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Abstract: The example of NN realization is considered. Also description of all its design stages from NN function
model description to its timing and hardware characteristics estimation is considered. NN structural model is presented
in VHDL code. Through SynplifyPro 7.0 package from Synplicity® the system synthesis with the orientation on Virtex-
II XC2V6000 family is made out. The estimation of the optimality of the synthesized NN model utilization is
accomplished. NN structures are shown, hardware costs are taken to the table.

INTRODUCTION

Hardware realization of artificial neural networks
(NN) aims at efficiently accelerating the processing
speed of neural network specific tasks. Currently the
new NN designs demands decreasing in hardware
costs and terms of development, moreover them
need to have capability for further modification
during exploitation.

Using of Field programmable gate arrays
(FPGAs) can reduce the concept-to-product time and
the cost of making modifications. Recent FPGA
have computational resources on the order of
hundreds of thousands or millions of gate
equivalents, can be reprogrammed indefinitely and
have in-circuit and partial reconfiguration
possibilities.

The main stages of NN design have been carried
through using the task of creation such NN, which
can forecast a possibility of delay in adolescent
sexual development. In the given paper results of
medicogenetic checkup of adolescents with sexual
development delay diagnosis and without this
diagnosis have been used as the learning sample.

The NN have been created by using NeuroPro
0.25 software. Since now most of NN hardware
realizations do not allow on-chip learning, therefore
NN representation in a high-level hardware
description language (VHDL) use weight coefficient
values, obtained during NN training using the
NeuroPro v 0.25 software.

During training in NeuroPro v 0.25 software the
non-linear sigmoid function has been used as neuron
activation function and back-propagation algorithm

as learning algorithm. It is advisable to use this
algorithm for training fully connected feed-forward
networks. The learning rule is based on gradient
descent.

NN PARAMETERS

The NN consists of three layers. The input layer
has four neurons fed concurrently by information
from the test sample. Each neuron has a different
number of synapses, depending on the number of
characters received by the neuron. The second
hidden layer consists of three neurons, which
process data from the first layer. Each neuron from
the second layer has four input lines, which present
neurons’ synapses, and the bias signal. The third
layer is a summing layer, which made of two
elements that sum outputs from the previous layer.

The weights matrix is described as one-
dimensional massive. Massive elements are weight
coefficients of each neuron’s synapse. Each NN’s
neuron has its own weights matrix.

IMPLEMENTATION PROBLEMS

The NN model must be designed in a such way
that a further synthesis to the logic gates should be
possible. And even if VHDL representation has
correct behavioral simulation results, it doesn’t
means that it will be synthesized correctly and the
end realization will be optimal.

So the main problems of
implementation were:

NN hardware
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- representation of floating point numbers
(weights’ values have size of changing from —1 to
1);

- implementation of the non-linear activation
function;

The arithmetical operations on floating point
numbers are more sophisticated than operations on
integer numbers, therefore special-purpose schemes
for operating on floating point numbers are more
complicated, works slowly and occupy a lot of chip
resources. Also numbers of real type are not
synthesized. Therefore in the paper we passed to the
integer representation of floating point numbers.

It is a problem to implement the non-linear
activation function in a digital hardware. Some
activation functions, for example, such as sigmoid
function, need to be modificated to simplify its
designing in hardware. In the given case the sigmoid
function has been replaced by piecewise-linear
function.

DEVELOPED DEVICE

The developed device consists of the controller
and NN. The control block works on 20 MHz
system rate and sends necessary signals for NN
controlling. It synchronizes each layer functioning
and reports when the next test sample can be
supplied to NNs’ inputs.

NN consists of neuron components, which
organized in layers. Each neuron component
contains certain number of synapses, one adder and
activation function. The bus that responsible for
input signals feeding and another input buses have
eight bit width, because the device doesn’t demand
of great precision.

While working on the design it was clarified that
synthesized scheme completely depends on the
method of describing device functioning. All device
parts were designed and functionally validated in
VHDL, to be synthesized and integrated as standard
cells by a placement and routing software tool.

For the simulation of the NN functionality the
Aldec’s Active-HDL 5.0. was wused. The NN
behavioral and post-synthesis simulation results are
same that signifies about correct NN synthesis stage.

CONCLUIONS

In the paper the estimation of obtained NN
optimality have been given. In the NN design the
main characteristics of the activation function and
requirements for FPGA’s devices are taken into
account.

Using the described in the paper design
methodology allows to decrease terms of NN
realization and optimize on the FPGA and logic
gates resources.
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Pe3rome: B cmami npusedena memooonoeis npoekmysaris Hetipomepedic (HM) ons supiwenns 3adaui kiacugixayii..
3a donomozoro nakema NeuroPro V 0.25 nposedeno nasuannsi HM. Aneopumm gynryionysanus HM onucano moeoio

VHDL 3 ypaxyeauHsm ONmumMaibHux napamempis

HM. Pospobrena modenv HM, nepesipena npasunvhicmo

@yHKYiony6éanHs Ha mecmosux npukiaoax. 3a donomoeorw naxema SynplifyPro 7.0 6i0 Synplicity® 3pobneno cunmes
npucmporo 3 opienmayiero Ha mikpocxemy cimeticmea Virtex-II XC2V6000. IIpusedeni cmpyxkmypu HM ma

anapamypHi umpamu.

