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Abstract—In this paper, a study is conducted to investigate the
role of multisensory feedback in the perception of a watermark
embedded in a haptic-enabled 3-D virtual surface. Specifically,
we focus on whether the use of a bimodal approach, where a
subject is looking at, and touching a 3-D mesh could in fact
improve the perceptibility of a watermark as opposed to when only
a single modality (vision-alone or haptic-alone) is available. The
experiments are performed using a vision-haptic interface that
enables users to see and touch virtual objects at the same location
in space. This approach enables superior integration of vision and
touch than a conventional 2-D screen-based display. An analysis
of variance (ANOVA) is also conducted to statistically explore the
impact of the considered modalities (vision, haptic, and vision—
haptic) on the measured watermark detection thresholds across
different resolutions of the underlying virtual 3-D mesh. Overall,
the results suggest that relying on bimodal vision—haptic feedback
is better than any of the single modalities when detecting a water-
mark embedded in a 3-D model. In addition, it has been assessed
that the impact of the selected modality on the perceptibility of the
3-D watermark is independent of the chosen surface resolution.

Index Terms—Bimodal, detection threshold, haptics, vision,
watermarking.

1. INTRODUCTION

HE increased processing capabilities of today’s modern

computers have contributed to the widespread use of 3-D
models in several fields, such as in entertainment (video games,
and movies), the medical industry (3-D visualization of med-
ical data, education, and training), and the Internet (3-D vir-
tual worlds and e-commerce). In turn, the protection of 3-D
models from theft or tampering has received much attention
in the literature [1]. An effective measure that overcomes the
limitations of traditional encryption is digital watermarking,
i.e., aresearch field that deals with the process of embedding in-
formation into digital data in an inconspicuous manner to iden-
tify the origin, owner, use, rights, integrity, or destinations of
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multimedia content (e.g., digital images, video, audio, and 3-D
models) [1]-[5]. The first requirement of digital watermarking
techniques regardless of the addressed media or application
is imperceptibility [4], [6], [7]. Imperceptibility refers to the
perceptual similarity between the original and watermarked
data. Ideally, the perceptual quality of the watermarked me-
dia must be identical to the original. Recently, considerable
progress has been made in 3-D watermarking, where the main
focus has been on triangle meshes, which is the most common
digital representation of 3-D models due to its simplicity and
usability. Existing watermarking techniques concerning 3-D
meshes host the watermark either by modifying the geometry or
the connectivity of the surface (spatial domain) or by modifying
some kind of spectral-like coefficients (spectral domain) [1].
Accordingly, the watermark’s intrusiveness can be evaluated
in terms of its visibility in the rendered version of the mesh.
The evaluation of 3-D watermarking algorithms against the
imperceptibility constraint has been thus far exclusively based
on the sensitivity of human vision to distortion. Moreover,
currently available perceptual metrics generally used to assess
the quality of watermarked 3-D meshes have been validated
solely through psychovisual experiments [6], [7].

In recent years, the integration of haptics into immersive
virtual environments to enable sensing and manipulation of
virtual 3-D objects through touch has become increasingly pop-
ular due to its many potential applications, including medical
training, physical rehabilitation, and entertainment [8]-[10]. In
consequence, the recent advancements of haptic technology
have raised several important questions in the 3-D watermark-
ing research community: Is the haptic sensory channel more
sensitive than the visual sensory channel in detecting a water-
mark embedded in a haptic-enabled 3-D object? Do watermarks
inspected using multimodal feedback (vision + haptic) result in
very different detection thresholds from those detected using a
single sensory modality (touch-only or vision-only); Or more
importantly, does visual feedback, when presented together
with haptic feedback, improve the perception of a watermark
embedded in a 3-D mesh? If it is revealed that the lowest
watermark detection thresholds are obtained under haptic-alone
and/or haptic + vision conditions, as compared with vision-
alone, then 3-D watermarking researchers must carefully design
(or redesign) their algorithms to ensure watermark impercepti-
bility when both visual and haptic feedback are considered.

