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ABSTRACT

Multi-display environments (MDES) are now becoming common, and are also
becoming more complex, with more displays and more types of dispiag in
environmentOne crucial requiremersipecific toMDEs is thatusers must be able to
moveobjects from one display to anoth#his crossdisplay movemens a frequent and
fundamental part of interaction in any application that spans two or moraydispl
surfacesAlthough manycrossdisplay movementiechniques exist, the differences
between MDE$ the numberlocation andmixed orientation of displayand the
characteristicsf the task they are being designedifeequire that interaction technicge
be chosercarefully to matchthe constraints of thearticularenvironment.

As a way tdfacilitateinteraction design in MDESs, we presertt@onomy that
classifiescrossdisplay object movememg¢chniquesiccording tdhree dimensions: the
referentialdomain that determines how displays are selected, the relationship of the input
space to the display configuration, ahd control paradigrfor executing the movement
Thesedimensions are based on a descriptive model ableofcrossdisplay object
movement.

The taxonomyalsoprovides an analysis of current research that desigaeds
researchers can useunderstandhe differences betweearategorie®f interaction
techniques.
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1.INTRODUCTION

Multi-display environments (MDEs) are becoming more and more common, and are
moving beyond simple multhonitor setups to more complex environments that link
tabletops, wall displays, projectors, PC monitors, mobdile devices into a single
workspace (see Figure 1). These lasgale MDEs have the potential to dramatically
change the way that we work with digital information: for example, they provide a
variety of work surfaces to fit different kinds of task®\tiprovide a very large display
surface, they enable the use of peripheral attention space, and they naturally support co
located collaboration.

Figure 1. Different kinds of MDEs. a) multi-monitor computer, b) large composite déplay, c)
advanced office systemnd) meeting room, €) linked mobile composite environment

Although MDEs are clearly one of the directions in which computing environments are
moving, we still know little about hoto desigrandchooséanteraction techniquethat
enable fundamental tasks in these environm@rtsssdisplay object movemehithe

action of moving a cursor or digital object from a specific location in one display to a
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specific location in another displ&yis one of the core functionalities thallow fluid
interaction in MDESs, ant thefocus of this paper.

There are a number of existing techniques that could be used fodsplssy
movementSometechniques have been specifically designed for multiple displays (e.g.,
Pick-andDrop (Rekimob, 1997)), and others can be adapted from latigplay research
(e.g., cursor extension techniques such as the Pantogtaptogt 2004, world-in-
miniature techniques such as the Radar vigmith, 1992, or proxy-based techniques
such as DragindPop Baudisch et aj2003)). However we still know little about the
underlying principles that cause these techniques to work well or poorly in different task
situations andh different kinds of MDEs. As a result, it is difficult to compare
techniques, diffialt to predict whether a particular technique should succeed, and
difficult for designers to select appropriate techniques for different application types and
different display configurations.

In this paper w@resent daxonomythatclassifiescrossdisgay movement
techniquesiccording tahree dimensions: referential domain, display configuration, and
control paradigm. Theeferential domairconcernghe way in which the user and the
system refer to a particular display. Users might refer to a digplagpatial or non
spatial way depending on the task at hand, and interaction techniques will require spatial
or nonspatial actions to communicate the destination display to the systepatially
organized MDEs, thdisplay configurations the way thadisplays ararrangedn
logical space (e.g., as a set of planar surfaces, or as a persfasgackarrangement),
which determines the way that a user can actually move an object from one display to
another. Lastthe control paradigngoverns the way tt the actual movement takes place
(e.g., in an opetoop or closedoop fashion).

The taxonomy provides the first comprehensive survey of existing-diggsy
interaction technigue3 hetaxonomy is based on a descriptive model of etisglay
object novementhatprovides anewview of the crossdisplaydesign spaceThis
organizatioralsoallowsus to summarize existing empirical evidence from HCI and other
fields that help predidiow differenttechniques will perfornm differentsituations Our
work isintendedo helpdesignerss theychoose the most appropriate interaeti
mechanisms for their systems stimulatethe development of new and more efficient
interaction techniques for MDEs, tacilitate further researchy providinga common
vocalulary and a common set of criteria for assessing and comparing techaiog ¢s
highlight areas where more research is needed.

2. MULTI -DISPLAY ENVIRONMENTS

A multi-display environment (MDE) is an interactive computer system with two or
more displays thaare in the same general space (e.g., the same room) and that are related
to one another in some way such that they form an overall logical workspace. This
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definition includes systems where multiple displays are connected to a single computer
and systemwhere networked computers link their displays through a groupware system.

