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ABSTRACT laptops, and projected surfaces all being used concurrently
Multi-display environments and smart meeting rooms areand cooperatively. Some research projects have already
now becoming more common. These environments build axplored and highlighted the benefits of multi-display
shared display space from variety of devices: tabletsworking environments [11, 30, 31].

projected surfaces, tabletops, and traditional monitors

Since the different display surfaces are usually noth b hev d deal with either th
organized in a single plane, traditional schemes for stigch these new systems because they do not deal with either the
discontinuity inherent in multi-display interaction dret

the displays together can cause problems for interaction; >>"" o . ; ;
However, there is a more natural way to compose disp|ayntr|n5|c characteristics qf different-sized displays [22]. 3
ecent research has tried to address problems related to

space — using perspective. In this paper, we develorg, | h b . P .
interaction techniques for multi-display environments that Isplay  heterogeneity by creat|.ng specific Interaction
are based on the users perspective of the room. wd€chniques for each display type: for small displays [12,

designed the Perspective Cursor, a mapping of cursor t§4]' large displays [1, 15, 3.2’.201’ mperac;twe table-top
display space that appears natural and logical fromsurfaces [10, 25, 33] and multi-display situationsl[2, 18,
wherever the user is located. We conducted an experimer‘ﬁﬁ’ 27].

to compare two perspective-based techniques, thevhile each of these techniques generally work well for
Perspective Cursor and a beam-based technique, witgertain display configurations and input devices, we can not
traditional stitched displays. We found that both perspecti expect users to adapt their interaction styles every time that
techniques were significantly faster for targeting tasks thanthey switch displays. Moreover, the transition in control
the traditional technique, and that Perspective Cursor wagrom one display to another should be seamless enough that
the most preferred method. Our results show thatinter-display interactions don’t produce a significant

integrating perspective into the design of multi-display overhead. We believe that it is possible to provide seamless

Many desktop interaction techniques do not work well in

environments can substantially improve performance. control over multiple displays by using the spatial
relationships between the display’s surfaces and the user —

Author Keywords that is, by usingperspective

Multi-display interaction techniques, direct-manipulation i o ) ] ]

interfaces, laser pointing, multi-monitor environments. Perspective-based multi-display interaction techniques are
techniques in which the position and orientation of each

ACM Classification Keywords display relative to the user determines how control is

H.5.2 Information Interfaces and Presentation: Userapplied. For example, control-to-display ratio could be
Interfaces 4nteraction Styles; Input devices and strategies; dynamically modified to provide more control resolution

Theory and methods for displays that are closer to the user, since users usually
need more control in displays that can be seen in more
INTRODUCTION detail. Perspective helps to solve several of the problems

Computing environments with many and diverse displaysarising from controlling several heterogeneous displays

are becoming common. The archetype of these multi-from one input device. For example, perspective adapts

display environments is the Smart Office, where it is usualnaturally to different levels of required resolution, the

to see interconnected tablets, wall-mounted displaysdifferent visibilities and sizes of the displays, and to
situations where one display overlaps another.

Permission to make digital or hard copies of alpart of this work for . . .
personal or classroom use is granted without feeiged that copies are  The best known perspective-based technique is the laser

not made or distributed for profit or commerciabadtage and that copies  pointer. If we use a laser beam as control for the pointer in
bear this notice and the full citation on the fipsige. To copy otherwise, multi-display system for example we will be able to act o

or republish, to post on servers or to redistribiatdists, requires prior . . ;i ) .
Speci?ic permissign and/or a fee. a P the different displays with different control resolutions

CHI 2006,April 22—28, 2006, Montréal, Québec, Canada. depending on how far away we are. However, laser pointer
Copyright 2006 ACM 1-59593-178-3/06/0004...$5.00.



techniques suffer from poor accuracy and stability [21, 24],MAPPING CONTROL SPACE TO SEVERAL DISPLAYS

and can be very tiring for sustained interaction. One of the biggest challenges in the design of multitalsp
o . . systems is to provide a way to support direct manipriati
To overcome the limitations of existing techniques, we ¢ ittarent physical surfaces (displays) with interaction
designed the Perspective Cursor: a novel perspectlve-bas%ichniqueS that offer seamless control [11]. One way to do
interaction technique that uses a relative-positioning i”PUtthis is to distribute parts of the control space of gwtin

device (e.g., a mouse) together with the user's poinef Vi jeice among the different displays, as is currently done in
to determine which displays are contiguous in the user $house-controlled multi-display machines
field of view. '

. . Many operating systems allow users to configure how the
In this paper, we present a study that compared Perspectivg, ro| space of one mouse is assigned to several displays.

