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ABSTRACT 
Multi-display environments compose displays that can be at 
different locations from and different angles to the user; as 
a result, it can become very difficult to manage windows, 
read text, and manipulate objects. We investigate the idea 
of perspective as a way to solve these problems in multi-
display environments. We first identify basic display and 
control factors that are affected by perspective, such as 
visibility, fracture, and sharing. We then present the design 
and implementation of E-conic, a multi-display multi-user 
environment that uses location data about displays and us-
ers to dynamically correct perspective. We carried out a 
controlled experiment to test the benefits of perspective 
correction in basic interaction tasks like targeting, steering, 
aligning, pattern-matching and reading. Our results show 
that perspective correction significantly and substantially 
improves user performance in all these tasks. 

ACM Classification:  H5.2 [Information interfaces and 
presentation]: User Interfaces - Graphical user interfaces. 

General terms: Design, Experimentation, Human Factors. 

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

INTRODUCTION 
The last two decades have seen a dramatic increase in both 
the number and the variety of digital displays used in eve-
ryday settings. The multiplicity of display surfaces and their 
integration into a consistent multi-display interface promise 
to enrich the presentation of information [14], enable new 
ways of interacting with data [10], and support new oppor-
tunities for collaboration [12]. 

A number of prototypes and commercial systems already 
exist that integrate several display surfaces into the same 
interface. Examples include multi-user meeting rooms [3, 
11, 30, 34, 32], single user multi-display environments [22, 
2, 28] and control rooms [36, 6]. 

Before the potential of multi-display environments (MDEs) 
can be realized, however, there are still serious problems to 
be addressed. One of these is the problem of perspective: 
when multiple displays are at different locations and angles, 
it can be very difficult for people to work with the displays. 
When perspective is wrong, text becomes harder to read, 
windows become harder to position, and objects on the 
screen become harder to manipulate. 

The perspective problem arises because of the assumptions 
that current MDEs make about the orientation of the dis-
plays to the user – windows and data are rendered assuming 
that the user is perpendicular to the display surface (see 
Figure 1). Although this assumption is reasonable in legacy 
desktop systems where screens are typically positioned in 
front of the user and perpendicular to the line of sight, it 
does not hold in multi-display environments – when the 
display plane is not perpendicular to the viewer (e.g., table-
top displays), when the display is flat and covers a large 
viewing angle (e.g., a large display seen from close prox-
imity), or when the user moves around. The violation of the 
perpendicularity assumption results in increased difficulties 
in viewing, reading, and manipulating information due to 
perspective distortion (see Figure 2, left pane). 

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

In this paper, we show how the perspective problems that 
arise in MDEs can be solved by automatically correcting 
point-of-view distortion. By tracking the location of the 
user and the displays, systems can use knowledge about the 
location of the user’s point of view with respect to the dis-
plays to render 2D graphic elements (e.g. windows, data, 
and cursors) as if they where floating in space perpendicu-
lar to the user (Figure 2, right pane). This knowledge can 
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also be used to reduce fracture of information across differ-
ent displays, and to design interaction techniques that work 
seamlessly across multiple displays. In addition, perspective 
can be successfully applied even when there are multiple 
people collaborating in the environment. 

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

In the following sections, we explore the idea of perspective 
in the design space of MDEs. We describe the benefits and 
some of the difficulties that perspective awareness presents 
to the designer, and describe E-conic, a prototype MDE 
that uses perspective to provide optimal access to 2D inter-
faces – regardless of the number, position and orientation of 
the displays. We also report on an empirical evaluation that 
tests the advantages of correcting perspective. We found 
that perspective is indeed helpful in targeting, steering, 
aligning, copying and reading: improvement over uncor-
rected views ranged from 7% to 60%. 

The main contributions of this work are: the identification 
of perspective as an important factor in MDEs; the identifi-
cation of design issues that are affected by perspective; the 
demonstration of how perspective can aid these design is-
sues in the E-conic system; and empirical evidence that 
perspective correction is beneficial for interaction tasks. 

RELATED WORK 
This research and the E-conic system are built upon four 
foundations research into MDEs, 3D graphics, virtual real-
ity, and perspective in art. 

Multi-display systems 
Research on computer systems that use several displays has 
been active for more than 30 years. Early systems focused 
on the optimization of collaborative processes, and pro-
vided personal displays for individual users and large dis-
plays for shared use [18]. Newer systems provide more 
flexible interfaces that integrate combinations of displays as 
tabletops, personal displays, and large vertical displays [31, 
3, 30, 27, 32]. 

