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2014, cryaujcku nporpaM: HHGOPMAaTHKA
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Approximation algorithms for k-NN graph construction (ATPOKCHMATHBHH alTOPHTMH 3a TE€HEPHCAFbE
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IV MPEIJIEX JOKTOPCKE IUCEPTAIIMJE:

JlokTopcka aucepTranimja je HamicaHa Ha eHIJIeCKOM je3uky u uMa 165 crpana. [lucepTaiyja je noaesbeHa
y 7 mormaesea: Introduction (Yeox), Background (Ilpernen nurteparype), Existing algorithms for k-NN
graph construction (Tloctojelin amroputmu 3a renepucambe K-NN rpada), NN-Descent on high
dimensional data (NN-Descent Han BucokoqMMEH3MOHATHUM mojanuMma), Proposed methods for
improving NN-Descent (TIpeasosxxenu metoau 3a nodossimaBame NN-Descent anroputma), NN-Descent-
based approximation algorithms for k-NN graph updates (AnpoxcumMaTHBHH anropuTMu, Oa3upaHu Ha
NN-Descent'-y, 3a axypupame K-NN rpadosa), Conclusions (3akspyuax). [Topen Tora, y Auceprauuju ce
Hamaze u 2 amenamkca: Console application for algorithms related to k-NN graph, Results of the
experiments related to k-NN graph update algorithms. Pang campxu 26 cnuka, 18 Tabema um 61
JUTEepaTYpHHUX HaBona. Ha modveTky IucepTaldje ce Halase alcTPakT Ha SHIVIECKOM M CPIICKOM, Kao H
IPEearoBop, OK ce Ha Kpajy Te3e Hajase: NMPOLIMPSHH W3BOJ Ha CPIICKOM, JIMUTEpaTypa, JIUCTa CIIHKA,
ycTa Tabena, Jrcta KopumheHnx ckpahieHnIa u kpatka Ouorpaduja KaHAUJATA.

\Y BPEJHOBABE NOJEJUHUX JEJTOBA JOKTOPCKE JUCEPTAIINJE:

IpBo mornaBsbe MpeCTaB/ba YBO. Y HEroBoj NpBoj ceknuju je aat nperiea npumena K-NN rpada, koje
yjelHO TMpPEJCTaBJbajy MOTHBAIU]y 3a HUCTPaKHBama MPEICTaB/bCHA y TE3W. Y APYroj CEKIHUjU je aatr
KpaTak Mperiie]] IIaBHUX pe3ysrara Tese.

VY npyrom mnorjiaBiby KaHAWAAT YBOJM OCHOBHE KOHILIENTE U JeGUHHIIM]e KOje Ce KOPUCTE Y TUCEPTalUjH.
Kangunar oBo IOrNIaBibe Aajbe ACIU HA YSTUPH OlleJbKa. Y TMPBOM OJEJbKY Cy JaTe Ae(HHHIMje ONIITUX
KOHIleNaTa, MonyT rpada, BpeMEHCKUX CEepHja, METPHYKHUX MPOCTOpa, UTH. Y IPYroM OAEJbKY je aata
nedunnnuja k-NN rpada u yBeneHe cy Mepe Koje ciiyxe 3a eBajyalldjy beroBux anpokcumanuja. Tpehu
onesbak je mocBeheH ¢enomeny koju ce 3oBe xabuec (hubness), a koju je Takohe Bpyo 3HauajanH 3a
pesynraTte aucepranuje. Ha kpajy mornmaeiba, yHyTap 4eTBPTOr OJEJbKA, OIMCAHH Cy HPOOIEMH WU
npumene K-NN rpacdosa.

