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ABSTRACT the visual consequences of those actions. In tise c&

In many environments, it is often the case thatiirip made  desktop computers, most users appear to easilylehamel

to displays that are positioned non-traditionallyative to  transformation of mouse movements on a horizonidhse
one or more users. This typically requires usensetdorm  to cursor movements on a vertical display. However,
interaction tasks under transformed input-displgatigl research [4, 13, 23, 24] has shown that performafce
mappings, and the literature is unclear as to howhs motor tasks can incur significant penalties undesrem
transformations affect performance. We present twodramatically offset input/output spaces, such amted
experiments that explore the impact of display epac mappings of up to 180While these penalties are reduced

position and input control space orientation onrsse with practice, they are typically not completelinghated.
subjective preference and objective performanceain

docking task. Our results provide guidelines asptimal
display placement and control orientation in catliative
computing environments with one or more sharedlalysp

It is important that designers of environments emiplg
shared vertical displays consider these penalties:
example, if a system designer wishes to build detab
centred environment augmented with a single vdrtica
Author Keywords display, where should that display be positionedatow
Input-output mappings, spatial transformation, perfance for optimal use by each participant seated aroheddble?
Furthermore, given that it is impossible for sucHisplay
ACM Classification Keywords . to be located directly in front of all participantghat is the
H.5.2 [User Interfaces]: Interaction styles appropriate input/output mapping? Although inforivet it
INTRODUCTION is difficult to apply the results_ of the previoussearch to
In many contemporary computing environments, egigci these new mult_l-user Scenarios becguse the .exmiame
those where multiple collocated displays are usedSeUPs have typlc_ally_posmoneq the display QI;en:t front
collaboratively, such as in the war rooms [1, 214, 27, .Of the user, resulting in only a S'”.‘p'e translagooifset (as
28], and in operating rooms [9, 17], users andrtigiut in the desktop computing scenario) plus the expamtadly

devices are often not located directly in frontaforiented manipulated rotation of the displayed image.
toward, the display of interest (Figure 1). Techhic
solutions to the problem of allowing multiple paipiants to
make input to multiple displays in such an enviremmn
have been examined by Johanson et al. [11]. Uneami
in the literature, however, is a usability problereated in
such an environment: how should displays be pasticto
optimise their use by multiple participants, and atvh
mapping of pointing-device input to on-screen mogat
should be employed for any given screen position?

With the exception of direct-touch and tablet ifdgees, it is
usually the case that the location of user inpuffiset from

Copyright 2006 Association for Computing MachineryACM

acknowledges that this contribution was authored¢mauthored by an
employee, contractor or affiliate of the U.S. Gaweent. As such, the
Government retains a nonexclusive, royalty-freehtrigo publish or
reproduce this article, or to allow others to dg far Government

purposes only. Figure 1. The Southwest Securities Financial Market Center

CHI 20086, April 22-27, 2006, Montréal, Quebec, @ma at Baylor University is an example of a modern, tale-centred
Copyright 2006 ACM 1-59593-178-3/06/0004...$5.00. environment augmented with multiple vertical displays [10].




Although it is intuitive that the traditional mamg of
moving the arm forward in order to move the curgmward
on the vertical display is ideal when facing towale
display, it is not at all clear what happens whean display
is moved such that users are no longer facingéctly. Is
the ideal mapping body centric,

display centric, such that movement toward the ldisp

should move the cursor upward; or, something else

entirely? The previous research suggests thattseethe
wrong mapping can have a significant
performance, resulting in penalties in time andueacy of
well over 100% [3]. In this paper, we present twadges
that investigate the effects of display space looaand
control space orientation on interaction perfornearn the
first study, we varied the position of the dispkayd gave
participants dynamic control over
orientation of the input space while performing acking

such that forward
movement should continue to move the cursor upwaird,;

effect on

the position and

on horizontal plane are mapped to a vertical scréée
position of the control space on the table candred.

