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Abstract. With the advance of virtual reality and haptic technologies,
watermarking of 3D visuohaptic contents is a new �eld to be developed
in preparation of the need to protect those contents. Until now, there
was no watermarking method developed in this �eld. In order to develop
a new watermarking method for the visuohaptic contents, the study of
human perceptibility of watermarking should be conducted as a prelim-
inary work for embedding imperceptible watermarks into the contents.
We therefore studied human perceptibility to gross shape changes be-
cause the gross shape of 3D objects can be used as a primitive for 3D
visuohaptic watermarking. For our study, we designed and conducted
psychophysical experiments in order to investigate human perceptibility
on three types of gross-shape deformations (compressing, stretching and
shearing) with two basic shapes (sphere and cube) over three conditions
(Vision(V), Touch(T) and both (VH)). The result showed that vision
was dominant and more sensitive than touch to gross shape changes no
matter what type of shapes. The results suggest that the human sensitiv-
ity over di�erent modalities should be carefully taken into account when
we develop watermarking schemes employing the gross shape property
of visuohaptic contents.

1 Introduction

Watermarking of 3D objects is receiving more and more attentions due to the
increasing importance that 3D objects are getting in a wide variety of applica-
tions [1,2,3,4,5,6,7,9,10,11]. Technological advances have made it possible for fast
and realistic rendering of 3D objects, thus encouraging their use in the creation
of realistic virtual environments. With the increased di�usion, the need to pro-
tect 3D objects from misuse increases as well, hence raising the interest in 3D
watermarking technology. A well known aspect of digital watermarking is the
need to embed watermarks in such a way that the introduced degradation is not
perceivable. Such a need has prompted a few studies addressing the problem of
watermark visibility when a 3D object is rendered through common computer
graphics techniques [8].



With the introduction of force-feedback devices that allow kinesthetic in-
teraction with virtual environments, users will also be able to feel the virtual
objects and enjoy an increased sense of presence inside simulated scenarios. In
these applications, 3D digital models are perceived not only through the visual
system, but also haptically. It is evident that for this kind of applications, it is
necessary that the distortion introduced by the watermarking process does not
disturb the haptic interaction with the 3D objects, i.e. the watermark must also
be haptically imperceptible.

Previous studies [17,15,16] have investigated watermark perceptibility from
an haptic point of view, reaching the conclusion that, at least under some con-
ditions, the presence of the watermark is more easily detected by means of an
haptic interface rather than through vision. A characteristic of the experiments
underlying the works carried out so far is the highpass nature of the watermark,
often consisting of a white pseudo-noise sequence. Though the degradation intro-
duced by the watermark strongly depends on the particular embedding strategy,
this kind of watermarks always result in a modi�cation of surface details of the
3D mesh, which is often perceivable as an increased surface roughness. It is such
an increased roughness that makes the watermark presence easily perceivable
when the 3D object is sensed through an haptic interface.

It is arguable that this will not be the case if the watermark is embedded in
such a way that only gross shape of the object is changed while leaving its surface
details intact, e.g. leaving the smoothness of the surface intact. In this framework,
the scope of our research is to investigate the perceptibility of the deformation
of the gross shape of a 3D object from a visual and a haptic point of view. Our
study may be seen as a further step towards the design of a haptically aware
watermarking system in which haptic imperceptibility is taken into account along
with watermark invisibility.

For our study, three types of deformations (compressing, shearing, and stretch-
ing) of 3D gross shapes were chosen, and a simulator was developed to create
those deformations in a PC environment. With the developed simulator, a psy-
chophysical experiment has been designed and conducted to investigate discrim-
ination thresholds with two basic shapes (sphere and cube) over three conditions
(Visual(V), Touch(T), and both (VH)). The results show that vision is not only
dominant but also more sensitive than touch in terms of perceiving deformations
of 3D objects. Next we describe the theory of 3D gross shape deformation and
its simulation in Section 2, and then present the pychophysical experiment with
its results in Section 3. In Section 4, we conclude this article with discussion.

2 3D Gross Shape Deformations With Simulations

As our point of view to represent a 3D object, two terms are de�ned: gross shape

and surface details. The gross shape represents the global rough shape of an
object while the surface details include small geometrical changes and texture
on the surface of the object. For instance, when we look at a basketball, the gross

shape is a sphere, and the surface details are the black ribs and rubber texture.



