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ELECTRONIC MODELS OF NEURAL NETWORK
AT PROGRAMMABLE INTEGRATED CIRCUIT

Z. Zh. Zhanabaev, Ye. T. Kozhagulov, D. M. Zhexebay

Al-Farabi Kazakh National University, Almaty, Kazakhstan, e-mail: dauren 92 05@mail.ru

Keywords: neural networks (NN), Field Programmable Gate Array (FPGA), digital scheme, scale invariance.

Abstract. The work is dedicated to the integrated circuit engineering implementation of neural network
MODELS with scale-invariant properties. Feature of these models is the analysis of discrete mappings containing
fractional powers. We suggest an algorithm for raising to power of a physical value by use of field-programmable
gate array (FPGA). A comparison of FPGA implementations with the numerical results is presented.

VK 004.896

3JIEKTPOHHASI MOJAEJIb HEUPOHHOM CETH
HA ITIPOTPAMMMUPYEMOMN UHTEI'PAJIBHOM CXEME

3. 7K. ’Kanabaes, E. T. Koxkarynos, [I. M. Kekcebaii

Kazaxckuit HauMoHaNIBHBIA YyHUBEpCHUTET UM. anb-Dapadu, Anmatsl, Kazaxcran

KaioueBble ciioBa: HEHpOHHBIE CETH, IIPOrpaMMHUpyeMble Jlorndeckue nHrerpainbubie cxemsl ([IJIUC), mud-
POBBIE CXEMBI, MacITaOHasi HHBAPUAHTHOCTb.

AnHotanus. Pabora nocasiieHa HHTErpaJbHOW CXEMOTEXHHYECKOH pean3aliii HOBBIX MOJieJed HeHPOHHBIX
cerell ¢ MacTaOHO-MHBapUaHTHBIMU cBoiicTBamMu. Crieni(pUKON TaKuX MOAENEH SIBISIETCSl HEOOXOAMMOCTD aHAIM3a
JICKPETHBIX OTOOpaXEHUH, COAep Kallix APOOHBIE CTeNeHH. [IpeuioKeH anropuT™ BO3BEIEHHS B JPOOHYIO CTe-
NeHb (PU3UIECKON BETMYMHBI B IPOTrpaMMUpPyeMOil torndeckoii maTerpansHoit cxeme (FPGA). [IpuBeneno coro-
craBieHne peamm3anuii FPGA ¢ 4ncieHHBIME pe3ybTaTaMu.

