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Abstract

Exploring large virtual environments using a small hap-
tic device with limited-workspace capabilities is a chal-
lenging task because the user very quickly reaches the
borders of the physical workspace of the device. In the
case of a computer mouse, this problem is solved by lifting
the device off the table and repositioning it at a different
location. With most ground-based haptic devices such
indexing procedure is not possible and requires the use of
an additional switch to decouple the device from the cur-
sor and allow the user to relocate the end-effector at the
center of the physical workspace. Below certain physical
workspace dimensions such indexing methods become
cumbersome to the operator and therefore different con-
trol paradigms are required.

This paper presents a new approach referred to as
Workspace Drift Control which progressively relocates the
physical workspace of the device mapped inside the virtual
environment towards the area of interest of the operator
without disturbing his or her perception of the environ-
ment. This technique uses the fact that people are greatly
influenced by what they perceive visually and often do not
notice small deviations of their hand unless that small
deviation has a corresponding visual component.

1 Introduction

A haptic device allows a user to interact with a com-
puter via the sense of touch by simulating and rendering
contact forces with virtual objects. A typical interface
takes the form of a miniature robot arm with sufficient
linkages to allow a 2D or 3D workspace. Motors or brakes
control the motion of the links which are selectively con-
strained in order to represent interactions with physical
objects. [2, 3,4, 5,6,7,8,9,10]

The user interacts with the device via a gripper or stylus
attached at the end-effector of the moveable framework
and typically moves a displayed graphical object across a
computer screen. Clearly the choice of the displayed

object is dependant on what is being simulated and on the
devices capabilities. For our purposes we will define an
avatar as a virtual representation of the user through which
physical interaction with the virtual environment occurs
[16]. For instance a surgical tool may be thought of as an
avatar when simulating an intervention. A cursor, on the
other hand, can be used to represent the position of the
mouse being held by the operator. The operator controls
the avatar's position inside the virtual environment. When
contact takes place between the user's avatar and the vir-
tual objects, action and reaction forces occur. Such forces
are regulated by the type of contact supported by the ava-
tar and by its geometry. [11, 12, 13]
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Figure 1 - Illustration of a typical 3-dof haptic interface
connected to a computer and controlling the position of an
avatar inside a virtual simulated environment.

A haptic device is typically used as a position control
device in which displacement of the end-effector is
directly correlated to displacement of the avatar displayed
on the screen. This displacement correlation may not be a
one-to-one correspondence, since the avatar position may
be scaled according to a constant mapping from the device
position. (e.g., the device may be moved a distance of one



centimeter which causes the controlled avatar to move five
centimeters across the screen.) In general, small displace-
ments of the device are scaled to large motions of the ava-
tar to allow the operator to easily reach targets in all areas
of the virtual workspace environment displayed onto the
computer screen.

The scaled avatar movement scheme works well for
coarse motion, when large distances inside the virtual
workspace need to be traversed to bring the avatar from
one global area to another. Accuracy of the avatar motion
is not critical for coarse motion, but for tasks in which
accurate positioning of the avatar is needed, the large scal-
ing of device movement to avatar movement makes a tar-
get acquisition task physically impossible for the user.

Ballistic tracking [16] is typically used to alleviate the
scaling problem for fine positioning of the controlled
object. Ballistics refers to the technique of varying the
scaling between the motion of a physical device and the
motion of a displayed avatar depending upon the velocity
of the device in its workspace. The assumption is that if
the user is moving the interface very quickly, the user is
likely to be performing a "coarse motion" task inside the
virtual environment, and therefore the device controller
scales small motions of the interface to large motions of
the avatar. Conversely, if the user is moving the device
very slowly, the user is likely to be performing a fine posi-
tioning task on the screen, and the controller scales small
motions of the device to small motions of the avatar.

When using ballistics, moving the device in one direc-
tion quickly and then moving it back in the other direction
slowly may create a situation where the physical device
has returned to its starting position but the avatar is posi-
tioned far away from its starting position. This illustrates
that the frame of the avatar and the frame of the device
have shifted or become offset. If this offset becomes too
large, the user may not be able to reach some parts of the
virtual workspace within the range of motion of the
device.

