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W O A TR R 435 AALHAERE £ 4L (broad-learning-based dynamic fuzzy inference system , BL-DFIS) 4& & )
A AR ] A9 AL FF IR AT RAFH - R ML, AR, LB 3] KA H 409 4035 £ 0T, BL-DFIS H A% 4% % AL
W) K B A B A AH B 0GR A, ATt LT AR R T R AN B vA. 2k, 4R E — A R o K A A T AR
BREAAD 22 W %, N AR A 45 AEY R 44 FAUE) B B 3048 A7 22 W % (FA-RVFLNN). f23% R4 | —AvA R4 4045 4
#r 89 RVFLNN #4845 4 £4k45 47, BL-DFIS | A V4 8 AP, X &7k & FA-RVFLNN &4 B4 M AR8 iR 4E A 69
AR b T RS MEYIE R SAL A Sigmoid MUE R4k, B b, L AEIE A2 T 5 B — AP AT 48 H T (I-OR) R /@
B, do B, BA BR B A SUE) RIS NSRABAA BY TR ARG IR BT AL A A 444849 R4 T, FA-RVFLNN
TARIGEP S AT EFEMT EFINEFZOA AR E. £ A FA-RVFLNN BLRE T T4 H#H
RVFLNN # if % 32325 & R a9 DLNVR 194, 442 3 T M6 AN 45 ) BL-DFIS 89 7T f# A (-39 AEAL I 4%
MART 50% A A), iz fefe M AL LR BA 554 ).

R TS ] A G AT A g AR R FEALE) B B 448 AY 22 W % (RVFLNN); Sigmoid #07& &4k, T ffAE
FEES S TP18

HpScH RS R AR, TR RRHED R R BE AL IR R bR U N 4 I 4% B AR 2R, 2024, 35(6): 2903-2922. http://www.jos.org.cn/
1000-9825/6920.htm

H3C 5| F#%30: Long MS, Wang ST. Feature-augmented Random Vector Functional-link Neural Network. Ruan Jian Xue Bao/Journal
of Software, 2024, 35(6): 2903-2922 (in Chinese). http://www.jos.org.cn/1000-9825/6920.htm

Feature-augmented Random Vector Functional-link Neural Network

LONG Mao-Sen, WANG Shi-Tong

(School of Artificial Intelligence and Computer Science, Jiangnan University, Wuxi 214122, China)

Abstract: The broad-learning-based dynamic fuzzy inference system (BL-DFIS) can automatically assemble simplified fuzzy rules and
achieve high accuracy in classification tasks. However, when BL-DFIS works on large and complex datasets, it may generate too many
fuzzy rules to achieve satisfactory identification accuracy, which adversely affects its interpretability. In order to circumvent such a
bottleneck, a fuzzy neural network called feature-augmented random vector functional-link neural network (FA-RVFLNN) is proposed in
this study to achieve excellent trade-off between classification performance and interpretability. In the proposed network, the RVFLNN
with original data as input is taken as its primary structure, and BL-DFIS is taken as a performance supplement, which implies that FA-
RVFLNN contains direct links to boost the performance of the whole system. The inference mechanism of the primary structure can be
explained by a fuzzy logic operator (I-OR), owing to the use of Sigmoid activation functions in the enhancement nodes of this structure.
Moreover, the original input data with clear meaning also help to explain the inference rules of the primary structure. With the support of
direct links, FA-RVFLNN can learn more useful information through enhancement nodes, feature nodes, and fuzzy nodes. The
experimental results indicate that FA-RVFLNN indeed eases the problem of rule explosion caused by excessive enhancement nodes in the

primary structure and improves the interpretability of BL-DFIS therein (The average number of fuzzy rules is reduced by about 50%), and
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is still competitive in terms of generalization performance and network size.
Key words: broad learning system; fuzzy inference system; feature augmentation; random vector functional-link neural network
(RVFLNN); Sigmoid function; interpretability

Kt AL 7] 5 bR B A 28 I 4% (random vector functional-link neural network, RVFLNN) A& —Fh 45 f fj s, Il
R 11 T8 ek HOE I U2, i FLIE B R (2 A B, LB R B8 AR AT A 37 B T AT A B A T EE AL
RVFLNN 755 2 AT A M 4% (SLENs) (19— M I T B s, X PP 8 PR B 1) I N 58 T 099 2% IRV R AR 26 7S g
J3. R TR 1125, RVELNN S REALAE b4 585 s i AR RN 2, 775 F 5 300 A AT o 5 i 1R 2 e e I AU
BT, DRIt YN o BRI SCHR [3] 4 th— B Sha i 48 HR 50925, 145 RVFLNN 7R8I 1 B 4 AN R0 38 i 4y
SUIRF, TG T T R 2 100 45 B R S i R AN

9 T $& % RVFLNN [z (b PERE, —LeiF 0 8 7R R 27 S AR B R R, wevk th B A 2 AN 380 2 1R B
RVFLNN. X80 % RVFLNN fE 454 b 24 3 58 & 20K RVFLNN., £ R RVFLNN A &R &
RVFLNNML Hrf 48 sQUR B RVFLNNC R 22 2 8 0 (6 484 5 2 RS2 RS (MR B2 S 41, L Bt
A SRRSO J2 5 i 2 2 T, A B RVFLNN(CRVEL)YL. ] A I 2 3% 12 48 Bt )2 DA S e b ) P o )
JR A B, 1 dRVFLY, 82 iR ¥ RVFLNN(edRVFL) K 8 "% 5 SR RVFLNN 5 &, Ul 1 VF S8R FIRHE
R SR, IR RE RVFLNN R At % B 2% > 570 — 4 T 15 25— o R, {91 254 1 2 ) R o Ay 2 o A
BT, 0 454 2 50 R e o R A g A

%2 2] R4 (broad learning system, BLS) #4E T—Fh AN 1] 13 8 45 #2721 (0 S0 O B0 WSk 5 HE A Ay
RVFLNN Fr N, 34 20 H =2 s i N R, 7RSSR 1, BLS RS IR AE Y s RN 8 4y A, 7ESE R Ly Jepd
B, R E G BT RS N A0 ERE. BLS thidd Oy i iz S s 2 SRR 248, 1 LR A 20 BB FE )
PHIFIE ST 3 R hE 2y Sk, A RATEN IR A L R AL BG0RTY A5 T R AL P 4%,

T, ANTAAS B I 40 22 0 2 B AT R () P e, T B L AT AR R IR A T i IR, WA R PRl e
N BRG] B ) 7 SERIATLAT A A U0, T AR R A v K R G R A L A AT AR e SR A A b,
WA A3 FH P 25 2 o3 AT R Y000 HE A8 1) D R T RS R 2R 4903 A B o SCHE RSO B 11 TF-THEN A JU) ke ik JL Ak 2
TR, T HE A U A N SRR L il ) R Wk 72, 2 T ANATVER AR O e 52, DRI, R I A PT ARE E  ER R 4
B — R AL R R S 2RI, b 35 44 B9 Takigi-Sugeno-Kang (TSK) 24 U1 Mamdani 78 M2, B R 48
1) i ] R AP DA K A 22 I 2% i 19 B3R R B RE T, W5 [ B 9 8 AT DR ASTRI 41 28 2R e iR N B A 2 I 286, g i 42t
R P 22 109 4, ASER Ao 0 0 2% T AR v 2 B BRI, )N B T s Rz A PR R AN BOE R AR S B R R
ANFIS!U I H 58 A BOp) o 46 90 406 0 8 Y 22 A AR 4 U105 LA 30 T 2 (8 .

F AR BLS TEZ AL RE RV I S EaRI R, (AT TEVEN B B I 22 SRR s PR R A — o B R iR (]
fEREMEEL 59). DAL, — YU 2230 BLS FIBOMI RGEHATRlLG, S0l tH— B BRIt 28 I 2%, BB A B0
FRAE 70 BLS. B0 58 2 5] R 40 (fuzzy broad learning system, FBLS)!' ' iF & Hi 22 —, FBLS ¥ BLS HI4FAETY £
B A TSK BOWI T R 4¢, ik BLS HA THEUIHERLRE J). 5 &S0 ol 22 M 45 AH LL, FBLS A 45 50 (M 25k
T [0 FEASERA R DU B, 75— P2 B L G U A ) . 2 5, SCHR [18] 7F FBLS S5 #4118 4li I, $2 1 T —Flopuflir ife
i SR AL % P AR 4 22 X 4% (CFBLS). B4k FBLS il CFBLS 7EAEAf LRI AT AR vk _L#(H % K AT R, B e
TevE 8 A 1EAS R A A T RO B . X, SCHR [19] #2108 T 55T BLS IS ABOHI i # & 4 (BL-
DFIS), ‘& 4&— L BLS NHELE K] TSK #2245, BL-DFIS Al ELM-AEPO S I (1w shf >k A= B aE 45 o5, [] i 7]
TR PO 5 MR R U] R N 55 e A B v B9 3G 5 B T EEU, BL-DFIS SEIL T AT A RE [ — B TSK BSO8R
2. W4, BL-DFIS tH A5 BLS PRIH vF SR oy 0 45 [f e 4k, JCHR R (05 A7 P 3508 B A R B B Ll 1) 3h s 1 2% )
B, AE RS RE F B A1 B 45 M, DASRAS S 1A LU 2 5112 ) B4 1 o 2 bk e 1,

