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I. OBIIA XAPAKTEPUCTUKA HA JUCEPTALIMOHHUA TPY /]

AKTYyaJIHOCT Ha nmpodjema

Bcesiko crneaBaro nokojaeHne MOOMIIHE MPEXH IIpe/siara Ha CBOMTE IOTPEOUTEIH O-BUCOKU
CKOPOCTH, MTO-HUCKA JIATEHTHOCT, MO-TOJISIMA IUTBTHOCT HAa CBBP3aHOCT M TIOBUILICHA HAJIEHKTHOCT.
VYcnopenHo ¢ ToBa ce Ch3AaBaT MNPEANOCTaBKM 3a BB3HUKBAHETO HA KAaueCTBEHO HOBU
KOMYHHMKAaIIMOHHM napamurmu. Crien mpexoja OT TJIACOBH YCIYT'M KBbM BHIEOPA3TOBOPH
HACTOSIIUAT TEXHOJOTHYEH (POKYC € HACOUEH KbM peai3upaHeTo Ha IPOCTPAHCTBEHO-000TaTeHa
KOMYHHMKAIUSI, YUATO KpaiiHa (opMa ce acouuupa C T.Hap. XOJIOrpad)CKu THI KOMYHHKALHS
(Holographic-Type Communication, HTC).

HTC e TepmuH, mpeacraBdil HAesTa 3a PEBOIIOIHMOHHA TEXHOJOIHS, KOATO peaau3upa
IpeaBaHeTo Ha XOJIOTpadCKH TaHHH B pEaTHO BpeMe IMpe3 KOMyHHKalMoHHaTa Mpexa. [lopanu
CBOSITA CBHIIHOCT Ja OCUTypsiBa 3aCHEMaHe, IMpellaBaHe W BBH3NPOM3BEXKAaHEe Ha MHopMaIus,
NPOM3THYAINA OT METTe OCHOBHU YOBEIIKH CETHBA, TS OOEIIaBa Ja MPEII0KH MHOTO TTO-BUCOKA
CTENEeH Ha aHTaXHPAHOCT MEXAYy MOTPEOUTENTUTEe B CpPaBHEHHE C BH3MOXKHHUTE KbM MOMEHTA
BUJcOKOH(pepeHTHH pasroBopu. OTBBA poJsATa CH Ha MOPEISH METOA 3a KOMYHHKAIus,
MHOKECTBO TpOo(ecHoHATHU O00JaCTH, BKIIOYUTEIHO O0Opa30BaHUETO, 3/IpaBEOIa3BaHETO,
UHIYCTPHUSTa W JIPYTH, 3asBsBaT HaMmepeHusta cu aa BHeapar HTC ¢ men momoOpsBane Ha
(GYHKIIMOHATHOCTTA U IOCTHIIHOCTTA Ha MpeajaranuTe ot Tax ycayru. OCBeH TOBa ce OKa3Ba, 4e
HTC e xitouoB ¢akTop 3a peain3upaHeTo U Pa3BUTHUETO HA T.HAp. MeTaBceneHa [ 1], [2], B KosATO
HE CaMO X0paTa, HO ¥ 1eJId PU3NYECKU CUCTEMH OMBAT MPEHECEHH B €JMHHA TTTo0aTHa, TUTrUTalHa
Y IIapaJiesiHa JeMCTBUTEIHOCT.

Iles Ha qUcepTAIIMOHHMS TPY/, OCHOBHH 3a1a4M U METOIH 32 U3CJIeBaHe

JlycepTallMOHHUAT TPy MMa 32 I1eJl 1a peJICTaBu ocobeHocTuTe mpu peanusanusta Ha HTC
Yype3 aHaJIM3 Ha CHIIECTBYBAIMTE MPEIU3BUKATEIICTBA U U3CIIEIBaHE HA BH3MOXKHUTE TIOIXO/IU 32
TAXHOTO MPEOI0NSIBAHE.

33)13‘II/IT€, 06XBaHIaHII/I H3IIBJIHCHUETO HA OCJITa HAa IPCACTABCHUA TPY I, Ca CICAHUTC:

1. W3cnensane ¢pynkimonanaute komnonentd Ha HTC cucremute, HapruaHu OIe CUCTEMH
3a tenenpucberBue (Holographic Telepresence Systems, HTPS), u unentudunmpane Ha
OCHOBHUTE TMpEIN3BUKATEIICTBA MpeJ TAXHATa peanu3anus. M3crneaBaHe Ha HaJIHMYHUTE
peanu3anuu Ha MoA00EH TUTT CUCTEMHU.

2. TlpencraBsiHe Ha apXUTEKTYpHA paMKa 3a IpakTudecka peanusanus Ha HTPS, nocnensano
OT HeWHarTa MPWIOXKHA MUMIUIEMEHTaIus. BHenpsBane Ha anropuTMu 3a oOpaboTka Ha
tpusmepHH (Three Dimensional, 3D) Busyanuu nanau B pazpaborenatra HTPS u onenka
Ha HeliHaTta pabora.

3. AmnanusupaHe poyiATa Ha OBJCHIUTE MOKOJIEHUS MOOWIHH MPEXH B PEATH3UPAHETO U
BHenpsiBaneTo Ha HTC 3a macoBa ymotpe6a.

4. Pa3paboTBaHe Ha aJropuTMu 3a edekTHBHa o0paboTka Ha 3D BH3yalHU JaHHH,
CbOOpa3eHN C M3UCKBAHETO 3a CBPBHX-HUCKA JIATEHTHOCT M JAEMOHCTPHUpAIU UIAEATa 3a
MHTENUIeHTHO npoektupane Ha HTPS.

Merononoruara Ha M3CIEIBAHUATA B JUCEPTALUATA CIEABA KOMIUIEKCEH HAay4eH IMOIXO/,
ChYETABAlll AHAJIUTUYHH, E€KCIIEPUMEHTAIHU U MoAeaupamu Meroau. IIpunoxkeH € cucreMeH
aHaJIM3 C LeJ WIACHTHU(UIMpAHE HA KIIIOYOBUM KOMIIOHEHTH M mpenusBukaTenctsa npea HTPS.
M3BbpIiieHa € excrepuMeHTanHa peanusanus U oueHka Ha HTPS. Oueneno e BinusHuMETO Ha
KOMYHHMKAIIMOHHUTE MpEXH 4Ype3 aHaJli3 Ha KIIOYOBHUTE IOKa3aTeau 3a €(pEeKTHBHOCT U Ha
NOTEHLMAIHUTE MOAX0AM 3a pemaBaHe Ha ocHoBHUTEe HTC npenusBukarencrsa. B pamkure Ha



JUcepTanusaTa ca MPUIOKEHH METOAU 3a pa3paboTka Ha alrOpUTMH, Oa3upaHH HA HEBPOHHU
MPEXH, MOCIEABAHU OT EKCIIEPUMEHTATHA BaJIU/IALIHSL.

Hay4yna HoBOCT

B muceprammonnus tpya ca uaeHtupummpann ocHoBHute HTC mpenusBukarencTsa u ca
ne(puHUpaHy NOTEHIMATHUTE OAXO0IM 3a TAXHOTO NpeojoisBaHe. PazpaboTeHu ca anopuTMu Ha
M3KYCTBEH MHTEJEKT 3a perucrpauus u kommnpecus Ha 3D BU3yallHU JaHHU, YUHTO pe3yiTaTu
neguHupar ciennute otkputus. [IspBo, perucrpanusTa Ha 00J1aly OT TOUKH, IPEICTABSIILHU €IUH
00€KT, 3aCHET OT Pa3JInYHU M3TJIEIH, € TIOCTIKUMA B a0CTPAKTHOTO JIATEHTHO MPOCTPAHCTBO HA
TEXHUTE KOMIIPECUpPaHU IpelacTaBsiHUs. BTopo, epexkTMBHOCTTa Ha KOMIIpecus Ha oOjauu oT
TOYKH, MPEACTABALIM €AUH OOEKT, 3aCHET OT pa3jIMyHU M3IVIeAH, Oa3supaHa Ha PasNpeesIeHO
KOJMpaHe HA M3TOYHHKA, CE TIOBUBAILIABA C YBEJIMYABAHE HA KOPEIaLUATa MEXKIY U3IJICIUTE.

IIpakTHYecKa MPUJIOKUMOCT

JlMcepTallMOHHUAT TPYyJ HpPEJCTaBi OCHOBHUTE (YHKUMOHATHM KoMrnoHeHTH Ha HTPS wu
npejlara MoIyJIeH apXUTEKTYPEeH MOJAXO0J 3a MOCIeBalla IPaKTHYeCKa peaaus3alus, KOUTo Ja
HOCTYaT KaTo HACOKM 3a paborta B obnactra. Chilo Taka, urieMentiupanara HTPS uma 3a nen
J1a TOCITY U KaTo Iu1at(opma 3a UHTErpUpaHe U U3CJIeIBaHE Ha Pa3IMyTH NOJXO0IU U aJrOpUTMU
3a peanusanus Ha HTC. Hakpas, npeacraBeHUTe adropuTMHU 3a perucTpanus U KOMIpecus Ha
00J1a1M OT TOUKH Ce BSABAT NOTEHLMAIHH PEIICHUS 32 HSIKOU OT U3IUTAHUTE MPEAU3BUKATEIICTBA.

Myoaukanuu

OCHOBHHMTE MOCTH)KEHHUS U pe3yiTatu OT JucepranusaTa ca pa3upoOCTpaHCHU YpPE3 8 HAay4YHU
CTaTuu, 3 OoT KOHTO ca Hy6JII/IKyBaHI/I B MPECTHXXHHU MCKAYHAPOAHHW HAYYHU CIIMCAHUSA, a
ocTaHaluTe 5 ca NpeACTaBCHU HAa MC)KAYHAPOAHHU HAYUHHU KOHCI)epeHLII/II/I.

Mexnynapoanute cnucanus ca: MDPI Sensors 2022 & 2023 v IEEE Access 2024.

Mexnaynaponuute koHgepenuuu ca: IEEE International Black Sea Conference on
Communications and Networking (BlackSeaCom) 2022, IEEE International Scientific Conference
on Information, Communication and Energy Systems and Technologies (ICEST) 2025, IEEE
International Symposium on Wireless Personal Multimedia Communications (WPMC) 2025, Joint
International Conference on Digital Arts, Media and Technology with ECTI Northern Section
Conference on Electrical, Electronics, Computer and Telecommunication Engineering (ECTI
DAMT & NCON) 2026.

CTpykTypa n 00eM Ha JUCEPTALUOHHUSA TPYA

JlucepTallmOHHUAT TpyA € B o0eM oT 136 cTpaHuiM, KaTo BKJIIOYBA BbBEJICHHUE, 5 TTaBU 3a
pemaBaHe Ha (OpMyIMpaHUTE 3aJayd, CHUCHK Ha IMPUHOCHTE, CHUCHK Ha AaBTOPCKUTE
nyOJMKauy U U3Moi3BaHa aureparypa. Llutupanu ca o6mo 176 nutepaTypHU M3TOYHHKA, KAaTO
163 ca Ha naTUHUIIA, @ OCTAHAINUTE ca UHTEpHET afapecu. Paborara BrirouBa o01io 40 ¢purypu u
15 tabmumu. 3abemsizanu ca 54 HMUTHpaHUs HA OCEMTE aBTOPCKU TyOmukaruu. Hacrosmarta
HOMEpAIUs ChOTBETCTBA HA Ta3u B IUCEPTALMOHHUS TPYI.

B mppBa riara e npenyoxkena 6iokosa nuarpama Ha HTPS, kato ca ne¢mHupanu OCHOBHHTE
(GYHKIIMOHATHN KOMIIOHEHTHM Ha CHCTeMara, H ca WJISHTUQUIMPAHU Hai-BaXXHUTE
MPEIU3BUKATEIICTBA MIPE TAXHOTO peain3upane. [IpeacrtaBeHn u cpaBHEHU Ca ChIIECTBYBAIIUTE
kbM MoMeHTa HTPS.

Bropa rnaBa npennara nmoaxon 3a npaktuuecka peanusanug Ha HTPS, ocHoBan Ha MopayJieH
apXUTEKTypeH au3aiiH. VIMIuieMeHTHpaHa U olieHeHa € peanHo paspaborena HTPS, cnensaiiku
npeioxeHus noaxon. [IpencraBeHr u olleHEHU ca alropUTMH 3a 00paboTka Ha 3D BU3yallHU
JTaHHH, BHEJIPEHU B ITPAKTUYECKH pealln3upaHaTa CUCTEMA.



Tpera rmaBa pas3riiexkaa BIUSHUETO Ha eTOTo okosienne Mmoouiau Mmpexu (Fifth Generation
Mobile Networks, 5G), kakTo U MOTEHIMAA HA OBJIEHIOTO MIECTO MOKOJICHUE MOOWIHH MPEKHU
(Sixth Generation Mobile Networks, 6G) B peanuzamusita u BHenpsisanero Ha HTC u ocriopsa
Oe3mpereIeHTHHSI UM MOTEHIIMAT 32 CMETKa Ha MPOCKTHPAaHE W MHTETPUPAHE HA MHTCIUTCHTHU
METO/IM U aJITOPUTMHU 32 00paboTKa Ha IaHHUTE.

B deTBBpTa r11aBa ca mpeIcTaBeHU Pa3pabOTeHU allTOPUTMH 3a peructpanusira Ha 3D obekTu,
HAJIOXKHUTENTHA MPU 3aCHEMAHETO UM OT MHOKECTBO U3TJIC/IH.

[lera rmaBa mpencTaBsi pa3pabOTEeHH ANTOPUTMH 3a Komripecus Ha 3D BHU3yalaHM NaHHH,
Heo0XxouMa Mopaau OrpOMHMs 00€M JaHHM, F€HepUupaH NpH Ch3AABAHETO Ha JUIHTanHO 3D
ChJIbpKaHUE.

II. CbABPKAHUE HA IUCEPTAIIMOHHUA TPY ]I

I'/TABA 1. OCHOBHMU INTPE/IU3BUKATEJICTBA IIPE
PEAJ/IMZALIMATA HA HTPS

1.1. ®ynkuuonaana auarpama Ha HTPS

Bcesika cuctema 3a TenenpuchcTBUE TPsIOBa /1a U3M'BJIHABA MHOXKECTBO OIEpalllHy, 3a Ja 03BOJIN
Ha JazieH norpeduten na 6vae yuactHuk B HTC. Te3u onepanuu morar aa ObaaT rpynupaHy B
YeTHpU OCHOBHHM (pyHKIHMOHATHU Onoka [Al], Busyanmusupanu Ha @urypa 1.1 u orpamenu c
nyHKTUp. [IbpBUAT pyHKIMOHATIEH OJI0OK 00XBallla 3aCHEMAaHETO Ha MyJITUCEH30pHH JIJaHHH, KaTo
B UJCATHHA CIydail ce chOrpa nH(OpMAaIHs, MPOU3THYIAIIA OT IMIETTE OCHOBHM YOBEIIKH CETHBA,
B T.4. BU3yaJlHO, CIIyXOBO, TaKTHJIHO, OOOHATENHO U BKycoBo. Heka ce mma mpeaBup, ue 3a
OCUTYpsIBAHE Ha BHMCOKA CTENEH HA PEAJMCTUYHOCT NPU 3aCHEMAHETO Ha BU3YAJIHU JIAaHHU €
HAJIOKUTEITHO M3IMOJI3BAHETO Ha MHOXKECTBO KaMepH, KOUTO Ja O0OXBaHAT JlajieHaTa ClieHa WU
00€KT OT pa3iuyuHu u3riaean. Bropust ¢pyHKunoHaneH 010k o0erHBA ITpoliecuTe Mo o0padboTka
Ha JJaHHUTE, BKJIIOYBALIM Hail-Beye pekoHCTpykuusra Ha 3D obektn u cuenn u 3D
penaepupanero. Jpyru mo-cnenupuuHy Mpouecu MoraT Aa ObAaT KOMIIPECHs, perucrpars,
cerMeHTanus, GuITpauus Ha myMa U T.H. CHHXpOHM3aLUATa HA OTJEIHUTE MOTOLMU OT JaHHU
CBILIO € YacT OT TO3U Oyiok. Tperuar GOK BKIOUBA (PYHKIMH, CBBP3aHU C IPEJaBaHETO Ha
JAHHUTE MO0 KOMYHHMKAllMOHHMS KaHaJl W IPEeHacsHeTo UM Mo Mpexara. Hakpas, cien karo
NOTPEOUTENAT MOIYyYd U 00paboTH XosorpadCKUTE JaHHH, YETBBPTUAT (PYHKLIMOHAJIEH OJIOK
OTroBaps 3a TAXHOTO CHHXPOHHO BB3NPOM3BEXJaHe Npes norpedutens. Cinenpa 1a ce oT0enexH,
ye JaJeH MoTpeduTeN OOMKHOBEHO UIpae poJisiTa KakToO Ha IpeJaBaTell, Taka U Ha MPUEMHUK B
KOMYHHUKAIMATA, MOpajd KOETO ChUIMAT TpsOBa Ja MOAXbpXkKAa M3MBIHEHUETO Ha BCHYKU
n30poeHu QyHKIUH.

1.2. IIpeausBukartescTBa npea peajusupanero na HTPS

WUnentuduumpanute npeausBukarencTsata npes peanusanusata Ha HTC ca pasnpenenenu B Tpu
IpynH, a UMEHHO OCHOBHU TE€XHMYECKH MPEIU3BUKATENICTBA, NMPEAU3BUKATENCTBA, CBBP3aHU C
BUPTYaJIHOTO MpEACTaBsIHE HAa y4aCTHULUTE W Jpyru npeausBukarenctBa [Al]. OcHoBHuTe
TEXHUYECKHU IPEeIU3BUKATEIICTBA OOCAMHSABAT MPEIU3BUKATENICTBATA, CBBP3aHU C BXOAHO-
uszxonuute (Input/Output, I/0) Texnonoruu 3a HTC, ¢ oOpaboTkaTta Ha Xonorpadckure JaHHH, C
npeJaBaHeTo Ha xoJjorpadckuTe JaHHU U ¢ Mamabupyemoctta Ha HTPS. IIpenusBukarencrsara,
CBBbP3aHM C BUPTYATHOTO IPE/ICTaBIHE HAa YYACTHULIUTE BKIIOYBAT MPOOJIEMH, OTHACAIIMU CE J0
Ch3/1aBaHETO Ha aBTEHTHUYHU 3D BUPTyallHU aBaTapu, U Mpo0JIeMH, CBbP3aHH C IMOAIbPKAHETO HA
’KeCcToBe, noriea u emounu. OcTaHaauTe NPEeIU3BUKATENCTBA CE€ ChCTOST B HEOOXOIMMOCTTA OT
HasiexHa orieHka Ha HTPS, B3emaria nojax BHUMaHue KaKTO KauecTBOTO Ha oocyxBane (Quality
of Service, QoS), Taka u kauectBoro Ha BB3mpusAtue (Quality of Experience, QoE), u B
TapaHTUPAHCTO Ha BHUCOKA CHUT'YPHOCT, HOBCPUTCIHOCT M CTUYHOCT HA KOMYHHKaIUATA.
[Ipenu3BukarencTBarta ca npeacraBenu B Tadmunum 1.1 u 1.2.
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Qurypa 1.1: @ynkiuonanHa 0J0K0Ba cxema Ha cucTema 3a xosorpadceka komyHukanus [Al].



Ta6mmma 1.1: OCHOBHM TEXHUUYECKH MPETU3BUKATEIICTBA

Karteropust

IIpenn3BUKATEICTBO

1/O Texnomorus

JbIOOYMHHN KaMmepH: HHUCKa TMPEIU3HOCT, Mallka PE30JIIONHs, OTPaHHYEH
00xBar, nob6apsiHe Ha 1myM, TsicHO 3puTenHo nose (Field of View, FOV) [71]

MHOkeCTBO KaMepHu: HE0OXOUMOCT OT KaauOpaIus, HUCKa MPEeIU3HOCT Ha
PEKOHCTPYKIIHS, BP€MEMKO, TPYAHO HHCTAJIUPAHE;

360° 3acHemMaHe: OrpaHUYCHH JBHKCHHSI Ha moTpedburens [9];

VYcnoxaeHa o6pa60TI<a 1 IpeaaBaHE IIpHU BHMCOKa KaApoBa 4YECTOTA,

Oumnna (Head Mounted Display, HMDs): mo-HuCKa pe30IOLUs U MO-TSICHO
FOV ot ToBa Ha yoBelkaTa 3puTesiHa cucrema [72];

HMDs: orpanuuyeH XuBOT Ha Oarepusra, HEyJOOHH, MHBa3UBHH, BHUCOKa
1IeHa, U3UCKBaHUs KbM M3UMCIUTENHUS Xapayep [12];

HMD: koH(JIUKT KOHBEpPreHIUsI-aKOMOJAIls, TPUYNHIBAHKA TaJieHe,
3amaiiBane, nezopuentarms [10], [11], [14];

Couunanna npuemctBeHocT Ha HMD [13], orpanndeHo u3noia3BaHe 10 €IuH
oTpeduTe;

Jucnien cbc CBETIMHHO MOje U OOEMHHU AMCIJIEH: OrpaHWYeH oOeM Ha
naHesa — orpaHuyeHa JbJI0049rHa, TOIsIMO KoaudecTBo AanHu [12], [14], [15];

[IpenocraBsiHe Ha TMOTAMsIIO NPEKUBABAHE, MOJIKPENEHO OT BHUCOKA
pesodtonusi, rosisimo FOV, uartepaktuBHoct [11];

HeobxoaumocTt oT Mmyntucen3opHu B3aumoeicTus [ 18], [20], [24] — [26];

HeobOxonuMocT 0T mocie1oBaTeIHOCT Ha BUJEO U ayino (HEOOXOAMMOCT OT
pocTpaHcTBeHO ayano) [18] —[20];

WNurerpupane Ha TakTiiiHOCT B cuctemute 3a HTC [21] —[23];

OrpaHu4eHo BKJIIOYBaHE HA MUPUC U BKYC, BUCOKA 1I€HA 32 UHTETPUPAHETO HA
CTau 3a CEH3UTHUBHA PEAJIHOCT.

