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ABSTRACT

We present a method for combining multiple point-based con-
straints in haptic programming environments. Instead of using a
single proxy point for haptic feedback, the method maintains a sep-
arate proxy for each constraint. The reaction force is computed by
linking the proxies in a chain. Constraints are applied in sequen-
tial order, such that the proxy found in the current step becomes the
probe for the next step in the chain. The advantage of the method
over previous approaches is that the constraints are maintained pre-
cisely and the output is well-defined. We illustrate the method with
examples from the domain of 3D scientific data visualization. Fi-
nally, we present the results of an experiment conducted to quan-
tify the contribution of haptic guidance in two representative vector
field exploration tasks.
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mation Interfaces and Presentation]: User Interfaces—Haptic I/O
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1 INTRODUCTION

The extension of constraint-based surface rendering algorithms [26]
to volumetric data sets has enabled the development of intuitive
haptic data rendering modes for interactive visualization applica-
tions [7, 14]. Volumetric constraints have been shown useful as a
general mechanism for creating strong directional and shape cues,
in addition to secondary haptic effects, such as friction and texture,
to aid the exploration of scalar, vector, and tensor data.

Previous approaches to using constraints for developing haptic
data rendering modes were based on incrementally moving a single
proxy point in the data [7, 13,14, 25]. It has been demonstrated that
by combining multiple constraints, a variety of haptic modes can
be implemented, including modes to display volumetric viscosity,
surface stiffness and friction, as well as vector and tensor field ori-
entation. However, the majority of the approaches based on a sin-
gle proxy point are limited to constraints that are expressed along
orthogonal reference directions [7, 14,25]. A recent method over-
comes the orthogonal reference frame limitation, but fails to main-
tain the constraints precisely during the proxy update step [13].

We present the proxy chain as a general solution to combin-
ing multiple volumetric constraints in haptic programming en-
vironments. The advantage of the method over previous ap-
proaches [6, 13] is that the constraints are maintained precisely and
the output is well-defined. We illustrate the algorithm with exam-
ples from the domain of 3D scientific data visualization. Finally, we
also present the results of an experiment conducted to quantify the
contribution of haptic guidance in two representative vector field
exploration tasks.

2 INTERACTIVE DATA EXPLORATION

Haptic feedback has three related uses in scientific visualization
applications. First, a rich lexicon of kinesthetic and tactile cues
can be used to display the salient features in the data. For ex-
ample, surfaces can be rendered with additional information over-
laid to indicate discontinuities, transitions, and inhomogeneous re-
gions [14,23]. Haptically guided data exploration can aid the user
in various tasks, such as finding and measuring features or investi-
gating the relationship between several quantities in multi-field data
sets [7, 13]. Second, force feedback can improve user performance
in data manipulation tasks, such as molecular docking [3, 15] and
interactive segmentation [25]. Third, the associated user interface
can benefit from haptic assistance. For example, guiding forces can
be added to aid the user during selection and manipulation of in-
terface elements or to indicate feasible configurations of a selected
object [11,19].

The traditional approach to using haptic feedback for data ex-
ploration is based on mapping data variables directly to force and
torque components [1, 8, 10]. Direct mapping works well for sim-
ple tasks, such as finding locally extremal regions in scalar data
sets. Force and torque fields have also be used to provide guidance
towards specific features in the data [2,5,17]. However, force fields
have limited expressive power and also suffer from occlusion and
instability problems [7,26].

Recent research has extended the constraint-based surface ren-
dering technique to volumetric data sets [7, 14]. The constraint-
based approach has the advantage that it provides a unified basis
for rendering a variety of data modalities. Furthermore, various
haptic effects can be created by dynamically modifying the con-
straints based on local properties of the data.

Constraint-based data rendering methods are composed of four
components that are executed during every frame of the haptic servo
loop [7]. First, data elements corresponding to the position of the
probe and the proxy are located in the data mesh. Second, local
data measures are computed by interpolating data elements around
the current proxy location. Third, the proxy is displaced in the vol-
ume, depending on the position of the probe relative to the proxy,
the computed local measures of the data, as well as haptic transfer
functions and rendering parameters. Finally, the reaction force is
obtained using a spring coupler between the proxy and the probe.
Note that with the exception of the force computation component,
the components may be executed several times in a frame as part of
an iterative procedure, as discussed in Section 4.

