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ABSTRACT

We measure the performance improvement that foeeehfack
can provide in a virtual environment, through theegperiments
with, and without the assistance of haptic guidafeformance
measurements were undertaken with haptic, visudl arditory

feedback alternatives. The first task investigatexluse of haptic
guidance mimicking reality, in the form of a simigld touchable
surface of an object. The second investigated hagsidance
which waxed and waned as the user violated progrdes by

varying amounts. The third experiment investigatduther this
latter artificial guidance would inhibit the userfeee will by

taking control out of their hands. The results sbdwthat a
significant improvement in both accuracy and spead achieved
by the introduction of haptics in all experimenitsalso found that
the haptic guidance did not take control away fittve user and
that they had significantly more control than witbnventional
warning methods. These experiments were not airhézhming,

or retention of skill, but on using haptics as & ® improve

performance during a task.
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1 INTRODUCTION

The objective of the study was to examine and dfyaainy
benefit that can be provided by haptic feedbackairthree
dimensional task. The study was divided into trerperiments.
The first experiment aimed to discover if surfaegtic feedback
could improve a user’s accuracy when performingsk,tand to
measure the difference in accuracy.

The second experiment aimed to determine if extehagtic
guidance can assist a user in a 3D task. The thipkriment
measured how readily the external guidance couldrdmed as
only advisory, and either accepted or rejectedheyuser, giving
them the freedom to apply their knowledge and digeeto the
problem as well as to receive advice from the caempsystem.
Twenty five participants volunteered to take part the
experiments. Ethics approval for the experiment whtined
from the University of Western Australia.
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The experiments used the CSIRO Haptic Workbench 3D

immersive environment [20] (figure 1) with a PHANW&
Premium 1.5 haptic device. The software for theegxpent was
running on a Dell Precision 670 computer with d@& GHz
processors and running the Windows XP operatingesy3 he
graphics were produced in 3D active stereo usingnGih. [19] on
a NVIDIA Quadro FX 1400 graphics card. The scens wiawed
in the mirror using CrystalEyes shutter glasses.

=tereo shutter

glasses Monitor

Figure 1. CSIRO Haptic Workbench

2 RELATED WORK

Our experiments investigated haptic assistancddsign tasks. In
1992, Galyean and Hughes [6] found that without tibap
controlling hand position in 3D space is difficdfiour years later,
while working with 3D sketching, Deering [5] dise@red that
correctional algorithms were required to remove charemor

when a haptic resting surface was not availabl&leyzet al. [17]

found in 2000 that, with a haptic interface, taskoes were
significantly reduced and subjective workload measients
showed that participants perceived many aspectgodkload to

be significantly less with haptics. In 2002, De Haet al. [4]

found that without an appropriate feedback it iidilt to freely

probe data in 3D space.

Forces which are used to influence actions in samag,
separately to simulating collisions with surfaca® often termed
‘haptic constraints’ or ‘virtual fixtures’. The mbsommon form
of constraint is the ‘snap-to’ effect. Our workdisected at using
both haptic surfaces and haptic constraints to avgthe skills of
a worker while they are doing a task. Takemotd.eagplied this
technique in 2005 to assist crane operators whendhe loading
cargo onto ships [21].

In 2002, Marayong et al. [13] investigated the uefice of
assistance on performance during human-machine ecaiiye
manipulation. They particularly studied the effeatindependent
user actions — the ability to over-ride the hapfitdance. They
found that a compliance of 60% (i.e. the user 9eppl0% of the
movement effort) produced the best performance heirt



experiments. A related approach was used by Nolal. én 2003

[15], who compared different methods of alteringual fixture

stiffness to determine the effect on performancawf@an et al.
caution that there is a risk that introducing haptnstraints may
make interaction more difficult and frustrating .[2ZThe third

experiment of our study details the investigations this issue
by measuring the user’s ability to either complthaéa guiding

force, or over-ride it.