With these de�nitions, all 3D objects can be represented how they look like. For
our study, we use the de�nition of gross shape. In the rest of this section, we
describe how we developed three linear transformations to manipulate 3D gross
shapes and a virtual simulator that interfaces with a PC and a haptic device for
our perception study.

2.1 Three Linear Deformations: compressing, shearing, and

stretching

Among all the possible deformations of the shape of a 3D object, we focused on
the more common types of compressing, shearing, and stretching. These defor-
mations of the shape of 3D objects can be modeled with a�ne transformations.
In what follows, we will de�ne the three types of geometrical manipulations of
3D objects described by polygonal meshes:

compressing makes the gross shape of an object more compact by pressing.
shearing deforms the gross shape in which parallel planes remain parallel but

are shifted in a direction parallel to themselves.
stretching makes the shape of an object longer.

The three deformations are illustrated in Figure 1 to familiarize readers about
them with a cube as an example. Speci�cally, compressing (see Figure 1(a))
changes side lengths αs of the top to βs with the same increment. Shearing (see
Figure 1(b)), by a force applied to an object perpendicular to a given axis with
a greater value on one side than the other of the axis, changes the height α to β
but keeps side lengths αs of the top the same. By stretching (see Figure 1(c)),
side lengths αs of the side face are decreased to βs with the same amount but
the width α is increased to γ (see Figure 1(c)). These three basic manipulations
provide di�erent ways to change the gross shape of a 3D object.

In order to formularize the 3D linear transformations, an equation is intro-
duced as Snew = T (Sold) where Snew and Sold are polygonal surfaces, and T
denotes a linear function that transforms Sold into Snew for one of the three
deformations. The linear function T can be set up as a four-by-four matrix for
non-homogeneous 3D coordinates [x, y, z, 1] as the matrix shown below (T4×4)
that looks like an a�ne transformation matrix without translation.

After an analysis of the matrix T4×4, it was found that (1) parameters a, e,
and h play a role in compressing and stretching, and (2) the other parameters
(b, c, d, f, g, and i) cause shearing of 3D shape. Additionally, all entries in the
matrix are symmetry with respect to an axis, which minimizes the number of
parameters for symmetric 3D objects. With these facts, two matrices with one
parameter each are built for the three deformations as the T1 and T2 matrices
shown below. Note that T1 works for both compressing and stretching, while T2
works for shearing.

T4×4 =


a b c 0
d e f 0
g h i 0
0 0 0 1

, T1 =


a 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

, and T2 =


1 b 0 0
0 1 0 0
0 0 1 0
0 0 0 1





Fig. 1: Three geometrical deformations: compressing, shearing, and stretching.
α, β and γ denote side lengths.

Volume-invariant Transformations Of the matrices derived above, T1 is not
volume-invariant, i.e., the object's volume changes during the deformations. For
our study, we wanted to focus on 3D shape deformations without scaling in
order to make it more realistic. Imagine creating a shape with a play-dough,
the volume of the play-dough is preserved no matter what external forces are
applied. In order to achieve this goal, we derived new matrices that preserve
the volume for all deformations. To achieve volume invariance, two matrices are
derived from matrix T1, and matrix T2 is rewritten with γ as shown below.
In this way, three matrices are set up for the three deformations (compressing,
shearing, and stretching) used in our perception study.

Tcompress =


γ 0 0 0
0 1
γ2 0 0

0 0 1
γ 0

0 0 0 1

 , Tstretch =


γ 0 0 0
0 1√

γ 0 0

0 0 1√
γ 0

0 0 0 1

 , Tshear =

1 γ 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 (1)

2.2 Development of Simulator

For virtual simulations of gross shape changes, a simulator of the three defor-
mations employing the matrices was developed with Visual C++, Chai3D and
OpenGL libraries on a PC. Gouraud shading technique [14] was used for visual
rendering, and for haptic rendering, Ruspini's force shading [13] that is built
in to Chai3D library was used. With the matrices with parameter γ described
above, three geometrical deformations (compressing, stretching, and shearing)
were developed so that polygonal surface can be linearly transformed in a PC
environment. Figure 2 shows examples of the three deformations simulated with
our developed simulator with a Bunny model.