A SCHE R R R B AL ) 322 Bk B 4 22 P 4% (FA-RVFLNN) A Q1 R 34l

(1) FH3CHR [10] AT 50 22 )20 28 40 00 n] AR R 55 v B 00 1 o8 SC LA B ASOR 10 0] () B i AR OC. HU4R BL-DFIS
BAPRT5 (1 RE LT, 5 HOGE ISR JR 48 it A2 D6 THRAE Y s 2 X, 1X 36 W BL-DFIS J K B4 fi A 4L
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AT B HERL, 1125 ELM-AE WU S IRRRAE S 252 SCASI . PRIk, B85 BL-DFIS {5 (RO R0 0 25 (1 34 2,
AT R R ME S 2 BRI S ) (X FI % 0 78 F 28 G 2R i St 4 1 R IS 56 O B 2), 382> BL-DFIS F Rk L)
LAESRTICY Wl

(2) B MIAFS KW RVELNN FEMF g 2p 2 PU B9 P20 nka) 2 00 0, 5 PR s VAR 4% 35T M 1 43
BERZERAR. SCHR [21-23] i B BT RVFLNN R BIUERG PE L 5 A e AR, 28 BL-DFIS B RVFLNN
R A, A it/ i N 0 i R 0 LR, DR, SCHR [24] UE A AE IG5 Y s BOAS 2 BRINE, RVFLNN & 45 7447 R
ety DI SR S0 F IR %%, DR TG 58 4T 26 RVFLNN B A /EA.

(3) “BEEF R N TANZ M4 (ANN) [ 52555 55, ANN BEICVERE W0 45 2 504 I A8 O JL AT 24 1 A,
LI NAT A LA U b AR ] £ P A e SR AR T, T AR 4 I 4 RO A ) R 48 (FRBS) [ 2 A1 ik 25260,
Benitez 5 A\ € X T —FBOHIZ HE T (interactive-OR, I-OR), FIBHIHL N H#5E T HA Sigmoid F3E p& ZUH ANN
(R B Ik TS 2 )2 IR 50HL (ATSMLP)™ 12515 ATSMLP (CATSMLP) M 52 25481, 45 Bl Sk [27-29]
(FIAH DCER AR AT B AT Sigmoid WS B LK) RVFLNN {588 AT ffRe . AH 2, M5 ZERLA (K A S5k 15 Lt 1Xph
RVFLNN 434 R 2 5 15 i T 5 LR R B L B 4.

ST, FATT¥E HH— % RVFLNN 5 BLS (IR A48 FA-RVFLNN, #8885 vt — AN DUR UE B %A H
1 Sigmoid % BA ALK RVFLNN #1FE A 2R S5, iXflif3 FA-RVFLNN AN Al iR, i HANAT Tk fe w08 H 10 B
Bt e, AT WA SO B AR 350 BE A R T A5 AR 2 0 R A i N 2 1) v A O R P45 5, Lt = A 4 v 1 A

(1) B E: —J7 1, FA-RVFLNN FJFH 4458 (RVFLNN) 208l 11 3= TRHEJE, 7R Bk 34
NIl B PR R, Tk > HoAb 78 454 (BL-DFIS) A8 H B 3. 53— 5 i, 7EVE RS R I A R S5 F IR, FA-
RVFLNN ] K5/ 3 3= A4 S5 480 A0 U1, 36 T %A% RVFLNN () R i i

(2) *F & (WFFIESS B FA-RVFLNN FIH BL-DFIS 7 MRH e, b th 25240 TN /. B3R s, FRAE
TR ORI AU 4 RIRHIE, IX RN 2 R IR R IEAS BT AE B R B ARG 4 KR

(3) RIEI G5 PR 7552 Br B FH o, 490 84T 45 I ] #3052 R I, FA-RVFLNN 71 B F2 4 220 P ] . 28 1 45
U SRR, AT R RE R ST sy REAE T s RIASDRI Y o S Pl 1 B B IE R, LLR TG R

(4) SZI6 45 WL B FA-RVFLNN fEig 78 7> 256 55 BL-DFIS. RVFLNN A I, 48 5 20 AR 60 00) (A4
T R E R ), TR AT AT — s IS0, R — b A e R R AR R R

AT 1 A AR CHNE, A13F RVFLNN. BLS. ANN 5 FRBS (IR, 55 2 T VEdniiiR B 1k y
JEEIFI REAL ) 122 R BUBE A 28 I 4% (FA-RVFLNN) L2 5] 73k, 58 3 T SE 50 VPG K o0 AT, 8 4 T 4543

1 #xIfE

1.1 BEHLIE= R S HE R 22 45
BEAL B B R 2 M 4% (RVELNN)! g5 B 1 s, B AR N X =[x, x5, ..., xy T e RV I,
N m 23 SR AN B (R A SRR 2. 385802 (K03 AT 7R 0 H = [y k... BT € RYS LR, hl = [h) AL,
L j=1.2, N Hy TR S
H, = o(XB+d) 0
Hor, () R BGE R EL 10 Sigmoid. Gaussian 5. BER™S | d e RS JEHy N\ 2 51958 )2 2 1A BEHLAE 5 100 BEAUE
EmE, S 2RI R s 4 RVFLNN K%L v oA:
Y =[X|H,]8=HpB (3]
Hrh, H=[X|H,] e RV BF RN KT, Be R EIEBHH ZMAUA.
XFT RVFLNN g, WHEARRZEN T = (1,15, ty]" € RV, ¢ REATONEL, W HABUE g=HT ,
o, H A7 F A HI+27R Moore-Penrose Dhiliia 5. ZE3HET I, FTANATE IR € DA S id 40l & 1
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(H"H+I1/CY'H'T , m+S <N
B= 3)

H'"HH"+1/C)'T , m+S >N

HH_ER v HISE FE AT 4, RVELNN 244 B, d B BEALAE 5 [l e, AUE B e ST, PR N S P i .
WY

PR &
K1 RVFELNN [ %48 45 )

12 BE

=4
F
e R 22
B S 2

BESL
S F4E (BLS) (IHEAL AN 2 JiT7, BLS HHSEIL R P R BEIAZE N X =[xy, x5, xy]T € RM f
TEAT BRI o n B2 (D), 08 kAT S HOHEIERR Z, € RV T 1 F 53 1A

Zi=pi(XWu+Ba), i=12,....n )
o, W, e R, B, € R SEBEHLA B ABUE R . () A RV R S, H 2" = (2,2, .., Z,] RARNFIE IR 0
. BB A s BT, 8 RS SRR AR LA 50 Wy, By WURESRIR H, (0457200

H;={(Z"Wi+By), j=1,2,....5 )
vy, g, R RN R B, B B = [Hy, Ho, ... H,] BR800 K%, 284> BLS f%ath v] e R X5
Y=[Z,....2.H,....HIW = [Z'|H']W* (6)

o, we B SR R EBAUE. 78 BLS MUIZRN B, WBIEREARN NFRET = (1, f,...,ty]" € RV JLH, ¢ 25
WERYE%, W4 v=T, A3 (6) i3 we it
W* = [Z"H'*T 7

T g (2, 2, ..., Z,] W/,/Jrﬁh])’j=l, 2,..,8

S RHERRS o, (X 4B,), i=1,2,

K2 BLS fHES
1.3 MEMESRMAZHINRESFNE
FET RO R 48 (fuzzy rule-based system, FRBS)P™ B A 7 ML IR 2 PR AR K 88 ), & BERTERL ik
(o 0 B, 3 AP 28 SO R B2 A R G I e SR 1) B 1 AT m AR SRR A
{EL[ FRBS, "€ B R AT 7R 8 -
Ry 1 if (x is Ap), (x, is AD), ..., (x, is Ay then y* = BY,..., y=5B )
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o, x =[x, ox,) R NRGHIN, AL LR x; (1= 1,2,...,m) W NEIBRIE. = [yh,. )  eR S k5
HROH6H o6 T A T B8R % ANN (W1E 3), BLREEEAN I RO it R0 T A9 0 m, b, i,
BARUZ BT B HOh Sigmoid. S WIS 2 54t 15 A AL I SCIAT (21, v,) B 0 BOBI B 7

Ry, : if Zil (xwy +71) is Atheny,; =By, ©

Forp, BORIGE A4 05110 S JE s Ok Sigmoid, EIR RN S 58 EE v, = A (2:1 xwi +7,) s IA RGN A

Yi= ZZ:I ViiYkj = Z::l A (le Wi+ Tk) Py 1o

N T A3 3C9) (KRR ARG At e 22 3K (8) T K, ST [27] 3 3L T — FhBEHZ R 41

a;-a-...-ay,

sl = (A-a)-Q-a)-....(1—a,)+a,-a-...-a, (n

Horr, * 3FK T-OR 57, fEhizS 7, 230 (9) A5 4:
Ry if (xyis AL) #(xy 18 A2) 5 .. (3, is AT then yy, = By, (12)
o, Al RN x; (0= 1,2,.om) X RLEIBRIGE. b1 223K (923K (12) RIRN, RN BRBE T i X RAE 1 A BERIRI,
ORI vy = By (G = 1,2,...,n) ARG 5z B4 TY Ry, WOERRABUE, RS R S o (B 1y s (i )

AT IVBCRAN B 4150 R Ged . %, FLAT Sigmoid IR R HLAY ANN 15 FRBS 22 [ (112 i S L i 3.