MDEs can combine any number of different kinds of displays (e.g., monitors, flat
screens, tablets, tabletop displays, projected surfaces, PDAS) into many possible physical
arrangemets. Common configurations ohulti-display systemsurrently in usenclude
multi-monitorsystemgqFigure 1.A andlargehigh-resolutioncomposite display§-igure
1.B). However, more advanced systems are already being dessgiobdas enhanced
desktopdor individual use that integrate displays of varying form facidebletops,
wall displays and tablets (Figure 1.G)collaborative meeting rooms (Figure 1.D)
even aehoc composed workspaces from linked mobile devsoetias PDAs and mobile
phonegFigure 1.E)

3. CROSSDISPLAY OBJECT MOVEM ENT

MDEs are fundamentally different than existing singiigplaysystemsand hese
differences require that we pay special attentionteraction design. Previous research
has focused on several differenpasts of MDE interfacesuch as how to better display
and visualize applications and data, or how people organize and use the different display
surfaces (for a brief summary of this research seeéon §; in this paper we focus on
interaction,andmorespecifically, on the problem of cresssplay object movement.

Crossdisplayobject movement is the action of moving a digital object from one
display to another. Aligital object is anything that exists in the logical workspasech
as an object in aapplication, the application window itself, or a mouse cursor.

Crossdisplay object movement is important because it is specific to MDEs and
because it istme of the fundamental actionsededor the operation of NDEs; there can
be little multidisplayinteraction if the cursor and the digital objects have to remain in
their original displaysOtherbasicmulti-display actions exisgtuch as the aboc
configuration of shared spacesthe replication of objects or display spaces in other
displays. We bétve that crosslisplay object movement is independent of other possible
multi-display operationsandthereforecan be studied irsolation.

The main contribution of this paper is a taxonomintdraction techniques for cress
display object movementhetaxonomy uses three levals dimensions; each dimension
separates technigues into several categories. Categories are compared to each other
according to three main assessment criteria: performance, power and feedthrough (see
section 3.4 belowBefore wedescribe théaxonomy we present theognitivemodel
from which the dimensions are derived.

3.1 A model of cross-display object movement
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Our model(Figure?2) distinguishes four processes within a crdsplay object
movement operatiorfirst, the demads of the task or the constraints of the environment
are transformed inttheintentionof moving an objec¢twhich includes determination of
the correct destination disptasecond, an adequatesponsdi.e., an actionplan for
moving the object to the dénation) has to be formulated; third, the movement meist b
executegand fourth, in some cases the user must monitor and adjust movement action
through aeedback loop

Task / Environment

R SR LS. TS

Intention formation

S
(Al need to move he objecAO
AWhere to move ?0) 1
, ) s
User 0s I ntemn i
| IQ
Response selection and % 1 &
Plan formulation > 1 E
(AHow to move i there?0) 1 S
1 Ié
| II-IJ
'\ Action Plan :
\ /
Execution { -

. ' Feedback loop
(Actually move it)

Action

Figure 2. A model of crossdisplay object movement

The bag structure of the model can be illustrated with a simple example: a user is
editing a document in a threeonitor desktop system (task/environment); at some point
during the editing process, she realizes that she has to copy some text that is l@cated in
different monitor, which requires moving the cursor to that display (user intention: to
move the cursor to monitor B); the user then selects which of the possible actions has to
be performed to achieve the goalthis casgto move the mouse in a paiar direction
(action plan: move the mouse to the right); finally, the user performs the movement

(action), which she adjusts along the way by looking at the position of the cursor
(feedback loop).

Even though tis model implies certain causal constraifg.g., action is not executed
before the intention is formed), we are not suggesting a strict sequentiah@r@enrent
research proposes thartsof theseprocesses might happen in parallel (e.g., Hommel et
al., 2001). The specifics of how thesepesses are organized or subdivided, and what
elements they have in common, are still open research questions for experimental and

-9-
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cognitive psychologists, and it is enough for our purposes to assume that the processes
shownin Figure2 occur in some form.

We must note that taxonomies do not need to be based on models in order to be useful
(see other examples of related taxonomies in the Related Work section). However, using
this model as a base for the different dimensions of the taxonomy allowed usitie @ro
categorization that is fairly independent from the circumstances of use of the designs (see
discussion in 3.2 below) ardcilitates the mapping afategores to their useful
characteristics.

3.2 Scope

Any model simplifesrealityin some way; oudecision to focus on cognitive and
psychophysical processhkslps us describe the way thia¢ tuseinterpretsinformation
and executes actionisut italsooversimplifies other elements of tbperatiornthat lie at
the edge of the model such as the emwrirent that is acted upon or thigherleveltask
thatusers are trying to accomplish.

