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Abstract

Digital watermarking is one of commonly used solutions for copyright protection. A watermark should be imper-
ceptible and robust to various attacks. In this paper, we address watermarking for motion data. Our watermarking
scheme is based on two well-known ideas, so called multiresolution representation and spread spectrum. We em-
bed a watermark into a motion signal by perturbing large detail coefficients of its multiresolution representation,
and extract the watermark by analyzing perturbation of coefficients from a suspected signal. For more effective
watermark extraction, we align suspected motion data to the original using dynamic time warping. Our scheme

has merits of spread spectrum such as the resilience to
warping.

common signal processing as well as the robustness to time

1. Introduction

The advent of motion capture systems offers a convenient
means of acquiring realistic motion data, that is, capturing
live motion of a real actor. Due to the success of this tech-
nology, realistic and highly detailed motion data are rapidly
spreading in computer animation. Archives of motion clips
are also commercially available. The proliferation of motion
data gives rise to demand on copyright protection for those
data. One of widespread approaches for copyright protec-
tion is digital watermarking, that is, embedding an owner-
ship information into data. For this purpose, the embedded
information, called a watermark, is an imperceptible iden-
tification code that permanently remains in the data unless
they are extremely degraded.

The process of publishing watermarked data and proving
ownership claim is as follows: Suppose that one creates orig-
inal data and embeds a watermark into them, and then pub-
lishes the watermarked data while keeping the original and

termarks. If the similarity is high enough to claim an owner-
ship, the author can prove that the suspected data are illegal
copy of his (or her) work.

A common approach to embed a watermark is due to
spread spectruth32, which is a mechanism transmitting a
signal over a much larger bandwidth than normally required.
Such an approach enjoys various benefits from nice prop-
erties such as jam resistance (JR), low probability of inter-
cept (LPI), and so on. The property of JR provides a degree
of resistance to interference and jamming. The LPI prop-
erty provides a means of decreasing the probability of inter-
cept by an adversary. Spread spectrum-based watermarking
transforms a signal to that in the frequency domain, and then
embeds a random watermark generated from a secret key.
The watermark, embedded with this scheme, is undetectable
and robust to various attacks due to the favorable properties
of spread spectrum.

The motion data of an articulated figure consists of a bun-

the embedded watermark in secret. The published data maydle of motion signals. Every signal represents a sequence

be altered by an attacker, and then published as if they were
the attacker’s original work. Finding such suspected data,
the author compares it with the original to extract the water-

mark that may remain in the suspected. Finally, the author
analyzes the similarity between inserted and extracted wa-
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of sampled values each of which corresponds to either the
position or the orientation of a part of the figure, called a
link or segment. Unlike the position of a 3-dimensional ob-
ject, its orientation cannot be expressed by a vector in a
3-dimensional space without yielding any singularity. The
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non-singular representations, such as rotation matrices andsecret information that resembles quantization noiseinto a
unit quaternions, form &ie groupwhich cause a compli- dithered imagé?, and etc. The reader is referred to Bender
cation in obtaining frequency information from the motion el al.l and Coxet al8 for excellent surveys of the early ap-
data. Thus, digital watermarking for motion data requires ex- proaches.

tra efforts for handling orientation data. Watermarking schemes achieved more imperceptibility

In this paper, we present a new scheme of embedding and robustness by transforming the data using multires-
watermarks into a motion signal based on the multiresolu- olution analysi&, Fourier transfor#f, or discrete cosine
tion representation proposed by B&eThis representation transforni 8. These transform-domain-based approaches
of a motion consists of a coarse base signal and a hierar- can embed a watermark into wide portion of the data with-
chy of motion displacement maps. Displacement mapping is out incurring noticeable visual artifacts. To prevent a wa-
originally invented for warping a canned motion while pre- termark from being removed without extreme degradation
serving its detail characteristie". In the context of mul- of the data, the watermark is also embedded globally into
tiresolution analysis, the hierarchy of displacement maps is the most perceptually significant portions of the data by an-
used for adding details sequentially to the base signal to re- alyzing frequency domain. Ruanaighal 36 37 modified the
produce the original motion encoded in the representation. phase values of Fourier coefficients to convey information.
The displacement maps are computed by two basic opera- Coxet al’-8 used a spread-spectrum method for information
tions: reduction and expansion. The expansion is commonly embedding to achieve more robustness. Pretual3* ad-
achieved by a subdivision scheme that can be considereddressed robust 3D mesh watermarking by generalizing the
as up-sampling followed by smoothing. The reduction is spread-spectrum approach for arbitrary triangular meshes.
a reverse operation, that is, smoothing followed by down-

sampling. The generalized version of interpolatory subdivi- In thedqther schemes, the hur(;wan visual system or theﬁhu-
sion schemes and smoothing filters are used to process mo-Man auditory system was used to generate a more effec-

tion signals that include orientations as well as positions. tive \{vatermark. Boneyt al: gen?rated a wate.rmark by ap
proximating the frequency masking characteristics of the hu-

