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Abstract: In the framework of information fusion, this paper presents a hierarchical evidence reasoning (ER)-based
fusion method to deal with accurate acquirement problem of diagnosis evidence and the information limitation problem
in online diagnosis. In the process of diagnosis evidence acquirement, the casting strategy using reference values of fault
features is proposed to proportionally calculate the similarity degree between feature sample and its neighboring reference
values. In this way, the reference evidence matrix (REM) with the form of point values can be obtained and then the
accurate diagnosis evidence of online fault feature sample can be generated by the REM. In the process of evidence fusion,
the hierarchical ER fusion model is designed which includes two-level fusion operations. In the first level operation, k—NN
algorithm is used to search for the k historical samples close to the online sample and then ER rule is used to fuse the k+1
pieces of diagnosis evidence of & historical samples and the online sample. In the second level operation, the multiple first
level fusion results coming from different features can be fused again. Thus the diagnosis decision can be made according
to the second level fusion results. Furthermore, the objective fusion is constructed based on evidential Euclidean distance
to optimize the importance weights of evidence. Final, some diagnosis experiments on a rotor test bed are conducted to
compare the proposed hierarchical ER fusion method with the previous single level ER fusion method. The experimental
results show that the new method can effectively promote diagnosis rate by enhancing the evidential accuracy and adding
historical sample for information expansion.
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AR F] NIstfE 5% (genetic algorithm, GA)E NAR
15| 2, i R 3 AR A7 RN 95 DK HE U], )46 Fh A
AR A AR B A . 7R — AR, ARAE AR
YIS EER A R IR I B BEAR K /NI BRAMA, FRE
T A SR % S 8% B 11 AT 26 28 RS S
&, 72 A ARG BT I AR AR A EE LIS ol 5 A )4
itt, ZHEE PWAEAW AR L, R2FRIISH IR
FERE R G B HRB A P I B L.

T DL AR SR AT B R 12 W 4 SR, T DA
18 0T BT PTRIE FERE, e S n A RS
HIfIZZanR:

M,
G X 100%, n=1 N (19)

T3, My (I,s =1, -+, N)FRIR E S M A
D, T2 W4 o8 D A SR, Frp R IEHEFE XS
26 I T 3R RN & AR A IR A S W R AR A

Up =

* 3 9 /E NERBR AW 45 R 69 R A 46 %
Table 3 The confusion matrix for diagnosis results of
hierarchical ER model

[AAZ A
Bt #igR
Dy - Dn --- Dy

Dy Myy -+ Min -+ Min S1 uy
P

n Myi - Mpy - Mpyy S un
A

Dy Myg -+ My, -+ Myn Sy un

5 TEHEMLEE T2 W ) SEER IR
51 HWHETHRMEERE

AL CA ML 7 s i2 W7 ), S6AIE 7y J2 U ER fil
G A RPE. SEER WA NZHS- 28 2 D) Re e M s
TR S, BRI AL AR R FE AL B8 70 ) %2
BAERL T AR KT RN B A SR 5 TR S
HE S5 . £HG-8902 RAEMHE SAEH 21T H AL,
SRJGH| F Labview¥ A 55 K ITHG-8902 %545 70 Hr i 4445
B 1 IR B o35 A DA % B Sk IR sh 2 A% 1 e {E
VB RRFAE A7 5 13

SEHG R E T AR R R IEW BT Dy,
TAAE Dy, 5 FART R Dy, FEHERAB) D, 3BT K
B SLIGEIE R AT AT, 51k SR RS I R A
TRa Sab=® B 95 s AE i L K (= bR L I P N o
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XEIERLX ~ 3XAEA L) S R 2 7 4%~ 34 i fE
VERHBRRAEAL & BOE T 91500 /m, IS
1X 425 Hz, nféi#in X (n=1,2,3)8(n x 25) Hz. iX
HL BRI 1X ~ 3X RS IE B LA K SR 2 47
MARNRFIL AR f1— f AT R G U RS
52 MEFHMERRNSHUEIEER
5 AT E A S T R AHARESE N O ={D;,
Ds, Ds, Dy}, 5FF1X,2X, 3X M E A 3% 5h 47
B PR EX 4 MRFAEAR &, 43 T TEAFh SR i pra A 2
N, AR BB AL = 16 sIESEREES = 800U FA,
BV AT 3REX 32004 B FE AR, WA o i 452 2 (19 8004
BEAH BEH LB SO0ZH M B I Rk A
S={[f:(t), Y ()] f:(t)e Sy, Y(t)eO, i=1,2,3,4,
t= ].,2,"' ,Ts, TS = 2000},

