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Abstract

In this paper, we present a multi-modal data perceptual-
ization system used to analyze the benefits of augmenting a
volume docking problem with other perceptual cues, par-
ticularly stereoscopic vision and haptic rendering. This
work focuses on the problem of matching complex three-
dimensional shapes in order to reproduce known configu-
rations. Specifically, we focus on the docking of two pro-
teins, actin and cofilin, responsible for cellular locomotion.
Users were shown examples of cofilin combining with actin
and asked to reproduce this match. Accuracy of the match
and completion time were measured and analyzed in order
to quantify the benefits of augmenting tools for such a task.

1. Introduction

Starting in the early nineties, a push for data perceptu-
alization resulted in the development of many haptic ren-
dering systems. Early systems [1, 5] used the local gra-
dient as the surface normal and force transfer functions1.
Newer systems have incorporated proxy-based haptic ren-
dering techniques for volumetric data rendering [4, 6]. A
pioneering work where both visual and haptic perceptual
cues were used was Project GROPE [3] developed at the
University of North Carolina, Chapel Hill. While recently,
one of the most popular molecular visualization packages,
Visual Molecular Dynamics (VMD), has also been aug-
mented with force feedback [10].

Despite the significant progress in computational mod-
els and techniques for data perceptualization, much work
remains for the quantitative evaluation of data perceptual-
ization systems in terms of their effectiveness in transmit-
ting information to the user. Moreover, researchers and sci-
entists have been slow in adopting the new technologies. In
light of this, there is a pressing need to quantify the useful-
ness of data visualization systems in order to demonstrate
their applicability to scientists.

Our research group recently developed an Interactive
Volume Illustration System (IVIS) [9] to create illustra-
tions of three-dimensional datasets. IVIS provides a graph-
ical user interface in which the user can easily control the

1A transfer function refers to a mapping of a data variable (eg, density
at a voxel) to a display attribute (eg, opacity, force, etc.).

(a) Actin. (b) Cofilin. (c) Combined.

Figure 1: Volumetric datasets for actin and cofilin.

shape of a transfer function. By applying the user-defined
transfer function to the dataset, IVIS can instantaneously
update the visual representation, enabling the user to inter-
actively explore the dataset.

We have extended IVIS into an Interactive Volume Per-
ceptualization System (IVPS) providing 1) the simultane-
ous rendering of multiple volumetric datasets, 2) stereo-
scopic images using active stereo vision, 3) the sense of
touch via a force-feedback haptic interface, and 4) interac-
tive transfer functions for both vision and touch. IVPS was
used to perceptualize the correct docking configuration of
actin and cofilin (essential proteins for cell-motility; see
Figure 1 for examples and [8] for details). The effects of
the sensory modalities added to IVPS were quantitatively
assessed by a psychophysical experiment where a subject
was asked to use IVPS to find the best docking configura-
tion of cofilin onto actin.

The remainder of this paper is as follows. Section 2 de-
scribes the IVPS rendering techniques. The experimental
design is presented in Section 3, and results are summa-
rized in Section 4. We conclude the paper in Section 5.

2. IVPS: Interactive Volume Perceptualization
System

The visual renderer of IVPS is based on IVIS [9]. IVIS
is a texture-based volume renderer that allows the user to
interactively control transfer functions and explore their
data. IVIS takes advantage of a graphic processing unit’s



computational power when compared to using the CPU
alone.

2.1. Visual Rendering

For data visualization, IVIS takes a scalar volumetric
dataset as its input and incorporates the data into three-
dimensional texture units. The gradient magnitude and di-
rection at each voxel are preprocessed. Afterwards, an im-
age is generated by slicing the volume with view-aligned
quadrilaterals rendered in a back-to-front order. These
slices are then combined to form the final image with opac-
ity and color of each slice defined by a transfer function.

In IVPS, we augment the visualization capabilities of
IVIS in two aspects: multiple volume rendering and stereo-
scopic vision. The stereoscopic approach used in our sys-
tem is the parallel axis asymmetric frustum perspective
projection method [2]. Implementation details of these as-
pects can be found in [7].