These MDEs typically provide graphical interfaces based 
on standard WIMP paradigms, perhaps with extended fea-
tures such as new techniques for cross-display operation 
[16, 3, 31], novel techniques to manipulate objects [32, 37] 
and replication techniques to access proxies of distant con-
tent from more accessible locations [35, 17]. The geometry 

that these systems use is mostly inherited from the desktop 
monitor interface – that is, rectangular elements that assume 
the user is perpendicular to all displays. 

Perspective 
Using the point of view of the observer to geometrically 
represent 3D objects in flat surfaces is a centuries-old tech-
nique that was first applied explicitly by Brunelleschi [5]. 
The fundamentals of perspective for representation are 
well-known today [29], and have long been used to provide 
correct planar representations from very oblique points of 
view with a technique called linear anamorphosis [24]. 

Since the appearance of the graphical display, computers 
have been used to represent 3D data or images in the oth-
erwise flat surfaces of a computer monitor. We focus on the 
use of perspective to represent 2D interface elements such 
as windows, icons or images.  

There are two classes of interfaces that use perspective rep-
resentations: interfaces that assume a static position of the 
user perpendicular to the display, and interfaces that make 
use of the position of the user, the displays, or both.  

3D interfaces in the monitor 
There exist a multitude of systems that use a 3D space for 
displaying 2D GUI elements. 3D virtual space is used in 
these cases to visually compress the information in the 
screen [23,15], to extend the virtual space to allow 3D or-
ganization [33,7], to provide a realistic virtual work space 
[1], or just to generate visual effects (e.g. OS X™ and MS 
Vista™). Our approach in using perspective is different 
from these applications, in that we display a 2D interface in 
a complex 3D physical reality (i.e., many displays of differ-
ent sizes, positions, and orientations) instead of presenting 
applications in 3D virtual reality through a simple 2D 
physical display. 

Interfaces that track users or displays 
Virtual Reality and Augmented Reality designers some-
times need to present 2D interface elements (e.g., labels or 
dialogs) inside their virtual worlds. If the space is immer-
sive, a natural approach is to present the elements so that 
they float in front of the user [4,20]. This is somewhat simi-
lar to the concept of corrected perspective that we intro-
duce, but differs in two main aspects. First, VR environ-
ments focus on the synthetic world and use 2D GUI ele-
ments only as a secondary strategy when 3D interface 
metaphors are awkward or impossible. In our vision there is 
no synthetic world and 3D correction is only a means to 
optimize interaction with the 2D elements. Second, immer-
sive VR is based on head mounted displays or dedicated 
immersive installations, which severely constrain their use 
in many scenarios (e.g., office work). In contrast, we are 
interested in common multi-display scenarios in which dis-
plays form part of the environment (projected screens, large 
monitors), or are carried by users (laptops, PDAs). 

In addition to VR systems, other kinds of interfaces use 
user/display tracking to access and represent data. For ex-
ample, Peephole Displays [41] and Hybrid User Interfaces 



 

 

[9] make use of display tracking to surround the user with 
larger work spaces. Perspective Cursor is a control tech-
nique that also uses display and user tracking to allow easy 
movement of the cursor across displays in multi-display 
environments [28]. This paper is based on the perspective 
cursor idea and generalizes it to the representation of 2D 
elements in multi-user multi-display environments.  

PERSPECTIVE IN MULTI-DISPLAY ENVIRONMENTS 
Perspective can be defined as “the appearance to the eye of 
objects in respect to their relative distance and positions” 
[25]. Perspective awareness is now possible in MDEs, since 
current tracking and geometrical modeling technology al-
lows computer systems to model the appearance of the 
world around the user in real time. Making MDEs aware of 
perspective can dramatically improve their usefulness, but 
requires a fundamental change to the way we think about 
rendering content on displays. In the following sections we 
explore six basic issues of display and control in perspec-
tive-aware MDEs: visibility, fracture, disparity, control, 
spatial management and sharing. 

Visibility 
2D graphic elements such as windows or text are difficult to 
use if they are displayed on an oblique surface, due to per-
spective distortion of the image [38]. Simple flat geometri-
cal elements are transformed when projected into the retina 
of the viewer: e.g., squares become trapezoids, and circles 
become ellipses. The distortion can affect common tasks 
such as reading, drawing, and pattern recognition. 

Most MDEs force users to view at least some of the envi-
ronment’s objects from oblique angles, because it is diffi-
cult to maintain the perpendicularity between users and all 
the displays. Objects are likely to be oblique to the user if a 
large display area is needed, if there are horizontal displays 
involved (e.g., tabletops), if users are required to move 
around, or if several users share the same display. 

