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Fig. 2 Panoramic reconstruction of three-dimensional space. (a) Stereogram; (b) top view

FEAE I TR B AR AR R B e AR R AR KOS5
Ji i 5 o DATUE R G RER RGN ERL, U R 5
(R A B /oy 2 A% A N7 K D = 4 R R . FEARBIL AR bR

Faoyz P B EAEEBREREP(x,y) TR (2 —
W/2,y—H/2, — ). TEMFLIRRXYZTF ,
RGN AN AR a, 5 A0 R g T AE BIL AR AR R

1010002-2



F43% F 10 H1/2023 £ 5 B/ RFFR

Toyoz BE AR BR 2R P X B TERS o, L5 5 A AT 2 o L X
3 HETF=4tp NNy =y
(Y e B, 0 3 TR T R AR K P (2, y) e LR R i

e ISR AR B 3R R B9 8805 . v, w0 ) RT3 31 BIREERXR
S 3R S5 JEL B4 o 2 o L 2 090 5 9L 1R

— KR, Ny ST 7 A B A AR AR B T R] 0 A S

Wy, B 25 58 A IRFATD 7 38 O, WL 37 T 25 IX Bl 3 7 444
w R, 3% S G AR G Jie B il 5 G b AN TE ST R o T
2 G HEEA TSI A £ 22 0, AR AR iTE = 4 2 (] P #R
H |, BAMAEME—PE, WA 4R LT, R F—
2
/

0 1 0
sinf 0 cosp

0 cosa —sina

Tt M AR WL fE = TN R T A& M.

P y) P/, ') Jo 1 2 W05 0 0 52 00 12 5
(L ETFRLAE P,y ST A
. RUCRAT 5. Py ) TR ABWIR0 S0, (R AR
y P, v w) A SR TR , 36 A A0 F A 2 e — 1 48 b B 1
{9 B R4 — 4 T 0 (2 S Ay = 425 ]
S A 5 D 4

A
7 % o
OW &© NN
X LN
/ T
FoFln -
;
:

0 sina cosa

cosf 0 —sinp f 0 0 }

\.P(.%', y

o

Y.
(@)

world coordinate system

world coordinate
system

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

zc
camera coordinate system

B3 ARHLA bR 2 e 5% s T

Fig. 3 Schematic diagram of camera coordinate system rotation

2.3 BREER
KD 2, y AR R B, BRI AR 2R 1R
CHIRERG KN WX H, FE M IEE K F, X

Fo, WG Z 05 1 B4 S = 2B A5 AL (1 fo A T 7HE 4%
W/2 Fig. 4 Optimal registration line based on 3D spherical model
S an(rz) o) 55585 % 55 10 0 0090 0y @ I 1 1, )7 £ 50
pu H/2 ’ B FURT W i g, MIAE LA, R AL 5
tan (F/2) R 7T
\U4
u cosf, 0 —sing ([ 0 0 LTy
{vl 0 1 0 {O cos a Sina} _ H |, (3)
w; sinB, 0 cosp; |LO sina cosa b2
-/
\U4
Uis cosBier 0 —sinB|[1 0 0 ALY
|:'U,+1:|: 0 1 0 [O cos a sina} _HY, (4)
Wi sinB,.1, 0 cosf;, |LO sina cosa 2

1010002-3



o i 22 40 8 4 A0 1 A N U0 408 it [ il )
el fa ok B, =360°/N, B M B, i & By =B+ Bro
H R AP ot LA 2 (8] ME — A 28 P, %38 2 1 23 [) A bR
W2 w, =u v, = v, wi = w,, WAHSB R 1Y i
BCHEL MNAEEMR LA, ERAR R S E (2, y) F
(xiye00 ) BH

ylzyifl 9 (5)
(cos,@,*1>[(y,v*H/2)sina*fcosa] w

T, = - +—,
sin 3, 2

(6)

(lfcosﬂr)[(y,ﬂfH/Z )sina*fcosa} w

Xit1=— . +—,
sin 3, 2

(7)

