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[Abstract]

In digital watermarking for 3D content protection, existing methods fail to exploit intermediate
rendering signals and apply uniform embedding strength, leading to inevitable perceptual quality
degradation. To overcome this limitation, we propose an adaptive watermarking method that combines
rendering signals with a JND model. By analyzing correlations between five rendering signals and JND
via Mutual Information, we identify Normal Map (0.073 nats) as the optimal guide signal and design
two pixel-wise strength adaptation strategies: Product and Gated. Experiments on 960 samples from six
3D models demonstrate a PSNR improvement of 5.47dB and SSIM enhancement of 0.0059 over the
baseline while maintaining 100% message recovery. The computational overhead is 19.4%, making it

practical for real-time applications.

» Key words: Digital Watermarking, 3D Rendering, Normal Map, Just Noticeable Difference (JND),
Adaptive Embedding
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I. Introduction

1.1 Background and Motivation

2| 3D AHH 2EA V)= S45 WA}
AW, g2t VEX, HlefH A Z2iE, 7HFFFAA(VR) F
FA(AR) 5 YTt S8 wFofollA] 1254 3D HA|
Hl=of ikl f-50] HEAos FIsta Qltt. ol2igh
gxg Atete] ZAA ZR)7F o] e, 2 SA
4 =29 Hjz2 Ry FRIAS BssPr] Yt gXE YF
0 7129 587d0] & 22= 4 Qloi1], [2].

HxE el HEujdo] ERl=0] QX 27Hsgh
FEHIZ AR FEL Q15 HojEE AYshe 7e=A, &
7] Sl QFARE SOl BEESlof st ZEAIQ
T IAIE Qb itk (1) H]ZFAld(Imperceptibility)-
HEutart f& FRI=9 XA FAZ ASHAZIA] ot
of 51, (2) 7 12/d(Robustness)~ tgeh Al A|2] 5-20]

U5 gt S0 YEuiaE PN oR 259 o]
of 3],

A G923 71e9 E49 A end-to-end oF5 7]
g YE] w0l E8s] A4E 1 Qo 53] Zhu
et al.9JHiDDeN [4]2} Sander et al.2] Watermark
Anything Model(WAM) [5]2 A14% 7189 Ql3¢-0 3
H oF[EXE Eoll 4t 7R A/dE sAlol
sttt 22y ol2igt A4l YHE2 3D fIHT uf
ojmafRloflA 2|FA 0 Fk]= 3
gte 2280 sHAE SRSt & A% oA

ab

m
MU ot oo
3
o =

ol rl:u

+
=)

1.2 Research Objective and Approach

3D @iy mlojmegiQlofAl= Normal Map, Depth
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1.3 Contributions
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II. Related Work

2.1 Deep Learning Watermarking on RGB
Images
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2.2 3D and Neural Rendering Watermarking
WateRF [10]&= radiance field X}Ajof] YEu3E A
UOU, NeRF 51§ P22 Uyt i mo]zafelo]
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Table 1. Approaches and Limitations
Study Approach Limitation
HiDDeN [4] DL Enc-Dec Only used RGB
WAM [5] Selgctlve Np rendering
region signals
NeRF Specific NeRF,
WateRF [10] embedding limited generality
. Mesh Direct mesh
Ohbuchi [12] deformation modification
. No 3D geometry
Chou [6] Adaptive JND .
utilization
DIBR [14] Adaptive Depth | O multisignal
comparison
Rendering + Multisignal
Ours JND fusion

2.3 JND Models and Watermarking
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III. Preliminaries

3.1 Digital Watermarking
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3.3 Rendering Signals
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3.4 Mutual Information
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Table 2. Five Rendering Signals Used in This Study

Rendering Signal Description

Depth Map Per-pixel distance from camera

Surface orientation; varies sharply

Normal Ma
P at edges and creases

Intrinsic surface color excluding

Albedo lighting

Shading Brlghtness change due to
light-surface angle

Roughness Degree of surface smoothness

IV. The Proposed Scheme

4.1 System Overview
H o= Watermark Anything Model (WAM) [5]&
sixtslo] ellgjal Alse £akst A1ed 9lejul] my|ol
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Rendering Pipeline
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Signals (N, D, ...)

MI — Normal Map
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Fig. 1. Overall Processing Flow of the Proposed System.
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4.2 Signal Extraction and Selection
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4.3 Adaptive Embedding Strategies
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Algorithm 1 Adaptive Watermarking Based
on Rendering Signals

Require: 3D scene S, watermark message m (32-bit),
strategy ¢ € {Product, Gated}

Ensure: Watermarked image [,

1: // Step 1: Rendering and Signal Extraction

2: I,N,D, A,Sh, Rg < Render(S)

3: J « ComputeJND(I) > Compute JND map

4: GN « SobelGradient(N) © Normal map gradient

5: R « Normalize(Gn, [0,1])
normalization

6: // Step 2: Adaptive @ Map Generation

7: for each pixel p € I do

8:  if ¢ = Product then

> Min-max

9: a(p) < ao+ - J(p)Y - R(p)?

