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Pedepar/aHoTanis:

1. 1. IucepTauiitHy po60Ty NIPUCBSIYEHO PO3B'SI3aHHIO AaKTyaJbHOIO HAYKOBO-TEXHIYHOTO 3aBJAHHS — PO3POOKU
MaTeMaTU4HOrO Ta IPOrPaMHOro 3abe3NeYeHHs! CUCTEMU peabisiTauiiiHoi apT-Tepanii BepxHix KiHIiBOK NallieHTiB
Ha OCHOBI AR-TeXHOJIOTiH, 1110 3abe3eyye aBTOMaTUYHUI 00'€KTUBHMII KOHTPOJIb JUHAMIKY BiTHOBJIEHHS
PYXJIUBOCTI CYIJI06iB, IPOTHO3YBaHHS Pe3yJbTaTiB peabisniTalii Ta aanTUBHY KOPEKLiI0 TEPANleBTUYHOTO
[IPOTOKOJNY. AKTYasIbHiCTh POOOTU 3yMOBJIEHA TUM, 1O iCHYIOUi cucTeMu (i3nyHOI peabisniTallii BEpXHixX KiHIIiBOK
XapaKTepU3yI0ThCS CyD'EKTUBHICTIO OL[iHIOBAHHS IIpOrpecy (MexXaHiuHi ToHioMeTpyu MaloTh OXUOKyY 5-10°),
BiICYTHICTIO 00'€eKTMBHOTO IPOrHO3YBAHHS PE3YJIbTATiB JIiKYBaHHS Ta HEMOXJIMBICTIO aJallITUBHOI KOPEeKIii
TepareBTUYHOrO IPOTOKOJIYy B P€ajIbHOMY 4aci, a MOPiBHANIbHMI aHasi3 icHylouux VR /AR-peabiniTauiiinux
11aT(GOpM BUSIBUB KDUTUYHUI PO3PUB: )KOJHA CUCTEMA HE iHTErpye OJJHOYACHO 6e3MapKepHY TOHiOMETPIlo,

iHTepBasibHe NIPOrHO3yBaHHS, AR-apT-Teparnilo Ta peKOMEHJALINHY CUCTEMY Y 3aMKHEHUN aalTUBHUN UKL [714



BUpilleHHS Liei Ipo6yieMu BIeplle po3po0JIeHO iHTepBa/lbHI MaTeMATU4YHI MOJeJli AMHAMIKV BiJHOBJIEHHS KYTiB
PYXJIMBOCTI IIJIEYOBOTO CYrj106a 3 BUKOPUCTAHHSM alallTOBAaHUX METOJIiB CTPYKTYPHOI Ta apameTpUYHOI
ineHTHdikauii AMCKpeTHUX IUHAMIYHMX MoZesiel, Ki JaloTh 3MOT'y IIPOTHO3YBAaTU 3HAaU4€HHSI KYTiB Ha OCHOBi 3-4
[ONEPEeHIX CeaHCiB Teparii Ta 3a0e3M1e4YNTH afallTUBHY KOPEKLI0 TePAleBTUYHOTO TPOTOKOJTY, HifIBUILYIOYN
eQeKTUBHICTb peabisiTalii msaxoM paHHbOTO BUSIBJIEHHS HEONITUMAJbHOI AMHAMIKY BifHOBIEeHHS. Briepuie
3aIPOIIOHOBAHO KOMIJIEKCHY apXiTeKTypy MeIUYHOI peabiniTaliliHoi MporpaMHoOi cUCTeMHY, SIKa, Ha BiAMiHY Bif,
icHyl0uHX, 6a3yeThbCsl Ha OpKecTpallii MiKpoCcepBiciB: aHasi3y TPbOX BiI€OIOTOKIB 3 IIpiopUTH3alli€lo,
[IPOTHO3yBaHHS, PEKOMEHIALIi}1 Ha OCHOBI F€eHEPATUBHOIO ITYYHOTO iHTEJIEKTY Ta 3aCTOCYHKY apT-Teparlii A1
rapHiTypu Magic Leap 2, a Takox Be63acTOCyHKY (isioTeparieBTa, 10 3abe3evyye 3MeHIIEeHHS TPUBAJIOCT] [IOBHOTO
LMKJy peabiniTalii B cepegHboMY Ha 12%. YO0oCKOHalIeHO MeTO[, 6e3MapKepHOi roHioMeTpii Ha OCHOBI aHai3y
TPbOX BiJI€ONOTOKIB, SIKUAI1 6a3yeThCs HA aaNITUBHIN (ibTpallii KOOPAMHAT KJII0YOBUX aHATOMIYHUX TOYOK Ta
aJIrOPUTMi T€OMETPUYHOTO 3JIUTTS BUMIPIOBAHb Bill TPbOX OPTOTOHAJILHO PO3TAlIOBAHMX KaMep i3 NpiopuTHU3aLicio
Ha OCHOBI IIJIOLIUH PYyXY, 1110 3a0e3Ieyye 3MeHIIeHHs IPOeKLiliHOi TOXMOKYU BUMIpIOBaHHS KYTiB CyIj1006iB 10
KJIiHIYHO IPUIHATHOTrO PiBHS Ta Ja€ 3MOTy aBTOMAaTU3yBaTH 00'€KTUBHU KOHTPOJIb JMHAMIKA BiJHOBJIEHHS
pyxsuBocTi. Habysa noganemoro po3BuTKy iHdopMaliliHa TeXHOoJoris peabinitauiliHoi apT-Teparii, sika, Ha BigMiHy
Bif iCHyI04HX pillleHb, OOyI0BaHA HAa OCHOBI IIPOrpaMHO-arapaTHUX 3aco0iB 3 QyHKIiSIMA aBTOMATUYHO]
6e3MapKepHoi roHioMeTpii, iHTepBaJbHOTO NPOrHO3YBAaHHS JMHAMIKU BiJHOBJIEHHS PYXJIMBOCTI CYIJIO0iB Ta
re’epaii nepcoHasni30BaHOro TEPANEBTUYHOrO KOHTEHTY, 10 3abe3Medye peasisalilio IOBHOTO LIMKIY Bif
aBTOMATUYHOTO BUMIipIOBaHHS 10 aIalITUBHOI KOPEKLii IPOTOKOJy peabimniTalii BepXHix KiHI[iBOK Mali€eHTiB.
[TporpamHy peasisaliilo BAKOHaHO 3 BUKOPUCTaHHIM CTeKy TexHoJIoriit: Python 3 YOLOv8-pose 1151 Mikpocepsicy
roniometpii, NestJS i3 PostgreSQL nJ1s1 neHTpanbHOro cepsepa-opkecrparopa, Unity nig AR-3acTocyHKy Ha Magic
Leap 2 Ta React ny1g Be63acTOCyHKy ¢izioTepanenTa. Ampobaliisi po3pobieHoi CUCTeMU Ha KIIiHIYHUX JAaHUX JIBOX
peabinitaniitnux nanienTtis KHIT «TepHominbcbka o6acHa KiiHivyHa jikapHs» TOP ninTBepauna ii edbeKkTuBHICTS:
iHTepBajibHa MOJI€JIb BUSIBAJIA HEONITUMAJIbHY AMHAMIKY BiTHOBJIEHHS BXKe IIiCJIg 3 C€aHCIB, peKOMeHJaliliHa
CHCTEMa 3alIPOIIOHYyBaja 3MiHY TEPANleBTUYHOIO 300Pa>KEHHS, MiCIsl KOPEKLii IPOrHO30BaHa KiJIbKiCTh CE€AHCIB [0
HOPMAaTMBHOTO Jiala3oHy cKopoTtuiacs Ha 12%. Pe3ysibraTi gucepTallii BIpoBaJKeHO y peabiniTaliiiHuii mpouec
KHIT «TepHomninbcbka obsacHa KiaiHiyHa sikapHsa» TOP, y HaykoBo-gocligHy po6oTty Kadenpu ¢isudHoi Tepartii
TepHOMiNBbCHKOTrO HalLiOHAIBHOIO MEIUYHOTO YHiBepcUTeTY iMeHi 1.5. TopbadyeBcbKoro, y BupobHnuuii npouec TOB

