Mt iDNE e o S VA8

T 1F R LB 612 Wi O IR I 22 >0 W] A Ak
ik

3 R
= £: 020020910003
= U EEMH EIER

R B#E%
B B Bl sh ) TR
F R/E Al YL LR
BRIF F i Lt

20254 6 H






A Dissertation Submitted to
Shanghai Jiao Tong University for the Degree of Doctor

RESEARCH ON INTERPRETABILITY OF DEEP
LEARNING FOR INTELLIGENT DIAGNOSIS OF
ROTATING MACHINERY

Author: CHEN Qian

Supervisor: Associate Prof. DONG Xingjian
Associate Prof. CHENG Changming

School of Mechanical Engineering
Shanghai Jiao Tong University
Shanghai, P.R. China
June, 2025






LB KE
FANE R BIT4 A ER
ARNHFEFHE: T RS0, AR NN S R, Moz d  r s 1A
PRI R . B Serh Sy EW 51 TN AN, AR SO S AT A N sk 2
25 9% 2 B i (KA S B o X AR S PO ATE A A R TR 16 A AR AR, S AE SO
PLIT A 7 NRR T o A N 58 4 S AS 75 W IR 7 e e SR A A 7R3

RSk 5 %A

H#A: 2028 & § H 6 H

Lig3EKEF
FAe s ERRRSH

AN ) R R AR B T 17 R R AT DG T ) SR LA 16 A2 18 SO SR R R, ST vF
WA B AN B

ﬁ%}é?‘i%?:
ATFRI

ORI, HFD14/024/0 3 4F, s WEEHAB R,

OMFERIC, % F (A 104, WG AR .

OPVERIC, % F OB 20 4, W R %I E AR .
G 7ELL B HEPERRAT “v )

whislass: 4 mewnes. 254 0 Fat_

A 2025 48 S H 6 H A 2005% G f H






nti i i N L e A e EE=S

wm B

Jig ¥ UG BIAR T 2R 26 R 0o, o0 LT i B i B2 W X B 7 B R LA
A M SEVE R 22 1 B B SRR R o R B KB SRR R )R
BN, BT R W RS o B A = RCR A, M
N TRERE HUBRH A2 i QU O BIE I R AR, IR A I 9 SRS ) FRAR R, A2
WA 2 W A IS F Va2 AN B, ERE . PEREA AL S Wi o B s it /b
FHEAfe T PRREVEMIANE , CBONIR LS 3 B RS I A AR W LI A Tk N i B
KEHAS

NIRTHS W R AT fi Rt , s iRy il B Ao b2 R LS R B B, B
RN AT A 2 H ok = B0 R ARG A BB R TT 12 B A R A 34T 7
B AAFAEMRRE A B THEARIN A s (R, ASSCULR AR Esh e 5 e
VERERZ SR B b, M4 22 T 17 e e MU RS RE T2 T B ) 2R 5 ORRAE R, Dy ST T i
BERE WAt RGUEM S YRR TT 5 ARSI LB TN A

(1) X EWRERCR . w3 AR W R S r) L, JEERN R, 1R AR T

AR 2 T R N 2 LR 5. 2 TR A SRR AN HE L

RISE I, FEAE GUERR T 51N SRR S LA A s B L 3R, AT S 55 201 7T

SR G RR , HEE UIZJa P 46 s AR R SR B SR BT o £

BEIEA b, R B ARE AL SEAERR R AN 45 5 DU LI G AR 2% . 22 SK

MEHEERY], WG RS WORE L . A FEAR 52 3] e 70 AU S5 J3E 25 5 T

BT RSB RS, IF B RA s Bl B iR R e

(2) fEFRERINRERNES, RERFIR, RN E LA B R =

LR T k. BRI Aes AR R A R R TR A R AR DR

FEREAT W fR o SR R AL L )= AR H IR B LAC = S B S a A 45 5 DUE U

RIVEHCRA 2, IFEIE IR EA TR SR A i AL UG RO PR 2 453 2R 0 X 2% EAT IR

ko fooJi, B SR AU HC RN 28 78 70 S8R0 SO B A ARABUIAE SRJ =7 T 1 i

FEREST o AR G2 WA U2 AL P ZRAE 55 R W], TR LS 28 AR A

IR 2 W R B, I HL AT DL I E A Ji R R 22 i AR R A A F S R ke P A

(3) X ANERE R AAN B R, $2 45 5 4R 4 (112 Wit B g sl g R R 300

Wik BB TARGRIIEIE 4T, XA EVERS 5 B0 B BAH SR R B0 AT



S N L e AT

M, BE T R S o PR ST S BE A S e DL S G AR TV IS, &
HHAEARTIAL BE SRR EE R, #)30K SHAP (SHapley Additive exPlanations) JH[A
MBS 3™ e 22 478 A S5 V08 B B AR ik o LB AR e A S B s R 3R A
P AR TTIEAMN BESRAF 15 T ELU IR SR, T B A X I ARAE 5 B 1R ok X
srRedd.

(4) XS HE BN ARRE I U1 S5 R FE I ) R, 45 2H A HRR R % B 2 TR A R 4 B A R K
BT . BT SHAP TR AR EIR 4T, 52 HOR AR ARG i AR
KA TTRR LA R R SRIE S8 5 AR I ARSI AR, i A gt
RS Re e T AR5 4G SHAP (P BLA R 7%, TR TH B2 4 FE AR S b5
BEMR . B, UIHBIEE SIS IEER I, PRI E A R,
AFHEY RS N EE 554 SHAP ks R B —2itk, DUKRE TR
B .

(5) 1 LIRBHFRIEAE b, B0 YA T R U R . R I ] R, $E R T )
HEE U Be 12 Wit R I S3 A AR R ZE . B B A Wi Bl re ik, #arn]
[F) S AT A N JE AN R S JE HEAT TN R IR S e 2%, IR My e te R
WRIEAT 55 Fa RG-S ETTEN SR B RRHELE . AT BN RAL 3 RR LI 45 R R
B, ZREFMREMNE I BN RIZWIERE, To% EATAN o K 1 L 1

SO s AR T IR IR SR B2 I T REE 5 CEIE, A RGIE SE iR 45 5 il
FEAELR B R AT A5 1
ARSI FE TAE T SN SN R PR 3 R R, — T T SR AT W48 Jm 38, £

PR UERE AL P G2 A AT $0 e 14 1R [B] I 32 vy 3R RAOR . 59— 7 W &5 B IR 3015 545 A

X BN R HEATA0AL, (E SCITE T B AR R ORI R I PRI B A . I 45 & N I

CEO RS, NMRRIZ WA PSR A . e S AR AR S A T3 ARt 1 T AT

J5 RN AYE R

=3
=
b
B

KRR HEREHLBL ARSI, TARFERE, TEURRREE, WA

1I



IS NS =2 VAT Abstract

Abstract

Rotating machinery serves as the core component of modern industrial equipment, and its
fault diagnosis holds strategic significance in enhancing the reliability and safety of critical
mechanical systems. In the contemporary big-data landscape characterized by large volume,
low density, diversity, and time sensitivity, deep-learning-based intelligent fault diagnosis
(IFD) has emerged as a pivotal research focus in rotating machinery fault diagnosis, offer-
ing advantages in accuracy, end-to-end modeling, and computational efficiency. However,
the inherent “black-box” nature of deep learning models obscures their diagnostic rationale,
logical processes, and applicable scope, providing insufficient scientific guidance regarding
trustworthiness, performance optimization, and defect analysis. This lack of interpretability
constitutes a significant barrier to the transition of IFD from academic research into industrial
applications.

To enhance model interpretability, current approaches follow two principal paradigms:
ante-hoc methods that incorporate additional constraints to improve transparency (though of-
ten at the expense of network scalability and interpretive clarity), and post-hoc methods that
explain existing models (but frequently produce non-intuitive explanations with high com-
putational demands). This dissertation addresses these limitations by proposing a compre-
hensive interpretability framework for rotating machinery IFD models, designed to achieve
both high compatibility in ante-hoc interpretation and superior performance in post-hoc in-
terpretation. The principal contributions of this research are as follows:

(1) To address the challenge of simultaneously achieving ante-hoc interpretability, net-
work scalability, and diagnostic performance at the input layer, this study proposes a
diagnostic model input-layer approach based on time-frequency transforms. Specif-
ically, by leveraging the equivalence between time-frequency transform and convo-
lutional layer under inner-product operation, real and imaginary components are in-
troduced into the conventional convolutional layer under kernel function constraints.
This establishes a time-frequency convolutional layer that is equivalent to a learnable
time-frequency transform. Post-training frequency responses reveal the key frequency

bands the model focuses on. Integrating this time-frequency convolutional layer with
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3)

(4)

existing baseline models forms the time-frequency transform network. Experiments on
multiple real-world datasets show that the proposed time-frequency transform “Huan-
glong” achieves notable advantages in diagnostic accuracy, few-sample learning ca-
pability, and convergence speed relative to comparable methods, and further provides
interpretability by identifying critical frequency bands in the data.

After enhancing interpretability at the input layer, attention shifts to the decision layer,
where an ante-hoc interpretability approach based on prototype matching is put for-
ward for classification layer. First, the prototype matching layer is constructed to ex-
plicitly learn prototype vectors and classify faults based on each sample’ s similarity
to these prototypes. The prototype matching layer is then integrated with an autoen-
coder to form a prototype matching network, which is jointly trained using classifica-
tion loss, reconstruction loss, and prototype matching distance loss. Subsequently, the
explanatory capacity of the prototype matching network is analyzed from the perspec-
tives of classification logic, class prototypes, and source of similarity. Experiments on
traditional fault diagnosis and domain generalization tasks indicate that the prototype
matching network not only demonstrates excellent diagnostic performance but also
reconstructs prototypes to depict the model’ s view of typical fault characteristics.
To address the lack of clarity in post-hoc interpretability, a diagnostic model post-hoc
interpretability approach is introduced by combining domain transforms. Drawing
on conventional cyclic spectral analysis, an approximate estimation of the second-
order autocorrelation function for deterministic signals is provided, leading to do-
main transforms and inverse transforms between deterministic time-domain signals
and the cyclostationary domain. Building on this, by means of sample preprocessing
and model integration, the proposed method extends SHAP (SHapley Additive exPla-
nations) from the time domain to the cyclostationary domain, producing a novel post-
hoc interpretability approach. Experiments on simulation and two real-world datasets
confirm that the proposed method delivers clear, intuitive explanations and robustly
distinguishes neighboring signal components.

To address the high computational overhead of post-hoc interpretability, a patch-wise
attribution method and complexity simplification strategy are introduced to enhance

the efficiency of post-hoc interpretability. Based on theoretical analysis of SHAP’ s
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computational process, adjacent features are bound together to solve for their joint
contributions using a patch-wise attribution strategy, and the time-consuming sub-
set enumeration process is simplified. Two representative examples illustrate novel
attribution methods that approximate the original SHAP results, thus reducing the
complexity from exponential to linear. Finally, experiments on simulation and two
real-world datasets show that the proposed approach achieves highly consistent inter-
pretability results comparable to the original SHAP across different domains and block
sizes, with significant computational efficiency gains.

Based on the above research, to counter the fragmented and superficial nature of cur-
rent interpretability studies, a comprehensive interpretability framework for rotating
machinery intelligent diagnostic models is established. By integrating the two types
of ante-hoc interpretability approaches, a joint interpretability network is developed
that simultaneously interprets the input and decision layers. In addition, a compre-
hensive interpretability framework is presented to guide users in choosing appropriate
methods according to task requirements. Experiments on a planetary gear transmission
system demonstrate that all three ante-hoc interpretability networks offer outstanding
diagnostic performance without concern for potential negative impacts of additional
constraints. Furthermore, the interpretability of all proposed methods is significant,
mutually corroborative, and effectively validates the efficacy and trustworthiness of

the comprehensive interpretability framework.

This dissertation addresses interpretability from both ante-hoc and post-hoc perspectives.

On the one hand, it concentrates on local network regions to enhance ante-hoc interpretability

while preserving model performance and scalability; on the other hand, it incorporates signal

characteristics to refine post-hoc interpretability, thus achieving clear and intuitive explana-

tions while reducing computational overhead. The integration of these two approaches yields

a comprehensive interpretability framework, providing feasible solutions and technological

resources for elucidating model decision logic, diagnostic foundations, and enhancing model

trustworthiness.

Key words: Rotating machinery, Intelligent fault diagnosis, Interpretability, Ante-hoc in-

terpretability, Post-hoc interpretability
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PLike . fl . B ORI BUREE ML IR Tl 25 & %0084, 7ER 1R H
Bl ML RBINL. RS RO R & h R EE CAE . EEMITHR. &
fiitg s [ By S S SRR M, N BRI SEE RECE . R EHAE RS
FCHH IS, TR MUMRAS K15 28 R R E IR, HahA MR Re ¢ & 21 [ & 5F i E
B 22 47 JTHNT o Bl & RHR IO DUdUR R AR P2 132 T 1 DI RE 3R, DR E AL 2
S RAEME . B, ERAARIR RS, TIX G 7 PR G 2 AN e M
ATELE RS o EEE . A, KWIRRELIS TS0 5 TOLRAIT T, B TLMAR 5 & A4
BHETY « A EHAB S M RER LIS, i 5l KRN FH . RO T RER
RREE— RGP 8, G W&, B2 SEOCEEN T H
[

] A A R T e MR % 5 7 1Y) 7 B WO A S, LT i R 28 5 41 O R A
SRUMARCNIRIZT . 2004 4F 7 H, BE 19015 R FIZE BT I Lok Fa A 57 AR5 K A=
TR, & TR ERBARIA, BT & ikl 23 /. 2016 424 H, B
JE B R AR T — 42 BC225 ML IMNF E ML T E R 2347 B G 5 S BUR SR
R HLE 13 NedEdER . 2021 422 H, KEBG T A" UA328 FiFEH] PW4077
RAWRKAM Wi, 153 KSR BOFIARE, SRBIMRRIL & AEAE 2020 4 12 H I H
7 JL904 AFEAN 2018 4F 2 F HIZEE UAL175 Fi¥iBl, Bk, JT XS eI M et %
AR R R IS R 7L, U AR W R R AR R A . HLIRAN T R, KPR IS WS
RENTYEE 7 RLPE R B 4EE, T RENR AR L EEIT 2 REE. M,
IE ) E G 20250, (UL TR 2R R R g AR - (2021-2035) )51 45 8 24§
WS RN, S50 ey B K R AT FEME A e VR B AL e R R (M E ST A T 1A

I 55 £ A R I X 5 R P 3t 20 DA T W B2 i 75 SR B0 38 0, T e MU 5 4% L
BOZRETY R, WA HZ#EIE 2, B RENKEST, WM 1 i bl
i, AESNEEEZ WSS N R HE 7 AR R ER R A m TR KPR I &R
45 (Aircraft Condition Monitoring System, ACMS) 7ERRZEZE A350 L& RINEERIEL
AR 1.8 TB, WEMSE T 60 7M. FE = —F Tl e T KEHE &,
LI 132 BTN S 6143 FORESE L CRFEEME. WiR. Wh. K. i\
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WK BRI, DURERE N IXEh AR 2 g diiE N NATTHLES o« B BE2 W N2 U
T SRR AE, A A 2R R R B EAT S iR 5 0 28, AR TR T AR STt
i WA <Al 2 50 AR S . EE RIS, R TIREE S S B
—RANLE BRI, Pl 25 1077 30, SEBL 10 5 T odfs 1) B SRrAIE 52
W, 3RA5 1 e s HAL S 3 6 WO (5 B IRHIE R IL, JFRES B B BEAT RNIR 2 > A
PR AR . A AR GE 0 TE S AL BB &R 22 ST 2 Wi %, IR LS I B RE 12 Wi fE
CWIHER R . PR BE I ANZ AL TERE S R B TR b B BAT 205

SR 5 SRR R B AT R A B R PR BE T F) HRA2 W i) U JRE B0 L
W ERE, (BN LR <A B, IR IR RS RO Rk, S Wik
ZWrIE AT IE VG B A AN I . A8 52 SRR SRR R ST R IR LE R AR,
28 AR R NIE SR EE RIS I R RE 0 KRS A0 . IURAAL, 3 SRR 2 2 >0 A 2R g
JEARWIEE T B R 2245 3 W B - 7E 2020 FEIBTLAIH IR In BB, L= AR
L RO N TR AU = iz — Y, 7 TR 24805 2 320 28 50 tAE 2021
AN TR RE R Eomif, T —FrBr AT ZAT 7N 32 <mr et o,

R AR PR R T e e LR 32 2 >0 e 12 WA 2303 1 SE2 B oMb 2 PRV R 5
PEAEFE o IR, SR = W] AARE I AR R B2 2 SR AR Xk ASRAS AL 5 12 4 N B3 10
MG, BAESI TR AT XIRAE, TN SEPRig gepliAs; WIT R
JETH, WAL RN TR B AR B A2 W N AR AR S, RIS
RIS ME A AR R S B P A S e, DAL PR ] 1 AR A2 Wi R E AT 22 1A
FPELFETEs TR RS 5 T SR SR 12 W77 53¢ 1) S 2 MR AT AS R 90 AL P e ST = 2
155, Rk g R AR M DAORAIE FLAE SERR AR 264 T IR 2RI, AAAEA W] 2L
DRAVEH U o U R T IR 2 ) W B 12 IS 20 7 b U B A — 5 B B
BB Z ARV — SC B BR G, VY PRI 2 1 AR R A R 55 iy vl B 1R 2R I BN IR
ANRLH o IRk, IREES: I Al PRI A C 5B LR RE . Brr Mg Uiz
RUE, WA 1-1 frs, MR SCEUE 2 BGUE K. 2810, XEERE 7 TAE R R LA
ANEF T NI T R, BIRENL | 2 M R AR i AN B e, (E)F A Eid T
RN 2 Wi s 5t IR BN (5 5 0 Mo RS HLIRCRT REV2 W 10 ] fid BT 0 A g
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Rk, el BRI RS AR LA TR TSR 5 Y M LASRAS B AR I AR RERIOCR

R e ARG e 2 W )R 2 T A R T AR P AT T 1 A AR e B, AR T TS
BRAN B RAR R B =, A% T — A B B TS PR S Fe i P T Xk 72 7 ) o LRl v
2. (1) REFENIRENE 5 5 BGRBOCRBER AR 257, HAS SHREXE DL E
JeBl, FEIARE TR B BRI RE 2 WAL (2) EshR Ty
REAERTHEALE YL, (HIIANRREE r R S AR SN 1 A8 200, fEHY
SEMERERE ) BRI PR AR SR R, EEEHIgg 2 W RE: (3) IRBNE SRR
HAANEAPEAN S 4 (5 1R, A5 0l a0 A e 15 325 SI o IS D o W e 2 3 D B
it S H AR = B AR R 8585 (4) e HUACRS BE 12 W M ) m] R P 7 S L2 T
VERR IV, JCiR N B RRE . S MRS 2 7 55 N B it e T RN PR RS O 65
BHAS 1 AT AR I BOARAE SEBR MV i A R o BRI, 37 2 T @B LA AR 4 40
SR L, DRI B, T A X PR PR R S5 2 2] Wi B2 Wi vl R VERIE 7E, SEB =B g RE s
B 2L REAE A P e Ve B3, TR IR R R R IR B S R, 2
HAT AR BB (EAT lb S A48 ) 2 EE 0 ST URE