Constraints have also been used in surgical systenassist
and guide a surgeon [3], [8]. More recent work B02 [18],
indicated that point-attraction virtual fixturesutd assist in a
surgical task. The difference between passive caings which
form boundaries, and active constraints, which mbeeuser in a
desired direction, is discussed by Komerska andeVi@f They
also describe hard, 3D barriers in [10] and hapwigation
widgets in [11]. They state that ".. haptic forsé®uld be used to
provide constraints on user tasks, rather than eniptiysical
object forces." [9] (page 270). However, our wanklicates that
haptics can usefully be applied in both of thesgava

In 2005, Grane and Bengtsson [7] found that mentakload
was less with a haptic and graphic interface (usingactile
mouse), than with graphic only or haptic only. Basaet al. [1]
compared graphical and audio warnings with tactilerations,
finding the latter to provide similar human perfamee to visual
feedback. Our work differs in that the haptic fesdhb contains
directional information (a force as opposed to atil&
stimulation). This is significant in that the feedx both alerts
and advises the user on an action, whereas tlike tagiuse only
alerts the user.

The 2005 work by Tavakoli et al. [22] investigatbé use of a
visual indicator of force applied in a suturingka3hey found
that the fatigue of checking the visual indicatuerfered with the
short term benefit. Our experiments compared bagtidance
with a visual and audio indicator as well as a cioation of both.

O'Malley et al. describe that “shared control”, wihaptics
providing assistance to a user in a task, can eehperformance,
though not necessarily improve training, in a task[

Basapur et al. undertook similar studies, but widictile
vibration instead of haptic forces. This

3 EXPERIMENT ONE: SCULPTING

The object of experiment one was to test the hygmishthat
haptic feedback assists a user to perform a ficeyrate dextrous
task in 3D. Participants were asked to carefullylstc some
virtual clay and the experiment measured how atelyrahey
performed, both with and without the haptic abilitytouch the
surface.

The clay sphere was modelled as a surface skinerahan a
solid volume. This allowed the tool to pass throupke clay
surface (by exceeding a threshold force) to becloceted on the
inside. This ability allowed the user to correctiéntations by
stroking from the inside out, as well as to smaatbtrusions from
the outside.

3.1 Experiment Design

The experiment employed a two level
independent and one dependent variable. The indepén
variable was the presence or absence of haptidh&e&d The
dependent variable was the accuracy of sculptiagvitiual clay.
The level of significance was chosen as 0.05.

At the start of the experiment, the virtual clayll ithat was
presented to the user had some randomly spacedslommne
third of the surface. The user’s task was to smoaththe lumps.
They performed the task twice; once with hapticdfesek and
once without, with half the participants using hegpfirst and half
using it last.

design with one

3.2 Measurement and Analysis

The performance was measured in terms of accurdcthe
sculpted surface compared with a perfect sphere.pbisitions of
the vertices of the triangles after sculpting wereasured as data
points. The variation in distance from an averagé¢he form of a
standard deviation, was used as a measure of d&rypically,
subjects took about 10 minutes to perform eachetasks.

The initial performance-measure was taken as thennoé the
standard deviations measured over all participainstly with
haptic feedback and then without. This was caledlats 0.179cm
for the haptic trial and 0.250cm for the trial usimo force
feedback (figure 2).

The p value returned from a paired T test on tigadithmically
transformed error data is 0.0435, which is statdlfy significant
(less than the significance level of 0.05). (A Iotenic
transformation was necessary to obtain a suffilsient
homogeneous distribution of data points.) It carsé&en from this
result that performance by the subjects in thiseerpent was
significantly better using haptic feedback.

Sculpting mean error
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Figure 2. Sculpting Mean Error. Haptic feedback produced
significantly better results

The largest improvement in performance brought phédptics
occured with those participants who had the higtearage
errors. By calculating the relative improvement eéch
individual, as a ratio of haptic score divided nyaverage of their
haptic and non-haptic scores, we have a measurghef
improvement that haptics provided them relativeheir overall
ability at the task. By ordering the scores, it viasnd that the
worst 5 performers had 3.9 times larger relativprimement than
the rest.