He, Yy, =0,1,,H— 10,2, Ml 2, BAH X R H
ME— i o LS, 8 AT 75 AR 20 ot b 4 S5 MINTE oE 26 19 14
ROE . B TR RGN m A —&, [ —Fmm T
AT SR e — U BCE L AR 2 AL X R MR T 4
T P ) T AR AR % B
3.2 MEERGREAR

FH R = 4 2 (] A 7 36 ] i S R AR T 19 45z
FERC LR H G PR TH 3 T 4 Ak hn R AT .

yIz' n

$43% £ 10H/2023 £ 5 B/RFZFR
FH T JE 4 sk R v i i il S O il 0 Al TE ARk 2 B 4R
Wit A P T 4 AR B AR I AE TR R e e L4, O B 4
Ry, S DX R K, A 4 it ) 07 8 OC R R B AN E] 5
Fims o BUR T GHee 0 ff s 2E47 7% (15 A0 415 it 1,
T RS — AT R G — AT H A T Mo N, W,
VA M, N, 2 XF Bl (9 3 8 X3 B, M, C, FN, E i X FRIS
T o D HE P8R 2R 490 A 4 o RIS S DX SR TR 9

AW
cosf —singd T, || X
Yi|=|sind cos?d T}Hy,+l , (8)
1] 0 0 1 1
T.=W—fix(1+4cos@)
T, = fan, cosd | o)
0= Zarctan(ﬂ’—’“"ff"—’\")
H

Kb (a vy ) RHER L BIR R A H (2, y,) W E
BB ELER (T, T,) R fan Sow, TR
K (5) ~ 20 (7) 4R 15 1 fe A W e & i, BD Yy, =
Yoo =0, 2, =fix o =faixs My =y =H—1
B2, = fon 2 1= fuano

Bl M

1 !

A4y

19) --ﬁ ————————————————————————

1

PS5 ARAR ML 5 OC FR R &

Fig. 5 Diagram of position relationship between adjacent frames

3.3 BGgmemBEGEHE
SR B B SRR PR SR B, B RS LA A X A
LMt Y T S X I IR AT Rl A PR . R RS E L

X A3 S DB A AR AR DL KT E R R X
Iz, y) WA e EHR, AT R R
Ir(I»y):/Uf(I,',yf)JF(l*/I)I,'+1(Iz+1’yz-1)’(1o)

1, (x,y)eL(xsy:)

|:d), —(x— Jor ):|
d

A=

y

0, (1"3/)61,'71(1'#1,)/#1)

, (I,y)GI,»(Iz,yf)ﬂI,-- 1(Iu 1o Vi 1)»

(11)

A A AL R T 50 9 50 y A7 T B K ZE i 5
AR 5 T R y AT R XA T AR s, A y AT

BGRER NI, =Tk — T,
T o Wl BEE AT R AR B E 360° & s K,

1010002-4



F43% F 10 H1/2023 £ 5 B/ RFFR

mE 6 Ca) s o it 4 55t R 2 AT B ) al APk, 25
B NI IR J A B 5, 3 T A A T
N PR B2 e AR S AT B AL B . 1 O R M R
M N,. M,N, 1 1% % A )F/% ﬁ'} %IJ i‘j (Ml..z'le,y)\
(N1 o N )M, M, ) (N, N ), R B S B AR bR
S (K, 0) (K, H—1)(W+K—1,0)(W+ K —
L,H— 1), H i Koh# 5, R4 EarE 1A bR Xt
IR 25 5 A 4 7 vk S0 4 o MG R B B B LR
78 E A 6(b) R .

th

@ l e optimal registration line I

K6 A5 EBRE . (a) 8 BRI (D) ER

Fig. 6 Panoramic image straightening. (a) Before straightening;

