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Enektporexunuixu ¢axyarer

HACTABHO-HAYUHOM BERY

Ipeomem:  IlogobGuoct Teme u xamjupara ®uwmmrna bevyanosuhia, macrep HHKemepa
SJIEKTPOTEXHHUKE U pavyHapCTBa, 3a H3pajly OKTOPCKE AUcCepTaluje.

Omyxom Hacrasno-nay4nor seha Enexrporexanuxor daxynrera 6p 883/34 on 13. jyna 2023.
roJlMHe, UMEHOBAHM cMO 3a wiaHose Komucuje 3a oueHy nogoGHOCTH TeMe M KaHAMaTa
®umuna beuanopuha, MacTep HHKEH-epa €NCKTPOTEXHMKE M DPAYyHAPCTBA, 33 U3PaLy
JAOKTOPCKE AMCEPTALHje ¥ HayuHE 3aCHOBAHOCTH TEME MO/l HACTOBOM:

»OTKpHBam€ ONTHMAJIHHX CTPATErNja y JbYACKOM KPETarby IyTeM HHBEP3HOT

ONTHMAJIHOT ypaB/bama”
(enr. “Uncovering optimal strategies in human motion through inverse optimal control”).

Ha OCHOBY MaTeijana NPHUIOKECHOT Y3 3aXTCB KaHuaarTa, KOMI/ICI/Ija IMOAHOCH CJ'[G[IB]"]I/I

N3BEMITAJ

1. Hopanu o xanpuaary

1.1. Buorpadcku nojauy kanauaara

®unun bewanosuh, mactep MHKEHEP CIEKTPOTEXHUKE ¥ padyHacTBa, poljen je 04.12.1997.
roguHe y beorpajy. OcnoBHy wxony aenuMmuuHo je noxabao y beorpamy, y mxonn 20.
Oxrobap, a 3aBpino je y Ilapuzy, @pannyckoj, y konexy Yaucon e Caju (Collége Janson de
Sailly). Cpeamwy mixony sanoueo je y Ilapusy, y anuejy (Lycée) no ucrom umeny, a 3aBpLixo
Je mesery 6eorpaacky rumuasujy, Muxamno Ilerposuh Anac. OcHoBHe akajieMcKe cTyauje Ha
Enexrporexunukom daxynrery y beorpany ynucao je 2015. roauue. Jlunnomupao je Ha
oacexy 3a Curnane um cucreme 2019. roguHe ca npoceuHom oueHoM 9.42 oaGpannBiiud
JAMTUIOMCKY paji 1oJ| Hasusom ,,JIokanuszanuja poboTa y MO3HATOM OKPYXXewy Kopuiuhiemem
uectnanor Gunrepa”. Macrep akajemcke cryjuje Ha ElexTpoTeXHHUKoM (aKynTeTy vy
beorpany ynucao je 2019. rogune, a 3apmno je 2020. rojne ca npoceudom ouneHom 9.33
O/I0paHuBIIN MacTep paj] ,,AHAIN3a JbYICKOT JTOKpeTa ynoTpeboM HHBEP3HOT ONTHMAIHOR
yrpaesbama“. TOKOM OCHOBHMX CTYAMja OJPAIMO je CTYUHY IPaKCy Y PasBOJHOM LEHTpPY
komitannje Majkpocodt (Microsoft) y beorpany y Tpajawy o uernpu mecenia. Tokom mactep
CTyauja, ofpajiio je UcTpaxxuBauky npakcy y [lapusy y Jlabopatopuju 3a ciuke, CHrHase u
uHTenurentHe cucteme - JIMCCU (Laboratoire des Images, Signaux et Systémes Intelligents -
LISST) Vunsepsurera Ilapu-Ecr Kperej (Université Paris-Est Créteil) y Tpajamy on mecr
Meceny, y oksupy Epasmyc+t nporpama pasMeHe cTyieHara.

Heojne foxTopecke axajgemcke crymuje ymucao je 2020. rogune Ha EeKTpOTEXHHYKOM
daxymrery y beorpany 1 Ha Viusepsnrety [apu-Ecr Kperej. O6nact HayuHOT HCTpaXKuBaba
KaHauiarta  o0yXpaTa  IPUMEHY  ONTUMHU3ALMOHUX  alropuTama 3a  [UIaHMpakhe




HOKpETa KOJI XYMAHOWIHIX MEXaHUIKHX CTPYKTYpPa, Ka0 B MPHUMEHY MHBEP3HOT ONTHMAaJIHOT
YIIpaBIbakba Kao METOMY Ydema MokpeTa i3 npuMepa. On janyapa 2021, ronnHe aHraxoBaH je
K40 HMCTpaKUBad TPHUMPAaBHUK Ha EnekTpoTexHuukoM Qakynrery y beorpamy. Y TOKy
NIOKTOPCKMX CTyIWja OCTBAPHO je IBa NETOMECeYHa HCTpaxibauka OopaBka y Tymysy.
®paHIyckoj, v HCTPOKHBAYKOM THMY 3a Xymasomane pobore ‘henero (Gepetto)
Jlaboparopuje 3a amanuzy u apxurektypy cucrema (JIJAAC-LTHPC) toxom 2022, u 2023.
TOJHHE.

1.2. CreueHO HAYIHO-UCTPAXKHUBAYKO HCKYCTBO

Kaumunar ®unun beuwapopuli je ymmcao JOKTOpcKe cTynuje Ha ENEKTPOTEXHHYKOM
daxymrery y Beorpamy mikoncke 2020/21. . ronMBEe Ha MOIYJTy ,.YIIpaB/babe CHCTEMHMA U
obpana curaana”. TOKOM JOKTOPCKHX CTY/Mja HCIYHHMO je cBe obaBese M II0JOXKHO CBeE
ucrmTe npenBuheHe HACTABHMM IUIAHOM M [POTPaMOM CTyHHja, ca MpocedyHoM oneHoM 10.
Crmcak MoJIOXKeH X npeamMera 1 obaBesa aat je y cnenehoj tabemu:

TlHudpa/Axpossm Hasup npeameTa/obapese Ouena | ECIIb
npenmera/obasese
1971051 TPC TeopujapoboTckuxcucrema 10 9
191051HM Heypanne mpexe 10 9
1971051 MKP Moropha KOHTpoNia 1 pexabuanTaluja 10 9
191081J1A JluneapHa anrebpa 10 9
19J1051CPC Crieumjansi pobOTCKH CHCTEMM 10 9
19/1051YCC VYnpapbame CIOKESHIM CHCTEMIMA 10 9
1971081 DAITI OyHKLUHOHATIRA aHAJIM32 U IIPHMEHE 10 9
100021-19 19 Crynmjcke neTpakuBadky paz | / 24
100022-19 19 Cryamjcku ncTpaskusauxy pan Il / 24
YKYITHO OCTBApEHO! 111

KanaunaT je ayrop 4 HayuHa pana, ol KOjuX je jena oGjaBibeH Y MeyHapoaHOM Yacornucy
ca wuMraxT daktopom, a tri paga cy objaBibena y 306opHMiMMa pazsoBa mehynaponnmx
ckynosa. Cnimcak nmybsmkaiuija y kojuma je dunmn beyanosuli koayTop Jar je y HacTaBKy:

e F. Bedanovié, V. Bonnet, R. Dumas, K. Jovanovi¢ and S. Mohammed, "Force Sharing
Problem During Gait Using Inverse Optimal Control," in [EEE Robotics and
Automation  Letters, vol. 8, no. 2, pp. 872-879, Feb. 2023, dok
10.1109/LRA.2022.3217398. {kareropuja M21, IF: 4.321}.

e F. Betanovi¢, J. Miller, V. Bonnet, K. Jovanovi¢ and S. Mohammed, “Assessing the
Quality of a Set of Basis Functions for Inverse Optimal Control via Projection onto
Global Minimizers,” 2022 IEEE 61st Conference on Decision and Control (CDC),
Cancun, Mexico, 2022, pp. 7598-7605, doi: 10.1109/CDC51059.2022.9993342.
[kaTeropuja M33].

e M. Radmilovié, D. Urukalo, M. Petrovi¢, F. Beéanovi¢ and K. Jovanovi¢, “Influence
of Muscle Co-Contration Indicators for Different Task Conditions,” 8th International
Conference on Electrical, Electronic and Computing Engineering (IcETRAN 2021),
Ethno Village Stanigi¢i, Bosnia & Herzegovina, 2021, pp. 584, ISBN 978-86-7466-
894-8.|kaTeropuja M33].