1.2 ETREFINeI M E s S EixiiR

MITIER AL, e L 12 W ERK AR A% SUAE 5 0 i B AR RE 12 I P K
I, HAE IS AT HE— DA ) EE TN A 5 ST AN EE TR B A ST R R 2 Wy
%o “EAE” MiZ0 ARTE T R GRS A IEE T B 305 SRR AL 5 A e A gk
WRAR, R AN LTHRIASERM2 Wik R fe . X = RT3k, BTEgiE 50
AR B2 W DME S AL B AR % 0, 85 18 75 W26 R IR, S5 X0y
WA HIZWI 0 o BT LA 5 21 B 12 I 0] DURFAE SR ORI =GR A%, A
55 RIS AL, JFRHX SRR AEREAT BRI 22 ST A2, 8 2R R R AR 5
BRI T T LBt BOHRF-E -

BEE SR S BB AL BRAE AR (1) KR i, THERRE T I 2 2 ST LA e )
2% NARGR ROUR B 2 1 Tk R R N FH SO T e o X — BORBE D RN A T IR 2
VB SRR, TR 5 S TTIRAE 2 A BRI B 1 AR SehLEs o 2 5k, S
T EGERERE, G T A BRIV A TR A IR ST G o DATRE 27 31 D9 BB LAt 1 e
RN R 2 Wy R A1 1 — ol 3 (2 Wy 3, ST T R L 46 H € ) i R AR ALE
ENARHCRE 7, SCREIE T 22 56 JXURS: fic /M JB DU 2 > ik o e 1T 2 5 o 88 T PR i TR S0 %
., WIET N LTI ST T 5 O FE LN B ge i il >0, Gk, %
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Fig. 1-1 Intrerpretability research and the number of SCI papers in the field of IFD

TR S SIS 2 W ik RO E N K R IR, IR FH R IR B2 X 2% A Y 28
] R G 0R: T H 2% (Auto-Encoder, AE) 5052 FR 3% /K 24 2 M (Restricted
Boltzmann Machine, RBM) 7715 F: T B A M 2% (Convolutional Neural Network
CNN) Bk, FETIEMML M4 (Recurrent Neural Networks, RNND HJ /7 iE I3 T
Transformer WX %% 1] 7712

AE 1 RBM 1A E 7 2] a7, BB AE AR 2215 B 1 DL T R
JEM 28 BEAT B Z TN SR, MIREEAURIRENE 5 E R SRR R . Jia 2504 DL
PRENE T IE AN, @I AR $EHCHNPE SRR, RIS TR B R S 4 e
HIFERA RIS T . FEIGIEAE b, AR A3 R Ba A B B 2 8 (Normalized Sparse
Autoencoder), Hf— B IRTHE RN MR RFE R AERE /J1) . Lu £ F1 Shao F5'7) 4
53 AN B G B 2% 245 R D0 AR AT R SR WS 503k 77 T AT T RAMEIRER, PRI T H
2 i s B AR S B R AR B SR BT TR A R . 5 i SN2 E RBM
IRIZM S5, S 3 T IR BEAE N %S (Deep Belief Network, DBND, D SZEL T 4l
7R 2 R I R AR B BRI =R 12

CNN 72 i LeCun S 742 tH FIRFE 22 ) 7%, HAR Rt 3 32 4 o MR b B
E%% . CNN HIEEARSE My i =R KRB AT R AR 7 STl i e 2 B A Ak
PSS A B AR RAE, ATA R I BRI [BARHE s B0E )2 9l NJEZetEAs i, B3
s AR Y R 2 R BB RE T AL D R AR B AT B 4 R i, A B> S E I
© # Eié;lﬂsﬁ: [“explain®’ OR “interpre®” (Title)] AND [“AI” OR “network” (Topic)] £ WOS 1% Lo i (140 22 45 H o

f
@  HELehr + TR 7R R R UER -, 0 [“mechan®” OR “bearing” OR “gear®” (Topic)] AND [“di-
agnosis” OR “RUL” OR “monitor*” (Topic)].
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PR . CNN IR M 45 44 B rH AN RE I8 78 70 il SR ER (10 75 (R |2 R AR, HZ
B AL ARRAE B 4 SR g A A Rl 1k A AR, e TR AR . BT
CNN 7E Z4ERm ab 2 E )RR, T RENTE R IRR T8 —4EHRaNE 5o =
YERAE I TAL PRGNS, DAE 7S 3 FIH CNN BIRRIE SR EL A 71347 e i MUMH B 12 1K
XA FE T vk F A A R f e AR a0l 1B oA 0 S5 Sk E), AR
TR L CNN [FIFEE T B — 4 (5 S, RGN BRINE 5. M)
(RIAE DA S 220 fe iR A B I 0 25 15 S5 AT AR D CNN I R A TE . #ilan, Jing 4521
BN RN RC AR B B2 W e, 3R HH T AR 7 v CNN S K2 77, B
37 RIFACR . Li 55022 K SR A6 i 38005 5 BLEE 8 CONN Busa A, FF@EdIR3NE 5
BmIgon, WEEIRTE CNN FE e AU 12 Wr b (0 TR i 22 5 B e 1tk

5 CNN KBS RHE B R AN [R], RNN L y3 T4 2 5080 1 i e (O o8 &
H& B EEFEEmigae 7. g b, RNN EUSR ) S5 N 7 51 i ¢ 3845 5 e
2 HbRIAE, EE R R 2 N RS H R SR AN A S T . EAR R
RNN Zefe 54t b, Bt — PR E 7 K212 %% (Long Short-Term Memory,
LSTM) FI 132 BN (Gated Recurrent Unit, GRU) 522K . FEIREEN LN
WS WA, Yuan S8R0 @G L SCES RGVEAL T MG R N 25 BRI AL TS K
LR RS WL P R RE R B, SRR R A MESE T LSTM M GRU FHE T4 4t
RNN HJEFE VRS . Zhao 25024 g tH# N TAFETR IS g 5 B X 7] GRU ZEK)FH 45
HHNRACWE, &AL AR A W2 W A R R AR SRR S 2 M s R R
P A S 1R 30 FH & SR 77 o Shi Z5 ) Bvt 1 XA KK e 12 M 4 (BILSTMD 2544, 5k
LT X AL IR AR EAE I R AR S HE G, RSPl N FH 7% 3o A i 5 SIS TR AR ) Al
A B EALIFE A2 WA 55

Transformer %4 s — FhJE T-73 8 I WL IR BE 2% I B, HH Vaswani 55026 $2 1,
HAEH ARG S AP IAS T EREE), # OpenAl F T-#J 8 GPT RAIFMET, Jf
BTGNSR8 Je HAth 2R R A . Transformer W24 385 H v = 1L
SEPL TR AR 04 SR ORI SR AR, A AKOIRE T A% 48 RNIN A7 7E IR B2 S RIS B2
PENE R AR, (R B A SO AT UH L RE U A S N SRR e o 8 e e LA 12 Wi 40
W, WERFEAVIFEIRZ R Transformer W45 N T-IR3NE 5 PIRFESE BOR B B2 W4
%5 - Hou 551 Al Ding £55% 731l AR BN 5 5 G AT 35 0% v %ai N, 1 Bh Transformer
XK 28 S I T e AT LA PR REAE S S A P22 T . Xiao S50 3 3 UL R AR
BAEBENLAS &, )8 D48 ) Transformer PI4%, DL IS Y 4E g 5 ML 12
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NG BARAEAT AL, SRR A R AL I 77 . (B 2 AR 5 ST M2 Wiy
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(1) BRI A SN 2 vt B Tk g, EX T BRSNS
FIARBCH) A B AR AE A IR, RS R, AT TR DR 2] U
FINTEF NI R 2 W e, B AEFRAREE T SR BRI, S KR P RAEVR T
S SRR IR B 2 BT P RE
(2) KR AT FEHEFH UGS BIRBA WIT, RGN R isT. hagRiL
AHEIZ W4y 2 N B S ECRE B P IEF A R E 2 Tl A, X
B, WESUETTIE T — ARGV e U A AT R 5 27 S T iRt 7 o
(3) BRI ALRETIA AL HIF ISR e S WU IR B K £ AU AN 22 FE B 152
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BERE A AN AR SRR PR A e PR IERT FEIAEAE T (1) PIEREIE RE NS
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PUERPRME, g A2 Wtk se Mg IR iR 2 SR AR HERI AL T 17 (3) WIRENE RETS
NAE RIS R RS EE BEAT IR AL, 5 BT 1) =12 W P 8 VA 9 52k th S BE 1 i
PRI AR, HESHER IS W AR K s (4) TR RS STl 2 Wi s 1Y) 1 22 P A R A
Ji b — AN AR, T AR T I R R B I T, REWS R ST A /)
FEAS A ST RE ST A ACRE ST ISR T T, DA T 2 M UG e 12 Bl 403 ) JHL A 3 A M A i 3 1)
PAEA R R B o DRI, AT ARREVERIE 7T RN 24 T S UMGR 8 27 > W B 12 I 451
SR — T IR PR AR, A HEBIZ AR S ST T4 1) Tl SR I R AR TR ) 5%
SR A
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W PR HLH 5 N RN FNI R AR AT 22 5, HLIR R 22 e 1o AR AR 27 5 78 2 B A A
FERE o

IR R R B2 AR AL N AE RSN, AR FRIT T 2 MR AR A]
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1) 45 5 A 4 B A I Re W SR (L TE T B RE I RE 0. FESFORAUIE, TR MR S TR DA AT
MR IR B A B (Explanation) HURE W, Hodr, e i nl Rk N
I AT N I8 RN B T AR ) OB G B s 1 <RI BAR IR 0 W F kR
SE SR A RAESS Rt pr e Rk 7 0 il 1-2 Frow, SCERMH JE TR
FRAVKE A v R R AR 0 9. B (Rule) 7730, 35 X (Semantic) 7. JHA
(Attribution) 77 X FZEH] (Example) 7730. FHr, FT7 A 1 &2 % o i 72
PN — R HV BRI, (o SO R 5 T se e N B 18 X7 IR T AR A
Fr & 16 X S5FEE M A n s R B N E R, WA e s CGRIERE
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Fig. 1-2 Three classification dimensions of deep learning interpretability research
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PRI NSRRI it Sl gRad A, (AR 322 1) w] iR L 5 M Se iz . 914
Wu S5 HHI P S R 1 ALK pR A, i o 2 ) 28 A Y B ) e = R SRR AT
RO APk o JX AR 1 U4 T 35 A O BE A Tl B s O R AT Oy, A Lo S R g
g 5] F R SRR R Ik, AT S B 4 SR S ] PR B mT R o 20T ik ikt — Dy
FRJRESR, REV AT R E s T X A E O R A R e 1 SR, (B ASE
A, B T5 2 AT R R 5 vk B A T e N 2 LR FEBT B, B T kY 4%
ARG R FE RO ARG, BTSRRI N 1 2 e A VA 8 s Ao 22 ) 4% F P 8 R SREATL
i, DAL RO 5 2 A RERTE 7E 328 3 AN e JR AR A 1) JR) P 0 S PR 00

B SO AR TR IR T e Bl e b <t BEAR B, RIRRSE AR SO 2 ik
FEVEMBION A BRI 2270 o BT REERIRIEA, SRTTIREU ) TR 42 X 2% iy
FEMNZ 0 FARIE SO 2 18] (R L EE XS BN R 2, B A SR A 55 Hh R B 6 5 iR
B AR SER S R AR AR R AL R R T, IX T i B 4 R R R
Vo AR SO AR R T ik, il B E i 450 vt Al ZRsems 5 B AR
28 W 2% 5 S FE ORI AL B AR R P Bk i SCRRAIE . Zhang S8 XL s B TE, HDA
AL 1Ry J2 B A5 o BT B — EL B K08 SO O O T e e SC— 4B
A SRABLT = o A RS LS BAZAE NSt , JF5INFE T A B X 1 1L
BRI, (AR PRI E 2 2I A — B AR, 2 DREF e AR IR,
AT S 35 19 5 1 4% PN PSR AR 1) 1 S B AT R A R

UR R A A v 15 AR T TR O S 4 AR A DN S AN B 5 N R 7, &
Pt NRFAE X AR PR SR B TTRR L o (B A VE R, 12BN R AE LR R 45 ] 5
2k ESCEl A RRE (AR AR AR v AL B AR MBS R PR L D, T AEVR T
) AL AR R ) T R AR A R . AE LS RRERE N, WU I 5N E
IR T ER e g kiR, A RG] AR BCE RS iR KA DA R 45 R . 9140, Plumb
SO AR GRd R RN TR BT VA AL ey PR SR RE ARG R M (0 AT ARk IR AL T, 2 R
TH T RESAR R BT R . 11T Weinberger Z517) WIZE L BL A bt — 5 485 AU 56 50 0
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W ST R BB T VS RUAERE o B 1T BN S NAE AR ) VE (R RE 41, Dual-net!*®!
WA TIPS B Z T R E B B, Z 7RSI TN R AR R SRR 2 i
P FRAET4E, A RO REAE B Z VAT RE M 5174 .

190 77 = A R T VR e O R N A AR AH O (1) SCHE SR A9 B S AE R A, AT
TR MO ANAE A fRE . AE ESh e dilt, Li S5 G R A RS A& 2% ZE 1),
Fo T it 5 A N5 25 2 B SR AL 2 18] SRR AL 5¢ R AT Tl e sk, Jf i 51 N BR
BRI, AT 2 > 1 S5 A B A TS T B SR B AR RERE /T . Chen S5 7R IV IER - idF—
WA JE R E R R R R AR ME G A M g5k, SEIL T N MR R X S
NS AR ARAL PR VT T, AT I8 B 9 00 B2 1 2245 U AR R AT L A o
1.3.2 TIERMHRPHEIER

77 N sh eI R 2 b T2 Rk, (G kiRt m e, &
JRRERETTIE VT — P A 03 N o FEE R i KRR . o iR 2 TS N R 46 44 4
B, A A X 28 BEAT R GENE AR AN AR, SR BRSO, AR Tk
ALFE KT 74P | “M-of-N” 7£B2 fl NeuroRule 7B, #2358 411 <2
Fa, I S H RS RL I RF AR A B, 128 ER A R e SR B e s,
BT 5 B TR i R U2 D SR W 0 A 05451 DL S AR R 0 Ay 2050 2807 ) o 8 Jry B A RS
S, ST RRIE RSN I SO M S SR (Counterfactual Explanation )8 i
— PR TR, HERE Ay B TREARHRHIE A f74E HARHIE B AFEAE, 33
FEAR x #EUHN y 287 LR C“FEARRIRHE A BT 45 3R iz, maEH AR, that,
CDRPs (Critical Data Routing Paths) 757 i ik 35 7~ A5 A b BRARE .8 #F A 1 G BE(E B
BN, Tyl R iR 1 1 — i A .

5 7 SR B gl U7 1 B T30S i KAk (Activation Maximization, AM)
JRE, BRI GHREEW I KRR BUE R € M4t EIE N E AR BT 2
TR EAE AR BT R, AM J7 VA I = 4E 1 2R S (Rl bk B0 ik a) &
Erhan %50 Z2 e 42 R Je 05 B RO E WA TR AGRESS, B fS L2 IRk, 251k
AL 08 7] 1E A 102) Sl 5| N DAL R 2R 5 6], R SRR sk, &
FSONT 470 19 2%t A 2 FH TS0 B R A FEAS IR s R i 7, 3 — B0 T AM J7VER)
ML FUST BRIBOE e KALAE, BFFEE IRIR AR R T B S BIEA B 51E UOM &
(BRI LK R« Bau 250041 32 H ) Network Dissection J7 755 & A% 545 & 40 8 k-2 11
KEFEFE AT RGEAL; RSN, Fong & Mt — D50 138 S 7E 2 NG
A RN, s 1T N AR 0E Ll . seak, 8 SO = o] i e nt
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O B2 HIRE T ABESUR, 10 Dalvi 25150 X 5 ARG 5 A HEAL S R W& T 55 E
A TE] Y SR 00 B BT T VR AT, il SRR 7 VR AE 22 B S I B FH it 1
HH¥%,

VAR 7 2R B BN AR 7 1 A A AT AR R BRI 7 (1) 2R T Il 22—, ] 4 Rtk
TR AR FE RN B TG OGP R T o i TS 2R h 8 1 1 PR g vl ot R A 28 I )
FEARALA, T+ SREAE AR TN 25 SR A0 52 AT, AT A A A 8 A RS 0o B T ke 5
R E TR . X — 7R B ZE R T SR AE 1 40 R e G K B PR 1K) <T7 1)
5, RN EIRAS <O R A A Re A L (BB B AR
Bacehrens Z¢17) ZR SRS B H DT N T im0 R4 A2 . k-NN AT SVM S8 Sifll d%
PR R R . BEE B FUIRN, BT REAUEE ST I R R 78 0 Hh B =i L
PRI, T R e [m) A5 FR 168 5] T IR AE 4 (Guided Backpropagation )1, &)
FOE L (Class Activation Mapping, CAMOUO R R SR BE YT (Grad-CAMD7!
L RINAMTTIE. IR, AL M2 thIEE N Z R A AR R A G, e E 2 T
b AR SRR . £15%F bR 8, DeepLIFTU? (Deep Learning Important FeaTures)
A1 LRP73! (Layer-wise Relevance Propagation) 45 /7 VA H 15 < B9 HUBh > [ o, A
JiT b AR T BRI m) R iR R AT A B E B IR (EAE R, B
FEFHA BT EREAKR VRN, X — BB S FE RS 7 AR RE RN A
YLt @, Sundararajan SEUY SR T AL REVE, 0T EEE AR S ZF A
A E A EITE B AR S da B, A AR CRfs FEE A R i) ) [ B ORAIE 1 oK
VRN E . AT RUTE O H R T VE T, H 3 B AT AR A N BUR SR BT
PL LIME!¢!  (Local Interpretable Model-agnostic Explanations) 1 MAPLE!" (Model
Agnostic suPervised Local Explanations) A /LA @4k, DL DL Shapley
U8 FHAF B RER IR 515 B8 T BUBIER VAL O BB il ik X
FEARSEH RGP E 0 CanPshBl | JEREEY SE iR, LSRR 4 tH () AR A N, g
T 457 B2 N AE A 8380 70 AR e SR ) SRR AR B2 . LIMEE AT MAPLE W) SR HUR) 52 284 ]
AP SREME s 7B 10 =3 05 A1 35k P 1 3 20 A58 AR 3 AL g v T AR () 2 P AR, DT S 3R
e JR Y B VA R RE , P E ZEDXOAE T R R AR & X720, SHapley {E M HAS
BITEN RS BAE G BB AESE, € B Al TR A &R A R B AR o 58 1) D vk 2 B4 B R
PRFERE, NVAD RS 7 RS BEIR ¥

Z 9177 SR SR 7 R AE T N O Wb A rh TR0 AR o ok B %

SO ) Z2 451 . Koh £ 1821 i it FLAIZRFE A X BN S HW MR, 4K 1T AL IX A 24
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i it i N o L e A e

Ak o WA A T 45 SRR S AT R 0 e R s AR A ) d LS Ay (I 2R
Bl. A, Yeh Z83 IERE T 0 2KA0 1 logit /2 AT 4 0 NI GRFEARTE pre-logit J2
PO EM MRS, Hh s RECEWHE R T WHRFE A 5 X Bl SRk A 2 T8 A
IPESC R, BT IR AL T T R B AR RE .
133 AIERMARNESES

VR 5 ST PR VERI AL 2 B R AR T BN 5 B SRE 5 A B4, SO0 )
RIBARS . XL AN TS RIS A7 5t R, RGNS 8 SCT . SRR
PR FH S 451 U P DU Fob A R S Y . W] SRR PR AE A 5 5 1 VR 8 2 ) A 2R )75 B 5 5 T
SR, RS, R TIRES IBARTEERITSH . B 3% 3R &
25 vy IR e 5 3 5 () L FH

SR, TE ST B 45038 () T A PR AT 5 45 T e MU L 12 W 03 A 7 A0 AN T 22 7
() B s WG AEEFE LEMIIE USRS, NBTEHZEM, ey
W59 8 T A A R E s, FE% G 5B A GE R W H S X, X5 R
NS5 R MR P R B3 (2) BRI IE I VR 2 S A R ) e
THEHIXT e, B R I UE B VTS . 8 SCARBUR 2 2H L, TR EE 2 > X R
NS5 I AL FE R T B W AE S, TR EURFAE B = W B R8RS (3) R
B U2 IR R IR s T N R ELVTAG (BRSNS 5 (1 B B Ad R 45 T HE DA
FEE N B FRAR, X TR BEFE HUMCE B 12 WA 0 R A3t o 58 A NS R AR R
Ko B, KB EHLALE AR ) mT AR 0 ik R BN RE 2 i b, R
IHE DR EAR IR AR, TR S B RS R E 517 S .