Tl 120020 FEAAE AN AR

IRYELLG, WSS & £ VIS HE R

A, ={0.0681,0.1485,0.1567,0.1654, 0.1706,

0.1986,0.2176};

LWZHEER

A, =1{0.0974,0.1301,0.1410, 0.1571, 0.1865,

0.1994,0.2147};

VELOE =AW
As ={0.0446,0.1179,0.1383,0.1699, 0.1829,
0.2096,0.2718}:;
[ IZHEE N
A, = {3.6009,3.9090, 4.0004, 4.2550, 4.3850,
4.8510,5.2070}.

SR JEARTE 253171 5 B R H AR AR e 203 — 1k
JTE R IRAG IR LR AR 38 i G R i E R S F 0k
PEAERE. PTARIE S5 4. LT SR HE A mT S VAN 7 VT R
ANFFAEAS AR YR A SETEIR 7, 20 B, = 0.9591,
ro = 0.7519, 5 = 1, 7y = 0.8464. FH 57 ff)IF 45 5 2L
YR Ew; (i =1, 4)BWIRER B Ew], = w] =
w? =wl=w; =r;.

T IR AR S PAE B —dLREA, BT LLFIH 4
JZ ZRER filt A B AR R e o I ) A 2. AR 3
AT RN B AR R EANZRREA, SREUR L S5k
A P. XTI A S P = — AR, A I
255 157 2 EREh A5 B0 ] e (1 i g 0. Ra-11
I T 3T S B S 3 S G RN s Y
SR,

1250 T YR 2 Rlf AN UEdE 1 i B
BB (5 B2 AR RAF S5 ).

k4 BRAEFETHREF LT EIX R E%T R

Table 4 The casting result of the fault feature variable 1.X under the optimal reference value

Al A3 A3 At A3 A8 Al
0.0681 0.1496 0.1578 0.1606 0.1712 0.1784 0.2176 R

Dq 2427132  252.7409 3.3022 0.7859 0.4578 0 0 500
Do 0.0137 24.8416 99.7902  291.1126  68.5940 14.1849 1.4630 500
D3 0 0.2180 7.7480 32.8817 91.0576  295.2753 72.8194 500
Dy 0 0 0 0.0569 3.7887 228.7791  267.3753 500
Mt 2427269 277.8005 110.8404 324.8371 163.8981 5382393  341.6577 2000

k5 REAFMATREFIELE2X O 20T K

Table 5 The casting result of the fault feature variable 2.X under the optimal reference value

Ay o3 A a5 a4y oA

0.0974 0.1183 0.1387 0.1483 0.1852 0.2072 0.2147 .
Dy 14.7027 102.5603 177.1452 166.8154 37.9605 0.8159 0 500
Do 0 0 1.0344 224.4351  274.4709 0.0596 0 500
Ds 0 0 0.0000 100.3723 367.7149  31.9128 0 500
Dy 0 0.6183 2.9541 20.9138 244.7471 216.1971 14.5694 500
Eit 147027  103.1786  181.1338 512.5366 924.8935 248.9854 14.5694 2000
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Table 6 The casting result of the fault feature variable 3.X under the optimal reference value

A A3 A3 A3 A3 A Af
it
0.0446 0.1160 0.1408 0.1568 0.1966 0.2126 0.2718

D;  190.5857 302.6943 6.7200 0 0 0 0 500
Do 0 0 0 63.3471  413.2856  23.3674 0 500
D3 0 0.5070 7.9936 161.6330  149.7017 139.4549  40.7098 500
Dy 0 132.2133  315.1440  46.8959 5.7468 0 0 500
M 190.5857 4354146 329.8576  271.8759 568.7341  162.8223  40.7098 2000

7 FRAFA T BIRAA-FH AR ELTE

Table 7 The casting result of the fault feature variable “displacement’” under the optimal reference value

