= £l x CIR O S N N 548 % 5 5 W)
ﬂﬁ%ﬂﬁ%ﬁw ELECTRONIC MEASUI{QEMi\IT TECHNOLOGY 2025 4F 3 A
DOI: 10. 19651/j. enki. emt. 2417160

fEEM X SHEEGIEREEHR

gt | &' He&e' SaAS HEAKY
(1.BERIRFECTFEEAEHEFR BN 350118;2. 82 T K5 8 A HEB AT 45 M 350118)

OE: B Y AR TR T 4 Y B ALK T N T 2 T B SR A RE . D R R Y
G AR TR R )T R RRT XS e X G pAY B R AT AR L T S B AT R B 7 . SR R XS R AR A B it SR
V] 3 4 % HG BEAIR 0o b BE AN 357 O BE A B vh 7R e 78 DX B, R BT vk P R A RO A A5 B . AR i X ST A
B LA R A AR SCER M T AN s R A v XS R R RS E RS . B 1 A O I R T B E SR e M IR R e bR K
454 CLAHE 8RB X b B2 L 56 2 Fhor i 2 R R S I8 45 & CLAHE A2t SC XS L BE RT3 . AU B R ¥
LT ZAE IR ALY A SRt Iy EEAT TN, SR R AR SCHR H BT LR B B B 0 AT b Y 1R R 4R
B2 2000 IR BE 5 R RN ) A A T e BN L B R e T Ll X R R B X URT ORI A
XA A Ll e B A T A0 B S U R A R ST R

KRR AR X AR R R

RESES: TN2Y9 NEARIRES: A ERFEFEMSEREG: 510.4050

Research on lithium battery X-ray image enhancement algorithm
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Abstract: Lithium batteries, as an important component of the current new energy market, are widely used in
consumer electronics, electric vehicles, and energy storage fields. To ensure the safety of lithium batteries, they are
usually inspected internally using X-rays before leaving the factory to eliminate defective products. However, the
original images of lithium batteries using X-ray imaging often have low contrast, uneven contrast, and concentrated
grayscale values in narrow areas, making it difficult to distinguish the detailed information of the sample. This article
proposes two methods to enhance the contrast of lithium battery X-ray images based on the above characteristics. The
first method is to use a custom designed nonlinear grayscale transformation function combined with the CLAHE
algorithm to enhance contrast, the second method is to use homomorphic filtering combined with CLAHE transform to
enhance contrast. This article developed a program to implement the idea and tested on cylindrical wound lithium
battery images. The results showed that the contrast enhancement algorithm proposed in this article increased the
information entropy of the image by about 20%, made the grayscale histogram display more uniform, has higher
contrast ratio, and then the quality of lithium battery X-ray images improved significantly. This study will provide
technical support for the micro focus X-ray defect detection and automatic recognition of lithium batteries.
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Fig. 1 Schematic diagram of cylindrical wound lithium

battery structure
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Fig. 2 Schematic diagram of X-ray imaging principle
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Fig.5 Stereoscopic enlargement of local images before and after

filtering, x and y represent the two scales of the image,

2z —axis represents the grayscale
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Fig. 6 Comparison of various grayscale stretching functions

2) f# ] CLAHE 53 3E4 7 X) He B2 5

B 5 #14#F Chistogram equalization, HE) fi{) 4 L8 %
R XT PE1 BAR 2R O AR ] A AR 4, (ELR P b 5 U Y
5 W B e MR E A R A RS N O B
(adaptive histogram equalization, AHE) & ¥k i i X} &y
X IRAEAT B 7 B R e bR (e, HR 1 N 1 R
A5 45 50k B OR EMG AR X 38 57 IX B e . CLAHE 5]
AT HITEBE , 55 08 5 B X8 EAR 615 B G T
LU EESE I E 4% . CLAHE 583 i 554 iy A B 4] 43 2 K/ A
FEAEZ N T ASCH AR SXS M, Ri5HHET
Yol BB 5 D) B, e 59 DI (B 0. 02, B Xt
A FHHFITRE ST . 55 H 7B
AR IR & M 2 HATEN , AL ESET A E X
ALk br A8 e f5 19 B {5 32177 CLAHE A8, 15 2] 7 40
N