(a) Compressing with γ = 1.2 (b) Shearing with γ = 1 (c) Stretching with γ = 1.5

Fig. 2: Gross shape manipulations by our developed simulator with a Bunny
model (not used in the present study).

3 Psychophysical Experiment

With our developed simulator, a psychophysical experiment was conducted to es-
timate discrimination thresholds on the three deformations (compressing, shear-
ing and stretching) of 3D gross shapes over three conditions (Visual only (V),
Haptic only (H), and both (VH)). In the rest of this section, we describe the
experiment and present the results.

3.1 Participants

Four participants (3 males and 1 female, age range 22-36 years old, average age
27.8 years old) took part in the experiment. All participants were right-handed
by self-report. Participants P2, P3, and P4 had previous experience with haptic
interfaces and perception experiments. None of the participants reported any
de�ciencies in vision or touch.

3.2 Apparatus

To test the haptic modality, a custom-designed 3-DOF (degrees of freedom)
force-feedback device, the �ministick� (see Figure 3), was used for the experi-
ments. A user interacts with virtual 3D objects by stroking with a stylus mag-
netically connected to the end e�ector of the ministick. A standard LCD 19� PC
monitor (1280 by 1024 pixels) was used for the visual display, and a keyboard
was used by the participant to enter his/her response.

3.3 Stimuli

Two 3D shapes as seen in Figure 4, cube and sphere, were created with 3DS Max
software and were presented as stimuli to the participants through visual and
haptic interfaces. The test stimulus was presented after compressing, shearing,
or stretching transformation controlled by the value of γ , a parameter of the



Fig. 3: The ministick

Fig. 4: Stimuli: cube and sphere

matrices Tcompress, Tstretch and Tshear, from Eqn. 1. During the experiment, δ
was increased or decreased from trial to trial. For the experiment, the δ values
for the reference stimulus (γref ) were 1.1 for both compressing and stretching,
and 0.1 for shearing, respectively.

3.4 Procedures

A three-interval forced choice (3IFC) one-up three-down adaptive procedure [12]
was used to estimate discrimination thresholds of gross shape changes over three
conditions (V, H, and VH). On each trial, for the V (H) condition, the partic-
ipant looked at (touched) sphere or cube presented through the monitor (the
ministick), respectively. For the VH condition, the participant looked at as well
as touched sphere or cube by interfacing with both the monitor and the mini-
stick. One of three stimuli had a deformed shape with the strength speci�ed by
δtest. The participant's task was to indicate which shape looked and/or felt dif-
ferent. The orientation of the shape was randomly chosen on each trial, but the
participant was able to rotate the stimulus any time with the mouse interface.
An alignment function with respect to x axis was also provided when the partic-
ipant pressed a reset key during the experiment. By doing this, the di�culty of
perception caused by randomized orientation between the V and H conditions
was balanced.

According to the one-up three-down adaptive rule, the value of δtest was
increased after a single incorrect response and decreased after three successive



correct responses; otherwise, the value of δtest remained the same. The initial
δtest value was chosen to be large enough so that the gross shape change was
clearly perceptible to the participant. The value of δtest then decreased or in-
creased by 6 dB, depending on the participant's responses. After the initial three
reversals (a reversal occurred when the value of δtest decreased after an increase,
or vice versa), the value of δtest changed by 2 dB. The initial larger change in δtest
was necessary for a fast convergence of the δtest values, whereas the later smaller
change in δtest improved the resolution of threshold estimates. The adaptive se-
ries was terminated after 8 reversals at the smaller step size. The discrimination
threshold was computed by taking the average of the δtest value from the last
8 reversals. The participants were comfortably seated before a computer screen,
the ministick, and a keyboard. Initial training was provided where a series of
stimuli were presented to familiarize the participants with the three types of
deformations and experimental conditions. Each participant was tested once per
deformation type, shape, and conditions, resulting in a total of eighteen adaptive
series per participant.

3.5 Data Analysis

For each adaptive series, thresholds were calculated as δtest − δref from the
peak and valley δtest values over the last eight reversals at the 2 dB step size.
Speci�cally, four threshold values were estimated by averaging the four pairs
of peak/valley amplitude values recorded during the last 8 reversals. The mean
and the standard deviation for the discrimination thresholds were then calcu-
lated from the four threshold estimates. According to Levitt [12], the resulting
thresholds converged on the psychometric function at the 79.4 percentile level.

