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AHAJIN3 COBPEMEHHbBIX CPEJICTB CO3JAHUSA CUCTEM
PACITIO3HOBAHUA JIMIL U UX ITPUMEHEHHUE

Anydpues I1aBen

Abstract: TIpoBeaeH CpaBHUTEIBHBIA aHAIM3 CYIICCTBYIOMIMX CPEACTB CO3JaHHS CHCTEM Paclo3HaBaHHUS
JIUII, BBISIBJICHBI UX JIOCTOMHCTBA M HemocTaTku. OmnpesenieHbl OCHOBHBIC (DYHKIIMOHANBHBIC TPEOOBaHUS K
AKCIIEPUMEHTAILHOMY  00pasily TpOTPaMMHON CHUCTEMBI  PAclO3HABaHWS JIMII CO  BCTPOCHHOMU
YCOBEPIIICHCTBOBAHHON MOJIENBI0 HUCKYCCTBEHHOTO HMHTE/UIGKTa H  CPOPMHPOBAHBI BapUAHTHI €€
ucnois3oBanus. IlpenctaBieH HHTEPHEHC SKCIECPUMEHTAIBHON CHUCTEMBI, OCHOBHBIE BO3MOXKHOCTHU
cosznaHHoro oopasma. [IpuBeeHbI pe3yIbTaThl OMBITOB.

Keywords: cucrema pacro3HaBaHHs JIHI[, OSKCIEPUMEHTAIbHAS CHCTEMa, MOJENb, HCKYCCTBCHHBIN
uraremekt, Al, NN, CNN

ANALYSIS OF MODERN TOOLS FOR CREATING FACE RECOGNITION SYSTEMS
AND THEIR APPLICATION

Pavlo Anufriiev

Abstract: A comparative analysis of existing tools for creating face recognition systems was carried out;
their advantages and disadvantages are revealed. The main functional requirements for an experimental
sample of a face recognition software system with a built-in improved artificial intelligence model are
determined and variants of its use are formed. The interface of the experimental system, the main features of
the created sample are presented. The results of the experiments are presented.

Keywords: face recognition system, experimental system, model, artificial intelligence, Al, NN, CNN

1. Beegenue

3amaya pacno3HABAaHUS JIMI[ SIBISETCS OAHOM M3 aKTyalbHBIX 3a/lad HCKYCTBEHHOI'O
untenekra (Al). Cucrempl, pemaromme 3Ty 3adady, MOTYT OBbITb HCIOJNb30BaHbl IS
aBTOMaTH3allUd HUACHTU(QHUKAIMK JI0eH Ha W300pakeHUsX, s TNPOBEPKH M aBTOPU3ALUU
10JIb30BATEJEHN CUCTEM WM COTPYJHUKOB KOMIIAHUHM, a TaKXkKe JUIsl MHOTHX JAPYTUX 3a/a4.

Jlns pemieHus Takux 3aaa4 ucnoib3yrorcs HelipoHHble ceTd (NN). OHu sBISAIOTCS OAHUM U3
HarpaBieHuid Al, 3h(exTUBHO CHpaBIAOMMXCA C TOJOOHBIMH 3aJa4aMH, TIOCKOJIBKY HX
peanu3aiys OCHOBaHa Ha MBICIMTENbHON JIESITEIBHOCTH 4YeJIOBEKa, 4YTO o0ecrneyuBaer
YCTOMUYMBOCTD K IIyMaM M MCKaXCHUSM B JaHHBIX. Hanboree mOAXoMAMu TSl PeIIeHHs TaKOW
3ajaun  ABIAOTCS cBepTouHble HeWpoHHble ceTH (CNN), xoropble ¢ camoro Havajga ObUIH
HalleJIeHbl Ha pacrno3HaBaHue wuzoOpaxkeHuit [1]-[3]. Kpome Toro, Bce Oombliie COBpEMEHHBIX
CHCTEM paclo3HaBaHMs JMII HCIOJNb3YIOT B KayecTBe MoOJeNeil  MMEHHO MHOTOYHCIICHHbIE
moudukarrn CNN.

VY4uuTeiBasgs BCE 3TO, OCHOBHOM LENbI0O DPA0OTHl SBISAETCS CPABHUTEIbHBIM  aHANIM3
CYLIECTBYIOIIMX CHUCTEM pacno3HaBaHus juil ¢ moaensmMu Al u, B yactHoctH, moaenssMu CNN u
CpeACT UX MPOEKTUPOBAHUA Ui ONpENeeHUss MyTed CO3AaHus HKCHEPUMEHTAIBHOW CHUCTEMBI
pacrno3HaBaHUsl 1Sl 00pa30BaTeIbHBIX OpraHU3alui.

2. CucremMbl pacno3HABaHUA JHI U CIIOCOOBI X YJIY4YlIEHHUS
Hauwunas ¢ 1990 r., psg komnanuii [4]—[8] npennaraiy U mpo0JDKAIOT CO3/1aBaTh CUCTEMBI,

WCIOJIB3YIONINEe HEMPOHHYIO CETh U APYTHe MOAXOJbI MAIIMHHOTO OOYUYEHUS AJI PEIICHUs TaKUX
Pa3HOIUIAHOBBIX 33/1a4y KJIACCHU(PUKAIMKM W PACIIO3HABAHUA, KaK OMoMeTprYecKas UACHTU(UKAIUS
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yenoBeKa (OTMeYaTKH MalbleB, JIMIA, CeTYATKU IJla3a), KOMIbIOTEPHOE 3pEeHHEe, POOOTOTEXHUKA U
ap.

Crnenyer ormetutb, uTo B 2013 romy CNN Hauanm ucnosb30BaTh I 33/1a4d Pacrio3HABAHUS
mun [1], [2], [9]. lepBoe ucnonbszoBanrne CNN mo3BOIMIO MOBBICUTh TOYHOCTh HEOTPAHUYEHHOTO
pacnio3HaBanus Juil B 15 pa3. Takum o00pa3om, COBPEMEHHOE pa3BUTHUE METOJOB CO3JIaHUs
cucteMbl pacnio3HaBanusi Ha ocHoBe NN u CNN 1o3BoIsieT CTPOUTh U MPAKTUYECKH UCIIOJIb30BATh
CUCTEMBI, paboTalolue B PeKUME PeaTbHOr0 BpeMEHH, He TpeOysl 3HAUMTENbHBIX (PMHAHCOBBIX U
MarepuaibHBIX 3arpar. [lpm 3TOM BO3MOXHO JajbHEWIEe YJIYYIIEHHE KaueCTBEHHBIX
XapaKTePUCTHK CHUCTEM, TAKUX KaK TOYHOCTh U MPABUIHHOCTH PACIIO3HABAHUSI.

B [10] npemyioxena ycoBepuieHcTBoBaHHas apxutekrypa OpenFace CNN [11] u npouenypa
ee 00ydeHHs, 00eCTIeUnBaOINAsl TIOBHIIICHUE TOYHOCTH PACTIO3HABAHMS 0€3 CHIKEHUS BPEMEHHBIX
XapaKTepUCTHK, JOCTAaTOYHBIX JJsi paboThl B peajlbHOM Macmitabe BpemMeHH. B ocHoBe
Moau(HUKAINY JIe)KAT U3MEHEHUS MTOIXO0JIOB K €€ 00YUCHHIO.

Boigeneno nBa HampaBienuss Moaudukauuu. IlepBoe mpeamnonaraeT HMCHOJb30BaHUE
cneunanbHo (ynkimu ommOku Triplet Loss, KoTopas MO3BOJSET YMEHBIIUTH PACCTOSHHUE
BEKTOPOB MPU3HAKOB MEXIY H300paKEHUSIMU OJIHOTO M TOTO K€ 4YeJlOBEKa U YBEIMYUTh
paccTosiHue MEXIy BEKTOpaMU M300paKeHUH pa3HBIX JIOCH. BTopoe HampaBieHHe mpenoaaract
o0yuaTh KiaccU(UKATOP C MOCIHEAYIOUIUM YAAaJCHUEM MOCIEAHET0 KIACCH(PHUIUPYIOIIETO CIIOS.
Taxum 00pa3oM ycoBepIlIEHCTBOBaHHAsl MOJIENM pacno3HaBaHus ctpoutcs Ha 6asze OpenFace CNN
1 o0yyaercs Kak KiIacCU(UKATOp, MPU 3TOM A00ABICH JOMOIHUTENbHBIN CION JJIs BBHITOTHEHUS
KJIaCCU(UKALIUU.

Taxxe B JOMONHEHHWE K BBIOPAaHHOMY METOAYy OOy4YeHHUs MpeasiaraeTcs peaan3oBaTh
YCOBEPILIEHCTBOBAHHYIO CTPYKTYPY CE€TH. BBUIO pelieHo ynpocTUTh €ro, HO MpH 3TOM OOYy4YHUTh Ha
JnocTtaToyHo OonbiioM Habope naHHbIX [12]. [Ins 9TOro B YCOBEpUICHCTBOBAHHOHN CETEBOM
CTpYKType OBUIM yHoaleHbel 4-1 ® 5-1 Tpymnmbl HaYalbHBIX CioeB. VccnemoBaHus
ycoBeplleHCcTBOBaHHOM ceTu [10] mokaszamu, 4To mpenioKeHHas MOAU(HUKAIUS CYIIECTBEHHO
COKpallaeT BpeMsi o0yueHus: 0e3 CHIKEHHUsI KauyecTBa pacrio3HaBaHUsI.

JlJis mpaKTHYeCKON MPOBEPKH BO3MOXKHOCTH CO3JAHMsI CUCTEMBbl PACIIO3HABAHUSA JIMII JJIS
MajJbIX ~ OpraHu3aius, THNa o0pa30BaTeIbHBIX  YUPEXKACHUMN, TMpeajIaraercs  Co3/aTh
OKCIIEPUMEHTANIbHBIA ~ O0pa3eln;  Takoro  poja  CUCTeMbl Ha  0a3e  TpeIIoKEHHOU
YCOBEPIIEHCTBOBAHHOM MOJIEIH.

3. AHaau3 (l)yHKlll/IOHaJ'lebIX BO3MOKHOCTEI CHCTEM pacno3HaBaHusd JTUIL

[Ipu pa3paboTke OHKCIEPUMEHTATBLHONM CHCTEMBI IS BbIOOpa €€ (PYHKIIMOHAIBHBIX
BO3MO>XHOCTEH BBINOJIHEH aHAJIU3 Psa MHCTPYMEHTAIbHBIX cpeAcTB [4]—[8], mpennmaraeMsix Ha
COBPEMEHHOM PBIHKE POTrPAMMHOI0 00€CI€UEeHHUS.

Jlanee TPUBOAUTHCS AHAIU3 CUCTEM, KOTOpbIE, HA HAll B3MVIAJ, SBJSIOTCS JIy4IIUMU
MPOJIYKTaMHU B 3TOW obnacTu [4]:

MegaMatcher SDK [5] co3man 1ms pa3pabOTYMKOB MYIbTHOHOMETPHUYECKUX CHCTEM.
TexHonorus obecrneynBaeT BBICOKYIO HAJIEKHOCTh U CKOPOCTh OMOMETPUYECKON HMIACHTHU(PUKALUU
Ja’ke TIPU UCTIONB30BaHUU OONBIINX 0a3 JaHHBIX.

Hoctynseiit B Buse SDK, oH no3BosiseT pa3padarbiBaTh KpyITHOMACIITAOHbIE TPOIYKTHI TS
UACHTU(UKAIIMYA OTIEYATKOB MaNbLIEB, pajy>KHOW 00O0JOYKH IJ1a3a, JUIa, ToJI0ca WU JaJ0HH IS
matdopm Microsoft Windows, Linux, macOS, i0OS u Android.

MegaMatcher SDK gocTynen mjisi ckauuBaHusl, HO MpoOHasi Bepcus NMpoaykrTa neictsyet 30
nHe. ['maBHbIM HegocTaTOK — 1eHa npoaykra — oT 2 500 mo 5 000 eBpo. Creayronumii HETOCTATOK
3aKiroyaercs B ToMm, yto MegaMatcher SDK He nojepxuBaet a3bIk porpaMmupoBanus Python, a
caMo TIpwiIOXKeHue naeckTomHoe. CIOXHOCTh ucnonb3oBanus SDK  Oymer 3akmiouaTecs B
amantanuu Oubnmorek Ha s3pikax JAVA, C++, VB mox pemenus wuccnemoBarens Al. B
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COBPEMEHHBIX YCIIOBHUSIX BCE Yallleé HCIOJIBb3YIOTCA KpOcCIUIaT(OpMEHHbIE M BeO-peleHus s
peleHus 3a/1a4 MallMHHOTO MJIM TIYOOKOro 00yueHusl.

Kpome Toro, HeBo3MOXkHO uccienoBatb Moaenu Al, ucnonpzyemble A paclio3HaBaHUSA,
oOHapyxeHwusl, Bepupukanuu u uneHtudukanuu jmi. To ectb MegaMatcher SDK — ne my4mmii
BBIOOD TSI TOCJIEYIOIIETO UCIIOJIb30BAHUS MTPH pa3paboTKe IKCIEPUMEHTAIbHBIX CHCTEM.

MegaMatcher ABIS [6] — 3TO BbICOKONIPOU3BOAUTEIBHOE PEIICHHUE I OMOMETPUUECKOM
uaeHTuUKanum, papadoranHoe xkommnanueir Neurotechnology ¢ uCHoip30BaHHEM OTMEUEHHBIX
Harpajzamu TexHojorui [14]. IlpunoxkeHne roroBo K UCMOIb30BAHUIO UM MOXKET ObITh HACTPOEHO
B COOTBETCTBUU C KOHKPETHBIMHM MOTPEOHOCTSMU OH3HECAa U COJEPKUT BCE HEOOXOAMMBIE
KOMITOHEHTBHI /17151 TOCYJapCTBEHHBIX U KOPIIOPATUBHBIX MPUIIOKEHUH 10 BCEMY MHUPY.

Kak u B cmyuae ¢ MegaMatcher SDK, 0CHOBHBIM HEOCTATKOM SIBJISIETCS I[eHA MPOAYKTa, a
€ClIM TPONYKT OeCIUIaTHBIA, TO €CTh OrpaHHYEHUE Ha TPAH3aKUUU U CPOK HCIOJIH30BAHUS.
Hanpumep, 4To0Bl YCTAaHOBUTH TAaKyIO0 CUCTEMY B YHHBEPCHTETE, HY)KHO TpaTUTh He meHee 500
€BpPO B Mecsll, a 3Ta CUCTEMa MCIOJB3YeTCs TOJIbKO JJIsl XpaHeHus: nHpopMaluu o JIIIIX B Oaze
JaHHBIX M HMX TPOBEPKH B CTAaTUYECKOM pexume. JlaHHas cuctemMa He NpeIHAa3HAYeHa Jyis
pacrno3HaBaHUs JIUI[ B PeKUME BUACOHAOTIOICHUSI.

Kak u MegaMatcher SDK, MegaMatcher ABIS MokeT UCTIOIb30BaTLCS TOJIBKO KOHEYHBIMU
nonb3oBarensiMu. OpHako Onarogapss aHaimu3y OJTOM CHUCTEMBI MOXHO BBIOpAaTh MOIXOIbI
OTHOCHUTEIIEHO aIMUHHCTPATUBHOTO M KJIMEHTCKOTO MHTEP(PECOB U (PyHKIIMOHAIBHBIX PEUICHUH,
KOTOPBIE UCIIONIb3YIOTCSL B TOU CUCTEME.

SkyBiometry [7] — 3To OmomeTpuuecKkas TEXHOJOTHsI, KOTOpas MPEIOCTAaBISET 00JauyHOe
porpaMMHOe oOecrieueHue i OOHapyKeHUs U paclio3HaBaHUs JHIl Kak yciayry (SaaS) u
SABIIICTCS nouepHel kommanued Neurotechnology. DOto BeO-npunoxkenue. Kpome Toro,
SkyBiometry numeer cobctBennblii APl u 6ubnuoteku i pa3iuyHbIX cpen paspaborku. Taxoke
ectb Python APL

['maBHBII HEIOCTATOK 3aKIIOYAeTCs B TOM, YTO HET BO3MOXHOCTU H3y4uTh Mojenu Al,
ucroibp3yemble B mpuioxeHnd. OnpHako, mockonbky APl obmenocrynen, psn ¢yHKmmoHanma
MO>KHO HCIIOJIB30BaTh JIIsl pa3pabOoTKU SKCIIEPUMEHTATbHONW CUCTEMBI.

SentiVeillance SDK [8] mpenna3nadyeH s pa3pabOTKH MPOTPaMMHOTO OOECIeUYCHHS,
KOTOpOE BBIMOJHSAET OMOMETPUYECKYI0 HIACHTU(UKALMIO JMIA, OOHApPYXHUBAET ABMKYLIUXCS
MEIIeX0A0B, TPAHCIIOPTHBIE CPENICTBA WM JPYTrUe OOBEKTHI, 8 TAKXKE BBHITIOIHIET aBTOMATHYECKOE
pacro3HaBaHHE€ HOMEPHBIX 3HAKOB C MHCIOJb30BAHHEM BHUEONOTOKOB B pEAbHOM BPEMEHHU C
uugpposbix kamep HaOmoneHusa. SDK g Buneonadmonenus ucnons3zyer GPU IIK win paGoueit
CTaHIINH.

Ho, na nHam B3risin, kak u apyrue cuctembl, SentiVeillance SDK He maer Bo3MOkHOCTH
M3y4YuTh ucnoab3yembie B cucteme monenu Al. Ilena SentiVeillance Takyke moctaTouHo BenHKa:
eciin Moaynb SDK g pacno3snaBanus i ctouT Beero 200 Espo, To mpoaykt SentiVeillance st
KOHEYHOro nosb3oBaresis cTout yxe 5000 EBpo u gononmHHUTENbHAsS cyMMa 3a KOJMUYECTBO Kamep,
KOTOpbIe OyyT NCIOJIb30BAThCA i pacnio3HaBaHus. [IpoOHbIit nepuox Toxe 30 nHEH.

B pesysnbrare mpoBeeHHOTO aHalu3a OINpeeHbl OCHOBHBIE (DYHKIIMM U BO3MOXHOCTH IS
MIOCTPOSHHSI SKCIIEPUMEHTATBHON CHCTEMBI.

Opuentupysce Ha Moaynb Simple Faces (Face Verification) MegaMatcher SDK st
AKCIIEPUMEHTAIBHON CHCTEMBI OBUTH BBHIOpAHBI MOIXOMABI ISl peann3anud (QYHKIHA TEeTeKINA Ha
¢dororpadun, Ha KOTOPOH HAXOAUTHCA OJMH WM HECKOJBKO 4enoBeK. Kpome 3Toro, aeTekiuu
yepe3 Kamepy, HACHTHPUKANuK W Bepudukamuu dYernoBeka. Co3maHMe TOKEHA H300paKeHUs
MIPOUCXOJIUT aBTOMATUYECKH, TIPU KOTOpOoM (hoTorpadus ¢ auioM rnpeodpasyercss B H300paxeHue
96 Ha 96 u xpaHuThCs B Oaze.

Oynkius co3ganus noprpera wuzodpaxkenuss (Capture ICAO image) 3aciayxuBaer
OTIECNPHOTO BHUMaHMA. /ISl cOo3maHMs TMOpTpeTa H300paKEHUS C JUIIOM HY)XKHO BBITIOJIHSTH
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BBIPAaBHUBAHHME [0 TOPU3OHTAIM M BEPTUKAIH, U3MEHSTh YIroJ HAKJIOHA TOJIOBBI, YAAJTUTh BCE
MIPETSITCTBHSI HA JIUIIE, YIOBICTBOPUTH YCIOBHUS Ka4eCTBA CaMOT0 M300paKeHUSI.

C yyeToM BO3MOXHOCTEW aJIMUHHCTpaTHBHOW maHenu MegaMatcher ABIS B
AKCIIEPUMEHTAILHON CUCTEME PEalIM30BaH CICIYIONIHHA ()yHKIIMOHA:

* Beibop mapameTpoB (oporoB) it uaeHTUGUKAIUKA U Bepudukanuu (mpoOHas Bepcus).

* 3amanue onorpaduueckux cBeIeHUi s il (B pa3paboTKe).

» JloGaBiieHne pa3IUYHBIX pPOJIEW M pa3peuieHus] JOCTyNa Ajsl IOJIb30BaTeNell CHUCTEMbI
(amMUHUCTPATOP, ayAUTOP, ONIEPATOP MPOITYCKHOTO MyHKTA, OMEPaTOp KIMEHTCKOro HHTepdeiica n
T.11.) (peanu30BaHoO psia PyHKITHI).

* MOHUTOPHHT U J00aBJIeHUE TOJIb30BaTeNel (peaan30BaHo).

* nobaBneHue ranepeit (st 6a3 n300pakeHuil) (peaau3oBaHo psija QyHKINN).

* MPOCMOTP METPUK JEAYIUITMKAIMU, OMOMETPUYECKHX OINepaluii, CONOCTaBUMBIX METPUK
(TutanupyeTcs peanuzaius).

Taxoke onpeneneH KIMEHTCKUH HHTep(deic, KOTOPBIN MO IePKUBACT:

* MOHUTOPHHT U J00aBJICHUE TIOJIb30BaTENICH (peaTn30BaHo).

* HICHTH(PUIUPOBATH (PEaTu30BaHO).

* OTCKaKMBaTh JOKYMEHT (TUIAHUPYETCS pean3alius).

* IPOU3BECTH MOUCK (PeaTn30BaHo).

* IPOCMOTP TPaH3aKLUH (HE PEaJTU30BaHO).

* IOMCK AYOJIMKATOB (HE PEain30BaHoO).

* (QyHKOMOHAN JUISI TOAKJIIOYCHHUS CTOPOHHHUX YCTPOHCTB (HANPUMEp, CUHUTHIBATEIS
OTIICYaTKOB MablieB) (peann3oBaHo B ciayuae IP kamep).

OyYHKIMOHAT 3KCIIEPUMEHTATLHON CHCTEMBI JIJIsi pPa0OTHI C BUACOPSIOM MOJMydeHHBIM OT IP
Kamep orpenesieH ¢ yuerom Bo3moxkHoctel SentiVeillance SDK i cuctem BuaeoHadmto1eHUS.

4. ApXUTeKTypa 3KCIIePUMEHTAIbHOH CHCTEMBbI

IIpy DOpPOEKTHUPOBAHMU SKCIEPUMEHTAIBHOW CHCTEMbl PACCMATPUBAINUCH CIIEAYIOIINE
HaIpaBJICHUS ee JaTbHEHIIeT0 NCIOIb30BAHMS:

» OxpaHa - poBeJieHNEe UIeHTH(PUKALNY JIt0Jei 6e3 HEeMoCPeICTBEHHOTO KOHTaKTa ¢ HUMH,
4yTO obecrmeunBaeT O€30MacHbIM JOCTYN JIOAEH K COOTBETCTBYIOIIMM OOBEKTaM, TPEOYIOUIUM
crcTeMbl 0€30IaCHOCTH.

* HayuHnble uccnenoBaHusi — NpoBeACHUE HAy4YHBIX HccienoBaHui B obmactu Al, koTtopbie
obecrieyar BbIOOp Haumbosiee 3(PQPEKTUBHBIX METOAOB pACMO3HABAHUS JMII U MOCIEIyoLIee
TECTHPOBAHUE U MTPOBEPKY ITUX METOIOB.

» OOpazoBaTenbHas — MOJATOTOBKA CTYJEHTOB, KOTOpbIe OyAyT 3aHMMAaThCsl pa3paboTKon
WHTEIUICKTYaJbHBIX HJIM TPOTPAMMHBIX CHCTEM, IIOTOMY pa3paboTKa HSKCIepHUMEHTAbHON
CHCTEMBI SIBJISIETCS] 00pa3oBaTeIbHON 3adauei.

DKclieprMeHTaIbHasE CHCTEMa pPAaclo3HaBaHUs COCTOMT W3 CepBepa pPaclo3HaBaHUS,
nojkiItoYeHHoro k IP-kamepam mnm BeO-kamepam ITK. OH oOpabaTbiBaeT naHHBIE C Kamep yepes
BHJICOYCKOpUTENb, cepBep 0a3 manHbix W ARM paspaGorumka. Cxema y3JI0B CHCTEMBI
IpeJCTaBiIeHa Ha puc. 1.

DKcIepuMeHTaIbHAs CUCTEMA CO3/IaBANIaCh C YUETOM CIIEAYIOMINX KJIACCOB MOJIh30BATEICH.

CoTpyaHHMKH cITyO0bl 0€30MaCHOCTH UMEIOT MPSAMON JTOCTYI K 0a3e JaHHBIX JIHILL, JOOABIISIOT
moceTuTened B 0a3y MaHHBIX, MOTYT BHOCHTh WX B «KPAaCHBIM» WIN «3€JEHBIN» CIUCKU
UACHTU(GUIMPOBAHHBIX JIMIL. TakXke OHU KOHTPOJIUPYIOT AOCTYH Ha OOBEKT U MEpeBHKEHUE IO
HeMYy JInIl, O1arogapsi paboTe CHCTEM BUACOHAOIOICHHUS.

Texuuueckuii nepcoHan (y4yeHble) UMEIOT OIPaHMYEHHBIH JOCTYN K 0a3e JAaHHBIX, UMEIOT
JTOCTYI K HMCXOJHOMY KOJy CHCTEMBI, MOTYT BHOCHTh B HETrO COOTBETCTBYIOIIHE H3MEHEHUS,
yay4iaTte paboty cuctemsl, moaenu Al, orcinexxuBath ommbOku npu padore. OHU 3aHUMAIOTCA
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(GyHKIIMOHATIOM U1 cOOpa CTaTUCTHYECKUX JaHHBIX. OHM HE MOTYT pPeJaKTUPOBATh «KPACHBIN» U

«3€JIEHBII CIIUCKH.

CoTpyOHMKHM CTPYKTYPHBIX MOJApAa3A€ICHUN MOTyT N00aBiATh B 0a3y JaHHBIX MOCETUTENIEH
(Hanpumep, CTYJEHTOB U COTPYJHUKOB CBOETO CTPYKTYPHOI'O IIOJIpa3AciieHus).

Ha3naueHHble 12 aIMUHUCTPALMU 00BEKTa UMEIOT IIpaBa JOCTyIa K 0a3e JaHHBIX, UMEIOT
IIpaBO CJEIUTh 3a «KPAaCHbIM» M <«GEJIEHBbIM», MUMEIOT NPaBO HU3MEHSATh 3TU CIHMCKH, OJHAKO C
MUCHbMEHHOT'O COIIACUs WIN O] KOHTPOJIEM HaudalbHUKA CIIyXObl 6e3omacHocTH. Kpome Toro, onu
MOTYT OTCJIEKHMBAaTh CTATUCTUKY MEPEMEIIEHHs] COTPYIHUKOB, CTYJIEHTOB U mocerutenei. Takxke
OHM IIOJIYYalOT CTAaTUCTUKY OTCYTCTBHS COTPYAHMKOB. OHHM MOIYT IPOBEPUTH CTATUCTUKY,
YUUTBHIBAIOILYIO paboyee BpeMs.

Server_room, routing inside: 277
routing outside: 89.185.3.222

— ‘1\ "(
¥R/

: A
main:
722
A ST
[ #x vw )
= =2/
Corridor_2-nd_floor e
\l
-
o5
=
3316, routing inside: 192.168.1. - ji)-i'
routing outside: 10.250.0.1
g e 14

3.202, routing inside: 192.168.1.1
routing outside: 10.250.0.1

N

Corridor_3-rd_floor

%) =
main_pmi:
10.250.0.1

3.310, routing inside: 10.250.0.1
routing outside: 10.250.0.1

3.306, routing inside: 772
routing outside: 227

- L3 -router

%)
Y

s

- router

e
) (

- WIFI router

¥
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Puc. 1. Cxema 3KCrIepUMEHTAITFHONW CUCTEMBI Ha OTIPENIETICHHOM 00bEKTe

OyHKIMOHANbHBIE TpeOOBaHUS K HKCHEPUMEHTAIbHONW CHUCTEME OIpEAeNsioTCS uepe3

BapuaHTbl HUCIIOJIB30BAHUS.
IMOJIB30BATECJIA U YYCHOTIO.

Huxe MMPEACTaBJICHBI

AJIMUHUCTpATOp OTBEUAET 3a yIpaBJieHHE MOJIb30BaTEISIMU U 00CITY>KUBAaHHE CUCTEMBI.
B cBoM0 0ouepep, M0JIb30BATENI0 Pa3peLICHO:

* UACHTU(UIMPOBAT JIIOJEH Ha U300paKEeHUH.
* IPOBEPUTH JIUI HA N300paKEHUU.

* CPaBHUTH JIMIIA HA JIBYX U300paKeHHSIX.

* CPaBHUThH Y€JIOBEKA HAa N300paKEHUH C 3arpyKEHHBIMU AaCIOPTHBIMU JIaHHBIMH.

® I/I,Z[CHTI/I(I)I/II_II/IPOBB.TB JIIOJIeH BO BpEMs BUACO3AITNCH.

* IPOBEPSATH JIUI] BO BPEMSI BUIECO3AINCH.

* IpocMaTpuBaTh HHPOPMALIKIO 00 UASHTHPHUINPYEMBIX JTHIIAX.

* HAOJIFOJATh 34 JIFOAbMU.

® VYIpPaBJEITH TMOAKIIFOUYCHHBIMU YCTpOﬁCTBaMH (BI/I,Z[eOKaMepaMI/I,

KaMepamHu).

* BBIOpATh YCTPOUCTBO M1t MOHUTOPHUHTA.
* nenath ¢hoTorpaduu ¢ TOMOIIBIO YCTPOMCTBA HAOIIOICHHS.
* MOJIYYHUTh (PparMeHT 3alMCaHHOTO BHJICO.

BeO-KaMepamH,

CIIMCKH KEMCOB I aIMUHUCTpATOPA,

IP-

KOMHIOTT»pHI/I HAaYKHU U TCXHOJIOTHU
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VYyeHslii oTBeuaeT 3a HACTpPOWKy anroputMoB Al. To ecTh emy HalTcs CleayroIue
BO3MOXKHOCTH, YTOOBI:

* IOJYYUTh (PPArMEeHT 3alIMCAHHOTO BUJIEO

* 100aBUThH anroputMmel Al.

* 00yuarb anroputmam Al.

* U3MEHUTH apXuTekTypy Al.

* mpoBepuTh padoty Al.

* BU3yaJIu3UpoBaTh padoty Al.

* [10JIy4aTh CTATUCTHYECKUE JJaHHbIE O PyHKIMOHUpOoBaHUH Al.

* 3arpy’kaTh JaHHbIE JUIs 00pabOTKH U COXPaHATh UX B 6a3e JaHHBIX.

* [I0JTy4aTh WH(POPMAIIHIO O 3arpy>KEHHBIX JTAaHHBIX.

* yrpaBisaTh ounbnuorexkamu s Al.

* CPaBHUTH pabOTy HECKOIBKUX alroputMoB Al.

* ynpaBJATh Ha0OpaMH JaHHBIX (3arpy3Ka, pacpoCTpaHeHue, MyTh U T. 11.).

* OJTyyaTh HH(POPMAIHIO O HAOOPAX TaHHBIX.

* YIIPaBIIATh «BECAMK.

PazpaGorana mepBasi BepcHsi MPOTPaMMHOTO OOECIEUEHHUS] IKCIEPUMEHTAIBHON CHCTEMBI
pacrio3HaBaHMsl JIUL CO BCTpOeHHON MoJienbio Al. OTKpBITBIN HCXOAHBINA KOJ| CUCTEMBbI JOCTYIIEH B
peno3utopun GitLab [15]

Jlnst pa3paboTKu MPUIIOKEHUS UCHOIb30Baachk TexHonorus Docker [16], koTopast nmo3BossieT
WCIOJIB30BaTh 00JauHyI0 UHPPACTPYKTYPY Ui pa3pabOTKH, TECTHPOBAHMUS, JTOCTaBKH M 3aIlyCKa
BeO-IIPUIIOKEHUH B Cpeiax ¢ MOJAEPIKKOM KOHTEHHEepU3alHH.

Jnst pa3paboTKH TPUIOKEHUsST HCIONB30BAINCH (peiimBopk Django [17] m 6a3a maHHBIX
PostgreSQL, mnosromy ObIJIO pemeHo, YTO 3TU TEXHOJOTMM OyayT MAeHWCTBOBAaTh Kak [Ba
B3aUMOCBSI3aHHBIX KOHTelHepa Docker.

Django — 310 (GpeiiMBOPK, UCTIONB3YIONIHA apXUTEKTypHbIH mabdiaon MVT u cocrosimii u3
Tpex KoMoHeHToB: Model, View, Template.

B oxnom Django-npuiokeHHH BO3MOXKHO Ppa3MECTUTh HECKOJBKO PAa3HbIX MOJIYJEH,
uMeroImuX cBoi (hyHKIHMOHAM. [10CKOIBKY KCTIEpUMEHTAIbHASI CUCTEMa JIOJDKHA COCTOSATh U3 JIBYX
IIPOrpaMMHBIX OJOKOB € pa3HbIMHU 33ja4aMiy (OTBevaromux 3a paboTy ¢ kamepamu u Al), Obiio
PEIIeHO CO3/IaTh CIETYIONIUE TPH MOJTYJIS:

* «main» — OTBEYaeT 32 HaBUTaI[MI0 MEX/1y MOAYJISAMU M a]IMUHUCTPATUBHOMN MAHENbIO.

* «al_camera» — OTBeYaeT 3a 3aJa4d pACIO3HABaHWs JHIl C JaHHBIMH c [P-kawmep,
KIIMEHTCKUX BeO-KaMmep U 3arpy>KeHHbIMH (poTorpapusmu.

* "uccnenoBarenu" - OTBETCTBEHHBIE 3a paboty ¢ Al (B pa3zpaboTke).

PaccmoTpuMm paboTy Monyns «ai_camera». B kauecTBe OCHOBHBIX KIJIACCOB HCHOJIb3YIOTCS
MO/IeJIbHBIE KOMITOHEHTHI MOJTYJIS «al_camera»: Camera, Person.

Mogenb KaMepbl COCTOUT U3 TOJIEH:

* name — nms [P-kamepsl.

* ip_cam_adress — IP-agpec B 1okanbHOM ceTu.

* ip_cam_user — UMsl ITOJIb30BaTEIIsI.

* ip_cam_password — napois.

* description — onucanue.

Mopeins Person cocTouT U3 nosuen:

* Name — uMd 4eJI0BEKa.

* career — npodeccust (CTyeHT/COTPYTHHK).

* image — pororpadus.

* image Ifw nd array — MaccuB  JaHHBIX, CreHepUpOBaHHbIM  Mojensio Al
Ifw_trained_model.
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MopmudunupoBannas monenb Al OpenFace Oputa peann3zoBaHa B MOAYJIE «ai_cameray
Omaromapst J00aBIEHHIO MCXOJHOTO KOJa MOJIENM HEMOCPEACTBEHHO B KOJ CHCTEMHOTO
MIPHUIIOKEHHUS, & TAKXKE MOCIEAYIOIIEH 3arpy3Ke B HETO YK€ 00y4EHHBIX BECOB.

