiB: 3TMHAHHS, pO3TUHAHHS Ta BinBeneHHs. Ha
IIPOTHO3HIM T'PYIIl 3 IBOX MAIIEHTIB TPOBEICHO arpo0allio aJanTUBHOTO ITUKITY
MIPOTHO3YBaHHS Ta KOPEKIIii TeparneBTHYHOTO MPOTOKOITY.

Pe3ynpTaTn anpoOaiii nigTBEpAWIN €PEKTUBHICTh PO3POOJICHUX PIIIEHb:
1HTEepBaJIbHA MOJICJIb BUSIBHIIA HEONITUMAIBHY TMHAMIKY BITHOBJICHHS B)KE ITICIIS
3 ceaHCiB, peKOMEHJIalllifHa CHUCTEMa 3alpoIOHyBala 3MiHY TEParneBTUYHOIO
300paskeHHsI, TICIIS KOPEKIii CepeiHIi TeMI TPUPOCTY KyTa 3STUHAHHS 3picy 1,9—
3,9 pasza, a mpoOrHo30BaHa KIJIBKICTh CEAHCIB 0 HOPMATHMBHOIO Jiama3oHy
ckopotunacs Ha 12%. OtpuMaHi pe3yiabTaTH MIATBEPIKYIOTh (QYHKIIOHAIBHY
3aBEPIICHICTh KOMITJIEKCHOT cucTeMu AR-peabimiTaliii Ta mpakTHYHY peatizaiiio
3aMKHEHOT'0 KOHTYpPY KepyBaHHs peaduliTaliifHUM MPOIECOM.

VY BHUCHOBKax c(OpMyJIbOBaHO OCHOBHI pe3yJlbTaTH AUCEPTALINHOI
po0oTH.

PesynpTaTn aucepraniiftHoi poOOTH BIPOBAIKEHO Y MPOLIEC MPOBEICHHS
peabimramiitaux ceanciB KHII «TepHominbebka oOnacHa KITIHIYHA JKAPHS»

TOP, y naykoBo-nocninny po6oty kadenpu gpizndnoi tepamnii TepHOMIIBCHKOTO



HAI[IOHAJILHOTO MeIWYHOro yHiBepcutery imeHi [.5. T'opGaueBchbkoro, y
BupoOHnunit mnpornec TOB «EJIEKC» Ta y ocBiTHI mpoiec Kadenpu
KOMIT'IOTEPHUX HayK 3aXiTHOYKpPaiHCHKOTO HAIllOHAIBHOTO YHIBEPCHUTETY, IO
MiATBEPIKYETHCS BiJIMOBITHUMH aKTaMH BITPOBAKCHHS.

KurouoBi cioBa: nporpamHe 3a0e3nedeHHs, apXITEKTypa MpOrpaMHHUX
CUCTEM, KOMITIOTEpHHU 3ip, HepoHHa Mepexa (YOLO), mTydyHuid 1HTEIEKT
(III, mamumuHe HaBYaHHS), ITMOOKE HaBYaHHS, JOMOBHEHa peaybHICTh (AR,
BIpTyaJIbHE CepeOBHIINE, BipTyalibHa Jlabopartopis), rapHitypa (AR-rapHitypa,
HeWporapHiTypa), IHTepBajibHI MOJiel (IHTEpBaIbHI JaHl, aHAI3 IHTEPBAIbHUX
JAHUX, MOJIENh), 1AeHTUudIKaIis (CTpYKTypHa iAeHTU]iKallis, TapamMeTpuyHa
11eHTU(IKaIls), TOBEAIHKOBI MOJENI IITY4HOI OJKOJMHOI KOJOHII (IITy4Ha
O/1’KOJIMHA KOJIOHIA ), IPOTHO3YBaHHSI, NPUUHSTTS pillIeHb, peadimiTalis ((pi3uuHa

peabumirTaris, ¢pizuuHa Teparnis), AiarHocTrka (hyHKIIOHATbHA I1arHOCTUKA).
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ANNOTATION
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The dissertation addresses the scientific and technical task of developing
mathematical and software support for a rehabilitation art therapy system for
patients' upper limbs based on AR technologies, which extends the functions of
the software complex for automatic objective control of joint mobility recovery
dynamics, prediction of rehabilitation outcomes, and adaptive correction of the
therapeutic protocol. The aim of the dissertation research is to improve the
effectiveness of upper limb rehabilitation through the development of
mathematical and software support for a rehabilitation art therapy system based

on AR technologies and automatic goniometry.

The introduction presents the relevance of the dissertation topic, its aim

and main objectives, as well as the scientific novelty and practical significance.

