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ABSTRACT Three-dimensional (3D) (geometric) Computerideo, and audio, have been the focus of study [Tanaka90,
Aided Design (CAD) has become increasingly popular Walton95, Zhao95, Bender96, Braudway96, O’Ruanaidh96,
manufacturing industries. It is used to design, for examp&nith96, Cox97, Hartung97, Mintzer97, Yeung97a,
automobile exterior, chassis, or engine blocks. A majority ¥&ung97b]. Recently, 3D model gained status as an important
these systems represent shapes by using parametric curvesnamaber of multimedia data types, prompted by increasing
surfaces, such as Bezier and NURBS (Non-uniform Ratiopalpularity of Virtual Reality Modeling Language (VRML)
B-Spline) curves and surfaces, as their main tools to deffifg097] and imminent standardizationMPEG-4 [ISO98].
shapes. We have proposed several methods to embed data in the
Despite their popularity, to the author’'s knowledge, no datest important object type in a 3D model, that is, shapes of
embedding algorithm designed specifically for CAD systerobjects, in particular, shapes defined by using 3D polygonal
has been studied in the past. While algorithms did exist thashes [Ohbuchi97, Ohbuchi98a, Ohbuchi98b]. In order to
embedded data into 3D polygonal meshes, most CAD systembed data into shape, our algorithms modify geometry (i.e.,
employed curves and surfaces as their main shape-definiagex coordinate), topology (connectivity of vertices) or both.
primitive. Even if polygonal meshes are used in a CAD, We tried to make the method reasonably robust against
alterations of geometry and topology introduced by these daperations 3D models are routinely subjected to, e.g., an affine
embedding algorithms could not be tolerated. transformation or resection of a part of the model. For those
This paper proposes a new data embedding algorithm d@gorithms that modify geometry, we employed affine
NURBS curves and surfaces, which employed rational lingensformation invariant quantities, such as a ratio of volumes
reparameterization for encoding messages. The mofkttetrahedrons created from a given triangular mesh. This
significant feature of the algorithms is exact preservation mhde the watermark robust against affine transformation, a
geometric shape of its targets, that are, NURBS curves andimon manipulation for 3D models. Watermarks embedded
NURBS tensor product surfaces. Furthermore, the algoritlwy using topological modifications, for example, connectivity
preserves data size of the model. of vertices or connectivity of triangle strips, are not affected
The paper also suggests additional methods to embed Sgtgeometrical transformation. In addition to algorithms that
in parametric curves and surfaces, classified by shape- ambeds information into shape, we have also proposed
size-preservation properties of the methods. methods to embed data in attributes associated with each
shape, such as per-vertex texture coordinates [Ohbuchi98b]
Keywords Computer aided design (CAD), parametric curvesnd vertex color.
and surfaces, Non-Uniform Rational B-spline (NURBS), Several works have since been published on data
geometric modeling, information security, digital watermark.embedding into shapes of 3D models. Kanai [Kanai98]
developed a watermarking algorithm for 3D models that
. INTRODUCTION embeds data by using multiresolution wavelet decomposition
i . ) of the models. The watermark withstands affine
Data embedding, or (digital) watermarking put structures g anstormation, and is somewhat robust against random noise
calledwatermarks into digital contents (e.g_., |r_nages) in such 84ded onto vertex coordinates. An example of fragile
way that the structures do not interfere with intended use (evﬁatermarking (this term will be explained below) for 3D
viewing) of the contents. The watermarks carry informatiQRyqe| is described in [Yeo99], which is a 3D version of the

that can be used to manage the contents, in order, for examplgroach the authors have proposed previously for 2D image
to add annotations, to detect tampering, or to authenti ermarking. Benedens [Benedens99] described a