3.3 Discussion

The experiment showed that surface-based haptitbéak assists
a user to perform a fine, accurate dextrous taskthree
dimensions. The reason for the increased accuracyd cbe
attributed to the user being able to apply a conspessure
against a (virtual) surface as they are controllthgir hand
motions. This means that their muscles are beimgraied in a
varying ‘forward’ direction (against the surfacéh his book,
“The Hand", Wilson [24] explains that all complexowement is
achieved by the combined action of pairs of muselgned in
the body to pull against each other. Without thpticasurface to
press against, a sculptor needs to control the amnoch wrist
muscles firstly forward, then backward as they cletbat they
have penetrated too far. The body uses a diffeenbdf muscles



for flexing the wrist forward (curling) as opposéal moving it
backwards (extending). During forward motion thresjor
forearm muscles work - the flexor carpi radialtse flexor carpi
ulnaris and the palmaris longus. However, backwarotion
works the extensor carpi radialis longus, the esdercarpi brevis
and the extensor carpi ulnaris [14]. Venkadesaal.dbund that a
different set of neurological signals were also ygd in these
two actions [12]. This implies that, without surdaesistance to
provide the backward motion, the muscle action iregutwo
separate mechanisms with the two different setausfcles which
must be balanced against each other to achieveeadyst
movement. It can be surmised that switching betwésa
separate muscular mechanisms is a more difficuitrobsystem
than constantly varying a single muscle mechanischtherefore
it cannot be controlled as accurately.

The result also indicates that haptic feedback fitsnewer
skilled users more than those with higher skilkley

4 EXPERIMENT Two:
MECHANISM

FORCE As A USER FEEDBACK

The objective of this experiment was to determfrieptics could
provide a useful means of providing feedback to uker about
the violation of program rules during a 3D task ahdo, to
measure its effectiveness compared to more traditimethods.
The conventional computer feedback mechanism isatha pop-
up dialog box, often accompanied by an audiblet.algnis has
some disadvantages in that it is binary (it canpoivide a
continuously varying degree of feedback), and iesuscreen
space, and can be disruptive to the work flow. Othestems
involve screen widgets which can provide a degfesontinuous
feedback, but these also have the problem of takimgscreen
space and diverting the user's attention away fthe task. A
haptic, guiding force may be able to steer a usexryafrom an
error condition without these problems. This foveas modelled
as a repulsion from a 3D point, with its magnitutkcreasing
linearly with distance up to a cut-off point. Thaention of the
experiment was to provide a quantitative measuteéefiegree to
which haptic feedback can assist in this case.

A hypothetical, mine-planning scenario was chosen the
experiment. A mine planner views 3D geological d#iat is
complex and often fills the field of view. Theredorany graphical
feedback needs to compete with a wealth of othaplgcal data
being presented. As a mine planner draws a propasgd for an
underground decline (tunnel), they need to negotiveral,
perhaps competing, constraints (e.g. tunnel gradiewmrvature
limitations, unstable rock). One of these may ke rquirement
to avoid zones of danger. The experiment was dediga test
haptics — as a feedback mechanism, warning of tlesger
zones — against the more traditional feedback nréshes of
pop-up messages and screen graphics.

The 3D scene consisted of a 3D graphical modeleofagical
structures (figure 3). Two yellow cubes were pladetd the
scene, one on the left and one on the right astd and end
points of the proposed tunnel. As the virtual peavks the
starting yellow cube, a red cylinder is drawn aldhg pen’s path
until it enters the end yellow cube.

Eleven randomly placed centres of danger were dacaiithin
the scene. Each had a ‘strength’ (degree of danged)a ‘radius’
(extent of danger). Three types of user feedbackrewe
programmed into the scene, each being triggeredhilie user's
actions violated one of the danger zones:

e apop-up message with a warning sound
« agraphical arrow growing from the centre of danger
*  a haptic force pushing the user’s haptic pen away.

Figure 3. Screen shot of mine planning geological scene
showing rock layers and tunnel route being drawn.

4.1 Experiment Design

The experiment employed a 25 x 5 (25 subjectsd&rments) two
way design with a significance level of 0.05. Theeftreatments
were the different feedback mechanisms, but two ttedse
treatments were combinations of the three feedbggles.
Subjects were required to draw a proposed tunmeh fihe left
hand yellow cube to the right hand yellow cube, pkeg the
tunnel as short as possible (for mine operatiofisieficy), but
also avoiding areas of danger as much as posdibteniine
safety). They performed the drawing exercise finees — each
time using a different feedback mechanism to waemnt of the
danger zones. A Latin Squares randomisation systasnused to
determine the ordering of treatments for each stibfgach time a
new feedback method was chosen, the danger poiete w
redistributed to avoid learning effects.