3 NIz

2 R AFENL ) 2 R B HEHRAZ 4% (FA-RVFLNN) REZF S 5%
3

TR FA-RVFLNN J 3022 ) JiEve i vi B, 5545 H FA-RVFLNN (¥ =B B & 2 ) 505
2.1 FA-RVFLNN By S A &E#)
FA-RVFLNN [{J 2% 25 ¥[8 4 FiR, 76 iZ 4589, RVELNN E2 SN2, BT A3 5 15504, T BL-DFIS

JUJAE FHAL P PR REA 23 ] LAt — 2D IR AR S, LU RS BEW] FA-RVFLNN [ 2 50t 5L 7.

56, TH5E FA-RVFLNN s 2 it 4 e MANEI AR X =[xy, x0,. ., xy [T € RV b x) = [, x50,
X €RM G =1,2,0 N, N Fm 53 ki N5 B R A BORN J PR 5 FA-RVFLNN FOHY 5895 (080 S, 895
Eiﬁﬁﬂj ES = [61,62 ..... es] € RNXS ﬂﬁ?ﬁil%‘

XB
Eg =¢(7+d) (13)

e, o) REFAH R EL Sigmoid, BeR™S, d e R™ JREAERIN 2 55 1Y 52 2 18] BEALAE i (KBUELR i . 65 T AN [ )
B R, SR H X MBS R A AN E P, S804 T Y 12 3 0k 1T e ST B K () A,
RS, VEELRHIEJZ (A L S S AN B X R AR A RS TAR BE (1 adRvREAL L IEDARAE) 138 X, = [, 20,

T e RN JLH X = [ L = 1,2, N PR AR 2 STHL A 4B s (ELM-AE)! R AR T i
. ¥ ELM-AE [R50 3 S8 GRRE Y 5080 o M, A E I G =[Gy, Ga,...,Gyl € RYM g
G=g(XpA+b), ATA=1,b"b=1 (14)

i1, o) f2 ELM-AE K10 A M0 BOT IR A € R | e R J2 T2 o AL 1 0 F 5 e AL 5 B
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L E S, B gt s 0 R A

GB = X (15)
b, B2 S 2 2 M S EUE g e RMm BT T T4
G ' X, BB=1,m=M
ﬁ={ T LT (16)
(G'G+I/C\)'G X , m# M

Horh, € EHZATERE S A SRR IEBST B SEIUTAL BB X e INHRFAE Zy = (21,22, 20]T € RV
Zy = X" an

P T R FRFAE Zy, VEEBORZ A5 . B R GBSO SN 2 o K, BOBZ AL S LAY 3% 58 9. 7T EEU,
FEAS EEU R 1 SR, MR 09 R s 80 1+M. R4, FE55 | AN B0 EEU, v, FHES & AU S xR
TEz; = (23002500 oo Zipa] s j = 1,2, N BEATRSERIAL 5 4, B R 504
(Zj.i_ak)z

207

Horb, () RSB R, 2, (1= 1,2,...,M) RIFHE z; (58 i A28 ap 250 kA w7 e 20 6 e oo, H
a=(k-D/(K=1), k=1,2,....K. oy (I=1,2,...,L) &8 570 EEU, " BEALA 51 & 7 35 s ek B0 brfe 72, 13
WA BN R 9R IC BEEU, #0006 B — MR UEE o S B K 2, A5 (18) KB MRAEAY 2, #OWSS 21 K DM BORIAR
b, SRR KRR SURRZSE, K TR I —ANEUNMIFETEL B 5. 7 5. Bl K =5 I, 5 ASBORIEE S R R very
low. low. medium. high. very high iX 5 i i& S, BbI R JE 00 @ = (0,0.25,0.5,0.75,1) .

uf{(z_,;,»):exp(— ) LI=1,2,...,L,k=1,2,..., K (18)

resal G YRR
i =L e
‘ z, ! @
T L) T .
BRI 7> DE(1) D (M) "
L8 RO 04,9

®9 |

S A Gt ) [ A e |

4 FA-RVFLNN HM 2% 4 #)

X M5 0 EEU, J K MO SR WU I BRFAIE 1R R 3 4RI U' e RV

ﬂll,l,k e ﬂll,M,k
ve,: b= . |Lk=12,....K (19)
luj\',lvk e ﬂiV,M,k
TTH U, For LAY 3 50 50 BRI R 1E -
U, =[U" U?,...,U"] e R¥VMK (20)

I THIRE A AL SRS, 3647 o 5 8 B P A P R R AT s R MM .. 32K L ) 2 ORI AIE F) B AL 2%
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Peli) i D, TR 1 A58 AT EEU, g AT (R4 A

=[d,d,....d\ ", [=1,2,....L 1)
b, dli=1,2,..., M) REFENERT) —HHH0 (0 80 1). M dl =0 I, RRFFE 2, (i = 1,2,..., M) 1E5 1 MHEHRPLIT
T, 75 4 A0 (don’t care). I FH Dy 3o L /N JRE 3 5 5 T 1) B A LRSS B 6 o

D, =[D',D?,...,D"] e R"* (22)
BORIEE M BEHLILEFE T-REBE €7 e RYWK JE T
o dy
c=| : . i |I=12,...,L (23)
Chyy o Chux

Horb, o (=12, M, k=1,2,..,K) sEBEHLE R AE RS (0 20 1). 2 el = 1IN, FRosAESR [ NG9 oo, X
FRHIE z;,; BEAT BRI IR 58 k AN B SR, 15 WHZASORI G AN AL . (A1, RIS L AN e 48 ik S T ¥ BE L )
AR Cp TR N:

C.=[C',C,...,C" e R"¥ 24
Hep, o (s, 0, =CL 1=1,2,..., L. FIHVE A EAE R Modified PROBOR i '
1, D=1
Vi = x @
1-[ [ a-C@hu'Gik). D=0

i, UGk =, , D'G)y=d., Cli.k)=cl, (i=1.2,....M; j=1,2,....,N; k=1,2,...K) 1515 4K (19), 2K 21),
AR (23) TGRSR HS T ASBORIT s i B Al R

H = l_[AZl VG, 1=1,2,..., L 06
H’ J ':Jjﬂ r—JEﬁ/J‘ H = [hl hl ..... hiv]T , ﬁﬁq*ﬁ*ﬂ%ﬂ‘] L /M:gl;ﬁyﬁl,r,‘mﬁi\%
H, = [Hl H?, ..., HL] c RV -

P TSK AS0H 3R 40 06 1) 7T 6 Fi: LU 3095 (fire strength) 1 4 BUEE S BOHLRE, 71315 % ARRAE H R AT e
ot R 2L TR, 55 0 AN TR SR T e P R A

W Rz .o Kz
Ry hlzay ... Kz
F'=H"Z,=| . : . : , 1=1,2,...,L (28)
By, h\zyy ... Bhizym
Horp, ze, = [11Zy] e RV L8 L AN I BON 25t F ol 058
F,=[F'F?,..., F] e RV (29)

Ja, B NEE X, 2 Eg. 1SEE T Z,, MBS F, —RAAARS T 2, B4 FA-RVFLNN
SRR TR ANl N -
We

Wx
Y=EsWg+XWx+ZyW,+F Wy =[Es|X|Zy|F /] W = [Es|X|ZylFL]W (30)

We
Hrp, We e RS, Wy e R™, W, e R™*, W e REIWMxe S5 R i N2 BoRZE . RHIEJZ . BOMIE S 2 ERm
BUHKERE, vl e 15 IR W e RIS omeMeltaiie FoR o S B0 A8, RIREAZSIEL
7E FA-RVFLNN H JATPREJSUAG HcH T =l PAL 315 i £ 4 28 £ 4R 458 RVFLNN A, EZEAW A% S
H—, A ®)-22 (12) A4, £ FA-RVFLNN {/58R nI AR (I D0, J5UAG £icdi Lo YAk 38 48 A6 5 55 n I A
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(8 X, 300] T A G A8 B AT AR PE ST R B, TR A SR, FA-RVFLNN nI 4 448 tH 43 28 8% RVFLNN #1543
J5 4% BL-DFIS #4 M4 SR SE, TR AR 50 R 1A 20 4004 1) 2 22 ) 1 — 0 3 i DA 3 R S N 09 2 R 28 T K 2 A
AR AL ) BB T AN, BEAR I 2 FEPE (diversity) BRI 4T R fE.

