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Photograph of the device
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wheel; 5— Polarization rotator; 6— Spectral —polarization branch imaging objective lens; 7— Grayscale imaging camera; 8 —RGDB branch imaging
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Fig.3 Spectral-polarization image sequence (six bands X four polarization angles) of a typical target acquired by the proposed

system
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Fig.4 Local grayscale images (a-d) , corresponding color RGB images (e~h),and spectral-polarization characteristic curves (i-1)
of four typical materials in the same waveband.(a, e, 1) smooth plastic; (b, {,j) matte metal; (c, g, k) mirror metal; (d,h,1)
matte wood
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Table 1 Performance comparison of methods based on the MSP-6 database

Method Vear Input Material Surface aware- Time /ms ¥ Parameters

Acce/% 4 ness (Params/M) ¥
Ours 2025 MS+Pol 99.51 N 6.596 27.749
MultiSpectralResNet 2025 MS—+Pol 81.39 N 6.605 33.848
RegNetY —8GF 2020 MS—+Pol 97.35 N/ 5.944 39.392
EfficientNetV2 2021 RGB 86.02 X 13.267 21.500
DSFormer 2025 MS 88.56 X 8.868 59.091
FactoFormer 2024 MS 86.74 X 4.540 85.061
ConvNeXt— Tiny 2022 MS 83.41 X 3.585 28.600
RegNetY —8GF 2020 MS 77.48 X 5.830 39.381

SRR A SO IR R R A 1 IR T T A X L T i AR LG TRIRE A T 2291 B+ IR 41 19 Reg-
NetY-8GF, #i# R T+ 2.16 % s Ml L AU #i RGB 1Y EfficientNetV 2, # FH# i 134> 20 45 ; M X T £
Tk BL R B AR 15 B 1 ConvNeXt-Tiny Hl RegNetY-8GF, #& Fh & B 43 % 1k £ 16.10% F122.03% . Hip,
MultiSpectralResNet J& P81 ZH Fif 1] 45 1 (9 —Fl 22 335 B — O Bk R 4 I 4%, 8 RGB 22 4% Ml 41 A DG 33 B 7 g A )2
{6 B HE S 5 B304 A B8 — ResNet £ T #EAT R AR 48 B, F1RU0 o 1 52 {0y 81.39 V0, 7% W 3 11 a7 2R 3 25w LA
FE 5 F2 AR AR A5 2 R RE Ty, T EAS A L 1B 22 40 S S R R B P I 29 B, 6 OR AR R AT A R
PERYFRAE SR IS 2 B R o

YE MR K2k 1Y FactoFormer 5 DSFormer J& T L 81 1% - 25 Transformer, JL R G ¥ 9 3E H T 5 G ig 4
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T B 3K G AR o
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HEA R T O B Xl 2 T A2 AL SR ) [R) IS B 4 BN ] 0 6.596 ms, /3 Ab T2 b . WL RS BLBER B, A 3¢
77 1 2 B 5 ConvNeXt-Tiny Fll EfficientNetV 2 45 28 # 42 b B LR A0 T 7] — $oit 9 , HIZ IR T Facto-
Former 25 i8] DLE 16 5 4 81 CNN A Transformer &8 4b F 1] b2 BOMA 0 FT$2 R, AR SC 92 75
i 38 TR RE ) R BRACR =07 TS TR NSRS BRI T 2 1 BOR IR R B S e PR (5 SR S
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Table 2 Performance comparison of methods based on the SPRD database

Material Acc/ %

Method Year Input N Surface awareness
Ours 2025 MS+Pol 86.83 v
RegNetY —8GF 2020 MS—+Pol 85.56 N
EfficientNetV2 2021 RGB 70.51 X
ConvNeXt— Tiny 2022 MS 52.78 X
RegNetY —8GF 2020 MS 83.89 X

JEF SPRD A S Hs 45 TP B 10 2 EUPAG 45 R W38 2. 5 BE4E ), SPRD (1 2R 45 M 5 7K SC & 4 e 1 i 41
21 ARETE LS WAL PR AR [ AF A 25 5 AR Ry S BT L T AT — B0tk el o o e 2 PR A BRI AR 1R
K B B T J5 A MSP-6. RV Jn st , 7% SCO7 B 76 3% 2 L 80E A7 U T 86.83 %6 19 M BT iR Sl M % K 4R
T RegNetY-8GF 7E Z A48 5 B A T i RER I ; 5 QUK RGB EZ 1 EfficientNetV2 K AXffi F £
Tk Bt AR ConvNeXt-Tiny # L , R R 2 B4 T+ T 16.32% F134.05% .

