YuusepsureT y beorpany
Enexrporexauyky (axyateT

HACTABHO-HAYYHOM BERY

Mpenmer: Pedepar o ypahenoj noxropekoj quceprainjyu kananaata Msana Crojkosuha

Onnyxom HacraBno-HayuaHor Beha 6p. 5056/11-3 on 25. janyapa 2018. rojune, MMEHOBaHH CMO 3a
yranose Komucuje 3a mpersiesn, oueHy M oj0paHy JOKTOpCKe aucepranuje xanaugarta Msana
Crojkosuha 1101 HACTOBOM

"Tpumena GyHKNEOHAJIHMX HOPME 32 Peryiapu3alujy PaHTHPamba Hall TeMIOPAJTHEM

momammma'’

TMocme mpernena poctaBibeHe aucepTaije W JApyrux Tnparehux martepujana um pasroBopa ca

kanuiarom, Komucnja je caunanna crnegehu

PEG®GEPAT

1. YBOJ

1.1, XDOHOJIOFH%& oJ00paBama 1 H3page ﬂi«iC@ﬁTaﬂﬁ%G

Mean Crojkosuh je ynucao poxropcke cryamje Ha Enexrporexunukom Daxynrery, YHupepsurera y
beorpaay v nposiehnom cemecrpy ikoncke 201 1/12 ronune.

Kanaunar je TeMy pokropcke aucepraidje NOA paaHuUM Ha3uBoM , . CTPYKTYpPHpaHH NPUCTYIT aHAJIM3H
KOMIUIEKCHUX GMOMEIMIMHCKHX cucTeMa M curhana’™ npujasuo Komucujn 3a cryauje tpeher crenena
na Enexrporexunukom (axynrery, Yausepsurera y beorpagy, 01.06.2017. ropune u 3a Mentopa ca
Beorpaackor Yuusepsurera npemioxuo npod. ap bpanka Kosauesnha. Y ciuany ca Gunarepainum
MporpaMoM JIOKTOpPCKMX cTyauja usMely YHhupepsurtera y beorpagy u Temme YHUBEp3UTETA Y
Dunagenpujn, CAJI, mentop ca crpane Temrne YHupepsurera je npod. np 3opan O6panosuh.

Komucnja 3a cryauje tpeher cremena pasmarpana je, Ha cBojoj cexnuuu onapxanoj 06.06.2017.
rOJHE, MPEIOr TEME 3a U3pay JOKTOPCKe JAucepTaiuje u yiyTuia npeanor Komucuje o onenu
nozo6HocTr TeMe U Kanaugara Hacrasno-uayunom Behy Ha ycpajame.

HacraBno-nayuno Behe Enexrporexuuukor dakynrera, Ha ¢B0joj ceaHunu ojpxano) 20.06.2017.
romune (6poj omnyke 5056/11-1 on 20.06.2017), umenonano je Kommucujy 3a oueny yciosa u
[PUXBATALE TEME JOKTOPCKE JUcepTaiuje y cactaBy: penosHH Tipodecop ap XKessko Hyposuh,
peposan npodecop v nensuju ap Mupjana Ionosuh u jonent ap Musom Byjucuh.

Ha cenumnm Hacrasno-nayunor seha Enexrporexrwukor ¢axynrera, oxpxanoj 07.11.2017.
rojigpe, yepojen je wu3mewita] Kommcuje 3a OLEHY ycaoBa W IPHUXBATAILE TEME HAOKTOPCKE
Juceprauuje (6poj omnmyke 5056/11-2 ox 07.11.2017) mojx HOBUM (M3MEHEHHMM) HACJIOBOM
LJlprivena (yHKIHOHATHAX HOPMU 38 PeryJiapu3aiiijy paHrupamka Hajl TEMITOPaiHUM nojanuma’.




Behe naydHnx o6nacTi TeXHRUKMX Hayka Y HHBep3uTeTa y beorpay je Ha CeHULM OJ 27.11.2017.
FOJMHE JAM0 CArIaCHOCT HAa TPEUIOr TeME JOKTOpCKe JHcepTalyje 1o HacinoBoM ,llprmena
(YHKIMOHANHIX HOPMH 32 pErylapu3alldjy PaHTHpama Hajl TEMIIOPalHMM [OJaluMa’ (6poj
omtyke 61206-4779/2-17).

Kanzaujar je mpeiao JOKTOPCKy JMcepTaiujy Ha npernes u oueny 28.12.2017. rogune.

Kowmucuja 3a crymmje Tpeher crerena motpimma je Ha cBojoj cepnuum oapxaxoj 10.01.2018.
TrOJMHE HMCIYEEHOCT NOTPEOHMX ycioBa 3a MOJHOLICHe mpeaiora Hacrapmo-nayuHoM Behy
Enexrpotexunukor Qaxynreta 3a (popmupame Komucuje 3a mperien n oLeHy HOKTOPCKE
JcepTaluje.

HacraBro-nayuno Behe ®axyntera je Ha cB0joj cemmmuy, onpxanoj 25.01.2018. romume
umenoBano KoMHCH]y 3a TIperie/l i olleHy JOKTOPCKe AMCepTallje y cacTaBy: pejloBHH npodecop
np Bpanko Kosauesuh (EnexrpoTexHuuxm (axyirer), pejOBHH npodecop ap XKemkxo Byposuh
(EnextpoTexHmuKy (axyntet), penouy npodecop ap 3opan O6pamosuh (College of Science and
Technology, Temple University), penosan npodecop ap Cnobosan Byueruh (College of Science
and Technology, Temple University), Banpemnn npodecop Kai Zhang (College of Science and
Technology, Temple University), u pexosn npogecop ap Carmen Sapienza (Lewis Katz School of
Medicine, Temple University), 6poj omyke 5056/11-3 on 25.01.2018. rogune.

Ha ocroBy o1yke HacraBro—nayunor seha 6p. 545/2 ox 13.03.2012. ronuse, Cryaujcku nporpam
je 3amoueo y mponehnom cemectpy mkoncke 2011/2012, ma ce pokx 3a 3aBpiieTaK JIOKTOPCKHX
AKAaZeMCKHX CTYHHja pauyHa Ojl roderka Tor cemectpa, carmacuno Cratyry YHuBepsuteTa y
Beorpamy u Craryry Enexrporexuuuxor gakynrera. 1o ncTexy 3aKOHCKOT poKa 3a 3aBprieTax
JOKTOPCKHX CTY/M]a, HA 3AXTEB CTY/EHTa, 0J00PEHO je TPOIYIKEE POKA 33 3aBPLIETAK CTY/H]a 32
nBa cemectpa, carmacio Craryry YHuBepsurera y beorpapy n Craryty EneKkTpoTeXHHUKOT
(dakyirera.

1.2. Hayuna obsiact Jcepraiie

JlokTopeka JacepTaiiyja puaja TeXHHYKHM HayKaMa W Y)KAM Hay4YHEM 00JIacTiMa MaminHCKOT
yuerma 1 aHaan3e nojaraka, 3a koje ¢y Enexrporexunuin dakyirer YHuBepsuTeTa y beorpany v
Koneis 3a Hayky u Texuonorujy, Temiuie Y nupepaurera MaTHHHK.

MenTop JoKTopekor pajia ca EnexrporexHuuxor daxynrera Yuusepsurera y beorpay, mpod. ap
Bpanko Kopauesuh je nzabpan y 3Barme peloBHON npodecopa 3a HayqHe obnact obpajie curuaia
W yrpaBibawa cucremuma. llpod. ap 3opan O6panosuh, mentop ca Koneya 3a Hayky n
Texuonornjy, Temrne Yuupepsurera y @unagenpuju je nzabpan y 38are peAOBHOL npogecopa 3a
Hay4yHe 00JaCTH KOMIjyTepckux Hayka i uH(popMalponux cucrema. Oba mentopa cy ayTopu
BeNHKor 6poja HayUHHUX PajioBa y HCTAKHYTHM Mel)yHapoaHuM Hacorucuma.

