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Abstract

Digital watermarking adds various information to digital contents for copyright management and other applications.
3D model has recently been recognized as a watermarking target data type. However, existing watermarking algorithms
target polygonal meshes and their attributes for watermarking so that they can’t be readily applied to the majority of
(geometric) computer aided design (CAD) models for two major reasons. First, these CAD models employ parametric
curves and surfaces, not polygonal meshes, as their main shape-defining primitives. Second, most CAD applications do
not tolerate modifications of model topology and/or geometry that are introduced by existing watermarking algorithms.

This paper proposes a new watermarking algorithm for non-uniform rational B-spline (NURBS) curves and surfaces,
which employs rational linear reparameterization for embedding messages. The algorithm exactly preserves the shape,
— that is, the geometry and topology — of its watermarking targets. Furthermore, it preserves the data size of the
model. We consider these two properties, exact preservation of shape and preservation of data size, to be important in
various applications of CAD models.

In addition to the shape- and data size-preserving data embedding algorithm for NURBS curves and surfaces, this
paper outlines additional methods for embedding data in various types of parametric curves and surfaces.

Page 1



29 3D
3D
3D
, 3D
Kanai 3
Praun 9 Kanai
Yeo fragile watermark
Yeo 3D
parameters ; FAPS)
2 FAPs
2
3 CAD
CAD
CAD

Bézier non-uniform rational Bspline (NURBS)

NURBS 3D
NURBS
NURBS
2
2 NURBS
3
1.1.
(extraction)

watermark

1)

4),5), 6)

3D

, 3D
6)

7

9 Benedens'® 3D
Hatung MPEG-4  facial animation

FAPs

CAD

rational linear reparameterization

4 NURBS

(embedding)
cover-<datatype> (

Page 2



-<datatype>), stego-<datatype> -<datatype>

embedded-<datatype> ( -<datatype>) ) "<datatype>”
NURBS
(visibility) (perceptibility)
3
3D
D CAD
3D 3D CAD
3D
D D
(robust watermark) (fragile watermark)
(intentional) (unintentional)
JPEG 3
(private watermarking)
(public watermarking) Hartung Y 2 NURBS
(stego-key)
1) Hartung
11)
2. NURBS
NURBS
3D 3D
1
NURBS
NURBS
NURBS
CAD

Constructive Solid Geometry

Page 3



control point weight
2.1. NURBS
NURBS NURBS
Farin** Piegl  Tiller™
p NURBS C(u) u
S
a Ni,p(u)WiPi
C(u) = '=Z] ul [a,b],
a Ni,p(u)vvi
i=0
{P}  control polygon
P N, , (u)

N (u)—\!l if u £u<uy,
P TL0 othewise

u-u U, .- U
Nip (U) = == N, 3 (U) + —P5—— N,y ().

i+p -~ M ui+p+1' Uiy
[a,b]
Non-periodic non-uniform
U ={a,..a,Upy Uy 5 1,0,.., 0}
p+l p+l

atu £u,,£Ebandi =0,..m-1

2.2. NURBS

ul [a,b] NURBS
reparameterize

2
fds)>0 sl [c,d]
NURBS

f(s)

NURBS C(9)

Lee  Lucian’
Lee

Page 4

NURBS

knot vector
Piegl Tiller
[a,b] 3
{wi} W
p p+l | B-spline
C(a) =R, C(b)=P, NuURBS
knot vector [a,b]
C(u) ={x(u), y(u), z(u)} u=f(s)
u A S
f(s) sl [c,d]
16) 15)
2
NURBS
1 M bius

(1)

(@)

(3)

(4)



g(u)

_ _au+b

S—g(U)—ng-

u:f(s):'de’b sT [c,d].
f(s) g(u)

mu)=qu+d |(s)=gs-a.
g(u) f(s)

ad- go>0,

mu)t 0 fordl ul [ab] ,
I(s)t 0 fordlsl [c,d]
NURBS C(u)

{R}

knot( )

2.3.

a b
b_ g g
au+
S:g(u): -9 g -

u+d 40

g
k, =a/g k, =b/g
3 k.. K,
2 3

= (48 US)(8 - 8)- (US - US)(S - S)

©)©)

g(u)

k, =d/g

(W-u)s-8)- (U-U)s-s)

g

NURBS

g(u)

Page 5

5)(6)

(u) C(9)
g(u)
embedding primitive
NURBS 1 1
a,b, g
3
3 (u8). (Us,).

K, K, . K,

s =g(u).

(Us,S3)

()

(6)

()

(8)

9)

(10)



k, =u;s +kss, - kiy

Ky = (WS, - UsS3)(Uy - Up) - (WS; - UpS,)(Uy - Us)
Uy - Us)(s; - S) - (U - U)(s - s3)

(10) 3
u,=s, =b
D=s,-u, D
D D
D
D
D
D
d o2t - 4
2|_ min
D NURBS interior knots
NURBS 1
NURBS rational Bézier Bézier
i =an/ 2 i
NURBS
D=s,-u,
2.4. NURBS
NURBS NURBS u Vv
2 2 D, D,
L NURBS 2L
2.5.
CAD

Page 6

2

(11)
2 u=s=a
s=9g(u) s=u
[Dmin’Dmax] L
(12)
m
NURBS
2
NURBS
NURBS
CAD
CAD



2.6.

