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Abstract: A vision-based detection method for bolt missing and loosening using the optimal hexagon
rule is proposed. High-quality images are obtained through preprocessing operations such as perspective
transformation and distortion correction. Based on the optimal hexagon rule, combined with a regional

attention mechanism and a residual efficient layer aggregation network, a keypoint detection algorithm
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based on YOLOv26 is developed to precisely locate the six vertex coordinates of the head of standard

hexagonal-head bolts. The Graham scan algorithm is adopted to obtain the convex hull of the circum-

circle of the six bolt vertices. Taking the centroid of the convex hull as the center, the sum of deviations

between the actual and estimated values of the six vertices is minimized. The Broyden-Fletcher-

Goldfarb-Shanno (BFGS) quasi-Newlon optimization algorithm is used to adjust the vertex coordinates

and generate optimized regular hexagon vertex coordinates. By comparing the coordinate states of bolts,

the rotation angle of the bolt can be calculated. Bolt joint rotation tests using 16-hole three-color bolt

heads (gray, blue, and red) showed that within the loosening angle range of 0 - 60°, the absolute error

of the identified bolt loosening angle ranged from -2° to 2°, with a maximum relative error of 8%, demon-

strating that the proposed optimal hexagon method provided high detection accuracy and stability.

Keywords: bolt missing; bolt looseness; computer vision; image recognition; optimal hexagon rule
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Schematic diagram of vertex coordinate optimization based on

Fig. 1
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Fig.2 Detection flowchart of bolt missing and looseness

o — By Br R s e A sl R, %
=AER

1) R 4 MR B 4219 AT IR, OF 4 IR 8 1: 1 L]
B Rl 3 D DI 2R A D3 4 RTG: U 4E

2) ¥ I 2 4 P AR K0 A TE S A YOLOv26 H
o A 0SS R R A I 255

3) 4 00 1 2 A I 5 e ) R A R 2 A ) A8 TR

242

H HEAT IR

5 B B R AR R B AR T UM %R AR
HEABIE

1) 2R A2 MR 3 42 77 A TR, 0 P o WA 7 5 SRk
HEAT MR A IE 7 4% 8 1+ 1 H il &) 43 VI 2 4 i3 4
FGGAIE £ 5

2) PR R O A, TR AR, A5 B AR AR A
Xof 3 FLAA

3) K AT A RE 5 AT — YOS AR B R LTS e
e
2.2 kb

P K B 75 3 F YOLOv26 IF &, 9 4% 25 4 ]
U 3 7, YOLOV26 553k (19 4% 0 ele ot 465 i 2] i
AR # K AE # H (Non—Maximum Suppression, NMS) #f
20 A T3 A £ AT it R (Distribution Focal Loss,
DFL) B o v, s 21 % JC NMS #f 21 i i 8 %
THIUI Sk B a1 TE T A 10 3 SORE FI0I , 190 5 T B
TG GE AR B 0 1 S Ak B, 2 AT 4 B
IR I ) A TR . o AT AR R KRR BRORE i R
HE 151 U1 DA ARE 3 4 A3 F0I0 17 Ak by B4 A A [l ), 7
T A DUOKG B2 19 ] B MR e G 17 3 530 52 2% 32 A Y
SR S BT MR R R A L O T AR AY
() i, G5 1A 3 A0 2 - A AL o s 5 5l 2 ol 4
AN TR 45 2K 28 A 0 AR By 1k YIRS 4 R SRR 32
456 /I B bR BR85S BT SR W O 58 S G/ B0 B
SEAR) Ay BE bR A A RCR TE T ISR AR R O IR 3
T/NEFRRE I PERE . HeA, 51 A Bh & G — 1Y BE LA
JERREOC A&, 520 T R I AU SO R L
NGB RN FEF & A Fe e Y Zh fg 4tk 1 ) 5
R,
2.3 HAfBHE