5. Pe3yabTaThl 3KCIIEPUMEHTOB

PaccMoTpuM CTpYyKTYpy U (GYHKIIMOHAT TJIABHOW CTPAaHUIIBI CUCTEMbI Uit padboTel ¢ IP-
Kamepoi (puc. 2).

DTa cTpaHHUIla MO3BOJISIET MMOJIH30BATEIIO:

* CMOTpETH BUjI€0 ¢ IP-KkamMephl B pexrMe peaabHOr0 BPEMEHH.

* iesiaTh CKpUHIIOTHI ¢ IP-kaMephl 1 0TOOpakaTh UX Ha 3KpaHEe MapajlIeIbHO C IPOCMOTPOM
BH/ICO.

* OTIPABJIATH CKPHUHIIOTHI HAa CepBep M WX AalbHEHIIeH 00pabOTKH, OOHApYKEHUS W
pacro3HaBaHus JIUI] U OTOOPAKEHHS UX Ha IKpaHE.

* oToOpaxkaeT mHPopmarmio oo IP-kamepe.

* 3anuchIBaTh BUIeops ¢ IP-kameprl, 00pabaThIiBaTh €ro [Uis AajibHEHIIero paclio3HaBaHUs 1
IPOCMATPHUBATh 3aITMCAHHBIE U 00pabOTaHHbIE (PParMEHTHI 3aIHCH.

oFoce o e e
2022-11-03__130723

dFace

Year:2022 Month:11 Day:03 Time in hh:mm:ss: 1day, 12
mycamera Hours, 18, Minutes 43 Seconds.

Usae acmin, Password: pmemd_3310

The Stream

Puc. 2. Pexxum pabotsi ¢ IP-kamepoit

JlomOTHUTENBHO TMPEayCMOTPEHA MpOoleypa OTHPaBKM CHUMKA dKpaHa (doTorpaduu) Ha
cepBep sl 00pabOTKU, OOHAPYKEHUS M Paclo3HaBaHUS JMIA (Tpolieaypa pacro3HaBaHus). JTa
nporieaypa BeI3bIBaeTCs ¢ momoinbio «IIpenckazate uzoopaxkenue» (puc. 3). s aToro 661 cO3/1aH
CIIeIUaIbHBINA jJaVascript, kotopsiii koaupyet ¢ororpaduu B popmar Base64 u oTmnpapiser ux Ha
cepBep s oopabotku. Cepsep mcmonbdyer ckpunt Python mis mepemaum dororpaduu yepes
mogenb Al MTCNN [18] mns oOHapyXeHHS JHMI, W KaXIOC JHIO MPOXOIUT Yepe3
Moubunpoannyo moaens Al OpenFace s pacrio3HaBaHUS JIMII CPEAH BCEX JIIOACH B MOJIEIH
yenoBeka. [Ipu stom, mpu oOpaboTke HOTO, UCTIONB3YS KOOPAMHATHI JINII, HAHJACHHBIX Onaromaps
MTCNN wu Oubmmoreke OpenCV, HaiinenHoe o0 00BoAWMTCS Ha (QOTO KpPacHBIM
MPSIMOYTOJIBHUKOM, U KpPOME TOrO, TOJBKO T€ IHIA, KOTOpPble MOTYT OBITH OTHpPAaBIEHBI Ha
pacnio3HaBanue MoaupunpoBanHeIM Mojens OpenFace Al o6Benena 3enensiM. Eciu muio 6bu10
pacmo3HaHO W HalJeHo B 0aze MaHHBIX, UM YelOBeKa OYyJIeT HAmMCaHO KPACHBIM IIBETOM IOJ
nuioM Ha ¢oTtorpaduu, B TPOTUBHOM ciiydae Oyaer HamucaHo «HemsBecTHO», UTO O3HAYAET, UTO
U0 He ObUTo HalaeHo B 6a3e maHHbIX. [locie 3Toro cnucok nepcoH u ux ¢otorpaduu B pazmepe
96 Ha 96 BBRIBOIATCS B OT/ACIBHON TaOIHIIE 17151 O0Jiee yI0OHOTO B3aMMOICHCTBHS.
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Upload Image
ChooseFlle - 2019.0331_03_DSC. 86741

Downloaded Image Predicted Image 1 Vet 2itsae

Goback

PBackiotop

Puc. 3. Pexxum 3arpy3kn u 00paboTKku n300pakeHn i

5. BeiBOABI

[IpoBeneH  CpaBHUTENBHBIM  aHAW3  CYHIECTBYIOIIUX  CPEACTB  CO3JaHUS  CHUCTEM
pacrno3HaBaHMsl JIML, BBISBJIEHbl MX HpEeUMYyIllecTBa W HexocTaTKu. OnpenesneHbl OCHOBHbBIE
GyHKIIMOHATBHBIE TPeOOBaHMSI K OKCHEPUMEHTAIbHOMY 00pa3lly MpOrpaMMHON CHCTEMBI
pacrno3HaBaHMsI JIUL CO BCTPOEHHOM yCOBEPIIEHCTBOBAHHOM MOIENIBIO HCKYCCTBEHHOTO UHTEIIEKTa
u chOopMHUPOBaHBl BapHaHTHl HcHoNb3oBaHus. [IpeacraBneH wuHTEpdeEHC IKCHEPUMEHTATbHON
CUCTEMBbI, OCHOBHBIE BO3MOKHOCTH CO3JJaHHOTO 00pasua. [IpuBeneHbl pe3yabTaThl ONBITOB.
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INVESTIGATION OF DIFFERENT MULTIPLIERS FOCUSED ON
ULTIMATE EXECUTION SPEED IN FPGA BASED EDGE
DETECTION

Dimitre Kromichev

Abstract: Integer multiplication is a critical arithmetic operaion for FPGA based edge detection which uses
Gaussian filtering, gradient magnitude and direction. The goal of ultimate execution speed in FPGA based
edge detection requires defining the values of maximum operating frequency and minimum number of clock
cycles taken to secure a mathematically accurate result. The paper investigates the maximum operating
frequency of different multiplication algorithms when they are implemented as a purely combinational
schematic. The obtained results solve the problem of finding out whether there is a multiplier which can
serve as a basis for achieving the goal of ultimate execution speed in FPGA based edge detection. Ten Intel
(Altera) FPGA families are used in conducting the investigation.

Keywords: multiplication, FPGA, edge detection, ultimate execution speed, maximum operating frequency,
clock cycle

1. Introduction

FPGA based multiplication has been vastly analyzed and classified [4]. Proposed is booth-2
multiplier for fast computing by reducing carry propagation time [1]. Analyzed are multiple
constant multiplication using FPGA DSP blocks [3][14] and matrix multiplication using mux and
Vedic multiplier with the achieved maximum frequency in Spartan 3 FPGA for 8x8 bit
multiplication being 50 MHz [8]. Booth, Wallace tree, Baugh-Wooley and Montgomery multipliers
are implemented in Virtex 5 with 4-bit values; the achieved clock frequencies are from 71 MHz to
148 MHz with no exact number of clock cycles being specified in obtaining the results [2]. In [24]
comparison of booth, modified booth shift-and-add, array and carry save adder multiplier finds that
conventional multiplication provides result in 2.06 sec, booth - in 3.09 sec, shift-and-add - in 2.31
sec., array - in 2.75 sec and modified booth multiplier - in 3.08 sec. An area-optimized and accurate
signed multiplier is found to achieve up to 43% delay reduction as compared with Vivado IP
multiplier [22]. Developed is multiplier regularization which restructures common multiplier
algorithms into faster designs [16]. Proposed are designs for an 8-bit array multiplication aimed at
reducing delay by using multiplexer [7][9]. An FPGA implementation of recursive barrel shifter
multiplication is analyzed in [13]. Proposed is a method of parallel multiplication in a single DSP
block [25]. Array multipliers distinguished on the basis of the used adder: (a) ripple carry adder; (b)
carry look-ahead adder; (c) carry save adder are analyzed in [23]. Table based and shift-and-add
constant multipliers are proposed in [11]. The study of designs for large integer multiplication show
that combination multipliers offer lower delay compared to individual multipliers [15][17][18].
Approximate multipliers are investigated in terms of area, delay, energy, and degree of inaccuracy
[51[6]1[10][12][19][20][21].

The objective of this paper is to investigate experimentally the maximum operating frequency
F of different integer multiplication algorithms when they are implemented as a purely

max
combinational schematic and executed within a single clock cycle Tclk . The task is to find out
whether there is an algorithm which can be used in achieving the goal of ultimate execution speed
in FPGA based edge detection which uses Gaussian filtering, gradient magnitude and direction. The
selection of multipliers’ input data widths must be in accordance with the entire range of
coefficients’ magnitudes in Gaussian filtering and the maximum values in gradient magnitude and
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direction computations. Ten Intel (Altera) FPGA families are employed to conduct the experiments
(Table 1). The tools used in the investigation are: Scilab, Intel (Altera) Quartus, TimeQuest Timing
Analyzer, ModelSim. The hardware description language is VHDL. Relevant to the analyses and
conclusions arrived at are gray scale images.

Table 1. Intel (Altera) FPGA families used in the investigation
Intel (Altera) Technology Intel (Altera) Technology
FPGA family FPGA family

1. Cyclone 130 nm 6. Stratix 130 nm

2. Cyclone 1l 90 nm 7. Stratix Il 90 nm

3. Cyclone Il 65 nm 8. Stratix Il 65 nm

4. Cyclone IV 40 nm 9. Stratix IV 40 nm

5. Cyclone V 28 nm 10. Stratix V 28 nm

2. Multiplication in FPGA based edge detection

In FPGA based edge detection which uses Gaussian filtering, gradient magnitude and gradient
direction, multiplication is an indispensable integer arithmetic operation with respect to:
1) Obtaing the convolution results in computing the weighted average function by applying
distributive law according to the expression

N¢ R
> (1)
i=1 ~ coeff

where

N is the count of convolutions,

Re, is a convolution result,

S is the sum of all coefficients in the Gaussian filter.

coeff

2) Calculating the squares of the sides of the right triangle in Pythagoras for obtaing the value of
gradient magnitude according to the expression

Gy = |G2+ G2 @)

where

Gy, is gradient magnitude,
G, is the x-gradient

G, is the y-gradient.

3) Calculating gradient direction according to the expressions

If (Gy>0&Gx>0)or(Gy<0&Gx<0) then

If | Gx|*99 >| Gy |*239 Dir =0
If |Gx|*99 <| Gy|*239& | Gx|*169 >| Gy |*70 Dir =45
If | Gx|*169 < Gy |*70 Dir =90

If (Gy>0&Gx<0)or (Gy<0&Gx>0) then
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If | Gx|*99 > Gy|*239 Dir =0
If | Gx|*99 <| Gy | *239& | Gx | *169 >| Gy |*70 Dir =135
If | Gx|*169 <| Gy|*70 Dir =90
3

where
Dir is the gradient direction.

3. Ultimate execution speed of FPGA based edge detection in terms of multiplication

The upper limit of F__ in FPGA based edge detection is defined by the embedded memory.
Therefoe, the reference point for deciding whether the parameter F__, of each of the investigated

multipliers can serve as a basis for achieving the goal of ultimate execution speed in FPGA based
edge detction is the maximum operation frequency of embedded memory F__ (embMem) in the

targeted FPGA families.

The goal of ultimate execution speed in FPGA based edge detection requires that
multiplication in Gaussian filtering, gradient magnitude and direction must be executed within a
single clock cycle. Therefore, multiplication must be implemented as a purely combinational
schematic. Hence,

1
F.=— 4
™2 Telk ( )
where
Tclk  is the period of the system clock,
is defined under all test conditions for
nTclk = const =1 (5)

where
nTck, . 1S minimum number of clock cycles required by the multiplier to calculate a

mathematically accurate result.

Because F ., is defined on the basis of (5) according to

. 1
T aetong™ T iogictT routing™ T setupT skew (6)
where
Ta0q is the time from clock arrival until data arrives at q,
T logi is the propagation delay through logic between flip-flops,
T routing is the routing delay between flip-flops,
T setup is the setup time,
T o is the propagation delay of clock between the launch flip-flop and the capture flip-flop,

and because
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1

F o= ——— 7
™ Telk oy, ")
where
Tclk,,, is the minimum length of the period of system clock,
it follows that
Tlogic:T mult - (8)
Thus, Tclk ,;,, in (7) becomes
Tclk min— Tclk —to - q +T mult+T routing+T setup+T skew (9)

Expressions (4), (5), (6), (7), (8) and (9) define F__, with respect to concrete values of the

input data widths of the investigated multiplier. Thus, the multiplier’s size is determined by the
values calculated in Gaussian filtering, gradient magnitude and direction.

4. Investigating F , of different multiplication algorithms

Methodology:

e Defined is F__(embMem) of all the embedded memory types available in the targeted
FPGAfamilies. All obtained results for F__ (embMem) are for the highest speed grade in a particular
FPGA family. The tests for all types of memory are conducted with 8-bit values. If port
configuration (the depth or the width) is more than the amount a memory block can support,
additional memory blocks of the same type are used.

e Ten multipliers are used in the investigation: Booth multiplier, modified Booth multiplier
radix-4, Wallace multiplier, modified Wallace multiplier, Booth-Wallace multiplier, modified
Booth-Wallace multiplier, Dadda multiplier, Baugh-Wooley multiplier, Braun multiplier, Vedic
multiplier

e Each of the investigated multipliers is implemented as a purely combinational schematic

e All algorithms are tested for multiplying only positive integers

e Each multiplier is implemented with inputs of sizes 8x8, 16x16 and 24x24

e F_., foreach concrete input size of each multiplier is obtained

Tested are all combinations of operands within each of the input sizes of each multiplier
e All obtained results for F__, of each size of each multiplier are for the highest speed grade,
in a particular FPGA family.

The obtained results are shown in Table 2, Table 3, Table 4, Table 5, Table 6, Table 7 and
Table 8.

5. Analysis of results

There is a total of eight types of embedded memory in the targeted Intel (Altera) FPGA
families. The experimental results presented in Table 2 show that:
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Table 2. F__ (embMem) of embedded memory types available in the targeted Intel (Altera) FPGA
families
F...(embMem) of embedded memory types available in the targeted Intel
FPQA (Altera) FPGA families
family (in MH2)
M4K MI9K | M10OK | M512 | M144K | M20K | MLAB | M-RAM

Cyclone 221
Cyclone Il 252
Cyclone 11 300
Cyclone IV 307
Cyclone V 310 412
Stratix 283 310 280
Stratix 11 428 439 403
Stratix 111 539 505 577
Stratix IV 541 507 583
Stratix V 510 590

e Inthe FPGA families where there are two or more memory types F__(embMem) of different

embedded memory types is different
e In the FPGA families where there are two or more memory types, the basic memory type

has lower (the lowest) F__ (embMem)

The experimental results presented in Table 3, Table 4, Table 5, Table 6, Table 7 and Table 8

show that:

Table 3. F_ of 8x8 multipliers (in MHz)

FPGA Booth Modified Wallace Modified Booth-

family multiplier Booth multiplier Wallace Wallace

multiplier multiplier multiplier

Cyclone 146 178 167 181 185
Cyclone 11 182 213 203 216 219
Cyclone 111 228 259 249 262 265
Cyclone 1V 238 266 257 268 271
Cyclone V 243 271 262 273 275
Stratix 212 244 233 247 251
Stratix 11 330 360 350 363 366
Stratix 111 426 455 445 459 462
Stratix IV 435 463 454 465 467
Stratix V 437 466 456 468 470

e F_. of 8x8 Booth multiplier is from 14.31% to 33.93% lower than F__ (embMem) of the
basic memory type

e F

max

basic memory type

e F

max

basic memory type

of 16x16 Booth multiplier is from 59.60% to 76.47% lower than F__(embMem) Of the

of 24x24 Booth multiplier is from 76.07% to 93.21% lower than F__(embMem) Of the
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Table 4. F__ of 8x8 multipliers (in MHz)
Modified Dadda Baugh- Braun Vedic
FPGA Booth- multiplier Wooley multiplier multiplier
family Wallace multiplier
multiplier
Cyclone 188 172 163 155 139
Cyclone 11 221 208 199 191 175
Cyclone 111 268 255 245 237 221
Cyclone 1V 273 262 253 246 232
Cyclone V 277 266 258 251 236
Stratix 254 238 229 221 205
Stratix 11 368 355 346 339 322
Stratix 111 464 450 441 433 419
Stratix IV 469 458 450 443 428
Stratix V 472 461 452 445 430
Table 5. F _ of 16x16 multipliers (in MHz)
Booth Modified Wallace Modified Booth-

FPGA multiplier Booth multiplier Wallace Wallace

family multiplier multiplier multiplier
Cyclone 52 82 72 86 90
Cyclone 11 70 101 91 104 107
Cyclone 111 101 125 121 128 131
Cyclone IV 107 130 126 132 134
Cyclone V 109 133 129 135 137
Stratix 90 114 110 118 122
Stratix 11 156 175 171 178 181
Stratix 111 195 221 217 225 227
Stratix IV 203 227 223 229 231
Stratix V 206 230 226 232 234

e F.. of 8x8 modified Booth multiplier is from 8.62% to 19.45% lower than F__ (embMem)

of the basic memory type

e F of

max

F,..(embMem) of the basic memory type

e F of 24x24 modified Booth multiplier is from 70.58 % to 80.54 % lower than

max

F,..(embMem) of the basic memory type

e [, of 8x8 Wallace multiplier is from 10.58% to 24.43% lower than F__ (embMem) of the

max

basic memory type
e F.., of 16x16 Wallace multiplier is from 55.68% to 67.42% lower than F__ (embMem) Of

the basic memory type

o F_. of 24x24 Wallace multiplier is from 72.35% to 84.61% lower than F__(embMem) of the
basic memory type

16x16 modified Booth multiplier is from 54.90% to 62.89% lower than
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Table 6. F _ of 16x16 multipliers (in MHz)
Modified Dadda Baugh- Braun Vedic
FPGA Booth- multiplier Wooley multiplier multiplier
family Wallace multiplier
multiplier
Cyclone 93 76 68 61 43
Cyclone Il 110 95 87 79 62
Cyclone 111 133 121 117 109 92
Cyclone 1V 136 125 122 115 100
Cyclone V 139 128 125 118 102
Stratix 126 109 106 99 81
Stratix 11 184 170 167 163 147
Stratix 111 230 216 213 205 188
Stratix IV 233 222 219 212 195
Stratix V 235 225 222 215 199
Table 7. F_ of 24x24 multipliers (in MHz)
Booth Modified Wallace Modified Booth-
FPGA multiplier Booth multiplier Wallace Wallace
family multiplier multiplier multiplier
Cyclone 15 43 34 47 51
Cyclone 11 39 67 58 70 72
Cyclone 111 50 79 70 82 85
Cyclone IV 55 84 74 86 88
Cyclone V 59 86 78 88 90
Stratix 45 74 65 78 81
Stratix 11 84 113 104 116 119
Stratix 111 113 142 133 145 148
Stratix IV 120 148 139 150 152
Stratix V 122 150 141 152 154

e F_. of 8x8 modified Wallace multiplier is from 8.23% to 18.09% lower than F__ (embMem)

of the basic memory type

e F of

max

F,..(embMem) of the basic memory type

e F of 24x24 modified Wallace multiplier is from 70.19% to 78.73% lower than

max

F,..(embMem) of the basic memory type

e F_. of 8x8 Booth-Wallace multiplier is from 7.84% to 16.28% lower than F__ (embMem) Of

the basic memory type

o F

max

16x16 Booth-Wallace multiplier is from 54.11% to 59.27% lower than

F,..(embMem) of the basic memory type

e F

max

F,..(embMem) of the basic memory type

16x16 modified Wallace multiplier is from 54.50% to 61.08% lower than

of 24x24 Booth-Wallace multiplier is from 69.80% to 76.92% lower than
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Table 8. F_ of 24x24 multipliers (in MHz)

Modified Dadda Baugh- Braun Vedic
FPGA family Booth- multiplier Wooley multiplier multiplier

Wallace multiplier

multiplier
Cyclone 54 38 30 22 10
Cyclone Il 73 62 54 46 34
Cyclone 11 88 74 66 58 45
Cyclone IV 90 79 70 63 51
Cyclone V 92 81 74 67 55
Stratix 84 69 61 53 41
Stratix 11 122 108 100 92 79
Stratix 111 151 137 129 121 108
Stratix 1V 154 143 135 128 116
Stratix V 156 145 137 130 118

e F,., of 8x8 modified Booth-Wallace multiplier is from 7.45% to 14.93% lower than

F,..(embMem) of the basic memory type

e F,., Of 16x16 modified Booth-Wallace multiplier is from 53.92% to 57.91% lower than
F,..(embMem) of the basic memory type

e F,., Of 24x24 modified Booth-Wallace multiplier is from 69.41% to 75.56% lower than
F,..(embMem) of the basic memory type

e F,, of 8x8 Dadda multiplier is from 9.59% to 22.17 % lower than F__ (embMem) of the

basic memory type
e F_. of 16x16 Dadda multiplier is from 55.88% to 65.61% lower than F__(embMem) of the

basic memory type
o F_. of 24x24 Dadda multiplier is from 71.56% to 82.80% lower than F__(embMem) of the

basic memory type
e F_. of 8x8 Baugh-Wooley multiplier is from 11.37% to 26.25% lower than F__ (embMem)

of the basic memory type
e F,., of 16x16 Baugh-Wooley multiplier is from 56.47% to 69.23% lower than

F,..(embMem) of the basic memory type

e F,., of 24x24 Baugh-Wooley multiplier is from 73.13% to 86.42% lower than
F,..(embMem) of the basic memory type

e F_. of 8x8 Braun multiplier is from 12.74% to 29.86% lower than F__ (embMem) of the

basic memory type
e F_. 0f16x16 Braun multiplier is from 57.84% to 72.39 % lower than F__ (embMem) of the

basic memory type
o F_. 0f 24x24 Braun multiplier is from 74.50% to 90.04% lower than F__ (embMem) of the

basic memory type

e F.. of 8x8 Vedic multiplier is from 15.68% to 37.10 % lower than F__ (embMem) oOf the
basic memory type
e F,_. 0f 16x16 Vedic multiplier is from 60.99% to 80.54% lower than F__ (embMem) of the

basic memory type
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e F,, of 24x24 Vedic multiplier is from 76.86% to 95.47 % lower than F__ (embMem) of the
basic memory type.

The obtained results show that modified Booth-Wallace multiplier has the highestF .
Unlike expressions (2) and (3), where the largerst operand is 8 bits, the magnitudes of Gaussian
filter coefficients in expression (1) can vary within very wide ranges. Hence, the most important
fact in the comparative investigation of the ten multipliers is that F_, of 16x16 modified Booth-
Wallace multiplier is from 2.17 times to 2.37 times lower than F__(embMem) of the basic memory

type. Therefore, none of the investigated multuiplication algorithms can be used in achieving the
goal of ultimate execution speed in FPGA based edge detection which uses Gaussian filtering.

6. Conclusions

Ten different integer multipliers of 8x8, 16x16 and 24x24 inputs are implemented in ten Intel
(Altera) FPGA families. They are investigated for F . under the condition of multiplication being
executed within a single clock cycle. Comparative analysis of the obtained results shows that the
fastest multiplier is modified Booth-Wallace. F_, of 16x16 imodified Booth-Wallace multiplier is
from 2.17 times to 2.37 times lower than F __ of the basic embedded memory type. This fact leads

to the conclusion that none of the investigated multiplication algorithms can be used in achieving
the goal of ultimate execution speed in FPGA based edge detection which uses Gaussian filtering.
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ULTIMATE EXECUTION SPEED IN FPGA BASED EDGE
DETECTION: TECHNOLOGY OF ACCURATE ROUNDING IN
INTEGER DIVISION WITH AVARIABLE DIVISOR

Dimitre Kromichev

Abstract: The accuracy of the final integer division result depends on the accuracy of the rounding opration.
In the integer division with a variable divisor, the rounding operation is realized by comparing the value of
remainder with the value of divisor applying a definite rule. So far, this rule has never been addressed with
respect to whether it can provide accurate results under all test conditions. This paper presents the technology
of calculating rounding accurately on the basis of analyzing divisor’s being an even or an odd number, thus
guaranteeing exact integer division results. The analysis of accurate rounding is conducted with respect to
the goal of achieving ultimate execution speed in FPGA based edge detection which uses Gaussian weighted
average function as a filtering stage.

Keywords: integer division, FPGA, rounding, accuracy, mathematics, edge detection, ultimate execution
speed, maximum operating frequency, clock cycles, critical path delay

1. Introduction

Although a number of works has been focused on studing various aspects of FPGA based
integer division with a variable divisor [3][4][7][8][9][10][11][12][13[14] so far the problem of the
accuracy of rounding operation has never been addressed and analyzed. There is no investigation of
the impact of the mathematics of accurate rounding on the speed of FPGA based integer division
either. Leading silicon vendors, such as Intel (Altera), do not address the problem of rounding in the
guides for implementing the IP integer arithmetic functions [2] and documentation focused on
speed [1][5][6].

The objective of this paper is to investigate the mathematics of accurate rounding in FPGA
based integer division with a variable divisor. The task is to analyze the impact of accurate rounding
on the speed characteristics of integer division with variable divisor in terms of the goal of
achieving ultimate execution speed in FPGA based edge detection which relies on the Gaussian
weighted average function as a filtering stage. The tools used in the investigation are: Scilab, Intel
(Altera) Quartus, TimeQuest Timing Analyzer, ModelSim. The hardware description language is
VHDL. Relevant to the analyses and conclusions arrived at are gray scale images.

2. The mathematics of accurate rounding in FPGA based integer division with a variable
divisor

Because rounding is adding 0 or 1 to quotient to obtain the accurate integer division result,
the value of remainder satisfies the inequality
0 < remainder < divisor —1 (1)

Calculating an accurate integer division result by either incrementing the quotient or leaving it
unchanged depends entirely on

divisor

{1,2,...divisor —} >/ </ = @)

Any integer division result Rdiv e N can be represented as a set of 10 sums
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Rdiv ={(Rdiv —1) + 0.5, (Rdiv —1) + 0.6, (Rdiv —1) + 0.7,
(Rdiv —1) + 0.8, (Rdiv —1) + 0.9, Rdiv + 0,
Rdiv +0.1, Rdiv + 0.2, Rdiv + 0.3, Rdiv + 0.4} . (3)

Mathematically, rounding is replacing a floating point number with an integer on the basis of
guaranteeing proportionality between two groups of elements in set Rdiv. Thus, two subsets can be
formed: Rdivl and Rdiv2. Each of them contains only the floating point addends in the sums from
set Rdiv. The elements of each subsetset are placed in ascending order on the basis of magnitude:

Rdiv1={0.5,0.6,0.7,0.8,0.9}
Rdiv2 ={0,0.1,0.2,0.3,0.4}. 4)

Then, it is required to compute the accurate ratio between the floating point numbers in set
Rdivl and divisor, and set Rdiv2 and divisor . The step-by-step mechanism is:

Step #1.

_ divisor (5)
nRdiv
where
nRdiv is the number of elements in set Rdiv .
Step #2:
0.5->5,0.6->6,0.7->7,0.8->8,0.8->9
0->0,0.1->10.2->2,03->304->4
FD1={D*5,D*6,D*7,D*8,D*9}
FD2={D*0,D*1,D*2,D*3,D*4}. (6)
where
0.5->5,.04->14 is used to denote that the decimal part of each floating point number
in sets Rdivl and Rdiv2 is taken as an integer value,
FD1 is a set of 5 values resulting from multiplying each of the integer
values {5,6,..,.9} by D,
FD2 is a set of 5 values resulting from multiplying each of the integer
values {01,..,4}by D.
Step #3:
RD — divisor
2
SD1={SD5, SD6,SD7,SD8, SD9} =
{RD — FD1(1), RD — FD1(2), RD — FD1(3), RD — FD1(4), RD — FD1(5)}
SD2 ={SDO0, SD1, SD2, SD3, SD4} =
{RD -FD2(1),RD - FD2(2),RD - FD2(3),RD — FD2(4),RD — FD2(5)}
(7)
where
SD1 is a set of 5 values resulting from the subtraction of each of the 5 values in set

FD1 from RD
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SD2 isaset of 5 values resulting from the subtraction of each of the 5 values in set
FD2 from RD.

Of the ten subtraction results in SD1 and SD2 there is always a single result which is 0. The
value in FD1 or FD2 for which the subtraction result is O is selected as reference value.

Step #4:

If remainder > reference value then Racc = quotient +1. (8)
where
Racc is the accurate integer division result obtained after the execution of rounding.

Therefore, the reference value is the smallest value in FD1 or FD?2.

Step #5:

If remainder < reference value then Racc = quotient +0. 9)

Therefore, the value equal to (reference value—1) is the largest value contained in FD1 or
FD2.

In the integer domain of FPGA based edge detection RD € N is a must. On that basis, the
relations between remainder and reference value in (8) designated as ‘equal to or larger than’ (>)

can lead to division results which are wrong.
Therefore, two cases must be analyzed:
Case #1

divisor =2m , meN (10)

In order to calculate the reference value the following equality must be satisfied:
2m 2m
(F)-(F)-
s 2 , (11)
where

S isaconstant equal to the number of elements in set Rdiv,
t isavariable and t={01,2,3,4,5,6,7,8,9}.

Hence,
reference value =m (12)

for all possible m. In this way, it is guaranteed that reference value € N in all possible cases.
Therefore, in this case,

if remainder >m then Racc = quotient +1, (13)
Case #2
divisor =2m+1, (14)
meN.
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In order to calculate the reference value the following equality must be satified:

(2m5+ 1) . (2m2+ 1) — 0 o

where
S isaconstant equal to the number of elements in set Rdiv,
t isavariable and t={01,2,3,4,5,6,7,8,9}.

Hence,
reference value =m +% (16)

for all possible m. In this way, it is guaranteed that reference value € R in all possible cases. In the

integer domain of FPGA computations this is not applicable.
To guarantee accuracy, required are two variants:

Variant #1
Calculate
reference value =m+1. (17)
In this scenario,
if remainder >m+1 then Racc = quotient +1. (18)

Threfore, in this scenario, integer division operation requires a total of two divisions and two
roundings.

Variant #2

Avoid the rounding mechanism by discarding the second term in m +% , thus calculating

reference value =m (19)
The critical difference is focused here. In this scenario, it is a must that:

only if remainder > m then Racc = quotient +1. (20)

If comparison between remainder and reference value is executed under the condition

remainder = m, the rounding and the respective final integer division result will be wrong.
Therefore, in this scenario, an integer arithmetic operation division requires a total of two
divisions and a single rounding.
Therefore, mathematically accurate rounding in the integer domain requires two different
approaches on the basis of
e divisor is an even number
e divisor is an odd number.
Otherwise, if rounding is executed on the basis of one and the same comparison function (
>/ >) without taking into account the even/odd characteristic of divisor, it is guaranteed that
exactly 50% of all integer division results will be wrong.
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3. The schematic of accurate rounding in FPGA

Listing 1 below presents the VHDL program which executes mathematically accurate
rounding. According to this program, rounding is executed as a separate computational operation
within the entire computational process of the integer division. For the purpose, the calculated
quotient and remainder are used as inputs and stored in registers before starting the execution of
rounding. In this program, rounding takes a single clock cycle to guarantee the mathematically
accurate final integer division result..

library IEEE;
USE IEEE.std_logic_1164.ALL;
USE IEEE.std_logic_unsigned.ALL;

Entity ROUND is port

(reset: in std_logic;

clk: in std_logic;

ena: in std_logic;

remainder _in: in std_logic_vector (7 downto 0);
quotient_in: in std_logic_vector (7 downto 0);
divisor_in: in std_logic_vector (7 downto 0);
Result_accurate:  out std_logic_vector (7 downto O
));

end entity ROUND;

architecture MATH of ROUND is

SIGNAL remainder: std_logic_vector (7 downto 0);
SIGNAL quotient:  std_logic_vector (7 downto 0);
SIGNAL divisor:  std_logic_vector (7 downto 0);
SIGNAL result: std_logic_vector (7 downto 0);
SIGNAL round: std_logic;

BEGIN

Quotient_store:
process(clk, reset)
begin
if (reset = '1") then
quotient <= (others =>"0");
elsif(clk'event and clk = '1") then
if ena ="1" then
guotient <= quotient_in;
end if;
end if;
end process;

Remainder_store:
process(clk, reset)
begin

if (reset ='1") then
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remainder <= (others =>"'0");
elsif(clk'event and clk = "1") then
if ena ="1" then
remainder <= remainder_in;
end if;
end if;
end process;

Divisor_store:
process(clk, reset)
begin
if (reset ='1") then
divisor <= (others =>"'0");
elsif(clk’event and clk = '1") then
if ena ="1" then
divisor <= divisor_in;
end if;
end if;
end process;

round <="1" when ((divisor(0)="1") AND (( '0" & divisor(7 downto 1)) < remainder))
else
1" when (((divisor(0)="0")) AND ((( '0" & divisor(7 downto 1)) = remainder) OR (( ‘0’
& divisor (7 downto 1)) < remainder)))
else
IOI;

result <= quotient(7 downto 0) + (*0000000" & round);

Result_store:
process(clk, reset)
begin
if (reset ='1") then
Result_accurate <= (others =>"'0");
elsif(clk'event and clk = "1") then
if ena ="1" then
Result_accurate <= result;
end if;
end if;
end process;
end architecture MATH;

Listing 1. VHDL program for mathematically accurate rounding executed within
a single clock cycle

The optimal approach to cheking whether divisor is an even or an odd number is presented in
bold in Listing 1. This is the statement which must be used in the FPGA based integer division with
a variable divisor in order to guarantee the accuracy of the final result, no matther what concrete
integer division algorithm and what radix is implemented.

The RTL design is in Figure 1.
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divsor_n[7..0]

guotient_n[7..0] [

remainder[7..0]

remander_n[7..0] [
ena[_—
reset[ 4 @

Fig 1. RTL design of mathematically accurate rounding (Source: Intel (Altera)
Quartus RTL Viewer)

In the schematic in Figure 1, apart from the registers for storing quotient and remainder,

there is a separate register for storing divisor. There is also a register for storing the final integer
division result after the accurate rounding has been executed.

