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ABSTRACT

We present two studies to assess which physicariamnfluence
3D object movement tasks with various input devi&iace past
research has shown that a mouse with suitable m@ppi
techniques can serve as a good input devicesdare3D object
movement tasks, we also evaluate which charadtsristf the
mouse sustain its success.

Our first study evaluates the effect of a suppgrtsurface
across orientation of input device movement andplays
orientation. A 3D tracking device was used in ahditions for
consistency. The results of this study are incasieq) no
significant differences were found between thedectexamined.
The results of a second study show that the mouggedorms
the tracker for speed in all instances. The presefsupport also
improved accuracy when tracker movement is limited2D
operation. A 3DOF movement mode performed worstalize

CR Categories and Subject DescriptorsH.5.1 Information
Interfaces and Presentatioft Multimedia Information Systems
— virtual reality. H.5.2 [Information Interfaces and
Presentatior]: User Interfaces iput devices, interaction style.

Additional Keywords: 3D manipulation, comparing devices

1 INTRODUCTION

Many research studies have targeted the developofientuitive
3D manipulation techniques for virtual environmer®wever,
to this day, it is still far more difficult to penfm simple tasks in a
virtual reality (VR) setup compared to conceptualipilar tasks
in a desktop environment. Consider, for example rétative ease
of moving a desktop icon, and then compare thteegroblem of
moving an object in a 3D virtual environment.

Most previous
manipulation techniques for use with 3D input desisuch as
trackers and wands, which allow the user to contimpl to
6 degrees of freedom (DOFs) simultaneously. Howetke
mouse often outperforms these devices for comneksta many
systems, although 3D devices seem better suitduettask. User
familiarity may play a big factor here; most peopke a mouse
extensively in day-to-day computing and have veimpitéd
experience with 3D devices. Another factor is tiraehsionality
of the task. It is more difficult to accurately fas an object in
3D space than in 2D space, mainly due to the iathdit degree(s)
of freedom in which the object can move. Anothatda is that
the mouse requires a supporting surface on whidpérate. This
supporting surface reduces fatigue and hand jafethe user,
providing an advantage over the “free-floating” rement
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associated with most 6DOF devices. On the othed htmis is
also a disadvantage for the mouse, as it is thesuitable for
virtual environments that require full 6DOF moverenfor VR
setups where a supporting surface is impracticgl (AVES).

Furthermore, many VR input techniques couple thepldy
space to the input space, and register the posiiowirtual
objects or cursors with the user’'s real hand(spv@osely, the
mouse is an indirect, relative manipulation deviedhich is
decoupled from display space. In addition, the mausves in a
horizontal movement plane, which is mapped to aticadr
movement plane on a typical desktop computer.

We aim to evaluate to what extent these physicaiofa —
display orientation, input device movement orieintat physical
support, and device characteristics — affect 3Denwent tasks. In
particular, we evaluate the effect of a supporttwgface, as
required for a mouse. Orientation of the displalatiee to the
input device’s movement is also considered. Thi® idetermine
the differences between a direct mapping (e.g.cgdemovement
up to cursor movement up) and the indirect mappised by the
mouse (e.g. device movement forward to cursor mevemp).

The overall goal of this work is to investigate wing mouse is
so well-suited to certain types of constrained 3@vement tasks.
A secondary goal is to determine how these factans also
benefit the design of movement techniques with i§iui devices.

2 RELATED WORK

Previous work on 3D manipulation, especially with nput
devices, and the use of supporting surfaces is ieeghibelow.

2.1 3D Manipulation

A large variety of previous work addresses theafs@DOF input
devices for 3D manipulation tasks [3, 4, 5, 13,. ¥6pgeneral 3D
manipulation task includes both positioning andatiot, and
requires selection of the object to be manipulapgbr to
manipulation. Selection is accomplished either uhfothe use of
a 3D cursor/hand for direct selection or ray castin

Ray casting has been found to be an excellent tamlec
technique for 3D devices [5, 16, 22] and is commarged in VR
systems. Once an object has been selected, ito8iblop is then
linked to the 3D position of the 6DOF device. Moren ray
casting also enables 3D selection with 2D inputiais: For this
the mouse cursor position on the display is usegeteerate a ray
from the viewpoint through that 2D point into theese. Once the
first object hit by that ray is selected, softwaeehniques are
required to map 2D mouse motions into 3D movemestations.
The majority of such mappings require the user tentally
decompose tasks into a series of 1 or 2DOF opesattong the
coordinate system axes. Examples for this are 3Igets, such as
“3D handles” [7] and the “skitters and jacks” teithre [2], or
modes, such as those used by the “DO-IT” techn|tjgk