i PR 9 N 1 R AR T T SRR RO
AR R IR A TP L SR AR EAT R L S B A B A
oA A TFRHBRTPORIENSE LR, NS HE N
RS, AT R 2 RO A R AR PG AR AR S T IR
REAEAT FIS b e B 228 R A A, AR A
XA 228 g R AT B AR e o I R P AR
AR AR N (a0 ) B E T AR AR A (uy o), W22 5
G- T AT DA aeb 2 (8) B 46 il A o 1 AR T
o, T2k RG2S 8 3 B Elﬂiﬁtﬂlﬁﬁlll/\’%%l’j
A BRE bR i A bR 20 B 4 20 i T AR
B0 TE I AR



Tolk# s 2026 4F 55 56 4% K S

Input Backboon

| D] {Consat]|

Il [Gr

(a) HriEHT

(b) HFiEJ5

B4 PR A O

Fig.4 Image distortion correction

! !

uw u tyy Ly tiz||lu
v|=T|ov|= Ly Ly 1y v’ (8)
1 1 by, by, 1 1

2.4 Bt HERE

WE R 1 E B AR R A ) BT L A A B Y R AR
B, R T I KT SR A R A R AR AN Bl T B A AR
ETINEE R R A= R B FT BTa S Ol R i R VA i
ATXFE NS fir s o DR G, MR b 3l ) B R B i
PR B DRI A R 2) B dh s M. |k,
ST W e SR e o e AR e s Y
6 T a5 rH YN AL bR B /N 8 POVE I 255 4l o
SO L TR B

=72 (9)
X, — X,
U388 4% % o 2 -
T
i k= oo
9= 2 (10)

™
e arctank k # o

R A B0 B2 RT LUE S 3T AR Py B Y B
LRI RS y e A Y 22 (615 31

Ao=6-0 (11)

[C3K2 4+ Detect

B3 YOLOv26 B 5 [ 45 251
Fig.3 Network architecture of the YOLOv26 model

Bs5 METRRE

Fig.5 Schematic diagram of angle calculation

-0 TN IR IR AR I, P 5 000 24 26 A1 y il
4 £ 5 0" S AT — YR S G b oS R IR A THA P
55500 T Ly Bl 64 T A 5 A D IR AR AN B A K

O TH B S o A 00 e A P ) T R R 22
BB B A 6,000 PE AT BRAR A Bl 0 AL R B o >
IAOI>0,,.0» HI E R R B o TR 2RV 5E o 15 15
Hh 0 R B AE 10°~15° 2Z R B, Ot B B R
T35 5% W AEL 7 Al B A, O il 3 IR AR A D AR
SRS o DI, AR SO S a AR P R Sl £ B A K B
Oppreanora BE A 107, Jr 19134 280 W AR 3 552 B R A N1 B
6 LA M DKS JB2 2 AT 1B 0

3 ik I
3.1 HHFEEEL AN

fii Fl Dell G15AE I RIYI25°F- & , i, CPU Ry
12th Gen Intel (R) Core(TM) i7-12700H, 14 #%.0> 20
¢k & , GPU i NVIDIA GeForce RTX 3060 Laptop
GPU, 77N 8 GB, fli Fl YOLO v26 I Ji 2% >J HE 42 il
OpenCV EI{G AL #EFE . I 5 18] F 4 J1] Iphone 14pro 41

243



TR, ST RRAU S T IE U Y 7 1 Sk 8RR B 2k B A8 3y RGP U 7 7k

B, 1% % M 4800 7 Pixel,
3.2 #EAET A

il £ 16 fL MR A 3 B2 B, R IR AR N
HS10. 98 g% , R S M30x80., M2 4 JF 4 Sk JK 48 4,
2 IR R TR rp B R B B S A DR e I R
ERLL B (A A SRR AN 1B 6 BT