T FA-RVFLNN BRFEYJ&: 8l 5 iR, AHA T4 48 ) RVFLNN, FA-RVFLNN AN 0 £% 2544 T 55, 1 H.
3 45 )2 % BL-DFIS. 8 8) T BL-DFIS, FA-RVFLNN A8 HR 2 . HRE )2 B 2k Se I T R 1 £
FHIEYJ#, thik FA-RVFLNN fE2% 3% 2 TS A,

RVFLNN, = RVFLNN, (FHiE# )

FLIREEE \\

HINE wagz ) | aEE o iz )
' ;

ELM-AE %ifi%
5 FA-RVFLNN K4FHEY

415 F, B 5 W%, FA-RVELNN [/ 458 T A7 717 LARFIEJZ 0% N 1) RVFLNN,. 75 SR R o, X1+ a7 i
Gy R IEAR AR, FE R4 RVFLNN, [ B 0058 2R, Vs /b iy 39 5 47 s B Tl SRR AR. X Tk
BG4, RVFLNN, AN DA B 5 B XS 3115 m A Rl A IR SO RE AR, IR AT S 1 19 0& 2 ) 3G 5 15
%, 1§43 RVFLNN, B Al B2 it e B, FEHE 00 RVELNN, [R5 i LR e M g
2.2 FA-RVFLNN RVZ 3 F53%

BBMAFEARNIRZ A T e R FRATHMNE . BISRZE . FREE . BOBZE 51 I 2 2R e i 2,
BRRERE RN A, B Asy £ [EsIXI1Zy F %R, AR (30) S BAUE AR FE w o] FH O3 59k
PRIFR AT

W = [Es|X|Zuy|F.)'T =Ag,'T 31

FA-RVFLNN [ 54% 3] 2 FA-RVFLNN T s /b T AS BEIE 204 0 = I 2 IR, 75 22 m) A n s
SRS RUEURORIY A, SXINAT A A B B 1) Ol SR s TR R A 58 (3 1) HP BB HE B wr. AR R I s R A AN,
AL PRI L I8

#—, 1] FA-RVFLNN i p M58 50 H a = o(XB, /A +d,) € RV FoRiX p MIEGRY i fffi th, PERHRFAE
IR Ay, TTRIRA:

Agipr = [alAs ] = [(XB, /A +d,)|As ] (32)

%, 10 FA-RVFLNN RS0 g MY R H 7. Wi a = F, e RV RIRIX g MDY B 7T (b4, 8
DEFIEY R JZ R Ag o, PTRRIRA:

As 1ig = [Aslal = [Ag I F,] (33)

FE RS FRIR R, B9 s B B TTEVR I 8] FA-RVFLNN Ji5, FCAir 2 i 3 BUE wit, #5nT 1]
TR

D=(As.)"a
C=a-As.D
. [ C ifC#0
- { (I+D'D)"'D'(As,)", if C=0

(34)

BT
[(A )~ DB" ]T’ A5 = Asups
S,.L) —
[ (As)"—DB" ]
BT

Wi, =(As,)'T =

T,if A}, = Asp
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N HIZE H FA-RVFLNN [ = [y BOE 27 ) 5192, 1250000 n] Bl 2 i) 15 39 5 3 s OO 9™ e oo 4, 19 &
SR BT I 2 IR RE, JE2 SRR I SEA 1 TR,

B 1 =B R A B

S PIZRUE X € RV I ZRbRss T € RV ; a5 i i KB S, JL FCI S5 B &, ORI R 070 P A8
HE Ly MHZRBIH &,

it MR OB R B = (b basbi], d = (Ao dondy ) FAEWSS 37 SRR 0B M 0 = (0,0 00n] . DE= (D,
Dy,...,D1], Ct=[Cy,Cy,...,Co] 5 i th R EZRUE Wy, -

1. B BB S S=1, BUBIY B ITE L=1, MRTEAKE n=1. // BYBL 1, WAL 28 7Y
2. BALA JEAUE B = [b)] FIRE d = [d,], FIF A (13) THAES450)2 105 E,.
3R A R (14), 23K (16) FIAX (17), THEFHEZ W H Zy, TR A (25)-2A10 (29) tHEBRY R oo i
HF.
4. WA (18), 23K (22) FIAZ (24), BEVLAE S THIEES | AMBMIY RTINS 4L 0, Dy, C.
5. tH5 FA-RVFLNN [ ¥, FliR2E Ry
Yi =AWy = [EXIZylF W, Ry = Y, =T,
o, Wy SRR S5 i B, AT A (28) HAT, 11- 1 L ek

6. n=n+1.

7. While S< Sy, and R, < ) // M 2, 3587 s i3 & 2% )

8. MHEAK (13) BN A AU by AU E dg.y, TEELHT ST ANISRAT R egr, SEHTIY 002 1 25
B=[bg:1|B, d=[ds:|d) LLEAFAEY )2 IR Agiy 1=[esl4s, L].

9. I Y, = Ao Wean JRZER, = ||V, - TI . 5o, Wy, iR (32) A (34) T

10. S=8§+1,n=n+l.

11. End while

12. While L< L, and R, < &, // B Bt 3, SO 55 () B 2% )

13, WFEAK 18), A0 (22) FIA K (24), FEHLE R L1 MY 2 TCHISEL 041, Dy Cr- FFHAT 25)-
2~ 29) BRI R TTIA I Fp, BB Ag o =[As g |Fra]-

14, S Y, = Ag o Wy BARZER, = IV, =TI . Jo, W, ATHIASE (33) RIS (34) .

15. L=L+1,n=ntl.

16. End while

TEA I (3223 (34) Hh, ARG DR SURBORIT 50 R R R E Y R )= Ag, AP, 2% B
TSGR FUAASORI Y S ASEIINE Ag, )5, AFEZENEFRAEA XL E AL, TR TR B S I Ag, TPEHIX
AU, XN FA-RVELNN A 38 (AR RE LA 34T A 20 () R T S 43 17 (56 7).

X LR B = BB R 2 3 S, R RE KT B S Lmax FVEULT, BB BIUIZRBIMY &), & N IZ3H 2 52
R g,26,, H H M2 1k FA-RVFLNN /SR ) il B B0 4 (1) FE AR 45 440, N1 RIS kb 78 454 (1 P 48 B LU S T
53 JebEfE, IXI FA-RVFLNN 7 n] iR A 23 28 e fie B #n] DL IR R A, WAk, 7R Sesd B b, O TR LL i
SV, FEX) FA-RVELNN ZEAT INZRI, AT I 20T SCHR [19] $2 A8 A P9 BT R SR AL B a1 2 2] 55
% (DILA).

3 SKROIFME

AATHEAT— RTINS EE 928, SR UCIPA KEELPY F i 25 AN EUES B0 4E (W13 1) SRIPAb #4070 B 1 Rig
R, IX S H 4 5 SR [19] 40— 20 LI FE P FERC & T Inter i5-8400 2.8 GHz ALHEZS AT 12 GB A7 5 1H
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g EAAT, G AR5 04 PyCharm 2021.3.1. RFE0li 2 1 S50 25 1A th 10 HrA28 RAE SR, A2 IR ) H Ak
UCHCRAE R 38T .
R 1 SEIAEI 25 Ak A K g

Datasets No. of samples No. of features No. of classes
Adult 45222 14 2
Australian 690 14 2
Balance 625 4 3
Breast 699 9 2
Cleveland 297 13 5
Contraceptive 1473 9 3
Diabetes 768 8 2
Haberman 306 3 2
Tris 150 4 3
Liver 345 6 2
Magic 19020 10 2
Musk 6598 166 2
Newthyroid 215 5 3
Pageblocks 5472 10 5
Penbased 10992 16 10
Satimage 6435 36 7
Segment 2310 19 7
Seismic 2584 18 2
Sonar 208 60 2
Specttheart 267 44 2
Texture 5500 40 11
Vehicle 846 18 4
Vote 232 16 2
Wine 178 13 3
WPBC 198 33 2

3.1 KT

H T WUEA SCHR H IRTR A B FA-RVFLNN (WA 2500k, 75 50E SERx LUAT AN, FRATIR T fai S IR T sl s V%,
73 Bt FA-RVFLNN (1) S5 R Z5H RN 1 B b 76 4544 J5 753 RVELNN Fll BL-DFIS (5259 ) RVFLNN. BL-DFIS #f
FFFR I AR ), A F5E F AR, SCR [19] FEARHR WIHE ) BL-DFIS A2 754 H U [ - 18 B0 8 IR S50 C iRt
it SR AUE. 9 T AES40 C X BL-DFIS #5256 45 Ja sl 10, A1) SE 3R A BL-DFIS 71 2% ) fi i AUE
IR SVD J732: 45 Moore-Penrose £33, RVFLNN 5 FA-RVFLNN [EFEHEH] SVD J7iZ. 1M SCik [21] F S256
VLI T 23— AN 5 dn A= (3) Hi C) i, 3EF & 11 RVEL %+ Moore-Penrose £41¥ [) RVFL %
U BB (0 2 2R Pk R, S5 SO [21] AR, B T 40 S PERRAb, AR SO DG 5 W AR 20 v A 8 P 1) R ) e (B R
0. PRk, sERA I T B A R IE NI C (1 RVFLNN(C) 1 h] B,

LES206 T RIWBE B, 0 T &M %)t FA-RVFLNN 5 BL-DFIS (80, Fedi 174 26 H SCiik [19] 250k
RS AR AR 2R Uy 3, 7R E I S H0E A FR BN Y BL-DFIS [fi 0S40 GE, BL-DFIS ¥ 34514
CUAfisE. 85, ¥ FA-RVFLNN A 4hFe 4544 #8550 5 BL-DFIS {4520 &0, 5 FA-RVFLNN [(J 38345 45 250Fn
RO 5, A8 HE RS ATz AR MERE. 2 )5, K FA-RVFLNN (1) 324445 b 5ol ) B 75 3 6 L AR 8 RVELNN, Jf 35
R B B AR LA SR RE AR, 1] RVFLNN(C) [R50 b AR 48 224 52

