Yuuepaurter y beorpay
EnexTpoTeXHHIKH (paKyaTeT

HACTABHO-HAYYHOM BERQY

Ipeamer: Pedepar o ypaleHoj noxropekoj qucepranyjy kanauaara Msana Crojxosuha

Onnyxom HacraBro-uayunor Beha 6p. 5056/11-3 on 25. janyapa 2018. rogune, IMEHOBAHU CMO 3a
ynanose Kommcwmje 3a mperiej, oueHy W oadpaHy JOKTOpCKe aucepTauuje kanpupara Vsana
Crojxoruha o HaCJIOBOM

"Mpuvena GyHKHHOHATHHX HOPMH 32 PEryJIapH3alMjy PAHrHpar-a HaJl TeMIIOpaJHHM

nmomamuma’’

ITocne mpernega JocraBibeHe Jjicepraiidje W JApyrux mnpaTehmx marepujana ¥ pasroBopa ca
kanpiaroM, Komucuja je caunnmia ciegehu

PEDEPAT

1. VBOJI

1.1. XpoHosioruia onoOpaBama 1 M3paje JUCcePTalnie

Mean Crojkosuh je ynucao pokropeke cryanje Ha Enexrporexnuuxom ®akynrery, Yuusepsurera y
Beorpaay v nponehinom cemectpy mikoscke 2011/12 ronune.

Kanauaar je TeMy AOKTOpCKe JUcepTalje Moj pajHUM HazsuBom .. CTPYKTYPUPaHW NPUCTYTT aHAJIM3u
KOMMJIEKCHUX OHOMEAMLUMHCKHX cucTeMa W curHana® npujasno Komucujn 3a cryauje tpeher crenena
na Enexrporexuuukom Gaxynrery, Yuupepsurera y beorpany, 01.06.2017. ropnne u 3a mentopa ca
Beorpaackor Yuusepsurera npeaioxuo npod. ap bpanka Kosauesuha., ¥V cinapy ca Gunarepainum
NpOrpamMoM JIOKTOPCKUX cryauja usmel)y Yhusepsurera y beorpagy m Temnie Yhupepsurera y
dunanendujn, CAJI, merrop ca crpane Temruie Yrusepsurera je npod. ip 3opan O6panosuh.

Komucnja 3a cryamje Tpeher creneHa pasmarpaia je, Ha cBOjoj ceqnuuu oapxano) 06.06.2017,
rofIUHe, OpeIyIor TEME 3a M3paiy JOKTOpCKe Jucepraluje u yimyTuna npeuior Komucuje o ouenu
nonobHoCcTH Teme ¥ KanauaaTa HactaBno-HayunoM Behy Ha ycBajame.

Hacrano-nayuno sehe EnexrporexHudkor (axynrera, Ha cBojoj cefHULM ofapxano) 20.06.2017.
rojune (6poj opnyke 5056/11-1 ox 20.06.2017), umenosano je Komucujy 3a oueny yciopa u
MpUXBaTalke TeMe JOKTOPCKE Jucepraiije y cacraBy: pejosuu rpogecop np Kemko Byposuh,
pefoBnu npodecop v nensuju ap Mupjana ITorosuh u noment ap Munom Byjucuh.

Ha cemuunm Hacrasno-nayunor peha Enexrporexsuwuxor d¢akynrera, oxpxanoj 07.11.2017.
rogune, yeBojen je wu3Beurraj Komucuje 3a OLEHY YCJoBa M NIPHXBATame TeME JOKTOPCKE

jqucepraije (0poj omyke 5056/11-2 on 07.11.2017) nmojx HOBHM (H3MEHEHUM) HACJIOBOM

Mﬂp‘mmena (l)yHKILH()H&J!HHX HOPMH 3a peryiapusaiiuly pasrvipama Ha/l TEMIIOpallHiuM quamma“i




Behe Hayunmx obnacty TeXHUUKHX Hayka YHuBep3utera y beorpamy je na cequuiu ox 27.11.2017.
TOJMHE [AJI0 CAracHOCT Ha HpEe;Jior TeMe JIOKTOpCKe jucepTaldje 1ol HacnosoM ,llpumena
(QYHKLIMOHAMHEX HOPMM 3a peryiapusailjy paHrHpama Hal TeMIopaqHuM mojanmma‘ (6poj
omtyke 61206-4779/2-17).

Kangpzaar je npemao JOKTOPCKY JucepTalyjy Ha nperiie] u oueny 28.12.2017. rogune.

Kowmucuja 3a cryamje Tpeher cremena mOTBpAMIA je Ha CBOjoj ceiHULM oxapxanoj 10.01.2018.
TOJMHE KCIOYHBEHOCT HOTpeOHHMX YyeloBa 3a MOAHOINeHme npemiora Hacrasmo-mayunom Behy
Enexrporexuuukor (akysrrera 3a QopMmupame Kommcuje 3a mpersies H OIEHY JOKTOPCKe
JIcepTaryje.