(b) after straightening

4 SLEEEER Ko b

Koy #5640 X 512 50 R SF R 25 pm L 37
K/NA 4427 3. 54 T v R 2T SR 0 4% i o A R R
A% 20 Bk AT S 0, R 4 I KR 83, AN £ 3 Rl
h—5°~40° N T B UE T 4R ik 00 AT AT M Ak
X N [ AREA £ 22 (0%, 57,107, +++, 30°) N[l 37 5 R 4 5
BRSPS AT T R S, IR b L iR ik 5
T Ok B BCE AR S S . B W OTE A
NCC J7 %, DDIS Jy ikt 3 F 07 & L REE Ay 1] i 4
fiF #5, VT 0 2 1 (PSO-SIFT)™, £ TR 4F 09 48 B/ &
J5 [ Be o7 2 (CAO-C2F) ™ 3 F4RAE 5 &y 3 32 7 )
2 ROEE 5 B o 7 25 (MS-HLMO) ™ T Fe 8 i
R AR T AR 1R SR A R AR SR B A N
Matlab2019a. 52 % fij 5 *F- 5 24 Intel Core i7-10510U
CPU, 84T WA M 8 GB,7E 64 {7 Windows10 & 4 |- 5L
B, g BRI BT R VS2010,  BR T 555 i ) 20, %oF OfF 400 £
0757 20° A F T 1Y A FhAS 6] 3 5 R E AT TR A X B
G307

B = 2 TR v AR AR (1) G S A S B U T L
LT

ABR AR 0 R o BER AR I R ST K i
KNG Z B, B (2) frR .

A g 2 KRB JE 0 T A 1) AR B, T 3R B
A4y 51 0 0°,5°,10°, -+, 30° B EME FE 41

IR 3 AR (5) ~K (7)) B R AR LA E
B BVERAE o T S o

A A R (8) 2 (9) i 5 i AY B o AR M L M
K (10) (1) % 8 B X T2 47 A ALl A -

A S T d R o 2R B RE S 0 4 i R 5 ok
T AR

TS, XA AR BE S 07 i R 2k T s R HE AT I
o GG~ (DIH, fan, =6 fom. =60 HET
I, X5 2% SRR EAT BEEE . T 4R O vk R e O
W DFEERCR N A 7 iR o BT o Be o BR E  IX k4%
N 3R AE DE 7 3 (PSO-SIFT . CAO-C2F . MS-
HLMO) i 6 I X 38k ok 4> G B, 5 v i 4 E A5 0T 4%
() BRI o Rl O ARG ) X 3 4 /) Ay TR 2 R Xk ( [5]
TCgHE PN X3 ) o S o Aff PEAS TC RS B B B AR
I S ) IC M 25 SR 1 AT 0K ok, i b X e NCC L
DDIS \PSO-SIFT Pk J By $2 75 ik v ilc K s 9 vl DL &
, PSO-SIFT \NCC Fl i £ Jy ¥ X 8 & X 3l 1 #% 4T
BB BT AR S AR S RS MM A AR T B
=5 B PHEAT 5, DDIS J5 L5 55 AR A+ B 32 4k
FEAEW] WA RE A B4 . T CAO-C2F Il MS-HLMO J7
T RO R X P 4TS TG TE ) DT S A, S ECHE R SR I

BT Xof B — 75 5 R BEE X FAN 3 Sk 5° i 5% 1A
Gy BUR AT BCHE . BT, fan, = 6 oo, = 8o TR TT
AN T A PR SCR I E S s . B & 8(d) L& 8
() A 153k oK X 4k AT 200, DDIS 75 1 Fl e 2 07 ke 44 ]
SR B BE E B . 5 DDIS Jy vk AT 4R 7 1k A
o, NCC F kP e M IEHMR £ 8 T 3 I EHR (5 5
BE A 8 () 245 X > R R AR S 5 5e 88 Ry B —
i, NCC vk 5 i BRR VE L B 18 0 ot F iR — 35 5t 1A
G FE R HR IX 5 TC BH 0 R AE , AR T HRRAE 4R . PR,
TR AE TR 5 % (PSO-SIFT . CAO-C2F , MS-
HLMO) iy I X 350 42 E{E . PSO-SIFT J5 i 4 i
1) DG e X S B RO AE , i E 8(D i . T4
B IRTE , B CAO-C2F J5 v 1Y VT e %k & L
S B o M, R kg DE S 5 R AR T S XN . [
B, MS-HLMO 75 3 i TG 1F 8 #4 VT e X, $F 32 28 0 .
ZE LTI B TR S TR R E TR
BN R 2 5% PR S5 5 AE A B . X 38 A e o DF 4%

