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1. MeTonu Ta iHpopMaliiiHa TEXHOJIOT IS 117151 iHTeJIeKTyaIbHOrO HaBYaJIbHOTO CEPEJIOBHUINA Ta BipTyalbHUAX

€KCIIEPMMEHTIB Ha OCHOBI IM(PPOBUX JIBIHUKIB

2. Methods and information technology for intelligent learning environments and virtual experiments based on
digital twins

Pedepar/aHoTanis:

1. Y nuceprauii po3risgaeTbcs 3aBAaHHS MiABULIEHHS e(EeKTUBHOCTI, 6€3M€KM Ta JOCTYIHOCTI B3aeMO/Iii IIOJUHU Ta
pob6oTa y nepexofi 4o J0JUHOOPIEHTOBAHOI MapailurMy, Jie MPOLYKTUBHICTb Kibep(i3suuHMX CUCTEM CJIif y3TOIUTH
3 6J1arornoJy4yyusm JguHY Ta ii GizryHOIo 11 eMOLIMHO 6€3I1eKOI0, TOA SIK JOCiIKeHHS i MiAT0TOBKA OIlepaTopiB
0OME>K€eHi BUTpaTaMU Ta CKJIaiHiCcTIo. Po3po6JieHo Ta nepeBipeHo METOAU Ta iHPOPMaLiliHy TEXHOJIOTIIO 111
iHTEeJIEKTya/IbHOTO HAaBYaJIbHOTO CEPEIOBUIIA I BipTyaJbHUX €KCIIEPMMEHTIB HAa OCHOBI IM(PPOBUX I BilIHUKIB.
CucreMaTuyHU OTJIsA], TI0Ka3aB, 1o 6ap'epu O6e3nexky, KOMyHiKalii Ta afanTHBHOCTI 3HAYHOIO MiPOIO JOJIAI0ThCS
[TO€ITHAHHSAM BiICTEXXEHHS i, LITyYHOTO iHTEJIEKTY, TAKTUIJIBHOTO 3BOPOTHOIO 3B'S3KY, PO3IIi3HaBaHHS MOBH Ta
iMmepcuBHUX iHTepdeiciB, TOA] SIK 6paK AOBIpU A0 POOOTIB i €TUYHI IMTAHHS HE BUPIIYIOTHCSI CYyTO TEXHOJIOTIYHO.
BipTyasbHa Ta ONOBHEHA PeaslbHICTh 3a0€3M1eYy0Th HallBUIINI PiBeHb 3aHYPEHHS I HAlIMOBHillle IPeCTaBIIsSIOTh

IaHi 1MPpOBOro IBIMHMKA, AAI0YM 3MOI'Y KEPYBaTH Bifl IIepIIoi 0cobu NPpUPOIHUME pyxaMu. PozmupeHna



