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Fuzzy Classification Method for Small- and Medium-scale Datasets
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Abstract: Although Takagi-Sugeno-Kang (TSK) is widely used in practically every profession, how to enhance its classification
accuracy and interpretability is still a research focus. In this study, a deep TSK fuzzy classifier is proposed. This classifier (i.e., RCC-
DTSK-C) can randomly select features and combine features and own triplely concise interpretability for fuzzy rules. There are several
other varieties of RCC-DTSK-C such as reasonable structure for rule representation, namely, (1) the proposed RCC-DTSK-C consists of
many base-training units and each base-training unit can be trained independently. According to the principle of stacked generalization,
the input of the next base-training unit consists of the training set and random result obtained from random projections about prediction
results of current base-training unit. (2) In RCC-DTSK-C, the hidden layer of each base-training unit is represented by triplely concise
interpretable fuzzy rules which are in the sense of randomly selected features. These features are selected by dividing into the not-fixed
several fuzzy partitions and randomly combining rules and keeping the same input space in every base-training unit. (3) The source data
set is mapped into each of the independent base-training units as the same input space, which effectively ensures that all the features of
the source data are preserved in each separate training unit. The extensive experimental results show RCC-DTSK-C can achieve the
enhanced classification performance and triplely concise interpretability for fuzzy rules.
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HHAT.

Table 1 Datasets

x1 sk

iSRS W ZRAEA S IR A FHAIE$L EE
Balloons (BAL) 57 19 5 2
Climate-Model-Simulation-Crashes (CLI) 405 135 21 2
Airline (AIR) 300 000 100 000 29 2
Balance-Scale (BAS) 469 156 5 3
Abalone (ABA) 3133 1044 9 ©
Yeast (YEA) 1113 371 9 10

3.2 AXFH RS HM b A MRE LLEE
FAT 038, EARAT IR 2 AR [F] 1 23 S8 T & i ode, Lt BP o1 425 190 4 A0 S 3 ) B AL AE 2 B 13k LR o AL
(K9 0 BRI 1 By TSK BRI 43 8 a8 200 g b A 0 7 3k, IR A 43 258 (0 v s P R0 A8 P T LA I e A e T DU 52 1 ).
T At 1K 73 288 L S 17 BHL SVM AT BP W45 5t 15 22 45 . RCC-DTSK-C 5 HoAth AE MO IR 1 43 S g A LL AT
IR
Q) UIZRi S /N K 2 BRI IR 13 43 28 28 VI 50l 5 75 B AR 2 YO AR, TG B 2 38 In I 5 1) T B T
RCC-DTSK-C 7E VI Zhid 2 o F ik A, A K 42 i T I 2R 0%
b)  JC T KA UIZRAE A K 2 B B IR 5 7 2 AR AR KRR B B R KA 10 VI 5 A A%, 1T RCC-DTSK-C 78
Ut A rp SRS B BBk 3% 35 40 B AR S BT T
©)  UIZRg JEEAG RN P AR M K 22 B ORI I J3E 7 S 25 8 %t 45 S HE LAA# B¢, 1T RCC-DTSK-C 1%
HEELAT S 1) AT AR R
321 KBS HWE
NBRATEH X LR 2585 % B IS E . K 0 [ TSK AT 1 fr TSK AR 4 25 38 46 F AR R 2805 1%
(fuzzy c-means,f&ij Bk FCM)FI SVM, BT LUSEA 43 FCM F1 SVM K92 30 B .SVM ) 1E 1k 25 50 B 3 i 9 ks 4l
M 0.01 ] 100, 25K J2 0.1,FCM (1% 2 28 ORUBORN B I KA 45, R 250 r A1 AN 2500] LA 3 A% 481 2% )L 0.01
2] 100,20 K22 0.1 00 T 42548 FURIA Fil C4.5, 1S E R A KEEL # 44 T B A48 I BRAE X T RCC-
DTSK-C,Jz %t DEP [ E H 2 5k 3,4 #% 4 Balloons 45— J2 FASOR AR U 2048 R0 15 B oA 2~4, 20 K08 18R 46
Climate-Model-Simulation-Crashes 4 — JZ /B U £ 2V 32 B o4 3~5,20 K4 LERE 4 Airline &— 211
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ORI AL 0] B4 2% T U O 150~400, 20 K4 50; %45 4k Balance-Scale & — )2 FUAF ME I 548 290 B BB 0 5
F 30,0 K0 1,54 45 Abalone 7 — = IR R W 25038 = Y [ 1% B 4 10~25, 25K 13454 Yeast B — 2 [F#
BRI 4 R VG 1 B 5~15, 5Kk 1.
322 JrRMRR