FHEEF MSP-6, A& U7 WM e TAE G 5 vk B R 3 rile 8, s ir LR E2H LA R = 1 G,
SPRD %4 R4 A &2 2= B850 5t JoM A A B 55 0 B A AE — 8 W b o 1R 22, LR IR IR DX B g | A e s, ol ik
T A 0 UR A= R AETE BB 3, DT 55 T e 41 3 T A R I I 2 e Bt — U — AR E TR I 25 RO s Ok 1%
B A 1 b 2 AR B 2R 3 T G AR BRI S0 T W B SRS AT S5 AL AR 1) T R AR OR R A X
a3 AR B L M Ay 2E . TR E T IS AR T AR E 25 5 0 4325 00 TTRR AR X TR s kA, Ry
P B N [R) B0 46 =22 18] A 0] Elk | AR SCHE S 56 mp R BT X6 45 A58 AR A7 25 5 1k Y il A AR IR A S 0E W) Ak 2 500
W% RN G IR PR Al A AL AE R 296 IR S SRR AR AT RS B TR T M R 0 o A
X — G5 R AR SO AR R R AT 55 v B AR T R SR S
32 HEERSH
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Table 3 Accuracy of material classification using multispectral-polarization features under different surface conditions

Material/Surface Draw/ % Matte/ % Mirror/ % Smooth/ % Mac;(z//\vg
0
Metal 99.80 99.65 99.95 — 99.80
Plastic — 95.25 — 99.50 97.38
Wood — 98.50 — — 98.50
Overall Macro Avg. 99.80 97.80 99.95 99.50 98.56

A BE— 20 AR SO 1 A B0 5 25 B o i FL LR R B . oAy [R] B 25 8 B R 7 AN ] 2 IR A T i AR
PR SCBRE R 22 W' B T A 2 A 1R O[] — A B2 S PN Y B SR BN IR R A5 b R AN R SR i AL A
TR IR S R AT G, b TR S R AR R LR A s RN SR 3 s, T UL Y 2 3 P “Macro
Avg” R S ROT- Y e R 6 B Rl ORI, S e H B 2 T A% 1R BRSBTS = b BT 5 5 4
“99.51% " WY 48 RE A AL B HE R R (Overall Accuracy) G it L2 A H . % &2 MSP-6 ¥4 4 vh 4 )8 98 R
5K BEA B B 43 A A AE— RE 25 57, Ry bt O B PR v M oK 7 2 R REAR S ), AR SRR AR 26 1R A R A o 1 o
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Iy 4 AT WL, B — RGB HE A By B AR ME i R AU 4 0.5110, BAL _ACC 5 MACRO _F1# i Fi#L, MCC 5
Kappa i JLF- 0%, Ui B 7E 4R BT R[R89 RGB 2 9 25 54 BR , A [7] 2 1 IR 2540 3K 110 8038 F1 i D' 4
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Table 4 Multimodal performance evaluation

BAL _ACC MACRO F1

Input Mode Accuracy 4 A I MCC 4 Kappa 4 ECE v
rgb—only 0.5110 0.3350 0.2312 0.0152 0.0033 0.3139
sO—only 0.6717 0.5050 0.4776 0.4804 0.3789 0.2374

rgh+s0 0.8183 0.6517 0.6022 0.7157 0.6738 0.1189
rgb+polar 0.7426 0.5841 0.5430 0.5982 0.5215 0.1852
rghb+s0+polar 0.9951 0.9900 0.9927 0.9918 0.9918 0.0186

T AE AR E X 00 o BIAOSEIE SRR, “SOGHE "B MER R 2T 2 0.6717 , PERE RS b B Itk 35, 3R I 2291 Be
SR X 53 43 T IBORE (R B S5 b 5T 8 43 T T RS B BE Al v AR T LB BAL _ACC 5 MACRO _F14/3 7] & #| A
Al SR8 45 1 IR YVE o dF— bRl G ZRUSR, “RGB-HG i "B HE# R 42 T+ £ 0.8183, Mg 4 An Al L 42 v
VLWL R AR B T2 A 45807, RGB AN SE R #R S B S B AR Y o (A5 T8 A, 0 HE YRGB A+ i 4 ”
5 RGBT DU B, BAR 51 A IR 15 B A8 K HE 8 R 42 T+ 2= 0.7426 , (HILPEREVIR TR &OLIE1E
BHEAAG . XX A S gk 76 5 B 50 2 P 4R 46 T Al ke 9 A TR A S RE T, R %1
R 5T BEAL S M B A O MR . TR = RS 2RI ABEIE T MR R R R 2 0.9951 .

