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Ensemble TSK fuzzy classifiers with parallel learning and high
interpretability

ZHANG Xiong-tao'*!, JIANG Yun-liang?®, HU Wen-jun®, WANG Shi-tong"

(1. School of Digital Media, Jiangnan University, Wuxi 214122, China; 2. School of Information Engineer, Huzhou
University, Huzhou 313000, China)

Abstract: Traditional ensemble Takagi-Sugeno-Kang(TSK) fuzzy subclassifiers face such challenges, hierarchical
learning have no interpretability, because of the presence of intermediate variables, and when a new TSK fuzzy
subclassifier is added to or removed from the structure of the current fuzzy classifier, boosting learning must retrain each
TSK fuzzy subclassifier by appropriately assigning new weights. Therefore, An ensemble framework EP-Q-TSK of TSK
fuzzy subclassifiers with parallel learning way is proposed. The proposed framework has the following distinctive
characteristics: 1) Each TSK fuzzy subclassifier can be built quickly with least learning machine (LLM) in parallel; 2)
As a novel ensemble learning, the proposed framework augments the original validation data space with the outputs of
each TSK subclassifier in an incremental and inexpensive way, and then speed up the final classification on the validation
data by using the FCM and the KNN method; 3) Enhanced classification performance by FCM & KNN is
experimentally revealed, and the experimental results on benchmark datasets indicate the effectiveness of EP-Q-TSK and
its parallel learning method in the sense of both enhanced classification performance and interpretability.

Keywords: ensembling Takagi-Sugeno-Kang(TSK) fuzzy subclassifiers; parallel learning; least learning machine;
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Q-TSK H1R FH 2 />3 S 45 A5 BURH R 3G 98 AR A1 1 5
BN, EP-Q-TSK H A 4T I 58 & 0 B 4L 1) im T 45 4
(R

