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ABSTRACT

Multi-display environments compose displays that ba at
different locations from and different angles te tiser; as
a result, it can become very difficult to manageduaiws,
read text, and manipulate objects. We investigag¢eidea
of perspective as a way to solve these problenmuiti-

display environments. We first identify basic despland
control factors that are affected by perspectivechsas
visibility, fracture, and sharing. We then prestm design
and implementation of E-conic, a multi-display rmwuler
environment that uses location data about dispdengk us-
ers to dynamically correct perspective. We carmed a
controlled experiment to test the benefits of pectipe
correction in basic interaction tasks like targgtisteering,
aligning, pattern-matching and reading. Our resalisw
that perspective correction significantly and sabsally

improves user performance in all these tasks.

ACM Classification: H5.2 [Information interfaces and
presentation]: User Interface&raphical user interfaces.

General terms: Design, Experimentation, Human Factors.

Keywords: Multi-display environments, perspective correc-
tion, visibility, readability, pattern matchingafrture.

INTRODUCTION

The last two decades have seen a dramatic inciedmeh
the number and the variety of digital displays usedve-
ryday settings. The multiplicity of display surfacand their
integration into a consistent multi-display intedapromise
to enrich the presentation of information [14], leleanew
ways of interacting with data [10], and support rappor-
tunities for collaboration [12].

A number of prototypes and commercial systems djyrea
exist that integrate several display surfaces tht same
interface. Examples include multi-user meeting red,
11, 30, 34, 32], single user multi-display enviremis [22,
2, 28] and control rooms [36, 6].

Before the potential of multi-display environme(®¥DES)
can be realized, however, there are still serigoblpms to
be addressed. One of these is the problem of paiepe
when multiple displays are at different locationsl angles,
it can be very difficult for people to work withdtdisplays.
When perspective is wrong, text becomes hardee#al,r
windows become harder to position, and objects han
screen become harder to manipulate.

The perspective problem arises because of the asisuns
that current MDEs make about the orientation of dise
plays to the user — windows and data are rendesgehang
that the user is perpendicular to the display serfésee
Figure 1). Although this assumption is reasonabliegacy
desktop systems where screens are typically positian
front of the user and perpendicular to the linesight, it
does not hold in multi-display environments — witae
display plane is not perpendicular to the vieweg.(¢able-
top displays), when the display is flat and covarkarge
viewing angle (e.g., a large display seen from elpsox-
imity), or when the user moves around. The violati6 the
perpendicularity assumption results in increaséiicdities
in viewing, reading, and manipulating informationedto
perspective distortion (see Figure 2, left pane).

Figure 1. Display view angles for a traditional dis-
play (left) and for a tabletop display (right).

In this paper, we show how the perspective probldras
arise in MDEs can be solved by automatically cdmec
point-of-view distortion. By tracking the locatioof the
user and the displays, systems can use knowledye Hie
location of the user’s point of view with respeatthe dis-
plays to render 2D graphic elements (e.g. windaleda,
and cursors) as if they where floating in space@edicu-
lar to the user (Figure 2, right pane). This knalglke can
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also be used to reduce fracture of information suiffer-
ent displays, and to design interaction technigbaswork
seamlessly across multiple displays. In additi@mspective
can be successfully applied even when there ard¢ipteul
people collaborating in the environment.

Figure 2. Left: A Window in a large vertical display
is difficult to read from an oblique angle. Right:
Perspective-corrected windows in an MDE.

In the following sections, we explore the idea efgpective
in the design space of MDEs. We describe the bsnefid

some of the difficulties that perspective awarermssents
to the designer, and descrilieconic a prototype MDE
that uses perspective to provide optimal acce@Ptinter-

faces — regardless of the number, position anchiatien of

the displays. We also report on an empirical evalnahat

tests the advantages of correcting perspective.faMed

that perspective is indeed helpful in targetinggesng,

aligning, copying and reading: improvement over arnc
rected views ranged from 7% to 60%.

The main contributions of this work are: the idéodition
of perspective as an important factor in MDEs; ithentifi-
cation of design issues that are affected by petisjge the
demonstration of how perspective can aid thesegddst
sues in the E-conic system; and empirical evidehes
perspective correction is beneficial for interaattasks.