Tpehe mornaeibe caapku Tperjen paHUjUX pe3ysiTara W3 JIUTEpaType Ha KOje Ce UCTPAXKHMBAImE W3
JIcepTalyje HeloCpeaHo HaloBe3yje. Y OKBHUPY IIPBE CEKIMje OBOT IOIVIaBJba, NPEICTABILEHU Cy Pa3HU
anroputMu 3a renepucame K-NN rpada. CBu OHHM ONTHMH3Y]y TeHEpHCame OBUX rpadoBa, INTO Ce
MOCTHXKE Ha jefaH oj cieaeha Tpu HaunHa: 1) renepucameM k-NN rpadosa Tauno oapehennx ocobuna,
2) mnapanenuszanujoM mocrojehux anroputama 3a reHepucambe K-NN rpadoBa u 3) pasBojem
anpoOKCUMATHBHUX anroputama 3a reHepucame K-NN rpadosa. Kako je Gokyc oBe aucepraiuje ynpaso
tpeha craBka, Tj. anpoKCHMaTUBHM anropuTMu 3a reHepucame K-NN rpadosa, apyru omespak oBor
morJiaBjba je mocBehieH ympaBo jeqHOM TakBoM anroputmy, koju ce 3oBe NN-Descent. Yuyrap oBor
oJieJbKa JIETaJbHO je MPEICTaBJbeH MOMEHYTH allTOPHTaM, 3aje[HO Ca FEerOBHM IJIABHUM MaHama, OJl
KOjuX je jeqHa moceOHo on mHTepeca 3a oBy Te3y: NN-Descent anropuram He naje TayHe anpoKCHUManuje
HaJl BUCOKOJMMCH3HOHANHUM moaarmma. Haj3an, mocrnenmu onessak je mocseheHn temmopanaum K-NN
rpadoBumMa, Koju mpenctaBibajy k-NN rpadoBe koju Cy reHeprcaHu HAJ MOAAIMMA KOjH Ce MEHhajy ¥
NPOTOKY BpeMeHa.

quBpTO, MeTo0 MW IIECTO TOIJaBJbE€ CYy Yy MNOTIIYHOCTH HOCBeheHI/I OpUTMHAJIHUM pE3yJTaTuMa
JUcepTanyje.

VYHyTap 4eTBpTOr INOTJaBiba, obOjammeno je 3amro NN-Descent anropuram He renepuine TavyHe
anpokcuMalyje rpada oHza Kaja je mymTeH HajJl BUCOKOJMMEH3MOHAIHNM rojlannMa. MenocTasiba ce 1a
j€ TJIaBHM pasJior 3a OBaKBO IOHAMIAKE aJropuTMa (PeHOMEH 3BaHU XaOHEC, KOjHU ce IeHepaJIHO jaBJba y
BHCOKOJJMMEH3MOHAIIHUM TOJallIMa M KOjH HETaTUBHO YTHYE Ha MHOTE aJTOPUTME MAIIMHCKOT yYema.

VYV meroMm TorNaBiby je MpeacTaBbeHo meT HoBuX moaudukanuja NN-Descent anroputma, kKoje 3a 1uib
nMajy yOnakaBame MOMEHYTOr mpobiema, Tj. TMOOOJbIIaBamke paga OBOT alTOPUTMA  HaJ
BUCOKOJMMEH3HOHAIHUM mojanuma. [IpBa moandukanuja je 3acHOBaHA Ha YHECHUIM Ja YBOPOBU
BHCOKHX YIIa3HHX CTENeHa MMajy no0pe ampoKcuMaIije HajonmKux cycena, JOK Cy TJaBHH Ipobiem
3aIpaBo YBOPOBHM HUCKHX YJIA3HHX CTEMEHa, YMje Cy alpoKCHUMaIlije CyCeICTBa BpJIo Jome. Y CKIlany ca
THM, aJITOPUTaM 3a LWJb UMa Jla yCMEpU padyHapcKe pecypce ynpaBo Ha oapehuBame cycena YBOpoBa
HHUCKUX yNa3HuX creneHa. [Ipyra momudukanuja y3uma y o03up unmbenuny na je taudoct NN-Descent
anroput™a Beha 3a Behe Kk BpemHoctu. Maeja oBor npuctyna je aa ce rerepuine K-NN rpad 3a Behy k
BPE/IHOCT, a JIa ce MOTOM peaykKyje Ha xesbeHo K. Tpeha u yerBpra Momudukanuja omoryhasajy na ce