4. The impact of mathematically accurate rounding on the speed of FPGA based integer
division with a variable divisor

The critical path (in red) of executing mathematically accurate rounding is presented in
Figure 2:

Quotient 1
Reg |
‘ + —
= _I_ i
Reg — -
0 4
1 — 1

Divisor Result
Reg < = - Reg

Fig. 2. Critical path of mathematically accurate rounding

The critical path delay of mathematically accurate rounding T (CP(round)) includes:

T(CP(round)) =Tcomp+Tor +Tand + Tmux+ Tadd (21)
where
Tcomp is the propagation delay of divisor -bit less-than comparator,
Tor is the propagation delay of OR gate,
Tand is the propagation delay of AND gate,
Tmux is the propagation delay of multiplexer,
Tadd is the propagation delay of divisor -bit adder.
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The analysis of Figure 2 and expression (21) shows that the constituents of T (CP(round))
fall into two groups:
e Tor, Tand and Tmux are constants for a particular FPGA family
e Tcomp and Tadd are variables and depend on the operands’ size.
Expression (21) proves that T(CP(round)) is a dynamic value which is proportional to the

width of divisor. In FPGA based edge detectio which uses Gaussian weighted average function,
the magnitude of divisoris defined by the magnitudes of Gaussian filter coefficients. Hence, it
follows that (21) presents a critical restriction to the maximum operating frequency of FPGA based
integer division with a variable divisor and, therefore, a limitation to the ultimate execution speed of
FPGA based edge detection.

Figure 2 and expression (21) show that there are two possible cases:
1) Expression (21) defines the upper limit of maximum operating frequency of FPGA based
integer division with a variable divisor which can be achieved when rounding is executed within a
single clock cycle. For concrete dividend and divisor maximum operating frequency depends on
the number of clock cycles required to calculate quotuent and remainder in the pipelined divider
npTclk (Qt).

npTclk (Qt) is impacted by the critical path delay of rounding according to the inequality

T(CP . (pipeQt)) > T (CP(round)) (22)
where
T(CP,,, (pipeQt)) is the propagation delay of the longest critical path in the pipelined
divider calculating quotient and remainder .
T (CP(round)) is the propagation delay of the critical path of rounding.

If (22) is not satisfied, then the maximum value of npTclk (Qt) has been reached. Beyond this
maximum value of npTclk(Qt) there is no increase in the maximum operating frequency.
Therefore, it is this maximum value of npTclk(Qt) that defines the optimal value of maximum
operating frequency of the pipelined divider. Hence,

Tclk >T (CP(round)) (23)
where
Tclk is the period of the system clock.

Therefore, in case of (23) the maximum operating frequency of integer division with a
variable divisor is determined by the critical path delay of the rounding operation. The maximum
value of npTclk(Qt) is defined exactly with respect to the concrete integer division algorithm and

the maximum input values of dividend and divisor, and, therefore, the maximum value of
quotient , which in FPGA based edge detection relying on the Gaussian weighted average function
as a filtering stage is 2° —1. Up to the maximum value of npTclk(Qt), increasing the number of

clock cycles drives the clock frequency to a higher value. Beyond that maximum value, increasing
the number of clock cycles is not effective according to (22) and (23).
2) Rounding is executed within two clock cycles. In this case, npTclk(Qt) is impacted by the

critical path delay of rounding according to the inequality

T(CP, (pipeQt)) >T(CP,, (roundPipe)) (24)
where
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T(CP,,, (roundPipe)) is the propagation delay of the longest critical path in the pipelined
rounding.

Hence,

Tclk >T(CP,,, (roundPipe)) (25)

Therefore, in case of (25) the maximum operating frequency of integer division with a
variable divisor is determined by the longest critical path delay of the pipelined rounding.

The execution of roundimg within two clock cycles aimed at increasing the maximum
operating frequency leads a maximum value of npTclk(Qt) which is twice as large as the value
calculated by applying (22) and (23).

Therefore, in both cases, pipelining is resrtricted in its application as a tool to increase
maximum operating frequency of FPGA based integer division with a variable divisor by the
critical path dely of mathematically accurate rounding. Thus, pipelining is not capable to guarantee
a constant value of maximum operating frequency under various test conditions.

5. Conclusions

So far the problem of mathematically accurate rounding in FPGA based integer division with
a variable divisor has never been addressed. This paper defines the technology for performing
mathematically accurate rounding in FPGA based integer division with a variable divisor focused
on the goal of achieving ultimate execution speed in FPGA based edge detection which relies on the
Gaussian weighted average function as a filtering stage. The mathematics of accurate rounding is
subjected to thorough analysis. It is poved that a mathematically accurate rounding and, therefore, a
mathematically accurate integer division result can be guaranteed only by taking into account
whether the divisor is an even or an odd number. Otherwise, half of all the calculated integer
division results will be wrong. Presented is the optimal schematic of executing accurate rounding in
FPGA. It is ascertained that the critical path delay of mathematically accurate rounding presents a
restriction to the maximum operating frequency of FPGA based integer division with a variable
divisor, and, hence, a limitation to the ultimate execution speed of FPGA based edge detection.
Determined is the dependence of the maximum operating frequency of FPGA based edge detection
which uses Gaussian filtering on the number of clock cycles required by the pipelined divider to
calculate the quotient and remainder with respect to the critical path delay of the rounding
operation. The two possible cases are considered in the analysis: rounding is executed within a
single clock cycle and within two clock cycles. It is ascertained that in both cases pipelining is
resrtricted in its application as a tool to increase maximum operating frequency by the critical path
delay of mathematically accurate rounding. Pipelining is not capable to guarantee a constant value
of maximum operating frequency of FPGA based integer division with a variable divisor under
various test conditions.
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ULTIMATE EXECUTION SPEED IN FPGA BASED EDGE
DETECTION: INVESTIGATING THE SPEED PARAMETERS OF
ITERATIVE INTEGER DIVISION

Dimitre Kromichev

Abstract: Integer division is an indispensable arithmetic operation for FPGA based edge detection which
uses Gaussian weighted average function as a filtering stage. The goal of ultimate execution speed requires
that a Gaussian filtered image pixel must be available every clock cycle at the highest possible operating
frequency, irrespective of the filter’s size and the coefficients’ magnitudes. In the speed domain, integer
division is a most problematic operation for FPGA based edge detection. The investigation results must
define whether iterative division can be used in achieving the goal of ultimate execution speed in FPGA
based edge detection. The obtained experimental data are based on ten Intel (Altera) FPGA families.
Keywords: iterative integer division, FPGA, edge detection, ultimate execution speed, maximum operating
frequency, clock cycles, input data width

1. Introduction

Division algorithms are traditionally grouped into two main classes: digit-by-digit algorithms
and convergence algorithms [6][11][15]. In the digit-by-digit algorithms the results are computed
on a digit-by-digit basis, most significant digit first. The convergence algorithms (Newton—Raphson
algorithm and Taylor series expansion), require the repeated updating of an approximation to obtain
the correct result which leads to significant delays. In [4] the focus is on the hardware
implementatiom of: a) basic digit-recurrence algorithm; b) radix-2 division which encompasses

non-restoring, restoring, binary recurrence, binary recurrence with carry-save adder, radix- 2
recurrence algorithm; c) radix-B algorithm (B > 2). Much research is focused on hardware based
digit-recurrence division — it is argued that the most widely used algorithms are restoring division
and non-restoring division [2][3][4]. It is underlined that with the restoring division, where one bit
of the quotient is determined in each iteration, and the non-restoring division, where the result is not
stored if the subtraction goes negative, the most important limitation to speed is the propagation
delay of the carry rippling through the whole calculation in each iteration [16]. It is pointed out that
the execution times of digit-recurrence algorithms are incompatible with the concept of speed due to
the carry’s delay which is proportional to the size of both dividend and divisor [2][3][5][14]. In [12]
analyzed are restoring and non-restoring digit recurrence algorithms, SRT division, multiplicative
algorithm, approximation algorithms, CORDIC algorithm and continued product algorithm. In [7]
proposed is an n-bit SRT divider for FPGA implementation. In [9] described is a multiply and shift
algorithm as being essentially equivalent to multiplying by the inverse of the divisor with
successive approximation. Described is a division algorithm in which the basic operation is
subtraction. In [8] studied are division algorithms based on the non-restoring method with modified
delay and the power dissipiation corrections. In [13] proposed is a 16-bit divider using non-
restoring method to obtain quotient bits. The quotient value in each iterative step is in binary form,
partial remainders are in redundant binary representations. Iterations use carry-save adder. In [10]
proposed is the radix-4 division, which only requires half the number of iterations. A functional
iterative algorithm employing multiplication as the basic operation is analyzed in [7]. A multiply
and shift algorithm centered on replacing the multiplying with the divisor’s reciprocal and using
successive approximation is proposed in [1].
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The objective of this paper is to investigate experimentally the speed parameters of iterative
integer division and define whether it can be used in achieving the goal of ultimate execution speed
in FPGA based edge detection which relies on Gaussian weighted average function as a filtering
stage. The task is to ascertain the dependence of the maximum operating frequency of iterative
intewger division on the technology of computing quotient and remainder, and the rounding
operation — as a purely combinational schematic or pipelined, on the basis of different input data
widths. The obtained experimental results must be compared with the maximum operating
frequency of enbeded memory in order to determine the applicability of iterative division in FPGA
based edge detection focused on ultimate execution speed. The experiments are conducted on the
basis of ten Intel (Altera) FPGA families. The tools used in the investigation are: Scilab, Intel
(Altera) Quartus, TimeQuest Timing Analyzer, ModelSim. The hardware description language is
VHDL. Relevant to the analyses and conclusions arrived at are gray scale images.

2. Integer division in FPGA based edg4e detection

In FPGA based edge detection which uses Gaussian filtering integer division is an
indispensable arithmetic operation. The maximum operating frequency of iterative division
F . (iterDiv) is a function of the input data widths. The input data widths are controlled by the two

basic approaches to using division in computing the weighted average function:
e The largest dividend is calculated by

CC*(2°-D 1)
where
CC is the value of the central coefficient in Gaussian filter.

e The largest dividend is calculated by:

NF ((2°-1) (2)
where
NF is the value of the normalization factor of Gaussian filter.

Therefore, F _, (iterDiv) depends on two factors:

1) The Gaussian filter according to (1) and (2):
e The magnitudes of coefficients can vary in very wide ranges
e The organization of computations in the weighted average function.
2) The schematic with which the iterative division is implemented:
e Purely combinational schematic
e Pipelined computations.
The schematic of iterative division defines the minimum number of clock cycles required to
obtain a mathematically accurate result nTclk . (iterDiv) . Thus, there are two major approaches:
1) The computation of quotient and remainder, and the rounding operation are executed within a
single clock cycle. This is the worst case scenario for F__ (iterDiv) .
2) The computation of quotient and remainder is realized as a purely combinational schematic
within a single clock cycle. Quotient and remainder are stored in registers, and then the rounding
operation is executed. Thus, the accurate final result is obtained on the basis of pipelined division.
With focus on the execution of the rounding operation, two possible approaches must be
considered:
e Rounding takes a single clock cycle to execute
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e Rounding takes 2 clock cycles to execute.
When the computation of quotient and remainder is pipelined the approaches which impact

F . (iterDiv) are:

e Rounding is executed within a single clock cycle together with the last stage of the pipelined
computation of quotient and remainder. This is the worst case scenario for F__ (iterDiv) in
the pipelined iterative division.

e Rounding is executed separately within a single clock cycle. In terms of F__ (iterDiv), this
is effective only if the critical path delay of rounding is smaller than the largest critical path
delay in the pipeluined computation of quotient and remainder.

e Rounding is executed within 2 clock cyles. In terms of F__ (iterDiv), this is effective only
if the largest critical path delay in the pipelined rounding is smaller than the largest critical
path delay in the pipeluined computation of quotient and remainder.

Because the upper limit of F__ in FPGA based edge detection which uses Gaussian

filteringis defined by the maximum operating frequency of embedded memory F . (embMem), the
goal of ultimate execution speed requires that the following inequality must be satisfied:

F . (iterDiv) >F _ (embMem) 3)

Thus, the task of the investigation is: define the value of nTclk,,, which satisfies (3) for the
entire range of magnitudes of the dividend calculated using (1) and (2).

3. Investigating F_, (iterDiv) and nTclk . (iterDiv) of FPGA based iterative division

Methodology:

e The experiments are condaucted with digit recurrence radix-2 non-restoring integer
division algorithm implemented in VHDL

e With respect to the range of magnitudes of Gaussian filter coefficients, the implemented
input data widths of dividend and divisor are: 12x4, 16x8, 24x16, 32x24

e Experiments are conducted using all values within the range of the concrete input data
widths of dividend and divisor

e The values of quotient and remainder are obtained by using both a purely combinational
schematic and a pipelined computation

e To achieve optimal F__, (iterDiv) the experiments are conducted by executing the rounding
operation separately from the computation of quotient and remainder, within a single clock
cycle and within two clock cycles

e In the pipelined computation of quotient and remainder the total number of pipelining stages
is defined with respect to (3)

o F . (iterDiv) for the different experimental settings with respect to nTclk, . (iterDiv) are

compared to F_,(embMem)of all basic memory types in the targeted Intel (Altera) FPGA

families.
The obtained experimental results are presented in Table 1, Table 2, Table 3, Table 4, Table 5,
Table 6, Table 7 and Table 8.
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4. Analysis of results

The experimental results presented in Table 1, Table 2, Table 3, Table 4, Table 5, Table 6,
Table 7 and Table 8 show that:

Table 1. F,_,(iterDiv) of iterative divider with inputs 12x4 and rounding executed within a single

Stratix 1V 135 267 542 540 539 540 540
Stratix V 137 269 552 550 549 550 550

clock cycle
F .. (iterDiv) of iterative divider with inputs 12x4
according to the total number of clock cycles required Required
FPGA to compute quotient and remainder number of
family in MHz clock cycles to
1 2 4 6 8 10 12 SIS
clock | clock | clock | clock | clock | clock | clock rounding
cycle | cycles | cycles | cycles | cycles | cycles | cycles
Cyclone 40 79 186 184 185 184 185 1
Cyclone Il 70 134 275 273 272 273 273 1
Cyclone 111 77 149 337 335 334 335 335 1
Cyclone IV 81 159 340 338 337 338 338 1
Cyclone V 84 161 343 341 340 341 341 1
Stratix 73 142 319 317 316 317 317 1
Stratix 11 109 216 433 431 430 431 431 1
Stratix 11 131 252 541 539 538 539 539 1
1
1

Table 2. F,,(iterDiv) of iterative divider with inputs 12x4 and rounding executed within two

clock cycles
F .. (iterDiv) of iterative divider with inputs 12x4
according to the total number of clock cycles required Required
FPGA to compute quotient and remainder number of
family in MHz clock cycles to
1 2 4 6 8 10 12 DG
clock | clock | clock | clock | clock | clock | clock rounding
cycle | cycles | cycles | cycles | cycles | cycles | cycles
Cyclone 40 79 186 184 277 275 276 2
Cyclone Il 70 134 275 273 352 350 351 2
Cyclone 111 77 149 337 335 414 412 413 2
Cyclone IV 81 159 340 338 421 419 420 2
Cyclone V 84 161 343 341 430 428 429 2
Stratix 73 142 319 317 402 400 401 2
Stratix 11 109 216 433 431 522 520 521 2
Stratix 111 131 252 541 539 688 686 687 2
Stratix 1V 135 267 542 540 694 692 693 2
Stratix V 137 269 552 550 703 701 702 2

1) For 12x4 iterative divider with rounding executed within a single clock cycle, if the computation
of quotient and remainder takes:
e 1clockcycle, then F_ (iterDiv) <F_, (embMem) from 73.13% to 81.9%
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o 2clock cycles, then F__ (iterDiv) <F_ (embMem)from 47.25% to 64.25%
e 4clock cycles, then F_ (iterDiv) > F__, (embMem) from 7.6% to 8.36% in Cyclone 11-V
and Stratix I-V, and F __ (iterDiv) <F___ (embMem) by 15.83% in Cyclone
6 clock cycles, then F __ (iterDiv)>F __ (embMem) from 7.27% to 7.69% in Cyclone 1I-V and
Stratix 1-V; and F_,(iterDiv) <F __ (embMem) by 16.74% in Cyclone

Table 3. F,, (iterDiv) of iterative divider with inputs16x8 and rounding executed within a single

clock cycle
F . (iterDiv) of iterative divider with inputs 16x8 according to | Required
the total number of clock cycles required to compute quotient | number
FPGA and remainder of clock
family (in MHz) cycles to
1 2 4 6 8 10 12 14 | execute
clock | clock | clock | clock | clock | clock | clock | clock | reunding
cycle | cycles | cycles | cycles | cycles | cycles | cycles | cycles
Cyclone 19 39 75 73 74 73 74 74 1
Cyclone 11 34 65 128 127 125 127 128 127 1
Cyclone 111 41 7 142 141 140 141 142 141 1
Cyclone IV 44 82 159 158 157 158 159 158 1
Cyclone V 46 88 172 171 171 171 172 171 1
Stratix 37 69 129 128 127 128 129 128 1
Stratix 11 57 93 170 169 169 169 170 169 1
Stratix 11 68 132 252 251 250 251 252 251 1
Stratix IV 82 159 304 303 302 303 304 303 1
Stratix V 80 157 301 300 300 300 301 300 1

Table 4. F ,(iterDiv) of iterative divider with inputs 16x8 and rounding executed within two clock

cycles
F . (iterDiv) of iterative divider with inputs 16x8 according to | Required
the total number of clock cycles required to compute quotient | Number
FPGA and remainder of clock
family (in MHz) cycles to
1 2 4 6 8 10 12 14 | exectie
clock | clock | clock | clock | clock | clock | clock | clock | reunding
cycle | cycles | cycles | cycles | cycles | cycles | cycles | cycles
Cyclone 19 39 75 73 122 120 121 121 2
Cyclone 11 34 65 128 127 232 231 231 231 2
Cyclone 111 41 7 142 141 269 268 268 269 2
Cyclone IV 44 82 159 158 275 274 274 275 2
Cyclone V 46 88 162 161 279 278 278 279 2
Stratix 37 69 129 128 208 206 206 208 2
Stratix 11 57 93 170 169 313 311 312 312 2
Stratix 111 68 132 252 251 439 437 436 438 2
Stratix IV 82 159 304 303 443 441 442 443 2
Stratix V 80 157 301 300 438 437 436 438 2
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e 8 clock cycles, then F __ (iterDiv)>F _ (embMem)from 7.1% to 7.35% in Cyclone 1I-V
and Stratix 1-V, and, F__ (iterDiv)>F__ (embMem) by 16.28% in Cyclone
e 10 clock cycles, then F __ (iterDiv) >F _ (embMem) from 7.27% to 7.69% in Cyclone 11-V
and Stratix I-V, and F__ (iterDiv) <F __ (embMem) by 16.74% in Cyclone
e 12clock cycles, then F __ (iterDiv) > F __ (embMem) from 7.27% to 7.69% in Cyclone 11-V
and Stratix I-V, and F __ (iterDiv) <F __ (embMem) by 16.28% in Cyclone.

Table 5. F,, (iterDiv) of iterative divider with inputs 24x16 and rounding executed within a single

clock cycle
F .. (iterDiv) of iterative divider with inputs 24x16 according to | Required
the total number of clock cycles required to compute quotient | Number
FPGA and remainder of clock
family (in MHz) cycles to
1 2 4 6 8 10 12 4| ool
clock | clock | clock | clock | clock | clock | clock | clock | rounding
cycle | cycles | cycles | cycles | cycles | cycles | cycles | cycles
Cyclone 10 16 28 26 27 26 27 26 1
Cyclone 11 17 26 42 41 41 42 41 41 1
Cyclone 111 26 36 50 48 49 50 50 49 1
Cyclone IV 30 39 62 60 61 61 62 62 1
Cyclone V 32 43 64 63 64 63 63 63 1
Stratix 20 28 46 45 46 46 45 45 1
Stratix 11 42 55 80 79 80 80 79 79 1
Stratix 11 50 73 102 100 101 102 102 101 1
Stratix IV 54 79 104 103 103 102 104 104 1
Stratix V 52 75 103 101 102 101 102 102 1

Table 6. F,, (iterDiv) of iterative divider with inputs 24 x16 and rounding executed within two clock

cycles
F .. (iterDiv) of iterative divider with inputs 24x16 according to | Required
the total number of clock cycles required to compute quotient | Number
FPGA and remainder of clock
amily (in MHz) cycles to
1 2 4 6 8 10 12 14 | execute
clock | clock | clock | clock | clock | clock | clock | clock | reunding
cycle | cycles | cycles | cycles | cycles | cycles | cycles | Cycle
S
Cyclone 10 16 28 26 46 44 45 44 2
Cyclone 11 17 26 42 41 70 78 78 79 2
Cyclone Il1 26 36 50 48 82 81 81 82 2
Cyclone IV 30 39 62 61 105 103 103 104 2
Cyclone V 32 43 64 63 106 104 104 105 2
Stratix 20 28 46 45 79 77 77 78 2
Stratix |1 42 55 80 79 139 138 136 137 2
Stratix 111 51 73 102 101 172 170 169 170 2
Stratix IV 54 79 104 103 178 177 177 178 2
Stratix V 52 75 105 102 176 175 175 176 2
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2) For 12x4 iterative divider with rounding executed within 2 clock cycles, if the computation of
quotient and remainder takes:
e 1clock cycle, then F . (iterDiv) <F __ (embMem) from 73.13% to 81.9%

e 2clock cycles, then F__ (iterDiv) <F_ __ (embMem) from 47.25% to 64.25%

4 clock cycles, then F_ (iterDiv)>F _ (embMem)from 7.6% to 8.36% in Cyclone II-V and

Stratix I-V, and F __,(iterDiv) <F __ (embMem) 15.83% in Cyclone

Table 7. F,, (iterDiv) of iterative divider with inputs 32x24 and rounding executed within a single

clock cycle
F ... (iterDiv) of iterative divider with inputs 32x24 according to | Required
the total number of clock cycles required to compute quotient | number
FPGA and remainder of clock
family (in MHz) cycles to
1 2 4 6 8 10 12 T4 execute
clock | clock | clock | clock | clock | clock | clock | clock | reunding
cycle | cycles | cycles | cycles | cycles | cycles | cycles | cycles
Cyclone 4 10 17 15 16 15 16 15 1
Cyclone 11 10 17 28 26 26 27 27 26 1
Cyclone 111 19 26 37 36 36 36 37 36 1
Cyclone IV 22 34 43 42 42 43 43 42 1
Cyclone V 26 37 46 45 46 46 45 45 1
Stratix 18 26 32 31 32 32 31 31 1
Stratix 11 26 37 48 47 47 48 48 a7 1
Stratix 111 34 52 68 67 67 68 68 67 1
Stratix IV 39 58 77 78 78 79 78 78 1
Stratix V 37 55 79 76 77 77 76 76 1

Table 8. F,, (iterDiv) of iterative divider with inputs 32x24 and rounding executed within two clock

cycles
F .. (iterDiv) of iterative divider with inputs 32x24 according to | Required
the total number of clock cycles required to compute quotient | Number
FPGA and remainder of clock
family (in MHz) cycles to
1 2 4 6 8 10 12 14 | execute
clock | clock | clock | clock | clock | clock | clock | clock | reunding
cycle | cycles | cycles | cycles | cycles | cycles | cycles | cycles
Cyclone 4 10 17 15 22 20 21 20 2
Cyclone 11 10 17 28 25 37 35 36 36 2
Cyclone 111 19 26 37 35 48 46 a7 46 2
Cyclone IV 22 34 40 38 54 52 53 52 2
Cyclone V 26 37 46 44 57 55 56 55 2
Stratix 18 26 32 37 46 44 45 44 2
Stratix 11 26 37 48 46 78 73 74 73 2
Stratix 111 34 52 68 67 108 106 107 107 2
Stratix IV 39 58 77 76 112 110 112 112 2
Stratix V 37 55 79 77 116 114 116 116 2
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e 6 clock cycles, then F__ (iterDiv) > F_ (embMem) from 7.27% to 7.69% in Cyclone 11-V
and Stratix I-V, and F __ (iterDiv) <F _ (embMem) by 16.74% in Cyclone
e 8clock cycles, then F,, (iterDiv) >F__ (embMem) from 20.21% to 27.45%
e 10clock cycles, then F __, (iterDiv) > F __ (embMem) from 19.63% to 27.25%
e 12 clock cycles, then F _ (iterDiv) >F __ (embMem) from 19.92% to 27.35%.
3) For 16x8 iterative divider with rounding executed within a single clock cycle, if the computation

of quotient and remainder takes:
e 1clock cycle, then F . (iterDiv) <F_ (embMem) from 84.31% to 91.4%

e 2clock cycles, then F__ (iterDiv) <F_ _ (embMem) from 69.21% to 82.35%
e 4clock cycles, then F__ (iterDiv) <F __ (embMem) fron 40.99% to 66.06%
e 6 clock cycles, then F__ (iterDiv) <F __ (embMem) from 41.17% to 66.95%
e 8clock cycles, then F_ (iterDiv) <F_ _ (embMem) from 41.17% to 66.51%
e 10 clock cycles, then F _ (iterDiv) <F _ (embMem) from 41.17% to 66.95%
e 12 clock cycles, then F _ (iterDiv) <F __ (embMem) from 40.99% to 66.51%
e l4clock cycles, then F _ (iterDiv) <F __ (embMem) from 41.17% to 66.51%
4) For 16x8 iterative divider with rounding executed within 2 clock cycles, if the computation of

quotient and remainder takes:
o 1clockcycle, then F_ (iterDiv) <F__(embMem) from 84.31% to 91.4%

e 2clockcycles, then F__ (iterDiv) <F __ (embMem) from 69.21% to 82.35%
e 4clock cycles, then F__ (iterDiv) <F __ (embMem) from 40.99% to 66.06%
e 6 clock cycles, then F_ (iterDiv) <F _ (embMem) from 41.17% to 66.95%
e 8clock cycles, then F_ (iterDiv) <F_ _ (embMem) from 14.11% to 44.79%
e 10clock cycles, then F_, (iterDiv) <F _ (embMem) from 14.31% to 45.7%
e 12clock cycles, then F__, (iterDiv) <F __ (embMem) from 14.5% to 45.25%
o 14clock cycles, then F __ (iterDiv) <F _ (embMem) from 14.11% to 45.25%
5) For 24x16 iterative divider with rounding executed within a single clock cycle, if the

computation of quotient and remainder takes:
e 1clock cycle, then F . (iterDiv) <F __ (embMem) from 89.8% to 95.47%

e 2clockcycles, then F__ (iterDiv) <F __ (embMem) from 85.29% to 92.76%
e 4clock cycles, then F__ (iterDiv) <F __ (embMem) from 79.8% to 87.33%

e 6clock cycles, then F_, (iterDiv) <F _ (embMem) from 80.19% to 88.23%
o 8clock cycles, then F__ (iterDiv) <F__, (embMem) from 80% to 87.78%

e 10clock cycles, then F__, (iterDiv) <F __ (embMem) from 80.19% to 88.23%
e 12 clock cycles, then F _ (iterDiv) <F __ (embMem) from 80% to 87.78%

e 14 clock cycles, then F __, (iterDiv) <F _ (embMem) from 80% to 88.23%

6) For 24x16 iterative divider with rounding executed within 2 clock cycles, if the computation of
quotient and remainder takes:

e 1clockcycle, then F__ (iterDiv) <F_, (embMem) from 89.8% to 95.47%
e 2clockcycles, then F__ (iterDiv) <F__ (embMem) from 85.29% to 92.76%
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e 4clock cycles, then F_, (iterDiv) <F _ (embMem) from 79.41% to 87.33%
e 6 clock cycles, then F_ (iterDiv) <F__, (embMem) from 80% to 88.23%
o 8clockcycles, then F__ (iterDiv) <F __ (embMem) from 65.49% to 79.18%
e 10 clock cycles, then F _ (iterDiv) <F _ (embMem) from 65.68% to 80.09%
o 12clock cycles, then F__ (iterDiv) <F . (embMem) from 65.68% to 79.63%
o 14 clock cycles, then F__ (iterDiv) <F . (embMem) from 65.49% to 80.09%
7) For 32x24 iterative divider with rounding executed within a single clock cycle, if the

computation of quotient and remainder takes:
e 1clockcycle, then F__ (iterDiv) <F_ __ (embMem) from 92.74% to 98.19%

o 2clockcycles, then F__ (iterDiv) <F __ (embMem) from 89.21% to 95.47%
e 4clock cycles, then F_ (iterDiv) <F__ (embMem) from 84.5% to 92.3%
e 6clock cycles, then F_ (iterDiv) <F_ _ (embMem) from 85.09% to 93.21%
e 8clockcycles, then F__ (iterDiv) <F__ (embMem) from 84.9% to 92.76%
e 10clock cycles, then F_, (iterDiv) <F _ (embMem) from 84.9% to 93.21%
o 12clock cycles, then F__ (iterDiv) <F _ (embMem) from 85.09% to 92.76%
e 14clock cycles, then F__, (iterDiv) <F __ (embMem) from 85.09% to 93.21%
8) For 32x24 iterative divider with rounding executed within 2 clock cycles, if the computation of

quotient and remainder takes:
e 1clockcycle, then F__ (iterDiv) <F, . (embMem) from 92.74% to 98.19%

e 2clock cycles, then F__ (iterDiv) <F_ _ (embMem) from 89.21% to 95.47%
e 4clock cycles, then F_ (iterDiv) <F_, (embMem) from 84.5% to 92.3%

e 6 clock cycles, then F__ (iterDiv) <F __ (embMem) from 84.9% % to 93.21%
e 8clock cycles, then F__ (iterDiv) <F __ (embMem) from 77.25% to 90.04%
o 10clock cycles, then F__ (iterDiv) <F . (embMem) from 77.64% to 90.95%
o 12clock cycles, then F__ (iterDiv) <F . (embMem) from 77.25% to 90.49%
e 14 clock cycles, then F _ (iterDiv) <F __ (embMem) from 77.25% to 90.95%.

Therefore, (3) is satisfied only for 12x4 divider when computation of quotient and remainder
takes 4 and more clock cycles, rounding — 1 clock cycle, for Cyclone 11-V and Stratix 1-V; and 4
and more clock cycles, rounding - 2 clock cycles, for Cyclone 11-V and Stratix 1-V and 8 and more
clock cycles for Cyclone. Divider with inputs 12x4 limits the value of CC in (1) up to 2°~1. Results
prove that the number of the stages in the pipelined computation of quotient and remainder and
F . (iterDiv) respectively are restricted by the largest critical path delay of rounding.

With respect to the goal of ultimate execution speed in FPGA based edge detection which
relies on Gaussia weighted average function as a filtering stage, the two critical factors which define
whether the iterative integer division can be used in the Gaussian filtering computations are:

e Very wide range of the magnitudes of Gaussian filter coefficients;
e A Gaussian filtered image pixel must be available at the output of the Gaussian filtering
module every clock cycle.

On the basis of these two factors, the analysis of the interdependencies among the size of
inputs, F . (iterDiv), nTclk,, (iterDiv) and F__ (embMem) presented in percentage terms proves

min
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that iterative integer division cannot be used in FPGA based edge detection focused on achieving
the goal of ultimate execution speed.

5. Conclusions

Presented is a thorough investigation of the speed parameters of iterative integer division
implemented as digit recurrence radix-2 non-restoring divider with inputs 12x4, 16x8, 24x16 and
32x24, and rounding executed with a single clock cycle and within two clock cycles in ten Intel
(Altera) FPGA families. The analysis of the obtained experimental results prove that iterative
integer division cannot be used in achieving the goal of ultimate execution speed in FPGA based
edge detection relying on Gaussian weighted average function as a filtering stage.
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BATTERY PERFORMANCE OPTIMIZATION USING DATA-
DRIVEN MACHINE LEARNING

Viktor Mashkov

Abstract: With the world moving towards a more environmentally-friendly future a number of governing
bodies have suggested moving away from ICE vehicles, and towards electric alternatives. Electric mobility
offers some great advantages, but has severe drawbacks in terms of energy storage. The industry-leading
lithium-ion battery cells remain relatively heavy, expensive and have a relatively short useful life. Recent
advances in the world of Artificial Intelligence allow for creating machine learning models that help
optimize battery performance, extend useful life, allow faster charging, more accurate range indication etc.
This paper focuses on State of Charge (SoC) estimation improvenments, as range anxiety is one of the
largest problems faced by electric mobility. A number of lightweight machine learning models were tested
on the NASA li-ion battery dataset and the capabilities of more complex, attention based models were
discussed.

Keywords: Electric vehicles, EVs, Machine Learning, Artificial Intelligence, Lithium-ion Batteries

1. Introduction

The World Health Organization states that almost the entire global population (99%) breathes
air that exceeds air quality limits, and threatens their health. A record number of over 6000 cities in
117 countries are now monitoring air quality, but the people living in them are still breathing
unhealthy levels of fine particulate matter and nitrogen dioxide, with people in low and middle-
income countries suffering the highest exposures [1]. Numerous health and environmental agencies
report that a large portion of air pollution is caused by the transportation sector, with Internal
Combustion Engine (ICE) vehicles being the main culprits. These facts lead to a much-needed
change in the technology used for transportation with electric vehicles (EVs) being by far the
highest regarded option. Electric mobility has a large number of advantages, such as higher engine
efficiency, the ability to reduce air and noise pollution in cities, the potential for creating
personalized urban transportation devices (e-bikes, e-scooters, etc.). On the other hand, EVs have a
number of setbacks, most of which are related to the way they store energy. Batteries are, to this
day, relatively expensive, have relatively low energy density, have a relatively low useful life, and
create more pollution in the production process. This makes optimizing their operation vital for
ensuring electric mobility has a viable use.

2. State of the problem

The most widely used method for energy storage in EVs are lithium-ion batteries. Their
energy density, longevity, cost and overall performance are industry-leading. Specifics of their
physical properties, however, make understanding their operation in-depth a challenge. Their
discharge voltage curve, for example, remains flat for, in some cases, more than 90% of a full
discharge cycle (Fig. 1)[2], which makes estimating State of Charge (SoC) a challenging task. SoC
refers to the ratio between the charge stored in the battery currently and the rated battery capacity
(Fig. 2).

State of Health (SoH) and Remaining Useful Life (RUL) are further operational
characteristics that need to be estimated and understood in order to ensure proper vehicle function.
State of Health refers to the ratio between the maximum storable energy in a battery at the moment
and the rated battery capacity (usually at the beginning of the battery’s life cycle) (Fig. 3).
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Remaining useful life is the time after which an item’s performance (in this case - a battery) drops
below a certain failure threshold (Fig. 4). The three aforementioned battery performance
characteristics have a nonlinear nature and depend on a large number of parameters, such as battery

chemistry, current and voltage draw, peak current and voltage, ambient temperature, battery
temperature etc.
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Fig. 1. Discharge voltage of lithium iron phosphate batteries.[2]
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Fig. 2. Battery State of Charge. [3]
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Fig. 3. Battery State of Health. ASoH - Absolute State of Health. [3]
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3. Machine learning methods for battery optimization.

Our paper largely focuses on state of charge estimation, as accurately estimating a battery’s
state of charge (SoC) is key in transportation uses. “Range anxiety” is one of the largest problems
that EV users report. In recent years researchers have started using different machine learning
methods to model a battery’s characteristics and therefore estimating its SoC. These methods vary
from lightweight regression models that can be deployed on inexpensive hardware and provide
adequate accuracy on simpler battery loading profiles to complex time-series analysis.

