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A multi-scale sparse filtering network for fault feature extraction of
machinery

ZHANG Zhi-giang, YANG Qing-yu'
(School of Automation Science and Engineering, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: The traditional sparse filtering network (SFN) lacks multi-scale feature extraction ability, which makes it fail
to dig adequate fault information. To deal with this problem, we propose a multi-scale sparse filtering network (MSSFN)
which includes five layers. In particular, the multi-scale coarse-grained layer aims at obtaining multi-scale signals. The
sample segmentation layer plays the role of dividing each sample at each scale into several segments. The local feature
extraction layer aims to calculate feature vector of each segment. The feature averaging layer targets at averaging all
segments as the feature representation of the input signal under this scale. The feature stacking layer plays the role of
stacking all feature representations at different scales into a long vector as the final feature vector of the input signal.
Three gear datasets are collected to validate the effectiveness. The results about visualization and clustering show that
the MSSEN is able to learn more discriminative features from the gear vibration signals than those learned by the SFN.
Softmax is used to classify features extracted by these two types of networks as well as three traditional multi-scale
approaches, and it presents that the MSSFN achieves the highest recognition accuracy for each type of the gear fault. At
the same time, the proposed MSSFN achieves the very competitive diagnosis results, in comparison with two other types
of multi-scale networks under different architectures. The proposed MSSFN can be widely applied to the stage of feature
extraction for machinery fault diagnosis, where it can discover useful fault information from massive unlabelled samples
automatically.

Keywords: fault diagnosis; feature extraction; sparse filtering network; multi-scale learning; sample segmentation;

feature stacking
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A I 24 5y )31 25 SEN AT MSSEN, 1) t-73 47 468
34tk N (t-distribution stochastic neighbor embedding, t-
SNE) #5 AR 22146 15 31| () p A1F B 24 55— 4 2% () 47 7]
AL, &5 RAan & 7 s, 72 B 7(a) o, MSSEN $i U 1) Ry
AIE R AN [ 2R A 2 58 42 43 FF, T SEN 42 B 1) Rk
ToVE K U A R A AR B B R AR 58 42 43 IF. #E 1B 7(b)
RS MSSEN 28 B RRAE o 4G AN R SR (IR AR 58
40T, B A EL % SEN T &, MSSEN [ 8- 25 FEAR 2
[F) F) 2 S 2 B I B AR, ZE T 7 (), A SRR AR TR K
19 PR AN % 43 S0l X B 7 Al 4T T3 Oy F Co, i
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TRl DL H, MSSFEN [ % % 2 8] (1) 43 B #2 BE AR T
SFN [ 8-/ %. P& 7 26 W, MSSEN ) AT 44k 25 51 1 2
4T SFN.

NT R B VAl MSSEN [FARFAE S BUSCR, Kl 2k
£E7 B 5 2 MSSEN Al SEN B3 A1E $2 B 5 T %6 87 [
FRRAIE 2% 8] H, 45 B )1 SR AR B R AIE 2 7= i R, R 5
F) K 35BS 2 B0 R P X 8% PR R IR 3 7 S PR AT
R, VRN FR bR R FH I JR RS FE (clustering
accuracy, CA)23 Flp5 #E 4k H.15 & (normalized mutual
information, NMDZ R & 5 BB EIRESH n
FEA, X BEHE AR FLL AR MR B E NP =
{py, FQ = {q ), HIXEFEA KRG W A5,
Blpi, i € {1,2,..., W} W CARINMIE L F:

CA = (% Z;(s(pi,map(qi))) x100%.  (15)

Horpa =y, 6(x, y) (41, 75025 0; map(-) 385 &
FRNFIEBUR SRR AR 5 B SR AT S £ VL.

_ 2MI(P,Q)

Hr:MI(P,Q) £/ P 5 Q ZIH M HAZ EPL H(P)
M H(Q) 735 # R P QIR LR SEHRZE P A
B, W T4 Py A PR R w N ITARAE S, w =
L2,...,W, WA PIHREA

| Pu|

o | Pul
H(P)==) “—log—, (17)
w=1

n
Hr | P, | R T4 P, P HIFEARANEL.

