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Enexrporexunuky daxynrter

HACTABHO-HAVYYHOM BERY

Ilpeamer: Pedepar o ypaljeHoj TOKTOpckoj ancepraiyjn kangunara Mapuje Tomuh

Omnykom Hacragno-sayuHor seha 6p. 5006/11-3 ox 17.04.2018. roavHe, MUMEHOBAaHH CMO 3a
unanose KoMucuje 3a mpernej, olleHy ¥ ofbpaHy JOKTOpcke Juceprauuje kanjujpara Mapuje
Tomuh rox HacIoBOM

"JIBopy4Ha po6oTCKA MAHUNTYAAII|A HHCNHPUCAHA JbYACKHAM BemITHHaMa "'

[Mocre nperyienia JoCTaB/beHe AMCEpTaudje M Apyrux npatefilx Martepujana u pasroBopa ca
kagauaarom, Komucuja je caumnuna cineaehu

PEDEPAT

1. YVBOJ

1.1. Xpoxonornia ofofpasara 1 U3paje jquceprauyie

Kangupatkuma je Temy JOKTOpCKe AucepTaimje noa Hasueom ,JIBopyusna poborcka maHunynalmja
WHCIMpHCcana JbyACKHM  BeiurtuHama™ npujasuna  Komnenjn 3a  cryauje tpeher cremena Ha
Enextpotexunukom (axynreTy, Yuusepsnrata y beorpagy, 03.112016. romune u 3a menrope
npepnoxuna ap Kocry Josanosuha, nouenra, u ap Christine Chevallereau, nayuny nmpexrTopky, y
cKiafty ca OMIaTepaHMM NPOrpaMoM JIOKTOPCKHX cTymuja m3mely Enexrporexmmikor daxynrera,

Vuusepautera y beorpany u Ecole centrale de Nantes.

Komucuja 3a cryauje tpeher crenena pasmarpania je, Ha ¢BOjoj ceHMIM oapikanoj 08.11.2016.
POJMHE, NPEJIOr TEME 3a U3pajy JOKTOpPCKe JHcepTalyje 1 ynyTuiaa npeajor KoMucuje o oueHu
nopo6HoCTH TeMe ¥ KaHanaaTa HacrtaBHo-Hay4HoM Belly Ha ycBajatbe.

Hactapno-nayuno Behe Enextporexunukor ¢akynrera, Ha CBOjOj CEAHHMIH OJPXKAHO]
15.11.2016. roaune (6poj omnyke 5006/11-1 ox 24.11.2016), umenoBayio je Komucujy 3a oueny
YCIOBa U MPUXBATAKE TeMe JOKTOPCKE JUcepTalije y cacTaBy:

o np JKemko Byporuh, penosHu npodecop, YHuBepsurer y beorpany — EnekTpoTeXHUUKH
(paxynrer,

o np Jlazap Capanogaiy, BaHpesHH npodecop, YHuBep3uTeT y beorpamy — ENekTpoTeXHHUKN
taxynrer,

e np Anekcanpap Pomuh, HayyHu caBeTHUK, YHuBep3uTer y beorpany - MHcotuTyT Muxajio
Iynun.




Ha cemmmiu HacraBHo-Hayunor Beha Enexrporexuusxor daxynrera, oapxanoj 14.02.2017.
rofMHe, ycBojeH je wu3pemrtaj KomHcHje 3a OLEHY YCIOBAa ¥ TPUXBATame TEME JOKTOPCKE
nucepramje (6poj otyke 5006/11-2 ox 14.02.2017).

Belie HayyHHX 0ONACTHM TEXHUYKUX Hayka YHuBepsuTera y beorpamy je Ha CeIHHMIN OAP)KaHOj
27.02.2017. rojMHe AANO CAIVIACHOCT Ha NPEIOr TeMe JOKTOPCKE IUCEepTalyje IMOJ HACIOBOM
,JlBopyuHa poGoTCKa MaHHIyNAIHja HHCIMPUCaHa JbyAcKuM Berrriaama’ (6poj omryxe 61206-872/2-
17 01 27.02.2017. ropuue).

KanuaaTkima je npeaia J0KTOPCKy JucepTaiyjy Ha npernen u oneny 04.04.2018. royune.
Komucuja 3a cryamje Tpeher crereHa IOTBpAmIA jeé Ha CBOjoj cenmHuuu onpxanoj 10.04.2018.
FOJMHE HCIYHEHOCT MOTPeOHUX YCIOBa 3a IMOAHONICHE nperora HacraBro-HayqHOM Behy
Enexrporexunukor daxynrera 3a Qopmupame Komucnje 3a npernes u OHEHY JOKTOPCKe
JuicepTanyje.

HacrasHo-nayuno Befie (axynrera je Ha cBOjoj cemmumu oxpxkanoj 17.04.2018. ronmme
uMeHoBaI0 KoMucHjy 3a TIperviel W OLEHY JOKTOPCKe jucepranuje y cactaBy (6poj omiyke
5006/11-3):

o jp Kocra Jopanosuh, nouent, YuusepsureT y beorpasy — EnekTpoTeXHHUKY QaKynTer,

o dr Christine Chevallereau, nayunu nupexrop, CNRS, Laboratoire des Sciences du Numérique
de Nantes - LS2N, ®paniycka,

o Jip Kesvxo Pyporuh, pesosau mpodecop, Ynupepsurer y beorpamy — EnekTpoTeXHHUKH
daxynrer,

e jap Anexcanpap Poauh, HaydHH caBeTHHK, YHHBEp3HTET y beorpapy - Mucruryr Muxajno
[Ty,

e dr Yannick Aoustin, pemosru podecop, Université de Nantes, Gpaniycka,

o dr Philippe Fraisse, penosuu npodecop, Universiié de Monipellier, Ppaniiycka.

Kammuarkimsa je 3anodena JokTopeke cryiuje wxoncke 2011/2012. ropuue y nponehtom
cemectpy. Ha ocnoy ojutyke HacraBrno—nayanor seha 6p. 545/2 oy 13.3.2012. rojmne, Crymujckn
nporpam je saroueo y uposehinom cemectpy mikoncke 201172012, ma ce pox 3a sappuierax
JOKTOPCKHX aKAZEMCKHMX CTyjjMja padyHa OJ IO4eTKa TOT cemectpa, cariacHo Cratyry
YVuusepantera y beorpany u Craryry EnexrporeXnuukor (pakynrera.

Ilo HCTEKy 3aKOHCKOI pPOKA 33 3aBPLICTAK JIOKTOPCKMX AKaJEMCKHX CTY/ija, Ha 3aXTeB
CTyeHTa, 0/106PEHo je NMpOflyXKere poka 3a 3aBpIIETaK OBHX CTy/Mja 3a JOLI JBa CEeMECTpa,
carnacno Cratyry YHuBep3ureTa y beorpary.

1.2, Haygua obnact puceprangie

JloKTOpCKa AMCEPTAlMja NpUTIafa TeXHHUKIM HAyKaMa U Y)KHM HayqHHM 001acTuma pobotuxa,
W ynpaBjbaHe CUCTEMUMA, 33 Koje ¢y EnexTpoTexHHuKy (axyarer YHUBEP3UTETA y beorpany u
Ecole centrale de Nantes martwaun. MEHTOp JOKTOPCKOT paja ca EixexTpoTexHudkor (paxynrera
YVuusepaureta y Beorpany, Ap Kocra Jopanosuh je n3aOpaH y 3Bame JOLCHTA 3a Y)Xy HAydHY
ob6nact ayromatuka. [p Christine Chevallereau, MenTop ca Ecole centrale de Nantes, je HayuHa
mupextopka CNRS u 3amenuua Jupexropa naboparopuje LS2N (Laboratoire des Sciences du
Numérique de Nantes). Oba MeHTOpa Cy ayTOpH BEMMKOI Opoja HAYYHHX PajioBa y HCTAKHYTUM
MeljyHapO UM 4aconUCcuMa.




1.3. buorpadcxil mogauy o KaHAUAaTy

Mapuja Tomuli je pofjena 14.07.1987. romune y Yixuuy. OCHOBHY MIKOJNY H IM'umHA31jY
sappua je y Yokuiy. Enexrporexumuxu daxynrer y beorpaty ynucana je 2006/2007. mixoncke
rognHe Ha Ogcexy 3a curuane u cucreme. Jungomupana je 2010. romiHe ca npoce¥HOM OLEHOM
9.02 ca TeMOM AMILIOMCKOr paja ,Mojenosame, ylpabawe U cuMynauuja mobunne poborcke
nnatdopme ca poborckom pykom LYNXMOTION ALSA®. Mactep cryadje je ynucania 2010.
roante Ha EnextpoTexHuukom dakynrery y Beorpaty Ha ucToM oziceky M 3aspiunia 201 |. ronune
ca mpoceunom ouewom 10, M MacTep panoM HOJA HacnoBom Mojenupawe N yNpaB/bare
KOOPJMHMCAHOM JIBOPYUYHOM MAHHITYJTalijOM CEpPBICHON pofoTa aHTpornoMopdue cTpykType’.
JlokTopeke cryauje je yrucana 2011/2012. wkoncke rogune Ha EnextpoTexunykoM (akynTery y
Beorpay, Mojiyn ynpasibame cucTeMuma 1 obpaza curxasna. HapeaHe roaune 0CBaja CTUTICHAM]Y
Bnage Peny6nnxe ®paniycke 3a JoKTopcke cTyauje y DpaHiyckoj v CBOj JOKTOpaT HacTaB/ba Kao
6unarepanHu JoKTopcku nporpaM usmely EnexrporexHudkor q)aKynTeTa y Beorpany u Ecole
centrale de Nantes y Hanty y ®panuyckoj. TokOM JOKTOPCKHX CTyauja Ha EfeKTpOTeXHMUKOM
thakynTety Honoxkuia Je JeceT HcluTa ca rnpocedHoM oueHom 10.00 u ciymana Bumie xypcesa u3
obiacTi poboTHKE Ha Ecole centrale de Nantes 1TO je IpeycloB NpHjaBe T0KTOPCKE TE3E.

Mapuja Tomuli je TOKOM OCHOBHHX M MacTep CTyAMja CTHUANa 3Hawa U3 poOOTHKE Kpo3
cTpyuse npakce y ,,Manipal Institute of Technology” y Mnmuju 2010. roquse (y Tpajawmby 04 Tpu
Mecena) M MHCTUTYTY ,,Muxajno ITynnu® y Beorpagy 2010. ronune y Llentpy 3a pobotuxy (y
Tpajawy O roAMHy jana). HakoH ycremHo 3aBplieHe cTpyuHe npakce Mapuja Tomuh je
3aCHOBAJIA PAIHK OJIHOC Y HHCTHTYTY . Muxajno [Tynun® y Lentpy 3a poboruxy 2012. rojnne, rae
je 3anocieHa 10 JlaHac Ha NO3HIU] I HCTPaXKUBaY CapajiHUK. Y OKBHPY OMIIaTepaHIX JOKTOPCKHX
ctyanja Mapuja Tomuh je y nepofy oj Tpu rojiiHe NpoBeNia OCAMHACCT MECElW y MHCTHPYTY
LS2N ¢axynrera Ecole centrale de Nantes y Tamy ., Team Robotics kao cTyaeHT JOKTOPCKHX
cryauja. V wertoMm niepuofly Ha daxynreTy Ecole centrale de Nantes mpatuna je KypceBe mactep
nporpama us obnacti poboruke ,EMARO+.

Jlo capa je yuecTBOBaNa y jeiHOM HaLuonanHom npojexty (TP-35003: , Merpaxipame 1 pazBoj
aMBUjeHTAIIHO HHTETMIHEHTHUX CEPBUCHIX POBOTa aHTPONOMOP(HHMX KapakTepHcTHKa™, pojekar
MiHICTAPCTBA NPOCBETE, HAYKe 1 TEXHOJIOMIKOT pa3Boja Penybimke Cpbuje, 201 1.-2018. ropune)
n aga meljynapojna npojexra (IZ7470_137361/1: ,Creative Alliance in Robotics Research and
Education Focused on Medical and Service Robotics®, (uuancupan oj ctpaue IlBajnapcke
HaumoHanne Gounaimje 3a Hayky - Swiss National Science Foundation, 2012.-2014. rojuye, u
npojexra HORIZON 2020, Coordination supporl activily project JResearchers’ nighi - FLIRT”,
2014 .-2015. ropuue).

O67nacT HAYHYHOP HCTPAXKNBAA KAHAMAATKIIbe 00yXBaTa YIIpaB/bae XyMaHOHHUM poboTiMA
BelMMKe PpEeIYMJAHTHOCTH W WMHUTALM]y JbYJACKHX MOKpeTa NoMolly XyMaHOMIHMX pobora.
Jlocapausn pesynTatu kauauaatkumbe Mapuje Tomuhi ¢y npukasanu Kpo3 ny0JiMKoBaHe pajioBe U
t0: 2 paja y melyHapoAHUM 4YacomucHMa, 3 ToOriasjba Yy KibMrama, 7 pajaoBa IITaMIaHuX y
360pHHLIMA Mel)yHapOAHUX HAyUHHX CKYTIOBAa M 5 pajioBa MTAMNaHUX y 300pPHHMIMMA HAY4YHMX
CKYIOBA 0]] HAIIHOHAJIHOT 3Ha4aja,

2. ONIUC JUCEPTAUUIE

2.1. Canpxaj pucepranpje

Jlucepraiptja 1ojJi HacnoBoM . J[BopyuHa po6OTCKa MaHunynauyja HHCIMPHCAHA JbYIACKHM
peinTHHaMa” llanmcaHa je ma 143 crpaMe Ha eHrTecKoM je3umKy, y cKnajmy ca OunarepanHum

a wvana SR

JNOKTOPCKHM yrOBOPOM ca Ecole centrale de Nantes. Imcep"raunja je opraHusoBaHa y IIECT
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nornassba: 1. Yeon; 2. Ilpernen cramwa y obnacti; 3. KoHBepsuja JbyICKOI MOKPETa Ha KPETaAhe
XyMaHOMAHOr poboTa 3a 3ajaTke JABOpyuHe Manumynauuje; 4. JlpopyuHa MaHUIyJIaluja
MHCIMPMCAHA JbYICKHM BelITHHaMa; 5. Anroputam (hasu JIOIMKe 33 aHaJi3y KapakTepucTHka
TBYICKOT KpeTama; 6. 3abyyak. Ha nouetky juceprauuje garty cy CaxeTUH Te3e Ha €HIJIECKOM,
dpaHIycKoM M CcprickoM jesuky, 3axpannuua, Jlncta tabena, Jlncra ciuka u Cagpxaj. Haxon
ocie/iber fornaB/ba AaT je crucak kopuwihiene nurepatype ca pedepeHuama HaBeIEHMX IO
abeLeHOM peocnesy npesuMena aytopa, npwior Mudopmauuje o MoTopuma pobota ROMEO,
npunor Hanavan mogen JbyAckor Tena, npujor KBaTepHHOHM, NPHIIOD Moandukosanu DH
napameTpu 3a pobota ROMEO u brorpaguja kanauiara.