Aj At Af Aj A} Af Af
Mt
3.6009 3.9163 4.0039 4.2578 4.5305 4.8514 5.2070

Dy 176.7830 289.7918  33.4252 0 0 0 0 500
Do 0 0 0.0110  42.7948  421.9660  35.2281 0 500
D3 0.0231 3.0506  23.7314 1344703 213.2512 113.1694 12.3040 500
Dy 0 0 0 0.8233 86.8598  388.3121 24.0048 500
Bit o 176.8061  292.8424 57.1676  178.0884  722.0771 536.7096  36.3088 2000

& 8 MIFHAELX 09 BALA A F IR R AE [F
Table 8 The REM with the form of point values of
fault feature 1.X

1 2 3 4 5 6 7

€1 €1 €1 €1 €1 €1 €]
Ap A7 A Af Ay AT 4]
D1 0.9999 0.9098 0.0298 0.0024 0.0028 0 0

D5 0.0001 0.0894 0.9003 0.8962 0.4185 0.0264 0.0043
D3z 0 0.0008 0.0699 0.1012 0.5556 0.5486 0.2131
Dy O 0 0 0.0002 0.0231 0.4251 0.7826

& 9 MIEAFIE2X 09 SAAR A FIEIEAE G
Table 9 The REM with the form of point values of
fault feature 2.X

ey 3 & ey e e e
Ay A3 A3 A3 A3 AS AD
Dy 1 09940 09780 03255 0.0410 0.0033 0
Dy 0 0 00057 0.4379 02968 0.0002 0
Dy 0 0 0 01958 03976 0.1282 0
Dy 0 00060 0.0163 0.0408 02646 0.8683 1

5.3 SASRIAREA KRS HERR s 54 R b
FESRIUER A B BUREML J5, 45 R R AT A1 H
12002 I BUAE A KT #4181 0 /= SCER i AR B AT

WK, X LA T R g 0 R A 1R 1O,
XA AR T SO R S AR AT PR A

fEOL 1 LI A S48 P LR AR [
KRR AR A e 4 —HL

A EMREEAL0.1792 0.1693 0.1834 4.3620]
(SR PR A 5N D). R4 R 8- 17T A1, & AL
A2 & fy = 0.1792LL AH AL B vy 6 = 0.9811 M evy 7 =
0.018973 AW T e§Fle]; fo=0.1693 IR g 4
= 0.4308Flag 5 = 0.56925 H PG T esFled; fz =
0.1834LAAHAL B a3 4 =0.3323Faz 5 = 0.66774) Jill
WS T edfled; fu = 4.3620 IAHMLE g 4 = 0.6179
Flay 5 = 0.38215 I BUE T edfled. MR X (12)3%
HEARBLBE XS AH L () 2 UEHE BEAT INBUS SAFZ
FEAIESE, iR 13 .

% 10 SIS AHFAE3X 09 B A FIEHRAE 5
Table 10 The REM with the form of point values of
fault feature 3X

1 2 3 4 5 6 7

€3 €3 €3 €3 €3 €3 €3

Ay A3 A3 Ay A3 AR A
D; 1 0.6952 0.0204 0 0 0 0
Dy O 0 0 0.2330 0.7267 0.1435 O
D3 0 0.0012 0.0242 0.5945 0.2632 0.8565 1
Dy 0 0.3036 0.9554 0.1725 0.0101 0 0




ERE ]

IRIGEITEAE: He T 70 2 s CIEHRHERL (5 R A s 2 W 77 ik

1689

11 SR A H R SRR A B 4B [
Table 11 The REM with the form of point values of
fault feature “displacement”

T L T

Ay AL AL AY AL A AL

Dy 0.9999 0.9896 0.5847 0O 0 0 0
Dy 0 0 0.0002 0.2403 0.5844 0.0656 0
D3 0.0001 0.0104 0.4151 0.7551 0.2953 0.2109 0.3389
Dy O 0 0  0.0046 0.1203 0.7235 0.6611

£ 12 AERRE T EANL LR KA E
Table 12 The optimized importance weight of every
piece of diagnosis evidence during the hier-
archical fusion

RN Ds), [0.1810 0.1711 0.1954 4.3700](SEZFR
ks D3)FI[0.1775 0.1723  0.1938  4.3920]
(SEBR MR 2N D3). B R 20(12) 3R 150030k
K LRGEARFEA £ £2, A2 Wil 4 an 2R 139 fr
7N,

(1 7) AT 5AS el I3 IR AR E Y e}, €2, e
A SEME R T R 14 5T7R. BT ARFE B 2 M i 2
HEFI, FTLOX A > 02 > 0.