ruled surface
3.
2 NURBS
L (L=8 ) 2L bit
CAD C++ OpenGL
3.ar( ) 3  NURBS 2 D
[a.b]
10 10
D =0.01
D =0.05
3. (0)-(d) L =8ht NURBS L =8hit
64 bit
5 NURBS 5 (@ 2
v D, =0.001 D, =0.02
5 () ASCl “zI" 2 16 bit NURBS
D [Dyin» D] = [0.002.0.01]
ASCII “z ‘e
L=8 D,
4,
2 NURBS
NURBS Bézier, Bézier B-spline
4.1.
Knot insertion ( ) B-Spline NURBS
Degree elevation ( ) Bézier B-spline

Page 7



Bézier NURBS

CAD
4.2.
42
1 2
NURBS B-
DCT DCT
18) DCT lossy ( )
5.
3
2 NURBS 3
NURBS
3
4 NURBS
4
CAD
1) 1998 8

2) ISO/NIEC 14772-1 Virtua Reality Modd Language (VRML).
3) ISO/IEC JTC1/SC29/WG11 MPEG-4 Visual and MPEG 4 SNHC.

4) R. Ohbuchi, H. Masuda, and M. Aono, Watermarking Three-Dimensional Polygonal Models, Proceedings of the
ACM Multimedia’ 97, Seattle, Washington, USA, pp. 261-272, November 1997.

5) R. Ohbuchi, H. Masuda, and M. Aono, Watermarking Three-Dimensional Polygonal Models Through Geometric and
Topological Modifications, Volume 16, No. 4, pp. 551-560, |EEE Journal on Selected Areas in Communications May
1998.

6) R. Ohbuchi, H. Masuda, and M. Aono, Geometrical and Non-geometrical Targets for Data Embedding in Three-
Dimensional Polygonal Models, Computer Communications Vol. 21, pp. 1344-1354, Elsevier (1998).

7) S. Kanai, H. Date, and T. Kishinami, Digital Watermarking for 3D Polygons using Multiresolution Wavelet

Decomposition, Proc. of the Sixth IFIP WG 5.2 International Workshop on Geometric Modeling: Fundamentals and
Applications (GEO-6), pp. 296-307, Tokyo, Japan, December 1998.

8) Emil Praun, Hugues Hoppe, Adam Finkelstein, Robust Mesh Watermarking, Proceedings of the ACM
S GGRAPH '99, Los Angeles, CA, USA, August, 1999, pp. 49-56.

Page 8



9) B-L. Yeo and M. M. Yeung, Watermarking 3D Objects for Verification, IEEE CG&A, pp. 36-45, January/February
1999.

10) O. Benedens, Geometry-Based Watermarking of 3D Models, IEEE CG& A, pp. 46-55, January/February 1999.

11) F. Hartung, P. Eisert, and B. Girod, Digital Watermarking of MPEG-4 Facial Animation Parameters, Computer and
Graphics, Val. 22, No. 4, pp. 425-435, Elsevier, 1998.

12) B. Pfitzmann, Information Hiding Terminology, in R. Anderson, Ed., Lecture Notesin Computer Science, No. 1174,
pp. 347-350, Springer, 1996.

13) A. J. Menezes, P. C. van Oorshot, and S. A. Vanstone, Handbook of Applied Cryptography, CRC Press, 1996.

14) G. E. Farin, Curves and Surfaces for Computer-Aided Geometric Design, A Practical Guide, Fourth Edition,
Academic Press, San Diego, CA, 1997.

15) L. Piegl, W. Tiller, The NURBS Book, 2nd Edition, Springer, Berlin, 1997.

16) W. Tiller, Rational Bsplines for curve and surface representation, |IEEE Computer Graphics and Applications
Val. 3, No.6, pp. 61-69, 1983.

17) E. T. Y. Lee, and M. L. Lucian, Mobius Reparameterizations of Rational B-splines, Computer Aided Geometric
Design, Vol. 8, pp. 213-215, Elsevier, 1991.

18) , , 40
7  ppl188-1195 199 3

Page 9



Text,
number,
etc.

Cover
NURBS
model

Cover
NURBS
model

Stego
NURBS
model

1 NURBS
NURBS

Message

Embed

Stego
NURBS
model

Text, number,
pattern, etc.

MessageJ

Figure 1. Data flow of the private watermarking algorithm for NURBS curves and surfaces. Extraction requires
the original cover-NURBS model without the watermark.
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Figure 2. Determining a rational linear reparameterization function with degrees-of-freedom 3 for the
reparameterization.

Page 11



+ NURBS data embedding # NURBS data embedding

Curve:curvi.crv Offset: 0.0100 Message™ Curve:curvi.crv Offset: 0.0600 Message:™
(a) D =00L (b) D =0.05.
(a) Displacement D=0.01. (b) Displacement D=0.05.

i MURBS data embedding 3 NURES data embedding

Curve:curvl.crv Offset: 0.0000 Message:"l' . e Curve:curvl.cry Offset: 0.0000 Message:"z" >
(C) “!H (d) “zl
(c) Result of embedding a letter “!I” (a closeup (d) Result of embedding a letter “Z' (a closeup
view). view).
3. NURBS (@ D=00L() D=0.5 © ()
H!” “zl

Figure 3. Example of reparameterizing a NURBS curve with offsets (a) D=0.01 and (b) D=0.5. In figures (c) and
(dy, letters“!” and “Z’, respectively, are embedded.
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4. NURBS D,=0.001, D,=0.02

Figure 4. A NURBS surface of degree 3 in both u and v is reparameterized with dislacements D, =0.001,
D,=0.02.
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5. 4
Figure 5. A closeup view of the surface shown in Figure 4. In both of the figures, solid and dotted lines,
respectively, indicate parameterizations of the surface before and after the reparameterization.
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