1.4 BEFCHLAE REISHT SUBIAY AT AR ML R SRR R

JrE UM RE 12 W s i) W] AR 1 7E BG 28 50 B B SOA L Bkl 1tk o 7T A e PR 1T
FCRRREI 9 ) P B AE . 15 SR 5 RN Wil aeAE — e RE R B Bl R
AR P AER . SRTT, BMR S SOR 5 R HUAR 315 5 A8 Bl A AR IE B A7 AR 8 2 22
5t 1S LSRR T o LU BRI RS B e U R i2 W . DL, S5 S e AL
WRENE 5 B BRF T AT X A ] AR 7T, B SQ B A B A S FE R

E e S WU e B2 e U rh - AT R AR RS PR AT 7 T B 48 e B Tl g = 3 A
R 5 D g Eh fd R I PO AT IR R . AE A R E iR W e e AR,
X2 WE AL ) R A R AR AT A X P, DA s i b2 Wy FR AR L s (AL EE s )R
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WAL B A2 WL A 26t b, @I AL AU AR E ]l AT B B
BN X R SRR TR IRE AN T AR AR AR Y e SR A

1.4.1 REREHLAE RE S W sl aY So U i Bt E AR

BERIRINE S B BRAEAERE SR, HIX RS 7238 AT T AN B0 Tl 55 R 4
B M SR 50T T IEAR, RER TG S, ERXRARENZ T
FeBRFNIR o R X LS00 R ORI RE S22 2%, 8 8y 1 S SR A B2 3= B B () T
T %

() BT ESLENERERE

S T AL BETT VA R NP2 P 28 2 — P WL sl e i ng,  BILUE S0 B
R, EBNRIT L )RR e B A, 1E 5] NG 5 A FE SR 50 AR B[R] I 7 4
LA N IR RE ). MR IR E, CAMHERZ REETE 50K
AR 2 S — =, B, Abid &30 K SineNet®) N T VLR IZ M, @IT 2R
CNN $i N JZ 8 A T v i e i 2 T3 s WokE R, (2 A 1 R W A R A Y
FERENE, R 2R S AT XS SineNet FEAT 1k — 20 gkl Li £8 091 JUI7E st Bl b1 gk —
2, ¥ CNN Fy N JZ LN IE SN A (Continuous Wavelet Transform, CWT) DA
e A2 WRE ), FRE B H b W B T R A IR H . He SE009N T p 4
RENBARESERZNEE, QP4 T7 N0 B AZ L0 S5 1 E5R
%o Yuan E0Y ZERRIPRHE 5 TH N EE T3 TH NS, FFRIIE /N
12 ] B R T AR SR, AT IR oo B4 & B RE /7« Han S80°) ST S Hl/ N AR
#t (Discrete Wavelet Transform, DWT) it T #iMERE, 456 BEFEZIIVLEIRE
RS AT PR BURFAE, RIS 7 A P 2% & R R RS AT Y. #E CNN HEZRZ 4, Li
ZEPOIT it — W IN A i 5N PR 2 I 2% A AR PR BOPR T, DA X 75 050 R )
WA W IR R, I I A 5 28 15 3 UE HLAE 25 M LR B W A G 43 507 THI I A R0
Zhu S50 NPT ARRE Jm A Bt 58U 2R AR HOR 6, T RIS A MR PR . X LY
JIEAE M 48 R AR Bl A5 5 b BE AR B0 AR, BEREAE FRAR S 75 SR A& f i &
()[R B 32 T+ HERf 22 S D FEA IS TP e, DR R B 20 i 7 2L 4 B A B S % A
I, X RTT IR B AT EREAEAT AR O A R, B 5T 3 P e AR A P e R AT AL
177 R AR WX 2% TAEALE, (EXT TV R g S B oKk, HL s/ B U B I ) AR 25 SR
YE N -

RSN, A5 S AL BTV AT T4 3 M 4 B AR A5 R (1) ¥ 1. Michau 550
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% DWT $2H 1 0] 2% 2] 1 FERE AR B /N X 4%, 380 J2 2 D NS 5 1 10T b 5 i
N—RINRE, e E G EBEMN KA G, HAHEAE TSR WNEIr
R E R, Wang S8U0 Bt 1 AT /N Lo R KB B A, I HE B SRS S
(R0 i 5 A, IR Bl B S L) 8 BURFE DAL . Wang Z5UON IR H ATl oy A
AT S B RS BN AR, i HES T AR/ ] T N2, A B AN [F] B N I A
By A AR I AR AL ) S B PR AT R ISR B RE /) o Li S0 FE AT 2 2] (/N A4y
R 28 BE A b, K R AR AN BB B vy 5 R P i 22 A O I I o ) 5 IR, SEER AR W
T VEAE B AR SRR A 2R SR BT T AR 2 o AR/ N iR 2 A1, Lin FEU0T FE /)8
WEHU AR 4 PR A /N U 2%, T8 S 3 E B ARE AR IR 0 pR E A
WAL JZ I G, SNBSS A8 460 1) i 38 3y W] G o0 A B, IR FH 4 T 1 S5 e SR B )
SFHRFAE BB 2 W B S S 1] o Lia SR04 At — 2042 H 0 — AL /N B 4%, NER L
RS AR T VA B R G AR IS AN AR R G AN AR AR . Li ZE0) 5] NAT 23]
(1) Morlet "NEAFE NG S I8 HZ AT Z 2 HES, ERUSE G R RHIE S RA I 2 58
B E R 2%, B 208 T /INBAZ WS % J2 4 Hh 1 P AL R A B AR 2 e
LR . Wang ZFUC) R H T AT R LA RS IR I X 28 AESE, B /N A e,
77 FL25 A1 Fourier B4 @l & 9 I 28 R TiAR BE )=, P B il FE S A BR 27 I WA S &
5 MG 5 AL 3 R e 43 IS 1) 50 BE R AR AT AR, DA RG] il O B AT (R RS A S AT
PEAZ P 1 5 % A A0 22845 G (5 5 A BRS W 1) S B AR, M &/ NEERL, 3
AREBAE . 2T Fa bR i B & N8R PL L 7 RN BIE 5 /35 B HELE, JRiEnt
BB AL J5 FREAE AT AAL 5 /N A% RARIIUHT DAIGIE WX 28 R RE e T o I 28 AR S5 1 1) 42
— WA REIR TR IZ Wi aE /g, AR B 4% S R R 1, (R4 )R 20 SR [ It
BRI T 2% B R G VAN R A IA], IS AP 4% BT REA 1 B BB A R R SE Ak e
IeAh, HRTTE = B MR S

Q) ETHRIBELNENERE

BB A, MRS RS SRR I E T, ADUT R G g B
FINTTERE M 28 R T 2 A . An SEUO81 G iR B IR AOBORIME Bk 5 W i 2 i AH 45
A, M 7 A& e R I E IR AR BHE M 2%, el s AT A E 5
fENTF-IIE AN H S, IF DL BRI A AE BE  HAR R AL . HLsRie 45 1R
W, BT i 2R B A HH A 5 72 RUOR BR DG B PR R A1 11 [R] IS, T I8 285 3 g
By o it — D BRI S BT B e, Zhao S50V X 2 2 i 2 DA 2R R IR N
5T, BJSL T B JE 1Y) Generalized Sparse Coding 575, FRAELbIAl FHES HE R ®
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HESE, N ZAE SR F TN mT I 2R 1) 2 b it 2 i DX % 225 4] e B s 2050 ) s e U 2 AL
i, ZTTERIESE T T W20 W R I R IS e J1 S P e e . An S50 S0k — 2
e B HE)T 2 e WA 55, 1R B o 20 H 00 IO G B W s 1) ) 3 o b AR AR
HATERE . BRUbZ A, Wu S R 7 —Fh B T M 20 R v R S AR N 4%, A
RE SIEE RN, FREEPIRALANRS L1 WAL I LE S I i % 2 0 S
B, AT 3 iR X 28 6F S B PR R R R SR B AE V) o Bl 73 5d i R B e 32 Bl A 2
SERE 2%, DAE SERG e PR OCHE MU Al o AN, BRI I AS 2O R ) 1 X 4%
Sy Al N gD IRl TIPS N2 0 = 5 O = S =B E i v

(3) ETEE SIS MLE BSUE R E shiREE

R SIWURIAE IR BE 2 S R S BRI 77, Be % 1 od B b R e AN B H g ok
FERFAEIR 3 50 S AU, SCIUZ W SR B I E S 5 B RS HE I 8, R 4%
—E MR fERERE . FEUBERAN b, oA SO @ 3 5] NN A — PR T
B AIPLH I REREE . Liu S50 A8 S 73 i 5 Transformer AHZS &, JFRHALR GEIAL
Bt B #oNE S O iR, S Gl B A E rT AL SEE TSR . Li S
DU AR 43 HE W PR AR RN VE R I, A T AR50 R /) Transformer, MR35 )
B E ¥ 4504 Dirichlet 73 A FF i INAG B LI A, 235 38 o 1 I 4 U5 DR 465 S () T i 5 4
IR — B BRIER INLEISN, BN I 48 25 7 3 AT tUis 2 SEBIL 3 Sh AR )
—I&1t. Kim SR PGS 5t ) B # N Softsign WS M4 R e s, M
1M 58 M OR BR S N5 5 P 2 & R AR AIE , 3RS 5 B AR A AUs A DR T RAL R . Guo
SEUBT A R SR 2 2 ARV T B2 W 28 S5 e 28 L R KB B RN 2, L g e 2 LA
A BAS EONTEAR T R R AR AT HER, RN Ho e A 45 SR 12 W I 24 (1) 4R
IR, A AR RT A R RS AN A P IR B B O

4) EREZHSUS E RN RS LS

BRI W U E SR AT TR R B, 5 2RI SEBLER AR BN 21
HFR SRR a5 RIAEEE R . SRS, IS 50, Wbt a5 Ja i ARt
IR 28 1) Jey B BB AR AT VLT, — D7 T RE S Je e Fn iR N 2% 2 v, AT T2 Wtk
REs 73— 7 T A0 [0 28 S5 A AEGEIZE B, Rl J st At AR A1 () mT A0 S — e 2 B ) A
IR R, 227k FERETRNE P 07 T R 5, 1SR T7 IR R X 4% &5 4 it
I ERAVR, SERA BAE SR RRI R4, (HAERAN Y srh sk Z 281
RGeS HIR, &7 0 B 0 nT AL AR Ss R . R 2 HOMUR-E AT
AR R TB B AT AR, X AU T AR s o, 1 H A Be7E A PRAZREE B4
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BT R R SRAR HE AT R SR R
1.4.2  KEFEHIWE sES BT dusinY Y3 B Bh R

W2 W S s AR A Bk, SR RS AMIE, FEEETA TSR N 4R
Re A T B4R AR R R 1T BN B N 48 250 o SEBR b, AT R By SR B 25 BE g []
B, REAENZW RGP RIS, H TS IA BRI ks . dtk, XREA
W 28 AT 15 Sh g RE SE DN B S o B B B il it 7t £ A e H R o0 # |, s
BEEEAL IR BN E) DL S AT A S T B, 4R i A\ 8 30 o A5 A 1 SR 1R DT R
B, AN AR A A 11 R SR AR s

() ETFHERBNENERE

DL CAM Al LRP NARK BIHE FEAE LT ik Hoh E 2750, Hizo Mg E T 18
AEXTRRE (BRTTEREE) AT B JE S AL 4%, 4 00 28 iyt ) 28 3 A Bt 33 (] b N = 1)
T SEIL S AN 3 BV R o FERFAEJZ T, Wu SEUTOL R, ARsORn iy Aoids 3t 35 4
HHRHIERINZ LSTM #52,  JRAE B LRP SREUCAS [ 28 B FEAS SRR R ) DT

TEIAE W Fi 8 I E R A B — 43R BN 5 3 3 oy ERAEE, 2 mvEH E
G A (R A AR AR AR T 1 — P W% . Grezmak S5 CWT K528 L
WUIRENE 5 e 2 i A5, Ffadid LRP XA RSB AT AR, Se5e 25 R B CNN
T BRI 8 AT o Chen S8 3 FH 9 5] e B iHH 2846 (Short-Time Fourier Transform,
STFT) FHRBNPAIRINE T 53 K, FHIH Grad-CAM 6 7 I5 59 B & Bl 7356
CNN R TTEREE, IR IH R G5 2R 5 e S AT 22 SCBE . Wu Z8U9) PR K AE LR
554 STFT FALBLEHi N AE #5844, i Grad-CAM X B ATUsRe A #EAT U R e
I3, R TTEREE ) B S A B B AR . Liun S50 SR /NBCRL 70 i T AL B
454 Grad-CAM X B Bl G 5212 W7 ) CNN B EAT H 5 IH R 20 #r, 8 S R B AR 1) 51
BREE . FETRALIR 7 LA TT T, Kim S5E0200 FE FAL BB B 5 N ) — (AR AR AT
SERRTTIE, RS A Y O R IS TR b ) 4R RIS AR N, FEAE B LRP 24T
e A . ek iR 7 2, Sun SN GBI B IE . 2Bk ReLU R4 Jm-134
EEREXT Grad-CAM AT G, FFRIFZ Y] /NS B 9 B HE Pilab 22, 5 CNN
FERIFR AL SBR[ . L seIe R, ok f5 1 SGG-CAM JIT 15 21 (1) S B0 B X i
A3 R DT RRFE SE N o itk 4h, Brito 5122 4 a7 BAATUIS AR e (R AL 3 5 Grad-CAM #H
it Al RN USRS I TTEREE, Mey!?! AT T RRURER . AT, Bk
J7iEBARRILEE, (HH 5 5 R 5 B AR RIGAERME EAERKER, RS
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AR H AR BRI 5] NBEIR 1 22 X 45 (1) i 21 v A0 35

RS WA Y 1) oy 0 o DL 5, 0 FE AL FR AR U VR e B FH T I 355 5 1
BRI AT o Yu S04 BTl 2 35 5 1125 1 5k 22 ISR, 343 312k A Grad-CAM Al
Eigen-CAM KA & I 85 5 & 2L i 70 DTk BE . Chen F'23) G0 B il K R A2 1R IS
145 S5\ BILSTM #4745, F4 B Grad-CAM-++ AJ AL 4 2% T eV O s e F B
HosRag o R B, AR TSR A TE 5 A BATE R 73 Bl S, Chen Z1126 4t
X R FEAL RR A REAN R E B 1) R, S 5 SR IE 51570 INBUR AL B B2 155> CAM, 5K
B9 UE IZ TV R 0% B0 AL v SR AR T INUE 5 TR R OB AR B, BRI R SR
Miettinen Z5E0127) W] FH L #4 9R 3015 5 (5 e LU B = AR 35, K FLR 85 5 F T NN 1)
WAL HT, FHAE B Grad-CAM PFAl & I 38 BRI TTRRE . 45 R WoR, S HERSNE
5 T A AT ZR J 43 0 kB S ) LA R . BB G IN I8 S (R R AR
T VA1 IR 77 92 B 8 AR L R O B 12 Wi I 248 (%) o 2o R 12, (L ER T O 15 3 e e DA B 42
SR G N EENLEE,  FIR T7 AN Re fa s ety B AR I 20 R SR AE L, AR AR
RIEAEM . Beak, R IH PR A B AR 45 AR W i), 7R [F) R A (A 3
Z5t, I H 5 RERITE R X k.