& 14 BAMEAEGY T SEH BT (F L)
Table 14 The reliability factors of the evidence acti-
vated by nearest neighboring samples (Case

1)

[ r;

0.8796

.

Wy

!
w;

1
wy

2
wy

3
wy

0.9425
0.7519
0.9254
0.8215

B O S

0.5472
0.7473
0.9841
0.6316

0.5018
0.6853
0.9025
0.5792

0.3275
0.4473
0.5890
0.3780

0.2995
0.4090
0.5386
0.3457

& 13 MRAE A B AT D SAE A6 BRI

A1)

Table 13 Diagnosis evidence in testing dataset and
their nearest neighboring samples (Case 1)

f Dy Do D3 Dy
fi) et 0 0.0445  0.5294 0.4261
el 0 0.0262  0.5470  0.4268
el 0 0.0249  0.5262  0.4489
2 e} 00004 0078 05495 03715
f2(t) eh 01497 03676 03124 0.1704
fa el 01668 03592 0.3083 0.1656
3 €3 0.1497 03507 03205 0.1791
3 €3 01404 03461 03271 0.1864
f3(t) € 0 0.5718 0.3780  0.0502
i e 0 0.5835 0.4089 0.0076
3 €3 0 0.7176  0.2693  0.0131
3e 0 0.6916 0.2868 0.0216
fa(t) € 0 0.3622  0.5869 0.0509
fFoel 0 0.4308  0.5006  0.0686
2 el 0 03819  0.5659 0.0522
el 0 0.4096 0.5288 0.0615

B DR BNZMARE A K = 34T 48 51
FEACN[0.1786 0.1689 0.2006 4.4087](SZBx i

1
2
3
4

0.6869
0.9171
0.7762

0.5740
0.4500
0.5985
0.5066

0.5249
0.4115
0.5473
0.4632

R THEAT 2 IEE v] S 1% 1 (R 14) Fik ik
J5 15 2 1) B EAME AR GR12)% UE YR #E1T 4 2 ERF
G BRI, /53158 L ZaE 45 58 N
e1(4)={(D1,0), (D3,0.0112), (D3, 0.6146),
Dy4,0.3742)},
(4)={(D1,0.1185), (D4, 0.4121),
Ds,0.3320), (D4,0.1374)},
D1, 0), (D3,0.8008), (D3, 0.1963),
Dy,0.0029)},
(4)={(D1,0), (D3,0.3424), (D3, 0.6333),
(D4,0.0243)}.

A LLE Y, REAEAR & f1(t), fo() R0 f4(8) XTI 261
SRR G R S FEAEA R F IR E T H
TMPERL D3, IR 5 ¥ e1(4), ea(4), es(4)Fley(4) i
TR G, BRI AR E 4 i Ne(4) ={(D1, 0),
(D3, 0.1963), (D3, 0.8023), (Dy, 0.0014)}. DsXt
HENAGE, A 58 08 D3, S5l A
() LSRR = — 2

S22 AU 7 SRR AR SEBR i A =, e A9
AN 58 ER A GAE A 1R SE PR i B A 2R B — 2, 75
RV I e 7 SERE A BT RIEE FAS B A 15 A
AAUEYE A4S FE A A 22 5 (B, BT R A
HBEA — & BIARRLE, B A UEYR RS 515 298
A% 2% A 31 B S ) R R A XL, T4 FH Sk [12]H B
JZERGG T7 1545 2145 R (D, 0), (D2, 0.5021),

(
ea(4)={(
(
es(4)={(
(
eq(4)={(
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(D3, 0.4302), (D4, 0.0677), JI Wr ft) i [ 45 38 Do,
55 s A — . XU TR 40 2 :RER
Bl 71k, AR THZ W IE BE R 40 AL FE B2 16 (R I, 5
ANBEZW ARG RS SR GHE, R&HE T
SELF B IR

UL 2 FELRINURE A S T 40 7 SR AR TR [ (1)
SEhr R — 2

25 € MR FE A [0.1621, 0.1682, 0.1903, 4.5045]
(SEFRHE RN Do), FIH “HEH17 Hgs R
TR, AR ZIMARE A 2 WHiE B, 15+ fr
N AR A DI BNZNRFEA K = 3448
SREACN[0.1611 0.1655 0.1999 4.5103], [0.1594
0.1721 0.2007 4.5375]#1[0.1595 0.1660 0.2013
4.4940], ‘EA1ERBTE 7] Do, AR IS WHIESE 215
FIi7R.