There are three general requirements that any haptic data render-
ing technique must satisfy. First, to provide the user with a con-
sistent experience, the displayed haptic cues cannot result in con-
flicting visual feedback. For example, when exploring streamlines
in vector field data, the path traversed by the haptic probe has to
match the visual representation of the selected streamline. Second,
the technique should provide the user with a way to freely explore
the available workspace. This can be achieved by changing the
feedback mode based on user input, indicated either through a sep-
arate input device or the force from the haptic interface. Third, in
addition to creating strong haptic cues for guidance, the system has
to provide visual or haptic indication whenever the user leaves a
selected feature of interest in the data.



/\.EL N
(b) (;3)

@

Figure 1: Basic types of 3D constraints: (a) point, (b) curve, and
(c) surface constraint.

3 HAPTIC CONSTRAINTS

Point-based constraints are essential components of haptic pro-
gramming packages. A variety of haptic rendering algorithms have
been developed for the unambiguous and stable display of geomet-
ric models based on constraining the motion of the probe to the
surface of the model [22,24,26]. Algorithms for displaying friction
typically use a secondary constraint to account for the stick-slip
motion of the fingers on the surface of an object [18].

General support for constraints was first incorporated into the
MAGMA scene graph API in the form of a haptic constraints li-
brary [6]. The library included a class hierarchy for point, line, and
surface constraints and also provided a mechanism for combining
multiple constraints. In the constraint pipe algorithm, constraints
are applied repeatedly until all of them are satisfied or the maxi-
mum number of iterations is exceeded. Since in certain situations
it is impossible to satisfy multiple constraints with a single proxy
point, the output of the algorithm is not always well-defined.

A similar iterative procedure was proposed for finding the set of
active planar constraints in the god-object method [26]. The itera-
tion terminates when no new constraint can be added to the system.
The location of the proxy is updated by minimizing the distance
between the probe and the proxy subject to the set of active con-
straints using Lagrange multipliers. However, it is not clear how to
extend the constrained optimization method to nonlinear, implicit,
and overlapping constraints.

The OpenHaptics Toolkit uses the OpenGL feedback buffer to
capture geometric point, line, and polygon primitives for haptic ren-
dering [9]. The captured polygon primitives can be used in uni-
lateral or bilateral constraint mode. When multiple overlapping
constraints are specified, the API constrains the proxy according
to decreasing order of dimensionality. Thus, the system provides
a method for restricting probe motion to a lower dimensional con-
straint embedded into a higher dimensional constraint. For exam-
ple, the probe can be attracted to a point and constrained to a plane
simultaneously.

Recently, a force-based approach was developed for combining
multiple constraints represented by linear haptic primitives [13]. At
every step, the position of the proxy is updated by balancing the
force from the probe with the forces from the primitives. The prim-
itives are placed automatically according to the local properties of
the data and the selected haptic mode. Since the proxy obtained
from the force balance equation may not satisfy any of the con-
straints, it is not possible to implement precise directional haptic
modes using the force-based approach.

Volumetric constraints can be augmented with snap and drag pa-
rameters [7]. Snapping is used for activating and deactivating a
constraint based on its proximity to the probe. Dragging facilitates
precise repositioning of the constraint by damping unwanted oscil-
lations from the probe. The combination of snapping and dragging
can also be used for implementing simple friction and texture ef-
fects.
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Figure 2: Exploring a streamline in a vector field using the follow
mode and haptic line primitives. Due to the poor numerical accuracy
of the linear approximation, the proxy can drift from the selected
streamline, resulting in conflicting visual cues. The error is most
noticeable in regions of high field divergence.

4 NONLINEAR CONSTRAINTS

In three dimensional space, the proxy can be locally constrained in
three independent directions. As illustrated in Figure 1, depending
on the number of constrained degrees of freedom, a point, curve, or
surface constraint is obtained.