RVFLNN. BL-DFIS. RVFLNN [1)43 & 58 Bl A5 AORT R 250 (RO f sl 1 o) 107484k, PRtk 7k Seie o
FE B AR, B T RO A5, FA-RVFLNN H AN 72 45 INAB 2 50 (WS ETT i 8 M. IEMfk 4 ¢, %) 5
BL-DFIS [ U S H /2 RVFLNN (S804 (W12 3K (13) Pi7r) 55 FA-RVFLNN [ 08 S £frfF— 20
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DU 45 H S0 o F oS R (R BAA S 0 B (R DT AR B I BE A URE R B H (-1, 1] B350 0 A A ).
%§ T BL-DFIS, S28 8 F 5 30k [19] AHABL SEms A i K700 () i 28
1) MR 48 B s AL (AN [, AT R FH LR DL ) 46 4 LAk 3 7 52X, ) dn A 4L (scale; minmax scale; maxabs scale;
robust scale), 1IE )1k (normalize).
2) X§-J ELM-AE, ¥ Sigmoid 1 24 JERas 22 1U0E s 4k, F F R 2 i e R0 ml B M, IE MG 8 €, 3L
rR BRSO MO T R NBR YRS (0 A%, B M= hm, hE€ {0.25,0.5,0.75, 1,...,3.75, 4}, C,€ {107,107, ..., 10°, 10°}.
3) KT RO, WERDRIAEAN B K=5, ¥ R iR T (BORIERUN) (M5B KR L,,,=30. A3 (18) mhis ik s ek
(RIRRUEZE A X ) ORange € {[0.1, 0.6]1,..., [0.140.54, 0.140.5(i+1)],..., [4.6, 5.17 | i=0, 1,..., 9}, brifE 22 thiIX 1) 1)
5] oy A B AR L.

% F FA-RVFLNN, A TKF L3 SEns 6t 52 70 BL-DFIS RIS EHE S50 4 AN e 45 M RIFE 240, B a2 R
F Sigmoid W& R AL LA K2 P BRI 5B FA-RVFLNN [ A2 4

1) 5, BRI R 25 S SHRFIEN A8 M M, BY S = M, FE B0 RS L ¥k 1 R AR (13)
B, Hh ae{1,5,..., 107 5x107 ..., 10°, 5x10° | ¢ =0,..., 5}.

2) B Rk, g bSO = B A ) S (R E ) VA IR, T A 1 2R R A 0 1 R
HS RBHIUNAL L: SE€ {1, 3, 5,..., Max(10, L,*(1+M,))}, LE {1,2,..., 5}, 3th M,. L, 43¢ BL-DFIS 725 p
Htn e DAT R s A BRI 3X — 25 1) H b2 s 1 2058 2 /NI 5T B S, 8175 FA-RVFLNN
RE FH LD BRI R B0 214 NI K7 AR RE.

3)H THZH S A, FA-RVFLNN (1 W 4% 257 S0 55 FHSCHR [19] $2 10 3h 283 2% 3 Sk 2k
FA-RVFLNN, DU & e A8 FH BRSO 000 2 L.

W€ S48 1 )5, Tdi1F FA-RVFLNN [ A4 25/ #1 25 )543 3] RVFLNN, HA& 2K 7 (38 % RVFLNN 7%
$OAR A AR (B3 HT S S E {5100 -5 600 25 1100 3, o1 100 > 600 7 M 100 FFEA LB K h 10 4= i 5
600 [1)—F 5144 11 RVFLNN(C) 76 % S50 3l & 1R FH 5 BL-DFIS AH IR Fitak #8072, Jf Ho i P s 48 22 1 5
AR (1) 54 3) FHISH SE {5 100 600 2 1100 }Fl CE {107, 10%,..., 10*, 10°%}.

3.2 LILER

M YE =26 7 2, 1 5L T FA-RVFLNN f345877 i 18 6 87r T FA-RVFLNN (i), RVFLNN. BL-DFIS
X 3 MEAYLE Adult R Pageblocks 4L I IIAMERT 2R (Accuracy), BEA 1 58 17 AUEL (S) BUBDHI R (#Rules)
(754, HTHT A2 A FR R IR o 45 51, th = Bt 24 2 vk AT 30 IR 10 $748 IR IERAS.

—+— FA-RVFLNN (5=11)

—+ FA-RVFLNN (5=33)
—s RVFLNN

~e- RVFLNN

—s BL-DFIS —+ BL-DFIS
0.840 0.965
0.960
. 0835 - 0955
2 0.830 g 0950
3 0825 3 0.945
< 0820 20940
: 0.935

0.815

(a) Adult (b) Pageblocks

K 6 FA-RVFLNN. RVFLNN. BL-DFIS i #ERG R S ai#Rules 451k
AT Adult, S R X A2 [1:3:31], Hidr, S ] R RE 5 & 4 1-31, 26K A 3. #Rules 24 [1:1:10]; Pageblocks
(¥) S Fi#Rules (I 5] 4} 5124 [1:3:40] [1:1:13]. AFLURIE, 4 S=1 (G T 0) i, FA-RVFLNN [ IR A 5 52
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T BL-DFIS, W48 — @ FEEE i W B 3555t FA-RVFLNN 22 7 M AEBE R /E . 546, 41k AR ILAH LT I,
RVFLNN Lt BL-DFIS HJ {5 3545 ] 5 22 i U2 (R S). % FA-RVELNN 45, ok T R4 2% A0 7 0 D) B50R1 A 28 A
AT S R I 2 /N BB SR Y 4 S (91, Adult: S=11. Pageblocks: S=33), T FA-RVFLNN IR0 %, X
I, 78 H BL-DFIS (1873 it 2% S 8095 (DILA), LU LRIFAL Y (FA-RVFLNN. BL-DFIS) XJ Lt 1A P-4k,

NI DILA $53: "I %5 FA-RVFLNN H1 BL-DFIS, LLEGH 9 & (0 2 B BT T3 3o 10 35453 2 B (i e 42 s A 7
5 P PRI BRI, K T 9655 RE AL X 1 2 3 B0t SRR, 65— 150 IR BELERAT 100 7k 10 H7 28 XURHIE, S
2 ALY 24 ANEHRAE (% Seismic 241 - HTMRAERG 2, BEAHIHLINE 1978 b th £ CaniEl 7), vl R 3an
T

--- BL-DFIS -- BL-DFIS ---BL-DFIS

0.840 | FA-RVELNN 08651 | Wik 4 = FARVELNN 0.908 | /O FARVFLN
: ® 3 0.864 | A 0.906 \A/"‘\
= = H iz 0
3 0.830+ g 0862} | 3 ol M §
< < < U Y
0825F 0.861 osos| | ¥
0.860
0.820 + 0.896 1 |
L L L L L L L L 0859 " " " n " " " " " " "
2 4 6 8 10 12 14 16 1 2 3 4 3 2 4 6 8§ 10 12
#Rules #Rules #Rules
(a) Adult (S=11) (b) Australian (S=3) (c) Balance (5=23)
0.9670 F . BLDF . BL- [
0.9665 1 o TRREN| 0.595 ¢ —EpEs | 0560
' ' 0.590 | 0.555
o 0.9660 & - 0,550
2 0.9655 g 0.585 i e
3 0.9650 | 3 0580} g 0sasp W
< < < L
0.9645 0575 | 0.540 1 s
096407 0570 ol = B R
0.9635 . . . . . . . . . . 0530 L . . MR
1 2 3 4 5 1 2 3 4 5 6 2 4 6 8
#Rules #Rules #Rules
(d) Breast (S=9) (e) Cleveland (S=5) (f) Contracptive (S=25)
ORI TERAw | OT0f§ g S | = R
0.770 5, ’ o 0972 o
o
g . g 0.968 |
g 0764y S 0966 |/
< 0.762 } < f »
0.760 | 0.964 + v
0.758 | 0.962 | |
1 2 3 4 5 1 2 3 4 5 1.0 1.52.02.53.03.54.0455.0
#Rules #Rules #Rules
(g) Diabetes-Data (S=3) (h) Haberman (S=5) (i) Iris (S=1)
0.735 --- BL-DFIS — 0.99 f--- BL-DFIS
~— FA-RVFLNN 0.86 - ~— FA-RVFLNN
0.730 + 0.98 + _
0.85 097 I e
> > > 0.97 | B
§ 0.725 § 034l E ot
3 0.720 b 5 ,’( 3 0.96 ,x"/
< < 0831/ <095t 7
0.715 i
Nl S s Bl
o7i0}f, . N ostpt oo 03k,
1.0 15 20 25 3.0 35 2.5 5.0 7.5 10.012.515.017.5 2.5 5.0 7.510.012.515.017.520.0
#Rules #Rules #Rules
(i) Liver (S=1) (k) Magic (S=77) (1) Musk (S=255)

7 FA-RVFLNN F1 BL-DFIS [0 v fff 25 it AR K0 00 45 1) A2 4k
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AR AFARY R AL B B AL AT 22 W 45