¢ F. Becanovi¢. V. Bonnet, S. Mohammed i K. Jovanovic.
“PronalazakOptimizacioneFunkcijeKretanjaizSimuliraneDemonstracijePokreta
Cuénja”.  Zbornikradova 65. konferencijeETRAN  2021.  EtnoSeloStanisiéi.
Bosnailercegovina, 2021. pp. 551-555. ISBN 978-86-7466-894-8. [xaTteropnja M33].
Hana 20.jynma 2023. rogmHe Ha EnexrporexnHuuxom ¢axkynreTy y beorpamy. xanmuaar
®mwmn beuanosuh je IMao jaBHE YCMEHH HCIIUT O NOXOOHOCTH TIPEIUIOKEHE TEME JOKTOPCKE
IEcepTalvje B KaHAHATa, Npel KOMHUCHJOM ¥ cacTaBy:

1. jgp Jparan Mupkor, pemoBHH npodecop. YHusepsurer v beorpany — Pakyirret
CHOpTa ¥ (PU3WIKOr BACIHTambA.

S

ap  Muwmmia  JamkoBuli. BaHpemHm mpodecop.YHuBepsuTeT Y beorpamy -
EnextporexHuuky hakyirrer (MpeAceTHUK KOMHCH]E),

np Hewnan Jopuumh, BaHpenHu npogecop, YHuBepsuTeT Yy  beorpamy -
EnexTpoTexHdKn (paKyIITeT.

(o8]

4. np Maja Tpymuh, HaygHu capamsuk.YHuBepsureT Y beorpany - EnexkrporeXxHMIxy
thakynrer
KomucHja je jeIHOTIacHO 3aKJbyunna a KaHIHaT HCITYhaBa YCJI0BE 3a pajl Ha NIPeUIOKEHO)

TEMH JOKTOPCKE I[HCGpTaLDJjC ¥ OUeHMUIa HCIMT OLCHOM - 3a10BOLHO.

1.3. Ouena nono6HOCTH KaHIMAATA 3a pal Ha MPeJUI0KEHO] TeEMH

Ha ocHOBY NpeTXOMHOr NPUKa3aHoT pe3ynTara A0cajallliber pafa W akTHBHOCTH DuimIia
beuwanopuha u ysmmajyhu v o63uMp MpeTXONHO HaBeneHe udumeHHlle, KoMucHja je crexkna
VBUJI Y CNOCOOHOCTH ¥ Hay9HO-HCTPKUBAYKE pajl KaHIMAATA, Te KOHCTATyje 1 je KaHAuaaT
CTEXA0 HEOTIXOMHO MCKYCTBO 3a HaydHO-MCTpaxupBaykd pal. Komucuja cmarpa jpa je
KaHAMAaT crnocobaH Aa TOKOM U3pajie JOKTOPCKe IUcepTallje OCTBapy pesyiTare, KOju MOry
OuTM npukazaHu ¥ Bepu(uKoBaHM on ctpaHe MelyHaponne Hayuse 3ajennuie. Komucuja
Aaje no3uTHBaH cTaB ja kangunaT Ounun bewasosuh HacTaBH ca CBOJMM HCTPaKMBAUKHMM
pazoM M KOHCTaTyje la KaHIWAAT HCITyHhaBa cBe NoTpebne ¥ GopMasiHe YCIoBe A TIPHCTY TN
H3pany aucepTamje.




2. Tipeamer, Hu/b H 38a4%a] HCTPAKHBABLA

V 06nacTHMa MCTPaXKHBama eproHoMHEje. OHOMEXaHHKe M pOOOTHKE. pasyMeBame JbYACKE
MOTOpHe KOHTpONe HMa BaXHe NpHMEHe — O yHampehema TEXHOJOTHja Y CeKTOpy
3paBCTBeHe Here W pexabmiHTallije 10 Au3ajHHpama eduKacHuje poboTeKe nomohin [1].
Mako je ayTomarusalmja UIMPOKO PaclpoCTpameHa Y MHOTHM HHIYCTpHjaMa. JOIl YBEK
[IOCTOje 3ajiall KOji ce He MOTY Y TOTIYHOCTH ayTOMaTH30BaTH 300T CBOje CTOXACTHUKE
IIPUPOJIE. KOjH 3aXTeBajy ONakarwe. HOHOIICHE OJUTyKa M PYKOBAlbe Ha JbYNCKOM HHBOY [2].
MHOTH TakBW 3ajaliy  YKJBYUYjy Texaxk (U3HYKM pajl, [PCKOMEPHO MOHaB/LAME,
HECPrOHOMATHE TIOJIOMKAje U TIOM3Abe TEHIKIX TEPeTa KOjU Ce HeCTO NpPENo3Ha]y Kao rilaBHU
vaponu MummhHo-ckeseTHux nopemehaja  (MCIT)  [3]. MCIl-n npeognahyjy mehy
HHIyCTpPHjCKHM panHmimma, udusehn 80% OonecTw y WHIYCTPHJCKOM —OKpPYXKemY ca
romMUIBEM TopactoM on 3% TokoM mpotekne aeuenwje. MCII-m mory josecT 10
TIPEBPEMEHOT  TICH3HOHUCAa ¥ 3Ha4YajHMX [TOTellkoha y HCIyHapaiby CBAKOMHEBHUX
3afaTaka JbYIOH, IITO TIPeNCTaBba BaKAHCOLMJATHW W EGKOHOMCKM MH3a30B 33 DaliHUKE,
KoMNaHHje W apxasHy ymnpary [4]. Konaboparweau pobOTH H €r30CKeNeTH y JIUPEKTHO]
(GH3MUKOj MHTEpaKIMjH ca JOBEKOM Ce CMaTpajy IepCreKTHBHMM pEMenhHMa 33 CMambehbe
MCII-a y MHIYCTpHj# KOMOHBOBAMEM JbyACKOr ONaXalba | JIOHOEHA OATYKa ca (PH3ITIKOM
cHaroM pobora [2]. TTopen Tora, 0Be TEXHOJIOTH]E MMajy NOTEHLMjall Aa YHArIpese Oy myhnocT
aCHCTHBHE TEXHOJOTHje Yy pexaOuUAMTALMOHEM LeHTpuma [5]. Melyrim, orpaninyeHo
pasymeBare JbyICKOI KpeTara M HecrnocobHOoCT podoTa Ha ra anropuTamCcKh TNpesiBrie
TOKOM 3ajeJHMYKHX WK NOMONHMX 3a]aTaka OMETajy BbHxoBybe30enHy capaiby ca JbyaMMa
¥ yenemHo obapbare 3anaraxa [6].

O6ehapajyhe pememe 3a TipeBaswIaxelme OBOI H3a30Ba NpEACTaB/ba YHOTpeOa TEXHMKE
MHBEP3HOT  ONTHMalHOTypababa (MOY) sacHoBaHOT Ha nojaummasza ydeme i3
CHUMIBEHIX JbYACKHX TokpeTa [7. 8]. Oxpabpyjyhu pesyntati cy nobmjeHn ynotpebom
MOV y paznmduTiM GHOMEXAaHMYKMM M POOOTCKMM NpUMeHama, ykibyuyjyhin Ounenannu
XOZL KOHTPOJINCAH O6PTHHM MOMEHTOM [9], pacnozeqy MUIIMAHKX CHia TOKOM OunenatHor
xoza [10], xBaramwe |11], n yHmycTpHjcko 3aBpramwe [12]. 360r Tora, MOV nma NOTeHjan
Jla NocTane HeszaobKnasHa METOAONONMia y TipojexToBamyedukache 1 Oe3benne nomolin o
crpae pobora [13]. Llirasume, MOV ce Moxe KopucTMTH 3a onpeljBame npomena y
LIMJLEBHMA TOKOM YNPaBJbaha TOKPETHMA M CerMEHTaUMjy JbyACKOT NOKpeTa y Kopake [14,
15), wTo 10BOAH JI0 NOy3AaHMje NOBpaTHe WHGOpPMalMje Y eproHOMCKO] NPOLEHH TeXuHe
sajaTaka 3a Jbyne[14]. OBo Takohe MOye JIOBECTH [0 NIPELM3HM]HX JbyICKMX CHMYJIALHja M,
3ay3BpaT, ONAKINATH AM3ajH €PrOHOMCKMX PafHMX NpOCTOopa Koji he CMarbHTH pH3MK OnL
MCIl-a [16].