In this paper, a study is conducted to examine the role of mul-
tisensory feedback in the perception of a watermark embedded
in a haptic-enabled 3-D mesh. Specifically, we focus on whether
the use of a bimodal approach, where a subject is looking at, and
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touching a 3-D mesh could in fact improve the perceptibility
of a watermark as opposed to when only a single modality
(vision-alone or haptic-alone) is available. The experiments are
performed using a vision—haptic interface that enables users to
see and touch virtual objects at the same location in space. This
approach enables superior integration of vision and touch than
a conventional 2-D screen-based display. Moreover, the advan-
tages of the use of a vision—haptic interface stem from the fact
that human perception is generally multimodal, i.e., the senses
of touch and vision do not independently operate but are in fact
closely coupled. A statistical analysis to test for significance
between modalities is also presented. An analysis of variance
(ANOVA) is conducted to statistically explore the impact of
the considered modalities (vision, haptic, and vision—haptic) on
the measured watermark detection thresholds across different
resolutions of the underlying virtual 3-D mesh.

The rest of this paper is organized as follows: In Section II,
the related work is presented. In Section III, the importance
of multimodal vision—haptic watermarking is emphasized. In
Section IV, the materials and methods of the conducted exper-
iments are described in detail. In Section V, the experimental
results are presented and discussed. Finally, conclusive remarks
are outlined in Section VI.

II. RELATED WORK

In this section, previous works closely related to this paper
are described in two parts. First, an overview is presented of
similar experimental studies that attempt to assess whether mul-
timodal conditions (haptic + vision) can produce very distinct
percepts from those produced when a single sensory modality
is available. The focus of this discussion is however limited to
studies that explore the impact of multisensory vision—haptic
feedback on the perception of surface roughness. This is due
to the fact that surface distortions produced from the 3-D
watermarking process can be regarded as a particular form of
surface roughness. The second part of this section discusses
existing work in the literature that has investigated the area of
haptic digital watermarking.

A. Multimodal Vision—Haptic Perception

A fair amount of research has been devoted to understanding
how observers combine multisensory (vision—haptic) inputs to
attain an integrated percept. For example, whether multisensory
vision + haptic conditions can produce different percepts from
those produced when a single sensory modality is present, and
whether the observers’ behavior is consistent across different
perceptual tasks, e.g., visual-haptic stiffness [11], [12], size
[12], and shape [13]. Of more particular interest, a number of
studies have also investigated the role of multisensory feedback
on the perception of surface roughness [14]-[20].

Earlier studies of roughness perception with real surfaces
have shown that multimodal conditions can lead to very differ-
ent percepts than when only single modalities are considered.
For example, in [16], participants were requested to judge the
smoothness of real surfaces while relying on visual-only, touch-
only, and visual + touch sensing conditions. It was observed

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 59, NO. 5, MAY 2010

that the roughness discrimination task was better performed
using touch-only than vision-only, particularly for very smooth
surfaces. More importantly, bimodal vision—touch perception
resulted in better discrimination results than any of the single
modalities alone. In [17], Lederman and Abbott suggested that
the extent to which one modality can dominate another varies
depending on the structure of the sensing task. It is mentioned
that when participants were requested to judge surface rough-
ness in discrepant modalities, approximately equal weighting
was assigned to the visual and haptic sensory inputs. In follow-
up work [18], the authors modified the instructions of the
experimental task given to participants and determined that
visual feedback dominated haptic when observers were asked to
judge spatial density; however, haptic feedback dominated vi-
sion when observers were asked to judge roughness. In a recent
paper, however [19], the authors reinvestigated this topic using
virtual-reality techniques and a haptic force-feedback device. It
was found that in contrast to [18], performance for roughness
and density judgments did not differ significantly, i.e., the
roughness estimates could not be discriminated from those of
spatial density. It was also observed that for certain textures,
there was evidence of vision—haptic intermodal integration that
resulted in improved texture discrimination performance.

