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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 display in the 

environment. One crucial requirement specific to MDEs is that users must be able to 

move objects from one display to another; this cross-display movement is a frequent and 

fundamental part of interaction in any application that spans two or more display 

surfaces. Although many cross-display movement techniques exist, the differences 

between MDEs ï the number, location, and mixed orientation of displays, and the 

characteristics of the task they are being designed for ï require that interaction techniques 

be chosen carefully  to match the constraints of the particular environment. 

As a way to facilitate interaction design in MDEs, we present a taxonomy that 

classifies cross-display object movement techniques according to three dimensions: the 

referential domain that determines how displays are selected, the relationship of the input 

space to the display configuration, and the control paradigm for executing the movement. 

These dimensions are based on a descriptive model of the task of cross-display object 

movement. 

The taxonomy also provides an analysis of current research that designers and 

researchers can use to understand the differences between categories of interaction 

techniques. 
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1. INTRODUCTION  

Multi -display environments (MDEs) are becoming more and more common, and are 

moving beyond simple multi-monitor setups to more complex environments that link 

tabletops, wall displays, projectors, PC monitors, and mobile devices into a single 

workspace (see Figure 1). These large-scale 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 tasks, they provide 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 display, c) 

advanced office system, d) meeting room, e) linked mobile composite environment 

Although MDEs are clearly one of the directions in which computing environments are 

moving, we still know little about how to design and choose interaction techniques that 

enable fundamental tasks in these environments. Cross-display object movement ï the 

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 display ï is one of the core functionalities that allow fluid 

interaction in MDEs, and is the focus of this paper.  

There are a number of existing techniques that could be used for cross-display 

movement. Some techniques have been specifically designed for multiple displays (e.g., 

Pick-and-Drop (Rekimoto, 1997)), and others can be adapted from large-display research 

(e.g., cursor extension techniques such as the Pantograph (Hascoët, 2004), world-in-

miniature techniques such as the Radar view (Smith, 1992), or proxy-based techniques 

such as Drag-and-Pop (Baudisch et al., 2003)). However we still know little about the 

underlying principles that cause these techniques to work well or poorly in different task 

situations and in different kinds of MDEs. As a result, it is difficult to compare 

techniques, difficult 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 we present a taxonomy that classifies cross-display movement 

techniques according to three dimensions: referential domain, display configuration, and 

control paradigm. The referential domain concerns the way in which the user and the 

system refer to a particular display. Users might refer to a display in a spatial or non-

spatial way depending on the task at hand, and interaction techniques will require spatial 

or non-spatial actions to communicate the destination display to the system. In spatially-

organized MDEs, the display configuration is the way that displays are arranged in 

logical space (e.g., as a set of planar surfaces, or as a perspective-based arrangement), 

which determines the way that a user can actually move an object from one display to 

another. Last, the control paradigm governs the way that the actual movement takes place 

(e.g., in an open-loop or closed-loop fashion). 

The taxonomy provides the first comprehensive survey of existing cross-display 

interaction techniques. The taxonomy is based on a descriptive model of cross-display 

object movement that provides a new view of the cross-display design space. This 

organization also allows us to summarize existing empirical evidence from HCI and other 

fields that help predict how different techniques will perform in different situations. Our 

work is intended to help designers as they choose the most appropriate interactive 

mechanisms for their systems, to stimulate the development of new and more efficient 

interaction techniques for MDEs, to facilitate further research by providing a common 

vocabulary and a common set of criteria for assessing and comparing techniques, and to 

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 that are 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 systems where 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 

arrangements. Common configurations of multi-display systems currently in use include 

multi-monitor systems (Figure 1.A) and large high-resolution composite displays (Figure 

1.B). However, more advanced systems are already being designed, such as enhanced 

desktops for individual use that integrate displays of varying form factors ï tabletops, 

wall displays and tablets (Figure 1.C) ï, collaborative meeting rooms (Figure 1.D), or 

even ad-hoc composed workspaces from linked mobile devices such as PDAs and mobile 

phones (Figure 1.E).  

3. CROSS-DISPLAY OBJECT MOVEM ENT 

MDEs are fundamentally different than existing single-display systems, and these 

differences require that we pay special attention to interaction design. Previous research 

has focused on several different aspects of MDE interfaces, such 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, see section 6); in this paper we focus on 

interaction, and more specifically, on the problem of cross-display object movement.  

