Mk Z

HUNAN UNIVERSITY

P F 0183

HC AR AR E I L E iF
HREESORAN AR

=
i3
ey
Iy

e
4o
o3

i

aft
S
=

fiL
7l

15

7K FH

ZR MR 4%
BB BER G L
AT

T AIKHF]

G5 K f R s 0



FRAKED 10532

E

o = $2301W0133
2 %R NI

TN 2 Tl e VAT

ET Ht AR GRS L E h
SR G IEMR

E X HRBIEFE S (52278306)
RS S TR (2022SK2096)

WA AR SRS TIH (20231170003)

B KFT KRR H  (XSKJ2023059-31)
WA NS EHITRHIE (yjtkjxm_202406)

B & # % 5K

B & H I Z MG E %
POBI R v T

1 F B {6 AR TR

T A X F: T AIKF

T ol W 235 L) {1 s 0

1 X 32 H #A: 2026 F 4 H 16 H

e & i H HA- 2026 5 H 21 H

EMERSTE: PO AT




Research on the Identification Method of Ceramic Tile Debonding in
Building Facades Based on Solar Loading Thermography
by
Yang Zhang
B.E. (Changsha University of Science & Technology) 2023
A thesis submitted in partial fulfillment of the
requirements for the degree of
Master of Engineering
in
Civil and Hydraulic
in the
Graduate school
of
Hunan University
Supervisor
Associate Professor Peng Qin
Senior Engineer Zhongkun Tan

May, 2026






[lEehA7 'S

MK F
FAR R 1% = EA

ARNIBEFEW: P 2 MR SCEA NAEZ TR $E T T 34T B 7E T HUAS Y
BEFERAR o Bk 1 SCH RN BARRE 51 I 246, AR SO S AR Hofl A A Bl gR
TR O R AR BRI R AT o X AR SCRBIE FE M L B DTk A RERAR, 2 E
SO AR T AORR e AN N 58 4 ROR BT B IR e R A A KdH

TEEE4 H Y- # A H

FAL SRR E AR A F

AN AN E e 4 TR R R . A AR SR RlE, AR Rk
B I 7 XA BT T BB LRSS 18 SO R BT R, SR VR SO DR AN )
A NAZALHI R R 5 AT RS AR S A7 18 S 1 A B BT 70 PN 2 2 AN AT R0 B EAT IR
AT DLSRFIREEN | 45 B B 1 55 S 1) - B DR AF A G AR A 618 3

W AR SCAE IR & AL

TE&E %4 H 34 i
FIMLEA EE R i

Jo o
m m



LT G AR F ARl 0 ST T A 2 U ) 7 0 9

wm =

BCETTTRAK, SREZ G 7 PR A R, KRB @R P R i
JREECS IO S/Es iy v p S E AN N X P q RN VR PR I NtE RS X (S N =S
St VA T 2 Pl e S OB, ™ BB T 382 4. F R E I S e s 5 9
BASE WL mik . Sk IRIEEVE. BABIE S A AMNMRES . i,
H 2N e A I 7 A2 B S PR A et 0 0 22 8, TeiA il B e BRI Rt B 45 R 5
N SRR RE N 2 i S SE f  AE, BR CA TERGHL a8 N\ S5 otk T B, (BB AS
SENE S A R A s o S BOREA BRI, RORAKT ;s SRS IAVE S A ik
ARSI IR R . RS FIIRAEAME S RIR . M2 N, ZAMMRIRAE ST
MWLBA SR e R A B SRR Rl 5 e R Bl Tt ) KT AR & 1 25
as, N SISO AT B AR, AT AN T = A L M AT
T AR Al (1) SR BHAZ sl R EE 5 e S04 A7 T e RS ik PR I 22 SR IR = R 4
et (2) IR FREIE T2 5B RBINLE = R e e
7 (3) B HTI Mgy S AR E S e I 7 vk R BEAR B RS 2 gk
BESIAN L o BEOXF_E3d i 8, A S AR T e 2 S5 21 A M 1k 36 Kty Stk e 7 K FH
BB R SR AR B T 2 A IR SRR 5 U T 2 Sty 7 ) Je AL A
FOMEE T2 A0 B AR B (12 S50E A N 5 VR 78, B AE 3T BB AT 2 SRS g
TR« Ry ARl A 2 SR ) S AN A - ASC EZRT AN A IR -

(1) IR TR PRIz sh I S5 S s BRI 7E, s 1 SUAP AL T H BEURFAE
PRI 2 70 AT AU o BE T RERAMGR SR EESL 1 KPR R Ay AL 57k, R0
BT 2R, V. R ABPUANER A s R ) H BRI B H R R FE R A SICK
PR S o R T AR, Dy 882 s i N2 B2 PR R ) I 57 26 A5 SRl 1 W
s Bl ) DX, SR AL T s P A5 B K R IZ 3 LA S AR SR 5 AT AE KT
HVEE AHET R,

(20 JFRE T RR . KT % 22 S 4L M RS, ] T 25 R RS
PR T 2 s N s AL . BTHRIE TS 6 MR RTINS B R & 2 st
563 PR T AR T S S, AT BT DU SRR e, O T O SRR . RGT0)
B A BRGE GHARS R Xt #oet LEEERIsZ i, e 1 2 SRS 5 VS 590
FEMIERI SRR A ST AR ol B THS, $8R 1 AR A ol EAE VS SR TP I 1
A T B AT LU P2 Ve B AR S T S WAl IR ¥ 50 B L 7 IR 5 won B JEE Y
LAk AR, B 1 SO AN [ sl ) it T PR R RE R 5 DL 1.0 °COAR Y R L
WA 1 % 0 ik T A I R 22 3, O R 4 L R ) 4 e P ) e R A O P

B



[lEehA7 'S

(3) g 7R AHNEBAEE N SoE BRI, R T ERERTER
I EARIIRG L . 07 1 58 BB UL S 7 F1 € B : XS Bt 1 #3080
B 5 BT B 9 5 7, WRIE T RIS TS CLAHE #4992 & (it Bhxnkas
TR, $EH 73T IR AL A BT i%, A ROHEER 708 HAs T4 mE
A A BL P TR S IR P — SRR b, B 1 2 TR0 A A 1R 23 )
Jiik, HAERS I IA RS FE_ BT =M st R RT7i5, @AL 1 BR8] 7 7
REGYERSTIBRI OCR, KL 1 s AR I E B LUK T R L i by
i AR FH 45 KK, Frie ik S gimidn AR L, iR SR S v, £ 5K
BrAer I AR i A R4 1 N S

XEEiE. BSEHmg; BIIME; IhEREE; KEEmAE; MERER; Al
RiFLE; EEWRN

I



LT G AR F ARl 0 ST T A 2 U ) 7 0 9

Abstract

Since the reform and opening-up, China has experienced rapid urbanization, and a
large number of existing buildings have gradually entered the middle and late stages of
their design service life. Under the coupling effects of material aging, environmental
erosion, and construction defects, spalling accidents of exterior wall finishes occur
frequently, posing a serious threat to urban public safety. Currently, the commonly used
methods for detecting external wall debonding mainly include visual inspection, the
tapping method, the pull-off test, ground-penetrating radar (GPR), ultrasonic testing, and
infrared thermography. Among them, visual inspection can only detect debonding that
has already caused visible deformation or damage and is incapable of identifying hidden
defects. The tapping method is highly dependent on the operator’ s experience and is
difficult to implement on high-rise walls; although wall-climbing robots have been
developed as an improvement, challenges in adhesion stability and cost remain. The pull-
off test is a destructive method with low efficiency. GPR and ultrasonic testing both have
their own limitations, such as complex data interpretation and inconvenient coupling
requirements. In contrast, when deeply integrated with unmanned aerial vehicle (UAV)
technology and intelligent image processing algorithms, infrared thermography combines
the advantages of being lightweight, non-destructive, and capable of large-area survey,
providing an effective means for exterior wall debonding detection.However, infrared
thermographic detection of debonding in exterior wall finishes still faces the following
problems: (1) a lack of systematic analysis of the spatiotemporal correlation between solar
motion patterns and the irradiation characteristics of building facades; (2) insufficient
systematic experimental research on the thermal imaging identification mechanism of
debonding under the coupling effect of multiple environmental factors; and (3) under
complex background interference, traditional quantitative detection methods exhibit low
accuracy for debonding area estimation and a clearly insufficient capability to detect
small-sized debonding. To address these issues, based on experimental data from infrared
detection of tile debonding, this paper conducts research on solar motion patterns and
radiation intensity models, the influence of environmental factors on thermographic
detection performance, and a quantitative debonding detection method using infrared
image processing. The aim is to propose a low-cost, high-efficiency, non-contact method
for debonding identification and quantification for the exterior walls of existing urban

buildings. The main research contents of this paper are as follows:

v
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(1) A study on solar motion patterns and radiation intensity models was carried out,
revealing the spatiotemporal distribution characteristics of solar insolation on building
facades. Based on the celestial coordinate system, calculation methods for the solar
altitude angle and azimuth angle were established, systematically clarifying the seasonal
variations of insolation time windows and sunshine duration for east-, west-, south-, and
north-facing walls. A solar radiation intensity calculation model was introduced to
provide accurate thermal boundary conditions for subsequent debonding thermal
response analysis. The regional representativeness of the observation site data was
verified, indicating that the solar motion patterns and relevant conclusions derived from
the site can be applied throughout the urban area of Changsha.