KmouoBi CaoBa: Heipomepesica, FPGA, I[lpocnosysanns ,Bubipxa oanux, Aneopumm 360pomHo20 HOWUPEHHS,
@yuryionanvra modens, Cinanc, Akmusayionna @ynxyis, Kyckoso-niniina gpynryis, Hasuanena eubipra

1. AKTYAJIbHICTb | MTOCTAHOBKA
3AAAUI NPOEKTYBAHHA

[MuraHHs 3MEHIICHHS BApTOCTi i TEPMiHIB
pO3pOOKH, 3HIKEHHS amapaTHUX  BUTpAT NpH
cXeMmHill peamizamii HM, a TakoX MOXKIHUBICTb
noianbioi Moaudikanii y mporeci eKcrutyaTarii, €
aKTyalbHOIO TPOOJIEMOIO MPOEKTYBAaHHA IUTYYHHX
HM.

Cxemna peadizanis HM 3abesmneuye
MaKCHUMaJIbHO MOYKJIUBY MIBUIKOIIO npu
BHpilIeHHs 3a1a4i knacudikarii. Lle mocsraerbes 3a
paxyHOK TIepeBard TMPHUHIHITY TNapanelizMmy  y
¢dyHKIiOHYBaHHI enemeHTiB HM.

Bukopucranus Cy4YacHHUX
[epenporpaMyBaIbHUX ~ KOPHUCTyBadeM  0a30BHX
marpuuHux kpuctaniB (FPGA) mns peamizanii HM
MOKHa BB2)KaTH aJbTEPHATUBOIO CTOCOBHO TiJIBbKH
mporpaMmHoOro abo amapatHoro BapiaHTiB. Cyd4acHi
FPGA wmatoth 3Ha9HMi 00csT pecypciB — g0 10 mitH.
CUCTEMHHX BEHTWJIIB HA  KPUCTal, BHCOKY
MIPOJYKTHBHICTh 13 CUCTEMHUMH YacToTamu 110 420
Mrm, a TakoX MOXJIMBICTH  peKoHpiryparii
KpHcTana Oe3rmocepeIHbO B nporieci
¢yHkuionyBanss [1].

B ocraHe necarwmitta HM  3Halnum
HIMPOKE 3acTOCYBaHHs B MEIWYHIN i1HQopMaTHIi
Ul pO3BSI3aHHSA PI3HWMX 3amad  kimacuikamii i
MIPOTHO3YBaHHS 3aBJIAKH IXHIH 31aTHOCTI

epekTHBHO  OyAyBaTW  HENiHIWHI  perpeciiHi
3anexxHocTi [2]. Ha mpuxitami  3amadi cTBOpeHHs
HM, 31aTHOi TIpOTHO3YBaTH MOXKIIUBICTH 3aTPUMKH
CTaTeBOr0 PO3BHUTKY WIIITKIB, Oymu TpoBEeHI
rojioBHi etanu po3podkun HM. [lns pimenHs 3amadi
kiacudikarii Ta nporHozyBanHs HM moBuHHa OyTH
HaBUYEHA Ha BUOIPI IaHWUX, YTPUMYIOUHX «3HAHHS
Mpo TPOTHO30BaHWi 00'ekT. Y maHiii poOOTI sIK
HaBYaJIbHA BUOIpKa BUKOPUCTOBYBAIIUCS PE3yIbTaTH
MEANKO-TeHETUYHOTO OOCTeXXEHHS MAIITKIB 3
JIIarHo3oM — 3aTpUMKa CTAaTeBOTO PO3BHTKY Ta
MiATITKIB 3 HOPMAalbHUM IPOLECOM CTaTeBOro
PO3BUTKY.

OcHOBHUMHU 00'€KTaMH TaKOTO OOCTEKEHHS €
MAJTFOHOK TIKipH J0J0HB Jitoqunu [3]. Jnst meauko-
TeHETUYHOTO  OOCTEKEHHS  BHKOPHUCTOBYBAJIacs
METOJIMKAa aHali3y AepMaTOTIi(hidHUX BiIOUTKIB IO
Cummins [3] 3 o6nikoM yHidikoBanoi JIoHDOHCBHKOT
knacudikanii mo aepmartormidimi. Pakrt, mo y
XBOpHX i3 3aTPUMKOIO cTareBoro po3BHUTKY (3CP)
icHye crenudiuHui AepMaTOrIi(piUHUN MaOHOK,
OyB yCTaHOBJIEHHMH cC. H. C. [HCTUTYTYy OXOpOHHM
3IIOpOB'S MTiTeH 1 MiIUTITKIB KaHIIAATOM O10JIOTI9HIX
Hayk barankoit H.B. 1 onyOnikoBanuii Hero B psii
crateit [4].

Hns mporrozyBanHs 3CP Oyna  3actocoBaHa
METOJMKAa HAaBYaHHA KOMITIOTepHHX HM vy
cepenosuii nporpamu NeuroPro v 0.25, ctBopenoi
criBpoOiTHHKamu rpynu “HeiipoKomm™” nabopatopii
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moaemntoBanHs HepiBHOBarux cuctem OLIK CB PAH
M. KpacHosipcrk [5,6].

Y xomi maHOi poOOTH 3a JOMOMOTOIO ITaKeTa
NeuroPro 0.25 ©Oyna mobymosana HM. Ilicms

3'dCyBaHHS ~ ONTUMAaNBHOI  apxiTektypu  HM,
KITBKOCTI ~HEHpPOHHUX  €IIEMEHTIB 1 BaroBWX
koedimieHTiB KoXkHOTO 3 HelponiB, HM Oyna
HaBuCHA 3TiIHO  aNrOpUTMy  3BOPOTHOTO

nomupenHs. [ani Oyia nmepeBipeHa NpaBUIIBHICTE i1
(YHKLIOHYBaHHS Ha TECTOBHX IPUKJIAAaX.

