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Precise localization and segmentation method for resistance spot welding
defects based on multi-scale feature fusion network

Wang Yufei,Du Hongzhi,Hu Yunbo,Sun Yanbiao,Zhu Jigui

(State Key Laboratory of Precision Measuring Technology and Instruments, Tianjin University, Tianjin 300072, China)

Abstract: The quality of resistance spot welding directly affects the structural stability and safety of automobile bodies. Pixel-level
segmentation maps of welding defects are crucial for accurately analyzing defect morphology and severity. To address the limitations of
traditional object detection methods in precisely segmenting small-scale defects and achieving high classification accuracy, this paper
proposes a precise localization and segmentation method for RSW defects based on a multi-scale feature fusion network. By integrating
cross-level feature connections and multi-scale feature matching, the network captures both global welding characteristics and fine-
grained defect details, enabling accurate semantic segmentation of defects in large scenes and improving classification accuracy in RSW
regions. A candidate region generation network is designed to fuse low-level detailed features with high-level semantic information, and a
custom localization loss function is introduced to ensure accurate positioning of spot weld regions. Subsequently, a defect segmentation
and localization network is proposed, which incorporates ROI Align and multi-scale feature matching to construct a normal feature bank
for spot welds and formulates an anomaly scoring function for pixel-level anomaly scoring of weld regions. Experimental results show that,
compared with traditional object detection models, the proposed method improves the classification accuracy for small RSW targets by
25.35% and enhances the F1 score by 14. 81%. Moreover, it produces high-precision pixel-level segmentation maps, achieving a Pixel
AUROC of 0.94, demonstrating excellent defect recognition capabilities. The method also achieves good performance on open-source
RSW datasets from various industrial scenarios, with an F1 score of 0. 93, verifying the generalization ability of the model.
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i ROL Align $2 XX SUREAE I 1 1 2 4 B A9 R A1E 1)
SRINT , ELIEAT BT J 0 X 38k (4 R 11F 7T RE 2 3 B A T
B, IF WG I 5 S Ok SR R AT R A A
W SR A U T AR R PR, T ARAIE R IE 2 8] 5 5 31 Rl Y

(16)

P/)(FR()[) = {fw[c]

[l ps Al RO P AR, BRI AR
TEHFAR SRR g R — AUk 74, AP X T fiE
i foe AR T (ST RFAE 0 A, 1A% 0 1 A R ]
AL AR R

M, =aggmin max min [ m = n |, an

XAk BARI & SO A4 R IR R IR S M,
o RPN M TS M BB T RE M T W R R
fEZS ], BPPRUERE AR R 5 m B 55 3 ) T SRR AT A5
n Z AR R B f/ME il Tz e Al ] AU — > AR
& M 2 T X B [E] YE ( non-deterministic  polynomial-time
hard , NP-hard ) [8] 5, 7F Sener 25127 $2 1 i 2000 22 S B4
YA FEAT ek, MR 4% Johnson-Lindenstrauss 7€ ¥
X P,(F ) RSB RE—A d 4ERHIE , FF7E R PR
Bt R — R H R d > kN TAERIM AR mon e
P,,(FR()[) ’ it( 18) ~ ( 19)bEfLo
_ ¢ log dim(m)

2
&

k (18)

(I+e)lm-n|]< |f(m)-fin)|; <
(1+e&)[m=-n]; (19)
Ky dim(m) ZJEIGFE S m BYERE ;0 2 RVFIIR2E
A BEEN 0. 15/ +) TEFTEE il R AL M 4%
5o G AERRIE R Ak AR 2 2 (R B, 4RRAIE 22 18] 7 R X B
BN S I BOE 1158 26 28 AL ) T DR 4 A5 i 19 L
AT 25 A6 B[] Bof 2 — 25 A gl ) R s ]

DAL OB R FR M) BIFE AE R k-Center [M) /8, JF
AT T A SR U 7E DO SE I E 2 BE A
WAL IIRTRIE 2L R O(n - b)), i n 9803 5 i 8k
L0 ONTERERREASL, R AT R S R
B ME S AR 30 A A BB 45 s 70 U S5t o 7
17, Sener S5 LIS I 1% 500 305 BEIE HE— 52 S A R sl
Bl — Az e A i AU, HLE i R A AR O 2-
OPT (2-Optimization ) i , DT PR IE B3 325 1) A 45801 AR s 4K
P, BRI RS s 1 BR ,

HiE LBHIERLTFEBRENEZ

Require; ROI Align $2EURHE F,, , B0 FER [, FEHLLZ
A
Ensure : 2L FHEE M,

1:My—0)

2: for each image x; do

3: M,—M, UP];(FROI(xi))