LR KA RGB SRS XE LS4 b BR ), 2238 B i 2 20 m A 5 i 0 5 W SCRe P ) BE Al 5 8L 3858, T
i P A7 S AE R B85 T8 e G 3 TR S 0 3 5 T A G B T 5 A OGS S i R A S R B S LA
A7 % FE Rl I, 5 28 A B A TR 01 A 8 3 RS 0 2 4 S 1P 5 TR [ A e U A, 229 B i 4R 1R B BB 5
A5 H 0 D 3 e A i AR 5 A RO BE D I — bR R T M S S

i — P IR A R DR B TR, T AT AT TR S T RS S R NS ST

£S5 ERPHEMIE SLEEMHRITM

Table 5 Ablation study and comprehensive performance evaluation of core modules

Module Evaluation Metrics
Ablation ) _ _ BAL_AC MACRO_
PolarFuser Attention Physical Constraint Accuracy 4 A F1A MCC 4 ECE vy
(a) X NG NG 97.15 0.966 0.968 0.955 0.026
(b) N X NG 98.24 0.978 0.980 0.971 0.020
(c) NG N X 96.52 0.958 0.961 0.943 0.033
Full NG NG NG 99.51 0.990 0.993 0.992 0.019

Sy AT 5 AT UL, A BEE A B B 1 4 S SO AP BE BN [R)RR BE R R, U W PolarFuser JE & 1 @il A4
P2 = B0 e 2 A5 R B B STk o AH b S8 BE B R B8 BR PolarFuser Ji5 , 155 B 1) Accuracy HH
99.51% FREZE 97.15% ,BAL_ACC MACRO _F15 MCC 43 5] F k& £ 0.966 .0.968 1 0.955, [7] iy ECE th
0.019 L7+ % 0.026, X KB, PolarFuser BE % X /55 4k I 9% I 46 R A E A7 A AR 48 5 B4, 7E PR AR E B TT AR 1Y
[vi) B % 7 O 5 O 0 501 5 6, DT 82 A 7R 6T 22 Tl 405 ) 22 S5 I R AE BB 0 o BB BRI B il B R 5 A AR
Accuracy % £ 98.24% ,BAL_ACC .MACRO _F1fIMCC 43 %4 0.978 ,0.980 F11 0.971, & & 1k i 2 AT3 i 15 %5
1R KO AR AR 3 S8 AR AT A A R 1R ko XU B T 3 T ML RE 8 7E 2 LSRR AR Al A5 A R b L R 2
L SV £ 8 T 5 s ] X, S0 T A e g R RS T, DT A — 2D 4 R SRR A A S

HRFEEWE, BRI A RIS BEARIYERE T M &8 B %, Accuracy HH 99.51% T B % 96.52%,
BAL_ACC.MACRO _F1# MCC 43 %K % 0.958.0.961 #10.943, H ECE M 0.019 B & F J} % 0.033, X —
GER R WA RN E AR T T A0 SO Bt I 2 0 TR R T 45 R Rl AR O SR e . LR
FET T B T A Y ) B — Bk 29 0 RE 08 i 41 1815 L3t X AR AR A o) S R A AR AE LS
F) 530 191 5 0% [ B 32 380 3 S B R 1 24 B, DT A R o e o O T R R 3R T R S AR A S R 0 PR S B
LROORE , IO B AR AR SCHE 2 v B W S 0 B AR R E e 24 TR e BT R SR R G, PolarF user

0830003-13



T oF

SR A AR R AE AR AL T RS WA R R R R A W — BT T 2R
TRETNAE R IS FE 2 R S v 5 A R R A T T L R R
34 ZHEENRIE

SRy ik — 25 B IR T 1 =0 S RS Rl A A5 R S W B2 AL M S 2 AR RE T AR F S AE R R T
A S E AN B RTEE T AU R S T A R LA [R] 19 2% 25 7 A ) A FRR [R) 1 R SR B R 09 43 S MR .
S S5 RN 6 Fr o, MRS L 25 52 i 22 X 2% (MnasNet-A1 MobileNetV3-Large) . 4145 B ] 2% (Effi-
cientNet R4 ) B4 5 45 7 1) RegNetY R4, LA S H 25 B4 9= 2R AE BE 71 89 ConvNeXt-Tiny 55 2 Ff % 25 HE
BR AR R ALY I 25 S5 AR ST AR L R OAHE 4 84 R B A — BT 2 PR RE AR T i A, SR A R W
FIT T 1) = 43 S il A 5 48 I AN AR 5 — 4 22 backbone, 1M J& RE W5 5 22 Fh 0 4% 5 44 B3 5l i O & HE PR 35 o