KOJIMYMHA YTPOLICHUX PadyHapCKHUX pecypca HOJellaBa HAa HUBOY IIOjeJHMHAYHUX YBOPOBA, IITO OHIA
MOJKe JlaJbe Jla € MCKOPHUCTHU TaKo Jia CE BUILE pecypca JOACIN YBOPOBUMA KOjU MMajy JIOIIa CyCe/ICTBA.
Ilera, a yjemHo W mocienma, MomM(UKaNMja, 3aCHOBaHA jeé HA UYMICHUIM Ja IO3WIHja YBOpa Y
VHHIMjaJTHOM CIy4ajHOM rpady urpa BEIUKY YJIOTY Yy TauyHOCTH (PUHANHE anmpoKCHMaluje HEeroBOT
cycencrea. Crora oBa Moau(uKanuja CIPOBOAM J0JaTHAa HACyMHU4YHa Topelema Tauku Koje cy y
MOTPENIHOM CYCEICTBY Y OKBHPY HMHHUIMjaIHOT ciydajHor rpada. CBe Moaudukanuje OCHOBHOT
ITOPUTMA Cy eBATyHpaHe eKCIePHMEHTAIHOM aHAJIM30M Haj JBa CHHTETHYKa M YETHPH peajHa CKyIa
nozjaraxa. Pe3ynraTi oBe aHajM3e CyrepHIly Ja CBaKM OJ MPEAJIOKEHUX anroputama nosehasa Taunoct
(uHaNHE anpoKcHMalyje aropuT™Ma Hajl NoAaluMa BUCOKE AUMEH3UOHATHOCTH.

VHyTap IecTor MorjiaBiba MPEICTaBbeHN Cy anropuTMu 3a axypupame K-NN rpada. Hawmme, momarm
YecTO MMajy TeHASHIMjY Ja Ce MEHajy BpeMEeHOM, 300T dyera MocToju moTpeda 3a anroputMiuMa Koju Ou
edukacao axypupamd K-NN rpad HakOH MITO Ce MOICKYN EErOBHX YBOPOBA H3MEHW. YHYTap
JMcepTalyje, IpeCcTaB/beHa Cy JIBa alpOKCHMAaTHBHA anropuTMa 3a axypupame K-NN rpada. Yayrap
o0a aropuTMa ce CHpOBOJIe KpaTKe LIETHE KOje MOYHIbY O] YBOPOBa KOjU Cy M3MemeHu. [lotom ce
pauyHajy pa3nasbuHe u3Mel)y MOYeTHHX M KpajlbUX YBOPOBA OBHX IIETHH, a HA OCHOBY THX pa3JaJbuHa
ce ouaa u K-NN rpad axypupa. IlpeanoxkeHn anroputMu Cy eBaayHpaHH OOMMHHM EKCIICPHUMEHTHMA
HaJl BPEMEHCKUM cepHjama. ExcriepuMeHTH 3ampaBo MPEACTaBibajy CHMYJalMje peajHor ClEeHapuja, y
KOM BPEMEHCKE cepHje 100Hjajy HOBE BPEIHOCTH, M Ha Taj HAYUH CE MCHa]jy.

VY nocnenmeM, CeIMOM, MOTJIABJbY CY CYMHPAaHU CBH PE3YJITaTH U TONPHUHOCH OBE AUCEPTAIIHjE, a ITOpeN
TOTa Cy ONHCaHM ¥ MPABIH 32 JaJbH Pas.

[pema npaBuIrMa YHUBEP3UTETA, TEKCT JUCEPTALMje TECTHPAH je Ha IUIarujapu3aM KopumhemeM
codrtBepa iThenticate. CodTBep je mpujaBmo ykymaH uHIekc ciauaHoctd on 15%. Ilputom je 10%
IpeKianama TeKCTa AUCEpTalje Be3aHO 3a TEKCT paja:

Brankica Brati¢, Michael E. Houle, Viadimir Kurbalija, Vincent Oria, Milo§ Radovanovié¢. "The In
Uence of Hubness on NN-Descent", International Journal on Articial Intelligence Tools, 2019

(1rTo je ouekuBaHo, Oyayhu na je 0BO KaHIUIATKHBUH KOAYTOPCKH PaJl Ha OCHOBY KOT j€ CTEKJIa yCIOBe
3a IpeJajy AucepTalmje), JOK je 3a CBe OcTalle M3BOpE MpeKIaname Mame o1 1%.

