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# E  JIWE A (Electrical penetration graph, EPG) J&—Fp FiC SAE & Mk =0 R 7 25 4
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Advancesin research on intelligent recognition and
analysis of EPG waveforms
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Abstract Electrical penetration graph (EPG) technology is an electrophysiological technique used to record the probing and
feeding behaviors of herbivorous, piercing-sucking insects. By analyzing EPG waveforms, it is possible to identify different
feeding behaviors of insects within different plant tissues. However, because of noise in the EPG waveform data, subtle
differences between different types of waveforms, and in the exact time when the waveforms occur, researchers need to spend
a lot of time and effort to interpret waveform data. With the development of artificial intelligence technology, particularly the
introduction of machine learning and deep learning, automation of recognition and accurate analysis of EPG waveforms has
gradually become a reality. Artificial intelligence technology can quickly extract useful information from many complex EPG
waveforms and identify the species-specific feeding behaviors of insects, thereby providing technical support for the
intelligent development of EPG technology. This article elaborates on progress in research on the automatic recognition of
EPG waveforms and associated statistical analysis, and outlines prospects for combining EPG technology with artificial
intelligence and the intelligent development of EPG technology.
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R A8 B B AR A T R L
A 0%l Mk T M L FE A (2R AE
2019) o WA ER SUem Y IR T |
FPIHED L L B AL AL , SR iR B 2R R
R LA R Y B LR ( Wang er al.,
2023 ) o ELHUF[W HL {3 ( Electrical penetration
graph, EPG ) £ A — i ] T0F S0 2 P i =X
&% B U 27 A A B AT Sy Y AR
LA M ERORIR R, R X Se PRI
NLHR, et RSB WA & Z N =R
MEWF, 2017) o EFH EPG BORPEATAH
FFERT, FHEIERIRS EPG BB KK
AP A LR I RDIFGE AR SRR ], GX 28 T AR
— B VORIEAKREFE N THATI . BG N EIE
WO AT T AR KRR B OB T4 2R 1 42 30
NTHIWr, AACFERIFE TS, ELE ARG R AR
AL AL TR (Xing er al., 2023), XAER
RAESE R T EPG HoRBHES R AR Y
KA, IWTSE EPG HIE I B ZhiR s o b 45

EPG B A S il id i HLas 7 ~ 5
PR o i Hb AL BRI T EPG BUE, ANUAE KR
PR, T ST S Y 7 WL A A
Mo RN RE, WF5E N G AT UM R S s b
PR SR AT HIE L, HERA S RO o0 B e X R
B IEAT N, S B BREY) PR 5 B A R
MIHEAR SR . A SCAEMEIR EPG FAR R, %2
BOCRRHE X AE Y2 SCRBEa B, xF N T g
1t EPG I8 B shiFu o 5 T i 58 BUIR A7
MEERERTT, FXE R EPG IJE A shilB R4
M TAERT ST TR, WIBh EPG HiRIE
REAL & e it — S 222 1 L i

1 £F EPG iR

EPG HAZ AT RN A B AU E A7 (R
5P EFR . RBAALTEIH . FEY ORI 55
D7 R BT B, AT ol X B B i
Db 58 B I AL R AR 00 25 19 ML 9 $R 4t 4
ARSZHEE, HETC PN T8 A X, 2021 ).
WraEl ({7 3Cik, 2014; Luetal., 2017; JEBESL,

2023 ), KEL. FHEE (ERAT, 2023 ). 6@ DT
(5R3CPE, 2022) 45 50 Z P R U AR G5 (2%
HAE, 2019 ), EPG FoRE i B s CEr i H
I ZEAE Y A AU P AR LSS (R EPG BB )
SR W DU R A B B ROECE AT O B S T B B
( Cornara et al., 2018; Backus et al., 2019),
AT L H S A (A A G R PR R S

1.1 EPG iEEF4EERFIE

EPG I 82 32 [ B} 2% ¢ McLean il Kinsey
(1964) ity IR W RS, Z)5#d
Schaefers ( 1966 ), Tjallingii ( 1978 ). Backus
(2009, 2019) % AXFiZ R G0 hy ek Ffifk
LI T AR MR 5835 1) EPG HOR .
EPG R EE Al AR EBH . KA. K
RERNIR L SRR s, F 5 H R RO B RS
TEHARN 10-20 pm G2 b, &8 2Z2H AR
e, B Y. IR oA 8
Rl MR A DA A A e, A
Wl g ieE (B 1), 24 & EEAM YA R4
LU RS 7 A AN [] 1 3, 3 A A ) B
LR RN R St Aphc s, DithZk
FIE Bk, Bk EPG JEIE .
W A