However, some systems also support 3D direct méatipn
similar to the drag ‘n’ drop paradigm prevalentdiesktop GUIs.
Designers of these systems typically make a setssfimptions,
which permit users to leverage their familiarityttw2D desktop



environments into the domain of 3D virtual enviramts. All of
these techniques introduce some kind of constramtachieve
this. At the simplest level, gravity and collisi@voidance are
used to ensure objects
interpenetrate each other. A more advanced approadiives
pre-programming specific constraints such that aibjébehave
according to human expectations. For example, l ss$s on the
floor; a desk lamp sits on top of the desk, et€].[1

Recent work introduced a more generalized slidimggigm in
which objects always stick to other objects in $bene, and slide
along their surfaces when dragged with the moubkes Uses the
constraint that (almost) all objects in the reatld@re attached to
other objects. This sliding technique was empilycal
demonstrated to be superior to indirect approacues as 3D
widgets [14], and was also shown to outperform 3D@fvement
techniques for certain types of scene assembly {d4$4.

2.2 Physical Support and Passive Haptic Feedback

The mouse requires a physical surface upon whicbpgrate.
This is both an advantage and a limitation of theick. It helps
prevent fatigue as users can rest their arm amdpats/ents jitter
that can decrease accuracy of object movementsetdawit also
renders the mouse largely unsuitable for certains€®ps such as
CAVEs, since it constrains usage to locations wisetabletop or
similar surface is present. This problem is exaated in virtual
environments using head-mounted displays, as tke igsalso
unable to see the mouse itself [10].

Nevertheless, the benefits of support have not gommticed
in the VR and AR communities. Previous work attezdpto
combine the best of both worlds by adding a mobitgsical
support surface to traditional VR setups. Most bigtaamong
these are the HARP system [10], the Virtual Notefd&d and the
Personal Interaction Panel [18]. These approachesept virtual
interfaces overlaid over a real physical surfacke(o called a
slate or paddle), which the user carries with th@ther work
used the non-dominant hand directly for support T9je virtual
representation of the slate can feature either 2B widgets.
The goal of these interfaces is to leverage thé dgsects of 2D
and 3D user interfaces, i.e. a 3D virtual environméamtyhich the
user can navigate, coupled with a more familiar iBErface.
Typically a 6DOF input device (e.g. a tracked stylis used to
determine if the user interacts with the slate ahith Ul widgets
are being selected. An alternative is to utilizeegondary input
device, such as a tablet PC, as the slate [6].

Other work has compared 3D interaction on and aifletop
surfaces, to assess the importance of passivechHaptiback in a
display/input coupled environment [20]. They fouticit object
positioning was significantly faster due to the soip offered by
the tabletop surface, but that accuracy was slighdirse.

3 COMPARING INPUT DEVICES

Our goal is to determine the relative importanceasfous factors
that distinguish 3D interaction with a mouse frarteraction with
6DOF input devices. Thus, we chose to compareaatien with
and without a supporting surface, as well as thiectf of input
device movement orientation and display orientatidowever,
directly comparing two different input devices isoplematic
since it can be extremely difficult to account falt possible
confounding factors that affect their performance.

One potentially confounding factor is clearly anffetences in
control space orientation [23]. Another is differéand positions
used with different input devices. Both of thesetdas also relate
to specific muscle groups that may be more ordes®loped and
can affect fine motor control [24]. In particulamput devices that

rest on the ground, and ab n

use fine-motor control muscle groups, such as tiro#ee fingers,
can benefit precision manipulation. However, allogviseveral
muscle groups in the arm to work together, rathantn isolation
can be even better. This is supported by later veankparing
muscle groups in the fingers, wrist and forearne Tésults show
that using multiple muscle groups together tendedoérform

better than just using the fingers alone [1]. Techinproperties
such as tracking accuracy and jitter levels caro atlpact

performance. Furthermore, large differences in muae

distances and/or cursor speed may also play a role.

Consequently, we designed our test environmenlirtorate as
many of these factors as possible. One of the miagisions for
our first study was to use a 3D tracker as thetimavice for all
conditions. However, we also required the useroid A mouse in
the palm of their hand. This “flying mouse” devimembination is
very similar to the Bat [21].

To evaluate the supporting surface while keeping itiput
device constant, we chose to have users move dhketrmouse
on a table. This effectively uses the tracker talate a mouse.
However, the devices are not identical, as the mquermits
“clutching”, i.e., picking up the device to repasit it for long
distance movements. As a 3D tracker is an abs@lasiioning
device, we used a direct mapping between a reclanggion on
(or off) the supporting surface and the displayu§hthe tracker
behaves similarly to a graphical tablet or “puck®., device
position in a rectangular region maps directlydeesn position.