1.3. brorpadcky nogany 0 KanaumaTy

Usan Crojxosuh je pohen 11.04.1987. rogune y beorpaiy, ommurhna Cascky BeHal,. OcHoBHE
cryamje je 3appmmo na Enexrporextuuxom paxyntery, cvep Curnan u CHCTEMH, ca TTPOCETHOM
onenom 8.31. Jdumiomupao 2010. rojuue, ycnemHo oa0paHUBIIM JHMIUIOMCKH Daji Ha TEMY:
“Cumynatop poGora SCARA xomduryparmje” xon npodecopa Besmka [Horkomaka. Mactep

cTymmje je 3appiino Ha ucrtom cmepy 2011., ogbpanuBn Mactep paji: “Yipasibame 1 HaBUTATH]a

MOGHIHEX poBoTa y HemosHaToM OKpyxery” ko rnpopecopa Xemxa Byposuha. Jloxropcke
rynpie ie yamcac 2011/2012, roguse Ha MOAYITY ynpﬂumﬂme cucTeMuMa u 06]’)3],[3 CUTrHala, "

Crxny/_u{;\, JV YHNVAY 4R L e bl 2 ap/barbh WX
ONOXKKO je cBe ucrnure npeasuljene HactaBHUM TlaHOM ¥ MPOrpaMoM MOJyJa ¢a HPOCeTHOM
omenom 10. Ox janyapa 2012. g0 aBrycra 2014. rogune je 6u0 3al0CHeH Kao MCTPaXuHBa4 y

Jlaboparopuju 3a pobortuky, npu Muctutyty Muxajio Ilynun y beorpany.




On ¢ebpyapa 2014, rojuse amraxcoBas je kao uctpaxmpau y Llentpy 3a Amammsy [lojataxa n
Buomennnuncky Mndopmatuxy wa Temiute Yuusepsutery y @unagenduju, rie je yIecTBoBao Ha
npojexrama puHaHCHpanuM of ctpane Defense Advanced Research Projects Agency (DARPA):

l. “Graph-theoretic Research on Algorithms and the Phenomenology of Social networks
(GRAPHS)” AFOSR award number FA 9550-12-1-0406

2. “Dialysis-Like Therapeutics (DLT)” SSC Pacific grant No. 66001-11-1-4183

3. “Technologies for Host Resilience (THoR)” under Contract No. W911NF-16-C-0050

YV oxBupy THX Tpojekara je capahuBao ca PEHOMHUpPAHUM CTPYYHAIUMa M3 HPECTHKHUX
MHCTHTYLIH]a H CTEKAao HCKYCTBO pajia y 00NacTHMa MAIIHHCKOT y4Yerha, BEITaIKe HHTEIUICHI]C
M aHaJIM3€e NOAaTaKa, MPETEXHO Ha arUInKanujaMa 13 OMOMEULIHHCKOT IOMEHA.

Y jecemem cemectpy 2014. rommue ynucyje goxropeke cryauje na Oncexy 3a Pauynapeke Hayke u
Nudopmaruxy, npu Koneny sa Hayky m Texnomorujy, ma Temmn Yuusepsutery. Hoxropcke
crynuje Wsana Crojkosuha ma Beorpaiackom YHuBep3uteTy u Ha Temiuie YHUBEP3HTETY Cy
KOOPIMHICAHE YTOBOPOM O JIyaJIHHM JAOKTOPCKHM CTy/ujaMa u3Mel)y npa yHHBep3uTeTa.

Jlera 2017. ronuue je moxahao mpaxcy y Yahoo! Research Labs, ma mosuumjun Data Science
NpaKTHKaHTa, TJE€ jé pPagno Ha pasBHjamby CTAaTHCTHYKMX MOJeNa M aHaM3y XeTepOrcHux
MOJIATKAKA ca BHINE HM3BOpA, Y LMJbY HIEHTH(HKALMje NPUIHMKA 32 AIUIMKALMjy DPEKOMEHAEp
cucTeMa.

Usan CrojkoBul je Ko-ayTop IIECT JKyPHAICKHX DafoBa, TPH TIOTNaBba Yy MOHOrpadcKum
3GHpKaMa ¥ JBAHAECT PajioBa NPE3EHTOBAHMX Ha MelhyHapoiHum u fomahnm koHpepeHuHjama.
[TomenyTn pazoBM ce OaBe [UMPOKHM CIIEKTpoM Mpobsiema, O/ MeToja paHrHpama U
Npo6GabrIHCTHUKAX TpadUuuKknx MoJela, MPeKko ONTHMM3auMje Tepamuje d OHOMEeIHUHHCKUX
aniuKanja, 1a 1o yrnpasbama MOOMIHEM poOOTHMA U MYJITHATEHT CHCTEMHMA.

2. ONMUC JTMCEPTAIIUIE

2.1, Caapixai jmcepranuje

Jluceprawgja mon nacriopom “Tlpuvena (YHKIMOHAIHEX HOPMH 32 PEryliapnsaii]y paHruparma
Haj| TEMITOPATHAM TT0aAMa” Hanicana je Ha 74 CTpaHe Ha EHTJIECKOM je3uKy, 3001 OuiarepajHor
nokrTopekor mporpama ca Komenom 3a Hayxy n Texnomormjy, Temrne Yuupepsurera y
Ounagendujn. Jucepraimja je opranwsoBana y cnepehmx cepmam normasma: . YBox 2.
Penesanthe crymmje; 3. Meromonornja: Myntu-npobiem  dopmynaimja; 4. Meroyonoruja:
Bucoko-mumensuona Gopmynanuja; 5. Emnupujcka epanyauuja: Mynru-npobnem dopmynanuja; 6.
Emnnpujcka epanyauuja:  Bucoko-jumensuona (opmynanmja; 7. 3abydak. Ha mouerky
mucepranmje naru cy Cacrap komucuje, Pesime Ha eHIVIECKOM, H Ha cprickom jesuky, Ilocsera,
Baxsanuuna, Jlucra akponrma B Caapikaj. M3a nocieamer moriasiba gata cy asa Jogaraka A)
ITomatm 3a Pecrmpatopre Bupycne Wudexupje, u B) Ananuza Crabmmmoctn CeleKToBaHHX
O6enexja, npahena cnuckom xopuinhene jureparype ca 92 pedepenie HapesicHe 110 abeLetHoM

pejociey npesuMena npBux ayropa u buorpaduja xanpunara.

2.2. Kparak npuKa3s nojeJJuHaYHLX [TOTJ1aB/ha

YBOJIO NOTMABILE CACTOJU ce Oj TpH Jena. [Ipeu leo onucyje MOTHBALMY HCTPAXUBamba Koja ce
CIPOBOZE y Te3W, K0 M HPeAMET 1 BaKHOCT HCTpaxuBamwa. (DOKyC HCTpaxuBarba je Ha
AYTOMATCKOM yUerY (PYHKIMOHANHOT Mamupara 13 063epBaCHIHEX 0coOUHa y 1U/bHY OCOOHHY
Ol MHTEpeca Koja je narenTHa (Tj. Huje jako MepsbuBa). Y TaKBOM cilydajy Kajia iusbHe naberne
HUCY JUPEKTHO AOCTYTHE 32 0OyKy MapaMeTapckux Mojiena, MOXe ¢e KOPUCTUTH HEeKH pyrd
0BNHK cynepBu3oBaHuX HHPOpPMAIHja, Kao MTo je MHdopMannja o JeTHMHIHOM PELOCTeRy mehy

npuMeprMa (jesan nanyujenT u3resa 3apasuje o4 Apyror). Baxnoct onucane teme npousniiai us
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FLEIOBE PACIIPOCTPAEHOCTH, TIOIITO MHOTE KapaKTEPHCTHKE O HHTepeca (Koje 61 HEeKO XKeleo fa
M3MEpK) Cy CYIITHHCKH JIATEHTHE, Kao [ITO Cy 3[PaBibe, HHTEIMICHIIM]a U PH3HK HEKOT yJlarama.
CrioMeHyTe cy caBpeMeHe METOJe 3a pelllaBambe TaKBOI IpobiemMa M HaBeJCHU Cy HHXOBH
HeJ0CTallH.