0.90 F
0.88}
0.86 |
084}
osz-//
0.80

>

Accurac

0.80
0.78
0.76
0.74 -
0.72 +
0.70

Accuracy

0.965 1 %
0.960
0.955
0.950
0.945
0.940 +
0.935

Accuracy

. -— BLDFIS
2, — FA-RVFLNN

2 4 6 8 10 12
#Rules
(m) Newthyroid (S=3)

-- BL-DFIS
— FA-RVFLNN
L L

2.5 5.0 7.510.012.515.017.5
#Rules
(p) Satimage (S=131)

--- BL-DFIS
~—— FA-RVFLNN

1 2 3 4 5 6 7 8
#Rules
(s) Specttheart (S=3)

--- BL-DFIS
~— FA-RVFLNN

1.0 1.5 2.0 2.5 3.0 3.5 4045 5.0
#Rules
(v) Vote (S=1)

>
Q

Accura

Accuracy

0.965 [
0.960 |
0.955
0.950 |
0945}
0.940 | /

0.96

S
o
-- BL-DFIS
~— FA-RVFLNN

2.5 50 7.510.012.515.017.5
#Rules
(n) Pageblocks (S=33)

-- BL-DFIS

i
i — FA-RVFLNN
L L

0 5

10 15
#Rules
(q) Segment (S=135)

20" 25

/e/rj,\.ﬁ—‘ “““““““
'/
f
|: --- BL-DFIS
L — FA-RVFLNN
2 4 6 8 10 12 14
#Rules

(t) Texture (S=85)

-- BL-DFIS
FA-RVFLNN

1)
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

#Rules
(w) Wine (S=1)

0.98 |
> 0.96

Accurac

0.90

0.84 F
0.83

Accuracy

0.80
0.79 t

0.81F

0.80 }
% 0.79 +
0.78 }
0.77}
0.76

Accura

0941 /
092} /

0.82
0.81

2915

H
L{ - BL-DFIS
! — FA-RVFLNN
0 5 10 15 20 25
#Rules

(o) Penbased (S=87)

-- BL-DFIS

FA-RVFLNN

#Rules
(r) Sonar (S=19)

--- BL-DFIS
~—— FA-RVFLNN

1 2 3 4 5 6 7
#Rules
(u) Vehicle (S=47)

b

--- BL-DFIS
~—— FA-RVFLNN

Sy

#Rules
(x) Wpbc (S=7)

&7 FA-RVFLNN Fl BL-DFIS (13l st aff 56 B RORIR U 2T 2R 4k (55)

(1) %F-F BL-DFIS {df F 5 2 A5 M) A~ B8 3R A48 e LA 26 1)K 20 52 < B 4, 040 Adult. Magic. Musk %5
FA-RVFLNN [ 28474 7E BL-DFIS (70 B, X538 0H: 7EIX S 4R I, 15 B) T 2 4A 458 RVFLNN, FA-RVFLNN
FH B /D (BRI (5 R 48455 24 7T) sk BE 3K 73 55 BL-DFIS AHIT IOUERG 2. 2448 1T 46 [R50 %2 5, FA-RVFLNN 1E
Musk d4E b 1K HE A 2% W] 2 5T BL-DFIS, femi 1A% 99% AiAq. 4k, 5 BL-DFIS AHEt, FA-RVFLNN
Rz A REA SR B — 2 M 3E4+ 1.

(2) BTN AR SE, 40 Cleveland. Haberman. Iris. Wine. WPBC. FA-RVFLNN 7& H#BEE T, 1
VRN BB SE T R (S=1, 5, 7) RIVAT ST USRI E 19 b B 2 APk RE I SE VR ER T, X L5 R R SR 1 TR

1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

RANRF
(3) 7EH¥i 4 Diabetes. Spectfheart [ HAR M & 7 155 i ki % K&, FA-RVFLNN Lt BL-DFIS %A%, 4R,
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MPIE 1 A0, BL-DFIS FIHEf2 4 8 T, JF Ha N EZIKT FA-RVFLNN; 7E4(45 % Sonar I,
4R FA-RVFLNN 752 £ 85 AR 2 0 U 1 408000, (e 7E Bl 7 i ih4k 58 4240 T BL-DFIS [ N, =5t 1,
XJEPIATENS LE S8 b, FAT 1K BL-DFIS HRIHEZE (M. Civ Opange) FL#%4T FA-RVFLNN f{i 1], ‘32 FA-RVFLNN
78 Sonar g I AHLS: (XL B4t FA-RVFLNN JEAR5AR). TR S5 M B S 80T —
ETRE BRI

T ARG SRR 1) B AL PEA R, FRATTRE ] 7 P AR R T 1 4 B B IR RURR A P R A EL
{EL AL (TRIFK VPR A0), BL-DFIS F1 FA-RVFLNN ({1 0Pl A02 0 P08 ([ . R Bl sSbmos. 7 ik seaxd L s B it
IR, VEAS BRI BT VE R 6 T BL-DFIS, 1645 55 SCiik [19] 48 FIASCHI B0 00 B0 435 30 5 MM S AH 0 SR A 1) o, ) T
FA-RVFLNN, JEPE1EH 2 5 BL-DFIS $e1i sl HER ZAH X B LA 5 %FF RVFLNN(C) F RVFLNN, B ATE AL
DnhsE o s, Rk A A B A 1 HE A 2R 45 5 el # #24L BL-DFIS.

% 2 51 T FA-RVFLNN 1 RVFLNN(C). RVFLNN. BL-DFIS 7F 25 N ¥dhi £ b 5 s2it 45 5L 4055 A v
1% (Accuracy) BURIMUIAL (#Rules) B 50T 2550 (S). 3 2 P i B (¥ S50 B0 B A PEAh s, BB 100 ¥k

10 #7142 X HyiiE 73 Y, BL-DFIS A1 FA-RVFLNN #3548 ] DILA I 555035 1, 28 R S 4 10 B AL A bR,
F£ 2 SRR PR REXS L

RVFLNN(C) RVFLNN BL-DFIS FA-RVFLNN

Datasets Accuracy S Accuracy N Accuracy #Rules Accuracy S #Rules
Adult 0.8383+0.0008 150 0.8301+0.0002 600  0.8387+0.0007 12.45  0.8391+0.0004 11 4.75
Australian 0.8645+0.0046 80 0.8581+0.0044 25 0.8652+0.0055  2.18 0.8650+0.0058 3 227
Balance 0.9087+0.0034 45 0.9082+0.0038 40 0.9082+0.0038  7.88 0.9079+0.0036 23 2.42
Breast 0.9683+0.0015 5 0.9641+0.0030 30 0.9665+0.0027  3.36 0.9668+0.0023 9 1.13
Cleveland 0.5854+0.0092 10 0.5951+£0.0117 10 0.5858+0.0115  1.00 0.5959+0.0122 5 1.00
Contraceptive  0.5578+0.0063 170 0.5595+0.0064 55 0.5554+0.0062  6.81 0.5591+0.0063 15 2.52
Diabetes 0.7724+0.0050 85 0.7706+0.0048 10 0.7716+0.0059  1.08 0.7709+0.0064 3 1.00
Haberman 0.7487+0.0052 75 0.7419+0.0100 15 0.7495+0.0093  2.12 0.7504+0.0102 5 1.00
Iris 0.9735+0.0061 45 0.9688+0.0103 20 0.9728+0.0069  1.98 0.9732+0.0073 1 1.24
Liver 0.7273+0.0069 550 0.6798+0.0173 40 0.7328+0.0080  1.01 0.7303+0.0091 1 1.02
Magic 0.8602+0.0008 130 0.8601£0.0007 270  0.8604+0.0008  14.91 0.8607+0.0008 77 4.83
Musk 0.9757+0.0011 1050  0.9758+0.0015 570  0.9759+0.0014 17.06  0.9759+0.0015 255 5.28
Newthyroid ~ 0.9655+0.0049 250 0.9205+0.0115 30 0.9697+0.0069  5.12 0.9698+0.0070 3 5.10
Pageblocks 0.9601+0.0006 300 0.9621+0.0013 50 0.9601+0.0010  12.29  0.9646+0.0011 33 5.85
Penbased 0.9931+0.0005 350 0.9931£0.0003 360  0.9932+0.0004 24.10  0.9922+0.0005 87 9.95
Satimage 0.8881+0.0017 440 0.8882+0.0022 470  0.8880+0.0015 11.67  0.8883+0.0015 131 5.33
Segment 0.9607+0.0022 400 0.9540+0.0027 450  0.9613+0.0026 15.07  0.9602+0.0021 135  7.62
Seismic 0.9342+9.2E-06 5 0.9329+0.0005 25 0.9342+0.0002  1.00 0.9330+0.0003 3 1.00
Sonar 0.8032+0.0176 270 0.7674+0.0254 40 0.8061+0.0221  2.27 0.77124£0.0216 19 1.00
Specttheart 0.8117+0.0109 10 0.7670+£0.0131 10 0.8092+0.0138  1.42 0.7903+£0.0150 3 1.00
Texture 0.9974+0.0005 470 0.9976+0.0004 190  0.9975+0.0005  9.04 0.9975+0.0004 85 4.22
Vehicle 0.8347+0.0077 130 0.8295+0.0088 220  0.8347+0.0077  5.29 0.8362+0.0081 47 2.67
Vote 0.9698+0.0002 20 0.9668+0.0037 35 0.9674+0.0038  1.00 0.9678+0.0040 1 1.00
Wine 0.9878+0.0054 100 0.9836+0.0063 10 0.9853+0.0070  1.07 0.9880+0.0060 1 1.00
WPBC 0.8053+0.0115 200 0.8018+0.0163 15 0.8023+0.0137  1.00 0.8089+0.0152 7 1.00
Average 0.8677 212 0.8591 144 0.8677 6.49 0.8665 39 3.01

