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Abstract: To improve the consistency among multiple optical axes in electro-optical pods, this paper pro-
poses two high-precision target center detection methods for optical-axis calibration under complex imaging
conditions. For pulsed laser images affected by flicker and burn-mark interference, a staged weighted
centroid method is proposed. This method performs coarse localization using large laser spots and then re-
fines the center position using burn marks. For infrared cross targets with blurred edges and noise interfer-
ence, an intersection optimization strategy based on Hough line screening and directional constraints is pro-
posed. This strategy improves center localization accuracy under weak-edge conditions. Experiments were
carried out using multiple laser image sequences and infrared cross-target images. The results show that the

root mean square error of the staged weighted centroid method is 0.237 pixels, which is lower than those of
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the least-squares circle fitting method and the conventional centroid method. For 15 infrared cross-target im-

ages, the proposed Hough line screening method achieves an average error of 0.499 pixels and a maximum

error of 0.974 pixels. These results demonstrate that the proposed methods can achieve sub-pixel center de-

tection. The proposed methods also show good stability and strong potential for engineering applications.

Key words: multi-optical-axis calibration; pulsed laser; cross target; center localization; visual detection
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Fig. 1 Multi-optical-axis calibration setup based on a
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Fig. 2 Acquired image sequence of pulsed laser spots
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Fig. 3 Flowchart of pulsed laser spot center detection
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(b) Center localization result of the large laser spot

(c) WOCKIR PG Bt 7

(c) Preprocessing of the laser burn-mark image

(d) ST l' L/TJ\/?L%%&JJU\I
(d) Center localization result of the laser spot and
its magnified view

K4 BkebEot R

Fig. 4 Detection process and results of pulsed laser spot

SUL =t

center localization



3 x ¥

LR, 55 2RI P EOL 5 bR O s I S v 5

b, Moo I Moy 350378 T x F1y 75 1) B4 I EE
I — B, Moo 9 KL IAS (46, B E AR X J5k
WARZ K EALE Z L, AR A 4 (d) FR,
GEGTULIEA G, 1207 W50 a3 58 i K Gl
Xt I G BEAZ 0 X380 9 TR, AR il 1A 2,
B ARSI L

o RN AR A T, A SO R — oL A L
ARG 3 U, ISR I3 T R R A LA —
FEFHERER SR i TR =0 sz
[ (% P PR IR ER Y Dy T S — Bk BIAE A o,
A = BRI Doy < 6, W B 228 5
PAE; 2 Herp — i B AR R A B R T B
{8 0, HHRPI R Z BRI KT 6, WP Z s
TE RS IR . ARSI 6 = 0.5 /R, IREXS
TR rhuC B EAE A ko O AR bR . # =
YRGS I AN e — B A0, W HDBR A

4 ATERAKFLY T FRAFT
NNy ol

H TZLAMHEBL B BLEALE], H AR 5
AR RIS | 55X LB 2 SR e 24 45
Sl MGG 5 7R R UG S50k
FEMZEY 50T 45 5 1 R PRG BE R AR sl R Ui 1
()R, Ry i R M A5, AR St — P LR T 2k
i e 5 rh SAE AL A O ) AR AR A
W, R 2 Rftit—R I 14 B Bk
PRI WS, LAYE SR TE 59 30 S 508 5 09 rho A I AR
EPE.

HAEAHLAIMIPLERERE] 5 () iR+
HUFRER, B B G R IR BE IR, DAGE—15 3R B 4
BE o SRH 7T B AR A T 4R A, B A
MR, PR S GESME. N Otsu [ 31 (5
(HADHEA TG S8, B 2 e s UL s, K EE
Bl S (o) ORIy R A (G, sRAk HFRgiiy
(AT 531k, SRy I B30 G 4 ORI L G A I B2 1 v ot
wEMGIERE . & S (o) B, XA RS i —AH
FEME N Canny B4R BGH S48 B8 . Canny 87k
BA RIFryPtEae 01 5 g 1k, RERE 7E AT
LU BE X R EUE B S ih (5 B . Bl >R AR E
BB R AR AT 4 (K LR BRI, BRI Y B2 LU
HEFR S (p, 0) e, Hi p Sy A bp J i 31 B 2k