Ha pgammit  wac OumblIicTh  amapaTypHUX
peainizamiit HM He m03Bodisie 3A1HCHIOBATA HABYAHHS
Mepexi B peambHOMY 4aci (on-chip learning). Tomy
npu omuci  momeni HM momoro VHDL Oymm
BpaxOBaHI  3HA4YCHHS  BAaroBUX  KOe(]ili€HTIB,
OTpHMaHi TNpH HaBYaHHI 3a JOMOMOTrOI0 IaKeTa
NeuroPro v 0.25.

CrarTst MicTUTh TpUKIan peamizanii HM i
ornuc eramiB i pPO3poOKH, TOYMHAIOYH Bif
(dyHkionanpHOTO omucy mozeni HM no ominkum ii
4aCOBHUX 1 anapaTrypHHUX XapaKTEePHUCTHK.
[IpuBeneHo OLIHKY ONTHUMAJIbHOCTI BUKOPUCTAHHS
Moei HM, OTPUMaHO1 Tics orucy
BUKOPHCTAHOTO HelpoanroputMma, y komi VHDL.
Mogens onucaHa 3 ypaxyBaHHAM XapaKTEPHUX
ocobnmBocTel akTuBamiHol (QyHKUIII 1 BUMOT,
MIPONIOHOBAHUX [O MPHCTPOIB Ui peanizauii Ha
FPGA.

2. PO3POBKA ®YHKLIOHATBHOI
MOAENI HM

2.1 HaBuyanbHa i TecToBa BUOGipku

Y pobOoTi BHKOpPHCTaHI pPe3yNbTaTH MEIUKO-
TEHETUYHOr0 OOCTE)XEHHS IMUIITKIB 3 I1arHO30M —
3CP (270 domoBik) i1 MIMIITKIB 3 HOPMAaJTBHUM
mporecoM crareBoro po3Butky (90 dom), mIo
pO3TIISANAIOTECS  SIK  JBAa BHUXIMHMX KJIACH Ha
MHOXHMHaX 0 — «3mopoBi», 1 — «mependauyBani
xBopi». IHdopmaris ckoHmeHTpoBaHa B 28
cToBNUAX (MO KUIBKOCTI  JIepMaTOrIi(hidecKux
MapkepiB) i 360 psgkax eneKTpoHHOI TaOmuii
tdbopmaty *.dbf. ¥V koxkHOMY pSIKy 3HaXOIUTHCS
iHopmariiss TMpo MiAJIiTKAa, OTpPHMaHa 3 iCTOpil
xBopoOu. CroBmmi MicTATh Aepmarormididecki
MapKepH, 1o cBiggats npo moxiusui 3CP. Y xoxi
poboTu maHi OymW  pO3miieHI Ha TECTOBY U
HaBYAIbHY BHOIPKY.

KinpkicTh BEKTOpIiB 03HAK, IO CKIAIAIOThH
TECTOBY 1 HaBYaJbHYy BHOIpPKY, MpEJCTaBleHI B
Tabm 1.

Taoauus 1
HaBuansna TectoBa
BUOIpKa, BUOIpKa,
KIJIBKICTh KIJIBKICTh
Yo. 31 3CP 220 50
You.6e3 3CP 80 10

2.2 BnGip BennUYMHM XapaKTepUCTUKU
HEWpPOHiIB

Sk akTuBaniiHy (QYHKIIO MTYYHOTO HEHpoHa
BHKOPHCTOBYBAJIACS HEJHIHHA CHUTMOIiTHA (QYHKITIS:

f(x)=x/(C +[x|),

I X - BUXiJ cymMaTopa HeipoHa, a koHcTanTa C —
XapaKTEPUCTHKA CUTMOInu. 3 GopMyIJId BHIHO, 1110
BEJIMYMHA CUTHAY 3aBXKAH 3MECHIIYETHCS, TIPHUOMY,
yuM Ollplle  XapaKTepHCTHKa HEHpOHa, THUM
ICTOTHIIIIE 3MEHIIICHHS CUTHATY [2].

EdextuBHO moumHath mpouec HaBuanHs HM 3
HEBENUKUM 3HadeHHsIM C, a Tpu yCHIIHOMY
HAaBYaHHI TeHEpyBaTH 1 HaBYaTH HOBI MeEpPEXi,
30impIIyOUM  Ieil  mapamerp.  Pexomenmyemo
Jiana3oH 3HadeHb xapakrepuctuku Bim 0,1 mo 0,8
[7]. Y nmawniift po6OTI MU BUKOPHUCTOBYBAJIK MEPEXY 3
xapakrepuctukor C = 0,1.

2.3 HopmyBaHHA BXigHUX curHanie

VY pesynbraTi mpoBeneHHX [2] eKCIIEPUMEHTIB
OyJI0 BCTaHOBJICHO, IO HAWOIIRII yHIBEpcalbHA i
MIBUJKO HaBYaeMa apXiTeKTypa IOBHO3B S3HOI
curmoignoi HM  ontumansHO mpamioe  mpu
3HAUCHHSAX BXIAHWX CHUTHAIIB y miamazosi [-1;1].
[Mpu po3mmpeHHI WBOTO [iama3oHy BigOyBaeThbCs
CHOYATKy NMPaKTHYHO HEMOMITHE, MJaBHE, a IOTIM
MIBUJKO HAapOCTaroue 3HMKEHHS SIKOCTI HaBYaHHS,
Opy  pIi3HUX Jiala3oHax TNPHUKIAAIB HaBYAIBLHOI
BUOIpKH.

Y poboTi aBTOMaTHYHE HOPMYBaHHS BXIiIHUX
cuTHaiB Ha miamasoH [-1;1] peamizoBano B
cepenosuiti NeuroPro v 0.25.

2.4 BubGip apxiTeKkTypu mMepexi i umcna
LUTYYHUX HENPOHIB

Yucno HelpoHiB y mapax Moxe OyTH pi3HUM i
He 3aJeXaTh BiI 4YWCiIa BXIOAHUX 1 BUXIOHUX
curHajiiB Mepexi. lleit mapamerp BU3HAaYae cymMapHa
KUTBKIiCTh CIHANTUYHUX 3B's3KiB HM.