HacraBHo-Hayuno Behe @axynrera je Ha cBojoj cemumuu, ozapxanoj 25.01.2018. rommme
yMeHOoBano KoMUCH]y 3a IIperye 1 OleHy JOKTOPCKe AUCEpTaLyje y cacTaBy: PEJoBHH mpodecop
np Bpanxo Kopawepuh (Enexrporexnwukn (akysnrer), penoBuu mpodecop ap Kessxo Hyposuh
(EnexTpoTexHuuky (paxyntet), penosuu npodecop ap 3opan O6pamosuh (College of Science and
Technology, Temple University), peaosuu npodecop ap Cinobonan Byderuh (College of Science
and Technology, Temple University), Banpearn npogecop Kai Zhang (College of Science and
Technology, Temple University), u penosuu mpodecop ap Carmen Sapienza (Lewis Katz School of
Medicine, Temple University), 6poj outyke 5056/11-3 ox 25.01.2018. rogune.

Ha ocnoBy omnyke Hacrasno—nayunor seha 6p. 545/2 on 13.03.2012. rogune, CTyaujcku nporpam
je 3amoueo y mponehfinoM cemectpy mmkoncke 2011/2012, nma ce pok 3a 3aBpiieTaK JOKTOPCKUX
aKaZIeMCKHMX CTy[auja padyHa oOJi TO4YeTKa TOT cemecTpa, carnacHo CraTyTy YHHBep3urtera y
Beorpajy u Craryry Enexrporexnuukor ¢axynrera. Ilo mcTeky 3aKOHCKOT poKa 3a 3aBpIICTaK
JTOKTOPCKMX CTY/M|a, HA 3aXTEB CTYIEHTa, 0JI0BPEHO je NPoJy)Kerhe PoKa 3a 3aBplieTak CTy/uja 3a
JBa cemectpa, caracio Craryry Yumeepsutera y beorpapy m Craryry EnexTporexHHuKor
(daxynrera.

1.2. Hayana obract gucepraiiyje

JloxTopcka AncepTaiuja TIpUNajia TeXHHUKUM HayKaMma H Y)KHM HayuHHM o0yacTuMa MaiimHCKoT
yuer-a 1 anajuse rojiataka, 3a xoje cy Enexrpotexuuuxn paxynrer Yuusepsurera y beorpany u
Konei 3a Hayky u Texnonorujy, Temnue Y HuBepsnTeTa MATHYHU.

MenTop AokTopckor paaa ca Eiexrporexuuukor akynrera YHuBepsurera y beorpaiy, npog. ap
Bpanko Kopauenul je uzabpan y 3Bare peloBHOT npodecopa 3a Hayune obnacru 00paje curnasa
¥ ymopajbama cuctemuma. Ilpod. ngp 3opan O6paposmh, mentop ca Komeya 3a Hayky u
Texnonorujy, Temnne Yuupepsurera y Gunagenduju je m3abpan y 3pame peloBHOT npodecopa 3a
HayuHe obNacTH KOMIjyTepckux Hayka u uH(popmaimonux cucrema. Oba menTopa cy ayTopu
BEJHKOT OPOja HAYYHHX PajioBa Y HCTAKHYTHM Mel)yHapOJHHM YacOIucHMa.

1.3. buorpadcku nojanm 0 KaHaunaTy

Mean Crojxosuh je pohen 11.04.1987. romune y beorpamy, ommruna Cascku senan. OcHoBHe
cryauje je 3appuimo Ha Enexrporexunuxom (pakyntery, cmep Curnanu u CacremMn, ca mpoceuHoM
onenom 8.31. Jlmnmomupao 2010. rojune, ycnemHo oAOpaHHBIIM JUIUIOMCKH paji Ha TeMy:
”Cumynarop pobora SCARA xondpurypamuje” xox mnpodecopa Bemxa llotkomaxa. Macrtep
cryamje je 3aBpuo Ha ucrom cmepy 2011., onOpanusiin Macrep paj: “Yrpapibaibe U HaBUTalKja
MOOWIHUX poboTa y HemosHatom OKpyxemy” xon npodecopa XKesska DByposuha. Jloxropeke
cryamje je ynucao 2011/2012. ropune na Mozmyny Yrpasihame cuctemuma B obpaja curxana, u
nonoxkuo je cpe menurte npeapuhene HacTaBHUM mianoM M IporpaMoM MoOjyJia ca NpocedHOM
onenom 10. Oy janyapa 2012. no aBrycra 2014. ropune je OMO 3amocneH Kao MCTpaxxuBay y

Jlaboparopuju 3a pobortuky, rps Muctutyry Muxajo Ilynun y beorpany.




On debpyapa 2014, ropune aHraxxoBaH je kao wcrpaxuBad y llentpy 3a Amammusy llomaraxka u
buomeauuncky MudopMaruky na Temmne Yuupepsurtery y Ounagen(uju, TAe je y4eCTBOBAO Ha
npojextuma (puHaHcuparum of ctpare Defense Advanced Research Projects Agency (DARPA):

1. “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

V oxBupy THX TpojekaTa je capaluBao ca PEHOMHpPaHMM CTpydYrballiMa U3 MPECTHKHUX
MHCTHTYIM]ja H CTEKAO MCKYCTBO pajia y 00NacTiMa MAIIHHCKOr y4emha, BEITauke HHTETHTEHIHje
1 aHaIM3e MojJaTaKa, MPeTeiHo Ha aruTaKanyjaMa 13 OMOMEIULIHCKOT JOMEHA.