Measuring point

ARG R

H R R System source
Voltage source

' I E Amplifier

B 1 WEAREERE ( Tjalingi, 1988)
Fig. 1 Electrical penetration instrument schematic
diagram (Tjallingii, 1988)

TEREAS g, S v AR B 7
TSR AR IE E L R AS R A
ZE ZErUUN, BV =V, +E+E . Hb, ¥
JEAMERIR, RAEHE H RN E X TR
SHIEEEH: BT RAFER, BRI
FEYAFHL, E BORFERIGEE, M
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A v (B EPG IR 5 S ) LAk,
W R UL R SRR R, &4 T2k, 5l
T IERE Vi As, BV, =V R /(R +R,) ,
R TR AR B ABRYT, dJE e . mZad sk
HLURAES Vi IR/ R /(R + R BRGE, EHEA
i A AP PTB Rt 1 I 2D A5 T 1 e
BlENEE S

1.2 EPG iEEHEMERNX

IEAEIRG EPG S JE AT FE M 2 A B 1
R AT A S o EPG HAR fg 1 0 H 39 U
FroNRIBEST, BB E AN Y EPG P
TR EBIRAM) 2 B EPG P LR H AR
E, AFEFRFZER EPG POE RN, 2
FrH B2 IR EPG PIEJUN M E RS % 45
BB RO RRES . HEHIIEISEER,
CWIEH 78U 7 M OE AR
(1) (FIRMAERE, 2017 ), X 7 FEIE
398 np P CAERAFRNE , 57 o 1 SRR A
W, WOPJLIEEZR ), C ¥ (HARl, Ba
A B U, AEFE P — et — LE AN BE R 6 X 0>
MBI C B2). pd i CHIMEARIERE ). El
e () B2 ¥ AR )\ E2 952 () B A )
G W (CRFAERBCEN ) F1F i (AU AT )

( RAFTFIF, 2019 ), £ 1 2B HF VLK 7 Fh EPG
WIE LHRERAEYFE L, K 2 (A-C) Al
HEERTY BPG WL, wIVE R B4 2B 1)
BEAEAR (Walker et al., 2024 ),

EPG JIE (0 B PR QR | A% | Fpakist
[ AR, #52 B e S5 A ) B shad 72 v A= 97 B
(14 BRI o DI P e T s ke S o 11 6 2 A
Y2 LR AR B A ) B, AR I AT B fz ik RS HLUHR
BRI 25, FREemt ] s e T B i — AN e
11 R B BEABE , T TE A TR AT DA B X 4
B R AR M7 R ( Dancewicz et al., 2021 ).

B BT IR IR i R, L T il S ) R
HEAWFBLALL, X —17 07 EPG i kI BUkE
SE Y o BTV 1) AR FIARFAIE P L S e S i 17 B
TRAS, AEREHT . BEAT A B . 7E
PREFA T, B B SOl 2 A 26 e 4858 A B
BRI ERT, EPG B E 2 80 ASHU A4 3 35 78
B G THCEE AT A, B R R ) 28 i AR ) 2% B O
AR IBUE F29, EPG T U2 S 7% Sk s Ay R )
FFFEE R (He eral., 2023 ); T7ERIE,
B AT RSB T (R B AR & |
Wi TR RS ), XFT A0 TE EPG I 4
TR I 50 Th W BRAE S . EPG T
AU BT i A B B B, 36 AT HR A SC T i

x1 RPN 7THEEERENFEX (ARBMEHRE, 2017)
Tablel Seven waveformsof aphidsand their biological significance (Yan and Wang, 2017)

BEARCH ik E AR A

K Bt e : . . g IRE AT N
Stage Wave form The plant tfls;ue an((iﬂlocatlor}ll at the tip Aphid feeding behavior
of the needle mout
IR EEAE B B A i Epidermis IR, 73 WAL W
Probing path Probing and secreting gelling saliva
stage B E S T A 43 MATEE HSE I Y

Epidermis or mesophyll tissue

C I} ) 24 ) B 0 B A 3 2 PR

Secretion of gelling saliva
Jil#R Stylet probing

Within the intercellular spaces of mesophyll
cells or inside phloem parenchyma cells

pd HE TG AL P &R Inside living cells

F AL, AN

All tissues, outside the cells

) Bz HR o B El ) 2 #0548 43 F Phloem sieve tube elements
Phloem stage E2 ) 2 #0845 43 F Phloem sieve tube elements
 Npig el G AR Xylem