VI CIIMCAK HAYYHUX U CTPYUYHUX PAJOBA KOJU CY OBJAB/bEHU NJIN
HNPUXBAREHU 3A OBJAB/bUBAILE HA OCHOBY PE3YJITATA HCTPAXKUBAIbBA Y
OKBHUPY PAJJA HA JOKTOPCKOJ JTUCEPTALIUIA

1. (M23) Brankica Brati¢, Michael E. Houle, Vladimir Kurbalija, Vincent Oria, Milo§ Radovanovic,
The Influence of Hubness on NN-Descent, International Journal on Artificial Intelligence Tools,
28(06), 2019, doi: 10.1142/S0218213019600029

2. (M33) Brankica Brati¢, Michael E. Houle, Vladimir Kurbalija, Vincent Oria, Milo§ Radovanovic,
NN-Descent on High-Dimensional Data, In Proceedings of the 8th International Conference on
Web Intelligence, Mining and Semantics, 2018, doi: 10.1145/3227609.3227643

Vil 3AK/bYYIIN OJHOCHO PE3YJITATH UCTPAKUBAIBA

[IpBu mompwHOC OBe auicepTalyje jecte oTKpuBame pasnora 30or kojux NN-Descent anropuram He maje
n00pe pe3ynTaTe HaJ Taykama IPOCTOpa BeNMKUX anMeHsuja. Jlo cazma je y nurepaTypu HaBoheHO na je
pasior 3a TO OMNIITENO3HATH (PEHOMEH MALIMHCKOT y4YeHa Ha3BaH KICTBOM THUMEH3MOHAJIHOCTH (Curse of
dimensionality), Ho oGjalumerme Koje je aybibe 0J TOra HHje MOCTOojao. YHyTap JAucepTaluje 00jallmbeHo
je nma je dQeHoMeH 3BaHM Xa0HeC 3ampaBoO TJaBHU pAa3JIOT 3a JIONI pajl OBOT AIrOpuTMa HaJ
BHCOKOJUMEH3HOHATHAM mojanuma. CBe OMHCaHO je W BepU(MKOBAHO OICEKHUM EKCIICPHMEHTATHIM
aHanu3ama.

Jpyrn nonpHHOC HCTpaXKMBama OJHOCH C€ Ha IpeBaswiaxeme noMmenyror mnpotiema NN-Descent
anropurma. Hawmme, mpemioxeHo je mer MoanduKanuja anropurMa Koje ra YHWHE IOTOJHHjUM 3a
BHCOKOJMMEH3HOHATHE nojatke. CBe mpeJyiokeHe MojuduKkalyje aropuT™Ma cy eBajlyHpaHe HaJl LIeCT
BHCOKOJMMEH3HMOHAHNX CKYIOBa IMoJaraka (YeTHpu peajHa M JiBa CHHTeTHYKa). Kpajmbu 3aKkibydak OBHX
excriepuMeHara jecte na npemnoxeHe BapujaHte NN-Descent anmropurma 3amcra ysehaBajy TauHOCT
(MHAIHE anpoKCcUMAaIHje.




VHyTap HOCIeAbe LeNIHe Te3e, MPeUIOKeHA Cy [Ba alpOKCHMAaTHBHA alropuTMa 3a axypupame K-NN
rpada HaKOH MITO ce W3MEHE TMOoJalmy HaJ KojuMma je rpad reHepucan. Y JHTEpaTypud OBa TeMa HHUje
JIOBOJFHO HCTpaK€Ha — BENMKU Opoj pazoBa ce 0aBu TeHepHcameM, ajld BpJIO Manu Opoj ce OaBu
axypupamem k-NN rpadosa. C 003upoM Ha TO na ce MOAAIM BPJIO YECTO MEHajy Y TOKY BpEeMEHa,
NPEUIOKEHH ANTOPUTMH MUMajy BEJHKY YIOTPeOHY BPEIHOCT. YHYyTap eKCIepHMEHATa, HOBH alrOPUTMH
cy ymopehenu ca metomom ,,rpyoe cue (brute-force) u ca NN-Descent anropurmom, u mokasanio ce 1a ce
MOCTHXKY 3Ha4ajHa yOp3ama.