L7 T LA A SCHR Y 5 1 A RS 5 U7 2, B
HE AR AR e bR 8025 & CLAHE 72846 fiff B4 b 75
BT LR BROREE B TR A,
XTEEE 4 Ca) FEL 7 Ca) 2 8L 7 () BB T 3 Z 4045

=
/G o

2.2 FEI#&FIRIKELES CLAHE XM B GILEMR

MIEL 4 Ca) AT LU Hh 15 A LY X5 2R I R At In e 2k
AR OL T R B R S HR R 23 19 K BE IS IR /D B 1R
AL . RIS UE DI LU SO0 R 5O S BE Al 42

+ 169 -



948 & 2 F o

T # K

=10*

0 = 02 0.4 0.6 0.8
AR
(b) FE4R a2 1 177

(b) The grayscale histogram
corresponding to image (a)

(a) FIZE—Fh 7 RAT WSRO E R
(a) Image enhanced through
the first approach

Bl 7 B AR R s 4 S & CLAHE 2R 4 iy 45 2%
Fig. 7 Results of combining custom defined nonlinear stretching

function with CLAHE transformation

AR DRI R IR B AR e 45 G Sk Y UGBS R T R . RE B UK
AR I HL G s A5, DT B 8/ O BRI 5 B4 T 2 R
WY AR A S AR A B R R AR, 1A
RS B A GBI YR L R Ay i (aay) L5 2
MRV RS r(eay) o AR X AL, — R A
Sy ATLARR N .

f(x.y) =ilx,y) Xrlx,y) (4)

TEX NI i (2 oy) FXTTF r(x.y) REE K
B, MR (o, y) BIENT r(a,y) fiE, H
FH 3 — 2 52, ) 25 208 e AR T o 920 AR 14 A8 ) ok 42
e (s y) MEEBEE . A SCH BT T Y 20 SR AR S B T[]

1) XoF BR300 1 [ B BROGT 4

2(x,y) = Ini(x,y) +1nr(x,y) (5)
200 1) JT A R o A i 4 ] ) e B AR

Flz(x,y)) =F,(usv) +F, (u,v) (6)

Ho, F,(u,v) =F{Ini(x.y)} B lni(x,y) BHEI
A, F,(u,v) =F {Inr(x,y)} N lnr(x,y) BHHEM2E
.

IR L FTEIEV A H (uso) IEPE I S (wv) .

SCu,v) = Hu,v)F;(u,v) +Hu,»F, (u,v) (7)

AR SO T WD IR AR AE N H Guo) BT 505
R v T R A A AR R T A R A . PR O R R
SERTET LA,

4) AT AR LI 30 75 6045 39 2 ) e i) R I R

S(xsy) = F ' {Hw,»F,(u,v) + Hu,»F, (u,
v)} (8)

5) X 18 IS I AR A R e, o A B[R S uE IR
B B 2% PR

g(x,y) = exp{S(x,.y)} (9

BB H (o) SEWUSIE U AR . oA H
TE v 30T o 3 R AT R . IR I AR TR R

« 170 -

H(u,v) =

D( ’ ) :
<yﬁ—m[1—exp{—c( ) Hﬂ,‘

Hd, D Cuyo) BATIRARAR Cuso) B H0AFR (I 55
HEL ¢ A TR R I A Y U AR AR, U IR AR Y R R
R =22 ) A 3 Y TR 3R, KA o DA 60 0 ok 7% o) 0 A3 AR
P4y 385 S8 RV AT 40 B B 3 Ry B 3, kR ¢ = 0. 05 1B R
— v (), Al A% 7E 8 08 P15 20 B4 TR 3k 5 ey T 5k BE 3
R T B RO . BRI D BT 8 ik 7 A A
BRI BN D, H 2R U8 RS X AR 4
V400 ) A L A B A b I A T RO R AR A Y 5 L DA
T 52 TR 0 40 1 1)V . AR SCIEIR D, = 0.04, v,
Yo S SRR A OSSR A B FARAR O IR 43 &) 19 1
o v F TSR RS A i, DUA SR T UG Ay . i o, T
TR G 8 DO A e AR S R, AR 30 i
Yu =0.1Fy, =0.03, WA EXLESL,EIEAH
S50 3 VRGBS L BE LB Ak S . (R B 3 TR 0
B K BE AR /N B 7 A 15 B A AR g B4R,

