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PO3POBKA CTPYKTYPH HITYYHOI HEUPOHHOI MEPEXI ITPUJIAJTOBOI
CUCTEMMU MOBIJIBHOI'O POBOTA

/Jlas o6uucaeHHs 3 8UCOKOI0 moyHicmio gidcmawi 0o nepewkodu 3a 3HAYEHHAMU KiAbKOCMI ATMUAbHUX IMNYAbCI8
ma weudkocmi yaAbmpaseyky 8 nogimpi nposedeHo po3pobKy ma aHaniz modeseli wmyuHoi HelipoHHoi mepedci (ILTHM)
muny Feed-forward (FF) i Cascade-forward (CF).

3a pesyabmamamu npogedeHozo aHanizy LLIHM muny Cascade-forward nokasaau kpawi pe3yasmamu, Hixc [LIHM
muny Feed-forward, npu yvomy CF-mepedci 3a mouHicmio maroms npubausHo odHakosi pesyssmamu (045 LLIHM 3 odHum
npuxosaHum wapom MSE=1.577 mm, MAE=2.035 mm, a das IIHM 3 dsoma npuxosaHumu wapamu MSE=1.412 wmm,
MAE=1.892 mm). O0Hak 3a paxyHOK Kpaujux mo4HiCHUX xapakmepucmuk 0151 BUKOPUCMAHHA 8 npu/1adosux cucmemax MP
npononyemocs [ITHM CF-muny 3 dgoma npuxo8aHuMu wapamul.

Kawuyoei cnoea: wmyuHna HelipoHHa Mmepedca, Mo6iabHUll po6om, npuaadosa cucmema, HABYAHHS, HelUpOH,
nepedasasnvHa OyHKYis, PyHKkYisa akmueayii, cepedHbokeadpamuyHa noxubka, NpuUXo8aHutl wap.
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DEVELOPMENT THE ARTIFICIAL NEURAL NETWORK OF THE MOBILE-ROBOTS DEVICE SYSTEM

To calculate with high accuracy the distance to the obstacle by the number of counting pulses and the speed of
ultrasound in the air, the models of an artificial neural network (ANN) of the Feed-forward (FF) and Cascade-forward (CF) type
were developed and analyzed. The nature of the nonlinearity and the complexity of the relationship between the parameters are
unknown in advance, so the number of hidden layers, neurons in the layers and the activation functions of neurons are chosen
experimentally. As a result of the analysis, a set of 69 ANN models of different structures was developed and analyzed. For
learning, the method of backward propagation of error was used. Based on the results of the analysis of 20 CF-type ANNs, the
most accurate is an ANN consisting of 6 neurons with transfer function (TF) tansig and 9 neurons with TF purelin in the hidden
layers and one neuron with TF purelin in the output layer. As a result of the training of this ANN with the duration of the 42nd
epoch, the mean square error (MSE) of the training was 0.723 mm, and according to the results of the ANN testing on an
additional sample, the MSE was 1.526 mm and the average absolute error was 1.965 mm.

Since in the learning process the full sample is divided into parts (60% for training, 20% for testing during training
and 20% for testing), then the adequacy of the developed models was not tested on the training data vectors. For the final
selection of the ANN structure, the samples for testing and testing were combined in a total size of 50, and the accuracy of the
models that had previously shown the best results was checked on this combined sample. Based on the results of the analysis, the
ANN of the CF-type showed better results than the ANN of the FF-type, while the CF networks have approximately the same
accuracy (for an ANN with one hidden layer MSE=1.577 mm, MAE=2.035 mm, two hidden layers MSE=1.412 mm, MAE=1.892
mm). However, due to the best accuracy characteristics for use in MR systems, an ANN CF-type with two hidden layers is
proposed.

Keywords: artificial neural network, mobile robot, instrument system, training, neuron, transfer function, activation
function, mean square error, hidden layer.