VIII O EHA HAUYUHA ITPUKA3A U TYMAUYEA PE3YJIITATA HCTPAXKUBAIBA

JlokTOpcKa IucepTanyja je HalucaHa y CKJIamy ca CBUM NPHHIMIIMMA MMHcamba OBaKBE BpCTe pana. Beoma
jacHO W TperjiellHO Cy NPEACTaBBCHH CBU MPOOJIEMH, alTOpUTMH M aHanmse. JloOwjeHW pesynratu cy
Takohe M3JOKEHH BPIIO jaCHO M CHCTEeMAaTHYHO. Besa m3mel)y pesynrara W3 amceprammje W pe3yirara
HCTPaKHBarba APYTHX ayTopa U3 OBE TEMATHKE je jaCHO YCIOCTaBJbEHA.

IX KOHAYHA OIIEHA JOKTOPCKE JUCEPTAIIUJE:

1. Ja nmu je nucepranmja HamrcaHa y CKIany ca o0pasioKemeM HaBEeICHUM Y TIpHjaBH TeMe

Jucepraiyja je y NOTIYHOCTH HallMCaHa y CKJIaay ca 00pa3jioKeeM HABEACHUM Y TIPHjaBH TEME.

2. Ja 1 qucepTaiyja caapKu CBE OUTHE eJIeMEHTE

JlucepTanyja je HamucaHa y CKJIajay ca CBUM NPHHIUIIKAMA HAYYHOT Paja U CajpKu CBE OUTHE EIeMEHTE.
Ha mouerky cy nate neuHHMIMje CBHX TOjMOBa KOjU c€ KOPUCTE Yy aucepTaiuju. [loToM je maTt mperien
JHUTEpaTYpe M ONMCAHW Cy JOcalallli pe3ynTaTdH. HakoH Tora ciiene morjaBjba Koja caapxke y
NOTIYHOCTH OpHIMHAJHE pe3yarare. Y OKBHPY IHX Cy HpOOJEMH jaCHO IpPEACTaBJbEHH, a CBU
eKCIICPHMEHTH M BUXOBH ITapaMeTpH NPELHU3HO onucaHu. Ha kpajy cy, yHyTap 3aKkibydyka, CyMHPaHH CBH
pesyirati Te3e, W HPEMJIOKEHH Cy mpaBuu 3a Oymyha umcrpaxuBama. [lopen Tora, mporpamcku kOx
eKCIepuMeHaTa je Takohe 00jaBJbeH W jaBHO JOCTYIaH, a YHYTap JoJaTaka Te3€ je JaTo YIyTCTBO 3a
BEroBO Kopumhewe, Te ce CBU SKCIICPUMEHTH U3 Te3¢ MOTY JIAKO PEIPOIYKOBATH.

3. Io yemy je aucepralja OpUrHHAJIAH JOMPUHOC HAYI[H

Haxo NN-Descent ajgropuram paaud Bpiio mA00po y BehwHHM ciydajeBa, HaJ BHCOKOIUMECH3MOHATHHM
NoJlaliMa TMPOU3BOM AlPOKCUMAIUje KOje Cy BeoMa Jiolle. AyTOpH TOT ajIrOpUTMa Cy HCTaKkid Ja je
KJIEeTBa JUMEH3MOHAJIHOCTH pa3lior 3a TaKBO IMOHAIamke, ald HUKO HHje a0 JeTajbHHje U AyOsbe
objaimbese. YHYTap OBe JUCEpTalldje W MPONPATHUX KAHIUIATOBHX 00jaBJbEHHX PajoBa, MPBH MYT CY
o0jallkbeHu Pa3iosu 3a Jole (yHKIMOHHCAhEe OBOT MO3HATOT aJrOPUTMA.

HonatHo, Bpmo wMamu Opoj pamoBa ce Oam yHampehuBamem NN-Descent anroputma Hapg
BUCOKOJMMCH3HOHAJIHUM MOJalMMa. YHYTap OBe JHCEpTalydje, IPeUIOKEHO je eT MoauduKanuja oBor
aNropuTMa, KOjU MoO0JbIIABAjY HheroBe nephopMaHce y OIIMCAHUM YCIOBHMA.