Lightweight models

A large number of different lightweight data-driven machine learning models were tested by
different authors. In our testing, we compared 16 different lightweight regression machine learning
models on the NASA battery dataset using the features load current, battery voltage and battery
temperature(Table 1). We compared the models with the following parameters:

MAE - Mean Absolute Error
MSE - Mean Squared Error
RMSE - Root Mean Squared

R2 - R squared

RMSLE - Root Mean Squared Log Error
MAPE - Mean Absolute Percentage Error

T - Time needed for model training

Our research concluded that the best-performing model for our use case was the Light
Gradient Boosting Machine, offering the highest accuracy and the lowest required time for training.
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Table 1. Sixteen regression models tested for the NASA battery dataset.

Model MAE MSE RMSE R2 RMSLE

Light Gradient Boosting Machine 1.1748  4.1872 2.0382 0.995

Random Forest Regressor 1.1313 4.6208 2.1428 0.9945
Extra Trees Regressor 1.1622 5.0014 2.2294 0.9941
K Neighbors Regressor 1.6748 6.3703 2.5181 0.9924
Decision Tree Regressor 1.454 7.7179 2.772 0.9909
Gradient Boosting Regressor 2.016 7.6571 2.7641 0.9909
AdaBoost Regressor 3.4634 17.14 4.1393 0.9797
Least Angle Regression 5.8084 50.0788 7.0709 0.9409
Bayesian Ridge 5.8091 50.0787 7.0709 0.9409
Linear Regression 5.8084 50.0787 7.0709 0.9409
Ridge Regression 5.8544 50.1542 7.0767 0.9408
Huber Regressor 5.3756 60.2591 7.7396 0.9289
Lasso Regression 7.7429 89.289 9.4426 0.8947
Orthogonal Matching Pursuit 7.6742 89.2283 9.4387 0.8947
Elastic Net 7.9768 90.2916 9.4973 0.8934

Passive Aggressive Regressor 8.3438 105.6795 10.1794 0.8752

Complex models

0.0718
0.0652
0.0668
0.0877
0.0858
0.1501
0.3074
0.4594
0.4593
0.4594
0.4509

MAPE T
7.1296
2.6714
1.8929
7.1522
1.3091

26.4158

145.2611

638.1145

637.5488

638.1138

598.6082

0.5367 1042.3756

0.4424
0.4321
0.4736
0.4355

193.0764
184.6607
215.6762
223.8925

(Sec)

0.08
1.318
0.873
0.076
0.053
0.371
0.305
0.031
0.027
0.017
0.026
0.105
0.028
0.028
0.028
0.036

Complex machine learning models for SoC estimation are most applicable for uses in larger
electric vehicles (electric cars, trucks etc.). They include time-series analysis with attention-based
machine learning algorithms, such as Gated recurrent unit (GRU) neural networks, Long-short term
memory (LSTM) networks and, in most recent years transformer models, which tend to outperform
what was previously available. The authors [5], published in 2021 in the nature journal proposes a
self-supervised transformer model, which outperforms currently available machine learning models
in state of charge estimation for complex battery loading that mimics standardized driving cycles.
Figure 6 shows the researchers’ results while comparing to the deep learning models Inception
Time, FCN, LSTM-FCN, GRU-FCN, GRU, LSTM, ResCNN, DNN and ResNet.
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Fig. 5. Proposed model by authors outperforms currently available ML models [5].
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4. Conclusion

Data-driven machine learning proves to be the state-of-the-art method for accurate battery
performance optimization. Our research on the NASA battery dataset showed that we can
implement lightweight regression machine learning models to accurately predict low-feature use
cases. These models can be implemented on cheaper hardware, making them useful for urban
electric vehicles (e-bikes, e-scooters etc.). Complex loading scenarios, however, require attention-
based models. Transformer regression models are industry-leading for time-series forecasting and
this use case is no exception. Further research that tests different transformer-based models would
be extremely valuable to the world of electric mobility and can possibly provide excellent results
not only when predicting SoC, but for SoH and RUL too.

[1].
[2].
[3]-
[4].

[5].
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WORKFLOW ADAPTATION FOR INTELLIGENT HUMAN-
MACHINE INTERFACES

Miroslav Markov

Abstract: Following the concept of Intelligent Human-Machine Framework (iHMIfr) developed and
presented recently, the paper examines the processes inherent for the concept as well as their chronology and
relations. A four-layer roadmap: sensing — monitoring — decision — adaptation is used for decomposition of
the interaction process, aimed at achieving of common approach for development of intelligent human-
machine interfaces. The interaction trinity paradigm embedded in the concept, along with multimodality of
system inputs and outputs define a combination of processes, which - related to the specificities of the
particular field of implementation - enhance the creation and development of iHMI architectures.

Keywords: Human-machine interface, HMI, Human-computer interface, HCI, Human-robot interface, HRI,
intelligent, adaptive, emotion-sensitive, affective, cognitive, human-centered interfaces.

1. Introduction
1.1.  Analysis of previous related works

The world of the so-called intelligent machines grows extremely fast during the last decade.
Many of the proposed and created exemplars definitely deserve to be addressed as intelligent, even
though it is very hard for their intelligence to be measured and compared. Of course, the interaction
capabilities of a machine are the strongest criterion, but since the field of human-machine
interaction is quite broad, the intelligence could be expressed in myriad of ways.

One of the typical expressions of intelligence is the adaptability of the machine. In this regard,
the adaptive human-machine interfaces comprise the widest category of approaches for
achievement of intelligence. Basically, the adaptation of the machine behaviour corresponding to
any human-related factor is a property of these interfaces. The completeness and appropriateness of
the factors considered, then, could be a good point for assessment of the degree of adaptability.
Workload, situation awareness and autonomy [1] are often researched as most important issues in
that direction. As a consequence, broad variety of categorical definitions of HMIs could be found in
the scientific literature — emotion-sensitive, affective, cognitive, human-centered, autonomous etc.

Various approaches for adaptation have been developed, depending on the application area [2-
18]. In most cases, the proposed solution was focused either on the specific interaction between the
human user and the machine (e.g. chatbots and voice assistants), specific mutual tasks
(collaborative robots), or on the development of autonomous systems (drones, vehicles, etc.), also
known as cyber-physical systems (CPS). The adaptation process for the first group usually captures
the user's intent and aims to respond reasonably to resemble a human-to—human interaction [2, 3].
Technologies often support this for enhancement of the user's experience, such as avatars [5], lip-
synching [6, 7], and generation of nonverbal behavior [8, 9] in order for the agent to be endowed
with emotional intelligence [10] and so on. The second group develops the adaptation process
around a particular task, which should be implemented mutually by humans and robots [11, 12] or
by human and specific software agents [13, 14, 15]. In this case, the adaptation of the machine is
mainly dedicated to achieving high accuracy of the operation, high efficiency, low error rate,
minimization of the risk of injuries, etc. — features dependent on the extent of collaboration of the
human-machine team. In previous research, such interaction is often represented by joint action
paradigms like Social Simon Task [16]. Both groups mentioned so far mainly utilize a human-
centered approach. Unfortunately, a tiny number of the research studies incorporate the impact of
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the context on the human's abilities and current state. On the other hand, the third group (CPSs) [17,
18], aiming to develop maximum autonomy of the systems, perceives the context state as a target
that should be dynamically recognized and offset by adaptive actions. In some cases, such strategy
puts the human aside from the center and often, to a big extent even regards the users as part of the
context.

1.2. Contribution of this paper

The current paper presents the behavior adaptation workflow as a combination of processes to
achieve intelligent Human-Machine Interfaces as an intrinsic property of iHMIfr. In this regard, the
concept of intelligent Human-Machine Interface framework (iHMIfr) [19] is followed and further
elaborated. The additional development of the idea, as well as its presentation and examination from
the point of view of a chronological sequence of processes, aims at conceptual formulation of a
common approach for development of HMIntefaces in different areas, independent from the level
and type of the particular technologies utilized for implementation of each process. The novelty laid
down in the paper consists of concatenation of the two pillars inbuilt in iHMIfr, namely — the
interaction trinity “human-machine-context” and the multi-modal approach with regard to both —
inputs and outputs of the system with a systematic breakdown of the processes inherent for the
particular interaction.

2. Workflow Adaptation for Intelligent Human-Machine Interfaces

2.1. The Intelligent Human-Machine Interface Framework

The Intelligent Human-Machine Interface Framework (iHMIfr) generalizes the formulated
vision concerning adaptive Human-Machine Interfaces [19]. In the current contribution, a four-layer
roadmap of the information flow is presented, consisting of sensing — monitoring — decision —
adaptation layers, and supposed to drive the machine behavior and adapt it according to the
individual human needs.

There are two central concepts founding the framework. The first one is related to its
multimodality — concerning both the sensors and the actuators of the system, making it more
accurate and flexible in its field of implementation. The second one encompasses the processing of
signals, states, and information in separate flows, passing across the framework layers and
considering three main factors — the human state of mind, the dynamics in the implementation of a
specific task, and the impact caused by various context-related circumstances.

2.2.  Workflow Adaptation

The iIHMIfr discussed above is founded on the interaction trinity "human-machine-context"
and, to a considerable extent, joints the approaches mentioned above in a common framework for
the development of human-machine (HMI) — including human-robot (HRI) and human-computer
(HCI) interfaces. Specifically, the overall workflow is organized in the four layers (sensing,
monitoring, decision, adaptation) shown in Fig.1.

Sensing Layer

The Sensing Layer consists of two interrelated and mutually dependent components — the
Multi-modal Signal Acquisition and Processing Module (MMSAPM) and the Classification Module
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Fig.1. Workflow of iHMIfr

(CM). This layer aims to ensure real-time monitoring of various parameters related to a particular
HMI ecosystem and transform them into states, determining each side's behavior. Here, the
euphemism HMI ecosystem relates to all types of HMI configurations and includes at least three
sides: (i) the machine (robot/ computer) itself - represented by the task it has been assigned, (ii) the
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human operator with his/her features, and (iii) the surrounding environment, known as context, with
its changing conditions. These three sides influence each other in cooperative or collaborative tasks.

The core function of MMSAPM is to collect a variety of signals relevant to a specific
situation, which are reliable enough to reflect different aspects of the interaction. Multimodality is
the key word here, and even though we have focused on a set of input signals in this framework, the
list is not exhaustive and could be complemented. Furthermore, the information derived from these
signals could be overlapping, which is desirable regarding the validation of a particular state and
could be very useful for overcoming ambiguous or uncertain situations. Last but not least, using
different input modalities allows such interactions to be adopted successfully in environments that
require wearing specific safety clothing or attributes like glasses, gloves, helmets, etc.

While the utilization of inputs like text and different audio and video signals obtained from
various devices is crucial for interaction, in our days, it could be defined as a commodity. In the
iIHMIfr framework, the stress level is considered an essential item in the ecosystem. Hence, the use
of signals allowing machines to interpret human intention better and sense different aspects of the
human state of mind is of particular interest and plays a vital role in our research. Control inputs
like the position of the mouse marker or signals from the gaze tracker could be very informative for
detecting human attention during the implementation of a task. Furthermore, physiological signals
(such as EDA / GSR; PPG; ECG; EEG, etc.) are widely used to infer the degree of attention at a
specific time and could serve as a base for estimating a human's emotional state and momentous
stress level, cognitive load, and fatigue. For all these estimations to come true, the input signals
undergo signal processing, feature extraction and selection, and information abstraction. The same
holds for text analysis, where natural language processing (NLP) is used for guesstimating the
human's intention.

The classification module (CM) transforms all the processed signals into some categories or
states. The CM serves as a primary distributor of the input data into three specific streams: one —
connected to recognition of human's current state of mind; second — connected to dynamic
determination of task-specific states, and third — focused on real-time capturing of context-related
states.

Monitoring layer

The Monitoring layer is fed with the outputs from the sensing layer — namely particular
human-related, task-related, or context-related states. Its principal function is the real-time
maintenance of three models, representing respectively the human state of mind, the task
implementation, and the context dynamics. The Human State-of-Mind Model monitors the current
human-related states and keeps a memory of the past. The prior knowledge inbuilt in the model
(e.g., age, gender, level of expertise, etc.) serves as a base for elaborating user profiles relevant to
the specifics of the interaction. The model generalizes all the available information and outputs a
prediction for human behavior. Compared to past dynamics, each change in a particular input state
can indicate a continuation or break of the current tendency. Different regression techniques are
used to determine trends and subsequent extrapolation of all the monitored states. The user profiling
enables the system to weigh all the changes and estimate the behavior more accurately, considering
the person-specific features.

The Task State Model also uses prior knowledge, which contains the inherent logic of the task
— its possible states and sequence. It also keeps the memory of the past, allowing the system to
dynamically recalculate and assess performance parameters like Score, Temporal Alignment, or
Stage Progress. This assessment allows a comparison between current and desired/expected
parameters, which gives insights into how successful the task implementation is and hence the need
for subsequent adaptation.

The functioning of the Context State Model follows a similar structure: monitoring the
context-related input states and keeping their memory. The changes associated with these states
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represent the variability of particular context circumstances, which also serve as a base for
prediction.

Decision Layer

In order to combine all three outputs in the shape of information flows from the Monitoring
layer, an entity resembling a virtual funnel is necessary. Information Fusion dynamically transforms
the incoming information flows from the three abovementioned models into drafted decisions. The
modular approach inbuilt in the iHMIfr framework, however, allows flexibility and
interchangeability of alternative technologies, which on the other hand, allows constant
development and progressive improvement of the decision capability. The decision-making process
takes place as the drafted decisions are weighed against existing or imposed constraints. The
constraints, in general, have two forms — restrictions and limitations. A rule-based approach could
be applied to provision exclusions (e.g., in cases of emergency or force majeure).

Two types of constraints could be distinguished and involved in a decision — (i) related to the
physical world (e.g., the minimum distance between human and robot during collaboration) and (ii)
the moral and ethical constraints, which both the human and the machine are expected to respect.

The resulting decisions, coming out from the Decision Layer, are also distinguished in two
aspects — decisions concerning the implementation of the task and those related to the context,
allowing different adaptation strategies to be implemented in each direction.

Adaptation Layer

The Adaptation Layer (cf. Fig.1) consists of two parallel adaptation processes — one related to
the task and one — to the context. Both processes could be considered autonomous management
systems are exercising control within their scope. The output consequently consists of actions
configuring two different adaptation strategies.

The task-related adaptation strategy involves actions aimed at modeling different aspects of
the task in conjunction with the current human needs to achieve optimal performance, safety, and
satisfaction from the interaction. Such actions include adapting the dialog flow, so the machine can
respond adequately to any change in the complex multimodal inputs, in that number - undertaking
the role of the proactive side when necessary. Another example is the adaptation of machine
kinematics for constant prevention of undesired collisions and achievement of better accuracy in its
motions. Adaptation of the Task Complexity could be achieved by enabling the system to set
different levels of tutoring functionalities as a response to perceived fatigue or hesitation due to a
particular emotional state, stress, or lack of attention from the human side. In cases of not finding
better adaptive action, task aborting could be applied as most reasonable.

Context-related adaptation strategy consists of actions aimed at overcoming the distractive
influences of the context (e.g., unfavorable light conditions or noisy environments) upon the human
operator on the one hand, as well as responding to perceived human needs deriving from particular
states of mind (e.g., reducing the volume of the information being submitted to the human in case of
recognized significant level of cognitive load. Another reason for reaction as part of this strategy
could be the reaching of unwanted or dangerous states pertained to the implemented task. The
adaptation could be applied through the most appropriate channel for the situation — visual,
auditory, or haptic as appointed from the decision layer or as a combination of simultaneous or
gueues of actions via alternative channels.

2.3. Discussion

In general, the inherent components of each workflow could be described as inputs,
transformation, and outputs — of course, all of them varying in broad ranges, depending on the
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implementation. In the case of the current study, the inputs collect information from the three
sources participating in the interaction — human, machine (or its task properties and states), and
context. In that order of thought, each of these inputs is independent and could be added, removed,
or modified to ensure the system's operability. Consequently, each HMI interface developed
through the framework could be equipped with the most appropriate and optimal set of inputs.
Furthermore, the sensors used for data acquisition concerning the human and the context states and
the technologies used for interpretation of the task states (which also should be treated as internal
inputs) could be selected in the range from expensive state-of-the-art hi-tech solutions, ensuring
maximum accuracy (e.g., sensors for physiological signals collection in conditions of the high-risk
environment) to low-cost devices (e.g., for detection of light, noise or temperature conditions — as
part of the context assessment).

Similarly, various machine learning techniques for classification and regression could be
implemented concerning the transformation processes — state recognition, profiling, information
fusion, decision making, etc., and various relevant solutions could be used regarding the outputs to
the user.

These decisions are made after aligning with the contextual properties and identifying the
specificities of the agent tasks. The future work will develop an experimental, context-based set,
serving as a proof of concept to validate the iHMIfr and the workflow architecture presented in the
current paper.

3. Use case

As a practical implementation of all the written above we suggest the following use case,
based on human-machine collaborative task and more precisely, task requiring shared space and
actions presuming the occurrence of collisions between the human and the robot. Of course, such
collisions are highly dangerous and undesirable as they could potentially lead to injury or even
death of the participating human operator. Let’s assume that aside from any shared action schedule,
defining the proper time and duration of any human and robot assigned actions the robot can
dynamically evaluate and interpret the human emotional state, current level of attention and
cognitive fatigue.

Multimodality of the inputs, implemented by usage of audio (microphone), visual (camera)
and physiological signal (wearable) devices ensures robot’s sensibilities. After further processing of
the input signals the robot perceives different human states — recognized, measured and associated
with a certain class. Any abnormal situation (state) recognized, by the robot leads to implementation
of particular adaptive strategy forcing the machine to change its behavior. The adaptation of the
behavior involves different output channels like auditory (alarm, verbal warning), visual (light
signal, notification on the display) or in case of perceived danger — change of the kinematics of the
robot (reducing the speed or pausing, or even aborting the current task).

Similarly, when a situation recognized as change of the context occurs — let’s say increase of
the environmental noise (which potentially deteriorates the human’s ability to hear and understand
the auditory information), the corresponding to this state strategy unlocks and the robot adapts the
interaction process by respective visual notification (blinking lights, larger fonts, etc.), haptic signal
(vibration), or in case of danger — again reduction of the speed or stop of the implementation.

Additionally, the product of the mutual human-robot team work (referred to as performance)
is constantly assessed and in case of deviations from the normal parameters again respective
adaptation strategy comes in play, so that to change the task workflow in a way ensuring more
effective or safer working process (change of the speed, imposition of break, aborting the task, etc.).
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4. Conclusion

The current paper presents the workflow inbuilt in the Intelligent Human-Machine

Framework iHMIfr presented in [19]. The workflow processes follow a four-layer roadmap: sensing
— monitoring — decision — adaptation. Through multimodal inputs, providing sensing abilities of the
system, and classification technics, different human-, task- and context-related states are recognized
and monitored, allowing appropriate profiling. Processes of information fusion and real-time
decision-taking control and implement the execution of adequate adaptive strategy utilizing various
output channels.
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PA3IIO3HABAHE HA CBAPEYHOCBHIA0OBU 3ABOJISIBAHUSA
YPE3 HEBPOHHU MPEKHU

Humutsp B. KpbereB

Pestome: IlyOnmukamusra ChAbp)Ka aHAIM3 HAa CKCIEPUMEHT 3a HW3UYKMCIISIBAHE HA YCIIEBAEMOCTTa IPU
KJIacuHUIMpaHe Ha ChPACYHOCHIOBU 3a00JIIBaHUS 4Ype3 NbI00Ka HEBPOHHA MpEka. 3a M3CICABAHETO ca
M3M0JI3BaHK PealHu JaHHu, myoaukyBanu ot University of California, Irvine. TounocTTa Ha pe3ynarature OoT
excriepumenTa e ~90%.

KarouoBn gymu: xnacupukanus, MaliMHHO 00y4YeHUE, HEBPOHHH MPEXKH, ChPJICUYHOCHI0BH 3a00ISIBAHUSL.

CARDIOVASCULAR DISEASE RECOGNITION THROUGH DEEP NEURAL
NETWORKS

Dimitar V. Krastev

Abstract: The publication contains an analysis of an experiment to calculate the success rate of
cardiovascular disease classification using a deep neural network. The study used real data published by the
University of California, Irvine. The accuracy rate of the experimental results is ~90%.

Keywords: classification, machine learning, neural networks, cardiovascular disease.

1. YBoa

C nonoOpeHueTo Ha KOMIIOTbpPHATa MOLIHOCT Ipe3 MOCIEIHUTE AECETHIICTHS MHOXKECTBO
TEXHOJIOTUH Ca UHTETPUPAHU KbM YacTH OT YOBEIIKOTO obuiectBo. CdepaTa Ha MeuIIMHATA € eHA
TakaBa 4acT, KbJIETO [IpaBUJIHATA JUArHOCTHKA Ha €/IMH MAallMEeHT MOXeE Ja ObJie pa3uKara MEexXIy
HEroBOTO OILIEJIIBAHE WM CMBPTTa My. KOMIIOTBpHO acucTupaHara AMArHOCTHKA € MPOU3JIA3IIa C
1en Aa MOANOMOTHE OBpP30TO M TOYHO JUArHOCTHIIMpPAaHE Ha MAllMEHTUTE W yBEIMYaBaHE Ha
0a30BOTO KayecTBO Ha JMarHo3ara 4pe3 NpeAOoCTaBsSHE Ha BTOPO MHEHHME CIPSIMO
JUArHOCTULIMPAIIUS JIEKap.

ITpoBeseH e eKCriepuMEeHT 3a pa3no3HaBaHe Ha ChPJICYHOCHIAOBU 3a00JsIBaHUS Ype3 MOMOIITa
Ha HEBPOHHU MpEeXU. 3ajayaTa ce pasriex/a Karo KjJacu(pUKaluoHHa, KbAETO BXOJHUTE JTaHHU Ha
BCEKM MAIMEHT ce 00paboTBaT OT HEBPOHHA MpeXa, KOATO BpbBINA pe3yiTaT, CHUMBOJIM3MpAIL
YBEPEHOCTTA 33 HAJIMYME Ha 3a00JIBaHE.

2. Uznoxenune

2.1. I3noa3Banu JanHu

3a MpOBEXJTaHETO Ha EKCIEPUMEHTAa ca W3IMOJ3BaHM JaHHH, CHOpPAaHH OT HIKOJKO
MEIUIMHCKH WHCTHTYynMH u nyomukyBanu ot University of California, Irvine [1]. Te
npencrapisBaT 920 pa3nauuHM 3amMca Ha pe3yaTaTH OT MalMeHTH CbC U 0e3 Haluyue Ha
ChPJICUHOCHIOBU 3a00JISIBaHUs. 3a BCEKH 3aIUC Ca 3al0KeHH 75 atpuOyTa, HO HAKOW 3alUCH HE
ChIBPIKAT JAHHH 3a OMPEJICICHH MapaMeTpu. 3a MPOBEKIAHETO HA €KCIIEPHMEHTa € M3IOJ3BaHO
MOJIMHOKECTBO OT 14 aTpubyTa, n30paHu Mo Mpernopbka Ha M3TOYHUKA Ha JaHHHTE.

Ilpenu ymorpeOsiBaHe Ha JaHHUTE 3a TPEHHPOBBUHHM L€, T€ Ca IOMIOKEHH Ha
npeaBapuTenHa 00paboTtka. Karo mpaBwiieH pe3yiTaT 3a BCEKH MAI[MEHT € B3eT aTpuOyThT 3a
CEpHO3HOCT Ha 3a00ssgBaHeTO, Bapupariil ot 0 (Hsama 3aboisaBane) 10 4 (MHOTO TEXKO 3a00IsIBaHe).
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Tadmnna 1. JluctpuOyius Ha NAIMEHTUTE CIIOpe]] 3a00IsIBaHe

MHuoro
Jlexo Cpenno Texko
JMannu 3apaBu TEKKO
3200JIIBaHe 3200JIIBaHe 3a200JIIBaHeE
3a00/1IBaHe
Bcuukn 411 265 109 107 28
N3uucrenun 160 56 35 35 13

2.2. ApxuTeKTypa Ha MoJeJia

3a apXuTeKTypa Ha MoJiena e u3dpaHa abi100Ka HeBpOHHA Mpexa. [Ibi10oka HEBpOHHA Mpexa
Npe/ICTaBIIsiBA HEBPOHHA MpEXa C MOBEYEC OT SIMH MEXIWHEH CJIOi HEBPOHHM W/WIIM OIEpaliu
MEXy BXOJHHUTE ITApaMETPH U U3XOJHUTE PE3yJITaTH.

BxoaHuTe mapamerpu Ha Mojenia ca PeCTPYKTypUpPaHH, KaTo 3a BCEKU MALMCHT € M3rPajicH
qUCIIOB BeKTOp I = [i1, Iy, I3, ..., 113], ChABbpKaI HeroBure nokaszatenaun. Kato pesynrar ot paborara
Ha MOJieNia Ce M3BEXK/a BEPOSTHOCTTA MAIMEHTHT J1a UMa ChPJCYHOCHIOBO 3a00JsIBAHE MIIU JIa €
3npaB (BekTop R = [r1, I7]). @yHKIMsITa HAa MOJIeNa MOXKe Aa Obje nmpencraBeHa kato: R = F(I)

HeBponHata Mpexa e u3rpajicHa OT HSKOJKO IMOCIIEIOBATEIIHU CIIOs, TPYIHpPaHu B OJIOKOBE.
Bcekn 0JIOK ce ChCTOM OT HAITBJIIHO CBBP3aH CIOW OT HEBPOHHU, BBPXY KOWTO € MPUIIOKEHA
HOpMaJIM3alUsl Ha MEXAMHHUTE mapamerpu. [lo Bpeme Ha oOydyeHHEe Ha HEBPOHHATa Mpeka ce
npuiara anroputbm Dropout [2], ype3 KOHTO CTOXaCTUYHO OTIAIAT HEBPOHU C IIEJ YBEJIMYaBaHE
Ha TOYHOCTTa B PEaJIHH YCJIOBHs. MaTeMaTHyeckara onepanys Ha HallbJHO CBBP3aH CIIOW HEBPOHU
MOJKe JIa c€ u3pas3u upe3 QyHKIusITa:

fx)=wl.x+b (1)

KbJIETO W € TeTJIOBHATA MaTpHIla, a b € OTKIIOHEHUETO.

C uen mpuabpkaHe Ha MEXJIUHHUTE apaMeTpu OIu3Ko 0 croiiHocTTa 0, MpeaoTBpaTsIBallu
MOJTy4aBaHETO Ha MHOTO TOJIIM TPAJUEHT IO BpPEME Ha TPEHUPOBKA, € TOCTaBEH CJIOW 3a
HopManm3anus. M3non3BaHa e TexHuka, HapeueHa BatchNormalization [3], xosiTo u34HCIsBa
CPEIHOTO APUTMETUYHO M CTAHIAPTHOTO OTKJIOHEHHE 10 BpeMe Ha TPEHUPOBKA.

[TocnenoBarenHara cTpyKTypa clioeBe (HaIbIHO CBbP3aH CJIOW, HOpMaIHu3allys, OTIagaHe) ce
nmoBTapsi 4yeTupu mbTu. [Ipu Beska uTeparus AbI00YNHATA HA HAITBIHO CBHP3aHUS CIIOW HEBPOHHU
HamaunsiBa. [IpnOounHaTa Ha BCEKH OT YyeTHupuTe HUBA e 254, 128, 64, 32.

OuHATHUAT CJIOW Ha MOJeNia C€ ChCTOM OT Kiacu(uKalMoHHATa riiaBa. Ts mpeicTaBisBa
HAIlBJIHO CBBP3aH CIIOH C U3XOAEH BEKTOP Riggits, MpeacraBisBail HeoOpaOOTeHHTE KpalHH
CTOMHOCTH Ha pe3yaTaTute. 3a ¢uHagHa ornepaius ¢ npuioxkena SoftMax [4] dyakuus. Upes Hes
W3XOJIHUTE CTOWHOCTH OT MPEAUIITHUS ClIoi ce Mamabupat 1o nuamnasoH [0.0, 1.0] 3a mony4yaBaneTo
Ha U3XO0JICH BEKTOP Ha BeposTHOCTUTE R.

2.3. MeTpuku

ITo Bpeme Ha 0OyuyeHHE U3MOJI3BAHOTO KOJIMYECTBO JIAaHHHU, ITpeTHA3HAUEHH 3a €KCIIEPHMEHTAa,
€ pa3JeNieHO Ha TPEHUPOBBYHO, BATUJAIMOHHO M TECTOBO MOJMHOXECTBO B MPOMOPIUU 7 KBM 2
KbM 1. 3a o1ieHKa Ha MoJienia ce puiiara MeTo/l Ha BaIUJalMs Ype3 MaTpHila Ha 0ObpKBaHe:

TruePositive

ConfusionMatrix = FalseNegative

()

Bb3 ocHOBa Ha maTpuIata Ha OOBPKBAHE CE M3UYMCIISBAT OCHOBHUTE METPUKH KaTo OO0IIa
touHocT (Accuracy), mnpeuusnoct (Precision), mbinora (Recall). Merpukara 3a o0ma To4HOCT
MIPEJCTaB/IsIBA OTHOIIIEHHUETO Ha MPABHIHO KIACH(GUIIMPAHH TIPUMEPH CIIPSIMO BCUYKH MPUMEPH OT
TECTOBOTO MHOKECTBO. Tl Ce M3UUCIISABA TI0 ClieHAaTa PopMyIia:

FalsePositive]
TrueNegative
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Accuracy = TruePositive+TrueNegative (3)
y TruePositive+FalsePositive+TrueNegative+FalseNegative

MeTtpukaTta Ha HPELUU3HOCTTa M3MEpBa KayecTBOTO Ha Mojiela M3XOJHHUTE pPe3yiTaTd MpU
kinacudukanus. B u3cnenBanero upe3 Tazu METPUKA € M3YHMCICHA BEPOSITHOCTTA €/IMH TAIMEeHT Ja
¥Ma ChbpEUHO ChI0BO 3a00JIIBaHE, aKO MOJEIIBT U3BE/IE HATMUYKE Ha TakoBa 3a0osaBaHe. [lagenara
METpHKa ce u3passiBa upe3 popmynara:

- TruePositive
Precision = — — 4)
TruePositive+FalsePositive

MeTtpukaTa Ha IBJIHOTATa JOMBJIBA MPEIU3HOCTTA, KaTO MMOKa3Ba MPOICHTa HAa pa3lo3HATH
MO3UTHUBHU KJIACH(PHUKALUK CIIPSIMO BCUYKH MO3UTHBHU Kiacuukanuu. Ta3uw MeTpuka € 0coO0eHO
BaXHa IIPU HACTOAIIHA CKCIICPUMCHT IIOpaand TOBa4, Y€ CC pa6OTI/I C MCOIUMIUHCKU JaHHU U
pasno3HaBaHe Ha Oosiectd. [Ipu pasriekaaHe Ha THIIOBETE IPEIIHK KIACH(PUKAIIUK, BHIPEKU Y€ U
JBaTa THIA CE 3a4MTaT 3a Tpellka, rpeirHa kiacudukanus Ha OOJCH KaTo 3[paB € MHOTO IO-
KPUTHYHA OT IpeliHa KiacupuKaius Ha 37paB Kato 00sieH. MeTprKara Ha IbJIHOTATa Ce U3YKCIIsIBA
gpe3 cienHara popmya:

TruePositive

Recall = (5)

TruePositive+FalseNegative

3. PesyaraTu

Crnen oOyuaBaHe Ha MoJieNia BbPXY TPEHUPOBBUYHOTO MHOKECTBO, YCIIEBAEMOCTTa Ha MOjielia
€ H34YMCIeHa BBPXY TECTOBOTO MHOXKECTBO 3a IMOJIy4YaBaHe Ha 0a30Ba yCIIEBAaeMOCT BBPXY
reHepaIM3UPaHH 3aIMCH, KOUTO HE Ca MOJI3BaHU B TPEHUPOBKA. T€CTOBOTO MHOXKECTBO C€ CHCTOU
ot 30 otaenenu ot o6mo 299-te nzuncrenu 3anucu. [lomyyenara maTpuia Ha 0ObpPKBaHE CIPIMO
TSIX € CIIeIHaTa:

Ta6auna 2. Marpuna Ha 0ObPKBaHETO BEPXY TECTOBOTO MHOXKECTBO
Herarusen
Io3utusen (boJen)
(3apas)

IIpeackasan no3urus

15 3
(Mpencka3an 6oj1eH)

IIpencka3zan Heratus 0 12
(IMpencka3zau 3apas)

OT pe3yaTaTuBHATa MaTpHUIla Ha OOBPKBAHE CE U3BEXKIAT METPUKHTE:
e 001ma Tounoct =~ 90%

e mpenu3HoCT ~ 83%
e 1reiiHOTA =~ 100%

B JagcHusd  CKCIICPUMCHT MOACIBT IIOKa3Ba BHCOKAa TOYHOCT BBPXY TECTOBOTO
INOAMHOXECCTBO, KaTO BHUMAHHUCTO Ha MOJACja € (I)OKYCI/IpaHO BBpPXY IIpaBUJIHATA IUATrHOCTUKA HaA
IO3UTHUBHU CJIy4au.

3aKjao4eHue

Bb3 ocHOBa Ha mMpoBeeH EKCIEPUMEHT 3a Pa3Mo3HaBaHE Ha ChPACYHOCHIOBH 3a00JISIBAaHUS
NP JaJICHU TapaMeTpy OT MbPBUYHU M3CIIEIBAHUS HA MALUEHT C MOMOIITa HA HEBPOHHA MpPEka Cce
M3BeXxAa HHGOPMAIIHS Ty TOW MMa MOTEHIIMATHO ChPJECYHOCHI0BO 3a00JsBaHe. 3a IPOBEICHUS
eKCIIEPUMEHT ca W3IOJI3BaHU MYyOJIMYHM [aHHU, KOUTO Ca HW3YUCTEHH OT HEMBJIHU 3aIuCH.
N30panusT Moaen mpencTaBisBa IBhIOOKAa HEBPOHHA MpeXa OT MET HHWBA HEBPOHU U HW3XOIHH
BEPOSITHOCTH 32 TEKYHIOTO ChCTOSHUE Ha TMAIMEHTA. Y CIIEBAEMOCTTA HAa MOJIe]la € U3MEPEHa upe3
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METPUKHUTE 00II[a YCIIeBaEMOCT, MPEIU3HOCT U IIBIHOTA. EKCIIEPUMEHTATHUAT MOJIEI € TPEHUPAH C
NPUOPHUTET J1a MapKUpa MalWeHT C MOTCHIMATHO ChpAEYHO 3a00JsiBAaHE W TPH Ha-MaKOTO
ChbMHEHHE MOpPaJd MOTEHIMATHUTE YCIOKHCHHS 3a TAallMeHTa IpU HElpaBWJIHA JIMArHOCTHKA.
ITpoBeaCHUAT EKCIIEPUMEHT ITIOKa3Ba, Y€ HEBPOHHUTE MPEKH IMOCTHrar aobpa ycrmeBaeMmocT (X
90%) B 3amayata 3a OTKPMBaHE Ha CHPACYHOCHIOBH 3a0O0JISIBAHUS IPH TPEHUPOBKA BBPXY
CPaBHUTEIHO MAJIKO MHOXKeCTBO fdanHu (299 3amuca).
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TAYCOB HAUBEH BEHCOB KJJACU®UKATOP

Henu AH. ApabamxueBa — KanueBa, 'mnka K. Mapunosa, Mas I1. Togoposa

Pe3iome: llenra Ha cratusta € mpeacraBsHe Ha nomyJisapHus anropuTbMm ['aycoB Haumsen belicos
KJ1acu(pUKaTOp C HETOBUTE OCOOCHOCTH, MPEIUMCTBA M HEOCTAThLIU. Pasrieanusar aaropuTseM ce
O6asupa Ha Teopemara Ha beiic u ['aycoBoto pasmpenenenue. M3cnenBanusara mMmokasBar, ue
l'aycoBust HauBen beiicoB kiacupukarop € OTHOCUTENHO Obp3 IMpH KilacuuKanus Ha HOBU
€K3EeMIUIIPH, HO TOYHOCTTA My € HUCKa IIPU TOJISIM Opoi KIIacoBe.