(2) A full-scale, long-term infrared detection experiment on tile debonding was
conducted to elucidate the evolution pattern of the thermal response of debonding under
coupled multiple environmental factors. A glazed tile finished wall panel containing six
combinations of debonding defects with different areas and thicknesses was designed and
fabricated, installed on four typical orientations, and monitored in a one-year field test.
The influence of debonding size (area and thickness) on thermal contrast was
systematically analyzed, and a positive correlation between debonding size and thermal
signal intensity was demonstrated. Based on the radiation intensity model, the dominant
role of radiation intensity in the formation of thermal signals and the time lag between
the peak thermal contrast and the peak radiation intensity were revealed. A linear
regression model between sunshine duration and thermal contrast was established to
quantify the influence of sunshine duration on differently oriented walls. Taking 1.0 °
C as the detection threshold, the differences in detection effectiveness for each orientation
were clarified, and the optimal detection time windows throughout the year for each wall
orientation were summarized.

(3) A quantitative detection method for debonding based on infrared image
processing was constructed, improving the quantitative detection accuracy under complex
backgrounds. A complete workflow of image preprocessing and segmentation-based
quantification was established: various filtering and histogram enhancement methods
were compared and analyzed, demonstrating the superiority of combining homomorphic
filtering with CLAHE enhancement. To address the thermal interference from tile joints,
a joint removal method based on strip masks was proposed, effectively eliminating false
target interference. Integrating three discrimination indices—thermal contrast, area, and
absolute temperature—a neighborhood multi-threshold image segmentation method was

proposed, which outperformed three classical segmentation methods in the detection
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accuracy of debonding areas. The mapping relationship between image spatial resolution
and physical size was established, enabling the quantitative calculation of debonding
areas. The engineering application results on the west-facing wall of a building in
Changsha show that the proposed method achieves higher detection efficiency and
accuracy compared with the traditional sounding method, demonstrating promising

prospects for practical inspection engineering.
Key Words: Solar loading thermography; Building facade; Ceramic tile debonding;

Solar motion pattern; Environmental factors; Thermal response mechanism; Quantitative

detection
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LZ B AEYRIRTHE RGN R, (55 0, AR R 2 RO,

(6) LLAMGIE

LLAMGIE I )RR T R H L0 AR S, AT LIRS AR B AR
AIRRAL AR B, 3 AR TS AR AR SRR 22 e B S B SR TR FE =, A R )
FEE N ERERIE X IR, W 1.3 B, SEARFE At st e, KA, 3Rz
ful ARSI, T I AR AU, KRR I R EE S AN AR R R R
BE V4% ) S0k DA S N T fig 5 IR A B B0 A PR R AR 2022), 2T AR SR B R 1
L TEAS A8 o TE ANLIE IR R G AT @S A KB AR B8 42, fe T
AR AT IA P o B R AR A S R P R B A e A 1 2 AR, SR ER T
M ORI . ol B BRI A SRt T BRAR AR TR T R, AHOREARIE L
JS IR ZR O 24 1 e i 123281,

a) " WL

1.3 ZEHMREE
ZL AN BARIEAR I8 BB R SR IEAS [F] . AT 43 N a3 AR (Passive
Thermography) 533 X4 (Active Thermography) WK, # 3 XM EE
BRI i B B 5305 2 T8] iR 22 B H J SR I R S e A b AT Rl e =5 4
N TG, & T EAR A5 R Bl E SRR T IR T A o 32 8 2R A8 ) sd i A58
Bl CUNTNEAT o R SO BTSSR (Al Bl A A e o o] 428 (1) R ik v 8 ) B R
B, NG D™ AR R IR 2, N THRAT 5 i HA00f t BEAE I b, 5 T
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S & B PR R AR o SRTTVA S RS, wahalE & AR B iR
Bk, 3= h AL 2 B A/ NGRS H 7 T B D SR A8 R AP AL T 2 Sk
I HR T HOEASABIEREAT 702022, I — R R R sh AR, BIBOK
FRAE 9 AR BRI i SRR TR AT N4 o SR, 1207 VR IR U AR AE AR KRR |
RINELAEH L), EIERRA R . AR . XU DA S A A SR R R, B R
RN 2 R T ) TR MR S A I 45 R B R SR AN, AR BRI R,
SEARHLIE 7S\ IAEE SN AL GE RTINS, 8 B A B G b B e LA
X EEJEEAN AR B R T S AR S5 T, 4 2 S (X3 1 R B 030 i R I

gi b, ASCHIVER X H OGRS o 2R 5T DR 200 25 i B2 () S ML A AN 1
DA ST TR 2 TR A4 EURAE 0 PO A S % b A 2 5 3502 s i IR M P 1) R,
JEEFHE T H G AN AR 1 3 S04 M U 1 e 22 SR D 0 7

1.2 EAIMARINIR

H 6RO BR AR AL S B TR A B S P IOR S B AR RS G 00 391 ) A5 2% A 1) o
P, IR T e SR A B SR A A S B, IR FRE 1R S
BRI SERRPERE . 5 H A A A% T H G AR AR AR I e SR A ST 1 i R
SRR EZAE P T LU AT (1) PRFTHI R 0 A GG I R 0 5 i
M (2) BRITE SR E EA I U5 1% .

1.2.1 MR REZEF ARG NRER SR R AV T IR

PN A7 3508 TG AR U it A v B BRI S e PR 2 AT TR AT, RV R
IR . AR smfE . AR KR, BE. RAESRER, B4 K2R T /M
E AT

Clementel?), BabarPZEHF 7B, B0 80, BT LLE AT GE X
Dt b X 38 5 e 1 DX S8UAE [R]— I 20 R R 228D AR ATt BIAE IR B Ve (i RIS A It
o

Freitas &5 @ i iR EG B FLUE W] 1 AMEE TR K = 75 5k X 3805 e 0 X 380 BL iR B2 AR
R RIZY,  Hohndad R AR PR i A2 2 20 5 R IR =

Lourenco Z¢ZVIGHIE [ 18 FHIVLLAN i N 2 i & /K 2 S i el A7, 988
J& TR B AR R G I BT S SR R, 45 AR B SR R Re g R AR
TR IR 2, MR RS HAEAERT R AR, BAE #E AR e PR I B 47 5
BRI o

Cheng Z6P 1R 7 BB AR 7 V5 3R15 1 25 sioar il Ay e A 6k 1) A0

Washer S¢BOF SRS, A4 ) B TR0 453 1 A A0 5 e Ak PR UL 2 2 i 5 XGRE F)
ORI A 110 2498 S BRI Xt R B TR, 262 v 1) ROk e % J69 et S of B o
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Pozzer “EPTIFTE 1058 R 30 TRk A P9 308 70 J2 S B A DM ORI 52, Jd it
BEUHZ MR T 8 DAFERISEC S RNR A A R 8, IR .
DI BE A BH AR 5 AN AU A7 2 S i R i TR B AR A K A R