Conversely, in [20], Guest and Spence examined the role
of multisensory integration in vision-tactile perception of tex-
ture. Their experiments revealed that vision and touch act as
independent sources of roughness information. Consequently,
there was no evidence of multimodal vision—haptic integration
as roughness discrimination performance did not improve in
bimodal conditions.

In [15], Poling et al. conducted a study to investigate whether
roughness discrimination of virtual surfaces is different un-
der bimodal visual + haptic conditions as compared with
unisensory conditions where only vision or haptic feedback
is available. The virtual surfaces were sinusoidal gratings that
varied in amplitude and spatial period. It was determined that
when the grating amplitude was very small, the bimodal (vision
+ haptic) condition was highly dominated by haptic feedback
(i.e., performance in the vision + haptic condition is identical to
that in the haptic only condition). Conversely, when the grating
amplitude was large, the bimodal (vision + haptic) condition
was highly dominated by visual feedback. For intermediate
grating amplitudes, however, the bimodal condition proved to
be better than haptic-alone and vision-alone.

B. Haptic Watermarking

Despite its importance, only one other research group has
investigated watermarking of haptic-enabled 3-D models. In [2]
and [21], Prattichizzo et al. introduced a haptic watermarking
technique where a sinusoidal watermark is superimposed onto
a sinusoidal host surface texture signal. The authors achieved
imperceptible haptic watermarking while relying on past exper-
imental research on human detection thresholds for sinusoidal
stimuli, which depict the minimum signal strength required for
producing a sensation. Prattichizzo et al. also demonstrated
how the haptically imperceptible sinusoidal watermark can be
detected by means of spectral analysis.
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In [2] and [22], psychophysical experiments are conducted
to measure the perceptibility of a watermark embedded in a
3-D mesh. The watermark embedding is achieved by altering
the positions of the mesh vertices. The experiments were per-
formed using several 3-D meshes with different resolutions in
an attempt to establish a relationship between the watermark
strength and the size of the triangular mesh components. The
watermark perceptibility is inspected through a visual or a
haptic interface, i.e., the user can only see or feel the vir-
tual object. Experiments in which the subject can inspect the
watermark perceptibility while simultaneously looking at and
touching the virtual surface (bimodal conditions) were never
demonstrated. An analysis using advanced statistical methods
to test for significance between modalities (and possibly surface
resolutions) was never provided. Furthermore, the experiments
performed in the study relied on a small sample of participants
(five subjects). This is an important limitation as it makes it
more difficult to test hypotheses of differences among factors
or to make any statistical generalizations.

III. WHY MULTIMODAL VISION-HAPTIC
WATERMARKING?

It is intuitive to assume that a multimodal presentation of
stimuli (e.g., for watermark detection) should lead to an im-
provement in performance when compared with the unimodal
alternative. However, studies discussed in Section II-A have
revealed that the role of multisensory feedback in roughness
perception is not well understood (i.e., evidence for multi-
sensory integration is mixed in this area) and certainly not
straightforward as it can vary across different experimental
conditions, including type of surface (real or virtual), haptic
device used (tactile or force feedback), surface parameters
(spatial density, roughness), etc. Specifically, in certain cases, it
has experimentally been illustrated that the addition of a second
modality could divide attentional resources and consequently
reduce the information available from each of the individual
modalities [20]. It is also suggested that this lack of multisen-
sory integration can be due to the fact that information available
from distinct modalities is possibly redundant. This finding has
not only been observed in roughness perception but also in other
studies investigating the role of multimodal integration, such as
vision—haptic length perception [23]. Other studies [12], [15]
support the notion that, in certain scenarios, an observer attends
to cues from the dominant modality and discards information
from the less dominant modality. Conversely, other findings
in vision-haptic roughness perception [16], [19] suggest that
inputs from the two modalities are efficiently integrated to
produce a percept that is better than that provided by either
modality alone.