rightful purchasers. While data can be embedded in an an rmarking algorithm that employs a set of normal vectors
media, digital media provided an opportunity for a robust d@jgriyed from geometric shape of a 3D model for embedding.
embedding with significant data capacity. . In relation to 3D models, Hartung, et al [Hartung98] have
_Previously, data embedding techniques for “traditionaljeyeloped a method to embed data in MPEG-4 facial
digital multimedia content data types, such as text, imag&imation parameters (FAP) sequences by using a spread-
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spectrum technique. Remarkably, their watermarks could dsta embedding in general to develop terminology for later
extracted from rendered movie sequence of 2D images. digcussions. In Section Il, we will describe an algorithm that
extract watermarks, they applied their facial feature trackiagnbeds data in NURBS curves and surfaces while maintaining
system being developed to generate FAP sequences ftheir exact shapes and data sizes. In Section Ill, we will
video sequences of real human faces. discuss implementation and experimental results by using this
For Computer Aided Design (CAD), Computer Aidedlgorithm. In Section IV, we will suggest possible alternatives
Manufacturing (CAM), or Computer Aided Engineeringo data embedding in parametric curves and surfaces. We
(CAE) applications, however, previous data embeddiegnclude in Section V with summary and comments on future
algorithms are not suitable most of the time. (In the followingork.
of this paper, we will use the acronym CAD loosely so that jt .
implies all of the CAD, CAM, and CAE.) There are severé' Data Embedding
reasons why these algorithms are not appropriate for CADWe introduce terminology on data embedding in this
applications. section. Following recommendations compiled in
First, a significant proportion of CAD applications emplojPfitzmann96], we call the act of adding watermark (data)
parametric curves and surfaces, such Begier or Non- embedding or watermarking, and retrieving the information
Uniform Rational B-Spline (NURBS) curves and surfaces, noencoded in the watermark for perussraction. The object in
polygonal models, in order to define shapes. Models in thegidich the information is embedded is callecbver-
applications typically define a shape as a set of topologicallgatatype>, the object with watermark is callegego-
connectedsurface patches, in which each patch is either a<datatype>, and the information embedded is called
rectangular or triangular patch of (parametric) curved surfaembedded-<datatype>. The suffix “<datatype>" varies with
In addition, curves mayrim these patches so that arbitrargdata types, such as image, text, or 3D model. For example, an
boundary shapes can be produced. Obviously, previous datdbedded-text is embedded in a cover-NURBS surface to
embedding algorithms that targeted shapes defined rbgultin a stego-NURBS surface with an embedded-text.
polygonal meshes can not be applied to these parametridraditionally, watermarks have been classified by their
curves and surfaces without significant modifications. visibility (or, more generallyperceptibility) androbustness.
Second, even if a CAD system employed polygonal meshA visible watermark is made intentionally visible to serve
to define shapes in a model, changes in the mesh’s vetteir purposes, for example, to deter a third party from
coordinates due to data embedding are not acceptable. Ur@ruthorized sales of contents. On the other hanihvisible
example, a design of combustion engine cylinder deformedvimtermark is imperceptible without processing by mechanical
data embedding will not be accepted. CAD applicationseans.
demands data embedding technique that preserves exag#t robust watermark should resists both intentional and
shapes of models. An alternative, data embedding by usimgntentional modifications of the watermarked content. A
changes in topology, is also not acceptable to many, if not fithgile watermark, on the other hand, must be altered by
of CAD applications. Finite element analysis, for examplitentional (and some unintentional) modifications so that it
does rely on topology among model elements for computatieould detect tampering of or damage to the content (for
In this paper, we propose data embedding methods déaample, [Ye098]). Hereynintentional modifications are the
parametric curves and surfaces, the mainstay geomekife a content should expect during a course of its intended
elements of CAD applications. The contributions of this papgse, while intentional modifications are the kind that are
can be summarized as follows. applied with an intention of modifying or destroying the

: . watermark
*  Present an algorithm that embeds data in NURBS curve he classification above by perceptibility of watermark

and surfaces by usingparameterization. The algorithm umed human beings as observers of image, movie, text, or

) . as
preserves exact geometric shapes of given curves gﬂaio data. In case of watermarking of 3D models that are

surfaces. In addition, data sizes of the curves and Surfa‘ﬁ?&nded for viewing (that are, most VRML models), the
remain unchanged after data embedding. , '

: . : observation is indirect since the model must be rendered

*  Outlines various alternative approaches to embe_d _databgfore being viewed by human beings. Rendering method

parametric curves and surfaces that are not limited loyed (e.g., wire frame vs. Gouraud shaded surface
NURBS curves and surfaces. These approaches areq NN

o . h . ¢ ering) could greatly affect perceptibility of watermarks in
classified by two properties, that are, preservation of ex3ghyels In case of 3D models that are to be processed further
shapes and preservation of model data sizes.

by 3D CAD systems. Viewing is more indirect so that only a
Being one of the most powerful yet practical methods falled machine part (or whatever) produced by using the 3D
define curves and surfaces, NURBS are used in many C&BD model may actually be visible.
systems, for example, to define an automobile exterior shapeA watermark can also be classified by its use of cover data
We expect there are many applications to the shape preserf@hgextraction. If an extraction algorithm requires original
data embedding algorithm for NURBS objects (i.e., NURB®Ver data as well as the (possibly corrupted) stego-data, the
curves and surfaces). scheme is callefrivate watermarking. Otherwise, the scheme
The following of this paper is organized as follows. In thH& calledpublic watermarking. An embedding scheme by Cox
remaining part of this section, we briefly review the concept &f al [Cox97] or Hartung [Hartung98] are examples of private
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watermarking. Text
A watermarking scheme may employ a random sequencgumbér’ Message
generator to make an embedded message secure from beingc.
read by a third party. For example, in an image watermarking,
positions of pixels to be modified for watermarks can be Cover
scrambled by a pseudo-random sequence generated fromN&/RBS
stego-key (or stego-keys) by using a public-key cryptographicm‘)de1
method [9]. Scrambling of modulation values can also erase
(reduce) statistical signature in order to make watermarking
less detectable. At the same time, scrambling and spreading afover
modifications for data embedding could make the watermarlNURBS
more robust against interference, in a similar manner asmodel
spread-spectrum communication systems. Both public-key
cryptography and shared-key (or private-key) cryptographic
method can be used for this purpose. NURBS
Data embedding into CAD models defined by using ,odel
parametric curves and surfaces has many potential
applications. Requirements for a data embedding method va

r
depending on its intended application. A few of potentigf&/ure'1 Flow of data in our data embedding algorithm for the
applications are; NURBS curves and _surface_s.' It is a private data embedding
scheme, which requires original cover-NURBS models for