Beenenue. HelipoHHble ceTu sBIAOTCS HauOojiee OOIIUMM BUAOM pPEaIM3aLMM MHTEJIEKTyalbHbIX
cucTeM. AKTyalpHOW 3ajadedl SBJISETCS HCCIEOBaHME MoOjeNlell HEMpPOHHBIX ceTed C IOMOIIBIO
COBpPEMEHHBIX HU(POBBIX MPHOOPOB - IPOrPAMMHPYEMBIX JIOTHYECKHX UHTerpanbHbIX cxeM (FPGA), uto
obJyeryaer CTPyKTYpHYIO PEau3allii0 W TOBBIIACT BBEIYHCIUTEILHYIO d()dekTuBHOCTE. PaboTsr [1-7]
MOCBSIIEHBI MOJICIHPOBAHUIO AMHAMHUKH HEHPOHOB Ha ocHOBe Lu(ppoBoii Texuuku FPGA.B paborax [1-
4] mpuBOAATCS KAUECTBEHHBIC U KOJMUecTBeHHbIE cpaBHeHNs FPGA ¢ anpTepHaTHBHBIMHE BapHaHTaMH (K
npumepy, «xc5vIx330t» B cpaBHennu c¢ Core2/3GHz m GT200/1.2GHz). B ciy4ae COXHBIX 3amad
HaOJIIOMaeTCs SBHOE IMPEBOCXOACTBO IO BPEMEHH W IMPOM3BOAUTEILHOCTH. Tak, B pabore [5] cmeman
BBIBOJT 0 TOM, 4TO peanuzaiusiaaXilinx Virtex-SFPGA 1eMoHCTpUpYET CKOPOCTh BRIYHCICHU B 24,3 pa3a
BBIIIIE, YeM COOTBETCTBYIOLIEE MPOrpaMMHOE obecneueHue. Psia HOBBIX CBOMCTB KojeOaHWH HEHPOHOB,
BKJIIOYAsl HAJTMYHME WX HEPAPXUUCCKUX YPOBHEH, yCTaHOBIEHO B padore [8]. Hampumep, B oTinume ot
YpaBHEHUH, UCTIOJIb30BAaHHBIX B HellaBHUX paborax [6, 7] muHaMuveckas cucTema, MmpeioskeHHas B [8],
COJEpKUT APOOHBIE CTENeHU NepeMeHHBIX. Kak HaMm m3BecTHO, BapuanTel FPGA He BrimoyaroT omepa-
LIUIO BO3BEIEHHS B MPOU3BOJIbHYIO IpOOHYIO cTeneHb. Llenpio paboThl sBASETCS MOUCK BO3MOXKHOCTEH
WHTErpaIbHO-CXEMOTEXHIMUECKON pealn3alii MaciiTabHO MHBAPUAHTHOW MOJICNIM HEMPOHHBIX CETEH, B
KOTOPOH yUUTHIBaeTCs IpOOHas CTETEHb.
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TeopeTnyeckne 0CHOBBI U MeTOAMKA HMcciegoBaHMii. B kadecTBe TeCTOBBHIX OOBEKTOB MCCIENO-
BaHWH MBI BEIOpalli U3BECTHBIE MOJIENM HEUPOHHBIX cetTeil [6, 7] (PutuXpio-Harymo, Xunamapmi-Poys)
¥ MacIITaOHO-WHBAPHAHTHYIO MOJICIIb HEMPOHHBIX ceTell [8]. AnmaparHas J4acTh peaqn3oBaHa Ha OCHOBE
ommanounoit mnatet ANVYLFPGAc wunrerpansHoit cxemoii ¢upmbr XILINX cemeiictBa Spartan 6.
Hudposoit curnan na Beixoge FPGA moiydeH B Buae BOCBMU OMTHOTO KoJa JaHHBIX. J{JIs momydyeHus
YHCIIEHHBIX U TpadUUeCKUX TaHHBIX HCITONB30Baics mporpammusbiii maket MATLAB Simulink.

YpaBHeHus konebanuii HelipoHoB momozenu durnXsio-Harymo [6] 3anuchIBatoTcs B BHIE:

r=v— f"ﬂfa -t Lo
T =v4a—bsw, (D
rae ¥ — sBisercs MeMOpaHHBIM MOTEHIHManoM; ¥ — mepeMeHHas BOCCTAHOBJICHUS; lsw: — Benmumna

TOKa CTMMYJIa; mapameTpsi & & | T >0,
VYpaBHeHus moaenu XunaMapu-Poys [7] uMmeror Bun:

fi=v—asx®+hbsx*-z+1]
T=c—dsxi-v
Z=rsls+{x—xz)-z]. (2)

rae [/ UMHTUpYeT BXOAHOW MeMOpaHHBIH TOK Ui OHMOJIOTHYECKUX HEWPOHOB; b MO3BOJISIET
MEPEKITIOYaThCs MEX Iy OCpPCTOBBIMU U CIIAHKOBBIMH MOBEACHUSIMUA U KOHTPOJIMPOBAThH YAaCTOTY CHAMKOB;
7 KOHTPOJIMPYET CKOPOCTh WM3MEHECHHS MEIUIEHHOH NepeMeHHOH z (T.e., 3((EeKTUBHOCTh MEIUICHHBIX
KaHaJIOB B OOMEHE MOHAMM); TapaMeTpsl &, b, ¢, d KOHTPOIMPYIOT CKOPOCTh U3MEHEHHUS IEPEMEHHON X U
V; § PEryJMpyeT afanTalyio; & yCTaHABIHUBACT MOTCHIHAI TIOKOSI CHCTEMBIL.

