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AyTOMATCKO reHepucakbe anropntama crabana ognyyumBama 3a
Knacmpukaumjy

Pesunme:

Crabna oanyumBarba Cy BP/IO PAacnpoCTpakbeH MoZen 3a KnacuduKaumjy, Kojum ce onucyje
HauMH Kako ce Mmoxke npeaBuhatm Knaca Hekor o6jekta (HNp. agobap/now  KaujeT,
6osectaH/3apaB naumjeHT, NO3UTUBAH/HeraTMBaH TEKCT, UTA), Ha OCHOBY AOCTYyMNHUX aTpnbyTa
TUX objeKkara. MocToju BULWE anroputama y iMTepaTypu 3a npassberbe cTabna oanyymBarba U3
nofartaKa, a Ha pasnunTum npobaemmnma cy Apyrvu aaropuTMmn oNTUMasHMK.

Pa3Bojem KOMMOHEHTHMX anropMTama yodaBa Ce 3ajegHUYKa CTPYKTypa OBUX aaropuTama, rae
ce pas/InuUTU aNropuTMmM OMUCYj)y PasanuYMTUM KU360POM KOMMOHEHTU 3a ogpeheHux
notnpobaema, AOK je reHepasiHX TOK U3BpLUABakba UCTU. OBaKBUM NpUCTynom ce omoryhasa u
pasMeHa AenoBa pellera M3 BULLE anropuTama M NIako NpaB/berbe XMOPUAHMX anropuTama
KOju KOMBUHYjy f0Bpe acnekTe U3 BULLIE OPUTMHANHUX anropuTama, U Tume omoryhasajy 6osbe
npunarohaBarbe anroputma npobaemy KoOju ce pellaBa, LWTO eKCnepumeHTU noTtephyjy.
Takohe ce omoryhaBa u 6osbe pasymeBarbe (PYHKLUMOHUCAHA aAropuTma, Hacynpor
UMNAeMeHTaLMjama y BUAY LPHUX KyTHja.

KOMMOHEHTHM anropuTmu oTBapajy KOMOWHATOpHM npoctop Moryhux anroputama, ymjom
npeTparom 6M ce ayTOMaTCKM CacTaBMO aaroputam us nocrojehux aenosa, Koju Hajbosbe
pewaa gatu npobnem npegsuharba (kKnacudukaumje). Y oBom paay ce uctpaxkyje moryhHoct
npeTpaxkuBakba NPOCTOpPa aaroputama MeTaxeypucTMKOM  €BOJIYLMOHUX  ajropuTama.
EKCnepMMeHTasIHOM MpPOBEPOM CY MCNUTAHU ePEKTUBHOCT M edPUKACHOCT OBOr HauyuHa
npetpare, cnpoBoheHOM Ha BMLUE jaBHO AOCTYMHUX MoAaTaka, U nopeherem ca NMosHaTUM
6eHYMapK anroputmmma. EKcnepumeHTM MOKasyjy Aa Cy reHepucaHu anroptumu 6osbu og,
noctojehnux MO3HATUX anroputama, jeaHakn wamM  64Au3y  ONTUMANHMM  XMOPUAHUM
aNropUTMMMan3 U3 LLeNOor NPOCTopa, Kao U a YecTo nmajy bosbe nepdopmaHce y 04HOCY Ha
paHuje npujas/beHe pesyaTaTe.

AHanunsom nonynauuje anropuTama Koja eBosiympa ce Takohe moxe ctehu yBug y TO Koju
OEeNoBM anropuTma cy oAroBopHM 3a aobpe nepdopmaHce. Mopes ekcneprumeHaTa Ha jaBHO
OOCTYNHUM nojauuma, NpUKasyje ce M NpuMMeHa Ha pelasBarbe npobnema npeasuharba
ycnexa cTyaeHaTa.

Lleo npuctyn je vmnnemeHTMpaH Kao MOZyA 33 nonynapHy nnatdopmy 3a OTKpUBAHE
3aKOHUTOCTM Yy nogaumma (RapidMiner), uume ce omoryhaBa nako Kopuwherbe oBOr
reHepatopa anropuTtama, y3 MoryhHOCT cy)KaBarba NpocTopa npeTpare M nogelasake
AoJaTaHuX NapameTapa npeTpare.

K/mbyuHe peuu: ctabna ogyunBarba, anropuTmMmmn, KOMMNOHEHTE, EBOTYLIMOHUN aNiropuTam,
MeTaxeypucTMKa, NPoCTop aaroputama, Knacuduraumja
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Automatic generation of decision tree algorithms for
classification

Abstract:

Decision trees are very popular classification model, which describes a way to predict classes
of an object (e.g. good/bad client, sick/healthy patient, positive/negative text), based on
available attributes of the given object. There are several algorithms in the literature, for
creation of decision trees from data, and for different problems different algorithms are
optimal.

With the development of component-based algorithms, a common structure of these
algorithms emerges, where different algorithms are described by different choice of
components that solve specific sub-problems, while the general execution flow is the same.
This approach enables sharing of parts of solutions from different algorithms, and easy
creation of hybrid algorithms, that combine good aspects of several original algorithms, and
thus enable better adaption of algorithms to the problem at hand, which is supported by
experiments. Also, this approach enables better understanding of the inner functioning of the
algorithm, in contrast to implementations as black-boxes.

Component-based algorithms open a combinatorial space of possible algorithms, where search
over this space can automatically construct an algorithm from existing parts, which best solved
the given prediction (classification) problem. This thesis explores the possibility to search the
algorithm space, using the metaheuristic of evolutionary algorithms. Experiments are
conducted to examine the efficiency and the effectiveness of this search method, on multiple
publicly available datasets, and comparing to well known benchmark algorithms. Experiments
show that generated algorithms are more accurate than well known ones, equal or close to
optimal hybrid algorithms from the whole space, and often give better performance than
previously reported results.

The analysis of the population of algorithms that evolves can also give insights to which parts
of algorithms are more responsible for good performance of the overall algorithm. In addition
to experiments on publicly available data, an application is presented that solves the problem
of predicting success of students.

The approach is implemented as a module for a popular data mining platform (RapidMiner),
which enables easy usage of this algorithm generator, with the optional restriction of search
space and setting of additional search parameters.

Keywords: decision trees, algorithm, components, evolutionary algorithm, metaheuristic,
algorithm space, classification
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OTKpHMBame 3aKOHUTOCTH y noganuma - O3I1 (eHr. data mining) je fucuUIINHA
OJJly4MBama Koja MMa 3a LW/b Ja pa3BUje MoOJesie pea/THUX CUCTeMa Ha OCHOBY
BeJIMKe KOJIMYMHE JOCTYNMHUX NoJlaTaKa U3 TUX CUCTeMa. TaKBU MOJEJNU ONHUCYjY
KOMIIJIEKCHE 3aBHCHOCTU H3Mehy H3MepeHMX CUTHajla y HEKOM CHUCTeMy U
IIOMOTJIM Jla ce Te 3aBUCHOCTH OoJsbe pasyMejy. Takobe, Mozaenu usrpaheHu us
UCTOPHjCKUX IOoJlaTaKa Ce 4ecTO KOpUCTe M 3a mnpejBubame Oyayhux crama

CUCTEMaQ, Y [U/bY NOAPIIKE NMPOLECY OJJTyIHBakba.

Jenan on ocHoBHUX 33ajaTaka o6usiactu 03Il je kiaacupukapuja, Kao npoodJieM
pa3BpcTaBama objekaTta y npegoapebene kiace. Knacudukauuja ce Bpmu Ha
OCHOBY aTpUOYTa, KOjU MpeJCTaB/bajy ONMUC 0bjekaTa Koju Tpeba KaacuPpHUKOBATH.
AnroputMu 3a kjaacudukanujy Tpeba Ja oTkpujy Mogen ("mpaBusio”) 3a
K1acupuKoBawme Koje he mNpaBUTH MHUHHUMaJHY TpellKy HPUIUKOM
Kk1acuduKaluje, a Ha OCHOBY puMepa J06pux kjaacupukanuja. [peuika Moxe aa
ce MepH Kao MpoLeHaT Jiollle pa3BpCcTaHUX objekaTa. OBaKBU MOJiesIM Cy KOPUCHU
jep 3a HOBe cJy4ajeBe MOTY MpeJBHUAETH KJacy HEKOT objekTa (HIp. Aob6ap//o1

KJIMjeHT, 60/1ecTaH /34 paB NalyjeHT, I03UTUBaH/HeraTuBaH TEKCT, UTA,.)

Moaenu ("mpaBusa") kjJacupUKOBawa, KOjU Ce TeHepully OBaKBUM
aJTOPUTMHUMA, MOTY GUTH CTATUCTHYKH, JIOTHYKH, aJTOPUTAMCKH, WJIH APYror
06J1MKa, a 6a3WpaHU Cy Ha NMPEeAXOAHUM (MCTOPHjCKUM) CJy4yajeBHUMa, U3 KOjUX

aJIropuTMHU "y4ye" Te NpaBUJIHOCTU UCKA3aHEe y MOJeNy.

JenHyu oJ HajpacnpocTpambeHUjUXx MoJesia Kiaacupukauuje cy U CcTabaa
oJslyyruBama. OHU XUjepapXHUjCKOM CTPYKTYpOM JedUHHUILY NpaBUJIa KaJla HEKU
objekaT Tpeba Jla mpunajHe Hekoj kjaacu. [I[pumep crabsa ojsyyMBama 3a
kJ1acuduKalyjy KjivjeHaTa 6aHKe 0 pU3UYHOCTH je AaT Ha Caunu 1. [lonekag ce
Ha3uBajy U "MHJAYKTHUBHA CcTabJsa ofJlyulBama’, 1a 61 ce HarJacuso Ja ce crabja
Kpeupajy Ha OCHOBY MCTOPHjCKHUX CJIy4ajeBa, KOju MpeACTaB/bajy NpuMepe aAo06pe
k1acudukanuje. Usrpahena crabsa Tpeba Ja OTKpHjy NpaBu/a KojuMa ce TH
MCTOPHjCKU IPUMepH Hajb60Jbe PeNpPOAYKYjy, Tj. a UHAYKTHUBHO A0hy of npuMepa
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no "sHamwa' (Mmogena). (Tsiptis u Chorianopoulos, 2009) onucyjy npeaHOCTH

cTabJia oJJlyurBama U pasJsore 360r KOjUX Cy 4eCTO KOpUIINEeHH Y MPaKCH:

e TreHepHIly je/JHOCTAaBHA, pa3yM/bHBa IPABUJIA, JIaKa 3a TYMaY€ekbe;

® QJIrOPUTMH Cy OpP3U U CKaJabUJIHU U ePeKacHO MOTy Jia pajie ca
BEJIMKUM 6pojeM ciaydajeBa U aTpUbyTa;

e UHTerpuvily mnpouec M36opa arpubyra, Koju UM omoryhama ja
Cy3e CKyn pas3MaTpaHUX arTpubyta, wu3bauyjyhu (He
pasmaTrpajyhu) He6UTHe aTpUOYTE;

e HHUCy CIOyTaHa KopeJjalyjaMa aTpubyTa y IOJaluMa,

Tj.PUCYCTBOM MYJITUKOJUHEAPHOCTH.

Y nuTepaTypu MOCTOjU MperpuwiT HU3BellTaja O YCIENIHOj NPUMeEHM cTabJa
oAJsiyuuBama. /lobap mnperJies, pa3HOJMKOCTU U KOJMUYMHE NpPHMeHa je JaT y
(Murthy, 1998), rae ce uuTHpajy paZloBy NpHMMeHA Yy arPUKYJITYPH, aCTPOHOMHU]jH,
o6uoMeuiuju, GUHAHCHUjaMa, IpoLlecCUpay CJAUKa U 3BYKa, IpaBUMa, MEJULUHH,
NPOU3BO/H, MOJIEKYJIAPHOj 6U0I0THjU, PapManyjy, GU3nLM, pa3Bojy copTBepa,
utf. HewmTo ckopuje cTyjuje HaBoZe W J0JaTHe NpHMepe ynoTpebe crabJia
OJIJlyuMBamba KOju, MOpeJ Tora UITO Cy LIMPOKH y O6pojy 00J1IacTU y KojuMa ce

nojaBJbyjy, cy 4 BpJio 6pojHu (Almuallim et al. 2001) (Rokach, 2008).



Income

$0 to $15K 315 to $35K over $35K
HIGH Credit Credit
RISK History History
UNKNOWN BAD GOOD UNKNOWN BAD GOOD
D Bt HIGH MODERATE LOW MODERATE LOW
€ RISK RISK RISK RISK RISK
HIGH LOW
HIGH MODERATE
RISK RISK

Cnuka 1: Ilpumep cTabsia ofiyurBama 3a KJacudukalyjy KjivjeHaTa 6aHKe Mo
PU3BUYHOCTH

[locToju BuUIlle ajJaropuTaMa 3a Kpeupame cTabJjia OJJIydMBamba, OJ KOjUX Cy
MoxzAa Hajno3HaTuju aaroputMu CART (Breiman et al, 1984), ID3 (Quinlan,
1986), C4.5 (Quinlan, 1993) u CHAID (Kass, 1980). OBu aJrOpuTMH, HAKO J1OCTA
CTapy, Cy TpEeHYTHO HajkopullNeHWjUu y MpakKCd, IWITO CBeJOYM HUXO0BA
NPUCYTHOCT ¥ roToBo cBakoM codTBepy 3a O3Il. Takohe cy ce aBa ajroputma
NpOoHallJIa ¥ UCTAKHYTOj cTyAuju o 10 HajkopuwheHujux arzopumama 3a OI13 (Wu

et al. 2008).

CBaku o1 0BHX aJropuTaMa AeduHUILIE U CKyll HapaMeTapa, Y4joM U3MEeHOM ce
Mewa U Jlo0UjeHO cTabJio oJijlydMBama M3 MojaTaka. Ha Taj HauuH ce Moxe
KOHTPOJIUCATH BeJMYMHA W KOMIUIEKCHOCT Jo6ujeHor crabsa. IlpeBuiie
jenHOCTaBHO cTabJsio Hajyewihe He MOXe JOBOJbHO J00pO Ja Omulle NpaBuJa
CBpCTaBawa objekaTa y KJace, [JOK MpeBUIlIE KOMILJIEKCHO CTabsio MOxe OUTH
Hepenpe3eHTAaTUBHO, Tj. /la BaXKK CaMO Ha MO/ICKyIy No/laTaKa U3 KOjux je cTabJio
reHepucaHo (Tako3BaHU MpobseM npempeHuparba). ako je mo3HaT HayWH Ha
KOjU MHOTH NapaMeTpy aJropyMTMa YTHYY Ha KOMIIJIEKCHOCT J06UjeHOr CTabJ1a,
HUje jacHO KakaB he 6UTH edeKaT Ha YKYIHY NPELU3HOCT cTabJ/a, Tj. MOTyhHOCT

Jla pelM3HO npeBuba Kjace HOBUX 0b6jeKaTa.




[lTapaMeTpu anropruTMa Cy M3JI0KEHW KOPUCHULIMMA U OYeKyje ce Jila OHU 3Hajy Aa
noziece Te napameTpe Kako 61 0611 Hajoosbe pe3ynTaTe. Kako He nocToju jacaH
HAYMH KaKo Ce TO W3BOJAM, aHaJIMTH4Yapu Hajyemhe wucnpobaBajy pasHe
KOMOUHAIMje MapaMeTapa JOK He [A06ujy crneuuduyHo CcTabso Koje
HajnpelnyM3Huje mnpejBuba kjace. Y ckopuje BpeMe ce jaB/bajy U pasjMuUTe
ONTUMHU3ALMOHE NpOLEeAYype, KojuMa ce ayTOMaTCKU oAapeDhyjy Ao6pe BpeJHOCTH
napaMeTepa aJropuTaMa 3a U3rpaJiby cTabsa oAayduBama. [eHepaaHo Baxku [Jja
mwTo je Behu mnpocrtop mnapaMerapa (Tj. WITO BuUlle KOMOMHauMja Moryhux
BpeJHOCTU HMMa), TO je Moryhe ao6uTu 60/bM MoOAes 3a NpeaBubamwe. Y UCTO
BpeMe, Npo6JieM IMoJellaBalkba OBUX [apaMeTapa I0CTaje CBe KOMIIJIEKCHUjH.
Crtpareruja je 360r Tora Hajuelhe Jia ce orpaHUYM NPOCTOP NapaMeTapa Jia 6u ce
CMamM/Ia KOMIJIEKCHOCT Npo6JeMa, MaZa MOCTOjU M APYrd MyT, a TO je Ja ce

ayToMaTH3yje u360p BpeJHOCTH MapaMeTapa.

Y snuTepaTtypu ce mory Hahu Ha JleceTHHe BapHujalMja aJropdraMa 3a crabJa
oTy4HBama. Jla je TOJMKU 6POj pa3/IMYUTUX aJIrOpUTaMa notrpebaH noTBphyjy u
Tako3BaHe Teopuje Aa "HeMma OecriaTHor pydka" (eng. No free lunch theories)
(Wolpert, 1996), koje MaTeMaTUYKH A0Ka3yjy Aa ce 3a CBAaKU U3abpaHU MpobJieM
Moke Hahu ajaroputaMm Koju Jaje Hajbosbe pe3ysaTaTe (je onTUMasaH) Ha TOM
npo6JieMy, [OK Ha APYruM MpobjeMuMa Taj aJiropdTaM He Mopa OUTH YOIIITe
Jo6ap. OBakBU J0Ka3W Cy YYUMHUJIM Ja UCTPAKHMBAUM OJYCTAHy OJi MOTpare 3a
jeqHUM Haj6o/bUM aaropuTMoM. To 3ampaBo ykasyje Ja, yMeCTO Aa Ce TPaKH
Haj60/bU AJTOPUTAM YONIUITE, MOTPEOHO je Ja MOCTOjU BeJUKH 6poj ajiropdTama

Koju he 6UTH ,06pU y OjeAUHUM CIy4YajeBUMa.

JenaH HauyuH Aa ce noBeha 6poj Moryhux ajiropurama, ¥ Tako oMOryhu npaB/bemwe
CrelMjaJIM30BaHUX a/iTOpUTaMa 3a HeKU NpobJieM, je NPUCTYyN aJropuramMa
3aCHOBAaHUX HAa KOMIOHeHTaMma (eHr. component-based algorithms). ¥ ToMm
NpUCTymny je Moryhe, KOOMHOBamweM [eJioBa ajropurama (Tj. KOMIOHEHTH),
JlobuTtu 3HaTHO Behu 6poj anropurama. OBaj npuctyn je Beh ycnemHo npuMewmeH
Ha aJiropuTMe cTabJsa ofJiydrBama (Suknovic et al, 2012) (Delibasic et al, 2011a).
[lopen Tora, oBakBe ajJroputMme je Moryhe 60/be pa3yMeTH, jep Cy BUJbHUBU U
pasyMJ/bUBHjU YHYTPAIIBHU JeJ0BH aJITOPUTMA, 300T Yera je 0Baj IPUCTYIl Ha3BaH
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NPULHUIT "6eJIMX KyTHja", Kao KOHTPACT TPaJUILMOHAJIHOM HAyMHY MpaB/beka
ajroputaMa Kao "upHux Kytuja" (Delibasi¢ et al, 2012a) (Delibasic¢ et al, 2013).
Takobhe je Moryhe ofijpeAuTH KOju [1eJI0BU aJIrOpUTaMa Cy Haj3ac/ay>KHHUjU 3a J06pe
nepdopmaHce HeKor airopuTMa. OBaj NpUCTyN je objallkbeH y BUIlle JeTaba y

[lornassby 3.

Besimku npo6JieM ocTaje Kako Hahu mpaBu M3060p KOMIOHEHTH aJITOPUTMA, KOjU
he caunHUTHU J06ap a/iropuTaM 3a NpobJieM Koju ce peimiaBa. OBo moceGHO MocTaje
TEIIKO KaZa 6p0j KOMIIOHeHATa pacTe, jep YKyHaH MPOCTOp ajifrOpHTaMa Taja
y6p3aHo pacTte. PemiaBameM oBor npobsemMa OM ce HUCKOPUCTHO 3HATHO Behwu
npoctop Moryhux ajsiropurama, IITO OWU Pe3yJTOBaJO OObUM pe3yJTaTHUMa Y
CBaKOM creliupUIHOM CJy4dajy IpuMeHe. JeaH o MOoryhux HayMHa 3a pelllaBammbe
OBOT mpo6JsieMa je ayToMaTCKa IpeTpara NpocTopa ajropuraMa, mnocrojehum

OIITUMHU3ALlMOHHUM MNPHUCTYIINMaA, KOjI/I je rJlaBHA T€MA OBOT paza.

1.1.

[IpenMeT UcCTpakUBamwba Cy aJITOPUTMHM 3a U3TPa/iiby CTaG/ia oAJy4YrMBama, Kao
MoJiesia 3a KJacHPUKaALMjy, Ka0 U ayTOMATCKO TeHepHucame Bapwujanuja
OCHOBHHUX aJIFOPUTaMa, OINTHMHU3AlMjoM KOMOHHAlLMje KOMIIOHEHATa THX
anropurama. Kako cBe Moryhe Bapujanuje asroputama AeduHHUILY ,IPOCTOP
aJropuTaMa‘“, npeJiMeT OBe Te3e ce MOXKe ieGUHUCATH U Kao mpeTpara npocropa

aJIropMTaMa Koju pacTe cynep-JruHeapHo ca 6pojeM Moryhrx KOMIOHEHTH.

AJNropuTMU ce Olelyjy NpeKo CBoje MOryhHOCTH Ja Kpeupajy crabJa Koja
npenusHo npeBubajy ksace objekaTa o/ pa3MaTpama, IITO Ce MOXE er3akTHO
MepuTu (Pang-Ning et al, 2006), a 6uhe kopuirheHo 3a nopehemwe Pa3TUIUTHUX

aJiropuTaMa M JUCKYCHjy O YTHIIAjy MojeAUHUX GaKTOpa Ha Taj KBAJIUTET.

He usydaBa ce KOoHKpeTaH AoMeH npuMeHe, Beh he ce Ha mojauuma U3 JocTa
cieliPpUIHHUX JOMEeHa UJIYCTPOBATH YIOTPEG/HUBOCT OBOT MPUCTYIA U MOPEAUTH

ca noctojehuM npucTynuma.



OBakaB mpo6JsieM jolll HUje AUPEKTHO pellaBaH y JIUTEpaTypH, ajld IMOCToje
CAIMYHU W aHAJIOTHU NpoO6JeMH KOju jecy OUIM NpejMeT HCTpaKuBawba, M

JIUCKYTY]jy ce y 3acebHOj CEKI[Uju OBOT pajia.

1.2.

[lusmb je gakie ayromatrsalnyja u36opa Haj6o/be KOMOMHALM]jE [ieJI0Ba aiTOPUTMa
3a crabsa ojsy4yuBama. TuMe ce Jo006uje CBOjeBpPCTAH CHUCTEM 3a MOJPLIKY

O/ITy4YHBamby, KOju oMoryhaaa:

e a ce reHepuule 60/bU AJIrOPUTAM KOjU OAroBapa HEKOM KOHKPETHOM
npo6/ieMy NpUMeHEe;

e /a ce 6o/be pasyMe KOjU J[eJIOBU aJrOPUTMa Cy OATOBOPHHU 3a Ao6pe
nepdopMaHce, Kao ¥ Koje KOMIIOHEHTe J06pO paZie 3ajejHO;

e a ce Ja/bUM pa3BOjeM KOMIIOHEHTH 3a aJIFTOPUTMe CTabja oJ/Iy4MBamba
omoryhu cnuTHBaWke yIOoTPe6/bUBOCTH HOBUX KOMIIOHEHTH;

e a ce oJIaKIIa M 3HAYajHO y6p3a paj; aHAJWTHYapa MPUJIHUKOM NpHUMEHe

crabJsa OTy4HBakb4a.

(Wolpert, 1996) je Beh nokasao aa Behum u360pomM ajnroputama 1noctoju U Behu
NOTeHIMja/]l 3a CchHelMPUUYHUM DpelleruMMa Koja pajie 6osbe 0J, reHepaJHUX
pewiewsa. (Suknovic et al, 2012) u (Delibasic¢ et al, 2011) cy ganu Ha4uH Kako ce
MOXKe 3HAaTHO NPOUIMPUTH NPOCTOp Moryhux ajropurama, [o0JaBalkeM HOBUX
koMnoHeHTH. HapeaHu kopak Tpeba Ja oMoryhu KpeTame KpO3 TaKaB BeJIMKHU
IIPOCTOP AJITOPUTAMA, Y NOTPA3U 3a HAJIIPUXBAT/bUBUjUM Y CBAKOM I0jeJMHAYHOM

cayyajy.
Jla 6U ce UCIYHUJIW TH IIW/bEBH, y pajy he Kao JONPHUHOCH OUTH MPUKaA3aHU:

® [iperJsen JIUTepaType O aJIrOprUTaMa 3a U3Trpaglby crabJsa oJiIydMBadhba 34

KJ1acudUuKanujy;



e JleTa/baH INpersie/i KOHIENTAa KOMIIOHEHTHHMX aJifOpuUTaMa 3a CTabJja
O/IyuMBakba, HUMIJIEMEHTAIMje U €eKCIepUMEHTa/JHe MOJIpIIKE TOM
OPUCTYIY;

e JnedUuHUCaE IPOCTOPA aJITOPUTAMa U Ipo6JieMa KOju OH NPeCTaBIba;

e 13yyaBalbe MOTYNHOCTM 3a ayTOMAaTCKO TeHepucame ajaropuramMa 3a
ctabja oOAJydYMBalka, Kao W MapaMeTpu3aldjy  KOMIIOHEHTH,
KopullheweM eBOJIyTUBHUX aJITOPUTaMa 3a IpeTpary;

® eKCllepUMeHTa/iHa MpoBepa ePeKTUBHOCTH U e(PUKACHOCTU NpeTpare
IpocTopa aJIrOpUTaMma;

e aHa/siM3a KOHCTPYMCAHUX aJrOpUTaMa Ha crneyquPUYHUM MOpHMeHama
cTabjia OJJly4MBama, Kako OM ce M3BpILIWJIA KapaKTepHu3aldja U OINHC
"n106puUX" KOMIIOHEHTH;

e u3rpaama coPpTBEpPCKOr ajiaTa KOjU OH CAYKHO Kao IMOoApIIKa
OJ/IydMBakby, aHAJIMTHYapUMa KOjU NPUMEWYjy ajJropuTMe 3a crabJia

O/IJIyYMBama, LITO OM 3HAa4YajHO 0JIaKLIaJ0 U yOp3asio IPUMEHY.

1.3.

Ha ocHOBy 3azaTux nu/beBa, INpoy4yaBawa MNPeAXOJHUX HCTpaXUBamkba U3
peJieBaHTHe JIMTepaType U BbUXOBUX 3aK/bydyakKa, MOTy ce JepUHUCATH XUIIOTE3eE,

Kao NMpPeTNOCTaBKe Koje ce MOTy eKClIepUMMeHTa/lHO BepupUKOBaTH.

OcHoBHa XuUMNoTe3a je JAa ce MNPOCTOP aJroputaMa KpeupaH pa3MeHOM
KOMIIOHEHTH (AesioBa) asiroputamMa Moxe e(PeKTHUBHO U e(UKACHO
npeTpaxuBaTu. BepudukoBameM oBe xurore3e 6U ce OTBOPHUO MPOCTOP 3a
ayTOMaTCKO TeHepHcame U Jpyrux ajaropurama (ocuM cTabja o/ y4rBama)

NnpeacraB/b€HUX KOMIIOHEHTaMa.

Jlasbe, mpeTnocraB/ba ce U Aa NpoHal)eHH ONTHUMAJHHU (MU CyOGONTHUMAJIHM)
QJIropuTMM MOry OWMTH 3HA4YajHO O6os/bH 04 mnocrojehux anropurama.
BepudurukoBaweM oBe xunorede he OUTH JaT M jak MNpakTU4YaH MOTHUB 3a

Kopuilhewe 0OBOT NPUCTyNA.



KonauHo, Bepyje ce fa nepdopmMaHce aJropuTMa He 3aBHce NOJjeJHAKO Ol CBUX
JilesioBa (KOMIIOHEHTH). AHAJIM30M ayTOMATCKH KOHCTPYMCAaHMX aJIropuTamMa
Ha HEKOM Impo6Jemy, Moryhe je OTKPMTH KOjU [JeJIOBHM aJropurMa cy

3aC/Iy»KHUjH 32 lerose nepdpopmMaHce.

1.4.

HaBeneHe xunoTte3e he 6uTH BepudpUKOoBaHE CTPOrOM HAYYHOM METOJ0JIOTHjOM,

3aCHOBAaHOM Ha eMIIUPHjCKOj (eKCIIepUMeHTaJHOj) HOTBP/H.

[IpBo, mperJieloM ¥ Npoy4YaBaweM JIMTEpPAType, KPUTHYKUM OCBPTOM Ha by U
CHUCTEeMaTU3alMjoM Tpeba Ja ce CTeKHe jacHa CJMKa O IpobJjieMHMa U
NOTEeHLMjaJJHUM pellelhbrMMa 3a peajusalujy 3aJaTux LusbeBa. H3yyaBahe ce
aJTOPUTMH 3a CTabJsa OJJIyYyHBamba, CTPYKTypa THUX ajropuramMa U mocrtojeha
yHanpebhewa, ca $OKycoM Ha KOMIIOHEHTHH [Au3ajH 3a cTabJsa oJJyuuBaiba.
[loce6HO he ce n3yyaBaTH ONTUMU3ANMOHA TEXHUKA 3a IJI06AJHY ONTHUMHU3ALU]Y
IyTEM €BOJYIHUOHHUX aJropuTamMa, Kao MeTa-XeypUCTUYKA MeToJ  3a
ontumusanujy. Ilopex suTepaType, mnpoydyaBahe ce ajaT 3a U3TPAJBY
KOMIIOHEHTHHUX cTabasla OJJIyulMBamka M MOTyNHOCT HaArpajJiHe OBOT aJjiaTa ca

dyTOMAaTCKHUM reHeprucambeM aJIrOpUTaMa.

Tpeba jacHo AedpUHMCATH er3aKTHe Mepe KBaJIMTeTa aJIrOPUTMa, Ha HAYMH KOjU
6u oMoryhno exkcnepuMeHTa/IHO mnopehewe ca agpyrum npucrtynuma y
autepatypu. [IporeHa KoJMKo A06HjeHO cTabso ofJiyurBama A06po npeaBuba
kJ1ace he ce BpIIMTHU UCK/bYYMBO Ha MpUMepPHMa KOjuU HUCY KOpUITNeHU TPUIHUKOM
u3rpajamwe CcrTabsa, Kako O6U ce MepuJa reHepajausalMja JobUjeHOr MojeJsa

k1acudukanyje.

KBanuTteTr anroputama he ce npoBepaBaTH U Ha A06pO MO3HATHM (GeHYMapPK)
npo6/eMuMa, Kako 6U ce pe3yJITaTy ynopeauau ca nocrojehum npucrynuma. OBo
Takohe Tpeba Ja omoryhH TpPaHCHAPEHTHOCT W TMOHOB/BUBOCT CBHUX
eKcriepuMeHaTa. AiropuTMu he ce mpoBepaBaTH Ha ITO BeheM 6pojy npumepa,

KaKo0 3aK/by4llU He OM OUJIM MOojeJUHaYHU, Beh reHepasiHH.



ExcnepumeHTH he ce cnpoBOJUTH Ha MCTOj, jacHO AedUHUCAHOj, XapABEPCKO]

HHPPACTPYKTYpPH, Kako 6U nmopehema 6uia ¢pep 1 KOpeKTHa.

OnTumusauuoHe MeToJie he ce oleHUBATU ca TUME KOJIMKO je pellerme 6JU3y

ONTUMAJIHOM, Kao U KOJIMKO BpeMeHa je MOTPe6GHO 3a U3BpIIaBakbe.

Iloganu oj cnpoBeAeHUX eKcnepuMeHaTa he OUTHM aHa/JU3UpaHU U Ouhe
VM3ByYeHU 3aK/bY4Ylid, 00jallilbelha, Ka0 W AMCKYTOBaHAa HOBA HUCTPaKMBadKa

nMTama Koja he ce TuMe 0oTBOpPUTH.



2. Cta6s1a o4/1yYHBamba 3a KJ1acuPpUKaALUjy

Crabsaa oasiydynBamwa NpeJCcTaB/bajy MOJes Ipoleca JOHOLIewma OJJyKa, KOju y
KOpaluMa, Kpo3 2paHe cTabJia, ON1cyje Ha KOju HauuH ce KopucTe MHopMaluje

Jla 6U ce IOIILIO0 JI0 HEKe O/I/IyKe, PeiCTaB/beHe Y IUCMY cTabJia oA/1y4rBatba.

CrabJsia ofjiyyrBama MOTYy PY4HO JedHMHHUCATH €KCIlepTH U3 JIMYHOI MCKYCTBa,
WJIM ce MOTy M3rpajuTH U3 IoJaTaka 6e3 NpPUCYCTBa eKclnepTa (Tako3BaHa
"MHAYKTUBHA CTabJ/1a 0Jy4lBama"). Y 0BOM pajy ce u3y4daBa NPUCTYI U3Trpajibe
cTabjia oJlyudBaa U3 NoJaTaka, LITO MpUNaZa 06JaCTU MAlUMHCKOT y4yewa U

OTKpHBaHa 3aKOHUTOCTH y Nnojanuma (eHr. data mining).

Pajgu unycrpanuje npob6JeMa U npolieca pelliaBamwa, Hocay:xuhemMo ce npuMepom
u3 (Tan et al, 2005), koju omucyje AeceT UHCMAHYU K/IvjeHaTa OaHKe KpO3

HEKOJIMKO 0COOUHa uau ampugyma (Tabena 1).

Tab6ena 1. UnycTpaTUBHU IpUMep: KJacupuKalija KivjeHaTa 6aHKe

Mocepyje bBpauHn | loguwwu HewussplieHe

Pbp
Kyhy cTaTyc npuxop, obasese
1 Oa Cam 125K He
2 He Y 6paky 100K He
3 He Cam 70K He
4 Ja Y 6paky 120K He
5 He PassegeH 95K Aa
6 He Y 6paky 60K He
7 [a PassegeH 220K He
8 He Cam 85K Aa
9 He Y bpaky 75K He
10 He Cam 90K Aa

[locneawy aTpUOYT je crielikjasiaH jep NpeAcTaB/ba UHPOPMALIUjy KOjy HEMaMoO 3a
HOBe KJHWjeHTe (He 3HaMo Jia Jid he UMaTH npobJseMa ca U3BpIllaBakeM 00aBe3a).
llnm je fAa usrpagumMo MoJes KOjUM MOXKEMO IpeABUJETH BpPEeJHOCT OBOT

aTpubyTa 3a HOBe KJIMjeHTe, a Ha OCHOBY MH($OpMalUje 0 OCTaJIUM aTpUubyTHUMa.
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Taj aTpubyt 3BaheMo u3/1a3HM aTpUbyT WJM K/dca, TOUITO HAa OCHOBY Hera
MO>XEMO pa3J/IMKOBAaTH /iBe (y OBOM CJIy4ajy) KJace KJiujeHaTa oJf uHTepeca. Ctora

ce U po6JieM npeiBuhama Kiace objekaTa Ha3uBa Kiacugukayuja.

YKosMKo 6M KJaca CBUX MHCTAaHIU OWJa MCTa, Ipo6JieM kjaacudukaluje 61U 610
TpUBUjaJiaH, jep TPUBUjaJiaH MOJieJl KOjU yBEK CBpCTaBa 00jeKTe y Ty KJacy
HUKa/Jla He OU norpeiiro. Mako TakBy UjeasHy CUTyalljy HE MOXKeEMO O4YEeKUBATH
y peajJHUM Npob6/ieMUMa, LIU/b U3rpaje cTabja ofjlydydBama je Jja ce Nojaunu
HEKaKo Mo/ieJsie Ha MOJICKYIIOBe, y KojuMa he y cBakoM Mo/ CKyny 6UTH TPUBHjaTHO
pehu kojoj kiacu npunazajy 06jeKTd. Y HalleM NpuMepy MMaMo Cay4aj Jla ceiaM
ob6jekaTa (K/IujeHaTa) NpuIaja KJacy KjJvjeHaTa Koju ycnelHo Bpahajy kpeaur, a
TpHU 06jeKTa KJacHu Koja MMa npobJseMe ca NOAMUPHBaWKEM JAyroBa. MHULMjanHa

JUCTPUOYLMja KJlaca JaTa je Ha Cauiy 2a.

Ne
70.0
d
” (a)
Ne Ne
70.0 (6) 70.0
Godisnji Prihod Poseduje Kucu
==00.000 <90.006 Da Ne
Ne Ne Ne
80.0 60.0 57.1
Ne Ne Ne

Ciuka 2. luctpubyuuja kaaca 3a nap MOoryhHOCTHM rpaHama cTabJia

[um je fakse Ja HeKaKo NOJEeNMMO KJIUjeHTe Jla y CBaKOM /Jiesly OyJe 3aCTyIl/beHa
caMo jeJlHa KJjaca, WiM LITO OJiMKe TOM Hjeany. Ha mpumep, Jbyse MoxKeMoO
NO/IeJIMTU Ha OCHOBY NMPHUX0/1a, IJle 6M NMpBa rpyna 6uad KJIdjeHTH Koju 3apabyjy
Mame o1 90K mosiapa roguiime, a ipyra rpyna oH4d Koju 3apabyjy Bullie of Tora.

Bosiesin 6ucMo fa y npBoj rpynu 6yy CBU KJIHWjeHTH Koju (Ha mpuMep) He Bpahajy
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KpeJuT, a JAa y Apyroj rpynu cBu Bpahajy kpeautT. OHJa 6M Ha OCHOBY
“HpopMaldje 0 NpMMamkbuMa MOTJIM [a OAJYYMMO KOMe Jla 0J0O0pUMO KpeauT.
Haxasioct, uHpopMalnyja o npuMambUMa HUje MOTIYHA Jja OJpeSU Aa JIU je HEKO
crocob6aH Jla BpaTU KpeAuT, IITO BUAMMO U3 YCJIOBHHUX BepoBaTHoha, JaTux Ha

Ciaunu 26.

Ako 6uUcMO TecTUpa/id CBe aTpUOYTe, UCIIOCTaBJ/ba Ce Aa HajBulle WHOpMaIUja
HOocU aTpubyT "mocenyje kyhy", jep epanarbem (fembemeM) KavjeHaTa Ha Te JiBe
rpyne ("nocenyje" u "He nmocenyje") ce A06uja HajUUCTHja AUCTPUOYLHja Kaca Y

cBakoj rpynu (Cavka 2B).

Tayan HauuH esasyayuje (mMepera) Kea.aumema cBakor atpubyra he 6uTu
JleTa/bHO o6pabhuBaH y HapeAHUM MorJaB/buMa. C 063MpPOM Jla Y CBAKOj 0Jf rpaHa
HeMaMO YMCTY CUTYyallUjy pacro/jiese Kjaca, 0Baj MOCTYNaK MOXEMO PEeKypP3UBHO
MOHOBUTH 32 CBaKy HOBOHACTaJy r'paHy, CBe JIOK He 06UjeMO YUCTY CUTYaILH]y, Tj.
NOArpyNy KJHWjeHaTa 3a Koje yBeK MoxkeMo pehu ga Bpahajy uiu He Bpahajy
KpeJuT. HakoH 1e10r NOCTyNnKa rpaHama ca pacrnoJyo)KUBUM aTpubyTUMa, A06Uja

ce cnefiehe pesynryjyhe cra6Jio, faTo Ha Caunu 3.

Ne
70.0

Poseduje Kucu

Ne

Ne
57.1

Bracni Status

100.0

Da Godisnji Prihod

<80.000
Da
100.0

Da

Cnuka 3. [IpuMep KOHa4YHOT cTabJ10 3a KJacuPUKalMjy pUSUYHOCTH KJIHUjHTA.
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[IpousBeseHO CcTabJi0 MOXEMO KOPUCTUTH Kao 3Hambe Koje je MPOUCTEKJIO U3
JIOCTYMHUX M0JjlaTaKa, HAa OCHOBY KOT' M0OKeMO K/JIaCMPUKOBATH HOBE KJ/IUjeHTe

Ha OHe Koju Bpahajy uiu He Bpahajy KpeaurT.

OcHOBHa mpeTHOCTaBKa je JAa Cy JaTd [OojalM penpe3eHTATUBHU 3a
nomyJialyjy K/avjeHaTta. Mako ce y oBoM npuMepy TO He MOKe TBPAMUTHU 360T
MaJIoT y30pKa, Y peajlJHUM CJydajeBUMa Hajuelllhe MMaMo Ha CTOTHHe, XWU/baJie, A
Y MUJIMOHE cJy4yajeBa (MHCTAHLM) AOCTYNHUX 3a aHaiu3dy. OBakBa aHa/iM3e cTOra
CIazajy y AJOMeH OTKpuBamwa 3aKOHUTOCTU y MoJalMuMa WITO je Yy KOHTPACTy ca
KJIJACUYHUM CTAaTUCTHUYKUM ob6pajlaMa Ko/ KOjUX je MaJsid y30pakK TUIHM4YHA MojaBa

N OCHOBHH HpO6JIeM dHaJIn3e.