KT 2 U R AR R R T A g
PRI B W AE N H (uso) LI AD IR,

H (u,v) =

(10

1 1D

Ow =700 |:1_1+[(u2 Jrvz)/a]”} o

Hp, [ o) /a] R P, n g EVRRIR 0T U8 I %
DB, P T A R AR, B8 A T R R AR
D, =1 B 3 80 38 B 0% 28 A 1-4 [ B R 3 v 1 ik Ok 2
Vo W e 7l 2K

-3
1.5 710
——Gaussian

- ——-n=1
= n=2
A n=3
.......... n=4

W

3 4 5

(518 oy ST v A 308 U R L AR R T v i i Ok A A
W D, = 1 0% e A5 g i £k
Fig. 8 Amplitude frequency response curves of Gaussian high pass

filtering and Butterworth high pass filtering

at cutoff frequency D, = 1

ARV G U IR S0 v 3 O 90 S 7 AR Lk A Ak mT L
W2 E T A A SR R E R R B
3 5 AR £ 2 25 AN BE KK b KB 4% 2 22 & BRI



Gias Foav e X HEBARERAEMR

GRE

B Bt R AR 25 4 S B RGBS . A IR I
BYEC n M BUE AR B R 3K B 804 2 3R W 3l 473
B E A EGE AR5, B = 1B e
PR A E Y AR G 9 iRy, By, = 0.01,y, =
0.008,a = 200(AH 4 F# I MF D, = /200 H7E X Hi £k
P it P A B T T AR 3] T AT R

X107

%107 9.6
10 «

95 | R 9.2

H(u,v)
=)
=

B9 A SCfl R Y 2 B R IR T A U R
Fig. 9 The two-dimensional Butterworth high pass filter

used in this article

I A B 30 v 3 U D 2% 5 8 S R 4 () AT
RIZS U . AR5 B B CLAHE 284,782 7 & 10 fi R

4
5510

(a) AIBTER L ACLAHEZBBCR  (b) B (a) MBI R E T7 B
(a) Homomorphic filtering combined (b) The grayscale histogram
with CLAHE corresponding to image (a)
Bl 10 [RAMEELE A CLAHE 28 3 Ay 25 31 R R

Fig. 10  The results of homomorphic filtering combined
with CLAHE transformation

M 10 BERSE AR SCHR 1928 2 Fh R IG5 7 %5, BN
) 2L O B4 o 3 R A o TR S B D A 45 4 CLAHE 55 3%
L RE A% 1 TR 455 B TR 19 H 00, ST R 2 a5 A
3 EENER
3.1 EgMLEENENSH

AATH e g th & LV M BUR R 0 S RO T R S
2 O R 45 8 i A0 R B (AR Al o AR SO 0 PR A5 o i

BVEN TR IR (5 B KB X 7 ARE 25 R AH (M R R L
BE 4 NBH

IO =R ]

EZ i 08 T 5 B nE . & — MR xR — A
TR BEAEL A8 3 K A H B0 ) MR 23 R R L 2 {7 B i
BN R ZZBR ST R R K. TARE S
R 3O R (R X SR R T B R B H (XD . 5 B
A DL A AR i EUR A A B e M, 5 BR R i 2 AR S %
VIR SC R . X [R]— i 11 T 75 AR B A 8 38 R e, K B 2%
5o L R, T R A L PR B T R . MR R B R T
BAXWMNAD IR,

n

H(X) = — > pa)log,p(x) (12)

i

H, p(a) B DIRESH R,

2) KIEHI T RE

A BN 53 A — AT B 5 i 1 2 80 K R 1 2
T ARAE . B E 35 7 KRG R A o KR A AR I S, T
PG B AR 6 F 59 8 1 2 HORe B DL B s B RRAE , A X
mrEE,