* Annotation: Add annotations, such as date of the lasktracting embedded messages.

modification and name of the person who modified it to a

CAD model. In addition to preserving shape, an algorithm that preserves
e Fingerprinting: A CAD model is “fingerprinted” with data size is preferable most of the time, to contain

the identities (e.g., digital signatures) of itsommunication and storage costs. In case of NURBS curves

owner/designer and subcontractor by using a robuastd surfaces, data size of models are determined mostly by the

watermark. Circulation of unauthorized copies of theumber of control points (including weights) and knots. Note

CAD model could be traced to the subcontractor. that, in our paper, we consider a model data size is preserved if
ﬁQS numbers of control points and knots are unchanged. Their

e e e o oot el hc Ve, nence exact rumber of bis o @ compresst
PP ' e, PP d del an after ideal entropy coding, may change.

an infrastructure, an organization to issue verifiable digitgl]IO

X L . _In the following, we will explain the algorithm by usin
signatures and a trusted place to escrow original models (kFU’RBS curve bgut the samep algorithm gcan be aelppliedg to

mode.Is W|th'0u't Watermarks). Futhermore, digital s|gnatu' RBS surface created as a tensor product of two NURBS
and fingerprinting require appropriate laws as well as socia

curves.
acceptance.
A. NURBScurve
I Data Embedding in NURBS Curves and Surfaces This section defines a NURBS curve in order to explain

by Using Reparameterization data embedding algorithm. Detailed explanations of NURBS
A private data embedding algorithm for NURBS curves addd other parametric curves and surface; can bga found in ;uch
surfaces that preserves exact geometric shape as well askks as Farin [Farin97] or Piegl and Tiller [Piegl97]. This
size of models is presented in this section. As a private da@@er follows notations of Piegl and Tiller.
embedding scheme, the algorithm requires both the origina® pth degree NURBS curveC(u) defines a point that
data and watermarked data for extraction (Figure 1). traces a trajectory in 3D space as the scalar parameterwalue
The fundamental idea behind this shape-preservipgry within the rangda,b] .
algorithm is that a NURBS curve or surface can be

Text, number,
pattern, etc.

Message

[

Extract

reparameterized without changing its geometric shape. In the S N, ,(WwP,

following part of this section, following a definition ofC u) =3 ’ ul[a,b] (1)
NURBS curve, the concept of reparameterization and datg n T

embedding method by using rational linear reparameterization Z Nip (U)W

is explained. =

A shape-preserving data embedding algorithm is requir\’e\zlglere a set of control poin{®} forms a control polygon and

by most CAD applications as discussed in the previo{m} are the weights. Increased weight pulls the line closer
section. For example, .|fa model is defor_med even slightly a8 2the control pointP.. N. (u) is theith B-spline basis
result of watermarking, a constructive solid geometry P . i

operation using the model will yield an erroneous result. ~ function of degreep (order p +1), defined recursively as
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m if U-SL,|<L,|.l _ _O'U+ﬂ
) - i i+ s=q(u) = 4
Nio) D othewise 9w W+o 4)
- - +:B
u-u ui+ + u = =
N p(U) = ———N, o, (U) + —F——N,,; ,, (U) @ u=Tte e sO[c,d] (5)
i+p i i+p+1 i+1

Non periodic and non-uniform knot vector, a nondecreasiwv\’belretf(s) s the inverse of(u).
ele

sequence of real numbers, is defined as

U ={@,s8,Upgyeres Uy g, byeony 0} @) HUW=w+d A(s)=)s-a (6)
e v To ensure thag(u) and f (s) are well-behaved, we assume

Where a<u <u,<b and i=0,..m-1. Knots in a ad-yB>0,

NURBS curve are the points (in parameter space) wheteu) z0 foralu[a,b] , and (7)

rational polynomial curves are grafted together to form /?(s)io for all s0[c,d]

multi-segment curve. , ) i
Then, the reparameterized cur@gs) is obtained as follows:

e The control point{P,} remain the same.
A NURBS curve C(u) ={x(u),y(u),z(u)} defined on . The new knots are the image undgu) of the original
ul[a,b] is reparameterized by a functian= f(s) so that knots, s, =g(u;).

the curve is computed as a function of a new parameter,  The new weight§w} (modulo a common nonzero
instead of the original parameter. We require the function '

g(s) be increasing {'(x)>0 for all sd[c,d], in which

B. REPARAMETERIZATION OF NURBS CURVE

factor) are obtained by either (8) or (9);

p
a=f(c) and b=1f(d)) so that the same point is not W =W []A(s.;) (8)
traced more than once. Detailed descriptions of 3
reparameterization of NURBS curves and surfaces can \-jgie: Wi 9)

found, for example, in Piegl and Tiller [Piegl97]. P
Reparameterization of a parametric curve can be performed E! (Ui
by using a large class of scalar function that satisfies the :
condition stated above, including polynomial, B-spline, o+
even trigonometric functions. Obviously, a NURBS curvg
reparameterized by using an arbitrary function is in general
not a NURBS. In this paper, we call a minimum unit of modification for
If a reparameterization function = f(s) is a polynomial data embedding aembedding primitive. A rational linear

of degree greater than one, the resulting functs) is a reparameterization can be applied to a NURBS curve to use it

L . . as an embedding primitive.