Control space orientation refers to the rotational
transformation of the control space about the axis
perpendicular to the table surface (Figure 3). Nibtat
control space orientation is relative to the topthaf table,
and not to the display space position. To distiglgui
between the two, we use compass directions (N8«th,
etc) for display space position, and angles 4&, etc) for
control space orientation.

task. This enabled us to determine how users rigtura Figure 2. Display space position: location of thecseen relative

orient their input spaces when confronted with kigp in

varying locations. In the second study, we forced R

participants to use a particular orientation of theut
space, allowing us to determine performance inrioge
fixed configurations typically found in real envimments.
In combination, these experimental designs coveroad
range of possible display and control
location/orientation scenarios, and the results taip
designers of collocated collaborative environmemizke
informed choices as to the placement of sharedajis@nd
their input devices.

TERMINOLOGY
To facilitate discussion of these issues, we fulsfine
several terms that we will be used throughouthiser:

Display Space

The virtual display where the user sees the resiltser
input manipulations is defined as tlésplay spaceWe
define the display space to be a two-dimensiondiozdly-
oriented plane, located at various positions ardhedable
at which the user is seated. We assume that thmadis
faces the user’s body (but not necessarily fadegfitont or
face of the user) such that the centre of the aljsp the
point that is closest to the user. Figure 2 shdveslabels
we assign to the different display space positionsur
experiments. For example, a display facing the umer
located behind her while she is seated at the fahd¢ the
“S” (south) position; a screen facing the user tedao her
left is in the “W” (west) position.

Control Space
The area used by the user to provide input to ystem is

defined as theontrol spaceln this paper, control space is

a two-dimensional input plane with a particularifos and
orientation relative to the table on which it icdted. We
assume that the control-space is on a horizoneiephat
right angles to the display space, similar to theasion in a

standard desktop computer where movements of aanous

space

to the position of the user and table where inputsimade. The
marks the centre of the chair where the user isseated, the
rectangle above it is the table on which input is ade.

Figure 3. Control space orientation: the rotation &the control
space about the axis perpendicular to the table sface. Left:
labels used for the various orientations. Right: @., with a 135
orientation, to move up on the display (top) the e must
move their hand back and to the left on table.

Example

On a standard desktop computer setup, the computer
monitor has a display space position of “N”, and ¢tontrol
space is the area on which the mouse operateshvidic
typically a mouse pad with a control space oriéntabf
approximately ® The control space orientation can be
dynamically changed by rotating the mouse. Figusbaws
another example, which motivates our exploration.

Figure 4. Example of user orienting his control spee to
roughly 135’ to accommodate a display in the S position.



RELATED WORK

We consider two relevant areas of prior work: duodliative
systems where the positions of ancillary vertidgapthy do
not allow the familiarN display position relative to all
users, and results from the psychology literatunekvhave
explored how rotationally transformed input-output
mappings impact the performance of motor contrsitsa

Collaborative Systems

The benefits of a table-centred interaction haweemdy
been explored by several researchers [18-20, 2229b
These include social advantages of collaboratirgp-fa-
face, the physical convenience of a shared tablgisay,
and the enhanced ease of working with a directitouc
interface. Researchers have also found it advaotsge
augment table-centred collaboration with additiolsate-
screen displays. It is this pairing of table-cedtre
collaboration with ancillary displays that is mdigely to
lead to the more extreme placements. When sevesab u
are seated around a table, an ancillary displaitiposd at
N for one user might be E, W, or S to another. éliph it
may be possible to limit any adverse effects ofpldig
positioning by not allowing users to sit along soedges of
the table, it cannot be entirely eliminated if dle
advantages of table-centric interaction are to &ieegl. To
date, there has not been any investigation asetdntipact
of ancillary display positioning in such spaces.

A study of a related issue was undertaken by SuBailgy

[26] who sought to determine the optimal relativstahce
and angle of two vertical displays when performiag
docking task requiring the movement of the doclatject

from one display to another. In conjunction witlstivork,

our results could be used to inform designers ashéo
optimal position of multiple displays, in additioto

providing the optimal control space orientation.

In some of this previous work [25], users could e the
ancillary vertical displays in order to interactthwithem,
while others advocated a more table-centric approdwere
all interaction occurs while users remained sedfied.
Nacenta et al. [16] compared techniques for maatmgd
virtual objects between a tablet and ancillary digp and
found that the most effective was a radar view aagi,
where a portion of the tablet is used to contr@ thput
space of the ancillary display. Although they pdevia
thorough comparison of known techniques, this stoly
considered the situation where the display is platehe N
position, and the control space orientation is givat 0
The problem is exacerbated when multiple userseated
around a table and it is physically difficult fovezyone to
be optimally oriented to one or even multiple sungding
shared display(s) (e.g., Figure 1 and [1, 2, 7,4,17, 27,
28]). As such, their work does not provide guidaicé¢he
more general situation where ancillary displays nieey
positioned anywhere around the table and/or whbee t
control space may be at a norofientation.