This distortion can be corrected using perspective informa-
tion. 2D elements can be placed in a virtual plane perpen-
dicular to the user and then projected back onto the display 
using the point of view as projection origin (Figure 3). The 
result is an image that appears perpendicular to the user, 
even though it is actually appearing on an oblique surface 
(Figure 2). As we will see, correcting distortion can signifi-
cantly improve the visibility of 2D objects.   

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

Note that there exist other solutions to visualize objects that 
are in oblique displays such as providing proxies of distant 
content in a non-oblique, local surface [17, 35]. However, 
this approach introduces problems such as clutter and 
proxy-object identification, and does not solve the problem 
if local displays are oblique (e.g in tabletop-based environ-
ments). 

Fracture 
Most MDEs integrate displays that are of different sizes and 
are located at different positions and angles. Traditional 
ways of ‘stitching’ displays assume simple display setups 
(e.g., co-planar surfaces, same resolution), but fail to pro-
vide consistent representation of elements when the physi-
cal arrangement of the displays is irregular. For example, 
the representation of windows between two displays of dif-
ferent resolutions and angles in a current GUI appears frac-
tured (see Figure 4, left). 

Perspective can alleviate fracture if we use it to project 
elements onto the field of view of the user instead of onto 
the arbitrarily stitched virtual space (Figure 4, right).  

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

Representational Disparity 
In current MDEs, elements such as diagrams or icons may 
appear very different depending on the screen in which they 
are being displayed. For example, the same element has a 
smaller apparent size in a high-res screen than in a low-res 
one, and can also look different depending on how far the 
display is or the angle from where we are seeing it (see Fig-
ure 5). This representational disparity can be a problem if 
we need to compare elements across displays, or recognize 
the same element in different windows. 

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



 

 

Perspective can alleviate representational disparity by nor-
malizing geometrical properties of objects according to how 
the user perceives them. For example, the size of elements 
can be corrected so that they take the same apparent size 
from the user’s point of view. The correction of perspective 
distortion will also help to maintain similarity relationships.  

Control 
In order to interact with elements located in different dis-
plays, MDEs need to implement special cross-display inter-
action techniques. As noted above, most of the proposed 
techniques make use of some kind of ad-hoc geometry to 
stitch the virtual space together from the different display 
surfaces. The stitching allows the cursor to travel from one 
surface to another when reaching display boundaries. 

Perspective Cursor [28] provides a more meaningful stitch-
ing of spaces by using perspective and a relative positioning 
input device (e.g., a mouse or a touchpad). The movement 
of the cursor between displays is determined according to 
the point of view of the user, making cross-display interac-
tion faster and more intelligible (see Figure 6). 

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

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

Spatial Management 
Current user interfaces are strongly rectangular – that is, 
they are strongly based on a rectilinear model that comes 
along with the assumed perpendicular projection. When 
using perspective, we substitute orthogonal geometry for a 
conic geometry based on moving points of view (the user’s 
head position). Perspective-aware UIs thus differ from or-
thogonal interfaces in several aspects that affect how space 
is managed: variable size/orientation/shape, element-display 
shape mismatch, and dual referential space. 

Variable size, orientation and shape 
As stated above, a perspective-aware MDE can adapt the 
rendering of 2D elements to the current position of the user 
and the displays. The contents of displays change with user 
input (as in current systems) but also with changes to user 
and display position. These changes can make it harder to 
manage the interface, since changes in the user’s perspec-
tive on the system will trigger changes in the spatial rela-
tionships between the displayed elements. For example, if 
the perspective of a user on a display becomes more 
oblique, a window might need extra pixels to be displayed 
and could occlude previously visible elements. 

Element-display shape mismatch 
Current WIMP systems typically contain rectangular ele-
ments such as windows, dialogs and text labels that are easy 
to arrange in the rectangular space of a display. If we intro-
duce perspective-based renderings, the rectangles become 
quadrilaterals which may be more difficult to arrange in a 
rectangular space. 

Dual referential space 
In legacy WIMP systems the size of the window is deter-
mined with respect to the size of the screen in pixels; like-
wise, the position of a window relates to the orthogonal 
coordinates of the display. Perspective-aware systems allow 
linking the size and position of windows to either of two 
coordinate systems: the display’s or the users’. For exam-
ple, the size of a window can be determined by the number 
of pixels of the screen where it is displayed, or by the angle 
of view that it takes in the users’ field of view. Similarly, a 
window could stay fixed to a display or could float in a 
position relative to the user. 

Sharing 
MDEs are often multi-user environments. Perspective in-
herently belongs to the individual, not the group, and multi-
user issues should be carefully considered when designing 
perspective-aware groupware.  