3 2 A%, FA-RVFLNN. RVFLNN(C). BL-DFIS 7£ AR 554 & L R vE A 25wl SR RE T
V2SR, HH =TSR Z AR LB . 1 ) T R 458 RVFLNN {8 2 AN 42 b ik 28 SR T I Ad s
R, I H AV B UER SR AR . AR S 5 BL-DFIS Ml HL, FA-RVFLNN 78 19 AN$cd 45 b Al iRm0 00 5
HREEFE b, M H FA-RVFLNN 7 25 M4 EATH SR B0 HUN %y 3.01, #HEG BL-DFIS ¥ 6.49 Wk/> T 50%
4. Ak, RA-RVFLNN iff F 734 (48 5 5 ;5 80k 39, W12 /b-F RVFLNN(C) f¥) 212 1 RVFLNN [ 144.
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NTHT 8 55 ST R0 R [ 0 R (s AEAR SO, SR H AR T (M08 70 (BRURRAIE) R0, BIRFAEY ™ i 5
BB WORCA IR FRD). AR (-2 (3) W1, 7 RVFLNN 1, SN 2 5 0 5 52 22 1) (1 3 B8 0 D B AL
Az R e, B T LA S I S B AU W e RY% | a RERFIEY RIZ A S50 M SHW e RO [l 5T
¥R ay 1€, RVFLNN I 2558 B 3 552 @, %M. 11T BL-DFIS Al FA-RVFLNN 3% i RVFLNN, 73 %11 aj,
ay, a3 %78 RVFLNN(C). BL-DFIS. FA-RVFLNN FJHRFIES &Y 88 W ag, a; ay, ay TR

ag=m+S,
a=m+S,
a=M+L,(1+M)
az=m+S;+M+L;(1+M)
Forf, m, S, M, L 3 S A A B (R R PR, 3oy OB IR A ORI

3N TSI RITE & o R AR A BT IR AR Y s B (7 52456 Hh BL-DFIS 5 FA-RVFLNN [F4F4iE
W B M AL, AEL T RVFLNN(C) 5 BL-DFIS, 4k FA-RVFLNN 454E fAh28 8 £, {H FA-RVFLNN A J] {4
TR ) BN 55T B PR T, FA-RVEFLNN 7E 17 AN 4R L (1) W 28 AR 224 T RVFLNN(C). 115 BL-DFIS
AHEEHI S A PSS 6 T/NEV AR &€, 1T BL-DFIS A58 A (R BDRT R B0 T 1, BRI IS 51y sl A
AL G BT FA-RVELNN 1) 05 258 R IR 386 K, AFAT SR A0 T #5252 IR B P9 . 6 T K BB 2 (0 a2, 49110 Musk
penbased %, FA-RVFLNN [1) % 4% K% /N BL-DFIS. ItAh, FA-RVFLNN [FIFFES 8T s 0 P39 50 7 2 /N3
AR, B8 RVFLNN (¥ @SB AN K, {0l 2 wl 40, ‘& 172 At REAR - LA A 2.

(35)

3 LIRS S E A AT AR Y R T R

RVFLNN(C) RVFLNN BL-DFIS FA-RVFLNN
Datasets

ay a; a, as M

Adult 164 614 241 128 17
Australian 94 39 56 75 17
Balance 49 44 106 67 11
Breast 14 39 60 47 13
Cleveland 23 23 7 25 3
Contraceptive 179 64 93 65 11
Diabetes 63 18 18 28 8
Haberman 78 18 11 15 3
Iris 49 24 17 17 5
Liver 556 46 15 22 7
Magic 140 280 206 162 12
Musk 1216 736 1516 948 83
Newthyroid 255 35 85 92 13
Pageblocks 310 60 145 117 10
Penbased 366 376 526 334 20
Satimage 476 506 278 305 21
Segment 419 469 240 282 14
Seismic 23 43 7 28 3
Sonar 330 100 51 110 15
Spectfheart 54 54 28 70 11
Texture 510 230 310 286 30
Vehicle 148 238 144 148 22
Vote 36 51 33 50 16
Wine 113 23 47 59 22
WPBC 233 48 67 107 33
Average 236 167 172 144 -
Std. 258 206 300 189 —
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3.3 FA-RVFLNN BJR] 2 M 178

AR FA-RVELNN 7E Iris (15 296) $OR S b 10— 525 45 55K AL 1t o] e . 2608 2 1 4 44
RVFLNN (0 SO ERTHIA I, FAFFE) T S0 [27] 9241 O BORIZ 452 T (1-OR), i 5 BL-DFIS i) TSK KM
FU AND 3E8:A7 A % 5. B BATH FA-RVFLNN 43 RVFLNN. BL-DFIS PN K118, (HX A5 0
FA-RVFLNN 75840k [ [l al B PE. 2 4 451 7 FA-RVFLNN BRI ZE Tris S0 4 L 038 Sk et 1, i B &R
RN RS A IR R R AEA SR, FA-RVFLNN “23] 1 Iris (9N ZRE00Ja, BT 2
AT AU 2 A BRI, 117338 (943X (12) P, FF A TY AR 4 BERRIN, BIE, FA-RVFLNN
[ 4k ) (RVELNN) FIPEfE RN 754500 (BL-DFIS) #5472 46 BEMIRIN. Tris KCRAEAIMAREAR N X=(x), X, x3, X4),
HoHp, x: sepal-length ({£5 K J¥), x,: sepal-width (£ 55 &), x5: petal-length ({E MR JE), x,: petal-width ({3 55 &)
FATYIHI B 2 . X 2ok ELM-AE MBS 8] S MHEN 2, ~(21, 20, 250220 29).

# 4 FA-RVFLNN fE Iris Z0di4E b g ee

EEALCR PART ONE (RVFLNN) PART TWO (BL-DFIS)

X=(5.1,38,15103)T=(1,0,01=1 Zy = (1.884, —0.5956, —0.1226, 1.0580, —1.0650)

0-31537 —g-;fé oy Ml 00 1 o = (13750, 1.3346)
_| -o : _ _ 100 10 a=(0, 025,05, 075, 1
B=| "W osas | d=(08058,-07062) ( )
~0.102 - 0472 Lo 00
o1 10
Es = (e, e;) =(0.6547, 0.7011) c, =|o0 1 0 11
. [~ 8473 3490 11.982 1 0o 1 1 0
we| | _|-408a22278 18071 Lo
KEEZHC T T 13,002 ~29.408 15,536 o 0 00
3 0o 1 1 00
- 423925812 —21.556 S P o 0
woo| W] [ -15777 28331 — 12572 0 1 1 11
E5 s | T| 3523 —8.065 4.534 0 0 0 1 0
- 0877 13.617 - 12701
1.044 ~3.853 2.789
W.=[wi wi wi=|-0822 6.814 ~5992
~2.157 2.181 0.00692
1.853 - 17.277 1.540
) - z3 Z4 Zs
¥ DC DC 2,45 1,34 DC
IF : (x; is A )*(xy is AL )*(x5 is AL Y*(x.
(s dy) (fsAi)z) s Is A, )i Yt = 8.17+83.7z, +723.12, + 343.62,
np_ e +392.64z, + 52.72z5 + (") Zy, /2
Rule’)’ Yia = Wi Rule"? bl
1 THEN: of v 1 W5 = ~10.8 +8.1z, - 601.9z, ~ 4238z,
Yipg = Wi THEN T
o ~397.30z, + 741925 + (W3)" Zy /2
=w
N3 = s W =3.64-91.9z, — 119.92, + 80.7z5
+4.97z, —126.76z5 + (W3)"Zy /2
PEWIE B z Z z3 zy Zs
IF DC 23 2 DC 4
IF @ (x) is AT )*(xy is A7 )*(xy is A7 )*(x Y =0.22 - 1.83z, — 11.40z, — 3.66z;
. 2 o
is A ) —4.29z, — 2ATzs + (W) Zy /2
Rule”’ Vo = w Rule")® bl
2 21 = W2 Y23 = 0.96 + 134z, +8.97z, +0.45z,
THEN: "/ — W THEN o
Yas 22 —0.14z, +4.51z5 + (W3) Zy /2
Yod = wis Vi = —1.18+0.48z, +2.41z, +3.20z,

+4.422, = 2.04z5 + (W2)" Zy /2
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# 4 FA-RVFLNN 7F Iris £l 45 1 IOMRRE (45)