3.6 Experimental Results

Figure 5 shows the results of the psychophysical experiment that we have con-
ducted above. On the plot, bar graphs represent the averaged thresholds of all
participants, and the error bars are standard deviations. Note that there is no
unit on the vertical axis on the chart since the thresholds are scaling factors. The
thresholds of the H condition were signi�cantly larger than those of the other
two conditions over all three types of deformations. This was true for both cube
and sphere shapes (see Figure 5(a) and 5(b), respectively). It was also apparent
that the thresholds for the V and VH conditions were almost identical regardless
of the type of shapes or deformations.

A closer examination of Figure 5reveals that variation of the thresholds with
the H condition was larger than that of the thresholds with the other two condi-
tions (V and VH) over all three deformations and the two shapes. The smallest
and largest thresholds were compressing and shearing with cube, and compress-
ing and stretching with sphere. When the thresholds are compared between the
two shapes, the thresholds for the V and VH conditions with the cube were
slightly larger than these with sphere for both stretching and compressing.



In order to investigate the signi�cance of interactions between two factors
(conditions and deformations), the results were tested with a two-way ANOVA.
It was found that both factors signi�cantly a�ected the results with the sphere
shape [conditions:F(2,28)=28.69, p<0.0001; deformation: F(2,28)=3.46 , p=0.0453],
For the cube shape, only the condition factor was signi�cant [conditions: F(2,28)=23.81,
p<0.0001; deformations: F(2,28)=2.80, p=0.0778]. A contrast test was conducted
to check whether there was signi�cant di�erence among the conditions. It con-
�rmed that there was no signi�cant di�erence between the V and VH conditions
over all three deformations with both shapes, but there was a signi�cant dif-
ference between two groups (H) vs. (V and VH) with both shapes [p<0.0001].
It also con�rmed that the thresholds of compressing were signi�cantly di�er-
ent (smaller) from those of the other two deformations with only the sphere
[p=0.0280,0.0332 ], and there was also a signi�cant di�erence between the two
groups (compressing) vs. (stretching and shearing) for the H condition with both
shapes [cube:p=0.0084; sphere:p=0.0329].

4 Discussion

We have studied the human visual and/or haptic sensibility to three type of
gross shape deformations (compressing, shearing and stretching) with two shapes
(cube and sphere). For both shapes, we found that vision was dominant since
the thresholds of V and VH conditions were almost identical, while touch was
less sensitive than vision in perceiving the gross-shape change of a 3D object
regardless of the type of deformation.

Another �nding was that discriminating compressed gross shapes was the
easiest task especially for the haptic condition. It makes sense when consider
the most interested area where the participants largely focus on stroking the
haptic device to make a decision. For instance, to compare between the test and
reference stimuli, the participants had the narrower area for compressing than
for the other two deformations. In other words, human become less sensitive in
the haptic channel as the range of area to be explored increases.

Our study complements the initial studies on haptic watermark presented in
[15,16,17] where the authors showed that the haptic modality was more sensitive
when the vertices of 3D polygonal meshes were altered by additive random noises.
Studies in papers [15,16,17] achieve shape changes though vertex perturbations,
thus resulting in more local changes when compared to the study presented here.
Our result that vision is more sensitive to changes of the gross shape is to be
expected since the vision modality is better able to capture global information
like the shape when compared to haptic interaction with a single contact point.
Interacting with a stylus allows us to perceive only a very small local part of
the 3D shape which does not allow us to get the whole shape. We suppose that
with more advanced haptic interaction devices that one easily able to simulate
the grasp of an object; a multi-�nger and palm interactions, haptic perception
threshold may become comparable with the vision threshold.



(a) Cube

(b) Sphere

Fig. 5: Averaged thresholds with two shapes. Error bars are standard Dev.



For future work, we plan to investigate how current shading techniques for
both haptic and visual channels a�ect human perceptibility where changing the
high frequency components of visuohaptic contents. We must carefully examine
the e�ect of shading on human perceptibility since using shading technologies
for watermarking is a natural way to display 3D digital contents, and our initial
studies by now did not take into account force shading technologies. We will
then develop haptic-aware watermarking algorithms that employ the results of
our perception studies for visuohaptic contents that are altered in both gross
shapes and surface roughness.
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