OnTrManbHa KiBKICTh HEHPOHIB Oarato B 4omy
3aJIeKUTH BiJ] TIOCTaBJICHOI 3a7a4i. bijbIa KiTbKiCTh
HEHpOHIB  MiJBUILYE  TrapaHTii0  YCIIIIHOTO
HaBuaHHs, ane 30impmrye posmip HM, a Takoxk
30iBIIye Yac i1 CHpambOBYBaHHA IIPH TeCTi i
3aBaHTAXKCHHS B MaM'ATh. Y 3arajlbHOMY BHMAJKY,
YHCII0O HEHUPOHIB JIOPIBHIOE YHCITYy HaBYAIbHUX
rapamMeTpiB. [IponoHyIOTE ~ BUKOPHUCTOBYBaTH
KUTBKICTh HEHPOHIB piBHE CyMi UHCIa HABYAITBHUX
napameTpiB i KUJIBKOCTI KJIaciB y 3azxadi [5].

[Naker NeuroPro v 0.25 mo3Bomsie OymyBaTH
TTOBHO3B'SI3HI OaraTonrapoBi Mepexi 6€3 3BOPOTHOTO
3B"3ky (feedforward networks) i Bu3HayatTu
ONTUMAaJIbHE YHCIIO HEHPOHIB y MEPEKi.
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2.5 HaB4yaHHA

Jlyis HaBYaHHS 3aCTOCOBAHO HAasBHUI B apCceHai
NeuroPro v 0.25 anroput™ 3BOpOTHOTO MOIIHUPEHHS
(back-propagation)[5]. lleit anroput™ AOIIIBHO
BHKOPHCTOBYBAaTH JIIl HABYaHHS TIOBHO3B'S3HHUX
MEpeX  mpsaMoro  mommpeHHs.  Onrumizaiis
MIPOBOUTHCS IO METOY CHOJTYUYCHHX TPalieHTiB[7].

KinpKicTh 1MKJIIB HaBYaHHS, TAKOX SK 1 4ac, 1110
BHMAaraeThCsl Ui MIOBHOTO HAaBYAHHS, 3aJIeKaTh Bifl
TakuX (haKTOpiB: BENMYWHH HABYAILHOI BHUOIPKH,
KUTBKOCTI BXIJHUX IMapaMeTpiB, BHIy 3amadi, TUITY i
mapameTpiB HM i1 HaBiTh BiJ BUTIAAKOBOTO PO3KIAIY
Bar CiHaICiB MPH iHiIiaTi3aIlii Mepexi.

HIBuakicte nHaByanHs HM OGarato B 4Yomy
3aJIS)KUTh BiJl HEOOXIJHOT TOYHOCTI PIllICHHSI 3ajaui.
Tak, ®e cmipg Bumaratu Bixm HM TouHOCTI, IO
MEPEeBUILy€ TOYHICTh BHUMIpPY HaHHUX, abO TOYHOCTI,
mo 0araTopa3oBO IEPEBEpIIYE 3aJ0BOJILHSIOUY.
[IBuKiCTh HABYAHHS MEPEXKi TAKOXK 3aJCIKUTH 1 BiJ|
QITOPUTMIB HaBYaHHA. Y JaHidi poboTi Oynm
pealti3oBaHi TpaJlieHTHI METOJIN HABYAHHS, JUIS SIKUX
rpagieHT (QyHKUIi OIiHKKM MO mapamerpax, IIo
HaOyJIOBYIOThCS, OOYHCIIOETHCS 33 TPUHIUIIOM
roABifiHOCTI [5].

2.6 CTtpykTtypHa mogenb HM

VY pesynbrati po3poOku Mepexi Oyna oOpana
CTPYKTypa 3 JIBOX CXOBaHUX IIAPiB, Y KOXKHOMY I10
4OTHpHU HeHpoHHu. OpHAaK MIiCIs CHIPOIIEHHS CTaJIo
OUCBUIHMM, IO OJWH HEHPOH y JApyromy Iapi
HaJyIMIIKOBHM. Takox Tmicisi CHOpOIICHHS Oyiu
BWJIyYeHI He3Hauylll BXigHI TONSA, BHUKIIOYEHHS

SKHX Maikeé He TOTIpIINTh TOYHICTH pilICHHS

3a/av4i  Mepexer. [Mapamerpu HM  micns
CHPOINEHHS B TaOMUII 2.
Tadanus 2
[Tapametp Mepexa
Yucno mrapiB 2
Yuciio BXiIHUX IOJIIB 21
Yucio mryqyHux 4-3
HEHPOHIB Y CXOBAaHHUX
nrapax
KpyTictb cirmoinu 0,1

CrpykTypa Mepexi 300pakeHa Ha MaJIIOHKY 1.

ot 1

Puc. 1 - Apxitektypa HM

3. OCOBJINBOCTI PEANI3ALII HM HA
nJm

Jnst peamizanii oTpuMaHoi CTPYKTYpHOI MOZedi
HM B amapatypi Bona Oyna mpencTaBieHa B KOAaX
moBu VHDL. Otpumana moBoto VHDL wmonens
MICTUTh QyHKIiOHaNBEHY Monens HM 1 cknageHmit
«TecTOeHY» 13 HEOOXiAHUMH TECTaMH JUIA MIepEeBipKH
(YHKLIOHYBaHHS IO CHHTE3Y, MICI CHHTE3Y i MicIis
po3MileHHs JIOTikM Ha 4Yimi. HactynmHum etamom
Mozenb OyJia CHHTE30BaHa B IMQPOBIHM JIOTII s
HAcTymHOI iMIJieMeHTauii Ha Takux IU(PPOBUX
npuctposx sk FPGA.