IMocnenmu Gutan HOMPUHOC THYE ce anroputama 3a axypupame K-NN rpadosa. Haume, moctoju Beoma
Maii Opoj WCTpaxkuBawma Koju ce OaBe TOM TeMoM. MeljyTum, momauu U3 pasHUX JIOMEHa HUMajy
TeHJICHIN]Y Ja ce Memajy BpemeHoM, Te ykoiuko je K-NN rpad remepumcaH Hax TakBUM MOJAINMA,
MoTpeOHO ra je axypupaTh CBaKM IyT KaJ| ce MOoJaly HW3MEHe. YKOJIMKO ce M3MeHe norahajy decTo,
anropuTam je Takohe moTpedbHO YecTo M3BPIIABATH, TE j€ Y TOM CiIydajy Op3nHa M3BpIIaBama BEOMa BaKaH
¢daxTop. Y OKBHpY OBe JaucepTalyje NpeuIockeHa Cy JBa allpOKCHMMaTHBHA ajlrOpHTMa 32 aKypHpambe
k-NN rpadoBa. Ha OCHOBY eKcHepHMEHTalIHHX aHanu3a, YTBPHEHO je Na NPEINIOKEHH aIrOPUTMH
MHOTOCTPYKO yOp3aBajy Ipolec axypupama rpadoBa, ITO je CBAKAKO OMTaH HayYHH JOIPHUHOC.

4, Henocranum nmucepranyje v \HUXOB YTHIA] HA PE3YJNITAT HCTPAXKHUBAHA

Huceprarija HeMa 3HaYajHUX HEJOCTAaTaKa.




X HOPEJJIOT:

Ha ocHOBY yKyIHe oIleHe TucepTaliije, KOMUCH]ja MpeIaxKe:

- ma ce mokTopcka amceprammja Approximation algorithms for k-NN graph construction
(AIpOKCMMATHBHH AJTOPUTMH 32 reHepucame K-NN rpada) mnpuxsati, a KaHAHAATY
Bpankunu Bpatuh onobOpu jaBHa onOpaHa.
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Hp Muom PanoBanosuh,
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YJIaH KOMHUCH]e

Hp Brnagumup Kypbanuja,
BaHp. ipod. [IMD-a,
MEHTOp

HAITOMEHA: Unan koMHCHje KOju He JKEJH Ja MOTIIUINE U3BEINTaj jep Ce He CIaKe Ca MUIIJbEHEM
BehuHe uaHOBa KOMUCH]€E, Iy’KaH je J1a YHeCe y HU3BEIITaj 00pa3iokenhe 0JTHOCHO pasJiore 300T KOjuxX He
JKEITH J1a TOTITHIIIE U3BEIITa].
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TITLE OF THE DOCTORAL DISSERTATION:

Approximation algorithms for k-NN graph construction (ApOKCHMaTHBHM alrOpHUTMH 3a reHepucame K-
NN rpada)




IV OVERVIEW OF THE DOCTORAL DISSERTATION:

The thesis is written in English, and has 165 pages in total. It is divided in 7 chapters: Introduction,
Background, Existing algorithms for k-NN graph construction, NN-Descent on high dimensional data,
Proposed methods for improving NN-Descent, NN-Descent-based approximation algorithms for k-NN
graph updates, Conclusions. In addition to that, the thesis has 2 appendices: Console application for
algorithms related to k-NN graphs, and Detailed results of the experiments related to k-NN graph update
algorithms. There are 26 figures, 18 tables and 61 literature entries. The thesis begins with abstract in
English and Serbian, followed by preface, while it ends with extended abstract in Serbian, literature, list
of figures, list of tables, abbreviations and short biography of the candidate.

\Y EVALUATION OF THE INDIVIDUAL PARTS OF THE DOCTORAL DISSERTATION:

The first chapter is the introductory chapter. Its first section gives an overview of the k-NN graph
applications, which maotivate the research presented in the thesis. In the second section, a brief overview
of the main results is given.