1 N M o o,
RMSLO?HV'U.\Y - /\/mz 2 [I(l 9]) _I] (13)

i=1 j=1

Horp, ML N 43308 EMSTE « .y BIASJ5 1] L B KR
T TG ) RBIER Gaj) MRESLWIKEE, T RFE%
i V1 A S 35948

3) SR

ZER AR I (structural similarity, SSIM) J& & Ab B
J5 UG Ok BLAR BE B 6% . SSIM By = (14) R,

Cpyr, +C )2, +C,)

(ul+p+CHG +6 +C

Hol, psp, AWIEEURZEFBIME, o, .0, T PR E B
TRBEERRUER s 0., B IRE M E F2%,C = (K, X L))",
Co=K, XL, Hri L hEEDHEWE K, MK, HHEA
ZHERB K, =0.01,K,=0.03, SSIM ##:iF 1,480
TP 1 R AR P e

4) Xt L BE

Xof Fl B R A S [ DX T 2 s AR 2
PEG B AR A% 28 =22 1) K BE 22 57 45 KA P14 A ) L B2 3880
VR 2 VA% T T O, 40T S . X G BE T B A
KA PR,

CR = Ezg(i’j)zpaﬁw (15)

Hofr, oG ) MMBBRRFKEZE. P, HHBE
KRR D 6 B M BB HER . Xl LE 2 B8R A A AR
3R G K B 22 B PR A O B 20RO AR
e,

3.2 WiKER

T3 AR SCH M B 50 1 b O i B SCIR R

ek Ba & CLAHE S095 LA KCER 2 FhJ5 vk, RIVIR] 285 08 i 245

o 171 »

SSIM =

(14



%48 % v F oM & OH K

4 CLAHE $3k 72 5% 5 — A0 o1 3t X 6 P61 R 305 47 34 o 410 A10¢
AbFP, R T H M E 5B, overhang B4, A T AT i
XF HIE 25 T e PERL M L gamma B L 2177 B 8516 . LoG
P L K 75 BT R0 TR 28 Retinex B 0 1 10 R 45 1 <
MR 2 AN 11 R 1 e,

[ i

002 04 06 08 10 0 02 04 06 08 10

S

H— R H— IR
(a) R (b) fe G kR
(a) Original image (b) Linear transformation
x10* =<10%

(a) JR P& (b) G R AL
(a) Original image (b) Linear transformation g 2 f 2
1] 1
| IR
002 04 06 08 10 0 02 04 06 08 10
IR IR
(c) GammaZZ #t (d) B 7 Btk
(c) Gamma transformation (d) Histogram equalization
| 7 *x10°
(¢) GammaZg e (d) B B8k 6
(c) Gamma transformation (d) Histogram equalization 35
S = 4
| <3
2
! ]
il 0 02 04 06 08 10
H— AR B
| (e) LoGi1 &Ky i1l (f) H ¥ GERetinex
— (e) LoG edge detection (f) Centered around Retinex
(e) LoGiZi g Kyl (f) H 2 FF BERetinex

(e) LoG edge detection (f) Centered around Retinex

04 06 08 1.0

I AR
(2) ASCHR H 7 1 (h) A< SCHR H 77 822 (2) ARSCRH I T7 851 (h) A SCHRE I T 122
(g) Proposed method 1 (h) Proposed method 2 (g) Proposed method 1 (h) Proposed method 2
B1T PRGN o ik I R X L P12 2% PTG i B vk 0 3 29 2R %o B2 1 K 8 7 P
Fig. 11 Comparison of various image enhancement algorithms Fig. 12 Gray histograms corresponding to the test results of