Brauane mMbl mony4uiiu sKCriepuMEHTaNbHbIE Pe3yIbTaThl Ha ocHOBe FPGA miist cucteMbl ypaBHEHUN
(1), (2) u oHn OBUIM COTOCTAaBIEHBl C YHCICHHBIMH pEANH3AIMUAMU OITHX IHHAMUYECKHX CHCTEM.
[TomydeHo y10BIETBOPUTENBHOE COBIIAICHNUE.

VYpaBHeHHsT MacIITaOHOW MHBAPHMAHTHOM MOJENH HEHPOHHBIX CETeil BKIIOYAIOT B ce0s OCHOBHBIC
cBoiicTBa HeipoHa[8]. MBI pacCMOTPHM TOJIBKO TPH BapHaHTa MOJEIHPOBAHUS HEHPOHHBIX CETEH.
B mnepBoMBapuaHTEBHEUIHee TIOJIe BIUSET HA KaXKIbIH HCCIENyeMbI OOBEKT Kak MOIYJSIIHOHHO-
NEPUOINUECKUH CUTHA:

= BEMBED Equation. 3 ZEE%EMBED Equation 3 EEEk 3)

rae Vi— moreHuman neicTBus HelpoHOB, Vo - OPOroBIe TOTEHIMANB BO3GYKICHHS, k — MOPSIKOBBIIL
HOMep HelipoHa. BHemHee 1moje mpuHATO B BUAE MOLYJIAIMOHHO — IEPUOINYECKOT0 CUTHAA!

F(t) = A(1+ Bsin(Qt)), @)
rne A,B,Q - ammmryna, koddduuuent (riryOusHa), 4acToTa MOIYJSAIHMHA HEWPOHHBIX KOJICOaHMIA.

Jlpo6usre uncna ¥ = Dy —dy rne Dk | @i - hpaxTansHble u TOMOMOrHYECKHE Pa3MEPHOCTH OTHCAHHS
reoMeTpru HelpoHa ¢ HOMEPOM k.

Bo BTOpOM BapuaHTe MOTEHIMAN IEHCTBUA HEMpOHA 3aBUCHUT TOJIBKO OT COCEAHEr0 HEWpoHa, a
MOIYJSIIMOHHO-TIEPUOJMYECKOE BHELIHEE TIoNe OyAeT BIMATh JHMIIb Ha HEepBBIH HEWpoH (
Vil =F k=2,

7 EMBED Equatiﬂn. 3 B E: EMBED Equation.d ZEZk . (5)

Tpetuii BapuaHT YUYUTHIBAET MHOTOCIIOMHOCTh HEMPOHHBIX CETEH B BUIE UEPAPXUUECKON CTPYKTYpPHI

Trnopsaka n:
T F N ' d
I':;n = }n(uuf([ﬁr-[‘;}]ln ].1 f(l:'?qu"—} = I":q (|1 _g) JT]. = llI:lIIII!

TJle YUCIIO0 CKOOOK PaBHO 71, Vit Haxomutcs o gopmyie (3).

biok cxema CTpyKTypHO-CXEMOTEXHHYECKOW peann3aluu ypaBHeHH (3) mokasaHa Ha pucyHke (1).
Mojenb COCTOUT M3 TPeX B3aUMOCBSI3aHHBIX HEHPOHOB (BBIICICHHBIX IMyHKTHPOM), KOTOPBIM IOJAETCS
BHEIIIHEE M0JIe MOAY ISIIMOHHO—TIEPHOANIECKOTO XapaKTepa.

) (6)
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{| pp——
a
Constant |-P a In1Out1 In1Out1 In1
op|— b
b
F(t) |—>
ni' Divide
1 P a
Constantt “P»a a-b - In10ut1
op - P b .
t—————»ib Sub1 e
= signal_out1
| 1| ivide"
Constant2 »B a-b iv
op b
P System

Sub2 abs2 -gam2

signal_out2 Generator

Divide2

Pucynok 1 — CtpykrypHas cxema peanusaiuu Ha FPGA maciTaOHO-MHBapHaHTHOMH MOJICNIN HEWPOHHbBIX ceTei
1o cucreme ypapaeHui (3)