2919

[ £ K 1 PART ONE (RVFLNN) PART TWO (BL-DFIS)
IF: sepal-length is greater than approximately 2.686
I-OR
sepal-width not is greater than approximately 2.549 IF z; is low or high or very high
I-OR AND
petal-length not is greater than approximately 2.960 z, is very low or medium or high
) I-OR bls _
Rule'}’ e . Rule’ Y= 49.118
petal-width not is greater than approximately 13.67 THEN: /s — 60 46]
15777 Y12 = 7o
Y1 = B = 11.675
THEN: 7/ SE
Cyl, = 28331
yi=-12572
IF: sepal-length not is greater than approximately 7.608
I-OR . ‘
sepal-width is greater than approximately 3.901 IF z, is low or medium
P e e I-OR AND
petal-length is greater than approximately 5.342 z3is low
rvf I-OR bls AND
Rule’y petal-width not is greater than approximately 6.157 Rule zs s high
v = 3523 vai= —1.09

THEN: y;f'zf =—8.065
Yol = 4534

THEN: % = 17.044
yi = -15.874

bls bls

Y = 15777, +3.523¢, + Xw} M=y
yy! = 28.331e, —8.065¢, + Xw) =Yy
yi = =12.572¢, +4.534e, + Xw} VY=V

Y= Oy 8y 3y = (1,013, —0.034, 0.024)

X EAASEH RVFLNN: ff BB 24 57 (* 1-OR), 27 s MG R sl T Rom 241 Wi X, + T, 18 A:
(1 is A x...x (g is AY) , Forh, BORIEE 4 T BRA# 4 “greater than approximately » (£ KT )7, X W S5 & s 800
Sigmoid. R4 3CHR [27], A (9) I w; >0 6], x) is A BIERE A “x; LURT (r=0)/lwil”, 24 w; <0 I, xp is A B A
BEhx; 1N T (o) |y BRI B EUE 20.9 IR, M TTAL T 58 20 RS, XK Sigmoid(2.2)=0.9, i LAw)
W r=2.2. 38 I-OR 5T FBRILE 4 193 3, AT TnT K RVFLNN 6 N AR AU (¥ 57 £F TF 2R sk, B 14
THEN [r] A 38 (12), H Rk M2 8B 4% 4 1) PART ONE (RVELNN) %t ™ ] F 5 ik 4 55 0 22 BOW 1k
(defuzzified) i th b EHEBERL A0 Y Xy 3R 45, (DT AR B R ZR VR Xy, 3o o5 J Ik AR T SRR, T
DA 3 AR vl AR . il B3R 7y Mm%, £ 4454 RVFLNN BAT U071 vl Rk

X Tk e N 76 45 #4 BL-DFIS: 76 MU AT IF 1, DC (don’t care) 287X Wi RIRFAE 4 2005 . DRk, thARRE D, Al
S0z 2 BRI b SO TR IE 2 BN (23, 2a)~ (23, 24 25). BEAN, IXELHIFS (1, 2, 3, 4, 5) 205187 5 MOHI4
X R X s (very low, low, medium, high, very high). #1U1, FHAERE C, 955 3 AT ATAN: 55 1 445000 U IRRRAE 25 3%
PRILEIN T 50 (2, 4, 5); 7EMUJE F THEN 1, 47 3 A2 340 6 3 7328108, Rulet™ 1A% 2 5 11
FHON (8.17,83.7,723.1, 343.6, 392.64, 52.72)= hiw! , Herh hl 5505 (28) MITCEA Y, - 55 1 MEDHIT k00 4
L wi WPEER 1A RSG5 50T 5 a2 A U

FA-RVFLNN [ 43 2Kd #5 0] ] 4 S8R (Rule , Rulel” , Rulet™, Rule®™) BEAT it FE, 45k (¥ RVFLNN Al
BL-DFIS (1% AR (v + y20, y5 7 4 380, 30+ y4y , BIAT A3 2 HEAN R G810 % Y=(1.013, —0.034, 0.024), XJ M5 1
2K (Iris-setosa). FHFR2E T=(1, 0, 0) W5, M BUREAPOEHIHL 722K, BAR, FA-RVFLNN {5 5 m R
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34 LWHIRNRIT S0

N T B AUE SCU BRI A Sy Ak g R 2 S, IR T Friedman HEF RS A Holm S5 #0560 B, I &
HFENEKT 0=0.05. 415 5 FioR, Friedman K236 (1) p-values=0.000772<0.05, iX it B 04 B3 22 5. Ak, 38
K Holm 1546465 FA-RVFLNN A A AR R 3047 L, 402k p {671 Holm {8, WIFE 42215 (W5 582801 B
W25, 3R 6 41 FA-RVFLNN [0 28PE 6647 T- RVFLNN, 5 RVFLNN(C). BL-DFIS JCHH & Z 5+

# 5 FA-RVFLNN 5 RVFLNN(C). RVFLNN. BL-DFIS 7& 4> 2 #ERfi % _L (¥ Friedman HE A 56

Models RVFLNN(C) RVFLNN BL-DFIS FA-RVFLNN
Accuracy ranking 24 3.36 2.28 1.96
p-value 0.000772

# 6 FA-RVFLNN 5 RVFLNN(C). RVFLNN. BL-DFIS #7325 Eff % L ¥ Holm 5%, a=0.05

i Model z P Holm=0/i Hypothesis
3 RVFLNN 3.834057 0.000126 0.016667 Rejected

2 RVFLNN(C) 1.204990 0.228207 0.025 Not rejected
1 BL-DFIS 0.876356 0.380836 0.05 Not rejected

B, TATH Wilcoxon 755 Bk 3 PSR IGIE FA-RVFLNN HUHAM R 75 HERG2 . 38950 4 r S0 i) 8 1)
B ERBEEEZER (FHRK), W ETEAKF 0=0.05. (7 FJ%N, XT38 15 545 (S), FA-RVFLNN 5 RVFLNN(C).
RVFLNN [f] p {4571k 1.788E~07 Fl 5.960E-08, #iiz /N T 0.05. FA-RVFLNN & BL-DFIS J&-T-BORIHH %L
(#Rules) K% 1) p H 4 0.000 141<0.05. X% 7/K FA-RVFLNN 5 BL-DFIS. RVFLNN 75 AR A U1 S50 RT 1 50 45 s 50
AR R SUER R UL, Wilcoxon 154 5 Friedman. Holm A3 56 (K145 18— LA L5256 7] 168 : FA-RVFLNN

%7  Wilcoxon 75 BRI p 18, 0=0.05

Model RVFLNN(C) RVFLNN BL-DFIS
ode
Accuracy N Accuracy S Accuracy #Rules
FA-RVFLNN 0.578206 1.788E-07 4.542E-05 5.960E-08 0.512821 0.000141
4 B %

ASCRH BLS 1E24 RVFLNN FHEY R M — Xk 221K, $2 H 1) FA-RVFLNN & —Fh e 73 28 1t ReFH w] ffRe v i)
BB 0 2%, ' 19 43 280k B2 T F 4L TF-THEN R HEATHE IR IS 56 45 S R G v 431 ml 4, SRy 5 HH 1) 3
454 RVFLNN Fr B A 240 PEBEM% - FA-RVFLNN, X4 FA-RVFLNN H BL-DFIS 1 4 1k BE4h 78 (SF1ES™
JE) 1 H . BARE 1L 04 [ ) SR ARBUE I RVFLNN(C) ZES286 44, feis B 548 H SVD /11 FA-RVFLNN,
BL-DFIS #HiT {172 A6 BE. fHJ& RVFLNN(C) {81 T K= 115857 2 AR LE), 7+ H BL-DFIS A1 74211
ORI AT 0] (R 0 2 SCAN WA PR3 AEE 71 R AT BRI R 5, XA A 5 199 38 1) P AR I #0499 . T A SCAR A 1Y) FA-
RVFLNN BE#ZE T E R 45 0 RVFLNN [ «HUI R LE ) 3, 42 my 7 oM se b 7e 4549 BL-DFIS [T fi# R 1E. FA-
RVFLNN I & —Ffridhi I 1 45 58 (R 8, e Ak ORI P 46 ) R ) B e T e . ST o, ARRIETT A BRI 05, e A
G HRRERIABE ), 0 R 3% R 52 AR AN TR (9 3 28 ) L kA, AR se sl #R R, b T #5178 &, FA-RVFLNN
HREL EMSEN BN RERUESH (M. C55), kX555 BL-DFIS f#+F—2. RIE Wik, 556
AR 2645 8 BL-DFIS AL, FA-RVFLNN 572 Ab P GERTN 48 A FAAR HAT — i [3e 4 ). 545 SL B AR AN
Lk, FA-RVFLNN £l Habs GZ A0 PERE, FUNAL, WA ~ B B i si & ek L.

L b, RSO T —FE I kR SR DR h 28 W 4% b g N 5 T B HOAT @R ) RVFLNN,
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REFAGIRZ Gk (I BL-DFIS) 4 A2 515 SCAN WA IR R AL, S s Bt A I A i S, a5 1A% B AR
A E BRI RO EL. 2 ASOR ol 22 90 2% Jia) 5 S 2 PRIV S A R R N 35222 PR 1 P4 85 A e oK 1 RE SCHE A R AR A
SV T AR AR, F1AT175 FEXT 2 FA-RVFLNN KU 7 f i 5 8ok, L2 BERLE £/ B R AR 4 A50R)
U PRy N 08 1T 4 R R U P04 PR 6 R v ST RSORYY R I N 88 i, SR I P 48—
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