Y npukazaHoM MNpuMepy Tpeba MNPUMETHTH U UYUEHULY Ja Cy KopulnheHuU
aTpUOYTH Pa3/JIMYUTOr THUIA, HAaUMe I[OjaB/byje Cce jeJlaH OMHAPHU aATPUOYT
("locenyje xkyhy"), jeman karteropuyku ("BpayHu cratyc"), kao U jeJaH
HyMepuuyku aTpubyTt ("Togummu npuxon"'). To uaycrpyje pobycTHOCT cTabasia
O/ITyYMBaka y Be3W BPCTe yJIa3HUX aTPUOYTa, KOjy MHOTM CTATUCTUYKU MOJIeTH

HEeMajy, jep 3axTeBajy KOHBep3Hjy Yy je[laH o, TUIIOBa lToJaTaKa.

Pesyntyjyhu mMozen ctabJa ce Takohe Moxe TYMayuTHU KAao CTATUCTUYKH MOJIEJ,
jep Mogzenyje ycioBHe BepoBaTHohe KJaca, KaZja Cy AaTe BPeAHOCTH YJIa3HUX

aTpubyTa.

JlonaTHo, y3 NpolieHy yCJOBHUX BepoBaTHOha, OoBaj Mojes yjeaHO U ojipehyje
CTPYKTYpPY 3aBUCHOCTU NPOMEH/bUBUX, Ka0 U CeJIEKLMjy aTpUOyTa Koju Hoce
BakHe MHpopManuje 3a k1acupurkanujy. bes Tor BaXKHOTr acnekTa, jeJHOCTaBHO
payyHame CBUX YCJI0BUX BepoBaTHOhA He 61 61JI0 U3BO/I/bUBO, LUITO 300T BpeMeHa
CpauyHaBama, lITO 360r HeJOBOJLHO NOJlaTaKa 3a NpOLleHy BepoBaTHoha Kaza je

JAat Behu 6poj aTpubyTa.

[locToje 6pojHM anropuTMM 3a U3rpaAwy cTabasa oOAJydyuBama KOjU Cy
obpabuBanu y mutepatypu. OBU aJIrOPUTMHU Ce PA3JIUKYjy Y MHOTUM JleTa/bMMa, O
yeMy he 6UTHU peud y HapeJHUM MOTIJaB/bUMa, ajld Cy Takohe U CIAMYHOCTHU

BeJIMKe, IITO he oMoryhuTy reHepanusanujy alropurama npukasany y [lorsasmy
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3. Tpeba camo HarsacuUTH Ja ce y 0BOM pajly obpabyjy crabsa ofsyduBama 3a
ki1acubukanyjy. CIMYHU MoJesy ce HU3y4daBajy U pajiu NpaB/bera Mojesa 3a
perpecyjy (Tj. npejBubarmbe HyMepUYKUX H3JIa3HUX BPEJHOCTH), WU aHAIU3Y

pPHU3MKa, aJlu TH MoZiesiu Hehe 6UTH o6pahrBaHU y OBOM pajy.

Y HacTaBKy OBOI HorJaB/ba he OWUTHM INpUKa3zaHW MOCTOjehr alropuTMu 3a
U3rpajiiby crabasa oAjay4rBama 3a kiacudukanujy. Hakon npukasa guckyroBahe
ce mnopebewe anroputama no BUIIe OWUTHUX aclekata, y3 OCBPT Ha
MMILJIEMEHTALlMOHE pa3jiike U JAOCTynHocT y codTBepuMa. Hajsan, 6uhe
IpHKa3aHe U JUCKYTOBaHe aKTyeJHe MoJguduKalnuje nocrojehux aaropurama m3

JIUTepaType.

2.1.

Ctabs1a oAsy4rBama Cy noueJsia /a ce U3y4yaBajy cejaM/ieCeTUX roJjMHa NpPOLIJIOT
BEKa, YIopezo ca pa3BojeM payyHapCTBa. 3alpaBO KOHLENT CTabJsa o/J1y4MBakba
je U cTapuju, U obyxBaTa MojeJie KOju Cy JbyAWd PYYHO CacTaBJ/baji¥, Kako 6U
BU3ya/IM30BaJid Ipoliece JOHOlLIewa ofJyKa. TakBa py4yHo u3rpaheHa crab6.uia
MMajy BeJIMKY IPUMEHY y aHaJIU3U PU3UKA, TJle Ce MOJieyjy HEU3BECHU UCXOIU U
M360pyU aJTEepHATUBHUX MyTeBa 3a pellaBalkbe HEKOr mnpobsema. O TakKBUM
cra6auMa ce Bule Moxe npounTatu y (Lee et al, 1981) (Cupi¢, Suknovié, 2008),
aJli OHAa HUCY NpeJMeT OBOT UCTPAXKUBAHKA, a OBJle Ce MOMHUIY 360T Tora Jia 6u
TEPMUHOJIOIIKYU OUJIU jeJHO3HAUHO oJipeheHu. BpcTe cTabsa of/iydrBama Koja ce
M3y4aBajy y OBOM pajly Cy ,MHAYKTHUBHA“ cTabJsia oAJy4YHMBama, Tj. OHA Koja ce
reHepully U3 NoJlaTaKa, a He 3allMCOM eKCIepTCKUX 3Hawa. Haziabe he ce TepMuH

cmaébaa odﬂyquea}ba OAHOCHUTHU Ha HHAYKTHUBHA crabJa oJ1IydrBatba.

Mebhy 3amakeHUjUM aJropuTMHUMa y JuTepaTypu cy curypHo u ID3 (Quinlan,
1986), C4.5 (Quinlan, 1993), CART (Breiman et al, 1984) u CHAID (Kass, 1980), u
OHM Cy MPUCYTHU Yy BeJUKOM Opojy coPTBEpCKUX ajlaTa 3a OTKpHBambe
3akoHUTOCTH y mnogauuma (O3Il). Takohe cy mnpenosHatu y crtyauju o 10

HajnonysapHUjux aaroputmuma 3a 03Il (Wu et al, 2008). [leTa/bHUjU ONIUC OBUX
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aJIropuTaMa, ca IpuMeprUMa payyHamwa, ce Takohe moxke Hahu U y (Delibasic et al,

2009a).

2.1.1.

ID3 anroputam

[IpyHLMT KOju IpaTe CBU aJITOPUTMHU 32 U3TPaby CTabJia je 1a UTEPATHUBHO Jlesie

CKYIl MoJlaTaka Ha MOJCKynoBe (Ha OCHOBY M3abpaHUX aTpubyTa), Tako Ja je y

THUM NO/ICKYIIOBMMaA LITO JIAKIlle OJPeAUTH Kacy objekaTa. Taj npUHLIUI ce MOXe

Bugetr y ID3 anroputmy (Quinlan, 1986):

1. OpgpeauTu mnoyeTHY eHTponujy (HeypeheHocT) cucTemMa Ha OCHOBY

M3J1a3HoT aTpubyTa (KJace)

2. 3acBakH yJia3HU (He-KJIaCHU) aTPUOYT:

a.

3. 3a

NOJIeJIMTU CKyl Ha JieJioBe KOjU OJiIr0Bapajy pasIuyUTUM
BpeHOCTUMA M3abpaHoT aTpUbyTa (rpaHame)
M3pauyyHaTU OYEKHUBAHY EHTPOINHjy Yy MOJe/beHOM CKYIy, Kao
OTEeXaHHU NPOCEK eHTPOIHja CBAKOT MOACKYyTa
passinka u3MeDhy IMoYeTHe EeHTpPOINHje W OYeKHBAaHE EHTPOIHje
npejacTaB/ba MHPOPMALMOHY AOOUT, Tj. KOJUYMHY HHOpManuja

KOjy HOCH aTpUOYT 3a KiaacupUukauujy

rpaHame cTabJsia u3abpaTd OHAj aTpUbOyT KOjU MaKCUMHU3Upa

MHPOpMaALMOHY 106UT

4. 3a cBaKy HOBOJOOWjeHy TIpaHy, a YKOJHUKO TrpaHa HMa IpeocTase

eHTpOIIHje, BpaTUTH ce Ha Kopak 1 (pekyp3wuja). Y cynpoTHOM, 3ayCTaBUTH

AJITOTUTAaM.

Y OBOM a/JIrOPUTMY Ce KOPUCTH KOHILIENT eHTPOINHje, U3 MHPOpMaILlMOHE Teopuje

(Shannon, 1948), kao Mepa KOJIMKO je TELIKO CBPCTAaTH eJieMeHTe CKyIa y KJace, a

pavdyHa ce Kao:

K
H(S) = Z p; log, p;
i
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rze je H(S) o3Haka 3a eHTpONHUjy CKyna S, p; BepoBaTHoha Jia eJieMeHT npunaza i-

TOj Ks1acy, a K ykynaH 6poj kiaca.

JacHo je ga he eHTponuja usHocutu 0 jeAMHO KajJla je CKyM ,4YMUCT", Tj. KaZia CBU
06jekTH nmpumnazajy uctoj kaacu. OBo je ujeasnHa cUTyallyja, jep je CBpcTaBame y
KJlace TPUBHjaJIHO, U 3a Oyayhe 06jekTe ca UCTUM OCOOHaAMa MOXXeMO TBPAUTHU Ja
npunazajy toj kjaacyu. EHTponuja je MakcuMa/iHa KaJia Cy CBe KJjace MoJjeJHaKo
BEpPOBATHE, IITO O/roBapa HajHENMOBOJbHUjOj CUTyallMju 3a MNpejBuUbambe Kiace

objekTa.

Jlaksie, KOHLENIT eHTPOIUje ce Y 0BOM aJITOPUTMY KOPUCTHU Kao Mepa esasyayuje
NpeAJIOKeHOT TpaHama (Jle/bera) cKkyma noaataka. KacHuje hemo Buzetu na
pa3/IMYUTH AJITOPUTMHU KOPHUCTE PaA3/IMYMTE Mepe Ja OlleHe M0 KOM aTpubyTy
Tpeba rpaHaTH CTabJI0 Y CBAaKOM KOpaKy rpaHawa. Jla 6u oleHuo Haj6osbe
rpaHame, ajJropuTaM IMpPBO padyyHa YKYNHY €EHTPOMNHUjy H3JIa3HOT aTpubyTa
(ksace), wTo 6pojyaHO MepH KOJIMKO je TellKO OJApeAUuTH Kjacy 6e3 J0JaTHUX
nHpopMalyja. 3aTUM ce payyHa yCJIOBHA EHTPOINH]a, Tj. OUeKHUBaHA EHTPOIIHja aKO

Ou ce cKyn MOJie/IM0 y MOJCKYNOBe (TpaHe) Ha OCHOBY HEKOT aTpubyTa:

1X1

HOX,S) = ) P(X =) H(X = x)

J

rae je |X| 6poj pasnMyuMTHX BpeAHOCTH aTpubyrta X, a H(X = xj) eHTponuja

MOJICKYTa No/iaTaKa r/ie je aTpubyT X uMa BpeJHOCT X; .

Pa3imka noyeTHe U OBe yCJI0BHe eHTPOIMje Npe/cTaB/ba MHGOPMALMOHY AOGHUT
(eHr. information gain), Tj. KOJJMKO €HTpPOIIH]je je CMambeHO 0/ U3JIa3HOT aTpUOyTa,

aKO 3HaMO BPEJHOCTH HEKOT yJIa3HOT aTpubyTa X:
IG(X,S) = H(S) —H(X,S)

ATpubyT koju uMa Hajsehy nHPopMaUOHY JOOUT ce GMpa 3a rpaHame CTabJ1a,
Kao ofpa3 mnoxJjenHe (eHr. greedy) XeypUCTHKe CMakbUBamba EHTPOINUje, Tj.

MoryhHoOCTH 3a J1aKille npeJiBUbame KJace.
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BpeaHoct uHpopmanuoHe AOOUTH je H3paKeHa jeAWHULIOM Mepe OMT, 300T
Kopulihewa OCHOBe 2 y M3payyHaBamby Jiorapurtama y GpopMy/id 3a eHTPOMU;jy.
YKo/IMKO 61 ce KOPUCTUJIE Jpyre OCHOBE, U300p rpaHamba 6U 0CTAa0 UCTH, ajlu 6U
jenvHUIlEe Mepe O6uJie Apyraduje (Ham 3a IpUPOAHHU JorapuTam, 6aH 3a ocHoBy 10,
ut/.) OBa Mepa eBajiyaliyje moTudye U3 MHPOpPMaLlMOHE TEOpHUje, a U3MeEpeHa
eHTpOoIIMja ce Takohe MoXke MPOTYMayHUTH Kao OYeKUMBaHU Opoj 6UTOBa NOTpebaH
3a KoZMpame MOPYKe 0 BpeJHOCTH KJiace. YKOJIUKO je eHponuja 0, oHZA je mOpyKa

0 KJIacu HeNOTPeOHa, jep ce YBeK MojaB/byje UCTa KJlaca.

JenHa o KapaKTepUCTHKA OBOT aJITOPUTMa je Jia rpaHa cTabJio Ha OHOJIMKO rpaHa
KOJIMKO MMa BpPeJIHOCTHU aTpubyTa X, IITO Ce Ha3uBa BUIIECTPYKO (eHr. multiway)
rpaHamwe. OBO CcTBapa M MaJly KOHTpACT Ca HA3WBOM aJroputMma, rgae ID3 je
aKpoHUM oJ, iterative dihotomizer t(h)ree, jep oBakaB H360p BHILECTPYKOT
rpaHama BHUIIE NpaBU CTabja Koja Cy MOJMXOTOMHA Hero AUXOTOMHa. /lpyru

aJIrOPUTMHU Koju he 6UTHU NpUKa3aHU MOHEKA/] BUIIIE 3aC/YXKYjy TaKaB Ha3UB.

AnropuTaM peKyp3uBHO IIOHaBJba Jle/belbe MOArpaHa ca aTpUOyTOM KOjU je y TOM
CKyny Haj60/bH 3a pa3JIMKOBame Kjaca. AJIrOpUTaM ce 3aycTaBJba Kajia je y TpaHu
eHTponuja cHmkeHa Ha 0 (rge je npejBubame TPUBMjaJHO) WM Kaja 3a Jlasbe
rpaHame He MOCTOju BUIlEe aTpUOYTa, jep Cy CBM MCKOPHULITEHU y MPeXOJHUM
rpaHamkbMMa Ha NyTy Ka KopeHy. /lolaTHO ce MO)e OrpaHMYUTH MaKCHUMaJiHa
JlybuHa cTabJja, Kako 60W kiaacudukauuja pajuia Ha MawbeM Opojy ynuTa o

BpeJJHOCTUMa aTpUuobyTa.

2.1.2. (C4.5 anropurtam

OBaj anropuTaM npejcTaB/ba yHanpeheHy Bep3ujy ID3 asnropuTMa u AeJsio je UCTor

aytopa (Quinlan, 1993). OcHOBHHU a/iropyTaM je IPOMEHEH HA BUIlIE HAYUHA:

HyMepU4KH aTpUOYTHU

[IpBo yHanpebewe ofHOCH ce Ha MOTYhHOCT fAa ajropMTaM rpaHa CTa6Jo mo
aTpUOyTy HYMEpPUYKOr TUMA. 32 aTpUOyTe KOjU MOry y3eTH 6€CKOHAaYHO MHOTO

Pa3/IMUUTHUX BPEJHOCTH Ha peajHOj OCH, HUje jaCHO KaKo Tpeba noJesuTH cTabJio
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Ha KOHa4dHo rpaHa. [IpBo, oBaj ajroputaM ce orpaHr4aBa Ha OMHApHO rpaHame
X<m i X>m, 3a u3abpaHy rpaHuny rpaHawa m. Ocrtaje fa ce Hahe onmTuMasHa
rpaHulla, WITO ce pajau Ha ciaefehu HauuH. CBe BpeIHOCTH HYMEPUYKOT aTpUOyTa
Koje cy BuheHe y nojiaiMa ce COpTUPAjy y Heonazajyhu HU3, U Kao MOTeHIhja/He
TayKe rpaHama ce Y3My BpeJIHOCTU U3Mehy cBake JiBe BPeJJHOCTU U3 HU3a. Tume
ce f060HWja n-1 NOTEeHIMja/IHUX TayaKa IpaHamba, I/ie je n BeJIMUMHa nojartaka (6poj
WHCTaHIM), IITO je U Ja/be NMpeBeJUKU O6poj 3a HcnuTHBamwe. [la 6u ce oBaj 6poj
CMamwbMO, 33/|p>KaBajy ce caMO OHe TauyKe rpaHama U3Mehy Kojux je Aouuio o
IIpOMeHe y KJacv y IoJanuMa 3a TpeHvupawe. Ha oBaj Ha4MH ce 3HAaTHO peAyKyje
Opoj moTeHIMja/IHUX TayaKa rpaHama, 6e3 rybuTKka Ta4yHOCTH, jep eHTponuja (1
Zpyre Mepe HeuncTohe YBOpOBa) MOHOTOHO OMaJia KaZja roj, ce map Tayaka UCTe
kjace Haby y ucrtoj rpaHu. Ha Taj HauuH ce epuKacHO mMpoHasla3u ONTUMaJHA

TayKa rpaHamba m 3a u3abpaHu HyMepUYKHU aTPUOYT.

Mepa eBasyanuyje — Panuo 1o6utu

Jasbe, oBaj aaropyuTaM yBoJu AOAATHY Mepy eBaJyalMje KBaJIMTeTa rpaHama.
WHdopManmoHa fo6uUT, Kojy kopucTtu ID3 anropuraMm, MMa HeJOCTAaTaK Ja Jaje
NpeJHOCT rpaHamkbMMa Koja I'paHajy cTabJio y Bulle (Y OJHOCY HAa Mame) rpaHa.
Tako aTpubyTu ca Bulle MOryhux BpeJHOCTH HMMajy BelITayKy npeaHocT. U3
norjiefla MHGOpMallMOHE TeopHje, OBO je OMpaBAaHO jep aTPUOYTH ca BUllle
BPeJHOCTH HOCe BUIlle HHPOpMaLlHja, jep Cy»aBajy Ha Makby NpoNnopLujy Mmoryhux
ctama. OBO ce MOXe BUJIETU U MaTeMaTU4KHU U3 popmyJie eHTponuje ([lornassbe
2.1.1), rae eHTponuja pacTe ca 6pojeM BpeAHOCTH K, HIp. MaKCMMaJsiHa eHTPOINHja
3a 2 BpeJlHOCTH je 1, 3a 4 BpeJJHOCTU U3HOCH 2, 0K 3a aTpUOyT ca 8 BpeJHOCTH
usHocu 3. HMako je To ompaBjaHo ca MHbOpMaLMOHE Teopuje, Kaja MpPaBUMO
cTabJio oJJlyuuMBama, MU KeJIMMO Jia JJaMo MOoJje[JHaKy IIaHCy U aTpubyTHMa ca
NpUPOJHO Mame KaTeropuja (momyT moJsa ocobe). ¥ C4.5 aaroputMmy oBo ce
peuiaBa yBoheweM Mepe Panyo go6utu (eHr. Gain ratio), yMmecTo uHGOpMalMoOHe

JOOUTH:

IG(X,S)

GR(X,S) == W
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Jenunan y oBoj opMyJiv je eHTponuja aTpubyTa Koju Tpeba Ja rpaHa ctabJjo U
OH je Behu ca BehuM 6pojeM Moryhux BpeAHOCTH, Na C TUMe yOJiakaBa KBAJIUTET
rpaHama aTpubyToM ca Behum 6pojeM BpefHOocTH. OBO ce UCIOCTaB/ba U BeoMa
OUTHHM y IPUCYCBY aTpUOyTa KOju Cy UAeHTUPUKATOPH (Tj. jeJUCTBEHU 3a CBAKY
VWHCTAHIY) WK BPJIO OJIUCKU UJEeHTUPUKATOPUMA, jep 6 uHPopMalroHa JOOUT
TakBe aTpuOyTe npBO npedepupasa, a OHU He HOCe KOpHCHe MHPopMauuje 3a

kJ1acuduKalyjy, 0K paluo JOOUTH He yrajia y Ty 3aMKy.

[ToTkpecuBame (ope3rBame) cTabdJia

Hajsaz, ID3 anropvram Bpluy rpaHame [JOK He CMambU €HTPONHjYy HA MUHHUMAJIHY
Moryhy Mepy, Kako 61 Haj6oJbe pa3inKoBao kiace. OBoO MoKe OMTH OMaCHO jep ca
npeBUlle pa3rpaHaBama [00MjaMo CTabJo YUjU Cy JIMCTOBU CaZipXKe BPJIO MaJio
VHCTaHIY, Ia MOTy OUTU Hepelnpe3eHTAaTUBHU 3a 6yayhe ciay4yajeBe Koje KeJIUMO
Ja kjaacudpukyjemo. 3aTo Tpeba Hahu gob6ap ofHOC U3Mehy HUCKe eHTpomuje U
Makh€e KOMIIJIEKCHOCTU (pa3rpaHaTOCTH) CTabJia, KaKo 6M MpaBuJia Koje CTabJio
VH/YKyje OuJia mojpkaHa ca BUIIe NpuMepa (MHcTaHLM). UHTyunuja je fga
»)KeJIUMO HajjeJHOCTaBHUje CTabJIo Koje IITO 060Jbe NMperno3Haje Kjace objekaTa.
JenHOCTaBHOCT ce A06Mja MOTKpecHuBameM (MM Ope3uBame) crabGsa (eHr.
pruning), Koje ce CHOpPOBOJAM HaKOH wu3rpabeHor crabJsia, U Koje Tpeba Ja
eJIUMUHHUIIEe CYBUIIHA 'PaHaka Koja He MPOM3B0o/ie 3HayajHa No60/blamka a YBOJe

KOMIIJIEKCHOCT y MOoJeJl.

C4.5 KOpPUCTH TAKO3BaHO necumucmu4ko nomkpecusarse. OyekurBaHa

BepoBaTHoha rpelike y CBakOM 4BOpY ce npolemwyje ca P, = %, npu yeMmy je e 6poj

HauWEeHUX rpemaka, a N 6poj MHCTAaHIIM Yy TOM JIMCTy. 360T TOra mTo CKyml 3a
TpeHHpake MOXe OUTU Hepenpe3eHTAaTHBaH (IOCEOHO MakbHU MOACKYI Y jeJHOM
JIUCTY cTabJia), 32 MPOIEeHY I'pellKe ce y3MMa MeCUMUCTHUYKA mpolieHa P+ 3a Kojy
BaXkM Jia je BepoBatHoha nma P, > P, 6yge mana (5%, 10% wuau 25%). Tlonx
NPETCIOCTAaBKOM Jia Cy I'pellike He3aBUCHe, Opoj rpellaka e ce pacnofie/byje 1o
OUHOMHO] pacnojie/iy, Na je ropwy rpaHully rpeuke P, je jJlako oApeJUTH Ha

OCHOBY JlebUHNCaHe Mepe ToBepewa (TUUYHO 25%).
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AnropuTaM OH/JIa MpoBepaBa MECUMUCTUYKY IPElIKY 32 HEKO Mo/icTabJio U Takohe
MepHU KoJIMKa 64 OUJia MECUMUCTHUYKA rpelliKa ako 6M YMeCcTO TOT Mo/icTabJjia 610
camo JiucT (Tj. ako 6U ce mpejBubasa jeAHOCTaBHO BehWHCKa KJjaca y TOM
no/ctabJy). YKOJMKO je MECMMUCTHYKA I'PellKa JIMCTa Makha, N0ACTabJio ce Mema
3a Jjuct. EdekaTr je ga ykosuko mnojcrabso je aedpuMHHMCAHO Ha BpJO MaJo
VWHCTaHIM, MeCUMUCTUYKaA rpelika he 6utu Beha (360r BapujaHce OHHOMHE
pacnofesnie), na Hehe 6UTH onpaBAaHO A ce 3aAPKH 1ieJio MoACcTab.s10, Beh ce oHO

Mema JIMCTOM.

[IprMep OpUTrHMHANIHOT, Ka0 U CTab/la MOTKPECAHOT Ca HEKOJMKO WHTEH3UTETA

Aatu cy Ha Cauuu 4.

11: B (0) 3tA(0) 11: B (0)

4 A (D) S B() 7B () 8 A1) 7:B () B A

x=0 x=1
z=] y=0 y=1
3T A0) 6: B (0) 10: A (2) I1:B(0) 3ItA(D) 6: B (0)

(c) (d)

Cnuka 4. Busyenusauuja (a) opurvHansor U (b-d) notkpecanux crabana (Frank,
2000)
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OBaj asiropuTaM MMa U APYrux NpesHOCTH, MONYT TpaHchopMalyje crabia y HU3

,aK0-OHJIa" mpaBuUJIa, paZia ca HeJ0CTajyhuM BpeIHOCTUMA U APYTO.

Ajaropuram

AnropuTtaM ce MOXe ONKUCaTH cieJiehuM Kopayuma:

1. OpgpeauTu mnoyeTHY eHTponujy (HeypeheHocT) cuctemMa Ha OCHOBY
M3J1a3HOT aTpubyTa (KJace)
2. 3acBakHU yJja3HU (He-KJIAaCHU) aTpPUOYT:
a. YKOJIMKO je aTpubyT HYMepUYKOI TUINA, OJpPeAUTH MOTeHIUjasHe
Ta4yKe rpaHama
b. mogenMTH CKynm Ha [JeJioBe KOjU OAroBapajy pas/iMuUuTHUM
BpeJHOCTMMAa H3abpaHoOr aTpubyTa (rpaHame). 3a HyMepHUuKe
aTpubyTe CKyn ce ZieJiM Ha OCHOBY npaBuJa X<m i X>m, rge je m
NOTeHIMja/IHa TayKa rpaHamba
C. U3pavyyHAaTH OYEKUBAHy EHTPOINHjy y TMOJIe/beHOM CKyMy, Kao
OTEeXaHHU NPOCEK eHTPOIHja CBAKOT MOACKYyTa
d. uspadyHaTty mHbOpMaLUOHY A0OUT U Pauuo JO0OUTH 3a TPEHYTHO
rpaHame
3. 3a rpaHame cTabsa u3abpaTh OHaj aTpUOYT KOjU MakcuMH3upa Panuo
NOOUTH
4. YKOJIMKO HUCY 33/]J0BOJbEHU YCJOBU 3ayCTaB/bakba, 32 CBAKYy HOBOJ00HjeHY
rpaHy IMOHOBUTHU IOCTYNAaK pPEKyp3MBHO 0J, Kopaka 1. Y cymnpoTHOM,
3ayCTaBUTHU aJITOTUTAM.
5. HakoH 3aBpuleHOr rpaHawka KOMILJIETHOr cTabsia, mpohu of, JiMcToBa Ka
KOpeHyY CBaKH 4BOp cTabJia U:
a. U3MEpPUTH MEeCHMMHUCTUYKY TPelIKy 3a TPEHYTHO MOACTabJio U 3a
JIUCT KOjy OW MOrao Jia 3aMeHU NMoACcTab/10
b. yKOJIMKO je TMeCMMHUCTHYKA TrpelllKa JHUCTA Mawka, 3aMeHUTHU

nojicrTabJio ca JIMCTOM
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2.1.3. CART anropuTtam

OBaj asropuTaMm je Jesio MO3HATUX cTaTucTU4yapa Jleo bpajmaHa u Ilepom
®puaMeHa, a akpoHuM je o Classification and Regression Trees (Breiman et al,
1984). Pasznvke, y 0HOCY Ha IPeJIX0/JHO ONKCAaHe aJiTOPUTMe, MOTy Ce CBPCTaTH y

TPHU KaTeropuije.

BbuHapHO rpaHame

Kaga je noTpe6HO rpaHaTh cTab/J0 Ha OCHOBY aTpubyTa KOjU HMa BHUIE
KaTeropuja (BpefHOCTH), NPEAXOJHU AJCOPUTMU Cy TpaHa/M TaKO Ja CBaka
BpeIHOCT aTpubyTa A06Uje mocebHy IrpaHy cTabJsa, TAKO3BAaHO BUILIECTPYKO (EHT.
multiway) rpaHame. Y CART anropuTMy ce y CBaKOM KOpaKy CTabJ/10 rpaHa Ha caMo
JiBe rpaHe (6bMHApHO rpaHame). CTora je moTpebHO OJIpeIUTU KOje BpeJHOCTH he
NpUIaJaTH JieBOj, a Koje AeCHOj rpaHd. 3a MawkbU 6poj BpeAHOCTHU, Moryhe je
eBaJydpaTh CBe Moryhe KoMOWHalMje OWHApHOr TrpaHawa (rpynucama
BpPeIHOCTU y JIEBY U JleCHY rpaHy), AOK ce 3a aTpubyte ca Bulle Moryhux
Bpe/IHOCTU Hajuelrhe nmpuberaBa XeypUCTUKaMa, IONYT I'paHama ,jelaH-IPOTUB-
ocTanux", TAe y jelHy rpaHy Hjie caMo jeJlHAa BPeJHOCT, a y APYyry cBe octaje. Ha

Cauuu 5 ce MoOe BU/IETU IpUMep GMHAPHOT rpaHama.

cJ060aH,
pasBeeH

oorart: He oorart: 1a

Cnuka 5. BuHapHoO rpaHame cTabJjia

Mepa eBasyauuije — BuHHU (eHr. Gini)

CART KOpHCTH CTAaTUCTHUYKY Mepy 3a NPOIeHY KBaJUTETa U3abpaHOT IpaHama,

KOja MMa J0CTa CJUYHOCTU ca MHPOpPMAIMOHOM JOOUTH, ajiu je yTeMesbeHa Y
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CTaTUCTHULM YMeCcTo HUHGPOpPMALMOHO] TeopUju. DHUHU KoePHULUjeHT MepHu

OYeKHBaHy Heyucmohy 4BOpa, U y CBAaKOM YBOPY Ce payyHa HeuyHncToha Kao:
K
Gini($) = ) pi(1=p)
i

rZie je, Kao U paHuje, p; BepoBaTHoha kuace i, oa K Moryhux kJjaca y TOM 4BOpY.
JacHo je ga je oBa Mepe HeuncTohe HajBeha KaJia cy cBe BepoBaTHOhe Mo/jjjeiHaKe,
a HajMamba KaJla je BepoBaTHoha je/iHe kiace 1, a cBux octanux kiaaca 0. [Tourto ce
neo u3pasa (1 — p;) MoxKe MPOTYMauyUTH Kao rpelika npeasubharma ako 61 3a YBOP
npeABUAENU KJacy I, OHJA 1eo wu3pa3 3a HHUHU KoedUIHjeHT ce MOoxKe
NPOTYMauyUTH Kao MaTeMaTH4YKO O4YeKHBale TrpellKke Kaacupukaluyje, HIU

E(1—pp).

YKynaH KBaJIMTET HEKOT TpaHama Ce, Kao U paHHje, payyHa Kao OYeKUBAaHU HUHHU

KoedUIMjeHT CBUX I'paHa:

X
Gini(X,S) = Z P(X =x) Gini(X = x;)

J

Ope3nBame Ha OCHOBY lleHe KOMILJIEKCHOCTHU

CART anroputaM KopucTH cneljudpuyHy Bep3ujy ope3uBama cTabJia, Koja ce 30Be
ope3usare HA OCHOBY MUHUMA/He UYeHe KomnjaekcHocmu (eHr. minimal cost
complexity pruning). Uneja je f1a ce neHanusyje 6poj Behu 6poj uBopoBa cTabJia, na
CBako rpaHame (Koje yBOAM HOBE 4YBOpOBe) Tpeba OUTH oOmpaBJaHO ca
CTaHOBMIITA NoBehaHe TayHOCTU NpeABHbhama, Kako OU ompaBJasio [A0JATHY
KOMIIJIEKCHOCT KOjy CTBapa. YKynHa rpellka KjJacudukauuje crabja ce OoHJA

NpoLemwyje Kao:
['pemka = I'pemika + «a - 6poj_4yBopoBa

rZle je @ mapaMeTap KOju IOBOpPH KOJIMKA je Ka3Ha Ha noBehaHy KOMIJIEKCHOCT

cTabJsia. BapupamweM oBOr mapaMmeTpa ce Jo6Hja HU3 cTabasa, ONTUMaJHUX (MO
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M3pauyHaToj rpelliu) 3a CBaKy BPeAHOCT @, a 6poj THUX cTabaJsia je koHayaH. CBaKo

oJ TUX cTabasa (3a pa3/JUUUTY BPeJHOCT OBOT IapaMeTpa) ce Npolewhyje KOJUKO

je 3arcTa J06po, Ha U30JI0BAHOM TECT CKYILy IoJaTaKa.

Ajaropuram

AnropuTtaM ce MOXe ONKMCcaTH cieJlehuM Kopayuma:

1. 3a cBaku ysia3HU (He-KJIacCHU) aTpUOYT:

a.

b.

YKOJIUKO je aTpubyT HYMEepHUYKOI THUIA, OJApPeAUTH MOTeHIMjasHe
TayKe rpaHama m, Koje he rpaHaTu Ha rpaHe: X<m i X>m

YKOJIMKO aTpUOYT MMa BHILe KaTeropuja, reHepucaTu Moryha
OMHapHa rpaHama.

3a CBakO [OTeHLHjaJIHO TIpaHakme U3pauyyHAaTH OYEKHUBAHY
HeuucTohy KopuiiheweM huHu KoeduIUjeHTa U U3abpaTH HAjOOJbE

rpaHame TPeHYTHOT aTpubyTa

2. 3a rpaHame crabJsia M3abpaTH OHAj aTPUOYT KOjU MUHUMHU3UpPA HUHU

KoepUIIUjeHT

3. YKoJIMKO HUCY 3a/J0BOJbEHH YCJOBU 3ayCTaBJ/bakba, 32 CBAKY HOBO/I06HjeHY

rpaHy INOHOBUTHM IIOCTYNAK pPeKyp3WBHO 0J, Kopaka 1. Y cympoTHoM,

3ayCTAaBUTH aJITOTHUTAM.

4. HakoH 3aBpIIEeHOT rpaHamba KOMIJIETHOT CTabJ1a, 3a Pa3/InYMUTe BPEHOCTH

IapaMeTpa eHe KOMIIJIEKCHOCTH:

a.

2.1.4.

3a pas3/M4YuTe BPEAHOCTU IMapaMeTpa LieHe KOMILJIEKCHOCTH,
HallpaBUTH HU3 Ope3aHuX cTabasa
M3abpaTu MNoAcCTabJio Koje HMMa Hajbo/by TpeliKy MepeHy Ha

M3/BOjeHOM CKyIly IloJiaTaka.

CHAID anroputam

CHAID anroputam (Kass, 1980) je Takobhe geno cratuctudapa ['oppon Kaca, u

akpoHuM je of CHiSquare Automatic Interaction Detection. OH KOpPUCTH
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CTaTUCTHUYKYy Mepy XHU-KBaJpaT, Koja ce KOpPUCTH 3a OLEeHY KOpeJHMCaHOCTH
KaTeropuykKux Bapujab/id, Kako 64U OLleHHO MOBE3aHOCT rpaHamba ca Kjacama Koje

»KeJIMMO Jla npeJiBubhamo.

Mepa eBaJjivaliiyje

X4 KBaZIpaT TECT je CTAaHAAPAHU TECT 3a YTBphHBake MOBE3aHOCTH KaTErOPUUKUX
aTpubyTa, a 6a3uMpa ce Ha XHU-KBaZpaT CTAaTUCTULHM, KOja MepH KBaJApaTHY
yAA/bEHOCT OYEKHMBAHUX UM U3MepeHHX (peKBeHLHja IOjaB/bHBabha BPEJHOCTH

aTpubyTa, a pacnopebhyje ce xu-kBapaT pacnojesaoMm.
X1 ICl

X2(X,C) = Z z <0UE_U Ey )2
i j

[ne je X aTpubyt, a C kiaca, usmehy kojux ce mpouetwyje nosesadoct, 0y je
u3MepeH 6poj ciy4ajeBa Koju UMajy aTpubyT [ U KJacy j, A0K je E;; oyeknBaHa

BPeJHOCT Ha OCHOBY MapruHa/JIHUX GpeKBeHIHja CBaKe BPeJHOCTH.

KpuTepujym 3aycTaB/bathba U3 XU-KBAAPAT TeCTa

YKOJIMKO HEKO rpaHawme IMpousBese ,4UCTe” 4YBOpOBe, Tajla he XU KBajpaT
CTaTUCTHKA OUTH jako BesuKa. /lobpa cTpaHa OBe Mepe je LITO Ce MOXKe U3MEePUTH
[I-BpeHOCT, KOja TOBOPU O BEPOJLOCTOJHOCTH Ja je H3MepeHa XU-KBaApaT
CTaTUCTHKA Jeso cay4yajHocTu. Ha Taj HauuH ce Jlako YTBphyje U KpUTepHUjyM
3ayCTaB/babba FPaHamba, Ka/la M3abpaHo IpaHame CTaTUCTUYKU HUje 3HAa4yajHo ca

oApeheHMM HUBOOM NoBepewa (HIp. 5%).

[pynucame BpeAHOCTY aTpUbyTa

OBaj asropuTaM Takobhe KMa HayMH 3a rpynucame BpeJHOCTH aTpUOyTa,
HaCynpoT rpaHawy N0 cBakoj BpeaHocTu (kao y ID3 u C4.5) uau GuHapHOM
rpaHamy (kao y CART). Kpurtepujym Ja ce ABe BpeJHOCTHM HEKOr aTpubyTa
yjefvHe y jefHY BpPeJHOCT ce TakKohe CIpOBOJAM XU-KBaJpaT TECTOM, IIa aKO He
[IOCTOjU CTAaTUCTUYKHU 3HA4ajaH JONPUHOC CBaKe KaTeropuje, oHe ce CjeJUHYjy.
TuMme ce Mory f,06UTH rpaHama NonyT oBe JaTe Ha Caunu 6.
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cJ10604aH,
asBeJieH

CTaJio

oorar: He oorar: He oorar: na

Cavka 6. 'paHame ca rpynucaHUM BpeJHOCTUMA aTpUOyTa.

Ajaropuram

1. 3a cBaku y/ja3Hu (He-KJIaCHU) aTpUOYT, KOjU MOpa OUTHU KaTeropuyKor
THUMA:
a. YKOJIMKO aTpUOyT MMa BHIIe KaTeropuja, 3a CBakH nap BpeJHOCTH
aTpubyTa, XU-KBaJpaT TeCTOM UCHUTATH CTATUCTUYKY 3HAYajHOCT
Jla BpeJJHOCTH aTpUOyTa MMajy pa3IMuMTe JUCTPUOYILMje KJiaca.
b. YKoJiMKO je 3Ha4ajHOCT Mama o npeaepuHucaHor npara (Hi. 5%),
CIIOjUTH Nap BPeAHOCTHU (KaTeropuja) y jeiHy.
2. 3a rpaHame crabJsia u3abpaTu OHAj aTpUOYT KOjU MaKCHMH3UpA XHU-
KBa/ZlpaT CTaTUCTHUKY
3. Yko/iMKO rpaHame 1o u3abpaHoM aTpUOYTY HUje CTAaTUCTUYKU 3HAa4YajHO Ha
rM3abpaHoM HUBOY (HIp. 5%), 3ayCTaBUTH rpaHame. Y CynpoTHOM, TpaHaTH
no u3abpaHoOM aTpUOyTy M PEKypP3MBHO MOHOBUTH IMOCTyHNaK 3a CBaKy

rpaHy oj Kopaka 1.

2.1.5. QUEST anroputam

QUEST anroputaum je onucaH je y (Loh, Shih, 1997), u Hyu HEKOJIMKO HOBUTETA Y

M3rpajmu cTabaa.

[Ipecenekiyja aTpubyTa

[Ipe Hero wITO ce NpUCTYNHU M360py rpaHawa y oApeheHoM nojcTabiy, BpUIM ce
npeceJsiekidja aTpubyrta kopuiiheweMm ®@-Tecta 3a HyMepUUKe aTpUOyTe WU XU-
KBaJIpaT TecTa 3a KaTeropuuyke. CBaku aTpUOyT KOjH je UcroJ u3abpaHor HMBOA

CTaTUCTHUYKe 3HayajHOCTH (HOp. 5%) 6MBa M36ayeH 3a pa3MaTpame (CaMo y TOM
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4yBopy cTabJsa). [lowrto ce Bume aTpubyTa TecTHpa Ha 3HAYajHOCT, KOPUCTH ce
BboHdepoHu KopeknHja M-BpeJHOCTH, KaKO OM ce u3bersia CTaTUCTUYKA Ipelika
NpBOT TUMA. ATPUOYT ca HajMakbOM N-BPEJHOCTH (a Koja je 3HayajHa) ce y3uMa Ko
aTpuObyT 3a rpaHame. YKOJHMKO HeMa aTpUbOyTa KOjU Cy CTaTUCTUYKHU 3HA4ajHH,

3ayCTaBJba Ce rpaHakbe TOT MoACTabIa.