various image enhancement algorithms

BE— 2545 P 11 BaS I 09 4 A~ 5 181 89 K B 5 1y

i 0 12 R L HE 45 R 1 R

RS 28R E 007 PR 4345 47T LA th % S48 th g .
P72 LA S R B 16 11 F1 EMEREEREFG R
JEG S 8 A U o 7 A 9 P A 7 P R L R Jrik RMSouen  HXO  SSIM_ CRA0 7
Vo AR SCH P T b A B o B A e, fRRERMERLAR 0.250 16551 7 0.7727 7.7
AR NP A2 A g sk . PORARERIERLM - 0.163 96,7288 09701 4.90
B % (o B 2 0 s 5 B NI . . S 12 R AR ScER H RS 0.2773 5.7332 0.6672 18.86
B 7 v HOBR B P07 TR 53 1 S84 50 A PR B 1R 2k LoG#ife  0.3241 4.2022 0.5547 1410
W R SE. BR T SRR MM LUSh A SRR e RUTRSE Retinex 0.170 00 7.306 8 0.7190 2.78
BE) G P (R0 SRR AT bR AT IR A, b it sE T ARSCRMIIOINE L 0.2107 7.6630 0.5966 32,82
Pl 1L 8 B0 B 7 AR B (A O SR ASCHRIE Tk 2 0.1416 7.1614 0.7076  18.19

. 172 -



g

F.oapbl X FLAREBLEAR

55 1

M 12Ce) T AT il T LoG B4k i 18 15 34 58 7 Z2 fdi
KBS IR BEAEHF HAE 0 IR Z A L, OB 3 BOL % WA
T AR HL AR B S 5 ARE AN ST L BE A B3 K. S % B UK,
EERFET LoG Bk iy EIG3E50 7 22, 4 H 3R 1 AP Al JLFh
PRI A5 348 3 B0k N o & B, AR SR FH R T o O TR R B A
B AT AT LS BRI R . HAh A SR ™
Bl A R T LR R R T IR B o B, X R
0 Sl G DUl R R, AR SCHR A 1 RO IR O AR

WK (5 Retinex 586 A 24 1 45 H0 AT DL 7 1 45 2 By
W5 Retinex FIEMIY . 35 35k — WA 30E— 5 Bk T A

SCHE A R S8 B T BGOSR A0 TR
KA .

4 % 1

A SCEF X HR HL X5k TR R O0F L BE AR AR 45
SURTF T BRI SRETE T SE . 7EXT L B3 s m o h B T
1 5t B e AR e A T AR 4 R B e . 25 R B AL G T
EEEMR PR E ESCRAR. B ASCRATT A E X
B AR M IR B S B R A5 CLAHE S5 6 1 7 i, EZ’E'
TR E IR AR, HAh, 2%l T R AR A
CLAHE 77 % .45 %%@%ﬁmmﬂiﬁ;ﬁmﬁﬁ/ﬁz%ﬂ’ﬁﬁ
[7) 25 08 2 5 T L YA i v T B AT ) 3 A E AR G BE L
ST LA ARTE IR S PR 22 AT T I, A
PG 10 22 7 AR IR BE AL AR 05 L 465 K AR RL P RX L BE 55 DF
PG T (4 % A8 0 o e TN T AR SCER Ly 0% R IR Ak
BT SRR L XA LR PR A B b g B
S % 3Lk
(1] EEPLL MR, R, 55, %Eﬁ%%m%%ﬁiﬂﬁ% X
RGO HERLT] & Ot ¥ . 2024, 45(8):
1266-1280.
WANG L K, LIN H J, WU K, et al
progress in X-ray imaging of metal halide scintillator
films[ J]. Chinese Journal of Luminescence, 2024, 45
(8): 1266-1280.

(2] FMER.E T BT TR 22 190 25 o ) 22 Fl b i AR Bt
Falyl. T IE R, 2019, 42(19): 182-186.
ZHOU J H, GONG Y J. Detection of electrode defects

in lithium batteries based on convolutional neural

Research

networks [ J]. Electronic Measurement Technology.,
2019, 42(19). 182-186.

[3] LAM R K, RAJ SL, PASCAL T A, et al. Soft X-ray
second harmonic generation as an interfacial probe[]].

Physical Review Letters, 2018, 120(2): 023901.