[F] — PRI A B2, 6 fo 3 7 s RMR AT I I . I
B, fan, = 6 S, = 8o T HE J7 I AN HE 7 3 1) PF 124
R E 9FR . I 9(c) AL, DDIS Jr ik % 1Y VT i
X B AR, S B A E I R R AL 4, 5]
9(d) T 7n o NCC Jy 3 T $& J7 ik 35 76 7 85 P 42 b 3%
PR B R G G EORS sSSP T SR BFEE L i PSO-
SIFT Jrikfe 15 K sl ™= A4 B B i 5 5, 7% 2 %5 X PF
PR RAr, i 9D frn o MUE e X 25 2ROk &
CAO-C2F .MS-HLMO J5 % VT Be oK B 5 AIK, To ik kA7
i o

B e, XA A B SR 20° Y B A 3 RS E AT T
o BEBT, fan, = 22 fum, = 28 T4 77 16 X B 7 ik

1010002-5



F43%5 F 10 H1/2023 £ 5 B/ RFFR

template and
result area

(c) template and
result area

# template area

(e) PSO-SIFT
matching points

CAO-C2F
matching points |

(i) ours registration
result

NCC
registration result

registration result

PSO-SIFT
registration result

MS-HLMO
matching points =

BL7 0 AR AR BE Dy O°B 19 B 2% s MG DR 2 R0 © (a) NCC BT FI T e IX 455 (b) NCC DR 45 4 5 (¢) DDIS #E Ak A I it X 3 5
(d) DDIS 445 4L 5 (e) PSO-SIFT PEAECKT ; () PSO-SIFT f4545 4 5 (g) CAO-C2F PLELXT ; (h) MS-HLMO PEREEXT ;5 (1) fr
WIRIET EPESE S
Fig. 7 Stitching effect of complex background images when the pitch angle is 0°. (a) Template and matching area of NCC; (b) stitching
result of NCC; (¢) template and matching area of DDIS; (d) stitching result of DDIS; (e) PSO-SIFT matching points;
(f) stitching result of PSO-SIFT; (g) CAO-C2F matching points; (h) MS-HLMO matching points; (i) stitching result of the
proposed method

B PF 2 R W 10 B ol a6 BG4 B T L, NCC
FIDDIS J5 4 25 X B AT B A7 i PR RAOR L (HAE 1
5 X H AT PR A R, BOR B B s R ) T 2 B
G X AR FR G AN Sl G R I A M A A5 3
TSR DT TE 1) E ok R R B R R IR AR N
3000 Tk A s e B R 5 S X A RS ME B iE . PSO-
STF T2 07 ¥ 78 15 F1 2 5 X 3 1 B 422 4b 24 26 9
KX 40 . CAO-C2F \MS-HLMO J5 ¥ 1y IC i
XFTEARKL, TP R

B XoF 4 5t MU BUAR R G, SR 1 S B P R A L
B, HUETIEAL & BRI R R R i ik

T [ B 5286 218 3B 47 50 Uk, 4% 07 105 58 WURE 4B K114
PriEERE Y RERT Q0 % 1 TR o B £ 1 A A, MS-
HLMO .PSO-SIFT iz 170 M &K, AA &It R R
A= ; CAO-C2F \DDIS J5 ¥ i 47 i [a] — i s NCC F1 i
P& 5 9 1A 47 I R) B e, T i AR 4 s AT B 4 11 S