Jusa peamnizanii g7anoi HM OyB oOpanwuii uin
Xilinx Virtex II FPGA. Bin mae yOynoBani 6yoku

nepeMHOXXyBadiB  18x18, cmoemiambHy  JIOTiKY
NPUCKOPEHOTO MEePeHOCY Ul BUCOKOIIBUAKICHHX
apupMeTHIHIX oriepartii, YaCcTKOBE

pexoH]IrypyBaHHs, THYYKi JIOTi4HI pecypcu: o 122
880 Ttpurepi, nmo 122 880 16-Tu po3psmHUX
3cyBoBuUX perictpiB Ha ©Oasi LUT, miarpumka
0araToBXOJIOBMX TEPEMHOXKYBadiB 1 JIOTIYHHUX
¢ynkuiii. 3pobnenuit 3a texnonoriero 0.15-MkMm i3
8-1mapoBoro MeTai3aIliero i 0.12-mMxMm
HIBUJKOIIFOYUMHI TPaH3UCTOPAMH.
pekoHDIrypyBaHHS T03BOJISIE POOUTH ITy>KE IIBHAKI
HapOCTa0Yi 3MiHU BIACTHBI aJITOPUTMOBI HAaBYAHHSI.

YacTkoBe

4. NPUKNAQL PEANI3ALII HM 3
OUIHKOIO ANAPATYPHUX | YHACOBUX

BUTPAT
OcHoBHa 3a1a4a HACTYIHOTO eramy
NPOEKTYBaHHS - omucatd Monens HM  crunew,

pO3paxoBaHUM Ha TOAAJBIINHA CHHTE3 y CXEMHY
noriky. Hagite sikimo konq VHDL kommimioeTses i
NPaBUIBHO MOJEIIOETHCS, HE OOOB'A3KOBO, IO BiH
Oyze mpaBUIBLHO CHHTE3yBaTUCS. | HaBITh SKIIO KOA
VHDL npaBuibHO CHHTE3YETBHCS, TO PE3YJbTyIOUa
peaiizaiis Moxke OyTH Hee(heKTUBHOIO.
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Koxen CHHTE3aTOp Mae BJIaCHUI
(yHKI[IOHATBHUN TAKeT AJs Omepauiid, 3BUYaifHO
BUKOPUCTOBYBAaHUX B amaparypHux mozeisax. IEEE
HaJzae
BKJTIOYa€ QYHKIIT 1151 apuMETHIHUX OTepatiii Hajl

std_logic ITaket
BU3HAYae omeparii
bit vector BekropiB. [laker MICTUTh 1Ba KJlacu
BHU3HAUYEHMX MAacHBIB A mofayl Oe33HaKOBUX 1
3HAKOBHX OiTOBUX 3HAYEHb:

type unsigned is array (natural range <>) of bit;

type signed is array (natural range <>) of bit;

Uwncna 31 3HaKamMM NpPEACTaBICHI  JBOIYHUM
miacyMoByrouuM — koaoMm. [laker wmictuth Bepcii
apupMETHIHNX OTepalliid, omeparii BiIHOCHHH,
JIOT1YHUX i orepartiif 3CyBY, 10
Mepe3aBaHTaXYIOThCA, TaKk camMo sK 1  QyHKii
MepeTBOpPEeHHs 3 Tumy B Tuml. llaker numeric_std
BH3HAYAE aHaJIOTiyHI omepanii musa  std logic
BEKTOPIB.

VHDL-kon mpoekty MicTUTh (YHKINI, SKHX
HEMa€ B CHHTE3YIoUHx 0i0mioTekax. 3 i€l mpuuuHH
MU 3aMiHIIH std_logic Ha i unsigned abo signed,
o6 OyIlo MOYKHa BUKOPHUCTOBYBATH BU3HAYEHI IS
IUX THIIB ONEpPaToOpu, LIO IIE€PE3aBAHTAXKYIOTHCS,
“+7”17*”_V npoeKTi MU TaKOX 3aMiHWIH bit JIOTIKY
Ha T std_logic.

Y  nporpami
6i6miorexu IEEE:

IEEE.std_logic 1164.all;

ieee.numeric_std.all;

ieee.std logic unsigned.all;

ieee.std_logic_signed.all;

Bynu Takox cTBOpeHi BiacHI makeTw ( TMakeT
global matrixs MiCTUTD OTIIC MAaTPHIIi Bar MEPIIOTrO
HEHpoHa MEepIIOro IIapy), M0 MICTATh OMHC THITY
CUTHAIIB Bar ciHamciB HeWipoHa. Hamani moxHa
KOPUCTYBAaTHCS LIIMU IIaKeTaMH, YBIBIIN HACTYITHUH
PSIOK B PO3AUII  OMHCY BUKOPHCTOBYBAHUX
6i0mioTek:

use global matrixs.all;

CTaHAAPTHUN CHHTE3YIOUMHA IakeT, IO

bit vector i BEKTOpPaMH.

numeric_bit apupMeTHIHI

Oymu  BUKOPHCTaHI  IaKEeTH

4.1 Npobnemwu peanisauii

OcHoBHI Tipo6nemu npu peaizanii HM B
amaparypi:

- IPEJICTABJICHHS YUCE i3 PYXOMOIO KOMOIO;

- peaizauis HeNMiHiHOT akTUBaNiiHOT QyHKIIT
HEUpPOHa;

PoGora 3 wuymcaamMm 3 PYXOMOK KOMOK €
3HAYHOIO MPOOJIEMOI0, TOMY IO apuMETHYHI
omepamii Ui 9HCeN 3 PYyXOMOIO KOMOKO Habarato
CKIIQIHINT orepariiit mis mimmx gucen. Jlo Toro x,
Creriaai3oBaHi CXeMHU JIs OTepalliil HaJl YucaamMu 3
PYXOMOIO KOMOIO Habarato CKIaJHIII, MpaIoTh
TIOBLUTBHIIIE 1 3aliMalOTh BEJUKY ILJIONTY KpPHUCTAa.