IIpoBenenuit B [1] aHami3 TOKa3aB, [0 iCHYIOTh JOCHUTh CHJIbHI KOPEJSIIMHI B3a€MO3B’SI3KH MiXk
BIZICTAHHIO JI0 NEPEIIKOIH, BUMIPIOBAHOIO YJIBTPa3BYKOBHM JAJIEKOMipoM MoOiIpHOrO podoTa (MP), Ta KijbKicTio
JYMIBHUX IMITYJIBCIB 1 IIBUJKICTIO YIBTPa3BYKy B MOBITPI, sika € (QYHKII€I0 TpynH KiiMaTH4HUX (akropis. Tomy
came IIi HTapaMeTpHy HEOOX1THO BUKOPUCTOBYBATH SIK iH(OPMAIiiHi JUIS BU3HAYESHHS BiZICTaHI J0 MEPEIIKOIH.

st 300py aHMX IpH IOCTaHOBILI excriepuMeHTiB MP mepemintyBascst mo npsimiid 3i mBunkoctsimu 0.25
m/c, 0.5 m/c Ta 0.75 M/c, a yac mepemimieHHs BHOMpaBcsS TakMM 4YHMHOM, 00 mnepemimenHs MP ckianano
mpubau3Ho (3...5) M. [Ipu nmepeminienni MP 39utyBanucs mokasaHHs yJIbTPa3ByKOBOTO JallekoMipa 3 4acTOTOO 5
I'm, xiHmeBa Touka mepemimeHHs (ikcyBasacs 3a JOMOMOTO0 30BHIIIHIX BUMIPIOBaHB, a 33 OTPUMAaHUMH JaHUMHU
po3paxoByBaymcss 10 mpomikamx mnos3umii MP. Jlns mocimimpkeHHS B3a€MO3B 3Ky MiX BHIIEBKa3aHUMHU
napaMeTrpamMu CTBOpeHO BHOIpKy 3 200 KOHTPONBHHX 3Ha4eHb. XapakTep 3B’S3Ky MiX IUMH IapamMeTpaMu €
CKJIQTHAM 1 3aJIS)KUTh BiJl 0arathox (akTopiB, SIKi BAYKKO BCTAHOBUTH aHATIITHYHO.

Jltst o04mCIIeHHs 3 BUCOKOIO TOYHICTIO BiJICTaHI IO TIEPENTKOAM 3a 3HAYSHHSAMH KUTBKOCTI JIIYMIIBHUAX IMITYJIBCIB
Ta MIBHJKOCTI YJIBTPa3BYKy B IOBITPI MPOBEJACHO po3poOKy Ta ananiz moaened IIIHM tuny Feed-forward (FF) i
Cascade-forward (CF). Xapakrep HETIHIHHOCTI Ta CKJIaJHICTh B3a€MO3B’SI3Ky MDX IIapaMeTpaMH 3a3jaleriipb
HEBIJJOMUI, TOMY KUIbKICTh NPUXOBAaHUX IIApiB, HEWPOHIB y Iapax Ta (yHKIII akTHBaIii HEHPOHIB BUOMpANIHCS
eKCIIepUMEHTANILHO. B pe3yibraTi nmpoBeneHOro aHaiizy CTBOPEHO i IpoaHanizoBaHo Hadip 3 69 moxpeneit IITHM
pi3HOi cTpykTypHu. Jlisi HaBUaHHS BHKOPHCTOBYBAaBCS METOJ 3BOPOTHOTO IIOIIMPEHHS IOMWIIKH. 3HAYCHHS
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1 L
cepenubokBaapatuynoi momunku I[THM pospaxosyetsest 3a Qopmynono E Z—ZZ(yf —mf 2)2, ge L —
k=1 j

PO3MipHICTE HABYATBHOI BUOIpKM; /7 , — Hapa eTalOHHMX KOOPAMHAT peanbHoi mosumii MP.

Jnst HaBuaHHs [ITHM B SKOCTI €TallOHHUX 3HA4Y€Hb BUKOPHCTOBYIOTHCS KOOPJWHATH peaibHOI MO3HIIil podoTa,
sIKa OIIHIOETHCS 3a TOTIOMOTOIO JIBOX MMITXOMIB — BijeopeecTpairii poboTa 3a JOMOMOTrO0 KaMepH, 3aKpilieHOi Ha
cTeni, 1 pydyHoro BuMipioBaHHs. byna 3aiificHeHa cipo6a BUMIpIOBaHHS peayibHOT 1O3ULIT Ha OCHOBI 1H(PaYepPBOHUX
JTAJICKOMIPIiB, aje MOXHOKM IaHWX CEHCOPIB HE IO3BOJIMJIM 3POOWTH BHCHOBOK ITIPO pPEANBHY SKICTH POOOTH
HeHpoHHOT Mepexi. [y HaBuaHHS HEHPOHHOT Mepexi Oyia miroToBJieHa HaBYalbHa BUOIpKa 3aralbHUM PO3MipoM
L =120, npu upoMy BIIaCHE ISl HABYaHHS BUKOPHCTaHO BUOIPKY po3mipoM 70, a /i mepeBipkd NpH HaBYaHHI Ta
TecTyBaHHs — BUOIPKH po3MipoM 110 25.