Cai SEPNERBIIAS R ST, AN E TR B LR TT e 1 BUE M LI 0T 7T,
SCHL T R RST  E R BRSBTS B AT 2 [R) R AR I 2tk Btk

Edis 5N HOGRUG TT k12 BT B aE A T B AR PR & K R S A, SR
Yy A FROTIEIEAT T WE SR i, HEetHE: (1D S/KRFRBOR, RmiEzE
R (2) HE/KESERES A RBGSHFFEEN (a1, B Z 5B ME RS
IR HAg g (3) B AYHRE S 9 S AVBE R 24 A TR m A L

P4, Edis A EET H OGN 3 5 o3 3 B R g Aer 72 SR e
T 36% & KR SR AL o BB 77, $200 1/2 h Bl 1 h R8s R AR 18] f a] DA
SRAF B B0 T 3 A e, S B e B SR SR S

Jun SEUTE S B R IR IR TSI TR SRS XU RIS I 2 ek
MRCRA TR, EEARRS. KENRES M IRT 4R EE KR, HiE
S 5 FEE 5 SR ) AT BB B A L 5 ARG X R i v FAKE LU JE S B3R A0t LY JEE U
BLIAI 18] PASEIR AR EGRI , AAT5E T O

Li SIS FDOG RS AR A A I A AS IUREAT 1 BUE 2 B A Bk, 73 Hr
1R R SR RS, R X 70 R R 5 A g T T R o A 1 52 i SRR

WEi 5 S B T AS[RIZR AL 1475 P 558 DR 3] R B ABA 0 S8R R S R
T RERY s R 05 A7 BAL O LU AT IR FON A RN R, IR AR R, 45 R/

£ 1.3 i
= 1.3 MEEZE B AR IGETA 82034
RGE CE AR

EALVIE AT H ot HEIR

171 B HH
ARSI AF A H AF 1F
BRI 1 F AH H 1F
B AR AF A H AF 1F
RIHH A A F Rl A 11 F

gZia UL b, BUATEC AN B B ol . R MR SRR ED
ANAERERR TR T IR ZO S A  ROR (2 2 5, IR R T R A
[R5 R AL (A A BRI E 5 7o ST, 4RI FEASAEAE P T B AN : (1)
XK IS SR S HUAP AL T AR URF AR A IR 2 SR IR R = R GEME A e RFH T LA
e EE A PR H AR A 5 2 AR A LR R S SR T (R AR S IR E L B A R R T IR
FERFAL 2 110 PR 2 S R B A S PR AR P R TR, 17 224 T P9 A ST 0
RICDHJEGENTRMNER, 3BT AL ES I BL, #5775 B o (& BAEA A2
(2) ZHERFMEMEN T B ARERBLESR =Z RGER R . DA
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JIR 2 B S = ] A B s R AU R e, RAETE 70 5 I8 S BN R 2% 1 .
TokZ e R KR P SENEHE SO, ARE I R ] SE 1k 5 @ I M RS B 78 7
Bk, HEMHIZ) 7 HAESERR TR R e N

1.2.2 FEEVIRAFIE N IEMRRIR

b A SR AT E AR L, a0 By KB AL B (Digital Image
Processing) AN R AR AEIRBEAT I 55 7 FYST, B R A B SR M T 5
WS ST B R AT AR 0 7 A S ER AR A — 18R SOy BB A B — M%7
SIS YK AR RERE, SENERE TR (BB ) IR /IR R 12 4 18] 7 B (1)
JEIREEERAE S, G ER )R E B R SeiX — B AR B T o LA AR 18
ARG P 7 BISEIEE D B PAC Y BUB R R 5K A S S
RRIFS e I A0 | 0 U P o S AR AR e, AT 35T U I 5 R 5 1B DX
IR BEZ2 5 fERCEEAS b, BRI SR A 73 A IR AN E SR R BRI AL HE U, Hs
R DX L AR R T RN 2T b o B R, SEIL E bR RIS B SR L £
e LA E PR AR HARIEAT JUA RS s P e PR ) e & . JEER, FISRLLAh K
AR BARAE TREE A 2 SR T N H, [H A SN2 F T T RED T, M
H EHSPRRE MR e RAPFE 2 A0 8 N AN R, (EIX LT
FEITEET LA B 2 s iR 5 s A, Bk A IR P B, HA&
B U BRI . 1T, HHOCHER CIR MG G BUR AL BEBR 2 ) . B
— IS B 2 BS R S EORTERE K4S o AT W ST IR S BRI AR A L, XA R
W FCEAT R G

(1) EFAEG AUy BB A FR SRR 7 i

Fegi By MR AL B 7 ikl B DL SR BN A B BT, JE I R B e« G0 S A )
BIE 7> &) SFIEESE T TR EIRIB B R SR A RAIL . X ETiRR 2
T (1) AIEREESE, BESACED BRI SCUIRA, TR g SRR3R AT 5
R (2) FEAEARSEAT T RE LD, AMRBUOC SSRGS, & T E
ATREAER 5 (3D SREEIURIAE B s . (A RIRPERFEMIE: (1) AR
AR, BiKEEI A LIRS 5 0B DG 2 KR TR TR (2) XExK
TREBUR, wR5E. B2, RO TILS SEUL GBI FIE M BUR 2 H18id 2

FERFIIMEATIK, Wallace S59Me H — Mt T~ 25 [ K A BRI B R AL BTy
2, R AR PR B B AR PR R O SRR AL I, SEBL T A E AR . Zhu
SEPONS Canny WA FEREAT 0, TRV SR, THIRELN 10%.
Lu 5505 580 de KA Z2 5092 5] N Canny ARkl $& i 125 Be B B RiAS
J. Garrido S 1 RHG . T EHR BT BB S 2 085 T i, Sl
T REHR N B S B K BRI AT . 1 7 a1 LA BRI S A i A
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RS S5 R R G T . ROCEEPIE SROLIRE S HRBEOR, i B AL
L7 TR AR AT 5. Chang SE 13 Alde 1 TR S5 U0 0 B R A B 5
2, T S BLhiG, Wil 1.4 BT . Huang S0P H—Fh 5] NiREAY 51 1E S
2 %@ 1 RCF B BB . Tu 2078 2 REL AR i, R4 =) 5
AR RN B N2 A AR, ST MR SR (5 B S e g
AURAAR L 51 3T S 70 18, 7T AAEAS A A 2 [ RUBE B SRR R 25015 2. 25 L,
SR SRS AT 1 1% S B R AL B 5 9 QB TR R T BB 5i . IA Gl 2 Bt
BNBON R G BORNESE, HEBHTNEAER IR RTINS = S AU B
MITTERG AR, JCHX N B S s /W A A2

(b) (c)
B 1.4 ERAIRF ERLGIEDS
FETE I SR, Omar®iz H K M R EEIAT R G E 0], 8
TNLTHRER MM, WK 1.5 . Iehi P& 1 HI&E N UG A BB, 1RIR
EE LM Ay BRI L T A% 48 K 548 (K-Nearest Neighbors, KNN) 5. FE52
s PR FH A i 07 v 307 9 O S I T VR E R AR Y 2 Bl RSE 43 2 B B .
Mohanned 5O H /N AR 1) 2 RBE 04T, A4 R UG B0 5 40 ik 1) 7 iy I Ak,
Tt T IRIZSRBERTIIEE 77 o Hiasa SN A FH RO, R T RSB AR
B MIRE J 7k . Pozzer 252 4 g 2 Al 5 3 515 B4R A (Building
Information Modeling, BIM) fli&, & Et T ZHE MK E . Cheng 51047
Y R IRE AR K P4 7L (Level Set Method, LSMD , J@ I ## JH—1k
T PR P I St i S F R 7 BRI, SEBIGHVR % - % THD 20 J2 R B s S ke 5 1] o 2%
., TERR S MRS ST AR BN R 22 RIS A 4 T TH Y R A e i
it 7 BB (1)K M 3RS B E 36 B T el of Ak 20 8 N T ) R AR
(2) NS KPR TTIEAE RS URIE R IE TT T 258, v 241
R R T R A