O6paboTka Ha
JTAaHHU

O6paboTKka Ha roJIIMO KOJTUYECTBO JIAHHU;

Cp31aBaHe Ha BUCOKOKAYECTBEHA PEKOHCTPYKLHUS (TIPU 3aCHEMAHE C HAKOJIKO
KaMepH);

HpI/IJ'IaFaHe Ha C(I)GKTI/IBHI/I TCXHHUKHU 3a KOMHpeCI/Iﬂ/I[eKOMHpeCI/IH;

H3uckBaHe 3a rojsMa H34NCINTEIHA MOIITHOCT,

Komnpomuc Mmexnay nareHTHOCTTa OT oOpaOoTKaTa M JIAaTEHTHOCTTa IpPH
npeaaBaHe no mpexara [14], [28], [32], [36] — [38];

Wurerpupane Ha edge computing [36], [40], [41];

CHUHXpOHU3AllMSA MEXAY JOKATHUTE CHUTHAIM WM TE3W, MPUCTUTAIIU OT
otnanedeHus: norpeduren [37], [39], [40].

IIpenaBane Ha

Heo6x01uMocCT OT MO-BUCOKU CKOPOCTH, CIIEJOBATEIHO M0-BUCOKU YE€CTOTHH
00xBaTH U e(PEeKTUBHU TEXHUKHU 32 MOJIYJIALIUs;

[Ipunarane Ha afanTUBHO NpenaBaHe Ha naHHute [43], [44];

HeoOxomumMocT OT CeMaHTHYHO 3HAHWE W TIPOTHO3WPAHE ITOCOKAaTa Ha
norniena [36];

JaHHH [IpenaBane ¢ HHCKa JaTeHTHOCT < 15 ms "motion-to-photon” u < ot 50 — 100
ms OT Kpa# go kpaii [9], [45] — [52];
Pa3zpaboTBaHe Ha ONTUMM3MpPAH MEXaHU3bM 3a MpeJaBaHe Ha XoJorpadcku
nanau [37];
OnTtumusupasne Ha CTpyKTypaTta Ha Mpexara [37], [62] — [64].
HapacrtBamy TeXHOJOTMYHM M3UCKBAaHUSA — IO-BUCOKA YECTOTHA JIEHTAa U
CHUHXPOHH3AIMS MEXTy MHOT'O IOTPEOUTEH;

Mamabupyemoct | Heo0X0[MMOCT OT IieHTpaIu3upan KOHTpoa [44];

MaiabupyeMocT OTHOCHO: pa3jM4YHH YCTPOWCTBa, pas3iuyeH Opoii
YYaCTHHUIIM, pa3JIuYHa CTENEH Ha BUPTYAIHOCT [65].
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Ta6muma 1.2: TIpenu3BukarencTBa, CBbP3aHU C BUPTYATHOTO MPEACTABSHE HA YYACTHHUIIUTE B
KOMYyHUKaIusTa, ouensBanero Ha HTPS, curypHoctra u noBepuTeIHOCTTa
Kareropus IIpean3BUKATEICTBO
OcurypsiBaHe Ha ycelniaHe 3a IPUChCTBUE U PEAIU3bM, TE€TaUITHOCT Ha
JIMIIaTa Ha aBaTapa M U3pa3eHuTe EMOIUH;
3aBBPIICHOCT Ha TEJIaTa HA aBaTapa U TSAXHaTa MO3ULUs, BAPHOCT HA
JIBUYKEHUSATA U KECTOBETE;
IIpencrassne CuHXpoHHU3MpaHe Ha ABM)KCHUATA HA aBaTapa C Te3H Ha NOTpeOUTers;
9pc3 aBarap UyBCcTBO 32 COOCTBEHOCT Ha TSUIOTO U Pa3lO3HABaHE HA COOCTBEHUTE
JBUKEHUATA U MECTOIIOJIOKEHUE;
CpTpyJHHUYECTBO B IPOCTPAHCTBOTO HA B3aUMOJEHCTBHE [2];
HeoOxoauMocT OT BU3yaliHa ¥ IMOBEJCHYECKA TOYHOCT Ha aBaTapa [17],
[19], [20], [26], [46], [S7], [59], [68], [74] — [77].
JlunaMuyHO mpociensiBaHe Ha TSUIOTO M MPECh3/IaBaHe Ha )KECTOBETE U
[TonnbpkaHe HA | ABMOKEHMSITA My Upe3 BUpTyalHus aBatap [19];

KECTOBE Kanmubpupane 1 CHHXpOHH3aLUA MKy Pa3IMUYHU MOTPEOUTEIICKU
KOOPJAMHATHU CUCTEMH.
[Tonnbpxkane Ha | JIMHAMUYHO M TOYHO IIPOCIICISIBAHE HA MOTJIENa;

orJien OlnieHKa ¥ BU3yaJiM3alys Ha MOCOKaTa Ha norjaena [78].
JluHaMUYHO 3aCHEMaHE U MPOCIIEIBAHE HA JIUIA, CAHXPOHU3UPAHE
JIBUYKEHUETO Ha YCTHUTE C TOBOPA;
3akpuBane Ha jgunata nopaau Hoceneto Ha HMDs [79] — [84].
QoS - HepocTaTPYHO 3a OLIEHKA Ha LISVIOCTHOTO IIPEJICTaBsHE Ha
CHCTEeMaTa, M3MUTBAHO OT KpaliHUTE NOTPeOUTENH;
OoE - ¢cbBKYITHOCT OT MHOXECTBO (DaKTOPH, BIUSCIINA BHPXY ISUIOCTHOTO
npeacrassine Ha cuctemarta [88], [89];
Onenka Ha paznuuau HTPS acnektu kato peanns3bM, IpUI0KUMOCT,
Ouenka na HTPS | Bpeme 3a u3mrbJiHEHME Ha MOCTABEHA 33/1a9a U T.H;
OreHsBaHE OT MHOTO TOJISIM OpOM YYaCTHHITH, U3ITBIHABAIIN PA3THUYHA
3a/1a4d IpU IPOMEHJIMBH YCIIOBHS;
HoBu nokasarenu 3a oiieHka, cbBMectuMu ¢ 3D dopmara Ha ganuu [90];
Pa3paborBane Ha Mojenu 3a orieHka Ha OoF upe3 MammHHO 00y4YeHue
(Machine Learning, ML) u uskyctBen unrenekrt (Artificial Intelligence,
Al) [89], [91].
[IpeneOpersane MOBUIIABAHETO HA CUTYPHOCTTA M MIOBEPUTEITHOCTTA B
cucrtemute Ha HTC [92];
HeoOxonumoct ot 3amuTa Ha 3D naHHUTE, MPEACTABAIIM YOBEIIKH Tea,
00€KTH M OKOJIHA CPeJia;
3amuTa Ha HeoOxoauMocT 0T 3amuTa Ha 4YyBCTBUTEITHU OMOMETPUYHH TaHHU U
JaHHUTE JTAaHHU 3a MOBEJICHUYECKH XapaKTepUCTHKU [2];
HeoOxoauMocT OT 3amuTa Ha crieliuUYHY 32 MPIIOKESHHUETO JIaHHU;
[Tono6psiBaHe HAa CUTYPHOCTTA Ha HUBO Mpexa [95];
[ToBumraBane Ha moTpeduTenckoTo noBepue B paznununu HTC
TIPUIIOKEHUS.

[Tonnbpxkane Ha
€MOLIHU

1.3. JlutepartypeH 0030p Ha peasuzupanu HTPS

I/I}IGHT I/ICI)I/II_[I/IpaHI/ITe MNPpEAN3BUKATCIICTBA CC ITOTBHPKAABAT JOIIBJIHUTCIIHO OT aHAJIM3a Ha pEanna
nyOIMKaluy, CBbp3aHU ¢ mpakTudecku peanusanuu Ha HTPS. Cucremure ca cpaBHeHH IO
OTHOIIIEHHE Ha u3Moi3BanuTe I/O TeXHOIOTMH 3a 3acHEMaHe U BB3IMPOU3BCIKAAHC HA JAHHUTE,
MpC)KOBATa TCXHOJOIusA 3a MNOpCAaBaHC Ha JaHHUTC, MaH_IHGPIpyeMOCTTa Ha cCHUCTEMATa,
peanu3upaHus THI aBaTap, NOIIBPKAHETO Ha HeBepOaTHW KOMYHHMKAIIMOHHU CHUTHAJH,
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HaJIMYMETO Ha OIIEHKA Ha CUCTEMara M Bb3MOXKHOCTUTE 3a 3alluTa Ha JaHHWUTE. Pesynrarure
MOKa3BaT, 4e ca MHTerpupanu paszianyau /O ycTpoiicTBa, mpeaHa3HadYeHu OCHOBHO 3a CHEMaHE U
BB3IPOU3BEKAAHE HA ayIMO-BU3yallHU AaHHU. Haii-uecto ce m3non3sat 3D kamepu U oumna 3a
no0aBeHa M BUPTyaJIHA PEATHOCT, OCUTYPSBAIIM HAM-TOISIMO MOTANANI0 U3kuBsiBaHe. OTHOCHO
Mpe)KoBaTa 4acT, HE ChIIECTBYBa YHHU(PHUIIMPAH MPEXKOB IMIPOTOKOJ, ONTUMH3UPAH 32 IpeJaBaHe
Ha xosiorpadcku nanuu. [lopaau Ta3u npuunHa ca HHTErpupanu Texnoaoruu kato MPEG-DASH,
RTSP, WebRTC, RabbitMQ u PUN, nbpBoHauaaHO pa3pabOTEHH 3a pa3IMyHU Ienu. Makap u
3acerHaTa B MHOT'O OT M3CJIEIBAHUTE CUCTEMMU, Maladbupyemocrra Ha HTPS e orpannuena camo
0 HIKONKO moTpebutenu. OTHOCHO BHUPTYaJIHOTO TMPEACTaBsIHE HAa  yYaCTHUIIUTE
OpeANOYUTaHUTE (POTOPEATUCTUYHH aBaTapH ca MO-PSIKO pealu3upaHdl 3a CMETKa Ha TE3H,
O0azupaHu Ha MepcoHaxH. MHTerpupaHeTro Ha HeBepOAJIHM KOMYHUKAllMOHHM CHUTHAIA €
OCBILECTBEHO B J0CTAa CUCTEMH, KaTO NPECH3IaBAHETO HA JKECTOBETE € HaW-4eCTO 3aCTBIICHO.
[TonabpxaHeTo Ha MOTJEA U JIMLEBU U3paKEHUs ocTaBa orpaHnyeHo. OueHka 3a paborara Ha
HTPS e noutn BuHarun Hanu4Ha. Ts o0ade HE 3a4MTa MOTPEOUTEIICKUS KOHTEKCT M CE OCHOBAaBa
Ha orpanudeH 6poit morpedutenu. Crope MpeoCTaBeHUTE OLEHKH Ha IATEHTHOCTTA, TEPMUHBT
,pPCAUTHO BpeMe* € Henpuioxkum, Thi Kato paznuunute HTC cuenapuu Hamarat pas3jinyHu
u3uckBanus. Cie10BaTeNHO OIleHKaTa TpsAOBa J1a Ob1e crienrdruyHa 32 KOHKPETHOTO MPHIIOKEHHE
U U3MbIHsABaHUTE 3a1auu. Cria3BaHe Ha U3MCKBAHETO 3a CBPbX-HUCKA JATEHTHOCT KaTo LSJI0 CU
ocTaBa chliecTBeH mpobsieM. Hakpasi, Huto enna ot pasrineganute HTPS ne peanusupa crpateruu
3a rapaHTUpaHe Ha CUTYPHOCTTA U TOBEPUTEIHOCTTA HA TOTPEOUTENCKUTE JAHHU.

1.4. M3Boam

PeaJ'II/IBaI_II/IHTa Ha CBhIIUHCKA HTC BCC OmeC HC € IIOCTUIrHaTta Iopaad HAJIAYUCTO Ha
MMPCAN3BUKATCIICTBA OT PA3JIMUCH XapPaKTCp. JIuncara Ha YCBBBPUICHCTBAHU W CIICHUATIU3UPAHA
TCXHOJIOI'MKU 3a U3IIBIIHCHHUC Ha OCHOBHHUTC (I)YHKI_[I/IOHB.J'IHI/I KOMIIOHCHTHU Ha HTPS HaJjiara
BHCAPABAHCTO HA AOI'BJIHUTCIIHU aJITOPUTMHU 34 06pa60TKa Ha JAHHHUTEC, KOCTO OT CBOA CTpaHa
BOIW OO YBCJIIMYCHUC Ha JIATCHTHOCTTA OT Kpaﬁ pa(e;} Kpaﬁ HpaKTI/I‘{eCKaTa UMILJICMCHTAIIUS Ha
HTPS npencrasisiBa CbBKYTHOCT OT TEXHOJIOTHYHHU U aJITOPUTMUYHH pELICHUs, KOUTO TpsiOBa /1a
YAOBJICTBOPABAT OCHOBHUTC U3UCKBAHUW HA HTC

1.5. IlpuHocHM KbM I'bPBA IJIaBa

1) Hedunupanu ca pyHkuuonanHure komnoHeHTd Ha HTPS u ca uaentuduuypanu ocCHOBHUTE
MNPEAN3BUKATCIICTBA ITPECJ TAXHOTO pCaiu3upaHeC.

2) AHanM3MpaHU U CPAaBHEHHU Ca ChIIECTBYBALIUTE MPAKTUYECKU Pa3pabOTKH B 0OJacTTa.

I'TABA 2. IPAKTHYECKA PEAJIM3ALIUA HA HTPS

2.1. MopyaeHn apxuTeKkTtypeH qusaiin Ha HTPS
[IpennioskeH e apxurekTypeH monaxox 3a peanuszauus Ha HTPS [A2], dokycupan BbpxXy

OCUTYPSIBAHETO Ha MOJIyJTHOCT, T'bBKAaBOCT, aJalITUBHOCT U JIECHA HHTETPAIAS Ha HEOOXOAUMHUTE

HTC texnonoruu. /ledpunupanu ca yeTUpH OCHOBHH CJIOS, BCEKH OT KOMTO € IpEeHa3HAYeH 3a

U3ITBIIHEHHETO HA KOHKPETHA (DyHKIIHS:

e (ol 3a mpuaoOMBaHEe Ha JaHHU, OTrOBapslll 3a MbPBOHAYATHOTO CHOMpAHE Ha CYpPOBH
CEH30pPHM JIaHHM M CIyXell KaTo BXOJHA TO4YKa KbM IulaTdopmara; Tyk NmpHHAIIEKU U
Mpexara 3a choupane Ha qaHHu (Data Acquisition Network, DAN);

e Croii 3a 00paboOTKa Ha JTaHHU, IPUEMAIL] BXOJHUTE JaHHU U MpUjIaramni pa3indHy alrOPUTMHI
3a TAXHATa MaHUIYJAIus, MOJ00OpEHNE U IPEeBpbIllaHe BbB BUPTYyaJIeH 00EKT UJIH CILIEHA;

e (ot 3a mpenaBaHe Ha JlaHHUW, YIpaBisiBalll CUTypHaTa M eQeKTMBHA JOCTaBKa Ha
00paboTeHNTe JAHHU 10 BCUYKH Bb3JIM, yUaCTBAIllU B CECUSATA;

e (ot 3a ocurypsiBaHe Ha TOTAISIIO W3KHUBSIBAHE, KBAETO JAHHUTE ce TpaHCPOpMHpaT B
OPUEHTUPAHO KbM IOTPEOUTENS MOTAMAIIO U3KUBABaHE, 0QOPMANKN KpaHUs X0I0rpadCcKku
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pe3yaTaT uype3 BU3YaJIHO PEHAEPUPAHE, AHTAKUPAHE HA OCTAHAIINTE CETUBA U OCUTYPsIBAaHE HA

B3aMMOJICHCTBHE C IOTPEOUTEIIS.
BbBenena e u ynpasisiBalia paBHHHA, YUETO MPEAHA3HAYEHUE € 1a KOOPIAUHUPA U KOHTPOIUPA
paborara Ha nsnara cucrema. s JgaBa BB3MOXKHOCT 3a YNpaBJICHUE M OIIEHKAa OT CTpaHa Ha
noTpeOUTeNs ¢ e ONTUMHU3MpPAHE Ha M3CJIEeIOBATEIICKUTE YCUJIUS M yCKOpsIBaHE Mpolieca Ha
paspabotka. @urypa 2.1 wirocTpupa qu3aiiHa Ha MpeaiokeHaTa apxurekrypa. OT Hes ce BIK/a,
Yye BCEKHU CIJIOM ChIbp)Ka MHOXKECTBO apXUTEKTYpHH OJIOKOBE, MPEICTABIISABAIM OCHOBHUTE
eneMeHTH, Heobxomumu 3a ¢yHkinuonupaneto Ha HTPS. Bceekm ot 1ax Moxke ma Obae
UMIUIEMEHTHUPaH 4pe3 pa3iMuyHu H30MpacMU U B3aWMO3aMEHSEMU MOJIYJIH B 3aBHUCHUMOCT OT
n3uckBanusaTa Ha KoHkpeTHUss HTC cuenapuii. I1o To3u HauuH ce 1eau KakTo OCUTYpSIBaHETO Ha
I'bBKABOCT M QIalITUBHOCT KbM HOBUTE TEXHOJOTMHU, TaKa U Ha Bb3MOYKHOCTH 3a U3CJIE[IBAHE U
OLICHKA MPEACTABSIHETO HA CUCTEMATA B 3aBUCUMOCT OT KOHKpETHaTa M peaau3anusl.

YnpaenaBsawa
CeHaopeH bnok KoHTpon paBHMHA
- [NpegesapuTenHa KoHTponep Cepebp 33
CeHzopu Apaiisopu o06paboTka Ha Mpepasaren Ha ynpaenseawim
33 CeH3opu HEHH“ Ha gaHHwu ceHaopuTe cnoﬁmeHmn
| Data 1 1 T

Mpexa 3a cbbupaHe Ha gaHHKu

f

L‘_‘—V CWHXpOHW3aLmMA
Konektop

Ha AaHHK

Cnoi Ha cbbupaHe Ha AaHHUTe

JNokanex
KOHTpOnep

Mopyn 3a obpaboTka Ha gaHHWTe

CermeHTtauma

Kew namet

®yHKUMK 33 NpefaBaHe

Kanubpauusa Detexkumna

Apyrn Komnpecus

Cnoi Ha oBpaboTka Ha

MNpepaeaten

Ha AaHHKW
L

WuTepdeiic
3a
ynpaeneHuwe

CWHXPOHHO MeHumKbp Ha

obeauHABaHe YnpasneHne WHTEepaKTUBHa Xpanunuuie
Ha cecun p p -

Ha CLeHU cpena

YnpaeneHwe Ha
npenaBaHeTo

KomyHukauvoHeH || WHkpemeHTaneH
WHTepdeic Aucneyep

CnoW Ha npegaBaHe Ha QaHHWA

'

MpremHuK
Ha AaHHK

WHTepakTMBEH
WHTepdenc

1 ;

Warpaxpgaxe u

Bnok 3a oueHka

PeHpepupaHe ¥YnpasneHue Ha
o Nexomnpecus & nogpaeHsiBaHe AepVD = Buayanusauus |« P _
o Ha cLeHa B3aUMOAENCTBNATA
" Ha cueHa
5 B AkTyaTopu
o
Ha Apyru
cetusa

@urypa 2.1: IIpennoxena apxurekrypa 3a HTPS [A2].
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2.2. Hmvnaementauusi Ha HTPS u BHeapenu aaropurmu

3a mpaktuueckara peanmsainus Ha HTPS Bbpxy Hanmwunara ¢usmecka wHGpacTpyKTypa ca
UMIUIEMEHTUPAHU MOJYJIH, YacT OT CJIOSl Ha ChbOMpaHe Ha JaHHH, CJIOsl Ha 00padoTKa Ha JaHHH,
CJIOSl 32 OCUTYpsIBaHE Ha MOTAISIIO U3KUBSBAaHE, KAKTO U MOAYJIHM OT yIpaBisBallaTa paBHUHA
(®urypa 2.2). Guznuecka HHPPACTPYKTYpa ce CbCTOU OT Tpu ceHzopa Kinect V2, Bceku 0T KOUTO
e cBbp3aH KbM MuHH mepcoHasieH kommioTep Intel NUCS517RYH mnocpeactesom USB 3.0
unTepdeiic. Tpure MUHM KOMITIOTHPA OT ApYyra CTpaHa ca CBbp3aHH KbM BHCOKOIIPOU3BOUTEIHA
m3uncnutenHa eauauna (High-performance Computing Unit, HPCU) upe3 ruraburosa
KOMYTHpY€EMa JIOKaJIHA Mpexka.

TR, -
- CeHaopeH Brok | Mpexasa |
cbbupaHe

Ha AHHKW |

BucokonpouzeoauTeneH Hololens 2

W3qMcnuTeENneH Moayn

Konekrop Ha (Emginf 2 HMD
ASHHN

YNpaBnaBaLLM
Magyn sa

I

] ChoBLLEHNA
T

| | obpaBoTka

I

I

Dpaiteep 3a
CeH3op

KoHTponep Ha
CEH30pHTE

Ynpaenexue
TNoxanen Ha

KOHTpanep BIAMMOERCTE.