4.2 Measurement and Analysis

The experimental software recorded three performanc
measures. These were the excess length of each drawel
(over and above the minimum possible - a straigief) | the time
taken to draw the tunnel and the degree of encrnanhinto the

danger = [1—"3;—‘3'] xm

C = thecentreof thedangerzone

p = thecurrent vitualpenposition

r = theradiusof thedangerzone
m=themagnitudéstrengthpf thedanger

@)

danger zones. When the drawing pen was locatedvwatidanger
zone, it triggered an algorithm that calculated iths&tantaneous
degree of danger (see equation 1).

The results were analysed using a non-orthagorelysia of
variance, using 25 subjects and five treatmentspypp
popup+arrows, arrows, forces, forces+popups+arroiveses the
same underlying principles as a ‘T’ test but us@soae complex
model accommodating more than two treatments asasedrder
effects (i.e. effects caused by the order in wh&hsubject
experiences the treatments). For each variable, shiucture



allowed estimation of the differences between mesits, between
orders, between subjects and the treatment-by-artiaction.

The treatments, subjects and order were all orthaighad no
effect on each other), however the treatment-byodteraction
was not orthogonal to subject.

The analyses of variance were performed on thremblas:
excess distance, danger and time, in three diffevags to obtain
the correct terms for treatment, order, subject wmedtment-by-
order.

421 Excess tunnel distance

After log transfromation, there were significantffeliences
between subjects and highly significant differendestween
treatments. The resulting treatment means of thdrbmsformed
data are shown in figure 4. This shows that theotas’ treatment
produced a significantly shorter tunnel distancanttall other
treatments except ‘force’. ‘Force’ produced a digantly shorter
tunnel distance than ‘popup’ at the 5% level. Ssipgly, the
combination of all three feedback methods resultedonger
tunnels than force or arrows on their own.

Extra Distance
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Figure 4. Excess tunnel distance drawn. Haptic feedback
and graphical arrows resulted in the shortest
distances.

4.2.2  Tunnel drawing time

There were significant differences between subjebetween
orders and between treatments. There was no oydestment
interaction. The resulting treatment means are shaviigure 5.
The force method took the shortest time but wassigstificantly
less than arrows. The popup method produced signifiy longer
drawing times than all other methods. The combimaf the
three methods was marginally faster than popupwarro
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arrow 5 popup +
Feedback method force

Figure 5. Tunnel drawing time. Haptic feedback and arrows
resulted in the shortest times.

It was noticed that some users were becoming auait@lier in
their actions with force feedback. This was indichtby the
widely varying individual time values when usifarce.

4.2.3 Danger encroachment

The combined analysis of variance produced the mshawn in
figure 6. There were significant differences betweebjects and
between treatments. It can be seen that the fareatntent
performed the best along with the combination of tihree
methods. Both treatments that included force peréat
significantly better than those without.

4.3 Discussion

These results show that using force alone as a feselback
method can improve the user’s performance, asigdereed by
the ability to avoid danger zones. Combining thedowith other
feedback methods (arrows and popups) did not sogmifly

improve the navigation performance over force aloaed is
therefore an unnecessary complication. Tunnel niis® were
best with the graphical feedback (arrows), but imeal world

situation this needs to be balanced against thde-t# of an

increased danger encroachment. Users were ableaw mhore
directly to the target but cut through areas tihatutd have been
avoided, indicating that the arrows were not sentheir purpose
as well as forces. Popup messages performed badlgllahe

three measures; distance, danger and time, anddsbe avoided
in an application of this sort.
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Figure 6. Means of Danger Encroachment. Modes with
force feedback produced the least danger.

5 EXPERIMENT 3: ABILITY TO IGNORE HAPTIC ADVICE

There may be valid reasons for a skilled user totw@ignore the
advice provided by a computer system. It could lmied that
force feedback might limit this ability to ignoréet advice and
therefore be less effective as an aid. It is tlweeefmportant to
achieve a suitable level of haptic assistance witlvonstraining
the user too much [23].