V jecemem cemectpy 2014. ropuHe ynucyje noxropeke cryauje Ha Oncexy 3a Pauynapcke Hayke u
Undopmatuky, npu Koseny 3a Hayky u Texnosnorujy, Ha Temmn Ymnmepsurery. Jlokropcke
cryauje Mpama CrojkoBuha na Beorpagckom VYrusepsuteTy u Ha Temiuie YHuBep3uTtery cy
KOOPJMHHUCAHE YTOBOPOM O IYaTHHM JIOKTOPCKHM CTY/AUjaMa U3Mely /IBa yHHBEpP3HTETA.

Jlera 2017. ropume je noxahao npaxcy y Yahoo! Research Labs, ma mosummjm Data Science
NpaKkTHKaHTa, IJIE je pajuo Ha pa3BHjarby CTAaTUCTUUKHX MOJeJa M aHaIu3y XeTEePOreHHX
IIOJlaTKaKa ca BHINE H3BOpa, y IWbY HACHTH(UKAIMje NPHINKa 3a AIUIMKaUW)y pPEKOMEHIEp
cucTeMa.

Usan CrojkoBuh je Ko-ayTop HIECT KYPHAJICKHX pazoBa, TPH TOIIaBba y MOHOrpadckum
36UpKaMa M JIBAHAECT pafoBa Npe3eHToBaHuX Ha MeljyHapomHuMm u gomahum KoHdepeHmujama.
[Tomenytn pagoBu ce 0aBe HIMPOKMM CIIEKTPOM MpoOIEMa, Ol METOJa paHTHpama U
npobabuAMCTHUKNX rpaduuKkuX MOJeNna, NPeKo OITHMM3aluje Tepanuje ¥ OHOMEIHTIHHCKUX
arTHKaIja, na Jio yipapsbama MOOWIHEM poOOTHMA ¥ MYJITHAIEHT CHCTEMUMA.

2. ONMUC JUCEPTAIUJE

2.1. Canapxaj pucepraiiuie

Jucepranuja nop nacnopoM “TlpumMena QyHKIMOHANIENX HOPME 3a PETyNapu3anujy paHruparba
HAJL TEMIIOPATHUM NojaiuMa’ Hafkcana je Ha 74 cTpaHe Ha eHITeckoM je3uKy. 3001 bunareparHor
noxtopekor mporpama ca Konenom 3a Hayky u Texuonorwjy, Temmne VYuupepsurera y
®unapenduju. Jucepraimja je opranusorana y crnenehmx cejam nornaema: . YBox, 2.
PeneranTHe cryauje; 3. Merononoruja: Mymnrr-nipobiiem QopMynamuja; 4. Metononoruja:
Bucoxo-nuMensuona Gpopmynanuja; 5. EMnupujcka esanyauuja: Myntu-npobiem popmynanuja; 6.
Emnupujcka esanyanuja: Bucoko-pumensuona Qopmynanmja, 7. 3akbydak. Ha mouerky
nucepranuje gatu cy CacraB kommcuje, PesuMe Ha SHIJIECKOM, W Ha cpHckom jesuky, Hocsera,
BaxBanuuua, Jlucra axponmma u Caupicaj. Mza nocneuser noryiasba gata cy asa Jlonaraka A)
[Tomanm 3a Pecrmuparopue Bupycue Wugexunje, ' b) Ananmuza Cradunnocru CelleKTOBaHHX
O6enexja, npahena cnuckoM xopuinhiene nurepatype ca 92 pedepenie HapesieHe 10 abeneHoM
pezociieny npesrmMena npBux ayropa u buorpaduja kanaunara.

2.2. Kparax nmpukas nojeJuHavuHuy IoTJIaBha

YBOJIHO HOTTABIBE CACTOJM ce ol Tpu aena. [IpBu eo onucyje MOTHBAIM]Y HCTPaKUBamka Koja ce
CHIPOBOJE y Te3d, Kao M NpPEeAMET W BAXHOCT HCTpaxkuBama. Doxyc ucTpaxusama je Ha
ayTOMATCKOM yderby (PyHKLHOHAIHOT MaIupama 13 003epBabHIHNX 0coOMHA Y HUBHY OCOOMHY
OJl MHTepeca Koja je JlaTentia (Tj. Huje naKo MepsbuBa). Y TaKBOM cilydajy Kaja lu/bHe nabere
HMCY JIMPEKTHO MOCTYNHE 33 00yKy TapamMerapcKuX MOJIENa, MOXE Ce KOPHCTUTH HEKH APYrH
obnHK cynepBu3oBanyx nH(popMmanija, Kao mro je nHpopMaiuja o AeTuMUIHOM pepocreny mehy
nprMeprMa (jefan naiMjenT uarnea 3pasije o/ Apyror). Baxnoct onrcane TemMe Nponsuia3i u3
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I>EIOBE PACHPOCTPAEEHOCTH, TIOINTO MHOT'e KAPAaKTEPUCTHKE Ofi HHTepeca (Koje 61 HEeKo yeneo Ja
H3MEpH) Cy CYIITHHCKH JIATEHTHE, Ko MITO CYy 3/PaBJbe, HHTEIMICHIIM]a WM PU3HK HEKOT yllarama.
CriomMeHyTe Cy CaBpeMEHE METOJe 3a pPeIlaBame TAaKBOI NMpobieMa ¥ HaBEACHH CY MHHXOBH
HEJOCTAIIH.