Effects of Control Space Orientation on Performance
Psychologists and cognitive scientists have londist the
effect of distorting the orientation of control sparelative
to the display space. The earliest work, conduatetth
optical prisms mounted on eyeglasses, was condunted
Hemholtz [8] and Stratton [23, 24] in the™6entury. Both
found that inverting the visual input to the eyesuited in
severe disruptions to motor activity, but that thes
disruptions were reduced over time.

Cunningham [3] sought to determine the structurahef
mapping between the visual and motor systems.
Participants sat at a table with a digital tablahd
performed a pointing task on a display orientedicaity
and positioned at N(directly in front of the user).
Performance was measured under control space atit@rg
of 0, 45, 90, 135, and 18Q Participants were instructed
to make straight-line movements between targetshe
pointing task, and the effect of the control spadentation
was measured as the deviation from the optimagdtayy.

A control space orientation of 9@as found to be the most
difficult, while 45 and 180 orientations had the lowest rate
of spatial error relative to'0and the relative difficulty of
the 135 orientation varied between participants.

In subsequent work, Cunningham and Welch [4] exarhin
how people learned multiple rotated control spatkdike
the previous study [3], participants did not do ehblocks
of tasks at a particular orientation, but insteadtched
back and forth between different orientations. Tlaso
measured the effect of different types of cues usqutime
participants to the orientation used in the tridiey found
that, with practice, these cues could significandigluce the
interference effects of switching between orieotagi

GOALS OF THE PRESENT WORK

Although there is substantial subsequent reseacii?,
21] that extends the work of Cunningham and coliesg
none has examined the issue of how control space
orientation impacts performance under differentpldig
space positions. User preference for control oot and
display position has also not been investigatedh Bloese
issues are of significant importance not only te tesign
of collocated collaborative environments but alsoour
basic understanding of human capabilities whendagith
transformed input-output mappings that are morepterm
than the rotational offsets studied to date. Wek sie
explore these issues via two experiments, and fapabi
attempt to answer the following questions:

1. Which display space position do users prefer when
given a choice? Which do they prefer the least?

2. Given a particular display space position, whattn
space orientation do users prefer?

3. Given that in real environments it may not be passi
to position displays and orient control spacesuerg
user’s preference, what is the penalty on perfoomah
either or both of these preferences are not met?



EXPERIMENT 1: ADJUSTABLE CONTROL SPACES

Goals and Hypotheses

In this first experiment, we sought to answer arst ftwo
research questions: what are users’ preferencésrespect
to display space position and control space oriema We
also partially explored our third question by askin
participants to perform a task with the display cgpa
positioned at each of the eight possible locatigigure 2)
while allowing them to orient their control space they
wished. The impact of a fixed control space is esgd in
the second experiment.

positions throughout the experiment, each of whics
marked with tape on the floor, and positioned 140fiom
the centre of the chair upon-which the user sgietdorm
the study. Figure 6 illustrates.

The software used for the experiment was writteddna,
and was executed on a 3.2GHz Pentium PC running
Microsoft Windows, which was disconnected from all
network traffic. Both the plasma display and overide
projector were driven by a graphics card runningaat
resolution of 1024 x 768 pixels with a 60Hz refreate.

Based on the results of previous experiments in the

literature and our experiences with collocatedaatgntric
multi-display environments, we formed several hiieses:

H1:
H2:
H3:

Participants would most prefer the N displagition.
Participants would least prefer the S displagifion.

Display space position would have a significampact
on the selected control space orientation.

H4: Participants would generally orient their inmpgace
such that the traditional mapping of forward/up \ou

be maintained (Cfor N, 45 for NW, 90 for W, etc).

H5: Display position would have a significant impam

performance.

H6: Performance would be best at display positiomst

preferred by the participants.