MOV 1 civuHe TeXHHKE Cy NpHUMemeHe Yy OpojHum obnacThma, ykibydyjyhun am He
orpamyuaBajyi ce Ha Teopujy yNpaBibama, BEWITAYKy HHTEJUIeHLu]y, PoOOTHKY,
3/|paBCTBEHE CUCTEME, EHEPTEeTCKE CHCTEME M MapkeTunr [7, 8, 17]. Ynpkoc nanopuma aa ce
uemiTajy 1 knacudukyjy 6pojun npuetynn [7, 8], 4MHM ce 1a He NOCTOjH OTILITA CarlacHOCT
0 HOMEHKNATYpH, NPETrocTaBkamMa M MeTojama pewemwa. 1lto ce tvye MOVY-a, ocrajy
MHTaMa KOja e OJHOCE Ha ILEroBY OTHOPHOCT Ha wyM [17. 18] unm na BpcTy KpHTepyjmcke
dyHKLMjE Koja ce MOXKe KOPUCTHTHTOKOM yuewa [17-19].

doxyc neTpakiBaba O1he npoyuasame by/ACke MOTOPHE KOHTpoJe Kophiuherem HMOVY-a Ha
eKCHEepUMEHTAIHO 10OMjernnm nopaumma. OueknBane ynoTpebe W NpHMEHe pesynrTaTa cy y




eproHOMHjH., OGHOMEXaHHIM ¥ POOOTHIM, ca MOTCHUHMjaoM 3a robosbmame M yHanpeheme
ACHCTHBHHX TEXHOJOTHMja Vv HHIYCTPHjH W 3ApaBCTBY ca (OKYCOM Ha pexaOWaHuTarujy.
Ulrapmme, ucTpaxkuBarme e ce AeUMHYHO yepeacpenurs Ha metone 3a MOY came no cedn,
ca LHbeM  JUCeMHHALje  pe3yIrara  HCTpaKHBalba Y CPOXHUM  obOnacTHMa
TEOPH]EVIPARIbAKkA U BEIITAUKe HHTCITUIeHIIH)E.

[1] Gualtieri. L.. Rauch. E. and Vidoni. R.. 2021. Emerging research fields in safety and ergonomics in industrial
collaborative robotics: A systematic literature review. Robotics and Computer-Integrated Manufacturing. 67.
p.101998.

[2] Ajoudani. A.. Zanchettin. A.M.. Ivaldi. S.. Albu-Schiffer. A.. Kosuge. K. and Khatib. O.. 2018. Progress and
prospects of the human-robot collaboration. Autonomous Robots. 42, pp.957-975.

[3] Da Costa. B.R. and Vieira. E.R.. 2010. Risk factors for work-related musculoskeletal disorders: a systematic
review of recent longitudinal studies. American journal of industrial medicine. 53(3). pp.285-323.

[4] Gomez-Galan, M., Perez-Alonso. l.. Callejon-Ferre. A.J. and Lopez-Martinez, 1.. 2017. Musculoskeletal
disorders: OWAS review. Industrial health. 55(4). pp.314-337.

[5] Huo. W.. Mohammed. S., Moreno. 1.C. and Amirat, Y.. 2014. Lower limb wearable robots for assistance and
rehabilitation: A state of the art. JEEE systems Journal, 70(3). pp.1068-1081.

[6] Bauer. A.. Wollhesr, D. and Buss. M.. 2008. Human—robot collaboration: a survey. International Journal of
Humanoid Robotics, 5(01), pp.47-66.

[7] Ab Azar, N.. Shahmansoorian, A. and Davoudi. M., 2020. From inverse optimal control to inverse
reinforcement learning: A historical review. Annual Reviews in Control. 50, pp.119-138.

[8] Chan, T.C.. Mahmood. R. and Zhu, 1.Y., 2021. Inverse optimization: Theory and applications. arXiv preprint
arXiv:2109.03920.

[9] Clever. D. and Mombaur. K.D.. 2016, June. An Inverse Optimal Control Approach for the Transfer of
Human Walking Motions in Constrained Environment to Humanoid Robots. In Robotics: Science and systems.
[10] Becanovic. F.. Bonnetl. V.. Dumas. R.. Jovanovic. K. and Mohammed. S.. 2023. Force Sharing Problem
During Gait Using Inverse Optimal Control. IEEE Robotics and Automation Letters, 8(2). pp. pp-872.

[11] Berret. B.. Chiovetto. E.. Nori. F. and Pozzo. T.. 2011. Evidence for composite cost functions in arm
movement planning: an inverse optimal control approach. PLoS computational biology. 7(10). p.e1002183.

[12] Sylla. N., Bonnet, V.. Venture, G.. Armande, N. and Fraisse, P., 2014, August. Buman arm optimal motion
analysis in industrial screwing task. In 5th IEEE RAS/EMBS international conference on biomedical robotics
and biomechatronics (pp. 964-969). IEEE.

[13] Mainprice, 1., Hayne. R. and Berenson, D.. 2016. Goal set inverse optimal control and iterative replanning
for predicting human reaching motions in shared workspaces. IEEE Transactions on Robotics, 32(4), pp.897-908.
[14] Lin, J.F.S., Bonnet, V.. Panchea, A.M., Ramdani, N.. Venture. G. and Kuli¢. D.. 2016, November. Human
motion segmentation using cost weights recovered from inverse optimal control. In 2016 IEEE-RAS 16th
International Conference on Humanoid Robots (Humanoids) (pp. 1107-1113). IEEE.

[15] Westermann, K.. Lin, J.F.S. and Kuli¢. D.. 2020. Inverse optimal control with time-varying objectives:
application to human jumping movement analysis. Scientific reports. 10(1), p.11174.

[16] Chaffin, D.B.. 2002. On simulating human reach motions for ergonomics analyses. Human Faclors and
Ergonomics in Manufacturing & Service Industries, 12(3), pp.235-247.

{17] Aswani, A., Shen. Z.J. and Siddig, A., 2018. Inverse optimization with noisy data. Operations Research,
66(3). pp.870-892.
[18] Colombel, J.. Daney. D. and Charpillet, F.. 2022, May. On the Reliability of Inverse Optimal Control. In
2022 International Conference on Robotics and Automation (ICRA) (pp. 8504-8510). IEEE.

[19] Beganovié, F., Miller. I.. Bonnet, V., Jovanovi¢, K. and Mohammed. S., 2022, December. Assessing the
Quality of a Set of Basis Functions for Inverse Optimal Control via Projection onto Global Minimizers. In 2022
IEEE 61st Conference on Decision and Control (CDC) (pp. 7598-7605). IEEE.