V ApyroM fieiy yBOAHOT IMOTJIABJba HCTAKHYTH CY JOJATHM M3a30BH KOjU NPOM3HMIIA3e U3 NPOLEca
IPHKYIUbama MoJaTaka, a HaulHY 33 BUX0BO PENIaBak-e Cy MPEeUIOKEHN U YKPATKO pasMaTpaHy.
Tpehu neo yBOAHOr HOIJIaB/ba MpHUKa3yje CTPYKTYpy Tese M KpaTak omMc Tema o Kojuma he ce
JIMCKYTOBATH Y HapeHUM IIOTTIaBJbUMA.

JIpyro mornapsbe NPENCTaBIba CABPEMEHE TEXHHKE H OINCYje PEeleBAaHTHE CTyAuje y KOHTEKCTY
MCTPaXXUBamba CIPOBEJEHUX Y JOKTOPCKoj mucepranuju. Ilperyenane cy caBpeMeHe METOJE 3a
yyeme (YHKIMja OLEHMBAKa 3acHOBAHE Ha KIAcH(HKAUMjH, PErPecHjd W  PaHTHPAEbY.
JluckyroBano je u kopumheme (QYHKUHOHAIHMX HOPMH 33  pEryJapu3auyjy — BHIIC-
IMMEH3HOHANHAX U MynTH-npobiema. [lopes Tora, MpoxCHMAIHH aJrOPUTMHU Cy NOKPUBEHH Kao
IIOTIYJIapPHH AJIaT 38 ONTHMH3ALH]y IIPETXOMHO JUCKYTOBAHUX MPUCTYIIA.

Tpefie mornab/be je METOJONOMKO IIOTIAB/bE Koje OmHCyje Npeaioneny Myirn-npobiem
QopMYyTalKjy peryIaph3oBaHOr paHrHpama 3a Temmopanae nozpatke. KommneTHo wnssoberme
dopmynanuje MozieNna 3ajeHo ca IpuIarojeHuM aaropuTMOM ONITUMHU3ANHK]E CY NETabHO OMHCAHe
y OBOM TIOTJIaBJBY.

UYeTBpTO IMOMIAB/hE Cce 0aBU BHCOKO-JUMEH3HOHANHOM (hOPMYNAMjOM . peryjapu3oBaHor
paHrUpara 3a Temmopanue nojarke. [lornasibe npejcTaB/ba U3BONEme BUCOKO-AUMEH3HOHAIHOT
MoJIeNa ca ofroBapajyhum ajiroputMom onTHMH3aLHje 3a TIpuUiarohasame HETOBUX napamerapa Ha
OCHOBY M3MEPEHHX N0J1aTaKa.

[lero mormaBbe jaje pesynrate emrnupujcke nporieHe Mysru-npobrem monena. Hpueryn je
eBaTyHpaH Ha CHHTETHYKMM TOJAluMa ¥ Ha JBe peaiHe ariukanuje. Jejina annmKaiuja je yuche
OIleHa W3 UCIIHTA YYEHHKA OCHOBHHX MIKONA, 0K j€ IHJb APYyre allMKaije YUere ToNepaHiije Ha
pecimpatopHe BHpycHe uH(eKUmje KO Jbyau. Pesymratm cyrepuuiry nosehany tauHOCT
ripeBilama MPEIOKEHOT MPICTyNa Haj| allTepHaTHBaMa Koje cy obyyapane Ha NOjeJMHAYHUM
3a1aIMa.

IllecTo moIiaBJbe ONMCYje pe3yiTare eMIUPH|CKE IpPOoieHe Mojela BHCOKO-JAUMEH3HOHAIHOr
panTupama. Mojiell ce 1pBO MpOoHemyje Ha CeTy MHTYHUTUBHHX CHHTETHYKMX TIpHUMEpa, e Cy
ourrnenHe npeanocty “nipopehennx” mMozena y oyHocy Ha “rycre”. Onesbak pesyynrara HacraBiba
ca TIPOLIEHOM Ha peajHuM arumKaiyijama, Ha IOJaniMa o excnpecujn rema kon X3H2 supyche
pH(EKUMje Ko JbYAM, M Ha HOJalMa O eKCIpecHjd TreHa myHornasala (kada) HIPUIIMKOM
Gaxtepujcke maexunje. Ipumehena je ynampeheHa TauHOCT, Kao M poOYCHOCT MPEUIOKEHOT
METO/1a, Y OJIHOCY Ha alITepHATHBHE METOJE.