Our modelis alow-level modelbecause it does not deal with issues such as how
crossdisplay actions are aggregated to compdegenerakask(such aditing a
documet), how a destination display is chosen for a particular purpos®w the
execution of a crosdisplay ation affects group dynamics gollaborative systems.
Leaving these issues out of focus in thedelwas, however, intentionaihe space of
possibke tasls for which MDEscan be usedhe contexts in which these take place, and
the effects on collaborative behavierg., coordination, conflict, territoriality, group
performanceprivacy) aretoo largeand complexo be analyzed here.

Our analysis sirts athe point where the user already knows which display she wants
to move a object tq and ends at thaescription of how the action is executed and how it
appears ithe environment. We believe, however, that our analysis can be informative
for resarchers who decide to investigate the effects of interaction techniques at higher
levels of abstractigrbecause the processes and phenomena that we deal with are mostly
independent of highdevel phenomenand because we provide information about the
characteristics of techniques that will affect the higkegels For examplewe describe
whethera techniqueeveals information abotte action to othersvhich can beisefulin
a system that requires workspace awaremgstisruptive in a system thegquires strict
privacycontrol

3.3 Prerequisites for crosdlisplay object novement

Crossdisplay interaction techniquelepend ora number of underlying technologies;
in this subsection we step back to set our research in the wider context of systgm desi
The following sections are brief surveys on the hardware and software infrastructures and
the input devicesequiredto implement crosslisplay interaction techniques.

-10-
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3.3.1Hardware and software nfrastructure

The simpleskind of MDE in use today ia standarccomputer that igquipped with a
duathead video card and two monitors. This setugujgported by most current operating
systemsandis no more difficult tqorogramthansingle-display maching the display
space, although divided into two fdifent display surfacess still considered a single
virtual space by the operating systanmd allows seamless transitiasfsobjectsfrom one
display to the other

This approach can be extended by adding extra video twaedsingle machine
Building canplex MDEsin this manner halimits, howeverbecause not all kinds of
displays can be connected directly to the machine through a cable (e.g., mobile displays)
and because a single machine might not be able to deal with all the input, computation
and atputrequired by the users of a compMDE.

Some researchers have instead proposed the use ebpeetding system&lso
called middleware infrastructurethiat would instead combine a number of different
machines connected througlnetwork into an itegrated interface (e.g-Ros
(Ponnekantet al., 2003 Gaia(Romanet al., 2002, Beach Tandler 200Q). Meta
operating systemalso takeare of important issues in the exchange of obmath as
where a transferred object really resides,(isthe object instantly copied into the
destinati on #keptioadestral nepository, gr,it is merely an iconic
representation that is transferred?), and aqoeisrissions foobjects in other displays.
These issues are important in muiser systems because tloayaffect privacy and
safety of the dataxchanged between displays and devices.

Metaoperating systems apwwerful and camgreatlysimplify the implementation of
crossdisplay interaction techniquedowever there exiseasiemwaysto connect two or
more devicesandtheir displays)for example, if two devices are connected throaigh
network it is relatively easy tsupportdata transfeusinge-mail, instant messagingr
otherbasictransfer services. However, for theseddrof systems the problem is the
configuration and specification tiie connection througlvhich two devices are to
exchange datdecause it sometimes requires the selection of the devices arsing
all possible other devices in the network. Thislpemis critical for the success of MDEs
andhas been addressed by research su@ymsTap Rekimoto et al., 2003Smartlts
friends Holmquistet al., 200} or Bump (Hinckley, 2003, which reduce configuration
and specification processes to naturatges.

Although the aderlying hardware and software implementations of an MDE can
affect the viabilityandperformance of crosgisplay movement techniques, we assume
for our purposethat the necessaognderlying software and hardware are present ard tha
theymeet the requirements of the interaction technique at hangdifeegaction speed,
efficiency of data transfer). For most interaction techniques we assume as well that a
working connection between the involved devicesdiesadybeen established.