In a typical, open-workspace interface, the offset is cor-
rected through a process called "indexing." Indexing is
achieved in a typical mouse interface [1] by lifting the
mouse off the table and repositioning it after the mouse
has reached the edge of its available workspace, while the
cursor remains fixed in position. However, most force
feedback devices are grounded to their base and require
the use of an additional input device, such as a user switch
for instance, to inform the controller to uncouple the
device from the avatar and let the operator reposition the
device at the center of its physical workspace. Unfortu-
nately, with limited-workspace devices, indexing becomes
cumbersome and highly interferes with the operator since
he or she needs to constantly perform the offset correction.

Since ballistics needs indexing to restore the frame oft-
sets, and since ballistics and indexing are both traditional
mouse techniques that conflict with typical ground-based
haptic devices, a more transparent solution is needed that
reconciles both the ballistics and the indexing problem in
force feedback interface devices without interfering with
the operator.

The rest of this paper is organized as follows: sections 2,
3 and 4 describe position, ballistic and rate control algo-
rithms in more depth and in section 5 we introduce our
new control paradigm which automatically centers the
physical workspace of the device towards the region of
interest of the operator. Section 6 illustrates our initial
results and a conclusion is exposed in section 7.

2 Position control

Position control is one of the most common control par-
adigms used with computer mice or haptic interfaces, and
refers to a mapping in which displacement of the device in
physical space directly dictates displacement of the avatar
in virtual space. The mapping can have an arbitrary scale
factor, but the fundamental relation between mouse dis-
placements and graphical object displacements should be
present.

In an absolute device-to-world mapping (see figure 1),
there is a direct correspondence between the boundaries of
the device workspace and the boundaries of the virtual
workspace as expressed in equation 1. The increments of
the device position are mapped directly to the virtual
workspace with a scaling factor &; the dimensions of the
workspace of the haptic interface can directly correspond
to the dimensions of the virtual workspace. If the working
volume of the virtual environment is changed, then the
scaling factor can be changed to maintain the direct corre-
spondence.
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While this approach allows the operator to navigate
through larger virtual environments with smaller haptic
interfaces, using a large scale factor reduces the operator's
ability to perform fine displacements of the avatar. When
force feedback capabilities are engaged, the loss of spatial
resolution inside the virtual environment seriously affects
haptic performance and stability.

3 Ballistic control

Ballistics addresses the loss of spatial resolution when
large scale factors & are used by defining a mapping that is
dependent on the velocity that the device is currently trav-
eling at in the interface workspace [16]. Ballistics helps to
provide accurate control of an avatar when the user wishes



to coarsely position the controlled object, (e.g., move a
mouse cursors from one object on the screen to another
across a large region of the screen). This type of control
requires that the avatar be very sensitive to device move-
ments so that the avatar will fly rapidly across the screen.
Ballistics also helps to provide accurate control of an ava-
tar when the user wishes to finely position the controlled
object, (e.g., to home in on a particular position). This type
of control requires the avatar be less sensitive to device
movements to allow fine motions. Often, both methods are
combined in a single device movement by the operator:
first the user swings the avatar quickly into a general
region and then he or she homes the avatar in on the target,
back-tracking to the target if the avatar overshoots the tar-
get.

When the device is moved quickly, ballistics assumes
that coarse positioning of the cursor is desired and a large
distance is mapped to the avatar. When the device is
moved more slowly, ballistics assumes that a finer posi-
tioning of the avatar is desired and therefore a smaller dis-
tance is mapped for the same motion of the interface.

Equation 2 expresses the relative mapping between the
motion of the avatar and the device during a time interval

.
of dt where dr 4 represents the distance through which the

—
haptic device has been moved and dr, represents the dis-

tance which the avatar covers during that same period of
time. k(v Rl is a constant that increases slightly based on

the current velocity v, of the device, as explained above.
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Figure 2 - Under ballistic control strategy, faster motions of
the device end-effector translate into larger displacements
of the avatar.