Y HoCHembeM, CeIMOM 0TTIaB/by, KOMEHTapHUCAH je HAY9HH JI0IIPUHOC, PE3YJITATH CY CYMHPaHU U
NPy Ce Jjalbil TPABLM HCTpaxuBarba. Ilopes Tora, y HacTaBKy Cy AaTa joll JBa HOIVaBiha
Jlopataxa. TIpBu ommcyje TemropanHe IOJATKe O JbYICKO) BHPYCHO] HHpEKLMU, KOJH CYy
xopuithern 3a npoueny Mynru-npobiem Mertone, a apyru [opartaxk jaje jojatHe jgerane o
aHaJIM3¥U cTabWIHOCTH ofabupa obenexja Ko BUCOKO-IUMMEH3HOHAIHE METOJIE.

3. ONEHA JIMCEPTAINMJIE

3.1. CaBppeMeHOCT U OPUIHHATHOCT

[lopacT xonuupHe M PasHOBPCHOCTH NoJataka KOjH ce cakymsbajy m obpalyyjy pamm crunarma
KOPHCHOT YBHJA, j€ 3a/(IbUX TOIMHA JI0BEO 10 BHIbHBE Tpanchopmanuje nuaycrpuje. Ce je Bamme
IIpOM3BOJIA M alIMKaKja Koje ¢y 3acHOBaHE HAa KOpumhemy aqropuTama MalHHCKOT yuera 32
y3Biiauer-e 06pasaia U3 NPUKYNJLeHuX rnojataka. Y y akagemMckoj cepy je BUIJbUB CIHYUaH TPEHA
noBehasor uuTepeca 3a  pasBoj ajropuTaMa MaLIMHCKOr ydema, pacte ¥ Opoj HOBHX
crietmjanizopanix  koHdepennuja kao u 6poj pamoBa na Beh yTBphennm Koudepeniyjama y

obmacrr. Tako jia je i TeMa KaHau1ara y CKnaxy ca TpeHYTHUM TPEHAOM.




Ca nopacroM 6poja ¥ pasHOBPCHOCTH alUIMKAallMja, 110jaBibyjy ce U HOBM HM3a30BH. M maxo cy
npobieMH Kao IITO je Yy4Yeme U3 NapUujadHor TOopelka IpHMepa, WM ydYeme U3
BHCOKOMMEH3MOHANHMX ITpuMepa Beh mocta j1o06po MpoydeHH IojeTHHAYHO, KOMOUHALH]E BHIIE
TAKBUX OKOJHOCTH JOII YBEK MpeNCTaBibajy n3a30B. OpUrHHAIHOCT TeMe KaHIM[aTa ce Hajaasu y
aJpecupary HPETXOMHO HENPOyUYaBaHUX KOMOHMHAIMja Kao INTO je MpoOJieM paHrpama Hal
TEMIIOPAHAM TI0JallAMa Y BHCOKOJMMEH3WOHATHHM allIMKaldjamMa, HiIM [poOJieM yderba
paHTHWpama HaJ TeMIOpaJHUM IOflalliMa W3 BHIE TNOBe3aHMX mnpobnema. Kampupar je te
npobiieme (POpMaATH30BA0 KAO JIHHEAPHE MOJIENe ca peryiaapu3alijoM Ha 0asu (YHKIMOHATHHX
HOPMHM M KPUTEPHjYMCKO] (DYHKITHjU 3aCHOBAHO] Ha MakcHMHM3aluju maprure. Ilopen npemnarama
HoBUX (opMyJIalnja MOJENa, KaHAWAAT je TPYKHO M CIIENHjalu30BaHe anropuTMe 3a e(HKacHo
o0y4aBame MpeUI0KEeHNX MOJIENa.

3.2. OcBpT Ha pedepenTHy U KopHuitheny JUTEPATYPY

VY 0B0j JOKTOPCKO] JMCEpPTaLMjH, aHATH3UpaHa TUTepaTypa je obuMHa U peneBanTHa. Haseneno je
ykymHo 92 6ubnnorpadceke pedepeniie, u3 o6JacTH KOHBEKCHE ONTHMM3ALMje, CYNEPBH30BAHOT
yuema u OHOMEHIMHCKOr qoMera. Jlutepatypa ce IpeTexHo cacToju Of PajloBa HOBHjEr JaTyMa,
063upoM na cy oOpaljuBaHu IpobieMH MOCIEANIA CKOPHjer TEXHOJIOMIKOT HampeaKa KojH je
oMoryhuo mpuKymsbame IoJaTaka Beluke KOJMUUYuMHE W pasHOBpcHOCTH. To momatHO motsphyje
aKTYeJIHOCT TeMe W HCTpakuBama obyxBahieHOr OBOM JOKTOpCKOM Te3oM. CHHCak JuTepaType
YKJbYUYje U peJIeBaHTHE pajIoBe Koje je KaHauaaT MyoiIuKoBao Kao ayTop UM KOayTop.