HaBuanHs 1 TectyBaHHS mpoBoAMiocs 3aco0amMu nonatky Neural network toolbox makeTy NpPHKIIaIHOTO
nporpaMHoOro 3abe3neuents MatLab 3a nonomoroto GYyHKIT trainlm 3 BUKOPUCTAHHIM JITOPUTMY, IO MOIUDIKye
BaroBi koedirieHTH i 3cyBH 3a MeToI0M onTuMmi3zallii Jleenbepra-Mapksapara. Kpurepiem epexkTHBHOCTI HaBYaHHS
Oyna cepemupokBagpatudHa mommika (CKII), a makcmManpHa KimpkicTh emox craHoBmia 100 ©e3 gwacoBoro
obMexeHHs mporiecy. PoboTy kokHOT 3 cTBopeHux mozeneit [ITHM Oyrno mpoTecToBaHO Ha MOMATKOBIH BUOIpI 3
25 3HaYeHb, SIKI HE BUKOPHCTOBYBAJINCH B Mporieci HapuaHHSI. OCHOBHUMH KPUTEPISIMHU Al BHOOPY ONMTHMAIbHOL
cTpykrypu i napamerpiB IIIHM Oynu cepennbokBaaparuuna (MSE) Ta cepennst abcomorHa (MAE) noxnbku npu
MOPIBHSHHI AIHCHUX 3HAYEHb 3 JAHWMH, OTPUMAaHUMH B pe3yabTati podotn LIIHM. B pesynberarti maHoro BuOopy
OyJ10 BiIKMHYTO HaJMIpHO a/JanTOBaHi MOJIENI, 110 HE MiIXOMATh I pealli3alii, a TAKoX Ti, 0 MalOTh BiJIHOCHO
BUCOKI TIOXHOKM 32 PaXyHOK CTPYKTYpH, LIO HE BIANOBiJa€ XapakTepy B3aeMoO3B’s3Ky. Jlanmi pos3risHeMo nesiki
ITHM, nipu MozeItoBaHHi SIKUX OyJI0 OTPUMAaHO Kpallli pe3yJIbTaTH.

3a pesynbraramu aHamizy 18 pospobienux Mmopnened tumy FF 3 OIHMM NPHUXOBaHMM IIapoM HaWKpari
pE3YJIbTaTH 32 KPUTEPIEM MAKCUMAIIbLHOT TOYHOCTI oTpuMaHo mpu BukopucTanHi [IIHM, ska Mae mpuxoBaHUH 1map
(Hidden Layer), mo ckinagaeThCs 3 BOCBMH HEHPOHIB 3 tansig-QyHKIIE0 akTHBalii, 1 Buxigauit map (Output Layer),
SKAHA CKJIaJa€ThCS 3 OJHOTO HeipoHa 3 logsig-pyHkuieto aktuBanii. Hapuannas [IIHM npomomxyBasiocs Bin 20 mo
100 emox, mpu mpomy CKII 3amexxHO Bi CTPYKTYypH Mepexi (KiIBbKOCTI HEHPOHIB y TPHUXOBAHOMY IIapi) Ta
KIJIBKOCTI €MOX HaBYaHHS 3Haxoawiacs B Mexax Bim 1.357 mm mo 2.352 mm. BubipkoBi gaHi momo pe3ynsTariB
ominku CKII naBuanus [IIHM B 3anexHOCTI Big cTpykTyp Mepex tuny FF i CF HaBeneHi B Tabm. 1.