The second chapter gives an overview of the basic concepts and definitions that are used in the thesis.
This chapter is further divided in four sections. In the first section the definitions of the well-known,
general concepts are given, e.g. definitions of graph, time series, metric spaces, etc. The definitions of k-
NN graph and the measures for evaluation of k-NN graph approximations are given in the second section.
The third section is dedicated to the phenomenon called hubness, which is very important for the results
of this thesis.

The third chapter is dedicated to the existing results that are relevant to this thesis. Inside the first section
of this chapter, various algorithms for k-NN graph construction are introduced. All of these algorithms
optimize the construction of k-NN graphs, which can be achieved in one of the following three ways: 1)
by constructing k-NN graphs with certain properties that can be used for optimization, 2) by parallelizing
existing algorithms for k-NN graph construction, and 3) by developing approximation algorithms for k-
NN graph construction. Since the focus of this thesis is the third way of optimization, i.e. approximation
algorithms for k-NN graph construction, the second section of this chapter is dedicated to one such
algorithm, NN-Descent. Inside that section, the algorithm is thoroughly presented, together with its main
flaws, one of which is especially interesting for this thesis: NN-Descent does not construct correct
approximation on high-dimensional datasets. Finally, the last section is focused on temporal k-NN
graphs, which are k-NN graphs that are constructed on data that change over time.

The fourth, fifth and sixth chapters are dedicated to the original results of this thesis.

Inside the fourth chapter the candidate explained why NN-Descent algorithm does not construct correct
graph approximations on high-dimensional datasets. It turned out that the main reason for such a behavior
is the phenomenon called hubness, which is generally present in high-dimensional datasets, and which
negatively influences many machine learning algorithms.

Five new NN-Descent variants are proposed in the fifth chapter. These variants are designed to alleviate
the described NN-Descent’s flaw, i.e. they aim to improve the performance of this algorithm on the high-
dimensional datasets. The first variant is based on the fact that nodes with high in-degrees have good
approximations of their neighborhoods, while the nodes with low in-degrees are actually the major
problem, since their neighborhood approximations are very incorrect. In respect with that, the algorithm
tries to use more computational power for calculation of the neighborhoods of low in-degree nodes. The
second NN-Descent’s variant takes into account the fact that the accuracy of the algorithm is higher for
higher k values. The idea is to construct k-NN graph for higher k, and then to reduce it to the desired
value of k. Third and fourth variants enable configuration of the spent computational power on the level
of single nodes, which can then be used to assign more resources to the nodes with incorrect
neighborhoods. The last, fifth, variant makes use of the fact that a node’s position in an initial random
graph highly affects the accuracy of the node’s neighborhood in the final k-NN graph approximation.
Therefore, this modification conducts additional random comparisons with the nodes that are in the
wrong neighborhoods in the initial random graph. All of these variants were evaluated by the
experimental analysis upon two synthetic and four real datasets. The results of this analysis suggest that
each of the proposed NN-Descent variants increases the accuracy of the final k-NN graph approximation,
when the underlying data is highly dimensional.




The sixth chapter deals with algorithms for k-NN graph updates. Namely, data often tend to change over
time, raising the need for algorithms that would efficiently update k-NN graph after its underlying data
have changed. In this thesis, candidate proposed two approximation algorithms for k-NN graph update.
Both algorithms are based on short walks that start from the changed nodes. The distances between start
and end nodes of these walks are calculated, and the k-NN graph is updated accordingly. Proposed
algorithms are evaluated with extensive experiments on time series data. Experiments are based on
simulations of a real-world scenario in which time series change by getting new values.

In the last, seventh, chapter, all the results and contributions of this thesis are summarized and the
directions for future work are proposed.

According to the rules of University of Novi Sad, the thesis’ text is verified against plagiarism with the
software iThenticate. The software reported overall similarity index of 15%. It detected 10% overlap with
the paper:

Brankica Brati¢, Michael E. Houle, Viadimir Kurbalija, Vincent Oria, Milos Radovanovi¢. "The In
Uence of Hubness on NN-Descent", International Journal on Articial Intelligence Tools, 2019

(which is expected since that paper is authored by the candidate of the thesis), while for all the other
papers the reported overlap was less than 1%.
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W1 CONCLUSIONS AND SPECIFIC RESULTS OF THE RESEARCH

The first contribution of this thesis is analysis which revealed the reasons for misbehavior of NN-Descent
on high-dimensional datasets. It has been suggested in the literature that the reason for this NN-Descent
misbehavior is a well-known machine learning phenomenon called curse of dimensionality, however, the
deeper explanations have not existed. In this thesis it is stated that the main reason for the misbehavior of
NN-Descent is a phenomenon known as ‘hubness’. This statement is verified with experimental analyses.