F T HDOEH AR B 2 HUHN SL T U T % 22 b 7 ik 9t

13.5

10.5

-
N
\

7.5

Warning Monitoring Sound
1.5 HFRAR S E LSS

FE R 453, Worzewski S04l i P AMATE 54 TR G, B8H4F T HOk
FRRAGAG I - 7 BB B AT 4T . Doroshtnasir 256U 57 1 38 i /b #ug B T4
DR 2 kA4 i 2L AN MG UBT B, SR a7 B 8 s o e AT Pty R IV 32 T s P o S8 [T 55
STHESE T H G R BARAS I XL B 38454 1A 2P . Galleguillos S5 T6 A
BLSE T AE A5 KATLI R B B R s AG A N, 45 SR 3R B 7 6 T PR s il - ia A7
FErh i WIS, 43 RN EE R SRR, 1545 AH B AL B AR (R Atk BTN
RUILEA I oA F- B« Chaudhuri SN 7R KU I B #3847 B 6 ARG, (R
ST IR 455, ISR T2 A0 KL 26 3 3547 BR T 5L,
DATRGI RATL I B i 2 - 2 55 S VO A B TR A8 S I 24 B G v
Haegeun 57 Hg B G  FE[H] @ U8 7 (Fixed Pattern Noise, FPN) S8 {52
W IRAGRAGE, AR LE BB A5 AP AE A TE B0 S SEILNT FPN 7 BRI fh i . R
SR Y — P T IR T B 3 T 745 5245 £ (Differential Morphological Gradient,
DMG) HZIGIEITE, FEE5Ex L2 IR H IE N B 77 B33 A ot Rl UG 34T 3
o Jiang SEUPIEH —FhIE T BY U1 AR AE 73 BT BT BB, mT A0 R 7 1 [ I
NI RN 2% . Qiang SR H —FhARON 7 41 22 S A0 ER (PR BY LD AP AL AR G, R
A R0 SRA IO R B 0 AT X A U R R (R 5, 3G A R 5 2 . Bul PHEH T
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— AR IR B 2 M EVR B P 2D AN AR R e, A TR I JRGE R e R RS
Fh, 1Z 745 &4 H B A8 e (Fourier Transform, FT) Z<lg. Wi #VE S5 H Y

(Thermal Signal Reconstruction, TSR) E AR &2 (Hybrid Domain Denoising,
HDD) &%, FHAE b SEA % kb A A7 By sif% (Pulsed Phase Thermography, PPT)
FiAR, TRk TG IR TR JRIBR M . Zhou SETSIEE HY —Foft JXUHR H- B0 SE B g 4G
J7i%, 18I “Regression Crop” (¥ Milib 3 5 RGB-£LA1 H & MFFERI A EEL, H
RIX 53 J 2 i s 55 L SR 5 AR 2R A O R B, N1 1.6 oo 5 b, JXUHL I Jr &g
B FEAE H DGR EAR T AT PRI UE | 28R B T AU T A 20 38 v SR B 3802
ML R T HEEAR, MEFMERN R ERESEE: (D RS
IR AME (7] J8 R TR L TR 544, T 70 BH ' HESR 8 sh 3Rl 77 205 o A LS A
A )z B E R AR B A R TR E;  (2) DMG 1A S i AR A 18 25 1 4%
AL BEHOR AT MR LA BB I iR T it 2% .

Real damag

B 1.6 BESLEES ko
FESCARAAF IR, Ngo ZEUR R 73t SL LA DE S B A2 L. Wei 25178153 5]
e TETERLH S Canny B ML G HMESREBGATEE, LLLEET Faster-
RCNN 5iE# 2 S (BRI E 4% )75 . Chen MG LU AMEIG 4% HSV (Hue,
Saturation, Value) Fi5[0], SR/GHT Canny AR EBRILZE R, &

11
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JEIE I TS ) R E AR ZE R A BEREAT 208, Wil 1.7 Fos. 43E, Ot
IR AR 0 4% G2 07 105 AU E 23 () B 4 AN SR 2R e W s £, FLKG IR AR B e &2
HSV 2 (BTG 70 R B, A NN AL AN B A 25 5 5 1 DX ) 0 R A AL
nERMtSE,

B “ﬂﬂﬂﬂl&&&&a mm
[

;@Ji‘ ‘ iE\QF !

B 1.7 $MEER

FEH TR, Ahmed EEUEH 7 — P T LLHMEME 2 50 HE 3 73 M 0038 S A4 k)
SREGRAETTVE, B0 /INE R BT BE AL £ S 2 R R 43 51, SEBIL T B
[y A5 e AL . Zhou SEBUER H —FhJE T ZRBOGLL /M RRG IR AT 1S 5 SR
%) (Carbon Fiber Reinforced Polymer, CFRP) 432 Skl vk, @i 2 4/ alidg
Eﬁﬂi?fé%ﬁﬁ&ﬁj&‘5’??3?%3‘@):%%, FERFH ol gt B C 3B SRR SLI L A
W, 255 K AR 58 AR 432K

(2) FT RS Bk IR 7%

IRPE2%>] (Deep Learning, DL) FiARMEIIEAMZA M4 (Convolutional Neural
Network, CNN) . Transformer S5 R 2544, 1 1 iy 21 34ty 110 U1 2507 s 2 by E 20
b H )R Bk B 2 AR o 515 FL oK IREE B Bh3RELRE ), LA AR Bk
St R AL TR HEOR R AT, B OIS I T R . L AR TR AL
A PR RE 7598, Y2858 Ba AT B GG AT PR HE R, A W TR S 7%
Hok S e T (D WFREBERRER, & ERR BTSRRI A (2)
K 7 5 T SR IR AR K (3) BRI ALRE JI2 IR, 1A [F) 2 500 XA
AR R AR SRAE T (R B FH 75 B 0 1 T 4

FERBUIME IR, Peng FEBEH T — AN HA S T = /IHLHI TP B i 2%,
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27 H AR R AT SCor I 28 MRS &, 1 Jailiid CS-YOLOv7 (Channel-Spatial
You Only Look Once v7) M4 LLHERF IR ZLAMEGIFH)TE =90, AR
SE (Squeeze-and-Excitation) #1122 [0 2% [{) %2 5 2% MS-DeepLabv3+%5.7% LASR AT 5
[ e X 3 FAERE S, W 1.8 Aisn. Zheng Z5B3M% LAFR (Local Affine
Feature Representation) £77%5 Vision Transformer (ViT) 73#| 7 7EMHSS A, miE#
K& 5] W EG AT AR R . He SEBNHEH —Fh 55X B HEAS2 SIHESE, %
MEZEAL 5 % OB ZRISRHERH IR M2 (Multi-modal Feature Description
Network, MFDN) A T-#2H( RGB-IR EIG%} (RHIEREA F LASE I 2 B0 55 4w
BN B 2 31 53 (Prompt-assisted Cross-modal Graph Learning, PCGL) it
Wasserstein &%) 53 /& AL AR B R X 3. Wang Z5B5TRga 1 uits 24 it ) 22 AR S il & R
%, [FR e G AE . AlE 530570 Kurtser S5BORE HBETTEHRE (Artificial
Intelligence, AD) [JZLAMNEUR S H AT 735, adad TR SEBR-5 TR0 4 7 A7 1) 22
SEPLERRG B A7 . EERERTE I 0 0] WOt AL/ S AR IR, Sl T el
it Y A 0 R TRI AR o 25 b, S A SIS R R B 2 2] T 1k IR AN B — ZL A ) AT
WHG-LT A AR fh-G 7 [ JsdE, [R5 v S0 3 25 (1) 4568 R Tt
TERBAIA S SRR BT, X N AR SCRG BN B R S 22 =1 R il 4R bR 1 BB 4 0 O v
et T RARSH.