Ta6muus 1. Pesynpratn oninkn CKII Hapuanns IIIHM B 3anexHOCTI Big CTpYKTYyp Mepex tuny FF ta CF

KimpkicTh HEHWpOHIB y NPUXOBAHMX  MIapax Ta

N CeperHbOKBaIpaTUIHA noxuoka
KUTBKICTh €MIOX HAaBYaHHS (3HAYCHHS HABEICHO B

HaByauusg [ITHM, Mmm

JIy’KKax)
Feed-forward Cascade-forward Feed-forward Cascade-forward
rap 1 mrapu 112 miap 1 mrapu 112 rap 1 mrapu 112 | map 1 mrapu 112
6 (100) 814 (40) 5(25) 618 (28) 2.352 1.989 1.767 1.388
6 (50) 814 (26) 6 (206) 618 (36) 2.097 1.761 1.544 1.159
6 (20) 1014 (30) 6 (32) 719 (32) 1.783 1.663 1.431 1.212
8 (100) 1014 (16) 7 (26) 719 (40) 1.649 1.526 1.372 1.034
8 (50) 1115 (26) 7 (32) 619 (36) 1.516 1.478 1.045 0.865
8 (20) 1115(16) 7 (40) 6i9 (42) 1.357 1.367 1.154 0.723
10 (50) 11i7 (26) 8 (22) 718 (30) 1.492 1.143 1.267 0.882
10 (20) 1117 (16) 8 (30) 718 (44) 1.565 1.259 1.193 0.911
12 (50) 1216 (30) 9 (26) 8110 (32) 1.886 1.371 1.233 1.055

B mporeci mocmimkeHb KUTBKICTh HEWPOHIB y MPUXOBAaHOMY IIapi 3MiHIOBajach Bix 6 o 12. IIpu 30inpmenHi
KinpkocTi HedpoHiB g0 15 [IIHM 3amam’stoByBana BXifHI 00pa3u i Ha HOBHX JIaHHMX IOKa3yBalla HE3aJOBUIbHI
pesyibratu. IIpy NOpiBHSAHHI 3HaY€Hb BiACTaHI IO MEPEIKoan (TI0TOYHOro nosokeHHs: MP), orpumanunx 3a jgomo-
mororo [ITHM, 3 nitfichumu 3HauenHssMu BusHaueHo, mo CKII cranoButs 2.943 MM, a cepe/iHs aOCONIIOTHA TOXHOKA
ckmanae 3.862 mm. Haiikpami pesynbraTté npu asamizi 16 Mepex Tumy FF 3 1BOMa NPUXOBaHMMH IIapaMH
orpumano npu tecrysanHi IIIHM, npuxoBaHi mapu sikoi ckiajgaroTeest BiamosigHo 3 11 Ta 7 HelpoHiB 3
nepefaBaIbHUMKE (QYHKUISIMH fansig, a BUXIAHUI [Iap — 3 OJHOTrO HEHpOHa 3 aHAJOTIYHOIO IepelaBaIbHOIO
¢dynxkiiero. Hapuanast Mepesxxi TpuBaiio 26 enox, a CKII mapuanus ckinamae 1.143 mwm (Tabu. 1). 3a pesynpTaTamu Te-
cryBaufs LIIHM na nomatkosiit BuGipiii orpumano CKII 2.492 MM Ta cepemnio abcomoTHy TOXHOKY 3.251 MM.

IIpu mocmimxenni kackagaux [ITHM tuny CF 3 oqHHM MPUXOBaHUM IapoM cepex 15 BapiaHTIB MaKCHUMaIbHY
TOYHICTH TPY HaBYAHHI OTPUMAHO B MEpeXi, MPUXOBAHUH Iap SKO1 CKIATAEThCs 3 7 HEHPOHIB 3 MepeaaBaIbHIMHU
¢yaxuaismu (I1D) tansig, a Buxigawii map — 3 oxgHoro HelpoHa 3 I1® /ogsig. HaBuanns IITHM mpoxommmo 32
enoxu, npu 1pomy CKII HaBuanus ckmamae 1.045 mm (tadm. 1). OmHak nmpu MOPIBHSHHI JIMCHUX 3HAYeHb 3
BusHaueHnmu 1ITHM CKII cranosuia 2.247 mm, a cepeans adcoitoTHa moxuoka — 2.919 mm.