3.1 General Assumptions about 3D Manipulation

While designing our studies, we made several assangpabout
3D positioning. These assumptions are based onrieadiesults,
and conform to generally accepted 3D Ul designtjmas.

The first assumption is that ray casting is a bettwice than
direct 3D selection with 3D devices [5, 16]. Othark indicates
that ray-casting is also well-suited for 2D devicesd even
outperforms 3D devices [22] for selecting 3D olgect

A second assumption is that objects can be consttaio
remain in contact with the remainder of the scen@lmost) all
times [14, 19]. This is based on the observatiat th the real
world, gravity ensures that objects do not floaspace. Hence,
contact is theappropriate default for most virtual environments,
with the exception of flight and space simulatioBsperiments
revealed that the contact assumption is partigulaeheficial for
novice users, but even experts profit from it [8]. 1

A third and final assumption is that collision adaince benefits
3D manipulation. Fine positioning of objects is ajhe aided by
the ability to slide objects into place with caltis avoidance [8].
One reason for the effectiveness of collision ago@k is that
novice users of graphical systems often becomeusedf when
objects interpenetrate one another and experieiffteulies in
resolving the problem. After all, solid objects time real world
never interpenetrate. Hence, this is pheperdefault [8, 14, 19].

We believe that these design decisions greatly orgrthe
immediate usability of VR systems — which otherwis@ require
a great amount of training and are then only ushplexperts.

3.2 3D Movement Technique

The 3D movement technique used here relies on dka Df
contact-based sliding. It is based on the “contagtSumption
discussed above and uses ray casting for seleclioa.sliding
technique ensures that the object being moved remstably
“under” the cursor, yet in contact with other oltgein the scene at
all times [14]. Depth is handled automatically; edig simply
slide across the closest surface relative to tleeveti that their
projection falls onto. This effectively reduces BDsitioning to a



2D problem, as objects can now be directly manipdlaia their
2D projection. It also makes 3D manipulation simi@ drag ‘n’

drop interfaces in modern desktop computing, exteqt it also
affects the 3D position of objects. We chose thl@shhique
because user studies have shown that novicestfinddh easier
to use compared to other VR techniques, such asi8gets [14].

We were also interested in determining how wels tt@chnique
can be used with 3D input devices and how it coemar

4 EXPERIMENTS

Two user studies were conducted to empirically wata the
relative importance of the factors discussed above.

41 First Study: Support and Orientation

This study compared the main factors being examireohd
support, display orientation and device movemenangl
orientation. The goal was to determine to what rxfghysical
support aids the mouse in constrained 3D movemaskst A
secondary goal was to determine if matching theutirgevice
movement orientation to the screen orientationlteduin better
performance than mismatched situations.

41.1 Hypotheses

Based on the results of previous work, we hypoteekithat
participants would perform better overall in thepparted
conditions. The physical surface allows the useregt their arm
and hence reduces hand jitter, improving accur@ue to the
inherent speed/accuracy trade-off in this typeljéct movement
task, we predicted that speed would also improsehay would
have to spend less time trying to accurately pmsitibjects.

We also hypothesized that the standard desktopaglisievice
orientation combination would prove to be the beske to the
participants’ familiarity with it. However, we alsoelieved that
users would generally perform better in conditiamsvhich the
movement plane of the input device matched thahefdisplay,
due to the direct mapping of input motions to curesovement.

Figure 1. a) The experimental setup. The table to the right of the
displays was used for the horizontal support condition, and the
cupboard resting on top for the vertical support condition. The
whole table was removed in the no support condition. b) Hand
tracker and mouse — two fingers lifted to show mouse underneath.

41.2 Participants

Sixteen paid participants took part in the studyeif ages ranged
from 18 to 28, with a mean of 22.45 years. Only padicipant
was female. The average mouse usage for the grasp1d.9
years. All participants used the mouse with thigintrhand.

4.1.3  Apparatus

Tasks were performed in a desktop VR system (Figlag
consisting of a desktop PC with stereoscopic g@plaind 3D
input. This was an Intel Pentium 4 at 3GHz with MIB2 RAM,

and an NVidia Quadro FX3400 graphics card. Two 8@hitors
with 800 x 600 at 120 Hz were used for stereo dispBrightness
and colour of these displays was adjusted to beimfar as
possible. One monitor was positioned upright, dreldther was
supported on its back with hard Styrofoam. The zunial
monitor was inclined ~10° for more ergonomic viegvirwhile
still maintaining approximate orthogonality to theertical
monitor. LCD shutter glasses and a Stereographittez were
used for stereo viewing. Room lights were dimmecdeguialize
glare across both displays, since this could affeareo viewing.

