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Abstract: Under low-light conditions, vegetation cover, background clutter, and sensor noise can sub-
stantially reduce the contrast between camouflaged targets and their surroundings, thereby limiting the reli-
ability of conventional intensity-based imaging methods. To improve the detection of low-visibility targets
in complex vegetated environments, a multimodal imaging detection method integrating low-light intensi-

ty, polarization, and spectral information is proposed. First, a Target Separation Index (TSI) is con-
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structed from differences in the spectral responses of targets and vegetation backgrounds in the red and
near-infrared bands, thereby enhancing target saliency. Polarization features are subsequently introduced
to characterize reflectance differences between camouflaged target surfaces and natural background ele-
ments, including soil clumps and dead leaves. TSI, low-light intensity images, and polarization informa-
tion are then synergistically fused in the HSV color space to generate target-enhanced images. Experimen-
tal results demonstrate that, although TSI effectively highlights vegetation-obscured targets, it remains
susceptible to interference from environmental clutter. The proposed fusion method further suppresses
such false detections and improves target-background discrimination. Validation using a self-built dataset
yielded a target contrast of 0. 924 and a detection rate of 0. 98. In addition, application experiments with
the YOLOv10 model showed that the fused images achieved higher target-detection accuracy than single-
modality images. By exploiting the complementary characteristics of low-light intensity, spectral re-

sponse, and polarized reflectance, the proposed method effectively enhances the detection performance of

camouflaged targets under dark, vegetation-obscured conditions.
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Fig.2 Low-light-level polarization multispectral imaging system
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Fig.3 Schematic diagram of the experimental scene

2.3 77 i
2.3. 1 Hrdesu i mAZ ARk £
FH Mueller % B M k4 i S O 4 285 19 1%
Five. X TAEELMOLY R G B AGHOLH
Stokes K 4 S, th G Y Stokes K it R S,,, 4
AR IR R GG R RGO ER
Al PL—A~ 4 X 4 19 Mueller %5 f s, 1)
..
S = S =MXS,=
Vou
M M9 M3 mqy Im
M5 Yz M o3 Moy Qin ) (1)
my My Mz My || U

My My NMyz Ny Vin

522 )7 ) 1 o A 00 PR AR 2L IR IR A 09 Muel-

ler Hif4 Al 7R h
1 cos 2a sin 2a 0
1 cos2a cos’2a sin2acos2a 0
" 2| sin2  sin2acos 2a sin”2a 0l
0 0 0 0
(2)

WG a B RREL, T, Q, UV KRN -
I(,m(a)Z%(Ln—O— Q. cos2a+ U, sin2a). (3)

N (3) FTR GG 1L, (a) F1A G Stokes
KRR R, S A M BT RS A 5
Stokes & f& , A B 57 & £ % H M 07, 60°,



55 17 ) ke R W | 45 - 5 T 2B S AUAG AY IS IR B O 3% B AR PR 2751
120°, 1P AR AE | 7E DoLP A1 AOP B4 v, i T 1
I:£[I<OD>+I(600)+I(1200)} {%%{E@ﬁj‘?*ﬂ*ﬁiﬁﬁ/‘yf%?ﬁ @Lﬁﬂ%
3 DoL.P 1 AOP & {4 n] LK i Fh 22 5 45 & ok, ml
Q:3[21(o°)—1(6o°)—1(120°)]. (1) AR R R AR B A R A 2 1o 16 Al S A (0 o 7, - 4
3 WO WA T A S RO R . T DoLP {9 R
U:i[1(60°)f[(120°):| AOP [E]'f% E"J fﬁb’ﬁr I:J ﬁn %Eﬁé >|% DolLP *ﬂ

NE}

MR T,Q,U s g, #t—nl LI 15 3
28 {32 & (Degree of Linear Polarization, Dol.P)
F i % £ ( Angle of Polarization, AOP), i ;

DoLpzi\/Qj(]’ (5)
1 U

AOParctan(). (6)
2 Q

2.3.2 ARk BB A gk A
DoLL.P fil AOP #B J it T £h %& H #1914 1) £

(iiDoLP%‘,f)

i=1j=1

Epi=

DoLP" + (ZEAOP”(Z;J

AOP HEATEL A, Bl A 3R A E . BURT, 7 206 L
J:I’EH%B#{UUE,ﬁ:lﬁl%ﬂ@ﬁfi&?lﬂg@l
m
DoL.P — min(DoLP)
max( DoLP)— min(DoLP)’
AOP —min( AOP)

AOP" = (8)
max( AOP) — min( AOP

)
B 73— AL )5 B DoLP fl AOP ¥E47T 5 T hE &
LR NAPINE e s

DolLP"= (7)