2.2. Haptic Rendering

Currently, IVPS can haptically render either one or two
volumetric datasets. In both cases, one dataset is centered
in the haptic interface workspace and remains stationary
while force feedback is enabled. Since IVPS calculates
and stores the gradient of each voxel of the dataset for
visual rendering, forces for haptic rendering can be com-
puted most effectively using the gradient force method in-
troduced in [1]. We also explicitly incorporate a haptic
transfer function in the force computation. For a probe of
the haptic interface positioned at x, the force displayed was
defined as:

F(x) = −Cg(V (x))∇V (x), (1)

where V (·) is a value of the dataset at a given position,
g(·) is a (normalized) transfer function, and C is a scaling
factor. The force rendered is essentially of the form F(x) =
−kx, where k would be the stiffness coefficient of a spring.
By inspection, k is the haptic transfer function, g(V (x)),
representing a variable stiffness coefficient dependent upon
the probe’s position in the dataset.

This force rendering method has been extended to mul-
tiple volumes. Of the two volumes, one is treated as a
probe and the other as the volume being probed. In our
example, the actin molecule was treated as a stationary ob-
ject being probed in the workspace of the haptic interface.
The cofilin dataset was attached to the stylus tip. The user
manipulated the position of the cofilin dataset by moving
the stylus. We computed the interaction forces between
the two datasets by sampling a set of points representing
the shape of the cofilin molecules in the dataset. Forces
for each point were computed using Equation 1 and then
averaged. It follows that for a given set of point samples of
cofilin molecules, {xi|i = 1, · · · ,N}, our haptic rendering
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Figure 2: IVPS interactive transfer function widgets.

rule was:

F = − 1
N

N

∑
i=1

Cg(V (xi))∇V (xi), (2)

where N is the number of sample points, and F is the force
rendered by the haptic interface.

The sample points for a cofilin dataset were selected
to be distributed evenly across the surface of each cofilin
molecule. In order to achieve the typical haptic update rate
of 1 kHz, the maximum number of samples for each cofilin
dataset was limited to approximately 100 points. See [7]
for further details on sampling.

2.3. Interactive Transfer Functions
The user of IVPS can independently control transfer func-
tions for both visual and haptic rendering using the widgets
shown in Figure 2. For the visual transfer function (Figure
2(a)), the user is provided with settings for both color and
opacity. The height of this function maps the associated
data value to an opacity. Below this is a bar where the user
may map colors, chosen from the color map, to different
data values. Similarly for the haptic transfer function, users
can create a piecewise linear transfer function which will
map data values to a stiffness coefficient used in the force
rendering equations. In Figure 2(b), we illustrate a mock
transfer function showing how users may define their trans-
fer function with any shape and value over the data range.

3. Experimental Design

In order to evaluate the benefits of added sensory
modalities (stereo vision and touch) in IVPS, we per-
formed a psychophysical experiment using the volume
docking problem between actin and cofilin.

3.1. Apparatus
The IVPS used in our experiment consisted of a com-
puter with an Intel Xeon 2.0 GHz CPU, an Nvidia Quadro
FX 3000 graphics card, a stereo-capable monitor, stereo
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(a) Model 1. (b) Model 2. (c) Model 3.

Figure 3: Actin and cofilin models used in the experiment.
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Figure 4: Haptic transfer functions used in the experiment.

shutter goggles coupled with an infared transmitter, and
a force-feedback device. The shutter goggles used were
Crystal EYES3 from StereoGraphics. The monitor was
a Diamond Pro 2070SB running at 120 Hz. The force-
feedback device used was a PHANToM Desktop model
from Sensable Technologies.

3.2. Stimuli

Ten subjects (S1 – S10) participated in the experiment.
We used one actin model and three cofilin models shown
in Figure 3 throughout the experiment. The three cofilin
models were obtained by segmenting the data seen in Fig-
ure 1. Each model consisted of a unique combination of
three cofilin molecules, differentiated by their position and
orientation relative to one another. The volume data were
sliced to make 37× 37× 37 voxels for both the actin and
cofilin datasets. Our preliminary experiment showed that
finding the best docking configuration with these models
was moderately difficult (see [7]). For haptic rendering,
we designed two haptic transfer functions to simulate hard
and soft surface contacts. The transfer functions were used
together with the haptic rendering algorithm discussed in
Section 2.2 creating haptic feedback. When the cofilins,
attached to the PHANToM stylus, touched the actin, the
transfer function gh(x), Figure 4(a), results in the sensation
of touching a hard and rigid object. The function gs(x),
Figure 4(b), rendered a relatively soft and permeable ob-
ject. The volume dataset was mapped to a 200×200×200
mm3 cube inside the PHANToM workspace. A displace-
ment of 5 mm of the PHANToM stylus corresponded to 1
voxel. Under this setup, IVPS rendered visual images at
approximately 4 frames per second and haptic forces at 1
kHz.