The remainder of the paper is Organized as follows. After man auditory system. Podilchuk and Zéfhgmpk)yed Vi-
a brief review of Watermarking and multiresolution repre- suyal models to determine image dependent upper bounds on

sentations, we present a multiresolution structure for repre- watermark insertion, and increased robustness to common
senting a motion and describe in detail how to construct it jmage modification.

in section 3. In section 4, we discuss a motion watermarking
scheme based on the multiresolution representation. In sec-
tion 5, we provide experimental results. Finally, we conclude 2.2. Multiresolution Representations

this paper in section 6. Multiresolution representations are enormously popular in

computer graphics applications such as curve and surface
2. Related Work editing® 14 16 25.30.39 nolygonal mesh editing 24 26 45 im-
age editing?, image querying?, texture analysis and syn-
thesis 321, video editing and viewind®, image and sur-
face compressiond® 11, global illumination18, and varia-
tional modeling!”.

In this section, we describe previous works about water-
marking and multiresolution representations.

2.1. Watermarking Methods . ) )
Multiresolution representations have been used for mo-

Digital watermarking is one of commonly used solutions for  tjgn editing and synthesis as well. Létial 29 employed hier-
copyright protection although it may also be used for other gychical wavelets with adaptive refinement to provide a sig-
purposes such as data authentication, fingerprinting, and se-pficant speedup for spacetime optimization. Bruderlin and
cret data hiding as well. Watermarking schemes are classi- williams used a digital filterbank technique to store motion
fied into forensic watermarkirig* 343037 and blind detec-  gata as a hierarchy of detail levels, where each level rep-
tion method®’ 3. The former requires original data, and the  resents a different band of spatial frequencies. Through the
latter needs only a secret key for detection. The forensic wa- yse of the hierarchy, the motion data can be modified interac-
termarking is more robust than the blind detection method, tively by amplifying/attenuating particular frequency bands

toring in network distribution or broadcastitigIn this pa- motions band-wisely.

per, we focus on the forensic watermarking scheme for copy-
right protection.

. . Multiresolution Analysi
There are several watermarking methods proposed for 3. Multiresolutio aysis

various media such as image, audio, video, and 3D geomet- We employ the multiresolution representation of E&ghat
ric models. The early watermarking methods include mod- can be constructed through two basic operations: reduction
ifying the least significant bit of the d#fa embedding a and expansion (see Figure 1).

(© The Eurographics Association and Blackwell Publishers 2000.
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Figure 2: Multiresolution analysis for a live-captured signal. The four curves represent the change of w-, x-, y-, and z-

components, respectively, of a unit quaternion with respect to time. (from left to right) Original digﬁé,lM (2), M (1), M ©)
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Figure 1: Wiring diagram of the multiresolution analysis

M(n) ?

3.1. Displacement Mapping

The configuration of an articulated figure is specified by
its joint configurations in addition to the position and ori-
entation of the root segment. For uniformity, we assume
that the configuration of each joint can be specified by a 3-
dimensional rigid transformation. Then, we can describe the
DOFs at every body segment as a pair of a vectdtirand

a unit quaternion irg°.

Themotion datafor an articulated figure comprise a bun-
dle of motion signalsEach signal consists of a sequence of
frames{(pi,qi) € R3 x $%}, that correspond to the position
and orientation of a body segment. Each fraimeq; ) spec-
ifies arigid transformatiofr(phql) that maps a point iR to
another:

@

whereu = (x,y,2) € R is considered as a purely imagi-
nary quaternion(0,x,y,z). Given two motion signal$1 =
{(pi,ai) e R®x S%} andM’ = {(p/,q) € R® x $3}, the mo-

tion displacemenb = {(u;,vi) € R®> x R%} between them
measured in a local (body-fixed) coordinate system gives
rise to a transformatiofp; 41y = Tip; ;) © Tiu.expivi)) - called

a motion displacement mapping. We compactly represent
this equation bM’ =M @D orD = M’ © M, where

Tipy.qn (U) = giug;* +pi,

(pf,a) = (pi, qi) & (Ui, Vi)
= (G "+ pi. G €xp(Vi)).
Here, exffv) denotes a 3-dimensional rotation about the axis

™ € R® by angle||v|| € R.