Xylem stage

I i P HIHE Intracellular probing
FEFPLZ 30

Mechanical movement of the stylet

U IKEEPEMERR Secretion of watery saliva
BB £ Passive ingestion

FEFW A Active ingestion
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4 . . , B2y [0 R4 ,
A (UEBEBENAIRE BEHE (&CUFpd) e BRI R AR AT
ol ; T Z2Apdl I Cll HESHEERT R R A
Individual probes with Pathway pahse Wavef ith ial dr B2 4 by end of &
athway pahse only (waveform C and pd) Vaveform ¢ wi potential drops truncated by end of recording
p true duration of E2 unknown
§0+5 R FR\}‘ El E2 | El E2
= il Y rr ‘ .
Rt R, S—
= p) Vg \ - L _s E1+E2 E1+E2
_5 n I 1 1 L 1 1 n 1 1 I
0 10 20 30 40 50 60 70 80 90 100 110 120
fisf[E] (min ) Time (min)
B BRZZIT Bt Pathway pahse C I R BL Phloem pahse
} - C&*Eﬁ/\mpd& ] ’s E2yWaveform E2 S5s
C

B2 WhpRRBALER RG] (Walker etal., 2024)
Fig. 2 Example of an aphid electrical penetration graph (EPG) recording (Walker et al., 2024)

A, FAARICEY 120 min BF 1 EPG J0E; B. RIBERARB B BARIIE s C. BIECE By HARIIE .

A. 120 min aphid EPG waveforms with markers; B. Specific waveforms in the pathway phase;

C. Specific waveforms in the phloem phase.

YT SRS A 4 Y E B0 R (RIS, 2024 ),
flhn, ko A A R EPG i
TE AT LAVEAR 2 i o) 857 s g Bk o o

1.3 EPG HEERINSITHNESRSHES

EPG $ZA H FirE R FH i i i 25— 28 w52, 4]
WP R A S Hre R REAL , BIE AR
TE LRI B Xk IO 04 A )~ T S A
525 CEPG PP A SR AT A7 AE B T W R
SIS 5y WS T IR IR L TR 2

% REMHE ARG, Wl AR RE L
i FE P BB R EPG B B T A 85 S
( RAFI, 2017), fEAEGESWwRE S LT
[ — M EaE 2, X A5 AR S R B0 A R 1E
TAFAE—E WIXE S o o BB S 2 TR IO 13 b
B, SRR SR EU MER . NIk, 7E EPG I
ARSI S e SUZ a Rl s

133 EEREMEFIESRYE 78 EPG ¥ UL
WIEH, AUEHCARRL, Bl G A F 3. Xt
TR ZR R R EAME S, BV FEZEE,

(] AR ME A5 TERREAIR bAoAy 2257 X LU I T EPG
131 KEMEREZH EPG PIPRIEAME P AshiRBIHBERE (RATHIS, 2018 ),

H SN G 1 Bk o AR — A
L HURE R AT oA B LA SR, XS TSR
ABRFHIER, 2838 . BESE . AT B
PR RN AR, AN A B HORp S | s H
B CAALI AR TR AL ) FANEREE 45F (ANl
B ) MR L, SR AR (W
etal., 2022 ),

132 BEHTFH BTHEIEARSNE RN,
EPG %4l h g = T4t & EPG I A 1R 5
AT —ANEEEL A, MRS AT AR IR TR ik

FLECREBLT , ARRAT R B B AR R AR
WOAARL, SR AR 2200, T e/ N 22 5
XoF T 1E B B i L AT Ay A X A 0 1) 5 i)
HEL, BURAT, it 8L A shifE i i X s
E5, BT B Z PR ) B AR R AR e i
AR TN Z5 o

134 KEESEINIERNSHENL 7€ EPG I
TR, AFERWESE B B AT R 25 AN
ML S Blan, AR R IRETT N S E S
A3 WU T AT SR R SR IS ), T VEAR AR o] B ol
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P A BIF 5% D) B OGO B IR RN I (W
etal., 2022 ), XFRGHERFEPREEE AT DI ST
N B3 M b A R R RIS g i T OE A
SN RGBT e o LA AU 3 T
FRAEREA L A BCEAT RIS R ) (] B 3545
2015 ), iX 3 Fpigf i 7EREA 0 EPG S50k T
ANFE BB T A Y 2E R . BeR, BB R
RN LA )38 5 F T A R I A TR,
R IX S S HORT DL R B HUAE AR P A N T Bl I )
[ T R B A AR R S 5 s B HUE
T FEURE P 0 i WA IR 0 )5 R, TR st 1] 2
BT REF N B AR R 0 B R AT X
ANFE ST H B, EPG B 3R 5| RS EAEIE M A
BRI SEAE b, 25 AE I AT b .