4. end for

5./ % NS OEIEHTI O FRELSE « /

6: M, — ¢

T.fori = 0tol—-1do

8: m«arg max, cm,-m, minneMC ¢ (m)=¢(n) |,
9: M,<—M.U {m,}

10: end for

11: M, — M,
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I A 0o 74 SRA AL A 19 TE 5 RR AOE I, A DR A i 2
W BERE S R O AT S G DN, 412 1 2R S 1) S IR
B,
1.4 REISHE

TEAESRIT B, 48 ) —Fh I T 2 ROERHE LR R R
PSR D7 ik R HTAS A A AR AR IR M, X IR
ARIAHER B IR, RPN .

1) Al HEAE SR H ) I 25 4 4 A 30 DX A i o 6% 3
HCIRTIAE

2)ROI Align ; 76 FMHE X I8 A H2 B Res2 Res3 $F#1E,
FEHEA T YAk 5 PF42 (concat) 15 B R 2 ARIE RN |

3) Fc A SRV L : 715 S ) 22 RUBE R AIE 5 AH DG E Y
REAE AR IR ) S5 ST HE B, DA S S R

X5 7 IR EMG v, Sead PSR4 H by i
HAS 2 FOMAE | SR )5 3 Rol Align K iff 85 B 26 HE X 17
DX A ) Res2 \Res3 AL F oy, (x, ) , XHZFHIERES TP 2t
WARFH] P (Fp,) K5 8 18 X 2 ROBE K¢ AR 9 17 PF £
( concat) 18BN FEAKFE P

XFFIREEARRAE P FERRAEE M 3 5 2 It
BL R RBIT RHAE P, B

P P® = argmax al;gernrllsin | P -P|, (20)

Lest
PERel (Fpop

A argmin & FIRAFIEE 5 P BRI RAAE P75
argmax JETE P T 3-8 5 5515 28 o B AR B AE AP I S
KIUFHE P 5 S50 OIRRAE 5 H i 4R id
2P A R B B

s =P -P |, (21)

R T R b S e S R AT R R AR
W — bR, % B e AR A9 f T S8 411 1T
FLA BRI 3% SEREAE AR RRAE 2 H 14 43 A 358 M i 6
DA] I SR BT 92 46 6 L2, 34 i A 8 o) A A R ) B R ke
Xt s AT AU IE B .
_ log(1+ [P =P |,)

D log(1 +[| P =PJl,)

PeN(P™)

A N(P™) WEFAEE M, ) n AR AT YRR (T 42
Tk BLE N 9) , th AT B A A FRAE R S W PR S
e 3 ] (1) o AR U P 47 D R AR S 0 50 1 ) 7
FROR 25 B ], 15 2] R 5915 R P 700
N TR R G 5 VP AR EAL B G — A L T B
Ktwe/INA— A 52 7 BOHATAR B 5 Kdme/NH — 1R Y
A WP

s =

sT(22)

S,; — min(S)
S’ = .
" max(S) — min(S)
P S, AR S E TEOLE (0,)) Ab A S (R

min (S) Al max (S) 5351 F7 FIGS o0 B00 fe /M RN $5

(23)

KAE; S, AL 1 55 7380, 1 — AR5 1Y 20 B
FE[O, 1],
FEARBIE — A0 5 ) 7% o 80, 8 B — 1 19
8 7 RHBEATELPE - E] . BARRUE X TR R A AR
HIH AR 55 08 S, R BOE i BIE 7, WA %
7 SR R DI, 7 DA A S T8 DX, B b 7 i
EHRO0.5, FEIAAN.
1, S =1

D, = ) (24)
’ 0, SL.J. <T
s D, R EIER  FORTEALE (i) A2 m T 8P
WD, = | FR B BB X B D, = 0 R i
S AR DX R A O AR R SR B
P4 DR P ], S5 30 g DX Al ) 41 BRI 231

o
2 3k Cii

2.1 HiRE&EHE

T G AT A 0T H < [ B AR R A
KA S PG BYSCRE T RIS BE K ok
LA AR AN TRz Y R BEL S AR S0 P R BEL A A

(2) AL

(a) Body-in-white sample

= = | RS
(b) TAVARNL RS E
(b) Industrial camera setup
P2 A LA R e A I R S R S B
Fig. 2 On-site data acquisition setup for resistance

spot welding defect detection



557 TR A ST 2 RS RHE RGP 45 11 Fh BEL A KR BB R B 6 5 4 BT ik 209
T ARSLFAER , Sk FHR 4 PER R 4 560 pixelsx P AR 7] (false negative, FN ) S AR 1 5 fig ko 2] ) it

