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Multi-model soft sensor based on Dempster-Shafer rule
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Abstract: There are disadvantages in traditional model methods for the soft sensor, such as low predictive accuracy,
poor fusion ability and weak adaptability. In this paper, a multi-model soft sensor method is proposed based on Dempster-
Shafer (D-S) rule. Firstly, the affinity propagation (AP) clustering method and the least squares support vector machine
(LS-SVM) are used to establish multiple sub-models. Then, the multi-model output of the soft sensor is obtained through
the fusion of the sub-models based on the weighting factor calculated by using DS rules to improve the model prediction
ability and fusion ability. The proposed method is used to build the soft sensor model of a nonlinear system and the ester
rate. Simulation results and industry application indicate that the proposed method has better predictive performance and
higher accuracy in comparison with the traditional soft sensor

Key words: Dempster-Shafer rule; multi-model; data fuse; affinity propagation cluster; soft sensor

1 5|5 (Introduction)

AL TP, 2 T EMEARRIBRSE], F T
RS (R RN TR AN BEAR, AR R R DT
BCANE « FHUI RS FREAER 45 fn) A ST~ SR 2R 1) 2 2R Al
T 7V LM AR N, T LA SR A R i
RS P R A BET 30, ST (4145 H — b 2 B Sl
TR, KRR A 2 AR s TR, AR e S T
KU T 1EA B TR . SR [5-7181 4
SHAL 1 (affinity propagation, AP)SEIE 7 iEXTFEA TR
Ji, 8 I D)4 S R AH IV (1) A2 ol A o % A
H . SCHR (8108 i ik IFCMAT A bagging K 235 £
AT PR FROMIDRS 2. AE2 F I T- D) SR m 15 1) 22 A Y
B R TEAGE AT RER e R G, TS bR T

Wk H393: 2013—07—-05; 1 H: 2014—01-20.
T3 A51F# . E-mail: wangzhen_l@ecust.edu.cn.

|48 VRS VY 6 X G S B | S5 i R T =/ S E it i
TR R R L, SRR TV T e AR V)RR S I
G, WA, L TINE R A P R N, B et i e
THSARE AR Y ZRRE A v 8 SR 2 rh o (R 8 25K 1)
W A A T R 2S00, 2 HR IR R Kl 9 IR IR OO, X
S I T B P A Y. 1R 2R 2 T A AR e 2%
LR NN S

B 0E B ), AR SCHR T3 TR A R )
(Dempster-Shafer rule, D-S rule) ] 2 45 5 2l &8 Jy
. T SR HD-S A O A BEANA 17 2 1 SR AR AL
e B0 APSRIAT RIS F AT T 2 MR
Sy BC R, ARG AR A TR AU R 1, X &1
IR Py At EAT DA R A5 43 30 I A 1) 22 1 Y Ay

FEETH : [FK I GUERF TR T RIZE 350 H (2012CB720500); %K HARRHEEE HBIIUH (U1162202); 5863 1HXI%t Bt H (2013AA0407
01); = T S RHE 4RI %8 B T H (2012BAF05B00); _F i RS B ¥ Bh T H (12d21125100); b i 28 5 24 Al ¥ % Bh i H

(B504); JRETANPEEA B 5% Fm S S TP ICR A



55

JHE S U £ O ) 22 AR B 633

H, G Ty S R R, R T REACES R
3 RS TRL EORE FE TR S, 3 e TR R T A
i, MIHASCIER AR R GRS T ARG A T
RO, SRS RN Ry VA L, 0 B8 ) A sh A bk
BeH TS, SOK, R LI RERE AL S N g AT
I FRFFAY, S F 45 SRR B T2 A Rk
2 1) %) 4% & 28 25 (Affinity propagation clus-

tering)

EZUEitict piAl JUREVCITE 51PN B EICh AVl
2 BRI 40T . Ek-means . BOBIC- 34 45 5 A L,
APRIEITEA WA A — R EAT F R R
AN BFEA IEAGE SRR DD, BB B SS
R TR TR AP AR SR B 5 R SR, AR
g BT I A R GAEAE. DR A1 R 7 S A% 4R
(AP)SRIETT AR /N — S ) S L(LS-SVM) XTI
RFEARBAR A AT RIS PR L 2 A TR XN ZRE
AEX = {x;i=1,--- ,n}, APFILEELH HEnh
B A R EE R S s, SR, AN T AN HEHE
P AR R P Lo IR, RNt M (o iE
(IR rh Lo, A R S 48 U, X AN UESS 2
Hulvy e Lo
R(i,j)= S(i,j)—max{A(i, k) + S(i, k)},

kzlv"'7n7k7éja (H
A(i,j)= min{ovR(i,j)Jr;{maX(O, R(k,j))}},
kzlv"'7n7k7éi7j7 (2)