2.2. KpaTak npHxas rojeiiHa4uux norjiassba

Y YRBOZHOM IOFJABJbY Te3e [pEJCTAaB/beHa je MOTHBALMja 3a HCTPaXKUBabe UMHuTaLMje
JBYJICKIX TIOKpETa ca XyMaHOMJAHHM PoGOTHMa. I'MaBHM UW/b MMHTALHje JbYJCKHX TOKpeTa je
NaKiia HHTErpatja XyMaHoUAHHX poGoTa y JbY/ICKO OKpY>KeHe U MOMON JbyauMa y CBAKOJAHEBHUM
AKTUBHOCTMMA. Y LH/bY MHTerpalije poboTa y JbYACKO OKpyiKere, poboTu mopajy Jia Gyay Hamik
yoBeKy M JIa MMajy MOKpETe CIHYHE JbyACKOM Kperawby. [omto XymaHOMAHH pobotu umajy
peJlyHIaHTHY CTPYKTYpY TeNa Kao M UOBeK, 33/laTak MMHTaLHje JbYJCKOT KpeTama ca poboTOM je
moryh. ITpouecn umuTauuje JbYACKMX TOKPeTa M HMHUTALMja yderseM TIOKpeTa NpeNICTaBbajy
OCHOBHE cTpareruje umuTawje. Ilpouec uMMTanuja MOKpera e 3aCHHBA HA NOHAB/bARKY HCTOT
rokpera ca poGoToM 6e3 MPeTXOAHE aHaiu3e MOKPeTa, JIOK HMUTauuja yuereMm nokpera obyxsara
aHaNM3y OCHOBHMX KapakTepHCTHKA JbYACKOL KpeTarba. Y JHCEPTauuj ¢y AeGUHHCAHH ajirOpHTMH
32 UMMTALH]y JbYACKOT TOKpeTa ca XymaHomanum pobotom kopmuherem oba mpuctyna.
[Tocrojehin nmpolecH UMuUTaiuje NOKpeTa ¢y aHanM3upanu u yHanpeheHn ca numem Ja omoryhe
HMUTALM]y TTOKPETA HA KIHEMATCKOM HWBOY, Y PEalHOM BPEeMEHy M ca BENHKOM npeuusHouihy.
[Tpolec UMuTalMje yderbeM 0KpeTa je y HacTaBky kopuufien 3a jeunncare KapakTepucTnka
JBYJICKOT KpeTama 1 HHXOBO IPEeHOlIeHhe Ha nokpeTe pobora. UnibeHHlia J1a HOBEK M3BpluaBa
MOKPET Ha ONTHMAJAH HadMuH  MHHHMH3AIMjOM HENO3HATHX  KPHTePH]YMCKHX dbynkunja
MOTHBHCA/IA HAC je Aa JbY/ICKH MOKPET NPeACTABMMO Kao ONTHMM3ALMONK npouec. Kpurepnjymeke
dyHKIMje Koje Ccy MMHHMM3MpaHe ONTMMH3ALUMOHMM QIFOPUTMOM  [IPE/iCTaBibajy OCHOBHE
Kpurepujymcke Qynkipje kopuiifiene 3a yipasibame pobOTHMA Kao MTO cy: MUHUMI3ai}a
KHHETHUKe eHeprHje, MUHHMu3aiyje Gp3uHe y 3rnoboBuMa, MUHUMU3ALH]a OJCTYTIama TPEHYTHE
Ho3MLM]e HOBEKka O EProOHOMHUHE M MakcuMusaluja manumynabuinoct. Jbyacko kperaie je
H3yYaBaHO Kao ONTMMANHA KOMOMHALyja HaBeAEHMX KpUTEpHjyMCKnX QyHkuuja. MHBep3Hu
ONTUMU3ALMOHI anropUTaM AedUHICAH ONTUMATHOM KOMOMHALMjOM KPHTEpHjyMCKuX pyHKLH]a
je mpeicTABEH KAO0 METON 3a anaiuly KapaKTepHCTHKa JbyAckux rokpera. [loGujene
KapaKTEPUCTHKE JbYICKHX TOKPETa Ha KHHEMATCKOM HHBOY CY NPEHETE Ha KPETarbe XyMaHOHHOr
poGota. M3Bejien 3ak/byuln O JbYACKHM TokpeTnma cy kopuiuhenn 3a neduHucame tazu
AIrOPHTMA 3a W3pauyHaBaibe ONTUMaIHE KOMOMHAlLWje KpuTepujymckux QyHkumja Ouno kor
nokpera. Ha kpajy yBoAHOr IMOI7aB/ha Cy TAKCATHBHO HABEJICHH NONPHHOCH TNpEICTAB/HEHOr
MCTpaXKHBam-a y Te3W 1 [1aTa je CTPYKTYypa OCTAIMX NOrNaB/ba ¢a KPaTkiM ONHCOM.

Jlpyro mornasjbe IpeJcTaBlba Nperiiejl cTama y obnactu u ONmcyje peleBaHTHE CTyAWje 3a
HCTpaXkuBare 00yxsalileHO JIOKTOPCKOM —JCEpTauujoM. Y TIPBOM Jielly OBOI NOIVaBiba
TpeJCTAaB/bEHI j€ UCTOPHjaT pa3Boja XyMaHoWIHe poboTHKe. KapaxTepucTuke XyMaHOHIHHX
poboTa cy ynopeljusaHe ca kapaktepHcTHkaMa 4opeka. [TocebaH Harmacak je Jat Ha ymopeanHoM
MIpHKa3y KWHEMATCKe CTPYKTYPE XyMaHOMIHUX pOOOTa M CIIMYHOCTH Ca KUHEMATCKOM CTPYKTYpPOM
yoBeka. Y Jpyrom Jeny Norjiaeiba je Jar npersiejl crama y 00acTH aHalH3e JbyACKOT KPeTarba.
Ha noderky je jarta jaedMHMUM]ja JbYJCKOT MOKpeTa M MCTOpHjaT passoja ypehaja 3a H-MXOBO
CHUMAH-E M aHaNu3y. Y 3aBMCHOCTH Off 067acTH HayKe Koja M3yyaBa KpeTambe MOBEKa, pasnuyuTe
KapakTepHCTHKE 1OKpeTa Cy [npejctapibene. [owro XymaHomHina pobotika HMa 3a b




VMUTALM]y JbYACKOD KpeTaiba, y HACTaBKy Cy TMpPEJICTAaBIEEHN TPOLECH UMHTALA]e JBYACKHX
nokpera. Mmurandja JbyICKMX MOKpeTa Moke OuTH Jeduuucana y NpoCTopy CrOJballbUX
xoopauHata (KapTesnjaHcKoM MpocTopy) MIM Y NMPOCTOpY YHYTpailib-HX KOOpAHHATA (armo6oBa
yogexa/pobora). MiMuTallja Mmokpera y npocTopy CrobalibuX KoopinHara Jiaje 9UCTy HMUTAUU]y
JBYACKHX MOKpeTa 6e3 aHatuza KapaktepicTHKa kperara. MMHTaluja y MPOCTOpY yHYTPAIIX
KOOPAMHATA HMA 32 Wb npalietbe KpeTama CBUX CTENeHH crobone y srnoGosuma 1 oMoryhasa
aHAIM3Y KApaKkTEPHCTHKA JbyACKHX MOKpeTa. CXO/HO TOME Cy MpHKA3aHu nocTojelin anropuT™MH 3a
HMHTALM])Y ¥ aHanusy JbyAckux rnoxpera. Taxole je maT OCBPT Ha aHaiM3y JbYACKHX TOKpETa
KopuihememM ONTHMH3AaLMOHOT IPUCTYTA KOJH je M DPEAMET HCTPAXKHBabA y Te3H. V tpeheM pemy
MOTMAB/EA j€ aHATU3MpaHa cTpaTerdja Kojy 4OBEK KOPUCTH 33 TEHEPUCAM-E TOKpEeTa. Ananuza
aKTHBALjE CBAKOT Ofi 3rJI000Ba TOKOM TOKPETA je jelaH 0ji OCHOBHMX cTpareryja reHepucama
nokpera. 3r1060B1 KOji 1Ma]y Behy eheKTHBHY MHEPLI]y FeHEepHly IIaTKe 1 BEJIMKE MOKPETe 10K
3rn06OBH ca MaJTOM MHEPLHjOM reHepHiy 6p30 U MpelusHo kpeTatbe. Ha ocHoBy OBHX 3aKJbyuaka
y JIHTEpaTypu Cy MpeJCTaB/LEHH ONTHMU3ALMOHM ANrOPUTMH KOJH 7ajy OBe KapaKrepHCTHKe
nokpera. Takofje, HHBO KOM(OPHOCTH UOBEKa TOKOM KpeTawa IpeicTaB/ba KapakTCpHCTHKY
JBYACKHX nokpeTa. AHanusa kompopa 4oBeka TOKOM KpeTama IIHPOKO je ucTpaxxupaHa y
eproHomuju, Guomexanuy 1 podoruiy. OCBPT HA NOCTOjehe TEXHNKE aHanuse xomopa je nat y
OBOM TIOIABIBY ¥ MPEJNONKEH je METOM Kojit je kopuuhen y HaileM HCTpaxiuBarwy. M3BoibHBOCT
TIOKpeTa je MpeJICTaBbeHa Kao NOCHIeha KapaKTepUCTHKA JbY/ICKOT KpeTarba Koja je aHanmu3HpaHa
Y TE3H.

Y tpehiem TMOrnap/by je MPEJCTAB/EEH MPOLEC KOHBEp3Wje MMOKpeTa 4voBeka y [OKper
XyMaHOMIHOT poBoTa 3a 3ajaTak JABOpyYHe Manumylnauyje. KonBepsnonu nmpouec ce cacToju u3
yeTHpu Kkopaka. IIpBH KOpak [IpeJcTaBjba aHalu3y M CHHMalhe OCHOBHMX MOKpera ABOPYYHE
manunynatuje. [lokpeTi ABOpYYHE MaHUMyalije aHaiu3upanu y Te3u cy: ,,OnBprame BeHTHA™,
_Becname®, ,HaaysaBame pylieka ca pPYUHOM MyMIOM™, ,OTeapame/3arBapame  uoxe”,
LOxperame Bonana“, ,Ceuewe ca noxem™ u ,Penname xpaie”“. CBaKM TOKPET je HeTabHO
ananuaupa v ojabpay ca LbEM Ja NPe/CTaB/ba OCHOBAH [OKPET JIBOPYYHE MaHuITyTaLmje.
ITokpetn cy u3abpanu npema ocu poTauuje H MeljycoBHOM OJHOCY PYKY, MO Kiach(puKaLuju
1peACTaB/beHo] y nurepatypyu. CBaKK O]l aHAIM3MPAHNX NOKpETa e cacroju oj (hase y Kojoj pyke u
onpema HHCY Y KOHTAKTY # oA ¢ase y Kojoj je KOHTAKT HOApasyMeBaH. KapakrepHcTike
pamIHUUTHX CHCTEMA 38 CHIMAre JbYICKHX MOKpeTa Cy anajusupate aji je cueTeM 3acHOBAH Ha
MapKepHMa JIETA/bHO OfHcan i Kopuiihen y oBoM MCTpaxuBawy. Y APYroM Kopaky KOHBEp3Hje
KuHemaTckn Mogen podora ROMEQ je kopuuifien 3a npeicTaBbake KHHEMATCKOr MOJie/a HOBEKa.
[lpescTaBibeH je 1 MpoLec cKanupama KHHeMaTCKOr Mojesa pobora Ha Moaen voseka. Jlyxuna
cermeHaTa 4oBeka cy eCTHMMpaHe 3a CBAKOr akTepa # YKJbYYCHe y KHHEMATCKH MOJC poboTa.
Pasnmike n3mel)y kMHeMaTckor Mojena poboTa ¥ 4oBeKka N HEMOJENnpaHa KMHeMaTiKa je JomaTHO
aHaJM3MpaHa ca UMBEM Ja Ce YKaKe Ha MoTeHUMjasHa OrpaHHuer-a HMUTALMOHOT alropiTMa.
Tpehin kopak KOHBEp3Hje NpeAcTaBba HMUTAUHOHM TMPOLEC KOjM MMa 33 LW Ja FeHepuiue
KpeTame poboTa y NpocTopy YHYTPallbHX H CHOJbalbIX KOOp/iHATa Ha OCHOBY undopmarja o
JbYACKOM MOKpeTy f06ujeHux y3 nmomoh crucTema 3a CHUMame Noxpera. HMmMuraiinony npotec ce
2acHMBa Ha mpafiery KpeTama MapKkepa MOCATB/BEHHX Ha TEJO aKTepa (peaJHu Mapkepu) ca
MapkepnMa JIeUHICAHHX Ha CKanupaHoM mojeny pobora ROMEO (Butpyeinu mapxepu). Y
fpolecy MHMLMjaH3aLije CKanupann Monen pobora je 1ocTaBbeH y HHHLMjIHY TI03ULHA]Y
akTepa (aKkTep CTOJU MNPaBO Ca pyKamMa XOPW3OHTAJHO MCHPYKEHUM uCnpen) u o nosuuyje
BUPTYEJIHMX Mapkepa cy jeuHncaHe Tako ja ce rokianajy ca NO3UHHjaMa PeaslHUX MapKepa.
TTpoliec HHUIMjANTH3aUHM]E je OCTBAPEH AeQUHUCAbEM WHHLIM]TH3ALMOHOT aTOpHTMa. VY HacTaBky
je JeduHical HyMEepHUKH i aHaJTMTHYKA MOJIeNI MIMHTalHOHOY TipoLeca. O6a Mozena UMajy 3a b
Jla MEHHMM31pajy KpuTepHjyMcKky QyHKIM]Y Koja npeicTaBba pasiuky y 3J1 MO3ULMjU peaslHuX
BMPTYEJIHMX MapKepa 1 pasiuky y 3] eCTHMUPAHO] MO3ULH]H 3r7060Ba PyKy aKkTepa M CKaJlnpaHor
mozena pobora. Hymepuukn Mojes je neduHMCAH KAo ONTUMM3ALMOHU anropuraMm KOjU
WIPAUNHABA I'eHepaiiicaHe KOOp/MHATEe CBUX 31iioboBa cKanupanor Mojena pobora xopnhemeM




MATLAB fmincon solver ca active-set (hyHKIIjOM KOja Ce 3aCHHBA Ha METOJH CEKBEHI{H)alHOr
KBafipaTHOr nporpamupaiwa (SQP). AnanuTuyky MOZeN je 3aCHOBaH Ha HHKPEMEHTAHOM
H3pauyHaBalby BPEJHOCTH TeHepaiucaHuX KoopiuHata kopuinfemem JakoOujese Marpulle.
TpexyTHa 3]] o3uuMja M OpHjeHTALIH]a BUPTYEIHIX Mapkepa 1 3ri00oBa poboTa kao U BPEJHOCTH
reHepakcaHiX KOOPJMHATA Cy M3payyHaTe Ha OCHOBY HMXOBHX MPETXOJHMX BPEAHOCTH H
BpeHocTn JakoGujeBnx mMatpuua. Pesynratu JoOujeHy HyMEPHUKUM 1 aHaNUTHYKUM NMPUCTYNIMA
cy yropeheHu ca pesyiTaToM CAMYHOT MMMTALMOHOT alropHTMa ObjaiimbeHor y JuTepaTypH.
KomnapaTiBHa aHaJM3a je NoKasana Ja alrOPHTMHU Pa3BUjEHH y OBOj T€3U 1ajy HEYNOpeAUuBo GoJbe
pesyntate y npahiermy Mosuudje W opujeHTalje 3rio0oBa pyKy y ropehemy ca CIHYHMM
nocrojelnm amroputmom. Pesynrat n00HjeHH HAUIMM MMWTALHOHMM NTOPUTMOM Aajy BENMKY
MpEeLM3HOCT Y UMUTALMjH W MOTY Ce KODHCTMTH 3a HeuHucame Tpajektopuje pyky pobora 3a
3ajaTke ca M 6e3 KoHTakTa m3Mely pyky u onpeme. UeTBpPTH U IOCHE/HHU KOPAK KOHBEP3HOHOT
npoleca ce OAHOCH [1a TreHEepHCambe TOKpeTa XyMaHOWJHOr poboTa Ha OCHOBY J00HjeHMX
nudopMaMja 0 KpTamy axTepa M3pauyHarTHX y3 nomoh MMuTalmMoHor anroputma. [loGujero
KpeTawe aKTepa He MoXe OMTH AMpeKTHO KopulleHo 3a reHepicame HCTOT MoKpeTa Ha poboTy
36Gor BeJITuMHe pobOTa 1 OrpanMyuera Y KpeTatby 3r10608a. Y 0BOM Jielly Tese AeuHucaHa Cy ABa
ANrOpMTMA WHBEp3HE KUHEMATHKe 3a TeHepucame kpeTama pobora. Oba anropurma KOpHCTe
urdopManyje 0 JbYIACKOM TOKpeTy mHoOHjeHuX y TPOCTOPY YHYTpPallbUX M CHOJbAIIUX
koopanHata. [Tpeu anropuram je aeuHHCaH 3a Ie0 NOKpeTa Koju He 00yxBaTa KOHTAKT PyKy H
ompeMe, JIOK je APYrH anropuTam JeuHCaH 3a 1eo noKpeTa riie je kontakt obasesad. Crparerija
npenaxera ca jeqHe (ase mokpera y Apyry je obGjauubena. Ha kpajy oBor nornasika je nara
excrepuMeHTanHa Baiuandja pesynrara. Mmuraunja nokpera ,,OtBapare/3aTBapare Qroke” je
reseprcana na pobory ROMEO-y.