PEaJIBbHICTD IONOBHIOE JBOKOMIIOHEHTHY MOZEJb LU(PPOBOro ABilTHMKA 4O TPUPIBHEBOI apXiTEKTypHU 3 PiBHIB
peasIbHOrO CBITY, IUdPOBOTro CBIiTy Ta iHTepdeiciB, 103 BOJSIOYN JIOLMHI AisITU y BipTyaJlbHOMY CEpPeIOBUILi HATl
disnyHUM 00JIaIHAaHHIM Yepes Horo uudpose npeacTaBiaeHHs. JJocTynHine VR-o6ianHaHHs MiBUILYE
IOCTYIIHICTb, @ BIpTyaJIbHUAM CBIT Hafla€ MiKa3Ky, HELOCTYIIHI B PEAIbHOCTI, pO0JIIuM HaBYaHHS O€3MeYHIlINM.
BusiBjIEHO TpU MPOTaJIMHU: OOMEKEHHS HasSIBHUX METOIiB KaylibpyBaHHSI pOO0YMX IIPOCTOPIB Y KiJIbKOX CUCTEMAX
MOHITOPUHTY; BifICYTHICTb YHiBEepCcaIbHOI MOZeJi JaHWUX KiHeMaTUKY POOOTIB, 1110 3MYIIy€e PO3POOJISITU BJIaCHI
pillIeHHs 117151 KOXKHOT'O HOBOT'O TUITy PO60Ta; CTaHAAPTU O€3I1€KH, SIKi irHOPYIOTh JII0IChKi (aKTOPH, BUpIIIaJbHi B
JIIOJMHOOPIEHTOBAHUX CUCTEMAX. APXITEKTYpY peasi3oBaHO B iH(pOpMaLiliHill TEXHOJIOTII KepyBaHHS B3aEMOI€I0
JII0MHY Ta poboTa yepe3 VR-iHTerposaHuii nudpoBuil ABifHYUK. PiBeHb peasbHOro CBiTY MICTUTh Qi3nyHuN
IBIIHUK i 06J1alHaHHS MOHITOPUHTY; PiBeHb LIU(PPOBOTO CBITYy — 41p0 LUPPOBOro IBiHMKA K I0CEPEIHUK AaHUX,
3aco0M MOJEJIIOBAHHS, aHAJli3y Ta IPUIHATTS pilleHb i 6a3y gaHuX; piBeHb iHTepQeliciB — imepcuBHUIl VR-
inTepdeiic, inTepdeiic Harmsga4a Ta NaHeab KepyBaHH. TexHoJori0 popMasi3oBaHO (PYHKILIOHAIBHOIO
IeKOMIIO3MIi€lo Ta AiarpamaMu NMoTokiB nanux i IDEFO, mo 3a6e3nedye 1BOCTOPOHHI IOTOKU JAHUX. YHIBEpPCAIbHY
Mo/ieJIb IAaHUX KiHEMaTUKHU TIPOMUC/IOBUX POBOTIB po3pobiieHo Metosiom JleHasita-T'aprentepra. i cxema 6asu
IaHUX 36epirae gaHi pobOTiB 3 TOBINIBHOIO KiJIbKICTIO MIAPHIPIB i CTYINIEHIB CBOOOIY B €IMHIN CTPYKTYPi, yTPUMYIOUU
I,7151 KOSKHOI KOHTPOJIbHOI TOYKY 3MiHHI TapaMeTpy 3 O4iKyBaHMMU 1 GaKTUYHUMU 3HAYEHHSIMU 7151 BUSIBJIEHHSI
aHoMasiil. Po3po6sieHo Ta repeBipeHo MeTOJ, IPOCTOPOBOTO Y3TOKEHHS CUCTEM KOOPAUHAT KiJIbKOX IIPUCTPOIB:
BiCb 00€pTaHHS POOOTa CIYIye MEXaHIYHOIO ONIOPOIO 111 00YMCIIEHHS MAaTPULb JXOPCTKOTIO IIEPETBOPEHHSI MiXK
CHUCTEeMaMU KOOpPAMHAT ONTUYHOTO TPEKIHTY Ta FAPHITYpHU 3a JAHUMU BHYTPIilIHIX AaT4yuKiB. [lepeBipka 3 po60TOM
Sawyer Black Edition, ontryHoio cuctemoro ART i rapHiTyporo Meta Quest Pro fasa TOYHICTb, 110 JIESKUTh Y MEXax
NOXMOKU ob6Js1afHaHHS. PeasizoBaHO MeTON AMHAMIYHOI afanTallii 30H 6e31eKy 40 eMOLIMHOro CTaHy olepaTopa.
CTaH BU3HA4a€ThCS 3 JAHMMU TPEKIHTY O4€el 3a JOIIOMOrO MOeJlli, HaB4eHoi Ha Habopi VREED. Cepsic oTpumye
II0JIOKEHHS MapHipiB poboTa, OJIOKEHHS Tijla ollepaTopa Ta 3rJaiKeHul cTad KaHaroMm WebSocket i mybiiikye
KoedilieHT apanrarlii 30H. 30HU pO3MIUPIOIOTHCS NIPY BUSBJIEHHI HETaTUBHOIO CTaHy, NiABUILYI0YM KOMOPT i
BiUyTTs 6€3MeKY, i 3aUIIaI0ThCsl 6a30BUMU, KOJIM ONEpaTop CHOKiMHUM. EQekTuBHiCTb iHpOpMaLifiHOi TEXHOIIOTI]
OLIIHEHO B KOHTPOJIbOBAHOMY €KCIIEPUMEHTI 3 HaB4aHHA 30 Y4aCHUKIB y TpbOX rpynax: «Real» (piznunnii po6or),
«VR» Ta «VR+» (VR i3 BidyanpHuMU nigkazkamu). [Ticyst TppOX HaBYaJIbHUX [TPOTOHIB KOXKHA IpyIa BUKOHAa
KOHTPOJIbHUIH NPOTiH Ha Qi3uyHOMY Po6OTi 3 (ikcaljiero yacy, HaTUCKaHb KHOIOK, PyXiB I’)KOMCTHUKOM i IOMUJIOK.
Tpaekropii HaBYaHH BiIpi3HAINCH, ajle KOHTPOJIbHU IIPOTiH HE NOKa3aB 3HAYyIUX BiGMIHHOCTEN 3a )KOGHUM
NIOKa3HMKOM; JOJATKOBI MiJJKa3KM [MOKPallyBalyl HaBYaHHS, ajleé CTBOPIOBAJIM 3aJIEXKHICTD, 110 0OMEXyBaja
IIepEeHEeCEHHs! pe3yJIbTaTiB Miciis ix BUMKHeHHs. Cy6'exTuBHi oliHku (NASA TLX, onutysansHuku User Experience i
Presence) TakoxX He BUSIBUJIY BiIMiHHOCTEH, NiATBEPAUBILY [IEPEHECEHHS HaByaHH4 y VR Ha ¢i3nyHe 06s1agHaHHS.
PesynbTaTu I0AaHO K METOIU 1 MOJAEi, peanidoBaHi B iHdopMaLiliHill TeXHOJIOrii, [0 3a6e3rnedye B3aeMOIII0
JII0YHY Ta poboTa y VR-iHTerpoBaHomy cepenioBulli 1MdPpoBUX OBIHHUKIB. JJOCTYIHICTh NiBUILIEHO MOYJIBHOIO
€TaJIOHHOIO apXiTEeKTypOIo, MPUIATHOIO [JIs CUCTEM Pi3HOI CKJIQAHOCTI, 6€311eKy — IePEHEeCEHHSIM B3aeMOZIi y