Apparatus

The participant sat in a chair in front of a tahlppn-which
was placed a DiamondTouch [5] tabletop multi-panmgut
surface. Although the DiamondTouch is capable dihgc
as a touch-input device, we did not make use sfftature;
instead, as was done by Cunningham [3], input wadem
using a stylus, effectively turning the DiamondTiuto a
large input tablet. Since our intent in this exp@mnt was to
allow participants to orient the control space asgyt
preferred, we built a simple plastic template des@yto be
manipulated by the non-dominant hand and trackethen
DiamondTouch. The position and orientation of ooener
of the control space was mapped to the boundafid¢isi®
template, allowing participants to easily repositiand
reorient the control
appropriately. A ceiling mounted projector displdya
green rectangle on the DiamondTouch to provideuther
with a visual indication of the extents of the gohspace.
The control space was 17x13 cm while the Diamondfou
surface was 67x51 cm, thus allowing the participemt
manipulate the control space over a reasonable atea
stylus was held in the dominant hand and its imgag only
effective when used within the control space cdigdoby
the non-dominant hand. Figure 5 illustrates thisaaptus.

space by moving the template

Figure 5. Control space and stylus input. (left): Bsition and
orientation of the control space was achieved by méulating
a physical template held in the non-dominant hand(right):
Diagrammatic illustration of the relationship between the
template and control space: the red L-shape represts the
template while the green rectangle represents theatrol area.
The arrow indicates the “up” vector for the control space
(arrow is shown here for illustration only, and wasnot
displayed during the experiment).

Figure 6. Display and input table. (left): plasma dsplay on
cart used to vary the display’s position. (right):table and chair
used in the study. The 8 possible display space fiams,
equidistant to the centre of the chair, were markean the
floor with tape and the cart placed accordingly.

Task and Procedure

There are three canonical tasks in a GUI: seleqtimoving

a cursor to an object), docking (selection + drigroobject

to a location), and path-following (e.g., steerithgough
levels of a hierarchical menu, or drawing a cunithvhe
pointer). We chose a docking task, since it encasgmthe
simpler selection task and also evaluates movement
trajectories while giving participants freedom tmva in

the wrong direction and then make corrections &ir thath.

For the display space, we used a large plasma rscreeThis task also varies from Cunningham’s work, whigns

(display area approximately 75 x 56 cm) positioagap a
wheeled cart. The display was placed at eight wdiffe

a selection task [3] and then a path-following tfgkwere
used, thus our work contributes in terms of tagkatvian.



The stylus, held in the participant's dominant hand
controlled the absolute on-screen cursor positatections
were made by crossing the stylus over the desilgech
and releasing by lifting the pen from the surfadethe

order of the display orientation sequence, previgas [3,

4] indicates that radical changes in orientation @sult in
significant temporary performance degradation hefor
participants adapt to the new orientation. By usimg

table. Docking tasks were grouped into several pre-sequential presentation, the orientation changeduzly,

computed “walks”, which would begin with a blue agel
positioned at the centre of the screen. Particgpawduld
select this square and then drag it to the posdfoe larger
red square “dock” which would change colour to ghti
blue to indicate success. Participants would th&ntHe
stylus from the surface of the table to complesaiecessful
dock. The red square would then move to a new itmtat
The blue square remains in the same position gatttlaes
not have to be reselected. The blue square isdhayged
again to the red square’s new position, and thecess
continues for four different locations of the reduare.
Thus, four docking tasks are accomplished in easth s
“walk”. Figure 7 illustrates:

Figure 7. The docking task used in experiment 1: Rcipant
touches the pen to the table, 2: crosses the blulgject to select
it, 3: drags blue object to the red dock, 4: whenegleased the
red dock moves to a new location.

thus averting this temporary spike, and reducirgy time
required to adapt to the new orientation. This ingsortant

as our focus was to measure true, adapted perfaemain
each orientation, rather than any transitional otffe
Further, by starting each participant at a différen
orientation, each orientation appears in a differen
presentation slot per participant (i.e., P1 seateOt first,
Order 2 second, etc. P2 sees Order 2 first, Ordsycdnd,
etc) resulting in a between-subjects counterbakhnce
presentation order. The direction of movement fache
docking task was randomized but controlled sucht tha
movements in all 8 compass directions were perfdrare
equal number of times by each participant at easplay
position. In summary, the design was as follows:

8 participants x

8 display positions x
40 docking tasks =
2560 total dockings

Results

Preferred Display Space Position
We administered a post-experiment questionnaienswer

Before beginning the experiment, the procedure andgy first question: what are the most and leasfepred

apparatus were explained, and participants weosvad to
practice the task until they felt comfortable withwhich
usually occurred within 30 practice trials.