RELATED WORK

This research and the E-conic system are built dpan
foundations research into MDEs, 3D graphics, virteal-
ity, and perspective in art.

Multi-display systems

Research on computer systems that use severahyidphs
been active for more than 30 years. Early systerossed
on the optimization of collaborative processes, and-
vided personal displays for individual users anddadis-
plays for shared use [18]. Newer systems provideemo
flexible interfaces that integrate combinationglizplays as
tabletops, personal displays, and large verticadldys [31,
3, 30, 27, 32].

These MDEs typically provide graphical interfacessdxd
on standard WIMP paradigms, perhaps with extended f
tures such as new techniques for cross-displayatipar
[16, 3, 31], novel techniques to manipulate obj¢8% 37]
and replication techniques to access proxies ¢élison-
tent from more accessible locations [35, 17]. Thergetry

that these systems use is mostly inherited fromd#ektop
monitor interface — that is, rectangular elemeimis assume
the user is perpendicular to all displays.

Perspective

Using the point of view of the observer to geonoatiy
represent 3D objects in flat surfaces is a cerdtold tech-
nigue that was first applied explicitly by Brunaltdi [5].
The fundamentals of perspective for representatiom
well-known today [29], and have long been usedrtivide
correct planar representations from very obliquentsoof
view with a technique callethear anamorphosif24].

Since the appearance of the graphical display, otenp
have been used to represent 3D data or image® intth
erwise flat surfaces of a computer monitor. We foon the
use of perspective to represent 2D interface elsrairch
as windows, icons or images.

There are two classes of interfaces that use petrgpeep-
resentations: interfaces that assume a staticipogif the
user perpendicular to the display, and interfabes take
use of the position of the user, the displays,athb

3D interfaces in the monitor

There exist a multitude of systems that use a 3eesfor
displaying 2D GUI elements. 3D virtual space isduge
these cases to visually compress the informatiorthe
screen [23,15], to extend the virtual space tovald® or-

ganization [33,7], to provide a realistic virtuabsk space
[1], or just to generate visual effects (e.g. OS ¥AH MS
Vista™). Our approach in using perspective is déffe
from these applications, in that we display a 2@@riiace in
a complex 3D physical reality (i.e., many displaysliffer-

ent sizes, positions, and orientations) insteagre$enting
applications in 3D virtual reality through a simpgb

physical display.

Interfaces that track users or displays

Virtual Reality and Augmented Reality designers sem
times need to present 2D interface elements (elgels or
dialogs) inside their virtual worlds. If the spaiseimmer-
sive, a natural approach is to present the elenmnthat
they float in front of the user [4,20]. This is sexhat simi-
lar to the concept of corrected perspective thativtie-
duce, but differs in two main aspects. First, VRiem-
ments focus on the synthetic world and use 2D Gl e
ments only as a secondary strategy when 3D inerfac
metaphors are awkward or impossible. In our visi@re is
no synthetic world and 3D correction is only a meam
optimize interaction with the 2D elements. Secdminer-
sive VR is based on head mounted displays or dixdica
immersive installations, which severely constrdiritt use
in many scenarios (e.g., office work). In contrasg are
interested in common multi-display scenarios inclhdlis-
plays form part of the environment (projected soseéarge
monitors), or are carried by users (laptops, PDAS).

In addition to VR systems, other kinds of interfmagse
user/display tracking to access and represent &ataex-
ample, Peephole Displays [41] and Hybrid User fatas



[9] make use of display tracking to surround therusith
larger work spaces. Perspective Cursor is a comdai-
nigue that also uses display and user trackinglaw a&asy
movement of the cursor across displays in mulipldis
environments [28]. This paper is based on the petspe
cursor idea and generalizes it to the representatfo2D
elements in multi-user multi-display environments.

PERSPECTIVE IN MULTI-DISPLAY ENVIRONMENTS

Perspective can be defined as “the appearance teyth of
objects in respect to their relative distance aoditjpns”
[25]. Perspective awareness is now possible in MBiEse
current tracking and geometrical modeling technplay

Note that there exist other solutions to visuatibgects that
are in oblique displays such as providing proxiedistant
content in a non-oblique, local surface [17, 35hwéver,
this approach introduces problems such as cluttet a
proxy-object identification, and does not solve gineblem

if local displays are oblique (e.g in tabletop-tthsaviron-
ments).