YeTBPTO HOMABIbE NPECTABBA HAUMH HA KOJH KapaKTepPUCTHKE JbYICKHX IIOKpETa MOTy OuUTH
aHanusupaHe. MU CMO 1OLIAK O IPETNOCTABKE AA JbYACKO KpeTame NpeicTaBiba OlNTHMHU3ALHOHH
npouec. CTora cMo jieUHHCANI ONTHMH3AIMOHE aNTOPUTME KOje aHANM3HPAjy JbYICKO KpeTare
Ha KMHEeMaTckoM HuBoy. Cer kpurepujymMckux QyHKLMja je aedHHMCAH 3a aHalu3y JbyAcKux
rokpeTa: MHHMMM3ALUMja  KHHETHYKE —CHEpruje, MHHUMU3auuje Opsune y  3r106oBuMa,
MHHHMH3ALja OJCTYTIaha TPEHYTHE TMO3MLMjE HOBEKa OJi EProHOMMYHE M MaKCHMU3alHja
ManunynabundocTd, Ha camMoM MOYeTKY MCTPaOXHMBarba KAapaKTepUCTHKE JbYJICKOD KpeTama
npejcTaBiiM MO KopHinheneM NO3HATOr YNPaBbauKor anroputMa y podoTniu - airopurma
uHBep3He KMHemaTHke. CBaka KpuTepujymcka (yHKiMja je MojeJItHauHo yKbydeHa y anropuTam
WHBEp3HE KMHeMaTHKe. JloWn cMO A0 3akibydaka Koja Ol KpUTEpHjyMCKHX (yHKuuja HajOosbe
omucyje cBakn oj nokpera. Ca LubeM Aa M3BPLIMMO NPELM3HH]Y aHaiu3y JbyJCKHX MOKpeTa,
KOMOMHALM]a HaBEAEHNX KPUTEPH]YMCKUX (yHKUHja je pasmarpaHa. VHBep3HH ONTUMaNHKU
AJNFOPHTAM  YTIPaBIbaka Koju MHHHUMH3MPA TeXHHCKY KOMOMHALMjy CBHX KpuTepujyma je
npenctaBmen. CBAaKo] KpHTEPHjyMCKOj (yHKiuje je JI0Je/beH TEMMHCKN KOCQULMjeHT KOJH
nokasyje KOJNMKO je KpHTepHjyM JIOMMHAHTaH Yy aHalM3MpaHoM TOKpery. 3a H3padyHaBame
BpPEHOCTH TEXMHCKUX kKoeduiyjeHata Ae(unnican je reneTcku anropuram. Ha ocnosy 100mjeHux
BPEIHOCTH TEXKMHCKUX Koe(uLMjeHaTa M3BeleHH Cy 3aKkJbydlll O cBAaKOM nokpeTy. Ha kpajy je
npejcTaB/beHa CTpaTernja reHepucara JbyACKHX [IOKPETa Yy 3aBHCHOCTH OJI TUIIA [IOKPETa,
KapaKTEpPHCTHKA 4YOBeKa M OKpyKera. EKCIepiMeHTallHa Banujalpja pesynrata J00HjeHnx ca
aNropuTMOM HMHBEp3HE KHWHEMAaTHKe ca I10j¢/JUHAYHUM KPUTEPHjyMHUMa H Ca HHBCP3HHM
ONTHMaJIHUM aJIFOPUTMOM YIIPaBJbaka ca ONTHMATHOM KOMOHHALM]OM KpUTepHjyMekuX ByHKLM]a
je uzspuiena Ha poboty ROMEO-y.

Lwe meror nornaskba je Ja ToBexe J00MjeHE 3aKJbyuke O KapakTepUcTHkama JbyJACKOr
Kpetama M ja jgeUHHIIE METOA 3a HUXOBY aHalM3y kxopuuihieleM airopuraMa BellTauke
HHTeNnreHuuje. Anropuram (asu noruke je AeuHMCAH Ha OCHOBY JioOHjeHe aHamuse o
KapaKTEpUCTUKAMA JbY/CKOI T[OKpeTa MNpeAcTaB/beHHX y mnornaskiMa 3 W 4. I'enepanue
KapaKTepHCTHKE JbYACKHX MOKpeTa Cy KopHiifieHe xao eKCnepTeko sHame 3a Aeduanucame ¢asi




npasuna. Anroputam (asu joruke je ofydyaBaH Ha CKyMy CBMX aHaNU3MPAaHHX NOKpETa KOJU Cy
paljeHH oz cTpaHe cBUX akTepa. Tectuparme (hasi anropuTMa je BPLIEHO HA HOBOM MOKPETY KOju
Hije 610 MPeTXoAHO aHanu3upat. KapakTepucTike HOBOT Mokpeta JlobujeHe ca (asu alropuTMoM
cy yrnopeljene ca pesynrartniMa HaKHaAHO H3pauyHATUM Y3 NMOMON ONTHMU3ALHOHOT K I'EHETCKOT
aNnropuTMa.

v 10CJIe/IHhEM, LIECTOM 10J1aBJby CYMHUpPaHKH Cy OCTBApE€HW Hay4HW NOTPHUHOCH M pe3yNITaTH,
HAKOH 4era ¢y NpeajioKeHu Jajbpy rmpaBil HCTPpaXKuBambha.

3. OLEHA IHCEPTAIIMJE

3.1. CaBpeMeHOCT U OPUIHHAJIHOCT

HUnrerpaija po6oTa y JbyACKO OKPY)KEHE j& BEOMa aKTyesHa TeMa MOC/eAnhHX rojIMHa.
MHTen3nBaH pa3Boj TEXHOJOMje JI0BEO je [0 COGMCTUUMPAHIjHX MOJENa XyMaHOMHUX pobora
KOje MOpejl JbYACKOr M3IJIe/ia MoCcedyjy M CeH30pe Koje OMoHawajy Jby/JcKa yyjla i CUCTeMe KOjH
onoHaLIa)y JbYJCKO MoHailame. Mako nmocToje XyMaHOMIHHM PoOOTH KOjH CYy HAlUK 9YOBEKY,
WHTerpauuja poboTa y JbyCKO OKpY)KEHe HHje y BEIMKOj MepH 3aXuBena. Jelan o pasjiora je To
ITO Mopen u3rneaa pobor Tpeba ga nocesyje M KapakTepUCTHKE JbYJICKOT KpeTaka, pe30HOBamba,
eMOLIOHATIHE HHTenureHunje,... CaBpeMeHOCT 0Be JOKTOPCKE AMUCEpTELHMje ¢ Orneaa y aHanusy
cTpaTeryje 4oBeKa 3a TeHepucarbe MOKpeTa W NPUMEHOM HCTHX CTpaTerija 3a reHepucarbe HCTHX
oKpeTa ca XyMaHOMAHUM poboTHMa. MMHTauWja JbyJCKMX NOKpeTa je JIocTa aHalusupaHa y
mocazaiimoj nureparypu. Hajuewhe kopumlien MeTop je nmporpammpame KpeTama poboTa Ha
OCHOBY JIEMOHCTpalje nokpera (eHr. programming by demonstration). OBaj MeTO)| Ce 3aCHHBA Ha
1IOKa3MBamy NOKpeTa poboTa Koju NyTeM CBOJUX CeH30pa MOKyLIaBa jia FeHepylle HCTH IOKPET Oes3
aHanM3e KapakTephcTHKa Tokperta. OBaj NPUCTYN je Beoma eduKacaH 3a MMHUTAlM]y BEJMKOr
omcera nokpera KojH TMoJpasyMeBajy HenpeLusHo No3MHuHoHNpame 3riioboBa pobora. 3HavajaH
JIOTIPUHOC JUACEPTAIM]jE CE OJHOCH HA aHANM3y W MMHUTALMjy TMOKPeTa JABOPYYHE MaHuMyJaiuje
yopeka. OBa BPCTa MoKpeTa je Malio WiyyaBaHa y JdTeparypn. AHanuzupaHu NOKPETH JIBOPYYHE
MaHunynainje ce cactoje oA dasa ca n 6e3 konrakra usmely waka u onpeme. Mmuranuja rokpera
fe3 KOHTAKTa je jeJIHOCTABHO OCTBAPIbIBA ca NOCTojehuM HMUTAIIOHNM anropuTmuma. HMmuTaiuja
MOKpeTa ca KOHTAKTOM 3aXTeBa BENUKY NPELH3HOCT MMHTALMje W HWje JaKko ocTBaplbhBa. Y
JIMCEPTALM{H Cy NPEANIOKEHH AJIPOPHTMH KOJH €A BEITMKOM NPEUU3HOLINY HMUTHPajy aHalin3upaHe
MOKpeTe W FeHepHilly KpeTatse poboTa Koje MoKe fa OCTBAPH MHTEpaKiujy poboTa ca OKOMHHOM.
Takolje, KMHEMATCKH M JMHAMIYKH NApaMeTpy [10KPETa Kao WTo ¢y AMCTpuOYLnja nokpera Kpos3
3rnoboBe, aHanu3a yTpoHIKa eHepruje, akTHBaupja MulOMha KT, HHCY aHanM3WpaHu o
MHTerpucann y kperawe poGor. Crora je 6uno norpebHo jeduHHMCATH HOBE METOAE KOje
aHANM3MPajy KAPAKTEPUCTHKE [OKPeTa M HAa OCHOBY HMX IEHEPHLlY MOKPET poboTa Hamuk
JbYJCKOM  Kperarby. OpHrMHaJIHOCT OBe JOKTOPCke —JMCEpTallije INoYnBa Ha  aHalmsu
KapakTEPUCTHKA JBbYJICKHX MOKpeTa i e(HICabe MATEMATHYKOr aNaTa KOjU OBE KapaKTepUCTHKe
npeciukaBa Ha Kpetame poboTa. JefHa O pasnuKka OBe Te3e y OJHOCY Ha ocrale cTyamje je
aHaNM3a KpeTama YOBEKa y NPOCTOPY YHYTpALbUX KOOPAHHATA Ha KMHEMATCKOM HUBOY. AHaJN3a
je usBpiieHa KkopunifiekeM OCHOBHUX KPHTepHjyMCKHX (yHKuMja Ae(MHHCAHHX Yy MOpOCTOPY
YHYTpaLIBkMX KOOpAUHATA KOje Ce KOPHCTe Kao CTaH[apiHe 3a reHepucarwe nokpera potora. Ha
oBaj HauyuH je oMoryliena naka npUMeHa aHANM3MPaHUX KapaKTepHCTHKA JbYACKOr KpeTama Ha
reHepucame HCTHX TNokpera Ha poGory. [locmeame nornaeibe Jpicepralyje ysuma y ob63up
caBpeMeHe alropUTMe BellTauke MWHTEJMIeHLWje M aHanusupa HuxoBe MoryhiHocTi 32
fedunMcame KapakTepUCTHka OWIO KOT TMOKpeTa ABOpYydHE MaHumynauuje ysumajyhn y of3up
aHajin3e KapakTepucTnKa JbYACKOT KpeTamba.




3.2. Ocept Ha pedepeHTHY H KopumfieHny nuTepatypy

V 0BOj JIOKTOPCKO]j AAMCEepTaLMj1, aHATIH3UPaHa JIMTepaTypa je obuMHa U penesaHTHa. HaBesieHo
je ykynHo 145 Gubmmorpadekux pedepenun. JIutepartypa cajgpii pajioBe peieBaHTHE 3a 00JacTh
ncTpaxkupama y Tesn. Ilpukasane pedyepeHiie ajy KOMINETHY aHaliM3y TPEeHYTHUX JocTurayha y
npeAcTaBbenm obnactuma. CriMcak sMTepaType yK/byuyje M pelleBaHTHE paloBe Koje je
KaHIMAATKHBA ITyBIHMKOBaNa Kao ayTop Hild KOAyTop.