Tpandopmanyja aTpubyra y HYMEpUYKHU

YKOJIMKO je u3abpaHu aTpUOYT KaTeropu4ykKor TUIMA, BPLIM ce TpaHcopMmaluja y
HyMepudku aTpu6yT, nyreM CRIMCOORD Tpancdopmanuje (Gnanadesikan, 1977).
OBa TpaHcdopmaluja NPBO NpPeACTaBUM KaTErOPUYKH aTPUOYT NyTeM BUle
WHJAUKATOp Bapujabsu (aTpubyTa), CBaKM 3a NOCeOHY BpeAHOCT aTpubyTa, ca
BpeJHOCTH 1 YKOJIMKO CJy4aj UMa Ty BpeJHOCT aTpubyrta, U 0 y CymHpOTHOM.
HakoH Tora ce BpuIM JUCKpPUMMHAIIMOHA aHa/M3a, TAaKO Ja Ce TH aTPUOYTH
TpaHchopMHully Yy jeAaH aTpubyT HYMepUYKOr THUIA, KOjU IpeJCcTaB/ba
JUCKpUMHHALMOHY GyHKUHjy. OBa mpolueaypa je BpJio CIMYHA METOAU TJIaBHUX
KOMIIOHEHTH, Ca pa3/IMKOM WITO Ce MpojeKldja Ha jeAHy JAUMEH3Hjy paau

KOpI/ILI_IheI-beM I/IHd)OpMaU,I/Ije 0 KJlaCaMa, JdKJie HarJieJdHUM Y4YeheM.

BuHapHO rpa”Hame

3a 106MjeHU HYMePHUYKHU aTpUOyT ce oJipehyje onTUMasiHa TauKa rpaHama Kao Uy
paHUjuUM aJropuTMuMa. Ha Taj Ha4MH je cBaKo rpaHame OBOT aJITOPUTMa 3allpaBo
6uHapHO, 6e3 063Mpa Ha OPOj BpeAHOCTH KaTeropuukor atpubyTa. [Iponeaypa ce

IIOHaBJ/ba PEKYP3MBHO 3a CBaKy HOBOZ,00MjeHy I'paHy.
Buuie mHpopmanuja o aJropuTMmy, ca npuMepuMa padyyHawa, ce MoXe Hahu y

(Delibasic¢ et al, 2009a)

2.2.

CBY HaBeJleHU aJITOPUTMU Cy BOhEHU UCTUM IU/beM, [la TeHePHILy CTabJIo Koje Ha
oyayhuM nopauuma npaBU HajMakby Ipeliky kiacudukauuje. Mnak, pasjauyuTu

AeTa/br Yy TOME KaKO Ce IIpHUJIa3u pellaBamky TOT IW/ba AOBOAE A0 TOora Aa cTrabJsa
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u3rpabeHa pas/IMUYUTUM AJrOPUTMHUMA MOTY HU3IJeJaTH CACBUM Jpyrauuje. Y

3aBHUCHOCTH O/, H3a6paHor AJITOPpUTMA pastKOBahe ce:

- Ay6uHa cTabJ1a (HOp. OMHapHa rpaHamba Texe Jja HanpaBe Ay6/ba cTabJ1a)

- IIHPHUHA CTa6Jsa (Hop. MHPopMaLMOHA AOOUT TeXH Ja JAobuje IHpOoKa
cTab.a)

- YKynaH 6poj 4BOpoBa

- BpPeAHOCTH aTpUOyTa Koje oapebyjy rpaHe (mojejuHaYHE WJIU CIIOjeHE
KaTeropuje)

- Op3uHA wu3rpajmwe (3aBUCHO KOJIMKO MOTEHIWjaJIHUX TpaHama Ce
eBa/Iylpa U KaKo ce 3ayCcTaBJ/ba [PaHambe)

- Ta4YHOCT HA HOBMM NOAALMMa (3aBUCHO OJf HAYMHA Jla Ce KOHTPOJIMILE

KOMILJIEKCHOCT MO/leJ1a U U36erHe npeTpeHrpambe)

Takobhe Tpeba npuMeTUTH Ja cTab/a usrpaheHa pasJiMYUTUM aJIrTOPUTMUMA MOTY
U3rjieaTu BpJIOo pas3auyuTo. To yK/bydyje u3bop aTtpubyra Koju he ce Hahu y
YBOpOBMMa cTabJsila M caMa mOpaBuja Koje crtabso gedunuiie. llrTaBumie, y
[Tornassby 3 he 6UTH NoKa3aHo Jja ¥ BpJIO MaJie BapHjaliyje y aJilfTOPUTMUMa MOTY
MOHEKa/, pe3y/JITOBAaTU BPJIO Pa3/iIMYUTUM CTA0JIMMa, a TOHEKaJ, HeMaTH YOIIITe
edpekTa. AliM CBAKaKo je HAjOMTHUja pasjvKa U3Mehy ajropuTamMa KOJIUKO CY

cTabJ/1a Koja OHU Kpeupajy TayHa y npeJiBubamy KJaca.

Y suTtepaTypu cy OpojHe cTyauje Koje mnopese mnepdopmaHce mnocTojehux
anropurtama. /la 6U W3BYKJM ONIITHje 3aK/bydKe, CTyAuje Bpile nmopehema Ha

HU3Y pa3/IMYUTUX IpobJieMa (CKynoBa nojaTaka).

Ha npumep, y cryguju (Lim et al, 2000) nopene ce 22 anroputMma 3a crabJja
OJIy4yHBamwa, Kao U Jpyre pamuidje aaropurama, Ha 16 pasIM4YUTHX CKyNOBa

nogaTaka M3 pa3jiM4YuTHUX JOMEHA.

AHanuze nokasyjy Aa NocToje aJITOPUTMHU KOjU Cy Y IPOCeKY 60J/bU U KOje ayTOpH
npenopy4dyjy, aju OHHM HHCYy HajO00/bM Ha CBAaKOM CKyny mnojaraka. Crora
reHepajiHu 3aK/by4lld O KBaJIUTETY aJrOPUTMa MOTY OUTHU KOHTPANpPOLyKTUBHHU

KajJia ce OUpa a/iropyuTaM 3a HeKy crieqududHy ob6sact npuMeHe. [IpobsieM je urto
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(v iuTepaTypyd W NpakKCcH) He IMOCTOje jacHe oJipeJHUIle Kaja KOPUCTUTHU KOjU

AJITOPpUTAM.

Takobe, Mmepehu cTaTUCTHYKY 3HA4ajHOCT pas/iMKa y TAa4YHOCTU IpejBUbama, y
0BOj CTyAvjU IOKasyje ce Ja Cy HEKU aJrOPUTMHM CTATUCTUYKU 3HaA4YajHO
pas/JIM4YUTH, JOK Ce M3Mebhy HeKuUx ajiropuraMa He MOXKe YOYHUTHU 3HayajHa

CTAaTUCTUYKA pa3JIMKa, Tj. pa3IMKe Cy MOX/a JeJ10 CJY4ajHOCTHU.

Aytopu y (Lim et al, 2000) aHanu3upanu cy U 6p3vWHY aJropuTMa U MOJeJTUIN
aJIfOpUTMe y 4YeTHPH KJjacTepa, OHe 4YHje Ce M3BplIaBame MepU CEeKyHJaMa,
MMHYTHUMa, JleCeTUHaMa MUHYTA U caTuMa. MHTepecaHTHO je ja aJITOPUTMU KOjU

Cy 6p3u UMajy CTaTUCTUYKHU jeiHAKe epdopMaHce npejBubharba.

AyTopu Takobhe y 3aK/by4yKy NpeAJsiaxKy aJropuTMe KOju Cy YKYNHO JaJju Jobpe
pe3ysaTaTe, U Jajy UHTepHpeTanujy 360r yera MHUCIEe Ja Cy Ce TH aJrOPUTMHU
HCTaKJIW. Y TOj UHTEpIpeTallju ce TymMaye JIeJIOBU aJropyMTaMa 3a Koje ayTopu

MUCJIe /1a CY OJJUTPa/IU KJbYUYHY yJI0Ty Y To60/blIaky eppopMaHCH.

Kaga je ped o cnenududHUM CTyAMjaMa Koje UCIUTY]y YCIEUIHOCT aJropuTaMa 3a
M3rpajamwy crabasa ojjyduBamwa y ogpeheHoj o61acTu npuMeHe, o06ap npumep je
u cryauja (Zhao, Zhang, 2007). ¥ 0BOj CTyAHUjH ce COPOBOJU €KCIIEPUMEHTAJIHO
nopehewme ajsropuTaMa Ha Mnpob6JseMy KjacHuPpHKOBamka CBEMHUPCKUX ObjekaTa Ha
TUINOBe (MONMYyT KBa3apa, aKTUBHUX T'ajlakCHja, 3Be3/1a, UT/.), 2 HA OCHOBY 0COOMHA
ca BU3yeJIHUX U UH}palpBeHUX Mepewa. AyTOpU U3/Bajajy aJropuTMe Koju cy
NoKa3aJu Hajbos/be pe3ysTaTe IO TayYHOCTM M OpP3UHU M3BplLIABamka, ajau
HarJaulaBajy MU OWTHY KapaKTEpPUCTUKY Ja Cy MoJesu cTabJja pa3yM/bUBHU 3a
TyMauewe, y OOGJHUKY NpaBuJja, U Jla TO Jaje A06py NOBpaTHY HHpopManujy

aCTPOHOMHKMa y pa3dyMeBamy OUTHUX KapaKTepUCTHKaA 06jeKaTa.

Hajsaz, mocroje U Hamopu Ja ce eKCllepMMeHTUCalke ca aJropyuTMHMMa Ha
pas3/IMYUTUM MNoJalnyMa 00jeIMHM y Tako3BaHe 6a3e exkcnepumeHaTa (Blockeel,
2006). Y TuM 6a3ama 61 ce aKyMyJIMpasio UCKYCTBO Y NIPUMEHU aJropUTamMa, LITo
OU CTBOPUJIO OCHOBY 3a MeTa-aHa/lu3e U Npernopyke KaJia Koju aJropuraMm Tpeba

KopucTUTH. [Ipersienom oBe 6a3e (Koja je 0CTynHa 3a ynuTe nyTeM Beba), Takohe
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ce Mory BuJileTU nepdopMaHce nocTtojehux ajaroputaMa 3a M3rpajmy crabaja
O/JIy4HBama, a NPBU YBUJ, je [la, Ka0 U y JPYTMM CTyJAHjaMa, Ha Pa3JUUYUTUM

noJilaliiMa pas/IM4MTH aJIrOPUTMHU Cy Haj60/bY, 0K HUje HajjacHUje 360T Yera.

HMMnieMeHTanyje v copTBepruMa

Kaga cy y nutamy uMnieMeHTauuje y copTBepuMa, aJifOPUTMHU 32 U3TPALHHY
cTabasa oJJly4yMBakba Cy BpJIO 3pe0 KOHLENT M IOTOBO Jia He NOCTOjU COPTBep
(1 6ubsIMOTeKa) 3a OTKpUBakbe 3aKOHHWTOCTH, KOjU He CaJp>XU 6apeM HeKH
aJropyuTaM 3a U3rpamwy crabsa. To yk/bydyje nonysnapHe copTBepe OTBOPEHOT
koza, monyT copTBepa: Rapid Miner, Weka, Orange, Knime, Scikit-Learn, R, Java-
ML, Shogun, Apache Mahout; anu u komepnyjanne coptBepe nonyt: SPSS Modeler,
SAS, Matlab, MS SQL Server (SSAS), uTta.

Wnak, nocToju BeJUKU NPOOGJEM ILITO CYy PA3IUYUTH QITOPUTMH MPUCYTHU Yy
pazinuutuM codptBepuMa. To oHeMmoryhaBa ¢ep nopehemwe anropurtama, jep cy
NMCAaHU Ha Pa3/IMYUTUM MPOTPAMCKUM je3UI[MMa, ca Pa3JUYUTUM OIIhjaMa U ca
pas/IMYUTHUM MpolleAypaMa 3a eBajiyalujy. Takohe, 06pu ejleMeHTH U3 jeJJHOT
copTBepa ce He MOTy HUCKOPUCTUTH y APYroM, a HepeTKo je U cam ¢opmar

nojilaTaka Jipyrauuju y pa3jiiuiuTuM copTBEpUMa.

Hajsaj, yak 1 HOMHUHA/JIHO MCTH aJTOPUTMU U3 Pa3JUYUTUX COPTBepa, Kaja ce
M3BpIlle HAJ| MCTUM MOJalMUMa, Aajy Apyraduje pedyatate. OBo ce feiraBa 360r
JleTasba Y UMIJIEMEHTALUjU U U360pa ofpeheHrx nmapamMeTapa Ha Koje KOPHUCHUK
HeMa yTula@ja. CTora 4ecTo CTyJuje nopeje aJropuTMe caMo U3 jeHoTr copTBepa
(anp. u3 Weka (Zhao, Zhang, 2007)), wurtTo yMHOroMe orpaHvdyaBa Jia ce carjiefajy

dACIIEKTHU IIUpe HOHYJIaLlPIje AJITOPpHUTaMa 3a U3rpajgmy crabJa Oo4JIy4HBakbd.

2.3.

Kako cy ce crabsa ojJiyunBama IMOKa3aja KOPHCHA, pasBHjajy ce M pa3Ha
yHanpebema ocHoBHUX anropuTtaMa. OBa yHanpebewa cy Hajuyelrhe mapuujasiHa,
IITO 3HAYM Jla Ce YBOJle HOBU HAaUMHM pelllaBatba HEKOT JieJla a/ifTOPUTMa, 32 KOjU

ce cMarpa Jia y ogpeheHuM cutyarnjama Jioile yTude Ha nepdopmMaHce.
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JeaHo TakBo yHanpebheme je 1 HOBa Mepa eBaslyaliyje rpaHama Ha3BaHa , distance”,
KOja YBOJM HOBU HauUH HOopMasu3auuje nocrtojehux mepa Heuncrohe (Mantaras,
1991). Hako jenHOCTaBHA MpOMeHa aJirOPUTAMCKH, MOKa3yje ce Jja MMa 3HavyajHa
yHanpebhewa y eKCIepUMeHTa/IHUM eBaJjyaljdjaMa, IITO he ce BUJAETHU U Y

[TorsiaB/by 3 oBOT paja.

O HOBUX Mepa eBaJslyaliyje ce Takohe MojaBsbyjy U oAHOC BepoaocTojHocTH, JKM
kpuTepujyM, Koamonropos-CmupHod, AUC, u octanu. Buile fetaba Kako ce OHU

pauyHajy ce mory Hahu y (Rokach, Maimon, 2015; I[lornaBsbe 5).

OCHOBHM aJrOPUMU 32 U3TPajmy CcTabJja KOPUCTE YHUBApUjaTHA rpaHama, Tj.
rpaHaba Ha OCHOBY jelHOT M3abpaHor (Hajoosber) aTpubyTa. TO YMHU TpaHULY
pa3/iBajarba NMOHEKaJ, MpeBUIle jeJHOCTABHOM, jep je Yy CBAKOM IMOTIPOCTOPY
rpaHulla OPTOrOHAJ/IHA ¥ OJJHOCY Ha caMo jeZiHy KoopAuHATy (aTpubyT). [la 6u ce
noBehasa ¢JeKCHOUIHOCT y KOHA4YHOj penpe3eHTalUju cTabja, yBoJe ce
MyJITUBApHjaTHA rpaHama, Tj. TpaHaka Ha OCHOBY Bulle aTpubyTa. Hajueuhe cy
yCJI0BM TpaHawa obsmka a - X + Y > m, rae cy X u Y usabpanu aTpubyTH, a m
rpaHuia usMmeby JsieBe u fecHe rpaHe. OBakBa cTabJia ce Ha3UBajy ,HarHyTa“ (eHr.

oblique) ctabna (Heath et al, 1993; Murthy et al, 1994)

[lopen Mepa eBajsyalidje, yHanpehuBaHe cy JocTa U MeToZie ope3vBamba cTabJia.
[lopen Beh momMeHyTHX MeTOZia, MOjaB/byjy Ce U Ope3uBambe Ca PeAyKOBAHOM
rPelIKOM, Ope3rBambe MHUHHMaJIHE TpellKe, Ope3MBalkbe Ha OCHOBY NpPHUHIMIA
MUHUMaJIHEe AyxuHe onuca (MDL), uta. [Ipersies kpuTepyjyma 3a ope3uBame ce
Moke Hahu y (Rokach, Maimon, 2015; IlorsaB/be 6), a eKCIepuUMEHTHU ca
pas/MYUTUM BpcTamMa ope3uBawa cy onucaHu y (Frank, 2000). IIpouec

ope3uBama Kpo3 npumMepe je onucal y kwusu (Delibasic¢ et al, 2009a).

[locToje mpob6JieMH KO/, KOjUX je U3Jla3HU (KJIAaCHU) aTpUOYT 3ampaBo cacTaBJ/beH
u3 Bulle aTpubyrta. Ko TakBux mpob6sieMa HuUje Moryhe mpUMeHHUTU KJaCU4YHE
Mepe KBaJIUTETa, jep Cy OHe 06a3uMpaHe Ha pPa3/IMKOBambe BPEJHOCTH jeJHOT
aTpubyta. 3a Ty HaMeHy Cce MOXe KOPUCTUTHU TreHepaju3alija 3BaHa

[IlpedukmueHa cmabaa 3a kaacmeposaHje (eHr. Predictive clustering trees), koja
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KOpPUCTE Mepe KOMIAKTHOCTH H3 ajJropuTaMa 3a KJacTepoBame, Kako 6u
OlleHUJIM KBanuTeT rpaHama (Todorovski et al, 2002). CBaku JiUCT y cTabsy cTora

Jlaje npejBubhame BUllle aTpUOyTa UCTOBPEMEHO.

Takobe je moryhe fa y siMcToBuMa cTab/ia He Oy/ie jeIHOCTAaBHO MPABUJIO Ja Cce
npesBuba oHa kJsaca koja je BehMHCKM NPUCYTHA y TOM JIUCTy. YMECTO TOTaQ,
Moryhe je KOpUCTUTH CJI0KeHUja IpaBuUJIa 3a oJipehuBame KJjace y CBaKOM JIUCTY.
Tako mocToju pelueme Koje y JIMCTOBMMA KOpUCTH ajroputaM HausHor bajeca,
3BaH NBTree (Kohavi, 1996), unu LogisticModelTrees, K0ju KOPUCTH JIOTUCTUYKY

perpecujy y aMcroBuMa ctabsa (Landwehr et al, 2005)
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AnropuTMu 3a U3rpaZiby crabajsa ojJyuMBama Koju cy o6pabuBaHu y
JIUTEPATypU Cy MNpPaB/b€HHU Kao0 MOHOJUTHH U Yy OOJIMKY MpoLeAype YHjUuM
W3BpllaBalkeM ce Jo06uja pe3yatyjyhe crabso opayuuBamwa. OBaj MpucTyn
HaszuBaheMo NpHCTYyNOM ,[[PHUX KyTH]ja", jep Cy 0[] KOPUCHUKA CAKPUBEHHU JleTa/bU
anroputMa. Ca Zpyre cTpaHe, IOCTOjU HAa4WH ONMKMCHBAaFkba OBAKBUX aJrOpUTaMa
Kao HU3a KOMIIOHEHTH 3a pelllaBame oJpeheHUux MoTnpobsiemMa, YUMe ce OTBapa
MOTYyNHOCT KOMOWHOBarba KOMIIOHEHTH (JlesioBa) pa3JIMYUTHUX aJIrOpUTaMa
crabasa ojJjlydyMBalba 3a KJIACUQUKALHUjy W TeHepucalbe MHOIITBA HOBUX
anroputamMa. KOpUCHMK Mo)Xe NpU TOMe HUMAaTH aKTHUBHY VJIOTY y H360py
KOMIIOHEHTH, IITO aJrOPUTME MOXKe YYMHUTU NpHIaroheHUjuM crnenuPuuHUM

CUTyalMjama, aJlu U pa3yM/bUBUjUM 3a KOPUCHUKA.

[IpunukoM cBakor yHamnpehemwa ajroputama, ayTopu MOKYLIaBajy Aa MOKaXy JAa
cy yHanpebeHu anropuTMu 06jeKTHBHO 060/bHM 0/ OPUTMHAJIHUX. AJIM MHOre
CTy/AMje HUCYy MOrJie a NMOTBp/e CYyePpHOPHOCT HEKOT OJf aJropuTaMa Ha CBUM
nojialiMMa, 360r yera 3anpaBo HUje/laH airOpUTaM He 6MBa HamylITeH. Pa3io3u 3a
CBe TO NocTajy jacHuju kaga (Wolpert, 1996) TeopeTcku A0Ka3yjy Aa ce 3a CBaKHU
cnenrdUyaH nNpobieM MoxKe KOHCTPYUCATH aJITOPUTAM KOjH je ONTHMaJlaH 3a Taj
npo6JieM, UAaKO Taj aJITOPUTaM Ha OCTaJUM Mpo6JieMUMa MOKe OUTH jaKo JIOIL.
OBo je 610 jak cUrHaJ Jja ce oJlyCTaHe O/ oTpare 3a "Hajo0/bUM" aJIrOPUTMOM, U
Jla je no6po Ja MOCTOje BUlIe aJropUTaMa, rje CBakl MMa MOoTeHLujasa Ja oyne

"HajoospU" HA ciellUPUUYHOM NPOOGJIEMY.

Jow jeaHa MoTHBaLMja cymMapu3oBaHa je y paay (Sonnenburg, 2007), rae ayTopu
N03MBajy Ha pa3BUjalbe pelllelka OTBOPEHOr KOJ3, Koju Tpeba Ja mopxe U

yHanpe/e ciaejehe qubese:

- penpoAyKoBame HAayYHUX Pe3yJITaTa, Koje je OTeXaHO 3060T Pa3sHOJIMKHUX
MMILJIEMEHTAlMja UCTUX KOHIIeNaTa u aJropuTama,
- nopebemwe y BHlle AeTa/ba aJropuTamMa, Kako OM Ce TeCTHpaJo IITa Cy

npaBHy y3pouu neppopMaHcy,
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- CMamUBalke peuMIVIEMEHTalMje UM yOp3aBakme Ja/bel pasBUjamba
aJropyuTama,
- OpxKe ycBajawbe y APYTrUM JUCHUIIIMHaMa U UHAYCTPH)H,

- KoJsiabopaTUBHO rpahemwe crangapza.

Takobhe, aaropuTmMu Koju ce mocMaTpajy MOHOJIUTHO OTeXaBajy Ja ce A06pu
eJIeMEeHTH pelllelha HCKOPUCTe y JpyroM KOHTeKCTy. TakaB je mpuMep U ca
rpynucawkbeM BpeaHocTH aTtpubyta y CHAID anroputmy, Koje uMa OJJIM4He
KapaKTepUCTHKe, a HUje BUDEHO y HOBHjUM aJrOpUTMHMA, a KOju Takohe uMajy
npo6/jeM Jia Hekd aTpubyTH HMajy npeBulle BpegHocTH. OBa 3abopaB/beHa
ocobuHa (kopak) CHAID anropuTMa 64U CUTYpHO OUJIa OJ KOPUCTU U Yy APYyroM

KOHTEKCTY.

Y oBoM mnorJiaB/by he 6UTH NMpUKa3zaHa reHepaausalyja nocrojehux ajropurama,
Kao ¥ OKBUDP 32 pPa3Boj U TeCTHpaHe HOBUX aJropuTaMa M HUXOBHUX IPAZUBHUX

KOMIIOHEHTH.

3.1.

Jlo cajja onmucaHU aATOPUTMH, MAKO PA3JIUUUTU y AeTa/bUMa, Jesie 3ajeJHUUYKY
CTPYKTYpy, IITO HUje u3HeHahyjyhe, c 063upoM Jla Mopa /ia ce cyodye ca UCTUM
npo6semMuMa. CBU aJITOPUTMHU pPEryp3uUBHO MpaBe cTabs0, 6upajyhu y cBakom
KOpaKy aTpUOYT KOjU je HEKOM MepoM IMpOolieheH Kao ,Haj60/bu", a rpaHame ce
BpILU [0 HEKOT KPUTEPHjyMa 3aycTaB/bamba. JJoJaTHU KOpaly, MONyT Ope3rBamba

WJIU peiyKLHje aTpUOyTa, Cy ONILIMOHU U He I0jaBJbyjy Ce Yy CBUM aJrOPUTMUMA.

OnuTH aJropuTaM ce MOXe OMMCATH TeHEPUYKOM aJITOPUTMOM AaToj Ha Caury 7
(Delibasic¢ et al, 2011). ¥ cBakoM KOpaKy ce pellaBa MojeJUHAYHU MOTIPOOGIEM,
a/M TayaH HauyuH HUje JedpuHucaH. KOHKpeTHUM HM360pOM HayMHA pellaBamba
noTtnpobsema jgobuhe ce KOHKpeTHa HMIJIeMeHTauuja airoputma. CaM TOK
M3BpIlaBakba MOXe OUTH YHANpeJ UMILJIEMEHTHPAH, 1031MBajyhu ce HAa Helmo3HaTe

¢yHkuuje. OBe omumTe Kopake HasuBaheMO HOTHPOGJIEMH, 0K KOHKpeTHa

pelliewa noTHpobemMa heMo Ha3BaTU KOMIIOHEHTE.
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Generic decision tree algorithm

Input: Dataset
Output: Decision tree model

Repeat recursively, until stop criteria is met

Step 1. Optionally, use “Remove insignificant attributes”
to eliminate uninformative attributes in current tree
node.

Step 2. Use “Create split” to create candidate tree split in
current tree node.

Step 3. Use “Evaluate split” to measure “goodness” of
candidate split.

Step 4. If candidate split is better than best split, remember
new candidate split as best.

Step 5. Repeat steps 2-4 until no more candidate splits are
produced by “Create split”.

Step 6. If “Stop criteria” is met, create leaf node and add
it to the tree model. Otherwise split the dataset
according to the best split, and recursively return to
step 1 for each new branch of the node.

Step 7. Optionally, after the tree model is built use “Prune
tree” to shorten branches which are uninformative
according to prune criteria.

Cnuka 7. TeHepUUKM alropyUTaM 3a MHAYKIM]jy cTabJsa oanyduBama (Delibasic et
al, 2011)

CTpyKTypa nornpo6sieMa U KOMIIOHEHTe 3a pelllaBalbe OBUX NOTHpobJeMa cy
Aate Ha Cavuu 8, a MOTUYY M3 PA3JIUYUTUX OPUTMHAJHUX ajaropurtama. CBaku
NOoTNpo6JsieM MOXXe MMaTH HHU3 KOMIIOHEHTH KOjU ra pellaBajy Ha CBOjCTBEH
HauyMH, a HEKU OJf MOTHpobJeMa Cy Y ONIMOHM, 3a IITA MOCTOjU KOMIIOHEHTA

,None"“.

[lornpo6sem ,Create possible splits“ Tpeba fa o06e36eau Ja ce y CBAKOM 4BOpY
cTabJs1a reHepully Moryha rpaHamwa Koja Tpeba pasMOTpPHUTH, U Mehy KojuMa Tpeba
n3abpaTtu Hajbosbe. [locToju BapujaHTa 3a HYMepUYKe U KaTeropuike aTpuoyTe.
KommnoHeHTe 3a peliaBawe oBOr noTnpobsaema cy ,Binary” (u3 anroputma CART),

»2Multiway“ (u3 anroputma C4.5) u ,Optimal Chi?“ (u3 anroputma CHAID).

[locne reHepucama MNOTeHIUjaJIHUX TpaHawa, notnpobsiem ,Select best split”
Tpeb6a Ja oMoryhu Mepeme KBajJMTeTa NOTEHIMjaJHOT TpaHamwa. Moryhe
KOMIIOHeHTe cy ,Information Gain“ (u3 anroputma I[D3), ,Gain Ratio“ (u3

asiroput™ma C4.5), ,,Gini“ (u3 anroputma CART) u ,,Chi2“ (13 anroputma CHAID).
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Create possible splits

Create possible splits
- Numerical -
NONE

Select best split
Chi?

Select best split
INFORMATION GAIN

Select best split

Create possible splits
- Numerical -

- Categorical -

Select best split

Create possible splits

~
Create possible splits o o Create possible splits
- Numerical - Remove insignificant Remove insignificant - Categorical -
BINARY attributes attributes BINARY
F / chi? TEST NONE
D

Create possible splits

- Numerical - - Categorical -
OPTIMAL chi? OPTIMAL chi?
Remove insignificant A
attributes @ )\

Create possible splits
- Categorical -
MULTIWAY

Stopping Criteria
TREE DEPTH

Stopping Criteria
SIZE OF LEAF

Stopping Criteria
NUM OF LEAVES

Stopping Criteria
LEAF QUALITY

T

1 T
| |
GAIN RATIO ! ! - —
777777777777 | T | Stopping Criteria
| I - — QUALITY GAIN
} } Stopping Criteria
| | n Stopping Criteria
Select best split TIME
GINI' INDEX ;
Stopping Criteria
SIGNIFICANCE
Prune tree
Create surrogate
splits
CART
7
2
Create surrogate Create surrogate
splits splits
NONE
S L -
Prune tree Prune tree Prune tree Prune tree Prune tree Prune tree
REP MEP EER EBP CCP NONE

Civka 8. CTpyKTypa KOMIOHEHTH 3a aiTOPUTMe cTabJia oAjiyuyrBamwa (y
CcpeZiuHM), U Moryhe KOMIIOHEHTE Kao pellema 3a cBaky nornpobJsieM. (Delibasic et
al, 2011)

HakoH rpaHawa mno wu3abpaHoM aTpubyTy, cjieiu OAJyKa Ja Jid CBakKy
HOBOHACTaJly rpaHy Tpeba Ja/be IpaHaTH, LITO je OATOBOPHOCT NOTHIpobJseMa
LStopping Criteria“. Ofjiyka o 3aycTaB/bakby 3aBUCH OJi M3abpaHe KOMIIOHEHTe,
koje mory 6utu ,Tree depth“, koja 3aycTaB/ba rpaHame Ha ojpeheHO0j AyOHUHU
cTab.sa, ,Size of leaf”, Koja 3aycTaB/ba rpaHake aKo Y 'paHd HEMa MUHUMaJIaH 6poj

cay4ajeBa, ,Num of leaves“, koju 3aycTaB/ba ako 6poj jsrMcToBa npehe oapeheny
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rpanuny, ,Leaf quality”, koju 3aycTaB/ba aKo je y IPaHU UCIYyHE€H MUHUMaJHU
npeaedUHUCAHU KBAJIUTET (MepeH M3abpaHOM MepoM KBasnuTeTa) ,Quality gain®,
3ayCTaB/ba aKO NOpaAcT y KBaJWUTeTy HUje JoBosbaH, ,Time"“, ako je HCTeKJO
oapeheHo Bpeme u ,Significance, ako rpaHa HUje CTAaTUCTUYKWA 3HayajHa (U3

anroputMa CHAID).

HakoH pekyp3uBHe u3rpajme Lesor ctabja, notnpobsaeM ,Prune tree” Tpeba aa
OJIJTy4M KaKo cTabJio Tpeba ope3aTH, Kako OU ce cMambU/Ia KOMILJIEKCHOCT Mo/esa
U u3bersio npetpeHupamwe. Moryhe komnonente cy ,,CCP“ (u3 aaroputma CART),
»PEP“ (u3 anroputma C4.5) u ,REP“ ,MEP“ ,EBP“ (13 yHanpehewma, IOMEHYTUX Y
[Tornassby 2.3).

[ToTnpo6JsieMu cy npuKa3aHW Kao MOJYJIM reHepudKor ajaroputma Ha Caunu 8 (y
cpeauHu), aau Tpeba pehu Jga mwUXoBa KOMOHWHAIMja HHUje jeJTHOCTABHO
CYKLeCUBHO MO3UBae, Beh reHepuyku ajaropurtam ca Ciuke 7 ynpaB/ba Kako U

Ka/ja ce MO3UBajy pelleha NoTnpoodieMa.

Tpe6a HamoMeHyTH U Ja je Moryhe u3abpaTd BUllle KOMIIOHEHTH 32 pellaBamkbe
HeKUX MoTnpo6seMa. Tako 3a Kpeupawe MOTEHIHUjaJIHUX TpaHakba KOPUCHHUK
MoOXKe u3abpaTtu u ,Binary“ u ,Multiway“ KoMIOHEHTY, Koje he cBaka KpeupaTu
CBOje KaHJuJaTe 3a eBasyanujy. Takohe je moryhe nsabpaTu BUllle KpUTEpPUjyMa
3ayCTaB/babba, IZle Ce 3ayCTaB/ba I'pPaHame Yy MOJrPaHH aKo je GUJIO KOjU Of

KpUTepHjyMa UCIyHEH.

CBaku noTnpo6JieM Takohe UMa U cTaHAapAaH, npejepuHUCaH, y/ja3 U U3J1as, UITo
CBe KOMIIOHeHeTe MOopajy Aa ucnouTyjy. OBaj HAYUH yollITaBawka aJIfOPUTMA je
BpJIO MO3HAT 3ajeJHULU COPTBEPCKOT MHKEHEPCTBA, Ilie ce U360p KOHKPETHUX
pelllewa ,JAeKyIyje oJ] reHepajiHe CTPYKType aJrOpUTMa, Kako 6u ce codpTBep
JIaKlle oApXKaBao, Tj. Jja U3MeHe Y UMILJIEMEHTALMjU y jeJHOM Jiesly cOPTBepa He
3axTeBajy U3MeHe Yy ApyroM Jesy. Y 0BOj 3ajeJHULA Ce OBAKBO pellenO Ha3WBa
jour u [lamepHom Cmpamezuje. YpaBo 0Baj NaTepPH je IPUMEHEH U Y COPTBEPCKO]
peasu3anyju reHEPUYKHUX aJropuTaMa 3a crabJia, o yeMmy he Bulle peyd OUTHU y

[lornassby 3.2.
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CraHzapaHu npefedUHUCAHU yJaa3u U U3Ja3yd NMOTHpoOJeMa Cy NMpUKa3aHU y
Tab6enn 2. U3 ncre Tabese ce Moxe BUAETH U Ja NojeJUHE KOMIIOHEHTe UMajy U
napaMeTpe KojuMa ce INpely3HHUje AepuHMIIE paJ, KOMIIOHEHTe, a KOjU UMajy

CBOje moipa3yMeBaHe BPeJHOCTH, Kao U orcer Moryhux BpeZHOCTH.

Tab6esa 2. Y1a3u v v3/1a3u NoTnpobseMa, ¥ napaMmeTpy komrnoHeHTH (Vukicevic et

al, 2012a)

Sub-problem Reusable Component Parameters Input Output
ey | CHsquaRes | apmeroos, | Danein | Datin
attributes ANOVA F TEST min 0, max 1) node e

Create split
{(Numerical) BINARY
BINARY
MULTIWAY Dataset in Split
Ipha (def. 0.05, : -
Create split merge .a pha (de current candidates
- ) min (), max 1) node
(Categorical) SIGNIFICANT : -
split alpha (def. 0.05,
min 0, max 1)
ALL
CHI SQUARE
INFORMATION
GAIN
. GAIN RATIO A split Evaluation of
Evaluate split GINI candidate the split
DISTANCE
MEASURE
TWOING
MAXIMAL TREE tree depth (def. 10,
DEPTH min I, max 20) Signal for
Stop eriteria MINIMAL NODE node size (def. 30, Current tree | stopping tree
SIZE min 1, max 1000) maodel growth in
LEAF LABEL confidence (def. 0.95, current node
CONFIDENCE min (), max 1)
PEEES&III;I[I}SRTIC confidence (def, .25,
PRUNING (PEP) min 0.1, max 0.5)
COST COMPLEXITY use-1stdev
PRUNING (CCP) (def. 0, min (), max 1)
Prunetree | MINIMAL ERROR | mParameter (def, 2, | CUTentiree | Pruned tree
PRUNING (MEP) min 0, max 1000}
REDUCED ERROR
PRUNING (REP)
MINIMAL LEAF leaf size (def. 30,
SIZE (MLS) min 1 max 1000)
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OBako mnocTaB/beHAa CTPYKTypa omoryhaBa Jakuie yHanpebewe mnocrojehux
aJropyMTaMa, npaB/bebe HOBHUX U aHAJNU3Y K/bYYHUX KOMIOHEHTH. [locToju joiu
KOMIIOHEHTH 3a pelllaBalkbe OBUX MOTHPOGJeMa, KOjU Cy HAeHTHUPUKOBAHHU Y

(Suknovic et al, 2012), a koju 6u fa/be yHaNIpeuIU 1ocTojehe aaropurme.

CBaka reHepaJ/ivsaliyja, a ¥ oBa, Tpeba Jla 00yxBaTH nocrtojehe peanusaiuje kao
crelyjajiHa MojaB/bHMBamba reHepasnusanuje. To 3Hauu jAa noctojehu aaroputmy,
KOjH Cy YOIILUTEHU Yy FTeHEPUUYKHU OKBUD, C€ MOTY JOOUTH cieqUPHUIHUM U360pOM
JebrHrUcaHUX KOMNOHeHTU. Tako ce, Ha npumep, aaroputam C4.5 Moxe KOOUTU

cneniPprUIHUM U360POM KOMIIOHEHTH AATHUM Ha Caunu 9.

For every node

Remove insignificant
aftributes
-NONE-

Create split
(Nurmerical)
BINARY

Create split
(Categorical)
MULTIWAY

Evaluate split
GAIN RATIO

—

Stop criteria
NONE

—

——

Prune tree
REP, PEP, EBP

—
Civka 9. U360p KOMIIOHEHTH KOjU KOHCTUTYHUILY ajaroputam C4.5

Ay 0HO T7ie JieXXu MOh OBOT MPUCTYMA je y JJAaKOM Kpeupakby HOBUX aJITOPUTaMa,
KOMOHWHAIUjOM pa3JIMYMTHUX KOMIIOHEHTH. Ha Taj HaYuH 64 ce Morao JiepuHHUCATH
aJropuTaM crnenudUYaH 3a HEKU JIOMeH NMpUMeHe, KOju Jlaje 60/be pe3ysiTaTe of

noctojehux anropurama.

Njeja o npaB/bely reHEPUUKHUX CTPYKTypa ajJirOpUTaMa 3amnpaBo NpeBa3uJa3u
aJrOpUTMe 3a H3TPa/ilby crabasa o yunBama. CAWYaH NPUHIUI Ce MOXe

IPUMEHUTH U Ha ipyre ¢paMuiMje aJropuraMa 3a OTKprMBakbe 3aKOHUTOCTH, a/ld U
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OMIITHje o Tora. 3ampaBo je OBaj NPUCTyN Beh NpHMeHmEeH Ha aJirOpUTMHMa 3a

KJIaCTepOBame, ca N03UTUBHUM pe3dystatuma (Delibasic et al, 2012b).

3.2.Peanvzanuja reHepuykor OKBUpaA - Hajrpajwa RapidMiner

copTBepa

OKBUp 3a HMIJIEMEHTALHjy KOMIOHEHTHHX aJropuTaMa je CHOpOBeJeH Y
IPOrpaMcKOM je3UKy JaBa, Kao HaAOrpaZiba MONyJIapHOT ajaTa OTBOPEHOr KoJa
3a OTKpUBale 3aKOHUTOCTH Yy nmojanuma, RapidMiner. OBaj ajaT, MONYT MHOTUX
JIPYTHX, je ¥ caM 3aMHUIl/beH Kao KOMIIOHEHTHH, Y TOMe Jla Ce HU3 aJropdrama
MOXX€ KOMOGHHOBAaTH Ja OM Ce J[JOOW/IM CJOXKEHH IpOLecH Koju peliaBajy
KOMILJIEKCHE Mpo6JsieMe MpejBubama. Mnak, Mako ce ajiropuTMu CKJIanajy y
npolece y BUAYy KOMIIOHEHTH, CaM JAHM3ajH U UMIUIEMEHTAal{ja ajJropurama je
MOHOJIMTHA, CTOra KOMIIOHEHTHH aJTrOPUTMH HMajy OUTHY YJIOTY Y YKYIHOM
npouecy. RapidMiner je nzabpaH 360T CBOje MOMYJapHOCTH, OTBOPEHOCTH, JlaKe
HaJOTPaJiUBOCTH, M J06poj 3ajeJHUIM Koja NpPOMOBHIIEe Kopulihemwe Lejor

okpyxema. OKBHUp je Ha3BaH Baj6o (eHr. Whibo o White-Box algorithm).

[TomTo je OKBUpP peain30BaH Kao HaArpaawa RapidMiner codTBepa, paj ca
aJrOPUTMOM Ce CBOJM Ha ynoTpeOy HOBOT olepaTopa Ha3BaHoOr Generic Decision
Tree, npuka3zaHor Ha Caunu 10, 10K ce mpunpeMa nojaTtaka, eBajayanuja U 0CTalu

fesoBu O3I1 npoueca ocnamwajy Ha ocrojehe oneparope y RapidMiner-y.