Cross-display object movement is the action of moving a digital object from one 

display to another. A digital object is anything that exists in the logical workspace ï such 

as an object in an application, the application window itself, or a mouse cursor.  

Cross-display object movement is important because it is specific to MDEs and 

because it is one of the fundamental actions needed for the operation of MDEs; there can 

be little multi-display interaction if the cursor and the digital objects have to remain in 

their original displays. Other basic multi-display actions exist such as the ad-hoc 

configuration of shared spaces or the replication of objects or display spaces in other 

displays. We believe that cross-display object movement is independent of other possible 

multi-display operations, and therefore can be studied in isolation. 

The main contribution of this paper is a taxonomy of interaction techniques for cross-

display object movement. The taxonomy uses three levels or dimensions; each dimension 

separates techniques into several categories. Categories are compared to each other 

according to three main assessment criteria: performance, power and feedthrough (see 

section 3.4 below). Before we describe the taxonomy, we present the cognitive model 

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 cross-display object 

movement operation: first, the demands of the task or the constraints of the environment 

are transformed into the intention of moving an object, which includes determination of 

the correct destination display; second, an adequate response (i.e., an action plan for 

moving the object to the destination) has to be formulated; third, the movement must be 

executed; and fourth, in some cases the user must monitor and adjust movement action 

through a feedback loop. 
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Figure 2. A model of cross-display object movement 

The basic structure of the model can be illustrated with a simple example: a user is 

editing a document in a three-monitor desktop system (task/environment); at some point 

during the editing process, she realizes that she has to copy some text that is located in a 

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 goal, in this case, to move the mouse in a particular 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 this model implies certain causal constraints (e.g., action is not executed 

before the intention is formed), we are not suggesting a strict sequential ordering. Current 

research proposes that parts of these processes might happen in parallel (e.g., Hommel et 

al., 2001). The specifics of how these processes are organized or subdivided, and what 

elements they have in common, are still open research questions for experimental and 
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cognitive psychologists, and it is enough for our purposes to assume that the processes 

shown in Figure 2 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 us to provide a 

categorization that is fairly independent from the circumstances of use of the designs (see 

discussion in 3.2 below) and facilitates the mapping of categories to their useful 

characteristics.  

3.2 Scope 

Any model simplifies reality in some way; our decision to focus on cognitive and 

psychophysical processes helps us describe the way that the user interprets information 

and executes actions, but it also oversimplifies other elements of the operation that lie at 

the edge of the model such as the environment that is acted upon or the higher-level task 

that users are trying to accomplish. 

Our model is a low-level model because it does not deal with issues such as how 

cross-display actions are aggregated to complete a general task (such as editing a 

document), how a destination display is chosen for a particular purpose, or how the 

execution of a cross-display action affects group dynamics in collaborative systems. 

Leaving these issues out of focus in the model was, however, intentional; the space of 

possible tasks for which MDEs can be used, the contexts in which these take place, and 

the effects on collaborative behavior (e.g., coordination, conflict, territoriality, group 

performance, privacy) are too large and complex to be analyzed here. 

Our analysis starts at the point where the user already knows which display she wants 

to move an object to, and ends at the description of how the action is executed and how it 

appears in the environment. We believe, however, that our analysis can be informative 

for researchers who decide to investigate the effects of interaction techniques at higher 

levels of abstraction, because the processes and phenomena that we deal with are mostly 

independent of higher-level phenomena, and because we provide information about the 

characteristics of techniques that will affect the higher levels. For example, we describe 

whether a technique reveals information about the action to others, which can be useful in 

a system that requires workspace awareness, or disruptive in a system that requires strict 

privacy control.  

3.3 Prerequisites for cross-display object movement 

Cross-display interaction techniques depend on a number of underlying technologies; 

in this subsection we step back to set our research in the wider context of system design. 

The following sections are brief surveys on the hardware and software infrastructures and 

the input devices required to implement cross-display interaction techniques. 
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3.3.1 Hardware and software infrastructure  

The simplest kind of MDE in use today is a standard computer that is equipped with a 

dual-head video card and two monitors. This setup is supported by most current operating 

systems, and is no more difficult to program than single-display machines; the display 

space, although divided into two different display surfaces, is still considered a single 

virtual space by the operating system and allows seamless transitions of objects from one 

display to the other. 

This approach can be extended by adding extra video cards to a single machine. 

Building complex MDEs in this manner has limits, however, because 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 output required by the users of a complex MDE. 