3 024 pixels, Tl ARG = 1 20 R 5 16 R B2, e
TR S DR 40T, Fasa B h R AR e e U8
TR AR B, B0 DR S5 A5 R ) W A, 0 R S 5t
PR S T 24 TAES AL P= i FE , B 7Rl S PR A 7= 2R
B B AR R AT 45, O L33 e AR A 488 s 3 A7 8, 348
ST BRI Z2 R Ul R [ R XA AR e B ) AR
N4 i 1 R S B Ry FH v i ek

FHGHRAE T 2 000 Tk EIS , H BEL S AR 4 7
Kl 3 FiR T s 22 PG e R NG AN, Qe AR
Ry RALEE . BOESE b A AR A XS N AR TE
T EAE KB 3 oL, Horb 80% EMSH T IR,
20% FHFI, e i I 28600 B 1E 3 R A5 22 Pl g A5
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|
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Fig.3 Schematic diagram of the weld point dataset

2.2 iEMIERR
ST A VAL I A S AR g B ARK ik /N B
R s R R I P ) P RE X EE T IE SRR AR A S BRE E
RIS TE A5 R I 5 1 50 A% TE B 43 25 68 T, O LY
T BH SRR S R ATV . R T M S R o SRS B
SR pE A EORE B B R T AT 3 A EE A 4 KITMN
F8h55 2 Do EIEM AR IR
KGR (Precision ) : FH T DA 455 20 75100 Sy fBJe [ 45 0k
CIEFEAS) | SEBR A R E I S L], R AR
TP
TP + FP
A, TP AR TE A T000 Ay ik B o e B 35 5 PP oA AR A
TR TN Sy SR R AR SR T A A B R
JE A R, FRS AR SR £ R B A T M DR AR (B IE
R RIS BB ) B
B3 (Recall ) : FH T 1PA% A5 78 X6] T A7 52 B e B A
FIPUIRE Sy . Hat A=,
TP

Recall = —— (26)
TP + FN

(25)

Precision =

B R, SEBR Sy Bk (RIS TR 152 43 2 R TR, A3 ] R
1R, 27 P RS 14 A B D ARG B ) B iR
F1 1 ( F1-Score) : F1 {HFEH 06 A4 (0] 3R 1) 5 A1 SF
Y, T2 G PPN BN R I R ) . TR AR .
Precision X Recall

F,=2x (27)

Precision + Recall

1% % 9% AUROC ( pixel-level area under the receiver
operating characteristic curve, Pixel AUROC ). Pixel
AUROC i i A B X Sl s 5 AR e DIk E 7, G
FTFBRREGN 5 HAE55 o 38 TR R A 7] e 5K 1
BT B PR (false positive rate, FPR) 5 H IF R (true
positive rate, TPR) B R, 15 H— 126 1F 5, Pixel
AUROC M(EMHEIT 1, /BB X 7 B8 Jy Motk . HT
BAAN:

Pix AUROCZf;TPR(t)d(FPR(t)) (28)

K. TPR(t) SAEIER, R IEAA B0 A 5 AR 2R 5 B
L PREFAIG R A L] FPR (1) B BHTE R, RIES 5 15
TR BB AR 3R o A S PRARBRFE IR R A L], B i
PR R T RRLYE T P RERY PSR BIE T AR,

Pixel F1 Score FH T & A5 RUTE B X Il 53-HI4E 55 oh
PN B 5 9 Tl e 2 ) (9 P, & T AR R U0 1 13k
W, ZIEPREE AT BRI B R A [l 30 T R, 4
T —ANEEE PR PR TE, Pixel F1 Score {H 5, /R
AR o DX 358 4 51 AR G R 3 Tl 3 2 R A 3] T W 1Y
AT, A3 BB RAR
2.3 LIGHER

S TE L £ NVIDIA RTX 3090 K A9+ AL | ik
A7, I PyTorch HEARSE BCBR B2 27 2] 5L AL 4 11 2 A i
S r A B B R o A IR AR (1 600 TR ENMR) (BRIIE
£E(200 FKIEMG) AR AE (200 TR EG) |, B4R TR AY
WAL SRk Re s 78 55 2 L bR & o TR SRR R 132
i R lIE2 S uy = P ORIIEZ N YA W €1 LT 2 N )
FEV-F ERE AR DR g 2 0y =X

h T LR DBL A S8 AE L, (AR BE X
3 B P 45 HEA IR, 3 L RO R S A0
A DX 35 A 0 45 14 S (VRS B, 35T DBL 45 2 B0 A5 A
PERERYSEMT . AL T 3 FRECE . ACE 1M 3x3 B
Leaky ReLU 7% pRECFIHEIH—4k ( PRONBCE) s HlE 2 f#
F 11 B Leaky ReLU 37 pR AL A — Ak s Tic B 3
i 3x3 BB ReLlU JTE RECFALIH — 4k, SCER 45
RN 1 s, BOABCE (BCE 1) 7R 2 4 A Pl
BRI A 3x3 BB Leaky ReLU i
T PRARENS W AR TR A PR . ML T L 2 AR
i 1x1 BRI 7B RS, HAERE B FL 2%k
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AP BCE 3 B IR B SECE 1 AHZEAR,
ERSREME AR, PRI BT & R TR REBRAE