Based on the various conclusions previously depicted re-
garding the integration of multisensory feedback in roughness
perception (and assuming that 3-D haptic watermark detection
is a subcategory of virtual surface roughness perception), it
is impossible to predict with certainty the role of bimodal
vision—haptic feedback in the detection of a 3-D watermark.
To further emphasize the significance of analyzing multimodal
vision—haptic watermarking, it is important to realize that the

1049

current vision-only-based imperceptibility criteria (in mesh
watermarking) will ultimately be redefined if a scenario is
uncovered in which watermark detection is best achieved us-
ing bimodal feedback. Consequently, 3-D watermarking re-
searchers will be required to carefully design (or redesign) their
algorithms to ensure watermark imperceptibility in multimodal
vision—haptic conditions. Conversely, if it is revealed that wa-
termark detection performance in the haptic + vision condition
is identical to (or worse than) that in the haptic or vision-alone
condition, then it would be confirmed that the evaluation of a
watermarking algorithm in a bimodal setup is not necessary for
it to be categorized as imperceptible.

In this paper, a study is conducted to investigate the role of bi-
modal vision—haptic feedback in the perception of a watermark
embedded in a haptic-enabled 3-D virtual surface. To the best
of the authors’ knowledge, this is the first work in the literature
that examines multimodal vision-haptic watermarking. The
experiments are performed using a vision—haptic interface that
enables users to see and touch virtual objects at the same loca-
tion in space. Hence, user interactions are more natural and thus
provide the ideal environment for high-precision vision—haptic
experiments. Specifically, a two-way within-subject ANOVA is
conducted to statistically explore the impact of the considered
modalities on the measured watermark detection thresholds
across different resolutions of the underlying virtual 3-D mesh.
The contributions of this paper are as follows: Experimentally
and statistically analyze the following: 1) whether haptic-alone
is superior to vision-alone in detecting a watermark embedded
in a 3-D mesh; 2) more importantly, if bimodal vision—haptic
conditions can improve the watermark detectability as opposed
to either modality alone; 3) if the impact of the selected modal-
ity (or modalities) on the perceptibility of the 3-D watermark is
dependent on the chosen surface resolution; and 4) whether in
bimodal conditions the detectability of the watermark increases
or decreases with the resolution of the surface mesh.

IV. MATERIALS AND METHODS

As previously mentioned, the objective of the undertaken
experiments is to measure the perceptibility of a watermark
embedded in a 3-D mesh while looking at, touching, or simulta-
neously looking at and touching the virtual surface. To simplify
the analysis of the experiments, the virtual object is selected as
in [2], and it consists of a flat plane surface represented using a
triangle mesh. All three experiments, i.e., visual, haptic, and
visual-haptic, are conducted using the Reachin Display (see
Fig. 1) [24], i.e., a vision—haptic system that integrates a haptic
device with stereo graphics for an immersive and high-quality
3-D experience.

The importance of using a colocated visual-haptic setup
with stereoscopic information as opposed to a noncollocated
display (i.e., the workspace of the haptic device is located
outside the visual area) has been discussed in several research
studies [25]-[29]. In [26] and [28], the authors emphasized the
relevance of vision—haptic collocation in improving a user’s
perception of depth when interacting with virtual environments.
Similarly, in [27] and [29], several experiments were conducted
to demonstrate that colocation of the visual and haptic sensory
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Reachin display

Haptic device

Fig. 1.
environment presented to the user (right) [3].

conditions does in fact lead to improved task performance and
enhanced sense of presence within a virtual environment. More
importantly, in [27], the authors revealed that collocation is of
great benefit to tasks requiring accurate positioning (which is
of crucial significance when conducting haptic watermarking
experiments). In addition, in [25], Congedo et al. observed
that for spatial tasks, delocation of visual and haptic percepts
prevented a balance in the integration of the two modalities by
favoring the dominant sense. For the foregoing reasons, and
to obtain reliable and high-precision vision—haptic results, all
our experiments were conducted in collocated conditions using
the Reachin Display. The Reachin Display’s high-accuracy and
collocated visual-haptic setup has made it very popular in var-
ious precision-demanding applications, specifically in medical
training, where surgical simulations of complex procedures are
typically required.