Some researchers have instead proposed the use of meta-operating systems (also 

called middleware infrastructures) that would instead combine a number of different 

machines connected through a network into an integrated interface (e.g., i-Ros 

(Ponnekanti et al., 2003), Gaia (Roman et al., 2002), Beach (Tandler, 2000)).  Meta-

operating systems also take care of important issues in the exchange of objects such as 

where a transferred object really resides (i.e., is the object instantly copied into the 

destination deviceôs memory, is it kept in a central repository, or it is merely an iconic 

representation that is transferred?), and access permissions for objects in other displays. 

These issues are important in multi-user systems because they can affect privacy and 

safety of the data exchanged between displays and devices. 

Meta-operating systems are powerful and can greatly simplify the implementation of 

cross-display interaction techniques. However, there exist easier ways to connect two or 

more devices (and their displays): for example, if two devices are connected through a 

network, it is relatively easy to support data transfer using e-mail, instant messaging, or 

other basic transfer services. However, for these kinds of systems the problem is the 

configuration and specification of the connection through which two devices are to 

exchange data, because it sometimes requires the selection of the devices among a list of 

all possible other devices in the network. This problem is critical for the success of MDEs 

and has been addressed by research such as SyncTap (Rekimoto et al., 2003), Smart-Its 

friends (Holmquist et al., 2001) or Bump (Hinckley, 2003), which reduce configuration 

and specification processes to natural gestures. 

Although the underlying hardware and software implementations of an MDE can 

affect the viability and performance of cross-display movement techniques, we assume 

for our purposes that the necessary underlying software and hardware are present and that 

they meet the requirements of the interaction technique at hand (e.g., interaction speed, 

efficiency of data transfer). For most interaction techniques we assume as well that a 

working connection between the involved devices has already been established. 
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3.3.2 Input devices 

The taxonomy that we propose in this paper describes many interaction techniques 

that are of several different categories. These techniques rely on a broad set of input 

technologies which can affect the performance, usability and cost of the designed 

interfaces. Most of these technologies are widely used and do not present problems for 

the implementation of the techniques presented in this work: for example, indirect 

devices (e.g., mouse or trackball), touch screens, pen-based devices, or buttons and 

keyboards (see Hinckley (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 space (e.g., Nacenta et al., 2007-3). The problem of tracking objects and people 

has not yet been completely solved; however, research in this area is very active. Recent 

projects make use of a large array of different technologies to achieve different levels of 

accuracy, ranges, and costs in 2D and 3D tracking; for example, Hazas et al. (2005)  and 

Harter et al. (1999) use ultrasound, Randall et al. (2007) use light measurement, 

Vildjiounaite et al. (2002) use a combination of accelerometers, magnetic sensors and 

map knowledge, Spratt (2003) uses signal information from wireless links, and Ji et al. 

(2006) use WiFi signals (see (Manesis and Avouris, 2005) for an overview of existing 

techniques).  

A discussion of the advantages and disadvantages of each of these technologies and 

systems is out of the scope of this paper. Instead, we assume that the technology 

underlying the techniques discussed below is already reasonably well implemented or 

will be in the near future. Occasionally we will highlight specific input device issues if 

there is a clear trade-off in accuracy, cost or performance that affects the comparison of 

two groups of techniques. 

3.4 Assessment criteria for cross-display movement techniques 

The taxonomy presented below evaluates the different categories of techniques 

according to three main criteria: performance, power, and feedthrough. These criteria 

represent three important user needs ï how quickly and how accurately the cross-display 

movement can be executed, what exact kind of actions can be performed with the 

technique, and how the technique presents feedback in the environment. In addition, these 

criteria are also meant to help practitioners and researchers establish relationships 

between a technique and its effects in the general context of use of the MDE. For 

example, a technique with high power might allow users to grab objects from anyoneôs 

display, which might negatively affect privacy and collaboration. Typically, techniques 

are not globally better than others; instead, trade-offs appear, and it is the job of the 

interaction designer to decide which requirements are most important for the task and the 

MDE. 
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3.4.1 Performance 

Most user studies of multi-display and single-display interaction techniques base their 

conclusions on classical measures such as speed and accuracy. These measures are 

generally gathered as study participants repeat basic actions that are components of 

higher-level domain tasks ï movement actions such as targeting, steering, or docking; 

visual actions such as aligning or drawing; search tasks such as inspection or visual 

search; and navigation actions such as scrolling, panning, and zooming.  