An Intersense 1S900 was used for tracking the 3Bitipm of
the user’s right hand. In this hand, participatdés &eld an optical
mouse and its buttons were used to record “clickénés. The
optical sensor of the mouse was taped over. Alsauobject
movement was recorded only by the 3D tracker, whics
mounted on the back of a nylon glove worn in alhditions.
Figure 1b depicts the position of tracker and marsa hand.

Since the tracker is an absolute positioning devicesmall
rectangle (15x11.25 cm) was marked out on the tableisualize
the mapping of movement to cursor movement ondhees. This
area has the same height/width ratio as the sckégon starting
each trial, the software registered the positiotheftracker as the
bottom left corner of the screen, and placed thesazuthere.
Participants were required to place their handhat position at
the start of each trial. Hand support was providgé table in the
horizontal device movement condition, and a sturdgboard on
top of the table for the vertical input device mamant condition.
These were moved out of the way in the unsuppartediitions.
Small marks on the floor and tabletop ensured thatphysical
supports were always in the same position whersén u

The software was written in C++ with OpenGL andluded
stereo pair rendering to generate the stereosgppjhics effect.
It used the sliding movement technique describeskation 3.2.

4.1.4 Procedure

After an introduction and signing informed consérims, each
participant was seated in front of the system aadngthe shutter
glasses and tracked glove to wear. They were tham @ single
practice trial to familiarize them with the task.

The experimental task (Figure 2) involved moving/esal
pieces of furniture around a computer lab virtuaVinment.
Participants were initially presented with a longknview of the
scene, similar to Figure 2a.

The task required that they move two computer statito
foreground desks, as well as a chair. A printer ttale moved
from the second row to the back-most desk, anéek sif books
from the front-most desk to the second row, riglasmdesk.
Overall, the task involved moving objetto positionA, object2
to positionB, and so on, as depicted in Figure 2b. Figure
shows the completed scene from an overhead viethoégh
complex, the task was intended to assess perfoenana fairly
realistic scenario, rather than examine abstraciom® This task
was selected to make the results more generalizable

Moving a computer station involved moving both thenitor
and the keyboard. Users were not required to mbeentouse
objects in the model, because a pilot study fourad it was too
small to be selected reliably in some of the caodé. Thus the
mouse object was excluded to ensure that the taskd che
completed under all conditions. In total, eachl tiieolved the
movement of 7 virtual objects, of sizes rangingnfreelatively
small (the books) to relatively large (monitor goréhter).

2d



Figure 2. a) View of starting condition (this is what the participants saw for the first study), b) Overhead view of starting condition (for
illustration only), c) View of target scene, d) Overhead view of target scene.

A certain degree of selection accuracy was alsoired in this
task. For example, selecting the top book in thekstvould only
move that book; participants had to select thedootbook to
move the entire stack.

Participants were given continuous verbal feedhihobughout
the experiment as well as reminders on the ordeifinthey
showed signs of confusion about which object to enoext. After
two or three repetitions, they were usually ableeimember the
sequence without aid from the experimenter. Scetation was
enabled, and participants were allowed to changevibwpoint
(accomplished via a drag on the background of tbene).
However, participants were encouraged to use altoy view,
similar to Figure 2b, as it made the task easiértuslly all of
them changed the viewpoint to this perspectiveathetrial.

Participants were also encouraged to take breakseba trials,
particularly in the vertical device conditions, teese were the
least ergonomic and most fatiguing. A counterbadnordering
also helped ensure that participants did not spexignded
periods of time in these conditions. Following theperiment,
they were surveyed for subjective preferences dls we

4.1.5 Design

The experiment was a 2x2x2x4 within-subjects desighe
independent variables were display orientation tis@r and
horizontal) input device movement orientation (&t and
horizontal), support (supported or unsupported) tiadl number
(1 through 4), respectively. Figure 3 depicts atioBnbinations of
the independent variables.

The orderings of support and device orientation ewer
counterbalanced according to a balanced Latin squar
compensate for learning effects across conditidosteduce the
effect of the relatively large time required to ki the display
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between the top to bottom monitor, half of the ipgrants
completed all trials in the vertical display comatit first, followed
by the horizontal display condition. The other haled the
horizontal display first followed by the vertical.

Participants performed the task a total of 32 tint@gerall, it
took approximately 1 hour to complete the serieials.