3. Tlonasue xunorese
XunoTese ucrpakiBama cy cnenehe:

e JbyICKO KpeTame v TIPOCTOPY 3TN000Ba M CHIle HHTEPAKIHje ca OKOJHHOM MOTY ce
NPOLICHHTH CTIAjalheM Mepeha H3 CHCTeMa 3a CHHMame MOKpeTa (ene. motioncapiure
U IaThopMesa Mepeme cune (ewe. forceplate) ca MEXaHHYKHM MOJEJIOM JbYACKOT
Tena v obnuky Bese Kpyrux Tena [20, 211

e 3a JmaTM MOTOPHH 3alaTak, [oCTOje WHBApUJaHTHH AacllekTH Y IOKpeTHMa
NPOM3BENICHHM JbYNCKAM MOTOPHMM CHCTEMOM KOjH CE€ MOIY MEDPUTH W
kBaHTH(UKOBaTH, OHNO Ja ce KpeTame aHaNH3Upa y 3rJI00HOM WM MHUIIMNHOM
npocTopy [9-16, 17-19].

e MuBapHjaHTHU acTIEKTH KpeTama Koje IPOH3BOAH JbYACKM MOTODHE CHCTEM MOIY ce
MOZENOBATH Kao NpoLec ONTHMH3AIH]je: TIPOLIeC celleKLije HajIpUKNIaJHu)er NOKpeTa
Mehy  GeckoHaunmM  MoryhHocTMMa.  MHBapHjaHTHM — acnmexTw  ce  MOry
unentdukorarn nomohy HMOVY-a xopuwbewmeMm nojaraka HM3MEPEHOr JbYACKOT
kpetaka. Kana ce HIeHTUDMKY]Y WHBapHjaHTHM AaclleKTH KpeTama, OHH ce Y
Oy ayRHOCTH MOTY KOPHCTHTH 3a Tipeisrhame JbyICKOr KpeTaba, FeHEPHUCaIbe TyTarba
CIMYHMX YOBEKY M aHaln3y LuJbeBa Kperawa [9-16, 17-19].

[Tonasse xmnoTese Ouhie TecTHpane Ha peanHuM nojaiima. MceTpaxusama he camkaTtw
eKCTIEPUMEHTAITHO Mepembe MOKpeTa NOMOlly cHCcTeMa 3a CHHMatbe TOKPeTa 1 mnatdopme 3a
Mepeme cune. u oaHocuhe ce Ha MOKpeT Noau3ara KyTHje KOjH MMa 3Hada) Y eproHOMMjH.
Wcrpaximeame he ce ocJoHUTH 1 Ha cnoDOJHO JOCNTYMHE (eHe. open-source)nonarke [22.
23] o MUITMNHUM CHlama vy JOKMM YAOBHMA XEMHIIAapeTWUHMX NallMjeHara TOKOM XOAarba
KOje EMajy 3Hauaj y pexabmiiTalmjn.

[20] Miiller, B.. Wolf. S.I.. Briiggemann, G.P., Deng, Z.. Mcintosh, A.S.. Miller. F. and Selbie. W.S. eds.. 2018.

Handbook of human motion (pp. 1-2543). Berlin: Springer.

[21] Kajita, S., Hirukawa, H.. Harada, K. and Yokoi, K.. 2014. Introduction to humanoid robotics (Vol. 101, p.
2014). Springer Berlin Heidelberg.

[22] Meyer. A.l.. Patten. C. and Fregly. B.J., 2017. Lower extremity EMG-driven modeling of walking with
automated adjustment of musculoskeletal geometry. PloS one. 12(7). p.e0179698.

[23] Li. G.. Shourijeh. M.S., Ao, D., Patien. C. and Fregly, B.J.. 2021. How well do commonly used co-
contraction indices approximate lower lmb joint stiffness trends during gait for individuals post-
stroke?.Frontiers in Bioengineering and Biotechnology. 8. p.588908.

4. Merone ucrpaxkuBama

Hcrpaskusame he 3amoueTi nperieioM HajcaBpeMeHHje JHTepaType O TEOpPHjH W MPUMEHH
MOV-a zacnoBaHor Ha nojaumma [7.8], ca GhoOKycOM Ha HWeroBe IIPUMEHE Y JbYIACKOM
kperawy [9-16, 17-19]. Cryanja he takobe ykpartko uctpaxutu Bese usmehy MOVY-a n
TeOpHja MYJITHKpHTEpHjyMckeonTummuzawuje (ewe.  multi-objectiveoptimization) [24] n
ONTHMM3AlMjE Ha ABA HUBoa (ene. bileveloptimization) [25]. Jla ©6u ce nnycTpoBane mMeTOde




MOVY-a, uctpaxusame he TpYKHTH jeJHOCTABHe padyHcke npumepe u npatehe rpadirixe
WwIvCTpauyje.

Cryamja he uctpaxuth nurase .onabupa GazucHas QyHkumja® y xonrekcry MOV-a, ca
noceOHUM HArJlacKOM Ha KOHBEKCHe kBaaparHe 6GasucHe ¢yHkimje [19]. Ha ocHopy Texnumka
13 067acTH MOMHHOMMjaHe ONTHMU3aUHje [26]. v mcTpaxupawmy he OHTH TpejcTaB/beHa
NpoLEAypa 3a TPOHAT@Kee IOmbe IpaHulie rpemke mpouenype MOVY-a 3a marte ckym
nioxataka H 6aspcHux Qyaxmmja [19].

MoTHBHCAaHO TNOTeHIMjajdHoM npumeHom MOVY-a vy nusajHEpamy pexaOHIdTallHOHE
TeXHOJIOTHje, TOceBHO Er3ocKesyieTa 3a XoJame, HCTPAKUBAKE Ne HCTPAKUTH KAKO JbYICKH
MOTOpHH cHCTeM pacriopelyje mumufine cine y NJOBUM ynoBuMa Tokom xoma. Crynmja he
xopuctute MOV 32 ananusy cinobOIHO NOCTYIHMX (eHe. open-source) NORATAaKa O XOXamY
XeMHUTNIapeTHIHuX narmjenara. CioGoIHO AOCTYIIHM NOAAIH NPHKYIUBEHH CY KOpulIhemheM
EMT -a, cucreMa 3a CHHMAaibe NOKpeTa, TnaTdopme 3a MEpehe KOHTAKTHE CHle B Tpake 3a
Tpuame. Cj0604HO NOCTYHHH NOJAAUHU CalpKe W KaTHOPHUCAHH PEOMETPH)CKH MOICIIOMET
Iella Teda Kao M excTpaxoBame pedepeHTHe MuumMhiHe cune y JIOBHM ynosuma [23].
Kanubpucannm reoMeTpHjcky Mmolen M pedepeHTHe mummhine cuile he TOCTYXHTH Kao
nornasHa Tauka, a Omhe npumerena npouexypa MOVY-a na ce 3akibydn Koju OHOMEXaHUYKH
LA/BEBH M3 nMTepaType Hajboibe ofjawmamajy nobujene nopartke [10]. Crymmnja he
AHANM3MPATH W YTIOPELUTH pesyJiTaTe CHMYJIalije ca HaydeHnM LisbeBnMa nyreM MOY-a y
OJIHOCY Ha periepe W3 MTepaType.

WcTpaxusame he Takohe yKIbYdHUTH eKCIEpPUMEHTE Ha 3[paBHM JbYICKHM YYECHMLMMA KOJHU
0b6aBIbajy 3amaTax noiMsama KyTHje. uzabpan 36or npouemwennx 52% MCII-a noBesaHux ca
npeornrepehereM TOKOM 3ajiaTaka NMoAM3ama y npouecy pana [27]. Iue ctymuje he 6wurn
HCTPaKMBAKE KPAaTKOPOYHMX ajialTalija y HECBECHOM MpoLeCY pYKOBama M IUlaHHpama
KpeTara YoBeKa NPUIMKoM 00aBibatba oapehenor 3anarka. Ctynuja he xopuctutin ONTHTPeK
(ena. Optitrack) cnctem 3a cHumare nokpera 1 AMTH (ene. AMTInnathopmy 3a Meperse
cuiie, 3ajeJiHo ca 06)eKTOM KOJH ¢e NOHKE TOKOM EKCNEPHMMEHATa 1 CTOJIOM 3a NOCTaB/barbe
objexTa HAKXOH NOH3aMbA.

Jlobujenn excrnepumenTannu nopaum 6ulie ucxopumherms y okeupyMOV-a 3a ananmsy
KOHTPOJIHMX LA/bEBA JbYIACKMX MCIIMTaHHKa TOKOM 3ajJlaTka noausama KyTtuje. Ctyamnja he
aHaaM3UpaTH OACTYNaa y NOOMjeHHM ONTHMalHMM CTpaTervjama 3a IUlaHnpare KpeTamba
mehy McOMTaHMIMMa, W u3Mel)y ciiydajeBa Kana cy MCIMTaHHMUM J06WIM ymyTcTBa Ja
KOPHCTe TEXHMKY HM3ama OasupaHy Ha uyuwy win ne [27]. buhe ananusupann edexti
TeXHHUKE [M3aiba, a 3aKkJbyuy he 6uTH ynopeljeHu ca nosHaTim pesynratiama [27]. Hayuene
cTpaTervje 3a TUIAHMpame Kperawa he Oury xopuinhene 3a cuMynaumjy M ynopehene ca
HajcaBpeEMEHM]HM NPUCTYTIMMa U3 auTepatype [28. 29].