Tomy 1o TouHICHI XapakTepucTuKH naHoi kackaanoi IITHM npubnusHo Taki cami, mo i y mepexi tuny FF 3
JBOMa NPUXOBAaHMMHU IIapaMH, OyJo po3poOneHo, HaBueHO 1 mpoanamizoBaHo 20 IIIHM CF-tumy 3 nBoma
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MIPUXOBAaHUMH IIApaMH. 3a pe3ysibTaTaMH IPOBEACHOro aHaizy HaiOinbm touHoro € IIIHM (puc. 1), sika
cKiaaeTses 3 6 HelpoHiB 3 [1O fansig 1 9 neitponis 3 [1® purelin y npuxoBaHMX 1apax Ta oAHOr0 HelipoHa 3 [1P
purelin 'y BuximHomy mapi. 3a pesynbraTamMu HaBuaHHA Takoi LIIHM TtpuBamictio 42 emoxu orpumano CKII
HaBuaHHA 0.723 MM (Tabm. 1), a 3a pesynpratamu tectyBanus LIIHM na nonartkosii BubGipmi orpumano CKIT 1.526
MM Ta CEPeHI0 a0COMOTHY TOXHOKY 1.965 MMm.

Hidden Layer 2

1

Puc. 1. Ctpykrypa IIHM Tuny Cascade-forward 3 1BoMa NnpuxoBaHUMH LIapaMu

Tomy mo B mpoieci HaBuaHHS 3aranbHa BHOiIpKa posaiieHa Ha yactuHu (60% s naBuanHs, 20% ais
nepeBipkn npu HaB4aHHI Ta 20% U1 TECTyBaHHS), TO aJE€KBAaTHICTh PO3pOOJICHUX MOJeNIe He mepeBipsuiacs Ha
HaBYANBHUX BeKTopax naHumx. s ocratognoro BubOopy crtpykrypu IIIHM Oyno o6’emHaHo BHOIpKH ais
TECTYBaHHS 1 IEPEeBipKY NpU HaBYaHHI 3arajJbHAM po3MipoM 50 Ta mepeBipeHo Ha miif 00’ €THaHIi BUOIPIi TOYHICTH
MOJIeIeH, 10 MOTePeTHRO MOKa3aIu HAMKpaIli pe3yIbTaTH.

3a pesynsratamu nposeneHoro anamizy IHHM tuny Cascade-forward moka3zanu kparmi pesynstatd, Hix [ITHM
tuny Feed-forward, nmpn oMy CF-mepexi 3a TOYHICTIO MalOTh NPUOTU3HO OAHAKOBI pesynbraté (st [ITHM 3
ONHMM TpuxoBaHUM mapoM MSE=1.577 mm, MAE=2.035 mm, a mus [IIHM 3 gBoMa NpuUXOBaHUMH IIIapamMu
MSE=1.412 mm, MAE=1.892 mMM). OnHak 3a paXyHOK KpallMX TOYHICHHX XapaKTEPUCTHK JJIsi BUKOPHCTaHHS B
npunanoBux cucremMax MP npononyerscst HIHM CF-tummy 3 iBoMa IpuxXoBaHUMHU mapamu (puc. 1).

Po3paxyHOK 3HaueHHs BIACTaHI 110 NepemKoad (MoToyHOI KoopauHatH MP) 3a pesynbraTaMu OLIHKH
LIBHJKOCTI yJIBTPa3BYKY B IOBITPI Ta KiJIbKOCTI JIIYMIIBHUX IMITyJIbCIB IPOBOIUTHCS 3a TAKMMH (hopmyinamu [2]:

L= {02t 1) Sl o 2 )

B OO U TR0 HW) PRI N 3 7 NE O W ol VS W

e f —byukuis  akrwBanii  Heifpona; n,k —mopankoBi  HoMepw  HeHfpoHiB  ImapiB;

f (V3 ), f (N )—HpI/IBGI[eHi CUTHAJIM IIBUAKOCTI YJIBTPa3ByKy B MOBITPI Ta KUIBKOCTI JIYWJIBHHUX IMITYJBCIB;
Y, . . N 12 o . .

w/, b/ —BaroBi koediuientn Ta 3cyBH HeHpOHiB; @, ,d, — BUXiAHi CHIHAIM HElpOHIB MEPIIOro i APYroro

MPUXOBaHUX IIaPiB.
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