AT N2 ) iR EP-Q-TSK, LA¥# £E wdbce
JA5, I\ 53 S e AFUASERS] KL I £ R A R A A 7 TR
X AT FEA 2 7R wdbe 04 4E H 569 SR A4 A,
LGN I, O £ ()RR AIE EH 7L I B4 ek
Y1 (FNA) I EC A BUE VS A B, IR 1 G o 48
T IVRFAE. AT 55 A& B0 58 R IR IR 2 R MR IE 2 0%
P (5 B 7R N +1H1 —1). EP-Q-TSK 7£ wdbe >R
3 AT RAE, BT 53 A TR U E 1 A%
HRICE I N2~ 15. RAFH T A 77 IR AEEE
£ wdbe b IS OR ISR AR, BE L P38 00 %,
N R A RS B S 07 22 P U R A K ()
HS256 45 . BT GFS-LogiBoost-C Fl Ensemble-C FH
Java S, ANgh H I ZRAnS [a], B« — 7 2R, sk
4 fit7R, EP-Q-TSK £ fit KAIF- Y2k L e K AT
50 G0RE B 7 THIAS Je oAt 7 2 88 (H 2 P31
FRAR T B IR B /D
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Zero-order-TSK-FC First-order-TSK-FC DBN KNN
training testing rules training testing rules  training testing rules  training testing  rules
0.6739 0.6713 0.7637 0.7377 0.8154 0.8082 0.8343 0.8256
WAV 76.9 43.5 - -
(0.0521)  (0.0540) (0.0151)  (0.0206) (0.0540)  (0.0559) (0.0053)  (0.0157)
0.7960 0.7910 0.8263 0.746 1 0.8175 0.8090 0.8000 0.776 1
SPE 125 7.6 — -
(0.0175)  (0.0319) (0.0154)  (0.0545) (0.0210)  (0.0476) (0.0100)  (0.0299)
0.4167 03961 0.796 3 0.7422 0.8610 0.7778 0.7767 0.7387
AIR 70.2 1.4 — —
(0.0459)  (0.0591) (0.0239)  (0.0363) (0.0412)  (0.0579) (0.0543)  (0.0563)
0.5687 0.564 3 0.7388 0.7255 0.7500 0.7327 0.7420 0.7400
LAN 83.7 51.2 — -
(0.0461) (0.0404) (0.0116)  (0.0213) (0.0590) (0.0525) (0.0409) (0.0394)
0.4472 0.4010 0.6867 0.668 4 0.7428 0.7310 0.8885 0.8878
PEND 98.9 9.9 — -
(0.0424)  (0.0415) (0.0138)  (0.0197) (0.0556)  (0.0557) (0.0045)  (0.0085)
0.8272 0.8242 0.9931 0.9701 0.896 8 0.8896 0.5139 0.5135
CHE 75.6 59.7 — —
(0.0508)  (0.0490) (0.0054)  (0.009 1) (0.0216)  (0.0293) (0.0182) (0.0251)
0.608 4 0.5709 0.6896 0.6736 0.6751 0.666 1 0.8066 0.8061
SAT 90.2 63.9 — -
(0.0344)  (0.0427) (0.0088) (0.0162) (0.0512)  (0.0599) (0.0381) (0.0464)
0.4573 0.4479 0.6758 0.6653 0.6765 0.6750 0.8975 0.8917
PENB 67.4 1.9 — —
(0.0424)  (0.0580) (0.0383)  (0.0364) (0.0595)  (0.0568) (0.0042)  (0.0049)
0.8205 0.8157 0.9208 0.906 9 0.8385 0.8377 0.6104 0.6022
SPA 107.5 1.4 — -
(0.0358) (0.0381) (0.0052)  (0.0094) (0.0265)  (0.0275) (0.0009)  (0.0065)
ADU 0.8260 0.8014 1355 0.848 6 0.7859 0.8252 0.8213 0.8230 0.8039
(0.0538)  (0.0480) ' (0.0285)  (0.0484) (0.0565)  (0.0545) (0.0569)  (0.0101)
Ensemble-C CFS-LogitBoost-C EP-Q-TSK
training testing rules training testing rules  training testing rules
0.7897 0.7858 0.8373 0.8300 0.8540 0.8408
WAV — — 524
(0.0337)  (0.0225) (0.0025)  (0.0017) (0.0093) (0.0161)
SPE 0.7583 0.7532 0.794 8 0.793 1 0.8519 0.7934 ss
(0.0241)  (0.0203) (0.0019)  (0.0024) (0.0546) (0.0564) )
0.7019 0.694 8 0.5670 0.5526 0.5679 0.546 1
AIR — — 59.7
(0.0463)  (0.0019) (0.0335)  (0.0194) (0.0562)  (0.0416)
0.6145 0.5854 0.6555 0.6355 0.7577 0.7575
LAN — - 70.7
(0.0328) (0.0232) (0.0312) (0.0246) (0.0124)  (0.0147)
0.5321 0.5236 0.7552 0.7507 0.8967 0.8862
PEND — — 69.2
(0.0034)  (0.0047) (0.0153) (0.0163) (0.0111)  (0.0203)
0.5969 0.5920 0.5734 0.5215 0.8100 0.8029
CHE — — 56.8
(0.0410)  (0.0398) (0.0006)  (0.0295) (0.0219)  (0.0232)
0.6901 0.6884 0.6676 0.6669 0.8247 0.8239
SAT — — 47.6
(0.0178)  (0.0210) (0.0226)  (0.0292) (0.0140) (0.0143)
0.5392 0.5385 0.7478 0.7410 0.900 6 0.9003
PENB - — 46.3
(0.0417)  (0.0024) (0.0108)  (0.0190) (0.0131)  (0.01838)
0.6524 0.6058 0.6058 0.604 1 0.8209 0.8166
SPA — - 67.4
(0.0109)  (0.0003) (0.0003)  (0.0015) (0.0252)  (0.0304)
0.6800 0.6748 0.8260 0.8139 0.8347 0.8342
ADU — — 78.6
(0.0327)  (0.0107) (0.0036) (0.0167) (0.0496)  (0.0478)
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T4 wdbe BUREAE T AT EMERELLE