VY [pyroM ziely yBOJHOT HOTJIaBJba HCTAKHYTH CY JIOJATHYM M3a30BH KOJU MPOU3HMIIA3e U3 Ipoleca
IPUKYIJbar-a T0J[aTaKa, a HAaUHHH 33 IbUX0BO PellaBarbe Cy NMPEeUIOKEHH U YKPaTKO pa3sMaTpaHy.
Tpelinl 10 YBOAHOT TOTVIABJBA [TPUKA3yje CTPYKTYPY Te3e M KpaTak OmUC Tema o Kojuma he ce
JUCKYTOBATH Y HapeHUM TIOIJIaBJbHMA.

JIpyro mornaBibe IPENCTaBiba CaBpeMeHe TEXHHKE M ONHCYje PeleBaHTHE CTyIUje y KOHTEKCTY
HCTpaKMBarba CIPOBEACHUX Y JNOKTOpckoj muceprauuju. llpernenane cy caBpeMeHe MeETOJE 3a
yueme (YHKLMja OleMBAba 3aCHOBaHE Ha KIAcH(HKALMjH, PETPECH]H ¥ paHTHpamy.
Jluckyropaso je wu  kopumheme (QYHKIMOHAJHHX HOPMH 32  DeryjapHsalu]y —BHIIe-
JUMEH3HOHANHUX U MynTH-ripobiema. open Tora, MpoKCHMalHK aJlrOPUTMU CY TOKPHBEHH Kao
ITOIIyJIapHH &JIaT 38 OTITHMU3ALH]y IPETXOJHO AUCKYTOBAHUX MIPUCTYIIA.

Tpehe mornaBmbe je METOJAONOLIKO IOMIAB/BE KOjé OmHCYje TNpemioxkeny MynTr-npobiaem
dopMynaLHjy perynapH3oBaHOr paHrmpara 3a TeMiopanHe mopartke. KommieTHo wussoleme
dopMynanuje MojeNa 3ajeIHO ca NPIIAaro)eHIM aNropuTMOM ONTHMHU3AIH]e Cy IETaJbHO ONHCAHEe
y OBOM TIOTJIaBJbY.

UeTBpTO MOrNaB/he ce 0OaBH  BHCOKO-JUMEH3MOHANHOM (POPMYNIAIMjOM  perylapH30BaHOT
PaHTHpAamba 3a TeMropaine rmojgarke. [lornasse npejcTaB/ba H3BOLEHE BUCOKO-UMEH3HOHANHOT
MoJieNa ca oiroBapajyhuM anroprTMoM ONTHMI3alKje 3a IIpHIarohasame mHEroBUX napamMeTapa Ha
OCHOBY H3MEPEHHX I0JIaTaKa.

Tlero nornaebe Aaje pesyaTare emmupujcke Ipoiexne Mysru-npobnem mopaena. [lpueryn je
eBallyHpaH Ha CHHTETHUYKMM NOJIAllAMa U HA JBE peaiHe aluinkanuje. Jena animkangja je yuerme
OLeHA M3 HCITHTA YYEHHKA OCHOBHUX LIKOJA, JI0K je b APYre alTHKauje yuere ToJepaHiuje Ha
pecrupaTopHe BuUpycHe MH(eKije Kox Jbymd. Pesyiaratm cyrepuumly nosehady TadHOCT
npeaBrliama IPENIOKEHOr IPHCTYHA Haj| alTepHaTiBaMa Koje ¢y obydaBaHe Ha MOjC/HHAYHIM
3aJlaimMa.

[Hecro nornaebe ONUCYje pe3ynrare eMIHPHjCKEe MPOIEHE MOJENa BHCOKO-JMMEH3HOHATHOD
panrupaa. Mozjen ce rpBo NpoLebyje Ha CeTy UHTYMTHBHMX CHHTETHYKHX HpHUMepa, IAE Cy
ouprnenne npequocty “npopehenux” Moaena y oanocy na “rycre”. Ojespax pesynrara nacTapiba
ca NPOIEHOM HA peayHuM amyMKaiujama, Ha rojanuma o excrnpecuju rena xop X3H2 supycue
pH(eKIMje Kof JbYJIM, ¥ Ha MOJAIMMA O eKCHPECHH reHa IyHornaBana (kada) MpHIMKOM
baxrepujcke undexnuje. Ipumehena je ynanpehena TaunocT, ka0 U poOYCHOCT MPEIOKEHOr
METO/A, Y OJHOCY Ha alTEePHATUBHE METOJIE.

Y TIOCHEAHEM, CEIMOM TIOMIABILY, KOMEHTApUCAH € HaydHH JONPHHOC, PE3YITATH Cy CyMUPaHU 1
NpesIaxy ce Jalby NpaBuu ucTpaxuBama. [lopen Tora, y Hacrapky cy jarta jOuI [Ba IOTIaBIba
Jonaraa. IlpBi OIHCYje TeMIOpaIHE NOJATKE O JbYACKO] BMPYCHOj MH(EKIMjH, KOju Cy
xopumthenu 3a npoueny Mymru-npobaem meroxe, a Jpyrn Jlojgatak naje JloJaTHe JeTabe o
aHaIM3u crabunyocTr ogabupa obenexja Koy BUCOKO-AUMEH3HOHAJIHE METOJIC.

3. OHEHA JTUCEPTAIAJIE

3.1. CaBpeMeHOCT 1 OPUIMHAJIHOCT

ITopacT KonM4IMHe W Pa3sHOBPCHOCTH MOJaTaka KOjH ce cakymbajy m obpalyjy pamu cruiama
KOPHCHOT YBHJIA, j€& 3alUX TOIMHA JOBEO JI0 BUABHBE TpaHcdopMaiuje nupycrpuje. CBe je Buiie
Npou3BoJa M aniMkalmja Koje ¢y 3acHOBaHE Ha KOpHIhermy anropuTamMa MamMHCKOT yuema 3a
F3BIIAUeHe 06pasana u3 NpUKyIJbeHnx rnogaraka. M y akagemckoj cpepu je BUABUB ClIHUal TPEeH)
noBeharor mHTEpeca 3a  pasBoj anropuTaMa MalHHCKOr ydema, pacre u  Opoj HOBHX
crienujanioBaHuX Koudepeniuja kao u 6poj pagosa Ha Beh yrphenum xondepeniwjama y
obnacty. Tako ja je ¥ TeMa KaHgujara y Ckjajy ca TPeHyTHUM TPEHAOM.




