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Abstract: To address the issues of insufficient accuracy and frequent violations of physical constraints dur-
ing the interpolation and reconstruction of measured data in Polarized Bidirectional Reflectance Distribution
Function (pBRDF ) databases—which previously degraded the accuracy and credibility of polarization ren-
dering results—this paper proposed a physics-constrained pBRDF reconstruction method tailored for polar-
ization rendering. First, the pPBRDF data was mapped into cylindrical coordinates to eliminate parameter
singularities and boundary discontinuities. Second, an initial Mueller matrix was obtained via a local linear
interpolation method based on periodic distance metrics. Subsequently, reciprocity symmetrization,
Cloude semi-definite eigenvalue truncation, and energy conservation projection were applied sequentially
to ensure the physical realizability of the reconstructed results. Finally, the reconstructed data was integrat-
ed into a polarized ray tracing pipeline for rendering validation. Experimental results based on the KAIST

dataset demonstrate that the proposed method reduces the storage size of single-material data from 912 MB
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to 650 MB. It achieves a zero physical violation rate for both Gold and Purple Silicone materials. Com-

pared with the TD method, the proposed approach improves the SSIM of the Degree of Polarization imag-
es for Gold and Purple Silicone materials by 4. 3% and 0. 8%, respectively, and the SSIM of the Angle of

Polarization images by 4. 5% and 5. 0%, respectively. By balancing reconstruction accuracy, physical cor-

rectness, and storage efficiency, this method provides effective support for the high-precision reconstruc-

tion of pPBRDF measurement data and realistic polarization rendering.

Key words: polarization bidirectional reflectance distribution function; mueller matrix; cylindrical coordi-

nate representation; physically constrained interpolation; polarization rendering
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Fig. 5 Comparison of polarization rendering workflows
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Reversibility of the cylindrical compact representation for Gold and Purple Silicone at 550 nm
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Fig. 6 Comparison of interpolation accuracy for Gold material across different geometric dimensions using various methods
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2804 e K TR

34 %

2% E I WA € KR VR Y L
O A T 5 Mg 75 ORIy B WA (R 22 0 7 AR SR Y
= DoP D52 o TD J5 i il o RRAF 1% 3ol 3 fF — o
FEPE LWk 55 T 22453, A 3 DoP ¥1{E Fi5 K AE AT
A3 5 490,072 3 F10.459 7, 5 B 524y A 15 A7 18
2

AR EE AR 5] AT 51 Cloude
P OE 8 PEFRE B 29 3, fi S Mueller 55 B R 15
WA — 5k . H DoP ¥{H 4 0. 039 2, &%
KAEH0.3229, 5 GT AR NIZI . ks
B IE T T £ 5 vk TE B B R RE SRR R R S A
P53 A A A B 35 A 4 O 52 LA B A O i T
%%fieﬁzriﬁm’mc%

T B R E AR A A T 2 AL RE
ﬁﬂxhézﬁiwfﬁﬁ(mﬁxﬁ%,,H\?E%féé%%ﬁnlzl9
fi7R o Purple Silicone i) GT DoP ¥J{E 4 0. 019 4,
i F Gold 19 0. 048 9, & B H A3 43 X 48 LA %
DoP i i >k 3 5 B H B3 DoP fie KB AT 34 0. 458 8,
T Gold B9 0. 322 9. Wi 4 BHE DoP #9725 [1] 43
A | Jmy 8 WG B B AH N ) Mueller JH 5 45 118 3% 45 4
R AR R 25 5

o
=t

B9 R[E LT Purple silicone B4 51 A4 1 % 455 M T 2 ot
X

Fig.9 Comparison of polarization characteristic recon-

RGB

struction quality for Purple silicone using different

methods

TD J7 2k H Cloude A8 1 R RFE 1S 1) —
] I 2T AL, X T LUK DoP X 38k 3 3B i 805 &
F 3 H AR RRAE A 2 0T 1 O A0 A ORE BRI DX R
AR B A B e . W, TD 7 ke
Purple Silicone |75 3 i) DoP f% KX A{H 4 0. 482 2,
5 GT Y 0.458 SR LT . #R1MT, Gold 3 Il 1Y

S B RE AR S R RE i = 3% B ] R 454, i TD U7
2 ME DL 56 B R AR H A2 A ) s I BT AT R L JF 3L
Gold ¥ 5t i i DoP 3L 2 a3 i 31