4 Rate control

Rate control is also a commonly used control strategy
that refers to a mapping in which the position of the inter-
face is abstractly mapped to move some kind of mecha-
nism or object. In a computer haptic simulation, where rate
control is applied, there is not a direct physical mapping

between the physical device motion and the avatar motion.
Thus, rate control paradigm is fundamentally different
from position control in that the interface can be held
steady at a given position but the controlled avatar is in
motion at a commanded or given velocity, while the posi-
tion control paradigm only allows the controlled computer
object to be in motion if the interface device is in motion.

For example, a common form of rate control is a veloc-
ity derived abstraction in which displacement of the user
object dictates a velocity of the computer object, such as a
vehicle or other graphical object displayed on the screen.
The further the device is moved from the original position,
the greater the velocity of the controlled avatar. Such con-
trol paradigms are very popular in robotic teleoperation
where velocity (or acceleration) of a vehicle is dictated by
the displacement of, for example, a joystick. [14]

N
Equation 3 expresses the displacement dr a of an avatar

N

under rate control during a period of time dt. r 4o corre-

sponds to the device origin position at the center of its
-

physical workspace and r; to the current position of the

device.
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While rate control strategies allow users to control a
simulated object through an infinite workspace without the
disadvantages of indexing, such control paradigms also act
as low pass filters in position control and remove the abil-
ity for the operator to perform fast motions of the avatar in
different directions. Thus haptic tasks like scratching a
rough surface or tapping against a hard object are no
longer possible using such control models.

5 Workspace Drift Control

An essential observation about human perception is that
people are greatly influenced by what they perceive visu-
ally and often do not notice small deviations of their hand
or other physical members of their body in physical space
unless that small deviation has a corresponding visual
component [18, 19, 20, 23, 24, 25]. This dichotomy
between the physical and visual experience has been used
previously in haptics to simulate force shading for instance
[26] or to render height fields by using only two degrees of
freedom planar haptic displays [27].

In our new control strategy, we make use of this obser-
vation about human perception to create an imperceptible
drift of the physical workspace of the haptic device
towards the area of interaction of the avatar. Slowly shift-
ing the workspace of the device when the avatar is in
motion instigates the user to unconsciously correct this



drift while executing at the same time a task with the
device.

So that the workspace drift remains imperceptible to the
user several conditions are required: Firstly, a workspace
drift may only occur when the user's hand is in motion,
otherwise the user would perceive such drift as an unre-
lated event to the motion of his or her hand. Secondly, the
velocity of the workspace drift should remain proportional
to the velocity of the user's hand so that the magnitude of
the spatial distortion between the physical and visual expe-
rience remains below a boundary level which we will dis-
cuss later on. Finally a small drift of the workspace should
not create any large variations of forces at the end-effector
which would be perceived as perturbations by the opera-
tor.

In the following figures (3-6), we illustrate our model
by using a 2 degree-of-freedom haptic device [4]. The
same algorithm is used with a 3 dof haptic device and is
presented in section 6.

Figure 3 illustrates the hand of a user holding an end-
effector located at the center of the physical workspace of
the device. The device directly dictates the position of the
avatar as described in equation 1.

To preserve the first two conditions stated above, the

velocity of the workspace drift v;; is defined by multi-

plying the instant velocity of the device by its current oft-
set position from its point of origin. Finally this result is
multiplied by a scalar k,/R where R corresponds to the
radius of the smallest sphere that encloses the device
workspace and where k; expresses the drift factor which
dictates the maximum level of distortion between the
visual and physical representation when the device is
located at the edge of its physical workspace (worst case
condition).

k, —
Cah Vg Vol (5 Tao)

The velocity of the virtual workspace drift (equation 5)
is obtained by multiplying the device workspace drift by

the scaling factor k. Once the position rz of the work-
space updated we finally compute the position of the ava-

tar r. usi tion 1
ar ra usmg equa 0n 1.