(T ELEE RS, O a2k 5 x RlETT I A o

(a) ZLAMEFLE IR AR

(a) Raw infrared image

(b) TR (EA

(b) Binarized cross-target image

(d) BLERASIN KA R
(d) Detected lines and
initial center

(c) LGAG
(c) Detected edges

-
(e) Cross-target center after screening and its magnified view

K5 A ibrrbo R i K g

Fig. 5 Process and results of cross-target center localiza-

(o) FFIES BT L KR A

tion

PRERE R AR A FE Lk BN I L T 45 5
1 S () BRI (E YR, DT 5 | S B2 e fr
A%, FEnTRERIN B 2 A5k HAn B Ek . UL, 4
B LR AL A AT FEPE, AR SCHERE R EL A
SRR IR L 5] ATy M AR T R . XET
AR B ) BT I, TR ELZAH AL
JE T8 B /NI f, AUER BR #8/INIE i KT 60° HL
INTEE T 90 ELZXT, DT PRI BT 2 B4 % B
AIERIERR KR, AR L | AT R
SO, MR G AFA ARSI B R R T, W
FEULRH B R, 60°1F Ry TEAN 1Y J7 1) i 2 B, 222
FHT SB35 A5 J2 805 T LI RRAE 9 B2k 20
By TEA S B A 3G O (B, Xk s
TENIEERTCA TR . X TR A 2R H L
XF, Ke AR 2 M R R AR AC A, XS BT A A AL
28 R AR AR B, 45 2 U] ey, VR ARG
FIRTER AT A, WAl S (d) i e S TR .

ARG O Al T8 (%0, vo) HEH, BF—F



6 FEDEE (hgEso

FExE

“T7 T PR G, FH T Mk B P it — 20
FE T TFHAR R L FAKCEIR G L A
NG IR AT B () B AT R R AR
AT HL RN x - cos @ +y - sin 0 = p, [ H
SUR AW} L AW Y 2 Y S = RS AR E G AN
ZIARYAHR A B R . X5 i SRR E L (o,
0,), #i|sin 0] > [cos 6], Wk 1) & B3 y JhJ7
], HARG TR, & CHOKE TP
M S, = Isin 6y, S, B, BEWTIZ H L8R
B xo IRABEL R, 153:

0 Pi—XoCcosb;

Vi (3)

sing;

TERG AR Z i, AL T2 B A, p i)
B, B 30 <y B, R ELZRAL T RIIR 0 5
FO75 2y >y B IZ B TR R O ST
Jro BB, TR ALy < o YA KP RS EZ T,
B S, Fe R A ELEAE A b7 fe oK ~F-2k; Tl 2
¥ > yo B KPBE B D, R S, S KA H 4k
YER 7 e k-2

[F] ¥, #5|cos 6] > [sin 6], Wk ) 2 B8 452300
x T, HEAS ERGE S, E LR
PR S, = [cos 61, S, UK, DL IZ H LM T
BEH By RABELITFE, 155

o _ Pi—Yosing;
! cos6;

M x < xo W, ZELALTHIG O s 2ol B2
ZZEEENL TR O A f I, TR R X <
xo (R IT 5 LB e B 2k, EHR S, R KRy B 2R
AN A T ks RN J2 x> o YT B LA i
ELZR, BEHL S, SR EAE AT MRS B

S5 &2 L S TP S T 4 2 R o ST 1P S
AR BT ARAE, 3B A RO . XX
DU S 1 A AR AR PR R AT LR -39, A g e+
FHOAR P AR TR L AR 5 (o) HBRE TR
25 Bl I A R R S R A AR 4 A i T
A LA B4R THIE S GO 7 5 v ) S RS D
AR | WAL S BT SO R IR 221

)

5 SRIRERE

5.1 BRI ADT O
AR 1428 @500 mm [ 0725475

B, EHENE N S5 Hz B9 Bk sf oL 28 3517 52 56 56
WE. 7T DLGARBLA R e 5 B O BT
35, TR0 GRS, BkfBOE R R AT R
Uity () FEBRA, T DL G AR BILIR] 25 SR 2 ik s o' HE S5
TIERAPDEBEEGT A o AR SE6 R AR kO
FUE S 5 (58 1 LK 2 B, 58 2~5 44 anfft
SRR, R AL B 2L UG 20 dil, UG 3 HER N
1920x1080, A PFAd AN [l 7 12 A e (7 4G B, X
2 ik O MG T 51 43 SR FH 43 B B dse /N — e [
UG S BRSO /3 B BT
HEATYEEE A ORI 5 55 80 SR B UE 53 B BEOGBE 0y
Hor I 7 v A B, AR B — 20 TP BE AL R — iR
FHIAUST OV A T CEE ARG

BOTERIZE RN 1 FR, A bR BN R
G i RUIA IR AESS 1, 3, 4 ARk
W25 ] 43 B BOMAUTTC % FE AR — B, eSS 2.
5 ZH ARSI 45 2R o3 A B EOME R, AR AE W 2 I 7%
MG HIZ SR 0 D PR B R 2 A B
iR RO CERE, 52 C B0 AR B ¥t L I
SRR MR, e RS . LR,
BT 00 W BOR WS i 5 38 A 5 AHT R W, K
W25 S A 2 18] oA L B g vh, e 0 HH B A
EPE.

R BORESEEBE R OEMEER

Tab.1 Center localization results for pulsed laser spots
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Fig. 6 Scatter-arrow distribution plot of detection results
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Tab.3 Detection error comparison under different

Gaussian kernel sizes
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