2 ANIEHEE EPG HEIRA 9
TR R

NTHEBETE EPG BIE B3 iy i FH 28
D3 T N2 BLHLER 2 2] BITR B 24 ) Bt o 22 LpL
Ao ) B AR Y AR S e Y 1 AR A
PR s —JE XA B B i AL B, — 2
FROEFR I SRR AR 1) A il i A, — 2
FIFH o3 28 2% 530k X i BB R AIE 0] £ 47 2 2] F 43
25, Ml B A R TR R B B o e
TV B T Ah B0 45 008 8 RN 2 e 5 RRAIE B R 25 AT
A RE PRI | RS T LA A R R AT R
RURHIE s BOBAR R AL a8 2% 2 A A4 =
Frm & AHL ( Support vector machine, SVM ),
M ( Decision tree, DT )., tFR=2%>J#L ( Extreme
learning machine, ELM ) FIBEHLERFK ( Random
forest, RF) %,

2.1 ZHMPEBFEIIFE EPG EHFIRBIhEI A

H i, 2Bk N e A 2 B BGE A
TR LA 2 LT R EPG B U
W TAE. EAN Willett 2240 S 9058 A BALE
ZAREAS T B E R (Willett et al., 2016 ),
] P4 1= RS B2 BT AT B ( SR FFT 5, 2018,
2019; Xing et al., 2023 ) H7E EPG JIE IR
T HUAS T — P o 3k BE A TAEAS U T

EPG WL R BT AR & , ARG RIS
R TERNARMSE

Adasme-Carrefio 45 (2015 ) 7£ EPG £ H
SR G T AR SY , B R T — AR
f) - 5 DI RESF 20 EBPG 55 i,
A2EPG ( Assisted analysis of electrical penetration
graph ), &l 3 JB/R T A2EPG 34 EITE FH o 5t
I, B4 EPG F5min . CiRBBIEMiric
VLR EAE S . 28 A EPG X as ke
MEEE S, et A RS EOE (np, C,
pd, G M E1) MG B RFLEami ], jXLbss
SRAT AR5 (o 4 phy 23 1 P B uEAIAL PR, SRR
DT RITHT EPG BIERBI S HT BT I H]

SR A2EPG MY PUNERG LA, FIrRE sl
EIEARA R, JCHXTT E1 il E2 L ARE
X4, XHABPEIE (I G ¥, E1 k) S@wi,
FIRy C ¥ HAZRPREE A2EPG FFRFIESE X
AP E L TR, AR T BOR FRES 4L
e | PRIE AR E AL ), XFTHER .,
WAL PR IE AR AR B I8, 200 T AR Z 4075 ¢
fit. A2EPG i ] T — oo 2kt A U],
ZIT M SVM M RF 0L 2] Bk TE H
o) AR R RS Ty THIRE TR 55

TE A RIS 27 23 530 ok R I R ARG AR &L
Diaphorina citri ) B fE , Willett 45
(2016 ) Sek)5an EPG i o b (8 Bt
A5¥e ( Fast fourier transform, FFT ) M He
R, FIRARIBOBARAHE . SRS R HIZ bl ds
FJRE, AU4E RE. BRE R AT RARIFIR 7
Mok EPG e, Scgh A HIIZREFR) RF
R A TR SV Y A ARG A FUAS [] BB AR 28 i 3k 3]
T 97.4%M K UER R . K] 4 £1% RF B R
HUREAT AT A Zh e RN R, RORIR2E
1 N FRIR T UER R 95% A7 X [H] , iX R
T RF BAUTE [ ShFO B U AT R, Rl X
TAEW BRI AT Ry BA B R HERR I, o iA
BT HLAER: 2 Jrik e EPG WE H shil sl #reh
MR 1. B S (A-C) J2& Willett % (2016)
B SR AT KA EPG i ik i 1 45
AMNBCERIRAS o X R IAMLAR 7~ A B T R AW
gEn] fe st i i 2 A IEAT R o
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il ki a
le[wuy'—-u,mmwh)q-b-wmw
AOEPG - ApShabaOldat - olEW

RN R (3] |

[1] e
JE
[2]

B3 RIRBAEEEES T RENERARRAE ( Adasme-Carrefioetal., 2015)
Fig. 3 Graphical user interface of assisted analysis of electrical penetration graph (Adasme-Carrefio et al., 2015)