Hrp: R(i, j)Roma & G AF e, MR PO IR AL,
A(i, §) R 1k Fea AE ) HER KO 1E & 1R L.
R(i,7) A, §)BK, W) a Ak 52K g0 (1) mT Re
K. FER(i, )R A4, 7) FIERE L, FEHEH AN
R (i,5) = (1 = NR™ (i, 7) + AR*(i,5), (3)
A (i,5) = (1= N A" (i, j) + XA(i,5). 4
APEFHE ()~ @) AW AT IR IEAR, it 1
T FHJE RN I IEAC T L. X, ;AR AT
R(i,j) + A(i, )N R(i, k) + A(i, k) 1A,
i /8 WINYSE Bt MEOE S VNS BUBEY 5o avine <1
J7 IR R R, nT A3 305 e MR R K P L,
SV, WA EIAEA KRR SO0
RREEA, BN BTG 20 el FREAZ R 4
subsetl, - - -, subsetc, FFILS-SVM 7 V=& e/ A
MLS-SVML, - - -, LS-SVMec.

3 T URYE A R 1K) 2 AR A Y (M-
model output based on D-S rule)
X5 TR IR AEAS, G ] T H i s 2 o =
B FROE I I R AR S X & I R A
(i =1, ) SIGREASE T & B Lo, HOBEB
ARABLRE, Ko VA 21 55 FEAHALLE B K2 oy, e A Y.

(R R AT e L (R, X T B TR
Lo U R R 20, ASSIIREA R M AZX BT iRy
RINSARTT HIBE, XML T, ELAEHIBRFEART
IR PN 53 MRS s R R . A T
SEOGHERI TSI IR AR A fa Y, AR Tl
TD-SE BRI 2 A5 R k.

AAA A A
A A A A AKREA
ANAAAp — OBXkEA
e | DA DANA
= | ANA AP A
2 | S8a R
= | TAAARNA
AN AN d2 0RQ
AAAAA OO‘OO
ADA Ajl}@goo
N o0
ik EG B B

B 1 HEA AT O
Fig. 1 Sample distribution

AT R ID-S& SR -, 5 g, 52 L Am
YA AS 23 N BT SRAF A5 N SR, 1Y
IR, IR R AR

pij =1/ [ 2] T — vy %, (5)
p=1

Vi, j, pij € [0,1]; Zc)mj =1 iuij > 0. (6)
j=1 i=1
H TSR e B2 R S 7 a2 2R (6), WOBUELA N R AL B
ﬂljzﬂlj/zllu’zja]:]-v , C. (7)
i=

Pl B AR X P SRR BRI S SR B RS
U = [wi;]. RJ5, B REAR e 1B A ik 3
IR A HESL O, IEAT— AR FEI0C; (5 =
1,y 0). M2, xfat, 3 (G)~(7)R H R 1A
TR, B IAMEICCy IR SR R . AR e B
U2 AR S — 4R, IR s AR A C R
HoAm(C|xt) = por. St ASFEAR, [A) B, o] 180’ 4%
U, FEAE 2 40 BC oR 20 m(Ch|2el) = pa (@ = 1,
<oeunt). FHAE I D-SE B I 1K U % 23 I oK £
HEATRLG, R R A S BRE 2R 20 D R BV A 1S 115
TR PC R AR, X (8) s

m(Ch|X") =
2 m(Cilzy) - --m(Chlzy,)
Cilzin--NCy|at, =C1| Xt
1-k ’
m(a) =0,

®)



634 7

5 N H 531 4%

Ferbrs OF & IR 7RI K/ S T k4 8] FR) b SRR,
k= 2. m(Cylay) - m(Cylay,).