@ v - & Hrrocess » B LoopDatasets » 8 Loop Algorithms » X-Validationwithlog » & v $2 [ [ & «
Ap!)ly h‘})(lcl Performance
tra ) G tra D d mod tes ) c mod lat D Q lab 1 per D C
D mod C““‘ @ mod) C pe z) D
L) L) L)

¢ >

Cnuka 10: [Ipumep kopuiihewa gogaTor onepatopa y copTBepy RapidMiner
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OTBapameM HoJelllaBatba OBOI ollepaTopa Aobuja ce popMa Ha K0joj ce BpLIU
M360p KOMIIOHEHTH 3a pelllaBakbe CBaKor oJ nornpobsema (Cauka 11). Ykoauko
KOMIIOHEeHTa /103B0/baBa GUHO NOoJiellaBalkbe NapaMeTpHUMa, [03B0/baBa e U YHOC
BpeJHOCTH NapaMeTapa. Ca sieBoM fieay Ciavke 11 BuguMo moryhe notnpob6JieMe,
Ha ropwmeM Jiesly U3abpaHe KOMIOHeHTe NoHyheHe 3a jefjaH moTnpo6JieM, Ha
JI0leM JieJly apaMeTpe, a Ha JIeCHOM JieJly CBe TpeHyTHe U300pe KOMIIOHEHTHU

reHepUYKOT aJITOPUTMA, TPUKa3aHe Y BUAY CcTabJia.

-
4 " e 2 - =X=)
| New alg || save sy | [ openaig }'
Component name. f ————————"" & Generic Decision Tree
S g": sp:: l Save component | 2 & Remove Insignificant atributes
escription reate spl -— - 2 S Chi T "
Remove insigndficant atributes = i i:)‘:""'v::f‘"w kal |
Is the component multiple t Disable component ’ 005 4
& & Use_Percentage_Instead
Select component Bin al
BinaryCategorical & < Percentage_Remove
03
My ategorical
Cresespe T S ¢ O
- _ BinaryNumerical
BinaryCategorical
B & SignificantCategorical
Parameters. 2 < Merge_Alpha_Value
005
Evaluate spit 2 & Spit_Alpha_Value
Merge_Alpha_Value: (0.05 | (Type: Double, Min: 0, Max 1, Default 0.05) 003
Evaluate spit
2 & Stop criteria
B & TreeDepth
2 & Tree_Depth
5
Bhop b Prune tree
Split_Alpha_Value. (0,03 | (Type: Double, Min: 0, Max. 1, Default 0.05) i
|
Prune tree

Cnuka 11: I'paduuka dopma 3a J13ajH KOMIOHEHTHUX aJITOpUTaMa

Kao mTo je paHuje HamoMeHyToO, cneliPUIHUM U360POM KOMIIOHEHTH C€ MOTY
KoHcTpyucaTu Beh noctojehu anroputmu (momyt C4.5, Cavka 12a) WM HOBH,
XUOpUJHH, aJIrOPUTMH, CaCTaB/b€HU OJff KOMIOEHeTH U3 PasJIMYUMTHUX

OpUTrHHAJHUX anroputama (Civka 126).
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) Generic Decision Tree | Generic Decision Tree

) Remove insignificant atributes (] Remove insignificant atributes
= {J Create split 2 ¢ C[eate split
1] BinaryNumerical = B!naryNumeri;al
] MultiwayCategorical ] BinaryCategorical

= SignificantCategorical

= Evaluate split
= ) Merge_Alpha_Value

[) GainRatio

[ Stop criteria [ 005
= ) Prune tree & ) Split_Alpha_Value
) 005

= ) PessimisticError
= Confidence_Level
N
= 0.2

=] MultiwayCategorical
= ) Evaluate split
] GainRatio
|-] Stop criteria
= ) Prune tree
B ) PessimisticError
& ) Confidence_Level
102

Cnuvka 12. (a) 1eBo: U360p KOMIIOHEHTH 3a opuruHanHu C4.5 anropuram
(6) necHo: U360p KOMIMIOHEHTH 3a XMOPUIHU a/ITOPUTAM

[lokpeTaweM anropurtama, Kpeupa ce pe3yaTryjyhe crabJio, koje ce mpociebhyje
RapidMiner codTBepy y d¢opmaTy KOjU OH pasyMme, IITO pe3yaTyje

BU3yesin3alujoM ctabsa (Cavka 14).

BuTHa 0cO6HMHA reHepHUYKOT aITOPUTMa je Jja U360p KOMIIOHEHTH 3HAYajHO yTUYE
Ha pe3yaTyjyhe cra6so0. Ha npuMep, aBa anroputma (Ciuka 13), Koja ce pasaukyjy
y caMo je/]HOj KOMIIOHEHTH, pe3yJITyjy ca /ijBa BpPJIO pa3JiMuuTa cTabja NpuKasaHa
Ha Cnuuu 14. Ctora je u360p KOMIOHEHTH jaKO Ba)KaH Kajla Ce pellaBa HEKH
cnenuduyaH ciayyaj. Ca apyre cTpaHe, HUCYy CBe KOMIIOHEHTe TMOJjeIHAKO

yTUIajHe, 0 yeMy he Bulie peyu 6utH y [lorsiasmy 3.3.

&) Generic Decision Tree &) Generic Decision Tree
-] Remove insignificant atributes | |-] Remove insignificant atributes
& & Create split & & Create split
| BinaryCategorical _( BinaryNumerical
| BinaryNumerical -] MultiwayCategorical
B &) Evaluate split & & Evaluate split
-] Ginilndex ] Ginilndex
& &) Stop criteria & & Stop criteria
B &) TreeDepth B &) TreeDepth
& & Tree_Depth & & Tree_Depth
14 ] 4
) Prune tree ) Prune tree

Cnuka 13. JlepuHunyje 1Ba KOMIOHEHTHA aJIFCOPUTMa KOjU Ce pa3JIUKYyjy caMo y
jeHOj KOMIIOHEHTHU
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Cnuvka 14. Pesyatyjyha cTab/1a KperpaHa aJlIfOpUTMHUMA KOjU Ce Pa3JIMKYjy y caMo
je/lHOj KOMIIOHEHTH

3.2.1. Jleta/bu cOQTBEPCKOT pelletha

N3rpabenu codTBepcKU OKBHUP je MpaBJ/beH Ca H/IejoM JiaKe HaJlorpaiIuBOCTH U
HWHTerpalyje ca ocTaJuM peliembruMa. tbexoBy pesanujy ca ocTaauM ZieJJoBUMaA je

Moryhe npukasatu cmek aujarpamou (Ciavka 15):

1. Ha HajHM>XeM HMBOY Ce HaJjla3e OCHOBHe I'paJjUBHe jeIUHULE, CaZpKaHe y
pasHUM OuOJIMOTEKaMa ca MaTeMaTH4YKHWM, CTaTUCTUYKUM M OCTaJIUM
dyHLMjaMa, KOPUCHUM 3a peasiu3alujy JejioBa aJropuTMa.

2. CBe KOMIIOHEHTEe Ce I'pajie oc/ambajyhu ce jeAMHO HA Te OUOJUOTEKE, IITO
VX YMHU HE3aBUCHUM OJ] Tora Kako he a/be 6UTH KopUIlIheHH.

3. HapegHu HHMBO je TreHepUYKHM a/ITOPUTaM 3a MWHJyKOBame cTabasa

0JJIy4MBamba, KOjU je CBOjeBPCHA KOMIO3HIIMja U3a6paHUX KOMIIOHEHTH, U
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KOjH yIpaBJ/ba TOKOM M3BplIaBakhba, 031BajyN KOMIIOHEHTE 3a pellaBakbe
NojeJUHUX MOTHPO6EMA Y TEHEPUUYKOM peLIEY.

4. Jla 6u ce KOPUCTUO TeHEPUYKH aJropuTaM, NoTpebHO je oMoryhutu aa
Kpo3 mnocrtojehe codTBepe 3a OTKpUBamwe 3aKOHUTOCTH Y NOAALUMA,
JebuHulieMo MHTepdejc Ka TEHEPUUKOM aJrOPUTMy, Kpo3 crnequdUuyHe
ajantepe. Afantepu Tpeba Aa oMoryhe MHTeponepabUIHOCT, TAaKO IITO
yuHe Ja copTBepu MOTy Jla mpocjeze nojaaTke y oarosapajyhoj ¢popmu
reHeprUYyKOM aJIFOPUTMY, aJld U Jla Ipey3My pelllere KaKo O Jla/be ca ’hbUM
pajuM, Ha NMpUMep 3a BU3yesu3alujy ctabsa. OBaj mpolec ajanrtaiuje
IpuKa3aH je ¥ Ha Ciunu 16.

5. Ha nocnegmwem HUBOy cy noctojehu coptBepu 3a O3I1. TpeHyTHO je cucteM
peanu3oBaH 3a RapidMiner codTBep, aJid He MOCTOje OrpaHUYerha J1a UCTU
QJITOPUTMU OYAy NOCTYIHHU U Kpo3 Apyre ciauyHe copTBepe. Tume 6U ce
yHOTPe6/bUBOCT T€HEPUUKOT aJITOPUTMa 3a cTabJia NpolIMpUIa Ha BUlle

3ajeHUIIA KOPUCHHUKA, Koju npedepenpajy oapehenu copTsep 3a paj,.

Cnuka 15. CTek AujarpaM 3a pU3akK 3aBUCHOCTH COQTBEPCKUX JI€I0Ba, Tj. HA IITa
ce ocJamba CBakHu Jeo cucteMma. (Vukicevic et al, 2012a)

W3 yria copTBepCKOT MHXKEHEPCTBA, KOMIIOHEHTHU aJITOPUTMU CYy peaM30BaHU
Kao HU3 MporpaMckux uHTedejca Koju AedUHULLY yia3e U W3Ja3e NOTIPo6IeMa,
U TeHepHUyKor aJropuTMa KoOju ympaB/ba I03MBMMa KOMIOHeHTH. OBoO je

peasnu3anuja Tako3BaHor [lamepHa Cmpamezuje, IpuKasaH dujazpamoM KAaca Ha
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Cmuuu  17. HWHTepdejcu peduHuIly nOTHpPOOJIEME,

AOK Cy KOMIIOHEHTe

copTBEpPCKe KJace, Koje peasn3yjy mnojeavHe uUHTepdejce, UMIJIeMeHTUPajyhu

MeTo/ie ca npeieUHUCAHUM TOTIHCOM.

KNIME

.@ RAPID|MINER

ora nge

WERA

DM Software GUI

DM Software
Data Set

AM=-TVT>»0O>

WHIBO
Data Set

GDT ALGORITHAM

"'V Rt

p emmnd @

e K mw oa
e

WHIBO
Tree

AM=-T>»0>

——

WHIBO

DM Software
Tree

DM Software Tree
Model

Cnuvka 16. UHTerpanyja reHepUuKoOr airopuTMa ca OKpykemweM KopulihemweM
apanTepa. (Vukicevic¢ et al, 2012a)

Kaga ce Ha kopucHHYKOM UHTedejcy u3abepy komnoHeHTe U napametpu (Cinka

11), HakoH npucKa Ha ayrMme ,Save Algorithm“ anroputaM ce 4yyBa y cieliluprUiHOM

XML ¢opmary TekctyanHe patoreke (Ciauvka 18). OBaj dopmaT npenusHO

fepuHMIIe eJleMeHTe U JI0BOJ/bHA je crenudUKalnyja Ja TeHEPUUKH aJrOpPUTaAM

MOXKe Ha OCHOBY Te crenudukanuja e ce usBpuu. C 063UpoM Ja ce paju o

TeKCya/IHOj JaTOTeLH, HallpelHU KOPUCHUK MOXKe U PYYHO MHTEpPBEHHUCATH HaJ

OBOM CHeLlI/ICl)I/IKaL[I/IjOM, HJIN C€ MOXK€ HE3aBUCHO H3rpaJUTHU BU3YEJIHHW aJaT 3a

MaHuIyJMcakbe 0BUM ¢opMaToM crneuudukanuje ajaroputma. JledpuHucaHa je u

XML cxemMa Koja CJAyM Ja ce BepUPHKyje HCOpPaBHOCT HampaB/beHe XML

fatoTeke. OBaj cneuuduyaH opmart je Ha3BaH .wha ekcrteH3uja (o white-box

algorithm) v ciny»u Kao criequduKaija aropuTMa Kojy pasyme oBaj copTsep.
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<<component>>
~___—ChiSquareCategorical

ican
Attributes(...) I . (" <<component>> )
F.

<<subproblem>> BinaryNumerical

\
|

) —
/
BinaryCategorica {<<component>> )

PossibleSplits |- -

+init(... f———

| S
+ hasNextSplit() — o — f*—~F <<(:Jm;.wnent>>:
nextSplit T <<component>> Significant
B Multiway |
<<problem>> (<<component>> )
Twoin )

GDT Algorithm <<subproblem>> — - GainRatio
NS SplitEvaluati 77—7 <<component>> }
+ learnTree(...) Pl y, Gini
+ buildSubTree(...) +evaluate(...) <t L
\ + betterThan(...) — e ~ Di J
\ | ChiSquare
—
\\
\ <<component>>
| TreeDepth ( <<component>>
<<subproblem>> T MinNodeSize
— |_MinNodeS
StopingCriteria | D—
\ + shouldStop(... I ——— ecomponent>)

f <<component>>
P o] ("<<comy
| ost-C i

-/
S — S—
+ pruneree(.) [ — e
T <<component>> ErrorBased
| ReducedError

Cnuka 17: [lujarpam kJaca koju uaycrtpyje coptBepcku natepH "Ctparteruja”,
KOjUM je UMILJIeMeHTallija reHepUyKoT aJlrOpUTMa He3aBHUCHA 0/ U3abpaHe
KOMIIOHEHTE, Tj. KOHKpeTHe peaJsiu3aiuje uHTedejca nornpobsaema (Vukicevic et
al, 2012a)

<<subproblem>> _—

Pruning wl

o -
\ S | WinGain__|
\ -
\

Kao wro je peueHo, cucTteM je HampaB/beH Tako JAa OyJe JlakO HaJorpajuB U
IIOHOBHO MCKOpHUILINeH. YKOJHKO eJUMO Jja JleGpUHUILIEMO HEKY HOBU TeHEPUYKHU
aJropurtamM, oBaj copTBEpPCKU OKBUP HaM /Jiaje Jlak Ha4uH 3a To. [loTpebHO je
HanpaBUTHU COPTBEPCKY KJacy Koja Hacaehyje anctpakTHy kjaacy ProblemBuilder,
U gebuHUCATH OJ KOjUX NOTHpo6GJeMa Ce cacToju HeKu ajaropurtam. [Ilpumep

oBakBe AeduHUlje AaT je Ha Caunu 19.
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<rs.fon.whiba.GDT.problem.GenericTreeProblem>
<description>Generic decision tree</description>
<subproblems class="linked-list">
< rs.fon.whibo.GDT.problem.subproblem.RemovelnsignificantAtributes>
<name>Remove insignificant atributes</name>

<nameOflmplementationClass>....removelnsignificantAttributes.ChiSquareTestCategorical</
nameOflmplementationClass>

<listOfParameters>
<nameOfParameter>Percentage_ Remove</nameOfParameter>

<EnteredValue>0.3</EnteredValue>
</listOfParameters>

</rs.fon.whibo.GDT.problem.subproblem.RemovelnsignificantAtributes>
<rs.fon.whibo.GDT.problem.subproblem.PossibleSplit>
<name>Create split</name>
... <nameOflmplementationClass>....possibleSplits.BinaryNumerical</nameOflmplementationClass>
... <nameOflmplementationClass>....possibleSplits.BinaryCategorical</nameOflmplementationClass>

<nameOflmplementationClass>...possibleSplits.SignificantCategorical </nameOflmplementationClass>
<listOfParameters class="linked-list">

. <nameOfParameter>Merge_Alpha_Value</nameOfParameter>
;EnteredVaIue>0.05<ixEnteredVaIue>
;ﬁameOfParameter>SpIit_Alpha_Value<t‘nameOfParameter>
;I-Entered\/alue>0.03</xEnteredVaIue>

</listOfParameters>

</rs.fon.whibo.GDT.problem.subproblem.PossibleSplit>
<rs.fon.whibo.GDT.problem.subproblem.SplitEvaluation>
<name>Evaluate split</name>

<nameOflmplementationClass> Ginilndex</nameOflmplementationClass>
</rs.fon.whibo.GDT.problem.GenericTreeProblem>

Csuka 18. XML 3anuc usrpaheHor KOMIOHEHTHOT aJIFTOPUTMA, Ca CBUM
neduHucanuM getabuma (Vukicevic et al, 2012a)

public class GenericTreeProblemBuilder extends ProblemBuilder {
@Override
public Problem buildProblem() {
Subproblem s1 = new RemovelnsignificantAtributes();
Subproblem s2 = new PossibleSplit();
Subproblem s3 = new SplitEvaluation();
Subproblem s4 = new StopingCriteria();
Subproblem s5 = new Prunning();

/I defines order of subproblems on GUI
List<Subproblem> subproblems = new LinkedList<Subproblem>();
subproblems.add(s1);
subproblems.add(s2);
subproblems.add(s3);
subproblems.add(s4);
subproblems.add(s5);

Problem GDTproblem = new GenericTreeProblem();
GDTProblem.setSubproblems(subproblems);
return GDTProblem;
}
}

Cnuka 19. [leo koa KojuM ce AeUHUIITY TOTIPOOJIEMU HEKOT TEHEPUYKOT
anroputMa (Vukicevic etal, 2012a)
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HakoH Tora, Tpeba gepuHHUCATH TOK reHepUYKOr aJIropuTMa, no3uBajyhu ce Ha
alcTpaKkTHA pelllewa NOTIpo6JeMa. Y 0OBOM TPeHYTKY HHje NOTPeHO MO3HaBaTH
KaKo Cy peasiM30BaHe IOjeJUHe KOMIIOHEHTe, YaK HU KOje KOMIIOHEHTe II0CToje.
[IlpuMep wu3BplIeHA TEHEPUUKOT aJrOpUTMa JaT je dujazpamom cek8eHYu, Ha
Cauum 20. [IpBe fiBe KJace cy 3alpaBo aJlalTepy Koju U3 crienipuyHOr coPpTBepa
(nnp. RapidMiner-a) no3uBajy reHepUYKH aITOPUTaM, HAaKOH 4era cjejyd MO3WB
nojeJMHUM NOTNpo6IeMrMa. 3aBUCHO KOje je KOMIIOHEHTe KOPUCHUK M3abpao Ha
KOPUCHUYKOM HHTepdejcy, TOKOM HU3BpIleHa NnporpamMa he OGUTH aKTUBUpaHe

rM3abpaHe KOMIIOHEHTE.

GDT GDT Removelnsignificant Possible Split Stopping

Pruni
ModelLearner Algorithm Atributes Splits Evaluation Criteria runing

'. learnTree(ExampleSet exa_mpleSst]:Tree

buildSubTree(Tree subTree, ExampleSet exampleSet, Log subTreeLog): Tree

[ ! ignifi i mpleSet, attributesForSplit, subTreeLog): LinkedList<Attribute>

|

orSplit): LinkedList<Split>

loop
I hasNextSplit(): boolean

nextSplit(): Split
evaluate(possibleSplit): double

betterThan(spli ion, by i '_ ion): boolean

shouldStop(exampleSet, attributesForSplit, splitNode, subTreeLog):boolean

PruneTree(root)

Ciuka 20. /lujarpaM ceKBeHLU U3BpIlaBakba FTeHepUYKOT aJIfT0OpUTMa
(Vukicevic et al, 2012a)

Haj3az, kpeaTopu KOMIOHEHTH MOTY jeZJHOCTaBHO HallpaBUTHU HOBE KOMIIOHEHTE,
Koje pemaBajy mnocrtojehu mnormpob6sieM. HeomnxonHo je camo jeduHHcaTH
copTBEpCKy KJaCy Koja peanu3yje TMporpaMcku uHTedejc ofpeheHor
notrnpo6JieMa U UMIJIEMEHTUPATHU NpeaeduHucaHe meToJie (dyHkuuje). Kpeatop
KOMIIOHEHTHM He Mopa Ja OpvHe W O TeHepUYKOM aJfOPUTMYy, HUTHU O

KOPUCHUYKOM HHTedejcy, Koju he ayToMaTCKU Npeno3HaTH HOBY KOMIOHEHTY U
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omoryhutn mweH u360p KOpUCHUKY. JlogaTHo, JeduHHcame NapaMeTapa
KOMIIOHEHTe je Takobe oJlakllaHO, jep ce jelHOCTaBHUM aHOTaldjaMa y JaBa
IpOrpaMcKoM je3uky (@Parameter) cneuuduiyja wta je napamMerap, 1 To he Ha
KOPUCHUYKOM MHTepdejcy 6UTH ayTOMATCKU NpuKa3aHo. [IpuMep usrpaame HoBe

KOMIIOHEHTE, 3a Npo6JieM eBaJlyallyje rpaHama ctabsa, AatT je Ha Caunu 21.

package rs.fon.WhiBo.GDT.component.splitEvaluation;
public class MySplitEvaluation extends AbstractSplitEvaluation {
@Parameter(defaultValue="0.05", minValue ="0", maxValue="1");
private Double User_Defined_Parameter;
@Override
public double evaluate(SplittedExampleSet exampleSet){
*
user implementation for candidate split evaluation
/*
return splitEvaluation;

}
}

Cnuka 21. [leo koza (codpTBepcKa Kiaca) KojH je jeAUHO MOTPEOHO
MMILJIEMEHTHUPATHU Jja OU ce Jlo/jajla HOBA KOMIIOHEHTa 3a nocrojehu nornpob6/iem
(Vukicevic et al, 2012a)

[leo codpTBepcKU OKBHUp je MpHUjaB/beH U OJ0OpEH KAao TEXHUYKO peliere M85
(Delibasic¢ et al, 2009b), a onucan y (Vukicevic et al, 2012a; Vukicevi¢ et al, 2010;
Jovanovi¢ et al, 2009). Ha peanusanuju oBe miatdopMme cy, mopej ayTopa
TEXHUYKOT pelllera, yiyecTBoBalu U cTyAeHTU Cama Mpkesna, Hukosa Hukosuh,

JoBaH YykasnoBuh u Cangpo PagoBaHoBuh.

3.3. EkcnepuMeHTasiHaA eBaJjlyalivja NIPUCTya

Kao wro je npukasano npumepoM y llorsasby 3.2, U3MeHa 4ak U CaMoO jeJiHe
KOMIIOHEHTe MOXe Jla pe3yJ/ITyje caCBUM Pa3JM4YUMTUM cTabyioM. CTora je GUTHO
KOje KOMIIOHEHTe 6MpaMo 3a aJITOPUTaM KOju KOpUCTUMO. /la /v je 0BO CJIy4aHOCT
WJIM NO30pU KOMIIOHEHTH CTBAapHO 3HA4ajHO yTHUYy Ha nepdopMaHCce aJITOPUTMa,
1 y Kojoj mepu? OBo je jefHa y HU3y XHUNOTe3a Koje cy noctaBsbaHe (Delibasic et al,
2011; Vukicevic et al, 2012a), a koje je Tpebaso BepudprKoBaTU. XUIIOTE3E KOje Cy

y3HMMaHe y 063Hup Cy:
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1. ,PazmeHa nojeduHayHux KOMNOHEHMU NpaAsu 3HAYAJHY Ppa3AUKY Ha
nepgopmaHce aszopumma”“,

2. ,Ymuyaj Hekux KoMnoHeHmMu je 3HauajHuju 3a nepgopmaHce od ymuyaja
dpyaux.”

3. ,Anzopummu  cacmas/eHUu  pa3MeHoM  KOMNOHeHmu  nocmojehux
asnzopumama umajy 3HavajHo 6osbe peyamame 00 OpPURUHAAHUX
aszopumama”“.

4. ,He nocmoju domMuHaHmHocm jedHe aszopumamcke Komno3uyuje, mj. 3a
paszauvume npobsaeme (nodamke) pasaudume KoMnosuyuje KOMNOeHHMuU cy
onmumasHe”.

5. ,Komnonemmuu aszopummu Ccy 3HA4AJHO pPA3YM/UBUjU KOPUCHUKY 00

OpU2UHA/HUX a/s120pumama’.

OBe xumnoTe3e cy BepudUKOBAHE Yy €eKCIIEPUMEHTHMa, e je OUTHO HcTahu

HEKOJIMKO Ba>XHHX aCIIeKaTa eBaJIyaque:

e Mepa eBasyauuje: Kosnko je cTab6so ajieKkBaTHO 3a KjaacudUKalujy

(npesBubamwe) HOBMX  ciy4vajeBa, Tpeba  NaX/bMBO  U3MEPUTH
CTaTUCTUYKHMM MepaMma rpellke MpeiBubawa. Y eKcnepuMeHTHMa Cy
kopuimthenu TayHocm (eHr. accuracy), Koja TpeJCTaB/ba MPOILEHY
BepoBaTHohe  TayHor  mnpeABubawa, Tj.  NpPOLEHTAa  YCIEIIHO
KJIaCUPUKOBAaHUX MHCTAHIIM TOKOM TeCTHUpamwa. Takohe ce KOPUCTU U
IlospwiuHna ucnod POK kpuege (eHr. Area Under ROC, AUC), koja npouemwyje
BepoBaTHONy Jla oJ c/iy4yajHO M3abpaHOr Mapa UHCTaHIU u3 kJjace A u b,
Ta4yHO OJpeArMO KOja HHCTaHLA je M3 Koje kjace. OBO cy BpJoO
pacnpocTameHe Mepe, IITO oMoryhasa Jiakile nopeheme ca iuTepaTypoMm.

e IpolleHa rpelike reHepaJjusanyje: ['pelka npouewmeHa Ha IMojanuMa 3a

TPEHUHT YeCTO HHUje pelnpe3eHTaTHUBHA Kao rpelika 3a 6yayhy npumMmeHy
(epewka zeHpaauszayuje), jep KOMIJIEKCHU MOJeJM KOjU YIPaBO
ONTUMU3Y]jy TPENIKY MOTY PUKTHUBHO CMalbUTH TPEIIKy KOpucTehu myM y
nojilaliiMa 3a TPEHHWHI, IITO je paHHje TMOMEeHYTO Kao Hpob6JeM

npeTpeHupamwa. 3aTo je moTpebHa KOH3epBaTUBHHUje MpOILEHA Tpellke
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reHepasivsaliyje, Koja ce 4ecTOo JA00Hja H3/|BajatbeM IMOCEOHOTr CKyIma
roJaTaka €aMoO 3a TeCTUpame, WJIM pa3HUM TexXHUKaMa BUIIECTPYKOT
y30pKOBakha TPEHUHI CKyna. Y eKClepuMeHTHMMa je HajBulle KopuheH
MeTo/, Kpoc-BaJijanMje, KOju U3 TPEHUHI CKylla BHUIIEe NyTa HW3JBaja
pasinyuTe (LUCjyHTHE) Y30pKe 3a TeCT U NpPOoLeYyje NPOCeYHY IPeLKy U3
BUIlle TaKBUX y3opaka. OBO je Takohe pacnpocTpameHa TexXHHUKa, U

omoryhasa Jiakuie nopehemwe U ca IUTePaTypOM.

e CKYNOBHM MoJilaTaka: YKOJMKO TeCTUpPaMO aJITOPUTME Ha jelHOM CKyIy
noJlaTaka, 3ak/byyke KoOje HM3By4YeMO MOpPaMO OTPAaHUYUTH CaMO Ha Taj
npo6seM. Crora je OGUTHO MOHOBUTU eBasyalldjy Ha BHIIEe CKYIoOBa
nojilaTaka U aHaJIM3UPaATH YKyNHe nepdopMaHce, Kako 6U pe3yaTaTH OUIU
reHepajiHuju. Y CBUM eKCllepuMeHTHMa je KopuluheH Behu O6poj
NM0JATaKa, U3 pa3/IMYUTHX AOMEHa.

e OeHYMApK __ aJrOPUTMHU 33 mopehewe: Pesysnrtatu  eBasyanuje

HoBou3rpaheHux ajiroputama ce mopeje ca nocrojehum ajaropurmMuma,
Kako 6M ce HCTakao [JONPUHOC M ONpPaBAAHOCT IpUMeHe. Y
eKcrepuMeHTHMa Cy 3a nopehewe kopuitheHu nocrojehu MOHOJNUTHU (He-
KOMIIOHEHTHH) aJIF'OPUTMH, KOjU CY y BEJIMKOj YNOTpebu y HAy4HO] U
CTpy4HOj 3ajesHunu. Takobhe, na 6u ce u3bersu nNpob6seMy PasJIUIUTHUX
OKpYy»eHa (ONnepaTUBHOI CUCTEMA, UMIIJIEMEHTAI[MOHOT je3uKa, payyHapa,
O6M6JIM0TEKA Ha KOje Ce 0C/Iakbajy alrOpUTMHU, UT/.) CBU HOBU U mocTojehu
aJITOPUTMU Cy TeCTHPAaHHM U3 MCTe UMILJIEeMeHTanuje, C 063UpoM Ja cy
nocrojehn airopuTMH camMo peajusalyje KOMIIOHEHTHHX aJIrOpUTaMa.
OBuMe ce omoryhaBa ¢pep nopeheme pa3MuuTHX aJiropuTama.

® JIOHOBJ/bHUBOCT EKCIIEPHUMEHATA: Ad ou pe3ysTaTu eKCliepuMeHaTa MOI'JIU Aa

ce mpoBepe, OMpPaHHW Cy MOJALM KOjU Cy jaBHO JOCTYIHHU, a cCOPTBep je

JIOCTYTIaH MO/Ji JIMIIEHIIOM OTBOPEHOT Ko/1a.

Jla 61 OLeHUJU CBe HaBeJleHe XWUIOTe3e, eKCIepUMEeHTa/IHU pe3yaTaTh Cy
ONKCAaHU Y TPU CKylla eKCIIepUMEHAaTa, KOjy 0/Ir0Bapajy pa3/IMuuTHUM 06jaB/bEHUM

pagoBuMa (Vukicevic et al, 2012a; DelibaSi¢ et al, 2011, Delibasic et al, 2012a).
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3.3.1. [lpBu cKyn ekcriepuMeHaTa

PesysTaTy 0BUX eKkcnepuMeHaTa cy ob6jaBbeHU y pagy (Vukicevic et al, 2012a).
ExcnepumenTnMa je obyxBaheHo 960 KOMIOHEHTHMX aJropuTaMa, KoOju cy
JlobvjeHH KOOWMHALMjOM KOMIIOHEHTU 3a pas3/MyuTe notrnpobseme. Meby Tum
aJrOpUTMHUMA Cy U cnelMUYHe KOMOUHAlLMje KOMIIOHEHTH Koje YhHe nocTojehe

no3Harte ajaroputme: ID3, CART, C4.5 v CHAID.

ANTOpUTMHU Cy TeCTMpaHU Ha 12 peasiHUX, jaBHO JOCTYIHUX CKyNOBa NoJaTaka
(Asuncion, Newman, 2007), koju cy Ouad mnpejMeT U [Jpyrux CTyAHja y

npeaBubamwy. CKynoBu nojaTtaka cy npukasanu y Tabesu 3.

CBu pe3syaTaTy eBaJyalyje ajiropurMma cy pahenu npumeHoMm 10-ocTpyke Kpoc-
BaJ/IM/lalivje, YUMe Ce U CTAOWJIHMje Npoliewyje rpelika kiacudpukauuje. Tako je
yKyllaH 6poj cTapToBaka ajsroputaMa 960x12x10. [lapameTpu cBUX KOMIOHEHTH

Cy IOCTaBJ/b€HU Ha NoJpa3yMeBaHe (eHr. default) BpeHOCTH.

CBux 960 anropuTamMa Cy Ha OCHOBY Ta4yHOCTU IMpeJiBUhawa COpPTUpPAHU Y
onazajyhy HU3 W paHTMpaHWY, 3a CBAaKMU CKyIN MojaTaka nocebHo. ¥ Tabenu 3 cy
VWCTaHKYTU paHrOBM OeHYMapK aJjJropMTamMa 3a CBaKd CKyN I[oJaTaka, a

N0/IBy4€eHH Haj60/be paHTUPaHU 0J1 6eHUMapK ajJiropuTaMa.

[IpBO ITO TpEebGa NPUMETUTH je Aa NOCTOojehn aIrOpUTMHU HUCY HU jelaHNyT OUIU
HajTayHUjU 3a HEKU CKyN NojaTaka (Hucy uMasu padr 1). lllTaBulle, yriaBHoM je
paHr 6uo JoCTa JIOIIMjU y OAHOCYy Ha Haj6o/be MJIaCUpPaHU KOMIIOHEHTHH
anroputaM. OBo mojp:kaBa XMIOTe3y Ja Ce pa3MeHOM JeJsioBa (KOMIOHEHTH)
aJITOpUTaMa MOTY NPOU3BECTHM TA4YHUjU AJITOPUTMU, U TO Ha CBUX 12 cKymosa

nozjaTakKa Kojy Cy aHaJIM3UpPaHHU.

Jaspe, BUAUMO U A3, of, nocTojehux ajroputrama, HUje YBeK HajO0/bU OUO HUCTHU
asroputaMm. llITo 3Ha4u Ja KU360p Haj6OJ/bEr AJNTOPUTMA je BPJIO 3aBUCTAH O/
npo6JieMa Koju ce pellaBa, na je ,06po npobaTu ca Bulle ajroputama. llltaBuie,

yHanpe/, je Teliko pehu ko 6u anroputam 61o 06ap, a joul Texe 360r yera.
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Ta6esna 3. KopuiheHu ckynoBu nosaTaka ¥ paHrOBM O3HATHUX aJICOPUTaMa Ha
OCHOBY Ta4HOCTH IpeiBuhama (1o By4eH je Haj60/bU Mehy YyeTUPH NO3aHTa
aJIroOpUTMa Ha CBakoM cKyny nogaraka) (Vukicevic et al, 2012a)

Dataset CART CHAID ID3 C4.5
balance-scale 41 78 80 45
breast-cancer 130 148 89 155
car 2 23 230 227
cleveland heart 159 196 148 211
contraceptive 165 316 473 324
credit-g 52 71 79 101
hayes-roth 4 b 23 19
hepatitis 62 63 52 25
liver-disorders 77 37 15 37
lymphography 8 61 40 49
post-operative 9 11 17 10
STATLOG Heart 30 36 30 22

Jla 61 6oJbe carsiefjajsiv pasjvKe y aJrOPUTMHUMA, U3MePeHaA je U HOpMaJIu30BaHa

yAa/b€HOCT aJIrOpUTaMa y OHOCY Ha Haj60Jbe IJIaCHpPaHHy, a o GopMysiu:

distAcc = Aecc—min(Acc)

max(Acc)—min{ Acc)

rae je Acc, TayHocT (accuracy) Mojiena, a max W min QyHKLMje HaJ, CBUM
anroputMuma. Hajb6osbe mnslacupaHu anroputam (ca paHrom 1) he wumartu
yaabeHocT 0, fok Hajropu 1, a cBM octanu he 6uTu Ha uHTepBany [0,1].

PesysitaTy cy npuka3anuy Ha Caunu 22.

M3 oBux pe3ysTaTa BUAUMO Ja He caMo Jia je paHTr nocrojehux ajropurama 610
Jolll, Beh je W TaA4yHOCT JOCTa JiOLIMja OJ] MPBOIJIAHUPAHOT KOMIIOHEHTHOT
anroputMa. [loHekas (HOp. Ha mojauuma breast-cancer, hepatitis, liver-disorders)
je Ta pasJsinka U BpJIO HarJialleHa, I'Zie HeKU OPUTMHAJIHU aJITOPUTMH He MpeJiase

HU 30% nepdopMaHcH Haj60/ber KOMIIOHEHTHOT aJirOpUTMa.
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[ % CART
CHAID

®ID3

mC4.5

Cnuka 22. [lopehemwe TauHOCTH NpeiBUhama 3a noctojehe aaropurme,
HOPMHPAHO ¥ OJJHOCY Ha Haj60Jbe MJIaCUPaHU KOMIIOHEHTHH aJITOPUTAM.
(Vukicevic et al, 2012a)

Takobe je cnpoBeseHa JleTa/bHUja aHA/M3a KOMIIOHEHTHUX aJiropuTaMa Koju cy
Jlanyu paobpe pesyatare, rJefajyhd Koje KOMIIOHEHTe Cy Vy4ecTBOBaJie Y
aJITOpUTMHUMA KOju cy Mehy Haj6o/bUM MO Ta4yHOCTH. 3a BehuHy nojaTaka, 6Uso je
BUIIE OJi jeJHOT Hajbosber ajaroputMa (Koju Aesie npBU paHr). Y Tabenu 4 cy
NpuKa3zaHe KOMIIOHEHTe Koje Ccy 6ujie MPUCYyTHE Y TUM Haj60/bUM aJTOPUTMHUMA,
3a CBaKM CKyn mojilaTaka nmoce6HO. Y3 Ha3WB CKyma MHojaTaka CTOju U 6poj y
3arpajiy, Koju roBOpU KOJIMKO je OUJI0 MPBOpPAHTUpaHUX ajroputama. OcTtaTak
Tabese Habpaja Koje Cy KOMIIOHEHTe OHWJie KOH3UCTEHTHO [le0 Hajb0/bux

aJropuTama.

W13 Tabese 4 ce Takohe BUAM /Jja 3a HeKe Npob6JieMe je moTpebaH BpJio cneludUdaH
aJITOpUTaM, JI0OK 32 JPYre je JOBOJbHO U3aOpaTH ,K/byYHY" KOMIIOHEHTY, a U360p
OCTa/IMX HUje ToJMKo 6uTaH. Tako 3a noaatke ,Cleveland heart” 6vutHe cy 4 of, 5
KOMIIOHeHTH, HauMe: RIA, SignificantCategorical, DistanceMeasure u MinNodeSize,
JIOK Ha4MH NMOTKpecuBamwa cTabjia He Urpa Kby4dHy yjory. Ca apyre crpaHe, 3a
nogartke ,liver-disorders® cy camMmo 2 KOMIOHeHTe OuJe K/bydHe M TO 3a
notnpo6sieMe RIA u Evaluate. Ha npo6nemy ,Hayes-roth“ Buaumo pna je 3a
NOTHpPO6JIeM IrpaHama CTabJia ONTHMAJTHO KOPUCTUTH UCTOBPEMEHO CBe HaYHHE
rpaHama. OBO cyrepuiiie /a je, 32 0Baj npob6JieM, 06po Ja ce CTabJI0 Y HEKOM ey

rpaHa 6MHapHO, a y ApyroM BUllecTpyko. Haj3az, 3aHMMJbUBO je J1a je 3a npob6JieM
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,contraceptive“ caMo jejaH ajroputamM 6M0 ca Haj60/bOM TAYHOCTHU NpejBubhamba
(6poj y 3arpaau), oK KoJ mpobGJema ,post-operative” uma 261 ajsroputam ca
nojjjelHaKOM Ta4yHoulhy, IITO rOBOpPHU JAa U3060p KOMIIOHEHTU OBJie HUje GUO Of
3Havaja. Ha momauuma ,credit-g“ 6uso je camo 2 Haj6o/ba aArOPUTMA, ajid OHU

HUCY UMaJIU HUjeHY 3aje JHUYKY KOMIIOEHTHY.

Ta6ena 4. KoMnoHeHTe Koje cy 6uJie [leo Haj60/bUX aITOpUTaMa Ha CBAKOM 0/
ckynoBa nogataka (Vukicevic et al, 2012a)

Dataset RIA Split Evaluate Stop Prune
balance-scale (4) No BinaryCategorical MinNodeSize PEP
breast-cancer (6) Yes GainRatio MEP
Car (2) No BinaryCategorical ChiSquare
cleveland heart (2) Yes Significant DistanceMeasure MinNodeSize
Contraceptive (1) No BinaryCategorical ChiSquare MinNodeSize cC
credit-g (2)
hayes-roth (2) No All DistanceMeasure MEP
hepatitis (6) Yes DistanceMeasure MEP
liver-disorders (16) Yes DistanceMeasure
Lymphography (4) BinaryCategorical MEP
post-operative (261)

STATLOG Heart (4) BinaryCategorical MinNodeSize PEP

OBMM ekcniepyMeHTHMa Ce Jaje NoJApIIKa Xxunore3ama 13 [lorsiasba 3.3, HauMe a
KOMIIOHEHTHH QJTOPUTMMU 4YeCcTO Jajy OoJ/be pe3yaTaTe HEro OPUTHMHAJIHU
QJITOPUTMHM, A CBAaKM NMpPO6EM KOjU Ce pellaBa MMa JApPYyradujy KOMIIO3ULHUjY
KOMIIOHEHTH KOja My OZroBapa U Jija HUCY CBe KOMIIOHEHTe 0/i jelHaKOr 3Ha4yaja 3a

neppopMaHce aJropuTMa.

3.3.2. [lpyru ckyn eKkciep¥uMeHarTa

Pe3ynTaTu oBUX ekcnepuMeHaTa Cy o6jaB/beHH y pagy (Delibasi¢ et al, 2011).
ExcnepumeHTHMa je oBaj nyT o6yxBaheHo 80 KOMIOHEHTHUX aJICOPUTAMa, KOjU Cy

Jlo6WjeHd KOOMHALMjOM KOMIIOHEHTH 3a pa3J/IMuUTe NOTIpo6JeMe, JaTh y Tabesnu
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5. 3a pa3nuKy oJ, NpeJXOHUX eKCcllepuMeHaTa, KOMIIOHEHTe KpUTepujyma

3ayCcTaB/bathba HUCY BapUpaHe.