AT 1A XT Cloude A 48 M B9 ¢ 1 {H 245
A i 0 [T ) T O A, TR A e L S M2 R
Cloude 1F 7E 1 29 9 T RE £ 20 0, e 20 J it 45 21
PRI ZE B AT AT S o SEgR 45 ISR, AR S0y vk
1E Gold F1 Purple Silicone W #l B A5 A [&] i $% 4345
FRAE AT RE B ¥R S HERR K &2 G'T 1Y DoP I
(B S B AR G v R AR B B A ) A kA M
AR E

hy VAl T 4R O VA A EAR A e iR A S R
F5 07 T PR BE , A8 SCR 45 44 AE U 48 2 (Struc-
tural Similarity Index Measure , SSIM) . A 5& &
(Correlation Coefficient, CC) . B 15 B (Mutual In-
formation, M1) fl I§ {H {5 M Hb (Peak Signal-To-
Noise Ratio, PSNR)/E Ky & & PE 48 b . Horpr,
SSIM fif b5 [R5 7 58 B X o B2 FIE5 4 1 B4 A A
PE 3 CC Sz W 9 1 ] 5 10 4 Pk AH DG 72 B s MR AR
G a5 B AL =58 77 s PSNR W ZR SR R ah &
WS EERET N EGR TR, ERfE s E
R, UL AL RS S % BRI, B
A

F 245 T Gold fil Purple Silicone ¥ # k4 %}
7E DoP I AoP T 25 fi #ik 7 e 25 R L i # DL 1k 958
BTG o AR SCT7 B e AN 6] 1 PR 46 A 1 2 U
ThRAREE R RIS E BB Re i . A
LT RTE Gold 19 DoP EI& E 1y SSIM, CC, MI Al
PSNR ¥4 T Linear #1 TD J7ik ; 78 AoP 25 % I,
A SCT7 R AT 2 iR 48 b BB SRR B . X
T Purple Silicone , A 3C 5 ¥ W AR FE T AH [A] #a %
DoP il AoP & T+ #2 F Gold B o W] 2. , 15t ]
JIT 4 T vk R 08 A A0k DR 5 i 4 S A DG A5 B

TE S5 B O 4 v 24 B FH L 37 508 AL S 22 F
BT S AR LA 4 A b 22 B ARG IR 0 Ol Bk BT 42
D7 TR 2 e W P, O 23 B ) B 2 o)Xt
T Qe 5 Ry sz, B 10X b 7 A AL bR T e P4
55 1) B 29 A 1 79 RGB, AoP Fll DoP ¥ 4t 45 5
FH 28 503 A o

W& 10 Ca) firzs G B L i) |, 26T
FE AR 5 19 4% 48 26 Vi 16 75 3 5 19 RGB 15 JL 25
o OB ZR O R OB RN AR )



5518 9] ZEBEMG , 25 < i PR L 16] 52 6T 53 A1 o RSB ) B 24 SRR A T 1 2805

%R 2 A[EHEEF E7E Purple Silicone 71 Gold & DoP #1 AoP 5 R 5 GT BYHE IS FR 3T bk
Tab.2 Comparison of similarity metrics between DoP and AoP results from different interpolation methods on Purple Sili-

cone and Gold, and those from the ground truth

# GRS ik SSIM 4 cC 4 MI 4 PSNR 4

Linear 0.7359 0.2181 0.3213 8.32

DoP TD 0.773 4 0.489 3 1.024 2 14.61

Gold Ours 0. 806 6 0.5937 2.8621 20. 53
Linear 0.7332 0.4226 0.420 1 1.55

AoP TD 0.773 1 0.709 8 1.3910 3.90

Ours 0.8077 0.8955 4.2903 8.22

Linear 0.7342 L0756 0.3327 6.96

DoP TD 0.898 3 0.807 3 1.7998 25.51

- Ours 0. 905 2 0.8237 3.0189 25.90

Purple silicone )

Linear 0.7321 0.089 9 0.4617 0.95

AoP TD 0.7805 0.7231 1.2252 4. 60

Ours 0.8197 0.896 1 4.2699 8.69

(a) B 1A {H 5 VI LY SRR {ERIRGBIE Jebh 2R K HoA X 32 57

(a) RGB rendering results and absolute difference between linear and physically constrained interpolation

avg:1.65°

(b) LAl {E 5 VLY AU (ERYAoPIEJe 4 IR o A X 2 57

(b) AoP rendering results and absolute difference between linear and physically constrained interpolation
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(c) DoP rendering results, absolute difference, and local enlargements between linear and physically constrained interpolation

& 10

AoP, DoP, and their difference maps in cylindrical coordinates
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Fig. 10 Comparison of polarization rendering results obtained using linear and physically constrained interpolation: RGB,
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