Experiment 3 was designed to test and measurehitity do
ignore the different styles of user feedback. Te sgene was
modified so that the right-most danger zone wadbdotreated
differently. The only visible difference was thdtig ‘special’
danger zone had a red cube-shaped centre-poirgadhstf a
yellow sphere. Participants were instructed to ignany advice
they were receiving from the system when within gpecial
danger zone and should proceed as if no danger heag
indicated. The haptic force repulsion from all dangoints was
the same as in experiment 2.



51 Experiment Design

The experiment was designed to compare the feeditgilgs for
their influence on the user's performance when tiser was
trying to ignore the advice. If any one type ofdback provided a
significantly greater deflection in the user's paih can be
concluded that it would be less suitable wheresuseed to apply
their own knowledge and skill into the task. It weagected that
haptic feedback would be the hardest to ignoret psovides a
physical force on the user’s hand. As with theieadxperiments,
it employed a 25 x 5 (25 subjects, 5 treatments) way, design
with a significance level of 0.05.

5.2 Measurement and Analysis

This experiment produced similar values for all meas taken in
experiment 2 for all the valid danger zones (i.et the last),

indicating that those results are repeatable. Rerspecial (last)
danger zone, it recorded the point at which thewdraunnel

entered it and where it left. The drawn distanidia the special
danger zone was recorded, along with the diretanii® between
entry point and exit point. A comparison of thes® tdistances
was a measure of how much the user was defleateddrstraight
line through the danger (see figure 7).

Special]  target
) danger
o '-,\_r:i:tre = S ne”
danger path .

Figure 7. Measurement of unintended path deflection

To perform this comparison, the algorithm in ecquatR was
used to produce a measurement between 0 and lbywbeend of
this range indicating a better ability to ignore #dvice. It could
be interpreted as the proportion of wasted distdmmoaght about
by the feedback advice.

extraLengt h = (inside - direct )/inside @)
O<extraLength<1
inside =distancedrawninside thespecial
dangerzone
direct = directdistancebetweenentryand
exit pointsof zone

In equation 2, extraLength is a measure of inabtiit ignore
the feedback advice. A low extraLength score ingigahat the
feedback method is not greatly influencing the useroutcome
that is desired in this case. The analysis of wagawas
performed on the extraLength variable, which had theans
shown in figure 8.

5.3 Discussion

These results show that haptics was comparablerdphial
arrows in the ability to ignore the advice, Surmggdy it was
significantly easier to ignore haptics than a pomgssage. This
is somewhat surprising as it seems reasonable gecexhat a
physical force would be harder to resist and igriba@ something

visual and audible. The fact that the force anadwarmethods
produced better results perhaps indicates thgpdpep may have
startled users and given them no idication of wtmirse they
should take. One possible explanation for this Itesould be
associated with the cognitive load on the usehatitme. Perhaps
a gently increasing force or arrow produces a éigldognitive
load on an already-occupied user, than a suddeumppmessage.

Inability to Ignore Advice

Means

Popup Popup + Force ATOws
amows popup +
force

ATOWS +

Feedback method

Figure 8. Difficulty of ability-to-ignore advice. Haptic
feedback was not significantly worse.

6 CONCLUSION

Humans live in an environment in which touch iseuery-day,
integral part of their existence. It is thereforgpsising that the
norm in the computing world is an environment devof touch.
When we have the ability to construct a differedlity (a virtual
reality) we are free to pick and choose which atspet the real
world to reproduce, which to leave out and whichrtodify, to
suit our purposes.

Three dimensional motions are more complex thasetio two
dimensions. The motion of a human hand in spatieeisesult of
several individual, but co-ordinated, angular moeats of the
wrist, elbow and shoulder joints [14]. We have shothat
performance at sculpting a surface and drawingeaaiti space can
be measurably enhanced by providing a haptic assist
Moreover, we discovered that this does not impbdeuser’s free
will to act against the haptic guidance. Such altewmay come
into play when deciding whether to incur the exgen$ adding
haptic feedback to an application.
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