3.3. Onuc ¥ aJleKBATHOCT IPUMEHLCHUX HAYYHUX METOAA

WcTpaxupame y OKBHPY OBe JIOKTOPCKE JHcepraindje je 3acHoBaHo Ha  ciejehum
EKCIIePUMEHTAIHUM, TEOPUJCKUM U MPaKTHYHHAM METoJama:

e Merojge 3a npeampoliecupare rofaraka: (1) MueTepmonanmja nojaraka ca LUTbEM
najokHaluBama nepocrajyhux noparaka; (2) Hopmamusanmja (mim craHpapausaiija)
nojaraka Tako Ja Ce MarHUTYAe NPOMEHJbUBHX JOBEAY Ha HCTH (YIIOPEIUBH) pEX
BEJIHUWHE.

e Meroje cynmepBu3oBaHor yuerwa: [lapamerpu (TuHeapHUX) Mojelia ¢y 00y4aBaHM Tako Ja
ce MUHUMHA3Yje oapeliena kpuTepujyMmcka (yHKIH]a Koja y3uMa y 003Up MepeHe moJaTke.

e  Meroze cenexuuje peneBanTHEX obenexja: Kol BHCOKO TUMEH3MOHANHUX 11pobiemMa jaBiba
ce mpobaem cnabo penesanTHHX obefiexja KOji yMamyjy reHepanusanuoHe moryhuoctn
Mozena. 360r Tora ce pUMERY]y TeXHUKE celleknuje obenexja, Kako Ou ce 3apana camo
oHa o0esiexja 0Ji BUCOKOT 3Ha4aja.

e Merone perynapusanuje: Jla Ou ce cnpeuno (win yOonaxuo) npobnem npeoOydanama,
YyBOJIC C€ JI0JlaTHE TPETIOCTaBKe © BPEJHOCTUMA Iapamerapa Kpo3 I1EHaJIM30Barbe
OZICTYIAMmka OJl HOMHHAIHIX KapakTepucTrika (Ha IpUMep BpeJHocT Tpeba na bymy bmucke
HYJIN).

e Meromu xouBexcHe onTMu3anuje: 3a obydyaBame napamerapa (KOHBEKCHMX) MOAENA
KopucTe ce epUKACHY AJITOPUTMH ca jakuM rapaHliijamMa KBaauTeTa JoOUjeHuX pentensa.

e Meronu 3a mepeme nepdopmancu: 'enepannzannone moryhnoctu oOydeHux mozena ce
UCIIUTY]Y Ha TIPETXOJHO HeBuheHMM TecT HojauuMa M Mepe CTaHiapIHuM Mepama
TAYHOCTH MPEUKIN]a Y OJHOCY HA NPaBe BPEAHOCTH.

e Crarucrruke Mertone: CTaTMCTHUKE METOJe ce TMPHMERhY]y 33 MCTIHTHBALE 3HAUYajHOCTH
MM KOH3UCTEHTHOCTH JOOH]EHUX pesyJitaTa.
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3.4, [lpuMeHJBMBOCT OCTBAPEHUX PE3YIITATA

[pennoxenu 0OjeKTHBH 3a MOJEIHMpame Cy MOTOJHH 3a IpobieMe y KojuMma je JIakie JOOUTH
nadopMangje 0 AeTUMHYHOM PeOCiey, Hero IujbHe jtabelie 3a perpecrjy WiH KIacu(puKarujy.
[Toroman mpuMepud Cy PENeBaHTHOCT JOOWjEHHX pesysTaTa MHpeTpare Ha HHTEPHETY,
KOMIIETEHTHOCTH HEKOI KaHAuzara 3a TI10Ca0 WM 3ApPaBCTBEHOT CTama HEKOr TalMjeHTa.
Temnopannu mogamy U npoOiaeMu ¢y Takolje CBENPHCYTHH W HECTO je BPJIO BAXXHO Ja alljIAKalyja
YKJbYYH BPEMEHCKH acHeKT, Kao I[TO je Ha NMpuUMep yJarame y TpxumTe aknyja. llpema Tome,
Besuke 6poj cuTyampja MOXKe ce Ha BPJIO NMPUKJIaJaH HAaYWH MOJAEIHpAaTH Kao paHTHparme Haj
TEMITOPAJIHUM rojanuMa. Jlobap jieo Taksux arunkaiuja Takohe he nvatu Bemuky 6poj M3MEpeHHX
obenexja, 3a Koje OW IPeUTOXEHH BHCOKOMMEH3UOHATHHA MoJien 6uo nobap uzbop.

3.5. OIICHa JOCTUTHYTHUX CIIocOOHOCTH KaHIUAATa 3a CaMOCTaJIHW HaY4YHU pal

Kanmumar Wsan CrojkoBuh je M3pajioM OBE JOKTOPCKE HCEpTallHje W IIYOIMKALUjOM IIPEKO
NBAIECT HAYYHHUX PajioBa Yy TOTIIYHOCTH AEMOHCTPUPAO CIIOCOOHOCTH 3a CaMOCTajlaH Hay4HO-
ucrpaxkuBauky pan. Kanaumar je mokasao criocoOHOCT mpahema M pa3yMeBama pPEJIEBAHTHE H
aKTyelHe JuTeparype. YCIenHo je HAeHTHYHKOBAO HEAOCTAaTKe NOCafalllbUX CTyAdja H
IPEUIOKHO  peIleha KOjUMa ce TpeBasmiaze orpaHmuema nocrojehmx mpucryna. Tema
JIECEpTaIije je BeOMa aKTyellHa U MYJITHANCIUIDIHHAPHA, IIPH YeMy pe3yNTaTH JycepTalnje umMajy
IOTEHIUja 3a MpaKkTHYHe TpHMeHe. MeTojie HCTpaKuBama W TPHCTYIH Yy pealu3alpju cy
penesanTHY ¥ uHoBaTHBHH. OCTBapeHH JOMPUHOCH CY OPHIMHAIHH ¥ MOTBphYjy cmocoOHOCTH
KaHJU/IaTa 33 CaMOCTAHE HAYHYHO-HCTPKUBAUKH Pajl.