26 30°C

26°C 30°C

20°C 31°C

Original
image

MS-
DeepLabv3

UNet DeepLabv3

Harnet

PSPNet

1.8 NEIHEENE X 578145 RAIXS ELIEIER)
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FETE R S 20, Rahmat®™8 e PR BE L AG P42 M 26 SC BT #2 2% 2) . T4
NP R AR . Lin®0 L 778 2 /%% (Residual Network, ResNet) | # 4
EFERIMNES (DenseNet) FlE 20 2% (EfficientNet) 1517 % 1 24 4% ™ & F£ 15 47
FKrptere. ALPOSFR T EET B IV A ST 4%, T AE R A BUE I
WJJF% BN L, il 1.9 Frzx. DenglPgs &4 /MG SR 22>, didH

LT BB S SEI0 50, SCIL T VREE LN EERE I 28 B S E. 2%
J: T8 % 5 M AT 1T R % S 2 Al I 48 e E 7 THN IR 2R 7'Ji_ ity Rl
%Eiﬁ)ﬁﬁﬁ@\ e T2 AN [ S 00 7 T P S B 15 L 4 Tﬁ#@%

0 100 200 300 400 500 600

100 200 300 400 500 600

b)

100 200 300 400 3500 600 0 100 200 300 400 500 600 100 200 300 400 500 600

[
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200 200
c)
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100 100
d 200 200
) 300 300
400 400
100 200 300 400 500 600 200 300 400 500 600 100 200 300 400 500 600

B 1.9 FEJLARARIRGE 5 IR0
TENCAR AR, Greco PR H YOLO (You Only Look Once) HEZESEZE#4
BERTN, AETRZRIEN 95%. Kellil SEPPHEH | — Pk T B4 N 28 SR LT 20
(Visual Geometry Group, VGG-16) HIVRAHGEEIA, B THRALIMEG AR
PRGRIE IR IR 2, AR TS 5 SRBRIE P3RS I HERR 2 IE 99.91%, FRIL
HRE I TINRE S« Xing SEPY55 S U-Net 5 70 2888 LB ARG A-0R 7 M) 55 g s
LWk, V. K PSR EGAL B AR SCILERFE IR . Guo S5 POHE B Ui ik
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AT JT 1% . Pathak ZEPTHEH | — R UG Z M B8 T7 1%, Hirh ResNet-50 i
B 2SI R T O RAOHR 439 (F1 474 85.37%) , Faster R-CNN #5744 i T~
XIE N CHAREE 67%) , MIMSEIL 1 OGAR Ak s s i B0 S e Ar, ]
1.10 Fr7 o Sun S5EESIGE HT — i - ot 4 a5 5 B =K 9 YOLOVS (AP-YOLOVS)
R 7792, @i K-means SEEAAL /N B AR £ R @0 ST Sk, SRBL T O6AR
ARCHIRE PR v K P DR AGr I o S i SOOI — i SR 2 AR 5 0 AL R AR
AR AT I AR, I AT R s TR A B S I S O A IRIE S5 AL E AR B
VER IR L A 5] N Focal-CloU (Complete Intersection over Union) $5125 pR%l, 7&
R NI T 84.8% A MIKE FE AT 142 FPS (Frames Per Second, Mi/F))
(640x512 73 Fr3) [RmRckaill. Z21ang 25004 HCF-Net 55 YOLOv8n MHZE &
fe i HCF-YOLO @l & %%, 8 IFATALIE R AL L 2 SRR ide e B il B %
PloU (Probabilistic Intersection over Union) 452 5% BR &L, fHASIIAE BEFE T+ 2 97.28%.
R A 217.33 Wi/fb. PNEREIOR LT R84 YOLOvSs 77, KM
ShuffleNetV2 Bt £ TM%% . GSConv {4k Neck &7y, FEGRIERLRAFERIATIR T
T VAR, I TSR SR £l REIHR I — i YOLOv4-
tiny J7vk: SRAMMN DAY 7 EHE4E . ik X CBAM (Convolutional Block Attention
Module) ¥ & i, FRERHIE ST F il & PANet (Path Aggregation Network)
AL 1x1 B, A AP50 ik 98.42%, K& L 50.06 FPS. “H/INEAECHEH
— PP M BOR AR 2 ek Bl DeepLabv3+SEBUGAR A s ARG 2k
Tt YOLOv10 #EAT IR A ill, JERIH PyQts #5581 e IRIABE i b il &
4i. Ma SFUORH —FFE T LFS-YOLO ROGAR MBS IR I RE, 8 ¥t 2 R
EiaE AR C2f LMSC. X Focal Nets # %5 [] 4 72514k, (Spatial Pyramid
Pooling-Fast, SPPF) #&bt K ¥ % /IN H bR MHFE 4715 SORP, s IS 2 ik 2
91.9%. %5 L, SEIRAMFIURIE YOLO RIVREACK AR, KRZRM . ER I
1] S I 28 BYRG 45 J7 THIRR ANARZR AT BRE A U 2K B2 5 P 2 R AR 1 R 411
N GUANEE S okl B SE AL SR AR

& 1.10 #&mzgE RO
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FEH B, Tang!'®Z5 & B/REHRAE 5MA NG EW, X HbRRHEE T
BT, SEEL T IR IR E A RBORG S R ST SR FE 0 E A . Minl"OME T — Pk
TIREE S I LA G BT70%, AT B hvPAl it T3 IR %E LR E . Jinl'O74g
7 MR T I AN IR 5 R FE 5 ) i AR ik A o 2R 5 i s is W7 vk, @
TR EE SN H A dar I 0 26 B840 505 pRE, DA% B R A 1 2 R A R R U i 1
T EivERE . Xu FEUOSUE TR A 4EG SR I G4 (CFRP) |l 2544 N AN [R) IR BE 1R 43
JZERIE, HEH T —Fh3ET Res-Transformer #4451 H 2 RAEAELE, ZMZ Bt
T EE Ak B DL G AN [R) R B R R B RS SRR E R, FERI R E RS
Transformer %% %% ¥ [F 52 T ¥ -5 & R R Ak e HURE

1.2.3 MEHARHAZE

gi b, F AT N Ah A SN T R A S LM A AE AR ) AN A2

(1) X KA s 5 i SR A 0 7 1 8 HERFALE (1 B 22 SC Rk = SR e tE ot K
FROTALA S v BEA I AL S5 AR, B R i A SR T R S R E L A 70
At I AR TR Z2 R B 111 R 2 e S R B A A R P 0 el ORI e o =4 i Bl P A G
WS R T80 % & B SR R, FEUS R ARSI B B2 19 N P 1 1&
RVEA AL o

(2) BRI RS IER T 25 i ARG R L 5k = 28 ot il e it 7t .
AT R 2 2 S0 = AT P B R AU RO i, R AE T8 7025 8 S B ) B %
Pho S e RS RIS S B SO, MOREE R I AT S Ik 5 Ed TE M R 19
BlFeor0iE, BEMHIZ) 7 HAESCER TR R

(3) BIRE R TIN MM g 2 s e Al 5 i hs B AR EL /N RS 22 ke
HAENA L . ARG EERET, W HIE A H (HARXIEER) SR pE Gk
HAETRXE) HR, SEESHERIAEE . G, M LSO HER 1
AN RS2SR

PRI, ASSCHVER S 3 1) 2R ST e R FHIa st 24 2 R A &R
22 S A LI AT FU AN 2 204 B R AR B ) 2 e A N VAT AT

1.3 AXHEZETAE

ARYFETERARFFHEETE (ETEH InSAR BN EMEELEFE
B K 5 P R R 45 MR S VRl J732:) (52278306) < T FE 44 B A WF AR I H (3
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2025.03.15 6:32 18:20 6:32-12:26 354 6:32-18:20 708 12:26-18:20 354 — —
6:11-7:44.
2025.04.15 6:11 18:52 6:11-12:32 381 7:44-17:20 576 12:32-18:52 380 185
17:20-18:52
5:52-9:12,
2025.05.15 5:52 19:16 5:52-12:34 402 9:12-15:57 405 12:34-19:16 402 399
15:57-19:16
10:02- 5:35-10:02.
2025.06.15 5:35 19:21 5:35-12:28 413 292 12:28-19:21 413 534
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GEAE N2, X UG MG 2R 0 (e y) s SR E AN E R/NBIARIE 1 (Ul mxn ),
WHEEONTEGROKEE, ENZSER G EE, wG2)HR:
Zf %) (5.2)
mxn
LA s R BE TR B L TSR B, ) v M R B L P RO . AR
M, HTHrAEIE RSN 5, SHEIENE 2B RGN agEAmhERE, B
XF R ER M P S AT AR RS, MR R A BEAR
(2) H{EIEN
HRABLE U A O AR MG R R R S KB, B 3oz &R A s
HNFTE G R SRR A2, BAOP RN & DN A& R K EEHE
7, BCEE FR A A e E s, wa(5.3)Fs:

g(x,y) =median{f(x+i,y+j)‘(i,j) € W} (5.3)

b, W ORARIEE o HE IR B ARG e s B AR p 4 68 g, HLBETE — & FR
AR UG S B o (E T HORGEAT ZR PR DAL, A EE v BT 75 () SR A A BR
B s B 9 A K

(3) IR

e TS A% O AR TPV b, TR OB ER K B AR e AT I P BT 14
ZAEAIACT AR, AAGE g R 290 2 R B 3 e, PR ST, B
K, BUE B oA RN — g i ek 02N, B R B (5.4 FToR :