X FE B AR R 45 BAR AR B, — SBRF 7T 78 B3Rl 5] NS AR, DA
Y A R s B R AR R TS S A B R o Li 20280 7 5 pl A R i e 12 W 9 2% )11 5 )
AR I3 6 BE VLR BUAS [R] R AR AS R I SR 5 2R, IR — Pl BR# Fourier A8 4t
HAT G AR ER, K FL A 4 B BN LA AT, B A 1 iR o1 BN PR BB AR AL A0 23 o) T A
TR R 5 1) EE A FH AR R I W R B IR o LAt 200 D) DA 44 45 2 1A B R AIE 5 S I A
FE (RAH DA REE N IIAUKIR, SANEZ 2L CAM 25 R 5E Uil &, AT e i 2
JZ Grad-CAM #EBNRRETT 1% FEMRRBEIE 0BT, At BT 3RS (1) I 8031 PR 45 SRl
A FREE M B AU, I 5 5 4f Grad-CAM. LRP Z5AE XL,  B6AIE FT 4R 07 VE 75 3l S 4 44y
TEJ7 TH AR 3 o R IR 5 1048 Bh J5 A BT [R) B2 3R B A (1 3 R 45 R, (B LA AT
B TR TR A, AERE AR T A DA N o

Q) E T M shiRTE

TERS AL R AL 41, L SHAP (SHapley Additive exPlanations) N/CE I3
BRI RIFE N T2 . SHAP R B Ry 584 JE A, (Gl I 5B BE 4T 58 TR A E
BN SRR RS R DG R o IRFIE 2R T, Brito 61300 43 &% il 2k 5 1
MBI WAESS, M TUERE. 07 A AVRE R IR A 55 2 FhRFAE, JFFIH SHAP
HEATRHEIA A, DA S AN [FRFAE R B TR S B S MRS o Lee 55151 A Jia £5132) U143
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AT LRSS S RIS 5 1E 2 ANReE, BEJE 0 SHAP JEAS & RHIE
ITTRRIE . TERHER AL, BERTIHEE SIAT AT LRI B 2 S, It
BT 58 Ao i ATl I SR A AT YU RE . Gwak £330 SR HI IR TR 430
HI RS IL 5L 43 Bk (Power-Perturbation-Based Decision Boundary Analysis), 5% iy 15,
{5 ST B A R IEARER e, FAE Prade s oy B 5 9 B SE a3, LOMLIE
BN S R, T RSB FE A K SRS IA T . 0 — L TAEK SHAP i — P4 &
B AR, ML v 2 i AE AL R SR 5 B S SO R 45 R o Decker 51134 4402
B HT A SHAP HiEMSE A, I FEAR Tk #155 #4840 75 10 AR e R 2H A Y, o 3
Ui 12 Wi B 1) SHAP VA PRI 45 5 AT DLV IR0 1) B8 e S e il S 1) e 2 15 4, 3R15 580
M R T o Herwig 551°% [RIREKG SHAP 5 NSRBI #5308 aad 6o 303 s A 43 i
P BN K ] B AN RS 5 5 g3 % T 2 o A5 Y (R PR oa ik o S IORE, SRR 52
ARG R G54, (HRRREXN BRI IRAERHEZ G0, XIS A AR R R A . B
AN TT NAE IR . B — L7 DUl R 45 A 4 22 oAt IE, 76 o 3 o A SE TR 3K
R A S R Es R, (B R EREWAS O BONFERT, HR 25 R 15 M
PEFRAMEIE B R e

() BT FE NGB sh R

R SR N IR, o A 1% 5 0 P AN R R, XL
WE 5 R ARSE B EERE 2 IEMHK. ik, FIHEZ VLB 0] B4R
B oy N B 1 Sy X 3, AT SR PR e 361370 L & 00381 43 i Ju AL i) 182 P
THAR M2 W 2%, 55 5] LRSS 5 A28 E S E B RN, SRR
IR AR I SRR 28 18 3k AT VA K. Wang S50 DK v 7= I HLH] S — 24 CNN Al
& DL LR B AR S P2 I, i i v R R WA AR s AR R AN [ IS B O
EMEZR . Tang 140 Transformer A 728 LA E 2 W, FFdyE & I E K
L, A RRAEA B TR AR 25T, TR B A A ) o ik B T 4 v T B s B Cuid
U4 Transformer H T H W B AR S BE 2 W, A BhIE A E AT A4 & B e
AP TTRREADRT B, AR FE () [ 2815 S EDTEREE 70 AT E B ORFFAHEL. Wang 450142
¥ Transformer B FH T/ DAEAIRER ARSI, B2 I RE AT AR,
ARk PRy B R T B ey, T T R AL A I R B oA . R R L
REf8 B AR R B AN N ) G AR B, (B L AT 2 W 28 B A = 0 454, [R] I L fd e
ZERAUR IR TG B, AR IR~ OSB3 By, T = SRR N P B Y 68
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(4) BAtb KA TN RRRE

FERLZ b, TRA BT TUMAE S BEX B AT B Rl ). Yang S5 135
I KA B ARSI NIR B AR S 2 Wi 55, (S REATLAE ARSI A\ o B0 R T [ 32
DI, Fe AT BT AP 22 0 B RS A B AR A . LS a5 AR W], Fed ATy
B RS MR LA EATT IR 5 30, 38952 (2 8 S8l 1 22 T T8 B e Kt 1) B 2 A
Za

BeAh, A HR o AR 45 G R 2 W AR 55 6 W 2% 45 74 % )= A9 T ER AN 23 #r
Borghesani S 1R SR ZE 26 1 IR AL ZUH S8 . T oRAFATEL 2% 5545 5 AL BREOR
MR, it TERUZ BARE RS S A B R U G 28, ATRE i 78 5 F1
M2 W4 55 FA < 7 BE TR I AR o A O SRR L, R BLAS 5 RSNl R (5 |
RO AT AL IR T AR . 5 Z AR, Pang SOV UL 55 AL BEAIL A X AN )
P R RO AL e B A E LB EAT B4, R R IT R PE LT, SR T S K etk
AT AR Rt B R 5 o IESRAIT U R] S 5 AL B B3 S T 19X 28 45 K e O AT, 3R
AR AR RS R . SR, L Hrxt GAEAL R IR T2 d 28 BRI SR M 4, AR T
ZREME, HRe A R TR, sz BT 2 20

(6) BREVCET SR B AR RIS LE

AT S, AR R R R /e AR E M s Zhid R, Ao, Sieste
S R o, B AL RR S AE B 5 A 3 I B B sk SE A B, R B
RCR B E, HE T AR RS SR ANE RS E 1 TR e VR DRI ORI 252 By AR A T A 42k )
SN, i B S A AT AR R REAE AN EDWL IR IS AT 0 A, A BERAS H Ak b g e 4h
R N EAS B AT A P BE AL BREOR . SADARRESR I SE S AR I 45 454, P sl m]
GG S A B EAN G G, IR i 280 i AR 70 10 e 4 SR P e s, IR, w21
sk, DLIRHRE BB SR 3o (B R MR 5 SR AE TR WA J5E 5 IR A A5 T 75 AR X A
A, Hf ML H, & B TSI . R I R R B I DR R e
71, HFHEME BAER AT, EHTEIRA T, HARREA RAOR Tk, sh= ERE
M EAE IS o 1 SCRTUAN AT ST R OB 7 R I RE SR (ARSI ORE S8R, (BT R
BRI, B RR K sy, BRI 2 52T

1.5 INEMRELERICIE

M FCUIR AT, M2 Wt T ORBE BE P LI AR St % s AT EORE 2, MR
SRR RIARRVERIS RE ST L = B Bh A 5 BE IR S SR 1, BENSAE R & I
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& ZREERTN R R KRBT =T, RN i W g T R %, R
R FEE 5 21 REVS WA A 1) S B N P A 3 A v AT T W 1 25 A ARr AR R O B AL, (HLTR TS
5 21 AL REVERIE 7 12 L — IR AR A AN AR O B A O IR, AR SR TR R A
FE AR AR SR ES W RR DL HES) FARAR ¢ i LR g oy T, A R
T o BRBEAURR 2 27 STl 2 Wi () P AR PR TR AR i Ak TR B B B, AR Z 22
] & 516 560 X B T Sl PR A A1 DXL s AR A 7 T e T 17— R BT FL, R AR AE LR 5k
PR )

() Beeiddr s Sioutee. RE RN S HHEHRE)

TR T8 5N F RN AL R, BERESRTHM 25 i i kg, SnT A
REAE PTRRAL TS B & S BRI 2% R DR S R o SR, BT D7 VAAE T $h R AR RO P
ANTTEARAFAEA L . (1) AERT IR JEVETT T, Se3 MR P R L R G5 1 ] fif %
P, (EABXS R S5 TN 1 R, S BOHAE RO 2 2% N i = L 1) RiE RS
TR (2) AEMPRRCR T, PERTT IR IR 45 R 2 M e TARp A rT AL, ANUEDUL
PRgg, HFEELAIREC A A ReEr e, SEBOLESPRN H R A AR, Y
REAE — e FE S I X A A A ML A AR o PR, B A2 RAE I 8 2 Wi Pk e 5 T 40
JEVERIFIS , 2E— D485 N MRERE IO F I CE B0 SERT IR R M Y, & 24
R 2 W T S AR D R AR BE FE B

Q) BrEREHER P EATERNMITE SRR

WENMRETTIE T T 2 SRR R BT BN 2R A, REME A A ST R Hn) LA 5 1
TFREII T, FREFNE S SR 5. ST, DT BB R 5 A AL AR AN SRR
ANTTHARAAAEAZ: (1) FERIEA L, BRI SER IHHISETE R ALt 45 R
WA NFEAS PITCE38, X6F T 2  A 7  BEAE T AN ELO A IR AT R, 5 23RS 2
b3 A 5 SR U 7 B 5 AT AL B B R AR BEROR, AT AR RO 32 IR s $Bh 2051
A DL ORI 3 e s I B DA S A g i, (B EL R 45 SRAE T T S SR
T AR, Q) AERERCR B, EhITIA T 2 IR SR AT RCH, TR
W, MARENE 5 AERE TR AN 1 I FER R, PRI, S5 R 1R
SRR D ERREONTEW . R ERE I, IFE U A AR R 5
MR, SR B RS W g sh R T A R O
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1.6 ANFEMRRAR

B 1.5 TSR U PTAS SRBR L, AR S S e e HURGR P 2 > e 2 i T f e
VERR SR IEIT RGVERT T, 700 N ShigRe 5 weah R P th ke, B0 T LA e
JEEAR ELAAERE AR B (8 AR AV LB AR X 2%, RIS R R I S TE T THEE R
R E BE S ARRE T, AT AL S T 7 e S LR REIZ BT ) R U PE R 2R, P
THERLAIE L | 457 7 R SRAR Y8 A S S (I D) S Al AT RO DR T 56 o AR SCHY BT 4514
LA RN 1-3 fros, &5 ARZH T

s | = FORA TSR REBR RSN AR SRR FI,  SCHURRE SR AN W BE XU
BAR | o bR sl ieRe: S5O RESIE SR AL, LI . R T U RS R

F—F &ip
TREER LR AE12 Wt B2 v ARt (R ST B0IR
[ - 1
S EL@PBEE— 00 3 S L@EPBEE= 00 ;
L BB E SRR AR 5L Wt RE } LB S W SRR P AR AU B }
,,,,,,, RECGIEINEDZE T - S L N AT
N JE F iR ‘ RS2 LBl R R Al ‘ ERERCR AL
1
< $=F FNE FHE
TN B AR 8 P72 T LT R AU T )42 e GBI AR i )12 W AR AR At B REET L2 W
AV N B Bl iR TR e B SR W SRR 24 TR R4k Sh f R R R A AL
L A B R R L J = Re il SRR J

=
{ THD 171 TR AR 5 B8 12 I8 PR 435 AP REE 22 % 7 PR 36 J

( FE BRESRE )

B 13 ALBEPLEHM
Fig. 1-3  The structure of this thesis

BE, ik, AE ARG IUE 12 W, TR S AT R DL B %2
SCHIF TS ) [ A AR FEBILIR IR 73 M R BE 12 Wi ml A R PR T TCAE T SRR 5 130
R 9 T PRI S B RA,  BE TT BH A AS SC RO 7T SR B A SR A

B, RN UR BN BE S W A N R B iR . AR FE L TR RS
RN = it TR RS GRRAENRIeH LRSS e, g By
PRI RIS PR e AL B, SRR B ARRE . 12 Wk REAN T Hh R ) 2 U 3t
Bho BARTE, B SRR N AR 5 B AR IS PRI F Bt I A i ek 2, B T
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A I IR WA R R S M VT B AT ARV o M 702, e m i = A I R R A
SR PT IR T IRAE LR A 12 Wi itk B 5 AT R D7 T ) A 3

S, TR VLICH RIS WS T TR R A RE . AN R R RIS Y
RS Z BT, B NS 110 T 7Y G P MR o b N AR ok 558 )2 ARG o SR 2R DC e 4 2
=, 5 BgfSas s & e B R R BIULEC 2%, B 7 [ B A e s i) B S0 4R 5 A5
RIRLA N I B s BB RE ACRRAE . AT 1 Se MR SR Y VLGB AR 5 1 g AL 2% () B2 LAl
2RI T 4T ) 3 20 DL DX 28 R S5 R T o 0 R eR B AL 55 e SR, s T I A Gt
RS AT 55 5 U802 A AT 55 4 T DA% IR 28 102 e e 5 el ek

VT, 2553 B Re 2 WS R sh R ARk o BEX B e 12 W il sh e ke
TEAAEM A, A FH (5 T B P KRS AHC S SHAP 0 M ik &, A
Tl PR AR TR v ) S R PR KT AT B, R VA ERT &85 SR 4 e 2l P X 0 g ) S i, )38 SRR Ny
B IE A . AT E e/ 40 SHAP VA SE3A 0L 73 O BLIR BLll, Bl Je R Gk )ik
e YR 5 I R e S 5 SHAP 70 Al & 77, e ilid =S8 BA R € Fr
P HE SR IR P S A R T T DL S, RN R AL 72 7 B g S R 3
X AR R R RE )

B, FIRRENE T AN T BRI W R S AR R R LA . BB S| SHAP
JIEAE AL P i IR B A5 5 I T e ) v SRR A, AR & DR AR A A A% 0 A F5
fie tH BEE AT A5 4 Dl A aRs 48 B ) AH & BRI PR S, AR B AR T 55 5 2% B ) SHEP ( SHap-
ley Estimated exPlanation) fiffe /7%, A= 560 SHAP B & 28 AT € &0 #r
B 1T V4 R 2H A PUH PR 3R 0SS5 SHEP ke 7 VA Bt 5 5 s L], A e il
P75 5 SN SE 6 4 T 9 1E B4 D7 VR AE MR AR U7 TR L 55 5 R R D7 TR AR AT AT

SEONE, A e MU GBS WS A IR 25 & MR B2 e N 30 iE o« A B K RiT ST
Fe EANRRE S B AN R TR AT RGNV S, M TR R B MUCRY RE 12 W IR 25 5 il
FEHEZE, BALERTHE a2 Wl AR VEDT S i) RGK-F 5 SE N I ME . BRI S
B RSN B LR S PR LB R BRI S R 2%, B S K
BRIV S 5 E T 0 28010, WA R 275 R HE ZEAE AN R ABRE 75 SR 17 5t N I
HAKN RS, a1 92l e s 38T B A AR S R GE, XS LSRR 2% 12 I 1t
RE ML 45 AR SR 1) 58 BE RS B ) T 4 T A0AIE 5 DA

HtE, BEASRE. QAR FEEMATABRMBE, & TR AL e
BRI A] R R U AR R T IR AT R R
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21 35IF

BEEBFAIE TR, AR Z 3 2l S 5 A BRI 28 J 2% FH 45 S 178990,
X RITENGAE T AR I8 AR RN I 2%, NS 5 A B Ty v b (1) S8 S 40U
WM AT I SRR &, TR R T AE G2 W T i S B A M () e 8, 72 Jie 2 Lk i
B2 WA 55 Hh I BE S BT SE AR S A2 Wi R Do (B AT FEAE AT () 2 T 9 4% 1 B
W RE L 2 WRE EANZALRE D), TR S AR T AR T TH T ) (RS A F VAR
A TR R S, X I 48 I8 R B A% R Rl N b A5 5 Ab PR T R Y A
ERATO . XA G RIS B — T T 3R e 2 R 48 B2 W BE 77, 5 — D Tl L RE
A IS S A B IR AT o b, FREOUAC AR B o 0 ML PR A L, AT SE IR 19X 2%
H A

I PRAR AR g — b WS 5 AL B T57%, BEMS RS 5 DI S 6 2 s ek, )™
12 N T e MU S 2 B R AR AR R . — 7 T, IR AR S A A S ) B 0 Al
HtE A S R3S SOEWTh, BA R E aT Rt 5 —Jrmm, o
A G M PER R EE T NRIZE, AAUETHE ERASEME. B, B
WA B GRS R R SE P, ARTEHR U 7 — BN I 38 6 1) g B AT 12 W
N EBNERE T e A 38 5 S I AR 46 77 325 R N 31 41 28 X 2% PRI A% SR 45 7R
B, RAFRENS SRR I 2SS I SRE R E . ARG EIREAR, HIERER
AU HH I AR 6 (A% BR EE ], 3RS 5 I ZRad B, DT & S i HTE A 8 () It
BIURFAIE o 4 IS 308 AR 1 Dy AT g o8 T4k 3 J2 R IR AT A 2 ) % R 5 5 ) AT A DY 245,
AT BE 8 B AR AE S WK FE « USCSIOH B AN/ RE AR 2 2] O T ) PR RE, B e 0% 38 1 AR
IIHT, TSN A SRR 28 [ 4% 5 12 T ) R SRR

A B S 7y M I PR 4 A0 AR B SN 1k AL S I AR A e, SRS A 4
NI B 8 (1 Jie e LA R 2 i N 2 £ sh R D702, B I 0 AR = 1) 46 4 et
AR ARREAE 70 Ao AR A5 AR R 2 B R i AN AR . e, lid — A2 BT
T HS T G AR A SN P T e LA AR B 56 A P i P A9 R IR 2% 212 IR 5 AR T i e
PESETT A DLBRE . Dy T SEAF AR AR 1% TAE, AT B 70240 CIHIEAE hps://github.
com/ChenQian0618/TFN.
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22 FHRERMERENENE R SR O
22.1 ETHAREHEHANESLHERFERGE

if 457 # (Time-Frequency Transform, TFT) & —fh& T ARG S A3 5%, T
2N TSRS W . WECEM T S, R AS BT 2 1 B P9 S0 R AR R
B, ¢ —HIEASHE, ARArT1m) AR vT LLE IS N AR S B4 o i X B B & . [
M, —4ERANE SN —HnE, EMEE ST N2 AN EEMAE . Fourier
AR WA N i FE R S S AL BT, AN R I 1R 5% pR A/ o TR Ae 5, gk ad g AR
e EHPRIRNGE FHEA RS T WIRE, RIS,

xn=/ ;°° 2(t)e™ = dt = (a(t), €21, -1)

Arb X (f) ARE S, o) ARIMAGES, 2 AEREL f IR 1 5% s 4
(%, ) R WRIBH.

i 15 5% e HUE RSSO PIE RE S A3 AR s IR B (5 5 SIS 2, (HE12
w7 IEE R, DUEH T FRE S . AT RBEEEPRE S, ERFFETEAS
[FI I T AIAS RIS (e 5, RO A . Dyitt, WHRUAR #0581 S A A A
PIFORHIAZ R AL, FRRAANAS 5 A28 B0 E RN SRAS I, H e Ra 0y

TR, ) = | [ a0y =7 de| = 1a0), vl =) (22)

X TF(r, f) RER IR, (¢ — 7) ARERSIE [ R 7 MK E, 1
Yy (t) ARRAERT AR H A B SCHE I N AR & RS

FET WA I A ek AR ] 2-1 P . IR 5 o(t) SEA A FSGH BN &
BREL o, (t) HATEBIE, CASRASME S IERr e I [A] 5 7 Ab RIS . BETAE SN B i 7, 7T
PASRAS e BN S50 A TF (7, f). fEMLIE RS, S350 M f ol T HE NG K
BAE R ORI R R R RN, WRE KRR (1) 2 DME R
AR I A it B0, RIS A S REE R, WESTHuEE. M TH
B EE S, EFHXN A AT SR IE .