In order to provide optimal correction of the perspective 
distortion of an object for a particular user, the system 
needs to know the identity of its owner. Who owns a win-
dow can be explicitly controlled by the users or implicitly 
deduced by the system. 

Sharing an object (e.g., a window) among several users 
requires special strategies because optimal perspective cor-
rection cannot be applied for several points of view simul-
taneously. There are several possibilities to partially solve 
this problem: if the angle of the shared object’s display is 
not very different for all the sharing users, the object can be 
rendered using the average point of view. This mirrors 
strategies for orientation well-known in tabletop groupware 
research [37]. Alternatively, the object can be repositioned 
to a different display (e.g., a wall display) where visibility 
will be reasonable for all, regardless of the perspective cor-
rection. 

Designers must also take into account that sometimes orien-
tation and positioning of objects fulfills specific collabora-
tion objectives. For example, orientation is sometimes used 
to invite others to take a look at a document [19]. Depend-
ing on the application domain, a perspective-aware MDE 
might also have to provide manual orientation techniques, 
instead of always correcting for optimal visibility. 

E-CONIC 
E-conic is a perspective-aware MDE built to put some of 
the ideas from the previous section into practice and to 
learn about the advantages and problems of implementing 
perspective in a groupware system. Our prototype tracks the 
locations of displays and the user’s heads, and uses this 
information to implement both perspective windows and 



 

 

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

Perspective Windows 
Perspective Windows display the same kind of contents as 
traditional 2D windows (e.g., a web browser or a text proc-
essor) but offer extra features derived from the perspective-
aware capabilities of the system.   

Perspective Correction 
The main difference between regular windows and perspec-
tive windows is that the latter provide optimal visibility to 
the user regardless of the angle of the display. The windows 
are rendered using a virtual plane that is perpendicular to 
the user in the center of the window, and then projected 
onto the display (Figure 3). Perspective correction can be 
disabled by switching the window to the flat mode. 

If a window is displayed across more than one surface si-
multaneously, perspective can help reduce fracture. Per-
spective windows also help reduce representational dispar-
ity since the perspective distortion that affects windows 
located in different displays is eliminated, making compari-
sons among their contents easier. 

Anchoring mechanism 
Perspective windows stay attached to a pixel in a display 
through an anchor situated in the window’s top left corner 
(See Figure 7).  

 
Figure 7. Anatomy of a perspective window. 

The shape and orientation of the window can change if the 
display or the user moves, but the window will remain at-
tached to the same physical point in the display (Figure 8). 
We decided to anchor windows to physical displays be-
cause unattached floating windows can be disorienting and 
difficult to keep in place. Anchored windows seem to pro-
vide an ideal balance between adapting to the user’s per-
spective and being predictable; nevertheless, some UI ele-
ments such as dialogs, notifications or taskbars might bene-
fit from user-centric location schemes, and these may be 
best implemented using the idea of floating. 

To move a window, users click and drag the anchor to a 
destination point, which can be in the same display or in a 
different one (see video figure). 

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

Size control 
In E-conic, users can change the size of a perspective win-
dow by clicking on the size buttons (Figure 7 and video 
figure). Perspective windows also change their size depend-
ing on the distance of the viewer to the anchor point accord-
ing to two modes: angular and manual. In the angular mode, 
the window maintains the angle it covers of the user’s field 
of view (its apparent size) regardless of the distance that 
separates the window and the user; therefore, the window 
increases its physical size when the user moves away from 
the display, and shrinks when they come close. In the man-
ual mode the window does not change physical size, allow-
ing users to come near to the window to see it in detail. 

Each mode is an example of the use of a different referen-
tial space (user-based and display-based). We anticipate 
that the two modes to be used with different purposes. For 
example, users might want reference windows to be always 
equally visible, therefore setting them on angular mode. 
Other windows might only be useful from a certain posi-
tion, and therefore, they should keep their size (e.g. a win-
dow on a mobile display). 

Multi-display rendering 
The conic geometry underlying E-conic allows windows to 
be displayed simultaneously in several displays (see Figure 
4 and video). This allows new uses of mobile displays in 
window management. For example, a window with a map 
can be anchored in a fixed display while we use a high-
resolution mobile display to explore certain parts of the 
map in detail, providing detail and context simultaneously. 

Collaborative features 
To render a perspective-corrected window, the system 
needs to know which point-of-view to optimize for, i.e. who 
the owner of the window is. E-conic implements an explicit 
mechanism for assigning windows to users through the 
owner wheel. The owner wheel is a circular structure lo-
cated around the window’s anchor that allocates one sector 
for each of the users present in the system (see figure 7). 
Each sector has a color, the same assigned to each of the 
users and can be highlighted or not depending on who owns 
that particular window (see Figure 9). 