[24] Miettinen, K., 1999. Nonlinear multiobjective optimization (Vol. 12). Springer Science & Business Media.
|25] Dempe, S.. Kalashnikov. V.. Pérez-Valdés, G.A. and Kalashnykova, N., 2015. Bilevel programming
problems. Energy Systems. Springer, Berlin, 10, pp.978-3.

[26] Lasserre, J.B., 2015. An introduction to polynomial and semi-algebraic optimization (Vol. 52). Cambridge
University Press.

{27} van der Have, A.. Van Rossom, S. and Jonkers, I., 2019. Squat lifting imposes higher peak joint and muscle
loading compared to stoop lifting. Applied Sciences. 9(18). p.3794.

[28] Song, J.. Qu, X. and Chen, C.H., 2015. Lifting motion simulation using a hybrid approach. Ergonomics.
58(9), pp.1557-1570.




[29]Rakshit. R., Xiang. Y. and Yang. l. 2020. Dynamic-joint-strength-based two-dimensional symmetric
maximum weight-lifiing simulation: Model development and validation. Proceedings of the Institution of
Mechanical Engineers. Part H: Journal of Engineering in Medicine. 234(7). pp.660-673.

5. OuexnBaHH HAYYHH JONPHAOCH
OuexuBaHy HayHdHH JOIIPUHOCH TE3E CV:

e CHcTeMAaTCKH TIperyie/l JurepaType W MeTofa v 00JacTH ONTHMAHOI MOAEIHpPakha
KpeTara YOBEKa W HHBEP3HOT ONTHMATHOT YIpaBibawa. HelnuMmudan 1Ipernen
JTUTEpPATYPE W METOAa Y CPOJHHM OONACTHMa HHBEP3HOI YY€Ha IOACTHUAbEM
(ene. inversereinforcementlearning), MYJNITHKPHTEPH]YMCKE OTITHMH3ALIHje u
ONTHMH3a11je Ha JIBa HABOA.

e Amnanuza U HHTepnpeTaija ocoOWHaA TpeHYTHHX Mertona 3a MOV, y3 Hanomede o
NpaKTHYHAM HMIINEeMeHTalijaMa u neppopMancama.

e TIpojexToBambe MeTOAE 3a TIPOHANAKEHE NOBHX IpaHMia TpeIlKke MHBEp3He
ONTHMAJIHOI YIIpaBJbakba KPeTameM 3a JIaTH CKYT M0JaTaka M 1aTy OCHOBY 0a3MCHMX
(GyHKIH]a, Y KOHTEKCTY KOHBEKCHHX KBaApaTHUX Oa3ucHHUX (yHKIM]ja.

e TIpuMena MHBEP3HOT ONTUMANHOT YTIpaBJbatba Ha JIBa cllyyaja cTBapHe ynorpebe, oba
BE3aHa 3a TIPMMEHEe Y KOHTEeKCTYeproHomMje M pexabunwraumje. JegaH ciyudaj
ynotpebe je moam3ame KyTHje, a ApYrH ciydaj pacnojene MUIIMNHKUX CiNa Yy IOBMM
VIOBHMA TOKOM XOJaa.

@ EKCI’]CpI'IMCHTaJTHO NPHUKYTIbabe nonaraka O JbYACKOM noau3amwy K}’Tlflj a
KOpHIHhGH:GM CHUCTEMA 3a CHHMAE IIOKPETa H nnaT(bopMe 33 MEPCHC CHMIIC.

e HMcTpakuparbe KpaTKOPOYHMX aljanTauyja HeCBECHOI Ipolieca JOBOIIEma OJUIYKA W
IaHupamba KpeTama KOJ JbYIM TIPMAMKOM M3Bohewa crneumuYHor 3anaTka
NOAM3alba KYTHja, W aHajM3a OJCTYNawa y NoOMjeHHM cTparervjama rniaHMpatbsa
KpeTamay 3aBUCHOCTH OJf ICITMTaHHKa, NIOCTABKE M TEXHHKE JH3a1ba.

e TipuMeHa MHBEP3HOT ONTHUMAJIHOrYMpaB/batba 3a 3aK/byuMBame OWoMEXaHHUKMX
LIMJBbEBA KOji Hajbosbe o6jaliarajy aobHjeHe noaaTke o pacnoAeiny MummhHe cune y
NOWVM  YAOBHMa TOKOM Xona, kopucTehu cnobopHo pocTymHe (ene.open-
source)NIOAATKe XO0Ja XEMMIapeTHYHMX TialWjeHara, Koju cajpike pedepeHTHe
munmline cuye ¥ KanuOpHcaH TeOMETPHJCKH MoJennower zaena Tena. [lopeheme
pesysitara y OgHocy Ha peepeHTHE BPEIHOCTH U3 JIMTepaType.

e Banupaumja HaydeHux crpaTerdja rjanupara Kperama M3 ABa HaBeleHa crydaja
ynotpebe Kpo3 cuMynaimjy W rnopeheme ca HajcaBpeMEHWjUM NPHCTYNHMMA 13
aurepartype.




6. [lnan nerpaxuBama

Wctpaxueame he Gute cnpoBeneHe ca upejom na ce MOV mpumMenn Ha crBapHe JbYICKe
MOIaTKe Ca PasiUYUTHM MOJIEJTHMA W 3aaliMa Kako OH ce HaydHsie CTpaTeruje IiaHupama
JBYICKOr  KpeTama. IllTaBuine, ucTpakuBame he 0OyXBaTHTH MCHHTHBAKE METONAH
amropurama MOY-a B BHUXOBE NIPUMEHUBOCTH Ha JEJHOCTABHE MaTeMATHHKE MOZENE. Kako
01 ce cxXBaTHIIE TIOTEMKOhe TIPUMEHE Ha CIOXKEHHM MOJEIMMA JbY ICKOT KpeTaba.

buhe nata 6momexaHwdka muTepnperaipja pesysirara MOY-a, ocMUIIIBEHE pealUCTHIHH)e
cuMyjaluje JbYIACKOr KpeTamd, W pPacBeTJheHA NPHMEHJBUBOCT DAasIdYUTHX METOJa H
anropurama MOV -a Ha Mozelie JbyICKOT KpETarba.

1) IlpBa daza — Yno3HaBamwe

Crymmja he zanouyeTH aBaimM3oM cTpykType npobnema MOVY-a xpos mpernen mureparype y
cpommuM obnactuMa. [lapanenno he ce BpIMTH # Mpernen JMTEPaTYpe O MOZEIHPAIbY
myncxor kperata. Cranpmapade Merone MOVY-a Ouhe TecTHpade Ha  jeIHOCT4BHUM
HYMEpPHYKHM TIpuMepHuMa, a pesynratu he OuTH KpuTwuku manoxenu. buhie ouemene n
yriopehere npeHocTH pasnaunThx npuctyna MOY, kao u »lXoBa NPHMERHBOCT Ha MoJeNe
JBYJICKOT KpeTama. [Ipoyuarahe ce cnemmbuunu npobnemn MOV-a kao wro je usbop
HazucHUx QyHKIHja.

2) Jdpyra ¢aza — Tlpa crymija ciryuaja — Pacnonena mummhuux cuna y NOWBHM yIOBUMA
TOKOM XO7a

3anarak pacnonesie MEMUAHMX cuna y A0BHM yIOBHUMa TOKOM xoja buhe n3abpan xao npsa
CTyJMja ciiydaja Ha OCHOBY CNOOOAHE NOCTYITHOCTH NMOJATaKa M3 KIHHUYKHUX HCTPaKUBAHA
ca cnoGoaHo HOCTYITHMM Tofargma [21], Kao W 3aTo WTO je TOTOAaH 33 jeAHOCTABHMIM
MaTEeMaTH4KY MOJE.