4. OCTBAPEHH HAYYHHA JOIIPUHOC

4.1. ITpmkas ocTBapenyx HayYHUX JOIPHHOCA

Hayunu ponprHocy oBe JOKTOpCeKe jucepranuje cy cnenehu:

e PasBujeH je MareMaTH4YK{ MOJENl 32 yuermhe (YHKIHOHAJIHOI  Manupama U3
BUCKOJUMEH3HOHAITHHX TEeMTIOpaHAX ob3epBaivja 1 napuujanHo nopehaHux maposa 1o
HHUJLHO) Bapujabim.

e PasBujer je MaTeMaTHUKM MOJEN 33 y4eihe (PYHKLMOHAIHOI Malupama U3 TeMIOpajHHX
ob3epBanija 1 napuujaiHo nopehaHux napoBa 1o LKMJ/BHO] Bapujadiu, 38 BUILE Pa3IHUUTHX
(anmu 3aBHCHUX ) IpoOIEMa.

e PasBujeH je ONTHMH3AIMOHM alNroputaM 3a oOydaBame HapaMerapa MYyITH-TPoOIem
MOJIEJIA 32 TEMITOPATHO PAHTUPAhE, 3aCHOBAH Ha MPOKCHMATTHUM aJlrOpATMUMA

e  Mojien je npuMerbet Ha IpobJieM IpoyJaBarma TolepaHiiyje Ha HHPEKIHje KO JbYIH.

4.2. KpuTruka aHajiu3a pe3yaTaTa HCTPaKUBambha

Ipeanoctu npeioxeHe METOJIONOTH]e ¢y MOIYRHOCT yuemwa 1 y npriiMKamMa KaJl IPOMEHJLUBA OJ
WHTEpeca HUje JOCTYITHA 3a JUpeKTHO Mepeme Beh je moryhe camo ymopeauru npumepe
mehycobom. Tako ce orBapa MOTYRHOCT 32 yuere (pYHKIMOHAIHOT MalMpama Koje nocae MoxKe Ja
ce KOPHCTH KAao MEPHH MHCTPYMEHT 3a KBaHTH(UKALH]y HHTEH3UTETa MPOMEHIBbUBE OJI MHTEpeca,
IITO je TPaKTHYaH ¥ YHCTO EMITHPH]CKHA HAYMH yHOTpeOe MpeioIKeHE METOI0NIOTH]E.

Viorpeba (ydakipHoHaiHUX HOPMH 3a peryiapusaijy Kojc HHJyKYjy npopeheHn BexTop
napamerapa Mojena (KoJl BHUIIEJHMEH3UOHE (QopMmyraimje), MOXKe Ja CIYXKH Kao MeTola 3a
ceiekiijy obernexja Koja ¢y 3HauajHO KopeaucaHa ca NMPOMEeHJBHBOM 0J uHTepeca. CenekroBana
obenexja Mory Ja cyrepuiny JyOby 3aBHCHOCT Ca LUMBaHOM BapHjabIoM (MOTEHLH|ANHO Y3POUHY ),
I1ITO 3aXTERA Jlajba ueTpauBama Bhoxycrupana ia ceiektoBana obenexja. Tako na ce npepioxena
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METOJ0JIOTH]a MOYKE KOPHCTHTH U Ca TEOPHJCKe CTpaHe 3a TeHepHcame TOTCHITH]aTHUX XUII0Te3a O
Be3ama u3Mel)y MpOMeH/bHBHX.

Jom jejHa mpakTHYHA TIPUMEHA NPEJIOKEeHe (MYITH TpobsieM) METORONOTHje je ymoTpeda y
CHTYalljamMa Kajia IojeIHHAYHH 3a]alld HMajy TIpeMallo IpuMepa 3a ToOpy reHepanusaiyjy, rae ou
ce Kpo3 CUMYJITaHo 00ydaBame BHINE MOJeNa UHIUPEKTHO Ojadalii 3aje JHUYKH (JIeJbeHn) o0pa3iu
y nmojiaiuma.

4.3. Bepudukanuja Hayqyuux JOOpUHHOCA

Hay4Hu fonpuHOCH NOKTOPCKE JucepTanuje ¢y BepudpukoBanu creaehum pajioBuMa:

Kareropuja M21:

1.

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. DOL: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. DOI: 10.1038/srep24719 ISSN: 2045-2322 (online) (2016 impact factor
4.259) (10/63 in Multidisciplinary Sciences)

Cao XH., Stojkovie 1., 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., Cao XH., Stojkovic 1., Obradovic 7.: Structured feature selection using coordinate
descent optimization, - BMC Bioinformatics, Vol. 17 (158), pp. 1-14, BioMed Central, 2016. DOL
10.1186/812859-016-0954-4I1SSN:1471-2105 (online) (2016 impact factor 2.448) (10/57 in
Mathematics & Computational Biology; 28/78 Biochemical Research Methods; 68/160
Biotechnology & Applied Microbiology)

Kareropuia M33:

i.