& 15 MIRAE A B A EARD KAF A5 BRI
a2)
Table 15 Diagnosis evidence in testing dataset and

their nearest neighboring samples (Case 2)

! Dy Do D3 Dy
fit) et 0 0.8312 0.1677 0.0011
fi el 00024 08719 0.1243 0.0013
2 €2 00138 0.8979 0.0883 0.0001
2 ¢} 00133 08978 0.0888 0.0001
f2(t) eb 0.1575 03730 03063 0.1631
3 ed 01929 03721 02899 0.1452
2 €2 01420 03468 03260 0.1852
3 ed 0.1888 03701 02928 0.1483
f3(t) eb 0 0.6629  0.3093  0.0277
fi ek 0 0.6090 0.3829  0.0081
2 el 0 0.5762 0.4163  0.0075
e 0 0.5552  0.4377 0.0071
fat) €h 0 0.5627 0.3169 0.1204
fi el 0 0.5588 0.3295 0.1117
2 e 0 0.5731 02935 0.1334
i e 0 0.5383 03569 0.1048

i (1 7) AT T 5AF Bl 134N IR AR Hle ), €2, 3
F AT EEME R T2 A Lk 16.
R VHEAS B R SE TSGR 16) AL 5 15
B ) B A (R X IE I T ZERAL &, 15
FFEEMEERA
e1(4) = {(D1,0.0003), (D2, 0.9500), (D3, 0.0494),
(D4,0.0003)},

(4) = {(D1,0.1378), (D2, 0.4172), (D3, 0.3133),
(Dy4,0.1317)},
{(Dy,0), (D5,0.7696), (D3, 0.2257),
(D4, 0.0047)},
(
(

€9 4
e3(4)
eq(4

(4)

{(Dy,0), (D2,0.6640), (D3, 0.2654),
Dy4,0.0706)}.

% 16 HAREAE T S B -F(HFR2)
Table 16 Reliability factors of the evidence activated
by nearest neighboring samples (Case 2)

. 1 2 3
(3 T T Tr

1 0.6870
2 0.5368
3 0.7163
4 0.6063

0.5783
0.4534
0.6030
0.5104

0.4622
0.3623
0.4819
0.4079

BAR, AR S5 12 Al A 25 A 15 P TR AR
FHEMER S Dy, ARG T 2 515 Fle(4)
= {(D1,0), (D2, 0.9876), (D3, 0.0124), (D4, 0)}. Dy
Xof A B RS B, DALk S W B A 5k D, R 5 1
.

SRS SCRR (12170 B 2 ER A& 757245 2 AH M.
(K145 B N {(D1, 0), (D2, 0.7057), (D3, 0.2937), (D4,
0.0006) }, I 7 iy i A8 X Dy BRORZ T 5 IR
ST T WA, EE T EAR B DofE BT /N T2
JZRERMEAI LS HH K15 FER AR, X d B A ST HH 1)
532 NERALA J772:, 1B 51N 2 (1) 7 A B
S 5 GHEER, 1530 T JL i b = 0 s A5
FEMRAE, A4 25 H I R SRl B e 5.

F17-18% 1 7 4 2 RERFE BN I 1A% A 42 A1
MARFE AL AL WSS R, 5 CaR1214 32
ERBEAHAT T XL

MR 1718 T LA H, 7 FIFE I 2R A
AN, MR ZERBEY, 4y 2 A ERBEAILE A4k 6
A E R IZ R

N T SR E AT SRR 45 R sy )2 N ER B 1
fE, B FIRSIR 100K, BRI AR M EFE A HE
HUAE BN ZRREAR 20004 AR EE A 1200, i@ 48
THEE), 7E 100 BENLIREE F, 52 sERAE RN -
RFEA 1 BI8612 R N96.6%, FLAA N T4 g
PR TR AR 19FTR, 12 ERFEAL )
BRI ZN95.1%, IR KUK 2078, IILAT
DUE H, Fri iz W RO A R e, F BB b
BT HZERMAY,
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& 17 NSELAEL Y

