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Abstract: In this paper, we propose a new approach to improve fault tolerance of neural networks. There
have been many studies to obtain fault tolerance by adding redundant units. However, no studies consider
importance of units. Degree of influence on outputs of each unit is different, therefore proper redundancy is
required. We propose a new technique that properly adds redundancy to an important unit by duplicating
a hidden unit that has the largest influence on the network output. We use an evolutionary neural net-
work which automatically acquires the structure of the network by evolutionary computation. This allows
redundancy in any network structure. We apply the proposed method to the swing-up inverted pendulum
problem, and show that the proposed method has more fault tolerance than compared methods.
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2=y FEFTHRL, A= N, N4 T A, Wi
bERE L 7S EO T Z A L 72 [2]. Bernier 5
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Propagation DI, # G 1 B AE O T4 e & fie/Mb
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Fig. 1 An example of RFCN structure. The table is a genotype
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and the graph is a phenotype.
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Fig. 2 An example of the proposed method structure. The
table is a genotype and the graph is a phenotype.
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Fig. 3 A swing-up inverted pendulum model.
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Ralb—b7ar I ATHRELEEHEL, —EAT Y
THROMTHREIH f 2525 L THETZAVTW
MEFR) EIF TRV 4522 HME LTS, i
2OV TIE, 2=y POKEMEA 0 £7213 1 IKEES
% stuck-at-0 (or 1) fault 4% .

4.2 EERETE
4.2.1 REREEER/INTX—4%

K1V Ialb—+70r 7 L08ERE, | 2I12GA
DINTA—=% FIIZRFCN O T X —%, ZFLTEK 4
IZ RFCN THW - A R, £ 3 OGO
1, K2 oW BEEEIELTWA, RETETIE
WEFEICL > TEG SNy M ICB LT, i
HEFEOL =y MO EDoTLE ). RERTIE
2=y MEPSADICKEEL TWAZ & EMEET 5720,
WEREPOHEL y MIEREES S, 20720, (R
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4 V3Iial— 7y T AFETHE

Fig. 4 An execution screen of the simulation program.

K1 YIal—1+7ar T L0RERE

Table 1 Environment settings of the simulation program.

ST A—4 fili

BB OIE (m) 3.0
#J) (m/s?) 9.8
AEOEE (kg) 1.0
BEOMIE (m) 0.25
HoE®E (kg) 0.2
oS (m) 0.5
JEVEAREL 0.05
RKIVI (N) 40

RHPE (m/s) 16

WAMEE (m/s?) 10

£2 GADONTA=%
Table 2 GA parameters.

INT A—H WEFE Wk
LR~ 10,000 15,000
WRAT v 78 1,000 1,000
BUEAEL 150 150
TR 30 30
HALZRETL MGG* MGG
A 0.9 —
TERIEFREE My, 0.0 0.0
TERIEREE My, 0.01 0.05

* Minimal Generation Gap [19]
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* 3 RFCN O/NRF x—%
Table 3 RFCN parameters.

NI A—=%

) B %K 4 # B,

T A—=% 025, 0.5, 1.0, 2.0
IOV fast, slow

L &WH +1.0, £0.5, £0.25, 0.0
KA +1.0, £0.5, +0.25, 0.0

#& 4 RFCN OHJjB%%
Table 4 Output functions of RFCN.

L X ERS (Th) f@):{a (@>0)
0 (z<0)
T 7EA N (Sig)  f(x) = L
exp(—ax)
SR (Lin) f(@) = az
0 (z<0)
X# e % (PL) fl@)=qazr (O<z< é)
1 (<2

s )=y NI 7T A FEEDPKOBIEEEEZ V.

4.2.2 Fv b7 =7 OHIFERRIIHIE

AL 72 RECN 2SHIENIZ ) L7272 &) 2D e &k
W&, THEDS 7 £5° Tk 600 A7 v THIIC& /228 ] &
T4, BORMEERE LTIDX) st LR
12125 o7 C ERMWARELMERTUE, 2 L7zl
HTETNDEVH P TEL7:0TH 5.
4.2.3 RFCN OAHA

ANE, BHEOME, BEOERE, BOME (cosine,
sine), MOMHEED 5D TH b, ANIIONWT, BOMAE
=M E AR, TEHATIIAEL0 & 2r OfF
L), ZOFFTRELLMETHUMEZ LA Tdk
SV THA. 00, ZMEMEHVLZ LT
R ZMEDOZALTAT ZHIHTE B X )12l B
DV, 1)) o OHEIPAIZ[0,1] THH. ZOFPHER (1) I
5 T [~ fmazs fmae] DHEIIZZL, BHEIZHT 200
T2 foar 3F 1 ORKNDER—TH 5.

f=2"faz - (0—0.5) (1)
4.2.4 ESERE

WHEFE ORI evaly 135K (2) TRHEAET 5.

eval; =0.2- (1 —x) + 0.8 (1 + cosh) (2)

T EHLE 0 LT ARBEOME, 013 %00 & LD
AETHL. 2F0, BEIFLISEL, B LFIZH 5
FEEBEICEDSEL 2D, TNENOFMOEAR L DO
DY — v ERRL, ROKE L THFEBREIHEONIMEE
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Fig. 5 Stuck-at-0 fault.