Ca nopactom 6poja ¥ PasHOBPCHOCTH AaIUIMKallHja, MOjaBibyjy c€ M HOBH M3a30Bu. W wmaxo cy
npobieMy  Kao INTO je y4Yeme U3 HaplIujaJHOr IOpefKa NpuMepa, MHIH  YHele U3
BHCOKOIMMEH3HOHAJHEX TTpuMepa Beh ocTa J06po NPOYYeHr M0jeANHAaYHO, KOMOUHALH]E BHIIE
TAKBHX OKOJIHOCTH JOII YBEK MpeAcTaBbajy M3a30B. OpUTMHAIHOCT TEMe KaHJuJarta ce Haja3H y
ajlpecuparby HPETXOAHO HEMpOyYaBaHMX KOMOMHALMja Kao INTO je mpobriem paHrpama Hall
TEMIIOpANHUM IIOALMMa y BHUCOKO[MMEH3HOHAIHUM aIllMKalijaMa, MM 1pobieM yuema
paHTHpama Haj TEMIOpAIHUM I[OjaliMa H3 BHINE IOBe3aHHX Ipobnema. Kammmpar je Te
npobieme GOpMATU30BA0 KAO JIHHEAPHE MOJENe ca perylapu3anujoM Ha 6asu (yHKIMOHAIHUX
HOPMH U KPHTEPHjyMCKOj (DYHKIHjH 3aCHOBAHO] Ha MakcuMmusanuju mapruue. [open npearama
HOBUX (hopMyJalja MoJeNa, KaHAuaT je NPYKHO ¥ CICLHjaIi30BaHe aIropuTMe 38 EPUKACHO

obyuaBame NPeYIKEHUX MOJETIA.

3.2, OcBpT HA pedhepenTHY M KopHImheHy JIuTepaTypy

Y 0BOj JOKTOPCKO] JAUCEPTAIHjH, aHAIM3UpAHA JHTeparypa je 0buMHa 1 peneantha. Hapeneno je
ykymHOo 92 Gubnuorpadeke pedepenie, n3 o61acTH KOHBEKCHE OINTUMM3AlMjE, CYNEPBU30BAHOT
yuerma i GHOMETHIMHCKOT JoMeHa. JInTeparypa ce IPEeTeXHO CacToj’ O PaloBa HOBUjET IaTyMa,
063upoM sia cy obpahupany Mpo6IeMH TOCHEAUIA CKOPHjer TEXHOJNOMKOT HAMpemKa Koju je
oMoryhHo mpHKyIIbame Mojaraka BETMKEe KONMYMHE M pasHoBpcHocTH. To mojarno motephyje
AKTYENHOCT TeMe W HCTpaxkuBama oOyxBaheHor oBoM jgokxTopckom TezoM. Crmcak yureparype
yKJByUYje U peieBaHTHE paJioBe Koje je KaHAWIaT NyOIMKoBao Kao ayTop M KOoayTop.

3.3. Onyc ¥ aIeKBaTHOCT IIPUMEIhe X HAYYHUX METONA

WcrpaxuBame v  OKBHpPY OBe JIOKTOpCKE —aucepraipje je 3acHosano Ha  cnenehum

CKCHNEPUMCHTAJIHNM, TCOPHUJCKUM M NIPaKTHYIHHM METOAaMa.

e Meroje 3a mnpeanpolecupame tmojaraka: (1) Marepnonanguja mojataka ca LHIBEM
nagoxHahupama Hemoctajyhmx nogaraka, (2) Hopmanusauuja (Mmm craHiapiusanuja)
rojaTaka TAako @ Ce MAaTHUTYAE IPOMEHJBUBHX JAOBEAY HA HCTH (YIOPEAUBH) pel
BENHHHHE.

e Meroze cynepsuzoBaHor yuema: |lapamerpu (JruneapHux) Mojesia ¢y oOy4aBaHu Tako na
ce MUHUMU3Yje oppelena kpureprjymMeka QyHKIHja Koja y3uMa y o631p MepeHe mnojiarie.

e Metoze cenexiyje penepanTHux obenexja: Ko BUCOKO AUMEH3MOHATHUX HpobieMa jaBha
ce ripobiieM cnabo peneBanTHUX obenexja Koju yMaibyjy TeHepanusaluone moryhuocTu
Moziesia. 300T Tora ce IPUMEILYjy TEXHUKe cellekije 0benexja, kaKo Ou ce 3ajpixana camo
ona ofeJe)ja 01 BUCOKOT 3Havaja.

e Metone perynapuzanuje: Jla 6u ce cnpedno (unm yonaxuo) npobriem npeodydaparba,
YyBOJE ce JIOJIaTHE MNpPEeTHOCTaBKe O BPEJHOCTHMA Ilapamerapa Kpo3 ICHATH30Batbe
OJICTYTakA OJI HOMHHATHAX KapakTepucTuka (Ha npuMep BpesHocTn Tpeba na Oyty Gimcke
HYJH ).

e MeroJyu KOHBEKCHE onTUMu3anuje: 3a obydaBamse mnapaMerapa (KOHBEKCHHX) MoJielia
KOpHCTE ce e)UKACHN AITOPUTMU Ca JaKHM rapaHiijamMa KBaluTeTa JoOOu|EHUX pelnerba.

e Meroau 3a Mepeme nepopmanc: 'eHepanuzanuone mMoryhnoctn oby4eHux mojena ce
MCIUTY]y Ha MPETXOJHO HEBHEHHM TecT NoJaluMa M Mepe CTaHAapAHHM MepaMa
TAYHOCTH NPEJUKITH}a ¥ OJIHOCY Ha I1PaBe BPETHOCTH.

e Crarucrnuke merone: CTaTHCTHUKE METONE CE IPHMEH:Y]Y 32 MCIHTHBAE 3HAYAjHOCTH
YUTH KOH3UCTEHTHOCTH JOOH]eHUX Pe3ynTara.
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3.4. 1lpuMeHLUBOCT OCTBAPEHUX pe3yJiTaTa

TIpeiosxeHs 00jeKTHBM 3a MOJIENUpam-e Cy IOrOJHH 3a IpobieMe y KOjuMa je Jakume JoOuTH
uHdopMaIyje o AeTIMHYHOM PENOCIIENY, HEro uJbHe jabene 3a Perpecujy Him Kiacupukanmjy.
[Toroguy IpEMEpPH Cy pPENEBAaHTHOCT JOOMjEHHX pesyiraTa lperpare Ha HHTEpHETY,
KOMIIETEHTHOCTH HEKOI KaHAW[aTa 3a [0CA0 WM 3JPAaBCTBEHOr CTama HEKOr MalyjeHta,
Temnopannu nojany u npobiaeMu ¢y Takolje CBENPHCYTHH U YECTO je BPJIO BAXKHO Ja alljiuKanuja
VKJ/bYYH BPEMEHCKH acleKT, Kao LITO je Ha NpHMep yjarame y Tpxumre akuuja. Ilpema towme,
BenuKH Opoj cuTyanuja MOXKE ce Ha BpIIO MPHKJIAJaH HaYyMH MOJEIHPATH Kao paHTHpame Hall
TeMITOpaTHUM rojamuma. Jlobap jieo TakBux ammmkanija takolje he mmaTu Benmky 6poj H3MEpeHux
obenexja, 3a Koje O¥ MPEIIOKEHH BUCOKOIHMEH3MOHATHE MOJieN 61o 1obap u3bop.