Ta6ena 5. KomnoHeHTe Y1joM KOMOHHAIUjOM ce MOxKe KpeupaTu 80
KOMITOHEHTHHUX airoputama (Delibasi¢ et al, 2011)

Sub-problems Reusable components

RIA chs/anf  none (!)

CsC mul bin sig  all

ES gai inf gin dis chs
PT pep none (!)

Y Tab6enu 5 cy takohe aedprHHCAHU U KOAOBU 3a CBAKY KOMIIOHEHTY, KOjU CY
kopultheHu 3a ckpaheHM omnuc aaropuraMa, Kao M 3a obeJsiexxaBame Ha
rpadpukonuma. I[lornpo6saem ,RIA“ (Remove Insignificant Attributes) uMa jenHy
ONLUOHY KOMNOHeHTY ,chs/anf" (Chi-Square/AnovaF). [lotnipo6saem ,CSC* (Create
Candiate Splits) uma Tpu kommnoHeHTe ,mul‘ (Multiway), ,bin“ (Binary) u ,sig“
(Significant), a koMnoHeHTa ,all* je uctoBpeMmeHo Kopuuihewe cBe 3 OCHOBHE.
[lornpo6aem ,ES“ (Evaluate Split) uma 5 moryhux mepa eBanyauwmja: ,gai‘ (Gain
ratio), ,inf* (Information gain), ,gin“ (Gini), ,dis“ (Distance) u ,chs“ (ChiSquare).
[lornpo6sem ,PT* (Prune Tree) uMa jelHy ONIJMOHY KOMIOHEHTY ,pep" (Pesimistic
Error Pruning). O3Haka ,!“ roBopu [a HUjeJHa KOMIIOHEHTAa HUje U3abpaHa 3a
noTnpo6JieM, WITO je Moryhe KoJi moTnpo6/eMa KOju Cy OMIMOHU, KAo IITO je

ope3uBame CTabJsa. [lapaMeTpu KOMIIOHEHTH KOje UX UMajy Cy MOCTaBJ/bEHU Ha

no/ipasymeBaHe (eHr. default) BpeJHOCTH.
Tako ce, Ha npuMep, mocTojehu aITOPUTMH MOTY NPUKa3aTH Kao:

1. C4.5 (!-mul-gai-pep uau !-mul-gai-!)
2. CART (!-bin-gin-!)
3. CHAID (!-sig-chs-!)

ExcnieprMeHnTH cy paheHu Ha 15 jaBHO AOCTynHUX, 6eHUMapK, CKylnoBa MoJijaTaka
U3 penosuTopujyMa YHuBep3uteTa y UpBuH, Kanudopuju (Asuncion, Newman,
2007). Tabena 6 npuka3syje nyHe u ckpaheHe Ha3uBe CKynoBa nojartaka. Kosona
LSignificant differences” he kacHuje 6UTH o6jalikbeHa. KapakTepucTruke nojaTtaka

cy pate y Tabenu 7, rae ce BUAY JAa Cy NoJAaly pa3/IMUMTHUX BEJUUYMHA, U Opoja
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aTpubyta U O6poja ciaydajeBa. Tpeba HamoMeHYTU JAa je Opoj KJaca Koje ce
npeaBubajy y cBUM NojanrMa peslaTUBHO HU3aK, A ce 3aK/by4liyd eKCllepuMeHaTa

He MOTY reHepaIM30BaTU Ha NpobJieMe ca BeJIMKKUM OpojeM KJjaca.

Ta6ena 6. KopuirheHu ckynoBu nojiataka v 6poj 3Ha4ajHUX pa3JivKa y
asroputMmuMa (Delibasi¢ et al, 2011)

ID Dataset Significant differences
car Car evaluation 58%
nur  Nursery 43%
tic Tic-tac-toe endgame 39%
aba  Abalone 19%
cmc  Contraceptive method choice 18%
spe  SPECT Heart 18%
con  Connect-4 5%
cre Credit approval 5%
cov  Cover type 5%
adu  Adult 4%
kin King-rook vs. king-pawn 4%
len Lenses 2%
vot Congressional voting records 1%
thy Thyroid disease 0%
adv  Internet Advertisements 0%

Tab6ena 7. OcHOBHe KapaKTepuCTUKe KopullheHux ckynoBa noaartaka (DelibaSic et

al, 2011)

1D No. No. No. No.

cat. num, records  classes

attrib.  attrib.

Car 6 0 1728 4
Nur 8 0 12960 4
Tic 9 1] 958 2
Aba 1 7 4177 3
cme 2 7 1473 3
Spe 22 0 187 P
Con 42 0 67557 3
Cre Y i} 690 2
Cov 10 44 581012 7
Adu 8 §] 32561 2
Kin 36 0 3196 2
Len 5 0 24 3
Wot 16 0 435 2
Thy 22 6 2800 3
Adv 1555 3 2369 2
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]_[I/IJB OBHX €KCIIEpUMEHAaTa je Aa Cce IIpOoueHH U aHaJIn3Hrpa:

1. CraTucTM4YKa 3HaA4yajHOCT pas3yiudka u3Mehy nepdopmancu 80
KOMIIOHEHTHHUX aJIf0pUTaMa, MepeHa Ha 15 ckynoBa nojjaTaka.

2. TauHocT npejBubama, BpeMe U3BplIaBakba U KOMIIJIEKCHOCT pe3yJaTyjyhux
MoJiesia cTabsa (mpocedyHa MOHJepucaHa AybuHa crabJa, 6poj YBOPOBa,

UT[.).

CTaTUCTUYKA 3HA4YajHOCT pasJjuKa v nepdopmaHcama

Jla 6u ce ynopenuse pasiuke usmelhy anropurama, naposu 80 aaropurama cy
TecTUpaHu nomohy 2-ctpyke kpoc-Baaugauuje @-tecra (Alpaydin, 1999), jep
je MOKa3aHo Ja Taj TeCT MMa AOBOJbHO CTaTUCTUYKe MOhHU, 10K JP>XU PBU THUII
rpelllke Ha HHUCKOM HUBOY, y nopebhemwy ca gpyrum tectoBuma (Dietterich,
1998). Tako je nopeheno 3160 napoBa ajropdTama, Ha cBakoM oJ, 15 ckynoBa
noJilaTaka, U MepeHO Ja JiM je pas3/iuKa y nepdopMaHcaMa CTaTUCTHUYKHU
3HavyajHa Ha HUBOY 5%. HysTa xumnoresa je Ja cy u3MepeHe pasjUKe y
aJIrOpuTMHUMa MOTJIE HAacTaTHU Kao pe3yJTaT cay4aHocTu. [loganu y Tabenu 6
Cy COpTUpaHU Ha OCHOBY TOTa KOJIMKU MPOLIeHAT apoBa je 6U0 CTaTUCTHUYKHU
3HayajHO pasauyuT. [lowTo ce 360r MHOro NMOHaBJ/baka TECTOBA, OYEKYyje JAa
oyne 5% nakHux ajapMma (rpeiaka MpBOr THIA), BUAUMO Jia Cy U3MepeHe
passivke W3HaA Tor mpara (y mpoceky je 15% 3HayajHUX pasjiMKa Ha CBUM
npo6JsieMuMa, 0K Me MakcumaiHo 58%). Tume ce moka3yje Jla NHOCTOje
pasiuke y neppopMaHcaMa pas3/IMYUTUX KOMIOHEHTHUX aJropuTama, Tj. Aa
pas/IMYuTe KOMIIOHEHTEe YTHUYy Ha nepdopMaHce, U TO Cce He MOXe 06jaCHUTH

cay4dajHouihy, jep cy pa3Jjinke CTaTUCTUYKU 34ayajHe.

Ha ocHoBy nmapoBa nopehemwa, u3payyHaTH Cy U CKOPOBHU CBAKOT aJIlrOPUTMa,
TaKo WITO aJITOPUTaM ,00Hja 1 moeH ako HUje CTaTUCTUYKHU 3HAa4ajHO OOJbU OJ
Apyror (,HepelieHO“), 2 moOeHa AakKoO je CTAaTUCTUYKU 3HAYajHO O6O0JbU
(,mo6enHuk“) u 0 moeHa y cynpoTHOM. ArpervpameM 0BUX CKOpOBa Z06uja ce

nopehemwe ajiropurama, nprukKasaHo Ha Caunu 23.

58



Average scores

75,00

70,00

65,00 ml

Cnuka 23. ArperupaHy CKOpoBH aJropuTtama, coptupano no ckopy (Delibasic¢ et al,
2011)

Ca Cnuke 23 ce npumehyje Ja mocToje JBe rpylie aJiropuraMma, ca BeJMKOM
pas/iMKoM Meby mwHMa, Koje CMO Ha3Basd ,406pu” (eHT. best), ca ckopoM oz 82 10
87 mnoeHa, u ,jomu” (eHr. worst), ca ckopoM of 69 no 74 noenHa. Ca Tako
JebuHMCcaHUM obesexjuMa, UAeHTUPUKOBaAHA Cy NpaBuJa Koja pas3JiUKyjy Te ABe

rpyne, a Koja cy npukasaHa y Tabesu 8.

Tab6ena 8. [IpaBusia 3a cBpcTaBawe ajJropuTMa y rpyny ,,06pu“ u ,jomu"
(Delibasi¢ et al, 2011)

Rule CSC ES Class
| “bin”, “sig” best
2 “all™ “dis”, “gai" best
3 “all” *chs”, “gin”, “inf”  worst
4 “mul” worst

N3 TabGene 8 BUAMMO KOje KOMIIOHEHTe Cy OJrOBOpHEe 3a J006ap HWJM JIOLI
KBaJIUTET LeJIoT aJropuTMa. Bugumo Jja cy HajoMTHUjU MOTHPO6IEMU Kperpama
NOTeHIMjaJHUX rpaHama (CSC), kao U eBasyanuja rpaHama (ES). O KOMIIOHEHTH,
BUIIECTPYKO rpaHawe (mul) je uHAUKaTOp Jolle neppopMaHce, 0K Cy 6UHapHa
rpaHama (bin) W rpaHawka Ha OCHOBY TrIpynucamwa aTpubyra (sig) O6uau

WHJUKATOPHU A00pe nepdopmaHce.
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Tpe6a HamoMeHyTH Ja Cy OoBa MpaBuJia U3By4YeHA Ha OCHOBY neppopMaHCH Ha
CBUM CKynoBHMMa nojaTtaka. Ha cnenuduyHoM ckyny nojataka ajJrOpUTMH MOTY
MMaTU Jpyradyvje noHaumawe. Tako anroputam (!-mul-chs-!), koju yxibydyje
KOMIIOHEHTY 3a BHUUIECTPYKO rpaHambe, je Ha mojauuMma “‘aba” meby ,n06pum”

aJrOPUTMUMa, [0 je y npoceKy Mebhy ,tomum”.

OBa aHasu3a je pabeHa Ha OCHOBY 3Ha4ajHUX pas3J/iMKa y IapoBHMa aJropuTaMa.
JlonaTHa aHa/M3a je paheHa kaZja cBe aJITOPUTME OLIEHMMO Ha OCHOBY TaYHOCTHU
npesBubamwa, a aJlropuTMe rpynuiieMo y rpyme ,ao6ap“, ,mpocedan”, o,
[IpaBuna koja oapebyjy kojoj rpymu ajsroputaMm MpuNaZa ce MOTY A0OUTH
aHaJu3oM neppopMaHCH CBUX aJITOPUTAMa, U Ta NIpaBuJa Cy puKasaHa y Tabenu

9.

Tab6esa 9. [IpaBusia 3a ofjpehuBame rpymne KBaJuTeTa aJITOPUTMA [0 TAUHOCTH
npe/iBUbama, a Ha oCHOBY KopullltheHHuXx komnoHeHTH (Delibasic et al, 2011)

Rule RIA CSC ES Class
| “chs/anf™ “all” “dis”, “gai” Best
2 “chs/anf”  “bin”, “sig” Best
3 ! “all” “dis”, “gai” Average
4 ! “bin”, “sig” Average
5 “chs/anf™ “all” “chs”, “gin”, “inf”  Average
6 “chs/ant™ “mul” Average
7 ! “all” “chs”, “gin”, “inf” Worst
8 ! “mul” Worst

O mo3HaTUX ajJropudTamMa, nIpeMa Ta4HOCTU npejBubama, C4.5 je cBpcTaH Kao

y2Jtom”, CART kao ,npocedyan“ u CHAID kao ,,mpoceyaH”.

AHasr3a ebUKACHOCTHU

Kajma je y nuTamwy 6p3uMHa HU3BpIIaBama ajJropuTaMma, y MOMEHYTOM paay cy
aHa/JiM3UpaHe MpoceyHe Op3UWHE aJropuTaMa KOju Mocejyjy HeKe KOMIIOHEHTe.
[IpuMep TayHOCTH mpeABUDama y OAHOCY Ha OpP3WHY MU3BpIlIaBama JAaT je Ha
Cmuuu 24. Ty ce BUAM, NOpes OCTaJOr, Aa OJ, ABe KOMIIOHEHTE Koje Cy JaJe

“

HajnpenysHuje ™Mogene, ,bin“ w ,sig“, Apyra je 3HaTHO 06o0/ba MO OpP3UHHU
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M3BplIaBawa. Hajbprke ce W3BplIABajy aJrOpUTMU KOjU paHajy BHUILECTPYKO

,mul“), any cy 3aTo ¥ HajMame Mperu3Hu.

82.50% 0:04:19

82.00% - 0:03:36

0:02:53
81.50% -
0:02:10
81.00% -
0:01:26
- l: o .
80.00% - T T 0:00:00 -—
bin sig all mul sig mul

all bin

(a) (b)

Cnuvka 24. [IpoceyHe nepdopMaHce aJropMTaMa 3a pa3/IMuMTe HAYMHE rpaHama:
(a) TauHoCT npeBUbama, (6) BpeMe u3BpiuaBama. (Delibasi¢ et al, 2011)

AHasusa ce Takohe MoxKe paZJUTH U 110 TOMe KOJIMKO Cy cTabJia Koja cy KpeupaHa
KOMIIJIEKCHA. Je/lJaH HayMH 3a Mepele KOMILJIEKCHOCTH je 6poj JIMcToBa cTabJia, a
KOJIMKO JINCTOBA IIpaBe aJIFOPUTMHU ca pa3JIMYUTUM KOMIIOHEHTaMa, IPUKa3aHoj je
Ha Csaunu 25. Ha caunu ce BUAM KOMOUHAIMja KOMIIOHEHTH JiBa MOTNPo6eMa,
rZle je Ha X-0CH MOTNpo6JieM Kperuparwa NOTeHUja/IHUX TPaHama, a Pa3JMuuTUM
CTyNUMMa INpYKa3daHe KOMIIOEHTe eBaJjlyalidje rpaHama. Ha Taj Ha4yuH ce mory
yOuUUTH Mehy3aBUCHOCTHM KOMIOHEHTH, Ha NpHUMep, KOMIIOHEHTA rpaHama ,all”
Jlaje KOMILJIEKCHA cTabJia Kajla ce eBajyupa ca ,chi‘, ;oK AocTa jelJHOCTaBHUja

cTabJsia (Mame JIMCTOBA) aKo ce eBaJlyupa KOMIOHEHTOM ,,dis".

OBzme je HaBeJeH IIperJieJ, OCHOBHUX pe3yJTaTa M 3aK/bydyaka y Be3H
eKCIlepuMeHTaJ/IHe aHa/u3e MPUCTYIla KOMIIOHEHTHUX aJiropuTaMa, YyuMe ce jaje
NoJipuIKa OBOM NPUCTYNY M XUIlOTe3aMa. Buile feTaspa ¥ aHaiu3a Mory ce Hahu y

(Delibasi¢ et al, 2011; Vukicevic et al, 2012a).
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200

190
180
170

W chi
160

W dis
150

W egai
140 gal
130 gn

W inf

120
110
100

all bin mul sig

Ciuka 25. Bpoj incToBa y cTab/1MMa, 3aBUCHO 0/ KOMIIOHEHTE Kperpama
IOTEHIIMjaIHUX IpaHama (X-0ca) ¥ KOMIIOHEHTE eBaJlyaliije rpaHama (pasjinduTu
cryniu) (Delibasi¢ et al, 2011)

3.3.3. EBanyanuja KOpMCHUYKOT JJO’KUBJ/baja

KoMIOHEHTHHU NPUCTyN aJroOpUTMHUMa pa3BUjeH je ca OCHOBHOM HaMepoM Ja 6u
ce 00pU [JeJ0BU aIrOpUTMa JaKO0 TOHOBO MCKOPUCTUIM U Y JpPYTUM
asroputMuMa. CTora je CBakM KOMIIOHEHTHM a/ITOpUTaM JlepUHHUCAH U360pOM
JlesoBa (KOMIIOHEHTH), yMeCTO TPaJUIMOHAJIHOT JaBaka MMeHa aJropuTMHUMa.
3aTo je Taj cucTeM Ha3BaH CUCTeMOM ,0eJuX KyTHja“, y KOHTpacTy ca
aJITOpUTMHUMaA Kao ,IJpHUM KyTHjaMma“ y KOjuUMa ce OCMM Ha3WBa ajJiropuTMma (U

€BEHTYaJIHO HEKOT apaMeTpa) KOPUCHUIMMA He OTKPHBA MYHO.

3aTo ce jaB/ba XMIIOTE3A J]a Cy KOMIIOHEHTHU aJIFOPUTMH KOPUCHH U 3a eJlyKaLujy.
[IpeBullle cakpuBama JeTa/ba OHeEMOryhaBa KOpHCHHMKA Jia ,[TaMETHO“ KOPUCTHU
aaroputaMm. Ca Apyre cTpaHe, NpeBUIle OTKpUBama JeTa/ba ajJIrOPpUTMa MOTY
Takohe GUTHU HETaTHUBHY, jep TO KOPUCHHUKA onTepehyje u BpJiO YyecTo o6Hja of
kopuuhewa aaropuTMa. KoMnoHeHTHM aJrOpuTMM Cy Herjie y CpeAUHH, Tje

OTKpPHUBAjy JleJI0Be apXUTEKTYpe pellekha, J0K CAKpUBajy UMILJIeMeHTalujy.
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Y pagoBumMa (Delibasic¢ et al, 2012a; Delibasi¢ et al, 2013) je ucnutuBaH epekaTt
KOMIIOHEHTUX aJ/ITOpUTaMa Ha e(peKTHUBHOCT Kopullhewa, NepuenupaHo
pasyMeBame, MeplenupaHy KOPHUCHOCT, WU Jpyre napaMeTpe KOPUCHUYKOT

JOXKHUBJbaja.

Ctypuje cy pabeHe Ha 118 u 51 ctyseHaTa Paky/aTeTa OpraHU3alMOHUX HayKa,
rZie Cy CTYJeHTH pellaBaju NpobJeMe Kjiacupukauuje, kopuuhewmeM cUCTeMa
Oe/MxX WM LPHUX KyTHja. Y nopebhewy ca aJropuTMHMa Kao LPHUM KyTHjaMa,
II0OKa3aHo je Ja Cy KOMIIOHEHTHHU aJTOPUTMMU KOJi KOPHUCHHUKA cTBapaju ocehaj
6oJber pa3syMeBama, MaKo Cy 3aTeBaJIv Cy BUILe Halopa 3a NpuxBaTamwe. TayHOCTH
KOje Cy IOCTUIJIM KOMIIOHEHTHM aJfOPUTMHUMA Cy Takohe OWIM y paBHM ca
KJacMuHUM npucynoM. Ctora je y (Delibasi¢ et al, 2012a; Delibasic et al, 2013)
Ipernopy4eHo Kako Jia ce KOMIIOHEHTHU a/ITOPUTMH KOpHUCTe y eAyKanuju. Takohe
je MOKa3aHO KaKo Ha OCHOBY KOTHUTHUBHOT CTHUJIA CTYAE€HTH MOTY Jia ce Tpynuily y

rpyle KojuMa BHIlle OAr0Bapa jelaH WU Py MPUCTYII pajia.

KoMnoHeHTHM a/iropuTMu cTora MMajy yJjory jAa omoryhe Jjakiie Kpeupame
HOBHMX aJIr'OpUTMa KoM6UHyjyhu pesoBe mnocrojehux, na omoryhe aHanusy
KOPHCHOCTHU KOMIIOHEHTH, a/Ii U Jja oMoryhe 60/be padyMeBame pajja airopuTamMa

IIPUJIMKOM eJyKalyje.
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Pasmemwyjyhu KoMIoHeHTe aJropuTMa, OTBapa ce MOoryhHoCT 3a Kpeupame Beher
6poja ajropuTaMa, CcacTaB/beHHUX U3 /JieJIoOBa HEKOJHUIIMHE MOCTojehux
anroputama. lllTaBuuie, 7a/b0M aHAJIU30M MOGOJbLIAKA CAUYHUX ITOPHUTAMa U3
JuTepaTtype, Moryhe je OTKpPUTH joll A06pUX JiesioBa ajJirOpUTaMa U A0AATaHO

060raTUTH CKYIl KOMIIOHEHTH.

[Ipo6s1eM HacTaje jep je U360p Koje KOMIIOHEHTE KOPUCTUTU OCTAB/bEH KOPUCHUKY
(nyTeM uHTedejca npukasaHor Ha Ciaunuy 11), a oH ca Behum u360poM cBe Texe
3Ha Ja u3abepe mpaBe KoMnoHeHTe. lllTaBullle, HEKe KOMIIOHEHTE HMaAjy H
napamMeTpe, Ma 1je0 TMpOLEC cacTaB/bakha aJropuramMa U3 /JieJioBa U
napameTpu3aldja nocraje jour Texxu. CaMUM THM, py4HO cacTaB/bakbe aJIrOpUTaMa
y6p30 moctaje HeMmoryhe, Beh je HeONXoJHO ayTOMaTU30BaTH CaCTaB/bale

AJITOpHUTaMa U3 KOMIIOHEHTH.

Takobhe, pacToM 6poja KOMIIOHEHTH M MpeTpara CBUX KOMOWHAIMja KOMIIOHEHTH
nocrtaje HeMoryha, jep 6poj aJroputTaMa JA0’K1MBJ/baBa KOMOUHATOPHY €KCIJIO3UjY U
I1e0 MPOCTOP je TeluKo eHyMepucaTy. CTora NpuUCTyNH peliaBakba CHPOBOM CUJIOM

(eHr. brute force) cy orpaHU4€eHU Ha Makbe pobJieMe.

Ca gpyre ctpane, no (Wolpert, 1996), jacHo je ja 61 BeJIMKU IPOCTOP JJ0HEO 60Jbe
pe3yJiTaTe ajaropurama, jep he caapxatu Bulle crielUPUYHUX aITOPUTAMA KOjU

Mory 6UTH 60JbU 3a U3abpaHU pobHeM KOjU ce pellasa.

JenHo peulewe je nAa ce HampaBU ,IaMeTHHUja“ MeToZa IMpeTpare, Koja 6u
npoHalia Jo6pe aJropuTMe M3 BeJUKOr IpocTopa (He Mopa HEOMXOJHO

ONTHMaJIHe), a/Id TAKO /la He Mopa Jia obube 11eo npocTop.

M3rpaima 0BakBOI' CUCTEMA, HberoBa UMILJIEMEHTallyja, eBajyaldja U IpuMeHa je

OCHOBHH OOIIPHUHOC OBe Te3e.
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4.1.

[ToTpara 3a Haj60/bUM (UK AOGPUM) AATOPUTMOM y BEJIMKOM IPOCTOPY CE MOXKeE

dbopMysiMcaTH Kao ONTUMHU3ALMOHU PO6JIEM.

dyHkUMja LM/ba ONTHUMU3ALMjE je MpolleHa TA4YHOCTH MpeABUbhama Mojesa
ctabsa wu3rpaheHor HeKUM ajiropuTMoMm. I[lpocTop mpeTpaxkuBawa Cy
KOMOMWHalMje KOMIIOHEHTH Koje YuHe jefjaH airopurtaM. Ctora je oBo mpobJsem
KOMOWHATOpHE ONTUMM3allMje, TJle Ce MpeTpaxyje AUCKpeTaH, HAGPOjUB U

KOHayaH CKyn Moryhux peuiema.

Wnak, npoctop peliema MoOxe OUTH jako BeJuKU. Ca TpeHYTHUM OpojeM
koMnoHeHTH (Tabesna 2) ykynaH 6poj moryhux ajaropurtama je: 2x1x4x6x4x6 =
1152 anroputama. Ca OTKpUBamkeM HOBe JIBe KOMIOHEHTE CBAaKOI MOTHpo6seMa,
Opoj peliema je: 27648. 'eHepasiHO, IPOCTOP pacTe Yy OJHOCY Ha pacT AUMeH3Uja

Ha cjefehu HAa4YWH:

e JlojaBamkeM HOBUX KOMIIOHEHATa 3a CaMO jeZlaH MOTNPOOGJIEM, MPOCTOP
pacte O(n), rae je n 6poj KOMIOHEHTH.

e JlojaBambeM HOBUX KOMIIOHEHaTa 3a CBe MOTHNpPOO6JieMe, MPOCTOpP pacTe
0(n*), rae je k 6poj noTnpo6JeMa. [lomTo je K PUKCHO ¥ OBOM KOHTEKCTY,
pacT je MOJIMHOMM)jaJIHU, Ca BEJIMKUM CTEIEHOM.

e JlojaBamkeM HOBHUX MOTIPO6eMa, mpoctop pacte O(n*), y 3aBUCHOCTH 0[] K

Koje ce yBehaBa, 1a je cTora pacT eKCIIOHeHI|hja/IHH.

JoaaTHU pasJsior 3alITO je OBaj Mpo6JieM TeXaK 3a ONTUMU3ALUjy je ILITO je
y3padyHaBamwe QyHKIMje [IU/ba BPJIO BpEMEHCKH 3aXTEBHO. 3a IPOLLeHy TaYHOCTH
npeaBubama, NOTPeOHO je M3BPIIMTH aIropuTaM HaJ CKyNOM NojaTaka |
U3MEPUTH HEroBy TayHOCT, a TO ce MpenopydyeHo pazau 10-cTpykoM Kpoc
BaJ/IM/allMjoM, a He OWM OGUpa/id NMpeTpeHUpaHe MojeJsie, IITO 3HA4YM Ja ce 1e0
nocrtynak noHansba 10 nyTa. Heka peliewa Ha oBaj npo6sieM he 6UTH onKcaHa y
HapeAHOM moryaB/by. Mako y oBOj mocTaBiU je PyHKIMja LiM/ba CAMO TAYHOCT
npejBubama, MOTy Cce 3aMUCIMTH allJIMKaluje rje je 6UTHO ONTUMU30BAaTH U

MHTepNpeTabusHOCT AobujeHOr cTabJia, 6p3UHy NpeABuhamba HOBUX MHCTAHIY,
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Wan cau4yHo. OBaKBHUM BUIIEKPUTEPUjYMCKUM (yHKLIMjaMa 06U HM3payyHaBakbe

dyHKLMje LiM/ba GUJIO joll CIIOpHje.

]_[eO HpO6erM npeTpare ce Moxe MprUKa3aTu Ka0 MaTeMaTHUIKHN MO EJT.
min F(xll, X112, xlnl, X21,X22, vy x2n2, . xmnm)

1
ZXU = 1, i = 1,m
J

I1.0.

re je [ jeiaH o m NOTHpo6JieMa, 0K je j jeiHa 0Jf n; KOMIIOHEHTH NOTHpobJeMa
[. [lpomeH/bHBE X;; Cy UHAMKATOP NMPOMEH/bHBE KOje 03HA4YaBajy Ja JiM je Heka
KOMIIOHEHTA Jle0 a/IC0pUTMa UM HUje. OrpaHrMYeha HaM rapaHTyjy /a je 3a CBaKHU
noTnpo6JsieM M3abpaHa jeiHa, U He BUllle, KOMIIOHEHTH 3a pellaBawe. PyHkuuja F
je nmpolewmeHa TayHOCT cTabsa wu3rpaheHor wu3abpaHUM aJrOPUTMOM,
kopuutheweM 10-cTpyke Kpoc Baiaujanyje. Mako cy orpaHuderma JMHEApHa,
¢yHkuMja F HUje JIMHeapHa, a HU KOHBEKCHA, Ma je TeIlKO KOPUCTUTU HEKY
ONTUMHU3ALMOHY TEeXHUKy H3 6oraTor ckyma 3a TakBe Mpob6sieme. Takxobe,
nocse/itba OrpaHuyYea CBPCTaBajy 0Baj Npo6JseM y 6MHAapHO NporpaMupae, LTo

je cneLujasHU ciy4aj 1jeJI00pOojHOT MPOrpaMHUpama.

BUTHO je HamOMeHYTH Jja Cy HEKH MOTHNPO6JIEMU OMI[MOHH, NIa HUje HEONXOJHO
M3ab6paTH KOMIIOHEHTY 3a HUXOBO pellaBawe. /[la He 06U YBOJAWJIM [A0JAaTHA
OrpaHHY€ea, OBaj Npo6JieM je pelleH YBoheweM HyATUX (eHT. null) KOMIIOHEHTH,
Koje cy Jleo u360pa Kao U Apyre KOMIIOHEHTE, aJId He pajie MPAaKTUYHO HUIITA Y

aJIrOpUTMY.

Hap oBako leprHHMCaHMM MPOCTOPOM UIAK je MOryhe YOUUTHU HEKYy CTPYKTypy, a
TO je JIOKaJIHOCT pellewa. Moxemo pehu Ja cy JBa peliewma (aaroputma)
6/11cKuja, ako Aesie Behun 6poj KoMNoHeHTH. Tako Cy pelllerwa Koja ce pa3uKyjy y
jeZlHOj KOMIIOHEHTH HajbJinKa (Tako3BaHA XaMUHT0Ba yaa/beHocT). C 063UpoM J1a
KOMIIOHEHTe MOTy I0Ce/loBaTH M MapaMeTpe, MOXeMo pehu Ja je ajaropuram

CJII/I‘{HI/IjI/I dKO HMa HCTe KOMIIOHEeTe, a pa3JIMduTe IlapaMeTpe, HEero akKo ce
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pasyiuKyje mo HU360py KoMnoHeHTU. OBako JepHHHCAHE JIOKAJHOCTU pellera
MOry moMohu ONTUMHM3aLMOHUM TeXHUKaMa y IpeTpasH, jep ce odeKkyje zAa je
dyHKIMja nu/pa ,IyIaTKa“ y JIOKaJHOM MPOCTOPY, Tj. Makbe OACTyNa y OGJIUMCKUM

pelllekbrMa Hero y yZlaJbeHUM.

Y onmcanu Mojen je Mmoryhe foaTH U JJoJJaTHA orpaHuydersa. [loctoju MmoryhHocT
Jla ce ojapebeHe KOMIIOHEHTe jeAHOT MOTHpo6JeMa MOrYy YKJIONUTH CaMoO ca
MOZICKYTIOM KOMIIOHEHTH U3 HEKOT JIpyror notnpot6sjeMa. OBakBa orpaHuyera 61
CMamMJa MPOCTOpP MpeTpare, MITO je MO3UTUBHO, ATH 6U OTeXxasa paj, MeToAaMa
ONTHUMHU3alHje, Koje Tpeba Aa ce Kpehy Kpo3 MpoCcTop [0NYCTUBHUX pellewka. Mako
y Halloj MOCTaBIM TPEHYTHO TaKBa OrpaHUYelba He IMOCTOje, pellele Koje ce

HMMILJIEMEHTHpPA TPpeba Aa HyAU MOTyhHOCT YK/by4Yeta TAKBUX OrpaHUYeba.

Takobe, npukazaH w™Mozen Tpeba MNPOLIMPUTH W IMpeTparoM MapameTapa
M3abpaHuX KOMIOHeHTHU. OBO ce MOe MOCMaTPaTH U Kao U30JI0BaH NMpobJieM, rae
ce 3a M3abpaHe KOMIIOHEHTEe CaMO ONTHUMM3Yjy NMapaMeTpH, LITO je MOBOJbHO jep
IOCTOjU J0CTA HAmopa W pelllelka U3 JIUTepaType Koje pajie ONTHUMHU3ALUjy
napameTapa, a Koja ce Mmory ymnoTpebutu. Ca Apyre cTpaHe, YKOJHUKO MeToJa
ONTHMH3alMje [103BO/bABa, MOrao OW Ce NPETPAKUBATH CJIOXKEHH MPOCTOP

KOMIIOHEHTH U BbUXOBHUX ITapaMeTapa.

Hajsaz, Tpeb6a pehu na ce npeTparom npoctopa 3anpaBo TeHepHUlly aJropuTMH 3a
cTabJsia oJJy4MBakba, KOjU paHHUje HHUCY IMOCTOjasid, a KOju, KOMOHHYyjyhu
KOMIIOHEHTEe M3 pas3JMYMTHUX OPUTHMHAJHUX a/JTOpUTaMa, U3HOCe Hajbos/be U3
CBake OJi HHHUX. YKOJUKO HEKH HOBU aJropuTaM I[OKake H3BaHpeaHe
nepdopMaHce, MOKe IOCTAaTH HOBU O6eHUYMapK 3a nopehemwe U 3a Jjaby ynoTpeody,

YaK M1 Ka0 MOHOJIMTHH, aJITOPKUTaM KaAo LIPHA KYTI/Ija.

4.2.

Kako 3a pyHKIMjy u/ba (TayHOCT KaacudUKalje cTabaa) HUje MO3HATO /A UMa

KOpHUCHE MaTeMaTH4Ke 0CcoOUuHE (HOHYT JINMHEApPHOCTH, KOHBEKCHOCTH, I/ITA.), d
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Tpeba pewaBaTH TIJI06aJHYy ONTHMHU3aALUjy, MeTa-XeypUCTUKE Cy pasyMaH

KaHAWAAaT 3a METOA IpeTpare.

Mako je moryhe mnpuMeHUTH OWJIO KOjy MeTa-XeypUCTUKY, Yy OBOM paAy je

kopuutheHa jeaHa cnequduyHa, HauMe EBosrynuonu Anroputmu (EA).

N3y4yaBame Kako ce MeXaHHW3MHU U3 NPUPOJHE eBOJIyLHhje MOI'y UCKOPUCTUTH Yy
ONTUMU3ALHUJU Ce HajBUIle OCJamajy HAa X0JIaJHOB paj y u3y4yaBawy ['eHemcKux
anzopumama (Holland, 1975). XosaHz, je npeno3Hao Ja NpUpoJia €BOJYTHBHUM
IPOLIECOM 3allpaBO CIPOBOAU ONTHUMU3ALM]Y jeJUHKH, TAKO Ja MaAKCUMHU3Yje
bUXO0BE LIaHCe 3a NpeXUBJ/baBamwe. JeJUHKe Koje Ayro OICTajy y CBOjOj OKOJUHU
¥Majy BUCOK cTemeH mnpuiaroheHoctu (eHr. fitness value). HaunH Ha Koju
npupoJa Mewa jeJUHKe, U CaMUM THUM INpeTpaxKyje NpoCTOp MOryhux jeAUHKY, je
KpO3 reHeTu4kKe omnepartope. [I[puJMKOM cTBapawa HOBe jeJJUHKe, TeHETCKU KOJ,
1poJia3d Kpo3 MyTaUMjy, rje ce oApeheHH MawU [eJIOBU Memajy Ha CayyajaH
HauuH. [locToju (Mana) BepoBaTHOha /a ce OUJI0 KOjU A0 TEHETCKOT KOJja U3MEHHU
MyTauujoM. Takohe, y cBakOM TpeHYTKy MocToju Behu 6poj jeAUHKHU Koje cy
aKTHBHe, U KOje ce Ha3uBajy momyJanuja(uid reHepanuja). Y reHepanuju ce
jeAMHKe Takobhe ykpliTajy Kako 6U mpou3Besie jeJUHKe HapeJHe reHepaluje, a
HOBM NOTOMIM je[JHHKH NPUJIUKOM YKpLITamwa /00Hjajy 1o Jleo reHeTCKOT KoJa
oJi cBakor pojuTesba. OCHOBHA HJieja T€HETCKUX ajlilOpUTaMa jecTe JAa ce GUJIO
KOjU 1po6seM ONTHMHU3aluje MOXe TMpeJACTaBUTH OBUM KOHLENTUMa, U
CIIPOBECTH €BOJIyTUBHM IIpOLleC KOjUM ce Tpaku (aju He YBeK MOCTHXKe)

r7106a/1HU ONTUMYM Heke QYHKLHje.

HOCManaHO Ca CTAaHOBHUIITA OHTI/IMI/IBaHI/Ije, Yy €BOJIYTUBHUM aJITOPUTMHUMaA

burypupajy ciesehu nojMoBu:

e &dyHKnMja npuiaaroheHOCTH, mpejcTaB/ba (PYHKUUjY UYHUjU TJIOOATHU
eKTPEMYM TPAKUMO.

e JeaumHKa, npe/cTaB/ba jeIHY TayKy y NPOCTOPY npeTpare (je/lHO pellere),
3a KOjy MOXeMO H3padyyHaTH KOJMKO je Jobpa KopulihewmeM PyHKIHje

HpI/IJIaFObeHOCTI/I.
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l'eHepauuja uwiau Ilomysianuja, npeacraB/ba CKyIl Tadaka y IPOCTOPY
IpeTpare Koje ce TPeHyTHO eBaJIyMpajy U Ha KOjuMa ce CIpOBO/Je TeHEeTCKHU
onepaTopH.

(TeneTcku) Koa wiau XpoMO30M, [Ipe/iCTaB/ba pelnpe3eHTalljy TadKe y
npoctopy (Tj. jenuHke). OCHOBHe KOOpAWHATe TayKe Ce pPeNpe3eHTY]y
HEKUM CUCTEMOM KoJupamwa (HIp. OMHapHUM KOJI0M, peaJHUM OpojeBUMa,
CTawkbuMa, UTA,.) U Ha3uBajy ce 'eHu. Hax n3abpaHuM reHeTCKUM KOJIOM Ce
CIIPOBO/Jie TeHEeTCKHU OIlepaTopH.

MyTanuja je reHeTCKU OllepaTop KOjU y3UMa jeJlHy Ta4yKy U3 reHepaluje u
NoMepa je Ha c/y4yajaH HauyMlH YHyTap okoJinHe. Ha kojy cTpaHe he ce Tauka
NOMEPUTU Ce OUpa CACBUM CJy4ajHO, 2 HEKE jeJJUHKe MOTY Ja OCTaHy W
HenpoMeweHe. [iefajyhu penpe3seHTalnujy Tayke TeHETCKUM KOJOM,
MyTalyja Cay4yajHO Mewa jeHy (uau Mambu 6poj) KoopAuHATy koza (Tj.
reH). BepoBaTHoha MyTanyje je TANMYHO BPJIO HUCKA.

YKpuITame je reHeTCKU OIlepaTop KOju y3WMa JBe TadyKe y NMpPOCToOpy U
Kperpa HOBY Ta4yKy KoOja je MHTepIloJaliyja y3eTe JiBe TaukKe, Tj. HaJla3u ce y
npoctopy u3Mebhy usabpaHe ABe Tauke. Y TpeHyLMMa KaJa reHepanuja
CaZpKy pas/JM4UTe je[JHHKEe, OBUM OIEpaTOPOM ce TeXH Ja ce Jobuje
KOMOUHAIMja jeJUHKU Koja y3uMa Jobpe cTpaHe oJ, ob6a pojauTesba.
HapaBHo, Kazia reHepanyja KOHBepryupa Ka CJIMYHUM jelJMUHKaMa, MHOTO Cy
Mame LIaHCe /1a 0Baj OIlepaTop Kperpa HOBU KBAJIUTET OJf POAUTE/bA KOjU
cy BpJo caudyHU. Takobe, Koju AesioBU poJuTe/ba ce KOMOUHYjy OUpa ce
CaCBUM CJIY4ajHO, ajid aKo ce Kpeupa 60/bM MOTOMAK OJ] POAUTEIbA, OH he
VMMaTH 3HAaTHO BUILIE IIAHCH Jla Ce IpeHece Y JpyTry reHepanujy.
(ITIpupodHna) Cenekuuja je npouec usbopa koje jeaiuHke he ¢popmuparu
cnenehy reHepauuwjy, a U3060p jeAWHKHA 3aBUCH OJ CTeleHa
npusaroheHoctu. Jlakie ©Oupa ce ciay4yajHA Yy3opak wu3 mnoctojehe
(MoguduKoBaHe) MomyJialuje, aay o pacmnojend GpyHKIMje iu/ba, TAKO Ja

6oJbe Tauke UMajy Behy BepoBaTHONY Jja NpexuBe.
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['eHeTCKHU AJITOPUTAM CTOr'a Ceé MOXe OIINCATH CJIe,ELEhI/IM nceyg0-aJropuTMoMm:

1. HWHunpujanusyje ce moyeTHa MomnyJialyja, HOp. U3abepy ce Cly4aHO HEKH
O6poj Tayaka (8esuvUHA 2eHepayuje je mapaMeTap aJropuTMa).