ZE LTI G ot H T R G 4 s A S B PF
e AT 55 55 T AHR DT IC Y 7 v AE 3R GE IR A A 8 R ) D
RS BE A FR 5 78 R TS S8 R B — B A7 76 15 DG T 19 XL
B, o S EEMR AR B E R . T HRE S VLAY Jy vk
TS R FE vy, EL e BE AR T DG JC XoF ) 2 B 5 i 990

1010002-6



% 43% 5 10 #1/2023 &£ 5 B/kZFFR

(a)  template and
result area

@ NCC area
ground truth

template area

template and
result area

©

@ DDIS area
ground truth

(e) PSO-SIFT
matching points

) CAO-C2F
matching points

(D) ours registration result

8

(@

®) NCC

registration result

DDIS
registration result

f f

® PSO-SIFT
registration result

() MS-HLMO
matching points

MREAN ff BE SR 57 B B R 37 5 S A PF AR o (a) NCC B AR R T BE IX 35 5 (b) NCC PF 245 5 5 (¢) DDIS 54 A DT i X 35, ;

(d) DDIS Pf% 45 4 5 (e) PSO-SIFT VL L X ; (1) PSO-SIFT $f #4535 (g) CAO-C2F PEfE ¥t 5 (h) MS-HLMO PE g%t 5 (i) fr
FETT DA R
Fig. 8 Stitching effect of wall scene images when the pitch angle is 5°. (a) Template and matching area of NCC; (b) stitching result of
NCC; (c) template and matching area of DDIS; (d) stitching result of DDIS; (e) PSO-SIFT matching points; () stitching result
of PSO-SIFT; (g) CAO-C2F matching points; (h) MS-HLMO matching points; (i) stitching result of the proposed method

FURTE & XN, OF HRZ N R 2 BE SRR A T
DI, B 5% B DR TRC X B S BOPE R MO R 2 B 4, T
e bR BRI AN IE T BT 0 A R RS I B . B
P& 77 T B 2R A, T 0 R A A AR A S
IR SR 5 5 F R EC T A L, B e 5 i A A TR A
AT B OR R R G B B A R LA B ) 4 S PR AR
HOR IF BAEA R RAD AT FA BC S 2R — k. 2
F G AD FA BE 43030 S 0757 20° B, i £ J7 ¥ D 45 A 78
gra st E 1R

5 TRRERZ WS> B
R LA I E 1 3T = 2 R 9 4

WIS I PR T5 1 O B PR ROCR o (BAA — 28 %
PR ZRONS E VR 2 2R A R W R R AT TR R E i
HiEbr .

BT U R G TARRB AT = 4 25 W) (2 4, il
i FREARE A 7 3O A [ 75 52 I AT £ JEE T ) PRI AR AR 3R =3 [
o B AT R AL, T A AR R R O R A i iR
WA AR SR 2 20, 2 MR I R b R A
Horb GO R A iR 5SS BUR 5 1 1Y 5 R A £
JE 55 0 F TV AR G A R R OG . SRS
A (2) W o, XoF BE P RE BA — & ST .
1, Xk A [ 0L 37 £ 2% T AR 408 it 18] £ PE 7 78 E 2 AT IR
AT

1010002-7



(a) template and (b)

result area

template and

©

result area

PSO-SIFT
matching points

©)