Y JMcepTauMju Cy aHaJIH3WPaHH OCHOBHM IOKPETY JBOPYYHE MaHullylnauuje Koju cy
KnacuUKOBaHM Ha OCHOBY MeljycoOHor oxHoca nsmelly pyky npecraBibeHor y paposuma [1,2].
Kunemarcku mozen po6ora ROMEO je xopuinfieH 3a npeicTasibalhe KUHEMATCKOI MO/Jieia YOBEKa
xopuwhemen Denavit and Hartenberg Hortauuje mare y pany [3]. Pagosu [4, 5] najy npernen
HMHTALEIOHUX TIpolleca KOjH e 3acHHBAjy Ha HMMTAUMjU TIPETXOAHO CHUMILEHHX JbYICKHX
noxpera. Mmurtanuond npouecH cy aedunncanu y KapreswjaHCKOM H HOpPOCTOPY YHYTpalitbux
xoopAuHaTta. Mmuraumja Kperama 4oBeka Takofje Moxe OMTH wm3BpuleHa kopuinfiermem
ONTUMM3ALUMOHMX anroputama. Y pajoBuma [6-9] je nar npukas HMMUTAUMOHUX alropuraMa
NpeACTAB/LEHUX HA KMHEMATCKOM M JMHAMHYKOM HMBOY. Y [uceprauuju je yHanpehen
UMHTALMOHH aJilfoOpHTaM NpeJICTaBheH y pajosnma [8, 9] ca HubeM Oa ce noeha nmpeunsHocT
umutanuje y KapresujanckiM MpocTOpy Ha KHHEMATCKOM HHBOY M ja ce omoryhu umuraumja
JbYICKMX TOKpeTa ca u 6e3 xontakra usmelly pyky u objexara y peanHom Bpemeny. Ilowro nHuje
moryha IupeKTHa KOHBEp3ija MoKpeTa YoBeka Ha MokpeT poboTa 300r JMMEH3H]e N OrpaHuyetsa y
KpeTamwy 3r1060Ba, anroputMu npejctaBibeHn y papy [10] cy xopuwhienn 3a npunarofjasare
Jo01jeHor 1okpera 4oBeka Ha nokper pobora. Ha ocHoBy nH(opmaumja o JbyACKOM MOKpPeTy
n06rjennx y3 MoMoh HMHTALMOHOT alnropuTMa Moryhe je aHanusHpaTh KapakTepUCTHKE JbYICKHX
nokpeta. Y nHamem pany [11] je npeacraB/beHa aHanuza KapakTepHUCTHKa [10KpeTa Kopuiihemem
anropuTMa MHBEp3He KUHEMATHKe U [ojeiMHaYHuX KpuTepujyMckux (gynkumja. Jbyacko kperame
MOXKE OUTH OKApaKTepucaHo Kao ONTHMH3aLnuoHH npouec. CTora ce KapakTepUCTHKE JbYJICKOT
MoKpeTa MOTY aHaju3upaTH Kopuiiherem ONTMMH3AUMOHOr alropuT™Ma M KoMOuHalje Buiie
KpUTepujyMckuX (iyHKUMja 1TO je MpelcTaBbeHo y pajoBuma [12-14]. M3bop xkputrepnjymeknx
(pynkiuja je neduHICAaH HA OCHOBY aHAIN3a KAPAKTEPUCTHKA /bYJICKUX TTOKpeTa. Y pajoBuma | 14-
16] je npejcraBsbena aHanu3a JbyACKUX oKpeTa nocMaTpameM akTupaiyije 3rnobosa. Jlepunucane
cy u kpuTepujyMcke (pyHKiHje Koje onucyjy yruiaj cBakor srnoba Ha reHepucare nokpera. Y
panoeuma [ 14, 17] je aHaim3supaH HKEBO kKom(popa uoBeka Tokom obaBspara nokpera. Kompoproct
yoBeka TokoMm 00aB/baiba MOKPETa j¢ TpEACTaB/baHA Ha BHLIE HAYuHA: aHaJW30M cuna y
srnobosuMa [17] M aHANU30M YAA/LEHOCTH TpeHyTHe Kou(Mrypauuje 4oBeka 0j eproHoMHYHe
koHpurypaigje | 14]. dpyru npucryn, kao 1 eproHoMH4Ha KOH(pUrypaunja yoBeka npeacTaBbeHa
y pany [14], je xopuinfiena y aucepraupjn. OcTBapJLHBOCT 3a4aTka MAHKITY IalMje je aHaan3upaHa
Ka0 MOCHEMBH KPUTEPUjYM 3a ONHCHBAIbe JBYJACKHX MOKpeTa. MaHnmynabHIHOCT NpeJCTaBiba
Mepy W3BOJUBHBOCTH TOKpeTa, KBAJHTATHBHHM OJHOC TPEHYTHE HOBEKOBE KOHQUrypauuje M
cunrynapne xondurypauuje. Manunynabunnoct je npsu nyT peduuucana y paay [18]. YV pany
[19] je npejcraB/beHa aHaiu3a MaHuyabunHocTH poboTa Ha OCHOBY H-EFOBOT PAJIHOT MPOCTOPA,
orpaHnyemna y srontosuma u Meljycobne konusuje. Merpanxnsara npejctaBibeHa y pajosiuma |18,
191 cy xopuuihiena y qucepTauujH.
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3.3. Onuc U agekBaTHOCT IpHMELEeHNX HaYUHHX METoAa

HCTpa)KHBaH)e Y OKBHpPY OBE HOKTOPCKE }II/XCG})TaLLI/IjC je 34aCHOBAHO Ha CJ'[G,HChI/]M
CKCIIEPUMEHTAIHUM, TCOijCKHM U IPpakKTHYHUM MeTodama:

e MeTone axkBH3WIFje ToJaTaka TOKOM copoBofjewa ekcrnepumeHara: [lpea  (a3a
HCTPaXKHBAkA j€ 3aCHOBAaHa HA CHHMAakmy pa3fIMYMTHX BPCTa OCHOBHHMX TOKpETa JBOPYYHE
MaHunynaije. 3a rnorpefe HCTpakHBama KapaKTepHCTHKA JbYJACKOT KpeTara, CBAKH Off
MIOKpeTa je U3BpLIEH Ofi cTpaHe 15 axkrepa Moj MCTUM YCJOBHMA Y BHUPTYEJHOM OKpYXEhY H
cuumibeH kopuuihiemem ART cuctema. OBaj cuctem jaje HMHQopmauuje o MNO3HLUJH M
opujeHTauMjn Mapkepa (M3UUKM [OCTaBJEEHHX Ha JBYACKO TEN0 TOKOM Kpertamwa. [lopen Tora,
ART cucrem ecrumupa 3/ nozunuje cBux 3rmobosa tena. MHpopmanuje o kperawy nodujeHe
ca ART cucremom Takofje omoryhapajy npeunsHy aHanusy JbYyACKHX FHOKpera H Y
Kapresujanckom npoctopy. [logaum o spynckoM nokpery cHuUMIbeHH ca ART cucremom cy
kopuinfieHu 3a pecTaB/bakbe KapaKTepUCTHKA KpeTarma y IPOCTopY YHYTPalllbiX KOOpAHHATA
W [1aJby aHaNu3y JbY/JCKOT KpeTamba Ha KHHEMaTCKOM HHBOY.

o Mogen seynckor tena: 3a NpelCTaBRbambe Mojena JBYACKOr Teda kopuiuheH je Mopen
xymanougHor pobora ROMEO. Po6or ROMEO uma 37 creneun cnoboae y teny (rno 7
cTerneny cnoboje y pykama, 1o 6 y Horama, 1o 2 y ourma, no 1 y cronanuma, 2 y Bpaty, 2y
riasu 1 [y Tpyny). OBakBa KMHEMATCKA CTPYKTYpa ojArosapa ynpowheHo] KMHeMAaTckoj
CTPYKTYPH UYOBEKOBOr Tela M MO)KE ce KOPHUCTMTH 3a 1eHO MpeacTaBsbame. 3a noTpede
aHayu3e 3ajaTaka JBOPYYHE MaHWMYalHje vy JUcepTalinji je KopuliheH caMo ropibH J1eo
Tena. Y Mporecy cxanuparka, JUMEH3dje cermMeHata ropwer gena podora ROMEO cy
CKaJupaHe Ha JUMEH3Mje HUCTHX cerMeHarta JbyAckor tema. C o03MpoM Ja KHHEMAaTcKH
mozen pobora ROMEQO oarosapa molieny 40oBeKa, eKcliepuMeHTalHa eBalyalunja pesyirara
je ypaheHa ca mHM.

e AproputMu 3a UMUTAUM]Y JbYJCKMX fokpera: Ha OcHOBY pacnonoxuBuX anropuTaMa 3a
UMUTALU]Y JBYJCKUX TOKpera y oBoj Juceprauyju je kopuiihen n ynanpefien anropuram
koju je npexpcrapuo Ude [8, 9]. Oraj anropuram znaje uHopManmje o JbYACKOM MOKPETY
kopuiifielbeM cHcTeMa 33 CHUMALE JBYICKOT KpeTarha 3acHOBAHOT Ha Mapkepuma. Kpetame
Mapkepa MocTaB/beHUX HA TeNo 4doBeka cy npahenn ca BupTyenHUM MapKepHma Koju cy
fl0Be3aHy Ha jeMHHCAH KMHEMATCKH MOJIleNl 4oBeka. Ycjea noMmepama Koxe U
HEMOJIENMpaHe KHHeMaTHKE YOBEUM|er Tesa, KpeTame BHUPTYENHHX Mapkepa oJicTyna oOf
CHUMILEHOD KpeTama Mapkepa npuyspliieHux 3a rtesio uoseka. Crora, JoOHjeHO KpeTare
YOBEKA HHje MJCHTHYHO Ca CHUMILEHUM KperareM M Tpeld3Ha WMHTalyja  Huje
3arapaHToBaHa, Y 0Boj JUcepTallMjH je yHampeljen mocTojehu MMNTALHOHM aqropuTaMm H
nopen Kpetawa Mapkepa je npalieHO M eCTUMUPAHO KpeTame 3rnoboBa. Ha oBaj HaumH je
MOCTHIHYTa Tpeli3Ha MMMTal{ja CHMMJBEHOT MOKpeTa koja je OHMTHA 3a 3ajatke Koju
nojipaszymMeBajy kontakt usmelly pyky u onpeme. [locrojelin anropuram je yuanpelien u ca
UJBEeM J1a ce oMoryhin MMHTallja KpeTamba y peaTHOM BpeMeHy KopuiuhemheM aHanuTHYKor

npUcTyna.

o  ONTHUMH3aUMOHH QJIFOPUTMHU 32 aHAM3Y JbYJCKOT KpeTawba: Y Apyroj ¢asu ucTpakupah-a
Ha KUHEMATCKOM HHBOY CY aHalM3MpaHe KapaKTepuCTUKe JbYACKOr KpeTatba xopuuheweM
NO3HATUX KpuTepujyMckux Gynkuuja. OCHOBHY 0OJIUK airOpPUTMa HHBEP3HE KHHEMATHKE je
NPOIIHpeH W YKJbYYeHe cy TojeJuHadyHe KpuTepujyMmMcke (yHKLHje (MUHAMH3ALH]a
KHHETHUYKE eHepruje, MHMHMMH3allija HopMe Op3uHa cTeneHH cnobope y 3rnoboBuma,
MHHUMH331(1ja yia/beHOCTH n3Melly TpeHyTHe No3HiMje H eproHoMcKke KoH(pUTypailije YoBeka
W MaxcuMH3almja manunyitabunnoctn). Ha oBaj HauMH je TecTHpaH aJropUTaM HHBEP3HE
KHHEMATHKE ¢a CBAKUM OJ1 KPHTEPH] yMCKUX (DYHKI[Hja 32 TeHEepHCamkhe CHUMIBEHOT OKpeTa.
VY mactaBky je nedHHHUCAH ONTHMM3ALIOHHM ajrOpUTaM 3a AaHANU3y KapakTepHCTHKA
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myackor mokpera, Metox JlarpamkoBux MynTHINIMKaTopa je KopuiifieH 3a hopmynicarme
MHBEP3HOT ONTHMH3ALMOHOT IrOPHTMa YNPaB/bakha ca TEKHHCKOM KOMOHMHALMJOM HABCICHHX
kpuTepHjymckix ¢ynkumja. [eHerckn anropuram je kopulihen 3a H3padyHaBarbe ONTHMAHE
KOMOUHALje BPEIHOCTH TEXUHCKUX Koe(HLMjeHaTa Koja TeHepHine HajnpHOIKHIjH TOKpeT
cHMMJbeHOM. Ha OCHOBY BPEIHOCTH TEXHHCKMX KOeHIMjeHaTa M3BpIIEHA j€ aHainza
KapaKTepHCTHKA JbYACKUX NOKpeTa.

e Anropuram (ash JOTHKe 33 M3adyHaBame KapakTepHCTHKA JhYJCKOr nokpera: ¥ Tpehoj
dasu je npencraBibeH anroputaM a3 Jloruke 3a JeQUHHCAbE KapaKTEPHCTUKA JbY/ICKHX
IOKpeTa Ha OCHOBY BpPEJIHOCTH TEXHHCKHX KoedumujeHara jgobujeHux y Apyroj ¢as.
Anropuram ¢asu soruke je dopmynucan 3a JedHHUCARE KapaKTCPHCTHKA JbYICKHX
nokpera 0e3 MpeTXHJHE aHaju3e, Ha OCHOBY CTEYEHOI CcasHaka O aHaIM3MpaHuM
nokpernma. Jo6HjeHH 3aKkiby iy 0 JbyACKOM KpeTatby ¢y Kopuuihienu 3a neduuucarse (asu
TIpaBuJIa.

3.4. [IpuMeHJLHBOCT OCTBAPEHUX PE3YJITATa

ANropuTaMm 3a MMATALH]Y JbYJCKHX TIOKpeTa AeHHUCAH y MCcCepTalji omoryhasa UMHTaLH}y
KOMIUTEKCHHIX TTOKPeTa JBOPYUYHe MAaHMIy/Ialuje KOjH yKIbyUuyjy MOKeT ca u 6e3 koHTakra nsmehy
PYKY 1 OTpeMe M TpaH3MLMOHH TIPOLEC KOjH OCTBapyje MpeLu3an KOHTakT usmehy pyky H onpeme
6e3 aHaTu3e KOHTAKTHUX chna. FIMUTALMOHHM alropuTaMm NpeJicTaB/beH y JucepTauuju je 6asnpan
HA AHAJUTHYKOM APUCTYMY ¥ oMoryhaBa MMHTALH]jy JbYJICKOT IIOKPETa y peanmHoM BpeMmeny ca
BemikoM npeuusHomify. Takolje, nmuTaiponn anropurtam Aaje uHpopmaiupje o HOKpeTy y
KapTesujaHCKoM TMpOCTOpY H IPOCTOPY YHYTPAWIBUX KOOpPJAMHATa WiTo omoryhaea anaiusy
KapakTepucTHKa KPETatba.

VHBep3Hy ONTUMH3ALMOHH QJITOPUTaM 3@ aHaiu3y JbYACKMX [OKpeTa ce 3acHuBa Ha
MHHHMM3aUMju  komBuHanuje KpuTepmjyMckux ¢ynkuuja koje cy Hajuewnfie kopuihene 3a
yripaBJbare podoTuma. Kom6uHaLja TeXHHCKHX koeduuujenara jaje unopmalije y akTHBALM A
3r1060Ba TOKOM KPeTama, M3BOULHBOCTH MIOKpeTa 1 KOMPOPHOCTH HOBEKa TOKOM KpeTama. CTora
ce ONTHUMM3ALWOHH aNropuTaM ca ojroBapajyhoM koMBUHALM]OM KPUTEPHjyMCKHUX (QyHKIH]A
MOXE JIMPEKTHO TIPHMEHWTH 3@ TEHEPHUCAe WCTOr NoKpeTa Ha XymaHowjpom pobory ucror
KuHeMaTcKor Mojena. Yaumajyhu y o631p Ja je npeicTaBibeH MOJIEN XyMaHOMmHOr poboTa
pejlyHIaHTaH, Ha OBaj HAUKWH ce reHepuiile OKPET poboTa KojH UMa HCTE KapKaTepUCTHKE KpeTarba
kao voBek. [Ipe/icTaBbeHa aHalu3a JbYACKUX MOKPETa C& MOMKE MCKOPUCTHTH Y aHAllM3H JbyACKHX
lokpera ca HapyuleHoM MoTopukoM yropeljyjyhn ontumanny  koMOMHALM]Y  TEXHHCKHX

Koeuuujenara 3pase 1 noppelene ocobe.

Jleunucand UMHTAMOHY airOpPHTAM M MHBEP3HMO ONTHUMU3ALMOHM AJIIOPUTAM 33 aHANM3y
JbYJCKMX MOKpeTa reHepuily kperawe pofoTa Hamuk 4opeky u omoryhasa: Gosby HHTErpaLujy
poboTa y JBYICKO OKPYKEHe, 3aMeHy HoBeKa Y 00aBsbarby TEXUX WM A0CAJHHX MOCIOB ABOPYYHE
MaHuTIyNauMje, 3aMeHy 4YOoBeka Y M3BpLIABaky 3alaTaka ONAcHUM MO JKUBOT M pexabunuranmjy
JbY/IM €A MOTOPHYKHM rorteiikofiama (IeMOHCTpalja HOPMAHNX NTOKpeTa JoBeKa KOje TalujeHT
Tpeda 1a NoHOBH).