2. Hap TpeHyTHOM reHepanujoM ce IpUMewYyjy FeHeTCKU OllepaTopH:

a. bupa ce cBaka jeauHka U ca npepopeheHoM BepoBaTHohoM ce
MoAMdUKyje cBaka Mo3uliyja y reHeTCKOM Koay. OBo cTBapa HOBe
(MyTHpaHe) jefMHKe Y TeHepaLUjU.

b. Bupajy ce caydajHO mapoBU jeIMHKU W3 MoMyJaluje, U NapoBU
pa3Memwyjy LesioBe TeHeTCKe penpe3eHTanuje. TMMe HacTajy HOBe
jeIUHKe Koje ce MPpUA0/ajy Momnyaaluju.

3. CBe jeguHKe y momnyJiallMju ce eBaJyupajy pyHKIMjoM MpUIaroheHocTu U
BpIIM ce M300p HOBe reHepaluje, Tako Ja 0o/be jeUHKe HMajy Behy
BepoBaTHOhy npexuB/baBamwa.

4. YKOJMKO HHUje 3a[J0BOJbeH KpPUTEpPHjyM 3ayCTaBJbaktba (HIP. MaKCMMaJaH
Opoj reHepaunuja, yKymHO BpeMe H3BpllaBama, CTAOUJIHOCT MOMyJalyje,

uTa.) Bpaha ce Ha Kopak 2.

Tpeba HamoMeHyTHM /Jila je oOBakKaB aJropuTaM BeJIMKa CUMILIMQUKaLuja
IIPUPOJHOT Ipolieca eBoJIyLiMje, KOjuU UMa MHOI'0 KOMILJIEKCHYje MexaHu3Me. Heka
yHanpehewa reHeTCKUX aJropuTaMa yK/bydyjy AoJaTHe JAeTa/be WHCIUMpUCAHe
OMOJIOLIKOM €eBOJIYI[MjOM, NOMyT CTAapOCTH jeAUHKU U MeDhycobHe 6Gopbe 3a
npexus/baBawe. Mnak, 1M/b 0BUX ajropuTamMa HUje Aa ce pasyMmMe JWHaMHUKa
OUOJIOIIKUX CUCTeMa, Beh Ja ce mpey3sMy HJeje y pellaBakby TIJiobasHe

OHTI/IMI/IBaLU/Ije KOje ce 'y ipyupogu MOry 3alla3uTH.

Ca MaTeMaTUYKOI CTAaHOBMIITA, OBAj a/ICOPUTAM JieJlyje IPOU3BOJBbHO, jep UaKo je
VHCIHMPHUCAH NpPUPOJOM, HeMa jacHe MaTeMaTH4yKe I[IOCTyJlaTe Ha KojuMa
rapaHTyje HeKu HUBO pe3yJsTaTa. Wnak, y cBojoj kwusu (Holland, 1975) Xosnanza
nokasyje no3HatoM ,lllema TeopemoM“ Ja reHeTCKH a/lirOpMTaM 3aWcTa HUMa
CMHC/IA U MaTeMaTU4KU. OBa TeopeMa rOBOPH Jia Y FTeHETCKOM aJIFTOPUTMY KpaTKe
meMe (Tj. MOAHU30BU Yy TEHETCKOM KOAY) Ca H3HAJA-NPOCeYHOM OQYHKIMOM

npuIaroheHocTH uMajy eKCHOoHeHLMjaJHO Bely IIaHCy Ja IMpexuBe Leny
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eBosaynudjy. To 3Hauu pga he kKpajibe reHepanuje y €BOJYLUjU CaZpKaTH
Ha/J[IpoCeYyHe JleJI0Be TEeHETCKOr KoJa M CaMUM THUM pellewa (Tadke) Koje cy
613y onTUMa/HUM. [apaHiUje aCHMIOTOTCKe TrJioGa/lHE ONTUMAJHOCTH HIAK

HEMa, Kao HU KO/, IPYTUX MeTo/ja rJiobasHe (HEKOHBEKCHE) ONTUMU3allHje.

Tpeb6a HannoOMeHYTH Jla TeHETCKHU aJITOPUTMHU (y yKeM CMUCJIy pedH) ce 0JJHOCe Ha
XosaHZ0BY Bep3ujy, Koja UMa cBoje crnenududHoCcTU. Kofrpamwe je y reHeTCKUM
aJrOpUTMHUMaA yYBeK OWJI0 OUHApHO, Ma je OUJIO HEONXOJHO pelnpe3eHTOBATH
IpOCTOp MpeTpare OMHApHUM (reHeTckuM) kozoM. Kaja je pemnpeseHTanuja
OuHapHa, OHJAa ce Mory KopucTuTH Beh mnocrojehu reHercku omnepaTtopu 3a
6vHapHe KoJoBe. MyTaliyja oHAA 3HAa4M UHBepTOBame 6uHapHe nudpe (0y 1 u
06paTHO), [I0OK Ce yKpLITamwe paju TaKo IITO ce M3abepe Mo3UlMja pacTaB/bakba
reHeTCKOr Ko/ia (KoJ o6a poJjUTesba) U JleTe UMa reHeTCKHU KO/, JIeBOT poJuTesba

Jlo TI031IMje pacTaB/batba, a KO/ IECHOT POJIMTE/ba HAKOH Te MO3UIlHje.

Wnak, 6MHapHa pelnpe3eHTalyja jeJUHKU HUje yBeK noroAHa. CTora cy reHeTCKH
aJITOPUTMU  TeHepaJiM30BaHU HA  TakKo3BaHe EgosymusHe  aszopumme
(Michalewicz, 1996). HUpeja je ma ce u3abepe npupojHHja penpeseHTalHja
jenvHku (pelllerwa), ajJu Cce OHJA He MOTY KOPUCTUTH mocTojehu reHeTCKH
orepaTopu 3a 6UHapHe KOoJl0Be, Beh ce MOpajy OCMUCIUTHU CHELUjaJIHU TeHEeTCKU
ornepaTopy 3a U3abpaHO Koaupame. [IpuMep oBakBUX ajroputama 6uhe gart y
HaCTaBKy, MOLITO je TO HaYMH KaKoO je peaJM30BaHO pellere 3a KOMIOHEHTHe

aJTOPUTME.

Ha kpajy, Tpeba pehu 1 fa eBOJIyLIMOHU aJITOPUTMHU CIaJAjy Y BPCTy ajJropurama
KOjU Cce Ha3WBajy MeTaxeypUCTHUKe, Tj. ONTUMHU3AIlMOHE aJrOPUTMe 3a OMUITY
rj06ajHy ONTUMM3alMjy, ajJili 6e3 rapaHiyja HajJakewa JI00aJHOr ONTHUMYyMa.
[locToju mperpiiT MeTaxeypuUCTHKa y JMTepaTypd, a Takohe W y NOArpynu
OMOJIOIIKA WHCIUPHUCAHUX MeTaxeypucTHUKa, KO0joj MPUNAJajy U €BOJTYLUOHHU
aaroputMu. CBe MeTaxeypUCTHKe, T'eHepaJlHO [JIe/laHO, MMajy CTpaTeruvje 3a
AuBep3udukanyjy (WMpewma TMNpocTopa MpeTpare) H 3a KOHIEHTpauujy
(cyxaBame Ha NOTHOPOCTOP AOOPHUX pelliewa), a KoJ eBOJAYLIMOHUX aJTOpUTaMa Te

CcTpaTeruje ce orJjesajy y reHeTCKUM ollepaTOpuMa MyTaliyje ¥ yKpIITamwa.
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3a peasiM3alyjy aJropyuTMa 3a npeTpary KOMIOHEHTHUX aJirOpUTaMa y OBOM pajy
cy KopumiheHUM  eBOJYUMOHHM  anroputmu  (Michalewicz, 1996), «ca
CHelYja/Ju30BaHOM penpe3eHTalljoM U TeHETCKUM OllepaTopyuMa, Kao U pa3HUM
yHanpehewrMa KoOju oAroBapajy crnequpUYHOCTH INpobJseMa KOjU Ce pellaBa.

HapepaHa noTtnorJiaB/ba ONMCYjy AeTabe Te UMIIJIeMeHTaluje.

4.2.1. ®dyHkuuja npuaaroheHocTu

CBakM jeauMHKa (XpOMO30M) TMpeJicTaB/ba jeJaH KOMIIOHEHTHHM aJIrOpUTaM.
®dyHKIMja NpuJaroheHoCcTy olewyje KBaJUTET a/lfOPUTMa U IUPEKTHO YTUYE HA
HEeroBy BepoBaTHOhy NpexuB/baBakha. 3a aJropuTMe 3a CTabJsa 0JJy4uMBama,
KBAJIUTET Ce MepU THUMe KOJHUKO J00po MoJenu cTabsa npensubajy HoBe
cay4ajeBe (rpeuika reHepanusanyje). /la 6u npoLeHUIN Taj KBaJUTET, KOPUCTH Ce
KpOC-Ba/JIMAallHja, Tj. IpoLec IpoBepe TAYHOCTH Npe/JBruhama Ha U3 BOjEHOM TeCT
cKyny, ob6jamimkeHo y IlorsaBmy 3.3, CaMuMM THUM, XeJUMO Jla OHUpaMo U
eBOJIyMpaMO OHe aJIFOpUTMe KOjU ce TMOKa3yjy Kao A06pu 3a mpejBubame.
M3BplIaBawke KOMIIOHEHTHUX ajropurtama ce crnpoBoau y WhiBo okpyxemy,

onucaHoM y [lorsaBsby 3.2.

CnenuduyHoCcT 0Be QPyHKIMje NMpPUJIAroheHoCTH je Ja je BpeMeHCKM CKyna 3a
payyHambe, jep je NOTpeGHO CIPOBECTH aJITOPUTAM HaJ, MoJjalluMa Koju usrpabyje
cTabJsio, U TecTUpaTH Tra Ha HOBUM I[oJaluMa, Hajyewrhe mNoHaBJ/bajyhu Ty
npoueaypy Bulle nyta. OBaj mpo6J/ieM je Bullle HarJsalleH Ha BehuM ckynoBuma
noJiaTaka, rj/ie ce ¥ aJiIfOPUTMHU Ay>Ke U3BpLIABajy. JeIHO pelliere 32 0Baj Npob/ieM

he 6utu gato y [lornassby 4.2.4.

4.2.2. PemnpeseHTanuja

[eHepuuku airopuTaM 3a U3rpajwy crabana oAJyYUBama je Au3ajHUpPaH Kao
1M300p HHU3a KOMIIOHEHATa Koje pellaBajy ojapeheHe moTtnpobseme. CTora je 3a
KOJiMpame aJropuTMa (Tayke y NpoCcTOpy npeTpare) NpUpoOAHO Ja NpaTH UCTY
cTpyKTypy. To 6M 3HAYUJIO [ja IOCTOjU MocebaH reH 3a CBaKU NOTHpPOOJIeM, a Ja je

XpOMO30M 3alpaBO HMU3 TeHa KOju KoAWpajy mnormpobsieMme. ok OUHApHUM
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KOJiMpameM KO/ TeHEeTCKUX ajilOpUTaMa CBaKW r'eH UMa ucte BpefHOCTH (0 vaun
1), y oBOM cJiy4yajy CBakKu reH (MoTnpo6JieM) MMa pa3jiMiuTH 6POj BPeAHOCTH,
Koju ofjroBapa 6pojy MoryhuMx KOMIOHEHTH 3a Taj normnpobseMm. Moryhe
BpeJJHOCTH r'eHa ce Takohe y TepMUHOJIOTHjU €BOJIyTUBHUX aJropuTaMa Ha3uBajy
anesm (eHr. alleles). Unmak, nako je XxpoM0O30M CaCTaB/b€H M3 PA3JIMYUTHUX T'EHa,

reHeTCKU onepaTopu he Mohy Ha MCTHU HAYMH [Jla MeHajy ajieie CBAKOT O/ TeHa.

[Ipumep xXpomo30Ma 3a KOMIIOHEHTHe aJropurMme je gat Ha Ciaunu 26, a
npejcTaB/ba XpOMO30OMCKY penpeseHTauujy [D3 anroputma. 'eH Koju Kozupa
CTpaTerujy rpaHamwa UMa BpeJHOCT ,BuliecTpyko rpaHamwe” (Multiway), fOK reH
KOju Koaupa HU3060p Mepe eBasyauuje uma BpeaHocT ,MHbopMauuoHa go6ut"

j

(Information gain). T'enn 3a notnpo6sieme RIA v Prune tree umajy BpefHOCT ,!°

IITO 3HAa4YW Ja je u3abpaHo Jla He OyJe ope3uBamba CTabJsa U MpefceseKiuje

aTpubyTa.
Tl RIA Create split Evaluate split Stop criteria Prune tree
(sub-problem) P P P
Alleles | Multiway Information Tree depth |
(RC) ' categorical gain (10) ’

Csivka 26. XpoM0O30M ca reHUMa KOjy penpes3eHTyjy u36op koMmmnoHeHTH 3a ID3
aaroputaM (Jovanovic et al, 2014)

Tpeba HanmoMeHYTH M Ja IeHM KOJMpAjy He caMO M300p KOMIIOHEHTE, Hero U
1M360p MmapaMeTpa 3a KOMIIOHEHTe Koje uMajy mapaMmetpe. OBo he 3axTeBaTu Ja
reHeTCKH OlepaTopy MOTY Jla YTU4Yy Ha KOMIIOHEHTe U/uiau napaMetpe. [Ipumep
KOJIMpPaHOT MapaMeTpa y reHy ce BUJU U Ha Ciuiy 26, 3a reH Koju KoJAupa u3bop

HauMHa 3ayCcTaBJ/bakba rpaHama (Stop criteria).

Jla je penpe3seHTallja KOMIIOHEHTHUX aJiIfOpUTaMa 6uJia OMHApHA, OKJIO O6U BHIlE

npob6Jsema:

e bBuHapHM KOJJ0BM 3a CBaKH M360p KOMIOHEHTe GU GUJIM CIIOjeHH jeJlaH Y3
JpYyTH, ajJiu ajJroputaM He OU 3HAO TJe je rpaHula udMehy OUHApPHOT

KOJHpawa CcyceHUX MoTnpobseMa. To 6K 3HAUYWIO Ja OMepaToOpoM
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YKpIITakha XpOMO30OM poJuTe/ba MOrao OUTH ,HUcedeH‘ Ha 1moJa
NOTNpPOo6JIEMA, LITO je UIyCcTpoBaHO Ha Cauny 27(a).

Takohbe pasaWYUTH XpPOMO3OMH OU OWIM pa3IUUUTE AYXKUHE (360T
napaMeTapa Koju cy cnenupryHU 32 KOMIOHEHTE), Ia OU yKpUITakhe WU
MyTaliyja MOIJIY [ja MTpOU3Be/y aJIT0OpUTaM KOju UMa NapaMeTap KOju My He
npunaza. OBo je uaycrpoBaHo Ha Ciaunu 27(6).

Hajsaz, ciyd4ajuuM uBepTOoBawkeM OWTOBA, NMPUJIMKOM MyTaliuje, OU ce
Morao AOOUTH KO/ KOju je ,HelpaBWJaH', Tj. KO Ce He KoAHpa HM jellaH
anroputaM. Kazga ce oBo fecu, TakBe jeJuHKe OU Tpebasio ja OCTPaHHUMO,
aJu TMMe OU YCIOPUJIM paj, €BOJIYLMOHOr aJropuTMa, U OHeMoryhuau
epeKTUBHY eBOJYLH]Y.

Mozuumja 3a yrpwTare

1
1)
Komnonenta AY Komnorenta BY' Mapamerap YKomnonewTa B

10010011/10101110
I

()
|

100]1001]1].0101110 Poantemn 1

|

KomnonenTta AY HomnonenTa Y HomnonenTa B

100]11 10(1].110 Poautemn 2
|

(b)

Ciuvka 27. [Ipo6ieMu 6UHApPHOT KOJHMpaka KOMIIOHEHTHUX ajJiropyuTaMa
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CBu oBHU Npo6JsieMHU Hehe nocTojaTH ca U3abpaHUM ClieqUPHUIHUM (HEOMHAPHUM)
KoaupamweM. TepeT uMIJIeMeHTanuje he crTora TmMOHETH [JM3ajHUpaHbE

cnelMGUYHUX FeHEeTCKUX OllepaTopa, KOju NPOM3BO/ie YBEK BaJU/JHE jeIUHKE.

4.2.3. Onepartopu

OnepaTop ykpuiTamwa Tpeba Aa oMoryhu Ja ce pa3sMeHe reHU JABa pOJUTeJba.
Hajuemihe ce y reHeTCKMM aJrOpUTMUMa KOPUCTH YKPIITakbe Ha OCHOBY U3abpaHe
No3vuyje Lemnamwa XxpoMo3oma. Tako yBeK UMaMoO I'eHe JIeBO U JJeCHO 0/, C/Iy4ajHo
y3abpaHe no3uLyje Lenawa. Mako je TakaB onepaTop BajJMJaH, y HallleM CJIy4ajy
61 OH 6MO pecTPUKTUBAH, jep 61U BpJIO YECTO YyBao CyceJHe MOTIpobJieMe, UaKO
je pepocies Habpajawa noTnpobsiemMa nNpousBosbaH. Civka 28(a) npukasyje Kako

ou H3rjeanasio YKpuTambe Ha OCHOBY no3mu/1je nerama.

Jla 61 mnpeBasulIM Taj MNpobseM, KopullheHO je Tak03BaHO YHUPOPMHO
YyKpwmatbe, Tie ce cJy4ajHo 6upa noJia notmnpobsema koju he 6UuTH HacseheHU o
jenHOTr poJUTesba, 0K he ocTaTak GUTH Npey3eT o/ JPYTror poAUTe/ba, HE3aBUCHO
ol To3ulldje U pejlocie/ila HaBohewa nmornpobsaeMa y xpomo3omy. Maycrpanuja

TaKBOT yKplITawa AaTa je Ha Caunu 28(6).

N |
(a)
o [

(6)

Cnuka 28. Moryha ykpuitamwa: (a) mo3UUOHO U (6) yHUPOPMHO

Poguremn 1

Poguren 2

Onepatop MyTanuje ce NpUMewyje Ha CBAKOj jeAUHKH, ajJid CBAKU TeH HMa
npenoapeheny (06MYHO HUCKY) BepoBaTHohy Jla 6yJe MyTHUpaH. ['eHu Koju Oyay

M3abpaHU Jla MYTHPAjy Mewajy Hh3abpaHy KOMIOHEHTY 3a MOTHOPO6JIEM KOjU
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KoJiupa AaTu reH. Mytanuja ciy4dajHo 6upa jefHy oJf MOryhMX KOMIIOHEHTH, TaKO
Jla je cBaka KOMIIOHEHTa MoJijjeJHaKO BepoBaTHa. Takobe, omepaTop MyTaluje
MOXKe OCTaBUTHU NOCTOjehy KOMIOHEHTY, aJlu yTULLATH caMo Ha napametap. Ja jsu
he MyTanuja MewaTH KOMIIOHEHTY WJM NapaMeTap he 3aBUCHTH 0/, yHampen
JepUHHMCAHOT NMapaMeTpa 3a BepoBaTHOhy MyTauuje. YKOJHUKO GMCMO NOJECHUIH
Jla je BepoBaTHOha MyTHpamwa napaMeTpa Beha o/ MyTHpawka KOMIIOHEHTE, TUMe
OU M3peK/Jd CTaB Ja je aJilTOpUTaM ca UCTUM KOMIIOHEHTaMa a pa3JIMYUTUM
napameTpuma ,06/MKU“ HEKO aJropuTaM ca pa3/IM4YMTUM KOMIOHeHTaMa. Tume

MO>Xe€MO yCMepaBaTH NpeTpary BUllle Ha KOMIIOHEHTe WJIU BUILE HA TapaMeTpe.

MexaHH3aM NpPUPOJIHE CeJIeKlUje ce COPOBOJAU KJIACUYHUM ,pyJieT KOLKameM".
CBe jeauHKe y momyJialyju ce mnopehajy Ha KOTyp pyJieTa, ajJii Tako Ja Behu
NPOCTOP Ha pyJIeT KOTypy 3ay3My jeJlUHKe Koje cy 60Jbe mnpuaroheHe (Tj.
aJITOPUTMHU KOjU MMajy 60/by Moh npeaBubama). OkpeTawmeM pyJseTa ce fobuja
1360p jelUHKe, U OBAaKaB CJydajaH U300p ce MOHABJ/ba OHOJHMKO MyTa KOJIUKO je
JebuHUCcaHA BeJIMYMHA momnysaauuje. OBO HapaBHO 0/iroBapa BHUILECTPYKOM
Y30pKOBakhy jeJUHKe W3 pacnojiesie BepoBaTHohe uuja je PyHKIMja T'YCTHHE

IPOMOPLHOHAIHA TPUJIAroheHoCTH jeUHKeE.

Kako cBako pelllewe y MomnyJsaliljud MMa BepoBaTHONy ca KOjoM je u3abpaHo y
HapeJHy TreHpalujy, NoCTOjU MOTYhHOCT Ja ce u3rybe 4yak U Jo06pa pellema,
UrpoM cJiydaja. 360r Tora ce KOpUCTH U CTpaTervja eJIMTU3Ma, rje ce Haj6osbe
jeqMHKe y MomyJaliMju ayTOMaTCKU 6Upajy y ciaefehy reHepaiujy, 6e3 o63upa Ha
npoliiec MpUpoAHe cesieKiyje. Ha Taj HAuUMH ce ¥ MaMTH HajO6oJbe pellere HaheHo

KpO3 IIeJ1y eBOJIYIIHjY, ¥ OHO he CUTypHO GUTHU U ieo GUHAJIHE TeHepalyje.

4.2.4. Ocrane cnenuPprUIHOCTH

Kako je nanomenyTo y [lornasmy 4.2.1. dyHKIMja npuiaroheHocTy je pauyyHCKHU
CKYTIa, jep je MOTpeOGHO U3BPLIUTHU aJropurtam (Buille nyTa 360r Kpoc-BajuAaluje)
Ha u3abpaHuM nojanyma. Heko/siMko cTpaTervja cy pasBujeHe Kako OU ce peluno
OBaj mpobJsieM, Tj. Ja O6U ce OTKJOHUJIO OBO YCKO TPJI0O y YKYIHOM BpeMeHY

M3BplIaBakba €BOJYTUBHOT aJITOPUTMA.
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[IpBo, MMIIeMEHTHpaHa je Keml MeMopHja 3a Beh mpepauyyHaTe ¢yHKLUje
npusiaroheHoctu. TOKOM eBOJIyliMje, UCTU AJTOPUTMHU Cy 4YeCTO MOjaBJbyjy y
HapeaHOj reHepauuju. Pazyor moxe 6UTH BUllecTpyK: (a) jeAMHKA MOXJa HUje
npeTpliesia HU3MeHe, jep Ce TeHeTCKHM OlepaTopu IpUMemyjy ca ofpeheHoM
BepoBaTHohoM; (6) je/lUHKA je MpeHeceHa y HapeAHYy reHepalujy 300T eJIMTHU3Ma,
jep je mokasasia jako J06ap KBaJUTET; (B) r€eHETCKU ONMEPATOPU MOTy KpeupaTu
HOBU XpOMO30M (jeJUHKY) KOjU HMMa HCTe OCOOMHe Kao HeKa jeJJUHKa y
npouuiocty. Kemnpamwe BpefHOCTH $yHKILHja oMoryhaBa Jila ce ylITeAu BpeMe,
jep ce cnpeyaBa NMOHOBHO pavyyHawe. KellMpaHe BpeJHOCTH ca Apyre CTpaHe
3ay3UMMajy MEMOPHjCKU MPOCTOP, Ma Ce MOXKe OJPeAUTH U MaKCUMaJIHO 3ay3ehe
npocrtopa Keil MeMopuje. Keml je uMnieMeHTUpaH Kao ,xew” (eHr. hash) manma,
TaKo Jia je BpeMe IMpPHUCTyNamka eJIeMEeHTy Yy Kelly Cpa3sMepHO BpeMEHY
M3padyHaBamwa xell pyHKIHje, UITO je KOHCTAHTHO, Tj. pauyHCcKe ciaoxeHocTH 0(1)
y OJHOCYy Ha BeJMYUHY Kell MeMopuje. Y eKCllepUMEHTHMa MNpPHUKA3aHUM Y

[Tornassby 4.4 he 6UTH JUCKyTOBaHA U epEKTUBHOCT Kelll MEMOpHU]je.

Jow jegHa cTpaTervja Koja je kopuliheHa Ja ce ybp3a paj €BOJYTHBHOT
aJropuTMa, je yBohewe cyporatT ¢yHKuMja npusarohenoctu. Cyporat
byHKIHje cy anpoKcuMaliyje opurviHajHe QyHKIMje NpuaaroheHocTy, ajyd TaKBe
Jla ce aocTa Op)e paudyHajy, a Jlajy M3Ja3 KOju ce He pasjiMKyje 3HA4ajHO Of
opurvHasHe ¢yHkuuyje. [lomTo opuruHanHa ¢yHKLMja HOpuaaroheHoctu je
eBaJlyaliija npejBubhama aJropuTMa U lbeHa KOMILJIEKCHOCT pacTe ca BeJIMYUHOM
CKyIa noJjlaTaka, pasyMHa allpoOKCUMallyja KBaJMTeTa aJlrOpUTMa ce MOXe JJ0OUTH
eBajlyalldjoM aJropuTMa Ha MameM Y30pKy IojaTaka. AKO je y30pak
penpe3eHTaTUBaH, OH/A Ce HU MpOIieHa TaYHOCTU cTabsa Ha y30pKy Hehe 6uTu
JaJIeKO OJ IpaBe TAYHOCTU. Pelpe3eHTaTUBHOCT y30pKa Ce MOCTUXe CIYYaHUM
Y30pKOM HaJ| OPUIMHAJIHUM CKyIIOM IojaTKa. BapupameM mnpoueHTa y30pKa
(10%, 30%, 50%, 70%) Moxe ce KOHTpPOJIMCATH KOJIMKA je yIITeJa y BpeMeHy, a
KOJIMKO je allpOKCHMali¥ja HellpelU3Ha. Y30pKOoBawkhe ce MOoXe PaJUTH jeJaHIyT
yHamnpeJ, Wid ce MOXe paJUTU y CBAKOj reHepalujd Apyraydje, Kako OU ce

u36er/a NpUCTPACHOCT CaMo jeJHOT Y30pKa.
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Jla 6u ce HampaBuO 6GasiaHC 6pP3MHE U3BpIlaBamkba U MPELU3HOCTH, €BOJIYLIMOHU
aJropydTaM ce U3BpliaBa y ABe ¢ase. Y npBoj pa3u ce KopucTu cyporaT GyHKIHja
npuiaroheHocTH, Koja ce H3BplIaBa 0Op30, ajlyd y3 TCpeLIKy anpoKcuManuje
opuruHasiHe ¢yHkiyje. OBa ¢pasza Tpaje npegofpeheH 6poj reHepainyja, U CaAyKU
Jla rpy6o u3osyje nobpe jeauHke. HakoH me ocTaje momyJiandja Koja cajpKu
BEJIMKW OpOj KBaJIMTETHUX jeAMHKH, KOju yJsa3ze y Apyry ¢asy. Y apyroj ¢asy,
aJrOpuTaM KOPUCTU OPUTHMHAJHY QYHKIMjy NpuaaroheHocTH, Koja je crnopwuja,
aJiu MpelU3HMja, a U3BpIllaBa ce MambU 6poj reHepanuja. [IpBa ¢asa je gocta 6p3a
y W3BplIaBamky, U OHA MpaBU alpoOKCUMAIUjy A0Ope MomyJsaluje, AOK je Apyra
¢daza cnopwuja, 1 camo ¢UHO (M MpelU3HO) MoJellaBa pellewma A0OHjeHa NTPBOM
¢asom. Ha oBaj HauuH, caM0 MamU 6pOj ajropuTaMa ce NpoLEeHyje Ha LeJIoM

CKyIly noaTaKa, IITO 3HaqajHo mTear BpeMe U3BpIlliaBakba.

Jomr jemaH 6OuUTaH AeTa/b y JM3ajHY €BOJYIMOHOT aJTOPUTMa, je CJAy4yajHO
y30pKOBake 3a Kpoc Banuzgaunyjy. Kpoc Banupanuyja wu3jBaja y3opak 3a
TecTUpamwe, Kako 6U ce Mojes cTabjia OJJyydBamba €eBajJyupao Ha NOCEOHUM
nojlaljMMa ¥ TUMe HM3MepuJia rpellika reHepanusanuje. [Ipobsem Moxke HacTtaTu
KaJla ce Kpo3 reHepauuje KOPUCTU HCTU Yy30paK 3a TeCTUpame, Na YKylaH
aJiIrOpUTaM MOXKe IpeTpeHUMpaTH Ha Taj TecT y3opak. Crora ce y CBakKoj
reHepainuju Jpyradydje (cay4dajHo) MpaBH TeCcT y30paK 3a KpPOC-BaJUJAlH]y.
YKOJIMKO HEKH aJIrOpUTaM Jiaje fobpe pe3yJTaTe caMO Ha jeJJHOM TeCT Y30pKY y
jenHoj reHepanuju (MpeTpeHHWpPaH Ha Taj y30pakK), y HapeAHOj reHepanujyu he 6UTH

KaXKEbeH jep He reHepasiuayje A06po.

4.3.

EBosiyTMBHa mpeTpara ajroputama 3a CTabJja oJJlydlBama MO MPOCTOPY CBUX
KOMOMHalMja KOMIIOHEHTH je UMIlJIeMeHTUpaHa KopuliheweM JGAP 6ubvoreke
y JaBa mporpamMmckoM je3suky (Meffert, 2011). OBa 6U6HMOTEKA TOMAXKe UITPAAHY
cnelMPUYHUX penpe3eHTalMja U FeHEeTCKUX OMepaTopa, a HYIU U JlaK HauMH 3a
Ha/rpajmy, Koja je Heonxo/iHa 360r cnyuPUIMHOCTU onucaHux y [lorsasmy 4.2.4.

MMnsieMeHTanuja y JaBa NporpaMcKoM je3UKY je Takohe moroJiHa jep je noTpe6HO
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WHTerpvucaTy oBaj cucteM ca Rapid Miner niatdopmom (Mierswa et al, 2006), y
K0joj cy peasn3oBaHu U WhiBo KOMIIOHEHTHHU aJIF'OPUTMU 3a cTabJia o//1y4MBakba

(Delibasic et al, 2011).

lleno peuewe je cnmakoBaHo y Aogatak (plugin) Rapid Miner codTBepa, rae ce
yBOXKeHeM JloJlaTka HyAu HoBU onepatop ,Whibo GDT Evolutionary Search xoju
[103MBa UMILJIEMEHTALUjy €BOJIYLIMOHOT aJIFTOPUTMA, a NIpUKa3aH je Ha Caunuy 29.
OBaj onepaTop ce MoHalla Kao aJropuraM 3a y4yewe cTabJia, jep Ha ysia3y npuma
CKyNl TMojaTaka, a Ha M3Ja3y Jaje Hajbo/bu MoJies1 cTabja Koju je AobujeH
nob6eHUYKHUM aJTOPUTMOM H3 I1eJIOT Mpolieca eBoJyljMoHe mnpeTpare. OBako
VMMILJIEMEHTHPAH ONpaTop Ce MOXe KOPUCTUTH Y MHOTHUM IpoliecuMa OTKpUBakba

3aKOHUTOCTHU y MOJJallMMa, KOju Cy noApkaHu Rapid Miner nnatdopMoM.

WhiBo GDT Evolutionary Search
[MyﬂlgoritthuhSpace.ass l[ Design algarithm ]
pararmetars [ [} Edit List (1. ]
wha file path macro name [WhaFiIePath l
Read AML
;; out [) g mod s I0afile path DAUogEA c5v
o ¢} ) ==
& Help
[@] ®
Synopsis

Evolutionary algarithm search through algorithm space
defined hy components used in construction of white-hox
WhiBo Generic Decision Tree algarithms

Description

Searches for the best algorithm, by composing algorithms
out of components for Decigion tree algorithms used in
WhiBao framewark

Input

® training set: expects ExampleSet

Output

o model

Cnuka 29. Kopuuthewe EBostyTuBHOT aniroputMa y Rapid Miner okpyemwy
(Jovanovic et al, 2014)

Y neny 3a nojeliaBame oneparopa (Civka 29, necHo), KOPUCHUK MOXe MOJeCUTH
eBOJIyIIMOHU asropuTaM. [IpBo Hyau ce MoryhHoOCT JeduHHCama MNpocTopa

npetpare. [logpasymeBaHo je fa ce mpeTpaxKyjy NpOCTOP CBUX KOMIIOHEHTU U
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napameTapa, ajJu ce MoXe AedUHHCATU U HEKHU IOTIPOCTOpP OJi HMHTepeca,
n36opom onuuje ,Design Algorithm“. Taza ce oTBapa npo3op npusakaH Ha Caunu
30, koju pocta nogceha Ha untepdejc Whibo reHepudkor ajaroputrMa 3a crabJja

(ITorsnaBsbe 3.2.).

[ Mew algarithm | | Save Algarithm | | Open Algorithm

| Generic Decision Tree

i Remave insighificant atributes

) ChiSguareTestCategorical

] FTesthNumerical

reate split

] SignificantCategorical

B i Evaluate split
Distancehieasure

(] Stop critetia

1 Prune tree

Remove insignificant atributes Cormponent Name Remove insignificant atributes

Component Description: Remove insignificant atributes

Select Components =]
Create split

Evaluate split

Stop criteria

Parametars
Prune tree

ChiSguareTestCategorical

Alpha_value 0 l
(Type: Double, Min:0.0, Max:0 5, Default:0.05)

Use_Percentage_lnstead |J {1
(Type: int, Min:il, Mar:1, DeFault:)

Percentage_Remove U U

(Type: Double, Minid 0, Maxi1.0, Defaultd 3

FTestMumerical

Alpha_value {1 {1
(Type: Double, Min:0.0, Max:0 5, DeFault:0.05)

Use_Percentage_Instead U |J
(Typet Int, Minsd, Maz:1, DeFauleid)

Percentage_Remove U {1

(Type: Couble, Min:0.0, Max:1.0, DeFault:0.4)

Cnuka 30. lepuHunuja npoctopa npeTtpare oJi CTpaHe KOpUcHUKa (Jovanovic et al,
2014)

Ha oBoM ey unTepdejca ce 6upajy KOMIOHEeHTe Koje he GUTH pa3MerUBaHE y
€BOJIYTUBHOM IIPOIleCy, Ka0 U pacCloH mapaMeTapa Koju he 6UTHU mpeTpaKUBaH.
OBUM KOPHUCHHK MOXe€ OrpPaHHUYUTHU MPOCTOpP MpeTpare Ha KOMIIOHEHTEe U
napameTpe Koje cMaTpa ,padyMHuUM‘. [lofiellleHH MpPOCTOp MpeTpare ce 4yyBa y

¢dajny usabpaHor Ha3MBa, ca eKCTeH3ujoM .ass (on algorithm search space).

OmMoryheHo je u ga ce moHyheHe KOMIIOHEHTe (3a JeduHUCAme NpocTopa
npeTpare) ayToMaTCKH JMHAMHUYKH aXXypUPaAjy U3 PENO3UTOPHjyMa JOCTYIMHHUX

koMnoHeHTH y Whibo okpyxemy.
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Jpyra onuuja 3a nojeniaBamwe eBOJIyLHOHOr aiaroputMma (Ciuka 29, necHo) je
1300p BpeJHOCTH MapaMeTapa KOju yTU4Yy Ha caM Ha4MH O/|BHjakba €BOJIYLLMOHOT
npoiieca. M3abupom oBe omijydje oTBapa ce Mpo3op nNpukasaH Ha Caunu 31, Koju
J03BOJbaBa IOJiellIaBalkbe IapaMeTapa KOjU Cy IOMHEAHH Y INPEAXO0JHOM

[IOTJIaBJbY, A YMje je 3HaYeHe:

o MAX ALLOWED_EVOLUTIONS - makcuMaJsiaH 6poj reHepanuja (utepaiuja
IIpUMeHe reHeTCKUX ollepaTopa U IPUpoJHe ceJieKLiuje)

e POPULATION_SIZE - 6poj jeauHkyd (KOMIIOHEHTHHX aJropuTtama) y
nomnyJaanuju

e MUTATION_RATE - BepoBaTHOha MyTaluje cBakor reta. lleso06pojHu 6poj
X npeacraBJ/ba jeJHy MyTalUjy y X reHa.

e CROSSOVER_RATE - BepoBaTHOha yKplITamwa, Kao NpoLEHaT jeUHKU Yy
NoNyJIalMju Koje cy u3abpaHe 3a yKpIUTabe.

e SWITCH_FROM_SURROGATE_PERCENTAGE_EVOLUTIONS - npouenar
NpPBUX IeHepalMja Koje KOpPUCTe cyporaT QyHKIMjy npuaaroheHoctH, o
YKyIHOr 6poja reHepauuja. HakHajjHe reHepanyje KOpPUCTe OpPUTHMHAJHY
byHKIHjy TpuaroheHocTH.

e SURROGATE_PERCENTAGE - mpoueHaT y30pKoBawa CKylla IoJaTaka 3a
cyporaT QyHKLH]Y.

e mutateComponents - U360p Jja Jiu MyTaliyja Meba KOMIIOHEHTe.

¢ mutateParameters — u36op fja i1 MyTalja Memwa napaMeTpe KOMIOHEHTH.

e componentMutationRate - BepoBaTHoha jga Myrtauuja (kajga ce jJecu)
IpOMeHM KOMIIOHeHTy. OBMM mnapaMeTpoM ce mnpeTrpara ¢$okKycupa Ha
KOMIIOHEHTe.

e parametersMutationRate - BepoBaTHoha jga MyTanuja (kaga ce gecu)
npoMeHd mnapaMmeTpe. OBUM mapaMeTpoM ce mpeTpara ¢okycupa Ha

npameTpe.
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@ Edit Parameter List: parameters LI

Edit Parameter List. parameters
The parameters.

parameter name values
lMA}(_ALLOWED_EVOLUTIONS HSD l
|POPULATION_SIZE |[z0 |
MUTATION_RATE |E |
|CROSSOVER_RATE |[0.35 |
[SWITCH_FROM_SURROGATE_F‘ERCENTAGE_EVOLUTIONE 0.4 l
lSURROGATE_F'ERCENTAGE “0.3 l
[mutateComponents Htrue l
lmutateParameters “false l
[cnmpnnentMutatinnRate H1 l
lparametersMutatinnRate “1 l

l g&dd Entry l l uﬂemove Entry l [ « Ok l [ xgancel l

Cnuka 31: [logemaBame napaMeTapa eBoJIyLUOHOT ajroputMa (Jovanovic et al,
2014)

Ha kpajy, nogewmaBamwe onepatopa (Cauka 29, necHo) omoryhaBa mojieliaBame
Jor ¢ajna, koju he 6esiexKUTH NpPOrpec eBOJYLUOHOT aJrOPUTMa, KOMIIOHEHTHE
aJITOPUTME KOjU Cy eBaJlyupaHH, HUXOBe MNepPpopMaHce, Kao U JA0AATHE
CTAaTUCTHUKe O U3BpIlaBaky (6poj eBajlyupaHUX aJropuTamMa, BpeMe M3BplLIaBamba,
kopuilhewe kel MmeMopuje, utA). U3yyaBaweM oBoOr Jior ¢ajia KacHUje ce Moxe
aHasM3upaTu paja U edekar asroputMma. Hcewyak jeaHor Jior ¢ajnaa ce Moxe

BuAeTU Ha Ciauny 32.
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RIA CreateSplit EvaluateSplit StoppingCriteria Prune Performance

null SignificantCategorical(0.05; 0.049) ChiSquare null PessimisticError(0.25) 91.33%
RIA MultiwayCategorical GainRatio LeafLabelConfidence(0.95) CostComplexity(0) 75.72%
RIA MultiwayCategorical InformationGain LeaflLabelConfidence(0.95) ReducedError 77.26%
null SignificantCategorical(0.05; 0.049) InformationGain MinNodeSize(30) ReducedError 87.29%
null All DistanceMeasure null null 93.06%

Cache cleared----—-—----—-

Number of values returned from cache: 613
Number of evaluations of fitness function: 170
Execution time: 04:02

Cache cleared----—-—----—-

null BinaryCategorical ChiSquare null null 98.09%
null BinaryCategorical ChiSquare null PessimisticError(0.25) 98.09%
RIA All ChiSquare null null 91.61%
null SignificantCategorical(0.05; 0.049) ChiSquare null PessimisticError(0.25) 97.22%
null All ChiSquare null PessimisticError(0.458) 88.94%
RIA BinaryCategorical ChiSquare null PessimisticError(0.473) 97.34%
null BinaryCategorical ChiSquare null PessimisticError(0.0472) 98.09%
The best solution fitness value: 98.32%

Best Solution:

null BinaryCategorical ChiSquare null PessimisticError{0.0473)
Number of values returned from cache: 1061
Number of evaluations of fitness function: 123

Cnuka 32. [IpuMep pena sior ¢ajia eBosiyquoHOT aaroputma (Jovanovic et al,
2014)

U3 oBakBor Jsor ¢ajna ce Moxe BHUJETH CTame MonyJjanydja v nepdomaHce
ajroputaMa y nonyJandju. Ha npumep npBa nonynaauuja (Ciuka 32, rope) uma
aJirOpUTMe ca BpJIO pPas3/IMUUTUM KOMIIOHEHTaMa, Kao U pasjIMiUTUM
nepbopMaHcamMa Tux ajiropurtama. Kachuja renepaunuja (Cnuka 32, posie) je
KOHBeprupaja Ha HeKe KOMIIOHEHTe, JIOK Cy Jpyre u3ryo/beHe 360r Jiolle
nepdopmance. Takohe y kacHUjuM reHepanujama BehuHa ajsroputama JA06po

npeaBuba. Y kpajy Jjior ¢ajia ce Takohe BUAM M KOHAYHO HAj6O/bH aJITOPUTAM.
JonaTtHe nndopmauuje us jior ¢pajaa cy u:

e Number of evaluations of fitness function - 6poj je JUHCTBEHUX aJropUuTaMa

KOjU Cy eBaJlyMpaHu y CBakoj pasu.
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e Number of values returned from cache - koJuKo je nmyTa KopuliheHa Kell
MeMOpHja, WITO FOBOPU KOJIMKO je BpeMeHa ywTeheHO Ha eBajyalujaMa
npeAXoAHO BUheHUX anropurama.

e [EXxecution time - BpeMe U3BpLIABahA.