KirouoBn aymm: Hampen beiicoB knacudpuxarop, I'aycoB HaumBen belicoB kinacudukaTop,
MaIIMHHO OO0YyYeHHe, MPEeIUMCTBa M HEAOCTaThllM Ha airopuTbMa laycoB Hausen beiico
KJacudukarop

GAUSSIAN NAIVE BAYES CLASSIFIER

Neli An. Arabadzieva — Kalcheva, Ginka K. Marinova, Maya P. Todorova

Abstract: The article presents the popular Gaussian Naive Bayes classifier algorithm with its
characteristics, advantages and disadvantages. The considered algorithm is based on Bayes theorem
and Gaussian distribution. Research shows that the Gaussian Naive Bayes classifier is relatively fast
in classifying new instances, but its accuracy is low for a large number of classes.

Keywords: Naive Bayes classifier, Gaussian Naive Bayes classifier, machine learning,
advantages and disadvantages of the algorithm Gaussian Naive Bayes classifier

1. YBoa

Eaun or kiacuuyeckuTe airoputMM B MamIMHHOTO oOyueHue e HawusHusat belico
knacudukarop [1, 2, 3, 4, 5, 6], koiiTo ce Oazupa Ha TeopemaTa Ha beilic 3a ompenensHe Ha
aroCcTeprOpHATa BEPOSTHOCT 32 HACTHITIBAHE HA J]aJICHO CHOUTHE.

Teopema Ha beiic [7]:

P(x|y=c)P(y=
P(y = clx) = —“"ypz)(y 2 1)

Kb1eT0: P(y=c|X) e armocTeprnopHa BepOsSTHOCT Ha Kiiaca
P(X|y=cC) — BeposiTHOCTTa 00CKTa X Jia cpellia B cpejiaTa Ha 00eKTa Ha Kiiaca ¢
P(y=cC) — Oe3yciioBHa BEpOSITHOCT Jia ce Ccpellla 00EKT y B KJiac ¢ (anmpuopHa BEpOSITHOCT Ha Kiaca)
P(X) — O0e3ycioBHa BEpOSITHOCT Ha 00EKTa X

LlenTa Ha kacuduUKamaTa ce CbCTOM B TOBA, J1a CE ONPEIeTH KbM KaKbB KJIAC MPHHAIICKH
00exThT X. CremoBaTelHO € HEOOXOIUMO Jla C€ HaMEpH BEPOSITHOCTEH KJjlac Ha o0OeKTa X, T.e.
HEOOXOJMMO € OT BCHYKM KJIacoBe Ja ce HM30epe TOo3u, KOMTO JaBa MaKCHMallHa BEpOSITHOCT

P(y=c[x).
Copt = argmaxcec P(x|y = c)P(y = ¢) )

W3Bectu anroputmu ot tuna Haueen belicoB kmacudukarop ca: I'aycoB, bepnynues u
MynTHHOMHAJIEH, CBBP3aHU C Pa3IMYHU IPEIIOJIOKEHNS 32 Pa3peleICHUETO Ha TPU3HALUTE.
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2. Aaroputsm I'aycoB Hausen beiicoB kiaacudguxarop

I'aycosust Hausen BeiicoB kimacudukarop[8, 9, 10, 11, 12, 13, 14, 15, 16, 17] e cBbp3an ¢
MIPEIIOJIOKECHHE 32 HOPMATTHO pa3lpeieiCHIe Ha Tpu3HaITe. HAauBHUAT aceKT Ha allTOPUTHMA €,
4e TOM TpeTHpa BCHYKU BXOJHHM BEIIMYMHH KaTO HE3aBUCUMHU €JIHU OT JAPYTH.

OyHKIMITa HA BEPOSITHOCTHATA IUIHBTHOCT HA HOPMAJIHO pas3mpesielieHa CIyJyaiiHa BeTMIrHA

e:
1 —(x—g)z
P(x|yu, 0) = normpdf(z) = = (3)
KBJIETO
Ll - MATEMATHYECKO OYaKBaHE:
1
p= T - ) @
O - CTaH/IAPTHOTO OTKJIOHEHHE:
1
0? = = Nils (i — w)* (5)

Cxemarnyno ¢urypa 1 [15] wioctpupa dyHkumonupanero Ha ['aycoust HamBen beiicos
knacudukarop. [lpu manenm nBa kmaca A u B, 3a BCEKM MOOTAETHO pas3riekIaH IPH3HAK,
Pa3CTOSIHUETO Z Ha JaJeHa TOYKa OT IIEHThPAa C€ M3YHCIsIBA KakTo ciensa: za=(X-pa)/oa.
PascrosiHueTo zp ce Hammpa 1o TOA00CH HauuH. Bceku z pesynarar ce TpaHcopmupa BbB
BEPOSITHOCTHA CTOMHOCT, ChIVIACHO YpaBHEHUETO 3a ['aycoBO HOpMaITHO pa3mnpeaerneHue (3).

p(x|A)
The probability
of observing x, /
if x came from ‘
the Class A
distribution

p(x|B)
The probability
of observing x,
if x came from
the Class B
distribution

X
(x—p, )lo, (x—up)loy
z-score distance of x z-score distance of x
from Class A from Class B

®ur. 1. dyuknuonupane Ha ["aycorust Hausen beticos kiacudukarop [15]

Pa3crosiHusATa z, KOUTO ce M3YMCISABAT, WIKOCTpUpaHM HAa ¢urypa 1, ca pa3CTOSHHUS OT
IIEHTPOBETE Ha KjacoBeTe. L[eHThPBT, KONTO € Hal-OMM3bK A0 KOHKpETHATa TOYKa OT Kiaca, IIe
ObJe KJIachT, KbM KOHTO Ime ObJae mNpucBOeHa Ta3u Touka. [aycoBust Hausen beiicos
KJIacCU(PUKATOP HE M3YUCIISIBA OOMKHOBEHHWTE EBKJIMIOBU PA3CTOSHUS IO KJIACOBUTE IIEHTPOBE, a
BMECTO TOBA HOPMaJU3Upa Pa3CTOSIHUETO MO BCAKO HM3MEPEHHUE Ype3 BapHUALMATA IO CBHLIOTO
n3mepenue. [IpucBosiBaHeTO Ha BCAKA TOYKA OT JJAHHU KBM KJlaca, YMMTO IEHTHP € Hall-ONMM3bK, 11e
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JOBEZIC 10 TpaHMIATa Ha pEIIeHUe, KOATO Ce HaMUpa Ha cpelara MEXy JBara Kiaca W KOSATO €
NEePICHUKYIISIPHA Ha IMHHUATA, CBbP3Ballla Te3u eHTpose [15].

VpaBuenue (3) ce m3uuciasBa 3a Bceku mpu3Hak. Tbvil kato ['aycoBusr Hawmsen beiicos
KJIaCU(UKATOp HE OTYMTA CTATUCTHUYECKA 3aBHCHUMOCT Ha TPU3HAIUTE, 3aTOBa ChBMECTHATA
BEPOSITHOCT HAa BCUYKHU TPU3HAIM € MPOU3BEJCHHE OT WHIMBHIyaTHUTE BEPOSTHOCTH Ha BCEKH
IIpU3HAaK.

P(XDXZ' lxnIA) = ?=1P(xi IA) (6)

YMHOXKaBaHETO Ha TOJIIM OpOW MaJIKM pP-CTOMHOCTH BOAM 0 TPEIIKH MPHU 3aKPBIJISHETO,
3aTOBa BMECTO IIPOU3BENICHUE CE U3II0I3Ba CyMa Ha JIOTAPUTMUTE HA P-CTOMHOCTHUTE.

logP (x4, %3, ..., Xn|A) = Xi=; logP (x; |A) (7

[puHaAIEKHOCTTA HA KiIaca Ce ONpPEAEIIs B 3aBUCHMOCT KOsl CyMa € I10-ToJjIsIMa:
n n
iwqlogP(x; |A) nmu }i— logP(x; |B)

IIpegumcTra:
- OTHOCHTEIIHO OBP3 NpH KiTacupuKaIus Ha HOBH exk3eMiusipu [14, 15, 16];
- HEeoOx0/IMMa € MajIka U3BajiKa, 3a Jia ce 00yun kinacudukaropst [10];
- edeKkTuBeH KiIacuuKaTop, KOUTO MOXE Ja Ce M3MOI3Ba B CIOXKHH PEATHU
curyaruu [10, 14].
Henocrarpiu:

- He € 100bp onenuren [14, 15];

- HHUCKA CKOPOCT U TOYHOCT Ha KJIacU(HUKAIHsI TPH ToyisiM Opoii kiacose [13];
- JOIYCKAHETO 3a He3aBUCHMOCT Ha MPHU3HAIUTE eaHu oT Apyru [8, 11, 15];

- KJIacu(UKATOPBT MOJCITHPA BCIKO U3MEpEHUE MOoOTaeHO [15].

3akaoueHue

l'aycoBust HauBen beiicoB kmacudukarop € 6azupan Ha Teopemara Ha belic u I'aycoBoro
HOpMAaJIHO pa3mnpeziesieHre. ANropuTbMbT € e(eKTUBEH Npu KiIacu(UKalus Ha CIOXKHHU peaHu
CUCTEMHM U OTHOCHUTENTHO Obp3 mpH Kiacupukanusg Ha HOBU ek3emiuisipu. Karo Bcexu beiicos
KJ1acu(pUKaTop AOMyCKa HE3aBUCUMOCT Ha MPHU3HALUTE €THHU OT JPYTHU, KOETO Ce sIBsIBA HEJJOCTAThK.

NscnenBanusta mokas3sat, ue [aycoBust HamBen belicoB kimacudukarop He € ISJIOCTEH
YHUBEpCaJeH METOJl 3a Kiacu(uiupaHe, KOUTo 1a n3uucisaBa ¢ TouHocT 100% Bcska mpuiioxkHa
3a/1ayqa.
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3ATAYA 3A KITACUPUKALUA HA TEKCT B MAIIMHHOTO
OBYYEHUE

Henu An. ApabamxkueBa — KamueBa, Mas I1.Togoposa, [ uaka K. Mapunosa

Pe3rome: B cratusiTa ca onvucaHd OCHOBHHTE €Taly TP pelllaBaHe HA 3ajadaTa 3a KIacu(pHKamus Ha TEKCT.
[IbpBUSAT eTan Ha MpeaBapUTEIHA 00pa0OTKa HAa TEKCTa C€ ChCTOM B NPEACTABSIHE HA BXOJHHS TEKCTOB
IIOTOK B TOPEAMIIAa OT TEKCTOBHM CIWHUITH, HapedeHH TOKBHHU (tokens). Crempamiata CTHIIKa € Ipolec Ha
MIOCTPOSIBAHE HA YMCIIOB MOJIEN Ha TeKCTa, YA00eH 3a rmo-HaTaThirHa 00paboTka Ha qanauTte. Cieasa moadop
Ha TIpU3HAIM, W3MOJI3BAaHU MpPH KIAacU(pUKAIUs, KOWTO MOXKe Jaa ObJe EBPUCTUYCH, OCHOBAaH Ha
JIMHTBUCTUYHU 3HAHWS WM 3HAHWS Ha TPEIMETHH OOJaCTH W/WIM cTaTucTUdecku. [Ipu peanusanusara Ha
3ajauaTa 3a KJIacH(HKalus Ha TEKCT ce TeHeprpa MOJe] Bb3 OCHOBA HAa BXOTHHTE JaHHHU M pe3ynTara, C
KOUTO BHOCIEACTBUE ce Kiacupuiupa HOB 00eKT. 3a OlleHKa Ha Ka4eCTBOTO Ha KOHCTPYHPAHHUTE MOJETH 32
KJIacU(UKAIUs Ha U3CIICIBAHUTE MHOXKECTBA OT JaHHU CE MPHUJIAraT Pa3IndYHA METPUKH.,

KawuoBn aymm: wnacudukanus, kimacudukanmuss Ha TEKCT, MAalIMHHO OOYyYeHHe, TOYHOCT,
KIacu()UKAIMOHHA TPEIIKa, PEIU3HOCT, YYBCTBUTEIHOCT, MsIpKa F-measure, MaTpuIia Ha TPEIIKUATE, MApKa
Kappa Statistic, ROC Area

TEXT CLASSIFICATION TASK IN MACHINE LEARNING

Neli An. Arabadzieva — Kalcheva, Maya P. Todorova, Ginka K. Marinova

Abstract: The article describes the main stages in solving the task of text classification. The first stage of
text preprocessing consists in representing the input text stream in a series of text units called tokens. The
next stage is the process of building a numerical model of the text, convenient for further data processing.
The following stage is a selection of features used in classification, which may be heuristic, based on
linguistic or domain knowledge, and/or statistical. In the implementation of the text classification task, a
model is generated based on the input data and the output, with which a new object is subsequently
classified. Different metrics are applied to evaluate the quality of the constructed classification models of the
studied data sets.

Keywords: classification, text classification, machine learning, accuracy, error rate, precision, recall, F-
measure, confusion matrix, Kappa Statistic, ROC Area

1. YBoa

C HaBIIM3aHETO HA MHTEPHET BbB BCEKU JOM MH(POpMAIUATA 32 MHEHUETO Ha OTPEOUTENTUTE
NP PEBIOTA, OHJIAWH PEKJIaMH, OT3UBH 3a YCIyrH, cToku [3], mporHosupane Ha uenu [4, 10] craBa
BCE MO-BakHA 3a Om3Heca. Knacudukanusara Ha TEKCT YCHEIIHO ce Mpuiara nIpu UIeHTUPUKAUs
Ha Tema, >kaHp [l], aBTOpH, aBTOPCKM XapakTepucTuku [2,3], ¢wiTpupaHe Ha JOKYMEHTH,
OTKpHBaHe Ha criaM [4, 5, 6, 7, 8, 9]. HapacTBa OposT Ha crienuaaucTy B 00J1acTTa HA MallTUHHOTO
oOydeHHe, KOUTO Ce 3aHMMaBaT C aHAIM3 Ha MOTpeOHuTenckata KomHuua [8], pasnpeneneHue Ha
peKiiaMH, TIEPCOHATHM HOBOCTH, CBhCTaBSIHE Ha HHTEpHET Kartamo3u [6], mporHosupaHe Ha
M3BBHpEIHHN cuTyauuu cien 3emerpecenus [11]. TMonesno mpuiokeHHe 3a BCEKM TOJ3BATENl Ha
JMTUTAITHO CPEACTBO € pa3lo3HaBaHETO Ha phKomucHu OykBu u 1udpu [4, 10]. Knacudukarusara
Ha TEKCT € HaMepuiia MPUIoKeHHe U B cepara Ha pUHAHCUTE [/]: KPEOIUTEH CKOPHHT, TPEHIHHT,
kinacudukanus Ha obOnuranuu [10], kpemutren peditunr [12]. Peamusupanu ca NpHIOKECHUS 32
pasKpHBaHe Ha IJIaruaTcTBO, JBYCMUCIINE HA JYMH, BIUSHHS HAa UICTOPUYECKU MHCATENN, HAMUPaHE
Ha MPENOpPbKU, TEMATUYHU TEKCTOBE, MpOBepKa Ha JOKyMeHTH [3]. JIMHrBHCTH MO IS CBAT ce
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3aHMMaBaT C W3CJIC/IBAHE, aHAJIM3 M NPUIOKECHHE Ha METOIUTE 3a KIACH(UKALHUS HA TEKCT HPH
obpabotka Ha ectectBeH e3uk [10]. Beexu cbpBpemeHeH moTpeOuten Ha cMmapTdoH, TabieT U Ha
KOMITIOTBP BOJIHO W/HMJIM HEBOJIHO € ITTOJI3BATEN Ha MPUIOKECHUS 3a KIAaCU(HKAIMs HA TEKCT: HPH
TbpceHe Ha uHpopmanus [2, 3], MamMHEeH MpeBox M MpoBepka Ha mpasomuc [5, 6], cucremu 3a
JOKYMEHT0000poT [5].

2. IHocTanoBKka Ha 3a71auyaTa 3a KJIacupuKanus

dopmMaHa moCcTaHOBKA Ha 3a/1a4aTa 3a KIacu(UKaIus:
Heka:
e XeR" — MHOXECTBO HA OOEKTUTE (BXOIHU JaHHU)
e V&R - MHOXKECTBO Ha pe3yaTaTuTe (M3XOHH JTaHHH )
3akoHBT Ha pasnpenencHue Pyy(X,y) HE € U3BECTEH, U3BECTHA € caMO o0yuaBalla M3BajKa.
JlBoiikata (x,y) ce mpeacTaBsl kKaTo peanu3aius Ha (N+1) — MepHHM ciaydaiiHu BenuuuHu (X,V),
3aJ1aJIcHH BbB BEPOSITHOCTHOTO MPOCTPAHCTBO.

{X1, Y1, X2, Y2, 0, XN, YN} (1)

kpaeto (x;,y;), i =1,2,..,N ce sBABaT HE3aBUCUMH peajM3allii Ha CIy4aiiHa BeIWYMHA
X, 7).

Llenra e ga ce namepu Qynkuus @: X — Y, K0ATO U3XOXKIANKKU OT CTOMHOCTHTE Ha X, Ja
npenckaxe y. Oynknusata @ ce Hapyuya perraBaia GyHKIUS WA KIacu(pUKaTop.

3. OCHOBHH eTanu IIpU pelnaBaHe HA 3a/lavdaTa 3a KJ'IaCI/I(bI/IKaIII/Iﬂ Ha TEKCT

PemraBanero Ha 3amadaTa 3a Kiacu(UKaIMs Ha TEKCT CE CbCTOM OT YETHPH MOCIICAOBATEIIHU
erama:

- [IpenBapurenna o0pabOTKa Ha TEKCT U UHIEKCAIMS HA JJOKYMEHTHTE.

- Penynupane pasmepHOCTTa Ha MPOCTPAHCTBOTO OT MTPU3HAILIH.

- [loctposiBane u 0OyueHHe Ha KiIacH(UKATOP C MOMOINTAa HA METOAWTE HAa MAITUHHOTO
oOyueHue.

- O1leHKa Ha Ka4eCTBOTO Ha KJIacH(pUKAIHSL.

A) IlpeaBapuresHaTa 00pad0TKAa HA TEKCT M HHAEKCALMSA HA IOKYMEHTH

[IpenBaputennara 00paboTka Ha TEKCT BKJIIOUBA B cebe cu TOKbHH3anus (tokenization),
KOSITO MOJKE J1a C€ MPEJCTaBU KaTo MPOLEC Ha CerMeHTaIus, 000co0sBaHe Ha OTJIEIIHU TEKCTOBU
enuHuIM, HapeueHH TOKbHU (tokens) [13, 14]. To3u mporec mpeMaxBa NMPENUHATEIHU 3HAIH,
MHTEPBAJIM, HOB PeJl U APYT'H CUMBOJIH 3a (hopMaTHpaHe.

Wupekcanusita Ha JTOKyMEHTHTE € IMPOIEeC Ha IMOCTPOSIBAaHE HA YUCIOB MOJENl Ha TEKCTa,
ynoOeH 3a mo-HaraTblIHa oOpaboTka Ha JAaHHUTE. YecTo M3MOJI3BaH MOJEN 3a IMpeJCTaBsHE Ha
TEKCT € MOJENbT PEYHUK WM olle HapuyaH ,,topba ot aymu“ (bag of words (BoW)), koiiTo
M03BOJISIBA TPE/ICTABSIHETO HA JOKYMEHT B MHOTOMEpPEH BEKTOp OT AymH u Terna [2, 8, 14, 15]. C
IpYyTd AYMH, BCEKH IOKYMEHT C€ IMPEICTaBsi C BEKTOP B MHOTOMEPHOTO IPOCTPAHCTBO, YHHTO
KOOp/MHATH ChbOTBETCTBAT HAa HOMEpaTa Ha JyMHUTE, a 3HAUEHHUITAa Ha KOOPAMHATUTE — HA TEXHHUTE
terna [16]. IIpu To3u Momen He ce OTpas3sBa MO3MIMATA HA AYMHTE W 10 TO3M HAYWH ce Tyou
uH(pOpMaIKs 32 CEMaHTHKATa U CTPYKTypaTa Ha TeKCTa.

Pasnpocrpanen mMozen Ha uHaekcanus ¢ Word2Vec [16], koiiTo npejcTaBs Besika JymMa BbB
BUJ] Ha BEKTOP, KOUTO ChIbprka HHPOPMALIKS 32 KOHTEKCTa HA TyMUTE.

Jlpyr mozen HapeueH N-rpam (n-grams) [14, 16], ceabprka N Ha OpO MOCIEI0BATEHN TyMU
B TekcTa. AKO N=1, N-rpamuTe ce Hapu4aT yHUTpamH (unigrams), T.€. OTJEJIHU IYMH, a MU JIBE
aymu ourpamu (bigrams) [17].
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b) Penynupane pa3MepHOCTTa HA IPOCTPAHCTBOTO OT MPU3HAIU

[TepBa cThIlka B Tpolleca Ha HamallsBaHE pa3Mepa Ha MPOCTPAHCTBOTO € M3KIIOYBAHETO Ha
T.Hap. ,,cron aymu" (stopwords) [14, 15, 16], KOUTO ChABPKAT CHIO3H, MPETO3U, MECTOMMEHUS,
Hapeyus W JApPYrH He3Hauemu AymMHu. ToBa He chKpamaBa OCOOCHO pasMepa, HO yBeIHuYaBa
KauecTBOTO Ha ocTaHanuTe AyMu. [IpemaxBaHeTo Ha OMM3KUTE MO 3HAUYEHHUE U HIIMUIIHUTE AYMU
nono0psiBAT TOYHOCTTa W OBP30ACUCTBHETO Ha anroputMure. Hampumep, pasindyHuTe
Moponoruunu Gopmu cienBa Ja ce CYMTAT 3a eKBUBajeHTHU. [Ipumaranero Ha MoOpQoIOrHUeH
aHaJIM3 MMO3BOJISIBA 3HAYUTEIHO JIa C€ HaMallM pa3MepHOCTTa Ha mpoctpancTBoTo [7]. [Ipomec 6e3
OMOHUMUS Ha JIEKCUKAJTHU U IPaMaTUYeCKH eJIeMEHTH ce Hapuua tagging. CopTyepHUTE Cpe/CTBa,
peanusupaliy TO3M Mpolec, ca u3BecTHH kato POS Ttarepu (part-of-speech taggers) [18]. B
CBHOTBETCTBUE CHC 3a/aZIcH MOP(OJIOTHYEH MOJEN BCSKa AyMa Ce aHOTHpPA C pEeCleKTUBHATA M
KaTeropus 3a 4yacT Ha peuTta. B pe3yarar B kauecTBOTO Ha MpHU3HAIM HA JOKYMEHTa CE€ BIIMCBAT
3HAYMMH JIyMH, CPEIIaHu B JIOKyMeHTa [16]. 3a Obarapckusi e3uk uma pa3pabOTeHU TP Tarepa,
KOUTO ca E€KCIIEpUMEHTUPAHU B cucremara BulTreeBank
(http://www.bultreebank.org/taggers/taggers.htm).

W3uucnurenHata CIOKHOCT Ha pPa3IMYHUTE METOAM 3a Kiacu(uKalus 3aBUCH OT
pasMepHOCTTa Ha MPOCTPAHCTBOTO Ha TMpHU3HAIMTE. 3aToBa 3a Mo-eekThBHA paboTa Ha
KJIacu(UKATOPUTE YECTO ce MPHUOSATrBa 10 H300p U peayipane Ha Opost Ha npusHanute [19].

Hsikon xnacupukaTopy HTHOPUPAT YECTO CPELIaHH, a JPYTH - PSIKO U3IMOJI3BAHU TEPMUHH
[20]. TpagummoHHO B KaueCTBOTO Ha MPHU3HAIIM CE M3IIOJI3BAT YECTOTATa Ha CPEIIaHe HA TyMUTE, Ha
KOHTO C€ ChITOCTaBSAT Teria [21].

CrplecTByBaT HAKOIKO CIoco0a 3a ompeeNsiHe Ha TEerJoTO Ha MpU3HAIMTE Ha JOKyMEHTA.
Pasnpoctpanenu ca nzuucnurenaute pyakuu TE.IDF [2, 9, 14, 15, 16]. Yucnoro TF.IDF - Term
Frequency — Inverse Document Frequency, ompenensi Ba)KHOCTTa Ha OIpejeNieHa JymMa B JafeH
JOKYMEHT OT JIaJIeH KOPITyC OT JOKyMeHTH. KOJKOTO € mo-roysiMa 4ecToTaTa Ha TEpMHUHA B TEKCTA,
TOJIKOBA € TMO-BEPOSATHO AyMara Ja € IIeHHA 3a ChAbPKaHUETO Ha JoKyMeHTa. OCHOBHATa uzes ce
CBbCTOM B TOBA, Y€ TOJISIMO TETJIO TOJY4aBaT JyMH C BHCOKa YECTOTAa HA CpellaHe B KOHKPETHUS
JOKYMEHT ¥ MaJIKO Terjo B APYTU JOKYMEHTH.

O60co0sBaHeTo, O0IIaTa 3Hayella yacT B rpynara AyMHU CbC CXOJIEH OYyKBEH ChCTaB, KOUTO
MMaT CMHCIIOBO OJHM3KH TOHSATHS, BOJAM 1O KOHCTPYHMPAHETO Ha CIENHaTHU MporpamMu 3a
aBTOMAaTHYHA HJIeHTH(HUKAIKS HA 00IIaTa 4acT, KOSITO Ce Hapuya stem, a ChbOTBETHUTE IPOTPaMHU —
stemmers [15, 22]. ToBa ¢ eauH OT MOAXOAMWTE 3a HaAMAJsIBAHE HA pazMepa Ha MPOCTPAHCTBOTO OT
TepMHUHH. Stemmer 3a ObJrapckH €3MK € cbh3AajeH U Jnoknaasad npe3 2003 r. ot [IpecnaB Hakos
[23] u umenyBan BulStem.

B) IocrposiBane u oOyuyeHue Ha KJIACHPUKATOP ¢ MNOMOINTA HA METOAUTE HA
MAIIMHHOTO 00y4YeHue

MammmnHoTo oOyueHHe Mpernoyiara HaJdudueTo Ha oOydaBalla M KOHTPOJHA (TECTOBA)
m3Bagka, T.e. 2 ={dy,d;,....d|g} < D e HauanHa KoNEeKIMs OT JIOKYMEHTH, KBJETO IieleBara
bynkus @ e msBectHa 3a Vdi. KmacudukatopsTr @ oOyuaBa MHIYKTHBHO Ha OCHOBaTa Ha
U3SBEHHUTE XapaKTePUCTHKH Ha JokymeHTute [6, 20, 21].

JlokyMeHTHUTe Ha (2 ce pa3lensaT Ha JBE HEMpecHJally ce MHOXKECTBA:

- O6yuaBamo MHOecTBO T,={d1, d,...,d|T|} € MHOXKECTBO JOKYMEHTH, C IOMOIITa Ha KOUTO
ce ch3aaBa knacudukarop @ ‘. @ oOydyaBa MHAYKTUBHO, OCHOBAHO Ha M30paHUTE XapaKTEPUCTHKU
Ha Te3W JIOKYMCHTH.

- TecroBo muOMXEcTBO Te={|tr+1}, ...,d|} € MHOXKECTBO JOKYMEHTH, HA KOMTO C€ TECTBa
e(eKTUBHOCTTa Ha TMOCTpoeHHs Kiacudukarop. Bceku TecToB MOKYMEHT MoAaBa Ha BXOJa
kinacupukaropa @ U ciuel TOBa CpaBHsABAa KpalHUs pe3ynTaT @ ‘ ¢ U3BECTHUTE 3HAYEHHUS Ha
¢bysakusaTa Q.
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I') Onenka Ha Ka4eCTBOTO HA KjacH(puKaAIUS
KnacudukanmoHHUAT MOJEN pasnpeseiss ChOTBETHHS OOCKT B €IMH OT BB3MOXKHHTE
kiacoBe: BsapHO kinacudumupan (True) wim HeBsapHo kinacudummpan (False). [Ipu To3m monmen ca
BBH3MOKHU YETHPH BapuaHTa Ha Kiacudukanys [24]:

- True Positive (TP) (2) — neiictBurenen e kiaac Positive u BIpHO KiTacHpHUIIMPaH KaTo

kiac Positive [16, 19];

TP

TP+FN

TP Rate = (2

- True Negative (TN) (3) — neiictButenen e kimac Negative u BsIpHO Kiacu(uIMpaH
karo kiac Negative [16, 19];

TN
TN+FP

TN Rate = (3)

- False Positive (FP) (4) — netictButencH e kiac Negative, a HEBIPHO KiaCH(pHUIIUPaH

Kato knac Positive;
FP

FP+TN

FP Rate =

(4)

- False Negative (FN) (5) — neiictBuTeneH e kiac Positive, a HEBIpHO KiaCH(pHUIIUPaH
KaTo Kinac Negative.

FN
FN+TP

FN Rate =

(5)

Marpura va rpemkure (Confusion matrix, contingency table) (ta6i.1) e kBaapaTHa MaTpuIia,
YAUTO PEIOBE M KOJOHH OTrOBapsAT Ha KiacoBeTe. PemoBere Ha Marpuiiata MpPEICTaBIISABAT
JCUCTBUTEIHUTE CK3EMIUISIPH OT ChOTBETHHS KJIac, a KOJIOHHUTE - KIACOBETE, MOJYYCHU CIIe]
IIpUJIaraHeTo Ha KJ1acu(PUKALlMOHHUS MOJIEN BbPXY TECTOBUTE JJaHHU [25].

Ta6anuna 1. Matpuna Ha rpemkurTe

Kaac Positive Negative
Positive True Positive TP False Negative FN
Negative False Positive FP True Negative TN

ITo rmaBHMS nuaroHaj Ha MaTpullaTa ce HAMUPAT MPABUIIHO Kiacuduuupanute ooextu: True
Positive nu True Negative, a B ocTaHaJuTe KJIETKM HAa MaTpulaTa - IPELIHO Kilacu(pUIMpaHUTE
exzeMiusapu: False Negative u False Positive.

[Ipu kpoc Bammmanus ce M3YMCIABAT OCHOBHO: TO4YHOCT (Accuracy) [16, 22, 24, 25, 26],
knacupukanuonHa rpemka (Error Rate) [26], mpemusnoct (Precision) [2, 8, 16, 22, 25],
gyyBcTBUTENHOCT (TbiiHOTA) (Recall) [2, 8, 16, 22, 25, 26] u komOunupanata msipka F-measure [2, 8,
16].

Mspkata TouHOCT (Accuracy) (6) ce WH3YHMCIsBa KaTO OTHOILIEHHETO Ha MPaBUIJIHO
KJIacu(pULIUpPaHu MPUMEPH KbM oOIIMs Opoil 0OEKTH OT TECTOBO MHOXKECTBOTO. OOMKHOBEHO ce
MIPEJCTaBs B IPOIICHTH.

TP+TN

Accuracy = ————
y TP+FP+TN+FN

(6)
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Knacudpukanmmonnara rpemka (Error Rate) (7) ce w3umcisiBa KaTo OTHOIIEHWETO Ha
HEMPAaBWIHO KJIACH(PUIMPAHU NPUMEPH KbM OO0muUs Opoil 0OEKTH OT TECTOBOTO MHOXECTBO.
OOMKHOBEHO Ce MPE/ICTaBs B MPOICHTH.

FP+FN

Error Rate = —— (7)
TP+FP+TN+FN

[Mpersnoctra (Precision) (8) e Mspka, KOATO MOKa3Ba JOKOJIKO € TOYCH KIACH(PUKATOPHT U
JlaBa MPOIICHTA Ha MPABUIHO KIACU(DUIIUPAHUTE IPUMEPH OT CHOTBETHUS KJIac.

TP
TP+FP

Precision =

(8)

Mspkara uyBctButenHocT (Recall) (9) moka3Ba mbeiaHOTaTa WM BB3BpAlla€MOCTTa Ha
Kinacudukaropa, T.e. KOJKO OT BCHYKHM IMPHUMEpPH OT JNaJCH KJac € YCIUT Aa ONpeAeiH KaTo
MPHUHAIIEKAIIH HA TO3U Kitac. OOMKHOBEHO Ce MPEJICTaBs B IPOICHTH.

TP
Recall = ——
TP+FN

9)

Mspkara F-measure (10), kosto komOmuupa Precision u Recall, e TAXHOTO mpeTerieHo
XapMOHUYHO cpeaHo. OOMKHOBEHO CE MPEICTaBs B MIPOIICHTH.

2

F measure = (10)

1/Recall+1/Precision

Msipkata Kappa Statistic [28] usmepBa crenenrta Ha ChbrilaCyBaHOCT MEXIy MPEACKa3BaHUSA U
nercTBUTeHUS Kiac. MakcumarnHaTa croiiHocT Ha Kappa Statistic e 1, a MuanMannara e 0, T.e. € B
unrepBana [0;1]. Ilpm mbaHO cbriacyBaHe MeXAYy MPEACKAa3BaHUS M ACHCTBUTEIHUS Kilac
croiiHocTTa Ha Kappa Statistic e 1.

Receiver Operating Characteristic (ROC) kpusute [8, 9, 12] ce u3moas3sar 3a BuU3yaaHa
OIICHKa Ha TOYHOCTTAa Ha KIAaCH(PUKATOPUTE, KAKTO ¥ 3a CpaBHSABAHE Ha Pa3IMYHU
knacudukanmonan mozaenu. ROC kpuBara npecTaBisiBa JByMEpHaA Tuarpama, KosiTo ce mojiyyaBa
gpe3 n3zobpasssane Ha True Positive Rate (TP Rate) mo Beprukamnara oc u False Positive Rate (FP
Rate) mo xopu3oHTaHATA OC.