«EJIEKC» Ta y OCBiTHIi! IIpoLec KadeIpu KOMII'IOTEPHUX HayK 3axiJHOYKPaiHChKOTrO HAL[iOHAJILHOTO YHIBEPCUTETY.

2. 2. The dissertation is devoted to solving a relevant scientific and technical problem - development of
mathematical and software support for a rehabilitation art therapy system for patients' upper limbs based on AR
technologies, which provides automatic objective control of joint mobility recovery dynamics, prediction of
rehabilitation outcomes, and adaptive correction of the therapeutic protocol. The relevance of the work is due to
the fact that existing physical rehabilitation systems for upper limbs are characterized by subjective progress
assessment (mechanical goniometers have an error of 5-10°), lack of objective treatment outcome prediction, and
inability to adaptively correct the therapeutic protocol in real time, while 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. To solve this
problem, interval mathematical models of shoulder joint mobility recovery dynamics were developed for the first
time using adapted methods of structural and parametric identification of discrete dynamic models, which allow
predicting angle values based on 3-4 previous therapy sessions and ensuring adaptive correction of the
therapeutic protocol, improving rehabilitation effectiveness through early detection of suboptimal recovery
dynamics. For the first time, a comprehensive architecture of a medical rehabilitation software system was
proposed, which, unlike existing ones, is based on microservice orchestration: three-video-stream analysis with
prioritization, forecasting, recommendations based on generative artificial intelligence, and an art therapy
application for the Magic Leap 2 headset, as well as a physiotherapist web application, providing an average
reduction of the full rehabilitation cycle duration by 12%. The method of markerless goniometry based on the
analysis of three video streams was improved, which is based on adaptive filtering of key anatomical landmark



coordinates and an algorithm for geometric fusion of measurements from three orthogonally positioned cameras
with prioritization based on movement planes, ensuring reduction of the projection error of joint angle
measurement to a clinically acceptable level and enabling automated objective control of mobility recovery
dynamics. The information technology of rehabilitation art therapy was further developed, which, unlike existing
solutions, is built on software and hardware tools with functions of automatic markerless goniometry, interval
prediction of joint mobility recovery dynamics, and generation of personalized therapeutic content, ensuring the
implementation of the full cycle from automatic measurement to adaptive correction of the upper limb
rehabilitation protocol. The software implementation was performed using a technology stack: Python with
YOLOv8-pose for the goniometry microservice, NestJS with PostgreSQL for the central orchestrator server, Unity
for the AR application on Magic Leap 2, and React for the physiotherapist web application. Validation of the
developed system on clinical data from five rehabilitation patients at the Ternopil Regional Clinical Hospital
confirmed its effectiveness: the interval model detected suboptimal recovery dynamics after just 3 sessions, the
recommendation system proposed a change of the therapeutic image, after correction the predicted number of
sessions to reach the normative range decreased by 12%. 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 at 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 at West Ukrainian

National University.
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