(12 BR 2528 w5 3R o il aniil i T B AN, EPG iC s EEPIE Ws i [212 %8 AE Fmm, I o 5P Ieacny
frffE s, MBIl A FBIERC, XN HBIEERR SR AN . Y fe— Ay Bk, [1] B2l Bl
— AR D, AR R E T (3R FE A, AR PR R R HOR HIERAE , AN T RORAE SCAF L) KR 5

i (4P SME, B CYRTICR (ERY BmIUR ) FHABIESCIE (557 IR ) MEER, EERTE
HEE S PRI B g R (R B IR ) (SR tbial, wl R/ N agsesic sk, AR
FLERE R H T BRIy s foee, AR BOSHEAE (6] S o B, Ak [lint . A SGHOR AN HALE B .

[1] Main drawing canvas where the EPG record is displayed in addition to overlay elements such as measuring tools;

[2] The profile viewer shows all the signal segments that were matched to a waveform, where each one of them is represented
by a coloured mark along a waveform path (labels atthe left side). When a segment is selected, an overlay region appears on
[1] enclosing the corresponding time frame; [3] The main toolbar includes quick access to mostcommon actions, such as
opening and saving files and starting the scan; [4] The navigation panel shows information about the current record (Info tab)
and other loaded files (Signals tab), and it also shows an interactive table of all the segments found in the active signal
(Segments tab, shown); [5] The panoramic view gives an overall sight of an entire hour of a record, indicating the
currently displayed section by a thick vertical green line; Finally, the segment data, such as the time frame,
associated waveform andother information, can be edited using the segment dialog [6].

100 |
S * * i * =
& 95 = . .
«
g x .
Q
2 f
< 90F
vy T
¥ T 3
£ & Tl Prediction
£ g5l } { ~ 6FTEBUE  BL Six feeding states
: ) iz ERBUE Phloem feeding

REEPRE FRPR ORI R IRE BEG  RPHER WerwsE o
Carrizo  Citrangor Citrus  Flying Kryder TowneG  ##8  Valencia Yamaguchi
citrange macrophylla Dragon Troyer  orange

citrange

HHAFFEF A Citrus genotype

B4 FEVZRWIER 2R ERE (Willettetal., 2016)
Fig. 4 Accuracy of automatic classification by the random forest model (Willett et al., 2016)
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150 F. A .
0 L
_1 -
149 |+ |
_2 -
o H
g st k3 |©
=0 =5 r = :
§< Uy Bt Feeding states (#1112 13 514 €15 (16 =17 =8
®,, 88
14.7 + M2
f\-ﬁé é"g’g, D BUE Bk Feeding states </C /D IE1 ©/E2 &1 G @ NP
<= = P — - . «
REgo
nnnnnnnnnn MHE 3
2345678 9101112 i) e 537 500 40 000 42 500 45 000 47 500 50 000

fFE] (s) Time (s)

E 5 {EARDSRATRERLGIMAGHAME (Willettetal., 2016)
Fig.5 Statesadditionally identified using the hidden markov model (Willett et al., 2016)
A, EETARBERBAR RS /KA R (HMM ) BEASE DU (E BEN (BIC); B. S HME A EAE
ftfE FICE 3.5 h 19 EPG B ACSRAEA s C. ANHRWLIXT B AEA (Y B BURCE By BeE A T P AU AR I 5
D. AT 8 > HMM BERIBRVE A ICE B Be . AR AT 1 1) S PRI B BE E1 R E2, 355 AR W bR 14 ) — 2,
i FLRESS7E N MR W ARTE ) C B BE[C A1 D o i e 2R AE TP EU3 38 2 i BB B B
A. Bayesian information criterion (BIC) for Hidden Markov Models ( HMMs ) of different numbers of feeding states;
B. 3.5 h sample of electrical penetration graph recordings from Asian citrus psyllid on Carrizo citrange citrus;
C. Human-annotated insect feeding states from visual inspection of B on a second by second basis; D. Feeding states
recovered from an eight state hidden markov model. The model resolves phloem feeding states E1 and E2 in accordance with
human annotation and recognizes more feeding states within the human annotated C feeding state [dashed box in C and D].