I AR 45 77 15 HE STFT £t AAAE#: (Chirplet Transform, CTO!471481 DLz /)y
PR (Wavelet Transform, WU &5, Gx ey vk b8 iR 5t #E, HXHIE
TR G R A 5T . STFT @i Xy IR 5% pR #50hn S kA it W AR B ek 2. LA i & o ],
AT E AT RN N

w(t) = ——=—c2(5) (2-3)




nti i i N L e A e S BRI SR R A2 W R e R E B AR

MAfES

z(t)

AR T R A
Py (1)

4515
TF(r,f)

B 2-1 B3RE et HadAfE

Fig. 2-1 'The calculation process of time-frequency transform

A o KRG BIIARHEZ, FT B A e UK IR IR . Bk, STFT (1A B
HOn] Ay e 37 R I 5% R H ) TR

Pr(t) = w(t) - e 2" (2-4)

N T RN X AR e T, R MRS /e STFT M3&AL b5l N T &R BA 1,
M HE s T ARG T T B A it g v A P AR i 1 . 2R MR VR AIAR B 1 PN R B BRI
CESYT

Vralt) = w(t) - e 2304 2-5)
A o AR RN o /NE AR D058 FH /N R AE N AR e, /N i it B
AN G ORI~ RS AR i, AT SR AT BE AR AR AL R AR o /NIRRT #0 ) PY AR 7 BR BT 36
FH

ws(t) — %‘I’ (é) ’ \If(t) — e—ﬁgei%fot’ (2-6)

b s RRNEZR T, w(t) RREVNE, B fo 70 AR EBE/INEE ) 8 08 2 B S
PR o /N AR BERAT AR B $5k 70 B 3 A e BB 0 2, T 7E R 3B )
FABCo F3R = Rhp S A e TR K AR B R R 2-1 P

I PAZ 4 TR RE W R ARV AR5 5 MR IR0 2 A0, AT SR ECHE I AR 4515
B Wl 2-1 P, SN S 9IRSl A N el R (RIS 5, TSR RE s A AL
A5 7~ Al Py Pl A AR AN X e R o IR #8055 B A 5B K0T RE AT, £E i
BNV B2 W I RS AESR B A% AR .
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222 ETARESHNBEMEERE
ERERZ CONN [0 4L, B ERIZFRR B AGE S HRHE. TR
AEF N —HEIRZNE T, LR 2 WA 55 A — 4E6 =« BRUZH)
OBRIERGREE, 4R ERIEREAIE 2-2 Bros. SARHLYIH LG
it —4E NG S AT B, 2GRS RIHE R B IE . 28 1 BN
JEHE k ANEIE R AR
hl = wl x ' + bl, (2-7)

b 2! EREH | DERERRMAN, w), A b, 2 AEREZERES EAMEERR
HAmE, 5« RRELGRIEH.

{ Wﬁr«. } R

[_

el 2-1 Pl (I AR AT B 2-2 FroR AR SRR R REAT X B, w] DU A
Jit EBIR NG T 5RE X R AR RS, I AR R AR O B 1 AR T RR BT
R R BEHLE B, Xty TR I A B\ B 6 AR e fit 17 2
WA, P K EARKRAE T (1) I AAR e 1 N BT o8 B0 2 80l 6 R S 6
WBOE, RAWEESG MEGERZERNERZRIWIGIR, JFeRe s X, &
FOEIE M I ZRRAAC . (2) IS AL () AR T iR BCR T B OB, RES A 2805 8 A
Rrseni, 0GR R B ) Se 80 5.

B 2-2 kiRt Hitas

Fig. 2-2  The illustration of calculation process of convolutional layer
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2.2.3 BT IR R BAYIL T

T N AR R0 5 AR R AE N BRI SRR AR BA I, AT DA ISP 005 46 P pA AR T R L
Ko PR AR IR AU R B B SCPE I o  IS A AR e iR B, NI SRR R A I
2 A R AR

IS AR 4% oR B ERSR RVR T I SR e ) N RA T BR 2, (BB BRI 22 7, &
AT L E R BB A B B . bk, BB R 1 280 B Y B SR R
ERE PO AL /B AR ST = = 01: - WO B o A8 A B G AT B e S =227 S I A
Bn] 22212800 5 — 2 WRRHl. LA STFT A, BT Nyquist XA, HAYH
BOCHIE— AR E A2 [0, 0.5, 108 H 230 [ A 2 ] 2 52 B AR IR B 52 . PRtk
STFT GAZ R E Hh O ARZE S0 f W AH B 75 ZERR I 7E [0, 0.5] 2 [A]

M4 Fid i, A STFT. Chirplet 22321 Morlet /N AR 525, T IX =l
TR A e 1) PN AR T R OIS T I A B A R B = AR i 1K PN AR T BRI R
F AR A% bR B e 2 D) SHOR LT R N6 2-1 B, B8 F A IE5Z BR 2 (Short-Time
Trigonometric Function, STTF). Chirplet & %1 Morlet /NF =% k% . 5 STFT Hl
Chirplet % BEANE], Morlet /NE AT LU R RF s fERFI B4, ftk, Morlet
AN A% PR B R K FE T3 B STTF A Chirplet 2 B35 K, DLIBE S0 & A= I Ja s 1

% 2-1 BTG NARE A IR AR R A LI F SR A R

Table 2-1 The inner product functions of TFT, the corresponding time-frequency kernel functions and
trainable parameter with their constraints

R I SR R A AR R R I 3R A% R WNHESHRLR
— w(t) . e—i2rft Ye[n] = e_%(a%cfei?’ff”,
STTF wf(tt) Et) 1@)2’ f o =0.52, fo €10,0.5]
wit) = vope n=[-(N,—1),...,(N.— 1]
_ Comi2n[884ft]  Yraln] = 3 (7)o izn[gn 4 1m]
Chipler 1) =110 ¢ 1<[t>2 - o =052, |f€<[?{ ?/i]v
w(t) = oo 2\o 0= [—(N.—1), (N = 1)] a . .
¢S[n] = %qj (%) ’
Morlet Vs(t) = =0 (%), U(n) = o= 3 (82)" giznfon
N \IJ(t) —e ﬁ 5 e127rfot o =06, fy =02 S [04, 10]
n=[-10(N, —1),...,10(N, — 1)]

DBIRRS BT H2 i A A% bR B B A, IR AR Z 80T STTF. Chirplet 11 Morlet
N =T R B B IR R AR R R AE ] 2-3 T HHAE S AL ER RS AR T A,
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sk AR A A N5 5 it A BR v &Y. (Finite Impulse Response, FIR) JE %,
T A ARAZ PR DU 6 405 e B2 R 2 R i g B U501 MBI B, =R ek #3v]
PN RS RS o o STTF 1% bR BUEA [5E W BERcHT 58, BERH O AR 24
f Y€ . Chirplet % BRE(E STTF R BB EEA gl N T &M+ o, 7E#EId A
RBH f RIS A AN )[R, B I 2P PR oo S H R R Y T
Morlet /NBAZ R HUN I RBE R 1 s X BEINEREAT 480, 117 DAY B HA AR . Fif
HRPE 7R3N, Morlet /NE A% bR E 1) I Hh O A2 22 2 s, HJE B fE
(A A2 38 0

P[] £ o i) A 8] £
0.6 0.6 0.6
f f’ (&% S
04| ——0.1 04| ——0.1.-0.005 04| 0.75
v --02 L 020 ----l
s - 03 o i 030005 || | EZ —2
Eoal ! Eoo ‘ £ 2|
0 AR L 0 LN N 0 s : .
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
A— kg A — bR A — A
(a) STTF#% & 4 (b) Chirplet#Z & % (c) Morlet# & %

B 2-3 = AF B IR AR A o B B A TR R AE

Fig. 2-3  The time-domain and frequency-domain diagrams of three kernel functions of TFconv layer

15 5 AL BN SAL Fe AN 2 X 255 R BARAE N EAFAE IR 2 57, (HAEARE
B BRI, H22 A T A R L B I B BN AR E R i, s =
i FHBEN LA AR AL I AT 22 S SERCE R . N TR IR A B N BB R R, — 5 T 5 22
XHERILHAT LA, AL B A I S0 SRR, AT SRAS 220 i P 505 S 1 g
15 HUviE, R EAREEAUE ARG, A Se L) B e B B A LS 2 AR
Jio AT RLEBVRARTTH, B SHRHAH NG RKE, @& STTF. Chirplet
A Morlet =ZRIN JRAR # A% B8, 9 Jm SE 06 AR JE B ot 4R (B At

28



nti i i N L e A e S E NI AR )R RE 2 W R R B R

23 ETFRHERMENMN R SRR
2.3.1 EHRERBENSET

ISf 9% i AT ) B AT R, (H TR EE NN E REESE, ToIRAR I e e LA ) R
R E N PR BN AE B . A B, AR A 25 BE A MR GG FEAS i E B B E 4E
FRAE I = RO AT A 2028, (B RSRARIE AN TG, = nIeRetE. N T 458X M
FOTERL S, ARETAREREIX —HLE A, KRR RN SME S BRI E T, N
T & 57 AE 8 B EUR 45115 S 1 I 4545 #92  (Time-Frequency Convolutional Layer, TFconv
layer).
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Fig. 2-4  The calculation process of TFconv layer
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ERANRE B AR EEAT HHORBUE 5L, & FE SHALE B FR, K15 51N gt &
I ARAVE N R E R . ARG GRE — 3, LRI RE RN EE Ak
o BEANFPZ, EREREREPZ BN, 1506 FUZ SR R
GRZHIBCE A% R RS . BAZAEFIAZ R AU S R AT ROR A
Yo = p(0) € CY

wy e = Re(yhy) € RY (2-8)

Wom = Im(1p) € RY
At apg AERZREL, wore M wo 1 73 AR R T AZHIBLE, N ARG
HIEE, Re() A Im(-) 70 ARGR SRR BB i SE R AT R AR s AT . 2w 2400
TR BRI, JEAE S A R R AR AT 2 2] S HOHEAT R, AT SEE
] A5 AR T I AU 5 ) I SR R o B A AR PR A R 55 85T I A e R
NE RE, KNG RERRAC N o, Rt RoRh

hire = nge * T

R = We 1y * T (2-9)

h’k = \V hz,Re + h%,lm

b kARG IS kAVEIE, 0 AR R BRI r GRS EL hre A1 iy 53931
RSN B B RFAE ], b AR R ) (RO SR B0 A1)
AN S, TSGR, Frigh R siR R A I =R
(1) SEEEHEBHLAI: MG ARR B S G ARAZ AN E FE AL R A S RS R R AR
REERIZ, BT REOREE S P R AT 5 F
(2) ZEBAR: WIGRE RGP Bk OB R Bk e, A RES
EBRUZ KM BEY LY IR1E -
(3) WEEAZH: WHCERE R 2 SHGE R BESRI 240 0 (Bl STTF #
PR E T £, AR EGRIERIZE .
BTG Z RIS HEEGEREAR, HxaEfd fEma A mE.
HARM S, NIRRT RS E 0 L, JFERINZD R H g, H
2RSSR ELIESZVS)

- oh 8w9,RC 00 6w971m 00

8o — 9L dh__ Owg Re dh__ Owg m
0= ( * ) (2-10)
0 <+ Optimizer (0, dg,n)

Arh 6 ORI AR AL R BII PT22 SI S 5, 00 0GR 0 IIBERE, 0 R SHOSFAT,
LARRDFBUR, h ARG, Optimizer M1y 73 AR 25 1L
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mABESE. Wit (2-10) Fras s SGE NSRS B 5, A2 138 0 v LLUET
BENLEGE R FE (Stochastic Gradient Descent, SGD) ZEIt Ak 51223047 5 o

2.3.2 ESRERENTTEREES

T I RN B AR 3, A AR 2 A B AT HLIAIR 3045 5 B 1d R4 U A5
G, AT LA IS R B S BN J5 B SCRIBC R, AT SR B0 FR AR 4
WILE IR fge e . FART S, KGR Z My — R FIR SRR A2, n] LU ZR)E
() B A AR 2 3R AT Wi A 82 73 B LA SR A5 FLE A5 .- ( Amplitude-Frequency Response,
FRO, #MA] A& 78 CNN XA RIS ) SGERR L o I 55 AR Z AR 9 I 5185 A7 R 25 1)
AL PR =, AR N R B R IRE R, ARl s =S S s
TR RS, 3 L 4 {5 2 R AR DX 4% B R SR AR

AR 2 A e e B3 By D7 VR IR TS T AL B AR SR AR L . BRI E R RIGIR
RS FIR JEB A KRB R 58 2S00, B E KGRI 2 FIR JE SR, 1
LA Z 5N U e B IV URIR B0 15 5 FEME A B 20 By A, 0 AU b A7 TR
Fourier 224k, {HHEIRTG G HtRAIA RS0, B RERZME 2V EE, FTEE
Je it BB IE 2 HE A N (Channel-wise Amplitude-Frequency Response, C-FR), 2R /5
X FAEAT - 22) DLSRAS B AR g A5if S (Overall Amplitude-Frequency Response, O-FR) .
C-FR #1 O-FR {5 A ol AR

H,(f) = |FFT(w;)| = iwl[n] Lemi2nfn/N|
1 e " (2-11)
H(f)=—> Hi(/),

A w; AARKEN N 15« MEEERZ, Hi(f) A H(f) 20 3AREES « AN EIER
C-FR f1 O-FR, n, REGIZHIEELH . i, FaRSmm R o ir S8 R 5 T4
I SEECER R, (EWFEREEH TS SEEt . M KSR, XK P
ERGN D RGP, EREFAFREERENEEN . LAk, FHEERZ R
PR3 B 70 Tl 0 2 A B A o ) S AT R 78, X A4S I 3 2 B AR SZAR 22 90 JiE
(L (ELAH 7] (R e A o

SEAL SRR M PG RZ A n] DS 20 B o A AT BE 7E, (e AT I
PR N b A7 AE B2 2 5 o AN 2-5(a) F AR GG ARR , L C-FR 2 OUH BEHL A7, A
LT FIR JEH a8 @A N, AR GF AN G PR X s, A St Ul 2-5(b)
() I BEERZ, BT SIS R B 2R SN T 2/l IR, e
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I A BRI O-FR W0 2-5(d) P . &8s, ML T EgEiz, HERER
AT AT IR A AR, ORI XS 2 50 R, AR CNIN R Fg 0 3 44 5 B4
SE T -
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IH— AN Z H—AL AR
(a) &8 £ 47 E8C-FR (b) STTF & 37 5 4% & ¢ C-FR
2
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@ 1.5 INCNITATNITUINISLT VI ek T VRN
Jluizzg
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(c) Morletff 37 & 47 & 69 C-FR (d) 38 A A2 B A=STTF B 97 & 42 & 89 O-FR

B 2-5 ks RETHAEREANINEIEE C-FR 4= O-FR Layatit
Fig. 2-5 The comparison between C-FR and O-FR of initialized traditional convolutional layer and that
of initialized TFconv layers

Bk, A E it D RN SEER R MR IE . SRR AT LR R — R 5
AIYIZRINA7IE FIR JEB A, AN [FIEIE ST B RE EAANALAE 2. SRS R HOR
BB S, {2 AR OR B 5 Wb EON AR SR R RE R A B ISR |, S T MRS | il
BENLYEIARREAS B SRSEBURENE 5 B SE RS I . A e R AT Z 5
JLHE CNN 45 5 7E BN G AR R I, I G AR R SO B MR BRI . X &
WRE HALEEAR N, (O-FR) o HAT S WIRE SR A se@E N MGz, s
B CNN A T HBEIZ I i . £ ZRdAE, AEERZR 2 Hek 2RI
SRAUE R PEREAT R, TS24 O-FR o (U R IZ0 [ #8515 K0 7015 B O 205
B AES, DASRBLE AR Wk Re . B, AEERURE SRS O-FR, AT RAHISK
fERE CNN A AN R (K 9GTE, AT 4B 728 CNN BT R iR SR AR - £ )5 21K 5056
Fr, EIPEERZIZR)E K O-FR RENS 5 4s S0 (M5 B MBI Y&, WREHSHT
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FEGRRH TLNZFR 2 B AR 2% (Time-Frequency Convolutional Network,
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55 AR SC I N ABUE S, AT SE ISR AS (R Bk 12 W, AR Re AL 2 T o
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Fig. 2-6 The entire process of applying TFN to intelligent mechanical fault diagnosis

B, I SRR e A WU e b T f“ﬂ%!ﬁé‘@%%, KEEAEE LU T RSN
To HIR, PUEE KRS & DXERENIRAE ST 0], LM RIIRSE S
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FINBEERIE T ZJa, AIEFERIIA CNN BAEIEER 2, IR 3G AR
JEAERTIAL R 2 5 B HE X 45 45 6 LIAS B TFN. feJa, 18 M2 WiAE 25 S Il 2R A
FMRAE AT SR 13 19 TEN AT BN SRt REMt . 7ESE Ol ZR5, rTARHER (2-11)
BRI SE AR Z U 5 Jm B ATUBN - I i AR AL A e Hctie B 0 45 2 A

24 WNEEhRRETS EREE ISR sE P R IR SE I TEE

SCIGH A R AT =S SRR Aok BE TEN B2 Wik Re Al ket B —4
NITBAE R DA AR . RIS WIIEREET 7, 25 R 2 AL P 2 @ B O X HE Wik
JERA B, AR LA [FIEE AR T, TEN BAAFE S 5 A B R ()12 K
FEBERVDREAR 2 ST REFT o FEFTRRREVERR 73, A0 H 0T LE B S M A0E 5 G AR R I
ZrJE 1 O-FR, I 56 b8 o Fof 4008 AR 2 8 AT 2 K A2 86 IR 48 F) S A PR P 4T 12

G IS R R — MBS T BT CNN AR SEHERI 4%, DUSE B3 30 e IR G AR
JERIA R, PTAEERT TEN S5Ra13% 2-2 e Horr, nes N ALK 235l s TUAL PR
JZREER WG ARR KA 73 8RR ne A1 N RS ARRE T AR
FEfE, K BRI E .

k22 FEP AR R A B SRE AR 2 R A
Table 2-2  The architecture of TFN used in the experiment

SIS i 5 Wz ESH R~
AL = - LEEEIPN 1*#1024
1 TFconv(n.@N*1) n.*1024
FHE CNN 2 Conv(16@15*1)-BN-ReLU 16*1010
3 Conv(32@3*1)-BN-ReLU-MaxPool(2) 32*504
4 Conv(64@3*1)-BN-ReLU 64*502
5 Conv(128@3*1)-BN-ReLU-AdaptivePool(4) 128*4
6 Flatten 512
7 FC(256)-ReLU-FC(64)-ReLU-FC(K) K

2.4.1 TSI CWRU H#i&AFELIES

FlH P fi K 2% (Case Western Reserve University, CWRU) 41 $41E 52 42 WL i
W S SZGE . T A IR SR S 2 — U X AN TR SR A N AR R
SRl TEN B2 Wik ge Aol fgke ik, DAORUEAS 22 77 V5 1) Sl A e] S 3% . CWRU
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B R BRI & QB 2-7 B o 1 DRSS AR 3 0 il AR 7 8 A 38 25 A8 el A
A, FHCUREARF fE . AN F i B A R # A N RS . CWRU %
WEAE VIR 7E: 0. 1. 2 F1 3 HP, RFEZN 12 kHz 1 48 kHz. B 718 ROIRE
(Health, H) , ZEHEEE S = MA R RS A N (Inner race fault,
D. BEaAHE (Rolling ball fault, B) F14ME #f% (Outer race fault, 0). X T REFhL
A, R TR R SE, B 0.007. 0.014 A1 0.021 3&~f . Ak, %58
AL E TP RIS A — PR SOIRAS, - AN2800 . CWRU SliR Bois 48 (1 e 12
AT DA — AN+ 2R 1 53 KA 55