M N
'))AOP*
i=1j=1

(9)

ﬁjDol,P”(i,]’)

2.3.3 MR B ARG RBERENF

S U PR A S R 0. 53 Ix, R &5 SR n E
AR . B ACa) 058 B S, il O %€ B b
R A 1Y LA T B DX, HL AR e g 5 ]
TS R AR DRSO 1P i B 1 S X DA e
U BROR B bR o B4 () AR 4(c) 43 51 R 760
nm 1 680 nm i Bt % . SR rELt R ar

(a) 7 A5 FE (R 1

(a) Night vision intensity image

. Y -~
(b) 760 nm[&|{&
(b) 760 nm image

M N

+212340P(0.))

i=1j—=1

S A BT R 2030 0 1 R AE o 680 nm £
T g 2% 5 R AT DX, A A 2% B R S W )
AR 5 760 nm A7 T 2131 2 Je B9 3T 21 A e BT IX
S, W DA IS 4 2 A 5 A ) 22 UK IS (A
SF o R B A AR L i BT 4 (b) T s, HE AR 760
nm {9 B B AT B 1 wE N T D 2k B B o 5 AR
XA, M SO A O3 H s A R

(c) 680 nm[&|{%
(c) 680 nm image

4 Db A AR Y AR 45 2R
Fig.4 Imaging results of disguised target



2752 err K TR

34 %

A I 2 2R W T B R (4 AR B 2T i BRAE . BRIk, H
PR AE 680 nm I Bt 19 i B 55 T AE 760 nm Ik B 1Y)
M 7, P i B AR A R B 5 R B AE AR U
St
BT 3 H bR 5 & 6 A 9% 7E 680 nm Fl 760
nm B A X N 2% 5 AR SCR EE H B 4 B 4R
TSI
11— o~ R, (10)
Rissoum + Rigom
HoA s Rego o A 680 nm 7 B 19 KT A, Rogoum N
760 nm P B 1 R FRAH
2.3.4 A THE-MK-KELZHES
B ER 3 h K B ARAR W O ik
w5 TR, 15 o2 e ik EROT
DoLP #1 AOP, Jf- & fig & N AL 1% 3 EDA ; B J5
680 #1 760 nm EIMER 58 TST; 5 % A (1) ¥
WAL EDA A TSI B S 2= HSV 245 i, Hoh
TSTH F 18 il B B 43 &, 28306 A48 4615 31 i & 145
F. #E— %M YOLOVIO PEH F XF H b5 k6 AT
%5 13 25

S AR A R0

{Esv ‘information fusion|

A

9 of
on res
I Yolo V10 I
ject o1
o1

Multi-scenario data

Targets i
SEE e

K5 T OG- i 9k -6 3% 2 BEAS Bl & i 8 o Dh 2 B s
Iy A ke i

Fig. 5 Diagram of the dark environment detection meth-

od of camouflaged targets based on low-light-level-

polarization-spectral multimodal fusion imaging

2.4 EMIERR
2.4.1 BB RZ MR

Ry A T PE A S R A A AR B dil i AR 1 L
PBACR A S 0 R ¥ 86 B G AR B H
H AR X BE C, N ERTE W 5 B & B L

ZHSV"RGB(ED“TSI,I>,TSI: V. (11) &E*’f“ I:J‘;I'E?/E';’: ﬁ}‘@z/\ﬁﬁiﬂ:ﬁff@ﬁﬁ*ﬁo
B 1 wi»i /(F(i,j)—F<i+ L)) +(F(ij)— F(ij+1)) )
(M- D)(N-1) A A 2
H FGL ) A EUSE RS iA7 565 90 K BEAE M, FEARR . =0 A8 bR B ik Lanh
N R S . (15)
TP+ FP’
=", (16)
Sl L R0 09 KBS . PC) R K o
R LR E B R BB B e mAPZNZAP(/e), (17)

‘frffn’
frtfs’
Hop s CRXF R £, /o530 M e 7n HAR KB - 2
KE{E GEORECY/I (=
2.4.2 B ARAR N I8 AR
B br A W R O Ak FE bR A R B R
(P) A 85 (R) LR 249065 B 24 (m APS0, B
SEF L R 0.5 I 17 HoRE BE (B o e IR
Y F P Ll R 15 - & BH P (True Positive, TP) R
R TE A 4G I Y H BRAEAS B AR B % (False Posi
tive, FP) BB RAG g H AR 1Y 7 5o REAS KL 1 1]
P (False Negative, FN) iy #5 2 Yl & (% 2055 H b