FH T 56 i N A5 HE RIS S5 i R B A B AL 8 1), I8 A 5 T — AN B 4210 5, RCC-DTSK-C 45 it £
Pl el A5 A B 4, FRATTRS I 0 AR A3 J2 I AL, 5F R I IZ 4T 10 IR BCF 3L, A3 3 T F X B i £, 3491
NS L PSR 1 P38 YN S5 ()1 300K B [ 5 i AT TR 7 I B AR 1 P S BORI B 3. 3
WG LT MR AE B2 45 Rk 2. & 3.

Table 2 Average number of fuzzy rules and average classification accuracies (%)
F 2 P IBOMR 0 ECRN ST 3 43 R BE (%)
LGS BAL CLI AIR BAS ABA YEA Mean
0 I TSK FU % 2.50 5.00 L 15.25 20.50 16.00 11.85
e gk | 43.86(1.24) 91.60(0.69) - 56.08(6.63) 55.54(0.75) 52.85(2.50)  59.99(1.89)
AR | 52.63(3.72)  91.11(2.09) 3 50.64(4.08) 52.96(0.25) 48.64(2.50)  59.20(2.53)
1 W TSK S WIE 2.50 4.50 - 12.00 15.50 12.25 9.35
g4 Wk | 49.12(7.44) 98.27(0) - 91.47(0.90) 56.43(0.23) 64.43(1.21)  71.94(1.96)
DIRES 68.42(0)  92.59(1.57) - 88.46(3.17) 54.11(2.72) 56.52(3.66) 72.02(2.22)
S WIE 3.00 7.50 - 16.50 17.50 16.50 12.2
FURIA g | 74.36(0.04) 99.07(0) - 88.95(0) 56.21(0)  64.01(0.03) 76.52(0.01)
WX | 68.42(0.05)  91.85(0.02) - 83.36(0.01) 54.59(0.02) 58.89(0.04) 71.42(0.03)
ETIE - - - - - - -
C4.5 W | 77.63(0.01) 99.07(0) - 89.91(0.01) 56.77(0.01) 79.31(0.01) 80.54(0.01)
WX | 61.84(0.01)  91.66(0.02) - 78.40(0.01) 56.01(0.01) 55.86(0.02) 68.75(0.01)
FH % 2.25 3.75 300.00 8.75 21.50 11.25 9.50
RCC-DTSK-C | 1l | 80.63(2.15) 99.20(0.41) 65.61(1.13) 91.98(1.09) 57.81(0.69) 74.58(2.61) 80.84(1.39)
WX | 77.50(1.26) 92.83(1.28) 61.78(2.11)  90.73(2.00) 56.32(2.36) 61.52(1.91) 75.78(1.76)

Table 3 Average training time and test time
3 I UNZRIN [ AT N )

S BAL CLI AIR BAS ABA YEA Mean
0 i TSK Ik | 0.05(0.01) 1.09(0.09) - 0.16(0) 5.27(0.58)  2.41(0.50)  1.80(0.24)
O o 254 | Ik 0 0.02 - 0.03 0.57 0.07 0.14
1/ TSK % | 0.06(0.01) 6.56(0.57) - 0.14(0)  36.13(0.60) 8.70(0.35) 10.32(0.31)
Oy 548 | Mk 0 0.08 - 0 456 0.45 1.02
e - - — - - - -
FURIA MG
WK - - - - - - -
FIER - - - - - - -
C4.5 o
PURES - - - - - - -
RCC-DTSK-C Y% | 0.05(0.01) 2.52(0.17) 2.09e+04(66.59) 0.43(0.01) 17.81(1.29) 6.95(0.52)  5.55(0.4)
PR 0 0.04 4.78¢+03 0.01 2.92 0.44 0.77