3.5. O1eHa JOCTUTHYTHX CIIOcOBHOCTH KaHAWATA 33 ¢AMOCTAJIHI Hay4HH paj

Kangupatkuwa Mapuja Tomuh je m3pafom 0OBE HOKTOpCKe aucepraiiije M iy6IHKaLMjoM
CeJJAaMHAECT HayyHMX pajioBa y NOTIYHOCTH JEMOHCTpHpaa CHOCOOHOCTH 38 CaMOCTallaH Hay4HO-
yeTpaXknBauky paj. Kanaunatkuia je CHCTeMATHUHO M3BPIUMIIA Nperyies pesieBaHTHE JTUTepaType,
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yCHemHo WASHTH(HKOBaNa HeAOoCTaTKe J0ca/lalllibiX CTYAH|a M NpeJsioKuia pelieha KojuMa ce
npepasunase orpanumyema nocrojefinx npucrynma. Tema jucepraumje je BeoMa akTyelHa U
MYJITHAHCLMILIMHAPHa, NPH 4eMy pesyiTaTH JcepTralije Tocrelyjy uHrerpaiujy pobora y
JBYICKO OKpPYsKee, MOMON JbyiMa y CBaKOAHEBHUM TOCIIOBHMA Ofi CTpaHe poboTa U JONpUHOCE
3aMeHN JbyIu y 00aBibaky TEHMIKHX M PH3HUHHX MOCJIOBA O] cTpaHe pofoTta Ha HAYMH Ha KOje Te
nocjose JbyAM page. Metope WCTpaXKuBawa M NOPUCTYIH Yy pealu3alMju Cy MHOBATHBHM H
kpeaTBRY. OCTBapeHH AOMPUHOCH CY OPUIMHANHU H MOTBPhYjy crnocobHOCTH KaHIWAaTKUIRE 32
CaMOCTAaJlHH Hay4YHO-HCTPAXKUBAUKK paj.

4. OCTBAPEHHM HAYYHU JONIPHHOC

4.1. Ilpuxas ocTBapeHnx HayYHUX JONPHHOCA

Hayunn fonpuHocH oBe IOKTopeke Juceprauuje cy cieaehu:

e [loGo/eman je mocrtojelin anropuraMm HMHTanMje, ysumajyhu vy obsup uxdopmaimje o
KpeTarby MapKepa u 3rnoboBa akTepa 1 Ha Taj HauMH 1oBeliaHa je TAYHOCTH UMUTanje,

e FcTpaxuBane ¢y HEJOBOJBHO MCTPAXKEHE KapaKTepPHCTHKE OCHOBHMX MOKpETa JBOpyUYHE
MaHuIynauuje, ca 1 6e3 KoHTaKTa uzmelly pyky u ornpeme,

e AHEUH'BI'IpaHl/I CY JbYCKH ITOKPETH Ha HHBOY KMHEMATHUKE, Oe3 y3uMama y ()631113 JHHaMHKe

KpeTawa, I[peicraBbalbeM [eAHOCTaBHE yNpapibauke CcTpaTerdje koja ce  JaKo
MMIIJIEMEHTHPA Ha XYMAHOUAHOM poboTy,

e Kopuiihenn cy anropuram MHBEp3He KHHEMATHKE ¥ HHBEP3HH ONTHMU3ALMOHM ANIOPHTAM
(xoju caapxe NOHAepHCAHY KOMOMHALM]Y OCHOBHHX KpuTepHjyMckux dynkimia) 3a
aHamyu3y KapakTepucTHKA JbYACKUX MOKpeTa,

e JloOujeHe KapaKTe€pUCTHKE JbYACKHX MOKpETa Cy HMIUIEMEHTUPAHE Ha XYMaHOWIHOM
poDOTY Kpo3 FeHepHcae IBeroBOT Kperawa vy by npunarofaeama xymanouga 3a
capajiby €a JbyJluMa y KOOMepaTHMBHUM 3aJlaliiMa 1 3a 00JbY HHTETpailijy XyMaHOWIHHX
poboTa ¥ MHUBOTHY CPEAHHY YOBEKA,

®  AHajM3upaHe cy pasiMuMTe KapakTepHCTHKE JbYACKHX NOKpeTa ¥ 1poCcTopy YHYTPALbNUX
KOOp/MHATA 33 ucTe noxkpere y KapresnjaHckom 1ipocTopy,

e AHanusupaHe Cy KapaKTepHCTHKE KpeTama y 3aBHCHOCTH OJl KapaKTepUCTHKA YoBeKa
(crapoct, non, GU3nYKa KOHAMILIK]a, AMMEH3Hje Tena...).

4.2, KpuTnyka aHaiysa pesynrara HCTPaKUBakA

OCHOBHH LA/ UCTpa’KMBama NMpPEACTABHEGHOI y OBOj JucepTaillije je MMMTALyja M aHaiusza
KapakTepHCTHKA TIOKpeTa JBOPYYHE MaHHWITyNaudje 3a 3ajatke koje obyxsarajy ¢aze ca u 6e3
KOHTakTa u3Mely pyky u onpeme. OBa BpcTa NoKpeTa HHje JOBOJLHO MCTPAXKEHA Y JINTEPATypH.
I'naBHa npepHocT Ae(UHMCAHOT MMUTALOHOT alrOpPHTMa je BeJHKa HPELM3HOCT MMHTalMje
noxpera y KapTe3ujaHckoM NpocTopy LWITO je o[ CYLITHHCKOT 3Ha4aja 3a TeHepucarhe NoKpeTa Koju
3axTeBajy KoHTakT uiMelly pyky u onpeme. [lopea Tora UMHTAUMOHM AJFOPUTaM TEHEpHLIE
TpajexTopyje KpeTawa CBaKor cTereHa ciiofole y MpocTOpY YHYTPaLIbUX KOOpMMHATa LITO
omoryhapa jajby aHajiu3y rnokpera. PejleBaHTHE CTYiMje ce YriiaBHOM (OKYCHpajy Ha UMUTALM]N
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noxpera 6e3 konTaxta uaMely pyKyH onpemer/e NpelnusHa HMHTalja HUje HeOXoHa. Y ApYroM
Jely OBE Te€3e NPEUIOKEHN Cy AITOPUTMH HWHBEP3HE KHMHEMAaTHKE Y KOMOMHALMM ca YETHpPH
KpUTEpUjyMCKe (QYHKIMje 32 aHaau3y KapakTepHCTHKa JpYJACKUX IoKpera. Kpurepujymcke
byuxumje cy gedpuHuCcaHe Y TIPOCTOPY YHYTPALIBHUX KOOPAMHATA HA KMHEMATCKOM HUBOY Y CKIIay
ca KapakTepHCTHKAaMa JhYJCKHX TIOKpeTa Kao MITO Cy aKTHBaLuja 3rio00Ba, €PrOHOMUYHOCT U
H3BOMJBHBOCT IIOKpera. Y BehwHH Apyrux CTyAMja, aHaIu3a JbYACKOT KpETarbajeM3BpIIEHA Y
KapTe3njaHCcKoM MpOCTOPY MOCMATPAbeM TPajeKTOpHja PYKy HIM HOTYHIIHM HNPOTEKIOr BpEMEHA.
ANTOpuTaM WHBEP3HE KUHEMATHKE €4 CBAKOM KPHTEPHjYMCKOM (YHKLIHjOM IIOje/MHAYHO j€
xopumheHn 3a reHepucame IIOKpeTa CKanupaHor MogenoM pobora REOMEO-a. Anammnzom
NOOHjeHHX pe3yaTraTa Cy MoKazaHa CBOJCTBA CBAKOT' O/l KPUTEPHJyMa JIa TEHEPHILE MOKPET CIUYaH
CHHMJBEHOM JbyJICKOM mokpery. Ca HU/bEM NPOHIMPERHd aHANM3E KapaKTEPUCTHKA JbYACKOT
Kperama, Je(GUHHCAH j¢ ONTHMU3ALHOHHM aIroOpuTaM KOJH MHHHMHU3MPA IOHAEPUCAHY CYMYOBHX
kpuTepujyMckux Gynxnuja. JloObujeHa je onrumanta KOMOUHAIM]a KPUTEPHjyMCKUX (QyHKIHja Koja
reHepuIle MOKPET HAjIpHOIDKHIH CHUMJBEHOM IIOKpeTy. BpeJHoCTH TexuHCKuX (akTopa majy
TMPEACTABY O TOME KOJHMKO je HeKa Off KapaKTePHCTHKA 3aCTyIJbeHa Y aHaJU3HPaHOM MOKpeTy. Y
nocrojelio] JMUTEpaTypd MOPEJCTABJBEHH CKYN KapaKTePHCTHKA JBYACKHX TIOKPETa M HbUXO0Ba
xKoMOHHaLM]ja HUje Gya npeMeT ueTpaxusama. Ha caMoM kpajy Te3e IPeJCTaBIbEH j€ aaropuram
(asm  Joruke 3a AHAIM3YKApAaKTEPHCTHKA JbYJCKOI KpeTama 0asupaHor Ha JoOujeHum
3aKIbydLMa. AJroputMi (hasd JIOrHKe HHCY, O Caja, 4ecTo KopumheHH 3a NpEACTaBibalbe U
aHamu3y oBe BpcTe npobnema. IWaBHM  JompHHOC OBE Te3e Ce  Oriejay  aHaJIH3d
CKYNAKAPAKTEPHCTUKA JbYACKOI KpeTamba y MpPOCTOPY YHYTPAIIBHX KOOPAHMHATA M JUPEKTHO]
NPUMEHU  TMPEJICTABJBCHOT  MHBEP3HOI  ONTHMH3AIMOHOT  aIropuTMa  Ca  IPEJICTABJBEHHM
KPUTEPHjyMCKUM (DYHKIIM]jaMa 3@ [IPEHOIIEbE CTPATErije KPeTama YOBeka Ha XyMaHouHe poboTe
M reHepucame KpeTarba XyManouja. Jejan oJf HeJOCTATaKa HCTPAKHBAELA YU CY PE3yNnTaTH
HPHKA3aHK Yy OBOj AWCepTaluju je join oOMMHMja aHalu3a JbYACKMX HOKPETa Koja II0JpasyMeBa
cuuMame 3nadajHo Beher Opoja pasmuauTux rokpera ca Behum Opojem akrtepa. AHanu3sa
KAPAKTEPUCTHKA  JbYJICKOI  KPETama  Ce  MOXKE  [POIIMPUTH  AHAJM30M  [MHAMHYKHUX
kapakreprcTuka. Takohe, pasiuuuTy aaropuTMH BEIITAYKE MHTEIHICHIH|e CE MOIY TECTHPAaTH 3a
aHaIKM3y KapaKTepUCTHKA JbYICKUX TI0KpeTa KoprimhemeM JOOUjeHux pe3yraTa [pejicTaB/bestx y
Te3H.

4.3, Bepudukanyia Hay4uux JOMPHHOCH

Hayanu Jonpuiocy JOKTOPCKe AucepTanuje ¢y Bepu(HKoBaim ciejehm pajosuma:

Kareropuja M23:

I, Tomi¢ M., Chevallereau Ch., Jovanovi¢ K., Potkonjak V., Rodi¢ A.: Human to humanoid
motion conversion for dual arm manipulation tasks, Robotica, 2018, pp. 1-21,

DOL:10.1017/50263574718000309, ISSN: 0263-5747, IF: 1.554
2. Tomi¢ M., Jovanovié K., Chevallereau Ch., Potkonjak V., Rodi¢ A.: Toward optimal mapping

of human dual-arm motion to humanoid motion for tasks involving contact with the
environment,  Infernational Journal of Advanced Robotic Systems, Vol 15(1), 2018,
p.1729881418757377. DOL: 10.1177/1729881418757377, ISSN: 1729-8814, IF: 0.987

Kareropuja M14:

[. M. Tomié¢, Ch. Vassallo, Ch. Chevallereau, A. Rodi¢, V. Potkonjak, “Arms motion of a
humanoid inspired by human motion”, New Trends in Medical and Service Robotis, Springer,
April, 2015. DOL: 10.1007/978-3-319-23832-6_19, ISSN: 2211-0984

2. A. Rodi¢, D. Urukalo, M. Vujovi¢, S. Spasojevi¢, M. Tomi¢, K. Berns, S. Al-Darraji, and Z.

Zafar, “Embodiment of Human Personality with EI-Robots by Mapping Behaviour Traits
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from Live-Model”, Advances in Robot Design and Intelligent Control (Springer), Vol 540,
No 7, 2017, pp. 438-448.DOIL: 10.1007/978-3-319-49058-8_48, ISSN: 2211-0984

3. 1. Stevanovié, A. Rodié, M. Jovanovi¢., M. Tomi¢, “Building of Hyper-redundant Under-
Actuated Soft Robotic Arm with 20DOFE”, Advances in Service and Industrial Robotics,
Mechanisms and Machine Science 49 (Springer), 2017, pp. 681-688, DOI: 10.1007/978-3-
319-61276-8 72, ISSN: 2211-0984

Kareropuja M33.