3) Tpeha asza — dpyra cTyamja cirydaja — [Ipukynisame nosjaraka — [Tonnsame xytuje

3aparax nogusamwa kyrhje Oube mzabpan kao apyra CTyMja ciydyaja Ha OCHOBY HEroBe
BaxcHe kopenaumje ca MCII-a Ha paxy 1 300T BErOBE YMEPEHE CIIOXKEHOCTH Y MOJEJIHPatbY .
ExcnepuMent he 6HMTH OCMUNLBEH Kako OM ce MCTPa>kuiM LHMJLEBM MOTOPHE KOHTPOJE H
KpaTKOpOYHe ajarraiyje Yy KOHTPOJIHOM TNpoLecy 4oBeKa HNPWIMKOM 00aBjbara 3ajiaTka
nomusama Kytje. ITonaum he 6WTH NpHKYIJBEHN Ha 3ApaBUM MCIHMTaHMINMAa, Oe3 nctopuje
MCII-a, xopunthemeM OnruTpek cucTMa 3acHmMMame nokpera U AMTH nnardopme 3a
Mepemwe cuie, U G6uhe obpahenn u jaBHo poctynnu. ITlosware texnuke MOV-a, xao m
XeypuCTHYKe ajanTaiuje, Oulie npumen-eHe Ha NOJATKe Kako OM ce aHanu3Mpand y OBOM
okBupy. buhe peun o cnoxenoctrma npamede MOVY-a Ha cnoKeHH UM MoJieiMa.

Crynuje cnyuaja he Owuru nponpahene jaerabHMM ONMCHMMA MareMaTW4KHX MoJena H
JOCTYIHMX CKynoBa nojataka. Hymepnuxe Mmerone Ouhe ofjalimeHe, a HyMepHikn
pesyaratn 6Guhe cBeoOyXBaTHO TpencTaBibeHH Y TabenapHOM M CIMKOBHOM  OOJMKY.
BuomexanMuxa HHTEprpeTalnja pesyiTara 3ajelHO ca HHUXOBMM MMIIMKauUMjama 3a
OCMHUIIIJBABAE TIPUCTYTA 33 60Jby NIoMOh y pexabunuraunjn 1 ynaripehemwe capanme 4oBexa
1 pobora Huhe OMIUPHO APEUCITUTAHN H YHOpeljeHH ca pesieBAaHTHOM BayYHOM NHTEPATYPOM.




7. 3ak/by4dak B NpeIor

Ha OCHOBY IPHJIOAKEHE JOKYMEHTALM]E ¥ HEIOCPEHOT yBU/a ¥ nocajaniby paj| Kanaaara
duwna Beuanopnha, MacTep MIDKCEEPa SICKTPOTEXHNKE U padyHapeTsa, Komucuja KOHCTATyje
J1a KaHUIaT UCIyE:aBa CBe MOTpeOHe yCIoBe 3a H3paly JIOKTOPCKE JWcepTalyje 0/ HaCJIOBOM
, OTKpHBAKGE ONTHMAIHIX CTPATErHja Y JbyACKOM KpeTatby IIyTeM HHBEP3HOI ONTHMATHOT
ynpaspama’. [Tlopes HCIymheHIX (popMarHuX yciosa, Kauuar j& IEMOHCTPHPAO COCOOHOCT
CHCTEMATMYHOr IPUCTYNA aHanm3u npodieMa, TEOpMjCKa W NPaKTHIHA 3HAbA W3 obacTn
MOJIEJMpaha, aHaIu3e M IPEWKIje JbYJCKOr Kperamha 1 Teopuje OITHMH3ANMjE, Kao M
CIIOCOGHOCT M3Narama pesyiirara HayqHoO] 3ajc/HAIM. [Ipemyoxxena TeMa je BpJIO aKTyenHa U
3aCHOBAHA KAKO HA HCTPAXKIBAYKKM AKTHBHOCTAMA HAydHC 3ajeqHUIC TAKO ¥ Ha CABPEMEHUM
TEXHONOMIKIM IoTpedaMa pexabmIuTallHoHe MEIUIMHE 1 MHAYCTPHjCKE eProHOMU)E.

Ha ocroBy m3iioxeror, Komucuja npeiaxe HacraBHo-Hay49HOM Behy EJeKTpOTEXHIYKOT
dakynrera YHUBEP3UTETA Y Beorpay na xapgunaty Ounainy Beuanosuhy, MacTep HHKEHEDPY
eIEeKTPOTCXHIKE M padyHapCTBa, ono0pu w3pajgy JAOKTOPCKE JcepTalyje II0J HacJOBOM
,,OTKpHBAaH€E ONTHMATHHX cTpaTeruja y JbyAcKoM KpeTamy IyTeM HHBEPIHOX ONTHMAJIHOY
ynpasbama“, O] MEHTOPCTBOM Jp Kocre Jopamosuha, Bampeasor mpodecopa Ha
EnexTpoTeXHuIKoM (aKyJITeTy YHHBEpP3UTeTa y Beorpany u jap Camepa Moxamesa, peAOBHOT
npogecopa Ha Ojicexy 3a HayKy 1 rexuonornje Ynusepsurera [lapu-Eer Kperej, y PpanIycKoj.

V Beorpany, 21.06.2023. rogune

YJIAHOBU KOMUCHUJIE
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ap Jparas Mupkos, petloBHY npodecop,
Vuupep3uteT y beorpaay —
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University of Belgrade
School of Electrical Engineering

TO THE TEACHING-SCIENTIFIC COUNCIL
Subject: Eligibility of the topic and the candidate Filip Beganovié, master engineer of electrical
engineering and computer science, for the preparation of a doctoral dissertation.

By the decision no. 883/34 made on the 13th of June 2023. by the Teaching-Scientific Council
of the School of Electrical Engineering, we were appointed to be members of the Commission
for the evaluation of the eligibility of the topic and the candidate Filip Bedanovié¢, master
engineer of electrical engineering and computer science, for the preparation of a doctoral
dissertation and scientific relevance of the topic entitled:

sUncovering optimal strategies in human motion through inverse optimal control”.

(Serbian ,,Omxpusarse onmumaniux cmpamezuja y »yockom xpemarsy nymem UHBEP3NO2
onmumannoe ynpasmarsa”),

Based on the material provided at the candidate's request, the Commission submits the
following

REPORT

1. Information about the Candidate

1.1. Biographical data of the candidate

Filip Be¢anovi¢, master engineer of electrical engineering and computer science, was
born on December 4, 1997. in Belgrade. He partially attended elementary school in Belgrade,
at the “20" of October” school, and graduated in Paris, France, at the Collége Janson de Sailly.
He started high school in Paris, at the Lycée of the same name, and graduated from the ninth
high school in Belgrade, Mihailo Petrovic Alas. He enrolled in bachelor academic studies at the
School of Electrical Engineering in Belgrade in 2015. He graduated from the Department of
Signals and Systems in 2019 with an average grade of 9.42, defending his thesis entitled "Robot
localization in a known environment using a particle filter". He enrolled in the Master of
Academic Studies at the School of Electrical Engineering in Belgrade in 2019, and graduated
in 2020 with an average grade of 9.33, defending his master's thesis "Analysis of human
movement using inverse optimal control". During his undergraduate studies, he completed a
four-month internship at the Microsoft development center in Belgrade. During his master's
studies, he did a research internship in Paris at the Laboratory for Images, Signals and
Intelligent Systems - LISSI (Laboratoire des Images, Signaux et Systémes Intelligents - LISSI)
of the Université Paris-Est Créteil (Université Paris-Est Créteil) for six months, within an
Erasmus+ student exchange program.