4.1.6 Results

The dependent variables were task completion tinteagcuracy.
Accuracy was measured by summing the straightdiiséances
between object positions at the end of the taskpeawed to the
target scene. Mean task completion times and acgurgasures
with standard deviations are shown in Figures 4&nd

A repeated measures ANOVA found no significant meffiect
on completion time for display orientation ;@7=0.25, ns),
device movement orientation 4(§:=0.48, ns), or hand support
(F15170.05, ns). A significant effect for trial numbét;6,=8.07,
p<.05) was found, indicating that participants daster with
practice. An interaction between trial number andvick
orientation fell just short of significance(§1:=2.73, p=.055).

For another analysis we split all trials into twoogps: one
where input device movement orientation and displdgntation
matched, and one where they did not. There wasigrifisant
difference (f5;7=0.02, ns). We also compared the effect of
display orientation ordering. Participants whotficempleted the
vertical display and then the horizontal, had a rmeampletion
time of 65.52s and were significantly faster thae 67.24s for
participants who did the horizontal display firdt; £=5.06,
p<.05). However, if the first trial from each cofidin is excluded,
this difference was not significant,(g=2.26, p>.05).

|

'J
'J

=
~

e
—

|

Figure 3. The eight experimental conditions. The left four represent the unsupported conditions, and the right four the supported
conditions. The top four represent the vertical display, and the bottom four represent the horizontal display.
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Due to a software logging error, one accuracy legvfas lost.
Thus, only 511 such measures were recorded. Faramg no
significant difference was found in the three coiodis: display
orientation (k5,570.95, ns), device orientation y(k51.44,
p>.05) and support (f5;:0.17, ns). No significant effect for
display ordering was found on accuracy{f=0.44, ns).

Fourteen of the sixteen participants replied toghestionnaire.
Of these responses, half preferred support, arfddichinot. The
display/device orientation combinations were rankedrder of
preference on a scale of 1 to 4, with 1 being mposterred. The
ranks for these combinations were analyzed witmeskal-Wallis
ANOVA and were found to be significantly differe(ii;=26.32,
p<0.0001). The mean rankings for each combinatienewi.42
for the “standard desktop” (vertical display, horital device =
“VH") configuration, 2.14 for the “HH” condition, .86 for the
“VV” condition, and 3.57 for the “HV” configuratian

4.1.7 Discussion of Device and Display Orientation

The results of the first study are inconclusive avel could not
determine if input device orientation and displaigotation affect
performance in constrained 3D movement tasks. Maeahe
statistical power of all tests was fairly low (imetrange 0.1-0.2),
suggesting that manynore participants would be required to
reliably detect significant results for the conditions.
maximum difference between similar conditions sodless than
20%, i.e. the magnitude of any potential effectiso limited.
Only the nearly significant interaction betweeraltrand device
orientation shows that participants were almostifigantly better
with the horizontal device condition by the fourthpetition
compared to vertical. Considering that significanprovements
were observed with practice, it seems likely thag interaction
effect could become significant with additional eéfons.
However, it is not surprising that users might lyetter faster with
the horizontal device; not only is this conditioromna ergonomic
but it is also more familiar due to its similaritythe mouse.
During the experiment, we observed that participaoiten
moved the device diagonally in the unsupported itmms. This
was impossible in the supported conditions, as digporting
surfaces physically prevented it — device movemerds
constrained to either the vertical or horizontal pl@ane. This
could explain why no significant effect was founar fdevice
orientation. However, if motion was diagonal in alisupported
conditions, we could expect asymmetric learningrsishould get
better faster in the unsupported conditions. Howewve evidence
of this was found. This may suggest that propriticepalone is
insufficient for users to accurately move in a &nglane of
motion in free space. Several participants’ comsienpport this:

The
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Figure 5. Mean error distance by condition (study 1).

they were able to constrain their hand motion ® 2B planef
they watched their hand, but not when relying solein
proprioception (i.e. without looking at their hand)

Since display ordering showed an effect on task pietion
times, it seems that counterbalancing was not ceteiyl
successful. However, the effect was quite smalloab2%
difference) and disappears when the first triaffreach condition
is excluded (i.e. the difference disappears witlactice). In
addition, nothing is evident in terms of accuradjhus we
attribute this to the relative unfamiliarity of arizontal display.

One potential confound in this study is that pgtats were
allowed to freely rotate the scene. However, olat@ms during
the experiment show that the scene rotation itselk only about
1-2 seconds (i.e. a very small percentage of treratlvtime).
Moreover, virtually every participant rotated teeémly) the same
overhead view in each trial.

Overall, the lack of significant effects promptéuk tdesign of
our second study. We decided to focus on the stmoodition.
Consequently, all other factors where no significdifferences
were found were “collapsed” and only the verticapthy and the
horizontal device movement conditions were useth& second
study. This was done to decrease the variabilitywéen
conditions and to focus on any potentially sigrifit effects.