Tpeb6a HamoMeHyTH W KaKo Cce KpeupaHe jeJUHKe eBalyupajy y OBOj
MMIJIeMeHTalUuju. EBOJIyIIMOHM ajiropydTaM 3alpaBO €BOJIyHpa CaMO T'eHeTCKe
penpe3eHTalje airOpUTaMa, aJii ce Te penpe3eHTalyje TpaHchopmuiy y ".wba"
XML oaja, koju padyme Whibo omnepatop 3a reHepuuka crabsa. Taj ¢aja
JebuHULMje jeAHOr aJaropuTMa ce Impociehyje omnepaTtopy 3a reHepUuke
aJITOPUTMeE, KOjU U3BpIlIaBa aJirOPMTaM M HAKOH TOra mpoBepaBa Ta4HOCT Kpoc-
Basuganyjom. Ctora je fojatak (plugin) 3a eBOJNyLMOHY MpeTpary 3aBUCTAH O/

Whibo nopatka (plugin).

4.4.

[IpBU Zeo ekcneprUMeHa/He MPOBepe UMa HaMepy Ja YTBPJAM Jia JiM je mpeTpara
aJropuTaMa eBOJIYLIMOHUM aIropuTMoM epektrBHa. OBO 3ampaBo MpoBepasa Ja
JIU Cy pellewma INpeTpare 6JMUCKa WIM jeJlHAKA ONTHUMAJHOM pellemy, Kaja je
Moryhe 3HaTH TayHO ONTHUMAaJHO pellewe. Takohe je HU/b Aa ce OGJIUCKO-

ONTUMAJIHO peliere Habe y IITO Mame eBalyalitja Tayaka y IpocTopy.

OBaj ekcnepuMeHT obyxBaTa 960 KOMIOHEHTHHUX aJrOpPUTaMa, Koju ce A00Hjajy
KOMOMHOBakheM KOMIOHEHTH Npuka3aHux Ha Tabesnu 10. [Ipukasanu ckpeheHu
Ko/10BU he 6UTH KopUllheHH 3a KOMIAKTHU MPHKa3 KOMIIOHEHTHUX ajIrOpUTaMa
(! o3HauaBa 0/CYyCTBO KOMIIOHEHTe 3a NoTnpob6sem), Hnp. C4.5 aaroputam uma

ko: !-B-M-GR-!-P

CBuM napaMeTpy KOMIIOHEHTH cy GUKCUPAHU Ha NoJpa3dyMeBaHe BpeJHOCTH, KaKO
61 MOrJIM @ NPeTPaXUMO OBaj MPOCTOP U CUPOBOM CUJIOM (eHT. brute force), Tj.
eHyMepucalkbeM M TeCcTUpawkbeM CBUM Moryhux Tadyaka y TOM mnpoctopy. Ta
TpUBUjaJIHA CTpaTervje CUTypHO HUje edpUKACHA, aJld UMa rapaHUjy Hajoosber

pelliea, ca KOjuM he mpoBepaBaTH Hajb00/be pellielkhe Koje mpoHahe eBOIyIMOHU
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AJITOPUTAM. Ykosunko €BJIYOUUOHH aJITOPHUTaM IIPOHAJIa3HU ,qo6pa pemema, OHA4a

HNMaMO IIOTBpAY Ada TI'a MOXKE€MO KOPHUCTUTH KW HA MHOTIO BeheM IpocTopy

aJIrOpUTaMa, I'Zie CUpOBY CUJy HUje Moryhe ynoTpeouTu.

Ta6esna 10. KoMnoHeHTe Koje caunkbaBajy npoctop npetpare (Jovanovic et al,

2014)

Sub-problem

Reusable component

Abbreviation and code
(in brackets)

Parameters

Remove insignificant
attributes

— optional —

Create split
(numerical)

Create split
{categorical )

Evaluate split

Stop criteria
— optional —

Prune tree
— optional —

Chi square/
anova F test

Binary
Binary

Multiway
Significant

All

Chi square
Information gain
Gain ratio

Gini

Distance measure
Maximal tree depth
Minimal node size
Leaf label confidence
Pessimistic

Error pruning

Cost complexity pruning

Minimal error pruning
Cost complexity pruning

Reduced error pruning
Minimal leaf size

chs/anf (C)

bin (B)
bin (B)

mul (M}
sig (3)

bin + mul + sig (A)
chs (C)
inf (1)
gai (GR)
gin (G)
dis (I
mtd (D)

mns (S)
lle (C)
pe (P)
pe (P}
ce (C)

me (M)
ce ()

re(R)
mls (5)

Alpha
(def. 0L05, min 0, max 1)

Merge alpha

(def. 0.05, min 0, max 1)
Split alpha

(def. 0.05, min (), max 1)

Tree depth
(def. 10, min 1, max 20)
Node size
(def. 30, min 1, max 1000)
Confidence
(def. 0,95, min 0, max 1)
Confidence
(def. 0.25, min 0.1, max 0.3)
Use— 1stdev
(def. 0, min (), max 1)

Use— lstdev
{def, 2, min 0, max 1000}

Leat size
(def. 30, min 1 max 1000)

MuunyjanHa nonysnauuja ce oapehyje noTnyHo cjay4ajHo, HaCyMUYHO U3abupajyhu

KOMIIOHEHTe 3a CBe aJropuTMe HWHULMjaJHe 1nonyJaauuje. PenpeseHTanuja

aJropurtama (XpoMo30Ma), Kao U F'eHEeTCKH ONlepaTopH, CYy UCTHU KaKO je OMKUCAaHO Y

[Tornasmy 4.2. @yHKIHMja [U/bA je TAYHOCT npeABubamwa npoBepeHa 10-cTpykoM

Kpoc-BasyaanujoM. [lapameTpu caMmor eBOJIYIIMOHOT aJITOPUTMA Cy TPHUKA3aHU Ha

Tabenu 11. Ilopen paHuUje NOMHUKbAHUX NMapaMeTapa, NpUjaB/beH je U daKTop

caydajHoctu (eHr. random seed), koju je kopulnheH 3a TreHepaTop IcCeyzo-

cay4yajHux 6pojeBa. OBO je GUTHO, MOLITO Cy JE€JOBU €BOJYTUBHOT aJIropuTMa
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CTOXaCTHU4YKe MpUupoae, ra eKCliepuMeHTH He 61 OUJIM MOHOBJ/bHMBU U He OU MOTJIU

J1a ce BepuPHUKYyjy.

Ta6esa 11. U3abpaHu napaMeTpu eBOJYLUOHOT ajroputMa (Jovanovic et al, 2014)

rarameter

Value

Population size

Generations

Mutation rate

Crossover rate

Percentage of generations with surrogate function

Surrogate dataset sample size
Random seed in RapidMiner

12.5%
35%
T0%
30%

[leo ekcnepuMeHT je paheH Ha Bulle (16) cKkynoBa noJijaTaka, Kako 61 MOTIJIY Jja ce

M3BYKy TreHepa/HUju 3ak/bydlnu. CBU CKYNOBM IoJaTaka Cy jaBHO JOCTYIHH

(Asuncion, Newman, 2007), a UXOBU Ha3UBU U OCHOBHE KapaKTEePUCTHUKE AATH

cy y Tabenu 12. [lpukazaHu cy: BeJM4YMHaA Nojaraka (size), 6poj aTpubyTta

(attributes), 6poj ksaca (classes), mpucycTBO HeAoCTajyhux BpeJHOCTU (missing

values), iucTpubyMja Kaaca, Tj. 6poj caydajeBa y cBakoj kiacu (class distribution).

Tabena 12. KopuiheHu ckynoBu nojiaTaka 3a ekcriepuMmenTe (Jovanovic et al,

2014)
1D Dataset Size Attributes Classes Missing values Class distribution
Bre Breast 2806 9 2 Yes 201/85
Car Car 1728 6 4 No 1210/384/69/65
Cmc Contraceptive 1473 9 3 No 629/511/333
Cra Credit-a 690 14 2 Yes 383/307
Crg Credit-g 1000 20 2 Yes 700/300
Har Hayes roth 160 5 3 No 65/64/31
Hep Hepatitis 155 19 2 Yes 123/32
Hyp Hypothyroid 3772 21 3 Yes 3488/191/93
Krk King-rook-vs-King-pawn 3169 36 2 No 1669/1527
Lid Liver-disorders 345 7 2 No 200/145
Lym Lymphography 148 18 4 No 81/61/4/2
Nur Nursery 12960 8 5 No 4320/4266/4044/328/2
Pos Post-operative 90 8 3 Yes 64/24/2
Spe Spectrometer 531 102 2 Yes 172/15
Sta Statlog heart 270 13 2 No 150/120
Vot Voting 435 16 2 Yes 267/168

Pesyntatu cy npukasanu y Tabesnu 13. 3a cBaku CKyn NojaTaka €BOJYLUOHU

QJITOPUTaM je MPeJJIOKUO HAjO0o/bU a/iropuUTaM, 3a KOjU je M3MepeHa TadHOCT

npejBubama M passvka Hajbosber Moryher ajroputTma M3 IeJior MpPoOCTOpa U

npoHaheHor (Max(Brute Force)-EA). Tako BUAMMO KOJIUKO je HaheHHW ajroputam
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Jlasieko of, onTuMasHor. [lopex Tora, y Tabesu ce BUZAe W Hajb6o/pa U Hajropa
Moryha TauyHOCT CBUX aJiropuTama y npocropy. Haj3aj, nprkasaHo je U KOJIHUKO je
byHKIMja eBaslyUpaHO cyporaT QpyHKIMjoM npuaaroheHocTu (Koja ce gocta 6p30
M3BplIaBa), a KOJMKO OpUrMHAJHOM QyHKIMjoM npuaaroheHoctu. OBo HaM Jaje

MHboOpMalyjy KoJIMKa je yuITeia y BpeMeHy y 0JJHOCY Ha IOTIYHY peTpary.

Ta6esa 13. PesysnTaTu nopehewa npoHaheHor v Haj6o/ber KOMIOHEHTHOT
aaroputMa (Jovanovic et al, 2014)

Data-set  Proposed Max Max Min No. of evaluations No. of evaluations
algorithm (Brute force) —  (Brute force)  (Brute force) with surrogate with fitness
EA accuracy function (out of 960)  function (out of 960)
Bre C-5-C-8-P 2.77% 76.60% 64.06% 130 63
Car 1-A-GR-!-! 0.17% 98.09% 76.85% 80 38
Cmc C-B-I-C-C 0.13% 55.73% 43.18% 94 49
Cra C-A-G-C-§ 0.00% 86.38% 77.83% 115 64
Crg 1-M-D-S-R 0.00% 74.90% 65.10% 79 32
Har 1-A-GR-C-! 0.62% 83.75% 37.50% 122 43
Hep 1-A-D-S-P 2.54% 84.46% 76.08% 163 45
Hyp 1-A-1-1-P 0.03% 99.79% 95.44% 132 53
Krk I-B-I-!-! 0.00% 99.69% 94.09% 109 35
Lid I-M-C-C-P 7.55% 68.41% 57.97% 97 32
Lym I-B-C-D-M 0.05% 83.19% 54.81% 106 43
Nur I-S-D-!-P 0.00% 99.88% 83.05% 88 40
Pos C-§8-1-C-§ 0.00% T1.11% 50.00% 136 52
Spe I-B-1-S-S 0.00% 91.99% 81.73% 155 72
Sta C-B-C-C-R 5.92% 81.85% 55.56% 89 25
Vot C-S-GR-!-M 0.01% 96.55% 61.38% 123 41

Pe3ysTaTu nokasyjy Aa eBOJIyIJMOHU aJIrOPMTaM NpoHala3u y BehuHU ciyyajeBa
pellleka Koja cy BpJio 6J1M3y onTuMasHoM. ¥ 12 ox 16 caydajeBa, npoHabheH je
aJropuTaM Koju je Mamwe of 1% sowmnju of, Hajoosber, a y 14 ox 16 cayyajeBa
Mame of, 3% Jio1uju of, Hajoosber. Hajropu pesystar je Ha nofganuma “Lid”, rae je
npoHaheH caMo npoceyaH ajsroputaM. OBU pe3y/TaTH Cyrepully Jia €eBOJYTUBHHU
aJiropuTaM ycreBa jJa npoHabe ,n00pe“ KOMIIOHEHTHe aJAropyuTMe 3a CTabJa, 3a

BUIIE PAa3/IMYUTUX IIpUMEpPa IMoAaTaKa.

BUTHO je MPUMETUTH [Aa €BOJIYLIMOHM aJrOpyUTaM y NMpoceKy npaBu 45 nyHux
eBaJlyallyja Tadyaka y pocTopy, of, YKynHo 960 ajropurama, LITO YKa3yje Ha TO Ja

je mpeTpara Takohe eprkacHa (Mame 0/ 5% npocTopa je mpoBepaBaHo).

Takobe, usyuyaBajyhu Jior ¢ajiose, npruMeheHo je Ja je Kell MeMopHja y BeJHUKO]j

Mepu ybp3ajsa HU3Bpllere airoputMa. Ha pasivyuTuM nojauuma, YKymHO je
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eBasiyrpaHo usMmehy 111 u 227 dyHkuuja npuaaroheHoctu (3ajeqHo cyporarta U
OpurvHaJiHe), of YKynHo 450 xpomo3oMa (jeAMHKU) KOjU Cy Ce MOjaBUIU TOKOM
eBosynyje (30 reHepanuja * 15 xpoMo3oma no reHepanuju). To 3Ha4u Jia je Kelll

MeMopuja yop3sasia Bpeme oz, 98 10 305%.

Jpyru Jleo ekciepyuMeHTaJ/IHe IPOBepe je OuJa upa MpeTpara, Koja je ykbydyje
Y IapaMeTpe KOMIOHEHTHU. Y TOM CJyyajy HUje Moryhe mpuMeHUTH MNOTIYHY
npeTpary (CUpOBY CUJIy), Ia Cy Kao 6eHUMapK KopullheHu NpeAXoJHU pe3yaTaTh
KOjU Cy NMOCTHUIJIM Pa3HU aJITOPUTMHU 3a yuemwe cTabasia o/j1ydrBamba (KOju HUCY
KOMIIOHEHTHH), a Koju cy o6jaB/beHu Ha (Blockeel, 2006). OBu 6GeHuMapk
pe3yJITaTyu NpeJjCcTaB/bajy 6a3y paHUjUX eKCIIepUMeHaTa, a 3allpaBo YK/bY4yjy U
aJITOpUTMe 3a cTabJsia KOju HMCYy pa3MaTpaHU y OBOj CTYJAHUjU, U KOjU HMajy
KOMIIOHEHTE U3BaH MPOCTOpA KOjU INpeTpaxyje eBOJYLUOHU aIfOpUTaM, ajlvd Cy
WIaK jaBHU pe3yJITaTU Ca KOjuMa Ce MOXKe MOpeJUTH, a AO0OUjeHU CYy Ha UCTUM
noJialiMMa Koju cy jaBHO A0CTynHU. Takobhe, 3a npoBepy KBaJUTETa OBU OEHUMapK
pe3yJTaTH Cy KOPUCTWJIM HUCTH HaA4dWH eBajyalUje, TA4HOCT MNpeABUDama

kopuinheweM 10-cTpyke Kpoc-Basiujaliyje, na je nopehemwe moryhe.

PesynTaTtu cy npukasanu y Tabenu 14, rae ce (kao ¥ paHuje) npukasyje Haj60/bHU
aJropuTaM Koju npoHabeH npeTparoM KOMIOHEHTHOT TMPOCTOpPa, Herosa
TAa4YHOCT, CTaHJApAHA [ieBHjalldja, Ka0o U Ta4vyHOCT HAjO0/ber KOMIOHEHTHOT
aqropuTMa 6e3 onTUMHU3aldje MapaMeTapa (HabeHor y npeaXoAHOM
ekcnepuMeHTy). [lopehewe ca npeaxofHUM eKCIIEPUMEHTOM HaM Moxke pehu
KOJIMKO Cy mapaMeTpy OUTHU y onTUMU3auuju. CTaHAap/iHa JeBHyjanuja Job1jeHa
je moHaBJ/bakbeM eBasyauuje 30 myTa, ca pasjMYUTUM (AKTOPOM CJAY4ajHOCTH
(random seed). llocneawe Be KOJIOHe MPHKa3yjy Ha3WB U KBaJUTET Hajb0Jber

anroputMa us (Blockeel, 2006).

EBosyniMoHu ajaroputaM y OBOM eKCIepuMeHTy je paauo 50 reHepaunwuja, ca
nonysanyjoMm BeandrHe 30. BepoBaTHoha ykpuiTtamwa je 6usaa 35%, #ok je

BepoBaTHoha MyTanuje noBehaHa Ha 16.67 (36or MyTHpawa U napamertapa). Y
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npBux 30 re”epanuyja MyTHpaHe Cy CaMO KOMIIOHEHTe, JOK y nociaefwmux 20
reHepanujy Cy MyTHUpPaHU CaMO IlapaMeTpH, 3a KOMIIOHEHTE Koje Cy IpeXuBeJie
npBu JAeo eBoJsyuuje. OBo je pabeHO jep KajJa KOMIIOHEHTa MYTHpa, OHa
ayTOMaTCKM aHyJupa TMpeAxoJHO TMobo/bllakbe MapaMeTapa IpeAXoJHe
koMnoHeHTe. Haj6o/bu pesyaTaT 3a CBakM CKyn nojaTaka y Tabenu 14 je

I10/|BYy4Y€eH.

Ta6esa 14. PesyntaTtu nopehewa 6eHumMapk pesysitata u3 (Blockeel, 2006) u
aJrOpUTMa KOHCTPYyUCaHOT eBoJiyniMjoM (Jovanovic et al, 2014)

Data-set  Best algorithm design Accuracy  Std. Best accuracy  Best decision  Accuracy from
found by EA Dev. found in the tree best decision
first experiment tree
Bre C-M-D-C(0.50)-R 75.24%  1.49% 73.83% C4.5 76.22%
Car !-B-C-!-P(0.05) 98.32%  0.27% 97.92% C4.5 97.28%
Cme 1-B-C-S(727)-C(0) 56.61% 0.72% 55.60% C4.5 56.08%
Cra C-M-G-C(0.21)- 5 (86) 86.67%  0.23% 86.38% ADTree 85.51%
Crg C-B-1-C(0.05)-C(I) 75.10%  0.88% 74.90% LMT 75.90%
Har 1-A-D-D(12)-! 85.62% 1.21% 83.13% C4.5 71.43%
Hep C-M-1-S(731)-R 83.88%  0.01% 81.92% C4.5 85.16%
Hyp C-51(0.076; 0.042) 99.79%  0.04% 99.76% C4.5 99.60%
-GR-D(9)-M (13)
Krk '-B-1-1-P(0.26) 99.69%  0.07% 99.69% LMT 99.75%
Lid C-5(0.24:0.03)-G-!-M424) 69.86%  0.30% 60.86% C4.5 70.72%
Lym '-B-G-D(10)- M (221) 83.19%  1.55% 83.14% LMT 83.11%
Nur 1-5(0.28:0018)-D - ! -! 99.88% 0.04% 99.88% C4.5 99.51%
Pos '-M-G-S(719) -8 (305) 71.11%  0.00% 71.11% Rep-tree 71.11%
Spe C-A-D-S(50$)-C(1) 91.99%  0.00% 91.99% C4.5 91.99%
Sta !-B-1-85(343)-P(0.06) 81.85%  0.01% 75.93% LMT 84.44%
Vot C-B-GR-!-M(204) 96.54%  0.01% 96.54% LMT 96.78%

Pe3ysnTaTu noka3syjy Ja je npoHaheHU KOMIIOHEHTHHU aJIrOPUTaM KOMIIETETUBAaH
ca Hajbo/buM U3 6asze excnepuMeHaTta (Blockeel, 2006). 3a 9 ox 16 ckymnoBa
nojilaTaka npoHaheH je Haj60/bU AJITOPUTAM, U OH CaZla MOXKe MOCTAaTU GEHYMapK.
Ha apyrum nozanuma pesyJsTaTd Cy YHOpPeAWBH, ca MakKCMMasHO 2% pasJinke
(ocuMm Ha mojanuma ,Sta“). Hekosinko nyTa je KOMIIOHEHTHE aJIrOpUTMe o6earuo
LMT (Logistic Model Tree) (nomeHnyT y [lornaBsby 2.3), KOju y JJUCTOBUMA cTabJj1a
paZii HEUITO WITO TPEHYTHO He paJld HU jeJlaH KOMIIOHEHTH ajilrOpPUTaM, Tj.
KOPHUCTH JIOTUCTUUKY perpecHjy. [lolaBatbeM 0Be KOMIIOHEHTE Y PEMO3UTOPHUjyM,
¥ TUMe MPOLIMPHUBAakbEM IPOCTOpA MpeTpare, KOMIOHEHTH aIrOPUTaM OM MOTao

JAa IMOKa»xe U 6oJbe pe3yJsTarTe.
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Ha “Lid” nomauuma, rje je y TmpeaxXoJHOM eKCIepUMEHTy IHpoHaheHu
KOMIIOHEHTHH aJIrOpyUTaM OMO HajJIOLIMjH, cajla Jlaje focTa 60Jbe pe3yJsTaTe, e je
caMmo 1% Jiommju o 6eHUMapka. Hanpegak y oqHOCY Ha IpeX0/JHU eKCIIEPUMEHT
je 9%, 1mTO rOBOPHU /A je noJellaBame NapaMeTapa Ha 0BOM CKYIy oJaTaka BpJio

KOPHCHO.

Taxkobe, y ogHOCy Ha NpeAXOHU eKCIIEPUMEHT, Ha NPOCTOPY Ca YK/bYYeHUM
napaMeTpHMa je YBeK poHaheHo 60/be WM jeJHAKO peliewe. Unak, mobosbliame
MeHabeM MapaMeTapa, MaKO KOH3WCTEHTHO, HHUje BEJIMKO, IITO TOBOPHU Ja je
pa3MeHa KOMIIOHEHTH J0CTa BaKHHUja O, ONTHMHU3alMje napaMeTapa, Kako je u

cyrepucaHo y (Suknovic et al, 2012)

KoHauyHo, 0BU ekcriepuMeHTH (06jaBs/beHM Y (Jovanovic et al, 2014)) nokasyjy aa
Ce HHTEJUIreHTHUM IpeTpaKMBakbheM IPOCTOpa KOMIIOHEHTHHUX aJirOpUTaMa
MOXKe KOHCTPYHCATH aJIrOpUTaM Koju uMa Jlobpe nepdopmaHce Ha cieliuGUIHOM
npo6jeMy U mnojauuma. Pe3ysTaTH jolll HUCY KOHKJY3WBHH, ald [3jy jaKy

NOTBP/Y /1a je OBa JIMHHUja UCTPAKHMBakba MOTEHTHaA.

4.5.

Jla 6u 1o6uu JoJaTHe MOTBPAE KOPUCHOCTH OBOT IPHUCTYIIA, IjeJla METO/I0JI0THja
je mpuMemeHa Ha jolll jeJTHOM peaJHOM MpobJieMy, HauMe NpeABUbamwy ycnexa

CTyJieHaTa, IITO je o6jaBsbeHO Yy (Jovanovic et al, 2012a).

AHanuza ycnexa CTyJleHaTa chnaja y coenqupuyuHy o6J1acT OTKpHBamba
3aKOHUTOCTH y nojanuma, Educational Data Mining (EDM) (Romero, Ventura,
2010), y kojoj ce aHa/nM3Wpajy noAany Koju [AoJia3e U3 eAyKal[MOHUX CUCTeMa.
[lu/beBU OBe 06JiacTH 00yxBaTajy aHanmui3y mnogaTtaka paau (Kumar, Chadha,
2011): opraHusayuje mporpama M cujabyca, npeaBubamwa ymnuca CTyZeHaTa,
npesBubame yCHeUHOCTU CTyZeHaTa, OTKpPHBame MpeBapa, HAeHTUUKaIUje

rpeuraka, uTA.

YcnemHoCT cTyjeHaTa je jefaH OJf apaMeTapa MHOTMX OJJIyKa, YK/bydyjyhu
CeJIeKLMjy 3a CTUIIeHAW]je, capaZby U 3aloc/iehe, 1A je paHa JeTeKlyja yClelHUX
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CTyJeHaTa 6uTaH 3azaTak. [IpegBubame ycrnexa ce Moxe pafiUTU Ha OCHOBY
nojaTaka U3 CTyJeHTCKe CJy6e, UM U3 CUCTeMa 3a eJIEKTPOHCKO y4ere, IITO je
npukasaHo y (Jovanovic et al, 2012b). OBa cTyjuja mnokasyje ga je moryhe
npeABUbhaTH ycliex CTyJAeHaTa IoCJe caMo je[jHe TOJUHe CTyJUpakba, IPUMEHOM
aJropvTaMa 3a crabJja oJjiyuuBama. Y Behoj pamMuinju Moryhux KOMnoHeHTHUX
aJIropuTaMa, IpeTparoM TOr IpoCTOpa MOry ce Hahu aJITOpUTMH KOjU Cy A06pH 3a

0Baj KOHKpeTaH 3a/JaTakK.

Jakne, nub 3azaTka je: llpeABUJeTHM KOHAyaH ycnex CTyAeHaTa (KOHA4YHY
NpOCeYHy OlleHy), HAaKOH 3aBplIeTKa NpBe rofiiHe CTyAuja. 3a U3rpajiiby Mojiesia
KOPHCTH Ce CKYIl mojaTaka oj 366 cTyJeHaTa, ONMMCAHUX aTPUOyTUMa JaTUM Y
Ta6enu 15. Knaca npeacraB/ba MUHAMKATOP [a JIM je CTYAeHT "oAJiu4aH", Tj. 1a JI1

rMMa npocek Behu oz 9.0

Ta6esna 15. [IpomensbrBe KopultheHe y npejBubhamy ycnexa cCTyAeHaTa

Variable Variable description
Student gender
Gender
Value: male/female (1/0)
Score on enter Points achieved in the entrance qualification exam
qualification exam Values: 40-100
Choice of study program in time when student is
Input
enrollment in Faculty
variables Study -programme
Values: Information system and technology program
and Management program
Grades: marks of each of 11 subjects: examines at the
Grades at the first year of
first year of studies
studies
Values: 6-10
Output Students’ success at the end of studies
Students’ success
variables Valus: "Excelent" (GPA>=9.0) and "Other" (GPA<9.0)

[Tocne nymrama eBOJYLIMOHOT aJITOPUTMA, 106Hja ce MoJze 1 cTabJ/ia o//ly4rMBakba
koje uma AUC 0.8 (y mpoceky mocjie BHUILECTPYyKe eBajyalldje), LUTO Cyrepuile
BUCOK HHMBO KBaJIUTeTa npeaBubamwa. OBaj pe3ysTaT ce MOXe NMPOTYMayuTH Ha
caefehyd HauYMH: YKOJMKO OU cay4dajHO M3abpasid jeJHOT OJAJIUYHOT U jeHOT He-
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OJJIMYHOT CTYJleHTa, 04eKyje ce la MoJies1 V 4 o/ 5 nyTa ycneuHo npeno3Ha Koju

O/l BbUX [IBOjULlE je OJJINYaH.

Jowr 3anumsbuBHje of Bucokor AUC ckopa Haj6oJber ajaropuTMa je eBoJIylidja
KBaJIUTeTa aJIfOpUTaMa Kpo3 reHepanuje, npukasasa Ha Ciaunu 33. Ty Bugumo ga
KpO3 TreHepaliyje, MomyJainuje CUCTEMATCKU cafpke 00/be U 0OOJbe jeAUHKe
(anroputme) 3a oBaj mpobseM. OBO cyrepuile Aa €BoJyliMja 3aucTa 6upa M

Kpeupa nomnyJalyje Koje MaKCUMU3UpPajy U3abpaHU KBaJIUTET.

Average AUC in population

0.82 0gop 0.80
0.80 -

0.78 -+
0.76
0.74 -
0.72 4
0.70 +
0.68
0.66
0.64
0.62 T T T T T T T 1
1 2 3 4 5 6 7 8 9 10
Generation

Cinuvka 33. [Ipoceyna Mmepa AUC Kpo3 reHeparnyje eBOJyLIMOHOT aJITOPpUTMa

JlonaTHO, HWHTEpEeCaHTHO je BHUJAETH KOje KOMIIOHEHTe Cy IPUCYyTHe V
nomyJialnidjaMma Kpo3 eBoJaynujy. Ha Caunu 34 je mpukasaHo ydelihe OmIjHoOHe
KoMIlOHeHTe RIA 3a mnpecesiekiujy aTpubyTa. Buaumo Ja kako mnomyJsanuja
€B0JIyupa, CBe BUIE jeJUHKU KOPUCTH OBy KOMIIOHEHTY, Mla MOXXE€MO 3aK/by4UTHU
Jla je OHa KOpHCHa 3a 'TpeXXHWBJbaBame", Tj. KOPUCHA 3a aJrOpUTMe 3a cTabJa Ja

6u umasnu Behy moh npensubhama.

Jomr jenHa wuHTepecaHTHa cTBap ca Ciuke 34, je W mnojaB/buBame null”
KOMIIOHEHTe Yy [JeceToj TreHepaldju, HAKO Y [JeBeTOoj reHepauuju je oOBa
KOMIIOHEHTa "u3yMpeJsia’, Tj. HMjeJlaH aJiIrOpUTaM y NOoNyJalujy je HUje caap:Kao.
OBo roBopu Ja onepaTop MyTalidje UTrpa CBOjy yJory AuBep3uduKaiivje, U yHOCH

HOBMHE y I0MyJIalikje Koje Cy KOHBeprupaJe Ka CJIMYHUM aJIrOPUTMUMA.
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RIA Components

mnull

WRIA

1 2 3 4 5 6 7 8 9 10

Generation

Cnuka 34. Yyemhe KOMIOHEHTH OTNPO6IeMa IpecesieKlje aTpubyTa y
pPa3JIMYUTUM reHepanujama

CnuynHo, Ha Cauny 35 ce BUAM ydelihe KOMIOHEHTHU 3a MOTNPo6JeM eBajyaluje
rpaHama cTabJsia, Kpo3 reHepanuje. Ty ce Takohe Hasupe JjJa HEKE KOMIIOHEHTE CY

KOpHUCHHUje 3a A00po mnpeasubawe (GainRatio), AO0K Cy HeKe Mame KOpPUCHe

(InformationGain).
Split Evaluation Components
W ChiSquare
W DistanceMeasure
m GainRatio
B Ginilndex
B InformationGain
1 2 3 4 5 6 7 8 9 10
Generation

Cnuka 35. Yyeurthe KOMIOHEHTH NOTIPO6IEMA eBalyallUOHE MepPe rpaHamba y
pas3JIMYMTUM reHepanujaMa
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KoHauHo, cin4Hy aHaiu3y MOXKEMO CIPOBECTHM KW 3a pa3He KOMIIOHEHTe 3a
ope3uBa€e cTabJia, Npuka3aHo Ha Cauiy 36. Y oBOM Cy4ajy je ouUTIeaHUje Aa je
3a ope3uBame CTabJjia HajKOPUCHUje KOPUCTUTU KOMIOHeHTY MinLeafSize, ca

napameTtpom 30.

Prunning Components

B CostComplexity(0)

B MinimalError(2.0)

m MinLeafSize(30)

| null

M PessimisticError(0.25)

W ReducedError

1 2 3 4 5 6 7 8 9 10
Generation

Cavka 36. Yyelmrhe KOMIOHEHTH NOTIPo6JieMa Ope3uBama cTabJia y pa3JIMuuTUM
re’Hepanyjama

OBakBe aHasmu3e oMmoryhaBajy 6o/be pasyMeBame TOra Koje KOMIIOHEHTe Cy
K/by4YHe y JJ3ajHy aJropUTaMa, 3a CBaKU crnenuduyaH ciay4aj npuMeHe. Takobe,
3a pas3JjIMKy 0[] CJAMYHUX aHa/i3a NpukalaHux y [lornassby 3.3, kopuuihewmeM
€BOJIYLJMOHOI' aJITOPUTMa He Mopa Ce eBaJlyupaTH YUTAB NPOCTOP aJropuTaMma,

Beh camo mamu MOACKYII, KOjI/I CaApPXXKH aJIrTOPUTME BUCOKOTI KBAJIUTETA.

94



[Ipo6sieM mpeTpakuBamka NPOCTOPA aJrOpPUTAMa CaCTaB/batb€M KOMIIOHEHTH jOIL
HUje JAUPEKTHO pellaBaH y JIUTepaTypH, ajJd IMOCTOje CJAUYHH W aHAJOTHU
npo6JsieMH KOjH jecy 6UIM MpeJMET CKOPHUjer UCTpakuBamwa. ['eHepasiHU mperJies
MOryhHOCTH chajakba onTuMusandje (Tj. omepayMOHUX HCTpaXkKMBakba) U

anroputama 0311 ce moxke Hahu y (Olafsson et al, 2008).

Y HacTtaBKy he 6UTH MpUKa3aHU MPUCTYIIU KOjU Cy Hajpe/ieBaHTHHUjU OBOj T€3U U
KOjH, UAKO MpPeJCTaB/bajy aJTepHATUBHE NPHUCTYIIE, [ajy H/Jieje KaKO ce MPUCTYI

N3 0B€ Te€3€ MOXe YHallpeaUTH.

CeJieKIIMja aJiropyUTaMa

N360poM asiropuTama cy ce UCTPAKMBA4Yu U paHUje GaBUJIH, Tlle je CeMUHATHU
pax (Rice, 1976) onucao U ocCHOBHe npobJieMe Mpu ToM npouecy. Jlobap nperJen
HoBUjer JgaTtyma ce Moxke Hahu y (Smith-Miles, 2009). Hamopu y oBuUM
UCTPXXKMBakbUMa Ce BUlle 6a3Upajy HAa TOMe KAaKO MCIPABHO MEPUTH YCIEIHOCT

aJIrOpUTMa U Kako oMohH o/ /IydrBame NPU U360py a/IrOpUTMa 3a HeKU 3a/laTak.

Wnak, npuMeHa ONTUMHU3AIMOHUX TEXHHWKA HUje Moryha y ceJieKI[Uju aJropurama
KaJila ce OHU MOCMaTpajy Kao LpHe KyTHje, jep He MOCTOjU NMPOCTOP aJropuTaMma,
Beh camo Heypehenu ckyn. Ctora je moryhe jejuHO NmpobGaTH CBe JAOCTYIIHE

AJITOPHUTME U3 CKYIIaQ, Tj. €HyMepHCaTH L eo CKYII.

360r Tora ce npeaMeT OBe Te3e JepUHUIIIE ¥ OKBUDPY jefHE paMUIMje aropuTama
(3a cTabsaa ogsyuuBama), rJe je Moryhe npenosHaTy 3ajelHAYKY CTPYKTYpPy THUX
ajJroputamMa Koju JAedUHHCY MpPOCTOp IMpeTpare, KOju ce MOXe I[aMeTHHje

npeTPaKUBATH.

['eHeTCKHY aJIrOPYMTMHU 34 U3rPaAJitby MoJieJia JUPEKTHO

MeTa-xeypucTHKe Cy TeHepUYKH ONTHMHU3AIMOHU METO/[ U YeCTO Cy KOpUlIheHU
Kao ajlaTH 3a MpeTpary y NpocTopy Mojiesa 3a K1acupukanujy (Hop. nojeliaBamy

KoedUlMjeHATa perpecdja), y OJHOCYy Ha MpPOCTOp ajJropdraMa U3 OBe Te3e.
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MeTaxeypucTUKe Cy HApOYMTO KOpHUCHe KajJa OQYHKLMja Tpellike Koja ce
ONnTHMU3Yyje HUje KOHBeKCHa. Kajja cy y nuTamwy cTab/a oA/1y4MBama, Ha Ipumep,
y (Papagelis, Kalles, 2000) cy xopumheHuM TreHeTCKM aJropuTMU Ja 6u
eBoJIyMpasid CTabJjia, Tj. MOMyJalujy cTabajsa Koje TeHEeTCKHMM oIepaTopuma
pasMemwyjy rpane. CaudnHo, y (Kretowski, Czajkowski, 2010) cy eBosyLHOHUM

aJropuTMMMa UHAYKOBaHa cTabJia 3a perpecujy, yMecTo Kjacudukalujy.

Takobe, TreHTCKM aJAropuTMUM Ccy KopuilheHM Ha  JIeKCUKOTpadCKU
BUIIEKTUPETHjyMKUM QYHKIIMjaMa, 3a U3rpajilby cTabasia o/lydrBamba Koja uMajy
BUIIIE )Xe/beHUX ocobuHa (Basgalupp et al, 2009). ¥ (Cha, Tappert, 2009) y ce ucrto
obpabhuBasu reHeTCKU aJITOPUTMH, aJv 38 KOHCTPYKLUjY UCK/bYYUBO OMHAPHUX

cTabaJja.

[Topep, oBora, kopuitheHe cy U Jjpyre MeTaxeypuUCTHKe, UHCIUPUCAHE TPUPOJOM.
Tako y (Marinakis et al, 2009; Parpinelli et al, 2002; Sousa, 2004) ce uctpaxyje
MoryhHocT kopuuhemwa ONTUMU3ALMje KOJOHUjOM MpaBa, KAao M ONTHMHU3aluje

pOjeBI/IMa, 3a U3rpagmwy K.HaCI/I(l)I/IKaLU/IOHI/IX Mo/JeJia.

JlofaTHO, MeTa-XeypUCTHKe Cy ce MoKa3ajle KOPUCHUM M 3a MoMoh y Jpyrum
acmeKTHMa U3rpajiibe CcTabJsa oJJjyyrMBawa. Tako, XUOPUAHU MeTOoJ 3a
"cTabJio/TeHeTCKU airopuTaMm” je KopuliheH 3a pellaBame MpobJeMa MaJiux
y3opaka nojaTaka y JjauctoBuMa ctabsia (Carvalho, Freitas, 2004). Takobe,
reHeTCKH aJrOpUTMU Cy KopuiitheHM U 3a yHanpebewe Mogesna crabsa

O/IIyYHBama Yy 0OJJHOCY Ha LjeHy rpeliaka kiaacudukanuje (Turney, 1995).

OnTyvMu3alyja Xuiep napaMmerapa

Jour jegaH momyJapHA NPUCTYN y KOpUIINewy ONTUMHU3ALUOHUX TEXHUKA Y
aJrOpUTMHUMa 3a KJacupUKalLMjy je MmoJeliaBame XUIlep napamerapa ajJropurma.
MHoru asropuTMu u3Jaxy ojpeheHe napameTpe Koje KOPUCHUK Tpeba Jia mojecu
Ipe mylTawka ajJroputrMa (MomnyT pasHUX MapaMeTpa 3a peryJapusanujy, 6poja
cycena, AyouHe cTabsa, utThA.) OBM napaMeTpd ce He IMoOJellaBajy TOKOM

TpeHHpawa (yuewa) MoJiesia U CTora ce 30By XUIlep-napaMeTpH.
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[IlpuMeHa reHeTCKUX ajJropuTaMa 3a HoJellaBambe NapaMeTapa kKjiacudpukaTopa
6asupaHux Ha ¢asu JIOTHLY, KOjU Ce HWHULHUjaIu3yjy CcTabJuMa OJJ/y4MBama,
noxxe ce Hahu y (Abonyi, 2003). [Jasme, (Lin et al, 2008) ce xkopucrtu
MeTaxeypUCTHKa CHMYJIMPAHOT Ka/bekha 3a ONTHMU3alMjy TapaMeTapa 3a KepHeJl
byHKLMje y MallMHaMa ca BeKTopuMa ocjoHLa. C/IMYHO TOMe, KOMOMHOBam€
CUMYJIMPDAHOT Ka/b€lha U FeHEeTCKUX a/JTOpUTaMa 3a MoJellaBame IapaMeTapa
kepHeJa je kopuitheHo y (Qilong, 2009). ¥ (Rozsypal, Kubat, 2003) cy kopuimhenu
reHeTCKH aJFOPUTMU Jila Y30pKyjy NpuMepe U aTpubyTe Kako OU CTBOPUJIHU

penpe3eHTaTHBHUje y30pKe 3a yueke KJacupuKaTopa.