PR

HERZES

HHB — — A
S ONI ) HfE YRR ] o IN| HfH DR ]
Zero-order-TSK-FC 0.9580 0.8973 0.009 6 0.9577 0.8836 0.0015 10.1
First-order-TSK-FC 0.9830 0.9578 0.0178 09759 0.9573 0.0020 8.6
DBN 0.9859 0.9746 0.094 6 0.9850 0.9671 0.0019 —
KNN 0.9408 0.8912 0.0131 0.9266 0.8541 0.0115 —
GFS-Adab-cost-C 0.9549 0.9366 — 0.9472 0.9090 — —
Ensemble-C 09771 0.9366 - 0.9507 0.9012 — —
GFS-Logit-Boost-C 0.9829 0.9331 - 0.9472 0.9362 — —
EP-Q-TSK 0.9374 0.906 4 0.0085 0.924 1 0.9035 0.0013 3.8
#5 wdbcfE3 MR LRI RN
e if-part then-part
L VH VH M M VH VH VH L M M VL VM M ap, = —0.1223
1 M M H VL VL VH L M M L M VL VL L a2 =0.4450
L VH VL VH M VL L L VH VH H M M VH aj = —0.6877
2 H L VH VL H L VL M VL L M M M VL a2 = 0.5696
VL L VH VL M VL VL M M H L L al = -0.9116
L M H H VL L M H H M H H L M aj =0.0445
H M VH M VL VL H M L VL L M VH L aj = —4.5517
3 H M VH VL H L VL M VL L M L M VL aj =1.3103
L M L VL M H M VH VH H VH L L VH ay = 0.3070

3% 4 7] WL, EP-Q-TSK 5 H Ath 73 2 28 AH L, Il &
B ) 520, WA 5] 4 A3 2. BT R e A PR, A S0
A 4 H X e R A AE BT A e B Il ZRAn )
RN R], {H SE56 10 5% 3% B B A AR B0 SR A0 %70 538
YN ZRFRI R B[] (1) 45 5 55 3 4 1 51 H 1) wdbe 1)
SR JLF— 8 X AE KN EP-Q-TSK X Fi 4 (K Bk 1
I AR H R AT 5% 23 U7 2K, 1Y SRS 1 HHE B 1 AR
B /b TN 2R 5, £ BIZ24T 1 FCM HITKNN
i ) #R AR 4. N T R EP-Q-TSK [ Al B 1, 76 -
— YA B ARAE I8 4T 45 R 1 A T K3
ISR T (0 R4 0 5 A S 3. sk 5,0 T AR kg
1T A3 B AL A8 (2,3,4), XEIH 1. 52
53T IR AT 24 3 4 S BIIIN. R IR S,
BARFTA S/ 1 S I 5 o B A [ R0 P R AAE
A8 FLAG AN B8 AR, (B AT L K AR O PR RRAE
{0,0.25,0.5,0.75, 1} 7, R B A & 5 BT SRR 9F
AN RS JEROR, fiid A VLA L ML HL VH.
AH AR S5 RBRT R U 408 A2 W A 1.
3 4 ®

ARSCHRH T — P AT HE LA T R RE IR TSK
TR 43 2 3% EP-Q-TSK, DA v I A 4 1 TSK AR 43
A T AR A 22 R U BB AR O B v A ) AL AR A% AE
B0, HAT & 2] O AR & 2 A B ] R
PR B TSK B 770 828, 28 J5 R R4S 0 28
A8 R A 1 e R X 56 R SR AT 7R, A
10 FE 1 560 565 AF B 8 .. 3 Jok 7 348 56 56 10 B9 4 -

AT 20 S (R0 SR 2R B0 FOM, SR A AR R M rp s 4,
A8 F KININ G FRUI A A BA KA AR PR AR A5 AT DRI T
I, S 56 28 BIGIE T EP-Q-TSK M 2% S1 LRI A 2L
P,

AR AR 32 ZEAE 75 B A S 7 L AR
HER T T, B AR RIS 36 UE T HE SR I0 UE A 4 i)
FCM&KNN Lt 7 J5 46 56 11F B 45 I B % 48 KNN
T AH N A% B BRI i DAIE B 76 SZBR N
A PLFF K EP-Q-TSK 7E & J7 {5 1B 5 Bl Ak A A 55 5
o I FH 37 55 Hp 14 R FH 271,
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