Typically, constraints are expressed in a linear form, either in a
local reference frame [7] or using haptic primitives [13]. The linear
form is appropriate only when the corresponding visual feedback
is also built on the same representation. To illustrate the problem,
consider exploration of streamlines in vector field data using the
follow mode [4] and haptic line primitives [13]. As illustrated in
Figure 2, due to the poor numerical accuracy of the linear approx-
imation, the proxy can drift from the selected streamline during
exploration, resulting in conflicting visual cues. The error depends
on the divergence and vorticity of the vector field and the speed of
exploration. The line primitive is equivalent to using an Euler in-
tegrator for solving the ODE that describes the particle advection
process,

Pr = Pr—1+V(Pr—1) At )]

where py is the location of the proxy at time step k, ¥(p) is the field
vector at position p, and Ar is a function of Xy, the position of the
probe at time step k, relative to p;_i, the position of the proxy at
time step k— 1.

A= PPi1) - B *gkfl]
[V(Pr—1)ll

In practice, Euler integration is avoided for graphical display be-
cause of its poor numerical accuracy. Higher order schemes with
adaptive stepsize control are preferred instead [21]. Hence, assum-
ing that a function fy (7,At) is provided, which for vector field V
solves the particle advection problem from starting position j and
step size At¢, Equation 1 can be substituted with an iterative proce-
dure,

(@)

V(Pr,j) - X — Prjl
V()11

where Py = Pr—1. The iteration terminates when the residual
vanishes, which corresponds to a local extremum of the probe-
streamline distance function. Note that the advection function is
defined reversible.

Prjr1 = Pr,j + v (Pr,js ) 3)

fv(B.—A1) = fy(B,Ar) 4)

If the algorithm fails to converge, which may happen for exam-
ple at critical points in the field, it falls back either to the linear
approximation or, if detected, the location of the critical point. The
experiment described in Section 7 uses a third-order Runge-Kutta
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Figure 3: Combining a penetrable isosurface constraint and a streamline curve constraint. In this example, the probe is constrained to the curve
until penetrating the surface. (a) When using the constraint pipe method, the proxy stays fixed at the intersection of the two constraints until
the distance between the probe and the proxy reaches a user-defined threshold and the surface constraint is deactivated. Note that depending on
the relative orientation of the two constraints, the surface constraint may be deactivated even if the probe only slightly penetrates the surface.
(b) With the force-based approach, the proxy is updated by balancing the forces from the probe, the surface constraint and the curve constraint.
Note that after penetrating the surface, the proxy will drift from both constraints. (c) By keeping a separate proxy for each constraint, the
probe can be constrained to the curve and the surface simultaneously. The surface constraint is deactivated when the distance between the
curve proxy and the surface proxy reaches a user defined limit, resulting in a better approximation to a penetrable surface of finite depth.

method with fourth-order adaptive stepsize control as the advection
function fv.

A similar iterative method is used for constraining the motion
of the proxy to isosurfaces [7,22]. To ensure that the proxy stays
on the surface, the linear estimate is refined using Newton-Raphson
iteration along the gradient direction,

Vs (Pr,j) [(Pr,j) — ol
| Vs (Br,j) 12

(&)

Dk, j+1 = Pr,j —

where s(p) and Vs(p) are the field value and gradient at position j,
respectively. The linear estimate is obtained by projecting the probe
to the tangent plane at the proxy.
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The refinement is terminated when the residual [s(7) — s is suf-
ficiently small. The algorithm falls back to the linear approximation
when the refinement does not converge before reaching the maxi-
mum number of iterations permitted.

(6)

5 THE PrROXY CHAIN METHOD

To illustrate the problem of combining multiple intersecting or
overlapping constraints, consider the combination of a penetrable
isosurface constraint and a streamline curve constraint. In the ex-
ample shown in Figure 3, the data probe is constrained to the curve
until the proxy penetrates the surface. The goal is to follow to curve
inside the surface and simultaneously provide haptic cues about the
penetration depth. When using the constraint pipe method [6], the
proxy stays fixed at the intersection of the two constraints until the
distance between the probe and the proxy reaches a user-defined
threshold and the surface constraint is deactivated. As shown in
Figure 3(a), both constraints remain satisfied, but no haptic cues are
generated indicating the penetration depth into the surface. In addi-
tion, depending on the relative orientation of the two constraints, the
surface constraint may be deactivated even if the probe only slightly
penetrates the surface. With the force-based approach [13], shown
in Figure 3(b), the location of the proxy is updated by balancing
the forces from the probe, the surface constraint and the curve con-
straint. Since the update step uses only local information from the

two fields and it attempts to globally balance the penalty forces ob-
tained from violating the curve and the surface constraint, the proxy
will drift from both constraints. In fact, there is no guarantee that
the proxy will satisfy any of the constraints. Thus, it is not pos-
sible to continue exploring the original streamline curve after the
surface constraint is deactivated, because the proxy will be located
on a different streamline.