Cilzin---NCy|xt, =2

[F) 2R, 6F T A eS8, $ B iR 1) 77
5, — AT LS B AN HE MR 23 T ok 2 430l ok
m(Cy|X"), - ,m(Ce| X7), B HAF N BT R AL
PR, TR R p i A TR

5o, VA AR Al BT % B ALS -
SVMI, - - -, LS-SVMc ] ¥ % H 91, iz, =+ Yier
H BTS2 ) e TR AUE PR 7, X7 A A8 4
AT ARG, W) ot (1) 22 BN H ol

Gi = m(C1| X" )gir 4 - + m(Ce| X)Gie. ()

P S ATSRH Xt R A IR A ) 22 B
g, -, gy, WHEREIANY = {90, . 9.}

AHLE TR G 2 B 53, A7k Se il e
SCMFRFEAA RS TN ZRFE AR b & SR Ll 25
JBRE, AR5 75 IE EID-SH O R 1 (1) SR AR RF PG
AN AR I RA BT, R FHD-SE R o) #2855
J& B AT DEAT RS AL, 13 2 S 53 TiC R 2K,
JAE BB DR 7Rl G- A8 A T AN ] T e
FHHEAN TR ()i H SR AE R A B 28 R T e, 3,
ANERT A7 200 Ak B AR B 521 %) B 2 St 1)
REWA), T HLE 22, A ORE S 1 A R D)4 5 kA
TG R R .

4 BT URE 5 BORE I B 25 A R B R AR
(Multi-model dynamic soft sensing modeling
based on D-S rule)

BETURAR A O ) 22 A58 000 S A R e 454
2R, HE R H ARSI BT

1) Blls Piak 2. 3% £ AR B R Xk, M
IREALERT, n W REASAN L, I S s el Jn Bl ik
ATV AL B

2) APPSR, RHAPERR LK E s tE X R
KR, B BmMBERPOLESV SRR IHE
TH

3) FEAL R X AR B e T INRREAEE,
KHILS-SVMA HHEAT IRy ) I e A S 4. ik
P A% pR BV N LS-S VM A% pR 8, 3 A8 SCHGIE
EE S THIN S C Mo,

4) FET-D-SHUU AR T 4 . XS Er IR
AEHREXE, 4 3(5)—-(8) 17 3k A9 X AN T-4%
TSI (1) UE H A7) I bR B0, K LA O & AR R
BUE R 15 R 5 B AR T REAS 7 B8 1 H
Dits Jizy * Uier TFFERO)XS ALY (1) HH 1HEAT IIAY
Rl Gy, 49 Bt 1) de 2 g 4% IROXRE I 7 1%, SR 43
XA .

Y ETRI ) BTG A AR (2 ¢ XY,
AR — N JURAREAE X, A AR In A3 X, T

RIS 2T R MIRAE AR X, SR 5 3 IR R 4) Sk Tiell
i, BUA: 3= fE(5)—(7) 3K B (Rl il A
£E X b AT REAON N T S SR ISR B 2R,
Fo M (8) SR HH e/ F RN R R 3 L B m (O |
X5, m(Co| X)), B AR AT AR AU R 1
e, SR R A N RS TR ) gt
s gt IR, MARAE ARt 1) 2 B gy o gl =
m(C | X™)gt + -+ m(C| X ) gt FEIREARZ
%, K IR Xt A i . 6 — AN
FIIARAE A b, K N 21 i A HL, 45 20587 il
TREE X, 2 b 1 [RDRE ) 7 v e e s s, o
FENX P i) 2. 4 JROXRE I J7 9%, ANME AT LAY R
T AR AS ) 4, T AN 2 38 0 AR () R
B, AR T IiaHRCE.

VILERE A X

l

| D-s e |

YIHALLEX

| AP |—»: |Ls-svmi| [Ls-svm2| - [ Ls-SVMe |.
L J
W % ]

Z B g,
2 F RS G ORI ) 2 A I R R P
Fig. 2 The structure of multi-model soft sensing model
based on D-S rule
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Fig. 3 The actual output and the estimation output of

the system based on five methods
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Table 1 Comparison of different methods

Jiik RMSE(x10~!) MASE (x1071)
BP 0.3948 1.3839
LS-SVM 0.3492 1.3159
AFKCM-LS-SVM 0.3628 1.3462
AP-LS-SVM 0.3634 1.3481
AT 0.3311 1.2859

6 TV H(Application to industrial process)
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Fig. 4 The esterification reaction process schematic diagram
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Table 3 Comparison of different methods

Tk RMSE(x107!)  MASE (x1071)
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Fig. 5 The estimated output and actual output of the ester rate

test samples based on four different methods
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