In 2020. he enrolled in dual doctoral academic studies at the School of Electrical
Engineering in Belgrade and at the University of Paris-Est Creteil. The candidate's field of
scientific research includes the application of optimization algorithms for motion planning in
humanoid mechanical structures. as well as the application of inverse optimal control as a
method of learning motion from examples. Since January 2021, he has been engaged as a
research trainee at the School of Electrical Engineering in Belgrade. During his doctoral
studies. he completed two five-month research stays in Toulouse. France. in the Gepetto
humanoid robot research team of the Laboratory for Analysis and Architecture of Systems
(LAAS-CNRS) in 2022 and 2023,

1.2. Acquired scientific research experience

Candidate Filip Be¢anovi¢ enrolled in doctoral studies at the School of Electrical
Engineering in Belgrade in the academic year 2020/21. in the module "System management
and signal processing”. During his doctoral studies, he fulfilled all obligations and passed all
exams provided for in the study plan and program, with an average grade of 10. The list of
passed subjects and obligations is given in the following table:

Subject/Obligation Subject/Obligation name Grade | ECTS
Code/Acronym Credits
19DOS1TRS Theory of Robotic Systems 10 9
19D05STNM Neural Networks 10 9
19D051MKR Motor Control and Rehabilitation 10 9
19D081LA Linear Algebra 10 9
19D0S5S1SRS Special PurposeRoboticSystems 10 9
19D051USS Complex Systems Control 10 9
19D081FAP Functional Analysis and Applications 10 9
100021-19 19 Research work related to the dissertation ] / 24
100022-19 19 Research work related to the dissertation Il / 24
Total credits: 111

The candidate is the author of 4 scientific papers, one of which was published in an
international journal with an impact factor, and three papers were published in proceedings of
international meetings. The list of publications in which Filip Beanovi¢ is a co-author is
given below:

e F. Befanovié, V. Bonnet, R. Dumas, K. Jovanovié¢ and S. Mohammed, "Force Sharing
Problem During Gait Using Inverse Optimal Control," in IEEE Robotics and
Automation  Letters, vol. 8, mno. 2, pp. 872-879, Feb. 2023, doi
10.1109/LRA.2022.3217398. [IF: 4.321].

e F. Befanovié, J. Miller, V. Bonnet, K. Jovanovi¢ and S. Mohammed, “Assessing the
Quality of a Set of Basis Functions for Inverse Optimal Control via Projection onto
Global Minimizers,” 2022 IEEE 61st Conference on Decision and Control (CDC),
Cancun, Mexico, 2022, pp. 7598-7605, doi: 10.1109/CDC51059.2022.9993342.

e M. Radmilovi¢, D. Urukalo, M. Petrovié, F. Befanovi¢ and K. Jovanovié, “Influence
of Muscle Co-Contration Indicators for Different Task Conditions,” 8th International
Conference on Electrical, Electronic and Computing Engineering (ICETRAN 2021),




Ethno Village Stani$i¢i. Bosnia & Herzegovina. 2021. pp. 584. ISBN 978-86-7466-
894-8.

e F, Beéanovid. V. Bonnet, S. Mohammed = i K. Jovanovic,
“PronalazakOptimizacioneFunkcijeKretanjaizSimuliraneDemonstracijePokreta
Cuénja”. Zbornikradova 65. konferencijeETRAN  2021. EtnoSeloStaniSiéi.
BosnaiHercegovina, 2021, pp. 551-555. ISBN 978-86-7466-894-8.

On June 20. 2023. at the School of Electrical Engineering in Belgrade. candidate Filip
Becanovi¢ had a public oral exam on the suitability of the proposed topic of the doctoral
dissertation and the candidate. in front of a committee composed of:

I. Dr. Dragan Mirkov. full professor. University of Belgrade - Faculty of Sports and
Physical Education, :

2. Dr. Milica Jankovié, associate professor, University of Belgrade - School of Electrical
Engineering (president of the committee),

3. Dr. Nenad Jovi&i¢, associate professor, University of Belgrade - School of Electrical
Engineering,

4. Dr. Maja Trumi¢, research associate, University of Belgrade - School of Electrical
Engineering

The commission unanimously concluded that the candidate meets the requirements forwork
on the proposed topic of the doctoral dissertation and graded the exam as - satisfactory.

1.3. Assessment of the candidate’s eligibility to work on the proposed topic

Based on the previous results of Filip Betanovié¢’s previous work and activities and taking
into account the aforementioned facts, the Commission gained insight into the candidate's
abilities and scientific research work. and concludes that the candidate has acquired the
necessary experience for scientific research work. The committee believes that the candidate
is capable of achieving results during the preparation of the doctoral dissertation, which can
be presented and verified by the international scientific community. The commission gives a
positive opinion that the candidate Filip Be¢anovi¢ continues with his research work and -
states that the candidate fulfills all the necessary and formal conditions to begin the
dissertation.




2. Subject, aim, and significance of the research

In the research fields of ergonomics. biomechanics, and robotics. understanding human motor
control has important implications — from advancing technologies in the healthcare and
rehabilitation sector to designing more efficient robotic assistance [1]. Even though
automation has been widely implemented in many industries, there still exist tasks that cannot
be fully automated because of their flexible requirements. necessitating human-level
perception, decision-making, and operation [2]. Many of these tasks involve heavy physical
work, excessive repetition, awkward postures, and heavy lifting which are often identified to
be the main causes of Musculoskeletal Disorders (MDs) [3]. MDs are prevalent among
industrial workers. accounting for 80% of industrial diseases with an annual increase of 3%
over the past decade. MDs can lead to early retirement and significant difficulties in
accomplishing basic everyday tasks for affected people. thus presenting important economical
and societal challenges from the point of view of both companies and governments [4].
Human-robot collaboration and exoskeletons are regarded as promising solutions for reducing
MDs in industry by combining the human’s superior perception and decision making with the
robot’s physical power generation [2]. Additionally. they have the potential to improve the
future of assistive technology in rehabilitation centers [5]. However, a limited understanding
of human motion and the inability of robots to algorithmically anticipate it during
collaborative or assistive tasks hinder their safe coexistence with humans and successful task
performance [6].

To overcome this challenge, a promising solution is to use data-driven Inverse Optimal
Control (10C) to learn human-like motions from demonstrations of a human supervisor [7, 8].
10C has vyielded encouraging results in various biomechanical and robotic applications,
including torque-controlled locomotion [9], muscle-force sharing during locomotion [10],
grasping [11]. and industrial screwing [12]. and has the potential to become essential in
designing seamless and natural robotic assistance [13]. Furthermore, 10C can be used to
determine changes in motion control objectives and segment human motion into phases [14,
15], leading to more informative feedback in the ergonomic evaluation of task difficulty for
human workers [14]. This can also lead to more accurate human simulations and, in turn,
facilitate the design of ergonomic workspaces that will reduce the risks of MDs [16].

10C and similar techniques have been applied in numerous fields, including but not limited to
control theory, artificial intelligence, robotics, health systems. energy systems, and marketing
[7. 8, 17]. Despite efforts to survey and classify the numerous approaches [7, 8], there seems
to be no consensus on nomenclature, assumptions, and solution methods. Regarding 10C,
there remain questions pertaining to its resilience to noise [17, 18] or to the type of learning
loss function to be used [17-19].

The focus of the research will be the study of human motor control via the use of data-driven
IOC on experimentally acquired data. The expected use cases and applications of the results
are in ergonomics, biomechanics, and robotics, with the potential for improving and
advancing assistive technologies in industry, healthcare, and rehabilitation. Moreover, the
research will partially focus on methods for data-driven IOC in and of itself, with the outputs
of the research targeting impact in related fields of control theory and artificial intelligence.




{1} Gualtieri. L.. Rauch. E. and Vidoni, R., 2021. Emerging research fields in safety and ergonomics in industrial
collaborative robotics: A systematic literature review. Robotics and Computer-Integrated Manufacturing. 67.
p.101998.
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3. Initial hypotheses
The research hypotheses are the following:

¢ Human motion in joint space and the forces of interaction with the environment can be
estimated by coupling measurements from a motion capture system and force plates
with the mechanical rigid-body linkage model of the human body [20, 21].

e For a given motor task. there are invariant aspects in the motion produced by the
human motor control system, which can be measured and quantified, whether the
motion is analyzed in joint space or in muscle space [9-16. 17-19].

e The invariant aspects of the motion produced by the motor control system can be
modeled as an optimization process: a process of selection among infinite possibilities
of the most appropriate motion. The invariant aspects can be identified using measured
data of human motion with IOC. Once the invariant aspects of the motion are
identified, they can be used in the future for predicting human motion, generating
human-like trajectories. and analysis of the motion objectives [9-16, 17-19].