Square_1

o| ‘Jw ste—(1)

In1
Hop .
J Square_2
op a

Square_3

“» In10utt J“" 'l
af

Square_4
Outl bl op a
Reciprocal Mult2
Square 5
op a

Square_6
op a

Square_7

op ap

Square_8

Pucynok 2 — CTpykTypHas cxema 06J0Ka BBEIYHCIICHHUSI IPOU3BOJIBLHOI APOOHOI cTereHn

Ha pucynke 2 mokazaHa CTPYKTypHas cXeMa BO3BEACHHUS CUTHAla B IPOU3BOJBHYIO JIPOOHYIO
CTEeTeHb Ha IU(POBBIX JIOTUYECKHUX d1eMeHTaX. B yctpoiictBax FPGA HeT TroTOBBIX OJOKOB BO3BEACHUS
B ITPOM3BOJIBHYIO JPOOHYIO CTETIeHb, IPEIyCMOTPEHO TOIBKO M3BJICUEHHE KOPHSI. ANTOPUTM BBIUMCIICHUS
Ha FPGA npo0HOI CTeleH! Y 3aluiieM Caeay oM 00pa3oM:

™

=), ap @)
k=1 , (7
roe k — HOMep wuTepamuu, @, — uMeer 3HaueHus {0,1}. 3Has mMmociIeAOBAaTENBEHOCTh HYKHBIX HaM
3JIEMEHTOB &k , MOXHO MOJTyYHTH JIFOOBIE IPOOHBIC CTeneHH CHTHAJIA X C YKeJaeMOI TOYHOCTBIO:

r=t (®)

J171s BBISBIICHUS THUTIOB (DU3HUYCSCKUX SBICHUI JJOCTATOYHO UCIIOIB30BATh 3HAYCHHS Y C TOYHOCTHIO 10

1%. Taxk, B pabote [9] mokazaHO, YTO XaOTHYECKHE MPOIECCHl C CKEHIIMHTOBHIMA 3aKOHOMEPHOCTSIMH,
KakKAMH  SIBIIIOTCSI  HEWpOHHBIE  KOJeOAaHWsT B ONpPEACNEHHBIX  WHTEpBaJax  IapaMeTpOB,

knaccnduuupyrores sHadennsamu ¥ o: Y1 = 0.567,1-yy; ¥p = 808, 1 -7 y3 = 06181 -15
—— 112 ——




ISSN 1991-346X Cepusi pusuxo-mamemamuueckas. No 2. 2015

Yucna ¥1:¥z sBIAIOTCS, COOTBETCTBEHHO, HOPMHUPOBAHHBIMH HETIOJBHKHBIMH 3HAUCHHUSAMHU WHPOP-

Maldd ¥ SHTPONHUU — KPUTEPHSIMH camoopraHusanuu. M3pectHoe uuciao dubonayun (¥z) sBiseTcs
«30JI0TBIM CEYEHHEM) TUHAMUYECKOW MEPBI, OHO CIEAYET U3 TeOpuu A Fu,}s

N3 Tabmuupel 1 BHAHO, YTO IS ONMKCAHUS PA3IMYHBIX THIIOB HEHPOHHBIX KOJICOAHWH (CHTHAIOB
HEHUPOHHBIX CETEH) JOCTATOYHO MCII0JIb30BaTh 9 utepaimii B Gopmyie (8).

Ta6mima 1 — 3navenns ¥ cormacuo dopmyie (8) mis m =9

.]" r —_ '] —_— r —
m ¥ 1-n ¥z L-1s Va 1- s
9 0,567+0.001 0.433+0.001 0.806+0.001 0.194+0.001 0.618+0.001 0.382+0.001
1 L a
Constant a-b | In10ut1 In1 Out1 In1Qut1 In1
op|—Pr{b
g Sub
Divide
1 a
5 a-b In1 Out1 In1 Out1 In10ut1
op :
- b
€
L
Constant2
5 a-b
op b - N
4b g
Sub2 abs2 gam2 E2 signel_out2 GseﬁsetsaTor
Divide2

Pucynok 3 — CtpykTypHas cxema HudpoBoii peanusanuy MacTabHO-HHBapUAHTHOW MOJIENTN HEHPOHHBIX ceTeit
cornacao opmyie (5)

Pe3yabTaThl YHCJIEHHOTO W CXEMOTEXHHYECKOT0 MOJAeJIUpPOBaHUsl. YHCICHHBIC U CXEMOTEXHH-
YeCKHe pealn3aiiyl ypaBHEHUH (4) IpUBEICHBI HIDKE.

