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Modeling and simulation analysis of long-wave infrared polarization of

ship wakes on the sea surface based on the microfacet model
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Abstract: Addressing the requirement for infrared detection of ship wakes under complex sea conditions, a
method for analyzing the dynamic infrared polarization characteristics of ship wakes based on the microfacet
model is proposed. An analytical model for the infrared polarization effects of wakes against a complex sea
surface background is constructed. Based on the P-M sea spectrum model and the Kelvin wake model, the
microfacet bidirectional reflectance distribution function is introduced to analyze the infrared polarization
characteristics of ship wakes under dynamic sea surface backgrounds. The influence of parameters such as
ship speed, draught, wind speed, and wind direction on the wake's infrared polarization characteristics, in-
cluding the degree of polarization (DOP), angle of polarization (AOP), and contrast, is investigated. Notably,
the average contrast of the wake's infrared DOP image is improved by 159% compared to traditional intens-
ity images, and the AOP image shows an improvement of 258%. The analytical model for wake infrared po-
larization effects is validated by comparing mathematical simulations with computational fluid dynamics
simulations, achieving a similarity of over 95.7%. A comparison between actual captured wake images and
simulation results shows high similarity, confirming the effectiveness of the proposed model for simulating
and analyzing the infrared polarization characteristics of ship wakes against a sea background. This study
provides an important theoretical foundation for high-precision, anti-interference detection and identification

of ships under complex sea conditions.
Key words: ship wakes; infrared polarization; Stokes vector; polarization simulation

BEYRAME H AR5 1 S 22 B N L LD AN S5
EOELL 73 H AR AW, R, T i B X AR A
JE 38 1) 21 4/ M 41 17 L RE 6 5 B 328 1) 21 1 4
{8, BRI E ER AL, XA RN HL A

[ A SR AT X R IR R BTt AT TR

1 3l

nu\:

Je 32 2 UL A A g T A AT N SRR B R Y
V RSB, Al LS AR AT SR | A TR
ASSFRFAEY, A SRS A AR A — R G B

P, T s HEGR A IRIRBER , RENS NIRRT TS
A IANEREE . M TG RLLANR L
DB, LLAMm IR U5 BEOR S & T 20AME S5 i P
FEL, AT AR A . LR B SR B, A

BWTFE . Sidran S 1A FDERE B BOK AR 2
SF AR A S5 A, A3 Ar 1 K TRDRLRE B2 X 2 5 L
SR R A R E B R, IR T AR Al R R0 A
T AT Y T 1), Shaw S5 XS K AR LT 41



3 x ¥

ISR, A T Rl TSR o AL R T AL A MR IR 5 47 L 3

KGR AR IR AT T HESE, T T SRR
FFRE T VB TR (i PR E 7R AR 34 SRR AR AR
KA RAERGT S AR AT HEAT TS, M
T MR LL M IR BT AR, S X6 T 1T A
B SMBIRZEST T 05 B R SR /A7 6 T
AR B IWETE C 8db AT 1 Z24F, B XA I e it
G st B L1 M A i 07 FRE R i R DL GE, 1248
AILLA M PRAS I JCTE S S AS R | R 0% e 3
LUAMImAR R B B2 M, XL S AR OL T 1) R
TR AR S

AR X B2 A FE IR LT M P e 1 077 53
B s, 418 Hh R T 2 1k B ik sl S R 96 1 FE e
JUARI AR, 455 e T X i) B A 7341 e 8 (BRDF)
A At Y P LR T T ) AL R £ A M IR 1
AR, B o1 T M AR Tk T A S 32 PO 2 S M i
FRPE BT XA RN | X AR e Y Rl R4 T 41
SMmIREFEA B, AT T | KU S AR RS R
IELLAMI IR B LEE, BLAE A ) AS iR R AL
SMmIRFFPE R LA . e, F B Ak
HET RS 220005 BLA R S Rl e g 14
PEATRLE, LIS UE S o A 5 R B IE B . AT
FEA 13 5 B A RS FE 1AM HR R A A SR
fe R AL

2 B EAE R LT I P A AR A
3

2.1 ETRETAINER S 57 R

1AM P 8 S 8 Vi T P AR A ot AR, AR BT R
FR AT e S T R T R AR R L RO AR A A
FHIF B e AR E5 1 e 4 B8 AR o FEXT HAR3RTH
1) 5 SR A o AR A T 43 BT, 38 5 | AR a) s 5

BT TENROAT T AU S A pR AR T ]

4347 ¥R %t BRDF, BRDF ] D) AR 678 H bk
T AU R, AU,

dL.(6,,¢,, )
dEi(6;,¢:, )

H ES ASHOGCTEY) AR T A48 IR, LAYk
A R OCIRARIE, 6,716, 5330 ASOEAS
SR TR, @i Fl, 73 3l 0 A S SC R S 6/ 77
fifie CHIEK.
TRV THT R 308 R AT 53 B N, 308 6 e T T 2 0

I3 RO TRITT, 52 B AT AEE DL A8 52 00, T6F T
JE 70 AL A T B V7 22 7 B — I I TR ZHL A, X 2
PR Z B AFAE S HRCRINE , 2 BT T R 320 %) 1 TR 6
AIVELTT AR . PR, AR SCR T mi T
(AL T) 2 5 4 A oK SO THT R 308 33647 437, 7% 1&
FIKELAE Vi TR VA VR 1R (4 BB 500, 72 BRDF R | A
T pR RS, A5 3 43 B T TR SO T T A 2 R
I3 AT R

JoroE(0:5 91, 0,0, ) =

1 1 1 exp[-tan’e/207]

2n 4072 cos2a c0s 6, cosb;

fBRDF(gi"Pi, 9r9 Qora /l) = (Sr_l) ) ( 1 )

G(Hi’ Di, 9,, ‘pr) s
2

HA GO, 01,0, 0,) WERFREL, o HITICIEL
115 2 BRI £, ok )k AT HL B FE 3 5, A6
LR (<30 mys) U0 (9 3 16T 5 5 HEAT 40 BT
i, oAl {1 Cox-Munk A IR A0,

o? =0.003+0.005 12U,,5+0.004

Hr U, s AT L7 12.5 KA RGE

P 1 S 1 AR ST R S A A pR R T LA
KFR, Horb 2 B RTUT7 1], n R BTH JCHE L DT 1],
o FR KI5 0] HIUATCIEL I A, A
SIS .

Fig. 1 Schematic Diagram of Sea Surface Microfacet Bidirectional Reflectance Distribution Function (BRDF)
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Tab.1 Calculation Results of Evaluation Functions for Simulated Images
Types of Evaluation Bhattacharyya Pearson Correlation Histogram Intersection Chi-Square Similarit
Functions Coefficient Coefficient Coefficient Coefficient 1muiartty
Infrared Original Image 0.992 0.999 0.988 0.971 0.988
Infrared DOLP Image 0.989 0.995 0.981 0.946 0.978
Infrared AOP Image 0.976 0.981 0.961 0911 0.957
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Fig. 13  Field experiment images of the wake. (a). Infrared polarization raw image; (b). Infrared degree of polarization image;

(c). Experimental field diagram.
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