(eq.5) Vwa = Kg* Vwd

In figure 4 the operator moves the end-effector towards
the edge of the physical workspace of the device; this dis-
placement is directly mapped to the avatar which moves
towards the virtual object in the scene.

graphical display

2-dof haptic device

virtual object

physical workspace
boundaries of the device.

virtual workspace [
of the avatar

Figure 3 - The hand of the operator is holding the end-
effector of the device which is positioned at the center of its
physical workspace. The physical workspace is mapped
inside the virtual environment (virtual workspace) and par-
tially includes the virtual object.
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Figure 4 - The operator moves the avatar toward the virtual
object. At the same time the device reaches the border of its
physical workspace.
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Figure 5 - The operator interacts locally with the virtual
object. The virtual workspace drifts towards the avatar.

(A

'
T
. ‘ wd /£ .,
~ ’ =
e e

direction of
hand drift.

Figure 6 - The workspace drift instigates the operator to
move his or her hand towards the center of the workspace of
the device.



Finally figures 5 and 6 illustrate the user locally inter-
acting with the virtual object. This task is illustrated by
small motions of the avatar in different directions around
the edges of the virtual object. During this time the con-
troller progressively moves the workspace of the device
towards the avatar, therefore restoring the device at the
center of its physical workspace.

When the device is located near its origin the drift is
negligible but its amplitude increases noticeably once the
user moves towards the edges of the workspace creating
an important distortion between the motion of the opera-
tor's hand and that of the avatar. The drift factor is
expressed by k; and represents the maximum bend that
can occur when the workspace drift is perpendicular to the
motion of the end-effector and when the end-effector
reaches the edges of the workspace. This situation is illus-
trated in figure 7.

.
workspace drift T ', motion of

: > ! the avatar
* 4 4
avatar motion of
the hand

Figure 7 - Moving an avatar along a straight line
during a workspace drift requires compensating for
the shift by slightly moving the end-effector in the
opposite direction of the workspace drift.

6 Results

Our Workspace Drift Controller was directly integrated
within the software drivers of an Omega Haptic device,
therefore decoupling its implementation from the applica-
tion. Initial experiments were performed by manipulating
large objects inside a 3D Haptic Viewer [15] which inte-
grated a finger-proxy type haptic rendering algorithm.
Since the dimensions of the virtual objects were up to 10
times the size of the actual workspace of the avatar (see
figure 8), without using the workspace drift control algo-
rithm, the user could only explore a very small portion of
the environment (1/10th). When the workspace drift con-
troller was engaged, the user could gradually explore fur-
ther portions of the scene.

As presented in equation 4, the workspace drift rate is
regulated by k; which directly dictates the maximum level
of distortion between the physical and visual representa-
tions at the edge of the physical workspace of the device.
We provided a slide bar to the user to adjust the drift gain
k. Initial results showed that for a 3-DOF Omega Haptic
Device with a physical workspace radius of R = 0.075m
(75mm), a distortion factor of 30% (k; = 0.3) was unno-

ticed by the operators. Beyond this limit (k; > 0.3) haptic

artifacts were observed when the user was interacting with
virtual objects; if a workspace drift occurred during this
time, the user would experience a slip: the sensation of the
object sliding under his or her hand.

To allow the user to cross large regions of the work-
space, ballistic control was also integrated into our con-
troller and was only triggered when fast motions of the
device occurred. A demonstration program with its source
code is available on the CHAI 3D server and can be down-
loaded at the following address:
http://www.chai3d.org/projects/wdc/index. html

workspace drift

Figure 8 - Demonstration within a 3D environment. The vir-
tual workspace is constantly relocated towards the avatar,
therefore maintaining the users hand near the center of the
physical workspace of the device.

7 Conclusion and future work

The Workspace Drift Control algorithm presented in this
paper has proven to significantly improve workspace
usage of haptic interfaces without introducing visual or
haptic artifacts to the operator when reasonable drift fac-
tors are chosen. With this new control approach the opera-
tor can explore much larger workspaces without losing
spatial resolution through high scaling factors and thus
avoid the drawbacks of indexing.

Future work includes extending this methodology to
haptic devices with higher numbers of degrees of freedom
and pursuing further studies in contact space when multi-
ple collisions and interactions occur between the avatar
and the virtual environment.

Additional experiments using different types of haptic
devices and a larger number of human subjects will also
help us better define the limits of this approach when peo-
ple begin to perceive haptic and visual artifacts as high
spatial distortions are applied to both the physical and
visual representations of the virtual scene.
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