The second contribution of the research is related to the alleviation of the abovementioned flaws in NN-
Descent. Namely, five new NN-Descent’s variants are proposed in the thesis. These five variants make NN-
Descent more suitable for high-dimensional datasets. All the variants are evaluated on six high-dimensional
datasets (four real and two synthetic). The conclusion of these experiments is that all the NN-Descent’s
variants indeed increase the accuracy of the resulting approximations.

In the last part of the thesis, two approximation algorithms for k-NN graph update are proposed — these
algorithms update a k-NN graph after its underlying data change. The problem of k-NN graph update is not
properly covered in the literature — the majority of papers are dedicated to construction, but very few of
them to the update of k-NN graphs. Given that data very often change over time, the proposed algorithms
are greatly beneficial. These algorithms are experimentally evaluated and compared to the brute force
approach and to the NN-Descent algorithm. The experiments suggest that these algorithms are capable of
major speedup.




VIIl  ASSESSMENT OF RESEARCH RESULTS PRESENTATION AND INTERPRETATION
QUALITY

The doctoral thesis is written in accordance with all the principles that hold for this kind of scientific
artefact. All the problems, algorithms and analyses are clearly and systematically presented. Obtained
results are also presented very clearly and thoroughly. Connection between the results of this thesis and
results of the other authors’ research is well established.

IX FINAL ASSESSMENT OF THE DOCTORAL DISERTATION:

1. Is the dissertation written in accordance with the statements given in the dissertation proposal?

The thesis is completely written in accordance with the statements given in the dissertation proposal.

2. Does the dissertation contain all essential elements?

The thesis is written in accordance with all principles of a scientific artefact, and it contains all essential
elements. The definitions of all relevant concepts are given at the beginning of the thesis. After that, the
overview of the literature is given, and the results in the field are presented. This is followed by the
chapters that contain original results. Inside these chapters, the problems are well described, and all the
experiments, together with their parameters, are precisely presented. At the end of the thesis, in the
conclusions, all the results are summarized, and directions for future work are given. Additionally, the code
of all the experiments is released and publicly available, and its usage specifications are given inside a
thesis’s appendix, making all the experiments easily reproducible.

3. What is the dissertation's original contribution to science?

Even that NN-Descent algorithm behaves pretty well in most of the cases, on high-dimensional datasets it
produces very inaccurate approximations. The authors of the algorithm pointed out that the reason for that
misbehavior is related to the curse of dimensionality, however, nobody has given a more detailed
explanation. Inside this thesis and inside the candidate’s accompanying papers, the reasons for the NN-
Descent’s poor behavior on high-dimensional data is explained for the first time.

Additionally, exceedingly small number of papers deal with improvements of NN-Descent on high-
dimensional data. In this thesis five modifications of NN-Descent are proposed, and all of them improve its
performance in the mentioned settings.

The last important contribution is related to the algorithms for k-NN graph update. Namely, there has not
been much research that deals with this problem. However, data, regardless of the domain, tend to change
over time, so if a k-NN graph was built upon such data, it would require updating each time the data
changed. If the changes happen very often, the algorithm that updates the graph must also be executed very
often. Therefore, it might be very important that one such algorithm is fast. Inside this thesis, two
approximation algorithms for k-NN graph update are proposed. Experimental analyses suggest that the
proposed algorithms speed up the process of k-NN graph update, which is definitely an important
contribution to science.

4. Disadvantages of the dissertation and their impact on the research results

The thesis does not have any major disadvantage.




X THE PROPOSAL.:

Based on the overall dissertation assessment, the commission proposes:

- that the thesis Approximation algorithms for k-NN graph construction (AnpoxkcuMaTHBHH
aaroputMu 3a renepucame K-NN rpada) should be accepted, and that the defense should be
approved to the candidate Brankica Brati¢.
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