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ABSTRACT  

Many types of multi-display environments (MDEs) are emerging that allow users to better 

interact with computers. In these environments, being able to move visual objects (such as 

window icons or the cursor) from one display to another is a fundamental activity.  

This dissertation focuses on understanding how human performance of cross-display actions 

is affected by the design of cross-display object movement interaction techniques. Three main 

aspects of cross-display actions are studied: how displays are referred to by the system and the 

users, how spatial actions are planned, and how actions are executed. Each of these three aspects 

is analyzed through laboratory experiments that provide empirical evidence on how different 

characteristics of interaction techniques affect performance. 

The results further our understanding of cross-display interaction and can be used by 

designers of new MDEs to create more efficient multi-display interfaces. 
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 CHAPTER 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. 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. 

Most current multi-display interfaces are superficial adaptations of single-display interfaces; 

however, MDEs are substantially different from single-display systems and require specific 

interaction techniques to perform multi-display operations. One of the most important multi-

display actions is cross-display object movement ï the action of moving the representation of a 

digital object (e.g., an icon, a window or the cursor) from one display to another. Without 

interaction techniques that allow object movement between displays there can be little multi-

display interaction. 

This work is focused on the study of interaction techniques for cross-display object 

movement
1
, i.e., on the parts of the user interface that a system implements to let users 

accomplish the movement of visual objects from one display to another. Although moving an 

object between displays is a simple action, there are many ways in which users can perform it; 

for example, users could physically touch the destination display, select it from a list, manipulate 

a mouse to remotely move the object around the entire environment, or press a key several times 

until the object appears in the right display. As we will see, subtle characteristics of these 

interaction techniques can have a large impact on the overall efficiency of the system and on the 

user experience. 

                                                 
1
 For the remainder of this dissertation, unless stated otherwise, the phrase ñobjectò will be taken 

to mean ñvisual objectò, i.e., the visual representation on screen of a digital object, regardless of 

where the actual information of the object is stored in memory (the information associated with 

the object could reside in any device that is part of the MDE). 
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The goal of this dissertation is to increase the understanding of the factors that affect 

performance in cross-display object movement (CDOM), and thereby to improve the interaction 

performance in MDEs. In particular, I focus on a set of three characteristics of interaction 

techniques that are related to a basic model of the cross-display action (i.e., how to refer to 

displays, how to plan the control movement, and how to execute the control movement) and 

analyze how these will affect performance, user preference, and subjective workload. A better 

understanding of these issues is intended to help researchers and designers to design better 

interaction techniques and improve the interfaces of increasingly complex MDEs. 

1.1. An Example of the Problem of Cross-display Object Movement 

The interaction techniques that MDEs implement for CDOM can result in inadequate 

interface designs. For example, consider the smart office scenario of Figure 1.Left, in which user 

A intends to move a window to a laptop on another table. By using a technique similar to 

Multibrowsing [Johanson et al., 2001], user A would have to invoke a contextual cross-display 

menu by right clicking on the window, and then selecting the right destination display from a list 

of display names. This mechanism requires that users remember each display by name, which 

takes added time and effort, especially if there are many displays in the system. Most of the time, 

users will simply want to move content to a particular display which is easy to identify (for 

example, by a pointing gesture) instead of choosing an arbitrarily-selected name from a list of 

labels such as the one represented in Figure 1. Moreover, using this technique, other people in 

the room will have very little information available about who performed the action or from 

which display.  

The increasing complexity of current MDEs can also make traditional solutions to the cross-

display object transfer obsolete. For example, the usual mechanism to bind two displays in a 

dual-monitor configuration is to combine all physical display space into a single, larger virtual 

space without boundaries (Figure 2.A), allowing the cursor to move from one display to another 

by crossing the boundary between them. However, this approach does not scale to advanced 

multi-display scenarios such as smart offices because there are too many displays of different 

sizes in different orientations that are not easily represented as a single flat surface (Figure 2.B). 

Similarly, combining displays in this way becomes impractical for users that need to move 
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around the environment because there are many alternative flat representations of the 3D 

physical environment and the correct representation depends on the point of view ï see Figure 3. 

        

Figure 1. Left) User A wishes to move an object to a nearby display.  

Right) The user must select the destination display from a list of display labels  

(similar to [Johanson et al., 2001]). 

 

Figure 2. A) dual-monitor display and its virtual space mapping.  

B) A complex multi-display environment and a possible (but unusable) space mapping. 

?

A

B



 

4 

 

 

Figure 3. The "correct" planar mapping of an MDE can depend on the position of the user. 

1.2. Multi -display Environments 

For this dissertation I will define a multi-display environment (also known as a multi-surface 

environment ï MSE) as 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. Since the term display has been used to mean many 

related, but different, concepts, it could cause confusion. I will define display for the purpose of 

this dissertation as an array of light elements that are arranged in a continuous and regular way 

along the same surface in order to show dynamic output from a computer. My definition is more 

specific than the most generic definition of display, which includes almost any physical support 

for graphical information ï not necessarily electronic (see, for example [Crabtree et al. 2004]). 

Although my definition includes displays with curvilinear and irregular forms, most displays are 

planar and rectangular in shape, and these are the type that I will assume for this work. 

Displays can be combined in many different ways to build multi-display environments for 

different tasks and purposes. In this work I will consider five canonical situations: 

¶ Multiple monitors at one computer. This setup is now supported by most commercial 

graphics cards; two displays is most common, but more are also possible (Figure 4.A). 

¶ Large composite displays. These involve multiple identical displays or projected 

images organized to create a large high-resolution display surface (Figure 4.B). The 

displays are normally vertical and can use various technologies such as rear projection 

or plasma screens. 

¶ Advanced office systems. These systems combine tabletop displays, wall displays, and 

standard PC monitors to create a large work surface that is used primarily by a single 
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person. Different sizes and resolutions can correspond to different task demands (e.g., 

focused work on a high-resolution monitor vs. peripheral attention on a large projected 

display ï see Figure 4.C). 

¶ Meeting rooms. These systems extend the office-of-the-future idea to a primarily 

collaborative space, where multiple people work at multiple displays. In these 

environments, large displays are used to enable public presentation and shared focus, 

and smaller displays allow individual or small-group work (Figure 4.D). 

¶ Composed workspaces from linked mobiles. People can form an ad-hoc MDE with 

their individual mobile computers (laptops or PDAs ï Figure 4.E). These 

environments can either take the form of a contiguous shared workspace, or of a 

simpler workspace that allows for more limited interactions such as transferring files 

to othersô computers. (Note that both of the preceding environments can also involve 

mobile devices).  

 
Figure 4. Different kinds of MDEs. A) multi -monitor computer, B) large composite display, 

C) advanced office system, D) meeting room, E) linked mobile composite environment. 




































































































































































































