C:

(14)

o N R IAE 55 19 B bR 28 518580, AP(R) R 256
P25 H Fn 104 F 90K B (Precision-Recall i 26 T 1
B o ABFSE B mAPS0 45 45 4% ToU D i 13 {H [&
JE R 0.5 BT8R 3 0y 7 XS B A 2 B in ke
AT 55 v 5 A SEHEIT AL F8 r o

3.1 ENSERBELR

NI R R O 0.53 Ix, [ 6 A 7 4%
s T SRS AR AR S = e i, BT
H b Bl A8 B 308 44 HL A BF 52 X3, J6 % 45 R



%517 g [ e, 45« B T 222 UG I B85 D 3 I v R 2753

() ERAEB (b) AL B (c) 680 nm[&|{& (d) 760 nm[=

(a) No night vision image (b) Night vision intensity image (c) 680 nm image (d) 760 nm image

(¢) DoLP[ & (f) AOP[EIR (g) TSI nm[F|{& (h) FIEI&
(e) DoLP image (f) AOP image (g) TSI nm image (h) Fy 55, image

K6 2B ss R
Fig. 6 Results of each modality imaging

250 250 250
2,300 g, 200 000 /
& | 200 & | 200
250 g 5o 120 350
g 200 ‘ 150 5 . 1100 200 150
S 150 S 100 150 ¢!
. | - 80 100 {
100 Z 0 50 100
o N E 000 10 200
500 > 0 2 000l>° 09%00 2000, %00 2000l >°
1000 J 500 od 500 1000 4 500 20 1000 W
. 500 %5001 00 . 500 -5500! O 500 475001 00 500 45001 O 0
Row of image Cols of image Row of image * ” ™" Cols of image Row of image Cols of image Row of image * © "' Cols of image
(a) LR AMEIE (b) A5 =G (c) 680 nm[E|{§ (d) 760 nm[Z|{§
(a) No night vision image (b) Night vision intensity image (c) 680 nm image (d) 760 nm image
250 250 250
2,300 1500 300 1200 S 300 / 1500
g 250 250 g 250
£ 200 200 £ 200
S 50 150 750 150 150 ] 150
2100 100 2100 "
Z 50 100 50 100 Z 5 | 100
5 5
Z5080 200 E500
0% 2 50 20000, 2 2 %09 2 >0
1000 ) 500 1000 WE 000 4 500 0 E
500 100 0 500 5" 500! O 0 500 100 500 ¢t "S0gl 0
Row of image Cols of image Row of image * ” "' Cols of image Row of image Cols of image Row of image * ” " Cols of image
(e) DoLPE| & (f) AOP[EI{% (g) TSI nm[Z|/ (h) FEIZ
(e) DoLP image (f) AOP image (g) TSI nm image (h) F 55, image
K7 =R

Fig.7 Three-dimensional images

G LT o ik B 5 3 (s B, Ao R 760 nm ., TSI K @l & E 14 Fo 3 e R H AR X
MELLA X 4> B AR 535 5. DoLP, AOP £l 680 B, Hidr, 760 nm B4 8 H AR5 EE R 0. 550,
nm FG R Ay B AR b R EEAR B & M Z T, TSI o 5 58 H Ar 5 08RG 1% 25 508 4 L B



2754 b=

K % T

e 2 0.763; Fll & KR Fo o B — 2B 85 GO0 |
i 41 RO 155 S, 8 H AR LB IR 3 0. 924, 3R AL
0T AT E ARG R AUR

M 1A LR i, Rl & R 1 34 856 B {8
K, WA TR B 3 B AR R e K s S R A R
B R, BT Rl A R B T E AR S il
A B % b BE S5, U B O 26 b X8R 7 K e
EUR hp s th A A T O3 HAn kil o &5 b
R B AR R R RE .

K8 L T A AR R ROC T4k . XF
I,DoLP, 680 nm, 760 nm, TSI HI F, ., 2 7S F 57
PR b e H BRI A 1 i LA B 45 A I ROC
IS e N LR ks SN D19 UG 1 /e A 4
e E AR ROC 2 Fr A4 2= 1 B s A6 ) =8 5
Wi, ATLAFH, 24 Pfa=0.07(7% )i, #1680 nm
Bl % Jo ¥ & ® H #x , DoLP By Pd=0. 28
(28%),760 nm By Pd=0.45(45% ), TSI i) Pd—=
0.74(74%) ,Fy 5, B9 Pd=0.98(98% ), [ It , Fil
G EMRF o 5, 00 B BRI f = o