[, ]

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, Macedonia, September 2017

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

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

Stojkovic 1., Jelisavcic V., Milutinovic V., Obradovic Z.: Distance Based Modeling of Interactions
in Structured Regression, - Proc. 25th International Joint Conference on Artificial Intelligence
HCAI-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. SAKJBYHAK W MPEJJAOT

Ha ocnoBy cBera m3noxenor, Komucuja cmarpa ja JIOKTopcka Jucepraiuja kanjujgara liBana
CrojrxoBuha ucmymana cBe 3aK0OHCKe, (POpMaJTHE U CYIITHHCKE YCJIOBE, KA0 H CBE KPUTEPHjyMe KOJH
ce yoOHnuajeHO TPUMERY]Y HPHINKOM BpETHOBama JIOKTOPCKE aucepranuje. Yaumajyhu y o63up
HaBeJleHe Hay4yHe JIOMPUHOCE, Y KOHTEKCTY MPEIIOKEHNX METO/A 3a PEerylapu30BaHO paHTHparbe
HaJl TEMIIOpATHAM TOAaliMa, IHMXOBY TIOKa3aHy MPHUMEH/BHBOCT Yy  OMOMEAWIHHCKUM
aTuTAKaIMjaMa, Kao | 3pesiocT M CTIOCOOHOCT KaHUIaTa 3a caMOCTalal HayqHO UCTPKUBAYKU Paj,
Komucuja cmatpa na goxrtopcka amceprannja Meama CrojroBuhia cafp)kd OpHTHHATHE HAYJIHE
JIOTIpHHOCe Yy ofjacTUMa MAaIllMHCKOr yuYema W aHaju3e Iojataka y OHOMEJMIHHCKHM
armakanmjama. Crora Kommcuja ca  3a70BoJbCTBOM —mpemiaxe HactaBHo-Hayunom Behy
EnextporexHuukor ¢axynareta YHuBep3utTera y beorpaiay ja ce JOKTOpcKa jucepTalldja IO
HasuBoM "llpuMeHa (YHKITMOHAIHHX HOPMH 3a peryiapusandjy paHrupama HaJ TeMIOpaSHHM
nojanuMa" MpUXBATH, U3JIOKKU HA YBUJ jaBHOCTH W YIIYTH HA KOHAYHO ycBajame Behy HayuHux
o0yacTu TEXHUUKNX Hayka YHuBep3urera y beorpany.

beorpan, 01.02.2018. rogune

YJIAHOBU KOMUCHUJE

np bpanxo Kopaueruh, peosan npogecop
VYuusep3uter v beorpany — Enexrporexunuku dpakynrer

Ip Kemrb T)g'pégy{h? peloBHE 1mpodecop
Yausep3uter y beorpagy — EnextpoTexHuuKy Gaxynrer
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University of Belgrade
School of Electrical Engineering

TO TEACHING-SCIENTIFIC COUNCIL

Subject: Report about completed doctoral dissertation of candidate Ivan Stojkovi¢

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

1.1. Chronology of approval and dissertation work

Ivan Stojkovié enrolled into doctoral program at School of Electrical 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 Durovié, (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, 7t
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 Kovalevi¢ (School of Electrical Engineering, University of
Belgrade), prof. dr Zeljko Purovié (School of Electrical Engineering, University of Belgrade), prof.
dr Zoran Obradovié (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 25 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 conirol systems.
Thesis supervisor from the College of Science and Technology, Temple University, prof. dr Zoran
Obradovi¢ 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 Stojkovié was born on April 11" 1987. in Belgrade, municipality Savski Venac. He completed
his vndergraduate 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
Zeliko Purovic. 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.




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 9550-12-1-0406

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

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



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 H3N2 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 multiple 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. Contemporaneity 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
current trends.




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).

e 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 it 1s 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 resuits

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
training of several models would indirectly reinforce common (shared) data patterns.
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4.3, Verification of scientific contributions

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

Catégmy M21:

I.

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. DOL:10.1155/2017/7120691
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. DOL 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., Stojkovic 1., Obradovic Z.: Structured feature selection using coordinate
descent optimization, - BMC Bicinformatics, Vol. 17 (158), pp. 1-14, BioMed Central, 2016. DOI:
10.1186/812859-016-0954-4ISSN: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.

Stojkovie 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, Skopie, Macedonia, September 2017

Paviovski M., Zhou F., Stojkevic I., Kocarev 1., 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
Stojkovie 1., Jelisavcic V., Milutinovic V., Obradovic Z.:Fast sparse Gaussian Markov Random
Fields learning based on Cholesky factorization,- Proc. 26th International Joint Conference on
Axrtificial Intelligence (IJCAl), Melbourne, Australia, August 2017

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

Stejkovic 1., Jelisavcic V., Milutinovic V., Obradovic Z.: Distance Based Modeling of Interactions
in Structured Regression, - Proc. 25th International Joint Conference on Artificial Intelligence
CAI-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




S. 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 Stojkovié 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, 15 2018.
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