Fracture

Most MDEs integrate displays that are of differsiaes and
are located at different positions and angles. iticadhl
ways of ‘stitching’ displays assume simple disptstups
(e.g., co-planar surfaces, same resolution), butdgpro-

lows computer systems to model the appearance ef th vide consistent representation of elements wherphysi-

world around the user in real time. Making MDEs eavaf

perspective can dramatically improve their usefsgneut
requires a fundamental change to the way we thbdut
rendering content on displays. In the followingtgets we
explore six basic issues of display and contrgbénspec-
tive-aware MDEs: visibility, fracture, disparity,owtrol,

spatial management and sharing.

Visibility

2D graphic elements such as windows or text afedlf to

use if they are displayed on an oblique surface, tduper-
spective distortion of the image [38]. Simple firgometri-
cal elements are transformed when projected ireadktina
of the viewer: e.g., squares become trapezoidscankks
become ellipses. The distortion can affect commaskg
such as reading, drawing, and pattern recognition.

Most MDEs force users to view at least some ofehei-
ronment’s objects from oblique angles, because diffi-
cult to maintain the perpendicularity between usarg all
the displays. Objects are likely to be obliquehte tiser if a
large display area is needed, if there are horaatisplays
involved (e.g., tabletops), if users are requiredntove
around, or if several users share the same display.

This distortion can be corrected using perspedtif@ma-
tion. 2D elements can be placed in a virtual plpaegpen-
dicular to the user and then projected back orgadibplay
using the point of view as projection origin (Figus). The
result is an image that appears perpendicular ¢outter,
even though it is actually appearing on an obligudace
(Figure 2). As we will see, correcting distortioancsignifi-
cantly improve the visibility of 2D objects.

Figure 3. For perspective correction the element is
located in a virtual plane perpendicular to the user,
and then projected onto the display for rendering.

cal arrangement of the displays is irregular. Faaneple,
the representation of windows between two disptydif-
ferent resolutions and angles in a current GUI apgfeac-
tured(see Figure 4, left).

Perspective can alleviate fracture if we use itptoject
elements onto the field of view of the user insteddnto
the arbitrarily stitched virtual space (Figureight).

Figure 4. Fractured MDE (left) and perspective-
aware MDE (right).

Representational Disparity

In current MDES, elements such as diagrams or icomg
appear very different depending on the screen ichwihey
are being displayed. For example, the same elehssta
smaller apparent size in a high-res screen thanlaw-res
one, and can also look different depending on hamtle
display is or the angle from where we are seeilfggi¢ Fig-
ure 5). This representational disparity can beablem if
we need to compare elements across displays, ogmee
the same element in different windows.

Figure 5. The same icon appears different in size
and shape depending on the display where it is rep-
resented (insets take PoV of the user).



Perspective can alleviate representational digpasitnor-
malizing geometrical properties of objects accagdmhow
the user perceives them. For example, the sizéeaients
can be corrected so that they take the same appsiren
from the user’s point of view. The correction ofgmective
distortion will also help to maintain similaritylegionships.

Control

In order to interact with elements located in def@ dis-
plays, MDEs need to implement special cross-disjlter-
action techniques. As noted above, most of the queg
techniques make use of some kind of ad-hoc geontetry
stitch the virtual space together from the différdisplay
surfaces. The stitching allows the cursor to trdkeh one
surface to another when reaching display boundaries

Perspective Cursor [28] provides a more meaningjftdh-
ing of spaces by using perspective and a relathsitipning
input device (e.g., a mouse or a touchpad). Theemewt
of the cursor between displays is determined adogrtb
the point of view of the user, making cross-displagrac-
tion faster and more intelligible (see Figure 6).

Figure 6. A perspective cursor moving from a moni-
tor onto a tabletop display (from the user’s PoV)

Laser pointers [8, 26] can also be considered esppetive
interaction techniques, although they use the petse of
the input device, not the user’s point of view.

Spatial Management

Current user interfaces are strongly rectanguldhat is,
they are strongly based on a rectilinear model tomes
along with the assumed perpendicular projection.elVh
using perspective, we substitute orthogonal gegnfetra
conic geometry based on moving points of view (iker’s
head position). Perspective-aware Uls thus diffemf or-
thogonal interfaces in several aspects that affeat space
is managed: variable size/orientation/shape, eleutisplay
shape mismatch, and dual referential space.