Kinect V2 Intel NUC, Core i7 processor,
8GB RAM
MNpeagaprtenda
obpaboTka

| MNpegaearen
| I Ha JaHHN

Ha AaHHU

HHTepdenc s

KanuGpauua ynpaeneH1e

Cermexrauvs [MEBNok 3a oueHka

Waonauwa YnpaeneHue
Ha

B3aUMOAENCTE.

MpenaBaten Ha
DEHHN

MpremMHMK Ha
A8HHN

Ch3ananaHe 1
PeHaepupane
nogpasHABaHE Ha clieHa
Ha cleHa -

®durypa 2.2: Ou3nyuecko pasnpeeieHle Ha apXUTEKTYPHUTE OJIOKOBE BHPXY XapyepHara
uHbppactpykrypa Ha HTPS [A2]

3a cios Ha 00paboTKa Ha JaHHW CHEIUAJHO € MPOEKTHpPAaH W BIOCJIEACTBUE HHTETPUpAH
ITOPUTHM 3a U30JIMpaHe Ha pekoHcTpyupaHaTta 3D cuena [A3]. HTPS 3acuema koHTposmpaHo
(Gu3NYECKO MPOCTPAHCTBO, OTPAHUYEHO OT ILIECT CTEHH, (POpMHpaIIy XeKCaroHalHa KIJeTKa U
nopaau ToBa HapedeHo ,.Bee Cube®™. 3aegHo ¢ Hero obaue ce 3acHeMaT W JOMBJIHUTEIHU,
HECBHIIECTBEHH JIaHHU, HaJlarally M3I'bJIHEHUETO Ha NoJ100eH anropuThM. biokoBa nuarpama e
npezcraBeHa Ha urypa 2.6, nepuHMpaIa U3MTbIHEHUETO Ha HAKOJIKO MOCIIEA0BATETHU CTHIIKH.

PeracrpupaHa cueHa
|
v
[ Jetextupane crennte Ha Bee Cube upes m3uncnisane Ha ]

HOPpMAJIIITEC KbM CHOTBETHIITC IIOBEPXHITHII
Noyall

h 4

_’[ I1zuncnsaBase Ha Ppas3CTOAHHETO J0 CTCHIITe

Vdua

_’[ Hpemnnpane Ha I3YICICHIITe HOPMAJII II Pa3CTOAHIIA

/

lhwall ) dwu!l

4’[ II3Bmyane Ha crieHaTa oT 3a00HKaIAIIaTa s cpeaa ]

H3zoaupas Bee Cube

@urypa 2.6: I'padpuuno npepcTaBsHe HA aNTOPUTHMA 32 U3BIHUYaHE Ha cuieHa [A3]
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2.3. Pe3yararu oT U3NMTBAaHE HA CHCTEMATA

Bb3 ocHOBa Ha M34YKMCIIEHUS [10JIE3EH TOBAp Ha TPAHCIIOPTHUS CJIOH 3a €AUH Kaabp, Bb3IU3alll Ha
3,256,634B, e ycTaHOBeHa MaKCUMaJTHATa KaJpoBa YeCTOTa MPHU €THOBPEMEHHA paboTa Ha TPUTE
Kinect V2 cenzopa. Pesynrature mokaspar, ye chliaTa € OrpaHudeHa 10 easa 8 fps oT
BB3MOkHHUTE 30. XapakTepUCTUKHTE Ha W30paHUs NPOTOKOJI HAa TPAHCHOPTHO HUBO HE
ONaronpusATCTBAT pPEATM3HPAHETO HAa MOJO0CH THUI CHUCTEMH, JONBIHHUTEIHO YTEKHIBAWKU
HATOBAPBAHETO UM Ch3/1aBaliKH MPEIIOCTABKH 32 JECUHXPOHU3ALNS MEXKIY CEH30PHHUTE OJIOKOBE.
Hab6monaBanoro oTkiioHeHue ot 27 ms pu nepuoj Ha kaabpa 125 ms, (21%) e B nOTBBpKACHUE
Ha KaszaHoTo. M3cinenBanata wu34YUCIWUTENHA €(QEKTUBHOCT Ha OHJIAWH 00paboTkuTe €
HEJ0CTaThyHA 3a y/I0BJIETBOPSBAaHE HA M3MCKBAHMTA 32 MUHMMAJIHA JJATEHTHOCT. ToBa ce IbJIKU
Ha KOMOMHauUusg OT (aKTOpu, Cpel KOUTO CJIOXKHOCTTa Ha aJITOPUTMHUTE, OrpaHUYeHAaTa
m3uncnurenna momnoct Ha HPCU, uznon3eaneto Ha Python kaTo nHTEpIipeTHpani e3uK 1 APYyTH.
OcBeH TOBa, HATMYMETO Ha MPOABIDKUTENHA OoQuiaiiH ¢a3a 3a MpeABAPUTEIHO M3YMUCICHHE Ha
oTIpenieNieHn mapameTpH npu ¢ukcupana mHcrananus Ha Kinect V2, kaTeropuyHo orpaHudaBa
pearM3upaHeTo Ha CIEHApUU, PU KOUTO ce M3MCKBa MOOwMIHOCT. KonmuecTBeHu pe3ynTaTw,
CBBbP3aHM C OLIEHKA Ha peaju3upaHaTa cucreMa ca npejacraBeHu B Tabmuna 2.1. @urypa 2.15
BU3YyaJIU3UpPa PEKOHCTPYUPAHATA U U30JIMpaHa Clie]l U3IbJIHEHUE Ha MPEIJIOKEHUS aITOPUTHM 32
M30Janus clieHa, Ha0mronaBana mpe3 Hololens.

Tabmmua 2.1.KonnuecTBeHn pe3ynTaTH Ha pa3InYHU MOKA3aTeNH 110 OTHOIICHUE TPEACTaBIHETO
Ha peanusupanara HTPS

Tun nu3mepBane CroiiHocT
Konekrop Ha nanuu, Censop fps==8, Ilepuoa Ha geBuanus (ms) 27
Bpewme 3a nzuncnenne Ha oduiaiiH etana Ha KanuOpars (s) 161
BpewMe 3a n3zunciieHue Ha OHJIAMH eTana Ha Kajauopaius (ms) 126
Bpewme 3a uzuncinenue Ha oduiaiiH erana Ha u3ojanus (s) 3419
BpeMe 3a nzuncienre Ha OHJIalH eTana Ha u3ojauus (ms) 140
BpewMe 3a nzuncienue Ha cerMeHTanusaTa (ms) 30

@urypa 2.15: PekoHcTpynpanata cuieHa, HabaroaBana npe3 Hololens2

2.4. MUN3Boam

[IpenaBanero Ha 3D naHHU € MpeIU3BUKATENICTBO. 3a Ja ObJe yBeIWYeHA KaJpoBaTa 4ecToTa,
cpoTBeTHO QOE, € HeoOX0AMMO J1a ce MHTerpupaT alfOPUTMH 32 KOMIIPECHUS OIIEe B PAMKUTE Ha
CeH30pHUs OJI0K WK Ja ce u3noia3sa DAN ¢ mo-rojisiM KOMyHHUKAIIMOHEH KamaluTeT, KOeTo obaue
€ HEMPAKTHYHO OT MOTpeOuTeNcKa rienHa Touka. EQexToBHOCTTa HAa 00paboTKaTa HA JAHHHU CHITIO
TpsiOBa Ja ce momoOpu upe3 pa3paboTBaHETO Ha ,JICKU aNrOpUTMH, (YHKIMOHUPAIIH BHB
BceBb3MOxkHH HTC cuenapuu, He3aBucenm ot pukcupanata nacrananus Ha HTPS.
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2.5. IlpunHocu KbM BTOpa Ij1aBa

1) Ilpunarane Ha MOIyJIEH apXUTEKTypeH MoAxoJ 3a peanusupane Ha HTPS, BxirountenHo
XapAyepHa UMIIJIEMEHTAllUs Ha CUCTeMara.

2) Ilporpamna peanu3ainys Ha apXUTEKTYpHH OJOKOBE OT CJIOSl HA ChOMpaHe Ha JaHHU, CIIOS Ha
00paboTKa Ha JaHHHU U CJI0S 332 OCUTYpPsBaHE Ha MOTAISIIO U3KUBSBAHE, @ UMEHHO: KOJIEKTOP
Ha JaHHU, MOAYJI 32 00pabOTKa HAa JAHHU M MOJYJI 38 M3TPaXkaHe U MOApPaBHABAHE HA CLICHA.

3) BHenpsiBaHe Ha anropuThbM 3a KanuOpalus W Ha aJFOPUTHM 3a u3BiaudaHe Ha 3D creHa B
pa3paboTeHust MOAYJ 32 00paboTKa HA JaHHH.

4) PaspaboTBaHe Ha anropuThbM 3a u3BAMYaHe Ha 3D cueHa oT 3ao0uKassAmaTa cpelga dpes
JeTeKTupane Ha ceMaHnTuyHu 3D o0OekTH.

5) Uscnensane u orieHka Ha peasm3upanata HTPS.

I'/TIABA 3. BIMAHUE HA MOBUJIHUTE MPE KU BbPXY
PEAJ/IMZALIMATA HA HTC

Tpera rnaBa n3cneasa BnusiHUeTo Ha 5G U noteHuuana Ha 6G BbpXy ochliiecTsiBaneTo Ha HTC
u BHenpsiBaneTo Ha HTPS cpen norpedurenure. Ta ce ctpemu aa negunHupa scHa B3aUMOBPb3Ka
mexay ocHoBHUTe HTC usnckBaHus, a UMEHHO HEOOXOJUMOCT OT roJiiMa IpPOIyCKaTesIHa
CHOCOOHOCT U ChOTBETHO BMCOKU CKOPOCTH Ha NpeAaBaHe, MUHMMAIHA JAaTEHTHOCT, CTPUKTHA
CUHXPOHU3aAlUAg U HGO6XOI{I/IMOCT OT MIpujiaranc Ha CJIOXHH W U3YUCIIUTCIIHO TCKKHU aAJITOPUTMU
3a 00paboTKa, U MOTEHIMATHUTE MOAX0M Ha MOOMIIHUTE MPEXH, Upe3 KOUTO Te3U U3HCKBaHUS
Ja ObJ1aT MOCPEIIHATH.

3.1. HTC u HOBHTE MOKOJECHUSI MOOMJIHU MPEXKHU

VY I0BIETBOPSBAaHETO Ha CHOMEHATUTE TEXHOJOTWMYHM H3UCKBAaHUS € (YHIAMEHTAIHO 32
peanusupanero Ha chimuHcKa HTC — cbCc CBpBX-HHUCKA JIATEHTHOCT M BHUCOKa cTeneH Ha QoE
[129], [130]. Okas3Ba ce o0aue, 4e MPEeHOCHT HA XOJIOrPadcKo ChabpkaHue B SG MPEKUTE € CUITHO
OTpaHMYEH TOpaJM HEBB3MOXKHOCTTA HA HACTOSIIUTE TEXHOJOTMU Ja TMOCpEIIHAT Te3u
u3nckBanus. CBeieHus 3a TOBa ca npeaocTaBeHu B Tabnuna 3.2, KoATo cpaBHSABA U3UCKBAHUATA
Ha HTC wu cpoTBeTHHMTE KIIIOUOBM TIOKazarenu 3a pabortocmocobHocT Ha Mpexkara (Key
Performance Indicators, KPIs), nepunupanu 3a 5G 1 6G. O4eBUIHO € ChIIECTBEHOTO YBEIUUCHHE
B CKOPOCTHTE Ha mnpefaBaHe npu 6G, KOETo Ch3/1aBa MPEANOCTaBKHU 3a MPEHOCa Ha 3HAUYUTEIHO
no-rosisiM o0eM nanHu cripsimo 5SG. Hapen ¢ ToBa, peylinpaHeTo Ha JIATEHTHOCTTA U JUKUTEPA, B
ChUETaHUE C TOBMILIEHATa HAJEKIHOCT, OCUTYpsiBa MPEAMMCTBO KaKTO IO OTHOIIEHHE Ha IO-
no0paTta CHHXpOHM3AIKs, TaKa U 32 YCIEUTHOTO peau3upaHe Ha BUCOKOMHTEPAKTUBHHU CLIECHAPUH.
ToBa oOoOcHOBaBa CXBallaHETO, Y€ HMMEHHO 6(G € MepCHeKTUBHOTO pelIeHUEe 3a HelHaTa
chiIMHCKaTa peanuszanus Ha HTC.

Cnen mpoBexJaHe Ha aHAJIMTUYEH 0030p Ha peaulla HaydHHU MyOJIMKAIUU C 1IeJl M3CJe/IBaHe
msictoto Ha HTC B Obaenure 6G KOMyHHUKAIMY, Ca U3BEJCHU cleHUuTe TBbpaeHus. OdakBa ce
XOJIOTpaCKUTE TEXHOJOTMM M KOMYHHUKAIIMM Jla 3aeMaT LIEHTpajHa pojsl B COLHUAIEH U
npodecroHaneH KOHTeKCT. [1ouTn Bcuuku pasrienanu myoaukanuu u3puuHo nogdeprasatr HTC
KaTo KJIFOUOBO IPUJIOKEHHUE, KOETO IIPECTOH /1a ObJie peau3upaHo OarojapeHue Ha Harpeabka
B 6G texHonoruute. Hemo nosede, neknapupaHa € nosiBata Ha HOB TUIl 6G yciyra, KOsITO €
€HOBPEMEHHO IIMPOKOJIEHTOBA, C BUCOKA HAJEXKJIHOCT U CBPBHX-HUCKA JIATEHTHOCT. B To3u
KoHTekcT durypa 3.1 uarocTpupa eBOTIONHATA Ha TOKOJICHUATAa MOOMIIHUA MPEXHU IO OTHOIIICHHUE
Ha CKOPOCTUTE Ha MpejjaBaHe Ha JaHHU U MIPEIOCTaBSIHUTE YCIyTH.
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Ta6muma 3.2: CpaBuenune Ha ocHOBHUTE HTC m3uckBanus cbe chorBeTHHTE KPISs B 5G u 6G

MPEXKHU
ITapamernp HTC usuckBane 5G 6G
0.5-2 Gb/s O0maK OT TOYKH; 0.02 Tb/s 1 Tb/s
Ckopocr na | 0.1-2 Tb/s xoJjorpama, | [IukoBa ckopocT; [TukoBa ckopocT;
npenaBane | Ipeck3naneHa or MHoxectso | 0.1 Gb/s 10 Gb/s
nocienoBarenHn u3zobpaxenus | Ckopocr, wu3nurana | CKopoct, H3MHUTaHA
[37] OT MOTPEOUTEIIS OT MOTPEOUTEIIS
JlaTenTHOCT OT Kpai-fno0-kpaii: | JlareHTHOCT pu | JlareHTHOCT pu
50-100 ms (Oydepupane); npeaaBaHe o | IIpeaBaHe o
Jlatentroct | 20-50 ms (CMJIHO MHTEpPAKTUBHU | Mpexara: 1 ms mpexara: 0.1 ms
MIPUIIOXKEHUS );
~1 ms (IIpHII0KEHUS CBC CBBPX-
HHCKa JIATEHTHOCT) [52]
CuHXpoHU3HUpaHe Ha | JlarentHocT no 1 ms, | Jlatentnoct no 0.1
CHUHXpPOHHU- | MHOKECTBO oTOIH, | JKUTEp — 1 ms ms, JOKUTEp [0
3arus NPUCTUTAIIA  OT  Pa3lIuYHU 0.001 ms
JIOKAIMu B KpaiiHata Touka [39],
[123]
W3uckBane 3a u3nbiHeHUE Ha | BoBexxnaHe Ha | 6G, moaxbpKaIa
Nsuncrenns | A34UCIUTENHO TEXKH | MD&KOBH  OOJIa4HU | KAKTO H3YUCIICHUS,
AITOPUTMHU 33 PEKOHCTPYKIUS | U3UUCICHHUS TakKa u
Ha 3D Mozenu, KoMrpecus u Jp. KOMYHHKAITUN

HTC, taktuneH HHTEPHET, AuruTandu omusHaun, BMI npunoxenuns, KOMyHUKaLUMK
‘ [PH aBAPUMHHK M COACHTEIHH ONEpaLdH ‘

La

‘ AR/VR, untepHer Ha Hemmara, naayctpus 4.0 |

IlpenaBaHe HA MYTTHMEIUHHO CHITBPIKAHUE, MOOHITHM
’ [IANaHASL

2G| i

|
4G ~ 20 Gb/s

MynTuMenuitHi chOOIICHIS, MOOMIICH MHTEPHET

2G
AHAJIOTOBH TVIACOBH YCIIYTH
| 16 ~ 64 Kb/s| & @
DA
~24Kb| g -

20
| | I | I I

I [ I I | |
1980 1990 2000 2010 2020 2030

[{udppoBu macoBu ycayru, chobuieHus,
‘ HHCKOCKOPOCTEH HHTEPHET

A 4

@urypa 3.1: EBomonys Ha MOKOJEHUATAa MOOMITHI MPEKH 110 OTHOLIEHUE Ha CKOPOCTUTE Ha
npe/laBaHe Ha JaHHU U MPeIoCTaBsIHUTE yCiIyTru [A4]

3.2. Horenuuananu noaxoau 3a peanusanust Ha HTC

[TozoBaBaiiku ce Ha cxBamianeto, ue HTC me 6b1e enna ot ocHoBHUTE 6G yCiIyTH, ca pa3riielaHu
BB3MOKHHUTE MOAOOPEHHUsI, KOUTO CE€ OYaKBa Ja HAMpaBAT TOBa peamHocT. B Ta3u Bpb3ka ca
Hpe}ICTaBeHI/I IIOTCHOUAJIHUTE ITOAXOOU 3a cnpaBs{He C TCXHOJIOTUMYHHU HN3UCKBAHUS Ha HTC,
KjIacu(uuupaHu B ABE OCHOBHH rpynu. [IbpBara rpymna BKIIOYBA MOJIXOAH, MPSIKO CBBP3aHU C
ONTUMHU3ANMATA HA KOMYHHKAIMOHHATa Mpeka W B dacTHocT 6G, a BTOpata — TOAXOJH,
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OTHACALIM CE€ O ONTHMM3AIMHU B MOTpeOuTesickarta cTpaHa. [IbpBaTa rpymna € JOMBIHUTETHO
KaTeropu3upaHa B TPU MOATPYIH, a UMEHHO IMOJ0OpPEHUS BBB (DU3MUYECKHS CIIOH, MpPEKOBU
aApXUTEKTypu U MOoJ00peHus] B TpaHcHmopTHHUs cioil. Tabmuua 3.4 mnpeacraBs T€3W MOIXOMAH,
KJIacu(UIUpaHu 10 OMHUCAHUS MO-TOpe HaunuH. Bb3 OCHOBa Ha BIMSHUETO UM BHPXY MPEKOBHTE
KPIs [140], e nanmpaBeHa OllEHKa Ha TsIXHaTa MNPWIOKUMOCT OTHOCHO paszimuunute HTC
u3nckBanus [A4], BcieactBue Ha koeto TabGmmma 3.4 moka3Ba M Bpb3KaTa MEXAY TAX H
CHOTBETHUTE TEXHOJOTUYHU MPEAU3BUKATEIICTBA.

Ta6muma 3.4: BiustHue Ha MOTeHIIMATHUTE Toaxoau 3a noaoopssane Ha HTC BbpXy ocHOBHHUTE
TEXHOJIOIMYHU npeau3Bukarenctsa npu HTC

I'pyna IHoaxoan Cxopoct | Jlatent- | Cunxpo- | U3umc-
MOIX0IH Ha mpe- | HOCT HU3AIUSA | JeHHs
JaBaHe
N3non3Bane Ha MO-BUCOKU YECTOTHM JieHTH | Jla Ha He He
Han 300 GHz, BximoumTelIHO BHIMMATa
CBETJIMHA
UNsnom3gane Ha HoBM TexHukd 3a | [a He He He
MOJTyJIalus
VYcepBbplICHCTBAaHE Ha KogupaHero Ha | [la Ha He He
Hono6penust | pusnyeckus cnoi
Ha IIpunarane Ha TEXHOJIOTHH 3a | [a He He He
(usmueckus | MHOroKaHaTHM aHTEHHO-IIpEaBaTCIIHU
cion cuctemMn u beamforming TEXHUKHU 3a€IHO C
aJTOPUTMH 3a 00paboTKa HAa CHTHAIN
Pasrppmane  Ha  pexoH¢urupupyemu | Ja He He He
WHTEUTeHTHU MIOBHPXHOCTH BBPXY
CTpajifi, MaTUCTPAIIN U APYTH O0EKTH
Wuterpupano HaOmoeHne u jokanmzamust | Jla Ha He He
N3nomseane Ha Al u ML BbB (puzmueckus | Jla Ha Ja Ja
cioi
Pasrppuiane Ha rbBKaBH, agantuBHU U | a Ha Ha Ha
MalabupyeMu MPEKOBH apXUTEKTYpH B 6G
Wnrterpanms Ha codryepHO-aeduHnpann | Ja Ha Ha Ha
MpEKH U MPEXOBO cermMeHTrupane (network
MpexoBu slicing)
apxXUTEKTypu | MHTerpauus Ha u3uMciIeHUs B Kpas Ha | He Ha Ja Ja
MOOMJIHATA MpeXxa
W3non3Bane Ha CBBP3aHOCT, pa3nuyHa oT | Ja Ha Ha He
HazeMHaTa
Wurerpupane Ha Al B 6G Ja Ja Ha Ha
Tono6perms HoBu IpoTOKOIM 38 TPaHCIIOPTHHUS CIOU He Ja Ha He
Ha TPAHCTIOPT- AnanTuBHO mpeiaBaHe Ha xojorpadceko | a Ha He He
IS CITOR CBHABP)KAHUE Upe3 MOJAPHKKA HA TIOTOLH C
pa3iryueH NPUOPHUTET
OrneHKa Ha CHCTOSTHUETO Ha Mpekara u Ha | Jla Ha Ja Ja
n3nckBanuATa 3a pasnnuau HTC cuenapun
Onrumusza- | IHOBaTUBHM METO/U 32 KOMIIPECHS Ha Ha Ha He Ha
1Ust TIPU JTaHHU
KpalHMs AnantuBHO TpemaBane crmopenq FOV wu | Jla He He He
norpeduren | ¢okyca Ha HOTPeOUTENS
M3nonsBane Ha ceMaHTHKa 3a peanusupane | la He He He
HA CEMaHTUYHHA KOMYHUKAIIUU
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[TozoBaBaiiku ce Ha Tabauma 3.4, Gurypa 3.2 wirocTpupa ISIIOCTHOTO BB3CHCTBHUE HA YETUPUTE
IpyNH MOAXO0IH BbpXY TexHonoruunute n3uckBanus Ha HTC. Beska enmunca 0603Ha4aBa oT/1e1Ha
rpyna u o0xBallla U3UCKBAaHUATA, KOUTO MMa MOTEHILIMaa Ja aapecupa. Makap mpu TO3M HAUMH
Ha TPEJICTAaBsIHE Jla JIMIICBA KOHKPETHA KOJIMYECTBEHA OIIEHKA, TOW Mpejyiara sicHoTa OTHOCHO
doxkyca Ha pa3IMYHUTE TPYNU IMOAXOAU BBPXY YIOBIETBOpsiBaHETO Ha cbhoTBeTHUTE HTC
u3nckBanus. TpsOBa ga ce moaueprae obaye, 4e BbBEKIAHETO HA PA3IMYHUTE MOAOOpEHHS HE
TpsiOBa Ja ce pasriexia u3oiaupaHo. Jlokato HAKOM MOAXOAM ca HACOYEHH KbM pelllaBaHe Ha
KOHKPCTHH HTC MNpeaAn3BUKATCIICTBA, CBHUIIUTC MOTI'aT Ja OKaXAaT HETATUBHO BJIMAHUC BBPXY
npyru. [lopanu ToBa cneiBa Aa ce ThpCU ONTHUMAaJIEH KOMIIPOMHUC MEXKIY Pa3IUYHUTE PEIICHUS,
cboOpazen ¢ konkpetrHute HTC cuenapum.