 

 

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

The owner wheel is not perspective-corrected and is there-
fore equally distorted to all users (flat). Users can click on a 
sector to activate/deactivate the window correction for the 
corresponding user; if a window is not owned by anyone, it 
appears flat. 

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

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

Perspective Cursor 
E-conic uses Perspective Cursor [28] as a cross-display user 
control. Each user manipulates a cursor that is displayed in 
the user’s color. Perspective halos of the same color of the 
cursor are used to indicate the position of the cursor when it 
is between displays. 

Perspective cursor was chosen instead of laser pointers be-
cause it requires only 3-DoF tracking (as opposed to 5-DoF 
in laser pointers), less frequent sampling rates (head posi-
tions don’t change as often as control actions) and is more 
accurate. Previous studies have shown that perspective cur-
sors are faster than other techniques in targeting tasks [28]. 

Prototype implementation 
The E-conic prototype is based in a double-client-server 
architecture. Each display runs a client that is capable of 
rendering cursors, windows and halos by using OpenGL. 
The client receives the positions and orientations of all ele-
ments from the geometry server. The content of the win-
dows is received in the VNC protocol from a different ma-
chine, the application server and then rendered as textures 
into the corresponding perspective window surfaces. 

The clients also gather the input from the user, which is sent 
to the geometry server to calculate cursor movements and, 
if necessary, produce the corresponding input events for the 
applications (VNC is also used to relay these events to the 
application server). Input events are coded with the user 

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

The geometry server is configured with the locations, orien-
tations and sizes of all static displays in the environment, 
and it also receives tracking data about the mobile displays 
and the users’ heads. The wireless tracking is performed by 
an IS600 ultrasonic 3DoF tracking system, at a sample rate 
of over 30Hz per sensor. User tracking in E-conic requires 
only 3DOF, while mobile display tracking requires 6DoF. 
Mobile displays are therefore tracked by a combination of 
ultrasonic tracking and inertial tracking, the latter being 
captured by the mobile device and sent through the network 
to the geometry server. 

We have tried several different configurations of the system 
using up to 5 different displays of different classes and 4 
different machines: a dual-core, dual-processor Intel PC for 
the geometry server and two clients, a Pentium PC for the 
application server, a dual-processor Intel PC for two other 
clients and an 8.9” FMV Toshiba tablet PC as a mobile 
client. All machines are interconnected by using a dedicated 
Gigabit Ethernet hub and run the Windows XP operating 
system. 

The system responsiveness is similar to that of a regular 
desktop PC, except when large portions of the application 
need to be updated. In these cases a short delay can be per-
ceived between user actions and the full update of the win-
dow contents. 

The cursor-multiplex in the application server allows sim-
ple actions by different users in several windows simultane-
ously (e.g. text input and clicks). However, due to Win-
dow’s lack of support for concurrent users, we cannot per-
form simultaneous advanced operations such as drag-and-
drop or cut-and-paste in existing commercial applications. 

EMPIRICAL STUDY: PERSPECTIVE VS. FLAT 
Perspective awareness is only worth considering for MDEs 
if the use of perspective actually improves interaction. 
Since there is little evidence for the effects of perspective 
distortion and correction on user performance (for related 
studies see [21, 13, 38, 39, 40]), we designed a battery of 
experiments that compare performance in five common 
interaction tasks, with and without perspective techniques. 
We found that perspective correction improves user per-
formance by 8% to 60% depending on the task. These re-
sults strongly support the value of perspective in MDEs.  

The following sections describe the apparatus, conditions 
and design that are common for all the experiments. We 
then describe the five experimental tasks and the corre-
sponding results. 

Apparatus 
An MDE was set up with 3 displays: a bottom-projected 
tabletop display (120 x 91cm, 1024 x 768 px), a large verti-
cal display (142 x 106cm, 1024 x 768 px) and a TFT moni-
tor (33 x 27cm, 1280 x 1024 px). The user was seated with 
an optical mouse at an oblique angle to all displays (see 



 

 

Figure 10). Each display contained a single window in a 
fixed location; windows showed no decorations except for a 
blank header bar and narrow borders. 

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

Head position was tracked using an IS600 ultrasonic 3D 
tracker. The sensor was placed in a regular baseball cap that 
participants had to wear throughout the whole experiment. 
The participant was seated in a chair and was free to move 
his body but was asked to stay seated. 

The whole setup was run on three machines, a dual-
processor dual-core Intel PC controlling the tabletop dis-
play and a modified e-conic server, a Pentium 4 PC control-
ling the vertical display and the TFT monitor, and another 
Pentium 4 PC running the experimental software (the con-
tents of the windows). The machines were connected using 
a dedicated Gigabit Ethernet network. 