For cross-display object movement techniques, we are primarily interested in 

movement actions (particularly targeting and steering). However, existing performance 

measures generally operate at the execution stage shown in Figure 2, and do not consider 

the performance of other stages such as forming a plan for moving the object. Since these 

aspects of the interaction are critical in MDEs, performance measures for this area will 

have to take these other stages into account. 

In general, designers should aim for the best possible performance unless it comes at 

the cost of power, necessary feedthrough, excessive implementation costs, user 

discomfort, etc. 

3.4.2 Power 

Our definition of cross-display object movement encompasses a number of different 

kinds of interaction techniques that are enacted in very different ways. The definition 

allows for great variability in a techniqueôs power ï that is, the types of actions and 

manipulations that the technique makes possible for the user.  

We are particularly interested in remote power, since this is more relevant to cross-

display movement (we assume here that the user is working at a ócurrentô display and that 

other displays in the MDE are óremoteô even though they are in the same environment). 

We assume also that all techniques provide adequate local power (that is, the ability to 

manipulate objects on the current display), although some techniques may have also have 

different local power characteristics. We define four main remote powers that object-

movement techniques can provide: 

 Remote putting allows users to move objects to other displays. This is the minimal 

requirement for cross-display movement, and only a few techniques provide only this 

power (e.g., emailing an object to another display).  

 Remote placing allows users to put objects at a specific location on a different display 

(and so provides more power than simple remote putting). For example, flicking and 

throwing techniques (Hascoët, 2003, Hascoët 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 (e.g., placing only into 

a quadrant of the remote display, or placing at a specific pixel). 
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 Remote manipulation allows users to move an object on a distant display (and 

possibly also manipulate it in other task-specific ways). Techniques can provide this 

power by bringing proxies of remote objects to the local display (e.g., Drag-and-Pop 

(Baudisch et al., 2003)), by duplicating the remote display on the local (e.g., Radar 

Views (Nacenta et al., 2005)), or by relocating the cursor to the remote display (e.g., 

Multi-Monitor Mouse (Benko and Feiner, 2005) and Perspective Cursor (Nacenta et 

al., 2006)). 

 Remote getting allows 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 techniqueôs power is to the real world (that 

is, the capabilities that a person has in a purely physical space). Some techniques attempt 

to be very similar to the real world, and try to operate on the virtual space just as they 

would on the physical world (e.g., Tangible Bits (Ullmer et al., 1998), Pick-and-Drop 

(Rekimoto, 1997)). However, techniques can also take advantage of the computational 

space to provide ósuper powersô that people do not have in the real world ï such as the 

ability to reach and manipulate objects that are out of armsô reach (e.g., Multi-Monitor 

Mouse, perspective cursor).  

Note that providing the maximum power to users might not be desirable in all 

circumstances; for example, over-empowered users might abuse their capabilities and 

therefore disrupt natural privacy and territorial behaviors of groups. 

3.4.3 Feedthrough 

Many MDEs ï particularly the meeting rooms and ad-hoc workspaces mentioned above 

(section 2) ï 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 the cross-display object movement to other users. For example, some 

techniques such as Multi-Monitor Mouse (Benko and Feiner, 2005)) move objects with 

the press of a button, and without any embodiment of the actor in the display space; this 

provides very little information about the action to other users in the system. In contrast, 

techniques such as pick-and-drop (Rekimoto, 1997), make the action evident to others 

because the user has to physically move to the destination display. 

This information is called feedthrough
1
, and it can affect group behavior in several 

different ways. Techniques that provide rich information to others will promote group 

awareness, the up-to-the-moment understanding that collaborators have about who is 

                                                 
1
 Our use of the term feedthrough is more general than the standard meaning attributed in CSCW (e.g., Dix, 

1994); by feedthrough we mean the information available 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 operations of the actor and 

her embodiment.  
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working, what they are doing, and where they are doing it (Gutwin and Greenberg 1998, 

2002); awareness is vital 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 clutter, visual or physical interference (for example when too many users are trying to 

manipulate objects in the same area) and can affect privacy behavior in some contexts 

(some users might decide not to perform certain actions because others will instantly see 

those actions). 

4. TAXONOMY  

In this section we describe the taxonomy of cross-display object movement 

techniques. We first provide an overview of the three levels in the taxonomy, and then 

detail each level in turn: referential domain, display configuration and control paradigm.  