NURBS but it will have a raised degree, requiring larger pota  can be embedded in the rational linear
numbers of knots and control points. Data size is not presery o . . .
: S : rameterization  function manipulatin
if such reparameterization is employed for data embeddmg;a ameterizatio unction g(u) by aniputating

description of C(s) will require more space to store than theoefficients a, S, y, and 5. Note, however, that the
original C(u) although both represents exactly the sarf€grees-of-freedom of(u) is actually three, not four, which

and u;

i+

are the new and old knots, respectively.

A NURBS curve as an embedding primitive

geometric shape. is obvious by rewriting the function as below.
A NURBS curve reparameterized by using a polynomial or ﬂu +£
a rational polynomial of degree one is a NURBS curve with_ _au+fB _y vy _ku+k, 10
the same degree as the original. By manipulating the 9(u) = o J  u+k | (10)
. . . . W + u 3
reparameterization function, e.g., slope of a linear u 7

reparameterization function, data can be encoded. In thE K = K = dk. =5
paper, we chose rational-linear function to reparameteriz&/2¢ }‘a/y' %2 = B/yandk;=d/y.
NURBS curve for data embedding. A rational linear function We find coefficientsk, , k,, andk; that encode data, e.g.,

haS h|gher degrees-of'freedom than a Iinear function, and thuﬁ]bers_ Coefﬁcientskl, k2’ and k3 are Computed by

allows us more control, for example, to better conform go ecifying three pointg ). ( ). ( ) the function

given constraints or to embed more information. There are 9 POINIRU, S (Uz:5) (U, S5 uhctl

other possibilities than rational linear function. We wilg(u) must pass through (Figure 2). Substituting the three

discuss one such possibility in Section II-F. points in (4) and solving fork,, k,, and k, yields the
Reparameterization by using a rational-linear (alias "n%ﬂowing formula.

fractional, bilinear, or Mobius) function has been studied by

Lee and Lucian in [Lee91]. We summarize their result beloy. - (S ~U;S,)(S ~ ;) — (WS ~Us8)(S, —Sy)

A rational-linear functiong(u) is defined as follows. ' (U =u)(s—55) = (U —Us)(s, - y)

k, =uss; +kss —kuy
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_ (us —Uss) (U —uy) = (U — U,S, ) (Uy — Us) algorithm modifiedL lower (but not the lowest) order bit of
3 _ —_s)—(u — _ (11) " the mantissa of the offs@ to embed. bit of information.
(U =U)(S =) = (U = U,)(s, = S;) : .
_ . Extraction starts by comparing the value of knots between a
While all three degrees of freedom may be manipulateddgyer-model (original model) and a stego-model (watermarked
encode data, here, we constrain the two endpoints so Higiel). At a predetermined element of the knot vector, the
W =s and u;=s,. This way, the range of parametergifference D =s, —u, is computed, ananbits at a known

remains unchanged after the reparameterization. Swgfition in its mantissa is extracted. In our implementation, we

constraint is often necessary since certain CAD systefggd the knot in the middle of the sequence whose index
require that the parameterization be on a specified interval, [/ 2[Jto compute the offset.

e.g., [0, 1]. We encode data in a remaining degree-of-freedom

b {10 the offseD = s. —u.. The | h tude of It is preferable to randomly scramble a message as it is
y setting the offseD =s, —u,. The larger the magnitude Olembedded, so that the embedded bits won't show telltale

D, the more the curve of the functia= g(u) deviates from pattern in the stego-data. In addition, all the curves and

the straight lines=u. surfaces in the model should be reparameterized by using a
We have to pay attention to the amount of this offset feghdom sequence so that curves and surface patches modified

several reasons. First, with a large valueDof changes in the for embedding can not be distinguished easily from those

values of knots and weights can be quite large so tMaihout embedding. We have not included these two features

existence of data embedding can be noticed easily. Secdh@ur proof-of-concept implementation.

there is a nqtion of so-callgd “good parameterizgtion". B A TENSOR-PRODUCT NURBS SURFACE AS AN

param'etenzatlon.of a curve is “good”,. a set of POINtS ONER gEppING PRIMITIVE

curve is geometrically evenly spaced given a set of uniformly

spaced parameter values. A good parameterization may bb/p to this point, the embedding algorithm is explained by

preferred, for example, if the curve (surface) is to I&suming NURBS curves as its embedding primitive. It is

tessellated into straight line-segments (triangles) for displaytdyial to extend the method to include a NURBS surface

numerically controlled milling. With a “bad” parameterizatiorgreated as tensor products of two NURBS curves as another

unless an adaptive tessellation algorithm is used, tesselldigg of embedding primitive.

line segments (triangles) will be uneven in size. Such unever® NURBS surface is defined as a tensor product of two

tessellation could lead to loss of accuracy of a milled machME/RBS curves with parameter andv. A NURBS surface

part, for example. If the offseD is small, parameterizations S(u,v) of degreep andq, respectively for the direction and

of a curve before and after reparameterization should \hés a vector-valued bivariate piecewise rational function.

similar. That is, a curve with “good” parameterization will n m

also have a good parameterization after data embedding if the Z ZNi,p(u)Nj,q(V)\Ni,jPi,j

offset D is small. S(u,v) === u,vO[0]] (12)
Z ZNi,p(u)Nj,q(V)vvi,j

1=0 =0
where {P, ;}is a 2D array of control points (or control net),
{w ;} are the weights, and tHeN; ,(u)} and{N, ,(v)} are the

nonrational B-spline basis as defined by formula (2) that is
generated on the knot vectok$ and V .