RAHFAE (2018) LIBKEF Myzus persicae (8 ARG, HAIRE TREEEH . R~-HMME

EPG ML MHFEXT 4, X np 3. C . pd I .
E1 3%, B2 % . G P F AR E S BOR 432511
ST TGS, S T RLE S R 4E RO A R A -
T8 (Hilbert-huang transform, HHT ) AY4FME
PO, M T R T URR A eds, E
4 LA RREA AT, 132 1 91.43%H-F- 4471
AR, H5ANTARL, PLEsEI A FER O A TR
B 1746, HRHER e T TAERCR

7E F) H % BR %% 2] #l ( Extreme learning
machine, ELM ) #1748 EPG BB U 1 52 56
Hr, RFFISE (2019) R T /MR . HHT
FIRRBR =72 T HLAFSRE X BF L EPG {55 7 Fhig
T RHE SR ORI A3 28R 1T TBF5E . ELM 1Y
WL AR 6 Frn, HEAJZ . B 2
A, WMAZESREZ . BRE)E SN2 R
BT R H e . ELM B3, &
JEL TN BRACR i K . MR AR R
B, s BOT IR B ay, i H A #2800

S 2880, Hurst 840, HHT RiMZiE .0 . 26
2-3 JEZEIR/IN G RE AL Y 6 HEFEAF ] A, w]
PIARTS B A A PURIRICR , I FH R SR 2 2 T34
PUNRIKLE] 91.61%, {fFH ELM 432545 F- 31500
HRA[IK 93.57%, AHELRFIFISE (2018 ) WFFTiE
T 2.14%,

WMAR BEE Bz
Input layer Hidden layer ~ Output layer

B 6 WMRFINNIMELHE (RFFE, 2019)
Fig. 6 Network architecture diagram of extreme
lear ning machine (Wu et al., 2019)
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J T 4R EPG L RAR, Xing &5
(2023) FIFH/ N AR R 25 2T BV R oy et R
FHT 52F0#1%5 (2018, 2019) AHFEAIIZEEA
FIMAREAS, 155 T 94.47%H9R 5%,

IR AL 2= S FRAERXT EPG PR AT
PRI, 752 58 BURF IR SR URN 73 28 S B,
LR R IE 32 BT V8 MR T AF 52 8 XA A B 1Y)
NN, PR iR e e e I R A PR . B
HNTERRMR IR, B HE TF 0675 EA IR 2
2 EE A SR BRI R AT B R

22 FE%ITE EPG EHIRBI R A

TREE 2 VR AL 22 ST W —A 03, TEBEIE
POl L T E R T o AR T2 HLgs
2] RS 2 RERS B 3l AR LR B R 3 IN 7E
OREK, T fefi 45 L ARR 03 15 A 3L v A R v A R
% ( Zhang et al., 2018 ), IRIE=ITEEH .
O HLAE AR W AR 5 P BB U S A T = A
BRI o FH O TR B 2 > S B 46 B b 26 ) 4%

( Convolutional neural network, CNN ). ¥
2 %% ( Recurrent neural network, RNN) DA K
EATRATA IR, B QA 010 12 M 2% ( Long
short-term memory, LSTM ) Fl| ] 1E ¥ H. 50

( Gated recurrent unit, GRU )  ( Purwins et al.,
2019 ), IXEETRAEL2E S BIRIGERS H Zh AR I IE
BE PR EUREIE , TR T s BRARE . ]
wn, i O, TR A A R i A 2] R
B E A, B R A dE 4k
XN A . [FFE, 780 Bl ( Electro cardio
graphy, ECG) {55700, BB ]t REMER
H U O AR H A S AR L (Somani et al.,
2021), XXFFEIIZ WG O RGN 2 G
L, Cheng % (2021) %54 DCNN #il BiLSTM
BRI ECG 5547 TRFEFEE, -3 i itk
B PRELDLAL T ECG 55402l XA R
P& TR SR MER R, IR IEAE 2017
PhysioNet/CinC Challenge $2fiLf¥) ECG % #i % I
PRI . FIFHIREE 2 S #1T EPG IEAYR
ST A WIS, RAFTFSE (2022 ) FIH—4E
LR MR EPG BB, RHM
BIEARBIHELRL AN B 7 B o SEg ot Bk i 7

# UL EPG J#J¥: np. C. pd. El, E2, G f1 F
BT, BT EREE BRI,
o) HEEPORE RIS, e TR —
4 CNN W SH, 158 T 97.50% 1) F- 110 %
AL FRIUER A R4 TP ( RATFTS, 2019)
TR T 3.93%,

SR PR BE 24 2 3 8 T OB 3R, (AR
TR RN R 28 S50 22 T i | A B 2%
LR g e = A 0 A 1 WN =B VA i ]
W25 SH I, BE 2R LSTM 45 RNN
AR, S — DA R Z5H , B/ NFERT