Variable size, orientation and shape

As stated above, a perspective-aware MDE can atiapt
rendering of 2D elements to the current positiothef user
and the displays. The contents of displays charitieuser
input (as in current systems) but also with charigegser
and display position. These changes can make dtehdo
manage the interface, since changes in the userspec-
tive on the system will trigger changes in the igpatla-
tionships between the displayed elements. For ebenfp

the perspective of a user on a display becomes mor

oblique, a window might need extra pixels to bepldiged
and could occlude previously visible elements.

Element-display shape mismatch

Current WIMP systems typically contain rectangudée-

ments such as windows, dialogs and text labelsatteaeasy
to arrange in the rectangular space of a dispfayelintro-

duce perspective-based renderings, the rectanglesnie
quadrilaterals which may be more difficult to agann a
rectangular space.

Dual referential space

In legacy WIMP systems the size of the window isede
mined with respect to the size of the screen irlpixike-

wise, the position of a window relates to the ogtheal

coordinates of the display. Perspective-aware systdlow
linking the size and position of windows to eitredrtwo

coordinate systems: the display’s or the userst. é&x@m-
ple, the size of a window can be determined bynilmaber
of pixels of the screen where it is displayed, pthe angle
of view that it takes in the users’ field of vieGimilarly, a
window could stay fixed to a display or could flaata

position relative to the user.

Sharing

MDEs are often multi-user environments. Perspective
herently belongs to the individual, not the groapd multi-
user issues should be carefully considered wheigrag

perspective-aware groupware.

In order to provide optimal correction of the persiive
distortion of an object for a particular user, thgstem
needs to know the identity of its owner. Who ownsia-
dow can be explicitly controlled by the users opiicitly
deduced by the system.

Sharing an object (e.g., a window) among severalsus
requires special strategies because optimal pdigpeor-
rection cannot be applied for several points ofwgmul-
taneously. There are several possibilities to aliytsolve
this problem: if the angle of the shared objecisplly is
not very different for all the sharing users, thxgeat can be
rendered using the average point of view. This onar
strategies for orientation well-known in tabletopgpware
research [37]. Alternatively, the object can beosgfioned
to a different display (e.g., a wall display) wheiisibility
will be reasonable for all, regardless of the pecsipe cor-
rection.

Designers must also take into account that somstarien-
tation and positioning of objects fulfills specifiollabora-
tion objectives. For example, orientation is somes used
to invite others to take a look at a document [T3pend-
ing on the application domain, a perspective-awdizE

might also have to provide manual orientation tépies,
instead of always correcting for optimal visibility

E-CONIC

E-conic is a perspective-aware MDE built to put soof
the ideas from the previous section into practiod &
learn about the advantages and problems of impleéngen

ﬁoerspective in a groupware system. Our prototygeks the

ocations of displays and the user's heads, and tlus
information to implement both perspective windowwd a



perspective cursors. The following sections desctiiese
features, and describe the E-conic implementation.

Perspective Windows

Perspective Windows display the same kind of cdates
traditional 2D windows (e.g., a web browser orx fgoc-
essor) but offer extra features derived from thespective-
aware capabilities of the system.

Perspective Correction

The main difference between regular windows and -
tive windows is that the latter provide optimalililty to

the user regardless of the angle of the displag. windows
are rendered using a virtual plane that is perpemal to
the user in the center of the window, and then qutejd
onto the display (Figure 3). Perspective correcttan be
disabled by switching the window to tfiat mode.

If a window is displayed across more than one serfsi-
multaneously, perspective can help redfieeture Per-
spective windows also help reduce representatidisplar-
ity since the perspective distortion that affectmdews
located in different displays is eliminated, maksampari-
sons among their contents easier.

Anchoring mechanism

Perspective windows stay attached to a pixel insplay
through an anchor situated in the window's top &ftner
(See Figure 7).

Figure 7. Anatomy of a perspective window.

The shape and orientation of the window can chafntje
display or the user moves, but the window will rémat-
tached to the same physical point in the displaguie 8).