JIOLIIbHUM ~ PILICHHSIM Ui YJAOCKOHAJICHHS
MPOJTYKTHBHOCTI MIPOEKTY i 3MEHIIICHHS
anaparypHUX BHUTpPAaT € KOHBEPTYBaHHS 4YHCEN 3
PYXOMOIO KOMOIO B YHCJIa THITY integer. 3BUYAITHO,
e Hakiagae Jeski oOMeKeHHsI Ha TOYHICTh, alie B
JAHOMY OKpPEMOMY BUTIAJIKy T'apHI pe3ysbTaTh Oyiu
JIOCATHYTI.

Miamazon 3minu Bar (-1;1) - 9rciIo0 3 pyxoMoro
KOMOR; onucyerbcs MoBor0 VHDL sk uucno y
¢dopmarti real. Yucna dpopmary real He CHHTE30BaHi,
TOMY HEOOXIZTHO MEepetTH O IpEeACTaBICHHS Bar y
uinouicensHoMy (opmari. s nporo Oyio
3po0JIeHe HACTYITHE:

Curnan, 1O  TPEACTaBIsSE€  BaroBHH
koedilieHT ciHamca HeWpoHa, Mae THI unsigned
(uine ©e3 3HaKa) 1 PO3PAAHICTH
CTBOpIOEMO  JIBOTUHE IMpEJCTaBJIEHHA JPOOOBOT

BiciM  OIT.

YaCTUHU BaroBOTr0 KOeQil[ieHTa TaKUM YUHOM, IO
SKIIO, HATIPUKIIA/, BarOBUN KOoeillieHT 2-ro ciHarca
nepmoro Heipona Wi, = 0.5 y aBoiuHiil cuctemi
npenctasienuit gk 0.1, To Oyaemo #ioro 3anmucyBaru
sk 1000 0000.

Y mporpami, mo peamizye HM, Ha BXigHi
curHamn X1  TOJAIOTBCS  O3HAaKM  BXe B
HOpMaJi3oBaHOMY BHIi. ToOTo curHamm Xi Tex
3HAaXOIAThCsl B miamnazoHi (-1;1) i moBwHHI OyTH
MIPEJICTaBIICH] TUIIOM unsigned.

Pesynprar mHOXeHHs X*W  Oyne MeHie
onuWHMIN. Y MoJeii HeHpoHa Iie CiHarc, 3HAYCHHS
CUTHQJIy SIKOTO TIIOBUHHO ITiICYMOBYBATHCS 3i
3HAUYCHHSMH CHTHATIB IHIIUX CIHAICIB HEHpoHA.
Jns  Toro, mo6 pe3ynpTar MHOXKEHHS OyB B
3pyYHOMY [UII Hac BHIOI 1 3rogoM Mir OyTH
BHKOPUCTAaHWUH y  MIJICYMOBYBaHHI, 3CyBaeMo
mobyTok Qpi Ha 8 po3psAmiB MpaBOpPyd, a IOTIM
oepemo wmosommii 8 OitiB. Takum uwmHOM, MH
OKPYTJISIEMO OTPUMAHUHA HaMU JOOYTOK 10 8-MU OiT:

Qout_fraci:= Qp3 Srl n;
Q_fraci := Qout_fraci(n-1 downto 0);

[Hma mpo6Giiema mpeacTaBieHHs apu(PMETHIHAX
omepariii 'y 1mdpoBiii amapatypi
pearnizamii akTUBAIiitHOI QyHKHii Heipona. [leski

dhyukii,
( BUKOpMCTOBYBaHa TpU CTBOPEHHI

nojiara€ B

aKTUBAIlIIHI HalpuKIaa, Taki  fK
CUIrMOIIHA
Mozen HelpoHa 3a jomomororo makera NeuroPro
0.5), marorp morpeby B Moamdikamisx mjis TOTo,
o0 CIPOCTHUTH ii JUIS MPOEKTYBAaHHS B amapaTypi.
Y Hamomy BUNAAKy, curmoimHa ¢yHKiis —Oyina

3aMillleHa KyCOYHO-JiHIHHOIO QyHKUiE (puc. 2).
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Puc. 2 - AxkTuBauiiina pyHkuis HeiipoHiB

Takum ynHOM, aKTHBaIliifHA QYHKITiS MOXe OyTH

orcana MoBoro VHDL B Taxwmii croci0:
if ADD frac2 <= COMP then
Q B:="11111111";
else Q1:= ADDITION*ADD f;
Q1:=Q1 sl 3;
Q B:=QI1(10 downto 3);
end if;

ToOTo, fAKIIO 3HAYEHHS HA BUXOJI CyMaropa
nexuth y miamazoni Big —0,2 go 0,2, To Y Oynme
obumcmoBatucs 1Mo QYHKIID y=5X, B iHIIOMY
BUNIaAKy QyHKIis popiBHIoe -1 abo 1 (1 - sxmio
BUX1Jl CyMaTopa MO3UTUBHUIN).