B 2-7 CWRU #hAK#K 5K 5 4154
Fig. 2-7 CWRU bearing fault test rig!'>¥

CWRU HhA&BIEET, RKREZHARMAE 12 kHz RINE S5 L2 Wi R 58
100%, X LA X 73 AR (2 Witk g . AH b, 48 kHz IHRBNE 5 LB A 5 m 12
MEFE, TR 48 kHz MIRINE AT EELHIIZWMES . RSNME SR NN 1024
FIREAS, BAOIRESAH 450 MEEAR, B3 4500 MEEAR. ZAFRAFERT 60% #iH T
gk, HRFEARRT IR 7RIk R BN X, IRy Adam (Adaptive
Moment Estimation), & & EN 0.9, VIIEY 213N 0.001, 2> FHHEREIRE
NEEANEIH 0.99, YIZRAEE Ny 500 BMEAYES 10 R LAHBRBEALIER S, KOk
HEIZ WA 2 I AT A5 1

SLES R R a3 2-3 P i) =S8N 2 — S BRE AR, B0 53R 2-2 B i)
FEifE CNN (CNN-Backbone), LA SCHAL G BENLWI MGG IR ZAE N TiAL 32 5 25 i#E CNN
S5 1IM% (CNN-Random). 25 @ XT AR, B35 SincNet®, {§F Morlet /)N
%A1 Laplace /MR A% T WKN (WKN-Morlet Il WKN-Laplace)®!, W-CNNUSU, 25 =&
F& TFN #74, 454 STTF. Chirplet 1 Morlet #F24% %) TFN (TFN-STTF. TFN-
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HE RGBSR AL MR N R 3 SRR BRSSP N e UATS"s
Chirplet Fl TEN-Morlet). & 7 AL & Fiikb 3 2 () CNN-Backbone 41, B3R % &
T 4 FAEIRIEE O TIACEEZ: 16, 32, 64 F1 128,

& 2-3  BPORAAR ML IRIE K I AR A A9 M 25 R A 3L
Table 2-3  The networks used in the validation experiment of TFN and their meanings

FREIR )] SR NE X

FE AR Y CNN-Backbone %k 2-2 Fros i 3E4E CNN
CNN-Random HHE CNN + G B2

X L pR 7Y SincNet!®7] FEHE CNN + 24 € R BRI 1B 1R Z
WEKN-Morlet!®%] FHE CNN + 32 Morlet /NS B R
WKN-Laplace!® FHE CNN + %2 Laplace /N ZE G Z
W-CNNL!51 HYE CNN + 32 Morlet /N HTEAA BT R

TEN 57 TFN-STTF LY CNN + STTF Wi 2
TFN-Chirplet JEUE CNN + Chirplet i 42
TFEN-Morlet FEE CNN + Morlet I 4iiEFH 2

FH T~ T4 B2 38 8 o0 AR Y Ve e B A BORE I, P DU L B S . A
A PiAL PR JZ I TE R T, &SRR LT VG it il AR B 4R ) ks 2 W o A 2R n 1] 2-8 i
N, HERATA:

(1) MIEAYFEEKRTE, CNN-Backbone A1 CNN-Random HJi2 Wi K ik, FIA%
e | AL PR Z 1Y SincNet. WKN-Morlet. WKN-Laplace A1 W-CNN AH bt JE v
CNN 7EZWidERf X 7 A & L E P2 5. 1 TEN-STTF. TFN-Chirplet F1 TFN-
Morlet 2 Wi R WL Z 00T HARPT AR, FEAE 64 B 128 HIE ST W2 Witk il
R 100%, 780U 7 TEN fEM 2 Wi e s 7 ) =8y . R RAE T,
TFN B G RZ, 7T LK S ARG 5 e 0 5 WA 5C B I ARURFAIE,  2F
A e TR S R .

(2) WBEEHKE, FMEMFEESSRZS, HokEmEie, JFHXMIE
FE= A TEN BB 09 25 . MIlIE N 16 I, TEN AR AR ()12 i
ERZE AR, . B IEIEE IS N, TFN B S Wi iR A 15k s, B
T AR . B 22 38 3 B Al I S AR R SR RS A I RS S, T RAS 5
e R 2 R AR 28 o (LI O 0 i) ORI MR N, 64 J@IE K] TEN 5
128 JHIE ) TEN FISIrAEm AL X 3R B I G AR 2 B 2 0% 1) 38 5 R 4
EBURF A0 RN, HE N T O AN 2 R B2 W AR R R T
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Fig. 2-8 Diagnostic accuracies of various models under different numbers of preprocessing channels in
the CWRU dataset

(3) NEHRZRECKRE, =FERZR R CHTER AL, STTF B A L
Chirplet & FZ 1 Morlet HAAZ GG
TEMARSE TEN 2 Wi, B TEN B9 R Rt 247 4 #r . Fev, CWRU %
PRI RSN 3 HP, 4 12 kHz RS AN RAIRENE S1ENRAFEAR, XA
AAFEZ R TEN BEAT ISR, O 1 3R1G SETEMT RO AT AR PR 2R, AL 3 i i
BN 8, HoAh SRI0 v BRI R 2R SLIS PR R — 2
RAE (2-11) P B N 438, wT DAIRTSAS [ 3L sk 38 2 I 20 0T f5 1Y) O-
FR. CWRU % #f& 48 A0 A AN [F A B AL 24 2 1 O-FR 45 R an& 2-9 Frzx. CWRU
HH A AR M A 32 A AE TR AN R B by tH 0 DY ANME B, RIACHT #1-#2-
#3-#4 . XA T BAREN A ME R, TN CNN B R 5633 1% S 4517
PR R AP i2 Wine 1. B 2-9(b)-(i) Tz O-FR 45 5 a] 4
(1) % )5 i) CNN-Backbone #1 CNN-Random f#) O-FR kA& b S HLHI 59046, X
FEARAT #2 BRATT #4 AOEIRAEIG N, RO ARG WA, MDA K
PR B B 2R 0] S SRR A5 B Ay
(2) %L (SincNet. WKN-Morlet f1 W-CNN) ] O-FR 41/ 2-9(d)-(f) Fizrs.
SincNet fl WKN-Morlet ff] O-FR 7Eill k5 B4 A K, HEERSE 2-9() fin
(1) CWRU £ 4 SEAE AN 58 X RL. SHTPF 754N, W-CNN AU I E R4
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Fig. 2-9 Frequency spectrum of CWRU dataset and the O-FRs of different model preprocessing layers

BRECR Y I B RRABCE T AR 78 450, BRI O-FR ZEIZRd BEA Z B R
AW . W-CNN [1J O-FR 7EIZR 5 B0 53, IF B 5 5E S AMIE 1R i Hh VTR
{EAR I 2 HH T W-CNN A2 A% R 520 oK B S50, L O-FR AHXHEEL, JFH
TE BRI IBAFAE TUAR A, AL W-CNIN FEAS 2 R A R Sy S A SR AT 1)
ATV

(3) TFN-STTF Y% /5 1) O-FR 75 A {5 BT A &R A 0 {d, XK B TFN-STTF 7&
RIS AR IE R G T IR L5 BT, Xt — @A EXf M TFN-STTF 1AL
SRz WRE 1. SR, BT STTF %R AN Bt 40 f OO sk ooz,
ANBERUAR P AT 5, K TEN-STTF ) O-FR 7E45 B 2 MR A7 AE — Sl
1B, HPE2-9(g) HArth PR TUARUEAA «
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(4) YIZ5)5E 11 TFN-Chirplet [FIAF RS T ITAE B0, H O-FR M7EX {5 B4
5 NI A IEAEAE - A1, 5 STTF #% R AR, Chirplet #% bR ZUEAT BAM 128
PEFAAR T o SRESCEILER A T8, MiZiBiE ok A HE B, Batgmit
M o DA 2 B SR Y, PRl AE TEN-Chirplet () O-FR S RAEAE(E B 2 4
[FJUE{E . TFN-Chirplet [¥) O-FR 5 CWRU #5443 56 4 — %L, TFN-Chirplet
TEY) BT AR 1 7 A T H A Y

(5) VIIZ5J5 1K) TEN-Morlet ] O-FR ZE I ZRJE AR ANK, A RER 2 R0 — AN O o
T #3) o R /INBE AR AR oK ) B I N A A B TR BGHEAE OGE
{ELBS L i AT I PR A0S B b RS 1, AT RS T O-FR [R5 AT R 8. 1X
F 2 TFN-Morlet 5 4 42 B0 (19— S A 40 TEN-STTF A1 TEN-Chirplet.
I AT ATE A E GRS B O-FR, A 2UEHIE T TFN 78 A f@ et 7 T AR = 3%

Bl. W5 ) TFN-Chirplet ] O-FR 5 CWRU $¥a4E (40 R 4 Mo VTS, [H] i HAE

BH T 2.3.2 iR 56F TEN Af f@ Rk A, RPASS TR0 I SRk e v o A i T S 5 il e

FHORIIAR , T RERS A B O-FR S T A5 RS AN [RI AT R (H) VR R
PLEET CWRU 4 4E FIFR/ADFEARSLES, PUE—30 70 i TFN BB DR A2 5]

Ae/). TACER)ZHIBIEHI R E N 64, LB S5 CWRU #5452 ae Siis
FHIFE, BRI 450 DMFEAR, S3E 4500 MFEAR. 8 7K TEN B0 FEAR 22 316877,
KNZRFEAR R BEA R N SL g0 &, AR PG —E®8E (5. 10, 20,
50+ 100, 150. 200. 250 #1300 HIFEARVE NG EHE, HRFEAR T, % &3]
WGFEARBE M Z S, WIS BT A R EE, DU ORI R S T BRAH S5 (HA
It 300, EARRIIZEE IR H AT RN

A@podlzzxnjn<50X30(),300) , (2-12)

training sample

K Nepoen REINZSAHIEH Niraining sample TR DA A RFEAREH .

DREARSZIG I ZE BRANE 2-10 . BNGRFEARECN 5 I, MR 2 I HERG R
BT 80%. BARTI &, HARBYMUERIZRIIICT 65%, 1M TFN B 1l 24k
75%, PISSHEALS IR 1 2 BE T 10%, RELH TEN 53 BRI B . 24
WIZRFEARZIG INF 50 I, TEN K2 WdER R 800 100%, TEN 5 H AR (1)i2 Witk i
REFRGNBNL) 5% 2 )5, BENSGHEAREMM, TFN KRR EFEZL 100%,
T H AR (2 W e R T, RRMERR ZIRAN 1~2%. B2, Fifedr
TEN 7EDFEARSWAT 5 Hp R P T HANE A, Xl AR AT TG R E
BT B (R i SR i B A
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Fig. 2-10 The diagnostic accuracies of different models under different training sample numbers on the
CWRU dataset

R 24 ATENHRIFEGHE TIHLH]
Table 2-4 The working conditions of planetary gearbox dataset
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Table 2-5 Fault diagnosis accuracies of TFNs with different backbone networks on the CWRU dataset

FEHER 4% T E 2 HHE (%) HE (%)
LeNet T 90.02 0.177
STTF W 3G 2 95.71 0.355
Chirplet B 557 2 94.25 0.339
Morlet i 4557 = 98.96 0.346
AlexNet T 97.32 0.476
STTF W 4G = 98.27 0.413
Chirplet B #4572 97.84 0.339
Morlet i 45547 = 99.89 0.129
ResNet I 97.74 0.243
STTF W 3G = 99.58 0.183
Chirplet B 57 2 98.79 0.464
Morlet i 4547 = 99.96 0.058

M, R Morlet I ARESFR 2 EASH LeNet ix — =1 W 28 (I HERH M 90.02% 2T
% 98.96%, (HAISAAU Morlet B 4451 = Al ResNet 2H & f5 459 21 98.96% iX —#EHf
o Rk, BTN SR H S R B S CNN SRA4 4 TEN Y, DU IERE T )
ZWrtERE .
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BT X HEEE N LR B2 W b AR R . 12 Wk R R T 9 i 1k 1 22 7 S el L,
AERETGISWRINE, $&H —Fh Rl AR Guis S e (1057 3L A5 #7122
SEREN R, FERIEIZWPERERIRTIE T, A SR AR R SRR TR, FEiEE = AN seil
PR AT SLIRIOIE . AT R E AR ISR

(1) E5r 7 B A 5 68 EARRLA B S e iz si A . B AR NG S 5

WRBESEFZAINIEE, HE5SFERIUNE REGRAZ I X . B4

A T BB O N BA [ E S H B EUY A FIR JEAS, i g4

WK A ML G It . ZE TR EEANBERENEN T, TS

FUZIR T B 80V F 5 MZ R HCRE G ZE SR AR i S0y, dim =

Fh 22 LIS A5 7 vk HR AR UG A% B 28 (STTF. Chirplet il Morlet), AN i
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31 3§

I AR AR X 2% 1K) = BN R 2 RPR TR e 2 WA AN 2, T AR BEIR N B RS
B () R Ui RS2 4 o AESEBRN b, F P AU TR 2 T R0 4 5 5 B 550
R AT, BT B AR AR () P SRR R, RIS AY A 3 T NIRBNE 5 S e 4
REALE B SR 381 18 PR e S8 o) 41

BEXE BIR T, A FRT I SR R R E B B, BERRE REIZ W
BRI NN SCBlt B AR, A8 F0R AT iR i J5 B DL FC A S N g 12
Wi MK PR 2, B S B miSas a5 i KR S5 &, Mg R B PLRC 2% (Prototype-
Matching Network, PMN), M 7 SZH R GE 12 W X 2% 1tk 25 2 1035 B AL N A] il i . JR Y
VERCAE N N R 1 43 28 i yu X, Rett W aUi i & 2 i S B SR A, FEIE TR N
A5 %I R Y 2 TR] AR ACABE B R AT 40 R 0T . Pt 1 J R DL 5 X % B AT = A4
FERIAT e (1) fERSFEZ AT 1, 5 Y DG TC X 2 5 T~ EE ) B A DU RE B, e
THEREAR 5 200 Ji 28 18] PR AFHARA A S IR e B 28 0] DR VR 12 s (2) AESR S AL 7 Thl, iR
AU UL X 25 B % B 2 A R W RRAE SR 2, A B AR AL 2 s L LSt [RI R AR IS, AT
WG 95 5 REURRRAE s (3) AEAHALPE RS DT TR, R AL DU HC X 28 385 5 A B AN U R
fiEe e, DASR A VTG = ) 5t PR B O A, B B NS 5 5 DL C iR 2 2 T PR AR 7 25
SIS G S/

AEE RGN A E R ULECH F g b 25 1) B0 SRR, 400V 4H ) A 5 T R AT
FC (1) e e HLARRY RE S Wk 3R 2= 2 Bl RE U702, A0 I B DT T X 4% ) R4 & i Bk bRy
B AREIEAR I DL SE BE I N R o dic i, I AR G2 i SR 480z A0
AR 12 T 3 s ) SRR 9T, A TR A6 E SR 25 G T DX 265 76 12 W 14 B8 0 ] AR 4 7 THD 1Y) 5
FIFH
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gul
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3.2.1 ETHEESENERERICEIDHE

JE R VE G2 — A A S R R L JF 3 TR S SR R B A PR EAT 0 2R A B
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Fig. 3-1 'The illustration of prototype-matching logic
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Ly B0 (WGRERRD . Ly BERARZE RS . S B R TR RoR
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dL2(wap) = Hﬂ} - pHQ = Z(ml _pi)27
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d
dLl(va): ||£B—p||1 :Z|mi_pz“a (3'2)
=1

_ x-p _ Z;'i:1 I Pi
lelly Pl /st a2 /5L, p?

R () dpy () i () SRURTE Ly BB, Ly BERSAIARTIER, o [AFHA
FEA, p REBIRBE, dICREARRIEYERE .

55, o SRR SRR N A A B 5 5 R 2 /0N 1) i 28 v s P XS 2 R 2031,
W FH B 7 ZC D oK A B 4 SR S A A Softmax PRETIHIN, 35T 15 21 %% 25 7 1 HE %
I3 AT, RSB R A, Softmax RREUNHE A A

exp (—d(z, p"))

Yity exp (—d(z,p))’
X ply = klz) RERAFELR = J&THH k ZE, d(x, p*) RERAFEAER 2 53K
Ak R AR pf EEES . JRAUCEC R PC A T B A AT AR v, A 1SR Y
WK HARFEN, 2T N

JiR RS VT HC 1 S B A W B 3-2 Firos, Al RER] BAor A =N KRB Br . ERILGERT B,
JR R UG HE 3 B T R AR AR BN TR AR IE, AR 71 EFE K-means B2 705
o3 AT o 1R LTy vk DARE S AR AN A v, B Al v AN 2R AR R Y, 40 K-means 1)
e LA Z e m s T G . VAR AL S P RUR M, B AR
P, HEkZ 0 AR VR BE J7, HIHELLH R B ARSI K . R R B, A
i 28 PO 245 A e AL 2 B 7 T ) 5 K IR S5 B 77, i B DL PC A3t 2 FH 0 48 DO 2% (1) v 4 R AT
2 b, @I RNRHE R DA i & 20 R A, A L RR g AR B B B R 551, ]
Horp R AR 8 52 B AR IR A, BB R R RSO RRE SO, 15 AR R
R TESHTH B, AT — 20 M BE LRI aa AL iR mT 2 2] 1) E A 9800 B A, @
ik 2R 24 (1) 2 ) e o0t R A ) s AT AR A, R R RS S 1 R 2R R A R AR ) 2
) SR RO FIE SR AO0 SRT, bl Ty vk R B E T AL ST, T AR S
ARG FAEMER U n] AR YE EAA R R 2R, T EEN A T8 82 Wik

Ik, SRR ULECH IR B FE /MR AR 2] A R U5S), R 51 ON IR 12 W 4 LA i
RAEAA PR 1] @USeST AR e f e, SR B DL FC 0 B 2 5 ) 2 AR 2% I it

chos (m7 p)

ply = klz) = (3-3)
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Fig. 3-2 The three stages of prototype-matching application
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Table 3-1 The literature review of prototype matching in fault diagnosis

JR R PURCE SO 2 W B S A H Y R TAE
IINFEAR 2] [156,157]
INFEAR ] + I B2 2 [158-160]
INFEARZE ST + BT [161-165,170]
INFEAR 2] + TR RS ) [166-168]
INFEAR 2] + B 2] [159,169]
INFEARZE 3] + R BB RS d [158,160,164]
HAbT7H (TsE>], PiMgEs) [157,163]
A fEREE JiR 284 TG i ) 4%
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B, FIRRN
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Fig. 3-3 'The illustration of autoencoder achitecture
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Fig. 3-4  The architecture of prototype-matching network
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R ALAE T 732588 o 1 R AT —NFERILALE (Prototype-Matching Layer, PML).
— AN EIEREEA— Softmax /= BAKTIE, R ALVUHD 278 9 f 2598 78 2 (8] W1 46 1k
m MR p € RIAEAT I RHMERJEA, Hi M AERNRLEHE 2 = f(x;)
55 RRANRFAIE 2% Ji 84 ) 8 2 [R) ) I
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XA d(, ) RRIEEERE. R SCERIS Az hrat, B0 B &K A 77 BRI EE B
dr,(z,y)? = ||z — yl|5 BEWE ELASLIEES deoe A1 Ly BEES dp, B BRI