1 e

e 2 (5.4)

G(x,y) B 270

AH, o AREZE. o 8K, BESATIH, a0, o B/, SEBE
FRAE RO AT, AT PR A BE DR . S TR B R IR S = (5.5) Tk
ZZ (7)) f(x+ 7, y+)) (5.5)

R TIE S B I B AR L TR R L L AT IE AT A o B S B R 1 B A
PLrs, LELFRENHTENT 2 HHEARF A8 TAGREIER, SHUHE 0 sl s
=, ER G A A B RS
5.2.2 SIis K

AR E I ) e A AR R, - s BEMG IE aed {e L A e A e 2 ek, X A A AN TR
PR B AT SR B, T8 L A i A () R 12, L P P
K 5.1 fione WRIGEGE N fxy), HAEBAREON F(u,v), Sskpgs as& R E0N
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H(u,v), WIS FA(5.6)H7s:
g(x,y):F_1 [H(u,v)-F(u,v)] (5.6)

BRI P
7 [ 45 7 [ 35

ooy | TR |y | H@) g, o FIGEA] g
D R Y R V) TEE s o

& 5.1 STigiEiR RIE

(1) fRIEFER

PG R R T S5 X gl 3 50 Ny R 0 B, T 5, S R M P00 I v

Sy B, RN VRSO Bl MBI B, AT SEHL G T3 5 75 4

i1, H R A G B AR . R IR A S Rl 45 . DA SRR Tk
TEPAR N, HARE R BN (5. 7) s -

H(u,v) = !

1+[D(u,v)/D0]

N, D, v) PR R B 5 (v IR, Do NEIESIZR, 0 YUEBAR B 4L
ELRFR TR OE 8 B A A P 8, nJ A GRE o BEARIR I JE I 2 3 L AR A4 2
I o AR IER HIE S REAT A v MR 7, SR s A 2 R NS AR P R A A
(2) FEIEIEH
e YE A DR B BB i B, IR B, IG5t 5. LAk SR 1Y
fE B2l DLERRR M i g s, HoAt i pr B i 2K(5.8) s«
1
1+[ D,/ D(u)]"

PRV P 25 AR I A B G RNER SRR, FRTHEREA AT RIS 2 [ B
BORMER, SEUSMELL TR, HSEUERRA MRS A ph el R &2
(3) [RIZSUER
[7) A 1 Il A — b T Ah L s R AN 4 R 3R v e 75 5 2 ) PR 3 A I £ AT 35
PEP T, BT RGP AR AR R, 78 AT 2R 355 [7] IR S 30 3 745 70 Bl s 4 Rt LU B
AR, REE TR G Ry A i U2, R AR i 5.2 s

& 5.2 RZ&ER
AL MG oo y) RN NI & i(xy) 5 A& r(xy)IRIR, 1n=(5.9)
FoR:

(5.7)

2n

H(u,v)=

(5.8)
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f(x,y)=i(x,y)~r(x,y) (5.9)

W EIEERNEE, BT I E Ry, BT m. F&
JEIPCH IS N H s B M R A O IR, (5. 10) o :
In f(x,y)=Ini(x,y)+Inr(x,y) (5.10)

X B G REAT A AR R, B IR Hw,v) 0 ) B (IR A0S
R AT I AaAnig ag, AL s o =5 1 D) P
H(u,v)(rH—rL)ll—exp(_k#(u’v)J ]+rL (5.11)

0

A, e RS, EAUE Rk OABULIREEE R SIS MG A
Wl IR AR RO 5, SRR EIER, WG 12)R:

g(x,y)zexp[F‘l(H(u,v)-F(lnf(x,y)))] (5.12)

R A B8V AL SUTE T RE 85 U IE YR BN SY, 3 UG A0 s Lk S T o
HRER R, EHEBSE Gus s Do) TR EGF N T, ENHARR.

5.2.2.3 JEP RN LLIPAY

DA R R 2 AR IS it e OB T RS T T~ 2025 4F 1 H 12 H 12:00 K4
MIZE A UGN, SR IR B8 7 AT b B, 5 R 5.3 B . ik ML) B
WP S & TE R A AR, TP E IR A R L BRI e S, (RS Bl
SE TR B, AT A T T B . YME IR0 s A — PR, H
PGB R AR ASR , 25 S Fe B0 OH S 550k o o BT 0 I8t T3 Y S R s 1) [ B A i i R
BT BUR B REARGE R, AR SR AT S . mDE R R T A E R, 7
BRI N, (HT S RS g RD UK s ARIE B A BN TS, (H EHRIL
GROIFEREROR, SIS T 3. (RIS EIRAE 25 B e HEAS K R 1) [R] I 435 1
R EO R, UG RS I e, SEXIRG T RN E R BN .

e I ] == = — ] ‘ T ] =
- £ -E§!§§~4
a) JRIGHVZRE b) PHEIEN ¢) BMEIER d) = rER

e) fEIEJER £ R ER g) [FIZS UK
5.3 NEVER 7 iARERIESR
RNT R VPN B IR T A AL AR, A S X B B A 4R
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(Contrast Improvement Index, CID 1E AT FaARI2, DU & AN [F) 775 B G ) L
FErsem, an=(5.13)fs:

cn=Se (5.13)

X C, A1 C, 2 BN AL TR AT 5 R T ELEE o BT ELE € Bt B A Ran(5.14)
FR:
Cmf,_cmb,
C=—m —mhe (5.14)
Cmfg +Cmbg
A, Cofe T Conrg 73 AR G B AR AN 5t XK IR 2K A . CIE s, %
S T
HHEEE RN 5.1 fia. FISIERT CIHEiE, 155 1.381, £ME— itk
R T R EG R 7 (CI>1) o X —45 R R0, [FIA T o 46 18 4y
=, MR E, AFRRIE T AANEG R LGRS, BERA TS
Xk 51 2 BIPR L, MRS e S0 s R — 2
= 5.1 AREEKEAER Cl

Rt GatC B
PIRES REIER  IMEIER mATEER mEIERE RIEEE FASIER
Cll 0.8876 0.8926 0.9130 0.8085 0.6344 1.381

5.3 E{gi&sm

TEHAT IR B S, BURATI AR LU AR I R 46 o) 1, EUEG 5% B 7E
I A R AL ROR, R B 5 RHE R, NE MR A e
JRE RN o BT L7 PRI i 1) 185 5 7 vk DR HG DR B 7 L R R 2 T AR 22 N
AT A = BT BB R TV BT BT E & N BT B A
XT LU R 52 BRI LT B A4

(1 EJ7 Bl

H 7 K4k (Histogram Equalization, HE) & — 8 i i 5% UG K 43 A7 oK
W4 rpof LU FE I 71 o HoAZ O AR R 44 TR 46 PR 1 K B2 BT B DA v 93 A1 AR e
NN 51 3 A, AR TR K LA BEAN B A R AT RESY ) 40 A1, AT 4G 5 1R
fry R AAof b BEU 24 0 TR TR0 TR I SR AR AT eR B 4, T K BE GG O,
L1 B, HAR R H i =0(5.15) s

5, =T(rk)=(L—l)Zk:pr (@:%inj (k=0,1,---,L-1) (5.15)

Jj=0
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X, e AIRIEEMEIEE k ADNIKBEDL, sk RS IKEEDL, plr) HIKFED ry IR
RELRE, NNEURESBERZEL n NI r BB RN 2R R G R 1
IR S 1 BN SN ASVE L, Al H MR B BT & T3

HE ML BEEw R, TFEAE R, A REGRZISGEHE, BEE
FHEEARRTLORE, 5 TR BE Sy An e rh A (g e 5 o P R 5 R B 2 . LRI PR
PELE T4 Jay AR ¥ oV 18 L Sy B AR 5 0 AT 22 57, P RG-S BUm #0401 3 s e & 2k, [A]
I AT RETBOR TS SR A

(2) HIEN E 5B

H &N B 5 4540 (Adaptive Histogram Equalization, AHE) J& X} 4 & BT
By i o, B AE MR TR FLJGIESE B SR K 43 A [ 0] fR o 207 VR R R o v
TR TH, WA TP 4T B 7 B #T AL EE, SR 5 8 I X028 P 4 {1 B bk
(i RS2, EUE BRI MxN S8, X TRATH,  HORE AR ek 4L
HiZ T R A ke, wal5.16) 7.