1. V. Potkonjak, M. Tomié, A. Rodi¢, V. Antoska, “Human and Humanoid Motion - Distinguish
Between Safe and Risky Mode of Locomotion*, 10th International IFAC Symposium on Robot
Control, Dubrovnik, Hrvatska, Septembar, 2012.DOI: 10.3182/20120905-3-HR-2030.00070,
ISSN: 1474-6670

2. M. Tomié, B. Miloradovi¢, M. Jankovié¢, “The algorithm for trajectory tracking using a
combination of Neural Network and Genetic Algorithm”, 11th Symposium on Neural Network
Applications in Electrical Engineering, Beograd, Srbija, Jun 2012.ISBN: 978-1-4673-1571-5

3. M. Tomié, Ch. Chevallereau, “Conversion of Captured Human Motion to the Humanoid
ROMEQO for Human Imitation ”, The 1st IcETRAN Conference, Vrnjacka Banja, Srbija, Jun,
2014.I1SBN: 978-86-80509-70-9

4. M. Tomié, Ch. Vassallo, Ch. Chevallereau, A. Rodi¢, V. Potkonjak, “Arms motion of a
humanoid inspired by human motion”, MESROB 2014, EPFL Lausanne, Svajcarska, Jul,
2014.I1SBN: 9783319238319

5. M. Tomié¢, D. Kati¢, “Arms Dual-Arm Robot Tracking of the Moving Target Using the
Algorithm of Inverse Kinematics ”, The Ist [cETRAN Conference, Vrnjacka Banja, Srbija, Jun,
2014.1SBN: 978-86-80509-70-9

6. M. Tomié, A. Rodi¢ and D. Urukalo,“Solving Inverse Kinematics of Hyper-Redundant Multi-
Links Flexible Robot- modeling and simulation”, The 2nd IcETRAN Conference, Srebrno
jezero, Serbia, Jun, 2015.ISBN: 978-86-80509-71-6

7. M. Vujovi¢, I. Stevanovi¢, M. Tomié, M. Milos, A. Rodié¢, “Mechanical design of robot head
with ability to express emotional gestures”, The 2nd IcETRAN Conference, Srebrmo jezero,
Serbia, Jun, 2015.ISBN: 978-86-80509-71-6

Kareropuja M63:

I. M. Tomié, Ch. Chevallercau, “The Circular motion of the Dual-Arms Robotics Manipulation
Hands Inspired by Human Skill”, The 57th FETRAN Conference, Zlatibor, Srbija, Jun,
2013.ISBN: 978-86-805009-68-6

2. B. Miloradovi¢, M. Tomié¢, S. Popi¢, “Primena veStackih neuyronskih mreza za reSavanje
problema inverzne kinematike manipulatora sa pet stepeni slobode”, The 56th ETRAN
Conference, Zlatibor, Srbija, Jun 2012.ISBN 978-86-80509-67-9

3. M. Tomié, M. Jankovi¢, “Solving inverse kinematics problem of ROBEDO3 manipulator using
genetic algorithms”, The 56th ETRAN Conference, Zlatibor, Srbija, Jun 2012.ISBN 978-86-
80509-67-9

4. N. Bascarevi¢, M. Tomi¢, P. Milosavljevié, “Symbiosis of programming languages Matlab and
C++ for efficient robot simulation””, The 55th ETRAN Conference, Banja Vrucica, Bosna i
Hercegovina, Jun, 201 1.ISBN: 978-86-80509-66-2

5. M. Tomi¢, V. Potkonjak, “Covetiji i ¢ovekoliki hod razlike izmedu safe i risky moda”, The
54th ETRAN Conference, Donji Milanovac, Srbija, Jun, 2010.ISBN 978-86-80509-65-5

5. SAKJbYYAK W HPEJJIOT

Ha ocioBy cBera m3ioxeHor, KoMucuja cMaTpa Jia IOKTOPCKa HCepTailja KaHHIaTKIELe Mapuje
;YX ne

‘Tomuh uCITy aBa CBE 3aKOHCKE, (POPMAJIHE W CYLITHHCKE YCIOBE, Kaod i CBC KPUTEPHjyME KOjH ce
yobuuajeHo PUMEbY]y TIPUIMKOM BpPE/HOBAmBA JIOKTOPCKE jucepranyje. Hapegenu  Hayduu
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JIONIPUHOCH c€ OJHOCE HAa NoDoJblllawme MHTerpandje pobora y JbYJCKO OKpyxemwe. Pesynratu
UCTpaXKUBarba Yy OKBUPY OBE AOKTOPCKE AUCEpTAaLje ce Orneflajy y INpPEHOLIeHke cTparerdja
HOKpeTa YOBEKa Ha INIaHUPAKE KPeTarka XYyMaHOMAHHMX poboTa W Ha aHAM3y KapaKTepucTHKa
JBYJICKOT KpeTaha, CBH HaBeJEHU Pe3yNTaTH ¢y Bepu(pHKOBaHH y nyOiMKalujaMa KaHAHJATKHIbE,
a HeKH OJf HUX Cy M eKCIEepHMMEHTAJIHO AEMOHCTPUpaHM Ha XymaHougHom pototry POMEOQ.
Yiumajyhu y o63up ce HaBeneHo, Komucuja cmarpa aa nokropeka jucepranuja Mapuje Tomuh
CaJIpKy OPMIMHAJIHE Hay'uHe JOIIPUHOCE Y O0NAcTH FeHepucama KpeTama XyMaHOMAHUX poBoTa
VIMHTAIMjOM JBYACKUX TIOKpETa, Ka0 M aHAJIM3M KAPaKTePUCTHKA JBYJICKUX TOKPETa M HUXOBOM
NpeHoLIemy Ha KpeTame U YINpaB/balkhe XyMaHoMAHuM poboruma. Crora Komucuja ca
3a/I0BOJRCTBOM Ipeasiaxce HacraBHo-HayuHoM Behy EnextpoTexHuukor daxynreta YHHBEP3IUTETA
y beorpany nia ce AokTopcka Aucepraudja Mo HasuBOM ,,JIBopydHa poboTcka Manumynanuja
MHCOMPUCAHa JbYAICKMM BEITHHAMa" NPUXBATH, U3JI0XKMU Ha YBHJ jaBHOCTH M YNYTH Ha KOHAYHO
ycBajame Behy Hayunux obnacti TeXxHHYKHX Hayka YHuBep3uteTa y Beorpany.

Beorpap, 03.05.2018. rogune
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University of Belgrade
School of Electrical Engineering

TO THE ACADEMIC COUNCIL

SUBJECT: REPORT ON COMPLETED DOCTORAL DISSERTATION OF CANDIDATE
MARIJA TOMIC

By the Decision of the Academic Council of the School of Electrical Engineering, Reg. No.
5006/11-3, from April, 17“‘, 2018, we were appointed the members of the Commission for
examination, evaluation and defence of doctoral dissertation of the candidate Marija Tomi¢ with the
title

"Dual-arm robotic manipulation inspired by human skills"

After examination of the submitted thesis and accompanying material and interview with the
candidate, the Commission made the following

REPORT

1. INTRODUCTION

1.1. Chronology of the dissertation approval and preparation

The candidate submitted the doctoral thesis with the title ,Dual-arm robotic manipulation inspired by
human skills“ to the Commission for the third-level studies at the School of Electrical Engineering,
University of Belgrade on November, 3", 2016 and proposed Dr. Kosta Jovanovi¢, Assistant Professor
and Dr. Christine Chevallereau, research director, as dissertation supervisors in accordance with the
bilateral program of doctoral studies between the School of Electrical Engineering, University of
Belgrade and Ecole Centrale de Nantes.

The Commission for the third-level studies considered the proposal of the thesis topic for
dissertation preparation on its session held on November, 8™ 2016 and forwarded the proposal of
the Commission on the evaluation of the suitability of the topic and the candidate to the Academic
Council.

The Academic Council of the School of Electrical Engineering appointed the Commission for
conditions evaluation and acceptance of the doctoral dissertation topic on the session held on
November, 152016 (the Decision No. 5006/11-1 from November, 24" 2016), composed of:

o Dr. Zeliko Purovié, Full Professor, University of Belgrade — School of Electrical
Engineering,

o Dr. Lazar Saranovac, Associated Professor, University of Belgrade — School of Electrical
Engineering,

o Dr. Aleksandar Rodi¢, Scientific Advisor, University of Belgrade — Mihajlo Pupin Institute.




The Academic Council of the School of Electrical Engineering adopted the Report on the conditions
evaluation and acceptance of the doctoral dissertation topic of the Commission on the session held
on February, 14" 2017(the Decision No. 5006/11-2 from February, 14“’2017).

The Council of the technical sciences scientific areas of the University of Belgrade, on the session
from February, 27™ 2017,assented to the proposal of the doctoral dissertation topic entitled "Dual-
arm robotic manipulation inspired by human skills" (the Decision No.61206-872/2-17).

The candidate submitted the doctoral dissertation for examination and evaluation on April, 4"2018.
The Commission for the third-level studies confirmed the fulfilment of all necessary conditions for
submitting the proposal to the Academic Council of the School of Electrical Engineering for
forming the Commission for examination and evaluation of the doctoral dissertation on the session

held on April, 10" 2018.

On the session held on April, 17”’> 2018, The Academic Council of the School of Electrical
Engineering appointed the Commission for examination and evaluation of doctoral dissertation,
composed of (the Decision No's 5006/11-3):

o Dr. Kosta Jovanovié, Assistant Professor, University of Belgrade — School of Electrical
Engineering,

o Dr. Christine Chevallereau, Research Director, CNRS, Laboratory of Digital Sciences of
Nantes - LS2N, France,

o Dr. Zeljko Purovi¢, Full Professor, University of Belgrade - School of Electrical
Engineering,

e Dr. Aleksandar Rodi¢, Scientific Advisor, University of Belgrade — Mihajlo Pupin Institute.

e Dr. Yannick Aoustin, Full Professor, University of Nantes, France,

e Dr. Philippe Fraisse, Full Professor, University of Montpellier, France.

The candidate started doctoral study program in the spring semester of the academic year
2011/2012.Based on the Decision of the Academic Council No. 545/2 from 13/03/2012, the study
program started in the spring semester of the academic year 2011/2012, so the deadline for
completion of doctoral academic studies was calculated from the beginning of that semester, in
accordance with the Statute of the University of Belgrade and the Statute of the Faculty of Electrical
Engineering.

Upon expiry of the legally prescribed period for the doctoral academic studies completion, the
extension of the deadline for the dissertation completion was granted for another two semesters at
the request of the candidate in accordance with the Statute of the University of Belgrade.

1.2. The doctoral dissertation scientific area

The doctoral dissertation belongs to the technical sciences and the research areas of robotics, and
control systems, for which the School of Electrical Engineering of the University of Belgrade and
the Ecole Centrale de Nantes are specialized. The thesis supervisor from the School of Electrical
Engineering of the University of Belgrade, Dr. Kosta Jovanovi¢ is an assistant professor for the
scientific area of Automation and Control Systems. The thesis supervisor from Ecole Centrale de
Nantes, Dr. Christine Chevallereau is a scientific director of the CNRS in Robotics and deputy
director of the LS2N (Laboratory of Digital Sciences of Nantes). Both supervisors are the authors of
a large number of scientific papers in the international journals.




1.3. Biography of the candidate

Marija Tomi¢ was born on the 14™ of July, 1987 in UZice. She finished the elementary school and
the high school in UZice. She enrolled the School of Electrical Engineering in Belgrade in the
2006/2007 academic year, at the Department of Signals and Systems. She graduated in 2010 with
the average grade of 9.02 with the thesis “Modelling, control and simulation of mobile robot
platform with a robotic arm LYNXMOTION AL5A”. She enrolled the master studies in 2010 at the
School of Electrical Engineering in Belgrade in the same Department and received the master
degree in 2011 with the average grade of 10.00. The topic of the master thesis was “Modelling and
managing the coordinated dual-arm manipulation of the service robot anthropomorphic structures”.
She enrolled the PhD studies in 2011/2012 academic year at the School of Electrical Engineering in
Belgrade, the Module of the Control Systems and Signal Processing. The following year she was
awarded the scholarship of the French government for doctoral studies in France and she continued
her PhD studies as a bilateral doctoral program between the School of Electrical Engineering in
Belgrade and the Ecole Centrale de Nantes in Nantes, France. During the PhD studies at the School
of Electrical Engineering, Marija Tomi¢ passed ten exams with an average grade of 10.00 and
attended several courses in the field of robotics at the Ecole Centrale de Nantes as a precondition of
the application of the PhD thesis.

Marija Tomi¢ has acquired knowledge in the field of the robotics through the internships during her
primary and master studies: the internship in Manipal Institute of Technology, India in 2010 (for a
period of three months) and an internship in the Institute Mihajlo Pupin, Center for Robotics,
Belgrade in 2010 (for a period of one year). After the successful completion of the internship,
Marija Tomi¢ was employed at the Institute Mihajlo Pupin, Center for Robotics, in 2012 where she
has been working until now at the position of the Research Assistant. Within the bilateral doctoral
studies Mar

Until now, she participated in one national project (TR-35003: “Research and development of
ambient intelligent service robots of anthropomorphic characteristics”, Funded by The Ministry of
Education, Science and Technological Development of Republic of Serbia, 2011-2018) and two
international projects of bilateral academic collaboration (IZ74Z0_137361/1: “Creative Alliance in
Robotics Research and Education Focused on Medical and Service Robotics”, supported by the
Swiss National Scientific Foundation, 2011-2014, and the European research and development
program HORIZON 2020, Coordination support activity project “Researchers’ night - FLIRT”
supported by the European research and development program, 2014-2015).

The research area of the candidate Marija Tomi¢ includes control of humanoid robots of high
redundancy and imitation of human motions using humanoid robots. The research results of Marija
Tomi¢ have been presented through the published papers: 2 papers in international journals, 3 book
chapters, 7 papers published in proceedings of international scientific meetings and 5 papers
published in proceedings of scientific meetings of national importance.

2. DESCRIPTION OF DISSERTATION

2.1. Dissertation content

Dissertation with the title “Dual-arm robotic manipulation inspired by human skills” has 143 pages
in English language due to the bilateral doctoral agreement with the Ecole Centrale de Nantes. The
dissertation is organized in the following six chapters: 1. Introduction; 2. State of the art; 3. Human
to humanoid movement conversion for dual—arm manipulation tasks; 4. Dual-arm manipulation
inspired by human skills; 5. Fuzzy logic algorithms for the analysis of human motion behaviours; 6.
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Conclusion. At the beginning of the dissertation, there are the Abstract in English, French and
Serbian language, Acknowledgement, List of tables, List of figures and Contents. The last chapter is
followed by the list of the used literature with references listed in the alphabetical order of the
authors' surnames and appendices: ROMEOQ robot motor information, Hanavan model of the human
body, Quaternions, Modified DH parameters of the ROMEO robot, and the Biography of the
candidate.

2.2. A brief of overview of thesis chapters

The introductory chapter of the thesis presents the motivation for exploring the imitation of human
movements with humanoid robots. The main goal of human movements imitation is the easier
integration of humanoid robots into the human environment and helping people in everyday
activities. To facilitate the integration of robots into the human environment, robots can be like
human beings and have movements similar to those of humans. Since humanoid robots have a
redundant body structure as well as a human, the task of imitating human movement with a robot is
possible. The imitation processes and imitation by learning represent the basic imitation strategies.
The imitation process is based on repetition of the same movement with the robot without prior
analysis of the movement, while the imitation by learning encompasses an analysis of the basic
characteristics of human movement. The dissertation defines algorithms for imitation of human
movement with humanoid robot using both approaches. The existing imitation processes are
analysed and improved in order to enable the imitation of the movement at the kinematic level, in
real time and with high precision. The imitation by learning is used further to define the
characteristics of human movement and transfer to robot movements. The fact that a person
performs the movement in an optimal way by minimizing the unknown criteria functions has
motivated us to present the human movement as an optimization process. The criteria functions
minimized by the optimization algorithm are the basic criteria functions used for controlling robots,
such as: minimizing kinetic energy, minimizing the velocity in the joints, minimizing the deviation
of the human current position from the ergonomic one and maximizing manipulability. Human
movement has been studied as an optimal combination of the above mentioned criteria functions.
The inverse optimization algorithm defined by the optimal combination of criteria functions is
presented as a method for analysing the characteristics of human movements. The acquired
characteristics of human movements at the kinematic level are transferred to the movement of
humanoid robots, The conclusions about the human movements are used to define the fuzzy
algorithm for calculating the optimal combination of the criteria functions of any movement. At the
end of the introductory chapter, the contributions of the presented research within the thesis are
presented in detail, as well as the structure of other chapters with a brief description.

The second chapter presents an overview of the state-of-the-art in the research area and describes
the studies relevant to the research covered by the doctoral dissertation. The first part of this chapter
presents the history of the development of the humanoid robotics. The characteristics of humanoid
robots are compared with the characteristics of a human. A special emphasis is given to the
comparative overview of the kinematic structure of humanoid robots and similarities to the
kinematic structure of a human. The second part of the chapter gives an overview of the state in the
area of human movement analysis. First, the definition of the human movement and the history of
development of the device for its recording and analysis are given. Depending on the field of
science that studies the human movement, the different characteristics of the movement are
presented. Since the humanoid robotics aims to imitate the human movement, the process of
imitation of human movements is presented. The imitation of human movements can be defined in
the task space (Cartesian space) or in the joint space. The imitation of movements in the task space
gives a clear imitation of human movements without analysing the characteristics of the movement.
The imitation in the joint space aims at monitoring the movement of all degrees of freedom in the




joints and enables the analysis of the human movement characteristics. Accordingly, the existing
algorithms for imitation and analysis of human movements are presented. The chapter also gives an
overview of the human movement analysis using the optimization approach that is also the subject
of the research in the thesis. The third part of the chapter analyses the strategy that a person uses to
generate the movement, An analysis of the activation of each of the joints during movement is one
of the basic strategies for generating the movement. The joints that have a higher effective inertia
generate smooth and large movements while the low-inertia joints generate fast and precise
movement. Based on these conclusions, the literature presents optimization algorithms that give
these movement characteristics. Also, the level of human comfort during movement is another
characteristic of human movements. The analysis of human comfort during movement has been
widely studied in ergonomics, biomechanics and robotics. An overview of the existing comfort
analysis techniques is given in this chapter and the method used in our research is proposed. The
movement possibility is presented as the last characteristic of human movement, which is analysed
in the thesis.