4.2 Apxitektypa HM npu onwuci it moBoIO
VHDL

HM cknamaetses 3 Tppox mapiB. Bximauit mmap
Ma€ 4OTHpi HEHPOHH, HA SKi MapajelbHO HaIXOIUTh
iHdopmMaris 31 TecroBoi BuOipku. KokeH HelpoH
Mae pi3Hy KITBKICTh  CIHAICiB — Pi3HI  BXigHI
curHaM  (O3HaKW) HAAXOMITh HA KOXHUUA 3
HeWpoHiB BXigHOTO Mmapy. [lepmmii HefipoH Mae Tpu
cinaricu, npyruit — 14, tpetiit — 12, geTtBepTHii — 13
(mmB. mai. 1).

Hpyruit cxoBaHuii 1map CckiIafgaeTbesa 3 3-X
HEUWpOHiB, IO OOpOOIAIOTH MaHi BiX HEHPOHIB
rieprroro mapy. Koxxauii 3 HEHpoHiB Apyroro mapy
Mae 4 BXiJHI IIWHW, IO TPEACTABIAIOTH CiHATICH
HEWpOHa i CUTHAJT bias — CHTHAN 3CYBY.

Tperit map — map  MiACYMOBYBaHHS
CKJIQIa€EThCS 3 JBOX €JIEMEHTIB, M0 MiJICYyMOBYIOTh
BUIXOJH BiJ 3-X HEHPOHIB MOMIEPETHHOTO APy .

Matpuns Bar ONHCYETBCA SAK  OJHOMIPHHUH
MacuB, €JeMEHTaMH SKOI'0 € BaroBi KoegilieHTH
KOXKHOTO 13 CiHancCiB HelipoHa. MaTpuils Bar okpema
JUTSI KOSKHOTO 3 HeliponiB HM.

ITpu ommci mogeni HM moBoro VHDL Oynu
CTBOpEHI HACTYyIHI KOMIIOHEHTH: YOTHPHU HEHPOHHU
MEepuIoro mapy, W0 MICTATE ONHC Y YOTHPHOX

okpemux Gaitnax - sample3.vhdl, neuronll 2.vhdl,
neuronll 3.vhdl, neuronll 4.vhdl; omuH KOMIIOHEHT
BHM3HA4Ya€ HEHPOHW APYroro mapy (BOHHM OJHAKOBI
o apxiTtektypi) y daitni neuron2l comp.vhdl i
MiICYMOBYIOUYHI €JIEMEHT IMiICYMOBYIOUYOTO IIapy Y
daiti  sum_component.vhdl. Hpyruit map
CKJIaJa€ThCsl 3 TPhOX KOMIIOHEHTIB HEHpOHa
JPyToro miapy, MO IMiJCYMOBYE Map CKIAIA€ThCS 3
JIBOX  MIJICYMOBYIOYMX  E€JIEMEHTIB 1  CXeMu
TOMy IO Ha TpuUrep
HaJXOAWUTh pe3yJbTaT i3 TOrO MiJCYMOBYIOYOTO

MOPiBHSHHS, BUXITHUHT
eJIeMEeHTa, YU BUX1J OlIbIIIeE.

KoxxHMii 3 KOMIIOHEHTIB, IO NPEACTABISIOTH
HEHpOH, MICTUTh y CO001 BHU3HAYCHY KUIbKICTh
ciHamciB, OOWUH CyMarop i TpaHUYHY (QYHKIIO.
[lluna, 1110 BiMOBINAE 32 MOAAYy BXiJHUX CUTHAJIIB,
a TaKOX IHII BXiJHI IIMHK MarOTh PO3MIpHICTH &
oir (7 downto 0), ToMy IO BelHMKa TOYHICTh HE
noTpibHa.

Cinanc y Mozeni HefipoHa peaji3oBaHO y BUAI
onepauii MHOkeHHs X;;*Wij,

ae Xij - BXiJHa O3HaKa, 10 HAAXOAUTh Ha j-
TUH CiHaIC 1-ro HelpoHa,

Wi, - BaroBuii koedilieHT j-oro ciHamnca i-
ro HeWpoHa.

[lincyMOBYBaHHS oOmepye 3 YUCIAMHU Y
dopmati signed. Jns 1wporo, Tmepes TUM SIK
MiJICYMOBYBaTH, HEOOXiTHO MEPETBOPUTH PE3YIhTAT
MHOXXCHHS 3 dopMmary unsigned 'y signed 3
ypaxyBaHHSM 3HaKa JOOYTKY.

B xoxmi pobotn Ham mpoekToM Oyio 3'scoBaHO,
0 CHHTE30BaHA CXeMa  IUTKOM 3aJIeXKHUTHh BiJ
crroco0y omucy (pyHKIiIOHYBaHHS TPHUCTPOro. Ommc
HM 1 xoHTponepa Oymo 3pobieHO Ha
CTpyKTypHOMY piBHI Ha MOBi VHDL, i B pe3ymnbTarti,
MCS CHHTE3y OJIepKaHi TaKi €IEMEHTH JIOTIKH SIK
pericTpHu, CyMaTOpH, TPUTEPH i 1HIII JTOTIYHI OJTOKH,
mo Oynu 3icTaBieHI O BIANOBIAHUX OO0'€KTIB
CTPYKTYpH.

Hust (YHKIIOHATBHOTO MO/JIEITIOBAHHS
BukopucraHo naker ¢ipmu Aldec Active-HDL 5.0.
Pesynmpratn cumymamii HM o cuaTe3y 1 micms
30iraroTbcsi, IO O3HAYa€ MPABWIBHICTE CHHTE3Y
cxemu HM.

4.3 Onuc cuHTe3oBaHoOiI Moaeni

Cunres VHDL ¢aiiniB  OyB
3aificHeHuid 3 BUKOpUCTaHHAM makera SymplifyPro
7.0 Bin Synplicity® i opienToBanmii Ha Virtex-II
cimeiicteo IIJIIC 3 apxirekryporo FPGA. Byna
Bukopucrana XC2V6000 wmikpocxema ciMmedcTBa

OCTAaTOYHHUX
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Virtex-II. Bona wMicTuth 6 MIIH.
BEeHTWIIB 144 OJIOKY NEpeMHOXyBadiB 1 OJIOKOBY
nam'satb ooctsarom 2592 Koit.