-11-
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3.3.2 Input devices

The taxonomyhat we propose in this paper describemyinteraction techniques
that areof severaldifferentcategoriesThese techniques rely on a broad set of input
technologies which can affect the performance, usability andtdst designed
interfaces. Most of these technologies\aigely used and do not present problems for
the implementation of the techniques presented in this:iarkexamplejndirect
devices (e.gmouseor trackball), touclscreens, pebaseddevicesor buttons and
keyboards (seElinckley (2006 for a current survey

Other interaction techniques require input that goes beyond traditional input devices
for example, perspective techniques often require tracking of people and devices in the
shared spax(e.g., Nacenta et al., 20@J. The problenof tracking object and people
has not yet been completely solvedwever, research in this area is very active. Recent
projects make use of a large array of different technologies to achieve differenbfevels
accuracy, rangeand costs in 2D and 3D tracking; for examplazas et al. (2005and
Harter et al. 1999 use ultrasound, Randall et 2007 use light measurement,
Vildjiounaite et al. (20024se a combination of accelerometers, magnetic seasdrs
map knowledge, Spratt (20033es signal informatiofiom wireless lirks, andJi et al.
(2006)use WiFi signalg¢see Manesis and Avouris, 2005)r an overview of existing
techniques).

A discussion of the advantages and disadvantages of each ofettieselogies and
systems is out of the scope of this paper. Instead, we assume tieahti@ogy
underlying the techniquealiscussed belovs alreadyreasonablyvell implemented or
will be in thenearfuture. Occasionally we wilhighlight specificinput device issues if
there is a clear traeeff in accuracy, cost or performance that affects the comparison of
two groups of techniques.

3.4 Assessmentriteria for cross-display movementtechniques

The taxonomy presented below evaluates the differentaréegf techniques
according to three main criteria: performance, power feadthroughThese criteria
representhree important usareeds how quickly andhow accuratéy the crosslisplay
movement can be executed, what exact kind of actions canfoenped with the
technique and how the technique presents feedback in the environimexadition these
criteria arealsomeant to help practitioners and researchers establish relationships
between a technique and its effects in the general contegeaffuhe MDE. For
example, a techniqueith high powemightallow users to grab objects froamyon® s
display, whichmight negativelyaffectprivacy andcollaboration. Typically, techniques
are notglobally better than others; instead, treafés appearand t is the job of the
interaction designer to decide whigquirements armost important for the task atige
MDE.

-12-
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34.1 Performance

Most user studies of multlisplay and singlelisplay interaction techniques base their
conclusions on classical meass such as speed and accuracy. These measures are
generallygatheredas study participants repeat basic actions that@rgonents of
higherlevel domain tasks movement actions such as targeting, steering, or docking;
visual actions such as aligningdrawing; search tasks such as inspection or visual
search; and navigation actions such as scrolling, panning, and zooming.

For crossdisplay object movement techniques, aveprimarily interested in
movement actions (particularly targeting and stegriHgwever, existing performance
measures generally operate at the execution stage shown inEigndedo not consider
the performance of other stages such as forming a plan for moving the object. Since these
aspects of the interaction are critical iflDMs, performance measures for this area will
have to take these other stages into account.

In general, designers should aim for the Ipestsible performanagnless it comes at
the cost of power, necessary feedthrough, excessive implementatiousests,
discomfort,etc.

3.4.2 Power

Our definition of crosslisplay object movement encompasses a number of different
kinds of interaction techniques that are enacted in very different Wagsdefinition
all ows for great vpawell théis, the typgs of antiormand e c hni qu e o
manipulations that the technique makes possible for the user.

We are particularly interested in remote power, since this is more relevant to cross
di spl ay movement (we assume her daydanththat t he us
ot her displays in the MDE are O60remoted even
We assume also that all techniques provide adequate local power (that is, the ability to
manipulate objects on the current display), although some techmgyelsave also have
different local power characteristics. We define four main remote powers that object
movement techniques can provide

¢ Remote puttingllows users to move objects to other displays. This is the minimal
requirement for crosdisplay moverent, and only a few techniques provide only this
power (e.g., emailing an object to another display).

e Remote placingllows users to put objects at a specific location on a different display
(and so provides more power than simple remote putting). For@eaflicking and
throwing techniques (Hascoét, 2003, Hascoét and Collomb, 2004) allow placing
without providing any further control over the remote objects once they are placed. In
addition, there can be different levels of granularity in placing (@aging only into
a quadrant of the remote display, or placing at a specific pixel).

-13-



6This is an el ectroni c v Human-GomputerfintemctionaNadentag M.e publ i s he
A., Gutwin, C., Aliakseyeu, D. & Subramanian, S. (2009). There and Back Again: Cross-Display

Object Movement in Multi-Display Environments. Human-Computer Interaction, 24(1), 170-229.
doi:10.1080/07370020902819882. Human-Computer Interaction is available online at:
http://www.informaworld.com/smpp/content~content=a910602221~db=all~jumptype=rss

e Remote manipulatioallows users to move an object on a distant display (and
possibly also manipulate it in other tagbecific ways). Techniques can provide this
power bybringing proxies of remote objects to the local display (Buxgag-andPop
(Baudisch et al2003)), by duplicating the remote display on the local (drgdar
Views(Nacentaetal., 2005)), or by relocating the cursor to the remote display (e.g.,
Multi-Monitor Mouse (Benko and Feiner, 20@5)dPerspectiveCursor (Nacenta et
a., 2006)).

e Remote gettingllows users to retrieve objects from other displays; this requires that
the technique provide some means of accessing remote objects (e.g., by name, or
through remote manipulation).