CHHXPOHH3ALHH

IMoxo6penns B
TPAHCHOPTHHS CJI0H

OnTHMH3AIHSA B

CKoOpOCT Ha mpeaaBane MOTpedUuTE/ICKATA

Ha JTaHHHTE ¢TpaHa
H3uuciaenus
JlarenrHocT

MpekoBH APXHTEKTYPH

®urypa 3.2: Bpb3ka Mex1y OCHOBHUTE TexHOJIornuHu uznckBanus Ha HTC u xareropuure
MOJIX0JIU, CBBP3aHU C TSIXHOTO penieHue [A4]

33. AIluHTC

C ornen enHoBpeMEHHAaTa ONTUMHU3ALMS HAa KOMYHUKAllMOHHO M MOTPEOMTEICKO HUBO,
uHTerpanuaTa Ha Al ce ouepTaBa KIH040OBO pelIeHHE, TOAKPENICHO OT CIETHUTE apryMeHTH [A4].
[TspBO, B moTpedutesnckara crpaHa Al e urpae BakHa posis 3a nmocturase Ha agantTuBHO QOE.
[To-xoHkpeTHO, Al-6a3upaHu MeTOIU MoraT Ja aHalIu3HpaT IOBEJECHUETO Ha IMOTpeduTess,
(dakTopuTe Ha OKOJIHATA Cpelia U HAJIMYHUTE MPEXKOBH PECYPCH C L] IMHAMUYHHM KOPEKIUU B
oOpaboTkara W mIpefaBaHeTo Ha JnaHHU. Btopo, Al mie nompuHece 3a BHCOKOCKOpPOCTHaTa
00paboTKa Ha ChAbPKAHUETO YPE3 U3I0JI3BAHETO Ha NpeABApUTEIHO 00yueHu moaenu. Tpeto, Al
11Ie Urpae KJII0YoBa poJis U 3a NoJ00psBaHE HA CEMAaHTUYHOTO pa30upaHe Ha ChABPKAHUETO U 32
yJIECHSIBaHE Ha KOHTEKCTHO-OCh3HaTa KoMyHUKanus. Herooro yuactue 1e ce u3pasu OCHOBHO
B IIPEXO0/a OT MPELN3HO Npe/laBaHe Ha JaHHU KbM TOUHOTO MPE/ICTaBsIHE HA TSIXHATa CEMAHTHUKA.
YerBbpTO, Al 1€ cmomorHe 3a aHanu3a Ha rojemMu obemu oT nanHu [152]. ToBa BkiIOYBa
U3BJIMYAaHE HA MCTOPHMYECKH KOHTEKCT, JUArHOCTMYHHU (PYHKIMM 32 aBTOHOMHO OTKpHBAaHE Ha
MOBpPEIU, Bb3MOKHOCTH 3a MPOTHO3MpaHe Ha OBACIIOTO ChCTOSTHUE HA Mpekara, MosBara Ha
KPUTUYHHU CHOUTHS, TOTPEOUTENICKO MOBEICHHE, MOMYIAPHOCT Ha ChABPKAHUETO U JIP., KAKTO U
npeJylaraHeTo Ha Bb3MOXKHHU penieHus. ToBa OU yJlIeCHUIIO aJanTUBHOTO IJIAaHUPAaHE Ha MpekaTa
U YIpPaBJICHHETO B peajlHoO BpeMe. B pesynrar ObJemure MpeXd HMMaT NMOTEHLUANa Ja ce
TpaHc(hOPMHUPAT B I'BBKABH M aIAITHBHA CHCTEMH, CITOCOOHU J1a TIOJIBPKAT ITUPOK CHEKTHP OT
npuioxkeHus, opueHtupanu kbM QoE. CrnenoBarenHo, BBIPEKH 3HAYUTEIHUTE PECYpCH,
NpeIBUJECHN 3a ONTHMAJIHOTO omnepupaHe Ha 6G Mpexara, HeilHata e(eKTHBHOCT IIe ce
peanu3upa B I'bJIHA CTETIEH, €/1Ba KOraTo € MHTerpupaHa HHTeTUreHTHocT. Hakpast Heka ce uma
MIPEJIBU]] CLIEHAPH, IPU KOMTO pEeCypCUTE U MHTEIUTEHTHOCTTa Ha KOMYHHKAllMOHHATA MpeXka ce
KOMOMHUpAT 6e31poOIEeMHO C pECYpPCUTE U MHTEIUTE€HTHOCTTA Ha MOTpeOuTeNICKaTa CTpaHa, KaTo
BCUYKO TOBa ce opkectpupa ot koopaunupan] Al wmoxyn. IlomoOen mnoaxon cw3naBa
OPEINOCTaBKH 3a 3a00MKalsHE Ha 3aBUCHUMOCTTa OT HajduyHUTe pecypcu. ClemoBaTenHo,
IPUOPUTU3UPAHETO HA MHTEIUIEHTEH MOAXO0J, BMECTO NPOCTO YBEIMYaBaHE HA OrPaHUYEHU
KalnaiuTeTH, € Hali-e)eKTUBHATA CTpaTerus cpel npeacraBenure B Pasnen 3.2.
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3.4. W3Boau

B cpaBuenue ¢ 5G, 6G ce sBsiBa KiitouoB ¢akTop 3a peanmzupanero Ha HTC. OcurypsBaneTo Ha
pa3IIMPEHU YECTOTHH PECYPCH, PEAYIIUPAHETO Ha JJATCHTHOCTTA M Bh3MOXKHOCTTA 32 M3HACSHE Ha
W3YUCIIUTEITHUTE TMPOILECH OT MOTPEOHMTENICKUTE YCTPOHCTBA KBbM mepudepusTa Ha Mpexara
Ch3/1aBaT CHIIICCTBEHH MPEANOCTABKU B TIOJIKPETIa Ha Ta3u Te3a. Brrpeku ToBa, MMalKu MPeIBUL
HUCTOpHUUYCCKaTa TCHACHIHA, IIPU KOATO BCIKAa HOBA TCXHOJIOTMYHA IIapaJjurMa CTUMYJIHUpa
Pa3BUTHETO Ha CIIEIBANIOTO MOKOJICHUE KOMYHUKAIIMOHHA MPEXHU, MOXKE Jla ce 3aKiIouu, 4e 6G
HE € YHUBEPCAIHO PEIICHHWE 3a IMPEOJOJIIBAaHE HAa BCHYKU MOCIEABAINMA OTPAHWYCHUS MPEI
nepcnektuBHATe HTC npunoskenus. Heo6xoauMo e npuiiaraHeTo Ha MHTEIUTEHTHU TIOIXO/IU 32
ONTHMM3AIIHSI KAKTO Ha HUBO KOMYHUKAIIMOHHA MPEKa, TaKa M B MOTPEOUTEIICKAaTa CTpaHa.

3.5. IlpuHocu KbM TpeTAa IJjaBa

1) Hedunupane u knacudukanus Ha mpexxoBute KPIs, cBbp3anu ¢ npakTuueckaTa peanu3anus
Ha HTC. Omnenka BmusHuero Ha 5G m 6G Bbpxy peammsanusata Ha HTC, cpoOpazHO
npencrasenute KPIs. Ananutuden o63op, uscieasany mscroro Ha HTC B Opaeunmre 6G
KOMYHHKAIIUH.

2) Hedpunupane u xinacupuKkamuss HA MOTCHIUATHUTE MOJXOAM 33 ONTUMHU3AIMS Ha
KOMYHHUKAI[MIOHHAaTa MpeXa M Ha NOTpeOuTeNICKaTa CTpaHa 110 OTHOLIEHHUE peau3alusaTa Ha
HTC. Ouenka Ha npencraBeHuTe noaxoau crpsimo ocHopuutre HTC n3uckBanus. AHanus Ha
pOJISITa HA U3KYCTBEHHSI HHTENIEKT B TO3U KOHTEKCT.

I'/TABA 4. AVITOPUTMMU 3A PETUCTPALIUSA HA OBJIAIIA OT TOYKMU,
BA3ZUPAHUN HA AbJIBOKO OBYUYEHUE

4.1. Oo0uak ot TouKkHd. CTAaHZAPTHH METOH 32 PerucTpanus

OOnakbT OT TOYKM MpPEACTaBIsiBA MHOXECTBO OT TOYKM, JepUHHpaHH B EBKINIOBOTO
IPOCTPAHCTBO MOCPEACTBOM TexHUTe 3D KoopauHaTH (X,y,Z) W JOMBIHUTEIHO OMNHCAHU
MIOCPEJICTBOM I[BETOBU KaHAJIM, HOPMAIU U IPYTH XapaKTepUCTHKHU. Thil KaTo MOCIeTHUTE HE ce
U3I0JI3BaT B pa3pabOTEHUTE AJTOPUTMH, BCSKAa TOUKA C€ IMPEACTaBs KAaTo BEKTOp, ChCTAaBEH
€IMHCTBEHO OT Tpute KoopAauHaTu. CregoBaTesiHo, AajeH o0iak P Moxe na Obne mnpeacTaBeH
kato P € RN*3, xpmero N e o6mmsit Opoil TOUKH.

3a OChIIIECTBSIBAHETO HA pErUCcTpals Ha JIBa 00J1aka € He00X0IMMO HaMUpaHeTo (KanuOpauusra)
U MPUJIaraHeTO Ha ONTUMAJHUTE MapaMeTpH Ha TpaHchopMaius Mexay Tax (portauusta R €
S0(3) n tpancnamuara t € R3.), Taka e chimTe 1a GBIAT MOJAPABHEHH U MPEICTABEHH B 00IIa
KOoOpAWHaTHA cucreMa. KoraTto He € M3BECTHO ChOTBETCTBHETO Ha TOYKHTE OT JBaTa OOJaKa,
TpsiOBa /1a ObJe pelleHa cieHaTa ONTUMHU3allMOHHA 3ajiaya:

N
i Rp; +t — q;|)? (4.8)
RESO%I)I,]L“ERBZH Pi ql”
=

Han-n3non3BaHuaT nmoaxo 3a HEMHOTO PELICHUE € Ype3 MpUJlaraHe Ha ajlropuThbMa 3a
UTEpAaTUBHO HamupaHe Ha Hai-Onmm3ku Touku (Iterative Closest Points, ICP) [155]. [Ipu
HETO CE M3BBPIIBA UTEPATUBHO MUHUMH3UPAHE HA PA3CTOSHUETO MEXIy OOJaIuTe upe3
ThPCEHE Ha ChOTBETCTBHUS MTOCPEJICTBOM AJITOPUTHMA 32 HAMHUpAHE Ha Hal-OJIM3KH ChCEIH
¥ MHOTOKPATHO M3YHCIICHHE Ha YpaBHeHue 4.8, MOKaTo rpemkara 0b/ie MUHUMU3HpaHa
win ObJIe TOCTUTHAT MAaKCUMAITHUST OpOM UTepaIuu.

4.2. Al-0a3upaHa perucTpanus HA HAITbJIHO WIEHTHUYHHU 00JIaIlH OT TOYKHU

[Ipennoxen e Al-6a3upan anropuThbM 3a pErUCTpaIlvs Ha IBa UACHTHYHH 00aKa OT ToukH (P €
RN*3 u Q € RV*3) upes perpecus Ha porarmonen ksatepunon [AS5]. Heka ce uMa mpeiBu, de
AITOPUTBMBT € (POKYyCHPaH OCHOBHO BbPXY IPE/ICKa3BaHETO HA R, OMBaiiky O-CI0XKHATA 33/1a4a,
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Kato ce mpeHeOperBa TpaHcnanuara t. Taka onmTHMHU3allMOHHATA 3ajlada OT YpaBHeHHe 4.8
npuoOuBa CieIHus BU;

N
i - — q.ll? 4.10
i > IRp: — il (4.10)
i=1

[TpennoxeHusaT N0AX0/] peaau3upa IUPEKTHA perpecus upes3 napaMerpusanus Ha Y pasHenue 4.10
MOCPEJCTBOM MOJIET HAa HEBpOHHA Mpeska. biiokoBa nuarpama e untoctpupana Ha @urypa 4.1. Ts
Ce CbCTOM OT J1Ba OCHOBHU MOJyJa. IIbpBHAT € MOLyJNBT 3a U3BJIMYaHE HAa Ipu3Hauu. Tou
o0OpabotBa P n @ mapayenHo, U3MO0JI3BalKU CIOAEICH €AMHUYEH Ipad-KOHBOJIIOLMOHEH CJIOH ¢
L€l U3BJIMYAaHE HA JIOKAJHU T'€OMETPUYHHU XApaKTEPUCTUKH, CIEA KOETO 4Ype3 MAKCHUMAaJIHO
arperupaHe MpeAocTaBs U CHOTBETHHUTE TIJI00ATHM XapaKTEPUCTUKU 3a BCEKM OT OOJALUTE.
BropusT Monmyn e T.Hap. MoxayJ 3a mojapaBHsiBaHe. Toil oOeauHsBa TI00aTHUTE TEOMETPUYHH
XapaKTepUCTUKH U T'W MpeKapBa Mpe3 INIMThK MHorocioeH nepuentpod (Multilayer Perceptron,
MLP), 3a 1a npeackaike pOTAalMOHHMS KBaTepHHOH, quaternion € R*, ot koiito nupexTHO ce
U34MCIIsIBA MaTpULIATa HA pOTaLUS.

Moaya 3a H3BJTHYAHE HA MPH3HALHA Moy 3a moApaABHSIBANE
4 Gp=(Vp,Bp) Fpc ]RNXC’Ag P a I
PERNXS‘ (KNN) ‘W ‘g g @PERC
4 ‘)’:) E; | xormomomma i g g (@p,Bg) € R¥C
Bl 1 quaternion € R
= KOHKATEHALIHS MLP >
; — z g A
N3 KNN s 8
QeR > ()> > I'pag- > § 5
CAU— ) KOHBOJIOLIAA é g $g € RC
\ - 7 SN—— o
\_ Go=(Vo,Bq)  Fo e R¥C(Z YA /)

®urypa 4.1: biokoBa tuarpama Ha npeioxxenus Al-6a3upaH aaropuTbM 3a perucTpanus Ha
JIBa UIEHTUYHH 00JIaKa OT TOUKH

4.3. Al-0a3upaHa perucTpauusi Ha YaCTHYHO MPUINIOKPUBALIHU ce 00JI1aLH OT TOYKH,
3aCHETH OT MHOKECTBO M3IJIeAM, B JIATEHTHOTO MNPOCTPAHCTBO Ha
KOMIIPECUPAHUTE UM NPEACTABIHUSA

[TpencraBeH € METOT 32 AMPEKTHA PETUCTPALINUS HA YACTHYHO IPUITOKPUBAIIIH C€ O0JIallK OT TOUYKH,

MPEACTABAIIN eauH U chIl 3D 00EKT, HO 3aCHET OT pa3nyHu u3rienu [A6]. AJTOPUTHMBT €

JTOMBIHUTETHO HAATrPaJeH Ja HM3BBHPIIBA PETUCTPALUATA Cle]l KOMIpPECHpaHe Ha OTIEITHHUTE

o0nanu, onepyupaiku U3LAI0 B MOIYYEHOTO JJATEHTHO MPOCTPAHCTBO (T.€. He B EBKIMI0BOTO).

Heka Q € RN*3 611¢ 061akbT 0T TOUKH, NpeaCTaBsI PH3HIECKUs 00EKT OT pedhepeHTeH H3TIe,

a P € RV*3 6p1e 061aKBT OT TOUKH, TIPEICTABAII CHIIHSA OOEKT, HO OT JOMBIHUTENIEH U PA3INUeH

usrnen. Heka Mexay TAX € HalWile YaCTHYHO T€OMETPHUYHO mMpurokpuBane. CTaHIApTHUST

MI0JTXO/T 32 OCHIIECTBSIBAHE HA PETHCTPAIINS B TO3M CITydail ce HykJ1ae OT Habop OT ChOTBETCTBAIIN

CH TOYKH, T.€. Q. = {qik}le cQ,P = {pjk}f=1 CPuclC= {(qik,pjk)}le, KbaeTo Q. u P, ca

noaMHoOXkecTBaTa Ha Q u P, popmupaiy T.Hap. MHOKECTBO OT cboTBeTcTBUS C. [TogxoasT, KOWTO

nojapaBHsIBa P, KbM pedepeHTHOTO OJIMHOXKECTBO (., M3ISIO ciienBa YpaBHEHHE 4.8, KOETO B

TO3H ciry4ai npugoonBa CIIeITHUS BU/I;

K
. 2
ResO().t elR{3kZ_1 1Rpj, + &= ai,| (4.18)

3a;laana CC MmapamMeTpusnpa ¢ MOACI Ha HCBPOHHA MPCiKaA, IIPU KOCTO 'OPHOTO YPAaBHCHUC OuBa
MMpEaACTaBCHO KAaTO:

min = (P, P), (4.19)
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KbIeTo P = PRgt + t,. omucea JIEMCTBUTENTHOTO (€TaJIOHHO) MOJIpaBHsIBaHE, ChbIIOCTABSIIO P KbM
Q, P = fpecoder ( fre g Net(ZQ, ZP)) € TOJAPABHABAHETO, OCHIIECTBEHO B JIATEHTHOTO

OpOCTPaHCTBO, Zg = fEncoder(Q) u zZp = fEncoder(P)a Kato fencoder M fpecoder €& CHOTBETHO
E€HKOJCPHT W JEKOACPHT, YacT OT BHEApPEHATa AaBTOCHKOIECP apXUTEKTypa, W3IMOJI3BaHA 3a
KOMIIpECHS M JiekoMnpeckst Ha P u Q, a fregner € ANNMPOKCHMALKMA Ha NPEUIOKEHHS TTOAXOJ 3a
MOJIpaBHSIBaHE B JIATEHTHOTO MpocTpaHcTBO. CD 0003HAa4aBa CHUMETPHUYHOTO PA3CTOSHUE TIO
Yamdep (Chamfer distance). durypa 4.2 npeacrasst 0JI0KOBa cXxeMa Ha MPEIIOKEHUS METOI.