We recorded the times taken to make the initiabct@n
and perform the docking task successfully, congdce
orientation throughout the experiment, and the remrdf
errors. An error occurred when the blue squarerelesased
outside the red square. To prevent participants fiacing
through the experiment”, they had to successfuiynplete
each docking task, even if errors occurred, befbesred
square would move to a new position.

Participants

8 participants (6 male and 2 female) between tles af 19
and 28 were recruited from a local university comityu
and our lab, and paid $20 for their time, irrespecof
performance. All were right-handed, had completeldast
one year of a Bachelors degree, and had little do n
experience working with stylus, tablet, or tableioput.

Design

Each participant performed 40 docking tasks fohezcahe

8 display positions. To counterbalance for learrefigcts,
each participant began with a different display cgpa
position and then worked through the remaining spldiy
positions in counter-clockwise order (i.e., papant #1
began with the display positioned at N, then NVéntiw,
etc; participant #2 began with the display posiidat NW,
then W, etc).. Although we considered randomizihg t

display space positions? Table 1 summarizes thdtses

Participant Most Preferred Least Preferred

1 N S

2 NE S

3 NE & NW S

4 NW S

5 NE S

6 NE SwW

7 NE & NW SE&S

8 N SwW

Table 1. Preferred display space position for eacparticipant

That most participants least preferred the S dyspleace
position confirms Hypothesis H2. This is unsurprissince
S represents the greatest offset between hand iapthyd
positions, thus requiring the least comfortable tyes
Participants cited body comfort as the primary oeafor
selecting S as their least preferred display spexsition.
Much more surprising is that participants predomihya
(75%) selected a display space location offsét fddm a
traditional, N position. Although all participantgere asked
to provide an explanation for their selection, neves able
to articulate their preference to their satisfattia typical
response, stated by participant 3, was “it justsféetter”.
Based on these results, we reject hypothesis Htl nde
that this may well vary by input device, and suggdést
designers consider the ergonomics of their inputicge
before applying this particular result.



Preferred Control Space Orientation per Display Position

Our second research question, what is the prefeostiol-
space orientation for a given display space pasitigas
answered by allowing the participants to dynamycall
reorient their input space throughout the experinmam
recording the results. Table 2 summarizes the geera
control space orientation each participant usedsscthe
entire experiment for each display position.

Display Location Control Orientation ()/degrees
S 27.2 45.8
SE -35.1 21.3
E -26.0 19.9
NE -13.3 154
N -4.7 14.0
NW 12.6 18.1
w 225 34.1
Sw 36.9 32.7

Effect of Display Space Position on Performance

Although we only had eight participants, they coetpd a
total of 2560 docking tasks. This large numbervedlaus to
make a number of statistically significant conobuns.

We first measured performance as the time requiced
perform the entirety of the task from selectiontlué blue
square until it is successfully docked with the sepiare.
Analysis of variance showed a significant main efffor
display space position on task completion time {& =
10.74, p < .0001), confirming hypothesis H5. Pasewi
means comparisons across all participants revetiat
performance at screen positions N, NW, E, and Wewert
significantly different from one another, but wdrem the
rest, as was the case for S and SW; SE and NE were
significantly different from one another and frohetrest.
However, the magnitude of the performance diffeeenc
between positions was not very large, as showralmerl 3.

Table 2. Mean control space orientation () and variance ()

S SE E NE N NW w Sw

across all participants for each display-space pdsin.

Time | 1255| 1176 1112 1024 1088 1113 1110 1227

Display position had a significant effect on thentol

% 23% | 15% | 9% 6% 9% 8% 20%

space orientation selected by the user,dE 9.032, p <
.001), thus confirming Hypothesis H3. There was as
significant user x control space orientation intdien (F 49

= 1181.21, p < .001). Coupled with the high vargreeen
especially at the more extreme screen positionss th
suggests that significant individual differencestween
users may play a role in their preferred orientatiigure 8
shows the mean control space orientation used iy eser
across the experiment per display space position.

Figure 8. The direction of each line indicates thenean control
space orientation for a participant for a display gace position.