The traditional baseline comparison of a t
is, the capabilities that a person has in a purely physical space). Some techniques attempt
to be very similar to the real world, and toydperate on the virtual space just as they
would on the physical world (e.g-angibleBits (Ulimeret al.,1998), Pick-andDrop
(Rekimoto,1997)). However, techniques can also take advantage of the computational
space to provide édouagtleave inpghe veal wailduchdsthe peopl
ability to reach and mani pul ate-Mobtgrect s t hat
Mouse, perspective cursor).

Note that providing the maximum power to users might not be desirable in all
circumstancesfor example, oveempowered users might abuse their capabilaies
thereforedisrupt natural privacy and territorial behaviors of groups.

3.4.3 Feedthrough

Many MDEsi particularly the meeting rooms aad-hocworkspacesnentionedabove
(section 21 often involve not only multiple displays but also multiple users. In these
situations, it is also important to consider whether interaction techniques provide
information about therossdisplay object movememd other userg-or example, some
techniques sutas MultiMonitor Mouse (Benk@andFeiner, 206)) move objects with

the press of a button, and without any embodiment of the actor in the displaytkjzace;
provides very little information about tlaetion to other users in the system. In contrast,
technigues such agick-anddrop (Rekimoto1997), make the action evident to others
because the user hasptoysicallymove to the destinatiagisplay

This informationis calledfeedthrough and itcan affect group behavior in several
different ways.Techngues that provide rich information to others will promote group
awarenesghe upto-themoment understanding that collaborators have about who is

! Our use of the terrfeedthroughis more general than the standard meaning attributed in CSCW (e.g., Dix,
1994); by feedthrough we mean the information lalée to others from the process of manipulating an
object. This definition includes visible changes in position or other characteristics of the object (as in the
standard use of the term), but also the information that is revealed through the opefétiersmr and

her embodiment.
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working, what they are doing, and where they are doing it (Gutwin and Gredré#9&rg
2002; awareness is vatl for smooth and natural execution of shared tasks, and becomes
more and more important as the collaboration becomes more closely coupled.

However, too much information about a user activity can also have negative effects such
as cluttervisual or physial interference (for example when too many users are trying to
manipulate objects in the same area) eanthaffect privacy behavior in some contexts

(some users might decide not to perfaentainactions because others will instargbe

those actions

4. TAXONOMY

In this section we descrilike taxonomyof crossdisplay object movement
techniquesWe first provide an overview of the three levels intthenomy and then
detail each level in turmeferential domain, display configuration and controbpagm.

4.1 Overview

Thetaxonomyorganizes crosdisplay object movement techniques using three
conceptual levelgsee also Figurd):

e Thereferential domairevel analyzes issues related to the translation of an
intention into aspecific plarfor movingan object This dimension deals mainly
with response selectian our cognitivemodel Figure2). According to how
techniques refer to displays, they can be classifiegpaisalandnon-spatial

e Thedisplay configuratioevel analyzes how the physicalrangement of the
MDE combines with thenput modelof theinteraction technique. Thilsvelalso
corresponds with the response selection process cbtretivemodel, but
relatesto executiorandfeedback processas well.According to their input
mode| techniques can be classifiedpdanar, perspectiveor literal.

e Thecontrol paradigmevel analyzes the different mechanishyswhich
interaction techniques are controlled by the uSentrol relates primarily to the
execution and feedback processéthe cognitive model. According to their
control paradigm, techniques candpenloop, closedloop, orintermittent
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Figure 3. Graphical representation of the three main levels of the framework

Theselevels are based on the deb described itvection 3 andare similarlyfocused
on the internal processes of the user that performs thedispay actionOther
categorizations are postbbut he advantage of our scheme is that it does not depend on
the particular applicatioaf the techniquethe context of useor the task at hand; instead
it reflects intrinsic characteristics of the technique with respect to the person that uses it.
In other words, the same technique could prove a perfect choice or a usability disaster
depeming on the application domain or the tasit its intrinsic characteristiogts
referential domain, its display configuration and its control paradigm) will stay the same

Thenextsections describnelevels of theaxonomy in eachwe first define heidea
underlying the levelthen describe how tHevel separates interaction techniques into
groups.We thenconsider existing evidence that differentiates the groups of techniques
and summariz&nown evidence and open questidmsthat level