@)

(© The Eurographics Association and Blackwell Publishers 2000.

3.2. Multiresolution Representation

The multiresolution representation for a motion signal
M is defined by a series of successively refined signals
MO M@ ... MN=D in addition to a series of displace-
ment mapsD@ DY ... DN-D The construction algo-
rithm starts with the original motioM = M®™) to com-
pute a coarser and smoother sigMan_l) by reduction,
that is, applying a smoothing filter and then removing every
other frames to down-sample the signal. One common way
to blur signals is through a diffusion process that leads to
a local update rul@; < pj — AL'p;j, whereA is a diffusion
coefficient and. is a discrete Laplacian operator. For exam-
ple, adopting the second Laplacian operalﬁrwe have a
spatial masK — 7. 1%, 19, 1%, — 1) for smoothingpi’s, and

this mask can also be used for smoothing an orientation sig-
nal gi's by employing a scheme of Lel8. Given a mask
(a_k,...,ag,---, ), we smooth a sequence of motion frames,
{(pi,qi)} as follows:

P =a kPi—k+---+a0Pi+ - +aPitk 3)
k=1
i =aqi eXp( S bmlog(qi;?nqwmu)), )
m=—k
where
b — z‘jn:mlaj7 ifo<m<k—1,
Yi——k—a; if —k<m<0.

The expansion o (N—1) interpolates the missing infor-

mation through interpolatory subdivision. We use a four-
point interpolatory schemé?13 that maps a sequence of
motion frames,M ™Y = {(pM~1 g"~1)}, to a refined
sequenceM ™ = {(p,q")}, where the even numbered
frames(p3;,q3) at leveln are the framegp!~*,q" %) at
leveln—1, and the odd numbered frames are newly inserted
between old frames. The subdivision scheme is defined with
a subdivision mask— 1, %, 15, — 1) that can be general-
ized for orientation data using Equation (4).

Then, the difference betweev™ andMN—Y s ex-
pressed as a displacement n{f ~ Y as follows:

DNV MmN g sm®™-D, )
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Figure 3: Overview of our watermarking scheme. Only the orientation component of a motion signal is illustrated. (a) The
quaternion signalgs,qp, . . . ,qn of an original signal. (b) The multiresolution representation of the original signal. A coefficient

of each displacement map is parameterized by a 3D vector. The displacement maps in the figure show only the first components
of those vectors. (c) The multiresolution representation of the watermarked signal. (d) The orientation components of the
watermarked signal (see Figure 4) scaled up by a factor of 100.

where S is an expansion operator. Cascading these oper- perturbing its detail coefficients. The perturbation of a detail
ations until there remains a sufficiently small number of coefficient at a coarse resolution alters a large portion of the
frames in the motion signal, we can construct the multires- motion, while that of a coefficient at a fine resolution affects
olution representation that consists of the coarse base signala small portion. The effect of perturbation reveals a sym-
M@ and a series of displacement maps. The original signal metric oscillatory pattern as shown in Figure 4. The size of
can be reconstructed by cascading expansion and displacethe pattern depends on the resolution of a displacement map

ment mapping starting from the base signal, that is, which contains the coefficient to modify. This pattern has a
1 1 peak value at its center position and rapidly vanishes at both
M = sm = g pn—Y (6) boundaries.
for 1 <n < N. The original motion must havék2" + 1) Only the owner of a motion knows the magnitude of alter-

frames to construct a hierarchy wfevels with its base sig- ation for the motion signal due to watermarking, and an at-
nal of (k+ 1) frames. If the original motion has less than  tacker may know at best the possible alteration range of mag-
(k2" + 1) frames, then we append extra frames at the end of pjtude. To completely eliminate a watermark, the attacker is
the signal by duplicating the last frame. expected to modify the published motion signal as large as
possible within this range. Having a different magnitude of
4. Motion Watermarking a motion sig_ngl from the original, the modified one contains

) noticeable visible defects.