Ee6 XA
Fig. 6 Bolts for testing
3.3 #EEBEBRKE
ey o MR O A S BN AR AR RS 1) il
FHE RE T HLEIH 2 S B0 S A AL, TR R 2 TE N
L, KT A4 SR B 5 Sy 1 AT A MR A g 11 L 57 T ) 7
P8 5 2) AR 40 e 2 A Bl B30 4, XU 4 1 1) i

(b) I FRE

FARTE , H b R A e 2R A5 2550 “hole” , B2 A4 B 3N B4
AR BRI IR AR 7S A Sk 1Y 6 S TS, A&l 7 (a) A1 (b) BT
7 3 3) 38 3k B ML BE % AR F RS S R R R
GREEXT B AR AT ST ) H I8 10 1 L s ]
R XAy il gh g AR B IESE . b TR O A
FEAN TR G TR ) A4 e S R 2 ) 5 e 1 R IR
AR R SR RN B B AR I 4 ) A 3 DY BRAR R LB
5 PR 458 % €00 HE O R8T IR AR I e, 4 B[R 8
(a)~(e) BT, i b 3l B4l 4 2L 05 48 i 1 1
562 5K , Z e V88 L KA BN LY BE A O i i AT A
R8P 78 )5 3k 5620 7k 5 Bl O B S Ui 4R R i 1A
342k P e 4 3078 5K .

(b) ToL&
B7 IR

Fig.7 Bolt annotation

(e) O

B8 AFDEI AT A IR

Fig. 8 Photographs of bolts under different illumination conditions

BRI LR 56 7k S 700 56, I 2 bE A Sk Tk K/
16, W14 24 21 RN 0. 01, 24 > REEWH F 0. 1,4
SIYINZEAR S A e G A 0 A A

U TEAS Tz AR T, I U ) 0 BOHE 4R A,
AR T 100 5K 824 B R, I BE AL B84 4% ) —
FE SR RN . BT S 08 B R AR b Ay
R 2 LA K TR e 2 ) B 5 S B % Bl i R
FTXF LG, o 56 48 5 3k 1 m] FEE

244

4 ERE5HH
4.1 WAk inA

BT PyCharm JF % 155 B 3R 55, 2 57 1800 Bl 2k A1
i 2l K DU A AR (Y R AR o A 9 TR SRR R R R
SRS B 2R 43 [0 2643 51 R 0. 98 F110. 99, & BLFEAH I
FH#a e mAPS0(B) J& — 5 F i M RE E Al 4 4, &
718 BB R ARG T ) R IR B2, HE(E R 0. 98, R T AR
A R ) 25 441 B4 T o 0 1 e s, e A AR )
B o Sk I R A g 2 A I TR SR L 16 LIRS %



Tolk# s 2026 4F 55 56 4% K S

P RUBBE HLECT 3 0 A7 I3k, 45 R an & 10 B
7, R WA LU R e L R R AR L e A, AR b P
BB PR A 7 B 4fE B[R] 82,0 ms, AT LA I —
FBe B Tl 38 2 5 5K o

1.1

1.0F
0.9F:

3520.7} |
#0.61

T 0.5

0.4r —-—NiERE
0.3f - - HmEx
o mAP50(B)
T0 20 40 60 80 100 120 140 160 180
W

B9 RN A I EE K mAPS0
Fig. 9 Model precision, recall, and mAP50

b bolt 0.86 bolt 0.87 bolt 0.83 bolt 0.82
\ ) 2 i

|

smacbolt 0.85 bolt 0.84 bolt 0.86

bolt 0.84 bolt 0.85 bolt 0.82 belt 0.81k
\ 477 - ﬁl /. “-fe.l

VE P RO B
B 10 82 B AL S
Fig. 10 Recognition of random bolt missing

4.2 EAnHI 4R

Xof WER A A 0 A 00 A A 54 B A TN 2 B I
SO 11 R, BT 0 % i T S A R A SRS
W Zrad AR 2 A R0 R0 ) st A Sl v 2 >
FUHE, BB A58 B B br i A7 R B H bR 28 51 R DG B
FENIEFATSS o I ZRAE GBS R I AR E TR 0. 12~
0. 13 Z 1], e iE A OB AP 2R A2 E 7R 0. 17~0. 18 Z [H],
YINZEAB 2 RN TIE 153 2 22 1] 1) 2 FE IR AR /)N, 3 3% B A
RUXS OCHE S AL AMAE N 25 BRI R4 iz bR
FIA LB ERAR L TR 16 N WR A 4 1 Y N S AR kA T
I, 25 RN 12 R A TH(P) (RS EE A T3
mAPS50 4By 0. 97 , 3 WIS Y HL 28 1 g 1) 8 0 RG B2, %
SHE I 5 4R A G 4R Y 0 % it 2 S R4 T R
P N5 5 50 Uk 2k 22 BE DR 5 BTG LN L 10 B AR
RIS H B A B4, C B 5 mAPS0-95(P) 4 0. 97,
[FIRE BN 7E 2 R RS id it . JF B 7E A

FLACRSE 1Tl 8 25 ), T B — o B I 3501, et 248
W, 75 455 780 Kb 3B B ] A5 0% SF 359 4 B ] Dy
57. 68 ms,

4
— — RGO
BOUEARCHE I
3
=2
!l
A
4
1 h.\“‘“'
) R . \

11 SRR A Sl G DI ASE I 4 2R

Fig. 11 Training results of the bolt loosening detection model

1.0

i e S T e ]

ForaT =

L IpaAN ST E
0.9 | i

0.8 5#
§0.7 :
yz

fvAv] d
EO'(’ — — mAP50(P)
05 S AR
ekl 1 A4 10
0.4 ' ‘ ‘ ‘ —--—‘mAPSO‘—QS(P)
0 100 200 300 400 500 600 700

B 12 BOEVKS 6% A R mAPS0(P) 2 mAPS50-95(P)
Fig. 12 Model precision, recall, mAP50(P), and mAP50-95(P)

4.3 =& FenFHhRsS K

SRy B0 IE B ) B M X 3. 3T R [ BRI AR
TR 16> = iRk sk OR 6 JE A ML) G
B R AT R o X 1.2 . 4~11 S 8t 17 T AL
s, 5% ) £ FE A 207 ~30° 2 [B), 4G 45 R &) 13~15
Firos B iR 25 AR R 25 . AR AR 1.2 .4~
115 WA 1 0 1 B X 5 )y A B U % 5l i 8 A
B 2l 45 J 42 30 5 i O BRBR BG4 X 58 22 Y5 [ R
-1 1~2° I RS R R 2E R ALY
BRAS IR 228 6. 6% ; B I R BT 4 0 152 22 3 [l 2 -2°
~2° B K Bl BE U AE X R 25 K AR TE T4 IR
B 25 N =5. 7% ; W €40 BRI PR B8 7T 4t % 158 22 Y5 [ Ry
1372 IR KRS ARG R ERAETE6S
BEAS IR 22N 8%, AR B R K AW Wi g, ik
WU S5 R BT, B 4 S 50k ] D) 52 SR A Ay B K
1 4 18

5 &
1) 2 H — Fo 35 1 S5 01 7S 00 B 925 0 ) A e 2

245



THE, S ST RALAS

T B 7S 1 e A ke I S A8 2l PR 33 v

50
WU e 110
0 SR
S - =R
300 D S
& J \ en| 0o X
® 20 Va=l7 ‘ =
& el ‘
10 ' l -5
| I
|
0 = ; | -10
1 2 3 4 5 6 7 8 9 10 11
[y e

13 W 5E L MRPREE N SRR A Sl 2 R
Fig. 13 Detection results of bolt loosening by rotation under standard

illumination conditions
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Fig. 14 Detection results of bolt loosening by rotation under dim

lighting conditions
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Fig. 15 Detection results of bolt loosening by rotation under warm

lighting conditions
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