Fo HEEBFMETMEMERELE

Table 6 Summary of performance of model-replaced backbone network

haiiig

B H M i, =3 3 W AR

Method Year Material Acc/% 4 Material F1 (Macro/W eighted) 4
EfficientNetV2—S 2021 84.11 0.85/0.84
MobileNetV3—Large 2019 95.37 0.95/0.95
RegNetY —8GF 2020 94.01 0.95/ 0.94
MnasNet— A1 2019 84.72 0.80 / 0.84
ConvNeXt— Tiny 2022 78.68 0.78 /0.79

N6 AT LI ER B, JC 3 32 1 0 46 (1 IR A /N DA B AR AR SR BOHL A ] 22 52, 45 = r L B BEA A 5
Yy BELY ARG 45 bR e 1 B T IR 26 FE B I 0 AT 45 L S A T v ELAR W e A TR IORG B . DR e AR A
18], MobileNetV 3-Large 7 A AF: 55 T b T 43 28 fEAf 3235 1] 95.37 %6, XTI 19 F1 40 $ ¥ 0,955 45 4 51 5
%11 MnasNet-A1JRBE A B 84.72 % B e R MEL = 19 F LK, Ul B B 76 S 80 AT s 2 BRI 21 T
JITHE 08 7 AT RE 6% S B TR T4 1 R T I BE T, O RO AR R R A2 BRT- £ LR B T AT RE

TE 25 FLBE M 2% i EfficientNetV2-S (b4 B3 R HERG 26 84,1100, 22 V- ¥ FUMALF- 34 F1 53 #5043 501
0.85 1 0.84 5 4 o HLAE AL 58 RGB AT 55 1 2 B0, AR BIF 5 7E L 457 AH X 58 /0N I 28 RASE 174 [ ), 3l ok 50 A 23 B -
P B = B AN = SCRA S50, (I AE A RHEUINAT: 55 EATY R4 8 55y vl WA P i o

TE T 7 2 B RegNetY-8GF 5 8 ity b1 23 28 i iR R E — A 32 TF 2 94.01 % , %107 19 22 - 2 AL A F
BJF1 50 8GR % 0.95 1 0.94 , 76 Ir A B i 1 I 45 b B0 57 o ik 28 T Bl 25 1 D0 48 R AF BB 1 1 i, o 42
Y Z B Rl A 5 W PR 29 AL BE 8 78 43 A S 0 15 SCRFAE , X5 b ARk 6 % — i 41 i 197 28 A7 B 400 R r) A
T 3 — 2 it v RS B o

SASRE AT $2 0 = 0 SRl A 2540 5 W B 2 L 7R 2 Rl T I 4% IS T R HLAR S B
BRIV RE R R P RS R R ML MR RRIE SR /N B ROKOE B A TR R X, X — R
Wi AR 7 2 B R O P B AR — 4 2 T 4 T R T R0 2 425 il B SR W5 O 1 9 B 5t 56 K
Bl R AR HEAE . TG T8 S T8 1) A% 3 S 4 T ) A R AR SR T Tl AT R BB A A R T AR
TR YR FT o 12548 D61 O PR 22 B S B A0 BC A RRAE A5 AL, (R BH R A 0 SR R i S P S AT 45 12 AR RE T, AT
AN [R) % 15 249 SRORN N, FH 3 5 T 4 T i i i 388 i 1) 4 R R BRI T A ) S

4 Zie

A SCH 18] 241 5t A AR 2 2 31 5 5 A IR R BRI oR L B T — A B Y B S R £
B AR =2 SCRRE T 1k o 0T IR RGBS B 1 5 B K i 9k IR AR AR AR Dy = B A, 7R AE TR 5 40
RJZ AT B 2, FE 00 S 5 3G X B AR 4 ) SR A RE 3 LK % 0T B2 AT i O 3 T A
A A SRR L DT S 35 B2 T A R U AORS B2 5 B R 1 . SEER 5 2R W 7EAS SCEUHE Db IS PRI R L %07
TETE MSP-6 B 5 IR 1 ¢ i 3 M B 58, IR AE A [ B 1 I 465 TC B 3 B 4 A e 110 4 A o P A 5 B
B — 2k