For robustness, we adopt a well-known scheme of spread
spectrum, that is, embedding a watermark into a wide range ceptibility of watermarking. A large perturbation is robust

\?Jef?er?:jsz;rs‘ as?;?;:t?csvl\?ana(lj.fIir(;(c;rr](;iieri:]o S{Egpzrrtgzlijgﬁlege’ but easy to perceive, while a small perturbation is impercep-
Y y fying P P Y SIg9- tible but easy to attack. To achieve robustness, itis a common

g:flEf;:t:éar;essézgattigerﬁgcci)l\i/;g;etsg ircehzlr%nr;acli' Céli;rgglgges; practice to insert a watermark into perceptually significant
! pre. . . ne du P regions of the sign&P4. Therefore, we embed a watermark
bility to manipulate the motion signal at different levels of . . . L .
into a motion signal by perturbing its large coefficients. To

der:}allt_i%.rlln ?trr:elr w?]rdis,tthef mglt'res?lflﬂ reptrr(]e Srevr\]/ti?r?gntogl make the watermark imperceptible, we perturb each coeffi-
amotion signal consists of a base signal fogethe Al cient with sufficiently small magnitude.

coefficients that form a coarse-to-fine hierarchy of motion
displacement maps. Each map represents a different detail The overview of watermarking is illustrated in Figure 3.
of the motion. We embed a watermark into the motion by In particular, this figure shows how a motion signal is per-

There is a trade-off between the robustness and the imper-

(© The Eurographics Association and Blackwell Publishers 2000.
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Figure 4: The perturbation signal: the first components of
perturbation applied to three coefficients of the displacement
maps.

turbed for watermarking. An original signal is decomposed
into a base motion signal and displacement maps. We se-
lect mlargest coefficients@1,v1), (Uz,v2), ..., (Um,Vm)}

from the displacement maps. They are altered(td {v;),

(U5, V5), ..., (U, Vim)} by watermarking. Reconstructing the

of hierarchy for the displacement maps. We compute the per-
turbed displacement vectu/,v/) fori =1, ..., mas follows:

(@)

where a is a user-provided scaling parameter. This
perturbation gives the new displacement maps
{D’(O>,D’(l),...,D’(N_l)}. We construct the watermarked
signal M’ from these displacement maps by successively
adding them to the base signal. As long as the selected
displacement vector is not a zero vector, the insertion
process is invertible.

(Ui, V) = (1+ow;) (uj, vi),

Watermark extraction is the inverse of watermark inser-
tion in some sense. From the suspected mdddnwe build
its multiresolution representation and extract the watermark
w* by computingw that minimize the following function

f(w):
F(w) = (Ui, Vi) — (1+aw) (ui, vi) %, 8)

whereaq, (uj,Vvi), (U, Vi) is the same as defined in Equation
(7). This function is minimized at

motion signal using these altered displacement maps makes

the watermarked signal. The difference between the signal
in Figure 3-(a) and that in Figure 3-(d) is shown in figure 4
as a sequence of vectors, lag *q}),...,l0g(qn *gh). The
magnitude of perturbation is exaggerated for effective expla-

nation.

4.1. Watermarking

Our watermarking scheme consists of following steps: wa-
termark insertion into the original signal, and watermark ex-
traction from the suspected signal, and similarity check be-
tween inserted and extracted watermarks.

Watermark generation. Prior to inserting watermark into

a motion signal, we first generate a watermask=
{wy,...,Wm}, wherew; € R. Eachw; is sampled inde-
pendently from a normal distribution with zero mean and
unit variance. To make the watermarking scheme be non-
invertible, we apply a cryptographic hash function, MB5

to the original motion signal concatenated with the owner’s
key, and then seed a random number generator with the
hashed value Given them largest coefficients for water-
marking, each element of the watermark is used to perturb
one of those coefficients.

Watermark insertion and extraction. We insertw into the
original signalM in order to obtain a watermarked oW
After selecting tham largest coefficients, we scale each of
the coefficients usingv. Let D) be the displacement map
at levell of the multiresolution representation ®, and
(ui, Vi) thei-th largest coefficient of the displacement maps,
{D©@ p® . DNV} whereN — 1 is the maximum level

(© The Eurographics Association and Blackwell Publishers 2000.