There is no general proxy update strategy that works for all ap-
plications [6]. One possible choice is to always select the constraint
closest to the probe [9]. This approach is useful for building simple
compound constraints that feel continuous, such as a curve con-
straint from connected line segments or a surface constraint from
triangle primitives. However, the approach suffers from the same
problems as the force field method [26]. In addition, it is not pos-
sible to implement intersecting constraints without adding lower
dimensional primitives to the scene.

The solution to the problem of combining a penetrable isosur-
face constraint and a streamline curve constraint is to maintain two
separate proxies for the constraints. The proxies are updated in se-
ries during the proxy update step to obtain the desired haptic effect.
Thus, instead of finding a single proxy location that attempts to sat-
isfy all of the constraints simultaneously, the proxies form a chain,
such that the proxy found in the current step becomes the probe for
the next step in the chain. As shown in Figure 3(c) by keeping a sep-
arate proxy for each constraint, the probe can be constrained to the
curve and also provide feedback about the penetration depth. Thus,
the proxy update step is composed of two parts. First, the curve
proxy is updated using the new probe position. Next, the surface
proxy is updated using the new curve proxy as the probe. The sur-
face constraint is deactivated when the distance between the curve
proxy and the surface proxy reaches a user defined limit, resulting
in a better approximation to a penetrable surface of finite depth.

6 EXAMPLES

6.1 Anisotropic Friction Mode for Mixed Scalar/Vector Data

We are interested in developing combined visual and haptic render-
ing modes for coregistered scalar and vector data sets. See Figure 4
for examples. Using the proxy chain method, data probing tools can
be easily augmented with multiple haptic constraints. Since there is
no restriction on the relative orientation of the reference frames of
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Figure 4: Examples of combined visual and haptic exploration of
coregistered scalar and vector data. (a) Exploring the interaction
between the density field and the velocity field in a CFD data set.
(b) Haptic rendering of epicardial muscle fibers [7].

the proxies, arbitrary combinations of nonlinear constraints are sup-
ported. However, not all combinations result in useful and intuitive
haptic feedback modes.

We developed an anisotropic friction mode that provides haptic
cues about the interaction between a 3D scalar field and a 3D vec-
tor field. As shown in Figure 5(a), the anisotropic friction mode
uses three proxies in the chain. Each proxy is updated according
to a set of motion rules and transfer functions, as described in [7].
The first proxy p restricts probe motion to a selected isosurface of
the scalar field. The second proxy p. provides directional cues by
adding a friction effect perpendicular to the tangential component
of the vector field. The third proxy p; implements an additional
friction term that is modulated according to the orientation of the
field relative to the surface. The simulated effect is that the more
perpendicular the field vector V to the surface, the more difficult it
is to drag the probe along the streamline. Hence, the drag thresh-
old for the third proxy 7y is a function of the field vector v and the
surface gradient Vs at p,

Tr =  UTnin + (1 - u) Tmax (7)
u = cosb (8)
= [Vs-v]o(|Vs]l[¥]) ©)

where 7,,i, and Ty, are parameters for the minimum and maximum
frictional drag threshold, respectively, and ¢ (x) is a safe normaliza-
tion term that ensures that the interpolation factor u reduces to zero
in ill-defined regions of the fields.

6.2 Constrained Haptic Modes for 3D User Interfaces

User interface elements can also benefit from constrained haptic
feedback. For example, a 3D widget can provide intuitive and pre-
cise control over the position and orientation of cutting planes in a
volume. We implemented a haptic widget that includes a spheri-
cal constraint and three planar constraints, as shown in Figure 6(a).
The active constraints are ordered in the proxy chain according to
the current mode of operation. For example, initially the user can
snap the probe to the cutting plane to explore the data values on its
surface. Pressing a button activates translation mode. In this mode,
the cutting plane can be translated along three orthogonal directions
and their combinations. A plane is activated based on the distance
of the probe from the corresponding proxy location. Note that the
order of the plane constraints in the chain is not important, because
the planes are orthogonal to each other.