R R 2, A1 M, RCC-DTSK-C JL T T 17 Fodth JUA 73 2 4%, IS T B ir 19138 43 8 I 50K 2, 43 )
72 80.63%,99.209%,91.98%H1 57.81%.%f T AIR KAEAEHE4E,0 B TSK. 1 fr TSK. FURIA F1 C4.5 iz 4T AH2
i858 2 A “---"h5id; T RCC-DTSK-FC A8 IEH 1247, X H# Ui 7 RCC-DTSK-C & F T KA A £ 5.
2 1 RCC-DTSK-C 1308 B B B 2 iy T S0 fth 73 25 38 X 3 13 ] RCC-DTSK-C B R I 13z A It g AR 4l &
3,i1F FURIA F1 C4.5 ZH:T JAVA V& HEAE RS R 5 L AT & 3 R 3 Fp -4l IX L] RCC-
DTSK-C 5 0 ffr TSK A1 1 [ TSK B8 73 288 04T T %F Lh. B A1 1R B, RCC-DTSK-C 124718 T 0 By TSK L) 4>
3% (HJE W] AR T 1 By TSK BRI 73 2528,

2 F R, AW FT RCC-DTSK-C B4 2 HUB Ak M 51T 1 R 1784038 4 F1H T AN 04l 4R IS AT 10 IR A5 3111
ST Y11 255 5 RS 4 0 ORG J E 1d S2 86 & DL, RCC-DTSK-FC 76 Kk £ 30 ol N T LU i % J2 45 W3 B4 A
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BRI RE R R 2~3. A SCIA A RCC-DTSK-C HIMREZ N 2 ul 3. KA 73X AN Bl 4, RCC-

DTSK-C 1143 JK B AR & Bl 5L T 0 L 20 2848 19 40 20K B AR 43 #, )2 B B B8 0t 40 RS 5 A 7% AR T
QAT AE SRSB4 5 L '8 RCC-DTSK-C KA 1E )2 5, 2 Kok — AN BRI 55 4L
Table 4 Training accuracies and test accuracies of RCC-DTSK-C for different layers (%)
& 4 RCC-DTSK-C XA [l JZ A I kg L AT kg 5 (%)
. B 202 H3Z W42
B plES HURES LIS HRES UES DUEEN ES DIEEN
BAL 74.23(1.23) 69.30(1.17) 75.27(2.03) 72.15(1.91) 80.92(1.82) 77.95(1.28) - -
CLI 99.17(0.02) 91.63(1.02) 99.24(0.26) 92.98(1.25) - - - -
AIR 63.55(1.27) 60.85(0.42) 65.91(0.92) 62.42(1.02) 65.98(1.01) 62.35(2.52) - -
BAS 87.95(0.98) 79.62(0.62) 89.85(0.47) 77.95(1.52) = - - -
ABA 56.61(0.98) 50.93(0.53) 58.91(0.29) 58.18(1.08) 3 - - -
YEA 76.44(0.33) 75.27(0.59) 76.85(0.47) 71.95(1.52) 76.99(1.08) 74..86(2.52) _ -

3.2.3 TWAIfRREE

T W bR RCC-DTSK-C Il fif B¢, AT iE 5% 7 24 RCC-DTSK-C 7 A S48 5 HR A5 5t U IR0 1)
i N R 45 44 .RCC-DTSK-C JILIN 45 F (1 3 7R TE RO 58 1 2 BORM LI B0- 58 2 2 BOMI AL % -.. .- 55 DEP JZBUf 3
MWK 2 4 53R T B ABEdexd N B RS B2 AR 4 AT LLE HH RCC-DTSK-C SRUUE LT RS FE I H 2 Bk 2
B 3;RCC-DTSK-C 3R A5f5 U FIKE BE WS 0 N (1) &5 84 43 ) hy - 4-3-2;5-3-2;350-100-50;20-10-2;25-5-2;15-4-2. Lt 4,
4-3-2 ®WkFE RCC-DTSK-FC 17 3 Z&4i#:58 1 )2 35 2 2R 3 2 MBI L2y 2 4,3,2.