4.2 Second study: Mouse and 3D Tracker

The goals of this study were to further evaluatgsptal support,
and to determine what other features of the mouseent a good
input device for constrained 3D positioning. Consatly, we
decided to directly compare the mouse to the 3Ek&rin several
conditions, including the 2D movement modes usexvatas well
as a full (i.e. unconstrained) 3DOF movement mode.

421 Hypotheses

The first hypothesis of this study was that the ssowvould
outperform the tracker in all conditions. This abuhdicate that
the most plausible explanation for the resultshef first study is
one of the features that were not investigatechat study. One
such feature is tracking resolution. Based on previwork [14,
19], we also predicted that an unconstrained 3D@gker would
be slower than all other conditions, including #i2 constrained
tracker conditions.

422 Participants

Ten paid participants took part in the study. Agegged from 19
to 26 years, with a mean of 22.1 years. Five weateand five
were female. All used the computer mouse with thigiit hand,
with an average of 13.4 years of usage.
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4.2.3  Apparatus

Tasks were performed in the same desktop VR sysisimg the
same displays and stereoscopic system. Only thicalemonitor
was used in this study.

This study used an optical mouse as well as th@dSgacker
used in the first one. One of the five conditiosed the mouse,
with its speed set to match the tracker as cloaelpossible, and
all acceleration/enhancements disabled. All otloerditions used
the 3DOF tracker in a variety of modes. The trackas worn in
all conditions. The table was used to support tloeise and the
supported tracker conditions. The tracker againraipd as an
absolute positioning device. Most of the trackenditions used
the same 15x11.25 cm rectangle to represent th@ingpo the
screen. However, one condition increased the ar&%22.5 cm
to investigate the effect of an increased relativacking
resolution. This mode provided approximately a tmene
correspondence between screen size and input area.

The fifth condition used the tracker in full 3DO4gitioning
mode. Selection was still done via 2D ray castibhgt once
selected, objects could be freely moved alonghadieé world axes
(without sliding). Collision avoidance was still aled in this
mode. Object movement was directly mapped to trapksition:
moving the tracker up caused the object to moveangsvin the
scene; moving the tracker towards the screen catsedbject to
move “into” the scene, etc. Speed of object motionthis
condition was set to be virtually identical to thimer conditions
(excluding the large area tracker condition).

4.2.4 Procedure

Participants were first introduced to the experimand signed
consent forms. They were then given a practicétigamiliarize
themselves with the task. In addition, they wereegi verbal
feedback throughout the experiment until they waide to
remember the task without aid (typically within 23trials). The
task was the same as in the previous experiment.

Since practically all participants rotated the scetp an
overhead view in the first study, we set this as tlefault
viewpoint and disabled scene rotation in this stuggllowing
completion of the experiment, participants wereveyed for
subjective preferences.

425 Design

The study was a 5x6 within-subjects design. That facctor was
input technique and the second was trial numberve Hinput
techniques were compared: mouse, “mouse emulatiarge
area mouse emulation” (30x22.5cm mapping), “aius®
emulation” (as mouse emulation but without suppatd 3DOF
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Figure 7. Mean error distances by condition (study 2).

mode. Note that the “mouse emulation” mode wastidaito the
supported horizontal device condition from the tfirstudy.
Similarly, the “air-mouse emulation” mode was ideak to the
unsupported horizontal device condition from thstfstudy.

Participants performed a total of 30 trials eachtottal, it took
them approximately 1 hour to complete the experimen

4.2.6 Results

The dependent variables were again task compldtine and
accuracy. ANOVA showed a significant difference iask
completion time between the five conditions,,{§=61.19,
p<0.0001). Tukey-Kramer post hoc analysis indicatieat the
mouse condition was significantly faster than #iles conditions.
All three of the 2D tracker conditions were not nsfigantly
different from one another. Finally, the unconstesi 3DOF
tracker condition was significantly slower than athers. The
mean times for these conditions are visualizedguife 6.

A significant difference was found in accuracy begw the five
conditions (f7205=4.65, p<0.005). Tukey-Kramer revealed that the
mouse and mouse emulation conditions were signifiganore
accurate than the 3DOF condition. However, no otloeditions
were significantly different. Figure 7 summarizée tmean error
distances for each condition.

This time, participants clearly preferred supponstth an
average of 1.4 on a 5 point Likert scale (1 beirgth Ranks for
the 5 movement techniques were analyzed with ak&tu/allis
ANOVA and were found to be significantly differefii, = 12.52,
p<.05), with mean preference scores of 1.6 forntoeise, 3 for
“mouse emulation”, 3.6 for “air mouse emulation’3 3or “large
area mouse emulation”, and 3.5 for the 3DOF trackerdition.
Post-hoc analysis revealed that preference for theuse
technique was significantly higher than all otheshniques, with
the exception of the “mouse emulation” techniquieer& was no
significant difference in preference between thmai@ing three
techniques.