We decided to anchor windows to physical displags b

cause unattached floating windows can be disorigrand
difficult to keep in place. Anchored windows seerpto-
vide an ideal balance between adapting to the sugwsn-
spective and being predictable; nevertheless, ddhele-
ments such as dialogs, notifications or taskbaghtrbene-
fit from user-centric location schemes, and thesy ine
best implemented using the idea of floating.

To move a window, users click and drag the ancboa t
destination point, which can be in the same displain a
different one (see video figure).

Figure 8. The anchor stays fixed when the user
moves.

Size control

In E-conic, users can change the size of a peligpestn-

dow by clicking on the size buttons (Figure 7 andew
figure). Perspective windows also change their degend-
ing on the distance of the viewer to the anchonipaccord-
ing to two modes: angular and manual. In the amgutade,
the window maintains the angle it covers of ther'adéeld

of view (its apparent size) regardless of the distathat
separates the window and the user; therefore, thdow
increases its physical size when the user movey &ovm

the display, and shrinks when they come closehénman-
ual mode the window does not change physical siby-

ing users to come near to the window to see ietaitl

Each mode is an example of the use of a differefetren-
tial space (user-based and display-based). We izattic
that the two modes to be used with different puegogor
example, users might want reference windows tollwayas
equally visible, therefore setting them on anguizode.
Other windows might only be useful from a certawsip
tion, and therefore, they should keep their sizg. (@ win-
dow on a mobile display).

Multi-display rendering

The conic geometry underlying E-conic allows window

be displayed simultaneously in several displays (Sgure

4 and video). This allows new uses of mobile digplan
window management. For example, a window with a map
can be anchored in a fixed display while we usdagh-h
resolution mobile display to explore certain pawfsthe
map in detail, providing detail and context simnéausly.

Collaborative features

To render a perspective-corrected window, the nyste
needs to know which point-of-view to optimize fog. who
the owner of the window is. E-conic implements aplieit
mechanism for assigning windows to users through th
owner wheel The owner wheel is a circular structure lo-
cated around the window’s anchor that allocatessmutor
for each of the users present in the system (sgeefi7).
Each sector has a color, the same assigned tocable
users and can be highlighted or not depending anawns
that particular window (see Figure 9).



Figure 9. The red user (left) and the green user
(right) use their own perspective windows in two dif-
ferent displays. The highlighted sectors in the win-
dows’ owner wheels (top left corner of each win-
dow) correspond to the users’ colors.

The owner wheel is not perspective-corrected artaee-
fore equally distorted to all users (flat). Useas click on a
sector to activate/deactivate the window correcfmmthe
corresponding user; if a window is not owned bycagy it
appears flat.

If a window has several owners it uses an intetpoiaal-
gorithm to calculate a neutral point of view. Thiers a
non-optimal perspective correction for all ownexshough
the window reverts tflat mode if the angles of the different
users on the window are too divergent (e.g., ifubers are
at opposite sides of a tabletop display).

E-conic also implements a very basic access contesl
chanism in the form of private mode. If a window is in the
private mode, only the owners of the window canaarcits
content, add/remove owners or change its modes.

Perspective Cursor

E-conic uses Perspective Cursor [28] as a cropdadisiser
control. Each user manipulates a cursor that islayed in
the user’s color. Perspective halos of the samer aiflthe
cursor are used to indicate the position of the@uwhen it
is between displays.

Perspective cursor was chosen instead of lasetgpsibe-
cause it requires only 3-DoF tracking (as opposéeatbDoF
in laser pointers), less frequent sampling rateadhposi-
tions don’'t change as often as control actions) iandore
accurate. Previous studies have shown that pergpeaxtr-
sors are faster than other techniques in targédisics [28].

Prototype implementation

The E-conic prototype is based in a double-cliemtar
architecture. Each display runs a client that igatde of
rendering cursors, windows and halos by using OpenG
The client receives the positions and orientatioinall ele-
ments from thegeometry serverThe content of the win-
dows is received in the VNC protocol from a differena-
chine, theapplication serverand then rendered as textures
into the corresponding perspective window surfaces.