*® 1 7F[E DBL £ 8L B X &2 4 58 A 54
Table 1 Impact of different DBL configuration on

model performance

ME  BPW WdERE WEE ARER 158
1 3x3 Leaky ReLU ~ 0.95 0.97 0.96
2 1x1 Leaky ReLU  0.93 0.96 0.94
3 3x3 ReLU 0.92 0.97 0.94

F£ DBL L& 1 W5 F T, 7675 4 90 4 vl B A AR 4
Pt LbAT T 325, VR4S T BT HE 7 9k AE A BH AR A 2%
KR IR DX EORS B2 ) 2 B, i = oA 700 5Kk Il
ZRRI% 150 SREGIE RS A 150 skt &M%, 0 T E
JITHE 7 B 0 A 0, XA [ A TR 7 R A e e DU A 55
R RIEAT T X, XA G0 sk T = AE
R A B ER F1 %, R ig s T
AR (Y 4 BT (], DA A S B B AT X b, SRR
RN 2 s, TR D7 VETE A AR A AR AR LA
RN 4 T 7R, bad 7R BB A HLBH S good 36
71N TE 5 1 FL BEL S50 T AT A A DX S B A A B O 4R
TR RR TR,

®2 FRAESEHENABRRRER
Table 2 Comparison results of proposed model

with typical models

HEiA FHEHE /s Lirt[lEs HEE FLA%K
Tiny-YOLOV3 0.424 0. 60 0.81 0. 69
YOLOv3 0. 759 0.65 0.91 0.76
YOLOvS 0.730 0. 66 0.94 0.78
YOLOv8 0.712 0.71 0.95 0. 81
ARSIy 0.785 0.89 0.97 0.93

S SE R FA | T T IR TERE 0 A RO F1 405K
ARTF HRT A E ARSI 5 ARG i B A 1A
RS T B A, B AEAS B R R E) 0. 89,
EREPR FIRE] 0,97, F1 2080k 0.93, M3 T YOLOVS
R RS0 RE R T 25. 35% , F1 42502 TF 14. 81% , £ H
TR BRI

BEAR, T8 7 vk A AR R Gl b 43350 O T R B T A
SRMERE, LIS R R, Irit k1) Pixel AUROC ik
270,94, BoR TR AE X 53-8t [ 55 HE SRR DX R 6
1. SUIRIEF, Pixel F1 Score i5% 0. 79, 3 B 75 Gkt 4
G FI AR BE AN DR 2 [ iR 3 T KA, B R T

Kl 4 Friddrikasings

Fig.4 Detection results of the proposed model

HE BE W e B 52 57 RN 431, TR BS 12%7 T  AR  HR  4f
PHVEFE | REAL T Tk A S PEAG I

wE s s, B 5(a) M (b) 430508 YOLOvVS | YOLOvS
FAVASEIN 45 SR ) Jmy i RO R I T8 5 (o) Sl BT i A il 45
BRI AR, B 5 (d) S AH R B i i B R . BT
RELASCRR BB o BEAE A0S AR S8 1% B A A 00 sk LA AT $2 4
JNBRE  YOLOVS F1 YOLOVS 7E K6 I /1N 764 f5it [ it o 4 390
e W LA ) Ay TE R AR S T I 4 ek i 2
X s/ NV B RIS sR R BE ), BB R
TR UEGRFA 2 45 R A HER Pk, R E8 O B 7R T B
H AT, SE—20UE B 7% 7 vk TR i 67 Ao B
i)

(a) YbLOvsﬂlﬁﬂu G4R (b) YOvsmﬂﬂ %%

GRAFNIEFR RO CRAFNIEFIR RO
(a) Result of YOLOVS (b) Result of YOLOVS

on) (misclassification)

(0) B R L 5
(c) Result of proposed method

F5 HRRINZS SRR

Fig.5 Comparison of detection results

(d) BRpabr B HAE
(d) Groundtruth
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EATER A T 2 RUERHIE Rl 000 225 1) rit BELAR SR B 5 1 2 o 55 00 7k 211