(m,n) L_l k (m,n)
5" == (5.16)
m,n Jj=0

KA, Now FHmn) G R B, o T HAR KD j GRS AT
THRNERG R, BERMEHZ TR R 0T A 8, s AH <8
T HUAR 4 bR B ) A AE AT B B A IR AR

AHE & N G SR 8 A B o0 A, S5 R A=y, SHOGRA S ER A A
B ACBRACR , AT SR X RS X B4R ] LR . SR, 17 VA BB K S
Byo 0 X SnT R FE R v 7S, AR RS THREROR, B EEE s 0T
JEAR B A i X 38k, AT R B B S R AR

(3) X ECREE 32 BR B & N B 7 B35 ik

X EEFE 32 PR B & N B 5 K ¥ i 46 ( Contrast Limited Adaptive Histogram
Equalization, CLAHE) J&4t X% AHE i B 34 5 Mg 75 u] @) oiodt vk 12505 AHE
LA Bl N TR B BEBR AL, a3 8T B 7 B AR SR BR 1) A4~ 7~ e N B ok
g, MNTAE RS ORI, HEE R WE 5.4 Frs:

1555 Egﬁ

5.4 CLAHE
O BRGR) D NETTH, RSN TR E T,
@) BCENTELEREBIRE T GEERE T EFYEER a 5, o NRE RS
— B 2~4)
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(3 X E 7 B BUE T R AT EET, BT R R IR R IS L
FIEEA IR VAN, R IE SR E DT
(@) WHEIE G I BT BT M AL B, 15 31 He AR e ek 5
(&) W MEAEE T S BRI IR EE .
Y JE ) B 7 B 2 2(5.17):
T, h(g)=T

”(g):{wg), Me)<T
Wﬁ%%%%%ﬁm:zmwhgyﬂﬁﬁ@%mﬁ%ﬁﬁﬁﬁ,Wﬁ4ﬁ

JELIEN A=Ne/L .

CLAHE 7 14 58 JR) 50T L FE ) [F] I A 25 i e P IR, kAol FE S s e ol
T M ORHF R0 B SRR, DD S0P, TE N R R, RTARYE AN RN FH 7 oK
VAN EE RE IR IR S o (BB FHARYE BN TR, 1t R R, A3
HERE

IR =MITER AN BAR B R AL BEEE R 5.5 Fros . HE A FREAARN LS
FIR SRR, IKEEJO P A SR, D XIS N . AT, A e X
2n 5o BEsG o, FEORAE A IO, BURHIVRMIA B 8K . AHE AbFEi
— I T R ERA T AT L, S B NI, T S S E BAAR R T
9o (HAT ARREE R, 2RSS 5] B DX I I 1 B S FR M P TEOR IR, 093 X 3™ A
s, T EG I EARR S . CLAHE QbER7ESE 556 LU FE 1 [R) i A 2] 1 g s
IR o A B XA RS R IE I A, T SR AR A4S B e, BRI SR BN H AR
ﬁ%%cumEEﬂﬁ%n%mM%%z@mﬁTEﬂm$&

T -

(5.17)

= :
E— =
a) JRamHEE b) HE ¢) AHE d) CLAHE

5.5 TEFHIERIERMR
N TR e EHPY EIRTTIERI AR, A EME (Enhancement
Measure Evaluation) PPN 4EFRI), 48 FR18 I 7 M B 7 i) R ook bL Rk
A EAR, XS5 18)R:

w

[maxkl
" 20log (5.18)

A, X F @RI kb < NEES THREER: ¢ IRNER, HT %ot
jj/\ maxklﬂz[] lnkléj\%lj%—‘kk (k l) A?ﬁ%EPE/JHij(%uHi/J\ ﬁ:F,fE EME ’fﬁ;it_
i SRR .

EME =
kik,
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HHELE R INE 5.2 fisn. CLAHE i EME fiifim (5.5740) , R T IELEY
o R O BT T RUR e, X5 RCR —8. AHE 1) EME fH (5.4599) XK
T CLAHE, UiH] AHE BB6A ROE 85500 ELEE, (5 BT S RO A Dy 52 )
JRI BB L E AR TH RS T CLAHE. HE H) EME {H&{% (4.6158) , RHHAER
XoT L B 50 SR A T SR A R o X T AR AE G AN 2 B8R 35 K FE 22 S R (R 41
SMEE, A R AR TR T HME DL 7R 4 e I 2 Bk XA AR TURRALE

LEO TN 5 EME E 4845, CLAHE 7EAHE 9T 20404 o G 1 g b 26
BUERAE o 1277 V2 BE WA AR T 25 535 DX et} b 1) TR B T ) 15 e 7, A e R
B 5 E B et 1 s i 2 BRI

5.2 FREIF AR EME
HE AHE CLAHE
EME 4.6158 5.4599 5.5740

5.4 wE9EHIRR

HEERIRTHAL AE H TEORBHAR S E R T, T 42 X b B 2 R 3. KO R 5%
AR R, HAG4E D) T R TR I R0, FL3R R P = T JA A A, FE 21 4M
B % A 2 5 2 SRR AL SR 5B IR AE o S AN CAAL R, R 4% f) 3053 1 K 7 BT
YL s P HERA IR . DRI, 72 58 B EHR PR S 1G5 S5, 75000 At 4% X S0 AT A A%
IR, DAVTH BRI G 8250 815 5 & i T

g L4/ S5k U T A 36 SR FH RN HE A, it A G P S T R S8 A 1) AR
oA, HA WA R JURTAEEYE . B 10X — 4t WK 25y R N i B8 1 AT 5 Aor
S50 o 27 28 I A i it 4 o7 A DG C 1) 88 [ R [ S A R, Mg A B X 3abme
WA HIBRIX IR, (EJ5 2L PR b DLHRRR, I\ T 38 G il 4 A S 5 06h 22 SRl B 9

WA NG KN MXN G2, 85K BRI N dn (BF) , £
BO7 BRI d (BFR) , FREEE A w (BRFED o MBS S m 15 M, 1 E
X ana(5.19)FR

w
1, 3keZ, |x—k-d |<—
M, (x,y)=1" €z | : 2 (5.19)
0, otherwise
P ) 2T R M, )5 X =(5.20) Pl 7w
w
1, 3keZ |y—k-d|<Z
M, (x,y)= b | 2 (5.20)
0, otherwise

I 2 WIRE SRR M i T4, k(52D
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M(x,y)=M,(x,y)UM,(x,y) (5.21)

RePRZERUNEE 5.6 R, JEIL YR ARG SEHE RS B B X 00 N 2 A 1 X,
{83 Ja Boxt XA P R 5y

e R o B TR
b) SIk%JE
5.6 FE4EGIBRAIEXTEL

5.5 ElgnE

K& HI 2 H R RGP0 B AN sk, DMET R4
Bry ALPRBGRI . Gl AR FEME . Y55 K AR SRS BrE AL R, ZLAMEIR i (X
5 SR LA B AR T, (BRI HERA 70 8 —H U5 SR SR B AT 52
R EENA T =R B G E057%, A REE. B Canny 144
T, AL S AR 5 T4 382 BRE 1 R 23 B VR T X B T

5.5.1 Ki#E*%

KEEE (Otsw’s Method) & —Fh 4 &) & S RME 43 H1 7, HokzoOAE T [ 4
LA I, ¥ EUE R aT s CHAR) 51 5M2E, FIRBUEmRIE 7 2 &
KITBREAE A B A # BB . %7 2B G K B 7 B 2 X005 4, B B RS
BRI KEAAAE € 2 U RGO GIGHIN[0, L-1], SBEHN N, XT
E—IKFERME te[0, L-1], K EHURIR R AWM Co OKFEAE<) F1 C1 KFEAE>D »
P B OE R X (5.22). (5.23) s

o, (t)= Z 2 (5.22)

o ()= p, (5.23)

i=t+1

XA, pi=nid/Ny ni ARG i KR E . PN N (K B S 2 (5.24) « 30(5.25)

I
S
izo'Pi

Ho (1) == (5.24)

o, (1)
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(1) = %}T;p (5.25)
B P B AR IR BEE S T =X(5.26) R «
p= o, (1) (1) + o, () 4 (¢) (5.26)
KA 77 Z RS 2R
o3 ()=, () 4ty (1) =] + o, (0) 1 (1) = ] (5.27)
IR B A EIR) T Z i KR FEAE,  an(5.28) 7 :
t" =arg max o, (1) (5.28)

0<t<L-1
KRB R, THRRCR S, TR ROE S, a1 BT B 20§01
HIEE . 2RI, 2 EFR S8 FORE T S OGRS SIS, 4Ry B AR
PG BRAR IR 20 FIROR

5.5.2 ERE

15402 (Tterative Thresholding Method) & — & 118 i/r AR ) B 1& B B ik
Wk, i IR E T R R BE T %07 A BT B R E 4 AT
HARGEN G EAER RGN T

(1) IEIVIIEBIME Too W H BUABKZAME, (529 HR:

| &

T, =N;I(i) (5.29)

AN, IGONBEKIEME, N NEEERE.