10:  else

13: a(p) «—ag+A-J(p)-o(a- (R(p) — 7))
12:  end if

13: end for

14: a + Clip(e, [0,1]) > Clamp to valid range

15: // Step 3: WAM-based Adaptive Embedding

16: W < WAM_ Encoder(I,m) © Generate watermark
residual

17 Iy~ I +a@W

18: return I,

> Apply pixel-wise strength
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V. Experiments

5.1 Experimental Setup
5.1.1 Dataset
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5.1.2 Evaluation Metrics

s HI1= Qs PSNR (Peak Signal-to-Noise Ratio,
ZRA ZA), SSIM (Structural Similarity Index, <24
Z7), BAR (Bit Accuracy Rate, 32H]E TA|X] E9),
Ml (Mutual Information, A1Z-JND AREHA)C] U] 71K
A EE AHESIRIT:

Table 3. Geometric Characteristics of 3D Models
Used in Experiments

Model Complexity Geometric Characteristics
. Flat surf minimal
Cube Simple at surfaces, a
gradient
Teapot Low-mid Smooth continuous curves
Bunny Medium Loc.all.zed curvature
variation
Sharp changes from wings
Dragon Complex P 9 9
and scales
Suzanne Complex Detailed facial features
Buddha Very complex | Fine sculptural details

5.1.3 Baselines and Parameters
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gt 12]& AMA]E ol Product M2fe] &4 mjeiu|g =
o0 =0.05, A =100, y=10B=10 2=, Gated Mk
2 a0 =0.05, A = 10.0, a = 5.0, 1 = 0.52 AN}
Sobel HE|= 3x3 ARSI, RE
min-max “‘Jef= [0, 1] "ol ZEict.
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5.2 Results and Analysis

5.2.1 Correlation Analysis

I 4 IUY 429 IND o] JeEEs BoE
C}. Normal Mape] 2E& ZHlojA dTGA 7 =&
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Table 4. Mutual Information Between Rendering
Signals and JND (nats)?

Ren.dering Buddha Teapot Suzanne Avg.
Signal
Normal Map | 0.107 0.047 0.065 0.073
Depth Map 0.092 0.031 0.043 0.055
Albedo 0.093 0.030 0.043 0.055
Shading 0.054 0.021 0.024 0.033
Roughness 0.000 0.000 0.000 0.000

5.2.2 Watermarking Performance Comparison

I 5 9607 AR m2of thsh Ht de= HolEot
N_product B¥o] Baseline tfd] 5.47dB PSNR 74}
0.0059 SSIM gitoz z|u AsS dhision A=
HIAA] BEe FAISIH Normal Map 7|4t ®i50]
Zio](Inverse depth) 7|8F HIHEC FHEA 42t
Fe= BT

Table 5. Average Performance Metrics (960 Samples)

Method PSNR 1 SSIM 1 BAR 1 APSNR
R@Z‘;}l')”e 4396 | 09924 | 100 |-
N_product 49.43 0.9983 1.00 +5.47
N_gated 46.36 0.9975 1.00 +2.40
invD_product 45.13 0.9949 1.00 +1.17
invD_gated 4521 0.995 1.00 +1.25

5.2.3 Per-Model Analysis
# 62 AlRM N_product 2o} 3D RAE 52

N

lsterso R st ulo] Se) BaWo e s
< SlES ¥ete, Buddha”t 8.84dB 7iidg 273t
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7P =2 Buddha(0.107 nats)?F APSNRE 7} 3
o, MU} AftEo 8 e neioag sjuEo] Zhaste

A% Bk ol2idt o) JTWAL VS B

O v v

r

Table 6. Per-Model PSNR (dB)of N_product 1

Model Baseline N_product APSNR
Buddha 43.61 52.45 +8.84
Teapot 44.4 50.51 +6.11
Suzanne 4414 49.2 +5.06
Bunny 43.73 48.46 +4.73
Dragon 43.43 47.62 +4.19
Cube 44.46 48.32 +3.86

5.2.4 Statistical Significance

AR RS A5sh] ol didexE -dhe
st A, t-EASF t(959) = 23.47(p < 0.001)zt
Cohen's d = 2.35m¢ & &3 37)8 ddon, A
PSNR9| 95% AlZ]4t7k2 [5.01, 5.93] dB= UERL 7RA
o] 7Ho2 qojstn AWES S5t

5.2.5 Computational Overhead
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5.3 Visual Quality Analysis
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5.4 Ablation Study
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Baseline
(Uniform o)

Proposed
(Adaptive o)

(d) Original

Fig. 2. Visual Comparison of Baseline (top) and N_product (bottom).

(e) Watermarked (PSNR=52.45 dB)

(c) Djflrence (x50}

(f) Difference (x50)

Difference maps (x50) show reduced distortion in

sensitive regions.
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VI. Conclusions
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