(b)

Figure 5: (a) Anisotropic friction mode for exploring mixed scalar
and vector fields. By linking three proxies in a chain, the probe can
be constrained to an isosurface of the scalar field and a streamline
defined by the tangential component of the vector field. (b) The
third proxy implements a friction effect that is modulated according
to the orientation of the vector field relative to the surface. The
field vector is decomposed into tangential and normal components.
The more perpendicular the field vector is to the surface, the more
difficult it is to follow the streamline with the probe. Note that all
proxies are located on the surface.

When the probe is in proximity of the sphere, rotational mode is
activated. In rotational mode, the sphere constraint is applied last
in the proxy chain after the planar constraints. The advantage of us-
ing the proxy chain is that both axis-constrained and unconstrained
rotational modes can be implemented without having to add em-
bedded lower dimensional circle, line, and point constraints to the
widget. In addition, it is easy to switch between modes of operation
by activating, deactivating, and reordering constraints in the chain.

(a) (b)

Figure 6: (a) A haptic widget for specifying the position and orien-
tation of cutting planes in a volume. (b) The corresponding active
constraints in the widget. In the configuration shown above, only two
out of the three planes are active. The widget provides support for
both axis-constrained and unconstrained translations and rotations.

7 CONTRIBUTION OF HAPTIC GUIDANCE TO VECTOR
FIELD EXPLORATION TASKS

To quantify the contribution of haptic feedback in data exploration
tasks, a controlled experiment was conducted. The purpose of the
study was to evaluate user performance for two representative tasks
with and without haptic guidance and to examine the difference in
difficulty between exploring 2D and 3D data sets. The chosen task
domain was vector field visualization. The tasks were designed
based on related experiments from the literature [12,20]. To sim-
plify the tasks, only a single haptic constraint was included, except
for one task, where the proxy chain method was used for combin-
ing a streamline constraint with a plane constraint, as illustrated in
Figure 3(c).



Figure 7: Illustration of the 2D vector field exploration tasks. (a) During the advection task, subjects followed a local streamline indicator with
the cursor from the starting position until the cursor hit the edge of the circle placed around the initial position. (b) During the tracing task,
subjects followed a static streamline segment with the cursor from one end to the other.

7.1 Experimental Procedure

For each task, subjects were presented with images of synthetic vec-
tor fields. Each image consisted of a sparse set of streamlines that
indicated the global behavior of the field (Figures 7 and 8). In ad-
dition to the global view, subjects were required to use the haptic
probe to learn more about the local properties of the data.

A stereoscopic desktop workstation and a SensAble PHANToM
3.0L was used for the experiment. Images for the 3D tasks were
displayed in stereo using CrystalEyes LCD shutter glasses. The
haptic device was positioned on the right hand side of the monitor.
The stylus was represented with a crosshair cursor within the visual
workspace. A keyboard was also added to collect input from the
users without disturbing the motion of the haptic probe.

For the 2D advection task, subjects were asked to follow a local
indicator, as shown in Figure 7(a). The starting position was se-
lected so that the correct path would not match one of the global
streamlines. The task was completed when the cursor hit the edge
of the circle placed around the starting position. The radius of the
circle was chosen such that the correct path had a constant length
for every trial. A short streamline segment was advected from the
cursor position with an arrowhead placed at the end, indicating the
local direction of the flow. Users were instructed to follow the lo-
cal indicator as accurately as possible in a single sweeping motion.
In addition, they were instructed to complete the task as quickly as
possible and were given a 10 second time limit.

For the 2D tracing task, subjects had to follow a static path with
the cursor, as illustrated in Figure 7(b). The path was represented
by ared streamline segment originating from the starting point. The
task was completed when the cursor reached the target at end of the
segment. Users were instructed to trace the path with the cursor as
accurately as possible and to keep the cursor on the streamline all
the time. Completion time was restricted to 10 seconds for this task
as well.