10068 T T T T T T T T T T T T
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80 RFCN20 —5—
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M oso FFNN10 —>%— |
8 | FFNN20 —5— |
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30
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HIER(%)

6 = O 1 DG
Fig. 6 Stuck-at-1 fault.

FIH L7,
ik 5 i 2738 B D B BE B ewal 13X (3) CTRIMET 5.

evaly + Zfil evalt
1+ H

(3)

evaly =

Hiiz=y MEFIZH b 1=y bOFERT. evall 131
—y MEO i FHOL =y FOE L7 L X oI
Thb. 2F), ¥XTOI=y MNPEWLRGEL, W%
Ev b=y MEOLZZ Y P SENEN L OWE L 726
DY % B e 7 I & L CRF T 5 .
4.2.5 RFE

AREBRTIE, WikEEL2EETLIHETLELE LT
Emmerson > ®Fk (1] # 3@ OREER NN (FFNN) (2
BHLFEEHCZ, @012, WigkEEs AL Tui
Wiy b —2 %, W=y SO¥E 5 TIER L 72
(RFCN5, FFNN5). #®f%, RFCN & FFENN Ojiiffi 5
WrEFEHEE Ay V=2 %, =y MR FR
Z1 10, 20, 40 DAL TITo72 (RFCN10, RFCN20,
RFCN40, FFNN10, FFNN20, FFNN40).

4.3 ERBEREER
X5BLU0RK6 1281y MIEDLEL=Y FD

g (MER) L, FRICEBBIIROMER T T 7 % RT.

I EE 5% % AT 250 AT DOFIME L 5. b S
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R5 WELETALYOEE
Table 5 Rates of acquired filters.

stuck-at-0 fault  stuck-at-1 fault
MAX filter 45% 1%
MIN filter 55% 96%

BhHIL=Zy MIOWTIE, BT v ¥ Al E L. 2
NOEOMERLY, RETFEFETE L & R i
FTETWAIENGhol, 2=y FOWEEAT 0 DL
&, MBEEED 20%DHETIE, REFETITENICL-
TR R A 65%I L L7, Lo L, BT Tikize
AL ERR SN, ZHIZE - T, —REFEICL AT
BALOF oML RS e TE. F2, 2=y b
DHFEAED 1 D& &, HETFETIIRESRD 20% T X T
DA BV THIIED 30% % Tlil> T b2, REFE
T 7T0%L ORI MR 5 2 L AT &7z IREFE
T, 2=y FOEEEZZEL TLRLEZIT) 2L T
7720, MEOEHEGS 2L LT, HIICEE LR
Zy MEELNET A2 LT, KR EMEHRTE20
EEZBNL. S5, BETFE, METFEOEILALD
BAICBWT, 22y MIE#ES LTORIIRE LAY
GLABENLTWD I e hrol. ZD720, 2=y b
e A2 L CO RO FAICHES 5 L3RG %
W, L LICEILET) 2=y FEBA R LT, RET
FEOTNT) AL ZWAT 52 LI X o TRBEMICHEIER
LA SELIENTE Z00, 22y hOFEHR
MRS TOTIEL L, EDLILBTILIT) AAICLEST
T % S T 2 DN EETH D 2 L D50 7.

R 5 IRFEFIECBT S, WHESEHICBWTER L
T4V DEEE =y FOREEIZS)CORYT. 2=y
N OWBEEAS 0 DAL, BEOL=y MJIZIELAD
#HPICH D, WEEESEORIZH L0, EELOHED
EETEDLLHIICTANIOEENZITINTLERY, H
HOFRREZNT Y AREHTETWDL I LG5, L
—y FOWMEMED 1 OBAE, BN 2BAL I EHIE
1Bz, BBEL T 2 3§ % 720121313 3T MIN
T AV DRERE N, CORRENS, HEHEICE L CE
Y74y OfiHx HYIESETE 2 L2905,

5. ¥EHESEDEE

KL Tl, BHoOPELI=y F250 /213 1 ICREES
NLMEIZDWT, 2=y bOTLEALIC & V) i kbt % 58
BILFEERELL. TRLICELT, 2=y POEE
ErEEBTHIET, 2y NI = CEELEE T RT
Iy NEERMICER L, F, BRIy M E
=y MMEELTLIDWFED, 22y NEOH IR 7 4
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oo FERIZL T, BEELRI=Y P THAHITETLENTE
TWAZD, WMERIHEZ THORIIREMEFTEL LS
Slrols. T, TANMVITICE o THERTE L ) BIFIC
=y POMEERINTE L Z EEMER L. X512, Mk
fEIISCCEY % 7 4 Vs OFHZEST LN TET,
SHOFEEE LTI, RIFZETIE NN OfgkEx 227 0 )R
FELZDDIZLTWAZ2D, 45113 L)% D NN D
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