Conditions 
We tested three primary conditions: perspective windows 
with perspective cursor (PP), flat windows with perspective 
cursor (FP) and flat windows with flat cursor (FF). In the 
flat conditions (FP & FF) the windows appeared without 
perspective correction, just as in a traditional interface (blue 
windows in Figure 10). The hybrid condition (FP) was 
added to investigate if the benefits in control tasks are due 
only to the perspective cursor. 

All experimental tests were performed in one of three win-
dows located in each of the three displays (see Figure 10). 
The area of the windows was equalized across conditions: 
in the flat conditions windows occupied roughly the same 
number of real pixels on the screen as in the perspective 
condition (although the latter varied slightly in size depend-
ing on the exact position of the participant). The Con-
trol/Display ratio of the perspective cursor and the flat cur-
sor where also equalized between PP and FF conditions.    

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

All participants were tested individually and performed 
each task multiple times in each of the conditions and in 
each of the three displays. The tasks were always performed 

in the same order for all participants (targeting, steering, 
copying/aligning, pattern matching and reading). The order 
in which they performed the different conditions and the 
order of the displays were balanced across subjects.  

Task 1: Targeting 
Participants were asked to click on a green button labeled 
“1” and then in a red button labeled “2” as fast as possible 
(see Figure 11 A). The buttons were located along one of 
eight cardinal directions (N-S, NE-SW, E-W etc) which 
were presented always in a clockwise sequence. Each direc-
tion was tested 3 times in each display and each condition, 
the first being considered training. The time between clicks 
was the main measure. 

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

Results 
An ANOVA test with perspective condition and display as 
factors and participant as random factor showed significant 
differences between conditions (F2,22 = 45.9, p < 0.001). 
Post-hoc tests confirmed significant differences between all 
three conditions (all p < 0.001). On average, trials of the PP 
condition took 1098ms to complete, while FP trials took 



 

 

1162ms and FF trials took 1383ms (5% and 26% more re-
spectively). 

Task 2: Steering 
Participants were asked to steer the cursor through a tunnel 
of length 360px that could be horizontal or vertical. The 
tunnels had two possible widths: 90 and 36 px, resulting in 
two possible indexes of difficulty (4 and 10). In a success-
ful trial the cursor had to enter the tunnel through the green 
side and get out through the red side without exiting the 
grey area (see Figure 11 B). Participants were asked to keep 
the error ratio below 15%, and repeated erroneous trials 
until successful. The main measure was crossing time. 

Participants performed 1 training trial and 5 real trials for 
each of the tunnel types (horizontal-wide, vertical-wide, 
horizontal-narrow, vertical-narrow), in each display, and 
each perspective condition (a total of 180 measures). 

Results 
An ANOVA with perspective condition and display as fac-
tors and participant as random factor showed statistically 
significant differences between perspective conditions (F2,22 

= 31.0, p < 0.001). Post-hoc tests show statistical differ-
ences between the PP condition and the other two, but not 
between FP and FF. 

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

Task 3: Copying/Aligning 
Participants were asked to replicate a six-sided polygon 
displayed in a model window (Figure 11 D) into another 
window (Figure 11 C) by dragging four green movable 
node points (the remaining two nodes were fixed). The 
windows always appeared in different displays, and the 
participants had 45 seconds to replicate the figure as accu-
rately as possible. 

Since control was not the focus of this task, only the pure 
perspective conditions were tested (PP and FF). Each par-
ticipant copied three figures in each of the conditions and 
displays, plus an extra training one (a total of 18 real meas-
urement points per subject). 

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

Results 
Both positional error and angular error show statistically 
significant differences between the PP and FF conditions in 
an ANOVA with perspective condition and display as fac-
tors and participant as random factor (F1,11 = 21.4, p < 0.01 
and F1,11 = 29.2, p < 0.001). 

The average positional error was larger in the FF than in the 
PP condition (201px vs. 150px, 34% more) as well as the 
average angular error (0.73rad vs. 0.98rad, 34% more).   

Task 4: Pattern Matching 
Participants were presented with two different windows that 
appeared in different displays: an array window with 12 
geometrical objects (Figure 11E) and a response window 
with one geometrical object and 4 answer buttons (Figure 
11F). The participants had to count the number of times that 
the object of the response window appeared in the array 
window, and then press the corresponding answer button. 

Since control was not the focus of this experiment, only the 
pure perspective conditions were tested (PP and FF). Each 
participant underwent 5 trials plus a training trial for each 
of the conditions and displays for a total of 30 real trials. 
Time to answer was the main measure. 