Table 1: Experimental conditions.

Condition C1 C2 C3 C4 C5 C6
Visual Mono Mono Mono Stereo Stereo Stereo

Haptics None gh(·) gs(·) None gh(·) gs(·)

3.3. Procedures
We tested six experimental conditions summarized in Ta-
ble 1. For visual rendering, we compared the two cases
of mono and stereo rendering. For haptic rendering, the
two transfer functions for hard and soft contacts (gh(x) and
gs(x)) were used along with the no force-feedback condi-
tion. The order of experimental conditions presented to
each subject was randomized. For each condition the sub-
ject was presented three different cofilin models. The mod-
els were presented in random order, and 18 trials were per-
formed for the experiment. Each trial averaged forty-five
seconds, and the total experiment ran for approximately
thirty minutes. The subject’s task was to control the posi-
tion and orientation of the cofilin model with the PHAN-
ToM stylus and to explore the actin data until a best dock-
ing configuration was found. Once the subject felt a best fit
was found, the subject was asked to press the ‘Enter’ key
of a keyboard with their free hand. The computer program
would then record the docking position and time taken.

Before the experiment, each subject went through a
training session to familiarize themselves with the PHAN-
ToM and learn what was considered a correct fit. Training
sessions typically lasted thirty minutes. Training contin-
ued until the subject felt ready to perform the docking task.
Three docking cases, different from those used in the main
experiment, were used for training.

3.4. Data Analysis
We used two metrics to evaluate performance: docking er-
ror and completion time. The docking error was defined
as an average Euclidian distance between the correct con-
figuration of the cofilin dataset and the final configuration
chosen by the subject. Specifically, this is the average dis-
tance that each voxel is displaced from its correct fit posi-
tion. The completion time was measured from the start of
a trial to the time when the subject pressed the ‘Enter’ key
to commit a response.

4. Experimental Results and Discussion

The results of the psychophysical experiment are sum-
marized in Figure 5 as bar graphs. Figures 5(a) and 5(b)
show the average docking error and completion time, re-
spectively, over all trials for each condition, along with
standard error. From the docking error data, we can ob-
serve that using stereo vision (C4 – C6) generally reduced
the error as compared to mono vision (C1 – C3). Us-
ing stereo vision (C4) showed a statistically significant de-
crease in docking error compared to using only mono vi-
sion (C1). C4 reduced the error found in C1 by 0.8 voxels,
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(a) Docking error.

(b) Completion time.

Figure 5: Experimental results.

which corresponds to approximately 4 mm in the PHAN-
ToM workspace. Also, using all the enhanced features of
IVPS (C6 with stereo vision and gs(·)) showed a statis-
tically significant decrease in docking error compared to
using mono vision (C1). C6 reduced the error found in
C1 by 1.1 voxels, which corresponds to approximately 5.5
mm in the PHANToM workspace. In terms of haptic ren-
dering conditions, it is not clear which haptic rendering
method produced the most accurate fit as no other con-
ditions showed a statistical significance compared to C1.
However, the results show a trend toward better accuracy
using gs(·) with stereo which we plan to investigate further.

From the completion time data shown in Figure 5(b), we
can observe that adding force-feedback tended to increase
the overall response time (C2, C3, C5, and C6) as com-
pared to the purely visual conditions (C1 and C4). Each
of C3, C5 and C6 indicated a statistically significant in-
crease in completion time as compared to C1. This can be
explained by the fact that haptic perception is achieved by
local and sequential explorations of an object, while visual
perception is global and parallel.

5. Conclusions

We have presented an Interactive Volume Perceptualiza-
tion System that incorporates both stereoscopic and haptic
rendering. Interactive visual and haptic transfer functions
provided users with the ability to see and feel their data
in different manners. The addition of haptic rendering to
our system did not show a statistically significant benefit in
reducing docking error, although it did reduce the overall

mean docking errors. It also increased the time it took the
subjects to find a docking position. However, we hasten to
point out that our results do not imply that haptic rendering
is not useful in a data perceptualization task. There were
many more haptic transfer functions that could have been
used for the current dataset. The state-of-the-art in haptics
research does not provide general guidelines on how to de-
sign haptic transfer functions that can aid the user of a data
perceptualization system to perform a task well.
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