Cursor, Virtual Beam (an implementation of the laser beam-l-he cursor goes from the edge of one display to theebo
concept) and the standard interaction technique for multipleof another; this is nothing more than a partitionirighe
displays (Stitching of control spaces), which does not Us€y, e position into zones for the control of the difiiér
perspective. We found that perspective-based techniquegisnjays (clutching not considered). This assignment of
offer_ an intrinsic perf(_)rmance ad\_/antage for pointing tasksgontrol space to displays in a more or less arbitrary way is
that involve s_everal displays, particularly when the display what we callStitching of control spacesigure 1 shows
are overlapping or at large angles to one another. We als, i screen configuration utilities from MS Windows®
found that Perspective Cursor outperforms Virtual Beam 4 MacOS X®. which allow the user to tell the system

due to the stability of the relative control device. Our tesul L4t the spatial configuration of the monitors, making the
suggest that perspective-based techniques can be eXtremetT%nsitions relatively intuitive [29] '

valuable for providing seamless interaction in multi-digpl
environments. A Dy oy Proper x|

i[a

In the rest of this paper we review previous work onemtrr

interaction techniques for pointing, then introduce the T EE
concept of perspective for multi-display environments, and :

present the design of the Perspective Cursor. We thert repo E
on the empirical study and discuss the implications of our i B |
findings for the design of multi-display spaces. '- —
RELATED WORK p——p——

The problem of multi-display interaction has been

add(es_sed in many different ways in past research. Sqmgigure 1. Multi-monitor set-
multi-display techniques allow the user to perform special =~ ) ) ]
gestures or input commands that, when issued in the onetitching the virtual spaces like this, however, has three
disp|ay’s input space, control or import objects from pthe main setbacks: Conflguratlon, control resolution and Spatlal
displays. Examples of these techniques are Pick-and-drogonsistency.

[26], Sync-tap [28] and Stitching [17]. Another variaoft _ _

the same idea consists in performing a gesture with th&onfiguration ) _ ) )

devices themselves (e.g., bringing two tablets together)§tlt0hlng of control spaces is semi-static, which means that

which virtually connects the displays [31, 16, 19]. every time that the physical location of the displays is
changed, the virtual position has to be reconfigureds Thi

However, these techniques normally need physical accesgight be unimportant for desktop settings such as that of
to the different displays, which might not be possibsser  Figure 2, but is relevant in highly dynamic environments
beam and finger-pointing techniques [7, 9, 20, 25] pl®Vi  |ike a meeting room, where there might be tens of mobile
an alternative for interacting with distant or inaccessibledisp|ays (e.g., Laptops, PDAs etc.) This problem has been
displays. Another straightforward solution to the samegaddressed in the past by providing the stitching of sgaces
problem is to provide a more or less faithful virtual an explicit way [16, 17], or by using interaction techieis
representation of the actual display setting that can then bghat require a device to be activated on the affected displays
manipulated from a local device [6, 22, 32]. [26, 28]. However, these kind of explicit gestures require

A last group of techniques for multi-display interactiose u  ime and/or physical access to both surfaces, which is not
the input devices originally associated with one display or@/ways the case (e.g., very big or distant displays).
device to remotely control another. For example, a mouse

could be used across several displays [5, 8, 18], théontrol resolution .
movements of the mouse or a pen could be amplified tcCommercial versions of the stitched spaces do not account

extend to other displays [13, 15, 22, 27], or the cisifin for differences in resolution of the displays, or intespthy

one device could act as a remote control for a distantPaces (the frames and the distance between displays). It
display [30]. as already been shown that a more accurate virtual

up dialog of two operaing systems



representation of the physical space provides bettelFor example, selecting a particular screen by pointing at it
performance in multi-display interaction [2, 29]. with a laser pointer is not a problem because humans are
used to pointing, and we understand how the properties of
3D space and the orientation of the laser are going to affect
the projection of the red dot. In this case, the control space
(i.e., all the possible angles of the laser) is naturally
distributed among all visible displays according to
perspective — that is, according to the spatial relationships
(orientation, distance, position) of each display to the beam.