LERITRL(RALEE)

Table 17 Comparison of diagnosis results of training samples (confusion matrix)

Al A ks g R RlEr R 2 4G R
(41E:ER) (}A2ER)

e WizE A

D1 Dy D3 Dy D1 Dy Ds Dy
# Dy 500 0 0 0 100% 500 0 0 0 100% 500
B Dy 0 490 10 0 98% 0 485 10 5 97% 500
B Ds 0 1 494 5  988% 0 1 473 26 946% 500
X Dy 0 0 20 480  96% 14 0 10 476 952% 500

& 18 XA AR E LW 28 R L (R IAFEE)

Table 18 Comparison of diagnosis results of testing samples (confusion matrix)

FibA b L 2 Rl A TS 4
(4r)ZER) (*JZER)

iz = fiz® A

Dy Dy D3 Dy Dy Dy D3 Dy
#% Dy 300 O 0 0 100% 300 0O 0 0 100% 300
M Dy, 0 281 19 0 93.7% 8§ 277 15 0 92.3% 300
¥ D3 0 4 290 6 96.7% 0 3 280 17  93.3% 300
X Ds O 0 15 285 95% 6 0 18 276  92% 300

& 19 9 /& XERMR AN XA A ) -F- 3 i 4 15
Table 19 Average confusion matrix in testing sam-
ples given by hierarchical ER model

AR 2 I B
Dy Do D3 D,

it whisE

# Dy 300 0 0 0 300 100%
& Dy 0 2846 154 0 300 94.9%
B Dy 0 4 2844 11.6 300 94.8%
®X Dy 0 0 10.1 2899 300 96.6%

% 20 ¥ ZERAEAMXAE K bGF- 4 iR A 42 15
Table 20 Average confusion matrix on testing sam-
ples given by single ER model

Al-E 2 g 5
Dy Do D3 Dy

Bt #hisE

M Dy 300 0 0 0 300 100%
B Dy 35 2785 14 4 300 92.8%
B D3 0 2 282.6 154 300 94.8%
X Dy 52 0 145 2803 300 93.4%

6 5
AACE N Z PR AN E MRS SR AR
in) /R, 25 T4 EER KN () M fs 12 W 7 v, oG

W ZHEBRRE S HUEER R, AR R ER S
5 UL A8 B (REM) FHLE 2 4 s AR A AR ) 12 Wk
¥ gty ZERBE SR, 251 2R & e ifELk
I GRRAS 55 40 7 S A NLIE 8 R R 55 E 202
JRRE TR, 2 AN RHE R B B 2 R Rl 45 Rt
AT ERRAL G, JFARIE P 2 & TR RS HEAT P
5 FEXUZ Rl B R rp, MR IR 38 22 1) F R PR P 2
Hey 3 H b BRSO DL ) B BB ARAL 595 B
X LR A2 R, AT LA ARSI A R
THT B2 RS .

KRITEAMLR K T B ER JT IR AL BEAH E A5
SRR R R LSS, Bt B R TS WHIESE AR
AR AR 22 W 5 I8 B A2 BR 1) . HA
FET: 1) B AR WHIE R SRS RE o, 25 Hi i
BERFIES (R R T i, 12 B SR BRI R AR 5%
FAAEZ G I ARBLRE, A2 Bl i (B 7 2 25 IR 6 2R K
(REM)RIE 2GS AR IEAE A K2 Wik, seBl 1712
Wrfe B RURSAIAL I 2) 51N 2 HUAHDR T A
Z SRl SRR RS, S HEEAR R RN A A A 2
&, UL

BEAh, ASCEAT — 28 ) B A — 2B R T AT
78: 1) RADMAEH 1 F T #5 fE-NNJ7 VA € i
SRR, A5 A SREU7 SR A 21 F B AAS f1  ,
Bt A AT LE— 2By 1 (5 P oAt e v 2 7%
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uﬁtﬁﬂﬁﬁﬁfﬂ‘ﬁ%ﬁ’ﬂ%ﬁ; 2) ST I sE R

FIFTE I RIFEAS B SR A2 58 % 1Y, AR Sk br B2

AFAETCIEH E FEAS )t P R LA B B i R A o
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