3.5. OueHa AJOCTHUTHYTHX C110COOHOCTH KaHIHMAaTa 338 CAMOCTAJIHY HaYYHH pajl

Kanpunar Mean CrojxoBuh je u3pajoM OBe JOKTOPCKE JucepTandje U MyOIMKalHjoM IPEKO
ABAJIECT HAYYHUX PaJOBA Y TOTIYHOCTH JEMOHCTPUPAO CIHOCOOHOCTH 3a CaMOCTallaH Hay4HO-
ucTpaxuBauky paj. Kaummmar je moka3ao CIOcOOHOCT npahema M pasyMeBama pelleBaHTHE H
aKTyeJlHE JUTepaType. YCNEIHO je HAeHTH(PHUKOBAO HENOCTaTKe JOCAJallibUX CTyAuja |
NPEVIOKUO  pElleha KojuMa ce [peBasmiiaze OrpaHHuema Iocrojehux mnpmeryma. Tema
JUCepTaIHje je BeoMa aKkTyellHa i MyJITHANCIUTUTHHAPHA, IPH YeMy Pe3ynTaTH AUcepTaluje uMajy
TIOTEHIW]al 3a NPAKTHYHE IpuMeHe. MeTojle HCTpakKuBama H TMPHCTYNIH Yy peanu3aldjd cy
peneBanTHH ¥ uHoBatHBHU. OCTBAPEHW NOTPUHOCH CY OPUTMHANHK W MOTBphyjy cnocobnocTH
KaHIUAaTa 3a CaMOCTAIHE HAYYHO-UCTPaKUBAUKK PaLl.

4. OCTBAPEHM HAYUYHHA JOIIPHUHOC

4.1, {lpukas ocTBapeHux Hay4YHuX JONPUHOCA

Hayunu joipunocu oBe JOKTopeKe aucepraije ¢y cneaehu:

e PasBujen je MaremMaTHYKu  MOJeNn 33 ydeme (QYHKUMOHAIHOI  Marmupatba 13
BHCKOUMEH3HOHATHIX TEMIIOpaIHUX ob3epBanmja W napudjaiHo nopehannx maposa no
LHHJbHO] BapHjadIu,

e PasBujen je MareMaTHUKH MOJEN 33 yUeHe (YHKIHOHAIHOT Mamupama W3 TeMITOopajHHX
o03epBaruja 1 naprjando mopehjanux napopa Mo WHIBHO] BapujabiK, 32 BUINE PA3TUUUTHX
(anu 3aBUCHUX) IpobIema.

e PasBujeH je ONTHMM3allMOHM alroputaM 3a oOydaBame HapaMerapa MyJTH-TPoOJieM
MOJIeJIa 33 TEMITOPAJTHO PaHTHpabe, 3aCHOBAH Ha IIPOKCUMATHUM aJIrOPUTMUMA

e Moyen je mpuMemeH Ha pobJieM poyyaBara TOJNEPaHInje Ha HHPEKIM)E KO JbYIH.

4.7, Kputnuka aganusa pe3yirara BcTpakuBambha

TTpeHOCTH NpeioKeHe METOJIONOTH]E ¢y MOTYIIHOCT yuerma 1 Y NpuiiKaMa Kaji TpoMEHILUBA O/
MHTEpeca HUje JOCTYIMHA 3a JupekTHO Mepewme Beh je Moryhe camo ymopeputn npumepe
mehycobom. Taxo ce oTBapa MoryhHocT 3a yuere ()YHKIHOHATHOT Malupara Koje MoCie MOXe Jia
Ce KOPUCTH Kao MEPHH MHCTPYMEHT 3a KBaHTH(MKALM]y HHTEH3UTETA IPOMEHIBLUBE OJI HHTEpeca,
INTO j€ MPaKTHYaH M YMCTO eMITHPH]CKH HAYHH YIIOTpebe NpeIoKeHe METOJOIIOTH]E.

Vnortpeba (yHKUpOHAIHMX HOPMH 3a perynapHsaiiijy Koje WHIYKY]y mnpopehenn Bexrop
napamerapa MoJena (Koja BHITEEMEH3HOHEe (opMmynaluje), MOKe Ja CIyXHM Kao MeToja 3a
ceseKnpjy oberexja Koja ¢y 3HaYajHO KOpenucana ca MPOMEHIBUBOM O MHTepeca. CeseKToBana
obeiexnja MOry Jia cyrepuiny J1ybsby 3aBUCHOCT ca UHIBAHOM BaprjabioM (ITOTEHIM]aIHO Y3POUHY ),
ITO 3aXTeRa Na/ha HCTPpAKMBaha (okycupana Ha cenexToBana obesexja. Tako na ce npejioxeHa
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METOJI0JIOTH]a MOXE KOPUCTUTH M ca TEOPHjCKe CTpaHe 3a IeHepHcarhe MOTEHITNjaTHUX XUIIOTE3a O
Be3ama naMely NpoMeHJbUBHX.

Jom jepma mpakTHYHA NpHMeHa IpeiokeHe (MynTH mpobiieM) METoNoJIoTHje je ymoTpeba y
CHTYyallijama KaJia [1ojeIHHAYHHE 3a/lalli UMajy IpeMajio IIpuMepa 3a 100py renepaiusanujy, rae ou
ce Kpo3 CHMYJITaHO o0ydaBam-e BUIIE MOJIeNIa HHIUPEKTHO Ojauyally 3ajelHUUKH (JieJbeHr) 00pa3iu
y nojanuma.

4.3. Bepuduxanpia HayIHUX JOOPUHOCA

Haywnu nompuHOCH TOKTOPCKE AUCEpTanHje ¢y Bepu(puKoBann cieaehumM pajoBuma:

Kareropuja M21:

L.

Stojkovic I., Obradovic Z.: Sparse Learning of the Disease Severity Score for High-Dimensional
Data,- Complexity, vol. 2017, Article ID 7120691, pp. 1-11, 2017. DOI:10.1155/2017/7120691
ISSN: 1099-0526 (online) (2016 impact factor 4.621) (9/63 Multidisciplinary Sciences; 2/100
Mathematics, Interdisciplinary Applications)

Stojkovic I., Ghalwash MF., Cao XH., Obradovic Z.: Effectiveness of Multiple Blood-Cleansing
Interventions in Sepsis, Characterized in Rats, - Scientific Reports, Vol. 6 (24719), pp. 1-11, Nature
Publishing Group, 2016. DOIL: 10.1038/srep24719 ISSN: 2045-2322 (online) (2016 impact factor
4.259) (10/63 in Multidisciplinary Sciences)

Cao XH., Stojkovic I., Obradovic Z.: A robust data scaling algorithm to improve classification
accuracies in biomedical data, - BMC Bioinformatics, Vol. 17 (359), pp. 1-10, BioMed Central,
2016. DOT: 10.1186/812859-016-1236-x ISSN:1471-2105 (online) (2016 impact factor 2.448) (10/57
in Mathematics & Computational Biology; 38/78 Biochemical Research Methods; 68/160
Biotechnology & Applied Microbiology)

Ghalwash MF., Cac XH., Stojkovic L., Obradovic Z.: Structured feature selection using coordinate
descent optimization, - BMC Bioinformatics, Vol. 17 (158), pp. 1-14, BioMed Central, 2016. DOL:
10.1186/s12859-016-0954-4ISSN:1471-2105 (online} (2016 impact factor 2.448) (10/57 in
Mathematics & Computational Biology; 38/78 Biochemical Research Methods; 68/160
Biotechnology & Applied Microbiology)

Kareropuja M33:

I

0.