The haptic stimulus was sensed using the SensAble
PHANTOM Desktop force-feedback device, which is equipped
with an encoder stylus that provides six-degree-of-freedom
single-contact-point interaction. The PHANTOM Desktop de-
vice is reputed for its low backdrive friction (< 0.23 0z), high-
fidelity force feedback output, and high-resolution positional
sensing (nominal position resolution of 0.02 mm), making it
ideal for high-precision haptic experiments. Furthermore, to
guarantee a “real” multimodal visual-haptic sensing of water-
marked 3-D objects, the Reachin Display (including the haptic
device) was periodically recalibrated to ensure a near-perfect
collocation between the virtual environment projected on the
mirror and the actual physical position of the haptic device (the
collocation error is sufficiently small for it not to be perceived
even by human subjects with acute senses).

A. Subjects

Altogether, 12 participants (six males and six females, aged
23-28), 11 right handed and one left handed, with no known
sensory motor impairments with their hands took part in the
experiments. Their prior experience with PHANTOM haptic
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3D stereo
glasses

Participant’s position and orientation with respect to the Reachin Display (left), as well as an example of the (watermarked) haptic-enabled virtual

devices ranged from novice to expert. All participants were
remunerated for their time.

B. Haptic Watermark Embedding and Detection

The watermark is embedded in the haptic-enabled virtual
surface by perturbing the coordinates of the mesh vertices. This
is achieved using the following method:

Hy(i) = H(i) + 8- w(i) - n(i) (€]
where
Hi@)=[z y z]" n@)=[0 0 1]

More precisely, H (i) corresponds to the ith vertex of the host
plane, whereas H,, (i) denotes the ith vertex of the watermarked
plane. w(i) is an independent and identically distributed water-
mark embedded along the surface normal n(7) and consists of
random numbers that follow a Gaussian distribution with zero
mean and unit variance. Finally, ( is a parameter that controls
the watermark embedding strength. Conversely, the watermark
detection is performed by 1) looking at the plane; 2) touching
the plane; and 3) looking at and touching the plane.

C. Conditions

There were three experimental conditions in our analysis
that depended on the type of sensory feedback presented to
each participant during each experiment. The following sensory
conditions were used for our study:

1) only visual feedback;

2) only haptic feedback;

3) visual and haptic feedback.

Under all three conditions, for the sake of consistency, the
participants were requested to comfortably sit in front of the
Reachin Display at a distance d ~ 10 cm and an orientation
0 ~ 30° from the device’s half-mirror (used to align the visual
and haptic stimuli and prevent a participant from seeing his or
her hand when manipulating the virtual object), as depicted in



SAKR et al.: MULTIMODAL VISION-HAPTIC PERCEPTION OF DIGITAL WATERMARKS EMBEDDED IN 3-D MESHES

Watermark Strength (B)

8 10 12 14 16 18 20
Trials

Fig. 2. Typical experimental staircase procedure for one run [3]. The dashed
line represents the resulting detection threshold (s, ).

Fig. 1 (left). An example of the virtual environment presented
to the user during a visual-haptic experiment is shown in Fig. 1
(right). It encompasses a (clearly watermarked) virtual plane
and the virtual stylus used to interact with the surface mesh.
Moreover, the color of the surface used in the experiments is in
fact blue. A light-gray color is used in Fig. 1 (right) for better
quality black and white printouts of the paper. Furthermore, the
experiments were conducted in a dark room to avoid any effects
of ambient lighting.