3 EPG EESHZITHITHHR
i

EPG 1 — R A B USR8 1 56
R, HWIERIG T A EE ML, F, BF
SIS FIHR I GE 0T | (R L I
I TG AL B EPG $di ( Backus
etal., 2007 ),

31 SZitSWwHE

RSt fiE T EPG B Ed 1Y
PRRESL, BIAnBEE - YME . dnife s . s/ ME
B KAESE AR b , 5% 3 RE D LA I T2 1
AR THFHE ( Cervantes et al., 2016 ). TMifERI%
s, e mAEs (F) KK, FEHATH
WA & TR BREIT AN ESEREAS
TeE S, X TR AN RIFEA L] EPG
WL SH 22 R brHE T H (Tao er al., 2024 ),
MR BT L 2 AR YL EPG BB EE I,
725381 (Analysis of variance, ANOVA ) il
WAFIC MG, EReHs B A RIEE T 2 (8]
RO EEZS (Fasusieral., 2025 ),

TEXT EPG B TSI bt E e AT
IR TEGE, AR BOERER TS (n
PUE . PAEC) FZESrE CINbRIEZE ). XeeS
AT B U L0 S (S8R o0 A 1 R AR =
SRIGHEATHEW eI, R ¢ K. ANOVA
WAESBGE T R R ARAEAA (AF R
ORI ) Z R BOERHEE R, BIEK
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EPGJER &R

EPG waveform acquisition

v

S AU

Denoisingand frame

segmentation preprocessing

R B> A YISk MRREA
FHAREA Test sets
Split the data into
training and test sets
YIghkEAs
—— | Training sets ; IR
: Y SPJEBER | Recognition result
E ¥EACNNEAZ . Classification >
E Enter the CNN - model
‘ input layer A
l | EPGIJPAAE
HYBERG | | RRUEAR
! > Supervised layer-wise | :EPG waveform
' training i feature
' ¢ ' extraction and
i s i classification
| L SAPHTHITY | |
Backward Classify and recognize | !
{ | finc-tuning 7 types of waveforms :
e s =
WZRE B 5EM? Yes

Is the training completed?

7 BET-HERMENEHRRBLAIRFIAANER (RFFE, 2022)
Fig. 7 Electrical penetration graph waveform recognition framework based
on one-dimensional convolutional neural network (Wu et al., 2022)

PRIIR L R AR AR e 2 B AT LA 3 X 53N (]
AR PR S B ER Z5F (van Elst, 2013 ).

TERAE 7 I B R o i 485 SR8 e i A= )2
T ST N BN AR S BT R o XA
YR TE AT RIS, DME R IR R R . 5
FWICEHER B %34 ( Akuhara and Mochizuki,
2014 ); I Z#EAT 14343 H( Principal component
analysis, PCA ) RFFREIE4E L, RIS ] g
£ B8 T UR B 1) 5 45 BL ( Yang et al., 2020 );
5 S i AT A SR 3 A SR R S IR RRIE Z
R ER, DA eAiTs B A AT Z [ A
TEHR AR .

3.2 WARHE

EPG IE St 114381473 T Backus 1.0, Sarria
Excel, EPG Calc fl Ebert 1.0, XEE8K4:HITF A&
KRBT EPG Bl i ik M T2 A 2 53]
4 H LR E

Backus 1.0 38 &3 ff FHEE 14538 R 5i( Statistics
analysis system, SAS) MERACFEFI2Hr EPG
Biw, wissitath 805, IFEY EPG
BAEGTHrArbrifE{L . Backus 1.0 U)fE 3222
TRBLEFX EPG Bl MR A Hre s b, flia
FEN RS A0 A Y B AT S AT R T SE it
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Fe#: (Backus et al., 2007 ). [Ht, Backus 1.0
AMUREHE T EPG B RIARAELL, 1B A 5E R
BEtT At T e T E M EAGE TR
SRS EOT HAE RS H TR 75 N A A,
LU AR T TRl | B0t 8 T A B R A S 800
EE=

Sarria Excel /& —{~3& T Microsoft excel i) T
YEdE, 7T A ZhitH5 EPG A 241, Wifk T EPG
BARa it 2 (Sarria et al., 2009 ), XT.
YEMRERS B 3l R &4 ik B R AR A7
NI EPG 240, XSO 1R R EAE
DL S B - AR B Sl 1) 456 J7 1l . Sarria Excel
YL FAE T4 A B AT IO BB IR B A8 i Y
EPG. BEFIH T Excel BYHJhE A 315 K EPG
SN R T 5E AR BT 7R, SR E AT AT
BT P EA T A A IR RO I 2 2 R A R
XA E—E RN THAE