CA FINMIAAL T 0 ~ 100 %o 2 [8], i 1K i3 BH 5
KRBT, K Y8 SR04 2 ot B A fURR, B
WIUEE I8 B LG HL, Sk, B B8 AT K 341850
RIS ME, 45 Rz 2 Frok. 7T LA H, MSSEN
TERRN AL E IR TEREFE bR 38 = T SEN, 13 BH A
BRI T IG5 . [ 3 B MSSFEN $2 B ) 4%
TIE B B8 X 40 AN [ (1 A e RS, 0 M B 4

2 SFNFIMSSFNB4HERARMRIILE %

Hilndk A Hitk B Hit C
Tk
CA NMI CA NMI CA NMI
SFN 9033 89.23 7687 7133 8315 8778
MSSEN 9311 9417 84.62 80.16 8339  88.87

N7 33— 20 156 B MSSEN & B )RR AE BE % 38 H
Tl b 2 W, F A Softmax [8] U5 43 5 2313 X MSSFN
1 SEN $ig B ARe AF i35 47 5 B 7 2. PR A e o () 2 R
FE W28 FRAEXRT L, 2300 72 2 RBE S AR 42 I 4% (multi-
scale convolutional neural network, MSCNN)!!7] 1

JRRE RAE @A X 2% (multi-scale representations fusion
network, MSRFN)!8]. H. /7, MSCNN F1 MSRFN %3 |
DA R 22 [ 28 R ) G B DX 288 D R ACHEZE. Sy T A
LA, IX P 22 ROBE I 2% 1) ROBEIR FE 3 R 3. Ut
Hb, R 3 MG S B TS S BRI 2 R FF
AE$EE T ¥ 5 A SC ) MSSEN 0t Eb, 4373l & 22 )R
54| 250 2o AR R /N Ao R, o 2 R
FERREN — AN R GRS 5 R 50 B2 A AN [RDRE R B2
A5 =, BUAT 204 REE, tH SRR RBEIFE AR 4E 9
FHAIE, 19 31— 20 4 IR RHAIE 7] &5 22 50 A5 =X 20 V20
— N RIGIRENE T 7 — H LT B AR RS
PR Y (intrinsic mode function, IMF), i1 % 71l 8 4~ IMF
() Be EAE ARHIE, 49 31—~ 8 4ERRRAE ] & /N A
I RERE— AN R IR ENE 5 0 N LA B AN R A
WG B, SR “dba” M/ NS B T 42
IR, AF B 16 AN [FA 7y & THEEA 7 B EE
AR NRIE, B8 — /N 16 4E R IE M &, R w1
Fscore E N 73 RYERE VAN FE A, o @ X

9TP
100%.
5TP 1 PP+ FN © 100% U8

Forp TP SRR R 100 M 1 28 4 FN R #4 1E 28
T A 47 SR 3, FP 3R 70 A R Tl o 1E 2R 4. X
TEJSHR BT O 8 — 2, FL AR BB A2 £ 2. M3, F A
Fr i 750 Fy 2GR, W Py R IESR, Fy ~ F
BIRA 2R, 7SI, R T IE — R R AR
FRIINZREE, Tl 2 FRREAAE AR, ¥ Bk Bl AL 1 52
i), B8 A R AT 556 20 YR BT IAR 25 51, 3k 3 .
M3 H R LU H, 5T MSSFEN (12 B J5 v 7
FEAS B B2 1 24 66 ok A R 0 4 A UG FE R, 12
R B AR T SEN RN 3 ML 4 2 R T vk TR R
F: 1) % E MSSEN 1 SEN, 5 & MR AR NE 5 11 £
AN FRUBE A 2% STRHAE, 1 )5 E AN R R 3R 315 5 (B —
JRUEE) Fp 2 S RRAE, i MSSEN H2 X 4541 b SFN $2HY
RFAE B2 I =, B8 BE e A AR A T P I R A
B, R B A A 2 W R R 2) 3 Rl AL G T iR L
{100 47 AAE gk R R AR AT RE A 78 4 BRI AS
FER R RS RAERE A 2. B 78 RAEW
PR, I T ATHRFE, SR 10X 75 2 TR 2R
ERAE AN, A FE K TEALR, R
AN T B 5 4 EAT KR 58 43 M, 3K 6 N 2940 77 0 A4 i S
1R K. #H 5, MSSFN f % M 46 15 5 B9 A [A) )RR v
H 3% 2145 F BOAFAE, 1 TR N BB 7 S04
FEW . 76 34N 50 # i 4E F, MSSFN 5 MSCNN F
MSRFEN IX 5 Ff 22 ]XUFEE 9 2 (1) P4 R LT A 2, 22 s
T AT X UE B B4 9 LA SFN A AEZE (1 MSSEN