Karo konwmuecTBeHa omeHKa Ha paboTrara Ha KIACH(DHUKAIIMOHHUTE MOJEIH CE H3I0JI3Ba
wiomnrra mog ROC kpuBata - ROC Area [12]. MakcuManHata cToiHOCT € 1, a MuHuManHata ¢ 0.
KnacudukanmoHHusT Moaen € mo-1006p, KOJKOTO mo-rossiMa e momra Haax ROC kpuBara. Ako
ROC Area<(.5, To omeHsIBaHUAT Mojied pabOTH MO-JIOMIO OT CIy4YaiHUs KIacu(pUKaTop, KOUTO € ¢
ROC Area=0.5.

[Ton Gwp30melicTBUEe Ha KiIacuduKaTopa ce pa3dupa BpeMeTo, HEOOXOAUMO 3a OTHACSHE Ha
JOKYMEHT KbM €JIMH OT KjacoBere. B 3amaunTe 3a kiacudukaius Ha TEKCT OBP30JICHCTBHETO Ce
M3MepBa KaTo MPOIECOPHO Bpeme (B CEKYHAM) WM KaTO KOJMYECTBO M3UMCIUTEITHHU OINEpalui,
HEeoOXoMMMHU 3a KIacU(pUKANWs. YBEIMYaBAHETO HAa TOYHOCTTAa BOAHM JO CHIDKaBaHE Ha
OBbp30ACHCTBUETO, a CHOTBETHO YBEIMYAaBAHETO Ha OBP30/JEHCTBHETO MOHUKABAa TOYHOCTTA Ha
pabora Ha knacupukaropa [16].

MepkuTe 3a OIlEHKa Ha Ka4ecTBOTO Ha Kiacu(UKaIMs ca MHBAPUAHTH MO OTHOIIEHUE Ha
W3IOI3BAaHUTE KITACH(DUKAIIMOHHN QJITOPUTMH H METOIH.

3akiaouyenue

Knacudukanusta Ha TEKCT € BakHA MPWJIOKHA M M3CIEAOBaTeNICKa 3ajada B 00JiacTTa Ha
MalIMHHOTO 00y4eHue. B mpoiieca Ha knacudukaius Ha TEKCT JaHHUTE Ce pa3IemsaT Ha 00ydaBalio
MHOXECTBO, KOETO C€ M3MOJI3Ba 3a 00y4eHHWE Ha MOJela, U TECTOBO MHOXECTBO, M3MOJI3BAHO 3a
TecTBaHe Ha Mojena. IIporechT Ha Kiacu(UKaAIMS MUMa 3a IEed Ja ¢e MOCTPOU MOJeN, KOHTO
€IHO3HAYHO CHIIOCTABSI CTOMHOCTUTE HA MPHU3HAINTE C Kjaca, KbM KOWTO MPUHAIC)KH OOCKTHT.
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KoHcTpynpanuTe Moaenu 3a KiacMpUKalWs Ha JaHHA MoOraT Ja ce OIleHsABaT Ha 0aszara Ha
MOJIYYEHU PE3YyITaTH 4Ype3 pa3IuuyHd KPUTEPUHM M METPUKM 32 OICGHKAa Ha KadecTBOTO Ha
KJIaCHU(pUKAIIHS.
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AHAJIM3 YPE3 IbPBO HA CBbBUTHUSATA

Henu AH. ApabamxueBa — KanueBa, iBenun M. UBanos, [1apnuna C. JIunoBa

Pe3iome: AHam3bT Upe3 ABPBO HA CHOUTHSTA € METOJ 3a OICHSIBaHE HA PUCK, Ype3 KOHTO Ce MPEACTaBAT
B3aFIMHO W3KITFOYBAIIH C€ MOTCHIMAIHY CIIEHAPHH, CIeIBalll U3XOAHO chOuThe. Upes paskioHsSBaHE BBHB
BUJI Ha IPBOBUHA CXEMa, METOIBT MO3BOJISABA JIa C€ M300pa3sAT MPUUUHHUTE 33 PUCKA M TOCICICTBUATA OT
HEro W B3 OCHOBA HA TAX Ja C€ HAllpaBW aHAIN3 Ha pHCKa. B craTtusTa € mpeanokeH Ka3yc ,,3apa3sBaHe C
KOMITIOTBPEH BUPYC'* IEMOHCTpPHpAII IPWIOKEHNE Ha MeTo1a AHAIIN3 Ype3 IbPBO HA CHOUTHTA.

KarouoBu nymu: YpapieHue Ha pUcKa, aHaIU3 Ype3 AbPBO HA chOuTHaTa, ETA

Event Tree Analysis

Neli An. Arabadzieva — Kalcheva, Ivelin M. Ivanov, Pavlina S. Linova

Abstract: Event tree analysis is a risk assessment method that is used to represent mutually exclusive
potential scenarios following a trigger event. By branching in the form of a tree diagram, the method allows
to depict the causes of the risk and its consequences and, based on them, to make a risk analysis. The article
presents a case study "Infection with a computer virus" demonstrating the application of the Event Tree
Analysis method.

Keywords: Risk Management, Event Tree Analysis, ETA

1. YBoa

[IpouechT Ha ymnpaBieHUE Ha PHUCKA IPEJCTaBIsABAa CbBKYIMHOCT OT B3aUMHO BIIMSIELIU CH
mporecd Ha oOMeH Ha MH(pOpMauus W KOHCYJITHUPaHE, YCTaHOBSBaHE Ha OOCTOATENICTBA 3a
UACHTUQUIMpAHE, aHATU3UpaHe, OLEHSBaHEe, Bb3JCICTBUE, HAONIOJEHUE, NpEryie]l Ha pHUCcKa U
JIOKJIAJIBAHE W 3aIMCBAaHE HA PE3yATATHTE MO MOAXOIM] HauuH [1, 2].

OneHsIBaHETO Ha PUCKa € CBBP3aHO C ISUIOCTHOTO YIPABJIEHUE HA CUTYPHOCTTa U MOXKE Ja ce
OIpeJieNI KaTo IMOCJIE0BAaTEIHOCT OT NMPOLECH Ha HWIACHTU(UKAIUS, aHalIu3 M NpeleHsBaHe Ha
pucka mo ganeH npoekT [1, 2]. OneHsBaHeTO Ha pUCKa MOXKE J1a C€ U3BBPIIBA C €UH WIN TTOBEYE
METO/M, B 3aBUCUMOCT OT CJIO)KHOCTTA Ha MpobiieMa, XapakTepa 1 CTEIeHTa Ha HeONpeIeIeHOCT Ha
OLICHSIBAHE HA PUCKA, KAKTO M HAJIMYKME HA EKCIIEPTEH OIKT, 3HAHUs U HeOOXOMUMHUTE MaHHH [ 3, 4].

B Crangapr 31010 e mnpencrtaBeHO NpPWIOKEHHWE Ha peaulla METOAU, C KOHKPETHHU
[I030BaBaHUsl Ha JAPYTd MEXJIYHAPOIHU CTaHAAPTH, B KOMTO KOHULENIMATAa W TNPUIAraHETO Ha
METOJIUTE Ca OMHCaHW B TMO-rojeMu motpedHocTr [1, 2, 3, 4]. EauH OT M3I0KEHUTE METOIU €
AHanus upe3 AbpBO Ha CHOUTHUSATA.

2. Metoa AHau3 ype3 IbpPBO HA CHLOUTHATA

MeToabT 3a OlIeHKa Ha pucKa AHAINU3 Ype3 IbPBO Ha CHOUTHUATA € UHIYKTUBEH METOJ], KOUTO
rpadMuHO TPEACTaBs B3aWMHO H3KIIIOYBAILM C€ IOCJIEAOBATETHOCTH OT CHOWTHS, CieIBallu
M3XO/IHOTO ChOUTHE, B ChOTBETCTBHE C (DYHKIMOHUPAHETO WM HEQYHKIIMOHUPAHETO HA PA3INYHU
cuctemu. Toll MOXKe J1a ce Tpuiiara KakTo Ka4eCTBEHO, Taka U KoiudecTBeHo [1].

OT mbpBUTE MPUIOKEHUS HAa IHPBOTO Ha ChOUTHsATA pe3 60-Te roquHU Ha MUHAJIMS BEK ca
HalpaBeHH MHOTO MpPOYYBAaHHUS C TOMOILNTa Ha AbpBETa Ha CBHOWUTHUSA, CBBP3aHM C sIpeHara
MPOMHUIIICHOCT, XMMHUYeckaTta 00paboTka u TpaHncrnopra [5], kakTo u B apyru obiactu. MeToabT
ce M3II0JI3Ba TJIaBHO B paboTaTa 3a aHAIM3 Ha HAAEXKIHOCTTA, KBIAETO MOJCIMPAHETO Ha IfslaTa
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CUCTEMa C JbpBETaTa Ha OTKa3WTe, OM JOBEJIO 10 HeympamiasemMu moxaenu [6]. IbpBoTro Ha
CbhOUTHATA, TOKa3Ba Kak eauH (aKkTop, KOraTo € ChbueTaH WM HE € ChUeTaH C JAPYru (pakTopu, uma
BEPOSATHOCT Ja JOBeae 10 3jomoiyka [/]. MeToabT maBa BB3MOKHOCT 3a ONpEAeIsHE Ha
BEPOSATHOCTUTE HAa KpaWHUTE CHOUTHS M € MPUIOKUM TIPU OICHKA XapaKTEPUCTUKHUTE Ha
TPaHCIIOPTHHUTE MpousmecTBus [8]. 3anmouBaiiku OT MHUIUUPAIIO CHOUTHE, aHAIU3BT Ha JBPBOTO
Ha CBHOUTHATA TO3BOJSBA OIEHKA Ha CHUCTEMHOTO OTKJIOHEHHE, KaTo Ce€ B3eMe IIPEIBUT
(YHKIIMOHUPAHETO WJIM MOBpeAaTa Ha YCTPOUCTBA 3a OTKPUBAHE, ajlapMa, MPEBEHIINsI, 3alUTa W
Hameca [9]. MeToabT € 0cOOCHO MOAXOISAIN 3a aHAJIU3 HAa aBaAPUIHU CUCTEMHU, KaKTO U 3a CUCTEMHU
CBBp3aHU ¢ 0€30MMacCHOCTTA, HO € TMOIXOIAII 1 32 aHAJIU3 Ha ONEPAaTUBHU MPOLETYPH, YIIPABICHCKH
pEIICHUS U APYTH CUCTEMH, ChCTOAIIM CE OT He-XapayepHH KOMIIOHEHTH [6].

[MpuHIMITHATA BpB3KA MEXKAY PA3IUYHUTE KATETOPUHM Ha METoJa AHAIU3 4Ype3 IhPBO Ha
ChOWTHSATA 3a OLICHSIBAHE HA PHUCKAa M (aKTOPHUTE, NMPUCHCTBAIM B JaJicHA PUCKOBA CHUTYaIlUs, €
naneHa B Tabsmna [1].

Tabauna 1. IpumoxxuMocT Ha MeTo AHAIHM3 9pe3 IhPBO HA CHOUTHATA, U3IIOI3BAH 3a OICHSIBAHE HA PUCKA

AHaJan3 HA pUCKa
M Nnentunduxanus IIpeuensiBane
eron HA pHCKa Hupo na HA pHCKa
p Hocaeacreust BepositHocT p
pucka
Ananuz
ype3
[Tpunoxum [Ipenopbuutenen | Ilpunoxum | Ilpunoxum | Henmpunoxum

JTBPBO HA
crOuTHATA

Bunno or tabmuma 1, meronbT AHanmm3 4Ype3 ABPBO Ha CHOUTHATA € MPHIOKUAM IPU
I/I[[GHTI/I(i)I/IKaHI/ISI Ha pUCKaA, IPCIIOPBUYUTECIICH 3a ONIPCACIIAHC Ha NOCICACTBUATA OT HETO, IPHUIIOKHUM
IIpH U3YUCIIABAHC HAa BEPOATHOCTTA HA PUCKA U HUBO HA pHUCKa, HO HCIIPUIIOKUM 3a IIPCUCHABAHE HA
pHCKa.

2.1. TIlocTposiBaHe Ha IbPBO HAa CHOUTHATA

- TlocTposiBaHeToO Ha ABPBOTO HA CHOUTHSTA 3aMI0YBa ¢ U300p HA MbPBOHAYAIHO CHOUTHE, T.€.
ce ompezess HayajlHa TOYKa Ha IbPBOTO.

- BeposTHOCTTa 32 ompezensHe Ha MBPBOHAYATHOTO CHOMTHE CE OMpesels Ype3 eKCIepTeH
aHaJu3, Ype3 IbPBO Ha PEHICHUATAa UK JPYT aHaJIH3.

- Onpez[enslT CC HAYAJIHUTEC MObTUINA YpE3 HAYCPTABAHC HA KJIOHM Ha IAbBPBOTO, KaTO
MOCJIEIOBATEIHO CE€ M3PeXJIaT (YHKUMU WIN CUCTEMH, KOMUTO BB3HMKBAT B pe3yiTaT Ha
W3ObIHEHNE WA HEU3NBIHEHNE HA HIKAKBO CHOUTHE.

- 3a BcsAka (QyHKIMS WM CUCTEMa ce HauepTaBa JIMHUS, 3a J1a IPE/ICTaBH TAXHATa U3MPaBHOCT
WIA HEW3NPABHOCT, KaTO IBTAT, KOWTO MPENCTaBsi OTKa3a, ce CIycKa Hajody MO JBPBOTO,
JIOKATO IMPH YCIIEIIHO ChOUTHE ce U3KayBa Harope.

- 3a Beska QYHKIMS WM CHCTEMa MOXKE Ja € ITOCOYeHAa KOHKPETHAaTa BEpOSTHOCT 3a OTKa3
KaTo OIIEHKA Ha YCJIOBHATAa BEPOSTHOCT.

- BeposiTHOCTHTE 32 BCEKM BB3MOKEH MAapIIPYT C€ IOJydaBaT KaTO NPOM3BEACHUE Ha
OTJCJTHUTE YCIOBHU BEPOATHOCTH 3a BCAKO CHOMTHE IO Mapuipyra, NpH YCJIOBHE Ue
pasiIndIHUTC CHLOUTHS ca HE3ABUCHMH.

2.2. [IpyMepHO MPAKTHYECKO MPUJIOKEHHEe HA MeTOoa AHAJIM3 Ype3 IbPBO HA CHLOMTHSATA HA
KOHKpeTeH Ka3yc: ,,3apa3siBaHe ¢ KOMIIOTHpPeH BUpyc® (¢wur. 1).
- TlocTposiBaHeTo Ha ABPBOTO HA CHOUTHATA 3alo4yBa C OMNpEeNisHE Ha II'bPBOHAYAIHO
cbOuTHE: ,,3apa3siBaHe C KOMITIOTBPEH BUPYC*.
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- Omnpenenat ce HayaJHUTE NBTUIIA, KATO CE€ HadyepraBaT KJIOHM Ha JbPBOTO, KaTo
MOCJIEIOBATEIHO CE€ M3PEeXIAT (YHKUMU WIN CUCTEMH, KOUTO BBH3HHMKBAT B peE3yiaTaT Ha
U3IIBJIHEHUE WIN HEU3ITbIHEHUE Ha HAKAKBO ChOUTHE!

O HalW4Me Ha aHTHBHPYCHA IpOrpama,

O cpaboTBaHE Ha aHTUBUPYCHATA Iporpama,

O TIOBTOPHO CKaHHUpAHE,;

O CKaHMpaHe ¢ BTOpa aHTMBHPYCHA IIporpama.

- 3aBcaka (QyHKIUS MU CHCTEMa Ce HauepTaBa JIMHUS, 3a J1a PE/ICTaBH TAXHATA U3IPABHOCT
WIA HEU3IPAaBHOCT, KaTO IbTAT, KOWTO MpeJCTaBsl OTKa3a, ce CIlycka HaJody IO JbpPBOTO,
JI0KaTo IPH YCIIEUIHO ChOMTHE ce U3KauBa Harope. B ciydas, korato oTroBOpBT Ha BBIIPOCa
e ,,He®, KJIOHUTE ce CITyCKAaT HaJ0Jly, a MpH ,,1a* ce U3KauBaT Harope.

- 3a Bcska (yHKIMSA MM CHCTEMa MOXeE /la € [10COYeHa KOHKPETHATa BEPOATHOCT 3a OTKa3
KaTo OIIEHKAa Ha YCJIOBHaTa BepoATHOCT. Hampumep, ako BEpOATHOCTTa 3a HAJIMYHME HA
aHTUBHpYyCcHa nporpama € 60%, To BeposITHOCTTA 3a OTChCTBHE HA TakaBa € 40%.

- BeposTHOCTHTE 32 BCEKHM BB3MOKEH MAapIIPYT C€ IOJIydyaBaT KaTO NpPOM3BEACHUE Ha
OTJCJIHUTE YCIOBHU BEPOATHOCTU 3a BCAKO CHOMTHE 110 MaplIpyTa, NpPU YCIOBHE Ye
pa3nuyHuTe CHOUTHS ca He3aBUCHMMHU. CTOWHOCTUTE ca MPETIOKEHH OT €KHIl OT €KCIIEPTH
Bb3 OCHOBA Ha cobcTBeH onut. Hanpumep:

o BepostHocTTa BUpychT na € nouucteH € 23,71%, ako npu Haau4Ha aHTHBHUPYCHA
nporpama, Ts € cpaboTuia.

o BepostHocTTa BHpYCHT @ € mouucteH € 6,2%, ako Npu HaJM4YHA aHTUBUPYCHA
nporpama Ts € cpaboTuia, HO BUPYCHT HE CE€ € MOYMCTUII U 3aTOBA CE € HAJIOKHIIO
OTHOBO /1a C€ CKaHUPA.

o BepostHocrra BupychT Aa e nouucteH € 0,4%, ako Nmpu HaJu4yHAa AHTHUBUPYCHA
nporpama Ts € cpadOTHIIa, HO BUPYCHT HE CE € MOYHMCTHI U 3aTOBA CE € HAJIOKHIIO
OTHOBO Jia C€ CKaHMpa, HO BUPYChT HE € IOYHUCTEH M C€ CKaHupa C BTOpa
aHTUBHPYCHA MpOTpama.

o BeposTHOoCcTTa BUpPYCHT Aa € moyucTeH € 2,7%, ako MpH HaJu4yHAa aHTHUBUPYCHA
IporpamMa Ts He € cpaboTuia.

o BeposTHOCTTa BUpPYCHT Jla HE € IMOYUCTEH U C€ € HAI0XKWJIO NpeuHCTajdalus U
dopmatupane e 24,3%, ako IpU HaJUM4YHA AHTUBUPYCHaA Iporpama Ts HE €
cpaboruna.

o BeposTHOCTTa BHpPYCHT N1a HE € IMOYUCTEH M C€ € HAJIOKWIO NPEHHCTAIAIMS U
dopmarupane e 2,97%, ako npu HaJIMYHA aHTUBUPYCHA IporpaMa Ts € cpaboTuia,
HO BUPYCHT HE C€ € MOYUCTHII M 3aTOBA C€ € HAIIOKMIIO OTHOBO J1a C€ CKaHUpa.

o BeposTHOCTTa BUPYCHT /2 HE € MOYUCTEH M J1a CE€ € HAJOXKHIO MpeuHCTalaluus U
dbopmatupane e 0,13%, ako mpu HaJIMYHA aHTUBUPYCHA Mporpama Ts € cpaboTuia,
HO BHUPYCHT HE C€ € MOYMCTHII M 3aTOBa CE € HAJIOKUJIO OTHOBO Jla C€ CKaHHpa, HO
BUPYCHT OTHOBO HE C€ € MMOYUCTHJI, U CE CKaHUPa C BTOpa aHTUBUPYCHA MPOTpama.

o BeposTHOCTTa BUPYCHT Ja HE € MOYUCTEH M J1a CE€ € HAJOXKHIO MpeuHCTalauus u
¢dopmatupane e 40%, ako HIMa HAJIWYHA aHTUBUpPYCHA Iporpama u cOOCTBEHUKBT
Ha KOMITIOThpa HE MpernpuemMa Apyru IeHCTBUS OCBEH HHCTATALIUS.
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@ur. 1. [Ipumep 3a aHaTM3 upe3 ABPBO HA CHOUTHATA

3akao4eHue

MeToabT AHanu3 Ha ABPBO Ha cprouTHATa npeacTaBIsiBa IBOMYHO AbPBO 3a PCIICHUA, KOCTO

¥Ma 3a IeJ JIa U3CIIe[Ba U OICHsBa e(DeKTHTE OT 3a7a/ICHO IMFPBOHAYAIHO CHOWTHE TIPU Pa3INIHH
ycnoBusi. MeToasT MO3BOJSBA Ja ce u300pa3sBarT BJOUIABAIIM WM CMEKYaBalll ChOUTHS,
MPEAN3BUKAHU B OTTOBOP Ha U3XOIHOTO CHOUTHE.

Hpe,Z[CTaBCHI/ISIT B CTaTudATa MPUMEP ACMOHCTpHpa HNPHUIIOKCHHUEC Ha MCTOHA Amnamus qpe3

IbPBO Ha CHOUTHSTA Upe3 Ka3yca ,,3apa3siBaHe ¢ KOMIIOTbpeH Bupyc™. M3uuciena e BeposiTHOCTTa
BUPYCHT Jia ObJie OYMCTEH WM HE B pe3yaTaT OT MOCIe0BaTeIHH JIeHCTBUS, eI HaMalliBaHe
Ha MOCJIEAICTBUATA OT U3XOIHOTO CHOUTHE.

[1].
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METOIU 3A AHAJIM3 HA CBbBPEMEHHMU OIITUYHHU BJIAKHA

Keitno UB. XKeitHos, /lecucnapa J[. AHrenona

Pe3ome: B cratmsita ce mpaBu 0030p Ha M3MOJI3BAHUTE JHEC ONTHYHU BilakHa, OmmcBa ce AU3aiHBT Ha
KOHBEHIIMOHATHUTE W (POTOHHO KPHCTATHWTE ONTHYHH BIIaKHA. Pasriexnar ce HSIKOW TEXHH CBOWCTBa,
0COOCHOCTH M BH3MOXKHH MPWIOKEHUS. [l0COYBAT ce HAKOM BaKHU MapaMeTPU Ha ONTUYHOTO BJIAKHO 3a
TeaekoMyHHUKanus. [laBa ce knacudukanus Ha KOHBCHIMOHATHUTE W (POTOHHO KPUCTATHHUTE BJIaKHA.
Pasriexxgar ce 0000IIEHO METOANTE 32 ONMKCAaHUE Ha PAa3IpPOCTPAHEHHETO Ha CBETIMHATA B ChBPEMEHHHTE
ONTUYHHU BBJIHOBOIU. Ompenensr ce pasmpocTpaHsBamuTe ce monu. CpaBHSIBAT ce BB3MOXKHOCTHTE Ha
AQHAJIMTUYHUTE W YWCJIICHUTE METOJIW 3a aHAIW3 Ha Pa3IMYHU THUIOBE OINTHYHU BIIAKHA C TEXHUTE
MpeIMMCTBBA M HEJJOCTAThIU. J[aBa ce HaKpaTKO METOOJOTHATA HA aHATTN3a M HAKOW PE3yNTaTH.

KarouoBu nymu: OnTiudeH BBIHOBO, (POTOHHO KPUCTATHO BIAKHO, aHATUTUYHU METOIH, YNCIEHN METOH,
JU3aiiH, pa3npoCcTpaHEHNE Ha CBETIMHATA, MOJIH.

Methods of analysis of modern optical fibers
Zhejno I. Zhejnov, Desislava D. Angelova

Abstract: The article provides an overview of the optical fibers in use today. The design of the conventional
and photonic crystal optical fibers is described. Some of their properties, features and possible applications
are considered. Some important parameters of optical fiber for telecommunication are pointed. A
classification of conventional and photonic crystal fibers is given. The methods for describing the
propagation of light in modern optical waveguides are considered in general. The propagating modes are
determined. The possibilities of analytical and numerical methods for the analysis of different types of
optical fibers are compared with their advantages and disadvantages. The methodology of the analysis and
some results are briefly given.

Keywords: Optical waveguide, photonic crystal fiber, analytical methods, numerical methods, design, light
propagation, modes.

1. YBoa

ONTUYHOTO BJIAKHO € U3pabOTEHO KaTo ThHBK JUEIEKTPUYCH HIIMHIBP, B KOUTO Ce BHBEKIA
CBETJIMHA, KOSITO B3aMMOJIEHCTBA ¢ MaTepuaia B Hero. ONTUYHUTE BJIAKHA CE€ MOJI3BAT 32 U3MEPBAHE
Ha pa3MYHU NapaMeTpH, 3a YCUJIBAHE HA CUTHAJM, IpeHacsiHe Ha mHdopmalus, 3a u3padoTka Ha
na3zepu. B TenekoMyHHKAIMUTE T ca cpefa 3a MPeXBhpJIsSHE Ha WH(OpMALUS MEXIY JBE TOUKH,
KaTo TPAHCOKEaHCKHU Kabesnu u KaOeu 10 1oMa, KOETO T03BOJIsIBA IPEXBbPIISIHE HAa JaHHU C BUCOKA
ckopocT. Te ce ymoTpeOsBaT B CEH30pH 3a M3MepBaHe Ha (PU3WYECKU BEIMYMHU: TEMIIEpaTypa,
BBpPTEHE, aKYCTUYHH W/WIIA JPYTH BeMMUUHH. ONTUYHUTE CEH30pU MOTAT Ja paboTAT HOPMAIHO B
€KCTPEMHHU CpeAH C BUCOKA TEMIIepaTypa U BUCOKO HampekeHue. OCBEH TOBa ONTUYHUTE BIIAKHA CE€
MIOJI3BAT 32 YCHUJIBAHE HA CUTHAJIH, 32 PEXBBPIISTHE HA CHEPIHs, Ipe/laBaHe Ha H300paKEHUS U JIp.

TexHonorusaTa 3a ONTUYHH BIIAKHA CE M3CIIE[BA aKTHUBHO OT (DM3HIM U WHKEHEpH. BioxxeHu
ca OrpOMHHM pecypcHd M CpeAcTBa 3a MOAOOpsBaHE Ha CBOICTBaTa Ha ONTHYHHUTE BIAKHA U
M3CIIe/IBAHE Ha HOBHM BUJOBE BJIAKHA 3a PA3JIMUHU LIETU KaTO MEAUIMHA, CIEKTPOCKONUS, CEH30PU U
TEeNIEKOMYHUKAIIHH.

[To-HaTaThk 1€ OBAAT pa3riefaHd KOHBEHIIMOHAIHWUTE W APYTd BUJOBE ONTHUYHH BIIAKHA,
OCHOBHHUTE 3aKOHHM U TIapaMeTpH, CBBbp3aHU C TsaxHara padorta. llle ObmaT 0OCHAECHU OCHOBHHTE
ONTHUYHHU CBOICTBAa Ha BJAKHATa, KOUTO BIMSAT Ha MPOU3BOJUTEITHOCTTa HA CUCTEMATAa, KaToO
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3aTUXBaHE, IUCIEPCHsl U HEeIMHEHHOCT. Pasriexna ce Haco4BalMAT MEXAHHW3bM Ha CBETJIMHATA
IIPU pa3IU4HUTE BU0BE (hOTOHHO KprucTanHu BiakHa (PCF) u TexHuTe ciennanHu CBONWCTBA.

AHanu3bT Ha ONTUYHUTE BJIAKHA U YCTPOMCTBA N3MCKBA IPOBEXKJAHETO HAa EKCIIEPUMEHTATHI
WIN YMCJICHU U3CleBaHus. EKCIEepUMEHTHT OTHEMA BpeMe U U3UCKBA TOJIEMU (PU3UYECKU PECYPCH.
TeopernuHoTO H3CHEnBaHE ce OCHOBaBa Ha 4HclIeHM cuMmynanuu. Ilom3Bar ce agantupanu
AQHAJIUTUYHY WM YUCJICHU METOMAU B 3aBUCHMOCT OT M3CJIEBAHOTO BiakHO. LlenTa e na ce pa3depe
KaK IpOMsHAaTa Ha pa3iMyHUTe (U3NYECKU NapaMeTpu Ha BJIAKHOTO M JU3aiiHa BiMsE BBPXY
ONTUYHUTE My cBoiicTBa. C aHaIM3 Ha MPEACTABEHUTE CUCTEMAaTHYHU M3CJIEIBAHUA MOXE Ja ce
peanu3upa AU3aiH C KeJaHUTE CBOMCTBA HA ONTUYHOTO BIAKHO.

2. U310xkenue

KoHBEHIIMOHATHUTE TEXHOJOTUH 32 ONTUYHU BIIAKHA ChC CTHKJIEHA (CHJIMIIMEBA) ChPLIEBUHA
ca yChBBHPIICHCTBAHU 3HAYUTEIIHO OT MMbPBOTO YCIIEIIHO CH3/AaJI€HO CTHKIIEHO BJIAaKHO mpe3 1957 r.
ITpe3 1970 r. e mpousBeneHO ONTHYHO BIAKHO ¢ HUCKH 3aryou - mox 20dB/km. Pa3paboTBanero Ha
Jerupad ¢ epOuil ycuiaBaTesl 3a ONTHUYHO BIAKHO mpe3 80-Te TOJUHU Ha MHUHANMSA BEK HaMald
L[leHaTa Ha KOMYHUKALMSTA HA IBJITH PA3CTOSHUA, Thil KaTO ONTUYHUSAT CUTHAJI MOXE Ja CE YCUIIBa
JTUPEKTHO, 0e3 Aa ce mpeolOpa3yBa B eleKTpUuecKd. Taka HamamsiBa OpOSAT Ha MOBTOPUTEIUTE IO
ONTUYHATA JIMHUSL.

JlHec oNTUYHHUTE BJIAaKHA ca €Ha OT Hail-1oOpUTe KOMYHUKAIIMOHHU CPEIM 32 KOMYHHUKAIIUU
Ha JABITU pa3CcTosiHUS. Te MMarT MHOIO HHUCKM 3ary0M, YCTOWYMBU ca Ha €JEeKTPOMAarHUTHU
CMYIIEHUS M HMMaT LIMPOKa YEeCTOTHA JIEHTa, KaTo MO TO3W HAUYMH OCHUTYpSBAT HAW-BUCOKU
CKOpPOCTH Ha NpenaBaHe Ha JaHHU. ONTUYHUTE BJIAKHA CE€ M3I0JI3BAaT B IOJBOJAHM HHTEPHET
ka0enu, KOUTO OCHUIypsiBaT HAAEKICH BHCOKOCKOPOCTEH HHTEpHEeT. B  ontuyHute
TEJIEKOMYHUKALIUU CHEKThPBT Ha IbJKMHATA HA BbJIHATA € Pa3/ielieH Ha TPU PO30peLa, CbOTBETHO
Ha ObKMHU Ha BbaIHUTE 850nm, 1300nm um 1550nm. OnTuyHUTE BIaKHA W HMHTETPUPAHUTE
ONTUYHH BBJIHOBOJIY HAMMPAT ILIUPOKO MPHUIIOKEHNE U B IPYTU 00JI1aCTH.

OnTUYHOTO BJIAKHO MPEACTABISABA IMIMHIPUYCH IUETICKTPUUEH BBJIHOBO - ur. 1.

1 2 3 4

@ur. 1. TunuyHa CTPYKTYpa Ha CHIIMIIUEBO ONTUYHO BIAKHO
1 - cepueBuHa, 2 — 00BHBKa, 3 - Oydep, 4 - 3aIUTHO TOKPUTHE

To e u3rpazieHo OT ChpLEBHHA C BUCOK MHJEKC Ha IPEYyIBaHE, B KOATO CE Pa3lpOCTpaHsBa
cBeTinuHaTa. ChbpIEBUHATA € 3a00MKOJIEHa OT OOBUBKA C MAJIKO MO-HUCBHK MHJEKC Ha MpeuylBaHe
OT ChpLEBUHATA U MOKPUTHS, KOUTO OCUTypsIBAT MEXaHMYHA 3alllUTa Ha BIAKHOTO OT (U3NYECKO
YBpEXKAAHE U NPEANa3BaT CTbKIEHATa IOBBPXHOCT OT BJara U MpaxoBH YaCTULIH.

Pa3smepbT Ha chbpueBHMHATa W pa3iMKaTa B MHJEKCAa Ha MPEUyNBaHE MEXAY ChpLEBUHATA U
oOBHBKaTa UrpasiT OCHOBHA pOJIA MpHU ONpeJesiHE Ha CBOMCTBaTa Ha BIaKHOTO. BajkeH onTuueH
IapaMeThp Ha BCsAKa MpO3payHa cpela € MHACKCHT Ha IpeuynBaHe N, KOMTO ce ompenens KaTo
OTHOILIEHNE Ha CKOPOCTTA Ha CBETJIMHATA B MaTepuaia V i CKOPOCTTa Ha CBETJIMHATA BbB BaKyyM C.
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c

(1)

[TpoMsiHaTa Ha MHIIEKCA HA MTPEYyIBAaHE C ABDKMHATA HA BBJIHATA BOJU JI0 PA3LIMPSIBAHETO HA
HPOJBDKUTETHOCTTa Ha uMmIyica (M0 BpeMe) W JAbJDKMHA (MPOCTPAaHCTBEHO). MHAEKChT Ha
NpeYyrnBaHe Ha pPAa3TONCHHS CWIMIMEB IMOKCH] CHJIHO 3aBUCH OT Ib/DKMHATA Ha BBJIHATA.
[IpomsiHaTa B MHJEKCA Ha MPEYYIBaHE MPH MO-HUCKU TBDKHHYU Ha BBJIHATA € MHOTO Ps3Ka, KOETO
BOJIY JIO BUCOKA CTOMHOCT Ha JIMCIICPCHSATA.

PasnpoctpaneHneTo Ha CBETIMHATA B ONITHYHO BIAKHO MOXeE J1a Obie O0SICHEHO Upe3 3aKOoHa
Ha CHenmuyc. YacT OT CBETIMHHUTE JIbYUH, MBTYBAIU OT ChPIEBHHATA KbM OOBMBKATA, JOCTHIAT
HOBBPXHOCTTA SIIPO/OOBMBKA IOJ BI'BJ, MO-TOJISIM OT KpUTHYHHUS. ToBa NpEIU3BUKBA ITBIHO
BBTPEIIHO OTpakeHHe. Te3u JIbuM ce OoTpa3siBaT OOpaTHO B CHPIEBHHATA W HE IPEMHHABAT B
oOBuBKara. Taka ce yJbpka CBETIMHATA B ChPLEBHHATA HA BJIAKHOTO. BecHYku Jpyru apum ce
HpeyYynBaT M U3JIU3aT OT SAPOTO U HE Ce Pa3lpOCTPAHsBAT B HETO.