EPG Calc J&—3 T PHP AT H, H
TAZE EPG 24, XA THALLA L
H EPG #fliJF HAREITHE 100 ZFAFRFISHL
AR T AR P M 2 B im, e
J1 BA% STYLET 8AH) 70 SCHFBERAHY CSV
SCA S, b S AT DA B TR St
Mrax s ( Giordanengo, 2014 ), 5F3hi5 EPG
SR, EPG Cale KK T Frdghfa), It
R TS N 51 Z ] 5C TE SCRIHE 5 B TR
W o S i 1 220 T s Al AR R
i, EIEAESESETH AT,

B SAS 2P Ebert 1.0 A TR A R
ANOVA #4783 Ar, i BEAL R 4R 1 52 PR
ARG ST RCR , Xk T EPG 4L
PEAEIEA RO H Winl, 1 H. Ebert 1.0 AU
16 T AR BV B4 EPG R4, g
g 3E o Bz B MR (Ebert er al., 2015),
O E BRI AR S TR, R g A
AR TR B R AT R SRR L
PRSI AR it B OREAS, XN AR R
A

iR 4 DG AT BRI AT
WL T T H . Sarria Excel ifiid Excel

TAEW A T8 EPG 34, faitk T adrid .

Ifii EPG Calc Lk PHP A At — 2 A 3k 24
TR, RS T OMRCR ., Backus 1.0 Al Ebert 1.0
W53 3IHE SAS FRBE rh 44 T 5 &8 22 G4 bt
Wife, FLVFIFEE# B AR EPG W5 .

4 ANTEEEMEE EPG FARMNARE

Wil %5 H R B iE 2 5808, EPG P & g iR
ST R T R R R A 1Y R AL o AR AT
FEB AU INA IHLER 4 )RR B 2 S HoAR
BB A T 2 8B R AR B TR 3 BT oK
JEFIROR, I RN )R

TEHARZ M, WESJE 44 EPG IR
S T B BRIV T, U HORAE A sh R 2
B 0 R RRRE T B R A TR R 1
s N TE I — 2204k, I T 2 56 Tt ]
J7 BV A PR R 2 2 BRI I ke, ildn
Xf LSTM Fl CNN i, DLAER I HLE R
Transformer BHI AN . ILAh, Kk EPG B
H Sh U B AR 1 & S AU SRR 2= A
NTHEReMES, BFEAYY . EA¥. Y
SR RVANR B A G  BIan, T B R B
i AU B M S A AL LA ECAE T, mT DA B
W RS ( Pearson et al., 2014 ), Ik,
BB A R A B B A A EPG BEIE A
ST SR R AT REME o TC B 2 o) R W B 2
BT RS — R R, DA bR 2SR
PR IR AT (PASEA, 2021 ), sefbai ) S5
WATRELE EPG WAt b R4/ER , i Adl
B R R LU B R AR B (R
& 2023 ),

FEN FHJZ T, EPG AR 9 1 FH S5t 76 A W
PR B TG F A BRI R, 1%
FARTEA S 2ET L IRBE W LA K B AT 22 1
BT IR A ST N FH S [RIRE T o T Se e AR
EAE P SR O, EPG BRI N FHTE T
ER o R 0B B s BB A T R AR,
FEN 170 BB A5 B TR L PTAT T HOOT VR 1 7 A XL
B, FFUE I E T A A B iR S ( Backus
et al., 2021 ), HURTEA: SIS W I 453,
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FIHT EPG AR R XN B B AT A 4
SEWTI, W58 N B3 REAE G HE P AR 75 1) (R R 100
TTPFA , IR A S R G 28 ka3 Backus and
Shih, 2020 ). flun, #s4T R HEETT AR
R4, T DRI T i PR R TS Y B AR Al X A
BRGNS o feJa e B RAT 2Eitsedh, EPG
WV B iR B E AR TR s A A T A
IR ST B BB , F5E A AT DL
TRAMARS B S Z B2 28 BAENLE, 48
N BTN T 5 AR BRI 2 HIL o X 04
AR FEE AT BBl Z 057 B HULE T 0 R BE TR )
(FIAnE Y R BEALE] . 2= 2556 ) BF AT

T W AR ms (FaiB and Stowell, 2023 ), B
HHARARW LR, RAATFREEIT A3 T Al
FAR B E A . BRI EPG BB MSEITTHN T
H, RS ML . Y-
AR5 75 ELAE S5 T B 5T SR i A ORI
BEBH A I M AR LB R A
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