9. & 10, N2 245 H TR [FI B EE R Al 45 21
bR, 0.14~4. 7 Ix &M T B ¥ B A B
Al AP, Hodr 0. 53 Ix B X BE B e, 15 31 0. 924
MEFEREAL A 0. 05 Ix 5+ & 192, 8 Ix B, % [b JiE
4% SR K& ZE 0. 258 F1 0. 431, 8 B 52 A1 1 15 M 1

o534 %
*z1 EMIERE
Tab.1 Evaluation index
iR 1 DoLP 680nm 760nm TSI F, .
G 3.51 7.47 1.27 6.72 7.65 7.84
H 6.71 7.93 4.63 7.10 6.64 8.46
C 0.096 0.158 0.091 0.550 0.763 0.924
10f T S T R N |‘~;:-|_
<08 r J
&
8
806 1
S
% —a |
204 r —e— DoLP
£ —+— 680 nm
e 760 nm
£027p TSI ]
! Foss Ix
]
0'0 L 1 £ 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Probability of false alarm/Pfa

K8 TE& .DoLP &% 680 nm &% 760 nm [#{% . TSI
[Z‘z[{%]:u I;O 53 1x [{i”% E(J ROC Fn:léi
Fig.8 ROC curves of I image, DoLLP image, 680 nm im-

age, 760 nm image, TSI image, and F 5, , image

/\ Bl
92

A i (1 A B S S 3 2 R i il 5 P RE

- -

(@) 0.05 Ix (b) 0.14 Ix (©) 0.53 Ix (d) 4.7 Ix (€) 192.8 Ix
K9 FIRE%
Fig.9 F images
250
%250 200 300 200
£ 200 250
= 150 ’ juo | 150
2100 “ 100 100 (U8
s 50 50 100
E 0
=500 2000 50
1500 1500 503 000
1000 1000, 00 1 000 i

. 0 500
Row of image 00 Cols of image

(a) 0.05 Ix

X 5
Row of image 00 Cols of image

(b) 0.14 Ix



5517 1] i G 45 L T 2 RS RS 0 I PR BT O 2% H AR 2755

1250 250 250
& 300 200 300 200 300 200
2200 ' 250 | 250
S { 200 | 200 N .
; %(5)8 150 150 | A | 150 150 3 ’J“ 150
£ 50, 100 128] 100 128 100
E2 0(?0’ 2000 2000
1500 “2000l>° 500 2000l “ 500 20008 >°
1000 ELY 1000, 0ol 500 1000, = © 00ol 500
5000 5= 7500 0 . 500 5500 . 500 5~ 7500 0
Row ofimage ¥ 0 (s of image Row ofimage  “ 0 ™"Cojs of image Row ofimage  “ 0 “'Cojs of image
(¢) 0.53 Ix (d) 4.7 Ix (e) 192.8 Ix
K10 =4
Fig. 10 Three-dimensional images
%2 FEBEFHER 48 1 TR A 0 G 1 SR T =
Tab.2 Different illumination evaluation indicators %P0 88 B 1% . DoL.P /1% . AOP B 1% f1 680 nm
EiEn Fo. 05 Fo 1an Fos3n F,on Floo g1 @ 'f% ii‘] X’E l/y\ ﬁ &ﬁ i/l:l %IJ 'ﬁf} AX:% B )F/]? H 760 nm lg {% N
G 2131 3.7 7.84 6.04  10.00 TSTEME R G R F e 2t H AR X B, H
Mg S0 8 A0 840 900 {11, 760 nm P 1% R AGTU E) H AR (0 H bR 9 5

C 0. 258 0. 785 0.924 0.843 0.431

X L B AR, o 0. 4163 TST IS B H bR X L Ji

P70 % 0. 552 Al A R F. i B AR X Lo B i — 2

3.2 ENSAEXR 1 % 0. 769, 32 W] BT 42 @l A 5 1k B 8 AT A0 5
ENEFE 3INCIR ST, B’ 11 ME 124 thE bR 51 R Z R 25

(a) TRAMEIR (b) B A58 B (c) 680 nm[E|{% (d) 760 nm[Z| 5
(a) No night vision image (b) Night vision intensity image (c) 680 nm image (d) 760 nm image

(e) DoLP[E|{& (H) AOPEI (2) TSI nm[E|{& (h) F, B &
(e) DoLP image (f) AOP image (g) TSI nm image (h) F,, image

F11 SEIRITIT B R 45 2R

Fig. 11 Imaging result after light source is turned on
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Fig. 12 Three-dimensional images
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Fig. 13 Multi-angle experiments
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Fig. 14 Three-dimensional images
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Fig. 16 Three-dimensional images
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