Results 
An ANOVA with display and perspective condition as fac-
tors and participant as random factor showed statistically 
significant differences in time to answer for the PP and FF 
conditions (F1,11 = 8.85, p < 0.05). On average, matching 
took 7.6s in the PP condition and 9.0 in the FF condition 
(18% more). 

Task 5: Reading 
In the reading task, participants were asked to read aloud 
two paragraphs in Japanese (Figure 11G). The text was 
displayed in one of the three windows located in each of the 
displays, and appeared corrected (PP) or flat (FF).  

Each participant read a paragraph for training and 2 more 
paragraphs in each of the three displays and for the two 
perspective conditions (a total of 12 data points). The time 
between the appearance of the text and the last word read 
was the main measure. 

Results 
An ANOVA with display and perspective condition as fac-
tors and participant as random factor showed statistically 
significant differences between the perspective and flat 
conditions (F1,11 = 17.56, p < 0.01). The average reading 
times were slower for the flat condition than for the per-
spective condition (34.4s vs. 31.9s, a 7.8% difference). 

DISCUSSION 
Our discussion is divided into four sections: the benefits of 
perspective, E-conic, to track or not to track and perspec-
tive for practitioners. 

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

Control-based task results (targeting and steering) show that 
perspective windows are superior to flat windows and that 
the difference is not due to perspective cursor only, but due 
to the combination of perspective windows with perspective 
cursor. In fact, we observed that steering is most difficult in 
the hybrid condition because perspective cursor produces 
motions that are curvilinear with respect to the rectangular 
geometry. 

The results in the copying/aligning and pattern matching 
tasks indicate that the reduction of representational dispar-



 

 

ity with perspective windows can help to improve perform-
ance when using several displays simultaneously. Finally, 
the results of the reading task promises improvement for a 
wide range of tasks. 

With these experiments we did not intend to map all the 
benefits of perspective; instead, we offer empirical data that 
justifies the effort for finding better ways of interacting in 
MDEs through the use of perspective. The study leaves 
many questions open since it only investigates single-user 
basic level tasks. Further experimentation is needed to as-
sess, for example, the effect of display angle and window 
size for flat and perspective objects.  

E-conic 
The E-conic system was implemented as proof-of-concept 
of a perspective-aware MDE. It addresses some of the is-
sues pointed out in the Perspective in MDEs section as vi-
sibility, fracture, disparity, sharing and the dual-reference 
space, but it also leaves some problems unsolved such as 
the mismatch between display and window shapes, and the 
potential annoyance of window occlusions when users 
move around. Whether the issues derived from perspective 
overweigh its advantages will have to be determined in the 
future through new evaluations. Nevertheless, we believe 
that perspective-aware MDEs offer clear advantages in 
many scenarios, and open many new design paths. This is 
confirmed by informal tests of the system in which users 
appreciated the value of perspective correction and were 
excited about how the system allows the easy interchange of 
windows among users and the flexible relocation of win-
dows among displays.  

The described system also has evident design and imple-
mentation problems that we plan to address in the future. 
For example, the user wheel mechanism doesn’t scale well 
for more than 4 users, the resizing mechanism for windows 
is rudimentary and the implementation of simultaneous ac-
tions requires native support of multi-user actions. Perspec-
tive correction also alters the standard relations between 
window pixels and screen pixels: depending on the angle 
and screen resolution, windows might need to be enlarged 
in order to preserve window resolution. 

The perspective correction performed by E-conic is in-
tended to facilitate interaction and visibility; since our im-
plementation doesn’t provide different information to each 
eye, there are no depth cues. There needs to be more re-
search to determine if 3D stereo vision further affects per-
formance or user preference.  

To track or not to track 
The use of perspective requires 3D information of user 
head positions and displays. If users and displays are static 
enough, there is no need for real-time 3D tracking (it can be 
substituted with configuration and calibration).  

However, most of the scenarios of multi-display use involve 
moving users or displays, requiring (sometimes expensive) 
3D Tracking. In these cases, designers have to carefully 

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

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

·  Perspective offers performance benefits, at least on low-
level tasks. 

·  Implementation of a perspective-aware MDE is feasible. 

·  Designers of perspective-aware MDEs should take into 
account issues related to perspective such as visibility, 
fracture, disparity, spatial management and sharing. 