D. Procedure

The watermark detection thresholds for each subject, and for
the three experiments, were determined using the two-interval
forced choice paradigm along with the adaptive staircase (AS)
method [30]. In each trial, subjects viewed two stimuli in subse-
quent intervals and in random order. One of the stimuli was the
host plane; the other was the watermarked plane. The subjects’
task was to report which of the two stimuli contained the
watermark. Trial-by-trial correct-answer feedback was never
provided during the experiment. To determine the detection
threshold Sy, a “lead-in” one-up one-down AS rule was ini-
tially used to speed up the approach to the 3 region of interest.
During this phase, 5 was halved after each correct response,
until the first error occurred. The staircase then followed a one-
up three-down rule (/3 is only decreased after three consecutive
correct answers and raised again following a single wrong
answer). In this second phase, 3 was increased or decreased by
multiplying it by a factor £ = 1.5 or 0.75, respectively. After
three reversals are obtained, a third phase is initiated (also fol-
lows the one-up three-down AS method), where [ is increased
or decreased by multiplying it by a factor k = 1.25 or 0.825,
respectively. Trials continued until a total of three reversals
were obtained in the third phase of the staircase. Reversals
being defined as when the watermark strength changes from
increasing to decreasing or vice versa. The detection threshold
01 is computed while taking the average over the last phase of
reversals. As an example, a plot of one of our experiments using
the AS procedure is presented in Fig. 2.
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V. RESULTS

In this section, detection thresholds resulting from each of the
three experiments (i.e., visual, haptic, and visual-haptic percep-
tibility of the watermark) for every participant, and repeated for
different resolutions of the virtual surface, are presented. Gen-
eral observations of the provided results are initially discussed,
followed with a detailed statistical analysis of the data.

A. Detection Thresholds

For each of the three experiments, the participants were
presented with a lower and a higher resolution version of
the virtual surface where the former is represented using
672 triangles, whereas the latter is constituted of 2048 triangles.
The plane mesh displayed in all of the undertaken experiments
is a rectangular surface of size 24 cm x 18 cm. Furthermore,
haptic rendering (i.e., the synthetically generated haptic stimuli)
is performed via the common virtual proxy method [31]. Effort
was made to make sure that the subjects are well rested prior to
the experiments, as lack of rest could impact the subject’s sense
of vision and touch, as well as their ability to focus. In addition,
participants took breaks as needed during each experiment.

Experiment I—Visual Perceptibility: In this experiment, the
participants were requested to detect the watermarked plane
while solely relying on visual feedback. Three runs of the
experiment were conducted for each of the two available resolu-
tions of the surface, and the corresponding detection thresholds
were obtained using the aforementioned AS technique. A box
plot of the resulting vision-based detection thresholds of all
12 participants (three detection thresholds are acquired per
participant) for the lower and higher resolution meshes are
illustrated in Figs. 3(a) and 4(a), respectively.

Experiment II—Haptic Perceptibility: In the second experi-
ment, the participants were requested to detect the watermarked
plane while solely relying on haptic feedback. Three runs of
the experiment were carried out for each of the two available
resolutions of the surface, and the corresponding detection
thresholds were obtained using the AS technique. A box plot
of the resulting haptic-based detection thresholds of all partici-
pants, for the lower and higher resolution meshes, is illustrated
in Figs. 3(b) and 4(b), respectively.

Experiment III—Visual and Haptic Perceptibility: As for the
visual-haptic case, the participants were requested to detect
the watermarked plane while relying on both visual and haptic
feedback. Similar to the first two experiments, three runs of
the experiment were performed for each of the two available
resolutions of the surface, and the corresponding detection
thresholds were obtained using the AS method. A box plot of
the resulting bimodal vision—haptic-based detection thresholds
of all participants for the lower and higher resolution meshes is
illustrated in Figs. 3(c) and 4(c), respectively.