4.1 Overview 

The taxonomy organizes cross-display object movement techniques using three 

conceptual levels (see also Figure 3): 

 The referential domain level analyzes issues related to the translation of an 

intention into a specific plan for moving an object. This dimension deals mainly 

with response selection in our cognitive model (Figure 2). According to how 

techniques refer to displays, they can be classified as spatial and non-spatial. 

 The display configuration level analyzes how the physical arrangement of the 

MDE combines with the input model of the interaction technique. This level also 

corresponds with the response selection process of the cognitive model, but 

relates to execution and feedback processes as well. According to their input 

model, techniques can be classified as planar, perspective, or literal.   

 The control paradigm level analyzes the different mechanisms by which 

interaction techniques are controlled by the user. Control relates primarily to the 

execution and feedback processes of the cognitive model. According to their 

control paradigm, techniques can be open-loop, closed-loop, or intermittent. 
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Figure 3. Graphical representation of the three main levels of the framework 

These levels are based on the model described in Section 3 and are similarly focused 

on the internal processes of the user that performs the cross-display action. Other 

categorizations are possible, but the advantage of our scheme is that it does not depend on 

the particular application of the technique, the context of use, or 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 

depending on the application domain or the task, but its intrinsic characteristics (its 

referential domain, its display configuration and its control paradigm) will stay the same. 

The next sections describe the levels of the taxonomy; in each, we first define the idea 

underlying the level, then describe how the level separates interaction techniques into 

groups. We then consider existing evidence that differentiates the groups of techniques, 

and summarize known evidence and open questions for that level. 

4.2 Referential domain 

Cross-display object movement can be 

seen as the transformation of an intention 

(the user wants an object to be in a 

particular display) into a change of state 

for the system (the object appears in its 

new position). In order to achieve this 

change of state, the user needs to communicate to the system where to move the object 

through an interaction technique. The intention of the user and the display specification 

required by the interaction technique can be expressed and represented in a variety of 

ways. For example, the user might want to move the object to a display that is called 

Techniques
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óJohnôs displayô or to the display that is to her right ï two different ways of referring to 

the same display. Similarly, an interaction technique might require typing the name of the 

destination display, or may allow the user to indicate the destination with a pointing 

gesture. 

The different methods or ólanguagesô in which objects can be referred to is what we 

call referential domains. A specific referential domain is 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 a naming scheme for displays. 

This section analyzes how the relationship between the referential domain imposed by 

the task and the referential domain required by the interaction technique can affect 

performance, power, and feedthrough for cross-display interaction techniques. At this 

level, we classify referential domains into two groups, spatial and non-spatial; interaction 

techniques are therefore also classified into the same two groups depending on the 

referential domain that they use. 

The spatial vs. non-spatial division is backed up by research in visuospatial cognition 

that suggests that the brain uses distinct mental representations for spatial and linguistic 

descriptions of objects and scenes (Tversky, 2004); we will not, however, enter into the 

discussion of the actual structure of these representations, or of the way that one type of 

representation relates to or is transformed into another. 

4.2.1 Types of referential domains 

According to the way that they refer to a display, we divide cross-display object 

movement interaction techniques into two groups: spatial and non-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-that-there technique (Bolt, 1980) uses pointing gestures of the user in a large display 

to indicate the destination of an object. 

There exist a multitude of techniques that rely on a spatial referential domain. The 

large corpus of techniques based on the direct manipulation paradigm (Hutchins et al., 

1985) is spatial. Other examples of spatial techniques include mouse-cursor movement 

techniques (Rekimoto and Saitoh, 1999; Ha et al., 2006-1), world-in-miniature techniques 

(Biehl and Bailey, 2004; Chiu et al., 2003; Kortuem et al., 2005; Swaminathan and Sato, 

1997) and literal techniques (Ullmer et al., 1998; Holmquist et al., 2001), among others. 

We do not enumerate all spatial interaction techniques here because they are considered 

in more detail at the next levels of the framework. 
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4.2.1.2 Non-spatial 

Cross-display interaction techniques are non-spatial when the destination display is 

referenced in any way that is not spatial. For example, we can refer to destinations 

through names, through the navigation of hierarchies, through lists, through association 

with colors or shapes, and many other possible schemes. 