B onrtuunuTe cHcTeMHU JBE OCHOBHM CBOMCTBa OIpaHMYaBaT Bb3MOXKHOCTHTE 3a MpEaBaHE:
3aTHXBaHETO (3aryda Ha MOLIHOCT) M JHCIepcusiTa (pa3lnpeHneTo Ha umiyica). M neere morar na
UMaT BPEIHO BB3JCHCTBUEC BBPXY TEICKOMYHHUKAIMHUTE. TEXHHTE CTOMHOCTM TpsiOBa na ObAaT
MaJIKH WINA HYJICBH, Taka ue e(eKThT UM Ja € MOHOCHM. J{ucrepcusTa Ha CHUIIMIMEB MaTepual ¢
nokKaszaHa Ha Qur. 2, a BbTpeLIHUTE 3aryou - Ha dur. 3 [1].
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@ur. 3. Berpeninu 3aryor Ha MaTepuai pa3ToNeH CUIMLUT

Hsxon npuinokeHns M3UCKBAT PA3IMYHA OT HYJIA WM MO-TOJIIMAa CTOMHOCT Ha JUCIIEPCUSATA.
TaxkbB € ciay4adr ¢ HelMHEHHHUTE eeKTH, MPU KOUTO € HeoOXoArMa HeHylieBa AMCIepcus, 3a Ja
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¥Ma 3HaYUTENIHO Bb3/IEUCTBUE BbPXY CUTHAJIA. |'0JleMU CTOMHOCTH Ha AUCIIEPCHUsITa ca He0OOX0IUMU
B CICIMATHO TPOSKTUPAHWTE C IUCIEepCHs BIAKHA, 3a Ja Ce KOMIICHCHpa IUCIIEpPCHsTa Ha
KOHBEHLMOHAJIHUTE TEJICKOMYHUKALIMOHHU ONTHYHMU BlakHa. Jlucmepcusita TpsibBa na ce
KOHTPOJHpa, 3a Jla OTroBaps Ha HEOOXOIUMOTO mNpuiIokeHWe. He3aBUCMMO OT HAauyWHA Ha
IIPOM3BOJCTBO MMa JiBa BHJA ONTHYHM BJIakHAa: eqHomomoBu BiakHa (Single Mode Fiber) u
MHoromoioBu BiakHa (MultiMode Fiber).

Pamnycwer Ha saporo Ha SMF e MHoro mo-mambk otkosnkoro nmpu MMF. B SMF camo
OCHOBHaTa MOJia MOX€ J]a C€ pa3mpocCTpaHsiBa Ipe3 siAPOTo, JA0Kato OposT Ha moaute B MMF e
MIPUOJIU3UTEITHO (V2/2), KbaeTo V mapamerspsT € [2]:

v = ? fn? = 2)

B (2) a e pagnychT Ha chplieBUHATA HA BIAKHOTO, A € IbJDKUHATA Ha CBETJIMHHATA BbJIHA, Np
€ KOe(pUIMEeHTHT Ha IpeuyylBaHE Ha CHPIEBMHATA, a Np- KOS(PUIMEHTHT Ha MpeyylnBaHE Ha
00OBHBKaTa Ha BIAKHOTO.

MMF u3nuTBaT MeXIymMoa0Ba aucnepcus. EqHOMO0OBHUTE BIaKHA UMAT TO-HUCKH 3aryOH U
no-uucka aucrnepcus or MMF. O6aue MMF umat mo-Bucoka e(peKTUBHOCT NMPHU CBBP3BAHE OT
SMF. Beopeku ue SMF ca no-ckbnu or MMF npu npousBoacTBOTO, T€ ca 3a NMPEANOYUTAHE 3a
KOMYHHUKAIIMM Ha JBJITH pa3cTosiHUsA, Thil kaTo SMF moaabspka camMo OCHOBHaTa Moja, Mopaau
KOETO 3aryOHTe U UCIIEPCHsITa ca MO-HUCKU. ToBa M3MCKBA MO-MAJIKO CThIIANA 32 PEereHepanus Ha
CUTHaJIa U M0-HHUCKa 00111a IeHa.

HuzaitapT Ha PCF e pasnuyeH oT KOHBEHIMOHATHHWTE cuiauiueBn BiakHa. PCF morar na
ObaaT u3pabOTeHH OT €IWH MaTepuan C JBYU3MEPHU (OTOHHM KPHUCTAIM WIW NEPUOAUYHU
pEIIETKH OT BB3AYIIHU OTBOPH, YCIOPETHH Ha OCTa Ha BJIAKHOTO, 3a Jla c€ MONy4yd (Gopma Ha
obOBuBKa u cbpieBuHa [3]. Hakonko Buga PCF ca nmoka3anu Ha ¢ur. 4: (a) BIaKHO CbC ChpIIEBUHA
OT 4ucT Si W BB3AYyLIHW OTBOpPH B 0oOBuBKaTa; (D) BiakHO ¢ BB3MylmIHUM TPHOM B CHPICBHHATA,
KbJIETO CBETIMHATAa ce yAbpKa 3apaau edekra Ha JIeHTaTa Ha MPOIMYyCKaHe; (C) ChbplEBUHATA €
HampaBeHa OT YMCT CHJIMIMEB TUOKCHI, a JYNKUTE B OOBHBKaTa Ca I'BJIHU C TEYHOCT C BUCOK
MH/IEKC Ha npeuynBaHe U (d) KyXu IUIMHIPUYHE MHOTOCIONHH BJIaKHA C U3LJI0 MAaCHBHA OOBHBKA
- BJJakHa Ha Bragg.

®@ur. 4. PCF BiiakHa ¢ pa3JidyeH qu3aiiH.

DOTOHHUTE KPHUCTAJHU BJIAKHA MOTAT J1a ObAaT KiIacu(UIMPAaHU B JBE OCHOBHH KAaTETOPUU
CIOpe] MeXaHH3Ma Ha pPa3NpOCTPaHEHUE Ha CBETJIMHATA: BJIAaKHA C BUCOK MHJEKC Ha MpevyyIlBaHE
Ha CBHPIEBMHATA, B KOUTO Pa3NpOCTPAHEHUETO Ha CBETIMHATAa CTaBa MO HAYHMH, MOJ00CH Ha
KOHBEHIIMOHAJHUTE BiakHa; BTopuaT Tun PCF e HampaBisBamM BiakHAa C HMCBK HHAEKC Ha
npevynBaHe Ha ChpIIEBHHATA, U3BECTHU KaTo BiakHa ¢ Kyxa cbpueBuHa /HC/. Smporo wa HC
BJIAKHATa € HAlpaBeHO OT MaTepHall C MO-HUCHK MHAEKC OT OOBMBKAaTa M CBETIMHATA CE HACOYBa
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nmu upe3 PBG — ¢doronHum 3abpaneHn 30HM wiu aHTtupe3oHaHceH edekt. HC BrmakHata ca
nonbaHUTENHO noaknacuunupanu B HC-PBF, Bnakna Ha Bragg, Bnakna na Kagome u HC-NCF
/Hollow-Core Negative Curvature Fiber/ - BrakHa ¢ KyXxa ChpIIEBHHA C OTPHUIIATEIIHA KPUBHHHU Ha
IpaHULUTE Ha ChPLIEBUHATA, KBJETO CBETIIMHATA € OTPaHMUYEHA B ChPLIEBUHA C [T0-HUCHK MHJIEKC Ha
npeuynBane ot ooBuBkara. HC-NCF Bmaknara ca cp3gagaenu npe3 2010 r.

Bpostr nma moamre, momubpxkanu or PCF, ce ompenens momoOHO Ha KOHBEHIIMOHATHHUTE
ONTHUYHU BJlakHa ¢ V mapameTbpa. PopMmynaTta ce MaHUITyIUpa Jieko, 3a aa otroaps Ha PCF, Tbit
KaTo HAMa J00pe AeuHupaHa CbpPIEBHHA WIH ITOCTOSIHHA CTOMHOCT Ha MHJIEKCA Ha MpeduyIBaHe 3a
obOBuBkaTa. KoedunneHTspT Ha npedynBaHe Ha 0OBUBKaTa € (YHKIUS Ha JbDKMHATA Ha BHIIHATA,
KOSTO C€ MPOMEHs B 3aBHCHUMOCT OT B3aMMOJICHCTBHETO Ha CBETJIMHATAa C JBaTa Marepuana
(cppueBHHA U BB31yX) Ha OOBUBKaTa. IIpu mo-1bJIrH BBHIHU CBETIMHATA CE PA3MpOCTpaHsIBa BHTPE
B OTBOPUTE M BOJHU JI0 MPOMSIHA HA UHJEKCA HA PEYyIBaHEe B 3aBUCUMOCT OT Au3aitHa. Popmynara
3a Vpcr € mokasana no-goiy [4].

2 —————— (3)
Vocr = T*u“'”fl‘ — 1, (4)

KbJeTO Ng(A) € cpelieH UHAEKC Ha MpedynBaHe Ha ooBuBKarta Ha PCF.

B enHOMOMOB pekMM HACOYBAHETO HA CBETIMHATA 3aBHCH OT HMHJEKCA Ha MpEYylBaHE Ha
CBpIICBMHATA M CPEIHHS WHICKC Ha OOBUBKaTa Ha (POTOHHHUS KPHCTAI, KOWTO € (YHKIHS Ha
IBIDKUHATA HAa BhJIHATA. B KOHBEHIIMOHATHUTE ONTHYHU BJIaKHA MMa TPaHUYHA YECTOTa, HaJl KOSTO
BJIAKHOTO Bede He ¢ eaHoMo10B0. O0mactTa 3a paboTa B eqHoMOo10B pexxuM B PCF ce pasmmpsiBa,
TBH KaTO CPENHUAT WHJACKC HA TpeduymnmBaHe HA (DOTOHHHS KPUCTAI 3aBHCH OT JBJDKMHATA Ha
BbiHata. [Ipu Mmo-Kbca ABKMHA HA BBJIHATA MOJOBOTO IIOJIE€ € MO-KOHICHTPUPAHO B CTHKJICHHS
MaTepual, Thi KaTo JBhJDKUHATA HAa BBIHATA CE yBEIMYaBa, MOJETO CE Pa3IIMpsBa IOBEYC BHB
BB3AYyIIHUTE OTBOpH. CIIeIOBATEIIHO TPU TMO-KbCH JBDKUHH HAa BBJIHATA CPEIHHUAT HHICKC Ha
oOBHBKaTa € OJM3BK J0 MHJICKCAa Ha Marepuasa. ToBa BOIM 10 Malika pas3iiika B MHIEKCA MEXIY
ChpIICBMHATA U OOBMBKATa, Taka Y€ CTOMHOCTTA Ha Vpcp Jla € MaJKa JOPHU MPH MO-KbCH IbIKHHH
Ha BeiIHHUTE. [lopanu 3aBHCHMMOCTTAa HAa KOC(PHUIIMEHTA HA MPEUYYIBAHE OT ABJDKHMHATA HA BHIHATA,
PCF mosxe 1a 6b/1e MPOEKTHPaH Aa Objie €THOMOIOB, KOTaToO € U3ITBJIHEHO yCioBHeTo [4]:

Vocp < (4)

AHanu3bT Ha ONTHUYHU YCTPOWCTBA € CIIOKEH IMPOolieC, KOUTO M3MCKBA OTPOMHO KOJIUYECTBO
MaTeMaTHYECKH oIepanuu. BpemeTo, HEOOXOAWMMO 3a W3BBLPIIBAHETO UM, € TOJISIMO U €
HEBB3MOXKHO Jla ce paboTu 0Oe3 MmoMOoIITa Ha U3UMCIUTEeNHU pecypceu. [lopaau ToBa ce m3mon3Bar
MHTEH3MBHO KAKTO aHAJUTUYHH, TAKA U YUCICHU METO/IH.

AHaTUTUYHUTE METOAM Ce€ TpuUjaraT 3a peliaBaHe Ha eJIeKTpOMarHuTHU mpodremu. Te ce
M3MOI3BAT MIPH MPOCTH KOHCTPYKIIMH KATO IUIOYH, BKOTIAHU ¥ PEOPSHH BBHIHOBOIU. AHATUTHIYHUTE
METOJIM JaBaT TOYHU pEIICHHs, HO Te€ Ca OrPaHUYCHH W HEMPUIOKUMH 32 pPEaTHH CIydau,
BKJIFOYBAIY CJIO)KHA TEOMETPUU M HEXOMOTCHHU O0JacTH. AHAIUTUYHUTE METOAHW OsXa TIo-
MPUJIOKUMHU TIPEN HABIM3aHETO Ha KOMMIOTpUTe. Te obaue MMar BakHa poJis B Pa3BUTHETO Ha
YUCJICHUTE METO/IH.

WNMa pa3nuyHu aHATUTHYHU METONM, M3MOJ3BaHM 3a TOJydyaBaHE Ha PEIIeHHs 3a MPOCTU
ONITHYHH BBIHOBOJU. AHATU3BT 3a CIOKHU ONTUYHH BHIHOBOJHHU CTPYKTYPH C HEXOMOTESHHOCT B
MIPOCTPAHCTBEHATA 00JIACT HE € Bh3MOXeEH. ToraBa ce mpaBsT MPUOIMKEHUS U MIPEATIONIOKESHHS 32
npo0eMu, KOUTO TPsAOBA /1a Ob/IaT PEIICHH C YUCIICHU METOJIH.

ATIpOKCHUMAIIMOHHUTE WM YWCICHUTE METOAM, KaKTO TOKa3Ba MMETO, CE€ OCHOBaBaT Ha
MpUOJIMKaBaHe Ha PEIICHHETO 4Ype3 NMpHUIaraHe Ha YHCICHW WU (PU3UYHH TPEIIOJIOKCHUS KbM
mpo0GyieMa, KOWTO Tpe/ICTaBiIsiBa HHTEpec. ToBa BHAcS M3BECTHA JOMYyCTHUMa Tpenika. HanpaBenure
NpUOMKEeHU TH Kilacu(UIMpar B 1Ba OCHOBHU KJjaca.
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[IbpBUAT KIMac ca aCUMOTOTHYHUTE MeTONU. Te3m MeTroau H3UCKBAaT (yHIaMEHTAIHO
npuOMKeHWe B ypaBHEHUsATa Ha Makcyel. AmnpokcuManusaTra BBB (U3MKATa OrpaHHYaBa
M3IMOJI3BaHETO HA T€3U METOM 3a 001U ciyyau. Te OOMKHOBEHO ce M3IOJI3BAT 3a FOJIEeMU METaIHH
U NPOBOJAILIM NPEAMETH, KOETO € HEeNOCTaThK. TeXHHUTE MpeauMCTBAa ca HUCKUTE W3YUCIUTEIHU
pecypcu u Bucokara eeKTUBHOCT [5].

Bropusr knac uucieHM METOAM ca M3IUI0 BBIHOBUTE MeToau. llpum T1e3m Meronu
NpUOTIHKEHUETO C€ IMpaBH YUCICHO U HsIMa MbpBOHAYaNHO (u3nuecko npubmkenue. Tesu
METOAM c€ KIAaCH(HUIMPAT TOMBJIHUTEIHO CIOpEea H3MOI3BaHata (opmysa, HWHTErpajHa WU
nudepeHnraiia, cruopes JOoMelHa, B KOUTO paboTAT, MO BpeMe WM YEeCTOTa, KaTo HSAKOU OT
METOJIUTE MOrar Ja ObJaT NMPUIOKEHH B ABeTe oOjacTu. Te BKIIOUBAT TPU OCHOBHHU CTBIIKH 32
pemaBane Ha mpoOinema. IIepBO mpoOnembT TpsiOBa na ObAe AcPUHHpPAH UYpPe3 KOHTPOIHO
ypaBHEHHE, KOETO ce IMoJlyuyaBa OT ypaBHeHHUATa Ha Makcyen. Bropara cTblka e JucKpeTu3anus Ha
JIOMElHa B HENPUIIOKPUBAIIM CE MOAJOMENHM, 3a J1a C€ MPEACTABAT MPOU3BOJHU HEXOMOTECHHU
IUENIEKTPUYHU BBJIHOBOJM, TaKa Y€ BCEKM IMOAJOMEMH WJIM €JNeMEHT Ja € XOMOICHEH.
Jluckpetn3anuara BOAM 10 HaOOp OT ypaBHEHHUS, KOMTO ca ONHMCAaHKM B MaTpu4Ha Qopma.
[locneanara cThlKa M3MCKBA pEIICHWE HAa MaTpUIlAaTa OT HEU3BECTHH C MOMOINTA Ha €(PEKTUBHU
anroputMu. Hali-nonynspHuTe 3110 BRIHOBU METOJU Ca OIMCAHU HAKPaTKO MO-A0TY.

MetoauTe Ha dYecTOTHaTa OOJAcT ca MOAXOMAIIM 32 H3CJIelBaHEe HA TECHOJICHTOBU
MIPWIOXKEHHUS B CTAllHOHAPHO ChCTOSIHUE, IOKATO METOAUTE HA BpeMeBaTa 001acT ca MOAXO0IAIIH 32
IIMPOKOJICHTOBH MPEXOJHU MpUiIokKeHUs. J(MckpeTuzanusaTa B MHTErpaiHaTa (GopMmyia BKIOYBA
Ba)KHATa MOBBPXHOCT HA Ipo0OJieMa, KaTo MO TO3U HAUYMH C€ HaMallsBaT U3YUCIUTEITHUTE PECYPCH.
ToBa Bogu obade 10 JIOWIO MPEACTABSIHE HA CJIOXKHU CTPYKTYpH M HEXOMOTCHHHM MaTepHalu.
Wuterpannara ¢Gopmyna MoKe Ja Ce H3IOJ3Ba 3a M3CIeNBaHE HAa MpoOJeMH C pasceiiBaHe U
OTBOpEH JoMelH. B nudepenunannure Gopmynu nuckpeTusanusaTa BKIOYBaA MbIHUS 00em. Toa
M3HCKBA MOBEYE M3YMCIICHUS, HO MOXe €(DEeKTHBHO J1a TPEACTaBU HEXOMOTECHHHU CPEIN U CIIOKHHU
cTpykTypu. dudepenuuannute popMmynu Morat fa ObaaT NPUIOKEHH B TPAaHUYEH MPOOIEM.

Hsma yHuBepcanen m300p Ha Haii-goOBp METOJ NMpH BCHYKU cilydyan. Bcekum merox mma
MPEeIMMCTBA U HEJOCTaThIM M ce M30Mpa MOAXOIAIIMAT 32 BCEKH OTIENEH ciay4ail. Bceku meron
o0aye ce pa3nuyaBa B MpeABapuTeIHaTa 00padoTKa Ha ypaBHEHHETO Ha Makcyen 3a mojyyaBaHe
Ha KpaifHata hopmyna.

Yecto cpeliaH acmeKkT MPHU H3ISUI0 BHIHOBUTE METOJU € Ja C€ TUCKPETH3Upa CUCTEMHMST
JOMENH Ha nojgaoMeinu. [1o To3u HauMH peleHneTo cTaBa NOYTH HE3aBUCUMO OT cucTteMarta [6].

Twpcu ce npencrasine Ha komnoneHTuTe E nu H Ha BbaHATaA, pasnpocTpaHsBaiia ce no ocra z
KaTo XapMOHWYHA (PYHKIIHS HA BPEMETO:

E(x,y.2) = E, (x )e(-14,2) n )
Hxy.2) = H, () ep(-i8,2), ©)

kbaeTo E e HanperHarocTTa Ha eJIeKTPUUECKOTO 1ose, a H e HanpernarocTTa Ha MarHUTHOTO TI0JIE,
V € UHJEKC Ha ChOTBETHATa Mo/Jia (TUII BBJIHA) [2].

Heka B (5) nmpenmnonoxxum, 4e ThpceHata BbJIHOBA GyHKIUSA @ € arpokcuMHpaHa ¢ pyHKIUSTA
®a. Ilpu ToBa ce momydaBa pe3uAyaiHa (OcTaTbyHa) rpemika R, kKaro uype3 HamaisBaHe Ha
pasnukata Mmexny @ m ®a ycpegHeHarta rpemka R Moxe ma Obae HamalieHa 0 HyJa B IisjaTa
aHaJM3upaHa 00JIacT.

2 2
2 CI;a+a (I;a+k§(gr—n§ﬁ)cpa=|:\> @)
OX oy

BwBexaame ternoBHa pynkius ¥ u nomydaBame:
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[[¥R dxdy =0. (8)

ypaBHeHI/IeTO 3a CJICMCHT C HOMep € B OTJICJIHUTE €JICMEHTH Ha 06HaCTTa c:
oda o¥, oba, oY, oda
j Ot i) lf j j (e e e
v on J OX  OX oy oy

Tyk We u @ B enemMeHTa ¢ HOMEp € ce€ pa3lIMpsBAT Ype3 U3IOI3BaHE HA ChbUIMTE 0a30BU
byHKIMH:

2 dxdy + j j ¥ kZ(e, —nZ )Da, dxdy =0.  (9)

da, =Y 0,N, ~[N,T [o,]. (10)

\Pe :iq)eiNi :[Ne]T[q)e]’ (11)

KbJIeTO M, € OposAT Ha BB3IUTE B eiieMeHTa €. [Ne] u [De] ce 3amaBaT karo HAOOP KOCPHUITUEHTH H
KOpecoHAupaT ¢ purypHaTa QyHKIHS U TTOJICBUS KOMITOHCHT.

[Ne]:[Nl N, Nj... NMe]T’ (12)
[cDe]:[chq)z ch---(DMe]T' (13)

3amectraiiku (10), (11), (12), (13) B (9) okoHYaTenHO ce mojlyyaBa MaTPUYHO YpaBHEHUE:

(Al-#[B){@}=0, xpnero {@}=3 (@}, {Aj=3{A} {B}=2{B.}. (14)

e e e

[Tpu 2D ananu3 3a anpoKcUMalys Ha pa3NpeiesIEHUETO Ha MOJIETO C€ U3I0JI3BaT TPUBIbIHU
€JIEMEHTU U TOJIMHOMHAJIHA anpokcumanus. VctuHckara BbiIHOBa (YHKIUS C€ alpOKCHUMHpa C
JUHEWHa QYHKLUS WM C KBaJpaTHa QYHKIUSA. AIPOKCUMAIUATA C IIOJIMHOM OT IO-BUCOK PE€J] BOJU
70 TO-TOYHHU pe3yiNraTH, obaue yCIOXKHSBA aHaluu3a W U3UCKBa MnoBeue mnamer. Ilupoko
U3II0JI3BAHU Ca TPUBI'BJIHU €JIEMEHTHU OT IbPBH pefl ¢ 3 Bb3ena - ¢ur. 5.

3 (Xay3)

1 2
(X1,Y1) (X2,Y2)

@ur. 5. TpUbrbieH €IEMEHT OT IbPBU peL

Hanpumep 3a Tpubr'bjieH €I€MEHT OT IbpBHU pej BhiHOBaTa (GyHKuMd P(X,y) B MPOU3BOIHU
KOOpIUHATH (X,y) BBTPE B €JIEMEHTa ce pa3imupsiBa upe3 pyHkuuute Ha popmara N1, Na, Na.
[Tonerara ®1,P,,D3 BbB BEpXOBETE Ha TPUBI'BIHUKA (BB31HU 1,2,3) s mpeACTaBAT Taka:

d(x,y) = N,®, + N,d, + N,&, =[N] {®},  knaero (15)
[N]T = [Nl N, Ns]T! {CD}: ((qu)zq)s)T . (16)

Oynkiuure Ha (opMaTa ca JUHEWHHM (QYHKUIMH Ha KOOPAMHATUTE HA Todkara (X,y) U
KOOp/MHATUTE Ha BBPXOBETE HA €JI€MEHTa U Morat Ja ObJaT JIECHO IIpecMeTHaTH. Upe3 3amecTBaHe
Ha ChOTBETHHUTE M3pa3u B (9) ce M3BEXIAT CTOWHOCTH 3a eJIeMEHTHTe Ha MaTpuiure A u B 3a
TPUBI'BJIHUA €J€MEHT €. [ TaBHOTO MaTpUYHO YpaBHEHHE €:
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(K]-5 2 [MD{®} = {0}, xpreTo B = ko.neff e xoncTanTaTa HA pasnpOCTpaHEHHE. (17)

CroiinocTTa Ha 7eff ce onpenens oT koMmroHeHTata Ha nosneto u [1I1 n,. Marpunure, yuacTByBaiu
B YPaBHEHUETO, Ca:

[K]=>{n2(A)+[B.D+k2e%[C. ], (18)

=> -n2lc.], (19)

= ZCDe , KATO MaTPULIUTE HAa KOS(PHUITUEHTUTE CE MPEeCMATAT TaKa: (20)
AL [T sy (o) DD, e )- v e oy

e

['pannunute ycioBus ca ase. EMHOTO n3KucKBa BhIHOBUTE (PyHKIMM Ha TpaHunara I' na ca 0,
a IpyroTo — BapHalusITa Ha BBIHOBaTa QYHKIHS J1a ObJIc¢ MHOTO MaJIKa:

GCD
=0, ®,=0. (22)
8n
DL AN
1 /5 9 -
e /| ¢ €3
//ez 6 € €14
2 ¢4 10 14
e, (A €
e €10 e
‘47 I 16
3 15
€s e“ e|7
€ €, €3
4
8 12 16

®ur. 6. Mpexa OT TpUBI'BIIHU €1EMEHTH

[Ile mokaxem anropuThbMa 3a MOJy4yaBaHE HA CTOMHOCTUTE HA MOJIETO 3a Cy4yall Ha MOTOIEH
ONTHUYEH BBJIHOBOJ, KONTO € pasjaeneH Ha 18 Tpubrbeinu enementa oT | pen el,e2.e3,...el8.
CeppueBnHara ¢ mMpuHa W BKJIOuBa 2 enemMeHta — €9 u el(0. ®ur. 6 mokazpa HauMHa Ha
pa3zensHeTO Ha HAIIPEUYHOTO CEYCHHE Ha BBJIIHOBOJIA HA CETMEHTH, KaTo ca 0O3HaYeHW HOMepaTa Ha
Bb3nUTE. [IpaBUM crieTHUTE CTHIIKHU:

1. IlokpuBame 1sAIaTa aHATH3KUPaHa 00JIACT ¢ MpeKa OT TPUBI'BIIHU EIIEMEHTH.

2. OmnpenensiMe KOOPJMHATATE HA BB3IUTE /BB3€N 1 € ¢ KOOpAWHATH (Xi,yi)/ W JIOKaJIHHUTE
KOOPJMHATH HA €JIEMEHTHUTE.

3. Ipecmsarame matpurnute [Ae], [Be], [Ce] 3a Bcekr TpUBI'BJIICH €IIEMEHT €.

4. CormacHo ¢ (21), (18), (19) nombnBame rnobanuute Matpumu [K] u [M], uuiito pemose u
KOJIOHU KOPECIIOHAUPAT ¢ HOMepaTa Ha €JIeMEHTUTE U JIOKATHUTE KOOPANHATH.

5. 3a Bceku BB3€N, MPUHAJIEKAII HA TTOBeYe OT | TPUBI'BJICH eJeMeHT (Ha (ur. 5 Hamp. Bb3el 6
€ BKJIFOYEH B 6 TPUBI'BJIHUKA), CE TOMBJIBAT TiiobamHuTe matpunn [K] u [M] 3a BCU4YKH TpUBIBIHA
€JIEMEHTH.

6. Brrouame (22) B [K] u [M].
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7. Tlpecmsitame P wim neff upes perraBane Ha MaTpUIHOTO ypaBHeHue (17).

Mertoabt Ha MomeHTUTE ( MOM ), M3BECTEH CBIIO KAaTO METOJ Ha TPAaHUYHUS €JIEMEHT, UMa
MPEIMMCTBO MPHU MPOOIEMH, BKIIFOUBAIM OTBOPEHU peruonu. llpumara ce Hali-Beue B YECTOTHA
obrnact. ToBa e Hal-IIMPOKO M3MOI3BAHUAT METOJ B aHTEHHOTO MH)KEHEpPCTBO. MaremarnudeckaTa
(dbopMyIIMpoOBKa, TPEIACTABSNIA EIEKTPOMATHUTHHUTE I[0JNeTa, € peanusupaHa B MoM upe3
JTUCKpPETU3UpaHe Ha WHTErpalHOTO ypaBHeHHe. Toll e m3uucnurenHo e(eKTHBEH, HO H3HCKBa
CJI0’KHA MaTEMAaTHKa B CPAaBHEHUE C IPYTH METOJIU. TOBa € MPEANOYUTAHUAT METOJ 3a pa3cerBaHe
Ha 4ecTOTHAaTa 00JacT U MpobJieMHU C U3TbYBAHETO.

Meroapr Ha kpaiiHuTe pasnukun (FDM) e Hal-mupoKo U3MOA3BaHHUAT METOJ IpH
€JICKTPOMArHUTHHU MPOOJIEMU MTOPan TOBA, Y€ € SICEH U JIECEeH 3a mpuiarane. JJoMeMHbT € pas3zesieH
Ha MpeXka M PElIeHHeTO ce HaMHUpa 3a BCiKa TOYKa OT MpexkaTta. Toil nmpuiara nudepeHuainnTe
ypaBHEHUS Ha Makcyer, 3a 1a U3BeJI€ BJIHOBOTO YPAaBHEHUE U J1a CE HAMEPH PEIICHUE 3a MOJIUTE.

JudepeHunaaHusIT omnepaTop ce 3aMeHs C ONepaTopu 3a pasziiuKa 4Ype3 H3I0JI3BaHE Ha
dbopMyna 3a meHTpamHa paziuka. MMa Jpyr MeToja, KOWTO CIOjeNsl ChIaTa KOHIICTIHS 3a
CBBP3BaHE, KOWTO € M3BECTEH KaTO METOJ| Ha KpaiiHaTa pa3iuka BbB BpemeBaTa obsact (FDTD).
N3nosn3Ba ce mpu aHanu3a Ha MpoOJIeMU BbB BpeMeBaTa 00J1acT uype3 TUPEKTHO JUCKPETU3UPAHE Ha
ypaBHeHusATa Ha Makcyen. J[Bara meTtoga ca MHOro e(eKTHBHHM, Thil KAaTO M3HCKBAT MallKO
OTepaluy BbpPXY BCsKa To4ka OoT Mpexara [7]. HemocrateksT Ha FDM e, ue mpexkara TpsiOBa na
ObJic eTHAKBA, 3a J1a MOXKE METOIBT Ja paboTH 100pe.

Meton Ha kpaiinute enementd (FEM) u3mnosnsBa cThIOWYHA anmpOKCHMAIUS HA TPAHHIIUTE,
KOUTO HE ca B CbOTBETCTBUE C MperKaTa. PeleHnero e 10CThbIIHO CaMO BbB Bb3JIUTE.

MeTtoapT Ha KpalHHUTE €JIEMEHTH MOXKE J1a MPEACTaBi TOYHO CJIOKHHU JOMENHU, ThA KaTo
JTUCKpPETU3Npa TIOMEHA B Mpeka OT HECTPYKTYpUPaHH €JIEMEHTU U MO TO3W HayMH IpUOIMKaBa
no-g00pe rpaHunuTe. TUOUYHUAT €NeMEeHT € TpubI'bIHUK B 2D u Terpaensp B 3D. FEM e
pa3paboTeH /a ce mpujiara OCHOBHO MpPH MpoOJieMH B YecTOTHaTa obyacT. Moxe /a ce MPHIIoKH
BBB BpeMmeBa obnact. FEM e edekTuBeH 32 MUKPOBBIHOBH YCTPONCTBA M CUMYJIAIIMH HA MPOOICMH
ChC COOCTBEHUTE CTOMHOCTH [§].

3. 3akiouenue

FEM, FDM u MoM ca OCHOBHUTE YHCICHM METOAM, U3MOJ3BAaHU B EJIEKTPOMArHUTHUS
aHanM3. 3a aHaIM3 HAa MOJEPHH ONTHYHHM BJIAKHA M BBIHOBOJIM CBHC CIIOKHA CTPYKTypa Ha
ChplIeBMHATa U OOBUBKaTa ce U30upa enuH oT Te3u meroau. [Ipu npousBonnure rpanunu Ha PCF
ctpykrypute FEM ce npenmnouunTta, 3aoTo mpaBu mo-100po npubInkeHne Ha TPAHUIIUTE M.
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ITPEMNHABAHE HA CUTHAJIMTE U IIYMOBETE ITPE3
JUHEWHU BEPUTU U XAPAKTEPUCTUKH HA CBIJIACYBAH
OUJITDHP

I'eopru Huxosos

Pe3rome: Crarusra e npeiHa3HaueHa J1a 3all03HAE ayJUTOPHATA C ONPEAENIECHHs U alrOPUTMHU, U3CIEIBALIH
MPOLIECHTE B JTMHEHHUTE PAJHOTEXHUUECKH BEPHUTH UpE3 MaTeMaTHYeCKH MojeNu. V3BppiiBa ce aHamu3 Ha
MOBE/ICHUETO HA CUTHAJNTE W IIyMOBETE B TsX. Pasriexmar ce MeToauTe 3a MOTEHIMAIHOTO 00paboTBaHe
Ha CBHIIUTE U 0OOCHOBKA Ha IIeTa 3a ONTHMAaTHA QUIATPALHS Ype3 ChriaacyBaH GUITEHP.

KniouoBu aymu: JmHeiHA Bepura, MpexoaHa XapaKTepUCTHKA, UMITYJICHA XapaKTepUCTHKA, KOPEIallMOHHA
(hyHKIIHS, CHTHAT, ITyM, ChIUIacyBaH (GUITHP.

TRANSMISSION OF SIGNALS AND NOISE THROUGH LINEAR CHAINS
CHARACTERISTICS OF A MATCHED COHERENT FILTER

Georgi Nikolov

Abstract: The article is designed to acquaint the audience with definitions and algorithms that study the
processes in linear radio circuits through mathematical models. An analysis of the behavior of the signals and
the noises in them is performed. The methods for their potential processing and justification of the goal for
optimal filtration through a coherent filter are considered.

Key words: linear circuit, transient response, impulse response, correlation function, signal, noise, coherent
filter.

1. BnBenenne

[Ipn ananu3a Ha TpeMHUHABaHETO U 00paboTKaTa Ha CUTHAIUTE U IIYMOBETE TIpe3
PaINOTEXHUYECKUTE JIMHEWHU BEepUrd (CHUCTEMH) CE€ Hajlara MOAXOABT IO 3a/aJeHH BEIUYUHU
(BXOZEH CUTHAJ, BXOJEH IIyM) JIa C€ OMPEAeNiT KpailHUTe pe3yiaTaTu OT pealu3upaHUTe MpoIecu
Ha M3X0JIa Ha T€3U BEPUTH (CUCTEMH).