U ={0,...0Uyp,es Uy, L, (13)
p+l p+l

V ={0,....0,Vgy15-es Vg Lot
q+l q+l

wherer =n+p+1lands=m+q+1.

As can be seen from (12), reparameterization of a NURBS
surface can be accomplished by applying reparameterization
as described in the previous section to each of the parameters
u andv. If a reparameterization is able to embadit in a

/ NURBS curve, a tensor product NURBS surface is able to
u=a U, u=b U store 2n bit.

Figure 2. Determining a rational-linear function foF-  ORDERING MULTIPLE EMBEDDING PRIMITIVES

reparameterization, which has three-degrees-of-freedom. A rational linear reparameterization function discussed
above can only embddbit of information per NURBS curve.

In our proof of concept implementation, we employed A tensor product surface as an embedding primitive, with its
simple method to encode a number into the offSet The two parameters, is able to embeld Mt of information per
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primitive. Such amount of information, however, islegrees-of-freedom in order to increase amount of data
insufficient in most of the applications. embedded per curve. Such reparameterization is possible

In order to embed a significant amount of information, e.gvithout changing degree of the NURBS curve if we employ a
tens to hundreds of bytes, multiple embedding primitives, thiatear rational B-spline (LRBS) function, as described in Fuhr
are, NURBS curves and surfaces, must be ordered. and Kallay [Fuhr92]. By using their method & €ntinuous

A CAD model consisting of multiple surface patches amdtional linear interpolator can be constructed that pass
trim curves contains topology among these objects (Figure tByough an arbitrary number of monotonically increasing data
The topology can be used to cerate a one-dimensional ordepoimts. A LRBS is specified by a set of monotonically
among objects, for example, by creating spanning treeirdreasing data points and a corresponding set of derivatives
objects and traversing the tree in a depth-first ordé€r0) at each data point.
Furthermore, objects in a CAD model are often numberedWe can use the LRBS reparameterization in the following
sequentially so that various properties (e.g., color, materiagy. Based on the message bits to be embedded, we set the
etc.) can be associated with them. Such sequentialues of new knotss, i =0,.,m-1 while observing the

identification number can also be employed to order curve §gnotonicity requirement. Then, construct a LRBS function
surface objects in CAD models. that interpolates data poin{s,,s;), i =0,...,m-1. We could

then manipulaten values to embednL bit of information in a
curve. In case of a surface patch, assuming the number of
knots m and n for parametersu and v, we can embed

mL +nL bit. If we assume that the first and last knot are
excluded from embedding since they are constrained, e.g., to
[a, b]=[0, 1], then we can embgan-2)L bit of information

<:> per curve. Similarly, a surface patch with number of kmots
and n could embed((m-2)L +(n-2)L) bits assuming the

same constraint.

Regardless of the constraint on the values of knot at both
ends, reparameterization by using a LRBS could bring
significant improvement in data density if compared to
reparameterization by using a simple rational linear function.
Furthermore, the amount of data by using LRBS scales with

Surface patches + data size, that is, the number of knots.

A complex surface <:> trim curves +

topology I1l. Experiments and Results

Figure. 3 A surface is consisting of multiple surface patches W€ have implemented the shape- and size-preserving
and trimming curves connected by topology. ata embedding algorithm for NURBS curves described in the

previous section. Current implementation of the algorithm

bedded. bit per NURBS curve by using a rational linear
rameterization. We have not implemented the method that
loys LRBS. Ordering of multiple NURBS curves and

Upon embedding, mapping from bit string in a messageetgl
an ordered set of embedding primitives can be scrambled"

using a pseudo-random number sequence as mentioned befoYe. q b ing that h » .
Such scrambling could make the message secure from tfifffaces aré done by assuming that each curve or surtace 1S

parties, and if combined with repeated embedding, could mﬁgﬁ:giz%gggfgi?auper:?::gin;kl)elrteig.v-vrrri]tfeiogse ;Svmictjtc?vr\]/ isnysci;r;
the embedding more robust against various disturbances. . . )
g ust against various distu independent code by using GLUT toolkit and GLUI user-

F. INCREASING INFORMATION DENSITY interface toolkit, so that it runs on both X-window/UNIX

The algorithm described in Section Il does not have hiﬁ?sed systems and on Windows NT/35 systems without