Stojkovic 1., Ghalwash MF., Obradovic Z.:Ranking Based Multitask Learning of Scoring Functions,
- Proc. Buropean Conference on Machine Learning and Principles and Practice of Knowledge
Discovery in Databases, Skopje, Macedonia, September 2017

Paviovski M., Zhou F., Stojkovic 1., Kocarev 1j., Obradovic Z.:Adaptive Skip-Train Structured
Regression for Temporal Networks, - Proc. European Conference on Machine Learning and
Principles and Practice of Knowledge Discovery in Databases, Skopje, Macedonia, September 2017
Stojkovic 1., Jelisavcic V., Milutinovic V., Obradovic Z.:Fast sparse Gaussian Markov Random
Fields learning based on Cholesky factorization,- Proc. 26th International Joint Conference on
Artificial Intelligence (IICAI), Melbourne, Australia, August 2017

Stojkovic 1., Obradovic Z.:Predicting Sepsis Biomarker Progression under Therapy, -Proc. 30th
IEEE International Symposium on Computer-Based Medical Systems, Thessaloniki, Greece, June,
2017

Stojkovic 1., Jelisaveic V., Milutinovic V., Obradovic Z.: Distance Based Modeling of Interactions
in Structured Regression, - Proc. 25th International Joint Conference on Artificial Intelligence
HCAL-16, New York City, NY, USA, July 2016

Cao XH., Stejkovic 1., Obradovic Z.: Predicting sepsis severity from limited temporal observations,
-Proc. 17th Discovery Science, Bled, Slovenia, October 2014




S. BAKbYYAK W TIPEJJIOT

Ha ocHoBy ceera manoxenor, Komucnja cmatpa ja JokTopeka aucepraunja kanauaata Msana
Crojkosuha ucnyrapa cBe 3aKOHCKe, (POPMAHE M CYLITHHCKE YCIIOBE, KAO M CBE KpUTEPHjyMe KOju
ce yOOHUajeHO TPUMEHYjy TIPUIMKOM BPEJIHOBA:A JOKTOPCKE aucepranmje. ¥Ysumajyhu y o63up
HABCACHE HayuHE JIOMPHHOCE, Y KOHTEKCTY MPE/UIOKERHX METOJIA 33 PEryJapH30BaHO paHrHpame
Hajl  TEMNOpajHWM  NOJALMMa, HUXOBY TOKa3aHy HPUMEHJBMBOCT Yy  GUOMEIMIMHCKHM
anMKaLnjama, Kao 1 3pesiocT n criocoGHOCT KaHMATa 3a CAMOCTANAH HAYUHO HCTPAKHBAYKH pan,
Komuenja cmatpa pa sokropeka jauceprannja Mpana Crojkosiha CajpKi OpUTMHANHE HAaydHe
AonpuHoce y  obnacTiMa  MAlIMHCKOT  ydelha W anajinie 1104aTaka Yy OHOMEAHLMHCKUM
anvkadujama.  Crora  Komuenja ca  3a10BosbcTBOM  Tpefniaske  HacTaBHO-HayuHOM Behy
Enexrporextnukor daxynrera Vuusepsurera y beorpagy na ce AOKTOpcKa AucepTaumja mnoj
Hasupom "lIpumena (QyHKUMOHAIHNX HOPMH 33 peryfapusaumjy paHruparba Haj TeMmropaniHum
nojauuMa’ MpUXBATH, U3I0KK HA YBUL JABHOCTH M YIIYTH Ha KOMAUYHO ycBajaibe Bely Haydnux
0bJIaCTH TEXHUYKUX HayKa YHuBep3uTeTa y beorpany.
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University of Belgrade
School of Electrical Engineering

TO TEACHING-SCIENTIFIC COUNCIL

Subject: Report about completed doctoral dissertation of candidate Ivan Stojkovié

By the decision of Teaching-scientific council of the School of Electrical Engineering number

5056/11-3 from January, 25", 2018, we are selected as Committee members for examination,

evaluation and defense of doctoral dissertation of candidate Ivan Stojkovi¢ with the title
"Functional Norm Regularization for Margin-Based Ranking on Temporal Data"

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

REPORT

1. INTRODUCTION

I.1. Chronology of approval and dissertation work

lvan Stojkovié enrolled into doctoral program at School of Blectrical Engineering at University of
Belgrade in Spring semester of school 2011/2012 year.

The candidate has submitted the thesis topic with the working title ,,Structured approach to analysis of
complex biomedical systems and signals® to the Commission for the third-level studies at the School of
Electrical Engineering, University of Belgrade on June, 1%, 2017, and proposed prof. dr Branko
Kovadevié as a supervisor from the Belgrade University side. In accordance with the bilateral
program of doctoral studies between the University of Belgrade and Temple University in Philadelphia,
USA, supervisor from the Temple University side is prof. dr Zoran Obradovic.

Commission for the third-level studies considered the proposal of the thesis topic for dissertation
work on its meeting organized on June, 6" 2017 and forwarded the proposal of the Committee for
evaluation of the suitability of the thesis topic and candidate to the Teaching-scientific council.

Teaching-scientific council of the School of Electrical Engineering on its meeting organized on
June, 20% 2017 (decision number 5056/11-1 from June, 20" 2017) declared the Committee for
evaluation of the conditions and acceptance of the doctoral dissertation topic, composed from: prof.
dr Zeljko Purovié, (retired) prof. dr Mirjana Popovi¢ and assistant prof. dr Milo§ Vujisic.

On the meeting of Teaching-scientific council of the School of Electrical Engineering, organized on
November, 7 2017, the report of the Committee for evaluation of the conditions and acceptance of
the doctoral dissertation topic has been accepted (decision number 5056/11-2 from November, 7th
2017) under the new (changed) title ..Functional Norm Regularization for Margin-Based Ranking
on Temporal Data™.




Council of scientific areas of technical sciences of the University of Belgrade, on its meeting
organized on November, 27" 2017 gave the consent to the proposal of doctoral dissertation topic
with the title ,,Functional Norm Regularization for Margin-Based Ranking on Temporal Data®
(decision number 61206-4779/2-17).

The candidate has submitted the doctoral dissertation for examination and evaluation on December,
28" 2017.

Commission for the third-level studies, on its meeting organized on January, 10" 2018, has
confirmed the fulfillment of all the necessary conditions for proposal submission to the Teaching-
scientific council of the School of Electrical Engineering for forming the Committee for
examination and evaluation of doctoral dissertation.

Teaching-scientific council of the School of Electrical Engineering, on its meetings organized on
January, 25", 2018, declared the Committee for examination and evaluation of doctoral dissertation,
composed from: prof. dr Branko Kovagevi¢ (School of Electrical Engineering, University of
Belgrade), prof. dr Zeljko Purovié (School of Electrical Engineering, University of Belgrade), prof.
dr Zoran Obradovi¢ (College of Science and Technology, Temple University), prof. dr Slobodan
Vudeti¢ (College of Science and Technology, Temple University), associate professor dr Kai Zhang
(College of Science and Technology, Temple University), and prof. dr Carmen Sapienza (Lewis
Katz School of Medicine, Temple University), decision number 5056/11-3 from January 25M 2018,

Based on the decision of the Teaching-Scientific 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 is 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 expiration of the deadline for completion of doctoral studies, at the request of
the student, an extension of the deadline for completion of studies for two semesters was granted, in
accordance with the Statute of the University of Belgrade and the Statute of the Faculty of Electrical
Engineering.

1.2. Scientific areas of doctoral dissertation

The doctoral dissertation belongs to Technical sciences and research areas of machine learning and
data analytics, for which the School of Electrical Engineering, University of Belgrade and the
College of Science and Technology at Temple University are specialized.

Thesis supervisor from the School of Electrical Engineering, University of Belgrade, prof. dr
Branko Kovadevi¢ is full professor for scientific areas of signal processing and control systems.
Thesis supervisor from the College of Science and Technology, Temple University, prof. dr Zoran
Obradovié is full professor for scientific areas of computer science and information systems. Both
supervisors are authors of large number of scientific papers in the international journals.