/A -5 )
RegNet — Zp, »@I_}n
L

AHopmanmaaumq
.| @®yHKkuus Ha |, d

> azvéume € WﬂeHopmanwsaum

v ) @ MonpasHsiBaHe
\ | Z ’j S Pn \‘c-"n.s F’n /

®durypa 4.2: briokoBa cxema Ha IPEJIOKEHHUS METOJT 32 PErUCTpaIlMsl Ha 00JIalH OT TOYKH,
W3BBPIICHA W3IS0 B IATEHTHOTO MPOCTPAHCTBO

]

4.4. HmMniaeMeHTAIMS U €eKCIIEPUMEHTAJIHH Pe3yJTaTH

MetoasT 3a peructpanys Ha MACHTUYHH 00J1alu OT TOUKU € 00y4eH, U3M0I3Baiiku 6a3zaTa JaHHU
ShapeNet [158]. KauecTBeHO npeicTaBsiHE HA TIOJIYYSHUTE PE3YITATH € HIIIOCTpUpaHo Ha durypa
4.4, KbJIETO Cca MPEeJOCTaBEHH U Pe3yITaTUTE, MOCTUTHATH OT JAPYIH MOJIXOAM 3a perucTpans,
Oa3upanu Ha AbI00K0 oOyuenue, u ICP. HanpaBeHOTO cpaBHEHHE WITIOCTpHUPA NPEBB3XOICTBOTO
Ha MPEAJIOKEHUS METO[l, IEMOHCTPUPANKHM BHCOKA €(PEKTUBHOCT HAa PETUCTpAIMITA 32 BCUUKH
pasrnenanu 3D momenmu. OcBeH TOBa pE3yNiTaTHUTE MOMYEPTaBAT BAKHOCTTA OT IOAXOINA
MHUIMAIM3alus Ha cboTBeTcTBAIU cu ToukH npu ICP. OTHacsiiku ce 10 MbpBUTE J1Ba IPUMEPHU
3D monena, uznbianenuero Ha ICP usrnexaa 3aceqHano B JIOKATHM MUHUMYMHU U YBEJTUYaBaHETO
Ha Oposi UTepaly MMa MaJ’bK WJIM HUKAaKbB €(eKT. 3a CMETKa Ha TOBa MOCIEIHUSIT MpUMeEp
MoKa3Ba, 4e Jo0pa IMbpBOHAYaIHA OIIEHKa, ocurypeHa Ha ICP upe3 mpuiarane Ha TpeaioKeHHS
QITOPUTHM, BOAM 710 Obp3a KOHBEPIeHIIUS U TOUHO IOJIpaBHSBAHE.

bes 1ICP10 ICP100 Wreparusen  DCP [pesuioxen  Tlpeanoxen
nojipaBlABale PCRNet METO[ meton+1CP

®urypa 4.4: BuzyanHo cpaBHEHUE Ha PE3yJITaTH OT aJiTOPUTHhMA 32 PETUCTPaALIs Ha
NACHTUYHU O6JIE[I.[I/I OT TOYKH U JPYTH NOAXOAU
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3a 00y4eHHeTO Ha MOJENIa 32 PEruCTpalys Ha YaCTUYHO MPUIIOKPUBAIIM ce 00JIaly OT TOUKH €
Ch3/aJICHA criennaaHa 0a3a JaHHU Bb3 ocHOBa Ha ShapeNet [A7]. 3a nenra ShapeNet obekrure
ca 3aCHeTH OT pAa3JIMYHM H3IVIEOU 4Ype3 CUMyJalMs Ha BHpPTyalHa Kamepa, KoATo OuBa
MOCJIEIOBATEIHO TIO3ULMOHUPAaHA BBPXY MOBBPXHOCTTA Ha chepa OKOJIO OT TAX MPHU 33aCHH
asumyTHH by ({0,15,30,45,60,75,90}). Taka 3a Bceku Mojies1 OMBAT reHEPUPAHU 11O 7 ABONKHU
o0ian OT TOYKM, TpEACTaBeHH OT pedepeHTHUs wusrnen, renepupan npu 0 rpamyca, u
CBHIIBTCTBALIMSA IO JOIIBJIHATEIICH U3TJIEM, TEHEPUPAH IIPU BCEKH OT IIOCOUYEHUTE a3UMYTHH BIUIN.
Peanusupanu ca 1Ba BapuaHTa 3a IOJAPaBHABAHE B JIATCHTHOTO IIPOCTPAHCTBO — 4pe3 CTaHIAapTHA
TpaHchopManys 1 Upe3 napaMeTpuzupane Ha TpancopmarusaTa. C 1en cpaBHEHHUE € pealn3upaH
U TPETU BapHaHT 3a PErucTpanus, onepupail B EBKINI0BOTO IPOCTPAHCTBO. T0M €KCIUNIMIIUTHO
perpecupa TpaHc(OpMallMOHHH TapaMeTPU U I'M Ipuilara BbpXy PEKOHCTPYHUPAHHUS OT JIEKOAepa
o0Onak ot Touku. Tpurte BapuanTta ca cpaBHeHU ¢ ICP, mpuioxkeH KakTO Ipeau, Taka U Cle]
aBTOCHKOJIEPA, pealn3upall KOMIIpECUsITa U fekoMipecusara. durypa 4.5 npencrass pe3yiraTu
OT OCPEIHEHOTO pa3cTosiHue 1Mo Yamdep crpsiMo pa3InYHUTE a3UMYTHH CTOMHOCTH, BCIIECJCTBHE
Ha KOETO Ca HaIpaBeHU JIB€ OCHOBHU TBBbpAeHUA. [IbpBO, pe3ysnraTuTe NOTBBP)KIABaT
e(eKTUBHOCTTa Ha IpeanoxkeHuTe noaxoau B cpaBHeHue c¢ ICP. Bropo, rpemkara npu Te3u
METO/IM € OTHOCUTEIHO PaBHOMEPHA 3a BCHUKH a3UMYTHHU CTOMHOCTHU, KOETO IMOKa3Ba CTAOMIIHO U
HAJECKIHO IOAPABHSABAHE JOPU INPU HUCKO HHMBO HA TE€OMETPUYHO IPUIOKPUBAHE MEXKAY
oOmnanuTe. 3a paznuka ot 14X, ICP neMoHcTpHpa U3BECTHO MPEUMCTBO IIPH MTO-HUCKU a3UMYTHHU
CTOMHOCTH M, O4aKBaHO, BJIOIIABA IIPEACTABIHETO CU C YBEJIIMYABAHE HA a3UMYyTa.

ICP npean AE, ¢

0.150+ ICP cnepi AE, o

CraHpapTHa TpaHd. B EBKN. NPOCTPaHCTBO, O
MapameTpuyHa TpaHd. B NIaTEHT. NPOCTPaAHCTBO, O
CTaHfapTHa TpaH®. B NaTEHT. NPOCTPAHCTBO, O
ICP npeam AE, 1

ICP cnep AE, 1

CraHfapTHa TpaH®. B EBKN1. NPOCTpaHCTBO, [
MNapameTpuyHa TpaHd. B NIaTEHT. NPOCTPAHCTBO, [
CTaHaapTHa TpaHd. B N1aTEHT. NPOCTPAHCTBO, (L
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®urypa 4.5: CtaTUCTHUECKU Pe3yJITaTH OT Pa3IMYHUTE METOIU 332 PETUCTPALIUs OTHOCHO
pascrosiHreTo 1no Yamdep crpsMo pazivyeH a3uMyT

4.5. MUN3Boam

OcBeH prIaraHeTo Ha TPAJAUIIMOHHHA METOJIN 33 PETHCTPAIIUS € BB3MOXKHO TS Ja 0b/1e €PEeKTUBHO
peanusupana u ¢ momoinra Ha Al-6a3upanu meroau. IIpequMcTBOTO ce ChCTOM B JHUICATa HA
HEO0OXOAMMOCT OT HACHTH(HUIIMPAHE HA ChOTBETCTBAIIM CH TOUYKH MEXTy OOJIaIUTe, MO JIeKAIIN
Ha pErucTpaius, KakTo M OT HU3MOJ3BAHETO Ha KainuOpallMoHHHM Mapkepu. ToBa ocurypsiBa
BBb3MOXKHOCT 32 I'bBKaBa NMPOMSIHA Ha MO3UIMUTE Ha Kamepute B enuH noreHuuaneH HTC
cueHapuii. B jombiaHeHne npeuiokeHUsT MOAX0/l 3a PEruCcTpalys Ha YaCTUYHO MPUITOKPUBALIN
ce 00Jany OT TOYKHU JEMOHCTPHUPA OTUYETIMB YCIIEX MO OTHOIIIEHWE Ha 3a/1a4aTta 3a perucTparusi,
Makap U MPUIOKEH B aOCTPAKTHOTO JATEHTHO MPOCTpaHCTBO. Hemo moBeue, Toii AompuHAcs 3a
Pa3BUTHETO HA BH3MOXKHOCTTA 32 U3BIMYAHE HA 3HAHHWE OT CHJIHO KOMIIPECUPAHUS U aOCTpPaKTeH
JATEHTEH JIOMEIH, ¢ psAKa NPUIOKUMOCT B 3D BU3yanHU CUCTEMH C OTpaHUYEHA YECTOTHA JICHTA,
KaTto poOoTHKa, J00aBeHa U BUPTyaHa peaqHoCT H, pa3oupa ce, HTC.
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4.6. IlpuHoCHM KbM 4YeTBBPTa IJ1aBa

1) Pa3paGoTeH e anropuTbM 3a perucTpamnys Ha HICHTUYHH OOJamM OT TOYKH, KOUTO ca
TpaHC(OPMHUPAHU €IUH CHPSAMO ApYyT B EBKIMAOBOTO NPOCTPAHCTBO. 3a LIEeITa € pa3padoTeH
MOJIE]l Ha HEBPOHHA MpeKa, BKIIOYBAIl MOJYJIW 3a M3BIMYAHE HA JIOKAJTHH M TIO0ATHH
IpU3HALM, KAKTO U MOJyJI 32 perpecus Ha pOTallMOHEH KBATEPHHOH.

2) Pa3paboTeH e anropuThM 3a pEerucTpamnus Ha 0OJaIy OT TOYKH, MPEACTABSIIN SIUH U CHIIU
¢u3nyeckn OOEKT OT pa3IMyHU U3IMJIEAM, Taka Y€ € HalMle YacTUYHO I'€OMETPHUYHO
NPUIOKPUBAHE MEXAY TIX. AITOPUTBMBT € HaJrpajieH Ja U3BbPILIBA PETHCTPALUATA H3ISIIO
B JIATEHTHOTO IIPOCTPAHCTBO HA KOMIIPECUPAHUTE Ype3 aBTOCHKOZEp 00Jaly OT TOUYKH Ype3
CrIeraliHo pa3padboTeH 3a menta RegNet moay.

3) PaspaboteHna e 6a3a 1aHHU, ChAbpIKalla 00JalM OT TOYKH, MPEACTABAIIN Pa3IMYHU U3TJIeIU
KbM n1a7ieH 3D o00exT.

I'JTABA 5. AJITOPUTMHU 3A KOMIIPECHUSA HA OBJIAIIM OT TOYKMU,
BASUPAHU HA JbJIBOKO OBYYEHHUE

5.1. TpaauuuoOHHU MOAXO0AM 32 KOMIIpecHs Ha 00J1alld OT TOYKH

C wmen aapecupaHe Ha HapacTBamlata HEOOXOIMMOCT OT KOMIIAKTHO TMpencTaBsHe Ha 3D
ceabpkanne MPEG cranmapTtusupa JiBa OCHOBHH KOJICKa, MPEIHA3HAYCHU 32 KOMIIPECHS Ha
o0any OT TOYKH, a UMeHHO BHe0-0a3upaH (Video-based Point Cloud Compression, V-PCC) u
reoMeTpuuHo 6asupan konek (Geometry-based Point Cloud Compression, G-PCC) [163], [164].
Pa3zpabotka Ha Google e Gubmmorekara ¢ orBopeH kox Draco [165], kKosSTO ChIIO MpeaocTaBs
BBH3MOKHOCTH 3a KOMIpecHs Ha oOsanu ot Toukd U 3D mesh monenu. Ot apyra crpana, Al-
0asupaHHUTe ANTOPUTMH 3a Komrpecus Ha 3D chabpkaHue MpUIOOUBAT TOISIMA TOMYJISIPHOCT U
CBUJICTEJICTBAT 3a IMIMPOKO HAIIpaBIIeHHE 3a paboTa B oOsacTTa. Hemo noseye, criopen [166] Te3u
MIOJIXOJTU TIOCTUTAT CHINECTBEHU TOJOOPEHHUS CIIPSAMO TPAIUIIMOHHUTE METOJU TI0 OTHOIICHHE Ha
OanaHca MeXly TOCTUTHATOTO HUBO Ha KOMITPECHS U MOJTyYEHOTO U3KPUBSBAHE Ha JICKOIUPAHHUTE
nannu (t.Hap. Rate—Distortion, RD). Cohmo Taka ce cwmsita, ye Al-0a3upaHute airopuTMu
3HAYUTEITHO TOBHUIIIABAT €(EKTHBHOCTTA HAa KOJHMPAHE, BH3MOJI3BANKU CE OT Bh3MOKHOCTHUTE 32
napajieIHd U34YUCIICHHs], KOETO MO3BOJISIBA OCHIIECTBSIBAHETO HA MHOTO MO-0Bbp3a 00padoTKa U
CBHOTBETHO OJTaronmpHsTCTBa pa3BuTHETO Ha yciuyru kato HTC.

5.2. AuaropursM 3a Al-0asupaHa KOMIIpecusi Ha 00J1alM OT TOYKH

[IpensioxkeH € anropuThM 3a TEOMETPUYHA KOMITPECHS Ha 00JIaIl OT TOYKH, Oa3upaH Ha TbIO0KO
obyuenue, HapeueH MilaNet [A8]. Heka P € RN*? 6n11e 061maksT, moanoxen Ha pa3paboTeHHs
METOJl 3a KoMmmpecus, KpAeTo N e OposT TOYKkH, a 3 CHOTBETCTBA Ha TPUTE T€OMETPUYHU
KOOpAWHATH X,Y,Z, NepuHHpanu B EBKIMIOBOTO mpocTpaHcTBo. Heka fg ampokcumupa
(yHKuMATA 32 KOMIIPECHS Ha IAHHHUTE, & g, — PYHKIHMATA 32 JEKOMIPECHS:

P = g4(fo(P)), (5.1)

kpaero P € RV*® cpoTBeTcTBa Ha mexommpecupanms o6mak oT TOYKH. B paspaboTeHus
aNMropuThM YpaBHeHHUE 5.1 e mapaMeTpu3upaHo upe3 aBTOSHKOACpHA apXUTEKTypa, IPH KOATO fg
M g PENCTABAT ChOTBETHO €HKOJIEPA U JIEKOJIEPA, YUUTO CTPYKTYPH Ca Tpe/icTaBeHn Ha Durypu
5.1us.2.
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H3enuvaHe Ha npusHauu

MmoGanHa & c R?
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@urypa 5.1: biaokoBa quarpama Ha €HKOZEp 4acTTa Ha NPEAJIOKEHUS MOJIEN 3a T€OMETPUYHA
KOMIIpeCHsI Ha 00JIali OT TOUKH

p o [B) L ;
SR 5| FeRrMD Pojjseti€ RS .
3 : Cy6-ToukoBa KOHBONOLMA MLP || (Denopmanuzauma)P € RN 3
, g MLP . mN'xD N'xuxD/u NxDfu| * ; &
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B S| N . 7y
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@urypa 5.2: biokoa quarpama Ha A€KOJEp YacTTa Ha IPEI0OAKEHHUS MOJIEIT 32 TeOMEeTpUYHa
KOMIIpeCHsI Ha 00JIalil OT TOUKU

5.3. AuaropurbM 3a Al-0asupana kKoMmpecHsi HA YACTHYHO NPHUIIOKPHUBAILM Ce
00J1a114 OT TOYKH, 32CHETH 0T MHOKeCTBO U3IJIen

Pa3paboTen e anropuThM 3a KOMIOpECHS Ha YaCTUYHO NPHUIIOKPUBAIIM ce OOJNany OT TOYKH,
NPECTaBIISBAIIY OTCITHUTE M3TJIEIN Ha €IMH U ChIIl 00EKT. AJITOPUTHEMBT € 0a3UpaH Ha IBIOOKO
oOyueHHe W NMpPUHIMINA 3a pa3npeseneHo koaupane Ha u3touHuka (Distributed Source Coding,
DSC). llenTta e na ce u3cienBa Bb3MOXKXHOCTTa 3a MOCTHTaHE Ha MO-e(EKTHBHA KOMIIPECHS,
BB3ION3BAlKM C€ OT HAIWYMETO Ha JonbiHUTenHa uH(opmanus (Side information, SI) B
nexonepa. Hexa P € RV*® u Q € RN*3 61t 1Ba 061maka ot ToukwM, 3aCHETH OT OT/ICITHY H3TTIE/H,
KaTo MEXy TAX ChLIECTBYBa YaCTUYHO F€OMETPHYHO NpuokpuBane. Heka enkonepure Ep u &g
KOJAMpAaT HE3aBUCHMO BCEKH OT 00JaluTe, Mpularaiku:

(DP = fSya(P)a 5.12
g = fu(Q). 612

KBJIETO fg, W ng ca (hyHKIUM, ONHMCBAILK AEHCTBHETO Ha Ep U Ep, a Pp € RC u ®, € RC ca

JI00aTHU TPU3HAKOBU BEKTOPH, MIPE/ICTABISIBAIIN KOMIIPECUPAHUTE JTATEHTHU MIPEICTaBIHUS HA
BCEKM OT oOnanute Touku. Heka Dpy € oOm mekonep, mpuemain Ha Bxona cu ®p u @p u

BB3CTaHOBsBAI P U Q C HUBO Ha U3KPUBABAHC CbOTBCTHO Dx n Dy, CIIeIBaMKU;

{P,Q} = f,o(Pr, Dq), (5.13)

KBACTO fp,, omucBa Dpg. Llenta Ha mpeamoxenus anroputsM ¢ P 1a Obje BB3CTaHOBCH,
usnonspaiku SI B 1exozepa B MMIETO Ha riuobanHara xapakTepucTuka ® . Thii KaTo B ciydas He
ce m3nomBa @, a Py, 3aMHCBIBT HA AITOPHTHMA KOHLENTYalHO CjIeaBa OOOOIIEHMETO Ha
TeopemaTa Ha Yalubsp u 3uB 3a DSC, npennoxeno ot beprep u Tynr (BT). 3a peanusupane Ha
ujesTa € B3auMCTBaHa roTOBa aBTOEHKOJEpHA apXUTEKTypa, nu3BectHa kato Transformer Graph
Autoencoder (TGAE) [174]. CrpykTypaTa Ha €HKOJepa € 3ama3eHa, JOKAaTo NEKOJCPBT €
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MoauduIMpaH, 3a Ja ChOTBETCTBAa Ha cTaHOBHUIETO Ha beprep m Tynr. ®@urypa 5.7 mokasBa
0JI0KOBa AMarpama Ha pealn3upaHus MOJIEI C AKIEHT BbPXY MOJ00pEHHTa B IEKOAEpa.

QPQ c R2CXM

[gfpe
p=

(ﬁQP = R2C><M

®urypa 5.7: biokoBa quarpaMa 3a KOMIIpeCUpaHe Ha 00Jaly OT TOYKH, 3aCHETH OT
MHOECTBO M3rJienu, 6azupana Ha DSC

5.4. HmMmieMeHTAlMs U €KCIIEPUMEHTAJHH Pe3yJITATH

[Tpennoxxenust MilaNet e oOyuen Bbpxy Oaszute mamau ShapeNet m Mechanical Component
Benchmark (MCB) [175] u e u3cnenBan upe3 ABE pa3iiMyHU HETOBH KOH(UTyparuu, a UMEHHO
MilaNet 64x64 u MilaNet 132x32. [TonmydeHuTe pe3yiTaT ca CPAaBHEHH C TE€3H, IIOCTUTHATH OT
MPOBEJICHN €KCIEPUMEHTH KaKTO ¢ TpaaullMoHHUTe Metoau 3a komnpecus — G-PCC u Google
Draco 3a qBata Habopa OT JaHHHU, Taka M ¢ Opyr HeBpoHeH aBToeHKoaep — FoldingNet [157], 3a
Oazata manHu ShapeNet. @urypa 5.9 npencraBs RD kpuBute Ha npuioxkeHute meroau. Ilo-
KOHKPETHO, Ha0JI0/1aBa C€ HapacTBaHE Ha MHUKOBOTO OTHoueHue curHai-mym (Peak signal to
noise ratio, PSNR) ¢ yBenuuaBane Ha Opost OuTOBe, HEOOXOAMMH 33 KOJUPAHETO HA €JHAa TOUKa,
KaTo ce JOCTUTa ONPeIeSIEHO HUBO Ha HACHUIIIaHE IPU METOINTE, Oa3upaHu Ha 1bJIO0KO 00yUEeHHUE.
B pernona ¢ BUCOKO HMBO Ha KOMIIpECHs, T.€. IPU MHOTO HUCKHU CTOMHOCTH Ha bitrate (0 g0 2
bpp), npennoxenusT MilaNet 64 X64 noctura no-sucok PSNR cnpsmo Google Draco n MilaNet
132x32, a cnex 2 bpp npencraBsHeTo My cTaBa cbu3MepuMo ¢ ToBa Ha FoldingNet. Ot gpyra
crpana MilaNet 132X32 usnpeBapsa FoldingNet npu Bucoku croiiHOCTH Ha bitrate (Han 4 bpp) ¢
npubau3uTenHo nojiosuH dB. Bwopeku uye Ha npwB nornen G-PCC ce oTkposiBa c¢bCc cBOsITa
e(EeKTUBHOCT, TS € JI0 M3BECTHA CTEINEeH YCIIOBHA MOpPaJH HAKOW crenn(uky Ha Koneka. Te ce
U3pa3sBaT B 3HAUUTEIHOTO peAyLpaHe U pa3pekaaHe Ha Oposi M3XOJHHU TOYKU, MHIUKAIHS 32
HEOOEKTHBHO M3YMCIICHUE HA TIOCTUTHATOTO HIUBO HAa KOMIIPECHSI.

FoldingNet ShapeNet

—e— MilaNet ShapeNet
MilaNet ShapeNet 128x32

—s— Draco ShapeNet

—+— GPCC ShapeNet

-+-- MilaNet MCB_A 64x64
MilaNet MCB_A 128x32

-=- Draco MCB_A

5 -4-- GPCC MCB_A

PSNR (dB)

8 10

Bitrate (bpp)

®urypa 5.9: RD kpuBHM Ha pe3yATaTUTE OT peaJTu3uPaHUTE METOIN 33 KOMIIPECHS,
npunoxenu Bbpxy ShapeNet u MCB A nabopu ot 1aHHU
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AnropuTbMbT, 6a3upan Ha DSC, e 00y4eH, U3M0N3BaiKy TBOMKHUTE O0IaIM OT TOYKU OT Habopa
JTaHHM, TyOIruKyBaH B [A7]. 3a olleHKa Ha pe3yATaTUTe € MPeAsIOKeHa paMKa 3a OlIeHKa Ha o01alu
OT TOYKH, 3aCHETU OT MHOXECTBO u3riieau [A7], BKIIoUBaIla FreOMETpUYHU U UH(DOPMALIMOHHO-
TEOPETUYHH METpUKH. BlIoKOBa Tuarpama Ha pamMKara 3a OlleHKa e mpejcraBeHa Ha @urypa 5.11.