B. Initial Observations

To better visualize and analyze the results considering
that the obtained detection thresholds across the different
modalities are fairly similar, the threshold values of all the
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low- and high-resolution meshes are presented in (a) and (b), respectively.

participants for each run of every experiment were averaged
and plotted for the lower and higher resolution meshes, as
shown in Fig. 5(a) and (b), respectively. Several observations
can be made from the results presented in Figs. 3-5. First, for

Average detection threshold values of all the participants for each run of every experiment and the corresponding standard deviations. The results for the

all 12 subjects, the average detection thresholds obtained in
the haptic-alone experiment are for the most part below the
detection thresholds determined when the participants solely
relied on visual feedback. This suggests that the watermark is
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possibly more easily detected when touching a surface mesh as
opposed to performing a visual assessment. This assumption
is in agreement with the results already obtained in [22],
where the perceptibility of a watermark embedded in a 3-D
mesh is also inspected using vision-alone and haptic-alone
(bimodal visual-haptic experiments were not conducted, and
as aforementioned, a statistical analysis was not performed to
test for significance between modalities). However, in [22],
the results illustrated that the average detection thresholds
of the haptic-only experiments are in most cases less than half
the threshold values obtained with vision-only. Conversely,
in the results presented here, it can be observed from Fig. 5 that
the average detection thresholds (mean values are identified
with the diamond-shaped marker symbol) of the haptic-only
conditions are only approximately 20% less than the threshold
values obtained with vision-only. This variation in the results is
possibly due to several reasons. First, in [22], a fewer number of
participants took part in the experiments, and a smaller number
of runs per experiment were performed. These factors can
evidently lead to less precise results. Moreover, the haptic-only
experiments performed in [22] make use of the same high-
precision haptic device used in the experimental setup exploited
in this paper. However, their vision-only experiments were
performed using a primitive computer display (cathode ray tube
monitor). Conversely, the experimental setup presented here
relies on stereo graphics for an immersive and high-quality 3-D
experience, which in turn enabled us to perform high-precision
vision-based experiments. Thus, the large margin between the
detection threshold values of the haptic-only and vision-only
experiments presented in [22] is probably also due to the con-
siderable difference in quality between their haptic and visual
displays.

Another observation that can be deduced from the results
illustrated in Fig. 5 is that the detectability of the watermark in-
creases with the resolution of the surface mesh in all three sen-
sory conditions (vision, haptic, and vision + haptic). Moreover,
from Fig. 5, it is shown that the between-subject variability (the
standard deviations) of the detection thresholds for both exper-
iments and the two presented resolutions is quite high. Con-
versely, from Figs. 3 and 4, it can be seen that the within-subject
variability is relatively low, suggesting that our experimental
procedure and setup are accurate. The large between-subject
variability, however, is probably due to the fact that when
performing a perceptual judgment, participants exploit in a
different manner the information available through their distinct
sensory channels. In addition, it is known that PHANTOM
haptic devices induce low but perceivable backdrive friction,
which can negatively affect a user’s haptic perception [32]. In
turn, during the haptic and bimodal vision—haptic experiments,
it is believed that certain observers were not able to isolate
the backdrive distortion as well as others when attempting to
feel the barely noticeable watermark. This could also have con-
tributed to the relatively large between-subject variability of the
results.

Furthermore, in the bimodal case, it seems that vision—haptic
feedback is better than any of the single modalities when
detecting a watermark embedded in a 3-D mesh. This can best
be observed from the results depicted in Fig. 5, where the lowest
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detection threshold values were obtained in the vision—haptic
conditions. This suggests that there is possibly a higher level
of discrimination performance resulting from the combined
modality condition.

C. Statistical Data Analysis

To further confirm the observations discussed in Section V-B,
a two-way within-subject ANOVA is conducted to statistically
explore the impact of the considered modalities (vision, hap-
tic, and vision—haptic) and the virtual mesh resolutions (low
and high) on the acquired watermark detection thresholds.
The two-way ANOVA enables us to simultaneously test for
the effect of each of the independent variables (modality,
resolution) on the dependent variable (watermark detection
threshold) and also identifies any interaction effect. For each
participant, the detection thresholds used in the analysis are
in fact the average values of the runs carried out for every
(modality, resolution) experimental condition, e.g., the detec-
tion threshold for Subject 1 (S1) under the experimental con-
dition [Modality = Haptic, Resolution = Low] is equal to the
average of the three threshold values obtained during the three
corresponding runs.