4.2 Rderential domain
Crossdisplay object movememan be Reference | spatial _] Non-spatial |

seen as the transformation ofiatention |~=————————= T ST =——— ————

(the user wants an object to be in a Configuration |  Planar | |Perspective| | Literal

particular display) into a change of state |~————————— e e

for the system (the object appears inits | ™ [ oven-Loop | [intermittent | [ciosedt-Loop)

new position)In order to achieve th
change of state, the user needs to communicate to the system where to mbjecthe
through an interaction technique. The intention of the user and the display specification
required by the interaction technique can be expressed and representadetyaf/

ways. For example, the user might want to move the object to a display that is called
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Q) o h n 6 s 6orto teplispday that is to her rightwo different waysof referringto
the same display. Similarly, an interaction technique might retypneg the name of the
destination displayor may allow the user to indicate the destination wigoenting
gesture.

The differentmethodsor danguage8in which objects can be referrealis what we
call referential domains. A specific referential domis formed by the set of references
of a specific type to all the displays of the environment; for example, pointing gestures to
displays is a common referential domain used by interaction techniques; another example
is anaming schem#or displays.

This section analyzes how the relationship between the referentialrdonpaised by
the task and the referential domagguired by thenteraction technique can affect
performance, poweand feedthrougfor crossdisplay interaction techniquest fis
level, we classify referential domains into two grouggsatial and nosspatial; interaction
techniques are therefore also classified into the sammgroups depending on the
referential domain thahey use

The spatial vs. negpatial division is backed uyy research in visuospatial cognition
that sggestghatthe brain usedistinct mental representatiofts spatial and linguistic
descriptions of objects and scelf€sersky, 2004); we will not, however, entento the
discussion of the actual structwkthese rpresentationor of the way thabne type of
representation relatés or is transformed intarother.

4.2.1 Types of referential domains

According to the way that they refer to a display, we divide edaggay object
movement interaction teaiques into two groupspatialandnon-spatial.

4.2.1.1 Spatial

We consider that an interaction technique is spatial if it references displays spatially,
i.e, if the required input to place an object in a display relates in a spatial way to the
position of the display in the physical arrangement of the MDE. For example, the classic
Put-thatthere technique (Bolf,980) uses pointing gestures of the user in a large display
to indicate the destination of an object.

There exist a multitude of techniquesttinely on a spatial referential domain. The
large corpus of techniques based on the direct manipulation paradigm (Hetchlins
1985) is spatial. Other examples of spatial techniques include rauser movement
techniquegRekimotoandSaitoh, 1999Ha etal., 20061), world-in-miniature techniques
(Biehl andBailey, 2004 Chiu etal., 2003 Kortuem et al 2005 SwaminatharandSatq
1997 and literal technique@Jlimer et al, 1998 Holmquist etal., 2001) among others.
We do not enumerate all sgtinteraction techniques here becatis®y are considered
in more detail at the next levels of the framework.
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4.2.1.2 Norspatial

Crossdisplay interaction techniques are rspatial when the destination display is
referencedn any way that is not spati For example, we can refer to destinations
through names, through the navigation of hierarchies, through lisiagtiassociation
with colors or shapes, and many other possible schemes.

Two simple examples of nespatial movement techniques &nstart messaging
(IM) file transfers and shared network folddkg.can be consideregicrossdisplay
movementechniquevhen we use it ttransferfiles to a different device through the
network. These methods are often used Hocated meetings when thererioeasier
way to sharefiles. The referential domain of dM-based technique the duddy list
with namesandicons that represent possible destinations. Nageven though we
mi ght drag and dr op dcorf(whicheis aispatil movemedhe body ds b
the technique is nespatial becausthet a r doeatiodia the list hasio relationto the
actual position of the receiving machine in taal world

Shared etworkfoldersallow certain foldersn a file systento be referenced from
andher computer, and therefore from another disgfdgs can be dropped onto the icon
of the shared folder in order to execute the transfer from one display to anothefew
to techniques lik@etworkfolders and IM buddies asormholetechnique$ objects
disappear from ondisplayand appear in anotheklthough most wormhole techniques
are nonspatial, iconganalsobeorganized in a spatial fashion (e ghortcuts can be
arrangedaccording to the physical position of the devices they linksa Figure4). If
this is the case, we consider these technitubs adifferenttechniquecalled Spatially
ArrangedWormholes(seeSection4.3.1).