(o]
—> ST T T mmmm s s
1
@ v | v
OLICHKA Ha

. 1 i

JlBoiika OueHKa Ha OugHKa Ha OueHka Ha OlLieHKA Ha B3AUMHO
KOp&/IMpaHu reOMCTPUYHO HHAMBUYyallHa CbBMECTHA YCJIOBHA

H3LICAH llpmllO[{pHBﬁH€ t‘,H'l'pOllld}l €H1‘p()lll/1§i eHTpOHldﬂ

P X i

@urypa 5.11: briiokoBa auarpaMa Ha paMKara 3a OIIeHKa, UII0CTpHpaIia paboTHHS MpoIiec U
MOTOLIMTE OT JAHHH, U3MOJI3BAHU 32 U3YHCIIIBAHE HA TEMETPUUHUTE U MH(POPMAIIIOHHO-
TEOPETUYHUTE METPUKH [A7]

@urypu 5.13a u 5.136 npezcrassaT ycnoBHara audepennuanta earporus H(P|Q) u B3auMHOTO
Konu4ecTso uHdopmanus [ (P; Q) cpsaMo CTereHTa Ha reoMeTpuyHo npunokpusane Osyr, (Q, P)
3a pedepentaus aproeHkoaep TGAE u npemioskeHus: MOJEI IPeIu U Clie]] KoMIipecusTa. Bmkaa
ce, 4e yBelWYaBailku Kopenanusra Mexay oOiamnurte, HeompeneieHocTTa Ha P copsmo Q
HaMaJIsBa, 3alllOTO MOCJEHUST BCE IOBEYE I'0 ONpENeis, U O4aKBAaHO B3aMMHOTO KOJUYECTBO
uH(popMaligd MEKIy TAX ce yBeiandaBa. [lo-uHTEpecHO € MOoBeIeHUEeTO Ha rpadukuTe cien
NpUJIaraHeTo Ha Kommpecusta, cnopexa kowo H(P|Q) OTHOCHTETHO IOBTaps XapakTepa Ha
NOJTy4€HUs e KoMIipecust pe3yaTaT. [lo-Huckure cToliHOCTH 00ade ca CBUIETEICTBO 32 TOBA,
4e ciiell KOMIIPECHsl KopelanusaTa MeXIy JABOWKaTa M3IJIe HaMalsBa, KaTo MO-CHIIECTBEH €
edexrsT mpu TGAE. AHanorudHo 3akirodeHne Moxe jaa 0be HarpaseHo u 3a [(P; Q). Iopaau
Ta3u MPUYMHA MOXKE Ja ce Kae, ue MPEeAJIOKEHHUIT alroOpUThM MO-700pe ycrsiBa Ja 3amas3u
F€OMETPUYHOTO OTHOIIEHUE MEXy BOMKUTE u3rieau B cpaBHeHue ¢ TGAE.

s _ 6 -
@ T T = ©)] & rone .

-&- Mpenu KoMnpecns .| -¥- bes komnpecus

H(P|Q)
IP: Q)

Ouml@.P) " Oum(Q.P)

@urypa 5.13: OTHOLIEHHE HA yCIOBHATa EHTPONHUA Ha u3rien P cripsmo pedepeHTHHs
usrien (Q ¥ Ha B3aMMHOTO KOJIMYECTBO MH(OpMaIIHsl, OTHECEHU KbM CTETNIEHTa Ha
F€OMETPUYHO MPUTIOKPHUBAHE

Ot rieqHa Touka Ha mocTUrHaTaTa epekTUBHOCT Durypa 5.14a umocTpupa 3aBUCUMOCTTA Ha
PSNR cnpsmo OSym(Q, P). Bwxa ce, 4e IpeuIoKeHUsT MOJIEI He 0100 psIBa MPEACTaBIHETO Ha

TGAE, kato pe3ynraTure ca no-Hucku ¢ okoso 2 dB. Benpeku ToBa @urypa 5.146, uzpasspaiia
TenaeHnuATa Ha pazmukara APSNR cipsamo Ogyr, (Q, P), 3acBujieTencTsa Hamanspane Ha APSNR

C TIOBHUIIIABaHE Ha KOpeJalusITa MeXKIy JBOWKaTa M3ryiend. Makap U KpuBara Ja ©Ma U3BECTHO
Koje0aHue OTHOCHO CBOSITA PAaBHOMEPHOCT, IBJIKAIIA CE OCHOBHO HA XapaKTEPUCTHKUTE Ha
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W3Moj3BaHaTa 0a3a JaHHU, TS JAEMOHCTpHpa TMOTeHIMana Ha peanm3upanata uzaes 3a DSC u
Ch3/1aBa MEpCIEeKTHBA 3a Objena padoTa B o0acTTa.

(@) _ T (6)
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@urypa 5.14: OtHomenue Ha nocturHarus npu komnpecusd PSNR u APSNR, oTHeceHU KbM
CTEINEHTa Ha FTEOMETPUYHO NPUIIOKPUBAHE

5.5. M3Boam

OcBeH mpwiarane Ha TPAJUIIMOHHM METOIU 3a KOMIpecHs, peanuzupanero Ha Al-O6a3mpanu
Mojenu e oOemiaBallo HampaBieHHe B oOnactra. Hemo moBeue, MOCTUIHATOTO BpeMe 3a
JEKOJUpaHe M peaTu3upaHeTo Ha ,,JIeK MOAEN C MHOTO MaJXbK Opoi mapaMmeTpu MOJIKPETsT
yjesATa 3a IpuiaraHe Ha oJ00eH THUII allropuT™MH B npuemHata ctpana Ha HTC notpeburenu. Ot
Jpyra cTpaHa, pe3yJTaTuTe NOTBbPKIaBaT U noTeHuuana Ha Al 3a u3cnenBaHe Ha Kopenauusara
ype3 DSC mexay JaTeHTHUTE NpPEACTaBSHUS HAa WHAMBHUIYAIHO KOMIIPECHUPAHUTE YaCTUYHO
IPUIIOKPUBAIIM c€ 00JIally OT TOUKHU. BbIIpeKyu ue npeasioxkeHuAT METO] He YCIIsiBa KbM MOMEHTA
Jla MOTBBbPAM CTAaHOBHUILETO Ha beprep um TyHr, crnopen KOETO CbBMECTHOTO ACKOJIMPAHE Ha
usrienuTe, TpsAOBa Aa 1oAoOpH e(pEeKTUBHOCTTa Ha KOMIPECHS, CBIIUAT JEMOHCTPHUpA
U3KIIIOYUTETHO BaXKHA TEHACHLUSA. 3a4MTaHeTO Ha KOpeJaluaTa Mex, 1y U3IienTe Mo BpeMe Ha
JIEKOIMPAHETO TMOBHUIIaBa KAYECTBOTO HA PEKOHCTPYyHpaHUTE OOJaly OT TOYKA C YBEJIUYaBaHE
CTENEeHTa Ha TeOMETpUYHO Mpunokpusane. IlocneqHoro o6ocHoBaBa m3non3Banero Ha DSC u
HacbpyaBa Objela padora B o0acrra.

5.6. IlpuHoCHM KbM meTAa IJ1aBa

1) Pa3paboTeH e anropuThM 3a KOMIIpecHs: Ha 001y OT TOUKH, 6a3upaH Ha AbJIO0KO 00yUyeHHe.
3a menra e pa3paboTeH MOJENl Ha aBTOCHKOEP, YAHTO €HKOAEp peayuupa Oposi TOYKH Ha
BXOAHMA OOJaK M U3BIAMYA IJ100aJeH MPHU3HAKOB BEKTOp, OMMCBAI KOMIIpeCHpaHaTa
UHPOPMALIKs, U YUHATO IEKOIEp PEKOHCTPYHPa 0OpaTHO BXOAHUTE JAHHU OT KOMIIPECUPAHOTO
JATEHTHO Mpe/ICTaBsHe.

2) Pazpaboten e anropuThM, 0a3upaH Ha IHJIO0KO 00yUeHHE, 3a KOMIIPECHs Ha 00J1alld OT TOYKH,
NpPEJCTaBAll €IUH U ChIIU (PU3MUECKH OOEKT, HO 3aCHET OT pa3jIMyHHU U3IJIEIH, Taka 4e €
HAITUIIE YaCTUYHO TEOMETPUYHO TPUTIOKPUBAHE MEXKITY TSAX. AJTOPUTHMBT CIIEBA MPUHIIATIA
Ha DSC, pasrpeuiaiiku cueHapuss Ha beprep m TyHr 3a ChBMECTHO JI€KOJAMpAHE,
€THOBPEMEHHO H3IOJI3BAWKH KOMIIPECHUPAHUTE JIATCHTHHU TPEICTABIHUS Ha BXOJHUTE
oOmaru.

3) Ilpemmoxxena e pamka 3a OIlEHKa Ha OOJAIM OT TOYKH, 3aCHETH OT MHOXKECTBO H3TJIENH,
0a3upaHa Ha TEOMETPUYHH U MH(POPMAITMOHHO-TEOPETUYHN METPHUKH 32 OLICHKA.
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III. HAYYHO-ITPUJIO’KHHU U ITPUJIOKHHU ITPUHOCH

Hay4yHo-npuj10>KHM NIPUHOCH:

1.

9]

10.

Jedunupane Ha ¢yHKMoHanHUTe KoMmrnoHeHTH Ha HTPS u wupgentudunmpane Ha
OCHOBHHUTE MPEIU3BUKATENICTBA MPE]] TIXHOTO peaanu3rupaHe.

AHanu3 ¥ CpaBHEHHUE Ha CHIIECTBYBAIIUTE MPAKTUICCKH pa3pabOTKu B 00IacTTa.
Pa3zpaboTrBane Ha anropuThM 3a u3BnuyaHe Ha 3D ciieHa ot 3ao0ukandiaTa cpena upes3
JeTeKTUpane Ha ceMaHnTu4YHu 3D o0OekTH.

N3cnenBane u olieHKa Ha pakTH4ecku peanusupana HTPS.

Hedunupane u xnacudpukanuss Ha wMpexoBute KPIs, cBbp3aHum ¢ mnpakTHyeckKara
peanuzanus Ha HTC. Ouenka BausHueto Ha 5G u 6G Bbpxy peanuzanusita Ha HTC,
choOpazHo mpencraBenute KPIs. Anamutuden o63op, uscnensamny mscroto na HTC B
opaemuTe 6G KOMyHUKAIIMH.

Hedunupane u ximacupukanus Ha TOTCHIUATHUTE IOAXOAM 3a ONTHMHU3AIUSA Ha
KOMYHHKAIIMOHHATa Mpeka U Ha oTpeduTenckaTa CTpaHa 1o OTHOIICHHE peanu3alusaTa
Ha HTC. Ouenka Ha npenacraBeHuTe noaxoiu cupsimo ocHoBHuTe HTC m3uckBanus.
AHanu3 possiTa Ha U3KYCTBEHUS! MHTENIEKT B TO3U KOHTEKCT.

Pa3paboTBane Ha arOPUTHM 3a PETUCTPALMS HA UACHTUYHH O0JIalld OT TOUKH, KOUTO ca
TpaHcGOpMHUpPaHU eIUH CIpsIMO ApYT B EBKIMI0BOTO npocTpaHcTBoO. [IpoekTupane Mmoaen
Ha HEBPOHHA MpPE’Ka, BKJIFOUBALI MOJ1YJIX 3@ U3BJIMYAHE HA JIOKAJIIHU U II100aJIHU TPU3HALH,
KaKTO U MOJYJI 32 perpecus Ha pOTaIl[MOHEH KBaTEPHHUOH.

Pa3paboTBane Ha aaropuThM 3a perucrpanus Ha o0yaly OT TOUYKH, IPEACTABSIIIN €IUH U
ChIU (hU3HUECKHU 0OEKT OT pa3IMYHU U3TJIE/IU, TaKa Y€ € HAJIMIIEe YACTUYHO T€OMETPUYHO
IOPUIIOKPUBAHE MEXIy TsIX. YCbBBbPUIEHCTBAHE Ha alIropuTbma Ja HU3BbpLIBA
perucTpaumsTa U3LIsI0 B JATEHTHOTO MPOCTPAHCTBO Ha KOMIIPECHPAHUTE upe3
aBTOEHKOJIep 001alM OT TOUYKHU Ype3 CIEUAIHO MPOESKTUPAH 3a LeJITa MOJIENI Ha HEBPOHHA
Mpexa, HapeyeH RegNet Moy

Pa3paboTBane Ha anropuThbM 3a KOMIpecuss Ha oOJlalld OT TOYKH, peaJu3uparl
aBTOEHKOJIEpHa apXuTekTypa. IIpoekTupaHe Ha eHKofep, peayuupai] Opos TOUYKH Ha
BXOJHUS OOJaK M M3BJIMYAIL IVI00aJleH MPU3HAKOB BEKTOpP, OMUCBAIl KOMIIpecHpaHaTa
uHpopmanus. [IpoekTupane Ha JeKozep, PEKOHCTpyHpall 0OpaTHO BXOAHUTE JTAaHHHU OT
KOMITPECHPAHOTO JIATEHTHO MPECTaBsHE B 001K OT TOUYKH.

Pa3zpaGoTBaHe Ha anropuThbM, 3a KOMIpEcHs Ha o0jauy OT TOYKH, NPEACTaBsAIl €IUH U
ChIK (pU3MUECKH OOEKT, HO 3aCHET OT pa3jIMuYHU U3IJIEU, TaKa Y€ € HaIWIEe YaCTUYHO
TEOMETPUYHO IPHUIOKPUBAaHE MEXITy TAX. [IpoexTupane Ha Iekoaep, anmpOKCUMHUPALL
npunuuna Ha DSC, koHKkpeTHO pasrpbiiail cueHapus Ha beprep u TyHr 3a cbBMeCTHO
JEKOANPAHE.

IIpni1o:kHM NpUHOCH:

l.

2.

IIpunarane Ha MOAYJIEH apXUTEKTYpEH NOAX0 3a peanusupane Ha HTPS, BxiarounTenno
XapJyepHa UMIUIEMEHTAIU Ha CUCTEMATA.

[IporpamHa peanu3zaius Ha apXUTEKTYpHHU OJIOKOBE OT CJIOsl Ha ChOMpaHe Ha TaHHU, CIIOS
Ha 00paboTKa Ha JaHHU U CIJIOS 32 OCUTYpsIBaHE Ha MOTAIAIIO M3KUBSIBAHE, & UMEHHO:
KOJIEKTOp Ha JaHHU, MOIYyJl 3a 0o0pa0oTka Ha JaHHU M MOJYJ 3a HU3TpaxIaHe U
MI0/IpaBHSBaHE Ha CIICHA.

BHenpsiBaHe Ha anropuThM 3a KaIUOpalys U Ha arOpUTHM 3a u3Bnu4ane Ha 3D ciieHa B
pa3paboTeHust MOAYJ 3a 00paboTKa Ha JaHHH.

Pa3paboTBane Ha 0a3a maHHH, ChABPIKAIIA OOJAIM OT TOYKH, MPEACTABSIIN Pa3IUIHU
u3riean KeM aaeH 3D o0exT.

[Tpennarane Ha paMka 3a OLleHKa Ha 0OJaly OT TOYKH, 3aCHETU OT MHOXECTBO U3IJIEAH,
0a3upaHa Ha TEOMETPUYHH U MH(POPMAITMOHHO-TEOPETUYHN METPHUKH 32 OLICHKA.
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IV. B3ITIOJI3BBAHU CHBKPAILLIEHU A

3D Three Dimensional HTPS  Holographic Telepresence System
5G Fifth Generation Mobile Networks ICP Iterative Closest Points
6G Sixth Generation Mobile Networks /0 Input Output
Al Artificial Intelligence MCB  Mechanical Component Benchmark
BT Berger-Tung ML Machine Learning
CD Chamfer Distance MLP Multi-layer Perceptron
DAN Data Acquisition Network PSNR  Peak signal-to-noise ratio
DSC Distributed Source Coding QoE Quality of Experience
FOV Field of View QoS Quality of Service
G-PCC  Geometry-based Point Cloud RD RateDistortion
Compression
HMD Head Mounted Display SI Side Information

HPCU  High-performance Computing Unit TGAE Transformer Graph Autoencoder

HTC Holographic-type Communications V- Video-based Point Cloud
PCC Compression
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I. GENERAL CHARACTERISTICS OF THE DISSERTATION
Relevance of the Problem

Each successive generation of mobile networks provides its users with higher data rates, lower
latency, greater connection density, and increased reliability. At the same time, conditions are
being created for the emergence of fundamentally new communication paradigms. Following the
transition from voice services to video calls, the current technological focus is directed toward the
realization of spatially enriched communication, whose ultimate form is associated with the so-
called Holographic-Type Communication (HTC).

HTC is a term representing the idea of a revolutionary technology that enables the real-time
transmission of holographic data over communication networks. By its nature, providing the
capture, transmission, and reproduction of information derived from the five primary human
senses — it promises a significantly higher level of user engagement compared to currently
available video conferencing solutions. Beyond its role as another communication method,
numerous professional fields, including education, healthcare, industry, and others, have expressed
intentions to adopt HTC in order to improve the functionality and accessibility of their services.
Furthermore, HTC is considered a key factor in the realization and development of the so-called
metaverse, in which not only people but entire physical systems are transferred into a unified
global, digital, and parallel reality.

Objective of the Dissertation, Main Tasks, and Research Methods

This dissertation aims to present the specific features of HTC implementation through an analysis
of existing challenges and an exploration of possible approaches for overcoming them.

The tasks associated with achieving the objective of the dissertation are as follows:

1. To investigate the functional components of HTC systems, also referred to as Holographic
Telepresence Systems (HTPS), and to identify the main challenges in their implementation.
To examine existing implementations of such systems.

2. To propose an architectural framework for the practical implementation of HTPS, followed
by its applied realization. To implement algorithms for processing 3D visual data within
the developed HTPS and evaluate its performance.

3. To analyze the role of future generations of mobile networks in enabling and deploying
HTC for mass use.

4. To develop algorithms for efficient processing of three dimensional (3D) visual data,
aligned with the requirement for ultra-low latency and demonstrating the concept of
intelligent HTPS design.

The research methodology of the dissertation follows a comprehensive scientific approach,
combining analytical, experimental, and modeling methods. A system analysis is applied to
identify key components and challenges in HTPS. An experimental implementation and evaluation
of HTPS are carried out. The impact of communication networks is assessed through analysis of
key performance indicators and potential approaches for addressing the main HTC challenges.
Within the dissertation, algorithm development methods based on neural networks are applied,
followed by experimental validation.
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Scientific Contribution

The dissertation identifies the main challenges associated with HTC and defines potential
approaches for overcoming them. Artificial intelligence algorithms for the registration and
compression of 3D visual data have been developed, the results of which lead to the following
findings. First, the registration of point clouds representing a single object captured from different
viewpoints is achievable in the abstract latent space of their compressed representations. Second,
the efficiency of point cloud compression — when representing a single object captured from
multiple viewpoints and based on distributed source coding — increases with the level of correlation
between the views.

Practical Applicability

The dissertation presents the main functional components of HTPS and proposes a modular
architectural approach for their subsequent practical implementation, intended to serve as
guidelines for work in the field. In addition, the implemented HTPS is designed to serve as a
platform for integrating and investigating various approaches and algorithms for HTC realization.
Finally, the proposed algorithms for point cloud registration and compression represent potential
solutions to some of the identified challenges.

Publications

The main achievements and results of the dissertation have been disseminated through 8 scientific
publications, 3 of which are published in prestigious international scientific journals, while the
remaining 5 have been presented at international scientific conferences.

The international journals are: MDPI Sensors 2022 & 2023 and IEEE Access 2024.

The international conferences include: IEEE International Black Sea Conference on
Communications and Networking (BlackSeaCom) 2022; IEEE International Scientific Conference
on Information, Communication and Energy Systems and Technologies (ICEST) 2025; IEEE
International Symposium on Wireless Personal Multimedia Communications (WPMC) 2025; and
the Joint International Conference on Digital Arts, Media and Technology with ECTI Northern
Section Conference on Electrical, Electronics, Computer and Telecommunication Engineering
(ECTI DAMT & NCON) 2026.

Structure and Scope of the Dissertation

The dissertation comprises 136 pages and includes an introduction, 5 chapters addressing the
defined tasks, a list of contributions, a list of author publications, and references. A total of 176
sources are cited, of which 163 are in Latin script and the remainder are internet sources. The work
contains 40 figures and 15 tables. A total of 54 citations to the eight author publications have been
recorded. The numbering corresponds to that used in the dissertation.

Chapter One presents a block diagram of HTPS, defines the main functional components of the
system, and identifies the key challenges in their implementation. Existing HTPS solutions are

also presented and compared.

Chapter Two proposes an approach for the practical implementation of HTPS based on a modular
architectural design. A real HTPS has been implemented and evaluated following the proposed
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approach. Algorithms for processing 3D visual data integrated into the implemented system are
also presented and evaluated.

Chapter Three examines the impact of fifth-generation mobile networks (5G), as well as the
potential of future sixth-generation mobile networks (6G), in the realization and deployment of
HTC. It also highlights their unprecedented potential in favor of the design and integration of
intelligent methods and algorithms for data processing.