CAO-C2F
matching points

(i) ours registration
result

(@

PSO-SIFT
registration result

% 43% 5 10 #1/2023 £ 5 B/kZFFR
NCC

registration result

PO AT f B2 Sy 57 B 37 S IR R B4 R (a) NCC B AT IR L X 38k 5 (b) NCC BF 45 5% 5 (¢) DDIS 458 A Al DT e X 5
(d) DDIS Bf 4245 3L 5 (e) PSO-SIFT PEAECXT ; (f) PSO-SIFT 45454 5 (g) CAO-C2F PLECXT ; (h) MS-HLMO PEREEXT 5 (1) fr 2
T7 ik DA R
Fig. 9 Stitching effect of tower scene images when the pitch angle is 5°. (a) Template and matching area of NCC; (b) stitching result of
NCC; (c) template and matching area of DDIS; (d) stitching result of DDIS; (e) PSO-SIFT matching points; (f) stitching result
of PSO-SIFT; (g) CAO-C2F matching points; (h) MS-HLMO matching points; (i) stitching result of the proposed method
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Fig. 10 Stitching effect of building scene images when the pitch angle is 20°. (a) Template and matching area of NCC; (b) stitching
result of NCC; (c) template and matching area of DDIS; (d) stitching result of DDIS; (e) PSO-SIFT matching points;
() stitching result of PSO-SIFT; (g) CAO-C2F matching points; (h) MS-HLMO matching points; (i) stitching result of the
proposed method
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Table 1 Average time consumption of different methods when stitching adjacent images unit: s
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Time 4.205 16. 089 12.883 0.104 1.921 0.015
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Fig. 11 Partial panorama stitched by the proposed method. (a) Partial panorama of complex background when the pitch angle is 0%;

(b) partial panorama of wall scene when the pitch angle is 5°; (¢) partial panorama of tower scene when the pitch angle is 5°;

(d) partial panorama of building scene when the pitch angle is 20°
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Fig. 12 Registration effect of different horizontal field angles when the pitch angle is 0°. (a) Horizontal field angle is 4.50";
(b) horizontal field angle is 4. 48°; (c) horizontal field angle is 4. 46°; (d) horizontal field angle is 4. 44°; (e) horizontal field angle
is 4. 40°; (f) horizontal field angle is 4. 38%; (g) horizontal field angle is 4. 42°
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Fig. 13 Registration effect of different horizontal field angles when the pitch angle is 5°. (a) Horizontal field angle is 4.50%; (b)

horizontal field angle is 4. 48°; (c) horizontal field angle is 4. 46°; (d) horizontal field angle is 4. 44°; (e) horizontal field angle is
4.40°%; (f) horizontal field angle is 4. 38°; (g) horizontal field angle is 4. 42°
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Horizontal viewing angle /(*) Pixel focus . o
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4.46 8218 (9,9 (11,9)
4.44 8255 (7,7) (9,8)
4.40 8330 (5,5) (7,5)
4.38 8368 (3,3) (5,3)
4.42 8292 (6.6) (8.6)
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Abstract

Objective The photoelectric early warning system is equipped with infrared detectors of distinct wavebands, and with
high detection sensitivity to the target temperature, it realizes real-time monitoring and early warning of suspicious targets
in the air by means of continuous weekly scanning. The technology of image stitching is required for panoramic video
imaging in photoelectric early warning systems, and image registration is the first step to determine the effect of panoramic
imaging. Currently, the mainstream registration methods in the field of image stitching are based on template matching and
feature matching. Nonetheless, when mainstream registration methods are applied to the panoramic image stitching of
circumferential-scanning photoelectric early warning systems, numerous issues arise. The method based on template
matching predominantly carries out registration according to the gray correlation of the image in the overlapping area. It is
prone to the issue of incorrect matching when applied to the real-time stitching of panoramic videos, and the non-
uniqueness of the registration between frames easily causes instability and discontinuity in panoramic video imaging. The
method based on feature matching has high registration accuracy, and yet it is highly dependent on the extraction of the
feature points of images. Nevertheless, the early warning areas are mostly simple backgrounds such as the sky and Gobi.
The overlapping area is small, and the image features are not obvious, which easily leads to registration failure.
Additionally, such algorithms have high computational complexity and generally cannot meet the real-time requirement. In
view of the above shortcomings, we propose a new real-time stitching method for panoramic videos on the basis of a three-
dimensional spherical model. This method is feasible, with a good panoramic stitching effect, and can effectively
compensate for the deficiencies in mainstream registration methods. It features good applicability and real-time

performance even for panoramic stitching of areas with inconspicuous features such as the sky.