The third chapter presents the process of human movement conversion into the movement of a
humanoid robot for the task of dual-arm manipulation. The conversion process consists of four
steps. The first step is to analyse and record the basic movements of the dual-arm manipulation. The
movements of the dual-arm manipulations analysed in the thesis are: "Rotation of the valves",
"Rotation of the canoe paddles", "Inflating a mattress using a pumps", "Opening/closing the
drawer", "Rotation of a steering wheel", "Cutting with a knife" and "Grating of food". Each
movement is thoroughly analysed and selected in order to represent a basic movement of the dual-
arm manipulation. The movements are selected according to the axis of rotation and the mutual
relation of the arms, according to the classification presented in the literature. Each of the analysed
movements consists of a phase in which the arms and equipment are not in contact, and a phase in
which the contact is implied. The characteristics of different systems for recording human
movements are analysed, but the system based on markers is described in detail and used in this
research. In the second step of the conversion, the kinematic model of the robot ROMEQ is used to
represent the kinematic model of a human. The process of scaling the kinematic model of robot on
the human model is also presented. The length of human segments is estimated for each actor and
included in the kinematic model of the robot. The differences between the kinematic model of the
robot and human and the unmodulated kinematics are further analysed in order to point out to the
potential limitations of the imitation algorithm. The third step of the conversion is an imitation
process that aims to generate the movement of the robot in the task and joint spaces based on
information about the human movement obtained using the movement recording system. The
imitation process is based on tracking the movement of markers placed on the body of the actors
(real markers) with markers defined on the scaled model of the robot ROMEQ (virtual markers). In
the initialization process, the scaled robot model is placed in the initial position of the actor (the
actor stands straight with the arms horizontally stretched out) and the positions of the virtual
markers are defined so that they match the positions of the real markers. The initialization process is
realized by defining an initialization algorithm. The numerical and analytical model of the imitation
process is defined as follows. The both models aim to minimize the criteria function that represents
the difference in the 3D position of real and virtual markers and the difference in the 3D estimated
position of the arm joint of the actor and a scaled robot model. The numerical model is defined as
an optimization algorithm that calculates the generalized coordinates of all the joints of a scaled
robot model using the MATLAB fimincon solver with an active-set function based on the sequential
quadratic programming (SQP) method. The analytical model is based on an incremental calculation
of the values of the generalized coordinates using the Jacobian matrix. The current 3D position and
orientation of the virtual markers and robot joints as well as the values of the generalized
coordinates are calculated on the basis of their previous values and values of the Jacobian matrices.
The results obtained by numerical and analytical approaches are compared with the results of a
similar imitation algorithm described in the literature. The comparative analysis shows that the




algorithms developed in this thesis give better results in monitoring the position and orientation of
the joints comparing to the similar existing algorithm. The results obtained by our imitation
algorithm give high precision in imitation and can be used to define the trajectory of the robot arm
for tasks with and without contact between the arms and the equipment. The fourth and final step of
the conversion process is to generate the movement of the humanoid robot based on the obtained
information on the actor movements calculated using the imitation algorithm. The acquired
movement of the actor cannot be directly used to generate the same movement on the robot due to
the size of the robot and the limitation in the movement of the joints. In this part of the thesis, two
inverse kinematics algorithms are defined to generate the robot movement. The both algorithms use
the information on human movement obtained in the task and joint spaces. The first algorithm is
defined for a part of a movement that does not include contact between arms and equipment, while
the second algorithm is defined for the part of the movement where the contact is required. The
transition strategy from one phase of the movement to another is explained. At the end of this
chapter, the experimental validation of results is given. The imitation movement "Opening/closing
the drawer” is generated on the robot ROMEO.

The fourth chapter presents the method in which the characteristics of the human movements can be
analysed. Our assumption is that human movement is an optimization process. Therefore, we have
defined optimization algorithms that analyse human movement at the kinematic level. The set of
criteria functions is defined for the analysis of human movements: minimization of Kinetic energy,
minimization of velocity in the joints, minimization of the deviation of the current position from the
ergonomic one and maximization of manipulability. At the very beginning of the research we
presented the characteristics of human movement using a known control algorithm in the robotics -
algorithm of inverse kinematics. Each criteria function is individually included in the inverse
kinematics algorithm. We have concluded which of the criteria functions best describes each of the
movements. In order to perform a more precise analysis of human movements, the combination of
the mentioned criteria function has been considered. An inverse optimal control algorithm that
minimizes the weight combination of all criteria is presented. A weight coefficient is assigned Tto
each criterion functions that shows how much the criterion is dominant in the analysed movement.
A genetic algorithm is defined for calculating the values of weight coefficients. On the basis of the
obtained weight coefficients values, the conclusions about each movement were drawn. Finally, the
strategy of generating human movements is presented, depending on the type of movement, the
characteristics of human and the environment. The experimental validation of the resuits obtained
with the inverse kinematics algorithm with individual criteria and with the inverse optimal control
algorithm with the optimal combination of criteria functions has been performed on the robot
ROMEO.

The aim of the fifth chapter is to link the obtained conclusions about the characteristics of human
movement and to define a method for their analysis using artificial intelligence algorithms. The
fuzzy logic algorithm is defined on the basis of the collected analysis of the characteristics of the
human movement presented in Chapters 3 and 4. The general characteristics of human movements
are used as expert knowledge to define the fuzzy rules. The fuzzy logic algorithm is trained on the
set of all analysed movements made by all actors. Testing the fuzzy algorithm has been performed
on a new movement that was not previously analysed. The characteristics of the new movement
obtained with the fuzzy algorithm are compared with the results calculated subsequently using the
optimization and genetic algorithm.

Tn the last, sixth chapter, the scientific contributions and results are summarized, and afterwards the
further research directions are proposed.
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3. DISSERTATION EVALUATION

3.1. State-of-the-art and originality

The integration of robots into the human environment is an up-to-date topic in recent years. The
great development of technology has led to more sophisticated models of humanoid robots that,
besides human appearance, also have sensors that imitate human senses and control systems that
resemble human behavior patterns. Although there are humanoid robots that resemble humans, the
integration of robots into the human environment has not come to a great extent. One of the reasons
is that, in addition to the appearance, a robot should also have the characteristics of human
movement, reasoning, emotional intelligence, etc. The modernity of this doctoral dissertation is
reflected in the analysis of the human strategy for generating movement and applying the same
strategies for generating the same movements with humanoid robots. The imitation of human
movements has been largely analysed in the literature so far. The most commonly used method is
programming of robot movement based on the movement demonstration (programming by
demonstration). This method is based on presenting the movement to a robot that attempts to
generate the same movement through its sensors without analysing the characteristics of the
movement. This approach is very effective for imitating a large range of movements that involve
the inaccurate positioning of robot joints. A significant contribution of the dissertation is the
analysis and imitation of the movement of the dual-arm manipulation of a human. This type of
movement has not been studied a lot in the literature. The analysed movements of the dual-arm
manipulation consist of phases with and without contact between the arm and the equipment.
Imitation of the movement without contact is easily achievable with the existing imitation
algorithms. Imitation of the movement with the contact requires high precision of imitation and is
not easily realized. The dissertation proposes algorithms that accurately simulate the analysed
movements and generate the movement of robots that can realize the interaction of robots with
equipment. Also, the kinematic and dynamic parameters of the movement, such as movement
distribution through the joints, energy consumption analysis, muscle activation and similar, are not
analysed and integrated into the robot movement. Therefore, it was necessary to define new
methods that analyse the characteristics of the movement and, based on them, generate robot’s
movements similar to human, The originality of this doctoral dissertation relies on the analysis of
the characteristics of human movements and the definition of a mathematical tool that maps these
characteristics to the movement of robots. One of the differences in this thesis comparing to other
studies is the analysis of the movement of a human in the joint space at the kinematic {evel. The
analysis was performed using basic criteria functions defined in the joint space used as standard for
generating robot movements. In this way, it is easy to apply the analysed characteristics of human
movement to the generation of the same movements on the robot. The last chapter of the
dissertation takes into account modern algorithms of artificial intelligence and analyses their
possibilities to define the characteristics of any movement of the dual-arm manipulation taking into
account the analysis of the characteristics of the human movement.

3.2. Review of the used literature

in this doctoral dissertation, the analysed literature is extensive and relevant. A total of 145
bibliographical references are cited. The literature contains papers relevant for the research areas in
the thesis. The presented references give a complete analysis of the current achievements in the
presented areas. The list of literature includes relevant papers that the candidate has published as an
author or co-author.




The dissertation analyses the basic movements of the dual-arm manipulation, which are classified
according to the mutual relationship between the arms presented in the papers [1, 2]. The kinematic
model of ROMEO robot is used to represent the kinematic model of a human using the Denavit and
Hartenberg notations given in the paper [3]. The papers [4, 5] give an overview of imitation
processes based on the imitation of the previously recorded human movements. The imitation
processes are defined in the Cartesian space and in the joint space. Imitation of the human
movement can also be performed using optimization algorithms. The papers [6-9] give an overview
of imitation algorithms presented at the kinematic and dynamic levels. The dissertation enhanced
the imitation algorithm presented in the papers [8, 9] in order to increase the precision of imitation
in the Cartesian space at the kinematic level and to enable the imitation of the human movements
with and without contact between arms and equipment in the real time. Since it is not possible to
directly convert the movement of a human to the movement of a robot due to the dimension and
limitation of the movement of the joints, the algorithms presented in the paper [10] are used to
adjust the obtained movement of a human to the movement of a robot. Based on the information
about the human movement obtained with the help of an imitation algorithm, it is possible to
analyse the characteristics of the human movements. In our paper [11], an analysis of the movement
characteristics is presented using the inverse kinematics algorithm and individual criteria functions.
The human movement can be characterized as an optimization process. Therefore, the
characteristics of the human movement can be analysed using the optimization algorithm and a
combination of several criteria functions, which is presented in the papers [12-14]. The choice of
the criteria functions is defined on the basis of the analysis of the human movement characteristic.
In the papers [14-16], an analysis of the human movements is presented by observing the activation
of the joints. The criteria functions that describe the influence of each joint on the movement
generation are also defined. In the papers [14, 17], the level of comfort of a human during the
movement is analysed. The comfort of a human during the movement is presented in several ways:
by analysing the force in the joints [17] and by analysing the deviation of the current configuration
of a human from an ergonomic configuration [14]. The second approach, as well as the ergonomic
configuration of the human presented in [14], is used in the dissertation. The feasibility of the
manipulation task is analysed as the last criterion for describing the human movements. The
manipulability is a measure of the movement feasibility, a qualitative relation between the current
human configuration and the singufar configuration. The manipulability was first defined in the
paper [18]. In the paper [19], an analysis of the robot manipulability is presented on the basis of its
working space, joints limitations, and mutual collisions. The researches presented in the papers [18,
19] are implemented in the dissertation.

1. Kriiger, J., Schreck, G., & Surdilovie, D. (2011). Dual arm robot for flexible and cooperative
assembly. CIRP Annals-Manufacturing Technology, 60(1), 5-8.

2. Zdliner, R., Asfour, T., & Dillmann, R. (2004). Programming by demonstration: dual-arm
manipulation tasks for humanoid robots. In Iros (pp. 479-484).
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international conference on (pp. 545-552).
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motion imitation by humanoid robot. In Robotics and automation, 2008. icra 2008. ieee
international conference on (pp. 2697-2704).

8. Ude, A., Atkeson, C. G., & Riley, M. (2004). Programming full-body movements for humanoid
robots by observation, Robotics and autonomous systems, 47(2), 93-108.

9. Ude, A., Man, C., Riley, M., & Atkeson, C. G. (2000). Automatic generation of kinematic
models for the conversion of human motion capture data into humanoid robot motion (Tech. Rep.).
Georgia Institute of Technology.

10. Baerlocher, P., & Boulic, R. (2004). An inverse kinematics architecture enforcing an arbitrary
number of strict priority levels. The visual computer, 20(6), 402—417.

11. Tomic, M., Vassallo, C., Chevallereau, C., Rodic, A., & Potkonjak, V. (2016). Arm motions of
a humanoid inspired by human motion. In New trends in medical and service robots (pp. 227-238).
Springer.

12. Mombaur, K., Laumond, J.-P., & Yoshida, E. (2008). An optimal control model unifying
holonomic and nonholonomic walking. In Humanoid robots, 2008. humanoids 2008. 8th ieee-ras
international conference on (pp. 646-653).

13. Mombaur, K., Truong, A., & Laumond, J.-P. (2010). From human to humanoid locomotion—an
inverse optimal control approach. Autonomous robots, 28(3), 369-383.

14. Yang, J., Marler, R. T., Kim, H., Arora, J., & Abdel-Malek, K. (2004). Multi-objective
optimization for upper body posture prediction. In 10th aiaa/issmo multidisciplinary analysis and
optimization

conference (Vol. 30).

15. Potkonjak, V., Popovic, M., Lazarevic, M., & Sinanovic, J. (1998). Redundancy problem in
writing: from human to anthropomorphic robot arm. Systems, Man, and Cybernetics, Part B:
Cybernetics, IEEE Transactions on, 28(6), 790-805.

16. Liu, C. K., Hertzmann, A., & Popovic, Z. (2005). Learning physics-based motion style with
nonlinear inverse optimization. ACM Transactions on Graphics (TOG), 24(3), 1071-1081.

7. Yang, F., Ding, L., Yang, C., & Yuan, X. (2005). An algorithm for simulating human arm
movement considering the comfort fevel. Simulation Modelling Practice and Theory, 13(5), 437~
449,

18. Yoshikawa, T. (1984). Analysis and control of robot manipulators with redundancy. In Robotics
research: the first international symposium (pp. 735-747).

19. Vahrenkamp, N., Asfour, T., Metta, G., Sandini, G., & Dillmann, R. (2012). Manipulability
analysis. in 2012 12th ieee-ras international conference on humanoid robots (humanoids 2012) (pp.
568-573).

3.3. Description and adequacy of applied scientific methods

Research in the scope of this doctoral dissertation is based on the following experimental,
theoretical and practical methods:

o The methods of data acquisition during the experiment implementation: The first phase of the
research is based on recording the various types of the basic dual-arm manipulation
movements. For the purposes of the research of the human movement characteristics, each
movement was performed by 15 actors under the same conditions in a virtual environment
and recorded using the ART system. This system provides information on the position and
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orientation of the markers physically placed on the human body during the movement. In
addition, ART system estimates the 3D positions of all joints of the body. The movement
information obtained with the ART system enables a precise analysis of the human
movements in the Cartesian space as well. The human movement data recorded with the
ART system are used to represent the movement characteristics in the joint space and further
analysis of the human movements at the kinematic level.