: : . . : difications.
information density, that is, embedded bits per cover data. 2 Figure 4 (a)-(d) show effects of reparameterization by

algorithm embed4. bit in each curve andL bit in a tensor . tional i functi ith i Bt Th
product surface. The amounts of embedded data depen(;é%ﬂg ha't rlganlona meﬁtr unrc |c;rr]1 Wi nt\?alrymgl 0 0 in vevhi h
number of parameters, instead of data size as measure tf) gl .Ei segme i 3% tﬁ co Io pgygt?l ’ fh
number of control points and knots. There are several wayé(:j? ro p?'n S aret mar eb oy 'fe C||rc§.s.'d S te gcurveJ:[., €
increase embedding information density. omain of parameter [a, b] is uni ormiy divided Into = sections
. . so that ten markers corresponding to 10 uniformly spaced
If we use all three degrees of freedomg(u), three times . : X .
. parameter values (including both the first and last knots with
as many bits per curve or surface can be embedded. How&yglies a and b.) are marked. Crosses mark the original curve

this method may not be applicable if there is a constraint gy the rectangles mark the reparameterized curve.
knot values, e.g., if the parameter domain is constrained to [a,

b]=[0, 1].
We can use a reparameterization function with higher
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Curvercured.cre. Offsct 00100 Bossage™

Curvercured.cry. Offset 00500 Message™

(a) Offset D=0.01

Cuvercurvd.cre Offsct 01000 Bossage™

(b) Offset D=0.05

Curvercurvd.cry Offset 05000 Message™

(c) Offset D=0.1

(d) Offset D=0.5

Figure 4. Examples of reparameterizatoin of a NURBS curve with offseB=@p1, (b)D=0.05, (c)D=0.1, and (d)D=0.5.

With a small offets, e.gD=0.01, parameterizations of the curves before and after rational linear reparameterization are nearly
identical. With the offseD=0.5, parameterization is not “good” so that ten equally spaced parameter values mapped to skewec
points. Crosses mark the original curve and the rectable marks the reparameterized curve, computed at ten equally spa

parameter values.
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A curve reparameterized by a smaller offset v@)#€.01 « Knots Insertion: For those parametric curves with
showed parameterization similar to the original curve. multiple spans, e.g., nonrational B-spline curves and
However, a curve reparameterized with a large offset, e.g., NURBS curves, new knots can be inserted into the curve.
D=0.5, clearly showed a very skewed parameterization, which The values of the inserted knot, mere presence of the new
is not acceptable. In the experiment, we embedded 8 bit per knot, or location of the new knot in the knots vector could
double precision (64 bit) floating point number representing encode information to be embedded.

D, which uses 52 bit for mantissa. This is a significant and Degree Elevation: For nonrational curves, such as Bezier

useful embedded information density. and B-spline curves, degree elevating a curve introduces
new control points. The increase in degree itself can be

IV. Alternative Data Embedding Approaches for used to encode information; for example, an increase in
Parametric Curves and Surfaces degree by 2 could encode a number 2. While the location

] ) ) ) of the new control points can not be controlled, their mere
In this section, we suggest various possible approaches to presence/absence could also encode information.

embed data in parametric curves and surfaces that inclyde Reparameterization Accompanying Degree Elevation:
Bezier, rational Bezier, B-spline and other curves and Reparameterization by using a polynomial or rational

surfaces, as_well as NURBS curves and surfaces._ i . polynomial of degree greater one can be applied to
We classify data embedding approaches outlined in this aona| curves, such as rational Bezier and NURBS

section py using two properties of embgdding methods, curves. If applied, such reparameterization will raise
preservation of moo!el shape and preservation of model data degree of the curve, introducing new control points as
size. Ashape-preserving method preserves exact shape of an \ye|| a5 knots. Value of reparameterized knots can encode
orlglnalimodel, while a;hape—alterlng method alters it. AS|ze information, in a similar manner as the algorithm
preserving method retains the original data size after explained in Section Il. A significant amount of
embedding, while a size-altering method changes it. These j,tormation can be embedded into the curve if a function

classifications are orthogonal. N . that interpolates through multiple data points such as
Shape-preserving data embedding is desired for most CAD LRBS is used to reparameterize, as suggested in

applications. If shape of a model was changed, for example, an Section II-E
automobile door might fail to close properly. If the sole '
purpose of the model is viewing, however, the shape of theWhile these methods do preserve original geometry of the
model need not be preserved exactly. curve, increase in data size due to embedding can be
Size-preserving methods preserves data amount occusiggificant.
by parameters that define curves or surfaces, that are, cor&rol
points, knot vector elements, and others. By “data sizé
preserving”, we mean the numbers of these parameters tif exact shape preservation is not an issue, additional
remain unchanged. Their exact values, hence exact numbepgioaches exist in order to embed information into
bits of the model after ideal entropy coding, may change. Siparametric curves and surfaces.
preservation property is preferable since increased data size
may burden communication channels and/or storage devices.
A bloated model may make a third party suspicious of
embedded data in the model.
Please note, in the following, that a discussion on a type of
curve can also be applied to a surface generated as tenso
products of curves of that type.