Po3pobnennit

CUCTCMHUX

IOPUCTPIH  CKIANa€eTbecs 3
KoHTpoJiepa i camoi HM. Briok ynpasiiHHs mpaiitoe
Ha cucremHii yacrori 20 MHz 1 nHamae HeoOXimHi
curHanu yrpasmiaasa. KoHTponep kepye poOOTOro
HM. Bin cuHXpOHI3ye poOOTY KOXHOIO Imapy i
MOBIIOMJISIE, KOJIHM MOXHA II0aBaTH Ha BXOIH
HACTyIIHUI TECTOBUU BEKTOP.

Cxema HM, cuHTe30BaHa 3a IOTMOMOTOIO MaKeTa
SymplifyPro 7.0., MICTHTh YOTHPH KOMIIOHEHTH
HelpoHa, OZJMH KOMIIOHEHT CXOBAaHOTO 1Iapy W OJUH
KOMIIOHEHT IIapy MiacyMoByBaHHA. KoxkHuii 3
HEHpOHIB Ma€ BU3HAUEHY KUIBKICTh JIOTIYHUX
BEHTWIIIB, IO peati3yioTh (QYHKII0 HEHPOHHOIO
€JIEMEHTA.

[Micns cunTesy Oyna 3nilicHeHa mepeBipka
MPaBUILHOCTI (PYHKIIOHYBaHHS MpHCTpPOor. Take

MOJICTIOBaHHS ~ JIEMOHCTPY€  YCHIIIHICTH  eTamy
CHHTE3Y.
Cumymsimis  miciast — eramy  pO3MILICHHSA 1

pO3BeIeHHST HEOOXiHAa IS BIIEBHEHOCTI, IO
MPOEKT OyJie MpaIfoBaTH 3 HEOOX1THOIO MIBUIKICTIO,
MPUIMAIOYU B yBary 4ac 3aBaHTa)XCHHS JIOTTYHHX
BEHTHUJIIB 1 3aTPUMKY TIOIIUPEHHS CUTHATY B JIHISX.

B tabnuni 3 HaBeneHi pecypcu, BAKOPUCTaHI B
FPGA:

Ta6mauus 3
Uricio CLBs 3471 (3%)
Uuciio bonded IOBs 201 (2 %)
Uncio rinobansHuX Oydepin 1/8 (12%)
CyMa BUKOPHCTaHUX BEHTHIIIB 3948
MiHimMaabHUHR TIepion 25.405 ns
MakcuMalbHa 4acToTa 39.362 MHz
MakcumaiibHa 3aTpuMKa Ha miHii | 1.148 ns
CepenHs 3aTpuUMKa 3B'SI3KYy 3.494 ns
CepenHs pa3da3zipoBka 0.248 ns
CHHXPOHI3YIOUHX 1IMITyJIbCIB
MakcuMallbHa 3aTpUMKa 1.148 ns
KOHTaKTY
CepeHs 3aTpuMKa 3B'13Ky Ha 9.184 ns
TipIInX 3B'sI3KaX

5. BACHOBKU

[IpuBeneHa BHIE METOMOJIOTIS TMPOEKTYBaHHS
mTydanx HM opieHTOBaHa Ha amapaTHE BUPIIIICHHS
3amaui kimacudikaiii . OcoOJIMBICTh JaHOI CTATTI
Mojisira€  y BU3HAUYEHHI W aHali3i OCHOBHHX
CTPYKTYpHUX 1 (DYHKIIOHATBHUX OCOOJIHMBOCTEH
HM, mo MoXyTh BIUIMBATH HA MOXJIMBICTH  iX

aBTOMATHU30BAHOTO MPOEKTYBAHHS BiAMOBITHO 10
CydacHOi METOJMKH CHHTe3y HpuctpoiB Ha FPGA.
Onucano TIPHUITY CTHMI criocooun 00Ky
ocobmBocteir HM y mporieci cuaTE3Yy.

HM  peamizoBana Ha 0a3i MIKpOCXeMH
XC2V6000 cimetictea Virtex-1I. [Jlng ommcy
¢byakmionyBanas HM Buxopucrana moa VHDL.
OriHeHO amapaTypHi W 4YacoBi XapaKTEPUCTUKU
anapatHoi peanizauii HM.

Bukopucranus omnucaHoi METOAUKU
MPOCKTYBaHHS  JIO3BOJSIE  JIOCATTH  CKOPOUYCHHS
TepMiHiB peanmizanii HM mnpu  pamioHansHOMY
posmoziny mmomii kpucrana FPGA mmas HM, a
TaKOX ONTHMI3yBaTH CXEMHY pealizalfiio Ha
etari cuHTe3y HM.
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Jlicosuk YnsiHa leopieHa, acnipaHm kaghedpu
asmomamu3sauii ma rpoeKkmyeaHHsi
obyucrnosansHol  mexHiku XHYPE. Haykosi
iHmepecu: mexHiyHa ma meduyHa OiaeHocmuka 3
sukopucmanHsM  HC. Xob6b6i: mypusm, My3uka,
iHoO3emMHa Mosa.

JlinyaHcbkut OnekcaHOp leaHoesuy,
OokmopaHm  Kagedpu  asmomamu3sauii  ma
rnpoekmyesaHHs obuucnosarnbHoi mexHiku XHYPE.
Haykosi iHmepecu: mexHiyHa ma MeduyHa
OiaegHocmuka
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