Chapter Four presents developed algorithms for the registration of 3D objects, which is essential
when capturing them from multiple viewpoints.

Chapter Five introduces developed algorithms for the compression of 3D visual data, necessitated
by the enormous volume of data generated during the creation of digital 3D content.

II. CONTENT OF THE DISSERTATION
CHAPTER 1. MAIN CHALLENGES IN THE IMPLEMENTATION OF HTPS
1.1.Functional diagram of HTPS

Each telepresence system must perform multiple operations to enable a user to participate in HTC.
These operations can be grouped into four main functional blocks [A1], illustrated in Figure 1.1
and enclosed by a dashed line. The first functional block involves the capture of multisensory data,
ideally collecting information derived from the five primary human senses, including visual,
auditory, tactile, olfactory, and gustatory data. It should be noted that achieving a high degree of
realism in capturing visual data requires the use of multiple cameras to cover a given scene or an
object from different viewpoints. The second functional block integrates data processing
operations, primarily including the reconstruction of 3D objects and scenes, as well as 3D
rendering. Other more specific processes may include compression, registration, segmentation,
noise filtering, and so on. The synchronization of individual data streams is also part of this block.
The third block includes functions related to data transmission through the communication channel
and across the network. Finally, after the user receives and processes the holographic data, the
fourth functional block is responsible for their synchronized rendering to the user. It should be
noted that a given user typically acts as both a transmitter and a receiver in the communication
process, and therefore must support the execution of all the listed functions.

1.2.Challenges in the implementation of HTPS

The identified challenges in the implementation of HTC are categorized into three groups, namely
core technical challenges, challenges related to the virtual representation of participants, and other
challenges [A1l]. The core technical challenges encompass those related to input/output (I/O)
technologies for HTC, holographic data processing, holographic data transmission, and the
scalability of HTPS. Challenges related to the virtual representation of participants include issues
concerning the creation of authentic 3D virtual avatars, as well as problems associated with
supporting gestures, gaze, and emotions. The remaining challenges involve the need for reliable
evaluation of HTPS, taking into account both Quality of Service (QoS) and Quality of Experience
(QoE), as well as ensuring high levels of security, privacy, and ethical standards in communication.
These challenges are presented in Tables 1.1 and 1.2.
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Figure 1.1: Functional block diagram of a holographic-type communication system [A1].
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Table 1.1: Main technical challenges

Category

Challenge

I/O Technology

Depth cameras: low accuracy, low resolution, limited range, noise addition,
narrow field of view (FOV) [71]

Multiple cameras: need for calibration, low reconstruction accuracy, time-
consuming, difficult installation

360° capture: limited user movement [9]

Complex processing and transmission at high frame rates

Head-Mounted Displays (HMDs): lower resolution and narrower FOV than
the human visual system [72]

HMDs: limited battery life, uncomfortable, invasive, high cost, hardware
requirements [12]

HMDs: convergence—accommodation conflict causing nausea, dizziness,
disorientation [10], [11], [14]

Social acceptance of HMDs [13], limited use to a single user

Light-field displays and volumetric displays: limited panel volume — limited
depth, large data volume [12], [14], [15]

Providing immersive experience supported by high resolution, large FOV,
interactivity [11]

Need for multisensory interactions [18], [20], [24]-[26]

Need for video-audio consistency (requirement for spatial audio) [18]—[20]

Integration of haptics in HTC systems [21]-[23]

Limited inclusion of smell and taste, high cost for integrating sensory reality
rooms

Data Processing

Processing large volumes of data

Creating high-quality reconstruction (with multi-camera capture)

Applying efficient compression/decompression techniques

Requirement for high computational power

Trade-off between processing latency and network transmission latency [14],
[28], [32], [36][38]

Integration of edge computing [36], [40], [41]

Synchronization between local signals and those received from the remote
user [37], [39], [40]

Need for higher data rates, hence higher frequency bands and efficient
modulation techniques

Application of adaptive data transmission [43], [44]

Need for semantic awareness and gaze direction prediction [36]

Data Low-latency transmission: < 15 ms “motion-to-photon” and < 50—100 ms end-
Transmission | to-end [9], [45]-[52]
Development of optimized mechanisms for holographic data transmission [37]
Optimization of network architecture [37], [62]-[64]
Increasing technological requirements — higher bandwidth and
synchronization among multiple users
Scalability Need for centralized control [44]

Scalability with respect to: different devices, varying number of participants,
different levels of virtuality [65]
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Table 1.2: Challenges related to the virtual representation of participants, HTPS evaluation,
security, and privacy

Category Challenge

Ensuring a sense of presence and realism, including facial detail of the
avatar and expressed emotions

Completeness of avatar bodies and their positioning, fidelity of
movements and gestures

Avatar-Based Synchronization of avatar movements with those of the user
Representation | Sense of body ownership and recognition of one’s own movements and
location

Collaboration within the interaction space [2]

Need for visual and behavioral accuracy of the avatar [17], [19], [20],
[26], [46], [57], [59], [68], [74]-[77]

Dynamic body tracking and reproduction of gestures and movements
through the virtual avatar [19]

Calibration and synchronization between different user coordinate
systems

Dynamic and accurate eye-tracking

Estimation and visualization of gaze direction [78]

Dynamic facial capture and tracking, synchronization of lip movements
Emotion Support | with speech

Facial occlusion caused by wearing HMDs [79]-[84]

QoS insufficient for evaluating the overall system performance
experienced by end users

QoE representing a combination of multiple factors influencing the
overall system performance [88], [89]

Need of evaluation of different HTPS aspects such as realism,

HTPS Evaluation | applicability, task completion time, etc.

Need for evaluation that involves a very large number of participants
performing different tasks under varying conditions

Need of new evaluation metrics compatible with 3D data representation
[90]

Need for development of evaluation models for QoE using Machine
Learning (ML) and Artificial Intelligence (Al) techniques [89], [91]
Neglect of security and privacy enhancement in HTC systems [92]
Need to protect 3D data representing human bodies, objects, and

Gesture Support

Gaze Support

environments
Data Security and | Need to protect sensitive biometric data and behavioral characteristic data
Protection [2]

Need to protect application-specific data
Improving network-level security [95]
Increasing user trust in various HTC applications

1.3.Literature review of implemented HTPS

The identified challenges are further confirmed through the analysis of a number of publications
related to practical implementations of HTPS. The systems are compared in terms of the I/O
technologies used for data capture and reproduction, the network technology for data transmission,
system scalability, the implemented type of avatar, support for non-verbal communication signals,
the presence of system evaluation, and data protection capabilities.
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The results show that various I/O devices have been integrated, primarily intended for capturing
and rendering audio-visual data. The most commonly used are 3D cameras and HMDs for
augmented and virtual reality, which provides the highest level of immersive experience.
Regarding the networking part, there is no unified network protocol optimized for holographic
data transmission. For this reason, technologies such as MPEG-DASH, RTSP, WebRTC,
RabbitMQ, and PUN have been integrated, although they were originally developed for different
purposes. Although addressed in many of the investigated systems, HTPS scalability is limited to
only a few users. Regarding the virtual representation of participants, photorealistic avatars are
less commonly implemented in comparison to character-based ones. The integration of non-verbal
communication signals has been implemented in many systems, with gesture reproduction being
the most frequently supported feature. However, gaze tracking and facial expression support
remain limited. System evaluation of HTPS is almost always present. However, it does not
consider user context and is based on a limited number of participants. According to the reported
latency evaluations, the term “real-time” is not applicable, as different HTC scenarios impose
different requirements. Therefore, evaluation should be application-specific and task-dependent.
Compliance with the ultra-low latency requirement remains a major challenge overall. Finally,
none of the reviewed HTPS implementations provide strategies for ensuring user data security and
privacy.

1.4.Conclusions

The realization of true HTC has not yet been achieved due to challenges of different nature. The
lack of advanced and specialized technologies for implementing the core functional components
of HTPS necessitates the introduction of additional data processing algorithms, which in turn leads
to increased end-to-end latency. The practical implementation of HTPS represents a combination
of technological and algorithmic solutions that must satisfy the fundamental requirements of HTC.

1.5. Contributions to Chapter 1

3) The functional components of HTPS are defined, and the main challenges in their
implementation are identified.
4) Existing practical developments in the field are analyzed and compared.

CHAPTER 2. PRACTICAL IMPLEMENTATION OF HTPS

2.1. Modular architectural design of HTPS

An architectural approach for the implementation of HTPS is proposed [A2], focusing on

modularity, flexibility, adaptability, and easy integration of the required HTC technologies. Four

main layers are defined, each designed to perform a specific function:

e Data Acquisition Layer, responsible for the initial collection of raw sensor data and serving as
the entry point to the platform; This also includes the Data Acquisition Network (DAN);

e Data Processing Layer, which receives input data and applies various algorithms for their
manipulation, enhancement, and transformation into a virtual object or scene;

e Data Transmission Layer, managing the secure and efficient delivery of processed data to all
nodes participating in the session;

e Immersive Experience Layer, where data is transformed into a user-oriented immersive
experience, forming the final holographic output through visual rendering, engagement of the
remaining senses, and enabling user interaction.
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A control plane has also been introduced, whose purpose is to coordinate and manage the operation
of the entire system. It enables user-driven control and evaluation with the aim of optimizing
research efforts and accelerating the development process. Figure 2.1 illustrates the design of the
proposed architecture. It can be seen that each layer contains multiple architectural blocks
representing the core elements required for the operation of HTPS. Each of them can be
implemented through different selectable and interchangeable modules, depending on the
requirements of a specific HTC scenario. In this way, the goal is to ensure both flexibility and
adaptability to new technologies, as well as to provide opportunities for studying and evaluating
system performance depending on its specific implementation.
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Figure 2.1: Proposed architecture for HTPS [A2]
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2.6. Implementation of HTPS and integrated algorithms

For the practical implementation of HTPS on the available physical infrastructure modules from
the data acquisition layer, data processing layer, immersive experience layer, as well as modules
from the control plane have been implemented (Figure 2.2). The physical infrastructure consists
of three Kinect V2 sensors, each connected to an Intel NUCS517RYH mini personal computer
(NUC) via a USB 3.0 interface. The three mini computers, in turn, are connected to a high-
performance computing unit (HPCU) through a gigabit-switched local area network.
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Figure 2.2: Physical distribution of the architectural blocks on the HTPS hardware
infrastructure [A2]

For the data processing layer, an algorithm for isolating the reconstructed 3D scene has been
specifically designed and subsequently integrated [A3]. HTPS captures a controlled physical space
bounded by six walls forming a hexagonal cell, and therefore referred to as the “Bee Cube.”
However, additional non-essential data are also captured, which necessitates the execution of such
an algorithm. A block diagram is presented in Figure 2.6, defining the execution of several
sequential steps.

Registered scene
|

( Bee Cube walls detection through walls' surface normals ’
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Y
Distance to Bee Cube walls estimation
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4>[ Surface normals and distances estimation

(S
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Extraction of the Bee cube ]

v
Isolated Bee Cube
Figure 2.6: Graphical representation of the scene extraction algorithm
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2.7. System testing results

Based on the calculated transport-layer payload for a single frame, amounting to 3,256,634 B, the
maximum frame rate under simultaneous operation of the three Kinect V2 sensors has been
determined. The results show that it is limited to only 8 FPS out of the possible 30. The
characteristics of the selected transport-layer protocol are not favorable for the implementation of
such systems, further increasing the load and creating conditions for desynchronization between
the sensor units. The observed deviation of 27 ms at a frame period of 125 ms (21%) confirms this
statement. The evaluated computational efficiency of online processing is insufficient to meet the
requirements for minimal latency. This is due to a combination of factors, including algorithmic
complexity, the limited computational power of the HPCU, the use of Python as an interpreted
language, and others. In addition, the presence of a prolonged offline phase for pre-computing
certain parameters in a fixed Kinect V2 installation significantly limits the feasibility of mobility-
required scenarios. Quantitative results related to the evaluation of the implemented system are
presented in Table 2.1. Figure 2.15 visualizes the reconstructed and isolated scene after applying
the proposed scene isolation algorithm, as observed through HoloLens.

Table 2.1. Quantitative results of various performance indicators of the implemented HTPS

Type of measurement Value
Data collector, sensor FPS = 8, deviation period (ms) 27
Computation time of the offline calibration stage (s) 161
Computation time of the online calibration stage (ms) 126
Computation time of the offline isolation stage (s) 3419
Computation time of the online isolation stage (ms) 140
Computation time of the segmentation stage (ms) 30

Figure 2.15: Reconstructed scene as observed through HoloLens 2

2.8. Conclusions

The transmission of 3D data is a challenge. In order to increase the frame rate, and consequently
the QoE, it is necessary to integrate compression algorithms already within the sensor block or to
use a DAN with higher communication capacity, which, however, is impractical from a user
perspective. The efficiency of data processing must also be improved through the development of
“lightweight” algorithms capable of operating across a wide range of HTC scenarios, independent
of a fixed HTPS installation.
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2.9. Contributions to Chapter 2

6) Application of a modular architectural approach for the implementation of HTPS, including
hardware implementation of the system.

7) Software implementation of architectural blocks from the data acquisition layer, data
processing layer, and immersive experience layer, namely: a data collector, a data processing
module, and a scene reconstruction and alignment module.

8) Implementation of a calibration algorithm and a 3D scene extraction algorithm within the
developed data processing module.

9) Development of a 3D scene extraction algorithm for isolating the scene from the surrounding
environment through semantic 3D object detection.

10) Investigation and evaluation of the implemented HTPS.

CHAPTER 3. IMPACT OF MOBILE NETWORKS ON THE
IMPLEMENTATION OF HTC

Chapter Three examines the impact of 5G and the potential of 6G on the realization of HTC and
the deployment of HTPS among users. It aims to define a clear relationship between the main HTC
requirements, namely the need for high bandwidth and consequently high data transmission rates,
minimal latency, strict synchronization, and the need for complex and computationally intensive
data processing algorithms, and the potential approaches of mobile networks through which these
requirements can be met.

3.6. HTC and the new generations of mobile networks

Addressing the aforementioned technological requirements is fundamental for the realization of
true HTC with ultra-low latency and a high level of QoE [129], [130]. However, it turns out that
the transmission of holographic content over 5G networks is significantly limited due to the
inability of current technologies to meet these requirements. Evidence of this is provided in Table
3.2, which compares HTC requirements with the corresponding network Key Performance
Indicators (KPIs) defined for 5G and 6G. A significant increase in data transmission rates in 6G is
promised, which would enable the transmission of substantially larger data volumes compared to
5G. In addition, the reduction of latency and jitter, combined with increased reliability, would
provide advantages both in terms of improved synchronization and the successful realization of
highly interactive scenarios. This supports the view that 6G is the promising solution for the actual
realization of HTC.

After conducting an analytical review of numerous scientific publications with the purpose of
examining the role of HTC in future 6G communications, the following statements have been
derived. Holographic technologies and communications are expected to play a central role in both
social and professional contexts. Almost all reviewed publications explicitly highlight HTC as a
key application that will be enabled by advances in 6G technologies. Moreover, the emergence of
anew type of 6G service is anticipated — simultaneously broadband, highly reliable, and ultra-low
latency. In this context, Figure 3.1 illustrates the evolution of mobile network generations in terms
of data transmission rates and provided services.
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Table 3.2: Comparison of the main HTC requirements with the corresponding KPIs in 5G and

6G networks
Parameter HTC requirement 5G 6G
0.5-2 Gb/s Point cloud; 0.02 Tb/s 1 Tb/s
Transmission 0.1-2 Tb/s light-field view | Peak data rate; Peak data rate;
rate hologram [37] 0.1 Gb/s 10 Gb/s
User-experienced User-experienced
data rate data rate
End-to-end latency: Network Network
50-100 ms (buffering); transmission latency: | transmission
Latency 20—50 ms (highly interactive | 1 ms latency: 0.1 ms
applications);
~l ms (ultra-low latency
applications) [52]
Synchronization of multiple | Latency up to 1 ms, | Latency up to 0.1
Synchronization data streams arriving from | jitter — 1 ms ms, jitter — 0.001 ms
different locations at the
endpoint [39], [123]
Requirement for executing | Introduction of | 6G supporting both
i computationally intensive | network-based cloud | computation  and
Computation | jjoorithms  for 3D model | computing communication
reconstruction, compression,
etc.

HTC,

Tactile internet, Digital twins, BMI applications, Emergency rescue

communications

AR/VR, Internet of Everything, Industry 4.0 |

| Mobile media streaming, mobile payments
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Figure 3.1: Evolution of mobile network generations in terms of data transmission rates and
provided services [A4]

3.7.

Potential approaches for the realization of HTC

Referring to the notion that HTC will be one of the core 6G services, the possible improvements
expected to make this a reality are discussed. In this context, potential approaches for addressing
the technological requirements of HTC are presented, classified into two main groups. The first
group includes approaches directly related to the optimization of the communication network, in
particular 6G, while the second group refers to optimizations on the user side. The first group is
further categorized into three subgroups, namely improvements in the physical layer, network
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architectures, and transport layer enhancements. Table 3.4 presents these approaches classified
according to the above-described structure. Based on their impact on network KPIs [140], an
assessment of their applicability to different HTC requirements [ A4] has been performed, whereby
Table 3.4 also illustrates the relationship between them and the corresponding technological

challenges.

Table 3.4: Impact of potential approaches for improving HTC on the main technological

challenges in HTC
Group of Approaches Transmission | Latency | Synchro | Compu
approaches rate nization | tation
Use of higher frequency bands | Yes Yes No No
above 300 GHz, including visible
light
Use of new modulation techniques | Yes No No No
Improvement of physical layer | Yes Yes No No
coding
Physical layer | Application of MIMO and | Yes No No No
improvements | beamforming techniques together
with signal processing algorithms
Deployment of RIS on building | Yes No No No
surfaces, highways, and other
objects
Integrated sensing and localization | Yes Yes No No
Use of Al and ML at the physical | Yes Yes Yes Yes
layer
Deployment of flexible, adaptive, | Yes Yes Yes Yes
and scalable network architectures
in 6G
Integration of software-defined | Yes Yes Yes Yes
Network networking and network slicing
architectures | Integration of MEC (Multi-access | No Yes Yes Yes
Edge Computing)
Use of non-terrestrial connectivity | Yes Yes Yes No
Integration of Al in 6G Yes Yes Yes Yes
New transport layer protocols No Yes Yes No
Transport layer | Adaptive transmission of | Yes Yes No No
improvements | holographic ~ content  through
support for streams with different
priorities
Assessment of network conditions | Yes Yes Yes Yes
and requirements for different
HTC scenarios
. Innovative data compression Yes Yes No Yes
User-side methods
optimization Adaptive transmission based on | Yes No No No
user field of view (FOV) and focus
of attention
Use of semantics for enabling | Yes No No No
semantic communications
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Referring to Table 3.4, Figure 3.2 illustrates the overall impact of the four groups of approaches
on the technological requirements of HTC. Each ellipse represents a separate group and covers the
requirements that it has the potential to address. Although this type of representation does not
provide a quantitative evaluation, it offers clarity regarding the focus of the different groups of
approaches in satisfying the corresponding HTC requirements. It should be emphasized, however,
that the introduction of the various improvements should not be considered in isolation. While
some approaches are targeted at solving specific HTC challenges, they may have a negative impact
on others. Therefore, an optimal trade-off between different solutions should be sought, tailored
to the specific HTC scenario.

Synchronization

Transport layer
improvements Optimizations at the
Data rate ‘ user side

| Latency | [ Computations

Network architectures

Figure 3.2: Relationship between the main technological requirements of HTC and the
categories of approaches associated with their solution [A4]

3.8. Al and HTC

Regarding simultaneous optimization at both the communication network and user side, the
integration of Al emerges as a key solution, supported by the following arguments [A4]. First, on
the user side, Al will play an important role in achieving adaptive QoE. Specifically, Al-based
methods can analyze user behavior, environmental factors, and available network resources in
order to enable dynamic adjustments in data processing and transmission. Second, Al will
contribute to high-speed content processing through the use of pre-trained models. Third, AT will
also play a key role in improving semantic content understanding and enabling context-aware
communication. Its involvement will mainly be expressed through the transition from precise data
transmission to accurate representation of its underlying semantics. Fourth, Al will facilitate the
analysis of large volumes of data [152]. This includes extracting historical context, providing
diagnostic functions for autonomous fault detection, enabling prediction of future network states,
critical events, user behavior, content popularity, and more, as well as suggesting possible
solutions. This would support adaptive network planning and real-time management. As a result,
future networks have the potential to evolve into flexible and adaptive systems capable of
supporting a wide range of QoE-oriented applications. Therefore, despite the significant resources
allocated for the optimal operation of 6G, its full efficiency will only be realized when intelligence
is integrated. Finally, consider a scenario in which the resources and intelligence of the
communication network are seamlessly combined with the resources and intelligence of the user
side, all orchestrated by a coordinating AI module. Such an approach creates conditions for
bypassing strict dependence on available resources. Consequently, prioritizing an intelligent
approach rather than merely increasing limited capacity is the most effective strategy among those
presented in Section 3.2.
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3.9. Conclusions

Compared to 5G, 6G emerges as a key enabler for the realization of HTC. The provision of
extended frequency resources, latency reduction, and the possibility of offloading computational
processes from user devices to the network edge create significant prerequisites supporting this
claim. However, considering the historical trend in which each new technological paradigm
stimulates the development of the next generation of communication networks, it can be concluded
that 6G is not the panacea for overcoming all future limitations of emerging HTC applications.
Instead, the application of intelligent approaches for optimization is necessary both at the
communication network level and on the user side.

3.10. Contributions to Chapter 3

3) Definition and classification of network KPIs related to the practical implementation of HTC.
Evaluation of the impact of 5G and 6G on the realization of HTC, in accordance with the
presented KPIs. Analytical overview examining the role of HTC in future 6G communications.