BipTyasIbHUI CBIT i 30MpaHHsIM Oi/bIIOI KiZILKOCTI JaHMX PO CEPELOBUIIE Ta CTAH JIIOIUHMU.

2. The dissertation addresses the problem of improving the efficiency, safety, and accessibility of Human-Robot
Interaction in the transition to a human-oriented paradigm, where the productivity of cyber-physical systems
must be reconciled with human well-being and physical and emotional safety, while research and training remain
constrained by cost and complexity. Methods, models, and an information technology for an intelligent learning
environment and virtual experiments based on digital twins were developed and validated. A systematic review
showed that safety, communication, and adaptability barriers can largely be overcome by combining action
tracking, artificial intelligence, haptic feedback, speech recognition, and immersive interfaces, whereas the lack of
trust in robots and ethical issues cannot be solved by technology alone. Virtual and augmented reality provide the
highest immersion and represent a digital twin's data most completely, enabling first-person control through
natural movements. Extended Reality expands the two-component digital twin model into a three-layer
architecture of Real World, Digital World, and Interfaces layers, letting the human act in a virtual environment on
physical equipment through its digital representation. Affordable VR equipment improves accessibility, while the



virtual world provides cues unavailable in reality, making training safer. Three gaps were identified: limitations of
existing methods for calibrating workspaces across several monitoring systems; the absence of a universal data
model for robot kinematics, which forces custom solutions for each new robot type; and safety standards that
ignore human factors, decisive in human-centred systems. The architecture was implemented as an information
technology managing human-robot interaction via a VR-integrated digital twin. The Real World layer contains the
physical twin and monitoring equipment; the Digital World layer the Digital Twin Core as a data broker, simulation,
analysis and decision-making tools, and the database; the Interfaces layer the immersive VR interface, the
supervisor interface, and the control panel. It was formalised through functional decomposition and Data Flow and
IDEFO diagrams, ensuring bidirectional data flows and human-centred design. A universal data model for industrial
robot kinematics was developed using the Denavit-Hartenberg method. Its database schema stores data for robots
with arbitrary numbers of joints and degrees of freedom in one unified structure, keeping for each checkpoint the
variable parameters with expected and actual values for anomaly detection. A method for spatial registration of
multiple devices' coordinate systems was developed and validated: the robot's axis of rotation serves as a
mechanical pivot anchor for computing rigid transformation matrices between the ground truth and HMD
coordinate systems from internal sensor data. Validation with the Sawyer Black Edition robot, the ART optical
tracking system, and the Meta Quest Pro headset gave positional accuracy within the equipment's margin of error.
A method for dynamically adjusting safety zones to the operator's emotional state was implemented. The state is
derived from eye-tracking data by a model trained on the VREED dataset. The service receives joint positions,
operator body position, and the smoothed state over WebSocket and publishes a zone adjustment factor. Zones
expand when a negative state is detected, increasing comfort and the sense of safety, and remain at baseline when
the operator is calm. Effectiveness was evaluated in a controlled training experiment with 30 participants in three
groups: "Real" (physical robot), "VR", and "VR+" (VR with visual cues). After three training runs each group
performed a control run on the physical robot, with time, button and joystick inputs, and mistakes recorded.
Learning trajectories differed, but the control run showed no significant differences in any metric; additional cues
improved training yet created a dependency that limited transfer once removed. Subjective measures (NASA TLX,
User Experience and Presence questionnaires) also showed no differences, confirming that VR training transfers to
physical equipment. The results are methods and models implemented in an information technology enabling
Human-Robot Interaction in a VR-integrated digital twin environment. Accessibility is improved by the modular
reference architecture applicable to systems of varying complexity, safety by moving interaction into the virtual
world and collecting more data on the environment and the human state.
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