Thetwo nonspatial techniques describabdove argyeneric datdransfermechanisms
thatwere notoriginally designed for cdocated interactiorOther techniques that do take
co-present multiple displays into account, however, also use a list metaphor for display
selectionFor exampleMultibrowsing (Johanson et., 2001) allows web contetd be
movedfrom one screen to another by selecting the destination display from a contextual
meny Bluetooth connection®luetooth SIG, 2007allow users taeselectdevicesfrom a
list; andWinCuts (Taret al, 2004)and Mighty MousdBooth etal., 2002)represent
other dsplays as a list of names or icons.
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Figure 4. An example ofspatially arranged folders

Two nonspatial techniques that do not use names or icons for reference are the
keyboardswitch Multi-Monitor Mouseand themousebutton-switch Multi-Monitor
Mousepresented by Benko and Feiner (20P807. In these variants of the Multi
Monitor Mouse, the cursor switches from one screen to the next in a circular list of
available displays, much as the-@b key combination switches betwegpkcations in
WindowsE systems.

Unfortunately, i is difficult to further categorize techniques based onsyatial
referential domains because there are countless possiliditi@ssigningsymbolsor
descriptiongo displays or locations inside dispta The subsections below contain some
discussions on nesgpatialreferential domains, but there is a large unexplored space of
possibilitiesfor the design of techniques that use1spatial referential domains

4.2.2Design onsiderationsfor referential domains

Crossdisplay interaction techniques can refer to displays in many different ways. In
this section we discuss tradéfs involved in this choice. We also introduce experimental
and theoreticalesultsthat help explain differences between spatral norspatial
techniques.

4.2.2.1 Intended destinations and required input: matching or mismatching domains.

The two referential domains involved in a crossplay object movemeiitfrom the
intention and from the interaction technigueaneithermatch each other in typer not
match For examplea user might want to move an object to one of the multiple vertical
displays of aroom thatis closetolfeil want t o mo Vv whereasthea o t hat
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only interaction technique available to exedh® movement forces her to choose the
name of the display from a list (asMultibrowsing(Johanson &dl., 2001). In this case

there is a clear mismatch between the spatial referential domain in which the intention is
expressed and the ngpatial wayin which the interaction technique requires the user to
express the destination displdowever, if a spatial interaction technique suckPas
thatthere was present in the systdiath referential domains would match.

Mismatch between referential domscan also happen in the opposite direction.
Consider a meetingpom scenario where the chairperson is distributing documents to
people by virtually sliding them to each per
names as the reference for wheredad the documentsspatial technique likElick
(Moyle and Cockburn, 20Q0Reetz etl., 2006)could cause problems if people are not
sitting beside their own laptops.

Figure5 introduces two extra examples of matching referential domains, this time in
the context of a singlaser MDE. In Figuré.A the representation of the destination
di splay in the userodés mind is graphical; the
she knows in space. In this case, a spatial technique like the onenégdes Figurd.C
matches the domain of the intention. Fighf® shows a user that knows the destination
display by its name, regardless of where it is located. An matching technique would be a
menu like the one in FiguieD.

I want my file

Figure 5. Examples of dimensional overlap. A) Intention formulated in terms of position, B) intention
formulated in terms of name C) spatial interaction technique, D) nosspatial interaction technique.

In order tobetterpredictthe effectsof the matctor mismatcth et ween t he wuser 06
the techni que 6 swetum foeesearchtom Rirhenstmatertap n s |,
(Kornblumet al, 1990; Kornblum, 1992 Pimensionalbverlap(DO) is a characteristic
of StimulusResponse (SR) se@nd refers to the degg of similarity between the
stimulus and the responge.acrossdisplay movement taskhe stimulusis the intended
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destinatiordisplay, andtheresponses the required action with a particular interaction
technique. The stimulus set consistall the possible destinations of an object, and the
response set consists of all the possible actions that an interaction technique affords.

TheDOmo d el s tgadan a stimulub @and response set, the fastest reaction time
obtainable with optimal mapping faster if the sets have dimensional overlap than if
t hey do not d., 199)oThensbnulusanderdsponse sets have dimensional
overlap when they have properties or attributes in common.