TESRREE RS R p(2) J5, IEREM U 2] K 4Er b5, R wE
ZW AR VEALER (logits):

v=Wp(z) e R, W e RF*™, (3-6)

A W AR E AR . Oy TR R A 55 i wbE 2Rl g8 e, JF%
FE R B 5 R AL 1A ) SR O, 7R B WA — B ARl T — > A Cone-hot)
& R, AR FERIIGN W, = =1 (mod(j, K) =1i), X m = K B, #l4Hik
()W ST ERALRERE — 1,

Softmax EH RFTEMMER v H—W A K MRS BAANER . 5 kAN
FAPINER s(v), 7T ARIR N

exp (vg)
=S e (m)

Frde i PMN 82 3 gmbil 2 F1 24 T R VLI 2 1) 0 2R s A HLRL &, AR
ax IFE4ERe ) N R B ULRCHR AL 7 AT AT, M R AL LB A SR SRR RS 0 T S AR Y
FAEF 8 S1. AP L, B 3-4 Frosify 7r IS ae R AEARYE K g A ARr AIE 2 (] v 5 T 2 sk
1773, BEIFREMAFEARRILREAE AN H, SREEEZM T (Mixture
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B FAEE m EERFERMITE NN — N ELEESH, HT AmESEE LY
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Fig. 3-5 'The entire process of applying Prototype-Matching Network to intelligent mechanical fault di-
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Table 3-2 The architecture of prototype-matching network used in the experiment

P9 2% 4 5 M ESE RN
i Ay - Input 1 x 1024
1 Conv(9@2@4)* -BN-ReLU 8 x 512
2 Conv(9@2@4)-BN-ReLU 16 x 256
3 Conv(l1@4@5)-BN-ReLU 32 x 64
4 Conv(11@4@5)-BN-ReLU 64 x 16
5 Conv(11@4@5)-BN-ReLU-Flatten 128 x 4
6 FC(128)-ReLU-FC(64) 64
fifERg 3 1 FC(128)-ReLU-FC(512)-Reshape 128 x 4
2 Deconv(10@4@3)-BN-ReLU 64 x 16
3 Deconv(10@4@3)-BN-ReLU 32 x 64
4 Deconv(8@2@3)-BN-ReLU 16 x 256
5 Deconv(8@2@3)-BN-ReLU 8 x 512
6 Deconv(8@2@3) 1024
Iy KA 1 PML(m" )-FC(K°®) K

¢ (x@y@z): x+ y Mz P FIRERIZ RN DRI GIATKE

® m: AR R T LHC 28 S B R A
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BN g ARE A TAL; B—Tri, BT B RIS SR PM R AP S, Free
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e AR AU AT AR, I8 I 51 NSV 7 ik, b R UG IS 2 e e s 5 2R
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JE ARG X 2% B FH 8 RE LG s 2 W ) i A2 n 1 3-5 P %G, il 2
FETERE U LRI B AR SRR R IR BN (5 5, SRR I S B8 Fourier A2 #2
AN I SRR IR AT, TFREALR 7 N ZREe AR £ . HIR, IEFEEE M H %
R IR 28 KA JR AL VL FE R 4%, AR ARSI SRR ISR 3-2 s . T CNN i
5 A gD at o BEJS, EBIZEEEE Direin 32 18K (3-13) X5 B DT AC M 25 1E 4T I 45,
FAE A s S DUt PG B AL VL M 25 2 Wi RE . Jm s  AEUIZRE A AR L T
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Fig. 3-6  The experimental rig and transmission system of the comprehensive gearbox dataset

P& _EREAT AT A REVE 0 A, SRR I2 W 2 SOZ R . IR JE R DA 2 SR
PEfE Ty DAL MR AU A7 R R ABL A 18 D B W A3 SRR

34 RRBENRETSANSERSEE RIS R IR
341 ETEANERENEAELSHIES

HE W AAEIRE R SLie R B AN 3-6 P, QIEAT BN F A ZOA R FEIX
MENZGE, VISKIRBNEML. R ZN8S . IR R RS . B R B EH . I
1R IRER IR AEAT B R A I AR, DL 12 kHz PRI REIRINGE 5, WAL
B E N 1800 rpme

IZAAR R ATEAT B UG RC A I 7S A e Wi B AN DU A ol P . b, A B RRE DR
FH%E il (Sun Gear Pitting, SP). KFH$2244C (Sun Gear Crack, SC)+ X FHFEHS 43 Ui B
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Fig. 3-7 'The fault components considered in the comprehensive gearbox dataset

# (Sun Gear Partial Wear, Sw). KPH% 4141 (Sun Gear Full Wear, SW). 172
4 (Planetary Gear Crack, PC) FT R 21 BEH (Planetary Gear Full Wear, PW) .
A 7R A5 FE 7K PN BBl 5 (Bearing Inner Race Fault, BI) . fliz& 4N #f% (Bearing
Outer Race Fault, BO). Fl/ALrFF4LH % (Bearing Cage Fault, BC) 14K & Bl i [
(Bearing Rolling Ball Fault, BB) . & & 1A %6 56 04 4 138 40 W B A an 1 3-7 Frows, b
FRORAR LR R it 2R TR B0 A e e T B o e DA R, DRI R R R AE B rh . 2 LG A
REIRA (Health, H), E&WRMEBIEERT AR —D 11 KRN0 KE5
TR ARSI AR T, AN & DO R AR IRENE 5 AT o B S sk, JfRE 5 %%
e BB O U AFEAS . RN RAIE S 190 DMRER, BAFEARMKEE N 1024, B
Jo, XEEREAH) 70% #BEAL D BC IR, FERFEARNAME IS IR
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FEVIEIT 0-1 bR AT FIALEE, AT RR N

z = S min(@) (3-14)

max(x;) — min(x;)

DAL, SR oMb A 85 36 B (0 B0 22 e, AR SIES T I ZR SR AN AR B 1EAT HdE
W55, ZHOCERI, LEFEREHUINME . FEYLZE BOM BENLIE RS = Fh Bl g 5m 5 ik
B, BEHUINRE AT R s N

x;, =x; +v-10- N (0,std(x;)), (3-15)

BEALAE BT RN
x;, =N (1,0) - @, (3-16)

BEALHERD ] I A
= Mask(x;, d), (3-17)

X o M p BB RAFESEL N(a,b) RELL o NME . b NTTZERIES ) AilE
MLEREL, Mask(:) BRERFTNRE o, I— BN d A BOR B v 0 ERIE. BTl =i
SRR 31508 0.5,

TERETH SO, 4 R BTG 2 1 R B4 1 8 D 5 50 e 1 g e 23S 31 A 45
m = 11, FF18 5 A8 R FI 7 2GR KRB E N (A, A, A2, A3) = (1,0.25,0.25,0.01),
IR B E R 50, #LIRK/N N 128, fiAb28 8 Adam, 2%2] 254 0.001, R ECHN
FEANE 0.99,

B T ARG S Wi It X — PP AR Ah, ARFEIL TN T — T ENIRIR Rops
FH APPAS AR 2 R R AR 2% ST B 7o RAEVEANTEAR Rips HHEEMIBEE Diyer M HNFEES
Dingra T2 : 5

Faps = 1 (3-18)

el 156 k R IR BB R BRI N 25, RABEE Ding I THERENFEAR
B R S 5o R B B R AT B AN SO N I AR, B kak 30N

n

E:ZN%—zmz i = k). (3-19)

i=1 k=1

—_

mtra =
n =
FRIEFE B Dipger WIIE I 155 AEAN 501 5 22 8] () PR B8 SR AT B AN () 288 1) 2 1) ) ek
CIEZVy)

o

1 K K
Doy == = _= | i
inter KK —1) ZZ 1Zi — Zjll, (3-20)

i=1j=1
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k33 BONRARBETARRE LB IBRABBBELWRAHELER (%)
Table 3-3  The fault diagnosis accuracy of different models on the comprehensive gearbox dataset under
different noise parameters (%)

SLIOHEFE B (v-d)
it

0-0° 0.1-100 0.2-100 0.2-200 “F1y
CNNU74 98.65 96.23 89.01 87.45 92.84
BiLSTM!!74] 99.26 98.11 92.66 90.36 95.10
ResNet18!174] 99.63 97.68 92.74 92.83 95.72
Transformer!!!3] 100.0 98.72 94.23 91.33 96.07
DCAE!™ 100.0 98.89 95.63 94.63 97.29
ProtypicalNet!'5"] 99.50 98.31 94.66 93.45 96.48
CNN-PMLU8] 99.52 98.76 94.57 93.60 96.61
Je PR PTG TE RX) 2% 99.98 99.31 95.41 94.81 97.37

Cv-d: ORGP YR R ANFERS BN v A d

Rips THBE/INERGF, 2R B PTSE B R AR B A BN IS8 N B S AR (2R IR R S, B AR
R BAT B 9m )R AE 7 ) BE

FEXTEE TR TT TR, AR B e -G b SR 1) S R AR AR 5 RS L G ) 28 - e o) L SR
X AR R AL FE CNNU74, BILSTMU74, ResNet18!'74) Transformer!!'3] /1 DCAE!, DL
J PrototypicalNet!!>] Fil CNN-PMLI%®!1  (CNN &4l FR 402828 HoN ERILEZ) .
IR A b A A 4% T R A UURR Y 532 (B PrototypicalNet Il CNN-PML), LA A4
HINRIE 22 IR A I =Fh ERTTiE: BRAMZMEZ (CNN. ResNet. DCAE). fig3A 4
ZWM %% (BILSTM) FIVER SIMLEIM 4 (Transformer). 4%, DCAE 2 R IGHEL 2
FIe T HYmidas, (AR 2 2N (Multi-Layer Perceptron, MLP) 1] 3EAS 2 (1] Ji
VLRCEAE Ay 945 -

IR GRS R R 5 Y DU I 28 7 52 1A e R AN SR AN R A5 S 30T (12 T A1
UK 3-3 Pion. SRS, P i R B U0 G X 2% 7612 Wi it se AR Ak 2 ) §E 077
AT HoA A E R R I AL R e 5 . HARSR UG, FE Mg 264~ , )\ Fh
R L-P-# ek 2T T 100% HIAERIZE. SR, FHEAE BEAS smEE 3 m, SR M
#% (CNN. ResNet). fEHMZLMLE (BILSTM) FliE= AHLHIMZE (Transformer)
HER R 25 TR, E 0.2-200 M 35 N X AER 2L 91%. R SR A UL T2 46 (1Y
PrototypicalNet F1 CNN-PML £ E4F, (HIHAEFZAE 0.2-200 W 3858 A5 R 2
2] 93.5%. St—DHh, fEBE DS 45H, DCAE MR A URAC ) 44 38 i 4 - A A et
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FEORE T IRBCIRERIE B e AR, HoAEHE. BEEM AR, EIIMiZWEr %R T
Radc /b, 7E 0.2-200 M IE5E R 2908 94.6%. BEAN, K543 2Ra88 1 MLP # k5L R DL AT
E I JEAICEC 2%, AT UE ) DCAE F L ISR = 2 Wi dER R, [RIRE RS
FERRF IR R A /E CNN-PML fl CNN [#ERIR 25 1, XA Z0EW 7 R A ILE)Z
TEFE R A2 W RE T HIEH
HHE NIRRT A RS SH S BRI R P TEFRE R.ps W3 3-4 PR,
E B B D28 0 K IR IE SR BURTE N BE 71, DCAE A JE 74 G FC 9 25 1) 3R AE VT F A
AR T HAR ST . E BT 11 S R DG ) 26 78 BT A e 75 B 5 4 1R T R £,
HRMEPPAHTRAR Rips M FIMEIAS] 0270, fEFTA MR FIBARME . X3 8H AL VTR R
4R IE T 3 T A AE SRR F Y i 28 45 B B s SR A U IS 4 2538 5, RERS PR EL HoAth
GRS BB X 4 BE R R AL, AT A R 3 I B R 2 212
R34 AAOWHRAHBET RRRS AN SR FILFHEIARA (Ryp)

Table 3-4 The representation metric values of different models on the comprehensive gearbox dataset
under different noise parameters (R, ps)

R SRR FESH (v-d)

0-0 0.1-100 0.2-100 0.2-200 F

CNN[74 0.792 0.912 1.201 1.323 1.057
BiLSTM!!74! 0.631 0.863 1.256 1.365 1.028
ResNet]8[174 0.361 0.457 0.594 0.645 0.514
Transformer!'!? 0.618 0.788 0.987 1.012 0.851
DCAE!™ 0.271 0.329 0.416 0.474 0.372
ProtypicalNet!'] 0.465 0.631 0.895 0.981 0.743
CNN-PMLI] 0.511 0.577 0.752 0.793 0.658
i 284 G i oK) 26 0.195 0.225 0.316 0.345 0.270

G RALVHALARRS Ry REWS HER WA RIRAE A ST RE 77, (EOR AL SR (1R
fIEHEAT +-SNE ATAAL ST M By B KM 75 5 JE B0 BN 0.2-200, B & U Fe A A
£ B BIRSRAER t-SNE (t-distributed Stochastic Neighbor Embedding) A #i 4k 45 S 41
[ 3-8 fli7~, CNN. BiLSTM. ResNet18 Fil Transformer )7 id THOM, HELLX 4 3
i), 1 DCAE RILEZETHLF, HHAERE 3-4 PHIBUR Ry [EAHFERL. ProtypicalNet
A CNN-PML #R8 B AT B RIS ST EIR, S S FEA B S S0 IR R A B, o
B Xy . RN = AR I, ERRLVLEC M 24 1K) t-SNE 45 3R i
75 o At B B Gt e S5 A AT Gk 3R SRR DL RCIE B, JRU R LG X 28 3R A9 AR AR RAE 20 5 2R
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SRR FERE, JFHS R R ER IR, 55 BRI E R o1k,

®H WP SC |
A Sw SW <« pC |
> PW  ® BC BB !
* BI ® BO E

i
*«: 3 = ﬁ%
Y
(c) ResNet18 (d) Transformer
Proto-SW,”  ~ &®——\Proto-PW /"
b !c ﬁ ------ | N &b
* .' s ~ \. Proto-PC --&Proto-BI
|’ | Proto-BO ™, . ey
& ﬁ ':W | \6\‘ A Proto-H o
Aue o ; (G N
> g, ™ | |- T R
Lo & * Proto-gp T Toto-BBy _Proto-BC
Prolo-S\\,L:g_,—’]"mm,\(‘
(f) ProtypicalNet (g) CNN-PML (h) PMN

B 3-8 oW MEAIEERFBRAN 0.2-200 FEAEA K LG -SNE TAML
Fig. 3-8 The t-SNE visualization results of representation of different models on the comprehensive
gearbox dataset under noise intensity of 0.2-200

BWERE T 4 R, @5 N R A LA 45 A H gD s g4, SR AT
W 26 75 52 G i Fe A AR 3 IS T e tE RS Witk R AN RAE - T R /g . JE ALIL T M)
ZRAE 0.2-200 g7 I 98 T KV B2 Witk i 2k 21 97.37%, RALPHETEAR Rips 79 0.270,
t-SNE AWk 45 SRR I o 3X 7 B 5 B DG T I 26 7 5 BE AT A 12 W 4T 2% AT (2 3%
.

1E LIRS W RE 0 AT 2 Ah, 1 75 5 B VT JC X 45 1 AT AR e AT IR N 20 AT o 5K
e, IRBHELEEE Y 800 rpm, Z5A Kl 3-6(b) FisiIfEsh RGEEE, wTLATHE
HH B TR AT SRR AR MG A AR f RS S R P SR R AR MG S AR 7 40l
N f=656.25 Hz Al =190 Hz. & 14 %0 A0 £ SEME P 9B 504 0.1-100 T J5 8 G S f 2%
R A R 3-9 Fias e o, SE—FR AN AR S0 i N FEA SR, FH DA IR
HARGEE . BB P RBYI G H & ARG 38 B A H o N0 AL, F DAY £
R MRS 5 . =S RMAREAR S AR AR R B 25 8, F AR R JE T4
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PER R KB, BJ5— 52 Grad-CAM £5 8, HUMBRFHHAGE SRS
UL J5 28 2 T e ARABA A P O B i P A S A0

HINFEAR : R B G Grad-CAM% %
1 b (— H: 0.28 1 —
e 1 Hi 1 e H SP: 17.3 |
: Sliesgl 3f4F5f 6 |'— PC: 187 > &
0 ) S )

BO: 18.6

o, 1 2 3 4 5
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Fig. 3-9 'The three types of interpretability results of Prototype-Matching Network on the comprehensive
gearbox dataset under noise intensity of 0.1-100

R B ] R T T, A R R R MR S A AR R ML RN, AR LU R A B
FE 7 T R B L ER AR o G0 ] 3-9 BT7, i AN AR Al 5000 18 e 1) P 75 BT ASOR, Sl DA
PR G SE P FOA R R G A AR £/, (H B IR B e R S, AU R
WP T, K AT A OSB3 AN 4 R R . X 2 MR AN T VA AE
RE71, AT m R s Wi i, A Bh Tk 25 o S AL R

S IB RN IR T I, iR 2R UG I 28 7 AR AL 2 T A S AR AR 1 B R AR 5 A
JE R [ AT I, R FERARNMURR (FEEH/N) MM SRR e R4 5.
Gb, BEALR Mask(-) Z0HE 9 R4 7] 6o 2 OB OSBRI, I\ T 385 Kl e 43 2 PR HE B
B, 55347 PC RN 3f BRI RE P, 3B EE B MW HABREA 0.2 4
EFEI1.01, ZIRFTA .