The first chapter provides a detailed analysis of existing methods and
software for joint angle measurement, VR/AR technologies in rehabilitation,
methods for predicting recovery dynamics, and recommendation systems in
physical therapy. Contact goniometry methods (mechanical goniometers, digital
inclinometers, IMU systems), marker-based motion capture systems (Vicon,
OptiTrack), and markerless pose estimation systems based on deep learning
(OpenPose, BlazePose, MediaPipe Pose Landmarker, MoveNet, ViTPose,



YOLOvV8-pose) were considered. It was established that contact methods have
insufficient accuracy (5-10°), marker-based systems are impractical due to high
cost, and existing markerless systems require adaptive noise filtering and multi-
camera triangulation. Systematic reviews and meta-analyses of VR/AR
effectiveness in upper limb rehabilitation were analyzed. It was shown that
classical forecasting methods (regression analysis, ARIMA, neural networks)
have significant limitations when applied to short clinical samples. A comparative
analysis of existing VR/AR rehabilitation platforms revealed a critical gap: no
system simultaneously integrates markerless goniometry, interval prediction, AR

art therapy, and a recommendation system into a closed adaptive cycle.

In the concluding part of the first chapter, based on the analysis and
identified shortcomings of existing solutions, the scientific and technical problem
was formulated. The aim and main objectives of the dissertation research were
defined. The feasibility of applying the interval approach with identification
based on the artificial bee colony algorithm for predicting recovery dynamics on

short clinical samples was justified.

The second chapter presents the results of developing mathematical models
and methods for markerless goniometry and joint mobility recovery dynamics. A
method of markerless goniometry based on the analysis of three video streams
was developed, which is based on the YOLOv8-pose neural network detector,
adaptive coordinate filtering with the OneEuro filter, and an algorithm for
geometric fusion of measurements from three orthogonally positioned cameras
with prioritization based on movement planes. The proposed method provides a
mean absolute error of less than 4° for all types of shoulder joint movements,
which is within the minimal clinically important difference.

In the same chapter, based on the methods of structural and parametric
identification of interval discrete dynamic models using the artificial bee colony

algorithm, models of joint mobility recovery dynamics were constructed.



Structural identification ensures the selection of an optimal set of basis functions,
while parametric identification provides interval estimates of model coefficients.
The constructed models ensure 100% coverage of experimental observations and

clinically acceptable prediction accuracy.

In the concluding part of the chapter, an adaptive cycle of prediction and
correction of the therapeutic protocol was described, implementing a closed-loop
control of the rehabilitation process: execution — measurement — prediction —

recommendation — image correction — movement adaptation.

The third chapter reveals the principles of software design for the
comprehensive AR rehabilitation system. A microservice architecture of the
comprehensive AR rehabilitation software system for upper limbs was designed,
based on the principle of microservice orchestration: a Python-based
microservice for three-video-stream analysis with prioritization, a microservice
for interval forecasting, and a microservice for recommendations based on
generative artificial intelligence, orchestrated by a central server on NestJS with
a PostgreSQL database, as well as an AR art therapy application for the Magic
Leap 2 headset on Unity and a physiotherapist web application on React. The
overall system architecture with four independent data channels between
microservices, the software architecture of the automatic goniometry
microservice with pipeline video stream processing, the architecture of the AR
art therapy application, and the architecture of the server component with the
recommendation microservice were described. The main components operate
within the local network of the rehabilitation room; external internet connectivity

Is used only by the recommendation module for generating therapeutic images.

The fourth chapter presents the results of implementation and clinical
validation of the developed system. The implementation of the automatic
goniometry subsystem, AR art therapy application for the Magic Leap 2 headset,

server component with recommendation subsystem, and physiotherapist web



application was described. Using clinical data from five rehabilitation patients at
the Ternopil Regional Clinical Hospital, interval mathematical models of
shoulder joint mobility recovery dynamics were constructed for three key
movements: flexion, extension, and abduction. The adaptive cycle of prediction
and correction of the therapeutic protocol was validated on a prognostic group of

two patients.

The validation results confirmed the effectiveness of the developed
solutions: the interval model detected suboptimal recovery dynamics after just 3
sessions, the recommendation system proposed a change of the therapeutic
Image, and after correction the average rate of flexion angle increase grew by
1.9-3.9 times, while the predicted number of sessions to reach the normative
range decreased by 12%. The obtained results confirm the functional
completeness of the comprehensive AR rehabilitation system and the practical

implementation of the closed-loop control of the rehabilitation process.
The conclusions summarize the main results of the dissertation.

The results of the dissertation were implemented in the rehabilitation
process at the Ternopil Regional Clinical Hospital, in the research activities of
the Department of Physical Therapy of Ternopil National Medical University
named after I.Ya. Horbachevsky, in the production process of ELEKS LLC, and
in the educational process of the Department of Computer Sciences of West
Ukrainian National University, as confirmed by the corresponding

implementation certificates.

Keywords: software, software systems architecture, computer vision,
neural network (YOLO), artificial intelligence (Al, machine learning), deep
learning, augmented reality (AR, virtual environment, virtual laboratory), headset
(AR headset, neuroheadset), interval models (interval data, interval data analysis,
model), identification (structural identification, parametric identification),

behavioral models of artificial bee colony (artificial bee colony), predicting,



decision-making, rehabilitation (physical rehabilitation, physical therapy),

diagnostics (functional diagnostics).
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