If a screen is very near, we can rotate the laser in a wider
angle without moving out of the screen, which means more

Figure 2. A typical multi-monitor setting resolution of control inside that screen. This is alsdyfai
natural in the sense that we normally require more
Spatial consistency resolution and detail in objects that we can see better

It is not possible to provide a consistent stitchingmdces  because they are closer, and conversely, we don’t want too
if the screens are not all aligned in the same plane [6]. Armuch resolution if we want to get the ‘big picture’ on a
example of this is shown in Figure 3, where the logical distant display.

stitching is different depending on the position of tiser.
This is just a consequence of the fact that stitching space

together is a simplistic way of mapping a 3D space into acontrol for elements that are more visible because they are

flat 2D control space. It is very difficult to do thatpping closer (i.e., they occupy a wider visible a_lrea); thus viggbil
in a meaningful way when there are several displays at non"-’Ind control are coupled. Laser-beaming naturally takes

orthogonal angles, or when displays overlap as in Figure advantage of this relationship, unlike Stitching of cdntro
' spaces, which keeps resolution constant regardless of the

distance or the orientation of the display.

lg is reasonable to think that we will require more precise

One problem with laser beams or finger pointing techniques
is that they are, in general, not very precise. Human motor
abilities constrain accuracy in pointing, forcing designers to
filter the signal or implement interaction techniques with
dwell time or other workarounds [20, 21, 24]. In dicdad,

laser beam and finger pointing can be very tiring in certain
situations, such as when we need to keep the pointer on the
screen for a long time.

PERSPECTIVE CURSOR
Figure 3. The optimal stitching of the two displaysiepends on The current state of the art makes choosing between

the point of view. accuracy and seamlessness a tradeoff. We can either have
the seamlessness of the laser beam without the accuracy,
PERSPECTIVE IN DISPLAY CONTROL flexibility and convenience of the mouse, or a mouse-based

Perspective is defined as the appearance to the eye dfiteraction technique that is accurate but uses a non-
objects in respect to their relative distance and positionsintuitive mechanism to stitch the spaces.

Perspective-based interaction techniques are multi—display(N
techniques that use information about the location,
orientation and distance of displays in the environment,
relative to the point of view of the user, in order toyle
control that is better adapted to what the user actuall
perceives.

e overcome these two limitations in Perspective Cursor, a
new perspective-based interaction technique that uses a
relative positioning input device (e.g., a mouse or a
trackball) together with the user's point of view to
Ydetermine how displays are located in the field of view.

Perspective Cursor works as follows. We obtain in real time
the 3D position coordinates of the head of the usernbut
the orientation or the gaze direction) and at the same time,

difficult to make an assignment of control space to the ten we _mamtam a three'd'me”s'oﬂ?" model of the whole
environment, with the actual position of all the screens. The

or hundreds of potential configurations of this envirentn : : . ]
but by incorporating the idea of perspective, we can solvemOdeL together with the point-of-view coordinate of the

many of the problems created by the multiplicity, user's head, lets us determine which displays are

. ! " . contiguous in the field of view, something very differémt
heterogeneity, and reconfigurability of these displays. displays actually being contiguous in 3D space (Figure 4A).

Imagine that we want to provide control to all the digpla
of a meeting room with several projected screens,
traditional monitors, and mobile displays. It would be



The position and movement of the pointer is calculatedassumption that the system knows the spatial relationships
from the point of view of the user, so that the user pegseiv between the user's head and the visible displays, and thus
the movement of the pointer across displays as continuousequires some kind of tracking device. In the discussion
even when the actual movement of the pointer consideredection we analyze some of the implications of the tracking
in three dimensional space is not. Figure 4 shows severakequirements in the costs and applicability of the technique.
inter-display transitions that illustrate how the pointer
moves between two displays when the displays are A)
contiguous from the point-of-view of the user, B)
overlapping from the point-of-view of the user and C)
separate from the point-of-view of the user.

As can be observed in figure 4.C, the pointer travels

through the empty space to get from one display into the A B

next. Actually, the cursor can be in any position around the

user, even if there is no screen there to show the graphicatigure 5. Two examples of halos. A) the cursor isf to the left
representation of the cursor. of the screen. B) the cursor is close to the riglof the screen.