The clients also gather the input from the useickvis sent
to the geometry server to calculate cursor movesnand,
if necessary, produce the corresponding input evientthe
applications (VNC is also used to relay these evémthe
application server). Input events are coded with tser

that generates them, which allows multiplexing #gle
cursor of the application server and producing edéit
actions by different users.

Thegeometry serveis configured with the locations, orien-
tations and sizes of all static displays in theimmment,
and it also receives tracking data about the mahédplays
and the users’ heads. The wireless tracking iopadd by
an IS600 ultrasonic 3DoF tracking system, at a $aumgie
of over 30Hz per sensor. User tracking in E-coeiguires
only 3DOF, while mobile display tracking requireBd-.
Mobile displays are therefore tracked by a comimabf
ultrasonic tracking and inertial tracking, the dattbeing
captured by the mobile device and sent througméteork
to the geometry server.

We have tried several different configurationshef system
using up to 5 different displays of different classand 4
different machines: a dual-core, dual-processa IRC for
the geometry server and two clients, a Pentium &tCGhie
application server, a dual-processor Intel PC fay bther
clients and an 8.9” FMV Toshiba tablet PC as a ieobi
client. All machines are interconnected by usirtdgdicated
Gigabit Ethernet hub and run the Windows XP opegati
system.

The system responsiveness is similar to that ofgular
desktop PC, except when large portions of the agiidin
need to be updated. In these cases a short deidyecper-
ceived between user actions and the full updatbefvin-
dow contents.

The cursor-multiplex in the application server akosim-
ple actions by different users in several windoinsutane-
ously (e.g. text input and clicks). However, due\tin-
dow's lack of support for concurrent users, we céarper-
form simultaneous advanced operations such as airdg-
drop or cut-and-paste in existing commercial agpiins.

EMPIRICAL STUDY: PERSPECTIVE VS. FLAT

Perspective awareness is only worth considerind/fbEs
if the use of perspective actually improves intécac
Since there is little evidence for the effects efgpective
distortion and correction on user performance (&ated
studies see [21, 13, 38, 39, 40]), we designedtt@ryeof
experiments that compare performance in five common
interaction tasks, with and without perspectivehtggues.
We found that perspective correction improves ysar
formance by 8% to 60% depending on the task. These
sults strongly support the value of perspectivilDES.

The following sections describe the apparatus, itiond
and design that are common for all the experimeis.
then describe the five experimental tasks and tiveee
sponding results.

Apparatus

An MDE was set up with 3 displays: a bottom-progeict
tabletop display (120 x 91cm, 1024 x 768 px), gdaverti-
cal display (142 x 106cm, 1024 x 768 px) and a T#eni-
tor (33 x 27cm, 1280 x 1024 px). The user was seatth
an optical mouse at an oblique angle to all displégsee



Figure 10). Each display contained a single windova
fixed location; windows showed no decorations exéepa
blank header bar and narrow borders.

Figure 10. The experimental setup seen from
above (left) and from the side (right). Flat and per-
spective window surfaces are represented in blue
and red respectively.

Head position was tracked using an IS600 ultras@fic
tracker. The sensor was placed in a regular basedyathat
participants had to wear throughout the whole erpemt.
The participant was seated in a chair and wastérerove
his body but was asked to stay seated.

in the same order for all participants (targetiatgering,
copying/aligning, pattern matching and reading)e Binder
in which they performed the different conditionsdatie
order of the displays were balanced across subjects

Task 1: Targeting

Participants were asked to click on a green bugbeled
“1” and then in a red button labeled “2” as fastpassible
(see Figure 11 A). The buttons were located alamg af
eight cardinal directions (N-S, NE-SW, E-W etc) o¥i
were presented always in a clockwise sequence. disstr

tion was tested 3 times in each display and eaohiton,

the first being considered training. The time beelicks
was the main measure.

The whole setup was run on three machines, a dual-

processor dual-core Intel PC controlling the taipetlis-
play and a modified e-conic server, a Pentium £&f@rol-
ling the vertical display and the TFT monitor, aambther
Pentium 4 PC running the experimental software ¢the-
tents of the windows). The machines were connegsatly
a dedicated Gigabit Ethernet network.

Conditions

We tested three primary conditions: perspectivedaivs
with perspective cursor (PP), flat windows with gctive
cursor (FP) and flat windows with flat cursor (FR).the
flat conditions (FP & FF) the windows appeared with
perspective correction, just as in a traditiontiiface (blue

windows in Figure 10). The hybrid condition (FP)swa

added to investigate if the benefits in controksaare due
only to the perspective cursor.