Predominantly, participants chose their orientatanthe

beginning of a block of trials at a given displpase

position, and rarely changed their control spadéentation

during a block. We measured both inter-trial rectdion

(changed in orientation between trials) and intia-t
reorientation (changes in orientation during al)tri®©n

average, for each participant, when the first tdaleach

block was excluded, instances of inter and intia-tr
reorientation in excess of dlid not exceed 6 trials.

Figure 8 illustrates the general trend of orientimg control
space in the general direction of the display. Witle
exception of participant 1,who kept the controlcpat an
orientation of @ for the entirey of the experiment,
participants did not strictly maintain the traditéd
forward/up control space orientation, regardlessvioéther
we consider forward/up to be away from the body or
towards the display. We therefore reject Hypotheldis

Table 3. Average task completion time in msec forlla
participants for each display position, as well akow much
slower (percentage) participants were to completehe task at
that display position relative to the overall fastst one (NE).

We also examined the path traversed by the paatitsp
during the docking task. Unlike Cunningham [3], diel
not instruct participants to attempt to move irtraight line
when performing the task. As such the resultindhgah
our experiment are more reflective of how users hinig
perform such tasks in a real application, thuseasing the
ecological validity of our results. Motivated byeprous
research on input coordination [15, 30], we comgutee
ratio of the total length of the actual path to tideal
minimum-length straight line path. This metric pid»s an
indication of the amount of additional distancetiggrants
travelled by deviating from an ideal path. We retdng that
this metric only considers path length and not the
complexity of a path as might be, for example, mead by
the number of turns. However, given that path cexipt
metrics are not the focus of our research, we chmsely
on the established [15, 30] path length ratio roeffihere
was a significant main effect for display spaceitmms on
this path ratio (F 1786= 8.01, p < .0001). There was also a
significant correlation (R.72) between this ratio and
performance time, which is expected as larger imotat
imply a longer path which require more time to cdetg
In combination, this further supports Hypothesis H5

Errors were measured in two ways: a trial was deetoe
have been erroneous if the participant releasedbthe

square before placing it in the red dock, or if thlee

square entered the red dock’s area and exited dgddane

being released. There was no significant effectdisplay

space position or participant on either error roetri



Relationship of User Preference to Performance

Our third research question: what is the effect on
performance of not meeting user preference witheeisto
display space placement and control space orientatin

be partly addressed by the results of this experime
Although the participants were able to adjust tbhatwl
space orientation, they had to perform dockingsh wiite
display positioned at each of the 8 locations, asdsuch
this experiment provides data as to what happensnwh
display position is not at a user preferred locatio

Interestingly, preference did not correlate withtimal

performance: only 4 of 8 participants performeddsswith

their preferred display placement, while only 2 8f
participants had the lowest performance at theastle
preferred display location. We thus reject hypohets

EXPERIMENT 2: FIXED CONTROL SPACES

Goals and Hypotheses

In the first experiment, our third research questiohat is
the effect on performance of not meeting user peefe
with respect to display space placement and cospate
orientation, was only partially explored in that akowed
users to manipulate the control space to theirepred
orientation. In this second experiment, we furtbgplore
this question, this time using a fixed control spac
orientation that users could not alter. Thus, #xperiment
considers the situation that is common in real mments
where both display position and control orientatiare
fixed and users have to work within the given pastars.
We formulated the following hypotheses:

H7: Inability to adjust control space orientatioiil Wwave a
significant effect on performance.

H8: Performance at a given control space oriematidl
vary between display space positions.

Apparatus
The apparatus for this experiment was the samenas i
experiment 1, except that the physical template’s

orientation no longer affected the orientation leé tontrol
space. To compensate for the gap in feedback crdnte
the removal of this pairing, we added a visualsatio the
rendered control space: a gradient from greeneabtiitom
(toward 186) to blue at the top (toward’of the space
(creating a ground/sky effect). To provide the same
positioning flexibility as in experiment 1, the tplate
continued to control the position of the contrahsg.

Task and Procedure

The task and procedure were virtually identicathitose in
experiment 1, except that participants were presewith a
particular control space orientation, rather thasing
allowed to dynamically reorient the space.

Participants
8 participants (4 male and 4 female), differentrfrthose in
experiment 1, between the ages of 19 and 25 weraited

from the community, and paid $20, irrespective of
performance. All were right-handed, and had litieeno
experience working with stylus, tablet, or tableimput.