Crnopen o0uioTo ompeaeneHue ,JJWHEHHa Bepura” € TakoBa YCTPOHCTBO, KOETO M3BBHPIIBA
JUHEWHO TpeoOpa3yBaHe Ha MOCTHIIBAIIMTE HA BXOJAa My CHUTHaNU. Te3u CUTHAIM MOXE Ja HOCST
noJsie3Ha WH(popmanus, HO MOXKE M Ja ca C XapakTepa Ha CMYIIEHHUS U IIymMoBe. B nuHeiHuTe
BEpUTH C€ M3BBHPIIBAT JMHEHHU OMEpalli KaTo yCuiBaHe, QUIATpPHpPaHEe, MpeaaBaHe Io ,,JbITH
nuHuK. OCHOBHA OTJIMYMUTENIHA XapAKTEPUCTHKA HA JUHEHHUTE BEPUTH €, Y€ ONEepaIlMUTE, KOUTO
T€ W3MBJIHSBAT, HE MPOMEHST CIIEKThpa Ha CUTHAJIA.

B cpaBHeHMe ¢ TSX HEMUHEIHUTE BEpUTH (CUCTEMH) KaTo IETEKTOPH, YMHOKUTEIH /IeTUTETN
Ha YeCTOTa, OTPAaHUYUTEHN, U3BBPIIBAT HEJTMHEHHU OTIEPAIINH, BOJICIIN J0 MPOMSHA Ha CIEKThpa
Ha CUTHaJA.

AnanornyHa e (opMmynHpoBKaTa B OOLIMs aHalu3, OMNpeAeNslla XapakTepa KakTo Ha
BXOJHHUTE TMOJIE3HUM CUTHAJIM KAaTO CIy4YyallHM BEJIMYMHU, TaKa W Ha BbB3JEHCTBALIUTE LIYMOBE.
[TonxoabT MOXe ce cBelle A0 MPEICTaBIHETO UM € KpaeH Ha Opoi peanu3aluy U MOoCIeIBallioTO UM
WHTETPUpPAHE, HO B HACTOSIIATa CTATHs 3aJadyara ce aklEHTHpPa BbPXY MOCTHIIBAHETO HA BXOJa Ha
JUHEWHaTa paguOTeXHHUYECKa BEpUTa HA CUTHAI C TO3HAT CIEKTBHP, KaTO Ce€ Ie C€ TBhPCH
BEJIMYMHATA HA EHEPTUMHUS CTIEKTHP HA U3XOAHUS CUTHAI (IIIyM).
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2. CBojicTBa, XapaKTepPUCTHKH U NIAPAMETPH, ONpee/ sy NIPeMUHABAHETO HA
CHTHAJINTE Npe3 JIMHeHN BePUIM M ONTUMAJTHATA UM (QUITPalus

EnepruitnusT cnexktsp Ha curnana [1], [2], [4], [8] G(w) o cBosiTa CHIIHOCT C€ MPEACTABs
KaTo KBaJpaTUYHA CTOMHOCT Ha KOMILUIEKCHATA CIIeKTpasiHa IIbTHOCT [5], [7], [8] D@(jw):

G(w) = | @(w)|? 1)

B penuna cnyuan Hamupanetro Ha G(w) € CBBP3aHO ChC 3aTPYAHCHHUS, 32 YUETO M30STBAHE €
JOCTaThYHO OIPECIISTHETO Ha Kopenanuonnara Gyukmus [2], [8] K(z).
B possita Ha mpomennuBaTa T € pa3iMKaTa OT MOMEHTUTE BbB BPEMETO, MEXKIY KOUTO CE
ThPCH B3aIMHATa BPb3Ka
T=12-11

MareMaTtuueckusT amapar, crocoOcTBail aHanu3a, € Teopemara Ha Bunep-Xunuun [4], [6],
[7], xoaTO ompenens Bpbh3KaTa MEXy aBTOKOpEJIAllMOHHATA (YHKIMS Ha CTAI[HOHAPHUS CIy4acH
IIPOLIEC | HETOBUS CIIEKTHP.

Pa3rnexnia ce enHa KOHKpeTHA peanu3anus Ha curaaia Sr(t):

K(t) = limge = [0 ST(£). S7(t + 1)dt
KOATO 34 pCaJICH CUI'HAJI 3a BPEMC Te:
K(o) = limg s 7 f_*'{jj Sr(t).Sr(t + T)dt )

W3mon3sar ce nBe CBOMCTBA HA KOMIUIEKCHATA CIIEKTpaIHA TUThTHOCT [5], [7], [8] @(jo):

- IIepBo — mpaBuiioTo Ha m3MectBaHeTo (casura/shift [3], [7], [9]), 3aknrouaBaiio, 4e ako
CUTHATBT CE€ HM3MECTH ,,Ha3aJ" MO0 OCTa Ha BPEMETO C BEIMYMHA 7, TO TOBa CHOTBETCTBA Ha
YMHOKEHHE Ha HelfHaTa KOMILIEKCHA CIIEKTPaIHA ITBTHOCT C BeTHYHHA e V7,

Joka3arencrBo:

Heka e 3amanena peanu3saiust Ha curnana Sr(t). i3sMecTeHa BbB BpeMeTO Ha 7, TS MMa BHJA:

sz Sr(t —1). e~ tdt

KaTo MpH CMsHA Ha MpoMeHuBarat-7=0 ,cnena t =7+ O u dt = dO.
[I2sr(t —).e7tdt = [T 57(8). e 7O+ Ddg = [T 5r(8). e 190 0T dg =
= e~ [T 5r(0).e7%° dO = O (jw). eT0" (3)

- Bropo — Teopemara na I[IbpcuBan [2], [7], 3akirouaBaia, ye ako ABE pealu3alliid Ha
curnana Sr(t) u Se(t) ymosnerBopsiBar [lpunnuna Ha Jupuxie (KOHTO riacw, 4e ako m-Opoi
o0eKkTa ca pa3noJIOKEeH! B N-Opoil KJIETKH U aKo m > n, TO MOHE €IHA OT KJIETKHUTE ChAbpKa HE MO-
MaJKO OT m/n 00€KTa, a CHIIO Taka B MOHE €IHA JIpyra KJIeTka uMa He ToBedYe OT m/n o0eKTa) u
MMaT KOMIUTEKCHH CIIEKTPTHU TUIbTHOCTH @1 (jw) n Pe(jw), To 3a TIX MOXKE Jla ce 3aIlnlIIe:

f_Jr::Sr(t).Se(t)dt = sz or(jw). Pe*(jw) dw
Kopenannonnara pynkius [2], [8] nobusa Bua:

Kr(t) = limp_ e % f_?;; Sr(t).Sr(t + 1)dt = K(t) = limr_q % f_?;; or(jw). or*(jw).e? dw

3HaKbT NP jwT € ,,IUTI0C, 3a0To He € , a Pe*= dr*(jw) B ciryuas Ha 3aMeCTBAaHE
Se = Sr(t+1) u T.H.
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Wmaiixu nipeasua, ye S*. S = |S|? , ce nonyuana:
Kr(t) = limp e = [* |@7()|%. e do = [ 7, 6r(w).e™" dw (4)

CnenoBarenHo kopenaironnata Gyakims [2], [8] Ha peanusaiusita mo BpeMeTo MOXe J1a ce
MOJIy9M W € CBBbpP3aHA C CHEpPruiHus CHekThp Ha curHana [1], [2], [4], [8] upe3 OO6parHOTO
npeobpazoBanne Ha Dypue [1], [2], [3], [5], [8], [9].

Enepruitaus criekTsp Gr(w) Moxe aa ce nonyuu ot Kr(z) upes [IpaBoro npeodpazoBaHue Ha
dypue.

Gr(w) = sz Kr(r).e T dr

Axo ce B3eMe MpeIBHJ MaTeMarndeckoro odakBane M {Kr(t)}, 3a menums curHam ce
MoJy4aBaT JBaTa HauMHa Ha u3passBane ¢ Teopemara Ha Bunep-Xunuud [4], [6], [7]:

G(w) = [*TK(v). e dr (5)
K@) =["" G(w).e" dw (6)
AKO CHTHAJINTE ca CTAIIMOHAPHH, TOTaBa QYHKIMUTE ca YETHH U MOXKE JIa CE 3aIUIIIE:
K() = 2me G(w).cos wtdw n G(w) = 2f0mK(T). cos wt dt

K (1) G (»)

A

0 T 0 ®
®@ur. 1. KopenanuonHa QyHKIUs HA peau3alusiTa i eHeprueH CIeKThP Ha CUTHAIA
G (w) ce HapuUYa Ollle MATEMAaTHIECKH CIIEKThp Ha curHana [1], [8], [9].
C uen mpakTHYecKaTa HAaCOUYEHOCT Ha aHaliM3a C€ BHBEXK/A MOHATUETO (PU3NYECKU EHEePTUEH

CIIEKTHP, 3amoTo 3a G(w) HAMa Ja MOKE Ja Ce OCHIIECTBSIT YECTOTH C OTPHIIATEIHA CTOWHOCT
(w<0) u ce o3nauaBa ¢ Go(w).

Go(w) = 4f0m K(t).cos T dr (7)
Go(w) G(w)
0 mr

@ur. 2. Duznvecku eHEpPrueH CIeKThp Ha CUrHaa
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KakTo Beue Oe yrmomeHarto, Mpu aHaiau3a Ha paJMOTEXHUYECKA BepUra/cucTeMa ce Hajara Io
3a/laZicH BXOJCH CHUTHAJ Ja ce MPEIeHH KaKBO IIe Ce MOJIy4d KaTo M3XOJIeH TaKhB (HAa M3XO0/a Ha
cucTemMara).

B®B Bph3Kka ¢ TOBa ce OICHSBAT JJBE OCHOBHU XaPaKTEPUCTUKH:

- [IpenaBarenna xapakrepuctuka [2], [8], [9] — OTHOIIEHHETO HA KOMIUIEKCHUTE aMIUTUTYAU
Ha U3XOHUS ¥ BXOJHUS CUTHAIIH:

K(jo) = S ©
Bx(t)

- Umnyncua xapaktepuctuka [2], [8], [9] h(t) — peakuusaTa Ha paarOTeXHHUYECKATa CUCTEMA

BBB BPEMETO, KOraTo 3a BXOJIEH CUTHAJI C€ U3IOJ3Ba JIeiTa-QyHKIHITA J(1).

BXOJ( U3X0[

SBX (1). Jluneiina | Susx (t)

w | e g
® (cuctema) ®

®@ur. 3. BXo1HU ¥ M3XO0/IHU BEIMYMHM HA JIMHEHHA BepUra

Ha wusxoma h(t), koero mo chIIECTBO € M3XOAHHUAT CHUTHA, MMa ChIara pa3sMEpPHOCT,
ChOTBETHA Ha Ta3d Ha BXOaHuUs curHai. Jlokasea ce, ue K(jw) u h(t) ca B3auMHO CBBp3aHU C
ITpaBoro u O6parHoTO Mpeobpasosanus va Pypue[l], [2], [3], [5], [8], [9]:

h®) = 77 K(jw). et dw 9)
K(jw) = [ h(t).e7@" dt (10)

Axo B eaHa nauHeWHa cucrema, koaro uma h(t) u K(jw), xomkoro e Heooxomumo h(t) na ce
npuOIKaBa 0 0(¢) GyHKIUATA, TOJIKOBA TPsiOBa Ja ce pa3IIUpsiBa YeCTOTHATA JIEHTa U 00OpaTHO.
[Tpubnmxaaiiku ce 10 J(2), h(t) me Obae che CTpEeMeK 10 eAMHUYCH OC3KpacH CKOK — T.C.

CUTHaJI ¢ 0€3KpaeH CHEKTHP.
R :I—

]c

®@ur. 4. aTerpupamia Bepura

K(ow) = Hjﬁ (11)
h(t) = — e~t/R-C (12)

I

@ur. 5. ludpepenunparia Bepura

K(]a)) __Jw R.C

1+ jw R.C (13)
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ht) = 5(t) - % e~t/RC (14)

JIOKOJIKOTO 3ajjayaTa Kacae HaMUPAHETO HA €HEPrUMHMS CIEKThP Ha CUTHAJIa (WIM LIyma)
[1], [2], [4], [8] Ha m3xoma Ha nuHelHaTa cuctema, ako ce 3Hae K(jw), pelneHuneTo M3mossBa
PaBEHCTBOTO:

Gusx(w) = Gex(w).|K (jw)|? (15)

Otryk upe3 O6parHoro mpeodpasosanne Ha Pypue [1], [2], [3], [5], [8], [9] moxke nma Obae
HamepeHa Kopesannonnarta Gpynkius [2], [8] na curnana.

No
Hexka Ha BXx0/a uMa ,,051 IIyM* ChC ChBETBAILUS CH €HEpIrueH CeKThp GBX(w) = P
N :
TOraBa M3XO0jHaTa My BennuuHa ¢: Gusx(w) = 70 |K (jw)|?
Gusx o (w) = No.|K (jw)|? (16)
MouHocTTa Ha 1IyMa B TO3U Cly4dai e:
_ to _ [y . 2
Pn= f_N Gusx(w) dw = Nof0 IK(jw)|” dw

Baxken kputTepmii 3a OIleHKa Ha MpPOLIECUTE € ,IIyMOBaTa JIeHTa Ha mpomyckane* A4Fn,
orpezenieHa OT u3pasa:

T IKG)|? de

AFn = (17)

|K|?max
OKOHYaTETHUAT U3pa3 3a MOIIHOCTTA UMa BUA!

Pn=No. |K|*max . AFn (18)
y
K ()

K (jw)?

/—/\

|K|*max

AFn f

®@ur. 6. KopenannonHna QyHKIHs Ha CUTHaNA, OTHECEHA KbM LITyMOBa JIEHTa Ha MPOITyCKaHe

Ha nokasanute rpaduku (Pur. 6.) numara Ha JBETe FreOMETPUYHU (QUTYPH ca €THAKBHU, KOETO
OHAarJie/IsIBa poJIATa Ha IIyMOBaTa JIeHTa Ha nporyckane 4Fn.

[IpakTnuecku cBbp3aHO, IIyMOBATa JICHTA Ha MPOIYCKAHE € XapaKTePUCTUKATa Ha JIMHEWHNUTE
PaAMOTEXHUYECKU BEPUTH (CHCTEMH ), U3TOI3BAHU B KAUYECTBOTO HA YECTOTHU (PHIITPH.

C oryen HanmpaBeHHUTE O TYK Pa3ChKACHUSA, MOXKE Ja C€ NPEMUHE KbM pasIVIeKIaHe Ha
B3aMMOBPB3KHUTE Ha onTuMainHarta ¢unrparwus [1], [2], [8].

B ocHoBata cu T4 ce 6a3upa kato QyHKIMOHAIHOCT Ha chriacyBanus puntsp [2], [3], [8].

Heka Ha BXoja Ha NMHEHHATa paJMOTEXHUYECKA BEpUra MOCTHIIBA CyMa u46X(?) Ha TO3HATa
peanu3aius Ha curHana Srex(t), cmecena ¢ urym n(t).

uex(t) = Srex(t) + n(t)
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JIOKOJIKOTO BepuraTa € JMHEWHa, TO W3XOJHOTO HalpekeHue 1e Obiae cyma oOT
HaIIpCIKCHUATA, MPCAU3BUKAHU OT IPECMHUHABAHCTO HAa CUTHAJIA U IITyMa IIPEC3 HEA.

[Io chbiiecTBO B JMHEWHUTE BEPUTH CE€ H3I0JI3Ba MPUHIMNA HAa cynepno3unusta. B
pasaMOTEXHUKATA B PeULa CiIydau ce IIOCTaBs 3ajayaTa 3a OTAEsHE Ha CUTHaJla OT IIyMa, Karo 3a
KOHKPETHO IMpe/IHa3HauYeHe Ha JaJIeHO YCTPONCTBO T ce popMyIupa pa3andHo.

Haii-uatepecHa e GpopMyMpoBKaTa MMpH 3a/1aJIcHa BXOHA pean3alnsi Ha CUrHana Srex(t) na
ce HamepH IpeaaBareHara GyHKIus Ha guHeiHata Bepura Kr(jw), Taka de Ha U3X01a U B MOMEHT
ot Bpeme t = t0, HapeyeH ,,MOMEHT Ha OTYETa*, OTHOIICHHETO Ha MOJyJia Ha HAIpPEKEHHETO Ha
W3XOIHUS CUTHAJ KbM CPETHOKBAIpaTHYHATAa CTOWHOCT Ha IIyMa Jia € MakcuMaiHo (19).

TakaBa JuHEHHA paJHOTEXHHYECKA BEpHUIra Ce OMPEessi KATO ChIIIACyBaHa C peaan3alfsTa
Sr(t) wam oie ce Hapuya ,,chriaacyBad Guarsp® 3a Sr(t).

|ST u3x (t)|
VPn

H3noa3Bar ce Bede I03HATUTE OIIPCACIICHUA:

(19)

Pn=No [ [K(w)|* do wm Pn="2 "7 K(w)|’ de
Gr usx (w) = Gr Bx (0).|K (jw)|?
UsgectHO €, ue Gr(w) = |®(jw)|?, oTkbaETO CrIemBa:
|®r nzx (jw)|? = |@r Bx (jw)|?. |K(w)|?
&r usx (jw) = or Bx (jw) . K(jw)

B momenTa 10 u3xomnara peanusanus Srusx(t) me uma Buga Srusx(7o).
Kato ce uznonsea O6parnoro npeoOpazoBanne Ha Dypue, 3a pean3anuara B MoMeHTa to ce
MoJTy4yaBa:

Srusx(to) = sz drusx(jw). e dw (20)
3amectBa ce Prusx(jw) ¢ HETOBOTO PaBHO U PE3YJITATHT €:
Sr usx (to) = fj:: or Bx (jw) . K (jw). e dw

OTHOIIEHWETO HA M3XOJHHUS CUTHAI B MOMeHTa {0 KBbM CpeTHOKBAIPATHYHOTO OTKIOHEHHE
Ha IIyma e:

| 3% (t0)| _ [T or Bx (jw) . K(jw) . el de
v 2 1 I do
Wsromssa ce epasencTsoto a [llsapi-Byneiikoscku [2], [7], (21), (22):
LA, B dx < [[ACE B dx 21)
[JA@). B() dx g\/fb“ 1A 12dx [ |B(x0)|? dx (22)

HepaBeHCTBO ce M3MbJIHSIBA BUHATH MPpH Tipou3BoiaHu GyHKiuu A(X) u B(X), a paBeHCTBO nMa
camo korarto B(x) = K. A(x), kbnero A(X) e koMmiekcHo cnpernatara GpyHkims Ha A(X).
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IIpu nosarane:
A (x) = &r Bx (jw).e'@t°
B(x) = K(jw)
ce Moiy4asa:

\/f_t:j | @7 BX (jw) .eiwto |2dw.f_+z [K(w)|? dw
<

|ST u3x (to)|
VPn o No + .
J = 75 K(w)|? do
|ST u3x (to)|

2 e : iwto |2 = |2t )2
N < | J_ 1®r Bx (jw) . ei@t |2dw \/NO J_, 1®7r Bx (jw)|?dw

|®r BxX (jw)|*dw e eneprusTa Ha peanusanusaTa Ha curaana Er.
Kpaitausar pesynrar, mokas3Bail OTHOIICHUETO CUTHAJ/IIYM, € TOBA Ha CHEPIrUsATa HA CUTHAJA
KbM CIIEKTpaJIHATA TUTBTHOCT HA IIyMa ¥ UMa BUJIA:

|ST usx (to)| - 2. Er BX

VPn - No

WmmnyncHata xapakTepuctuka Ha cbrimacyBanus dunrsp [2], [3], [8] 3a peanusarusra Ha

(23)

curaiga Sr(t) ce usBexaa ¢ momomnrra Ha O6paTHOTO TIpeobpazoBanue Ha Pypue [1], [2], [3], [5],
(81, [91:
hr(t) = [ Kr(jw). et dw
Kr(jw) =K. or*(jw).e '@t
3a MOMeHTa Ha oTyeTa t0 OTHONIEHHETO CUTHAJ/IIYM € MAaKCHMAJIHO, a MOCJIE € C TEHACHIIUS
3a HaMaJIsIBaHe.

hr(t) =K. sz or*(jw).e"wtot) dy |
Karo ce otuere @r*(jw) = r(—jw), ce momydana:
hr®) =K. [ @r(jw).et=9 do
hr(t) = K. S(to-t) (24)

NwmmyncHaTta xapaktepuctrka Ha cbriacyBanust Gpuntsp [2], [3], [8] e peanuzarusita, KOSITO
My C€ M0jIaBa, OTMECTEHA BbB BPEMETO Ha MHTEpBa 10.

S()  Sr) Sr(to+t) S(t) Sr()  h() = S(to-t)

A A

| » | |
T »

t=0 \/to t -{0 \/[ =0 vV Ito

@ur. /. UmiynicHa XapakTepUCTHKA M CUTHAJ, U3MECTEH 10 BpeMe

—~ Vv
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dopmara Ha UMITYJICHATa XapaKTepUCTHUKA € ¢ popMara Ha CUTHAJIA, U3MECTEH 10 BpeMe 10 u
BB3HUKBA BBIIPOCHT 34 (I)I/I3I/I‘-I€CKaTa BB3MOKHOCT 3a U3IIBJIHCHUC Ha ChITIACyBaH (I)I/IJIT’bp C TaKaBa
UMIyJIcHa Xapaktepuctuka [2], [8], [9]. [TocTaBsT ce HIKOM yCIIOBHS.

h(t) =0mpu t<O0 (25)

ChritacyBaHuAT (QUATHP € MPaKTHYECKH ochimecTBuM ako Sr(t) = O mpu t > to, T.e. ako
CUTHAIIBT SI' € 3aBbPIIMI B MOMEHTa 0.

3. 3ak/ouyenmne

B pe3ynrar Ha npeacTaBeHUTe U3CIeIBaHUS CE HajlaraT CJIeIHUTE U3BOJIH:

1) OTHoOWICHHETO Ha CHTHAJIA HA U3X0Ja Ha JIMHEeWHATa BepUura KbM MOIIHOCTTA Ha IIyMa ce
ornpezesis OT OTHOIIEHUETO HA EHEeprusiTa Ha CUrHajla KbM CIEKTpajHaTa ITbTHOCT Ha IIyMa.
OTHOIIEHUETO TIOKA3Ba, Ye pe3yATaThT Ha M3X0/1a 3aBUCH OT TOBA, KAaKBO Ce MOAaBa Ha Bxoja. [Ipu
npou3sBoiHu Gynkiyn A(X) u B(X) BUHarH 1ie nMa HepaBeHCTBO, T.€. YaCT OT CHEPrHUsATa Ha CUTHAJIA
ce ryomu.

PaBeHCTBO Ie MMa caMo NpH BLPX0BOTO ycioBue K(jw) = K . @r*Bx (jw).e 't | knaero
€ KOe(hUIIMeHTHT Ha 3aKbCHEHUE.

[Ipu m3mBIIHEHWE HAa TOPHOTO YCIOBHE 32 MpeJaBaTelHaTa XapaKTePHCTHKa Ha M3XO0ja Ha
JMHEWHaTa BepUra Ie ¢ce yCTaHOBU MAKCHUMAaJIHO OTHOLIEHHWE CUTHAJI/IIYM.

2) Ako Ha u3XOlIa Ha ChIJIACYBaHUS QUITHP C€ LENM NOJTydyaBaHE HAa MaKCHMAIIHO
OTHOILICHHE Ha M3XOJHUS IOJE3€H CUTHAl KbM lIyMa, TO MpelaBaTesHaTa Xapakrepucrtuka K(jo)
TpsiOBa 11a ObJIe MPONOPIHMOHATHA Ha (DYHKIMATA HA KOMIUIEKCHATA CIIEKTpaiiHa IuIbTHOCT [5], [7],
[8] Ha BXOHUS CUTHAIL.

[Ipsikara Bpb3Ka ¢ GU3NIECKHA CMHCHII CE OHATJIEBA C PABEHCTBOTO HAa MOTYJIHTE:

el(.otO

K(iw)| = K . |®r*BX (jo)| (26)

MoaynbT Ha aMIUTUTYTHO-YECTOTHATA XapaKTePUCTHKA Ha ChITIACYBaHUSIT GUIATHP 1Mo popma
ChBIIaJa C MOJYyJa Ha KOMIUIEKCHATa CIEKTpalHa IUIbTHOCT Ha curHana [5], [7], [8] , koeto
03Ha4yaBa, Y€ Ce OCHUTypsiBa MPOMYyCKaHe HAa HAaW-WHTEH3UBHUTE 110 MOIIHOCT YYaCThIIH OT CIIEKThpa
Ha TOJIE3HUSI CUTHAJI U C€ MOTHCKAT Y4YacThLUTE , B KOUTO ChCTAaBHUTE Ca C MajlKa aMIUIMTyJa U
myMbT TpeobianaBa. T.e. aMIUIMTYJHO-UY€CTOTHATA XapaKTEPUCTHUKA € TakaBa, Y€ Ja IpOITycKa
YECTOTH, YMUTO MOIIHOCTH MMAaT HAM-TOJSIM s IIPU Ch3/1aBaHE Ha €HEpPrusrTa Ha CUTHAJa, a
(azoBaTa My XapaKTEpHUCTHKA € TaKaBa, Y€ CHIVIACYBAHHUAT (QUITHDP JOIBIBA HavyalHUTE (a3u Ha
BCUYKU CHEKTPaTHU CHCTaBHU O CTOWHOCT 2.7.fo B MOMeHT t = t0. B To3M MOMEHT BcUYKHU
W3XOJHU ChCTaBHU UMAT ,,HyJIeBa® HauaiaHa (a3a u ce CyMHparT Mo apUTMETHYEH 3aKOH. Pe3ynTaTsT
€ €/IMH TOoJIsIM ,,[TUK"* Ha U3XOJIHUS CUTHAJ B TO3W MOMEHT, HO HeroBata popma o0ade 3HAUUTEIHO €
M3MEHEHA B CPaBHEHHUE C Ta3U HA BXOIHHUS.

ToBa Moxe Ja ce ToKaXe W ¢ aHaJIu3 Ha U3XOAHUA curHai upe3 OOpaTHOTO nmpeoOpa3oBaHuE
Ha Qypue:

Srmx(t) = sz drusx(jw). et dw
Srusx(to) = [ @rx(jw). K (jw). e* dw =
=K. sz[qerx(jw). drex(jw). e "iwt0] e "9t duw

Srusx(to) = K . f_*j |®r BxX (jw)|?. et dg (27)
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3) Ha u3xoza Ha chriacyBaHus GUITHDP HSMa J1a MMa (a30BH OTHOIICHUS MEKIY OTICITHHUTE
CbCTaBHHU HA CUTHAJA.
4) Tlpu chIIOCTaBsIHE HAa MMITYJICHATa XapaKTepUCTHKA Ha chritacyBanus Guatsp h(t)=0 mpu
t<0 u hr(t)=K. Sr(to - t) caenpa:
hr(t)=K.Sr(to - t) = Sr(to - t) = h(-t) (28)

ToBa 03HauaBa, Y€ CHIIACYBaHUAT QHITHD MMOYTH BUHATH HE € TOYHO ChIJIACYBaH (T.€. TOH €
KBa3HU-ChIJIACYBaH).

3a ga ce MOJlyYd HAW-TOJSIMO OTHOIICHWE CUTHAN/IIYM TpPU ONTHUMaiHa (uiTpanus B
JTMHEWHUTE PAIMOTEXHUICCKH BEPUTH BUHATH CE U3IIOJI3BAT PA3]IUYUATA B CIIEKTPUTE HA CUTHAJIUTE
Y IIyMOBeTe. 3aToBa I[sU1aTa moJjie3Ha HH(OpMaIMs Ha CUTHANIA CE ChIbPXKa B CIICKTHPa MY.

BaarogapHoctu

MeTtononorusita Ha pa3ChXKACHUATA, OCHOBHHUTE AaKIEHTH U pe3yiaTaTHTe, MpPEICTaBEeHH B
CTaTHATA, ca B MpsKa Bpb3Ka C aKaJeMUYHOTO HUBO HA MPETNoJaBaHe U BUCOKA KOMIETEHTHOCT OT TJL
ac. unx. [Tersp KocToB 3a 3anpn00ueno u3yyaBane Ha AUCHUIUIMHATA ,,0011a TEOpHUs HA CBPB3KHUTE .

biiaromapuoctu xpM no11. A-p Banepust Cumeonosa, nou. a-p uwx. [Inamen Paguncku u nou. a-p
nHK. MiBan XpuCTO30B 32 OOEKTHBHATA CHIIPUYACTHOCT M OLIEHKATa HA W3IOJI3BaHUS MaTeMaTHYECKH
amapar, NpPaKTHMYECKOTO 3HA4Y€HHsT HAa TEOPETUYHHMTE B3aUMOBPB3KM B HacTosAllaTa CTaTUS U
MIPUTOTHOCTTA UM 3a apryMEHTAalMsl IPX HayYHU U3CJIEeIBAHNUS.
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N3NCKBAHVA 3A OOOPMAHE HA CTATUUTE 3A CITMCAHUE
"KOMITIOTBEPHU HAYKHU 1 TEXHOJIOI'NIT”

Crarunte ce TPEACTaBAT pasledaTaHd B JBa €K3eMIUIApa (OpUTHHAI M KOIKEe) B pasMmep 10 6
ctpanuiy, popmar A4 Ha aapec: Texuuuecku ynusepcutetr — Bapua, ®UTA, yu. ,,Ctynentcka” 1,
9010 Bapma, kakTo W B €NeKTpOHEH BuI Ha wumeitn aapecu: ned.nikolov@tu-varna.bg wmm
yulka.petkova@tu-varna.bg.

TexkcTbT Ha cratuara TpsaOBa na BrIouBa: YBOJ[ (mocraBsne Ha 3amauata), WU3JIOXKEHUE
(m3nbHeHne Ha 3amadata), SAKJIIOUYEHUE (momyuenu pesynratu), BJIATOJAPHOCTHU kbMm
CHTPYAHHUIIUTE, KOWTO HE ca ChaBTOpHM Ha pbkomuca (axo uma takuBa), JINTEPATYPA u
nHpOpPMaLUs 32 KOHTAKTH, BKJIIOYBAINA: HAyYHO 3BaHWE W CTENEH, UME, OpraHu3anus, NOoJeleHHe
(katenpa), e-mail agpec.

Benukn matemaTtnuecku (GopMmynHu TpsSOBa Ja ca HAalMCaHMW SICHO W YeTIMBO (IIPernopbyuBa ce
usnonsysane Ha Microsoft Equation).

TekctbT TpsiOBa na Obe BbBeAcH BB (aiin BsB popmat WinWord 2000/2003 ¢ mpudt Times New
Roman. ®opmarupaneTo TpsiOBa 1a ObJe KaKTO cieBa:
1. Pa3mep nHa nmcrta - A4, monera: B0 - 20mMM, ascHO - 20MM, ropHO - 15MM, momHO - 35MM,

Header 12.5mm, Footer 12.5mm (1.25¢m).

2. 3aryiaBue Ha OBJITAPCKH €3WK - pa3Mep Ha mpudTta 16, ynedeneH, riiaBHA OyKBH.
3. Enun npasen pen - pazmep Ha mpudra 14, HopmaneH.
4. NmeHna Ha aBTOpUTE - UME, HHUIMAIH Ha mpe3uMe, pamunus, Oe3 3BaHUs U HAYYHU CTEICHU -
pasmep Ha mpudTa 14, HopMaseH.
JlBa mpa3Hu pena - pazMep Ha mpudTa 14, HopmaeH.
Pe3tome u KTt04OBH IyMU Ha OBATapCcKu €3HK, 10 8 pena - pazmep Ha mpudra 11, HopmaeH.
3aryiaBue Ha aHIVIMHCKY €3UK - pa3Mep Ha mpudTa 12, ynedenex.
Enun npases pen - pasmep Ha mpudra 11, Hopmanes.

9. lmena Ha aBTOpHUTE Ha aHTJIMICKH €3UK - pa3Mep Ha mpudTa 11, HopmaseH.
10. Enun npasen pex - pazmep Ha mpudta 11, Hopmases.
11. Pesrome u KIIIOYOBH JyMHU Ha aHTJIMUCKH €3HK, 110 8§ pesa - pa3mep Ha mpudra 11, HopmaeH.
12.  OcHoBHute pazgenu Ha cratusra (YBox, Wsnoxenwe, 3akmiodyenue, braromapHocty,

Jlureparypa) ce popMaTHpar B €THOKOJIOHEH TEKCT KaKTO CJIe/Ba:

a. HawumenoBanme Ha pasgen Wi Ha mojapaszien - pasmep Ha mpudra 12, yneGenew,
LHEHTPHUpaH, €AUH Npa3eH pel Mpead HaUMEHOBAaHHETO M €JUH IPa3eH pel Clied Hero -
pa3mep Ha mpudra 12, HopmaneH;

b. Tekct - pasmep Ha mpudta 12, HOpMaseH, OTCThII Ha IBPBU pen Ha maparpad — 10 mwm;
pascrosiue ot maparpad mo cecennute (Before u After) 3a nenus texcr — 0.

Cc. llutupane Ha nMUTEpaTypeH M3TOYHMK - HOMEP HA M3TOYHUKA OT CIUCHKA B KBaJpaTHH
cKkoOu;

d. TekcTsT Ha GopMynHTEe Ce MO3UIMOHKUPA B cpeaata Ha peaa. Homepanus Ha dopmynure -
ISICHO TIOJIPaBHEHA, B KPBIIJIU CKOOH.

e. @wurypwu - IIEHTPUPAHH, PA3MOIOKEHHE cripsiMo TekcTa: “Layout: In line with text”. Homep
Y HaMMEeHOBaHuWe Ha (urypara - pazmep Ha mpudTta 11, Hopmanen, ueHrpupad. OTCTOsHUE
OT chceHuTe naparpadu — 6 pt.

f.  Jlureparypa — BCEKH JIMTEPATYPEH U3TOUHHK CE€ MPEJCTABs C: HOMEP B KBAJPATHU CKOOU W
TOYKA, CHMCHK Ha aBTOpUTE (ITBPBHAT aBTOp 3aroydBa ¢ GaMHiIHs, OCTAHAIUTE — C UME),
3aryiaBue, U3JaTeicTBO, Ipaj, TOAMHA HA M3/1aBaHe, CTPAHHIIH.

0. 3a KOHTaKTH: HAydyHO 3BaHHE M CTENEeH, HUMe, Mpe3uMe (MHHUIHAIH), (aMUIHS,
opranusaius, nojaeiacHue (kareapa), e-mail aapec, ¢ mpudt 11, AcHO MOPAaBHEHO.

Oopaserr 3a popmaTrpaHe MOXKeTe Ja u3Teraute ot aapec http://cs.tu-varna.bg/ - Crnucanue

KHT, Spisanie_Obrazec.zip.
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To3u Opoit OT cliUcaHHETO ce OTIeuaTBa
ChC CPEACTBA OT HAYUHO-U3CIICJOBATEIICKU
IPOEKT, (pUHAHCHpAH LIEJIEBO OT

TbP>KaBHUS OFOJKET.
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