Fscore =
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HKER F: —HH THARKERFIERIRG S REHFRIE & W% 1275

®3 ERARHFHERI T ASEIE T Fscore SEL %

IR

BARdE  RHEREOT %

% R 99.93 7834 80.76  90.85  97.85
ZUeREA R 99.85 8174 8898 8244  99.71
N L) fifE 99.93 9171 9748  92.64  99.65

A SFN 100 9776 9836 9920  99.58
MSCNN 100 99.33 9933 99.98 100
MSRFN 100 98.86  98.87  99.97 100
MSSFN 100 99.97 9998  99.98 100

EINL3] 99.55  69.02 8588 79.89  82.50
SRR 9979 7697  88.04 7736 8195
N 9990  83.67 90.01 9246  94.97

B SFN 99.88  94.10 9429 9491  96.78
MSCNN 100 9720 9940 9734  98.36
MSRFN 100 9494 9740 9537  98.07
MSSFN 100 98.95 9852 9743  98.55

% R 99.17 6486 7602 8371  82.55
ZuekEA R 99.63 5213 83.11  69.73  80.87
AN L) fif 99.50 7541 8594 91.84  93.49

C SFN 99.92 9225 9237 97.60 97.49
MSCNN 99.85 9735 9748 100 99.77
MSREN 99.75 9722  97.12 100 99.88
MSSFN 9998 9811 9795 9950  99.68

B HADMEZR T (2 RO AR B, AR5 B Ta 4 7.

AR, R 3 HIE A AN KB 1) BB 7R 5k AE
B4 B LI Re I A INTEERAE A b R RAE T
Byim 4 B T BRI AT T A s A R, g
Wi A BT N IR I8 4T 0T A A, DRI 12 T M
K; 2) 2 THLRA M EHE 4R C 1, MSSEN X Fy #ll
Fy TRV A P AR L Ath B ARG, iR DA AT B AE T3
PS5 A5 5 P A AR, 1 2 (A — B I EL B T 3
HeLAX 73, 1% — B 7(c) B A T B mT AR
3.3 REEPEIZETEE iR

PA_E BT S 56w SR 1)1l 2k MSSEN 1 31| 25 4 46
e P, B — 2R A A IR R AR 2. SR S fr T
2R o, A% K o0 B[R] Ak 1 IR B AT RS, X =
R BRI RS 2 T8 —F iR &S 1
FEAKL. R, 2545 2% 088 78 MSSEN S A P iy £ 4
£ (1AL FE B8 77, R SEN AR X Le. AR 3 STk [25] $2
AR, 5 T H0E 4 AR BRIE 6 AT ER 4
Uy ~ Us, MR A PR, FIIERUU a0 R : 7E1X 6 M 4
BT INZRER T ) B A AR [ A0, LR B RE A
B —FE, o —km A B —FKkEB LU N
i, N AFI B B IE 5 AR AR AR IE 150 MER ISR, F6 R
(1) 150 1 Al M A B I aE— i e A i ik

120 ME RN, 4275 1180 M FEAS 4T 3% 150 M
RIR. Uy ~ Us U555 A AR IR i A B0AS W ik />,
< B AN S 1 A FE R W n JR1. 20 YR B AR S I 1 T 34
Fscore U1 &| 8 fT7.
T4 FEEBUREHER
IlE%-S R

AT
ERRR MECREA% ERRR HEREA%
U 300 240 300 300
Uz 300 180 300 300
Us 300 120 300 300
Uy 300 60 300 300
Us 300 30 300 300
Usg 300 20 300 300