(4] sk, B m v, a8, 25, 56T K A8 e R o ok
Retinex A% B8 B B4 3 58 [J]. 20488 R, 2023, 45
(2): 161-170.

YOU D ZH, TAO J T, ZHANG Y P, et al.

Low-

[6]

[7]

(8]

[9]

[10]

[11]

[12]

light image enhancement based on gray scale

transformation and improved Retinex [ J]. Infrared
Technology. 2023, 45(2): 161-170.

WRAF . 5 T B B 3 4 10 15 0 38 hr 407 10 B A% LR Y
SRE k[T ] [ A 7 W R, 2019, 38 (7))
131-135.

CHEN CH M. Lead line image enhancement algorithm
based on histogram equalization and Laplacian [ ] ].
Foreign Electronic Measurement Technology, 2019,
38(7): 131-135.

M 2. it AR i B 1R U SR OF S (D] R L
Tolk k5, 2021,

XIAO X. Research on image recognition algorithm for
internal defects of battery [ D ]. Tianjin: Hebei
University of Technology, 2021.

KRWRA i, B ARE AE BT X-Ray EIZ 9 HE A i L A%
o g5 ¥k [T J6 24 Wyl {5 4 R, 2023, 49 (3):
532-540.

ZHENG H J, XUE J, LYU K, et al. Lithium battery
electrode detection method based on X-Ray image[ ]].
Radio Communications Technology, 2023, 49 (3):
532-540.

RSCHE. Tl X I 2k FR SR Bk B 5 (D], KR
bR 2%, 2022,
ZHANG W L.
enhancement algorithms[ D]. Taiyuan :
of China, 2022.

JEBTA SR . BTN R S Canny 53 fil & 09 22
AL AT B R A 7k [T ). B A R, 2023, 46
(4): 149-154.

ZHOU X Y, HU Y M.

defect detection method based on fusion of wavelet

Research on industrial X-ray image

North University

Lithium battery electrode
enhancement and Canny algorithm [ J]. Electronic
Measurement Technology, 2023, 46(4) . 149-154.
IR IR, ST Retinex 595 09 it 3101 1&614% 5 & 3
s O B ] T SEHLE B, 2023, 40(8) : 235-239.

QIN CH, SUN CH, Simulation of aerial image quality
enhancement based on improved Retinex algorithm[]].
Computer Simulation, 2023, 40(8): 235-239.
BREVE L BREE, RIT. BT 20k MSR AY £ e v X 2k K
ISR STEELT . DR L 2022,45(9) 1 113-120.
QIAN Y Y, WEI W, CHEN D.
enhancement algorithm of lithium battery based on
improved MSR [J]. Electronic
Technology, 2022, 45(9) . 113-120.
X F SRS R, X . B T Retinex 1R S I8 % 09 X
S A R R [T ] W B R A4, 2021, 35
(2): 128-133.

ZHAO Al L., ZHANG P CH, LIU Y. X-ray battery

X-ray image

Measurement

+ 173



948 & 2 F o

T # K

[13]

[14]

[15]

(16]

[17]

[18]

(19]

[20]

image enhancement algorithm based on Improved
Retinex and homomorphic filtering [ J ]. Electronic
Measurement Technology, 2021, 35(2): 128-133.

S K, IR WY, B, AR R T AR E 5 B0iHE Y
CLAHE £ REZRl-& K T EGg R ] Tl TR,
2024, 54(6): 1470-1480.

MIY F, CHI M SH., ZHANG Q. et al. Underwater
image enhancement based on color correction and
improved CLAHE multi-scale fusion [ J ]. Radio
Engineering, 2024, 54(6): 1470-1480.

EEI X TR, % R BT ok i LAk T
o CT B g s 77w [T]. I & B R, 2024, 47
(11): 160-168.

WANG Z J, LIU W X, YANG AI M. Industrial CT
image enhancement method based on improved whale
optimization algorithm [ J]. Electronic Measurement
Technology. 2024, 47(11): 160-168.