4) Definition and classification of potential optimization approaches on both the communication
network side and the user side with respect to the realization of HTC. Evaluation of the
presented approaches against the main HTC requirements. Analysis of the role of artificial
intelligence in this context.

CHAPTER 4. POINT CLOUD REGISTRATION ALGORITHMS
BASED ON DEEP LEARNING

4.7. Point cloud. Standard registration methods

A point cloud represents a set of points defined in Euclidean space through their 3D coordinates
(X, ¥y, z) and optionally described by additional attributes such as color channels, normals, and
other features. Since the latter are not used in the developed algorithms, each point is represented
as a vector composed solely of the three coordinates. Therefore, a given point cloud P can be
represented as P € RN*3, where N is the total number of points.

To perform registration of two point clouds, it is necessary to estimate (calibrate) and apply the
optimal transformation parameters between them (rotation R € SO(3) and translation t € R3.),
such that they are aligned and represented in a common coordinate system. When the
correspondence between the points of the two point clouds is unknown, the following optimization
problem must be solved:

N

i E Rp: +t—a;ll?

Resorgl)r,lteW. 1” Pt il “48)
l:

The most commonly used approach to solve this problem is the Iterative Closest Points (ICP)
algorithm [155]. It performs iterative minimization of the distance between the point clouds by
establishing correspondences using a nearest-neighbor search algorithm and repeatedly computing
Equation 4.8 until the error is minimized or the maximum number of iterations is reached.

4.8. Al-based registration of fully identical point clouds

An Al-based algorithm for the registration of two identical point clouds (P € RN*3 and Q € RV*3)
is proposed through regression of a rotational quaternion [AS5]. It should be noted that the algorithm
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is primarily focused on predicting R, as the more complex component of the transformation, while
the translation t is neglected. Thus, the optimization problem in Equation 4.8 takes the following
form:

N
in. > IRp: — qil” (4.10)
i=1
The proposed approach performs direct regression by parameterizing Equation 4.10 through a
neural network model. A block diagram is illustrated in Figure 4.1. It consists of two main
modules. The first is the feature extraction module. It processes P and Q in parallel using a shared
single graph convolutional layer in order to extract local geometric features, and then, through max
aggregation, provides the corresponding global features for each of the point clouds. The second
module is the so-called point cloud alignment module. It combines the global geometric features
and passes them through a shallow multilayer perceptro (Multilayer Perceptron, MLP) to predict
the rotational quaternion, quaternion € R*, from which the rotation matrix is directly computed.

Feature Extraction Module Point cloud alignment module
/ Gp=(Vp,Ep) FpeR¥MC_ / \
i (=]
P c RN KNN Graph- | g | ercR”
W convolution 7| & (@p,Pg) € R
: : - .
- quaternion € R
— |concatcnation MLP -
—_ A
Nx3 2
QeR™ KNN Graph- . &
C@) convolution R $p € RC
&N J

\ Go=(Va,Eq)  FpeRNXC

Figure 4.1: Block diagram of the proposed Al-based algorithm for registration of two
identical point clouds

4.9. Al-based registration of partially overlapping point clouds in the tatent space
of their compressed representations

A method for direct registration of partially overlapping point clouds representing the same 3D
object but captured from different viewpoints is presented [A6]. The algorithm is further extended
to perform registration after compressing the individual point clouds, operating entirely in the
resulting latent space (i.e., not in Euclidean space). Let Q € RN*3 be the point cloud representing
the physical object from a reference viewpoint, and let P € R¥*3 be the point cloud representing
the same object but from an additional and different viewpoint. Assume that partial geometric
overlap exists between them. The standard approach for performing registration in this case
requires a set of corresponding points, i.e. Qc = {q; }i=1 € Q, P ={pj }i=1 S P and C =
{(qik, p jk)}’k(:l, where Q. and P, are subsets of Q and P, forming the so-called correspondence set
C. The approach that aligns P, to the reference subset Q., follows Equation 4.8 entirely, which in
this case takes the following form:

RESO(3),t ER3

K
min ) [|Rpy, +t - q, | (4.18)
k=1

The problem is parameterized using a neural network model, whereby the above equation is
reformulated as:

min = (B, P), (4.19)
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where P = PRth +ty; describes the ground-truth alignment mapping P to @, P=

fpecoder (fRegNet(ZQ,Zp)) represents the alignment performed in the latent space. Here z, =

fencoaer(Q) and zp = fencoger (P), Where fencoger and fpecoqer are respectively the encoder and
decoder components of the implemented autoencoder architecture used for compression and
decompression of P and @, while fggne: denotes the approximation of the proposed latent-space

alignment network. CD denotes the symmetric Chamfer distance. Figure 4.2 presents a block
diagram of the proposed registration method.

(@ - B, A
RegNet — Zp, »@—
P —ﬁ P> B iy

n zp,
/o\ Normalization
—> Loss function P W Denormalization
L4 . @ Alignment
\P ——k By ey n y

Figure 4.2: Block diagram of the proposed method for point cloud registration performed
entirely in the latent space

el
s

4.10. Implementation and experimental results

The registration method for identical point clouds is trained using the ShapeNet dataset [158]. A
qualitative representation of the obtained results is illustrated in Figure 4.4, where results achieved
by other deep learning-based registration approaches and ICP are also provided. The comparison
demonstrates the superiority of the proposed method, showing high registration efficiency across
all considered 3D models. In addition, the results highlight the importance of proper initialization
of point correspondences in ICP. Regarding the first two example 3D models, ICP appears to be
trapped in local minima, and increasing the number of iterations has little or no effect. In contrast,
the last example shows that a good initial estimate provided to ICP via the proposed algorithm
leads to fast convergence and accurate alignment.

ICP10 ICP100 Iterative DCP Proposed Proposed

No alignment PCRNet method  method+ICP

Figure 4.4: Visual comparison of results from the identical point cloud registration algorithm
and other approaches
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For training the registration model of partially overlapping point clouds, a dedicated dataset was
created based on ShapeNet [A7]. For this purpose, ShapeNet objects were captured from different
viewpoints by simulating a virtual camera, which was sequentially positioned on the surface of a
sphere around them at predefined azimuth angles ({0,15,30,45,60,75,90}). Thus, for each model,
7 pairs of point clouds were generated, consisting of a reference view captured at O degrees and a
corresponding additional view captured at each of the specified azimuth angles. Two variants of
latent-space alignment were implemented, one using a standard transformation and another based
on transformation parameterization. For comparison purposes, a third registration variant
operating in Euclidean space was also implemented. This method explicitly regresses
transformation parameters and applies them to the point cloud reconstructed by the decoder. All
three variants are compared against ICP, applied both before and after the autoencoder responsible
for compression and decompression. Figure 4.5 presents the results in terms of average Chamfer
distance with respect to different azimuth angles, from which two main conclusions can be drawn.
First, the results confirm the effectiveness of the proposed approaches compared to ICP. Second,
the error of these methods remains relatively stable across all azimuth angles, indicating consistent
and reliable alignment even at low levels of geometric overlap between point clouds. In contrast,
ICP shows slightly better performance at lower azimuth angles and, as expected, degrades as the
azimuth increases.
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ICP After AE, +5td

Standard RB in geometry domain, £5td

Parametrized RB in latent domain, =5td
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Figure 4.5: Statistical results of different registration methods in terms of Chamfer distance
with respect to varying azimuth angles

4.11. Conclusions

In addition to traditional registration methods, it is also possible to effectively achieve registration
using Al-based approaches. The advantage lies in the absence of the need to identify corresponding
points between the point clouds being registered, as well as the elimination of calibration markers.
This enables flexible changes in camera positions within a potential HTC scenario. In addition, the
proposed approach for registration of partially overlapping point clouds demonstrates clear success
with respect to the registration task, even when applied in an abstract latent space. Moreover, it
contributes to the development of knowledge extraction from highly compressed and abstract
latent domains, with direct applicability in 3D visual systems with limited bandwidth, such as
robotics, augmented and virtual reality, and, of course, HTC.
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4.12. Contributions to Chapter 4

4) A registration algorithm for identical point clouds transformed with respect to each other in
Euclidean space has been developed. For this purpose, a neural network model has been
designed, including modules for extracting local and global features, as well as a module for
rotational quaternion regression.

5) A registration algorithm for point clouds representing the same physical object captured from
different viewpoints such as there exists partial geometric overlap between them has been
developed. The algorithm has been extended to perform registration entirely in the latent
space of the compressed point cloud representations, through a specifically designed RegNet
module.

6) A special dataset has been developed containing point clouds representing different views of
a given 3D object.

CHAPTER 5. POINT CLOUD COMPRESSION ALGORITHMS BASED ON
DEEP LEARNING

5.7. Traditional approaches for point cloud compression

In order to address the growing need for compact representation of 3D content, MPEG has
standardized two main codecs designed for point cloud compression, namely Video-based Point
Cloud Compression (V-PCC) and Geometry-based Point Cloud Compression (G-PCC) [163],
[164]. An alternative solution developed by Google is the open-source library Draco [165], which
also provides capabilities for compressing point clouds and 3D mesh models. On the other hand,
Al-based algorithms for 3D content compression are gaining significant popularity and represent
a broad research direction in the field. Moreover, according to [166], these approaches achieve
substantial improvements over traditional methods in terms of the trade-off between achieved
compression rate and resulting distortion of decoded data (so-called Rate—Distortion, RD). It is
also believed that Al-based algorithms significantly increase coding efficiency by leveraging
parallel computation capabilities, enabling much faster processing and thereby supporting the
development of services such as HTC.

5.8. Al-based point cloud compression algorithm

A deep learning-based geometric point cloud compression algorithm, referred to as MilaNet [AS],
is proposed. Let P € RN*3 denote the point cloud subjected to the developed compression method,
where N is the number of points and 3 corresponds to the geometric coordinates X, y, z, defined in
Euclidean space. Let fy approximate the data compression function, and g4 — denote the
decompression function:

P = g4(fo(P)), (5.1
where P € RN*® corresponds to the decompressed point cloud. In the proposed algorithm,

Equation 5.1 is parameterized using an autoencoder architecture, wherefg and gy, represent the
encoder and decoder, respectively, whose structures are shown in Figures 5.1 and 5.2.

53



Feature extraction

Nx3
»Mpyin, Mypax € R

N'x3
»P' c RV

Figure 5.1: Block diagram of the encoder part of the proposed model for geometric point
cloud compression
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Figure 5.2: Block diagram of the decoder part of the proposed model for geometric point
cloud compression

5.9. Al-based compression algorithm for partially overlapping multi-view point
clouds

A compression algorithm for partially overlapping point clouds representing different views of the
same object has been developed. The algorithm is based on deep learning and the Distributed
Source Coding (DSC) principle. The goal is to investigate the possibility of achieving more
efficient compression by exploiting the availability of side information (SI) at the decoder. Let
P € R¥*3 and Q € RY*® be two point clouds captured from different viewpoints, with partial
geometric overlap between them. Let the encoders €5 and £, independently encode each of the
point clouds, applying:

(DP = ijJ(P)a (512)
Do = f¢,(Q),

where f¢, and feQ are functions describing the operation of £p and £y, while ®p € R® and d, €

RC are global feature vectors representing the compressed latent representations of each of the
point clouds. Let Dp,, be a shared decoder that takes as input ®p and @, and reconstructs P and
Q with corresponding distortion levels D, and D,, following:

{P,Q} = fp,(®p, Pg), (5.13)

where poQ describes Dpg. The goal of the proposed algorithm is to reconstruct P using SI at the
decoder in the form of the global feature ®. Since Q, s not directly used in this case, but rather
@, the concept of the algorithm follows the generalization of the Wyner—Ziv theorem for DSC,

proposed by Berger and Tung (BT). To implement this idea, an existing autoencoder architecture
known as the Transformer Graph Autoencoder (TGAE) [174] is adapted. The encoder structure is

54



preserved, while the decoder is modified to comply with the Berger—Tung formulation. Figure 5.7
shows a block diagram of the implemented model, emphasizing the decoder improvements.
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Figure 5.7: Block diagram for compression of multi-view point clouds based on DSC

5.10. Implementation and experimental results

The proposed MilaNet is trained on the ShapeNet and Mechanical Component Benchmark (MCB)
datasets [175] and evaluated using two different configurations, namely MilaNet 64x64 and
MilaNet 132x32. The obtained results are compared to those achieved by both traditional
compression methods — G-PCC and Google Draco for both datasets — and another neural
autoencoder, FoldingNet [157], for the ShapeNet dataset. Figure 5.9 presents the RD curves of the
applied methods. An increase in the Peak signal to noise ratio (PSNR) is observed with the increase
in the number of bits required to encode a single point, reaching a certain saturation level in deep
learning-based methods. In the high-compression region, i.e., at very low bitrate values (0 to 2
bpp), the proposed MilaNet 64x64 achieves higher PSNR compared to Google Draco and MilaNet
132x32. After 2 bpp, its performance becomes comparable to that of FoldingNet. On the other
hand, MilaNet 132x32 outperforms FoldingNet at high bitrate values (above 4 bpp) by
approximately 0.5 dB. Although G-PCC appears to demonstrate strong performance at first glance,
this is partially conditional due to specific characteristics of the codec, which significantly reduce
and sparsify the number of output points, indicating a non-uniform evaluation of the achieved
compression efficiency.

—+— FoldingNet ShapeNet

—e— MilaNet ShapeNet
MilaNet ShapeNet 128x32

—=— Draco ShapeNet

—+— GPCC ShapeNet

--+-- MilaNet MCB_A 64x64
MilaNet MCB_A 128x32

-#- Draco MCB_A

s -4-- GPCC MCB_A

PSNR (dB)

o 2 8 10

Bitrate (bpp)

Figure 5.9: RD curves of the results from the implemented compression methods applied to
the ShapeNet and MCB-A datasets
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The DSC-based algorithm is trained using pairs of point clouds from the dataset published in [A7].
For evaluation purposes, a point cloud evaluation framework for multi-view captured data is
proposed [A7], incorporating both geometric and information-theoretic metrics. A block diagram
of the evaluation framework is presented in Figure 5.11.
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Figure 5.11: Block diagram of the evaluation framework illustrating the workflow and data
flows used for computing geometric and information-theoretic metrics [A7]

Figures 5.13a and 5.13b present the conditional differential entropy H(P|Q) and the mutual
information I(P; Q) with respect to the degree of geometric overlap Oy, (@, P) for the reference
autoencoder TGAE and the proposed model, both before and after compression. It can be observed
that, as the correlation between the point clouds increases, the uncertainty of P given Q decreases,
since the latter increasingly determines it, and accordingly the mutual information between them
increases. More interesting is the behavior of the curves after applying compression, where
H(P|Q) largely preserves the trend observed before compression. However, the lower absolute
values indicate that compression reduces the correlation between the view pairs, with a more
pronounced effect observed for TGAE. A similar conclusion can be drawn for I(P; Q). For this
reason, it can be stated that the proposed algorithm better preserves the geometric relationship
between paired views compared to TGAE.
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Figure 5.13: Ratio of the conditional entropy of view P with respect to the reference view Q
and the mutual information, expressed as a function of the degree of geometric overlap

From a performance perspective, Figure 5.14a illustrates the dependence of PSNR on Oy, (Q, P).
It can be observed that the proposed model does not improve the performance of TGAE, with
results being approximately 2 dB lower. However, Figure 5.14b, which expresses the trend of the
PSNR difference APSNR with respect to Ogym(Q,P), shows a reduction in APSNR as the
correlation between the view pairs increases. Although the curve exhibits some fluctuations in its
smoothness, mainly due to the characteristics of the dataset used, it demonstrates the potential of
the implemented DSC-based idea and opens perspectives for future work in this direction.
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Figure 5.14: Relationship between the achieved compression PSNR and APSNR, as a
function of the degree of geometric overlap

5.11. Conclusions

In addition to the application of traditional compression methods, the development of Al-based
models represents a promising direction in this field. Moreover, the achieved decoding time and
the implementation of a “lightweight” model with a very small number of parameters support the
feasibility of deploying such algorithms on the receiving side of HTC users. On the other hand,
the results also confirm the potential of Al for studying correlation via DSC between latent
representations of individually compressed, partially overlapping point clouds. Although the
proposed method does not currently confirm the statement of Berger and Tung, according to which
joint decoding of views should improve compression efficiency, it nevertheless demonstrates an
important trend. Accounting for inter-view correlation during decoding improves the quality of
the reconstructed point clouds as the degree of geometric overlap increases. This finding justifies
the use of DSC and encourages further research in this direction.

5.12. Contributions to Chapter 5

1) A deep learning-based point cloud compression algorithm has been developed. For this
purpose, an autoencoder model has been designed, where the encoder reduces the number of
points in the input point cloud and extracts a global feature vector representing the compressed
information, while the decoder reconstructs the original input data from the compressed latent
representation.

2) A deep learning-based algorithm for compressing point clouds representing the same physical
object but captured from different viewpoints, such as partial geometric overlap between the
views is presented, has been developed. The algorithm follows the DSC principle, extending
the Berger and Tung joint decoding scenario by simultaneously exploiting the compressed
latent representations of the input point clouds.

3) A multi-view point cloud evaluation framework has been proposed, based on geometric and
information-theoretic metrics for performance assessment.
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III. SCIENTIFIC-APPLIED AND APPLIED CONTRIBUTIONS

Scientific-Applied Contributions:

1.

10.

Definition of the functional components of HTPS and identification of the main challenges
in their implementation.

Analysis and comparison of existing practical developments in the field.

Development of an algorithm for extracting a 3D scene from the environment through
detection of semantic 3D objects.

Investigation and evaluation of a practically implemented HTPS.

Definition and classification of network KPIs related to the practical implementation of
HTC. Evaluation of the impact of 5G and 6G on HTC implementation based on the defined
KPIs. Analytical overview exploring the role of HTC in future 6G communications.
Definition and classification of potential approaches for optimizing both the
communication network and the user side with respect to HTC implementation. Evaluation
of these approaches against key HTC requirements. Analysis of the role of artificial
intelligence in this context.

Development of an algorithm for registration of identical point clouds transformed relative
to each other in Euclidean space. Design of a neural network model including modules for
local and global feature extraction, as well as a module for regression of a rotational
quaternion.

Development of an algorithm for registration of point clouds representing the same
physical object from different views, with partial geometric overlap. Enhancement of the
algorithm to perform registration entirely in the latent space of autoencoder-compressed
point clouds through a specially designed neural network model called the RegNet module.
Development of a point cloud compression algorithm based on an autoencoder
architecture. Design of an encoder that reduces the number of input points and extracts a
global feature vector representing the compressed information. Design of a decoder that
reconstructs the input data from the compressed latent representation into a point cloud.
Development of an algorithm for compressing point clouds representing the same physical
object captured from different views, with partial geometric overlap. Design of a decoder
approximating the principles of DSC, specifically unfolding the Berger—Tung scenario for
joint decoding.

Applied Contributions:

1.

2.

Application of a modular architectural approach for implementing HTPS, including
hardware implementation of the system.

Software implementation of architectural blocks from the data acquisition layer, data
processing layer, and immersive experience layer, namely: a data collector, a data
processing module, and a scene construction and alignment module.

Integration of a calibration algorithm and a 3D scene extraction algorithm into the
developed data processing module.

Development of a database containing point clouds representing different views of a given
3D object.

Proposal of an evaluation framework for multi-view point clouds based on geometric and
information-theoretic metrics.
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IV. ABBREVIATIONS

3D Three Dimensional HTPS  Holographic Telepresence System
5G Fifth Generation Mobile Networks ICP Iterative Closest Points
6G Sixth Generation Mobile Networks /0 Input Output
Al Artificial Intelligence MCB  Mechanical Component Benchmark
BT Berger-Tung ML Machine Learning
CD Chamfer Distance MLP Multi-layer Perceptron
DAN Data Acquisition Network PSNR  Peak signal-to-noise ratio
DSC Distributed Source Coding QoE Quality of Experience
FOV Field of View QoS Quality of Service
G-PCC  Geometry-based Point Cloud RD RateDistortion
Compression
HMD Head Mounted Display SI Side Information

HPCU  High-performance Computing Unit TGAE Transformer Graph Autoencoder

HTC Holographic-type Communications V- Video-based Point Cloud
PCC Compression
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ABSTRACT of Ph.D THESIS

The continuous evolution of mobile communication networks toward higher
throughput, ultra-low latency, greater connection density, and improved reliability
1s creating the foundation for upcoming immersive communication services.
Following the progression from voice communication to video conferencing, the
next major paradigm shift is expected to be Holographic-Type Communication
(HTC) —anovel technology that enables the real-time transmission and reproduction
of spatially rich holographic data, offering a substantially enhanced sense of
telepresence and user interaction. However, the practical realization of HTC presents
significant technological challenges, particularly in the areas of system architecture
devepment, real-time data processing, and communication efficiency under strict
latency constraints. Therefore, this dissertation aims to systematically investigate the
key aspects of HTC implementation through a comprehensive analysis of existing
challenges and the exploration of effective approaches for their mitigation.

To support this objective, the work provides a systematic study of
Holographic Telepresence Systems (HTPS), including an in-depth analysis of their
functional components, key implementation challenges, and existing system
realizations. Based on these findings, a modular architectural framework for HTPS
is proposed, followed by implementation of a real system. Furthermore, the
dissertation analyzes the role of next-generation mobile networks as critical enablers
for the deployment of HTC, with particular focus on their capability to satisfy
stringent system requirements. A central contribution of the thesis is the
development of novel algorithms for efficient three-dimensional visual data
processing, considering the stringent HTC constraints. These algorithms
demonstrate the feasibility of intelligent, task-oriented HTPS design and help bridge
the gap between theoretical HTC concepts and their practical realization.
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