1.3. Biographical data

Ivan Stojkovi¢ was born on April 11 th 1987. in Belgrade, municipality Savski Venac. He completed
his undergraduate studies at the School of Electrical Engineering, Department of Signals and
Systems, with an average grade of 8.31. He graduated in 2010, successfully defending his thesis on
the topic: "Simulator of the SCARA Configuration Robot", guided by Professor Veljko Potkonjak.
At the same department, he completed the Master studies in 2011, defending master thesis: "Control
and Navigation of Mobile Robots in an Unknown Environment” under supervision of Professor
Zeljko Purovié. He enrolled into doctoral studies in year 2011/2012 on the module for Control
systems and signal processing, and passed all the exams stipulated by the Curriculum and module
program with average grade of 10. From January 2012 to August 2014, he was employed as a
researcher at the Laboratory for Robotics at the Mihajlo Pupin Institute in Belgrade.
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Since February 2014, he has been engaged as a researcher at the Center for Data Analytics and
Biomedical Informatics at Temple University in Philadelphia, where he participated in projects
funded by the Defense Advanced Research Projects Agency (DARPA):

1. "Graph-theoretical Research on Algorithms and the Phenomenology of Social Networking
(GRAPHS)" AFOSR award number FA 9550-12-1-04006

2. "Dialysis-Like Therapeutics (DLT)" SSC Pacific grant No. 66001-11-1-4183

3. "Technologies for Host Resilience (THoR)" under Contract No. W911NF-16-C-0050

Within these projects he collaborated with renowned experts from prestigious institutions and
gained experience in the fields of machine learning, artificial intelligence and data analysis,
predominantly on applications from a biomedical domain.

In the fall of 2014, he enrolled in doctoral studies at the Department for Computer and Information
Sciences, at the College of Science and Technology, at Temple University. Doctoral studies of Ivan
Stojkovi¢ at Belgrade University and at Temple University are coordinated by a dual doctoral
studies agreement between the two universities.

In summer of 2017, he interned at Yahoo! Research Labs, on a position of Data Science intern,
where he worked on developing statistical models and analyzing heterogeneous data from multiple
sources, in order to identify the opportunities for the application of the recommender systems.

Ivan Stojkovi¢ is author or co-author of six journal papers, three chapters in monographic
collections and twelve papers presented at international and domestic conferences. Mentioned
articles deal with a wide range of problems ranging from ranking methods and probabilistic graphic
models, over therapy optimization and biomedical applications, to the control of mobile robots and
multiagent systems.

2. DESCRIPTION OF DISSERTATION

2.1. Dissertation content

Dissertation with the title “Functional Norm Regularization for Margin-Based Ranking on
Temporal Data” is written on 74 pages in English language, due to the bilateral doctoral program
with the College of Science and Technology at Temple University in Philadelphia. Dissertation is
organized in the following seven chapters: 1. Introduction; 2. Related Work; 3. Methodology:
Multi-task Formulation; 4. Methodology: High-dimensional Formulation; 5. Results: Multi-task
Framework: 6. Results: High-dimensional Framework 7. Conclusions. At the beginning of
dissertation, the Committee, the Abstracts in English and Serbian languages, Dedication,
Acknowledgement, List of acronyms and Contents are written. After the last chapter, there are two
Appendices: A) Respiratory Viral Infection Data, and B) Feature Selection Stability, followed by
the Bibliography of 92 references listed by the surname of the first author and Biography of the
candidate.

2.2. A brief of overview of thesis chapters

The introductory chapter consists of three parts. The first part describes the motivation for research
carried out in the thesis, as well as the subject and importance of the research. The research focus is
on automatic learning of functional mapping from observable features into the property of interest
which is latent (i.e. not easily observable). In such case when the target labels are not directly
available for training of parametric models, some other form of supervised information might be
used instead, like information on partial order among the examples (this patient appears healthier
than the other one). Importance of the described topic arises from its prevalence, as many of the
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interesting characteristics that one would like to quantify are essentially latent, like health,
intelligence, or risk of some investment. Contemporary methods to deal with such problem are
mentioned and their shortcomings are outlined.

In the second part of the introductory chapter, additional challenges arising from the data gathering
process are stressed out and approaches to address them are proposed and briefly discussed.

The third part of the introductory chapter provides the thesis structure and a brief description of
topics that will be discussed in the following chapters.

The second chapter presents the state of the art and describes the relevant studies in the context of
research conducted in the doctoral dissertation. A contemporary methods to scoring function
learning based on the classification, regression and ranking approaches are reviewed. Use of the
functional norm regularization to tackle high-dimensional and multitask problems are discussed too.
In addition, proximal algorithms are covered as a popular optimization tool for previously discussed
approaches.

The third chapter is a methodological chapter which describes the proposed Multi-task formulation
of the norm regularized ranking for the temporal data. Complete derivation of the model
formulation along with the custom optimization algorithm are detailed here.

The fourth chapter deals with the High-dimensional formulation of the norm regularized ranking for
the temporal data. The chapter present the derivation of the High-dimensional model with the
appropriate optimization algorithm for fitting its parameters based on the data.

The fifth chapter gives results from the empirical evaluation of the Multi-task ranking model. The
approach is evaluated on a synthetic data and in two real-world applications. One real application is
learning exam scores of elementary school pupils, while the objective of the second application is
learning the tolerance to respiratory viral infections in humans. The results suggests increased
prediction accuracy of the proposed approach over the alternatives that are trained on individual
tasks.

The sixth chapter describes the results from empirical evaluation of High-dimensional ranking
model. The model is first evaluated on a set of intuitive synthetic examples, where the advantages
of sparse framework over the non-sparse one are apparent. The results section continues with the
assessment on a real-life applications, a gene expression dataset of H3NZ2 viral infection responses
and gene expression data of (frog) tadpole bacterial infection. Efficacy, as well as the robustness of
the proposed method, are compared favorably against muitiple alternative methods.

In the last, seventh chapter, achieved scientific contributions and results are summarized and the
further research directions are proposed. In addition, two more Appendices chapters are provided
afterwards. First one is detailing the temporal human viral infection data used for evaluation of the
Multi-task method, and the second appendix giving additional details on feature selection stability
analysis of High-dimensional method.

3. DISSERTATION EVALUATION

3.1. Contermnporaneity and originality

An increase in the quantity and diversity of the collected and processed data, with aim of getting
useful insights, has led to the visible transformation of the industry in recent years. There are
increasingly many products and applications that are based on the use of machine learning
algorithms to extract patterns from collected data. Even in the academic sphere there is a similar
trend of increased interest in the development of machine learning algorithms, and the number of
new specialized conferences as well as the number of papers submitted at already established
conferences in the field, is growing. So the subject of the candidate’s thesis is well aligned with the
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With the increase in the number and diversity of applications, new challenges arise. And although
problems such as learning from the partially ordered examples, or learning from high-dimensional
cases have already been sufficiently well studied individually, combinations of several such
circumstances still pose a challenge. The originality of the candidate’s work is in addressing
previously uninvestigated combinations, such as the problem of ranking over temporal data in high-
dimensional applications, or the problem of learning ranking over temporal data from multiple
related problems. The candidate formalized these problems as linear model with regularization
based on functional norms and a criterion function based on the maximization of the margin. In
addition to proposing new model formulations, the candidate also provided specialized algorithms
for effective training of the proposed models.

3.2. Review of the used literature

In this doctoral dissertation, the analyzed literature is extensive and relevant. A total of 92
bibliographic references have been cited, from areas of convex optimization, supervised learning
and biomedical domain. The literature is mostly composed of the recent studies, given that
concerned problems are a result of the recent technological advances that enabled the collection of
data of large quantities and diversity. This fact additionally confirms the actuality of the topic and
research in this doctoral thesis. The list of literature includes papers related to the thesis research
that the candidate has published as an author or co-author.