EMPIRICAL STUDY

In order to validate the value of perspective for multi-
display interactions and the characteristics of the new
technique, we designed an experiment in which we
compared two perspective-based techniques, Perspective
Cursor and Virtual Beam, with a non-perspective
interaction technique: Stitching of control spaces.

Experimental setting

For the experiment, we developed a prototype single-user
multi-display environment through which we can test most
kinds of inter-display transitions of the cursor. Tlegting
consists of three fixed displays and one mobile displag. T
three fixed displays are a large vertical wall-projected
screen, a projected tabletop display and a regular flat
monitor. The mobile display is a tablet PC.

Figure 4. Examples of display transitions of Persprive
Cursor. A) The displays are in different planes, buappear o
contiguous to the user. B) Displays that overlap ea other. C)
The cursor travels across the non-displayable spade reach —
the other display (the black cursors are only illugative)

There are not many environments in which the users are
completely surrounded by displays, meaning that users
might lose the pointer in non-displayable space. The
solution that we implemented is a perspective variant of
halos [3]. Halos are circles centered on the cursor that ar
big enough in radius to appear, at least partially, in at leag
one of the screens. By looking at the displayed part of thg
circle, its position and its curvature, the users carhtei
far and in which direction the Perspective Cursor is located
When the cursor is barely out of one display, the diggay
arc section of the halo is highly curved, showing most of
the circle. If the cursor is very far away, the arc seen will
resemble a straight line.

Figure 6. Experimental setting. 1) wall display 2jable-top
display 3) Tablet PC 4) flat screen.

Figure 6 shows the physical locations of all the elements.

Perspective Cursor is different from Stitching in the The apietop display (2) is a projected table with an image
technology that it requires. Stitching can work withowt an ¢ 1024x768 pixels and 124.5x158cm in size. The wall

extra device, but Perspective Cursor is based on thgjigplay (1) has the same resolution but the projection is



slightly smaller (136x101.5cm). The flat screen (4) iba Perspective Cursor

LCD monitor with a resolution of 1024x768. The tablet Perspective Cursor uses the users’ head position (but not

PC's display (3) is 15.5x21cm with an image of 768102 orientation) as the origin of the intersecting line diseds

pixels. above. The orientation of the line is determined by the
movements of the mouse so that a vertical movement of the

We use a total of three computers to control all the displaysy,, ,se results in an increase or decrease of the angle of the

The main application resides in a Pentium IV PC that alsoj,e yith respect to the equator. Conversely, a horizontal
controls the two big displays. The flat panel and the tabletmovement of the mouse changes the longitudinal

F;]C are contrl_olleq b{) Indspglndenc; mﬁchmes connEcted WBrientation of the line. Wherever the virtual line intersects
the main application by a dedicated Ethernet network. the surface of a display, there lies the Perspective Cursor.

For relative-positioning control we use a wireless MOUSE The cursor keeps constant size relative to the user, ke., th

Position tracking is provided by a Polhemus® Liberty ;a4 of the cursor varies in size and shape depending on
tracker with three tethered 6-DOF sensors. One sensor ig, g p p g

position and orientation of the surface where it ingoei
attached to a baseball cap that measures the users heaffplayed, but it projects the same image on the users
position, another |s_attached fo the tablet PC, and_ordmm retina. The size of the cursor was calculated to be about
shape of a pen with a button, serves as the virtual 1asef, ee times the size of a normal cursor seen in a 1024 by
pointer. 768 screen at a normal viewing distance (40cm), covering
The system kept an updated 3D model of the whole settingan angle of around 2 degrees (angular size of the cursor was
including the displays, the position of the user’s hehd, t Mmultiplied in the video figure for illustration purpes).

position and orientation of the pen (laser pointer) & t ¢ \ha position of the head changes but the mouse is not

position and orientation of _the mobile display. We must_ moved, the cursor stays in the same place of the same
note that although_ the tracking tgchnc_)logy that We_USEd I%jisplay. To prevent users from losing Perspective Cunsor i
affected by metallic and magnetic objects, the setting Wa?nter—display (blank) space, we used a variant of the Halo

designed so that accuracy of tracking was not an issuetechni ue [31 adanted for 3D environments
except for the case of the tablet PC when using Virtual que (3] P '

Beam, which we discuss later. Stitched Control Spaces

Three techniques were implemented in this prototype forln this technique, the movement of the mouse is related to
the experiment: Virtual Beam, Perspective Cursor andthe changes in the coordinates of the cursor in a linear