J T VAR BE S BUE R 2 A R it 15
BN ZRE B AT 2R S0, FESEg R, DB
(300 5K EG ) 3225 58 30 = B it (1 600 3RS |, IFIT
Fh B AR AR X A X 3 A BOKS B B8 o X 3R 40 S
DARAr i BE s, SEIR S5 a2k 3 Frow, B & I
SRBE BN BARLE Sy IR B R 1R R
It BAEEE LA 3 700 3k BUR UG, 45 W48 b 2L 7R 4 1l
M1, [EWF, Pixel AUROC F1 Pixel F1 Score iX P43 &4
FEFR bR 2 PR T, SR B BE R U R A B B 35, 5 43
)55 5 L X2 AR AR S DX 50 E B L i 2 IR 7 B o
IR 700 JE#a T VAR . T IR (14 B B (A5 AR 78 7E Ak
FRAZ F 5 sORAN G 2 S 0o SEORS o AN | 0 B
KB E RS , F— 25 B S e 04 48 T R
BRI, SR, B CRIASE 4 54 45 B 2 S B0 2Rt )
) S 2 BN, A AR N R R fhe s SR B v A AR AR

x3 ARNNZGHFEENEE RN
Table 3 Impact of different training data sizes on

model performance

Il 45 =Y Y F1 F1
J ;iﬁ iii {%—iﬂ‘; FIE HEE e
300 0.87 0.74 0.84 0.90 0. 86
500 0.91 0.76 0. 88 0.95 0.92
700 0.94 0.79 0. 89 0.97 0.93
900 0.94 0. 80 0. 89 0.97 0.93
1200 0.95 0. 80 0.91 0.98 0.94
1 600 0.96 0.81 0.92 0.98 0.95

J T IR AL AR ) TE IR A I R R
SRR 700 5K EHR SR S I ZRA Y i L b I 7E— 1
EANE Tl 3 5 F 69 TF U A BE SRR I 4B (resistance
spot welding dataset, RSW Dataset) [ #EF7 I3, 2548
ESLISEEORE A SR e A L2775 PR I AT
[ Toll 37 5% F b ) s AR R (i A B A HE 2 i TR,
FRAE NEEHE AR DU AR IRAE ) | 2R AL Y sUAR Bk
B CINALIIR 205 ) S22 50T By SR R (a0 4 1) 2R
Bt st) LA ZFOE BRAE T 0 5 0 R (Aot I
H5) , BRI LS Tl 8 rh i) ZRE APk K, B 4
AT AN ] ol 37 5fos =R A E 6 s .

MIZETR AR TR BT 200 5K G173, AITAR
ST BRI 52 J Tl PR b i R B JF Sk AR
)37 56 T BZALRE ) G ek, SEEG S5 SR IN3R 4 PR,
feGEry B AR AR A A BCE B 1 A 1k R T R, 32
B H T X SR A R R TR HE AR N R, BT X 1
R Z A BIBE A3 A 2 A AR RE ) . B ZARLE, T

(a) NI TLI% 5 B A% AR B
(RBBAREL., B TAB4S)
(a) Resistance spot welding images from different locations in
industrial scenes(heavy equipment frames, transportation components, etc)

(b) ZFMAAGRIE (FLIF. EE)
(b) Various types of defects (holes, cracks, etc.)

il

(o) ERERTHRHEMEABEER (FREFHES)
(c) Resistance spot welding images in complex backgrounds
(workshop environment, etc)

(d) ZRCIREAMH T B ARER GRE. RE%
(d) Resistance spot welding images under various lighting conditions
(strong light, low light, etc)

K6 Al k375t i L LA
Fig. 6 Resistance spot welding images from different

industrial scenarios

P 7 v e T 22 RUBE AR DT E A i 5o Hi L A A R 7
Rl A5 %I TR Az AR T [RIE, B4R O VA AR
Faie o EUE S R B A, BARI F  BLRAE Pixel
AUROC Fi Pixel F1 Score I Z35lli5%] T 0.95 F1 0. 83,
— L IIE T2 ARSI R R 57 5 4 0 5 T A A e
e ML R APz ARE T o 1205 A TR R B e AR s B 4
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Table 4 Comparison of model performance on

the open-source dataset

HELRY K PER e F1 508
Tiny-YOLOv3 0.57 0.76 0. 65
YOLOv3 0. 61 0.82 0.70
YOLOvVS 0.64 0. 89 0.74
YOLOv8 0. 69 0.93 0.79
AR5 0.90 0.96 0.93

P7 A B A R R A It R
Fig. 7 Detection results of the RSW dataset
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