The 3D tasks had a similar structure to the 2D tasks, as shown
in Figure 8. The most important difference was that a plane target
was used for the advection task rather than a hemisphere. A plane
was chosen, because intersecting a semitransparent hemisphere was
deemed too difficult during the pilot studies. The plane was always
oriented as a ground plane and was textured with a checkerboard
pattern. Several other measures were taken to improve depth per-
ception of the scene: depth cuing using fog and lighting cues was

added, and the starting position was chosen to minimize occlusion
of the path by the global streamlines. In addition, the path and the
viewing orientation were selected such that most of the cursor mo-
tion was parallel with the image plane of the monitor. Finally, a
haptic cue was added to indicate the intersection of the cursor with
the plane.

Two different haptic stimuli were used in the experiment. For the
ISO condition, a slight isotropic drag force was added using a point
constraint. The isotropic feedback was helpful, because it kept the
probe in the same location when users released the stylus and stabi-
lized the motion of the probe during the tasks. For the ANISO con-
dition, probe motion was restricted to the correct streamline using
a nonlinear constraint, as described in Section 4. The anisotropic
feedback helped users to keep the probe on the path. However, they
still had to make sure the cursor visually intersected the streamline,
because with some effort it was still possible to move the cursor off
the path due to the limited stiffness of the haptic interface.

Fifteen male and five female participants were recruited from
the University of Utah School of Computing student and staff pool.
The experiment did not require the subjects to know anything about
flow visualization techniques. The age of the participants varied
between 22 and 44 years and all of them were right handed.

Task completion time and position error were used as perfor-
mance measures for the evaluation. For the advection tasks, posi-
tion error was defined as the magnitude of the difference between
the correct intersection point and the one found by the user. For the
tracing tasks, position error was defined as the average deviation
from the correct path. The deviation was computed as the distance
between the cursor and the closest point on the curve.

Not all trials were considered in the analysis. Trials with unusu-
ally high completion times or position errors were discarded. These
trials correspond to the cases when users got lost in the data. In to-
tal, 70 of the 1600 trials were rejected based on cut-off error limits
(30 mm for 2D and 100 mm for 3D) and time limits (10 and 15
seconds for the advection tasks and 12 and 17 seconds for the trac-
ing tasks). The time cutoffs for the tracing tasks were increased,
because users spent more time completing these tasks. The means
and standard deviations of the performance measures for each user
were input for statistical analysis of the data.

In addition to the measurements, informal feedback from each
subject was collected after the experiment in the form of a ques-
tionnaire. The questions included whether subjects found the 3D
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Figure 8: Illustration of the 3D vector field exploration tasks. (a) During the advection task, subjects followed a local streamline indicator with
the cursor from the starting location until the cursor hit the ground plane placed below the starting position in the data. (b) During the tracing
task, subjects followed a static streamline segment with the cursor from one end to the other.

trials more difficult than the 2D trials and if they used any particu-
lar strategy for completing the tasks.

7.2 Results and Analysis

Three different methods were used for analyzing the data. Pair-
wise t-tests for the means and standard deviations of both mea-
sures between the ANISO and ISO conditions provided direct nu-
merical comparison of subject performance. The t-tests were aug-
mented with graphical comparison of the condition means along
with 95% confidence intervals. Based on the graphical compari-
son, two means can be considered statistically different, if the con-
fidence intervals do not overlap. The graphs for the 2D and 3D tasks
are shown in Figures 9 and 10, respectively. Finally, to examine the
correlation between position error and completion time, per subject
means were plotted for each task, as shown in Figure 11.

One would think that the lack of continuous global feedback
made the advection task more difficult than the tracing task. How-
ever, subjects spent more time on the tracing task, due to the direct
visual feedback provided about their performance. Correspond-
ingly, the subjects felt that the tracing tasks were more difficult,
which was also indicated by the post-experiment questionnaire.
Since for the advection tasks performance feedback was limited,
making a conscious effort to find the optimal path was not always
possible. The experimental measurements reflect the observation
of the users, because the tracing tasks took more time to complete
with significantly better accuracy.