All experimental tests were performed in one o&éwin-
dows located in each of the three displays (sear€id0).
The area of the windows was equalized across dondit
in the flat conditions windows occupied roughly tseme
number of real pixels on the screen as in the petse
condition (although the latter varied slightly inesdepend-
ing on the exact position of the participant). TGen-
trol/Display ratio of the perspective cursor and tlat cur-
sor where also equalized between PP and FF conslitio

Design

12 volunteers (9 male, 3 female) from a local ursitg,
aged 22 to 29 participated in all the experimentghie
same order. All participants were native Japanpsakers,
right handed and used the mouse with the right hand

All participants were tested individually and perfed
each task multiple times in each of the conditians in
each of the three displays. The tasks were alwesfeined

Figure 11. Screen captures from the experimental
tasks: targeting (A), steering (B), copying/aligning
(C, D), pattern matching (E, F) and reading (G).

Results

An ANOVA test with perspective condition and displas

factors and participant as random factor showenlifgignt

differences between conditions,@= 45.9, p < 0.001).
Post-hoc tests confirmed significant differencesvieen all

three conditions (all p < 0.001). On average, grlthe PP
condition took 1098ms to complete, while FP trisdek



1162ms and FF trials took 1383ms (5% and 26% mere r
spectively).

Task 2: Steering

Participants were asked to steer the cursor thraugimnel
of length 360px that could be horizontal or veiticBhe
tunnels had two possible widths: 90 and 36 px,ltieguin
two possible indexes of difficulty (4 and 10). Irsaccess-
ful trial the cursor had to enter the tunnel thiotige green
side and get out through the red side without mgithe
grey area (see Figure 11 B). Participants weredatskkeep
the error ratio below 15%, and repeated erronedals t
until successful. The main measure was crossing. tim

Participants performed 1 training trial and 5 realls for
each of the tunnel types (horizontal-wide, vertiwale,
horizontal-narrow, vertical-narrow), in each digpland
each perspective condition (a total of 180 meajures

Results

An ANOVA with perspective condition and display fas-
tors and participant as random factor showed #taiky
significant differences between perspective cooddi(k 2,
= 31.0, p < 0.001). Post-hoc tests show statistiiébr-
ences between the PP condition and the other tutond
between FP and FF.

On average, steering in the PP condition took 848vhde
it took 1408ms and 1323ms in the FP and FF comditio
respectively (an extra 66% and 56%).

Task 3: Copying/Aligning

Participants were asked to replicate a six-sidelygono
displayed in a model window (Figure 11 D) into drest
window (Figure 11 C) by dragging four green movable
node points (the remaining two nodes were fixed)e T
windows always appeared in different displays, dnel
participants had 45 seconds to replicate the figisraccu-
rately as possible.

Since control was not the focus of this task, ahly pure
perspective conditions were tested (PP and FF)h pac
ticipant copied three figures in each of the caondi& and
displays, plus an extra training one (a total ofd&® meas-
urement points per subject).

Two dependent variables measured two different «iofl
error: the positional error in pixels between tloele posi-
tions in the model and the copy (PE) and the errdhe
resulting angles of both polygons (AE).

Results

Both positional error and angular error show diiat#ly
significant differences between the PP and FF d¢omdi in
an ANOVA with perspective condition and displayfas-
tors and participant as random factoy (= 21.4, p < 0.01
and R ;;= 29.2, p < 0.001).

The average positional error was larger in theh@h in the
PP condition (201px vs. 150px, 34% more) as welthas
average angular error (0.73rad vs. 0.98rad, 34%)mor

Task 4: Pattern Matching

Participants were presented with two different wind that
appeared in different displays: an array windowhwit?
geometrical objects (Figure 11E) and a responselawn
with one geometrical object and 4 answer buttongufe
11F). The participants had to count the numbeinuéd that
the object of the response window appeared in they a
window, and then press the corresponding answéorut

Since control was not the focus of this experimenty the
pure perspective conditions were tested (PP and Ed&gh
participant underwent 5 trials plus a training Itf@ each
of the conditions and displays for a total of 3@lrtials.
Time to answer was the main measure.