M 8 7] LU H, fE A APl 5 |, MSSEN Xt
TR 12 Wk FE 2 T SEN. EER & UL ~ Uy
b, MISSFEN 5t 4 28 W0 [ 1112 W7 s 55 0 AR 457 75 97 %o
A b T SEN (12 ks BEB AL AR BEROR, L HAE U, |
X5 Foy PR S FE EE MSSENECKF T 10 %o, £E 5 /N ™
AN P16 (1) B4 4R Us A1 U |, MSSEN (112 W1 K £
B B, (HUR AR FFAE 75 % LA L. 11 SEN 112 B
PERE™ BB AL, CHAE Us EX Fyy Fs fE5 (R B
JEE A 65 %o, Tt B 1 IS SEN 6 v Fi 147 A7 R0 11 W [
B, S0 45 AR B, B4 ¥ MSSFN L SEN A
S U AN T G AR AL 3 R
34 REREXZEM4RERSN

76 UL b A S5 T, MSSEN [ R U 5 14 ¥ 2
N 3. AR FEAN [ R IR B X 12 W 1 i ) 5 T,
SIGTER I C EdAT. NE ) F AT LA H, B
JRBERIINTR, %t Fy« Fy FFy B3 50K B A B 38 hn 4R
Ja T RS E, 0 By R By (R RS 5 50 38 T v i Js
WA N B B BN AE T, 24 RBE IS i, MSSFEN M £ A4
JUBE B3R BURFIE AL 49 52 2 () il b {5 B4 129, 12 I
PR RCRBR T, 22 JORE VR B 4k 3 b, W (5 B 2
SR, W RS TRE 2T LM, R
345 5 TR B, IX R S AR M X A 1. R
JEE R 55 B IR, St 36 79 288 i o 1 T A1 AGS 5 3 T PRI,
A B8 S2 KON BE 2 (1 0 AR B R RRAE B 2 B, Ik T
Softmax [F] I 73 2 %3 9 ol e P X 73 M P

N T REARTTERTHEE R, B 9b) Em 1
AN ) FROBETR B B )N st [ ARt ). Fe e 1 2k
IS ] 45 I SR B 1 22 ROFE K1 43« MSSEN I 19 2% Il 2k
A J% Softmax 73 R 2% B I ZRIX 3 AN I 2 B i #E 1) ek Bif
(i) W B ] 8 — AN BT R AR B4 5 K U A
254 i) MSSEN 1 Softmax B 25 75 ) H I AR 25 Bl
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100 100
X 96t < 96
5 oof S 02|
S 9 S
88t 88|
F, F, F, F, F, F, F, F, F, F,
SRR LI WA RE T
(a) INPHTE U, (b) AP U,
100 100
< 96 2 96}
S 9 S 9o
5 &
88 88|
F. F, F, F, F, F, F, F, F, F,
e T D B T
(c) NP U, (d) NP4 U,
100
95}
= 90 o 85t
5 B I
L% 20 § 75
= 65}
70
F, F, F, F, F, F, F, F, F, F,
g5 R AR ERE T
(e) NP5 U, (f) NP U,
&8 A FfErEiiEsE £ SFNFMSSFN B F14 Fscore 3fEE
1009 R E MSSFEN M 2% & 2% & K Softmax Fiy N\ 4 & 1]
08 a0, RIS 2 22 AR TR] iE . AR T SEBR AR, I
%96 S A IE B R AT RS FE AR R AT X R
E W I R 8] AN B2 B W12 W 2R G 1 1 e,
94 TR (8] A 22 W R G iE ) — N AR, A
%1 : : y : p K 9(b) 14 £ B ] LAt R 4 g 1] B 6 RO IR
R JEE VPG T v AN 18 0, (LR R B DR 6 B 4 4k s (1]
(a) ANTFDRBEVRE A RS 1 ANF 4.5 ms, 7] LA 2 SEH2 T R K.
4.5 3.5 MSSFNH{F SRR
. 40 2 MSSFEN X H 1 il & 5 X2 B AS R RS R B4R
>~ 250 B A — n N, = Ny A=} / =
E 35 277 28— AN T B 2 S 20 0 1 o
= g N NS NN e L N
£ 1501 3.0 i FH e 28 3 o v 187 R, (H K ) & P R REARAE
= 25 = — B TR TCRFHE. N T I UEIX — S5 88, R H &