4.3 Overall Discussion

As discussed above, one concern in the first stwdg that
allowing scene rotation might have confounded thesigh.
Participants might have been moving objects frorffedint
screen locations. To further address this, we aedlytwo
conditions that were present lroth studies: “mouse emulation”
and “air mouse emulation”. If the viewpoint rotatiohad
confounded the results, we might be able to seerdflected as
significant differences between the identical ctiods across
experiments. However, comparing all trials for the®nditions
indicates that neither speed;fk~=1.03, p>.05) nor accuracy



(F32470.47, ns) were significantly different. Analyzingnly
corresponding unsupported conditions and suppartexlitions
also fails to show any significant differences.

As the second study had two more trials than th&, fthe
additional learning may have resulted in betteffggarance. To
account for this, these analyses were repeatechiyntiee first 4
trials. Again, one-way ANOVA showed no significatifference
in speed (E20+~1.38, p>.05) or accuracy {ks0.13, ns). Also,
neither the “air-mouse emulation” nor the “mouseutation”
conditions showed any significant differences asmgeriments.

Given that scene rotation time was small compadhe
overall times and that we failed to find any sigi@ht differences
between identical conditions across studies, weotigsize that
scene rotation probably did not confound the ftatly.

Another issue is that the complexity of the taskdug both
studies increased the variability, thus makingatder to detect
significant differences between conditions. As dised, we
selected the task to improve the external validityhe results —
perhaps at the cost of internal validity. Howeerticipants were
given a “recommended” ordering of object movemethising
practice, and almost all adhered to it. Additiopalivhen they
showed signs of confusion as to which object to enoext, the
experimenter would provide verbal instructions adotw to the
recommended ordering. All of this leads us to lveli¢ghat our
results still address major aspects of our resegoels.

431 Physical Support

The lack of effect for support appears to contragievious
findings [10, 20]. However, one difference is tipa¢vious work
[10] used a two-dimensional task: direct manipolatiof 2D
shapes in a plane. Moreover, unlike other previgask [20], the
input space in our experiment was disjoint from display area,
which is characteristic of the mouse condition. sTi also a
feature of the Bat input device, which matches trneda
movements of the input device to virtual object exment [21].
We attribute the difference in our results to thésetors. We
hypothesize that a different input strategy thgtsters the display
with the input device (e.g. a stylus/touch-screemy benefit
more from support compared to unregistered appesach

Another possible explanation for the lack of diffieces is that
the 2D sliding movement technique used here maee 3D
movement task equally difficult (or easy) for alput conditions
in the first study. Thus, the sliding technique nh@ye had much
more influence on the results than any of the itigated factors.
This is supported by previous work [19], which repd “three-
tiered” results similar to the second study: trackenditions
using the sliding movement technique were bettan tihe 3DOF
technique, with both being outperformed by the reoltowever,
it is important to realize that a cross-device carigpn with
differentinput mapping techniques evaluates also the tqaksi

The subjective findings from the first study sugdgdsthat
participants were undecided as to the benefits wbpesrt.
Comments made by participants ranged from “l didiike
vertical support at all” and “Support felt a bitsborn” to “Lack
of support didn't seem to affect the results” andhsupported
conditions were uncomfortable”. However, users tyeareferred
support in the second study, as well as combinatidrtonditions
that more closely resemble a desktop environmeinteSthese
conditions performed best, this is more in line hwjtrevious
findings about the benefits of support.

43.2 Equipment Differences

The extensive familiarity of people with the mouswist be
considered. Prior to the using 2D constrained gadonditions

for the first time, participants were warned th#th@gh the
device felt (physically) like a mouse, it did nathHave quite like
one: the tracker used absolute positioning, and did not require
clutching. Participants sometimes tried to clutch nove the
cursor more quickly but this had no effect sinae dlevice tracked
equally well on or off the table. Clutching occutnmost often in
the large area tracker condition in the secondystiithis is a
potential reason why the large area tracker canditlid not

perform as well as the mouse emulation, despiteinbeeased
relative spatial resolution. However, as the cdrdisplay (C-D)

ratios for the conditions were the same and inpad linear (i.e.
no acceleration), one would not expect a differesee e.g. [12].
Another potential reason is that the differences due to
variations in muscle usage for the larger intecactarea, but as
the range of motions is not that different, thialso improbable.