Design

The task was performed for the 8 display spacetipasi
(Figure 2) and the 8 control space orientationgyfé 3).
To reduce the time required to participate, thepldis
control conditions were not fully crossed: eachtipgrant
performed the task at 4 control orientations focheaf 4
different positions. A Latin-square design was usedvoid
ordering effects and to ensure that each displagcesp
position and control space orientation pairing ocet an
equal number of times in the experiment. Becausthef
learning and interference effects observed by Ggiram
[3, 4], we increased the number of docking taskgach
block from the 40 used in the previous experimer@. In
summary, the design of the experiment was as faliow

8 participants x

4 display positions x

4 control orientations x
80 docking tasks =
10,240total dockings

Results

Although only eight participants took part in the
experiment, their completion of over 10,000 dockiagks
at the various pairings of control space orientatand
display space position allows us to make a number o
statistically significant conclusions. There wasignificant
interaction between order of presentation of thetrod
orientation and display space position pairs ansk ta
performance time (7104 = 31.285, p < .001). This
suggests that, as discussed by Cunningham and W4Ich
the transformed spatial mappings of control to ldiggpace
were interfering with one another. We found thaermthe
first 50 trials per condition, the order effect sed to be
statistically significant, indicating that with digient
practice the prior spatial mappings ceased to fertewith
the one currently being used. Accordingly, in temaining
analyses we consider only the last 30 trials peditimn,
treating the first 50 trials as practice.

There was a significant main effect for control apa
orientation on task performance time; (k= 69.805, p <
.001), confirming Hypothesis H7. There was also a
significant interaction between control space de#&aon
and display space position on task performance time
(F26,168=7.637, p < .001), indicating that the effects of
control orientation differ depending on display &pa
position. This confirms Hypothesis H8. Also intdheg
was that the shortest times were seen to roughhggpond

to the preferred range of control space orientatitimat
users chose when given the ability to manipulatectimtrol
space in experiment 1. Figure 9 illustrates theffects.



Figure 9. Mean task completion time at a given condl space orientation encoded as the length of tHme in that direction (longer
the line the slower the performance). Display spagaosition indicated by the position of the perpendiular line. Overlaid on each is
the range of preferred orientations (longer linesfrom experiment 1.

Interestingly, the correlation between actual gatbptimal
path ratio and task completion time was signifibafdwer
(R? = 0.23) in comparison to the results of experiment
One possible explanation is that several userstadoghat
we have dubbed thepiral strategyto moving under a

transformed spatial mapping: rather than attempt aThe

seemingly optimal straight-line movement, they éast
chose to move in circular motions. Because the robnt
space was offset rotationally, a circular motion ba more
easily anticipated than a straight line — moving dan
clockwise circle in the input space produces a kiase
motion in the display space, no matter the conspdce
orientation. Figure 10 illustrates this approaclnere we
see three distinct anticlockwise spirals as thentpoi
approaches the red square dock. Note that thedojuare
was moved very close to the dock near the beginoing
spiral S2, but the participant elected to contitlue spiral
pattern. Although this spiral path clearly deviatesn the
optimal straight line path, participants who emggdyit
reported that they felt it was faster than tryioglé¢arn the
more difficult transformed mappings.

Figure 10. An actual path (in black) followed by gparticipant
using a spiral-strategy to dock the blue square ontthe red
square under a transformed control — display mappig. Three
distinct spirals (S1-S3) are visible.

DISCUSSION AND CONCLUSIONS

The results of our experiments lead to severalrésteng
observations, and suggest design recommendations fo
designers of systems where a traditional displagcep
position and/or control orientation is not possible

lack of correlation between preferred and best
performing control space orientation in experimeht
suggests that either participants are not ableotoectly
assess their performance, or, more likely, thay ttomsider
factors other than performance when determining
preference. In particular, the absence of inted-tri
reorientation suggests physical comfort may be more
important than performance, since it is likely tha initial
orientation of the control space was made to ogtmi
comfort. That preference is more closely tied tygital
comfort than performance is a likely explanatiom fhe
rejection of Hypothesis H6: that performance wadddbest

at those display positions most preferred by thégipants.
Also interesting was that when asked for their tleas
preferred display position, only 2 of 8 participapohose the
position where their performance was worst. Theat@n

of hypothesis H1, that participants would most @rehe
traditional N display space position, provides Hiert
evidence that participants were optimising for ocorf
Accordingly, our finding that users least prefertbag S
display position is not surprising, since it reggithe most
effort to turn the body to allow them to see itisTtrade-off
between performance and comfort should be congldere
when designing multi-display environments.