Control-Stitched Displays (see video figure). fashion. When the cursor reaches the border of a particular
display the system checks if there is another display
Virtual Beam assigned to that end. If so, the cursor continues moving

Our implementation of a laser pointer uses a 6-DOF sensoacross the new display. If there is no other display stitch
in the shape of a pen with a button close to the tip. Toto that end, the cursor just stays in the borded(lianits).

obtain the position of the cursor we virtually intersect aFigure 7 depicts the actual stitching implemented for our

mathem_aticali Iine_ com_ing ffO'T‘ the tip of the pen in the setting, which was designed to be as close as possible to a
longitudinal direction with the virtual model of the rooth. “flattening” of the room’s 3D model into a 2D map.

there is a display in the way, the two-dimensional
coordinate point of the intersection relative to that dispday i
considered the current position of the pointer. If thme li 0 o

intersects more than one display, the display closest to the
In short, the pen works as a laser pointer but for thetiatt

it controls the system’s pointer instead of a red dot tlaatd 9

without displays in the way. The button in the pen geasrat

the same kind of events as does a mouse button. Figure 7. Multi-display environment and its 2D stithing of

pen is chosen as the one displaying the cursor. When the
line does not intersect any display, nothing is shown. @1 9 e
it does not display anything when pointed to a space

control spaces.

Due to technology constraints, the pen could not be too o ] ) )

close to the tablet PC without appreciable distortion The C/D ratl_o in centimeters is kept constant, meaning that
(distortion appeared at distances of around 4cm). Alithe small displays take less mouse movement to cross,
subjects of the study were instructed not to bring the perflthough the number of pixels is the same.

too close to the tablet PC to avoid this effect.
Tasks

The subjects were asked to click on an origin icon (70x70
pixels) and then again in a destination icon (same size) as
fast as they could, but without sacrificing accuracy. Both



icons were visible and seen by the user before each taskubject provided a total of 384 valid time measurements.
started. The pairs of origin/destination icons were salecte The order of the conditions was balanced across subjects (2
according to the results of a pilot study that provided usin each possible order of interaction technique).

with four groups of tasks that represent different kinfls
multi-display interactionssimple across-displays, complex
across-displays, within-displagnd, high-distortion within-
display.

The number of trials was determined through a conservative
a-priori power analysis (power = 0.8, estimated standard
deviation = 0.62) that made our experimental design
capable of detecting differences in means larger than 15%.

Simple across-displays taskin these tasks the spatial

relationship between the origin display and the destination

display are very simple (Figure 8A). In our settingsths

the case only for the tabletop display and the wall display (1

and 2 in Figure 6). The transition between these two

displays is easy because both are more or less the same size

and the connecting borders are parallel.

Complex across-displays tasks this group of tasks the
origin and destination displays are not aligned in any way,
and they might be of very different sizes (Figure 8B).

Within-display tasksThese are tasks with the two icons in
the same display, i.e. mono-display tasks (Figure 8C).

High-distortion within-display tasksin a display that is
located very close to the user and in a parallel angle with
the line of sight (e.g., our table top) there are regiortkef
display (the corners closest to the observer) that suéiar fr

a strong perspective effect echerzothat affects control
perception. As the pilot study suggested that tasks apgrat
in these regions would yield specific effects, we created
another group testing this kind of tasks (Figure 8D).

The system considered a trial a miss if the second click did
not fall inside the area of the destination icon, giving
distinctive auditory feedback than a hit. Only the time
between a click on the origin and a second click was
measured.

Experiment design

The experiment was conducted with 12 right-handed Figure 8. Task types A) simple across-displays Bpmplex
participants (2 females and 10 males) between the ages ofacross-displays C) within-display D) high-distortia within-

19 and 35. All participants had experience with graphical display.

user interfaces. Each subject was tested individually. Eaclror each trial, completion time and hit/miss information
experiment took approximately 70 minutes to complete.  was recorded. At the end of all trials the subjects were

The experiment used a 3x4 within-participants factorial @5k€d to complete a questionnaire evaluating the three
design with planned comparisons. The factors were: techniques in performance, accuracy and preference. They
were also asked to fill out a workload assessment form for

- Interaction Technique (Perspective Cursor, Virtual Beam,each technique.
Stitched Control Spaces)

. Task type (Simple across-displays, complex acrossRESULTS

displays, within-display, and high-distortion within- Three sources of data were gathered: completion time,
display). accuracy and user preference, and workload assessment.