2.5

Potential (V)
= o N

o
5}

0 0.002 0.004 _0.006 0.008 0.01 0.012
Time (t)

(a)

(b)
Pucynok 4 — UncnieHnas peanusanus (2) U 3KCIICPUMEHTAIbHBIA pe3ynbTat (b) asst ypaBHeHuit (3)
mpu A=0.8,B=0.4, Q=800m, Vo=0.1, k=3, y=0.567
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PucyHnok 4 moka3piBaeT BO3MOKHOCTH JOCTATOUYHO TOYHOU peanu3aunu nuppoBoi Texuukoid FPGA
nuHamuueckor cuctemsl (3). KonmdecTBo ocumisiudii ¥ aMIUIMTyJa MMMKOB COBHAJAOT B IM(POBOH U
CXEMOTEXHHUYECKON peanu3aunusix. 3Aech U Jajee INpPUBEIEHbl 3HAUCHUS] HANpPsDKEHUS B MUJUIMBOJBTAX,
BpeMs — B MUJIMCEKYH/aX.

0.3
0.25
0.2

0.15

Potential (V)

0.05¢

-0.05}

0.1 02 04 06 08 1 50.0mv
Time (1)

(@)

0.3/
0.25
0.2

= 0.15
0.1

Potential

0.05

-0.05

-0.1

o 0.5 5 2 S0.0mY

1 1.
Time (1)

(©

=104 000m=

0.02
0.01

=-0.01
= -0.02

Potential

-0.03
-0.04¢
-0.05¢

00% 062 04 _o06 o088 1 10.0m

Time (t)

(®)

Pucynok 5 — YucnenHsle peanu3anuu (a,c,e) U SKCIepUMeHTaIbHbIEe pe3ynsTathl (b,d,f) MacmTaOHO-HHBAapHAHTHON MOJIEIN
HEeWpOHHBIX ceTel corytacHo ypaBHeHHsM (5) A=0.8,B=04, Q=8m;y=0.5,Vy=0.1,k=3

Hpyroit Tun koneOaHWH, ONMUCHIBAEMBIX VpaBHEHHAMH (5), TaKkKe aJeKBaTHO pPean3yeTcs
npeasiaraeMoi HamMu HU(GPOBON TEXHUKOH (PUCYHOK 5).

Peanmzanus TpexcioiftHO HeHpPOHHOW CeTH, OIUChIBaeMoii (opMyIoii (6), MoKa3aHO Ha PUCYHKE 0.
CeTp uMMeeT TpW CJIOS 1O TpU HEHpOHa Ha KaxJAOM cioe. Takoro pojaa 3ajladyd MOJIETUPOBAHUS
MHOTOCTIOMHBIX HEHPOHHBIX ceTeit TpeOyroT OomnbInoi 00beMm nmamatu FPGA. Tak, ncnons3oBaHHas HaMU
MHTerpajbHas cxeMa cemeiicTBa Spartan 6 MO3BOJAET peanu30BaTh TOJBKO HEPAPXUUYECKHE YPOBHHU
mopsiika n=3 ¥ APOOHOCTH CTETICHH B Bapuanusx m = 1,2.
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0.06;
0.05
0.04
0.03

0.02}

Potential (V)

0.01}

-0.01}
0.0, 0.5 1 1.5
Time (1)

(a) (b)
Pucynok 6. Hucnennas peanmzanus (a) ¥ SKCIEPHUMEHTAIBHBIN pe3yabTaT (b) Mo nepapXudeckoil Moaenu
HeWpoHHBIX ceTelt (ypaBHeHus (6)) npu A =0.45,B=0.5, Q=4n,y=0.5,Vy=0.1,k=3,n=3

.