The results of the pairwise analysis indicate that for all four tasks
the ANISO condition improves both positioning accuracy and com-
pletion time significantly. The pooled analysis in Figures 9 and 10,
however, shows no significant difference between task completion
times, except for the 3D tracing task. We believe that the results
express the fact that the connection between the graphical and hap-
tic feedback is easier to establish for the tracing tasks. In addition,
many users reported that the difference between the ANISO and
ISO conditions is more noticeable for the 3D tasks than the 2D
tasks. Thus, the two conditions were easiest to distinguish for the
3D tracing task. However, since there was no strict control estab-
lished for the timing of the tasks and the advection task had limited
feedback on task performance, general conclusions should not be
drawn from the timing data, other than comparing the difficulty of
the 2D and 3D tasks.

All users indicated in the post-experiment survey that the 3D
tasks were significantly more difficult than the 2D versions. Pair-
wise t-tests between the accuracy of the 2D and 3D tracing tasks
confirm this claim, even with haptic feedback (1(19)=7.38, p <
0.001). Most participants complained about the effort needed to
find the intersection of the 3D cursor with the streamline, due to
the limited depth information provided by the graphical feedback.
For intersection tasks, better local feedback could be provided by
orthogonal transparent planes. However, finding the right balance
between occlusion and transparency is not straightforward and is
also subjective.

For a few subjects depth perception was problematic. One sub-
ject had difficulty seeing the difference in depth between the start-
ing and target locations on the streamline. Two other users experi-
enced eye strain from focused viewing of the stereo imagery.

An important issue was speed of execution. Many users felt that
with smoother and faster motions they performed better, even with-
out haptic feedback. One subject, however, noticed a conditioning
effect when several trials with the ANISO condition were present
in a row.

In general, users appreciated the haptic guidance for both tasks.
Several subjects reported that they used the strategy of slowly de-
termining at the beginning of the trial if the guiding forces were
present or not and using them to quickly complete the task. In con-
trast, others found that they relied completely on visual feedback,
but felt that some trials were easier than others. Most users followed
the local indicator to accomplish the advection tasks, however, they
considered it only a rough guide. Only one user reported on the
usefulness of global feedback for the 2D advection task. However,
for the 3D case, the global feedback was found inefficient by the
majority of the subjects.

Another important question is whether there was correlation be-
tween the timing and accuracy measures. The most significant cor-
relation was established for the 2D tracing task with the ISO condi-
tion (Pearson: —0.704, p < 0.001). The general trend in the distri-
butions corresponding to the ISO condition is that whenever users
tried to accomplish the task faster, accuracy was degraded. The
trend was less significant for the ANISO condition.

The outcome of the experiment confirms that the human visual
and fine motor skills excel in two dimensions, especially when
proper visual feedback is available. The importance of constrained
feedback in three dimensional precision tasks is reflected by the
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Figure 9: Mean position errors and task completion times for the 2D tasks. The graphs show that both measures are lower for the ANISO
condition than for the ISO condition. However, there is no significant difference between task completion times.c

large differences between the ANISO and ISO conditions with re-
spect to both positioning accuracy and timing of the tasks. When
visual feedback on user performance was available, subjects made
efforts to complete the tasks more accurately. Best results, how-
ever, were obtained when both continuous visual and haptic feed-
back were provided to the users.

8 SUMMARY AND FUTURE WORK

We have presented a method for combining multiple constraints in
haptic programming environments. We illustrated the method with
examples from the domain of 3D scientific visualization. A partic-
ular advantage of the approach is that intersecting and overlapping
constraints are treated in a unified framework. Furthermore, the
algorithm can handle the combination of nonlinear constraints in
contrast to a previous method [13].

A major limitation of existing constraint-based data rendering
techniques is that the coupling between the visual and haptic feed-
back is restricted to a single point in the data. In contrast, force
field methods have been extended to 6DOF haptic devices and vari-
ous probe shapes [16]. However, it is not clear whether constraining
torques would provide any benefit in data exploration tasks.

The presented experiment is an initial step towards quantifying
the contribution of haptic guidance in data exploration tasks. In the
future, we plan to study the utility of haptic feedback in complex
data exploration and manipulation tasks, and develop additional
haptic user interfaces elements for immersive visualization appli-
cations. We are also interested in extending the constrained-based
approach to 6DOF haptic devices, as well as multiresolution and
point data sets.
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