The experiment comprised 3 blocks of trials, one for eachcompletion time

interaction technique (Perspective Cursor, Virtual Beama two-way repeated-measures ANOVA test over all the
and Stitched control spaces). Each block was split into twosyccessful trials witfinteraction techniquendtask group
sets of trials; a training set and a test set. The trairéhg s a5 factors showed that both factors have a main effect in
had 32 trials, two per task, while the test set consist@d 0 completion time of the tasiEf;=36.25, p < 0.0001E; ;=
trials for each of the 16 tasks in a random order, fotad to 453 p < 0.0001), and that there is also an interaction

of 128 test trials per technique (32 per task group). Eactpetween the two factor§{, -,= 20.48, p < 0.0001).



Figure 9 shows the average completion times and standar8titching (t,, = 1.3072) but significantly faster than the
errors for the three techniques grouped by task typehé\s t Perspective Cursor,(= 1.3383). Stitching and Perspective
general ANOVA test indicated that there was an interactionCursor time averages were not significantly different.
betweerinteraction techniqguandtask groupwe proceeded

to analyze the effects afiteraction techniqudor each of  Accuracy

the conditions ofask group In terms of overall accuracy Perspective Cursor was the
best interaction technique with 45 misses, followed by
3 Stitching with 57, and Virtual Beam with 154. Figure 10
@ PerspectiveCursor shows the distribution of misses over different taslesypn
i the high-distortion-within-display tasks there were 5 gsss
for each interaction technique. In all other task types Mirtua
27 Beam had the most number of misses with more than 35
D misses per task.
£
=
160
19 @ PerspectiveCursor
| Virtual Beam
O Stitching
120
0 T 0
Simple across complex across within high-distortion ‘éso
Display within "é
£
Figure 9. Time of completion and standard error (stm) in the 240
different conditions.
: ) ol
Slmple_ across-dlsp.lgys tasks Simple across Complex Within High-distortion Total
For simple transition tasks the ANOVA test revealed that across Displays within

there were differences in performance amongst the

techniques K.+~ 8.31, p < 0.0003 ). The Tukey-HSD Figure 10. Number of misses per condition (of a tat of 4608).

multiple-comparisons post-hoc test showed that for these

group of tasks, Perspective Cursogg(t= 1.6563s) is  User preference and workload assessment

significantly faster than Virtual Beamyf§ = 1.803s) and  After finishing the tasks, users were asked to rank the

also faster than Stitching of control spaces, ¢ 1.8263)  techniques in order of subjective speed, accuracy and

but these two are not significantly different from eaclenth  preference. Most users perceived Perspective Cursor as the
fastest technique (9 first places and 3 second places) over

Complex across-display tasks Virtual Beam (3 first, 6 second, 3 third) and Stitchig (

For complex transition tasks, the ANOVA test revealed thatsecond, 9 third). Perspective Cursor was also considezed th

there were also differences in performance amongst thenost accurate technique (10 first, 3 second) followed by

techniques K,.+~ 50.99, p < 0.0001). The Tukey-HSD Stitching of control spaces (2 first, 5 second, 5 thieatid

multiple-comparisons post-hoc test showed that all taskvirtual Beam (5 second, 7 third).

groups were significantly different from each other.

Perspective Cursor was the fastegly & 2.12s), followed \é\/et:(sagec?i?/l;egurtgorrv?/gz ptrr;?er:gghg;/q;ﬁsbutb )(;ntf rfsfge(rxﬁé
by Virtual B = 2.34s), and Stitchi = 2.865s). . . . .
y Virtual Beam (4,4 s), and Stitchinga(t S) ranked it second). Virtual Beam received one first place

Within-display tasks vote, 8 second and 3 third, followed by Stitching, which

For the tasks involving only one display, ANOVA revealed 'eceived three second places and 9 thirds.