SHAPE-ALTERING, SIZE-PRESERVING METHODS

Control Points and/or Weights Modulation: Control
points for a curve is a one-dimensional ordered set of 3D
or 4D points. (If a set of weights is considered as an
integral part of a set of control points, using homogeneous
rcoordinate, each control point is a 4D point.) Similarly,
control points for a tensor product surface is a regular
two-dimensional (2D) array of 3D or 4D points. These
A. SHAPE-PRESERVING, SIZE PRESERVING METHODS values can be modulated as if they are simply ordered sets

Most CAD applications demand exact preservation of of floating point values.

shape as well as data size. A shape- and size-preserving datdf geometric transformation is expected, transformation
embedding is possible for certain classes of curves that hasinvariant quantities can be employed to encode
enough redundancy, e.g., NURBS curves. One such methodinformation, —as  demonstrated  in  [Ohbhchi97,
that employs rational linear reparameterization has been Ohbuchi98a]. An example of a transformation invariant

explained in Section I. guantity is a ratio of volumes of two tetrahedrons, which
is affine transformation invariant. Modulations of control
B. SHAPE PRESERVING, SIZE ALTERING METHODS point coordinates or weights do change geometric shape

Data embedding that preserves shape, but alters model date°f the model being embedding with information.
size can be achieved by injecting redundancy into |f control points and weights are modulated together,
representations of parametric curves and surfaces. Suchshape deformation can be reduced. Modulation of control
redundancy injection can be achieved by using such points is applicable to a large class of parametric curves

techniques as knots insertion, degree elevation, and and surfaces, including Bezier, rational Bezier, B-spline,
reparameterization that accompanies degree elevation. and NURBS curves and surfaces.

99/02/03 10:45 8/10



Computer Graphics International ‘99

« Knot Vector Modulation: Values of knots in the currentinterpolation, Computer Aided Geometric Design, Vol. 9, pp. 213-
knot vector, which is an ordered 1D sequence of scafaP. Elsevier, 1992.
values, can be modified to encode information. ThiSueziec97] A. Gueziec, G. Taubin, F. Lazarus, and W. Horn,
method is applicable to parametric curves with knots, e. yfyggndmgur?agngg; ﬁzrfffﬂ; I%C’hqvg;;‘r C‘t)]f Raép ’(;Ir(t)nl-?l\éa;ég)slg
B-spline and NURBS curves and surfaces. (92603), July, 1997,

Note that the modulation of values, such as control pojpfartung97] F. Hartung and B. Girod, Copyright Protection in Video
coordinates, weights, and knot values may be performed eitbeivery Networks by Watermarking of Pre-Compressed Video,
in their original domain or in a transformed domain. Fduecture Notesin Computer Science, Vol. 1242, pp.423-436, Springer,
example, an embedding method may compute a 2D discAS%-
cosine transform (DCT) of 2D array of control points of Edartung98] F. Hartung, P. Eisert, and B. Girod, Digital
surface, modulate DCT coefficients to embed information, al@termarking of MPEG-4 Facial Animation Parameters, Computer
transform the coefficients back into the original domain t§d Graphics, Vol. 22, No. 4, pp. 425-435, Elsevier, 1998.
using an inverse of the DCT. This embedding method may[b&97] ISO/IIEC 14772-1 Virtual Redlity Model Language (VRML).
integrated, for example, with a shape altering (i.e., Iosjég(j%] ISO/IEC JTC1/SC29/WG11 MPEG-4 Visual and MPEG 4
compression algorithm for curved surfaces that emplo
DCT [Masuda98]. Note that the kind of transformation is nffanai98] S. Kana, H. Date, and T. Kishinami, Digital

limited to DCT. Walsh-Hadamard transformation or wavel¥f@ermarking for 3D Polygons using Multiresolution Wavelet
transformations by using many different kinds ecomposition, Proc. of the Sxth IFIP WG 5.2 International

i i i i . Workshop on Geometric Modeling: Fundamentals and Applications
analysis/synthesis function pairs, for example, are watg 0-6). pp. 296-307, Tokyo, Japan, December 1998
candidates. » PP- : : , :

[Lee91] E. T. Y. Lee, and M. L. Lucian, Mobius reparameterizations

of rational B-splines, Computer Aided Geometric Design, Vol. 8, pp.
V. SUMMARY AND FUTURE WORK 213-215, Elsevier, 1991.

This paper presented an algorithm that embeds datgMi02%] '1 Masuda, R. O;‘bLlfhi’ and_M.éuo?o, Comprg(? a;nd
rational parametric curves and surfaces, in particular, NURESYesSve Transmission of Parametric Surfaces, accepted for
. L lication in Transaction of Information Processing Society of

curves and surfaces, by using reparameterization.

oved rational I eriant os it fan (1PSJ) (in Japanese).
employed rational linear reparameterization, since It enal enezew6] A. J. Menezes, P. C. van Oorshot, and S. A. Vanstone,

data embedding that preserves exact geometric shape of ook of Applied Cryptography, CRC Press, 1996.