PR3 i, B A1 13X HE DASOHE 45 BAL 9 HE— 20 B o8 RCC-DTSK-C ¥ Al fift & . th + RCC-DTSK-C [
AR REYE S RCC-DTSK-C [AH BV 45 K RSO KL U4 O¢, 701 11 1) 52 38 RCC-DTSK-C 4l & BAL i21TH)
I U R T 80.92%, I %oF B 1) 45 M 2 4-3-2.20 T 5 {3 W0 S ATH0 JHU) 1) o AR 0 BRATTEL 5 ANBERIRI 44, HoAE
RCC-DTSK-C 3k 3 (11 BT A7 B M0 s 2 5 T 117 4 AN, 8K J5 4526 5 HRobl Ik S M0 U 3R 4T T 5 45

Table 5 Rule presentation
x5 MR

B IF THEN output y (class label)
REAEL 2 FFAE3 P14 FFAES is

D)1 low medium  very high high Can be ignored 0.098(+1)

2 very low low Medium  Can be ignored  Can be ignored -0.442(-1)

i3 medium very high High very low Can be ignored 0.706(+1)

}4 | Canbeignored veryhigh  very low high medium -0.529(-1)

% 5 t1,“Can be ignored” 37 7EAH Y R RSDRI KA U v B A e A I O REALE . B 2n, FRATT AT LA A BB 3K 5 R i
HN 1 7R H:
IF feature_1 is low
AND feature_2 is medium
AND feature_3 is very high
AND feature_4 is high
AND feature_5 is Can be ignored
THEN y=0.098(+1)
Forp 3% 5 Hf+1,-1 2 R R AR 4E BAL HE R (¥ Inflated T”#1” Inflated F”.
AR A, TR R ) A AR sy 40 v A R AL
AT RCC-DTSK-C Fw fift B M AT IR A FIWFST, 4% 6 ZIH T BOBIRI 70 o P AECEFERERE . R 414 50
By BT 4 ASORINIK 22 2] S0 R g — R BORTRUU “THEN-part” (K14 H 0T BO8I R 23 (BO081 5 8 o6 250, A R
L KA A O ORI BR300 T AOR 0 D, AR mT e DR A [ 8L 5 S, AT L i (3L ASRH 08 )
PRI 22 AR A8, B 1 A ASOR D e FR SR Rl 2 T AAAERE A 1 5 R S e AR R SR K ko R Ik, 4 T DEP=3,
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BATRAS T MW R3E 5 U, W3 6.