1= 5L 4. He T w2 P 2% 10 Tl XS £k L4500 5 B3 0k
FELD]. K b Az, 2024,

YAN H X. Research on industrial X-ray image
enhancement algorithm based on neural networks[ D].
Taiyuan: North University of China, 2024.

RARA . T B 2 W4 G 1O B % 4 R Gk BF
FELD. MR« IR H T K 2%, 2024,

WU ZH C. Research on low light image enhancement
algorithm based on convolutional neural network[DJ.
Harbin: Harbin University of Science and Technology,
2024,

ER R AR BOORAR A SR T R A S IR AR BB X
SR AR S g R [T ] R I, 2024, 46
(6):17-23.

WANG SH S, L1 P, HUANG D W, et al. Image
recognition and enhancement of X-ray detection of weld
defects based on deep learning [ J]. Nondestructive
Testing. 2024, 46(6): 17-23.

FeAE TR R T A ALY 8 W R R 5 T vk
FELD]. bt A E B B oy, 2023,

WU M F. Research on unsupervised image enhancement
method based on attention mechanism [ D]. Beijing:
University of Chinese Academy of Sciences, 2023.

FiE. Tl R X B2 g by R R K A
R FE PR FED]. SRR B F R K%, 2019,
WANG X. Research on image enhancement and
automatic defect recognition algorithm in industrial
microfocus X-ray imaging[ D]. Chengdu: University of
Electronic Science and Technology of China, 2019.
T R 2, EERE, . ST RGO E Y I
FE R X BT IR B W LT ). B2 TR, 2023(6)
10-16.

174

WANG Y, LIU G H, WANG L CH, et al. Micro-
focus X-ray source based on carbon nanotube cold
cathode and its application[ J]. Vacuum Electronics,
2023(6): 10-16.

[21] HUIZ L, WANG R J, FENG N N, et al. State of
health prediction for lithium-ion batteries based on
ensemble Gaussian process regression[J]. Journal of
Mearurement Science and Instrumentation, 2024, 15
(3): 397-407.

[22] RAWASH Y Z, AI-NAAMI B, ALFRAIHAT A, et
al. Advanced low-pass filters for signal processing: A
comparative study on Gaussian, Mittag-Leffler, and
Savitzky-Golay filters[ J]. Mathematical Modelling of
Engineering Problems, 2024, 11(7). 1841-1850.

(23] BMEIE, E X5 AL EH 5. WD X 9L B G T
JEHG SRk WP T[], s 24, 2015, 35(3): 97-106.
LIANG CH H, WANG Y D, DU G H. et al
Research on the contrast enhancement algorithm of
synchrotron radiation X-ray image[J]. Acta Optica
Sinica, 2015, 35(3): 97-106.

[24] PELI E. Contrast in complex images[J]. Journal of
the Optical Society of America. A, Optics and Image
Sciences 1990, 7(10): 2032-2040.

(251 FRSCJE. A8 B AL Wi, 45, Bcit A CLAHE K& 3%
SRR MK FPGA SEHLT ] ML Tl 4R, 2024, 47
(10): 126-133.

LINL P, YANGZH Y, WU M CH, et al. Research
on the improved CLAHE image enhancement
algorithm and its FPGA-based implementation [ ] ].
Electronic Measurement Technology, 2024, 47 (10).

126-133.
[26] JaF. Tl S48 R 38 i S0k i ik 95 [ D, T A8 g B
T. K 2.2020.

ZHOU X. Research on industrial ray image
enhancement algorithm[ D]. Guangzhou: South China
University of Technology, 2020.
EEE N
BEE, BULOIEA, LT ) AR A B SR
E-mail: 694428034@qq. com
BRI, FEMIT  E A TR
E-mail: 1769157034(@qq. com
MBI R LR A, FERR T E B FHEAR,
E-mail: 1247924172@qq. com
EERS A AR, Mt EEHR T NESYE, A
AL O VXSRS
E-mail: aoww@ustc. edu. cn
BEARRGEGES  BIBER. WL, EZB5 7 m S n
YL X ST ER AL B

E-mail: lanjq@ mail. ustc. edu. cn