Although significant individual differences wereepent,
some general trends were visible with regards tw ho
display space position influenced the choice oftidn
space orientation (see Figure 8): for all of thetehsplay



space positions (NE, E, SE), participants choserient
their control space betweefi &nd -96, or, generally, to the
east. For all of the west display space positipasticipants
chose to orient their control space between 1@t 906,
or, generally, to the west. We suspect that thenasstry
between these two ranges may be due to the facbtha
participant population was entirely right handed.

Although we did find a statistically significantfeft for

display space position on performance, there was on

average a maximum 23% penalty when users weretable
adjust their control space orientation as in expent 1. As
Figure 9 illustrates, there is a clear performaneed when
participants are not able to adjust their contpaee
orientation. For those display spaces that arerantfof
them (NW, N, NE), a 45offset in control-orientation from
straight-on produces the best results. For the irénta
positions, a 90offset towards Dis optimal. These results
will be of use to designers of systems where playsic
constraints limit the users’ ability to reorienteth control
space, such as in operating theatres where itggested
[17] that if a monitor of a closed-circuit videoeft is used
by a surgeon to view the movement of her tools, tad
monitor is placed directly in front of her, the gmimage
should be rotated in to create & 4bntrol orientation.

In environments where input devices might be shdrgd
multiple, disparately oriented participants, sushaatable-
centred environment,
participants to make input to any ancillary disglaat a
desirable orientation. For systems with multipletisgpants
collaborating using a single input device to cohteo
vertical display, the data from our second expenirean
shed some light on optimal display placement. Kangle,
for a square table with four participants, there &ur
typical seating positions to be considered, astilated in
Figure 11. Of the 2possible permutations of user seating
positions, 4 are of interest: (1,2), (1,3), (1,2,3nd
(1,2,3,4), since all others are repeated casdseskt Table

4 shows, based on our experiment 2 results, trgedar
performance penalty experienced by any one of gersu
when the control space is oriented optimally fag thiven
display space position (row) for each of the usesitpn
combinations (column).

These results indicate that, if a second surge@uded to
the same theoretical operating theatre describedaqursly,
facing the first and performing similar operatioos the
same patient, the video monitor should then beeplaat
either the W or E position, and the video rotatedreate a
control orientation of 45 for the surgeon to whom the
screen is to the left, and a “4&ontrol orientation for the
other. From this data, it is also evident that foultiple
users working in a war room such as the one dextrib
Mark [14], the best arrangement for two particijgaist to
be seated across from one another while using tcaler
display located on either side (W or E). Also wonthting
is the dramatic increase in penalties paid when ingov
from three users to four. For such environmentsnéy

care should be taken to allow

become necessary for: (1) there to exist multiplatol
spaces, (2) that input to shared control spaces iatio
account which user is making the input and adjbst t
control orientation accordingly, or (3) that mulép
participants are seated on the same side of the tather
than seating at all 4 canonical positions. How m@rgpaces
are shared and positioned is best determined byiekzy
the environment, but it is clear that care showdddken to
avoid a high-penalty configuration.

Figure 11. The 4 canonical positions for users sest at a table.

1&2 1&3 123 | 1234

S 53% 32% 53% 183%

SE 32% 38% 38% 273%
E 62% 18% 62% 183%

NE 46% 75% 75% 273%
N 62% 32% 62% 183%

NW 36% 38% 46% 273%
w 41% 18% 62% 183%
SW 38% 75% 75% 273%

Table 4. Best-case performance penalty (as a pert¢age of
optimal, NE/0% pairing) for a display positioned atone of the
eight possible positions (rows) for the given usequosition
around a table combination (columns).

In summary, our work has explored the impact opldig
space position and control space orientation onr use
preference and performance. The results contributihe
literature on transformed input-output spatial magp by
investigating important transformations not pregigu
tested. These results also allow designers to nmagee
informed choices as to layout of shared displaymiiiti-
display environments.
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