that there were also differences in performance amongst thghe users were also asked to fill out a workload assessmen
techniquesK,+~62.67, p < 0.0001). The Tukey-HSD test questionnaire. Analysis of the questionnaire showed that
showed that the two fastest techniques, Stitching of @ontr there were significant differences in user's perception of
spaces ({y = 1.418s) and Perspective Cursqyy(t 1.44s)  frustration, mental load and physical effort for the différen
were not significantly different from each other, but both techniques_ Across these Categories users considered

were significantly faster than Virtual Beargt= 1.85s). Perspective Cursor less frustrating, easier to handle
. o o mentally and less physically tiring. Of particular interest is
High-distortion within-display tasks the assessment of physical effort in which Virtual Beam

In the tasks that took place in areas of high perspectivgeceived an average of 5.91 out of 7, much higher than
distortion, the ANOVA test revealed differences in Stitching (3.41) and Perspective Cursor (2.41).

performance K, .4 = 3.69, p < 0.0253). Virtual Beam was
the fastest ft; = 1.2499), not significantly faster than



DISCUSSION users lost the cursor, they were capable of bringing it back
Below we will look at our main results and provide some to a display very quickly by looking at the halos.

explanation of why they occurred. . . N
P y they It must also be mentioned that the relative-positioning

Perspective-based techniques vs. Stitching nature of Perspective Cursor allows for further target-

The experiment found that the three techniques perfornficauisition optimization as in [4, 14, 35].
differently for across-displays tasks. Perspective Cussor
the fastest when several displays are involved (up to 26%
faster than Stitching control spaces and 8% faster tha
Virtual Beam). Virtual Beam is better than Stitching when
the relative position of the displays involved doesailoiw

a straightforward stitching. In this kind of interaction
Stitching of control spaces is confusing for the users.

irtual Beam

or tasks that involved complex display transitions 04t
Beam proved of value (almost 20% faster than Stitching).
The experiment also provided weak evidence that in
situations of high perspective distortion (closest corobes
non-perpendicular display) this technique is preferable to
mouse-based techniques.

Perspective-based techniques are faster because th(la_Y h £ Virtual far bel h
provide an intuitive layout of control space. We observed' OWeVer, the accuracy of Virtual Beam was far below the

that users had difficulties remembering how to access oné’ther two (89% Of success compared to 96.% of Perspective
display from another when using the Stitching of control CUrsor and Stitching of control spaces). This probledués

spaces technique. Several subjects reported that they needi the inherent inaccuracy of the device and has been

to plan the movements of the mouse ahead according to thgPOted many times [21, 24]. Although there are ways to
stitching scheme, what we calhaze effect improve this accuracy by filtering or changing the
interaction techniques [9, 25, 20], our main focus fos t

As we expected, a simple layout of monitors is ea_sier forexperiment was on performance and so we decided to
the Stitching technique, but Perspective Cursor still beatgnclude the technique without modifications that may
Stitching for these transitions (Perspective Cursor is 8%introduce feedback lags or arbitrary delays.

faster on average). One might think that the blank space her | fthe b . hni is h id
that the Perspective Cursor has to cross between displayaOther issue of the beaming techniques is how we provide

increases the interaction completion time, but consistenf’ button click. If the button is in the .device itself, accuracy
with what Baudisch et al. report [2], it is the lack oétth Is further decreased by the chekmg mpvement at the
space in Stitched Control that makes the transition lessnoment when most stability is required: at target

natural and slower, as the users end up overshooting mu (_:qu_isition. This prqblem can be solv_ed if we perform th_e
more often than with other techniques clicking gesture using the non-dominant hand, but this

raises other kinds of problems for real-life environments
It should be noted also that the 3D geometry characteristichecause we usually need the non-dominant hand for other
of perspective-based techniques allowed a seamlesgurposes (e.g., holding another device, gesturing, etc.).
interaction across displays of very different resolutions

without an explicit change in C/D ratio. Another drawback of Virtual Beaming made evident by the

data collected is that it is a very tiring technique. Several
Perspective Cursor users reported this, and the technique was rated the most

In all but the high-distortion tasks Perspective Cursas w Physically demanding. Although we agree that in a real-life
the best technique, or at least not significantly worse tha Situation the use of a laser pointer or a pen would not be as

the best. Most importantly, Perspective Cursor was as fadf't€nsive as in our experiment, the effect should be
as Stitching in the simple within-display tasks, which considered for applications that require intensive pointing

means that the multi-display capabilities of the techniquefor ong periods of time.

are not traded off for a poorer performance in the standargt must also be mentioned that the technological limitation
single-display interactions that we are used to. that reduced accuracy when the pen was too close to the