Table 6 Four rules presentation for BAL dataset

F 6 X TR BAL (1 4 B0 R

Fuzzy rule k:
I X, is AY A X, IS AS AL A Xy is AL theny = F5(X) = p§ + pix +..+ pixg . k=12,..,K
o dep=1 dep=2 dep=3
o Paep=3,CN=[0,0.5,1] Paep=5,cN=[0,0.25,0.5,0.75,1] Paep=3,CN=[0,0.5,1]
o ¢#=[0.2156,0.7759] ¢=[0.7781,0.5621,0.5610,0.9378] ¢4=[0.0981,0.2983,1]
o if-part then-part if-part then-part if-part then-part
7 parameters parameters parameters parameters parameters parameters
FSMaep(-,1)= FSMaep(:,1)= FSMuep(,1)=
[1,0,1,0,0] [0,0,1,0,1] [1,0,1,0,0] [0.3539
RRCyep (:2,1) = RRCyep (2,1 = [-0.7812, RRCye, (3,1) = 0.2019
010 00100 0.2638] 100 4852]
1 001 [-02029] | |1 ¢ o o of | WX)= oo wei(X) =
100 10000 e%(yif,f;{ff] 001 7&[[yl(><)—1]2+(Yz(x)fo]z]
2 0.2983 1
001 00001 100 e
010 01000 001
FSMaep(:.2)= FSMaep(:.2)= FSMaep(:.2)=
[1,1,0,1,0] [1,0,1,1,1] [0,1,1,1,0] 0.7053
RRCy, (11,2) = RRCy, (11,2) = [0.6668, RRCy, (11,2) = [6 o
1 0 0] [0 0 1 0 0] —_0-)2(497] 10 0] 0.7013]
2 100 [-03351] | |1 o o o of | WeI(X)= oo wei(X) =
010 01000 e%[“éf,l;;m] 010 ,}[[Yl(x)70.75)2+(yz(x)70.25ﬂ
2 1 0.0981
001 00001 100 e
00 1] 0 001 0 00 1
FSMuen(-,3)= FSMuep(:,3)= FSMuen(-,3)=
[1,1,1,0,0] [0,0,1,1,1] [0,1,1,1,1] ,
RRC,, (::,3) = RRC,, (:1,3) = [0.6533, RRC,, (11,3) = [60633‘3 :
0 1 0] [1 0 0 0 0] 79-(;(20}] 10 0] 0.0680]
3 100 [-07068] | |9 1 0 o of | Wi )*2 010 wei(X) =
100 00001 e%[y;ff;z;"j 100 7;[[y1m—ovs]i(yzwoﬂ
2 0.2983 0.0981
001 00100 001 e
00 1] 0010 0 01 0]
FSMdep(Z,‘l): FSMdgp(:,4)= FSMdep(Z,4):
[1,1,1,1,0] [1,0,1,0,1] [1,1,0,1,1] 08792
RRCy, (:14) = RRCy, (:1,4) = [0.4841, | RRCq(.4)= 0792,
100 00100 -0.6692] 100 0.9008]
4 001 [-09523] | |g 1 0 o of | WeI(X)= oo wei(X) =
010 00010 e—%(ylgﬁ;;“] 010 7;[[n(x)—o)ﬂ[yz(x)—o.s]?}
2 0.0981 1
001 00001 100 e
100 10000 001
output y1(x)=—0.4450 y»(x)=—0.0891 y3(x)=—0.7455

324 HEZH R

Milton Friedmanl DT & 7 4EZ 5048 v+ 5K, BT Friedman 25 2% 90058, T4 90 22 AN 908 b 1) 2 53 L 3R
P FE 1 T I T A SR 34T Friedman HE4Z IR Friedman HEA M0 T 3E A5 463X S SR B i 2 A Ly
R EHAEZERE 3 BoR T Friedman fEZ MR HIX 5 AN 2Ra8 0t g B HEA g ONE 3 TG
! RCC-DTSK-C 7E X #8432 g v {355 f 4 1 HE 42 . Friedman 73 2 (AR p 48R 0,33 2 W7 T AT (0 43 2K 28
R SEATAE B 2 e R 2 ik e g5 R ] RCC-DTSK-C M AR T ILAh J LA 43 2 4.
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Fig.3 Nonparametric statistical analysis

K3 Az Hgit o

&% it

ASSCIE RS A U R B, DASR v 2 SRE RE AR5 (4 TR M D H 10, 32— Bl IR . TSK B 2 2K 8% RCC-

DTSK-C.RCC-DTSK-C LUk =Xy 2 44 g, 32 Hi Bt AL 16 B A8, S [ 7 55890 Kl 23 0 B ML ) 20 &, AR e — A
basetraining H (BRI AL £E RCC-DTSK-C ({12 1 )2 F0 LA K7 2 mb s 2GR0 AH 7] 1) B8 25 0] A A5 4 A By
A A REAE AT AR AR5 5 i N J2 A (7 (0 A 38 S BRAT 0T JIT A7 50 4 1) S E 45 R R W, RCC-DTSK-C £ 432tk
fe LB AL T HAh L Fh 4 24 50 R, kPR 4R BAL By — P90 K IL,RCC-DTSK-C it B A #
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