Two simple examples of non-spatial movement techniques are Instant messaging 

(IM) file transfers and shared network folders. IM can be considered a cross-display 

movement technique when we use it to transfer files to a different device through the 

network. These methods are often used in co-located meetings when there is no easier 

way to share files. The referential domain of an IM-based technique is the óbuddy listô, 

with names and icons that represent possible destinations. Note that even though we 

might drag and drop a file into somebodyôs buddy icon (which is a spatial movement), 

the technique is non-spatial because the targetôs location in the list has no relation to the 

actual position of the receiving machine in the real world.  

Shared network folders allow certain folders in a file system to be referenced from 

another computer, and therefore from another display. Files can be dropped onto the icon 

of the shared folder in order to execute the transfer from one display to another. We refer 

to techniques like network folders and IM buddies as Wormhole techniques ï objects 

disappear from one display and appear in another. Although most wormhole techniques 

are non-spatial, icons can also be organized in a spatial fashion (e.g., shortcuts can be 

arranged according to the physical position of the devices they link to, as in Figure 4). If 

this is the case, we consider these techniques to be a different technique called Spatially 

Arranged Wormholes (see Section 4.3.1). 

The two non-spatial techniques described above are generic data-transfer mechanisms 

that were not originally designed for co-located interaction. Other techniques that do take 

co-present multiple displays into account, however, also use a list metaphor for display 

selection. For example, Multibrowsing (Johanson et al., 2001) allows web content to be 

moved from one screen to another by selecting the destination display from a contextual 

menu; Bluetooth connections (Bluetooth SIG, 2007) allow users to select devices from a 

list; and WinCuts (Tan et al., 2004) and Mighty Mouse (Booth et al., 2002) represent 

other displays as a list of names or icons. 
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Figure 4. An example of spatially arranged folders 

Two non-spatial techniques that do not use names or icons for reference are the 

keyboard-switch Multi-Monitor Mouse and the mouse-button-switch Multi-Monitor 

Mouse presented by Benko and Feiner (2005, 2007). 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 alt-tab key combination switches between applications in 

WindowsÊ systems. 

Unfortunately, it is difficult to further categorize techniques based on non-spatial 

referential domains because there are countless possibilities for assigning symbols or 

descriptions to displays or locations inside displays. The subsections below contain some 

discussions on non-spatial referential domains, but there is a large unexplored space of 

possibilities for the design of techniques that use non-spatial referential domains. 

4.2.2 Design considerations for  referential domains 

Cross-display interaction techniques can refer to displays in many different ways. In 

this section we discuss trade-offs involved in this choice. We also introduce experimental 

and theoretical results that help explain differences between spatial and non-spatial 

techniques. 

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

The two referential domains involved in a cross-display object movement ï from the 

intention and from the interaction technique ï can either match each other in type, or not 

match. For example, a user might want to move an object to one of the multiple vertical 

displays of a room that is close to her (ñI want to move it to that displayò), whereas the 
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only interaction technique available to execute the movement forces her to choose the 

name of the display from a list (as in Multibrowsing (Johanson et al., 2001)). In this case 

there is a clear mismatch between the spatial referential domain in which the intention is 

expressed and the non-spatial way in which the interaction technique requires the user to 

express the destination display. However, if a spatial interaction technique such as Put-

that-there was present in the system, both referential domains would match.  

Mismatch between referential domains can also happen in the opposite direction. 

Consider a meeting-room scenario where the chairperson is distributing documents to 

people by virtually sliding them to each personôs laptop. If the chairperson uses peopleôs 

names as the reference for where to send the documents, a spatial technique like Flick 

(Moyle and Cockburn, 2002; Reetz et al., 2006) could cause problems if people are not 

sitting beside their own laptops. 

Figure 5 introduces two extra examples of matching referential domains, this time in 

the context of a single-user MDE. In Figure 5.A the representation of the destination 

display in the userôs mind is graphical; the user wants to transfer the file to a location that 

she knows in space. In this case, a spatial technique like the one represented in Figure 5.C 

matches the domain of the intention. Figure 5.B 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 Figure 5.D.  

 

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) non-spatial interaction technique. 

In order to better predict the effects of the match or mismatch between the userôs and 

the techniqueôs referential domains, we turn to research on Dimensional overlap 

(Kornblum et al., 1990; Kornblum, 1992 ). Dimensional overlap (DO) is a characteristic 

of Stimulus-Response (SR) sets, and refers to the degree of similarity between the 

stimulus and the response. In a cross-display movement task, the stimulus is the intended 
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destination display, and the response is the required action with a particular interaction 

technique. The stimulus set consists of all the possible destinations of an object, and the 

response set consists of all the possible actions that an interaction technique affords.  