1 2 3
RBERIE
(b) ANJAREZIREE T B ]

4 5

B9 RERBEINZEMEEERFT
MM (8], T AT Y, B RUBE AR, VI 2k [a] A

I (1135 L 5 LG P A SRR AE T, 2 A

FH B B8 PP Ak 43 AR U S 5N R AE 1) B B 2R AT VT Al
FEHEF?, G B4 SE TR AE H T 05 2R I 4 2K,
T 4R R AE B 25 38 SEERAEHUR 46 © itk AT, R
SR P 53 9 15 R 3 A 4, E A SIZEG 20 R0 S A [
AEEFE LR [19°F- 35 Fscore, @1 10 . 7] UG B, Bl
5 R AIE 0 5 LG R 185 o, R )R B T v, 12 W 1 R
TR GT . SR, X T8 34 U (1 MSSFN, 45 1iE
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e LU I 85 9o LU, X BT AT 14 e Wi Bk 14 TR 3 G 2
LB BRE R X T35 A 4 R A MSSFEN, 2445k i%
P Lk 80 90 LLJE, Xt Bl A7 1A e M (R R R
EAGTRGE. B0 S RV A 1) HER KT 2
(K ) B IR AR REANRFAE X 5 2 B 43 SR A L A7
FE— 58 I TUAR BTE RAFAIE; 2) REEIR, TUAR BUE %
(R AL 2 DRI, G ] 90 B T8 R DU AR R AL A2 AR OK
L LAE 2 —.

1003

Fscore/%

20 40 60 80 100
FRIEIEFELL / %
(a) RUEIRES=3

100 re A A-A-4 -A- A-A
961 A &

921 %

Fscore/%

88

20 40 60 80 100
FHILIEFELL /%
(b) REZIRPES=4

[—o—ﬂ S F, -+-F, -k-F, —-—F;l

& 10 AEMFEIEEFELL AT Fscore
4 4 ®

T fR AL S0 SPN Bk = 2 R RFAIE 32 B RE
X ] 5, A SCHE H T MSSFEN. 5 SEN A H, MSSFN
MZA REE RS 5 T SR BURFE, W] BAFE 742 9
JEARAE 5 R A R 7E 3 AN U B s 4 IR
MSSEN [ 4 g, 5 H Wl R 4518,

1) % MSSFN A1 SEN #& {1 4 iE 12 AT 7€ 14 43 #r
(RTRRAL) A B Mt (GR3S), 45 R W, i B S 4
4 X 3P R 0 i

2) H Softmax [7] 443 2548 X MSSFN. SFN /% 3 fif
45 1) 22 RO 7122 B R AR 3R AT e 40 2, 5 SR 3%
B, MSSFEN 5if 45 28 W[5 f1 2 Wi ks 155 34 fe vy [ I, K%
AL MSSEN 5 79 b FG A 22 7R 11 22 JRURE I 2% 3
A7 XL, % B MSSFEN 132 W 1 e 53 9 fh 22 RS R
iz Wit Re LA 2, H R AR

3) 7E 6 AP iy 5 45 4 - XF bk MSSFN F1 SFN,
SEIR R, BT R RR I T )5 #, R B MSSFN A
B I AP i R 2 B e

4) B FEAS[R) JBE 38 B 6 MISSFN 4 RE () 52, A
Sk FE, REER IR/ 58 B P R i i AR 1 FF i
TR, SR, XoF e af DL IX 43 R i 5 1T 5, SRR AR
JEE D01 AT f T B0R ARG B RS A T R R IR IR
J& 23 SR B8 22 (I 2R AU AR R, 1H — SRR 2 I &
SR B S U5, T RUBE VR FE D 6 PRIt [t AN 3
4.5 ms, [K 1, A SC T4 H Y MSSEN 1] A 5 1 i s
1 Z 50 DU AT S R AIE S R i e 1531

Rk TAEN A E T A J7 -

D) iR I 2 REERHIE S S AE BRI L 45
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