FAACLPE R IF T R 77 1HI, Grad-CAM &5 4B R T S B AE S HEAR SIULHL R A 2
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(] AR B I S B B AR SC I R o e, AT L IGRE AR IR MA S A0 S AR 7y, 5l
w& fAN2f, JEERETASHEE TTR. X R WIAT B W REAR MG S R AT R R AR
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&N gt R i2 WA 55 N BT AR A, 2 B D 2R DL P ) 2% £ i e 12
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RARE, SRR W (5

342 ETRARHENSEIZHSESEIES

R BRI & A 2R R A K] 3-10 o, BFERNARALSI ARG, WKs)
HINL. HLREHI B2 S5, o, SREN R AN BN 5 1 U 505 70l 21 0 82 ik
P A S S 2o B YE AL A AR Il AR 28 1, R REAIR B N 10 kHz. B ILEE
PUFh T4%: Do~ Dy~ Do M1 Dyys FeH NS4S LA H 4351278 1800 rpm A1 2400 rpm,
TR O 1o IR R AN A T . BRI SR G . S (Health, HD-
MBI RIS HR (Wear, W) MBIk R SR (Pitting, P) B hiFe
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Fig. 3-10 The experimental rig and fault components of the helical gearbox dataset
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AFEL AFRFE T TICERNIRENE S, BAARREEE A6 ERX R
oA ZE AR AR S E, HIE RS A R IA AR . — S RAA RaFaisiz it
REJTHIHURIZ TR, Bel (R Bl G T2 R AT 90, 1l Pl 20 (O A Jo AR AAE
H B B 12 . Dy 7 kR 2R DL JC 9 45 B sz A e 70, DR R R M 2k
WA O AL B3 o A, TR RE 1 W3R 3-5 B /A B 55 . [AIAE
Hh, 12 S SR R LG X 2% 1) SR R H BB S RSB H AR m = 4, HARSEES i
B53.4.1 MR SN RALIE SRR R E.

k35 AARUBRABZAGFTH TS RE

Table 3-5 The subtask setting of domain generalization experiment on the helical gearbox dataset

TAES B HFpig
Ty Dy & Do & Dy Dpyo
Ty Do & Do & Dy Dpy
T3 Do & Diy & Dy Do
T Dro & Dy & Dyo Dy
T Dpo & Do Dy & Dy
Ts Dry & Dy Dro & Duo

AL A6 H A B T AN [F) 0 AL A 55 1) A AR AR R 12 M v AR e 4 RN 3R 3-6 T
o AHEET 3.4.1 N HIME SRR IS WTSS, Sz A S 2 T 55 BA T S iz
MEFE, WA ATAT R — IR R A T AT 55 R AR R EME R . CNN FE T RILEAE,
BiLSTM 7& Ty M1 Ty %Ak, 1 DCAE & Ty &AL, (B FTHE i R 2 U IR Y
2 B BRI BER RN, HoPI 2l 2] 85.39%, & FTA ik B s m{E .

RIS ECHARE AR T A R U2 A TAT 55 B S AR RAE PP TR AR Ryps W0 3-7 FT
TNy SERSAE RN E— /N G IS T S B S5 RO F AR B T A dmisaR )
FHAIE S HLAE A0 5 Y DU PO 4 1 J2 SR o, 5 ARY DT T ) 28 72 R AIE 2 2] e 7 5 T A T
FIT A HAAEE AL . B B RAE VA TR bR Rops FETA FAES AR R H R EIPELH, P
PIEIE B AR M 0253 IRSLIGR T,  JiR 7Y ORI 48 78 AU AL i 12 W AT 55 AT
BA BZENIZEIEREILS, PSR RO AR, HBAA R GIPER R S
#a

RHAFFEIREIIBIZ N TAESS Ty T BB RAER t-SNE nf A S S 3-11
Fime —A RUFRIES 2 AR, NAZAS 24022 S 520, K 0 A [R] i i 2 A
FATRI I REATEAT R . AR1, A&l 3-11 (a)-(g) Ao Y HA RIS, 52 21 Qi3 72 5+ 1)
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& 3-6 FERBIFBET ARABZATHEGFGERBVBELSHEAELER (%)
Table 3-6  The fault diagnosis accuracy of different models on the helical gearbox dataset under different
domain generalization subtasks (%)

B - T, T T T Ty F1
CNNI!74] 37.70 94.93 92.68 86.27 56.33 51.93 69.97
BiLSTM!!74! 86.62 97.44 74.73 75.53 69.59 70.97 79.15
ResNet18!74] 57.52 80.63 65.23 74.70 66.31 51.53 65.99
Transformer!''*! 70.43 80.46 83.42 74.92 83.67 57.02 74.99
DCAE!7 80.85 99.83 75.05 76.73 96.02 61.51 81.66
ProtypicalNet!'*] 53.98 54.26 79.78 68.56 53.91 60.60 61.85
CNN-PMLLI6®] 4891 52.77 78.78 65.17 50.14 59.81 59.26
Jir 2R G P A 2 75.35 99.92 75.00 99.45 95.45 67.19 85.39

% 3-7 FAARIAERT RRAEZATAE 569 SR AR IF B HATME (Rips)
Table 3-7 The representation metric values of different models on the helical gearbox dataset under dif-
ferent domain generalization subtasks (R.ps)

gy | 7 T T, T, T; Ty 45
CNNI!74] 1.384 0.975 1.148 0.954 0.964 1.106 1.089
BiLSTM!!74] 0.941 0.640 0.881 0.820 0.781 0.744 0.801
ResNet18!!74] 0.602 0.361 0.544 0.698 0.376 0.538 0.520
Transformer!!'*] 0.840 0.649 0.480 0.548 0.721 0.513 0.625
DCAE!7 0.538 0.319 0.518 0.239 0.215 0.571 0.400
ProtypicalNet!'*] 0.619 0.469 0.573 0.556 0.514 0.560 0.548
CNN-PMLLU'¢*] 0.745 0.632 0.566 0.659 0.508 0.590 0.617
i 284 DG e oK) 2% 0.281 0.119 0.396 0.131 0.123 0.470 0.253

e, SO AR R RE A T T2 AR IR U SR 4, a3k 1 ¥ DA IF Aff g e
BEAT /2. A, PITde i JE AL UG e W 2 3 ik 2 aRR B TR, 78 I o R o AR AR, 35
Jil AR [R5 I A Bl S B B SR AR, 76 R A 538 o0 A B[RS A 8 FRAIR T 0 22 e (1) 5
M), 32 17 1 FAARG AR ) AR B . A, n & 3-11 (h) Ao ) SR L DG A o) 4%
AR T AR ZE ST, KSR 1 AN [ AT A ] B AR B SRR AE — i, R H ARk
A AR 9, B 2 A I i o ) A AR R AL A

TERTFRBEIE AT 7y, 1 e 7 B RS Fe B SR R IE A2 . & 3-10 BT,
BN RIS BN 21 = 21, MMKE (1800 rpm) FIE#E (2400 rpm) T8N 14 56k
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Fig. 3-11 'The t-SNE visualization results of representation of different models on the bevel gearbox
dataset under domain generalization subtask 7

A A] 5 B E N fi= 630 Hz 1 f,,= 840 Hz.
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KRER—LIE MR KA —8 Bk, @5 NN R VTS, R ULELZAR
P NFEAFI G R AR, SRSCHUR R T . Lok, M EETIRIRE A, B R
R Re fl oy BE A IR, AT PR MR R R A R E I RE ) . B )5, Grad-CAM Rt 1T
AR RN EN S AR UYE R DTER, HRs T mE G K OUHE £, M
2fn) TEME I ) SCEEEH

A, BT RS T R=AE (Do Dias Dyo), HIBEEMEMEE T
Ji B By R IXRIMER MRS, 275 N &0 I (S
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Fig. 3-12  The three types of interpretability results of Prototype-Matching Network on the bevel gearbox
dataset under domain generalization subtask 7
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Fig. 3-13  The fault diagnosis accuracy of PMN with different distance metrics and loss coefficients on
the helical gearbox dataset under different domain generalization subtasks
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Table 3-8 The task setting of multi-domain diagnostic experiment on the helical gearbox dataset
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Fig. 3-14 The fault diagnosis accuracy of PMN with different prototype numbers on the helical gearbox
dataset under multi-domain diagnostic scenario
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Fig. 4-2  The processes of the CS transform and inverse CS transform
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Table 4-1 The architecture of the end-to-end model used in CS-SHAP validation experiments

s Mz ESH RN
Input 1x2000
1 Conv(8@7)* -BN-ReLU-MaxPool(2) 8x997
2nTi i [ Conv(2“*@3)-BN-ReLU-MaxPool(2)] *6 512x13
9 Conv(1024@3)-BN-ReLLU-AdapMaxPool(1) 1024 x 1
10 Flatten-FC(256)-ReLU-FC(64)-ReLU-FC(K) K®

* Conv(x @y ): Fn—MNHIEIER x « BRI y FIERE. A, RN 1, 3588 0. Kb, fEiE
Heeh B — J= 5 RN RGE -
* K: R BT R .
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Table 4-2 The parameter settings of each signal component in the simulation dataset and their relation-
ships with fault classes

185 B4y f. (kHz) fr (Hz) R R #1 R #2
o 1.5 50 v v v
Cy U(1,4) (20, 200) v
o} 25 100 v
Cy 35 125 v

NI, 7 B ARS8 AT LAy — A =70 R 55 . BSOS 5000
REAR, BEADFEAKEEDY 2000, G EE-PRAHEZ T —fLARER . Hort 70% ROFEABENL
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Fig. 4-5 The time-domain and frequency-domain representations of different fault classes in the simu-
lation dataset
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Fig. 4-11 The domain representations of a inner race fault sample from the CWRU dataset and its attri-
bution results using various methods
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Fig. 5-1 Illustration of patch-wise transform
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Table 5-1 The calculation of representations and remains across four domain transforms
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Fig. 5-4 The representation of each class sample in different domains of the simulation dataset
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Fig. 5-5 The SHEP attribution results with different domain transforms and different patch sizes, with
the input as the Fault #2 sample and the output as the Fault #2 class

sl ) SR AR S T T YA, (AR AR BB B K . X — I RPN AR B AE S R
F R B TR PR B HURSE, TRV AR AR RS 2 () TSR P A7 o I K2 A
BEARBE BSR4, HATRe S ™ HE MRS R E, AR TR R
B ALEE o

gi b, B G YT, MReas ROk R K, B MR g R
WIERTE, (Ha SBORFRS S Ttk EEE A 4 o B FiX—a0 4T, SEBrR FH A e b ff
I RIE AR, Pl S B RSt B B %Ak, R R ARSI, AR
PRI LA B R TR R U BRI RS TR E 2 AR R, DAL
MR I P S48

119



SHILE EONIRBNE SRR T2 R A S R R AL N L e AT

5.5.3 SHEP-Add 1 SHEP-Remove BIfRREMR SR

53 /v 4T SHEP-Remove Al SHEP-Add FF IS5, P i S8 5 Hodk 4756
WE. DLRE #2 285 IREAAE A% N, SHEP-Add. SHEP-Remove. SHEP #ll SHAP /U
Pl BB 5 30 A [RI 0250 U BRI 45 SR an ] 5-6 B oA 73RS Ja i R B, B
WESFEARRIZEAE R y WA S, 28 TAFZNE AR X HETTER, A
“BIE AREITA S SRR RO FME, R RAEIER AR R,

&l 5-6(a) B/~ ) SHEP-Remove M AFEA & HIALABEAT IH IR . FAFEAR & 12K
MANNF2, BEEESERIHRE ST Co ARG S Co FHXTHINZER v, B
AMEVERHE . My B SAEARZGIRE, R (F2) BRI E, HAib
FH (HAFD B SRR A TR, X5 [ 28R AR 2 e A 5200 T 465 SR 1)
HR UM — 2. M x SRR £ iE, X Cy X RATR [ RFE RS B R T f N FE
A @ N F2 R IR BRI, FE yo 2 BRI IRI, A S50 i T A B X
R BT M2 R, HABSE CEEE Co M Oy KRR RFIERS AR
M PSR, AT AE A Tk, 48 1, SHEP-Remove 18 KA L RTREA & T AE7E4:
fiE Clr Co) [IFENA o

52 M, B 5-6(b) Bz~ SHEP-Add WM SREA X M AEEHT AR .. A[H
FANTS SREARR I BSRA R AT AREAE « X TR I SAEA, HHEES
B4y Cy FISTER T RENLIE R 208 . % F1 2RBIME SREA, BHMEES R Oy
Xof AT PRV REAE B 40 N NFEAS & IORRAE, AR 7 0% F1O T8 51 4, () T
P, PRI FL 2RI SREAR) O XN AZE 2R It W R oTik. F2 SRR E RAEA
T S5MAFAE ¢ B THR—K5, RREAEATTER. 25 L, SHEP-Add 8 KA
AT S HTREA X EAAE T SR AR X A IREE (i O

SHEP X A [ T 25550 R i H IR 45 B 5-6(c) i, ‘Bl 454 SHEP-Remove
1 SHEP-Add HIfR 3, BRI T 4AIFEAR & FRHEFAERMT SR X APRRE B
RIE T . IR 5 E 5-6(d) ot Jiahs SHAP 45 R —3. X fh—
BEARIAE R b, IERIAEAFT SRR TTER b X ARMUEH T
SHEP MY A H g ae, [FEH52 SHAP A RGL L. thot, X —45 R i
UET 5.3 Wit E R, BB HA R T YRl REA RS SRR WAL, AT b
ARAT TE A T AN () R A DTRR VA

120



nti i i N L e A e SBILE BRSNS AR TS W g s R R AL

TSI - fERR MR — Webs#1 TSR — W2

THTIRGIERBR  ———————— it PR

e 2
P gy, 4 ot
(a) SHEP-Add

XN ——————————® i X PRRERR

)
T g )
A Usz) 4 BIE

(b) SHEP-Remove

7 P S 7 5 ) 5l

iy 2 By 2
T gyt K G
(d) SHAP
B 5-6 MAHFAZNFEQOMHIEREGESABRMNEANTERLER
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Fig. 5-7 Attribution results of different attribution methods in the frequency domain for different class
samples towards thier corresponding predicted class in the simulation dataset under patch size
level #1
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Fig. 5-8 Attribution results of different attribution methods in the cyclic-stationary domain for different
class samples towards thier corresponding predicted class in the simulation dataset under patch
size level #1

A1 SHAP 4528 BE % AR X HE A 1L S WX R iR 55 (K ik, X 78 20 s 1 EATT R s K 1 A
PRIREST o X — st TSN B R, BPUAE SEPRis iz i, (5 S
ANHENE, /BRI B AT B R 99 R AR R RE

MR ZUORE , X257 2 2R T A FRTHEEA BB BT LR . 2T
75 32 A L U S AR A B0 6 AR i Y ) S M R DA R AL B, SR T B LR
B B AR SRR, (B AP RAIE 2 Al R A H R & . 1l SHAP A1 SHEP

123



SHILE EONIRBNE SRR T2 R A S R R AL N L e AT

I E T 22 Ze P Ml R AR 2 A IR RS W R A ], X Fh 2 T 1 2508 1 75 VA R 0% 8 4TI Hb
 RERFAE I P R 08, AT H Ak B R P VT AT 25 R

JRAEE] 5-7 FIE 5-8 AT AL SE AR BOW, (HIXEAS 2 LA T PEAS & A R 7
VAR RIS . NSEIE VRS, BLLL SHAP 45 Ko JkifE, K 77155 SHAP 45
S AR LA T R 4 1 8 B VPAN FR bR o RBZARLIE deos MITHE A AT
N

delprq) = —P 4 LiPidi

Ipll2 % [[qll2 wiﬁﬁgé

IARAUGER T —4E &, Wn] Dok 4 BGHHT RSP EAE, JRFRABUE 5.

X RE B 7 VR AL 35 AE T8 RE A8 A R 4 VA DR 45 SR ARG SR (AR AL, T AS 52 R
1B 25 5 B 52

VAT E N #1, ASFEEPE 77275 AS R84 B 4 SRR AR 20 % A
[ L0 2 531 0 U TR 45 SR A 52 AR BURE A 5-9 Pt . MU JZ T KRG, Mask 1 Scale 75
EEAMIEMRIL, EATRZALE BEKT SHEP, X2l T IUN B 24
A FEAS R AEARAE (R B2, T G VR VPl HAR S A RF AR S 26 Pl R B Tk e AHELZ TS,
SHEP i it 45 & SHEP-Remove 1 SHEP-ADD Pl fi 8742, A% 4 1 =% & 9 7 T )
s, [RUb5S SHAP 4 A mm—Et.

MFEAR K, Mask i Scale J7VEAEAL B B SR AL A R 22, X F
WSS Co MBEHLMERFE, 1EWTE K 5-7 F1E 5-8(a)-(b) HFATHH& . X FTBEAL
PEAE 1S5 T S AR 30 (0 A PR 7 v 0 DA AE B PP L Dk, AT §: 805 SHAP 45 3111 2
EWZE

NI HTIRKE, FTA T4 43 RIS SO AR PR 1540w ) 4R 32 AR B RE KA
BT 4 (R 28380 . B RF 4R FE Ty, ORI S5 R T R R R

Kl 5-9 (AR R TAH-EE #1 T RIARGZAIMESS R, N T — PR A
GETHah R, PO N HE R AT A7 T 5 NSUR/NERE, SRAF AR LA EE G il 45
WK 5-10 fior. MABIRSRE, ME LAY, SHEP (142 52 AR &
FHIRE, XEWRABIRRIMRBRLE R, SHEP KA 4 55 SHAP B A% iXFhpE
AT D0 AR LB SR T I 4, 32 R -TEORE B T AR AE 2% 1) ) {16 /743 SHEP
T T e . AHELZ R, Mask A1 Scale 7772 1~ AH 0L B B /NS4 AN B B2
BRI Z RS X Fh 2 Fat— D uEse T 2T i 77 720 DA o il B
TEA R A R AR

MM A R, — 7T, — 4B UM 28380 R AE AL 3 3k v T — 4

(5-8)

124



e N L e A9 SEILE EIORBNE S ORI TSRS WS S AR R A

AR 0,25 45k PEIRIR
& = 3 & 0.00
= = R &R
= = = = 0.02
H Fl R
FEA
= [ S 0.02
= = iR
ﬂﬁg(; %éé; g; 0.05
= = =
= = = 0.04
Fl Fl Fl H Fl R
FEARZAS R FEA FEA

(b) Scale

096 0.93 083 085 0.90

F2
F2
F2
F2

091 0.94 086 085 0.79

T3
F1
TR 5
F1
TR
F1
TS5
F1

090 0.94 081 0.76 = 0.63

H
H
H
H

H F1 F2 H F1 F2 H F1 F2 H F1 F2
A B BEA ) B
(c) SHEP
B’ 5-9 a43A #] WAREE kAT RB BT AKIEE A K L3RR AN E A 6902 E7
e S T R DY

Fig. 5-9 The cosine similarity between the attribution results of different methods and domains for each
sample class in the simulation dataset and SHAP when the patch size is #1
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Fig. 5-10 The statistic result of cosine similarity under different attribution methods and domains in the
simulation dataset
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Table 5-3 The computational complexity comparison of different attribution methods
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Fig. 5-11 The computational times for each sample across different attribution methods, patch sizes, and
domains in the simulation dataset
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Fig. 5-12 The representation of each class sample in different domains of the CWRU dataset
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Fig. 5-13  Attribution results of different attribution methods in the frequency domain for different class
samples towards thier corresponding predicted class in the CWRU dataset under patch size
level #1
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Fig. 5-14 The cosine similarity between the attribution results of different methods and domains for each
sample class in the CWRU dataset and SHAP when the patch size is #1
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Fig. 5-16 The representation of each class sample in different domains of the helical gearbox dataset
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Table 6-2 Key parameters and characteristic frequencies of the planetary gear transmission system test
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Fig. 6-4 Fault components of the planetary gear transmission system
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Fig. 6-6 'The representation metric R, of four models on the planetary gear transmission system dataset
at different signal-to-noise ratios
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