The DO model states that ñgiven a stimulus and response set, the fastest reaction time 

obtainable with optimal mapping is faster if the sets have dimensional overlap than if 

they do notò (Kornblum et al., 1990). The stimulus and response sets have dimensional 

overlap when they have properties or attributes in common.  

Since there is a direct correspondence between referential domains 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 above. For 

example, in the meeting-room scenario, the stimuli set (the intention of passing a 

document to someone by name) and the response set (sliding the document in the 

direction of a laptop) have little dimensional overlap: names do not have much in 

common with directional gestures. If the chairperson was distributing the papers based on 

which person raised their hand, a sliding technique would have higher dimensional 

overlap, since the 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 because the translation between stimuli and 

response occurs through an automatic cognitive process. If the SR sets are not similar, 

people must carry out a time-consuming search or a rule application, in addition to an 

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 the reaction time vs. number of alternatives function is reduced when the 

SR sets overlap (Kornblum et al., 1990). This means that highly overlapping SR sets are 

more scalable than non-overlapping SR sets; in the context of MDEs it implies that 

techniques that match the referential domain of the userôs intention will work with larger 

numbers of displays. 

Independent of the cognitive processes behind dimensional overlap, there is 

considerable evidence from the psychology literature that supports its predictions (there is 

little discussion about DO in HCI, with a few exceptions (Po et al., 2005; Proctor and Vu, 

2003)). This evidence also matches empirical results from the HCI literature. For 

example, Biehl and Bailey (2006) compared two spatial application relocation methods to 

what they call a ótextual interfaceô. 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 relocation times were 

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 references (e.g., moving the 

applications from óthereô to óhereô).  

In a laboratory study, Swindells et al (2002) evaluated gesturePen, a pointing-based 

spatial technique which requires a spatial gesture to select a device. They compare the 

spatial technique to selection from a list of devices (a non-spatial technique). They found 

that selecting a destination took significantly longer when using the list than when 

pointing. However, their task description does not state whether the goal destination was 

indicated to the participant through a spatial or name reference. 

4.2.2.2 Non-spatial techniques in a spatial world 

The evidence presented above predicts better performance when intentions and 

techniques have matching referential domains, but does not show whether spatial 

reference frames will perform better than non-spatial frames. Since interfaces that use 

non-spatial referential domains are often cheaper and easier to implement than their 

spatial counterparts, it is important to determine whether non-spatial referential domains 

cause extra performance costs. 

 In answering this question, we must also consider that cross-display 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.g. the meeting-room example described 

above), the spatial nature of the environment could interfere with interaction. This 

equates to the question of whether people can ignore the actual position of destination 

displays when completing a task that uses a non-spatial reference domain. 

Since evidence on this question is difficult to come by (especially in our application 

domain), we summarize here the results from an unpublished empirical study that we 

carried out; for more detail, see (Nacenta et al., 2007-1). In the experiment, each of four 

participants was associated with a particular shape. Participants were then shown shapes 

on their screens, and had to indicate which of the other users the shape belonged to, by 

tapping on one of three buttons that contained the actual names 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 the participants (see Figures 6 and 7). 

The results of this experiment showed that the mappings that coincide with physical 

reality have a significantly lower completion time during the first 12 trials of each block, 

even though the task requires no specific knowledge about location of destinations (the 

association between shapes and users is arbitrary). That is, with an arrangement that does 

not fit the world, it takes 12 consecutive trials for people to achieve the performance of an 

arrangement that does match. This 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 to be even more pronounced in realistic tasks 

because our study allowed users to focus only on getting the mappings 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 in (Nacenta et al. 2007-1) 

  

Figure 7. Screen snapshots from the interference experiment. The left pane matches the real world 

(of Figure 7) for John, and the right pane does not.  

There is also lower-level evidence that the location of a stimulus can strongly affect 

performance, even if the location is not relevant. This is known as the Simon effect after 

Simon and Rudell (1967), who discovered a peculiar phenomenon while researching 

hemispheric dominance for speech. Their subjects had to push one of two telegraph keys 

with their right or left hands when they heard a command that said ñrightò or ñleftò 

through their earphones. The researchers found that depending on which ear the 

command was issued to, the responses were different in speed and accuracy: ñrightò 

commands issued to the right ear and ñleftò commands issued to the left ear were faster 

than their counterpart. Note that the ear in which the command was given is totally 