Results

An ANOVA with display and perspective condition fas-
tors and participant as random factor showed #taiky
significant differences in time to answer for the &nd FF
conditions (., = 8.85, p < 0.05). On average, matching
took 7.6s in the PP condition and 9.0 in the FRd@gom
(18% more).

Task 5: Reading

In the reading task, participants were asked tad @daud
two paragraphs in Japanese (Figure 11G). The test w
displayed in one of the three windows located icheaf the
displays, and appeared corrected (PP) or flat (FF).

Each participant read a paragraph for training 2rmdore
paragraphs in each of the three displays and fertwo
perspective conditions (a total of 12 data point$je time
between the appearance of the text and the last vead
was the main measure.

Results

An ANOVA with display and perspective condition fas-
tors and participant as random factor showed Statily
significant differences between the perspective #at
conditions (k1= 17.56, p < 0.01). The average reading
times were slower for the flat condition than fbe tper-
spective condition (34.4s vs. 31.9s, a 7.8% diffeed.

DISCUSSION

Our discussion is divided into four sections: tlemdfits of
perspective, E-conic, to track or not to track gedspec-
tive for practitioners.

The benefits of perspective
The results of the experiments reveal a very pasjticture
of perspective for basic tasks.

Control-based task results (targeting and steeshgyv that
perspective windows are superior to flat windowd #mat
the difference is not due to perspective cursoy,dmit due
to the combination of perspective windows with pergive
cursor. In fact, we observed that steering is rddcult in
the hybrid condition because perspective cursodyses
motions that are curvilinear with respect to thetamgular
geometry.

The results in the copying/aligning and pattern atizig
tasks indicate that the reduction of representatidispar-



ity with perspective windows can help to improvefpam-
ance when using several displays simultaneoushallli
the results of the reading task promises improvéerfeena
wide range of tasks.

With these experiments we did not intend to maptted

consider if the advantages of perspective graninitiasion
of this equipment in their designs.

Perspective for practitioners
We derive 3 main lessons from this study:

- Perspective offers performance benefits, at leasbw-

benefits of perspective; instead, we offer empiritzaa that
justifies the effort for finding better ways of @macting in
MDEs through the use of perspective. The studydsav
many questions open since it only investigateslsinger
basic level tasks. Further experimentation is néeddeas-

level tasks.

- Implementation of a perspective-aware MDE is fdasib
- Designers of perspective-aware MDEs should take int

account issues related to perspective such asilitysib

sess, for example, the effect of display angle w&imtiow

) 4 - fracture, disparity, spatial management and sharing
size for flat and perspective objects.

CONCLUSION

When multiple displays are placed at different tawss and
angles, it can be difficult for people to work withe dis-
plays. We investigated the benefit of perspectivenulti-
display environments through E-conic. E-conic ipex-
spective-aware system that supports dynamic petigpec

E-conic
The E-conic system was implemented as proof-of-ephc
of a perspective-aware MDE. It addresses some eofsth
sues pointed out in theerspective in MDEsection as vi-
sibility, fracture, disparity, sharing and the dueflerence
space, but it also leaves some problems unsolveld a8 correction of flat GUI objects, cross-display usewven-
the mismatch between display and window shapest®d dows, and sharing of windows among several users |
potential annoyance of window occlusions when users controlled experiment that compared perspectivedoiivs
move around. Whether the issues derived from petise 1o flat windows on five basic interaction tasks fwant that
overweigh its advantages will have to be determineithe when using perspective windows, performance immiove
future through new evaluations. Nevertheless, Wee\®  petween 8% and 60%, depending on the task. Oultsesu
that perspective-aware MDEs offer clear advantaiges  syggest that where 3D positional information canobe
many scenarios, and open many new design paths.ighi  tained, using perspective information in the desigmuiti-
confirmed by informal tests of the system in whicters  gisplay environments offers clear user benefits.
appreciated the value of perspective correction wack .
excited about how the system allows the easy intarge of In the future we plan to Improve the coIIaboratfeatures
windows among users and the flexible relocatiorwif- of the system and evaluate h|gh.er level t:_;\sks aschin-
dow management and collaborative behavior.

dows among displays.
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