Since there is a direct correspondence between refdrdathains of intention and
interaction technique and the stimulus and response sets in which dimensional overlap is
formulated, we can apply this model directly to the scenarios described Rbove.
example, in theneetingroomscenario, the stimuli sethi intention of passing a
document tsomeondy name) and the response s#itl{ng the documenn the
direction of a laptop) have little dimensional overlapmes do not havauchin
common with directional gesturdéthe chairpersomvas distributig the paperbased on
which person raised their hand, a sliding technique would higbher dimensional
overlap sincethe raised hand and the directional sliding gesture are both spatial (i.e.,
both have position, direction and distance in physical space)

The DO model hypothesizes that when the stimulus and response sets are similar
performance and accuracy are improved becties&anslation between stimuli and
response occurs through an automatic cognitive prolféhe SR sets are nsimilar,
peope must carry oua timeconsuming searchr arule application in addition toan
inhibition of the results of the automatic process

Besides the advantage in performance of overlapping SR sets, the DO model predicts
that the slope of theeaction timevs. number of alternativelinction is reduced when the
SR sets overlaKornblumet al, 1990Q. This means that highly overlapping SR sets are
more scalable than nasverlapping SR sets; the context of MDE#& implies that
techniques that match the redatialdomainof theu s e r 6 s wiill worlewith largem
numbers of displays.

Independent of the cognitive processes behind dimensional overlap, there is
considerablevidence from the psychology literature that supports its predictioar® is
little discussion about D@ HCI, with a few exception@Poet al, 2005 Proctor and Vu,
2003). This evidence also matches empirical results from the HCI literdtare.
example, Biehl and Bailey (2006) compared two spatial application relocation methods to
what they call atextual interfacé The task was a naturalistic cooperative task that
required the movement of applications between large shared displays and personal tablets
in order to compose a collage or a comic strip. They found that relocatiorwtanes
several times shorter with the spatial interfaces than with the interface that used name
references for displays. From the description of the task we deduce that the relocation
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intentions were mostly represented in terms of spatial referéacegnoving the
applications fromtheredto dhered .)

In alaboratorystudy, Swindells et al (2002) evaludgesturePema pointingbased
spatial technique which requires a spatial gesture to select a device. They compare the
spatial technique to selectiorim a list of devices (a nespatial technique They found
that selecting a d#inationtook significantly longer when using the list than when
pointing.However, heir task description does not state whether the goal destination was
indicated to the paxipant through a spatial or name reference.

4.2.22 Nonrspatial techniques in a spatial world

The evidence presented above predetser performancerhen intentions and
techniquedave matching referential domains, boes not show whether spatial
reference frames will perform better than rgpatial frames. Sindaterfaces that use
nonspatial referential domains avéien cheaper and easterimplement than their
gpatial counterparist is important to determin@hether norspatial referentialomans
cause extra performance costs.

In answering this question, we must also condiaigtr crosslisplay object
movement in an MDE takes place in a physical space. Even when the location of the
destination display is not relevant for the task (e.gmhetng-roomexample described
above), the spatial nature of the environment could interfere with interathan
equates to the question of whether peoplegaore the actual positioof destination
displayswhen completing a task thases a noispatialreference domain.

Since evidence on this question is difficult to comddspecially in our application
domain), we summarize here the results from an unpublished empirical study that we
carried outfor more detail, seeNacenta e#l., 200%1). In the experiment, each of four
participants was associated with a particular shiagréicipantswere then shown shapes
on their screens, and had to indicate which of the other users the shape beldmnged to,
tapping on one of three buttons that contained theahnames of the participants. In one
condition the buttons corresponding to other participants were aligned with their actual
positions in the physical space, while in the other condition there was no spatial relation
between buttons and positions of gregticipants (seBigures 6 and?7).

The results of this experiment showed tiha mappings that coincide with physical
reality have a significantly lower completion time during the first 12 toakach block
even though the task requires no specifiokledge about location of destinations (the
association between shapes and useaxgbigrary). That is,with an arrangement that does
not fit the world,it takes 12 consecutive tridisr peopleto achieve the performanoéan
arrangement that does matd his pattern was consistent across several blocks, ruling out
an explanation based just on learning.
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The effects found in the study are likely todxen more pronounced in realistic tasks
because our study allowed users to focus only on getting theimga right and were not
distracted in between. In a real task in which attention is often divided, users would not
be able to learn so efficiently from the previous trials.

Figure 6. The setting of the experiment described ifNacenta et al. 20071)

Figure 7. Screensnapshotsfrom the interference experiment.The left pane matctesthe real world
(of Figure 7) for John, and the right panedoesnot.

There is also lowelevel evidencehat thelocationof a stimuluscan stronglyaffect
performanceeven if the location is not relevant. This is kmoas theSimon effecafter
Simon and Rudell (196,/vho discovered a peculiar phenomenon while researching
hemispheric dominance for speech. Their subjeatistt push one of two telegraph keys
with their right or | eft hands when they hea
through their earphones. The researchers found that depending on which ear the
command was issued to, the responses were differenpie e d and accur acy: A
commands i ssued to the right ear and Al efto
than their counterpart. Note that the ear in which the command was given is totally
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