Methods In this study, a real-time stitching method for panoramic videos based on a three-dimensional spherical model is
proposed. In this method, the registration problem of a two-dimensional plane image is converted into an intersection issue
of a three-dimensional space plane, and the registration problem of an early warning image is solved only by computation.
In the first place, the panoramic reconstruction of three-dimensional space is carried out according to the operation pattern
of the circumferential-scanning photoelectric early warning system, and the three-dimensional spherical model is
constructed. By modeling, we locate the spatial position of the pixels of the images collected by the detector at different
pitch and azimuth angles. Subsequently, we search the optimal registration line of the overlapping field of view in the three-
dimensional space of distinct pitch angles predicated on the basis of the three-dimensional spherical model and accordingly
deduce the registration formula of the overlapping area of the early warning image. Finally, the seamless stitching of

panoramic images is realized by a line-by-line weighted fusion algorithm and image straightening method.

Results and Discussions In this paper, the proposed method is compared with five mainstream registration methods in
four scenarios at pitch angles of 0°, 5°, and 20°. In terms of registration accuracy, the experimental results demonstrate
that template matching-based methods (NCC and DDIS) have the risk of wrong matching, which can cause image
information loss, as displayed in Figs. 8(b) and 9(d). The non-uniqueness of matching between adjacent frames is not
conducive to the continuity and stability of panoramic video imaging. The methods based on feature matching (PSO-
SIFT, CAO-C2F, and MS-HLMO) are highly dependent on the extraction of matching pairs; incorrect matching pairs
may result in stitching failure, as depicted in Figs. 7(g), 7(h), 8(g), 8(h), 9(g), 9(h), 10(g), and 10(h), or dislocation, as
illustrated in Figs. 8(f) and 9(f). Therefore, they are not suitable for the real-time panoramic video stitching described in
this paper, but the proposed method is feasible. Regardless of the complex background or the single wall background of the
early warning image, it displays high registration accuracy at the stitching point and can achieve the seamless stitching of
panoramic images, as illustrated in Figs. 7(i), 8(i), 9(i), and 10(i). As for algorithm complexity, MS-HLMO and PSO-
SIFT have a long running time and high computational complexity, while the running time of CAO-C2F and DDIS is

normal. NCC and the proposed method have a shorter running time, which can meet the real-time requirements of
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panoramic video stitching. In conclusion, the proposed method effectively compensates for the drawbacks of mainstream

registration methods and solves the registration problem of early warning images only by computation. It maintains better
registration accuracy and stitching quality and has greater stability, which is of great practical value for panoramic stitching

of photoelectric early warning systems.

Conclusions A real-time stitching method of panoramic videos on the basis of a three-dimensional spherical model is
proposed to solve the issue of the limited applicability of mainstream registration methods in panoramic image stitching of
circumferential-scanning photoelectric early warning systems. The registration problem of a two-dimensional plane image
is converted into an intersection problem of a three-dimensional space plane by this method. Moreover, a three-
dimensional spherical model is constructed according to the imaging characteristics and working pattern of the
circumferential-scanning photoelectric early warning system. Modeling yields the registration formula of the early warning
system and enables the seamless stitching of panoramic images. In comparison with the registration results of five
mainstream registration methods at pitch angles of 0°, 5°, and 20°, the experimental results demonstrate that the proposed
method has great advantages in registration accuracy, stitching quality, and scene applicability. It not only has better
imaging quality but also fully guarantees the continuity and stability of panoramic video imaging. Additionally, the primary
factors influencing the registration performance of the proposed method are thoroughly analyzed. It is fully proved that the
accuracy of the modeling parameters is a prerequisite to ensure the registration effectiveness of the proposed method. The
proposed method has been successfully applied in the infrared search system. In the future, it is anticipated to be widely

utilized in the security monitoring of borders, cities, islands, and other vital areas.

Key words image processing; panoramic stitching; three-dimensional spherical model; image registration; photoelectric

early warning system
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