ST T, A SCT AR S8 98 T 1) Tl AS: I 37 5 ) B PR BT 5 AR AT PR SR IE . S5 R R HT, 20 B N
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TARSCT5 AR AR T B A SO L (H 32 R T R R B S0 KA S PR BE 2 A R AT T A BT AR B
R KA 2% Tl B h g i ez AR PR RE o AR R AR AU B S8 LR JLAS T R IT - D) R G i A Rl /IME R
Fy RO 5 U RE Z 18] 9 5C 28, SR AE T I3 A0 3 55 W P 10 o] B ) =2 IA) A - 405 A e A 73 RS 5 2) W5
TEILAT 75 5 B 4 i B ) R B2 SR W T 4% I Be— O I 28 5 19 34591 BTk, 9 22 HE A UL 00 250 52 BRI AT BE D 455 1
JE R AR A G, b 1 T i 280 AR 7 58 5 3) ik — 2D ) Jie MISP-6 Bl dli 42, SR A B 22 i 2 1) K 22 o 3 T
I REAS IR 7R S 3T 3 52 TP 037 00 2% R 1 O R i, DA R 8 15 58 BT 382 7 12 iz AR RE O SR I S
T NE
S % 3k
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Abstract: Material recognition for weakly textured surfaces that share the same base material but differ in
surface processing remains a challenging task in intelligent inspection and industrial quality control.
Traditional methods mainly relying on spectral imaging often suffer from insufficient observational cues,
which makes it difficult to extract features with both strong discriminability and good robustness under
varying surface conditions. To address this issue, a multimodal material recognition framework is
proposed, in which RGB appearance, spectral intensity, and polarization cues are jointly exploited under
the guidance of physical priors. The objective of this framework is to achieve stable and accurate material
classification for same-substrate surfaces with different processing—induced states, while maintaining a
balanced model complexity suitable for practical deployment. The proposed framework adopts a three—
branch network architecture to integrate RGB, spectral, and polarization information in a unified manner.
Firstly, RGB images, spectral cubes, and polarization measurements are preprocessed using a common
normalization and synchronized cropping strategy, so that geometric and radiometric consistency across
different modalities can be ensured and pixel-wise or region—wise feature alignment can be achieved. Then,
the RGB branch is used to learn appearance and mesoscopic texture cues, the spectral branch is employed
to mine wavelength-dependent intensity patterns related to intrinsic material properties, and the
polarization branch is designed to extract polarization—derived features, such as the degree of polarization
and angle of polarization, which are sensitive to surface micro—geometry and reflection mechanisms.
Subsequently, an attention-based fusion module is introduced to adaptively reweight and aggregate
multimodal features, so that the complementary roles of spectral and polarization information in
characterizing intrinsic material attributes and surface—state differences can be fully explored. Furthermore,
a Malus-law-based physical constraint is incorporated into the polarization branch to regularize the
predicted polarization responses. By enforcing the relationship among polarization angle, degree of
polarization, and incident-reflection geometry to be consistent with imaging physics, the proposed
framework can effectively suppress abnormal activations caused by strong specular highlights and guide the
learned feature space toward physically plausible solutions. Extensive experiments are conducted on a
material dataset comprising samples with identical substrates but diverse surface processing procedures and
weak texture characteristics. The quantitative results demonstrate that the proposed multimodal framework
achieves an overall recognition accuracy of 98.56% on the material classification task. Compared with
single-modality baselines based on RGB, spectral, or polarization information alone, as well as with
conventional fusion methods, the proposed approach yields accuracy improvements ranging from 2.03% to
22.03% , which verifies the effectiveness of jointly utilizing complementary modalities under physical
guidance. Ablation studies further show that removing the attention—based fusion module leads to a
significant degradation in recognition performance, confirming its important role in selectively emphasizing
informative channels and modalities. Similarly, when the Malus—law—based constraint is removed, the
model becomes more sensitive to specular highlight artifacts and less robust under varying surface
processes, which further demonstrates the necessity of embedding physical priors into the learning process.
In addition, experiments conducted with different mainstream backbone networks indicate that the
proposed fusion and constraint mechanisms can be conveniently integrated into various architectures and
can consistently improve recognition performance, showing good structural generality and scalability.
Finally, by jointly leveraging RGB appearance, spectral intensity, and physically constrained polarization
cues within a three-branch attention—fusion architecture, this work provides a robust and accurate solution
for material recognition of weakly textured surfaces with the same base material under diverse processing
conditions. The introduction of the Malus—law—based physical constraint effectively alleviates the adverse
influence of strong specular highlights and enhances the discriminability of feature representations across
different surface processes. Owing to its superior recognition performance, effective physical guidance, and
good adaptability to different backbone networks, the proposed framework shows strong potential for
practical applications in complex industrial material inspection and quality control scenarios.

Key words: Polarization imaging; Spectral imaging; Material recognition; Multimodal fusion; Deep
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