3akiouenne. B pa0oTe mpuBeneHBI pPe3yNbTaThl 3JCKTPOHHO-IM(POBOH peanu3aluy PasHbIX
Mojieliell TUHAMHUKH HeWpoHOB. [Ipennmaraemast mudpoBas TEXHUKA MOXKET T€HEPHUPOBATh PAa3IMYHbBIE TIO
CTPYKTYpE CHTHAJIBI HEHPOHHOMN CETH: CITAWKH, ITaYeIHBIC BCIICCKH, OCPCTHI.

Bonee ob6muemMonenn HEHPOHHBIX CETEHPAcCMOTPEHBI HCIOIB30BAHUEM HHTETPAJIbHON CXEMO-
texuuku FPGA B peansHoM Bpemenu. Hamu moka3aHa BO3MOYKHOCTb CXEMOTEXHHUYECKOTO MOIEIUPO-
BaHUS HEHPOHHBIX CETEeH, ONMMCHIBAEMBIX NPOOHBIMH CTEMEHSMH CHTHAIOB, pa3padoTaHa CTPYKTypHAas
cxeMa 0JIOKa BBIYHCIICHUS )Z[pO6HOI7[ CTCIICHU. I/IHTeraJ]LHaSI CXCMOTEXHUKA ABJISACTCA IMPOCTBIM CIIOCO-
00oM peanu3alM CIOXKHBIX 3amad. [Ipu peanuzanuu HelpoguHaMuuecKux Mojeneil ¢ momombio FPGA
nocturaercsi 3Q(GEeKTUBHOCTh M0 BPEMEHH M IPOCTOTA, MajorabapUTHOCTH HCIIONB3YEeMOW TEXHHKH.
Takoro poma peanm3ariii Mojeleii HEHPOHHBIX ceTeil MOTyT OBITh HMPUMEHEHBI I CO3MaHUsS HCKYC-
CTBEHHBIX HEHPOHHBIX CeTel, OTIMYAIOIINXCS OT CYIIECTBYIOIIMX aHATIOrOB MaKCHUMaIbHON OJIU30CTHIO K
cucTeMe OMOJIOTHYECKUX HEHPOHOB, UTO SBIISETCS IMEPCIIEKTHBHON 3a/1aueil B 5TOM HaIPaBIICHHH.
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PO PAMMAJIAHATBIH HHTEIPAJIJIBI CXEMAJIA HEMPOH/IBIK TOP/IbIH 3JEKTPOH/IbI MOJEJI
3. K. Kanabaes, E. T. Ko:xkaryJios, /I. M. Kexceodaii
On-Gapabu aTeiHaarel Kazak YITTHK YHUBEpcHTETI, AMatel, Kasakctan

Tipek ce3aep: HEHPOHABIK TOPJIAp, MPOrpaMMaIaHaThIH JIOTHKAIBIK HHTErpanaslk cxemanap (IJIMC), nudpner cxemanap,
MacITaOThl ”HBAPHAHTTHUIBIK,

AnnoTtammst. )KyMbIc MacIITaOTHI-MHBAPUAHTTHI KacueTi 6ap jkaHa HEHPOHIIBIK TOP MOJEIBACPIH HHTErPATIBIK CXEMOTEX-
HUKAJIBIK TYPJIE XKy3ere acbipyra apHairan. OChlHIail MOJEIbACPIIH epeKIIeiiri Oeiek nopexeci 6ap, TUCKpeTTi OeitHeney i
Tangay yiiH Kaxer. [IporpaMmanaHaTsiH JIOruKajiblk nHTerpaiapik cxemana (FPGA) dusukanbik maMansl 6eIiiek Japexere any
anroput™i yehIHbUIIEL. CaHablK HoTIKenepMeH FPGAKYpPBUIFBICBIHAAFBI PeTU3allisAFa CABICTBIPYJIAp JKYPri3UIreHi KepceTiire .

Hocmynuna 17.03.2015 e.
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