The main motivation behind including a large trackiarea
condition in the second study was a concern abiwifpbtential
effects of resolution. According to specificatiottsg 1S900 offers
0.75mm resolution, which translates to 200 samipkde a 15cm
distance. This was mapped to 800 pixels on theescr&his
mismatch in resolution may have degraded performafthe 3D
tracker relative to the mouse. In practice, thekiea delivers a bit
better precision, so this is a conservative esgmidbwever, the
mouse has a much higher tracking resolution thaD@F tracker.
Optical mice offer between 400-1600 dpi, which esponds
roughly to 0.05-0.01mm resolution, i.e., betweere @nd two
orders of magnitude better than the tracker.

This difference in tracking resolution is argualihe most
plausible explanation for the outcome of the secstndly. The
overall familiarity of users with the mouse, thegence/absence
of support and differences in how the devices moaet much
less probable, but cannot be ruled out. Most likelye to the
relative unfamiliarity, the unconstrained 3DOF kac mode
showed the strongest learning effects in the fest trials. An
ANOVA was performed to determine after which trial
participants no longer improved significantly. Tlast significant
improvement in speed occurred between trials 23afid ;5~4.41,
p<.05). In other words, starting with th& Fial there were no
observable learning effects and the learning cumefésctively
flatten off even for the 3DOF mode. Although itinspossible to
predict long-term learning effects from only 6 Isiathe evidence
suggests that it is unlikely that more training Vdallow the
3DOF mode to match the other conditions withouteesive,
long-term training.

4.3.3 Muscle Groups

To avoid confounds, we used the same “top-downp gm the
mouse, with the tracker on the wrist in all corahs. Such
confounds could arise if, for example, a 3D wanpuindevice
was used in the unsupported conditions. This isuiee different
muscle groups would be used to perform motionscesiane
typically holds a wand-type input device with thanld rotated
~90° relative to how one holds a mouse. This ie algpported by
previous work [1, 24], which showed that using eliént muscle
groups affects performance in 6DOF docking [24] Bittls tasks
[1]. Since our experimental task was made up oérshof these
simple motions, differences between devices woikdly be
exaggerated. Consequently, we used the same dmwideination
throughout the experiments to ensure that (apprately) the
same muscle groups were used in all conditions tlaunsl provide
a more level playing field.

One participant pointed out that they noticed theyved the
mouse with their fingers for fine motions. Since tinacker was
mounted on the back of the hand, fine motor contnotions,



such as adjusting the mouse with the fingertipgewmlikely to
have been recorded. This may also account for iffierehces
found.

5 CONCLUSIONS

We conducted two studies comparing factors affgctire choice
of input devices for constrained 3D positioningkgsThe first of
these studies compared the effects of matching ismaiching
device movement plane to the orientation of theesty and the
presence or absence of a supporting surface. Tewprise, no
significant differences were found between thesalitmns.

The second study compared the mouse to a 3DOFetrack
several conditions. The tracker conditions includedmouse
emulation mode with and without support, as inftre study. A
larger area mouse emulation mode with support arRBD@F
movement condition were also included. The resslisw a
significant difference in speed between the mouskal tracker
conditions for speed and accuracy. The mouse peerbest,
followed by the mouse emulation mode. The 3DOFkgaenode
performed worst, with the remaining constrainedkeast modes in
between. These results lead us to conclude thathaXed
movement techniques can be effectively used with dédices
such as trackers. In our second study, a slidirsgdbanovement
technique operated with a 3D tracker consistenitperformed a
full 3DOF movement technique, even with collisici@ance.

However, the mouse outperformed all tracker cooadgi Given
the state of current tracking technologies, ouultsdead us to
recommend that for fine-grained manipulation, desig should
consider the use of the mouse, tablet, and toucresfpen based
systems as current 3D trackers simply cannot taaghrecise.

5.1 Future Work

We are interested in studying other input devicekitther assess
which properties lend themselves to intuitive 3Dnipalation

interfaces. In particular, we intend to look atthigrecision 3D
input devices, such as the Phantom. Such a stugyhelp to

determine how important tracking precision reaflybut one has
to account for the different grip and working spagerelated

avenue for future research is further analysishef differences
between muscle groups used to operate various eevim

particular, if accurate finger tracking in free eduld be achieved,
would this improve performance to mouse-like le?elde also

plan to investigate tablets, as these devices geavigh precision
and are well suited to the sliding 3D movement méephe.

A final area for future research is to examinedffect of scene
orientation compared to display and device oriéortatWhile
designing the first experiment, we considered idicly scene
orientation (e.g. top-down view vs. side view) asfaator.
However, as the experiment was becoming too lavgechose to
exclude it. We intend to revisit this in the future
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