The initial hypotheses will be tested on real data. The study will contain experimental
measurements of motion using a motion capture system and a force plate, and will concern
human box-lifting motion which is of interest in the context of ergonomics. The study will
also rely on open-source data [22, 23] of muscle forces in the lower limbs of hemiparetic
patients during gait which are of interest in the context of rehabilitation.
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4. Research methods

The research will begin by reviewing the state-of-the-art theorv and applications of data-
driven 10C [7.8]. with a focus on its applications in human motion [9-16. 17-19]. The study
will also briefly explore the connections between 1OC and theories of multi-objective
optimization [24] and bi-level optimization [25]. To illustrate the methods of 10C, the
research will provide simple computational examples and accompanying graphical
illustrations.

The study will explore the 1ssue of "basis function selection" in the context of IOC, with a
particular emphasis on convex quadratic basis functions [19]. Based on techniques from the
field of polynomial optimization [26], the research will present a procedure for finding lower
bounds on the error of an I0C procedure for a given data set and basis functions [19].

Motivated by the potential applications of 10C in designing rehabilitation technology,
especially walking exoskeletons, the research will investigate how the human motor control
system distributes muscle forces in the lower limbs during gait. The study will use 10C to
analyze open-source walking data of hemiparetic patients. The open-source data was collected
using EMG, a motion capture system, force-plates, and a treadmill. The open-source
datacontains a calibrated geometric model of the lower body as well as extracted reference
muscle forces in the lower limbs [23]. The calibrated geometric model and the reference
muscle forces will serve as a baseline, and an [OC procedure will be applied to infer which
biomechanical objectives from the literature best explain the obtained data [10]. The study
will analyze and compare the results of the simulation with the learned objectives against
literature baselines.

The research will also include experiments on healthy human participants performing a box-
lifting task, chosen due to an estimated 52% of work-related MDs being caused by
overloading during lifting tasks {27]. The goal of the study will be to investigate short-term
adaptations in the unconscious decision-making and control process of humans when
performing a specific task. The study will use an Optitrack' motion capture system and an
AMTY? Force Plate, along with the object to be lifted during the experiments and a table to
place the object upon lifting. .

The obtained experimental data will be input into the IOC framework to analyze the control
objectives of human subjects during a box-lifting task. The study will analyze variations in
retrieved control objectives across subjects, trials, and whether the subjects were instructed to
use a squat lifting technique or not {27]. The effects of squat lifting will be analyzed, and
conclusions will be compared to known results [27]. The learned control objectives will be
used for simulation and compared to state-of-the-art approaches from the literature [28, 29].
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5. Expected scientific contributions
The expected scientific contributions of the thesis are:

e The systematic overview of the literature and methods in the field of optimization-
based human motion modeling, and inverse optimal control. A partial overview of
literature and methods in related fields of inverse reinforcement learning, multi-
objective optimization, and bi-ievel optimization.

e Analysis and interpretation of the properties of current inverse optimal control
methods, with remarks about practical implementations and performance.

e Design of a procedure for finding lower bounds on the error of an inverse optimal
control procedure for a given data set and a given function basis. in the context of
convex quadratic basis functions.

e Application of inverse optimal control fo two real use cases, both related to
applications in the context of ergonomics and rehabilitation. One use case being box-
lifting, and another use case being muscle-force sharing in lower limbs during gait.

® Experim’enfaf human box-lifting data. collection using a motion capture system and a
force plate. : ‘

e Investigation of short-term adaptations of the unconscious decision-making and
control process of humans when performing a specific box-lifting task, and analysis of
the variations in retrieved control objectives across subjects, trials, and lifting
techniques.

e Application of inverse optimal control to infer the biomechanical objectives that best
explain the observed muscle force data in the lower limbs of hemiparetic patients
during gait, using open-source datacontaining the reference muscle forces and a
calibrated geometric model of the lower body.Comparison of the results against
literature baselines.

e Validation of the learned control objectives from the above two use cases through
simulation, and comparison with state-of-the-art approaches from the literature.




6. Research plan

The research will be conducted with the idea of applying 10C to real human data with different
models and tasks in order to learn human motion objectives. Moreover, it will comprise an
inquiry into IOC methods and algorithms and their applicability to simple mathematical models,
in order to grasp the intricacies of application to complex models of human motion.

The objective will be to give a biomechanical interpretation of the results of the application of
IOC to human motion, as well as to design more realistic simulations of human motion and
shed light on the applicability of various IOC methods and algorithms to human motion models.

1) First phase — Familiarization

The study will start off with an analysis of the structure of the IOC problem through a literature
review of related fields. In parallel, a survey on the modeling of human motion will be
performed. Standard IOC methods will be tested on simple numerical examples, and the results
will be reported. The advantages of different approaches will be evaluated and compared, and
their applicability to models of human motion will be evaluated. Particular problems of I0C
will be studied like the selection of basis functions, and contributions will be published.

2) Second phase — First case study — Muscle force sharing in lower limbs during gait

The task of muscle-force sharing in lower limbs during gait will be chosen as a first case study
on the basis of the availability of open-source clinical research data [21] and because of its
simple mathematical model.

3) Third phase — Second case study — Data collection — Box-lifting

The task of box-lifting will be chosen as a second case study on the basis of its important
correlation with work-related MDs, due to its moderate complexity in modeling. An experiment
will be designed to investigate the motor control objectives, and the short-term adaptations in
the control process of the human when performing the box-lifting task. The data will be
collected on healthy subjects with no history of MSDs, using an Optitrack motion capture and
AMTT force plate, will be processed, and made publicly available. Known IOC techniques, as
well as heuristic adaptations, will be applied to the data in order to analyze it within this
framework. The intricacies of the application of 10C to more complex models will be discussed.

The case studies will be accompanied by detailed descriptions of the mathematical models and
available datasets. The numerical methods will be explained, and numerical results will be
comprehensively presented in tabular and figure forms. Biomechanical interpretation of the
results alongside their implication for the design of better rehabilitation assistance and human-
robot collaboration will be extensively discussed and cross-referenced with literature.




7. Conclusion and proposal

Based on the provided documentation and direct insight into the previous work of the
candidate Filip Bedanovi¢, the Commission concludes that the candidate Filip Bedanovié, master
engineer of electrical engineering and computer science, meets all the necessary conditions for the
preparation of a doctoral dissertation entitled ,,Uncovering optimal strategies in human motion
through inverse optimal control®. In addition to meeting the formal requirements, the candidate
demonstrated the ability to systematically approach problem analysis, theoretical and practical
knowledge in the fields of modeling, analysis and prediction of human motion and optimization
theory, as well as competence in the presentation of results to the scientific community. The
proposed dissertation topic is very current and based both on the research activities of the scientific
community and on the modern technological needs of rehabilitation medicine and industrial
ergonomics.

Based on the above, the Commission proposes to the Teaching and Scientific Council of the
Faculty of Electrical Engineering of the University of Belgrade to authorize the preparation of a
doctoral dissertation entitled ,,Uncovering optimal strategies in human motion through inverse
optimal control“, to candidate Filip BeCanovi¢, master of electrical engineering and computer
science, under the mentorship of Dr. Kosta Jovanovié, associate professor at the Faculty of
Electrical Engineering, University of Belgrade, and Dr. Samer Mohamed, full professor at the
Department of Science and Technology, University of Paris-Est Créteil, in France.

Belgrade, 21.06.2023.

MEMBERS OF THE COMMISSION

/(’(j/o 4 /j Wt &fj/ét‘j o
Dr. Milica Janoivié, Associate Prof., Dr. Dragan Mirkov, Prof.,
University of Belgrade — University of Belgrade —
School of Electrical Engineering Faculty of Sport and Physical Education

g "‘r/ /
A Mo Ay MF |

Dr. Ne%d J oviéié, Associate Prof., Dr. Ma‘j}a Trumié,f R%:/éeafch Associate,
University of Belgrade — University of Belgrade —
School of Electrical Engineering School of El@ct{'i/cféfl@ngineering

e J LA LA A A /A Ab
Dr. Kosta Jovanovié, Associate Prof., Dr./S(ar{ler Mohammed, Prof.,
University of Belgrade — University of Paris-Est Créteil —

School of Electrical Engineering Department of Science and Technology