ORI UHRE T EG S NI G 55 G, Wl(5.30). 2(5.31)
i

G, ={1(i)1(i)>T,} (5.30)
G, ={1(i)1(i)<T,} (5.31)
(3) DRI PRI ESME, wk5.32). K(5.33)Fn:
1
2, _EI; I (5.32)
1
Ly = E[z(;l (5.33)

(4) SEFrERAE P EIE R 2ME,  ansl(5.34)FR:
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1, =4k (5.34)
2
(5) HEEPE (2) ~ (4) , HBIBFEZ/DNT IR e, Wx(5.35)Fx:
T, -T|<e (5.35)

PR Then B R 200 B RME » 1B REME AR I8 UG K B 4 A Sh A TR B RI{E , X
TR B — 5 BUIE B . H U SIOH FE S5 W46 B EE A 0%, H 0 A 0 i
B Y HEMRS Y SKEZEFARER, BT e ek S 2 BN R E .

5.5.3 Canny %48

Canny 342 —Fh B T80 51 1) 2 B BOA 3 52 U7V - 1% 071 AE e L
ED 8 7K Y D A6 B0 5 i 2 o DU DA LAk E b RES A R0 i g 75 B LI 48
HEMR A A0 RIS, BRI £ 2 FE LR YA P IR

QORI /[¥ ¥ =

DA P AR M 7 e PR BRI, e SR ) e R e A T T A P R R AT
e S4B (GS.4). P E R EE I (5.36)FTR:

I (x,y)=1(x,y)*G(x,y) (5.36)

X, o NFR#EZE, EHPFERE; *RREBHRIEH.
(2) BhEEMRAE S U7 m)iH o
KH—B s B (U Sobel 1) THE-FIE Ja G AE KT 7 a5 1 7 11 (1)
By, n(5.37). R(5.38)Fs:
ol

G =— 5.37
S, (5.37)

G =9 (5.38)
y ay

B EENRAE M(x,p) 577 17 00 y)BTHE 5 a0 (5.39) anl(5.40) i 7 -

M (x,y) =G +G. (5.39)

O(x,y)= arctan[ Y J (5.40)

Q

Q

(3) ARAR R AEL I

FERR FEMRE R b, YRR BT TRIREAT AR B ], DAaifbid & . #txta—&
ks BB DT TR BT e SRR R, IR Z R B IR S —H 1B LR,
IEASUELER | 3= o NN MR- WA A INTTRE] 5 ke i (Ve SR FSusule St
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(4) MFMEL S ERE

BEE B BRE Thigh STEBME Tiow GEAH Thigh=2~3 Tiow) o K- EETRAE =T Thigh 1
BEICNEIAS, KT Tow FHBREZEGIR, N TWHEZENBERC AL
o WILAEOER:, HHRUSAENSUEIRE, BB NILERE.

Canny 1 ZAs I GEE A7 R e 75 S OB 2L . AW IIA %k, H H T ok a5
RIERL. SR, 1T IENT T IO GBSk R, 42 XIS 5o LA 2 8l
A GAFAEWTZLT , M LAY B 5e B2 10 P S R0 50 s Ak, XUSIME 2 380 ) e B RGN i %,
PR SRl S AR SN

5.5.4 ETLMEZ HEMNEG D EISGE

RN EDIRRHE O, 256 2 S 3T LU B S THAR B =S R br
P T — R AR BUE B o E 5 k. TSR AR K 5.7 B, B
LR

(1) FIX 3K 535 AR P A 7t

X TRALEE S 1) AR AT 7 X 38R o (3% 7 X SRST R A F IR e D), X AT
— TGRS )), DR OHE Q- 1)xQn-1)A8ERE, KA %K
MENPTA B R R KEEE, TERUKFEEES

(2) Ve 25 g i H e A

B F G, AR B R 2 DL = AN, M 8 R SN S50
B, A AR B

OISR W (5.41)FTR:

L))

_Iminzx (541)
K, Tip EER SG HFIKEAE,  Lnin F91Z% 50 AR R N KB B/ ME, x WK
ZEBME . Z AR B X IR R 8 5 A7 AE 5 B R LU

QMR ARG HIBBIEREN, e KEZ>x HIEERSEE N M
ANT TR BME y, Wx(5.42) (5.43)F7R:

a’-L-B
I-b
XA, Ly BRI X IR AR B EERITE R [, b 43 s kil X 3 i) 52 o
KIEMEE; axa 248 R H 1 /N 2S5 BL bR AR, AR 100 E Al 2SR 347 1%
s nxn NERNTERIE R
@R E %M. W (5.44)FTR:

y=nxn= (5.43)
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I(i’j) >z (5.44)

A,z AKERME, SR SEPRIGE o W AR AT IR A X Sk B A A2 08 F i S 5

(3) fiff 7 AL A B R~

TESERR LA, BEUESAEAEAN, vk Tl s T IE T R X8 i
G DX I 2H A o HH T 15 D7 T DX 353 T A e o 3 DR T e A R AN R0 IX 3k, [0 b
DA 3 2R A1 2 B4 T R R 6 e 51 5 7 (62 11 [ B, 2050 O S e e SEZ B e o AR, —
FEC L B33 T RRAS I FRORS B SR o JE T 0k, AR UK IR BRI IE T S A o 3
HbRo AR E 2K 0 /N2 800 RG22 RST A nxn, TSRS BT RSEAS
INFIEZBERIE T2 . ARIEIETE nxn R MERG j)FBRERH & A
B, WESRIET WAL BB R s N B ARIE E, Rese &% nxn X3 (HP
R (2) BRI AR o BN, NIREITFEACR, MR AREE/N
TR RS, i 2 B B ST A (2n-1)x(20-1), G1E] 5.8 B,

|
figg IR 1 %
I LA T 192 2 o
[ 77 PR 5 0 A 50 G0) ) H9ER2n-1) X (20 DO 41 5%
HiFEk(i,)
e A R BE A tmin(iy) | | HRBIA0E A IR EE LR A7
AR L E 1% OBORN min(i,j) K H AR P (A

— R

|
| rEg |
l
]
|

| s |
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[lEehA7 'S

1 2 3 e i e
; L — TIXk
3
. — 1 SEEARRE RS (2n-1) X (2n-1)
J

~ RPNEFEER nXn

L&)

5.8 BERG )HRIDIZIERE

(4) “fEfeAbE

FEALPESEFTA T X a , BRI 2 S R S AR Y 1, R AR R
680, “ERAIZ I —EILER .

(5) JaitHAull

T BRANIL MR P B A SR BRI DX T4, X020 —AHAL R AT Jm AL 2.
G BRTAR /N T B & (/R 7 X3, 0 F LR DSt AT 378, S0 BR A I 2 IR IX 5k
CHAC T8 LB IS BOE B )« SRZAF )2 S X —EAEIHR, TR 2R A
T

AR BT AR RME A R 0 510592, IS kB RO B A ot &,
A IR L L THIAR S A IR = R AR, AE T DXCORUEE i AT AR R 3R 4738
BERHNE « ZITIEFE 5 18 1 LLAMEIG b2 S X 1 J=) s A i N AR AIE, e R
Pri%E. 1550 AR R ISR E T8, KIS S R IRE. 5iegtia
JR A 3 B BB — R A SR TT AR LG, AR SO IRAE B 5 R 14 31 58 B
HEPEMEDT I AA RS, v simR e &R R 7 s A
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