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:

e Methods for data preprocessing: (1) Interpolation of data for the purpose of compensating
for missing data; (2) Normalization (or standardization) of data so that the magnitudes of the
variables are brought to the same (comparable) order of magnitude.

e Supervised Learning Methods: The parameters of (linear) models are trained to minimize a
particular criterion function that takes into account the measured data.

e Methods of selection of relevant features: In the case of highly dimensional problems, the
problem of poorly relevant features arises which diminish the generalization possibilities of
the model. Therefore, selection techniques are applied in order to retain only those features
of high importance.

e Regularization methods: In order to prevent (or mitigate) the problem of overfitting,
additional assumptions about parameter values are introduced by penalizing deviations from
nominal characteristics (for example, values should be close to zero).

o Convex optimization methods: Effective algorithms with strong guarantees on the quality of
the solutions obtained are used to train parameters of (convex) models.

e Performance Measurement Methods: The generalization abilities of the fitted models are
examined on previously unseen test data and are measured by standard measurements of the
accuracy of the predictions with respect to the true values.

e Statistical methods: Statistical methods are used to test the significance or consistency of the
obtained results.

3.4, Applicability of the dissertation results

The proposed modeling objectives are suited for problems where information about partial order is
easier to obtain than the regression or classification labels. Examples being relevance of the
retrieved results from web search, competence of some candidate for a job, or healthiness of some
patient. Temporal data and problems are also ubiquitous, and often if is vital for the application to




include the temporal aspect, like in making investments in stock market. Therefore, a number of
situations can be appropriately modeled as ranking on the temporal data. Many of such applications
will also have a huge number of measured features, for which the proposed high-dimensional
framework would be a good fit.

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

Candidate Ivan Stojkovi¢ has fully demonstrated the ability for independent scientific work by
completion of this doctoral dissertation and publication of more than twenty scientific papers. The
candidate demonstrated the ability to follow and understand the relevant and current literature. He
successfully identified the shortcomings of the previous studies, and proposed solutions that
overcome the limitations of existing approaches. The topic of the dissertation is very actual and
multidisciplinary, while the dissertation results have a potential for practical applications. Research
methods and developed approaches are relevant and innovative. 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 thesis are the following:

e Mathematical model was developed for learning functional mapping from high-dimensional
temporal observations and partially ordered pairs by the target variable.

e Mathematical model was developed for learning functional mapping from temporal
observations and partially ordered pairs by the target variable, for multiple distinct (but
dependent) problems.

e Optimization algorithm was developed for training the parameters of the multi-problem
model for temporal ranking, based on proximal algorithms

e The model was applied to the problem of studying tolerance to infection in humans.

4.2, Critical analysis of the research results

The advantages of the proposed methodology are the ability to learn even in cases when the variable
of interest is not available for direct measurement, but it is only possible to compare examples with
each other. This opens up the possibility of learning functional mapping, which can then be used as
a measuring instrument for quantifying intensity of variables of interest, which is a practical and
purely empirical way of using the proposed methodology.

The use of functional norms for regularization which induce a sparse vector of model parameters (in
a high-dimensional formulation) can serve as a method for selecting features that are significantly
correlated with a variable of interest. Selected features may suggest a deeper dependency on the
target variable (potentially causal), which requires further research focused on the selected features.
So the proposed methodology can also be used on the theoretical side, to generate prospective
hypotheses about the relationships between variables.

Another practical application of the proposed (multi-problem) methodology is the use in situations
where individual tasks have too few examples for a good generalization, whereby simultaneous

. -al models would indii A comITian {Q
ir auung) of several models would indir t;\,uy reinforce common \Dhaicd) data patterns.

6




4.3, Verification of scientific contributions

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

Category M21;

L.

Stojkovie 1., Obradovic Z.: Sparse Learning of the Disease Severity Score for High-Dimensional
Data,- Complexity, vol. 2017, Article ID 7120691, pp. 1-11, 2017. DOL10.1155/2017/7120691
ISSN: 1099-0526 (online) (2016 impact factor 4.621) (9/63 Multidisciplinary Sciences; 2/100
Mathematics, Interdisciplinary Applications)

Stojkovic 1., Ghalwash MF., Cao XH., Obradovic Z.: Effectiveness of Multiple Blood-Cleansing
Interventions in Sepsis, Characterized in Rats, - Scientific Reports, Vol. 6 (24719), pp. 1-11, Nature
Publishing Group, 2016. DOIL: 10.1038/srep24719 ISSN: 2045-2322 (online) (2016 impact factor
4.259) (10/63 in Multidisciplinary Sciences)

Cao XH., Stojkovic L., Obradovic Z.: A robust data scaling algorithm to improve classification
accuracies in biomedical data, - BMC Bioinformatics, Vol. 17 (359), pp. 1-10, BioMed Central,
2016. DOI: 10.1186/s12859-016-1236-x ISSN:1471-2105 (online) (2016 impact factor 2.448) (10/57
in Mathematics & Computational Biology; 38/78 Biochemical Research Methods; 68/160
Biotechnology & Applied Microbiology)

Ghalwash MF., Cao XH., Stojkevic I., Obradovic 7.: Structured feature selection using coordinate
descent optimization, - BMC Bioinformatics, Vol. 17 (158), pp. 1-14, BiocMed Central, 2016. DOL
10.1186/s12859-016-0954-4ISSN:1471-2105 (online) (2016 impact factor 2.448) (10/57 in
Mathematics & Computational Biology; 38/78 Biochemical Research Methods; 68/160
Biotechnology & Applied Microbiology)

Category M33:

6.

Stojkovic 1., Ghalwash MF ., Obradovic Z.:Ranking Based Multitask Learning of Scoring Functions,
- Proc. European Conference on Machine Learning and Principles and Practice of Knowledge
Discovery in Databases, Skopje, Macedoma, September 2017

Pavlovski M., Zhou F., Stojkevic 1., Kocarev 1,j., Obradovic Z.:Adaptive Skip-Train Structured
Regression for Temporal Networks, - Proc. European Conference on Machine Learning and
Principles and Practice of Knowledge Discovery in Databases, Skopje, Macedonia, September 2017
Stojkovic T., Jetisavcic V., Milutinovic V., Obradovic Z.:Fast sparse Gaussian Markov Random
Fields learning based on Cholesky factorization,~ Proc. 26th International Joint Conference on
Artificial Intelligence (IJCAI), Melbourne, Australia, August 2017

Stojkovie I., Obradovic Z.:Predicting Sepsis Biomarker Progression under Therapy, -Proc. 30th
IEEE International Symposium on Computer-Based Medical Systems, Thessaloniki, Greece, June,
2017

Stojkovic 1., Jelisaveic V., Milutinovic V., Obradovic Z.: Distance Based Modeling of Interactions
in Structured Regression, - Proc. 25th International Joint Conference on Artificial Intelligence
IJCAL-16, New York City, NY, USA, July 2016

Cao XH., Stojkovic 1., Obradovic Z.: Predicting sepsis severity from limited temporal observations,
-Proc. 17th Discovery Science, Bled, Slovenia, October 2014
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5. CONCLUSION AND PROPOSAL

Based on all the items mentioned above, the Committee considers that doctoral dissertation of the
candidate Ivan Stojkovi¢ fully meets all legal, formal and essential requirements, as well as all the
criteria that are usually applied when evaluating the doctoral dissertation. Taking into account
specified (expected and attained) scientific contributions, in the context of the proposed functional
norm regularized ranking approaches for temporal data, its applicability in biomedical domain, and
demonstrated ability of the doctoral candidate to conduct independent research, the Committee
considers that the dissertation of Ivan Stojkovi¢ contains original scientific contributions in the
fields of machine learning and data analysis in biomedical applications. Therefore, the Committee is
pleased to propose to the Teaching-Scientific Council of the Faculty of Electrical Engineering,
University of Belgrade to accept the doctoral dissertation entitled "Functional Norm Regularization
for Margin-Based Ranking on Temporal Data", put it on the public display and forward it for the
final acceptance to the Council of scientific areas of technical sciences of University of Belgrade.

Belgrade, February, 15t 2018.
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