(U, Vi) - (Ui, vi) — || (ui,vi) |1

al|(ui,vi)||2

; 9)

which becomes the extracted watermagk

Analysis of similarity. A watermarking scheme must min-
imize the false-positive probability, that is, the probability
of incorrectly asserting that the data is watermarked. The
false-negative probability is the probability of failing to de-
tect watermarked data. Ideally, it is desired to minimize
both false-positive and false-negative probabilities, simulta-
neously. However, we have a trade-off between them; en-
forcing low false-negative probability often leads to high
false-positive probability to yield the weak fidelity of an
ownership claim. Therefore, like other well-known water-
marking schemés® 34, we focus on decreasing the false-
positive probability.

We compare the inserted and extracted watermarks statis-
tically. At this point, we remove outliers, that is, elements
of which differences from the mean value are greater than a
given threshold. Then, as in Praetral 34, we compute linear
correlation between watermarks:

Yi (W —w)(wi —W)

p= — . o)
V3 (0 =02 x5 (Wi - w)2

wherew; andw;" are an element of the original watermark
and that of the extracted watermark after discarding outliers,
respectively. In additionw andw* are the average of the
elements inv and that of the elements in*, respectively.
Finally, we compute théalse-positiveorobability using Stu-
dent'st-tes®.
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M
1 2 3 4 5 6 7 8 9 10 11

M

Table 1: Watermark detection results for four motion data,
DataA: Fly Spin Kick, DataB: Back Flip, DataC: Broad
Jump, and DataD: Blown Back

L1
2
3
4
5
6
4
8
9

M
Attack DataA DataB DataC DataD
¢
123456 78 91011 1. No attack 10799 10799 10—99 10799
10 2. Noise 0.2% 1078 10717 1075 1077
" 3. Noise 0.7% 10° 108 1021 10°%
. . . . . 4.  Cropping 10% 1002 10 10°
Figure 5: Representation of signal resampling. 5. Smoothing 1 102 10-9 1015 10-1
6. Smoothing 2 107 1005 10° 10712
7. Simplifying 1 10%  107% 107 107
) ) o 8.  Simplifying 2 1027 1073 102 10V
4.2. Motion Signal Aligning 9. Simplifying 3 10015 10-28 10-32 10-15
. . i i 8 —27 —13 —24
A suspected signal may be cropped or non-uniformly scaled 10-  Timewarping1 10" = 1077 107 = 1077
along the time axis. Therefore, before inspecting the water- 1 Tmewarping2 10 & 107 1077 107
) . . . 12. Enhancement ¢ 10 10 10

mark, we optionally align the suspected signal to the orig- 13 A . 107 10-5 1014 10-15

inal. LetM* andM be the suspected and original signals ’ ttenuation
Inal. Lel ' p 9 gnals, 14, 2ndwatermark 10-7 108 10-74 10~ 76

respectively. That is,
M* = {(p1,q1),(P2,92), - (P, aI )}, )
M = {(p1,d1), (P2,02), -, (Pn,0n)}-
M possible portions oM, and the difference between

Resampling. Suppose that the suspected sigvdl is non-
uniformly scaled along the time axis. Then, we resam-
ple M* to align with M using the dynamic time warping
schem&2241, Let G be al x nrectangular grid, where the
column indices correspond to the frame numberMaoénd
the row indices do to those &l * (see Figure 5). Thus, a
grid point (i, j) represents an ordered pair of frames, that
is, thei-th frame ofM* and thej-th frame ofM. With this
grid, the resampling problem is reduced to constructing a
path on the grids from (1,1) to (I,n). At each grid point,
the path is allowed to move horizontally, vertically, or diago-
nally. To minimize the total difference betwebhandM *, a
dynamic programming technique is employed. Lettiig

be the minimum difference between the subsignaféfup

to thei-th frame and that d¥ up to thej-th frame, we have

Mij=min(Mi_gj—1,Mi_1j,Mjj—1)+dij, (12)

whered; j = ||(p{",q") © (pj,qj)||, thatis, the difference be-
tween thei-th frame ofM™* and thej-th frame ofM. In ad-
dition, My =dy; andM; j =oofori<1,j<1,i>1,or

j > n. Clearly,M, ,, can be obtained i®(In) time, and thus
we can optimally resamplé * in the same time bound.

Registration. Now, suppose thatl* is a cropped version

of M. Then, the frames in the cropped portionMfdoes

not correspond to any frame bf*. Therefore, we resample
M* to register withM and fill the missing portions df1*
using their corresponding portions lgf. We examine every
portion ofM, that is, the subsequence of consecutive frames
of M to find an optimal portion that minimizes its difference
from M*, using the dynamic time warping. Since there are

each of them an®1™ can be computed i@(nl) time, we
can registeM * with M in O(n%l) time.