The overall results for Perspective Cursor show that isere t@blet might have had an effect on the frials that involved
value in using a relative control device like the mouse inthe tablet.
combination with perspective. Users seem also to

appreciate it, as all but one ranked it best. We think that//hatyou see is what you Ca}n control based techni .
Perspective Cursor, although relatively complicated toOn€ Important aspect of perspective-based techniques is

implement compared to a non-perspective technique, is éhat they provide control only over the display surfaces tha

better option for control of multi-display environmetitan &€ Visible, and in the degree in which they are visittes T
the existing alternatives. means that perspective techniques are not adequate for

environments in which the multi-display interaction is
One possible problem of Perspective Cursor is theintended for full resolution control of non-visiblesglays
possibility of losing the cursor in non-displayable space or machines from a single interface. For these situations it
We were worried that users could have trouble with thiswould be better to use remote-control techniques like
feature but the halos seemed to work well, and when thaviighty Mouse [8].



Implications for collaborative environments - Perspective-based techniques should be considered
Perspective Cursor poses two problems for mutual  when designing multi-display systems, especially if
awareness in co-located cooperative environments:  there are mobile displays involved.

predictability of the cursor movement and gesture vighili . perspective Cursor is effective for systems that require
First, some CSCW systems might benefit if the usens ca  tjme-efficient interactions, and is strongly preferred by
naturally acquire awareness of other users’ actions. |gers.

Perspective Cursor makes this more difficult because the However, Perspective Cursor adds implementation
movement of the cursor is more difficult to understandnf complexity, and may not promote awareness in co-
a point of view different from that of the user in coht located collaborative environments.

Second, if awareness of the users’ actions is important; The Perspective Cursor technique requires an
beaming techniques in which the actions are highly visible  indication of the position of the cursor for when it is
and easy to interpret have an advantage over mouse-based out of display space (i.e., when it is in blind-space).

techniques, in which the gestures are much less obvious. - Beam-based techniques are intuitive and a good choice
for multi-display interactions, but they must be
Implications for privacy implemented with mechanisms that improve accuracy.

In perspective-based techniques displays are only accessible Stitched Control Spaces is a reasonable alternative for
if they are visible, enforcing a natural privacy protection multi-display interaction if the setting is static and
derived from the real world. For example, if the owner of a there is a simple 2D mapping of the location of the
laptop does not want somebody to see or act in the denten displays.
of her display, she will turn the laptop so that the ldigjs
parallel to the line-of-sight of the potential intruder. CONCLUSIONS
However, it is possible that further privacy protectioresul  Multi-display environments and smart meeting rooms bring
would have to be implemented for certain kinds of together several independent systems into a single gispla
environments (e.g., public spaces or very sensitive content)space. Traditional means of stitching these devices together
often do not adequately represent the position and
Applicability and costs orientation of the devices, particularly when people look at
As mentioned above, Perspective Cursor requires trackinghe displays from different locations. To address this
of the user’s head relative to the position and orientation oforoblem, we used the idea of perspective to design new
any display in the room. There exist several alternatives tanteraction techniques for multi-display environments. The
implement this with current technology: 3D magnetic Perspective Cursor maps ordinary mouse input to the
trackers, computer vision tracking, or active sensors.display space based on the user's current perspective: the
However, these technologies are still expensive and thegursor tracks correctly across displays of different
are not free of problems (e.g., tethered sensors, interferenaesolutions, and appears where it should when displays
from metallic objects) which may preclude their use in overlap. We compared both Perspective Cursor and a
current systems. Nevertheless we believe that cost-effectiv®¥/irtual Beam technique to a traditional multi-display setup,
solutions for this particular problem are attainable in theand found that both perspective-based techniques provided
short term. In [23] we analyze possible ways to providesignificant performance gains. In addition, Perspective
affordable solutions using computer vision. Cursor showed advantages over the Beam technique, and

We also believe that there are current applications that'&> the most preferred technique.

might already justify the cost of current solutions,..e.g In the future, we plan to look at other applications of

television studios, command and control rooms, etc. perspective in multi-display environments, develop other
perspective-based techniques, and test Perspective Cursor
Generalizability of the results in more realistic tasks. We also plan to investigate the

In this study we took a close look at different techniqoes f techniques in collaborative settings with multiple co-located
multi-display pointing. We included displays of several users and multiple cursors.

sizes in several positions, which made the controlled
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