Xunep XeypucTUKe

AnropuTMu 32 U3TpaAy CcTabana oAJydydMBama Cy Takobe Bpcra
ONTUMHU3ALUOHUX TEXHUKA KOja MpeTpaxyjy NpocTop cBUX Moryhux crabaja Koja
ce MOTy KOHCTPYHCAaTH U3 AOCTYNHUX aTpubyTa. Ta nmoTpara 3a Ao6puUM cTabioM
ce paJii U3 BUIlle KOPAKa, I'/le Cy CBHM TH KOpPALX 3alpaBO XeYPUCTHKE, Tj. IpaBuUJIa
KOja Texke Ka 60/bUM CTabMMa, alu 6e3 rapaHuuja. Cam ajgropuram 3a crabJa je

Takolhe XeypuCTHKa, KOja ce Ha3MBa U 'moxJienHa" (greedy) xeypucTHKa.

Xunep-xeypuctuke cy nosHatu Metoau (Burke et al, 2003) 3a usbop koje
XeYPUCTUKE KOPUCTUTH KOJi pa3HUX ONTUMHU3ALMOHUX MpobseMa. AKo ce cTora
CBaKka KOMIIOHEHTAa MOXKe CMaTpaTH XeypUCTHUKOM 3a pelllaBame MOTIpPo6seMa,
npoueaype Koje ONTUMU3Yjy U300p TUX XeypUCTHKA Ce MOTY TpPeTUpaTH xXuIlep-

xeypucTukama, kao y (Vella et al, 2009).

[eHeTHYKO MporpaMupame

Jour jesaH MPUCTYI KOjHU je aHAJIOTAH pellewkhy U3 OBe Te3e, je MPUCTYI FeHeTCKOT
nporpamupama (Koza, 1991). Ty ce Ha MHOro HWXEM HHUBOY aJFOPUTMHU
npeJCTaB/bajy NOjeIMHAYHUM UHCTPYKIMjaMa, YUMe Ce MOTY ONUCATH OUJIO KOjU
ajroputMu. [eHeTCKH aJrOpUTMHU Ce OHJA KOPUCTe Ja ONTUMU3Yjy HHU3
VMHCTPYKIMja, Kako 61 ce 100610 aJiropuTaM KOjUu pelllaBa Heku npobseM. [lo3Hat
NpUMep €eBOJIyUpame HHM3a UHCTPYKIMja Kako OU ce J006HMO airoputaMm 3a

copTupame 6pojeBa. PyHKIMja CBAKOT HU3a MHCTPYKIIHMja je Y KOjoj MepH je pellieH
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npo6J/ieM, Ha MpUMep KOJIMKO Cy GpOjeBH COPTHpPAHU KopullhemeM HEeKOr HHU3a
MHCTpyKuuja. [eHeTckuM omnepaTtopuMa ce OHZA MOAUPHUKY]y HHU30BHU

MHCTPYKIIUja, 0K Cce He J0OUjy jelMHKe KOje YCIIelIHO pelliaBajy 3aZjaTy Npo6JieM.

[Ipo6s1eM KOz OBOT IPUCTYIIA je LITO je Ha jaKo HUCKOM HUBOY (MHCTPYKLHja), LITO
6uM 32 KOMIJIMKOBAaHE aJropuTMe, KakBu cy anaroputmu 03I, 6uso BpJio

HENPAKTUYHO, jep je npocTop Moryher HM3a UHCTPYKI|Hja IPEBEJTUKHU.

KoMmnoHeHTe y npuctyny kopuiiheHOM y 0BOj Te€3U Ce MOTYy TPeTUPATH BPCTOM
WHCTPYKIIMje, CaMO Ha BUCOKOM HUBOY, Tj. MHCTPYKIUje JJOMEHCKU clieljuPpUuyHOr
jesuka (Fowler, 2010). [IpeTpara TakBOI NpoCTOpa je CTOra MHOro epuKacHuja,
jep u360pu THUX UHCTPYKIMja YBEK CTBApPajy airOPUTME Koje, 6apeM y HEKOj MepH,

peliaBajy 3aaTH nNpobJieM.

Yyeme cucTeMa 3a KJacupUKaiujy

Yuewe cuctema 3a knacudukauujy (eHr. Learning Classifier System) je npuctyn
KOju je mocTaByMO XoJlaH/[, OTal] FeHeTCKUX ajropurtama. Jlobap yBoj ce Moxe
Hahu y (Urbanowicz, Moore, 2009). Uxeja je fa ce eBosyupajy cucTeMU NpPaBUIIa,
Tako Jla ce Jo0uje CKyn HpaBWa KOjU [00pO KJACUPHKYjy UHCTAHLE HEKOT
npo6seMa. IlocToje BapujaHTe y KOjuMa Cy jeIMHKe CKYNOBM IpaBWJa, a OHE
pasMewyjy MNojeJUHa4yHa I[paBUJIa TEHETCKUM OllepaToOpyUMa; JOK Yy [ApYyroj

BapHjaHTH Ce Tpaku KOMOUWHaIMja NpaBUJja U3 jeJHOT Cynep-cKyna npaBuia.

OBaj mpucTyn 3ampaBO ONTHMMH3yje MojJes 3a Kkjaacupukalujy, a He caM
aJITOpUTaAM KOjU Kpeupa MoJieJ, IITO OJroBapa NPUCTYNY ONMMCAHOM Ha MOYETKY

OBOT IIOT'JIaBJbAd.

Cau4yHOCT ca MojesvMMa ctabJja je Uy ToMe IUTO ce usrpaheHa crabsa mory
NpeACTaBUTH Kao HU3 MPABUJIA, U KOPUCTUTH KA0 KJACUYaH CUCTeM 6a3upaH Ha

dKO-OHJa IIpaBHUJIMMaA.
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AyTOMAaTCKO reHepUcame aJropuraMa

AyTOMaTCKO reHepucaime aJropuTraMa je HUNak OWI0 MpegMeT CKOpalllkbUX
uctpaxkuBamwa. Y (Schimpf, Wallace, 2002) ce omnucyje OKBUp 3a TpaKeme
XUOpH/IHE KOMOMHAaLMje aJropyMTaMa, ajli He aJiropuTaMa 3a kiaacupukanujy, Beh
aJropMTaMa 3a KOMOMHATOpPHY ONTHUMM3alMjy, ca NpUMeHOM Ha no3HaTu CAT
npo6sieM. Y kwusu (Pappa, Freitas, 2010) ayTopu AUCKYTyjy CUCTEM 3a
ayTOMaTCKM [M3ajH ajJropuTaMa 3a OTKpHUBame 3aKOHUTOCHM y Mojauuma U
JleTa/bHUje aHa/JIM3UPajy NPpUMeEHY Ha cucTeMe KjJacupukalnyje noMmohy npaBuJa.
AyTopu Takohe kKopucTe eBOJIyIIMOHE aJITOPUTME Kao MeToJ npetpare. Hajsazn, y
(Barros et al, 2012) ce Takohe KOpHUCTe €BOJYLIUOHU aJITOPUTMHU 32 ONITUMU3ALU]Y
aJroputaMa 3a crabJia oJJly4MBama, IITO BPJIO pe30HMpA ca NPUCTYIOM Y OBO]

Te3H, U Jjaje BaJMAalyjy J1a IOCTOjU MOTHB Ja Ce ia/be PaJiu Ha OBOM MPO6JIeMY.

MeTa yyeme

Y ucTpaxxuBawkbuMMa 0 H3060pYy KOjU alrOPUTAM KOPUCTUTH Yy cHpenudUuHoj
CUTYyalUjy, IOCTOjU U MPUCTYI MeTa-yuewa (Smith-Miles, 2009), rge je uaeja ga ce
npaTe nepdopmaHce ajropuTamMa Ha pa3HUM CKyNoBHUMa IMoJaTaka, U Ja ce
MOKyIlla HAay4YUTHU KaJila KOju ajliropuTam Jiaje nobpe nepdopmaHce. U3 Besukor
Opoja npexoJHUX eKCllepuMeHaTa eBasyalidje airopuTama lpaBU ce HOBU MeTa-
CKyn [MoJaTaka, KOjU CaJipKM MeTa-aTpubyTe CKynoBa MmojaTaka (pasHe
CTAaTUCTHKe O MOoJalMuMa, TUIMNOBUMA MOJAATaKa, UTA.) U MOCTUTHYT KBaJIUTET
aaropuTMa. Haj TMM MeTa-cKynoM nojaTaka ce TpeHHpa MoJeJs 3a npejBubame

neppopMaHCH aJropuTMa.

OBaj mpucTyn Jakje UMa MCTH LUJ/b Kao U OBa Te3a, a TO je Jla u3abepe HAj60/bU
ajroputaMm U3 ckKyna nocrojehux. [IpuToM ce 3axTeBa mocTojambe 6ase
ekcriepuMeHarTa, ciadde oHoj y (Blockeel, 2006). Ca pgpyre cTpaHe, OoBUM ce
npejBuba KBa/iWTeT alropuTMa 0e3 myliTawma aJrOpUTMa Ha MojanuMa, Beh
npeJBubambeM Ha OCHOBY MeTa-loJaTaka. 360r Tora ce peliekwe Aobuja AoCTa

Op>ke o1 IPUCTYIa y OBOj Te3H, ajiv ca oipel)eHOM rpelikoM npe/iBubhama.
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Takobe, 3a MeTa-y4ueme je HEONXO/JHO Jia MOCTOje 3aMucH y 6a3u eKciepuMeHaTa
3a CBaKM aJITOPUTaM 3a KOju ce mpeABubha. 3a pasjiMKy OJ] TOTa, €BOJIYIHOHA
npeTpara CHOpHje eBaJyupa ajJropydTaM, ajld HeMa TpellKy Y eBajJyupamby
aJIrOpUTMa, a Takohe U 06WJIa3u caMo Zleo aJiropuTama y ToKy npetpare. Takobe,
3a eBOJIYLUOHY I[peTpary HHUje HEONXOJHO alpuhoOpU 3Halke O I[OHALIABkY

aJITOPUTMa, CaZIP’KaHO y 6Ha3aMa eKCIlepuMeHaTa.

Ha kpajy, oBa fjBa mpucTyna HHCy caMO aJTepHAaTUBHU HAUYMHHU 33 pellaBambe
u3bopa ajaroputaMa, Beh KOMIJIEMEHTAapHU MNPUCTYNH, TAe jefaH mpejBuba
nepdopmMaHce, 0K Apyru Mepu neppopmaHce Ha MambeM Jesy npocropa. Ctora

61 3a 06a npucTyna 610 KOpMCHO HAhKM HA4YWMH MHTerpaiuje o6a NpucTymna.
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IIpo6s1eMu npegBubama Ha OCHOBY HUCTOPHjCKMX NoOJAaTaka Cy HPUCYTHHU Y
roTOBO CBUM OpraHu3alyjaMma, a HbHUXOBO pelllaBame je OGUTHO 3a JJOHOLIeHe
palMOHaIHUX OJJIYKa Ha CBUM HMBOMMA. JelaH 0Jf yeCcTo KopUuinheHUX MoJesia 3a
npejBubame je U CTA6/10 oAsiyduBama ([lornasmbe 2), a aJropuTMH KOju U3
MCTOPUjCKUX NOJlaTaKa yye OBaKaB MO/ieJsl 3aBUCHOCTH Cy U3y4YaBaHHU JlelleHujaMa
yHaszaJ,. Y IuTepaTypH je ONKMCAHO BUILle aJirOpUTaMa 3a OBY HaMeHY, aJlu HUjeJlaH
HUje J[JOMHMHAHTAaH y CBUM IpHMeHaMma, Beh je MOTpe6HO HCIUTATU KOjU

aJIrOpyUTaM je OroJiaH 3a oJpeheHy npumMeHy.

['eHepanuszanujom nocrojehux ajroputamMa y BUy KOMIOHEHTHUX aJIrOpUTaMa
3a crabsaa ojguyuyuBamwa ([lornaBsbe 3) oTBopuo ce aAocta Behu mnpocTop
aisroputama ([lornaBme 4.1) koje je Moryhe KoOHCTpyucaTu U3 [ies0Ba
nocrojehux. Mako ce mokasyje Jia Taj IpoCTOP CaAPKH aJITOPUTME KOjU Cy OOJbU 0O/
nocrojehux MO3HATUX aJropuTaMma, IpeTpara TOr TMpocTopa 3a JA06pUM
aJrOPUTMOM HHUje jeJJHOCTAaBHA, jep MOTIyHa MpeTpara 4ecTo HHUje Moryha,
nocebHo y3uMMmajyhu y 0063uUp Ja NPOCTOpP pacTe ybp3aHO [l0/laBakbeM HOBUX

KOMIIOHEHTH.

OBa Te3a ce crtora 6aBU H3y4YaBamkbeM, MMIUIEMEHTALMjOM M TeCTHpPaHkEM
epeKTUBHMX HAaYHMHA 32 IpeTparoM Npocropa ajropuramMa, Kopuumhemem
MeTaxeypUuCTUKe eBOJIyIMOHMX ajaroputama ([lornassbe 4.2 u 4.3). [IpeTrparom
ce 3alpaBO ayTOMaTCKU TeHepulle HOBU KOMIIOHEHTHH aJIfTOpPUTaM, KOju je
epeKTHBaH 3a KM3abpaHU HpobJsieM mnpejBubawa. EBosynyona mperpara HeMma
rapaHiiydje nNpoHaJjaXeka IJ100aJHOT ONTUMYMa, ajli eKleprMeHTa/IHa NMpoBepa
(ITornasme 4.4) nokasyje [Ja cy npoHaheHa pemiema NPUOGIMKHO A00pa Kao
ONTHUMaJIHA, 60/ba 0/ nocTojehux aJiropuTaMa, Kao U /a je mpeTpara BpeMeHCKHU
edpukacHa. [lojaTHO Tpeba HaOMEHYTH [ia je U3abpaHa MeTaxeypUCTHUKa BpJiO
NOTo/iHa 3a MapaJsie/iHy MMIJIEMEHTALM]jy, na 64 3HayajHa ybop3arma MorJa Ja ce

Jl06H1jy U3BpIIaBamkeM y JUCTPUOYHPAHOM OKPYKEHY.
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[lopes reHepucaHor ajropuTMma 3a HM3abpaHu npobseM npejBubama, BpJio je
KOpDMCHA M aHa/M3a IOolyJalyje aJropuraMa Koja eBOJIyUpa, YuMe ce MOoxe
UAEHTUPUKOBATH KOPHMCHOCT CBaKe KOMIIOHEHTe 3a 'IpeXuBJ/baBame'
aJIrOPUTMa, Tj. YTULIQj KOMIIOHEHTE Ha KBaJIUTeT npe/Bubama (npuMep aHaiuse y
[lornaBsmy 4.5). UHTepecaHTHO je U Ja he KOMIOHeHTa "U3yMpeTH" jeJUHO aKO
HUje KOpUCHA y BUlle KOMOMHAlYja y pa3/IMYUTUM aJIrOPUTMHMA, LITO je MpaBu
TeCT ’beHOT KBaJIMTeTa. AHa/IM3e MOTeHLMja/IHUX Y3POKa aJIf0OpUTaMa Cy ¥ paHuje
pabene (Hmp. Loh, Shih, 1997), anu cy paheHe py4Ho 1 3axTeBaJie Cy J0CTa HANopa,

AOK Cy CaJia T€ aHaJIN3€ ayTOMATCKe, 360T KOMIIOHEHTHE npupozae aJiropuTama.

OBUME Cy CKyIlJb€He MOTBpPAE NpeAX0JHO M3HeTUx xunore3a ([lorsassbe 1.3) u
CTBOPEHO ONpaBJaHO BepoBamwe [1a ce OBUM NPUCTYNOM MOry jouml 6oJbe U

JIaKllle pellaBaTH Npo6/ieMu npe/iBubhama U3 nojaTaka.
HapaBHo, nocToje 1 jocTa HaUMHA KaKo 6U ce 10AaTHO YHANPeAUO 0Baj IPUCTYIIL.

[IpBo, 1 HajouUrieHUje, OTKPUBAakbeM HOBHMX KOMIIOHEHTH U NOTHpobieMa 6U ce
IpPOCTOp aJropuTamMa 3Ha4yajHO NMPOUIMPUO U OMOTyhuo (ayTOMaTCKO) KpeHpamwe
jour 60/bMX KOMINOHEHTHUX ajroputaMa. HoBe KOMIIOHEHTe ce MOTy HW3BJIa4UTH
13 o6jaB/beHUX YyHanpebewa nocrtojehux anropurtama (Ilornaesme 2.3), momyT
rpaHamka Ha OCHOBY BUlIe aTpubyTa ucrtoBpeMeHo (Oblique ctabaa). [nepajyhu y
Jlobpe pe3sysTaTe 6eHYMapK ajsroputama y [lornassby 4.4, cyrepucaHo je Takohe
Jla 61 6MJI0 KOPUCHO [0/1aTU 1 HOBM NOTHPOG6JIeM, npeiBUbhama y JIMCTY, KOjU He
6u yBek npe/iBrubhao BehMHCKy KJacy y JIMCTY, Beh KOPUCTHO CA0XKeHUjy QYHKIH]Y,

NOMYT JIOTUCTUYKE perpecuje.

Takobe je Moryhe nmpuMeHUTH KMCTH NMPUCTYN Ha Apyre ¢pamivje ajJropurama.
HacynpoT crabiuMa opajydyuBama 3a kjaacudukalyjy, BpJo jeJHOCTAaBHO OU ce
IPUCTYI MOrao MPUMEHTH U Ha cTa6Jia 3a perpecujy. Takohe, mokasaHo je 1 Kako
Ce aJropuTMM 3a KJacTepoBame MOy TeHepaju30BaTH Yy KOMIOHEHTHe
anroputMe (Delibasic et al, 2009c), kao u fja To Hocu 3HauyajHe kopucTH (Delibasic
et al, 2012b), ma 6u npeTpaxuBawe (Tj. reHepucame) ajropuraMa 3a

KJIacTepoBambe O6uJIa joul jefjHa 06J1aCT MPUMEHE OBOT MPUCTYMA.
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Y o0BOj Te3u je 3a mperTpary KopuiuheHa MeTaxeypHCTHUKa €BOJIYLMOHUX
ajqroputama, jep omoryhaBa eduKacHy HpeTpary Kaja NpPOCTOp NpeTpare U
byHKIMja M/ba HeMajy Jielle MaTeMaTHU4yKe 0COOMHe (MOMYyT KOHBEKCHOCTH) Koje
ONTUMHU3ALMOHE TEXHUKE MOTY JAa uckopucre. Takohe, npeTpara KOMIOHEHTH je
JUpeKTHa peajv3alyja "XumnoTe3e rpafuBHUX OJsiokoBa" (eHr. building block

hypothesis), koja JiexKh y OCHOBU I'eHETCKUX a/iIrOpUTaMa.

Wnak, 3a npetpary je Moryhe KOpUCTUTU U Apyre AOCTyIIHE MeTaxeypHUCTHKE,
NonyT Taby NpeTpakUBama, MeTOJe NPOMEH/bUBUX OKOJMHA, ONTHUMM3alUja
KOJIOHMjOM MpaBa, UT/. [IpuMeHa cBake o/ OBUX MeTOJa OM 3aTeBasio MOCEGHO
npusiarohaBamwe Npob6seMy mpeTpare KOMIOHEHTHUX aJrOpUTaMa, U U3rpajiiby
cneuudUyHe peasnsalyje n3abpaHe MeTaxeypUcTUKe. Tako 6H, HIP. 32 NIPUMEHY
MeToJile NpoMeH/bUBUX OKoJiMHA (Hansen et al, 2010), Mmopasio fa ce gebuHUIIe
HEKOJIMKO OKOJIMHA (CyceACcTBa), HA MPUMEpP, OKOJIMHA MPOMEHOM IapaMeTapa,
OKOJINHA NPOMEHOM jeJjHEe KoMIOHeHTe, UT[. OBakBe peajusalnuje ApPyrux
MeTaxeypucCTHKa U nopehemwe ca oB/ie IPpUMeHEHUM €BOJIYIIUOHUM aJITOPUTMOM,

6u 6usio 7,06po BUAeTH y 6yayhHOCTH.

Y npob6JsieMHMa KOHCTpYKIMje ajJropuTaMa 3a U3rpajilby CTabJsa oJJ1y4MBaiba,
KOjU Cy M3y4YaBaHU y OBOj Te3H, He NOCTOje OrpaHMYema y TOMe KaKO Ce MOTY
KOMOWHOBAaTH KOMIIOHEHTEe pas3JIMYUTHX NoThnpobseMa. CBaka KoMOHUHalUja je
Moryha, caMo cy HeKe ycneliHUje y npe/iBubamy, 10K Apyre Mawe. MehyTum, 1ako
je 3aMUCJIMTH /ia 0/laBalkbeéM HOBUX KOMIIOHEHTH, NOTNPO6JieMa, UM IPUMEHU Ha
ApyruM paMuivjamMa ajJropuraMa, ce mojaBe orpaHudera. Ta orpaHudYema 6u
3allpaBO pekJa Ja je HeMoryhe cTapToOBaTH a/lroputaM ca oJijpeheHum,
HEKOMIMATUOUIHUM, KOMIIOHEHTaMa. YKOJHMKO Ce TeHEeTCKUMM oOllepaTopuma
CTBOPU TaKaB HEKOMMIATUOWJ/IAH XPOMO30M, OH OU ayTOMaTCKU OUO eJIMMHUHUCAH
u3 nonyJsaauuje. MehyTrm, ako cy orpaHuderwma CTpora, nomnyJsauuje he caapxatu
MHOT0 OBaKBUX XpOMO30Ma Koju he OUTH OTCTpPamkEHH, LUITO MOXKE Jla NOPeMEeTH
paza eBoJsiyquoHoOr ajiroputMa. Ctora 6U ce TakKBU CJy4ajeBU MOTIJIM PEUIUTHU
M3MEHOM CaMHUX TeHeTCKUX OIlepaTopa, TakKo Ja He J[03BOJIe KpeHupamwe

HEKOMITIaTHOUJIHUX XpoMo3oMa.
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Y IlornaBmy 5 ce Takohe MoMHE€ NMPUCTYI MeTa-yueha, Kao ajJTepHaTHBaH
HauMH Jia ce u3abepe fobap ajropuram, ajyd 6e3 cTapTOBawka CaMOTI aJITOPUTMA,
Beh Ha OCHOBY mIpejABuhama Ha OCHOBY 0COOMHA MpobJieMa U CaMOT aJIfOPUTMa,
KOje je HaydyeHO Ha paHMjeM NyLITawky ajJropuTamMa Ha CJAWYHUM NpobieMuma
(Hop. u3 6a3e ekcrnepuMeHata (Blockeel, 2006)). ¥ npocTopy KOMIOHEHTHHX
aJropuTaMa, MeTa-yyelwe OH MOIJIO Ja Ce KOPHCTH Yy CHHepruju ca
€BOJIyIMOHOM mnpeTparoM. CHcTeM 3a MeTa-yuewme MOXe, U3 MNPeAXOJHUX
MCKYCTaBa paZila KOMIOHEHTH, Jja MPeABUAN KOje KOMIIOHEHTEe GU Ce MOHalIale
Jl06po, yruMe OU ce Cy3MO MPOCTOP Ha TaKBe KOMIIOHEHTE. Y TOM MOTHIPOCTOPY
€BOJIYLIMOHU aJITOPUTAM MOXKe UHTEJUTeHTHO W3BPIIMTH MpeTpary Ha Ao6puM
aJIrOpUTMOM, 3allpaBo NyiuTajyhu feo ajropurtama Ha Mpo6JeMy Koju ce peliasa.
Ha Taj HauuH 6U ce u3berJie rpelike Koje npejaBubame MeTa-yuyewa IMpaBH, a

yje/JHO ¥ 3HAaTHO y6p3aJia peTpara Kojy eBoJIyIIUOHHU aJrOpUTaM MpPaBH.

Moxxe ce pehu fga 6u y TakBOj MHTerpanuju CUCTEM MeTa-y4iema OJroBapao
anpuopu pacrnozieii BepoBaTHohe aJiropuTMa y KOMIOHEHTHOM MPOCTOPY, 0K
6U MU3BpIlIABakbe aJropuTaMa Koje eBJIOLYHOHU aJITOPUTAM CIPOBOAU GUIO IO
arnoCTepUoOpU PaCHoZied, Tj. TPaXHOo 6U Ce MOJAYC anoCTEPUOPH pacrojesie

KOMIIOHEHTHHX aJIrOpHUTaMa.

Kako 6u ce cucTeM MeTa-y4yera U €BOJIYIIUOHOT aJITOPUTMOM UHTErPUCAIH, MOXKeE
ce npukasatu U Caukom 37, rAe ce BUAM KaKo ce A00ujajy mpaBuJa Koje
KOMIIOHEHTE KOPUCTUTH (MeTa-yuyewe, MeTa-XeypuCcTHUKa) U3 pe3yJsTarTa
eBaslyauuje neppopMaHCU a/lrOpUTaMa, [IOK Kpeupamwe (JM3ajH) ajropurama
3aBUCM M OH MeTa-lpaBuJja, U O0J, MpPoCTopa ajiroputama JepuHUCAHUX
nocrojehuM KoMmnoHeHTaMa Yy peno3utopujyMmy. OBaj JujarpaM 3ampaBo
npe/CcTaB/ba IPOIIMpPEeHe OKBUPA 32 Ay TOMATCKU AU3ajH U CeJIeKLUjy aJIroOpuTaMa

(Smith-Miles, 2009), kao u ajanTayujy Ha KOMIOHEHTHE aJIFOPUTME.
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algorithm {RCR}
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results

Cnuka 37. [lpomimpere okBupa (Smith-Miles, 2009) u uHTerpanuja Meta-yyema u

dAYTOMATCKOTI TeHepHCalkba aJIFTOPUTaMa

OBa Te3a Oo/iIr0BApa Ha IMNMHTAKkE KaKo je MOFYhe dyTOMATHU30BATH KpeHupamwe

aJropuTaMa 3a H3rpajJiiby cTab/ja oJlydMBalba, TaKo Ja ce nAo6uje 6Gosbe

npujaroheH ajaroputaM mnoJanuMa M Mpob6JeMy KOjU Ce pellaBa, y3 TO

omoryhaBajyhu u aHanu3y 00ujeHOT pellewa. Mnak, oBOM ce Te30M OoTBapa joll

BUIllE NHTama KoOje je HEeONXOJHO HCTPaXWUTH y OyayhHOCTH, Kako 6U OBH

aJITOPUTMHU OUJIM jOII KOPUCHHUjU LIMPEM KPYTY JbYAH, Kao moMoh y npeaBubamy,

paau 60Jber JOHOIIEHA OJI/IyKa.
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Y okBUpY OBe JjucepTalyje Kao K/bYYHHU HAYYHU JONPUHOCU MOTY Ce U3IBOjUTHU:

e dopmyaayuja HoB02 npobsaema npempaixcuearbd npocmopd
KOMNOHEHMHUXx aszazopumama (mj. Hog02 Modead KOMOUHAMOpPHe
onmumu3ayuje), YjuM pelllaBalkbeM Ce MOTY FeHeprucaTHu aJrOpUTMH 3a
cnenupryuHy npuMeHy. OBUM ce OTBapa HOBU MCTPa)KUBa4yKH MPOOJIEM,
Bpe/laH pellaBaka M JpPYyrUM MeToJaMa Koje OBa JAucepTayuja He
o6pabyije.

e Pa3zeoj Hoee .memode 3a npempaz2y npocmopa KOMNOHEHMHUX
as1zopumama 3a cmaé6.aa o0dayquearsa, JebuHHUCakbeM peasid3aluje
XUIEPXEYPUCTHUKE €BOJIYIIMOHUX aJropuTama. OkBUDp oBe
MeTaxXeypUCTHUKE je MPOLIUPEH CIelMPpHUIHOM pelnpe3eHTaljoM pellema,
reHeTCKUM OllepaTopuMa, U HaorpaZilbaMa Koje yHamnpehyjy epukacHOCT
npeTpare.

e Emnupujcka esasayayuja u3zepaheHo2 npucmynd, HWA30M MaXKX/bUBO
OCMMIUI/bEHUX eKCllepUMeHaTa, YMMe ce 06uja NoTBpAa 0 eGpeKTUBHOCTHU
U epUKACHOCTH MeTo/ia, nopehemeM y 0lHOCY HAa ONTUMaJIHA pellema U y
OIHOCY Ha OeHYMapK aJrOpyMTMe, Ha jaBHO JAOCTYIIHUM MojalyMa 3a
npoBepy. EMnupujcka npoBepa omoryhusa je U KapaKTepu3aLujy
KpeupaHUX aJroputaMa y BUJYy 3HA4YajHOCTH MOjeJUHHUX KOMIIOHEHTHU 3a
YKyIaH yYMHAK aJropUTMa.

e HHoeamueHa npumeHa v3rpaheHOT NPUCTyIa HA MpobJieM NpeaBrubama
ycnexa CTyJeHaTa, y3 aHa/lu3y pelleka U yodyaBambe KOMIIOHEHTH
ajJiropuTaMa 3a cTabja oJylydydBamba KOjU Wrpajy KJ/bYYHY YJIOTY VY
peliaBajy ToOr mpob6JsemMa, IITO MOXe MMaTHh KOPUCTU U U3BAH NMpPUMEHE
KOMITOHEHTHHUX aJIr0pUTaMa.

e JlompuHOC OBe JuUceprayuje orjeja Ce U y JaToj CUCTEMATU3ALUjU
nperJiefa JuTepaType M3 06J1acTU cTabajia O/Jy4MBamba M ajiropurama

6331/IpaHI/IX Ha KOMIIOHEHTaMd, Kd0 U KPUTUYKOM OCBPTY Ha AJOCaJdalllla
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UCTpaXUBaka y MpeAMeTHO] 006JlacTU ca NOoCeOHMM aKLEeHTOM Ha
pesieBaHTHe CPOJIHE IPUCTYIIE.

e KonauHo, CBOjeBpCHU JONIPUHOC oBe Juvcepranuje je
MYJATUAUCHUIIIMHAPHOCT OCTBApeHa MOBe3UMBakEM 00J1aCTU OTKPUBamba
3aKOHHUTOCTM y MOoJallMMa, MeETOoJa ONTUMU3aluje U CcoPTBEpPCKOT

WHXXeHhePCTBa.

Takobe, gucepTauuja Hocu U oapeheH cmpyyHu donpuHoc:

e Hoea coghmeepcka umnaemeHmayuja npeLJOKEHOT pellemna, Y3
MHTerpanyjy Kao MoJyJl 3a MONyJiapHU cOPTBep OTBOPEHOr KojAa 3a
OTKpHUBakhe 3aKOHUTOCTU Yy mnojaauuma, RapidMiner, yuMe ce 3HATHO
oJlaKlllaBa Kopulihewe MeToAe W MNpPUOJMKaBa NOCTojehoj cTpydHO]
3ajeguuLu. Takobhe je oMoryheH oKBHp 3a Aa/by HaJlOrpaJby copTBEpPA U
npouMpewe, M0CeO6HO MPOy3POKOBAHO HMILJIEMEHTALIMjOM HOBHUX

KOMIIOHEHTH 3a aJIFTOpUTaAME 3a crabJsa O4JTy4YHBakba.

JlonmprHOCK Koje oOBa JucepTalndja JIOHOCM Cy U BepUPUKOBAHU Yy HAYUHO]
3ajeJHULY, MyOJUKALKMjOM Yy peJieBAaHTHUM UW yrJeAHUM MehyHapoJHUM
yaconMcuMa W KoHdepeHuujama. [lpersien mny6suKanyja ca NaplUjaJHUM
ponprHocoM (IlornaBsbe 3 u 5) u Bogehum gonpunocom (I[lornassbe 4) gatu cy y
HacTaBky. CBM NpHUKa3aHM paJioBU Ccy o06jaB/beHU Yy 4Yacomucuma H

KoHepeHIMjaMa peJieBaHTHUM 3a YKy Hay4Hy 00J1acT JucepTaliyje.
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Mwuiow JopaHoBuh je pohen 1982. ronune y Ctpyru, Peny6avka Makeaonuja. Of,
TaZia >kuBM y beorpazy, rze je 3aBpliMo OCHOBHO U Cpe/itbe 00pa3oBambe.

@akyater OpranusanyvoHux Hayka, YHuBepsuTera y beorpaay, ynucyje 2001.
roguHe. /lunsioMupao je Ha ojceky 3a UHpopmauumone cucreMe 2006. roauvHe, ca
TeMoM: ,Penpe3eHTanuja 3Hawa kao MocT usMebhy /lejta-majuunra u ExcnepTHux
cucrema“.

Opn peuem6pa 2007. roguHe je 3anocjieH Ha PakyaTETy OpraHU3alMOHUX HAYKa,
Ha Karegpu 3a Opranusanujy NOCJOBHUX cuUcTeMa, lleHTap a MOCJIOBHO
OJJIy4YHBambe, e paju Ao JaHac. [I[peagMeTr Ha KojuMa je pajydo Ha OCHOBHUM
aKaJleMCKMM cTyAujaMa cy: Teopuja ofJyydyuBama, [locsioBHa HWHTe/UreHLMja,
CucteMHu 3a NOAPIIKY OJJydMBay, MallMHCKO y4yeme; a Ha MacTep aKaJeMCKUM
cryaujama: CucTeMHM 1OCJIOBHe UHTeaureHuuje, CkiaafviuTa noJaTaka,
OTKprBamwe 3aKOHUTOCTH y NoJanuMa, U Pa3Boj airoprurtama MallMHCKOT yYea.
Takobe je y Toky pasa Ha Paky/aTeTy OpraHM3allMOHUX Hayka OMO 4JaH BHIIe
KOMUCHja 3a 0/0paHy 3aBPIIHUX paioBa.

JokTopcke ctyauje ynucyje 2008. roarHe Ha @aKy/TeTy OpraHU3allMOHUX HAYKa,
YHuBep3uteta y beorpaay, Ha oaceky 3a OmepanuoHa UCTpaKUBama, TJe je
MOJIOXKHUO CBe npeJMeTe ca oneHoM 10.

Y 2012. roagyMHU NocTaje JUleHIIMpaHu ekcrepT 3a copTBep RapidMiner, jenan of
HajkopuinheHUjux coPpTBepa OTBOPEHOr KOJla 32 OTKpPUBAH€ 3aKOHUTOCTH Y
noJlalMa ¥ aHaJu3y NoJaTaka.

Y mapty 2012. roguHe je 6M0 aHTaXKOBaH Kao rocTyjyhu npejaBay Ha MpeiMeTy
,MW 31.1 Business intelligence“, Ha Friedrich-Schiller YuuBep3uTeTy y JeHHU
(Hemauka), y okBupy kaTegpe 3a UHpopmanoHe cucreme.

Op okrtobpa 2014. go jysa 2015. roauHe rocryje Kao UCTpakuBad Ha Temin
YHuBep3utety, y ®unagenduju, Ilencunsanuja, CAJl, y LleHTpy 3a aHaiusy
noJilaTaka 1 6MonHPOpPMaTUKY, O], pyKOBOACTBOM Jp 3opaHa O6pazoBuha.

Y ToKy cTyaupama o06jaBHO je Behu 6poj pajjoBa Ha JoMahuM W CTpPaHUM
KOHepeHIMjaMa, Kao U y MehyHapoAHHUM 4Yacomucuma, of, 4yera v 9 pajioBa Ha
YaconucuMa ca UMIAKT GaKTOpPOM U3 peJieBaHTHe y»Ke HayuHe o6sactu. Takobe je
U KOAayTOp MNpHjaB/bEHOI TEXHUYKOr pelleha, Kao jeJHe CTPy4YHe KHbUre
,AJITOPUTMH MaIIMHCKOT y4Yera 3a OTKPUBake 3aKOHMTOCTH y mojanuma’.
Y4yecTBOBAO je M Ha HEKOJIMKO JJoMahux U MehyHapoaHUX NpojeKaTa.



Mpunor 1.

U3jaBa 0 ayTopcCTBY

MoTnucaHu-a f’\//\ UANO0I 10 BAHoR ﬂ
6poj uHAekca o /Z@O &

MsjaBrbyjem

[a je JOKTOpCKa AucepTauuja noj HacnoBom

A}j’;‘ohk‘r‘cwo {eHepPU AL ANVOPpUTAMA  CTAH AN
O N MUbAdhA A Kﬂchimz:ww;\);

e  pe3ynTaT CONCTBEHOr NCTpaXXnBa4kor paaa,

e [a npegnoXxeHa gucepTrauuvja y LENVHU HU ¥ AenoBruMa Hyje Buna npeanoxeHa
3a pobuvjakbe OMNO Koje gunnome npema CTYAW|CKUM nporpamuma gpyrux
BWCOKOLUKONCKUX YCTaHOBA,

e [a CYy pe3yntath KOPeKTHO HaBedeHU U .

e [a HUCaM KpLuMO/na ayTopcKa npaBa W KOPUCTUO WHTENEKTYanHy CBOjVHY
ApYyrix nuua.

MoTnuc gokropaHaa

Y Beorpaay, 15 04 2016




Mpwvnor 2.

M3jaBa 0 UICTOBETHOCTU LUTAMMNaHe U eNeKTPOHCKe
Bep3unje AOKTOPCKOr paaa

Nme v npesvme ayTtopa M‘v’mcm _L*D BA’HOGVJ:]

Bpoj nHaekca S;‘?/Z.OO&)'_’

Cryamjckn nporpam Oﬂ&pﬂwqowﬂ UCTPA HUBA A

Hacnoe paga ANToMAT o [eHepichtbe ANMOPNTAMA CTAEARM DAYT4bA bl SA
’ ENRCAG AN/

MeHTop __2.P MMJILA?}Pr- C_\{yéj.}of_’;\.;?:)

MoTnucaHw/a [b\ W Ao jO&M{o@qﬁ

M3jaBrbyjem fa je wramnaHa Bepauja MOr [OKTOPCKOr paja UCTOBETHA ereKTPOHCKO]
BEP3MjM Kojy cam npepao/na 3a objaerevBarse Ha noprtany Jdurutandor
peno3uTopujyma YHUuBep3uTeTa y beorpaay.

[os3sorbaBam ga ce objaBe Moju NWYHKU Nodaum Be3aHW 3a Aobujawe akagemckor
3Bakba AOKTOpA Hayka, Kao LUTO cy UMe W npesumMe, roquHa n MecTo poherwa n gatym
onbpade paga.

OBM NUYHKM nojaun Mory ce o06jaBuUTM Ha MPEXHUM CTpaHuuama aurvTande
BubnuoTeke, y eneKTpoHCKOM kaTanory 1y nybnukaumjama YHusepauteta y beorpaay.

MoTnuc AokTopaHaa

Y Beorpaay, 1§.04.2016.




Mpunor 3.
UsjaBa o kopuwhewy
Osnawhyjem YHusepautetcky 6ubnuoteky ,Ceetosap Mapkosuh® pa y [durutantHu

penosnTopunjym YHueepauteta y bBeorpagy yHece MOjy AOKTOPCKY Auceptauujy noj
HacnoBoMm:

Avronarcro  (ewepuchie  Atropuriiia  CTABANA- 0449 “uRAbp
2n EAhcuduiLAva g
J

Koja je Moje ayTOpCKo Aeno.

AucepTauujy ca cBUM Npunosvma npegao/na cam y enekTpoHCcKom opmaTy norogHom
3a TpajHO apXuBMpaHe.

Mojy OoKTopcKy AvucepTauujy noxpaweHy y AurutanHyi peno3utopujym YHusepauTeTa
y Beorpagy mory ga kopucTe CBuW Koju nowTyjy oapenbe cagpxaHe y ogabpaHom tuny
nuueHue KpeatueHe 3ajegHuue (Creative Commons) 3a Kojy cam ce ogny4uo/nd.

@Ay‘ropcmo

2. AyTOpPCTBO - HEKOMEpUWjanHo

3. AyTopcTBO — HEKOMepuujanHo — 6e3 npepane

4. AYTOpPCTBO — HEKOMEpLMjarnHo — A4enuTi Nog UCTUM ycrnosuma
5. AytopcTtBo — 6e3 npepage

6. AYyTOpCTBO — OenuTu nog MCTUM ycrosuma

(Monumo aa 3a0KpyXuTe camo jeAHy O4 LWecT noHyfeHux nuueHUW, KpaTtak onuc
NUUEHUM 4art je Ha nonefuHn nucta).

MoTnuc gokropaHaa

Y Beorpaay, 15 o4, 7046,