5. Experimental Results

In this section, we conduct some experiments to show the
effectiveness of our watermarking scheme. We use four mo-
tion clips, Fly Spin Kick Back Flip, Broad JumpandBlown
Back as shown in Figure 6. Since watermarking depends
on random numbers, we perform experiments five times for
each motion clip using different watermarks and present the
median of false-positive probabilities as their estimation. We
use 10 as the scaling parameterfor pelvis and 102 for

the others. Those scaling parameters are determined experi-
mentally to provide robustness while still keeping impercep-
tibility. The length of a watermark for a motion signal can
be adjusted to the characteristics of the signal. In our exper-
iments, the length is chosen to be 20 for all motion clips.
To extract the watermark from a distorted signal, we uSe 2
times of its variance as the threshold to remove outliers in
the extracted watermark.

Table 1 summarizes our experimental results for a variety
of attacks on four motion clips. Each entry shows the estima-
tion of the false-positive probability for an attack on a mo-
tion signal corresponds to the head of trajectory in a motion
clip. A row has four entries showing experimental results for
the attack given in the leftmost entry. Figure 7 exhibits the
motion data corresponding to selected table entries written
in bold face. The figures in the first row show the original
motion data.

(© The Eurographics Association and Blackwell Publishers 2000.
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(b)

(d)

Figure 6: Four original unwatermarked motion data. (a) Fly Spin Kick. (b) Back Flip. (c) Broad Jump. (d) Blown Back.

No attack. The first row shows the results for watermarked
signals without any attack. Their estimated false-positive
probabilities are almost but not exactly zero due to preci-
sion errors. The distortion due to precision errors is similar
to that caused by a small perturbation.

Noise. Rows 2 and 3 address the cases @%0 and 07%

Simplifying. We test our watermarking scheme for a sim-
plified signal whose fine levels of their multiresolution rep-
resentation are eliminated. Rows 7, 8, and 9 show the results
for a signal with level 0 eliminated, levels 0 and 1 eliminated,
and levels 0, 1 and 2 eliminated, respectively. This attack
may destroy parts of a watermark. However, our scheme can
detect the remaining parts of the watermark embedded into

white noise attacks, respectively. Here, each percentage rep-the coarser levels.

resents the ratio between the largest amplitude of noise and
the largest rotation angle in the motion signal. The noise is
added to the signal.

Cropping. Row 4 demonstrates the ability of our scheme
for cropped signal. Though the portion of a watermark in a
cropped portion is eliminated completely, its remaining por-
tion can be detected with little obstruction.

Smoothing. Rows 5 and 6 present the results after applying
a smoothing filter three times. We use the averaging filter of
unit radius for row 5:

Qi—1+0i +dit1
llGi—1+di + il

For row 6, we use the spatial filter of Lé&

HAa) = (13)

H(qi) = a exp(%l(mfz—mfﬁm —um)),
(14)
wherew is a rotation vector from theth frame to the(i +
1)-th frame and\ is a damping factor that controls the rate
of convergence. We set a damping factdo 1.0. Since the
smoothing filters change fine details of motion signals, our
scheme is resilient to this attack.

(© The Eurographics Association and Blackwell Publishers 2000.

Time warping. Rows 10 and 11 address an attack due to
time warping. The attack of uniform scaling with a factor of

0.5 is presented in row 10, and that of non-uniform scaling
is shown in row 11. Since the watermark is spread widely
in the motion signal, our scheme is robust for this type of
attack.

Enhancement and Attenuation. Rows 12 and 13 show the
results for the enhanced and attenuated versions, respec-
tively. For row 12, we multiply a constant factor of 1.5 to
each of the detail coefficients at the coarsest level and its
next finer level to enhance motion data. For row 13, we use
a constant factor of 0.6 for attenuation. Each of these attacks
alters parts of the embedded watermark as in the simplify-
ing attack. Therefore, we can similarly detect the remaining
watermark.

2nd watermarking. The resilience under a second water-

marking is shown in row 14. We insert a watermark to the
watermarked signal. This watermark is different from that
for the original signal. Such an attack resembles that of
adding noise to the displacement vectors of the signal.

For each of experiments, its false-positive probability is
sufficiently low to support the robustness of our scheme.
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