NURBS curves and surfaces as well data-s?ze. [Mintzerd7] F. Mintzer, G. W. Braudway, and M. M. Yeung,
This paper also su_ggested alternative approachesgdRtive and Ineffective Digital Watermarks, Proceedings of the

embed data in parametric curves and surfaces that are|Bef |nternational Conference on Image Processing (ICIP) 97, Vol.
limited to NURBS. These approaches are classified by us@)gp. 9-12, 1997.
their shape preservation and size preservation prOPermuanaidh%] J. J. K. O'Ruanaidh, W. J. Dowling and F. M.
Knots insertion and degree elevation are among possiBifand, Watermarking Digital Images for Copyright Protectidit
alternative data embedding methods that preserve shapePhat-Vis. Image Sgnal Process., Vol. 143, No. 4, pp. 250-256,
alter data size. August 1996.

In the future, we would like to incorporate linear rational BOhbuch97] R. Ohbuchi, H. Masuda, and M. Aono, Watermarking
spline reparameterization into our implementation so that fH#ee-Dimensional Polygonal Model&roceedings of the ACM
data density is improved. We also would like to implemeMultimedia "97 Seattle, Washington, USA, November 1997, pp.

alternative data embedding approaches suggested 26};272.
Section IV. [Ohbuchi98a] R. Ohbuchi, H. Masuda, and M. Aono, Watermarking
Three-Dimensional Polygonal Models Through Geometric and
Topologica Modifications, pp. 551-560, IEEE Journal on Selected
REFERENCES Areas in CommunicationMay 1998.

) ) [Ohbuchi98b] R. Ohbuchi, H. Masuda, and M. Aono, Geometrical
[Bender96] W. Bender, D. Gruhl, and N. Morimoto, Techniques for  5nd Non-Geometricdl Targets for Data Embedding in Three-

Data Embedding, IBM Systems Journdl, Vol. 35, Nos. 3& 4,1996.  pimensional Polygonal Models, Computer Communication¥ol. 21,
[Benedens98] O. Benedens, Geometry-Based Watermarking of 3D pp. 1344-1354, Elsevier, (1998).

Models, IEEE CG&A, pp. 46-55, January/February, 1999. [Piegl97] L. Piegl, W. Tiller, The NURBS Bogk2nd Edition,
[Braudway96] G. Braudway, K. Magerlein, and F. Mintzer, Springer, Berlin, 1997.

Protecting Publicly-Available Images with a Visble Image [pfitzmann96] B. Pfitzmann, Information Hiding Terminology, in R.
Watermark, IBM Research Report, TC-20336 (89918), January 15,  Anderson, Ed., Lecture Notes in Computer Scierde.1174, pp. 347-
1996. 350, Springer, 1996.

[Cox97] 1. J. Cox, J. Kilian, T. Leighton, and T. Shamoon, Secure  [gmijthge] J. R. Smith and  B. O. Comiskey, Modulation and
Spread Spectrum Watermarking for Multimedia, IEEE Trans. on  |pformation Hiding in Images, in R. Anderson, Ed., Lecture Notes in
Image Processing, Vol. 6, No. 12, pp1673-1678, 1997. Computer Scienado.1174, pp. 207-296, Springer, 1996.

[Farin97] G. E. Farin, Curves and Surfaces for Computer-Aided [Tanaka90] K. Tanaka, Y. Nakamura, and K. Matsui, Embedding
Geometric Design, A Practical Guide, Fourth Edition, Academic  secret Information into a Dithered Multilevel Image, Proc. 1990
Press, San Diego, CA, 1997. IEEE Military Communications Conferenqgsp. 216-220, 1990.
[Fuhr92] R. D. Fuhr and M. Kallay, Monotone linear rational spline

99/02/03 10:45 9/10



Computer Graphics International ‘99

[Waton95] S. Walton, Image Authentication for a Slippery New [Yeung97] M. M. Yeung and F. Mintzer, An Invisible Watermarking

Age, Dr. Dobb’s Journal pp. 18-26, April 1995. Techniques for Image Verification, Proceedings of the IEEE ICIP
[Ye099] B-L. Yeo and M. M. Yeung, Watermarking 3D Objects for ‘97, Vol. 2, pp. 680-683, 1997.
Verification, IEEE CG&A pp. 36-45, January/February, 1999. [Zhao95] J.Zhao and E. Koch, Embedding Robust Labels into

[Yeung97] M. M. Yeung, F. C. Mintzer, G. Braudway, and A. R. Images for Copyright Protection, Proc. of the Intl. Congress on
Rao, Digital Watermarking For High-Quality Imaging, Proceedings Intellectual Property Rights for Specialized Information, Knowledge,
of the First IEEE Workshop on Multimedia Signal Processingind New Technologie¥ienna, August 1995.

Princeton, NJ, USA, June, 1997, pp. 357-362.

99/02/03 10:45 10/10



	INTRODUCTION
	Data Embedding

	Data Embedding in NURBS Curves and Surfaces by Using Reparameterization
	NURBS curve
	Reparameterization of NURBS curve
	A NURBS curve as an embedding primitive
	A tensor-product NURBS surface as an embedding primitive
	Ordering Multiple Embedding Primitives
	Increasing Information Density

	Experiments and Results
	Alternative Data Embedding Approaches for Parametric Curves and Surfaces
	Shape-preserving, size preserving methods
	Shape preserving, size altering methods
	Shape-altering, size-preserving methods

	SUMMARY AND FUTURE WORK