The human body model: The humanoid robot model ROMEO is used to represent the human
body model. Robot ROMEQ has 37 degrees of freedom in the body (per 7 degrees of
freedom in the arms, per 6 in the legs, per 2 in the eyes, per 1 in the feet, 2 in the neck, 2 in
the head and 1 in the body). Such a kinematic structure corresponds to the simplified
kinematic structure of the human body and can be used to represent it. For the purpose of
analysing the tasks of the dual-arm manipulation in the dissertation, only the upper part of the
body is used. In the scaling process, the segment dimensions of the upper part of the robot
ROMEQ are scaled to the dimensions of the same segments of the human body. Since the
kinematic robot model ROMEQO corresponds to the human model, an experimental
evaluation of the results is carried out with it.

The algorithms for human movement imitation: Based on the available algorithms for the
human movement imitation, an improved algorithm introduced by Ude [8, 9] is used in this
dissertation. This algorithm provides information on the human movement using a marker-
based recording system for human movement. The movement of markers placed on the
human body is followed by virtual markers that are linked to a defined kinematic model of a
human. Due to the movement of the skin and the unmodulated kinematics of the human
body, the movement of virtual markers deviates from the recorded movement of markers
attached to the human body. Therefore, the obtained movement of a person is not identical
with the recorded movement and precise imitation is not guaranteed. In this dissertation, the
existing imitation algorithm is improved and, in addition to the movenent of the markers, the
estimated movement of the joints is also monitored. This way, the precise imitation of the
recorded motion is achieved, which is important for tasks that involve contact between the
arms and the equipment. The existing algorithm has been improved in order to enable
imitation of the real-time movement using an analytical approach.

The optimization algorithms for the analysis of the human movement: In the second phase of
the research at the kinematic level, the human movement characteristics were analysed using
known criteria functions. The basic form of the inverse kinematics algorithm is expanded and
individual criteria are included (minimization of kinetic energy, minimization of the velocity
norm for degrees of freedom in the joints, minimization of deviation between the current
position and ergonomic configuration of human and maximization of manipulability). In this
way, an inverse kinematics algorithm has been tested with each of the criteria functions for
generating a recorded movement. There is an optimization algorithm for analysing the human
movement characteristics further in the paper. The Lagrange multipliers method is used to
formulate an inverse optimization control algorithm with a weight combination of the listed
criteria functions. The genetic algorithm is used to calculate the optimal combination of
values of weight coefficients that generate the movement that is the most closely related to
the recorded movement. Based on the values of the weight coefficients, the analysis of the
human movement characteristics has been performed.

The fuzzy logic algorithm for calculating the human movement characteristics: In the third
phase, the fuzzy logic algorithm for defining the human movement characteristics based on
the values of the weight coefficients obtained in the second phase is presented. The fuzzy
logic algorithm is formulated to define the characteristics of the human movements without
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previous analysis, based on the acquired knowledge of the analysed movements. The
conclusions about human movement are used to define the fuzzy rules.

3.4. Applicability of the dissertation results

The algorithm for imitation of human movements defined in the dissertation allows the imitation of
complex movements of dual-arm manipulation involving movement with and without contact
between the arm and the equipment and a transition process that achieves precise contact between
the arm and the equipment without analysing the contact forces. The imitation algorithm presented
in the dissertation is based on an analytical approach and allows the imitation of the human
movement in real time with great precision. Also, the imitation algorithm provides information
about the movement in the Cartesian space and the joint space, which enables the analysis of the
characteristics of the movement.

An inverse optimization algorithm for the analysis of human movements is based on minimizing the
combination of the criteria functions most commonly used for the control of robots. The
combination of weight coefficients gives information about the activation of joints during
movement, feasibility of movement and comfort of the person during movement. Therefore, the
optimization algorithm with the appropriate combination of criteria functions can be directly
applied to generate the same movement on the humanoid robot of the same kinematic model.
Taking into account that the humanoid robot mode] is redundant, in this way, a robot movement is
generated that has the same characteristics of movement as a human being. The presented analysis
of human movements can be used in the analysis of human movements with disturbed motor skills
comparing the optimal combination of weight coefficients of a healthy and injured person.

A defined imitation algorithm and an inverse optimization algorithm for the analysis of human
movements generate the movement of a human-like robot and enables: better integration of robots
into the human environment, replacement of a human in performing difficult or boring tasks of
dual-arm manipulation, replacement of a human in performing life-threatening tasks and
rehabilitation of people with motor disabilities (demonstration of normal movements of a person to
be repeated by the patient).

3.5, Evaluation of the candidate's achieved capabilities for independent scientific work

Candidate Marija Tomi¢ has fully demonstrated the ability for independent scientific work by
completion of this doctoral dissertation and publication of seventeen scientific papers. The
candidate carried out a systematic review of the relevant literature, successfully identifying the
shortcomings of the previous studies. She proposed solutions that overcome the limitations of the
existing approaches. The topic of the dissertation is very up-to-date and multidisciplinary, while the
results of the dissertation enhancing the better integration of robots in the human environment,
helping people in daily activities and replacing people in the difficult and risky jobs in the way
people do. Research methods and developed approaches are innovative and creative. The achieved
contributions are original and confirm the candidate's ability for independent scientific research
work.

4. ACHIEVED SCIENTIFIC CONTRIBUTION

4.1, Overview of the achieved scientific contributions

Scientific contributions of this doctoral dissertation are the following:




o The existing imitation algorithm has been improved, taking into account information on the
movement of markers and joints of the actors, and the accuracy of imitation has been
increased,

e The insufficiently investigated characteristics of the basic movements of dual-arm
manipulation are investigated, with and without contact between hands and equipment,

e The human movements at the level of kinematics are analysed, without taking into account
the movement dynamics, by presenting a simple control strategy that is easily implemented
on a humanoid robot,

e An inverse kinematics algorithm and an inverse optimization algorithm (containing a
weighted combination of basic criteria functions) are used to analyse the characteristics of
human movements,

e The acquired characteristics of human movements have been implemented on a humanoid
robot motion generation in order to adapt humanoids to human cooperation in cooperative

tasks and to better integrate humanoid robots into the human environment,

e The different characteristics of human movements in the joint space for the same
movements in Cartesian space are analysed,

e The characteristics of the movement are analysed according to the characteristics of a person
(age, gender, physical fitness, body dimensions, etc.).

4.2. Critical analysis of the research results

The objective of the research presented in this dissertation is to imitate and analyse the
characteristics of the dual-arm manipulation movement for tasks that involve phases with and
without contact between hands and equipment. This kind of movement has not been sufficiently
explored in the literature. The main advantage of the defined imitation algorithm is the high
precision of the imitation of the movement in the Cartesian space, which is essential for generating
movements that require contact between hands and equipment. In addition, the imitation algorithm
generates trajectories of the movement of each degree of freedom in the joint space, which enables
further analysis of the movement. Relevant studies mainly focus on imitation of the movement
without contact between hands and equipment where precise imitation is not necessary. In the
second part of this thesis, the inverse kinematics algorithms are combined with four criteria
functions for analysing the characteristics of human movements. Criteria functions are defined in
the joint space at the kinematic level in accordance with the characteristics of human movements
such as joint activation, ergonomics and possibility of the movement. In most studies, the analysis
of human movement is defined in the Cartesian space by observing the trajectory of the arm or foot
of the past time. The inverse kinematics algorithm with each criteria function was individuaily used
to generate a movement scaled by the ROMEO robot model. The analysis of the obtained results
shows the properties of each of the criteria to generate a movement similar to the recorded human
movement. In order to extend the analysis of the characteristics of human movement, an
optimization algorithm is defined which minimizes the weighted sum of these criteria functions. An
optimal combination of criteria functions is achieved which generates the movement most closely to
the recorded movement. Values of the weight factors give an idea of how much of the
characteristics are present in the analysed movement. In the present literature, the presented set of
characteristics of human movements and their combination has not been the subject of research. At
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the very end of the thesis, the fuzzy logic algorithm for analysing the characteristics of human
movement based on the conclusions obtained is presented. The fuzzy logic algorithms have not
been used so far to present and analyse this type of problem. The main contribution of this thesis is
reflected in the analysis of the characteristics of human movement in the joint space and the direct
application of the introduced inverse optimization algorithm with the presented criteria functions for
transferring the human movement strategy to humanoid robots. One of the disadvantages of the
research whose results are shown in this dissertation is the more extensive analysis of human
movements, which implies taking a significantly larger number of different movements with a
larger number of actors. The analysis of the characteristics of human movement can be extended by
analysing the dynamic characteristics. Also, various algorithms of artificial intelligence can be
tested for the analysis of the characteristics of human movements using the obtained results
presented in the thesis.

4.3, Verification of the scientific contributions

Scientific contributions of this doctoral dissertation are verified based on the following publications:

Category M23:

. M. Tomié, Ch. Chevallereau, K. Jovanovié, V. Potkonjak, A. Rodi¢, “Human to humanoid
motion conversion for dual arm manipulation tasks”, Robotica, 2018, pp. 1-21,
DOIL:10.1017/S0263574718000309, ISSN: 0263-5747, IF: 1.554

2. M. Tomié¢, K. Jovanovié, Ch. Chevallereau, V. Potkonjak, A. Rodi¢, “Toward optimal

mapping of human dual-arm motion to humanoid motion for tasks involving contact with
the environment”, International Journal of Advanced Robotic Systems, Vol 15(1), 2018,
p.1729881418757377. DOL 10.1177/1729881418757377, ISSN: 1729-8814, 1F: 0.987

Category M14:

. M. Tomié, Ch. Vassallo, Ch. Chevallereau, A. Rodi¢, V. Potkonjak, “Arms motion of a
humanoid inspired by human motion”, New Trends in Medical and Service Robotis,
Springer, April, 2015.DOI: 10.1007/978-3-319-23832-6_19, ISSN: 2211-0984

2. A.Rodié, B. Urukalo, M. Vujovi¢, S. Spasojevié, M. Tomi¢, K. Berns, S. Al-Darraji, and Z.
Zafar, “Embodiment of Human Personality with EI-Robots by Mapping Behaviour Traits
from Live-Model”, Advances in Robot Design and Intelligent Control (Springer), Vol 540,
No 7, 2017, pp. 438-448.DOI: 10.1007/978-3-319-49058-8_48, ISSN: 2211-0984

3. 1. Stevanovi¢, A. Rodié, M. Jovanovi¢., M. Tomié¢, “Building of Hyper-redundant Under-
Actuated Soft Robotic Arm with 20DOF”, Advances in Service and Industrial Robotics,
Mechanisms and Machine Science 49 (Springer), 2017, pp. 681-688, DOIL: 10.1007/978-3-
319-61276-8 72, ISSN: 2211-0984

Category M33:

I. V. Potkonjak, M. Tomié¢, A. Rodi¢, V. Antoska, *“ Human and Humanoid Motion -
Distinguish Between Safe and Risky Mode of Locomotion®, 10th International [FAC
Symposium on  Robot Control, Dubrovnik, Hrvatska, Septembar, 2012.DOL:
10.3182/20120905-3-HR-2030.00070, ISSN: 1474-6670

2. M. Fomié, B. Miloradovi¢, M. Jankovi¢, “The algorithm for trajectory tracking using a
combination of Neural Network and Genetic Algorithm”, 11th Symposium on Neural




Network Applications in Electrical Engineering, Beograd, Srbija, Jun 2012.1SBN: 978-1-
4673-1571-5
3. M. Tomi¢, Ch. Chevallereau, “Conversion of Captured Human Motion to the Humanoid

ROMEO for Human Imitation ”, The I1st IcCETRAN Conference, Vrnjatka Banja, Srbija,
Jun, 2014.ISBN: 978-86-80509-70-9

4. M. Tomié, Ch. Vassallo, Ch. Chevallereau, A. Rodi¢, V. Potkonjak, “Arms motion of a
humanoid inspired by human motion”, MESROB 2014, EPFL Lausanne, Svajcarska, Jul,
2014.ISBN: 9783319238319

5. M. Tomi¢, D. Kati¢, “Arms Dual-Arm Robot Tracking of the Moving Target Using the
Algorithm of Inverse Kinematics ”, The 1st IcEETRAN Conference, Vrnjacka Banja, Srbija,
Jun, 2014.ISBN: 978-86-80509-70-9

6. M. Tomi¢, A. Rodi¢ and B. Urukalo,“Solving Inverse Kinematics of Hyper-Redundant
Multi-Links Flexible Robot- modeling and simulation”, The 2nd IcETRAN Conference,
Srebrnojezero, Serbia, Jun, 2015.1SBN: 978-86-80509-71-6

7. M. Vujovi¢, I. Stevanovi¢, M. Tomié¢, M. Milo§, A. Rodi¢, “Mechanical design of robot
head with ability to express emotional gestures”, The 2nd IcETRAN Conference,
Srebrnojezero, Serbia, Jun, 2015.ISBN: 978-86-80509-71-6

Category M63:

1. M. Tomi¢, Ch. Chevallereau, “The Circular motion of the Dual-Arms Robotics
Manipulation Hands Inspired by Human Skill”, The 57th ETRAN Conference, Zlatibor,
Srbija, Jun, 2013.ISBN: 978-86-805009-68-6

2. B. Miloradovi¢, M. Tomi¢, S. Popi¢, “Primena vestackih neuronskih mreza za reSavanje
problema inverzne kinematike manipulatora sa pet stepeni slobode”, The 56th ETRAN
Conference, Zlatibor, Srbija, Jun 2012.ISBN 978-86-80509-67-9

3. M. Tomid¢, M. Jankovié, “Solving inverse kinematics problem of ROBEDO03 manipulator
using genetic algorithms”, The 56th ETRAN Conference, Zlatibor, Srbija, Jun 2012.ISBN
978-86-80509-67-9

4. N. Bascarevi¢, M. Tomi¢, P. Milosavljevié, “Symbiosis of programming languages Matlab
and CH++ for efficient robot simulation”, The 55th ETRAN Conference, Banja Viucica,
Bosna i Hercegovina, Jun, 201 L.ISBN: 978-86-80509-66-2

5. M. Tomi¢, V. Potkonjak, “Covegiji i ¢ovekoliki hod razlike izmedu safe i risky moda”, The
54th ETRAN Conference, Donji Milanovac, Srbija, Jun, 2010.ISBN 978-86-80509-65-5

5. CONCLUSION AND PROPOSAL

Based on everything exposed above, the Commission considers that doctoral dissertation of the
candidate Marija Tomic¢ fully meets all legal, formal and essential requirements, as well as all
criteria that are usually applied when evaluating the doctoral dissertation. The core scientific
contribution of the thesis leads toward better integration of robots in the human environment. The
main research results from this doctoral dissertation are transfer of the human movement strategy to
the humanoid motion generation and analysis of the characteristics of human movement. All results
are verified in publications, while some of them are experimentally verified on humanoid robot
ROMEO. Taking all this into account, the Commission considers that the doctoral dissertation of

Marija Tomi¢ contains the original scientific achievements that contribute to the area of imitation of
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the human movements with the humanoid robots, analysis of the human movement characteristics
and its transfer to the movement and control of humanoid robots., Therefore, the Commission is
pleased to propose to the Academic Council of the School of Electrical Engineering of the
University of Belgrade to accept the doctoral dissertation entitled "Dual-arm robotic manipulation
inspired by human skills", present it to the public and forward it for the final acceptance to the
Council of scientific areas of technical sciences at the University of Belgrade.

Belgrade, May 3", 2018
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