Throughout the analysis, when violations of the assump-
tion of sphericity for the repeated measures ANOVA were
observed, Greenhouse—Geisser adjustments were used. In ad-
dition, pairwise comparisons and Bonferroni adjustments for
multiple comparisons were conducted as necessary [33]. For
all the experimental conditions, the significance level adopted
was p = 0.05. A statistically significant main effect for Modal-
ity was observed F(1.225,13.480) = 41.4; p < 0.0005 with
a large effect size (partial eta squared) 77% = 0.79 [34]. The
effect size is specified to indicate the proportion of variance
of the acquired detection thresholds that is explained by the
main effect (Modality), independent of the number of samples.
A posttest pairwise comparison with Bonferroni adjustment
indicated a significant difference between the vision and haptic
modalities (p = 0.002), between the vision and vision + haptic
modalities (p < 0.0005), and between haptic and vision +
haptic modalities (p < 0.0005).

In addition, as alleged in Fig. 5, the factor Resolution also has
a statistically significant main effect, where F'(1,11) = 445.2;
p < 0.0005 with a large effect size 77127 = 0.976. However, it
was observed that the Modality x Resolution interaction effect,
which is the combined effect of the Modality and Resolution
factors on the detection thresholds, was not statistically signif-
icant as F'(2,22) = 3.097; p = 0.065 with a small effect size
773 = 0.220.

Overall, the results indicate that the lowest watermark de-
tection thresholds were obtained in visual + haptic conditions,
as compared with unisensory conditions where only vision or
haptic feedback is available. This finding suggests that the
addition of a second modality provides information (some
maybe redundant and some nonredundant) that improves the
detectability of watermarks embedded in 3-D models. Further-
more, if we are to compare the unisensory conditions, then
we can state with a fair degree of certainty that haptic-alone
conditions dominate vision-alone when detecting a watermark
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embedded in a 3-D mesh. In addition, although it is very ap-
parent that the detectability of the watermark increases with the
resolution of the surface mesh, the low F' value for Modality X
Resolution interaction confirms that the Resolution of the sur-
face has absolutely no effect on the exploited Modality, i.e.,
surface resolution and modality conditions are entirely inde-
pendent. Consequently, the impact of the selected modality on
the perceptibility of the 3-D watermark is independent of the
chosen surface resolution.

VI. CONCLUSION

Haptic watermarking is a brand new research challenge that
is expected to significantly expand the field of 3-D digital water-
marking in the very near future. In this paper, an experimental
study has been presented to investigate the role of bimodal
vision—haptic feedback in the perception of a watermark em-
bedded in a haptic-enabled 3-D virtual surface. The obtained
results suggested that the lowest watermark detection threshold
values were obtained when vision and haptic feedback were
simultaneously available, as compared with either modality
alone. In other words, the participants were able to integrate the
input from the two modalities in such a manner to produce a
percept that is better than that provided by either single modali-
ties. The presented results are very interesting and encouraging
as they clearly demonstrate the importance of the haptic di-
mension in the perceptibility of a 3-D watermark. Many issues
are however left open for further investigation, including the
following (some of which stem from the discussion presented
in [35]):

1) Investigating the possible impact of different haptic ren-
dering techniques.

2) Different graphic rendering conditions should be ana-
lyzed, including surface color, viewpoint, shading, degree
of opacity or transparency, lighting, etc.

3) Other more complex shapes of the original 3-D object
should be considered.

4) Evaluating the perceptual impact of bimodal auditory—
haptic feedback and comparing with visual-haptic con-
ditions. Or of more importance, investigating the role
of multisensory vision—haptic—auditory feedback in the
perceptibility of a 3-D watermark embedded in haptically
enabled meshes.

Finally, this paper is a first, yet a very important, step toward
the analysis of multimodal vision-haptic watermarking. Our
findings are expected to stimulate the reevaluation of existing
mesh watermarking algorithms (using a vision-haptic setup)
and will serve as a basis for further studies in haptic digital
watermarking.
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