CONCLUSION 
When multiple displays are placed at different locations and 
angles, it can be difficult for people to work with the dis-
plays. We investigated the benefit of perspective in multi-
display environments through E-conic. E-conic is a per-
spective-aware system that supports dynamic perspective 
correction of flat GUI objects, cross-display use of win-
dows, and sharing of windows among several users. In a 
controlled experiment that compared perspective windows 
to flat windows on five basic interaction tasks we fount that 
when using perspective windows, performance improved 
between 8% and 60%, depending on the task. Our results 
suggest that where 3D positional information can be ob-
tained, using perspective information in the design of multi-
display environments offers clear user benefits. 

In the future we plan to improve the collaborative features 
of the system and evaluate higher level tasks such as win-
dow management and collaborative behavior. 

REFERENCES 
1. Agarawala, A. and Balakrishnan, R. Keepin' it real: 

Pushing the desktop metaphor with physics, piles and 
the pen. In Proc. of CHI '06, 1283-1292. 

2. Aliakseyeu, D., Champoux, B., Martens, J.B., Rauter-
berg, M. and Subramanian, S. The Visual Interaction 
Platform. In Proc. of INTERACT'03, 1101-1102. 

3. Biehl, J.T. and Bailey, B.P. ARIS: An Interface for Ap-
plication Relocation in an Interactive Space, In Proc. 
GI’04, 107-116. 

4. Bowman, D. A., Kruijff, E., LaViola, J. J., and Poupy-
rev, I. 2004 3D User Interfaces: Theory and Practice. 
Addison Wesley Longman Publishing Co., Inc. 

5. Brener, M.E. 2004. Vanishing points: three dimensional 
perspective in art and history. McFarland & Co. 

6. Broughton, M. Virtual Planning Rooms (ViPR): A 3D 
Visualisation Environment for Hierarchical Information. 
In Proc. of AUIC’06, 125-128. 

7. Chapuis, O. and Roussel, N. Metisse is not a 3D desk-
top! In Proc. of UIST'05, 13-22. 

8. Davis, J., Chen, X. LumiPoint: Multi-User Laser-Based 
Interaction on Large Tiled Displays. In Displays 23, 5 
205-217. 



 

 

9. Feiner, S. and Shamash, A. Hybrid user interfaces: 
breeding virtually bigger interfaces for physically small-
er computers. In Proc.of UIST '91, 9-17. 

10. Forlines, C., Esenther, A., Shen, C., Wigdor, D., Ryall, 
K., (2006). Adapting a single-display, single-user geo-
spatial application for a multi-device, multi-user envi-
ronment. In Proc. of UIST’06 273-276. 

11. Fox, A., Johanson, B., Hanrahan, P., and Winograd, T. 
Integrating Information Appliances into an Interactive-
Workspace. In IEEE CG&A 20, 3, (2000), 54-65. 

12. Greenberg, S., Boyle, M., and Laberge, J. PDAs and 
shared public displays: Making personal information 
public, and public information personal. In Pers. Techs. 
3, 1 (Mar. 1999), 54–64. 

13. Grossman, T., Wigdor, D., Balakrishnan, R. Exploring 
and reducing the effects of orientation on text readabil-
ity in volumetric displays. In Proc. of CHI 07, 483-492. 

14. Grudin, J. 2001. Partitioning digital worlds: focal and 
peripheral awareness in multiple monitor use. In Proc. 
of CHI '01, 458-465. 

15. Guiard, Y., Chapuis, O., Du, Y., and Beaudouin-Lafon, 
M. Allowing camera tilts for document navigation in the 
standard GUI. In Proc. AVI’06, 241-244. 

16. Hinckley, K., Ramos, G. Guimbretiere, F., Baudisch, P. 
and Smith, M. Stitching: Pen Gestures that Span Multi-
ple Displays. In Proc. AVI, (2004), 23-31. 

17. Khan, A., Fitzmaurice, G., Almeida, D., Burtnyk, N., 
and Kurtenbach, G. 2004. A remote control interface for 
large displays. In Proc. of UIST '04, 127-136. 

18. Kraemer, K. L. and King, J. L. 1988. Computer-based 
systems for cooperative work and group decision mak-
ing. ACM Comput. Surv. 20, 2 (Jul. 1988), 115-146. 

19. Kruger, R., Carpendale, S., Scott, S. D., and Greenberg, 
S. Roles of Orientation in Tabletop Collaboration: 
Comprehension, Coordination and Communication. 
Comp. Sup. Coop. Work 13, 5-6 (Dec. 2004), 501-537. 

20. Larimer, D. and Bowman, D.A. VEWL: A Framework 
for Building a Windowing Interface in a Virtual Envi-
ronment. In Proc. of INTERACT’03, 809-812.. 

21. Larson, K., van Dantzich, M., Czerwinski, M., and Ro-
bertson, G. 2000. Text in 3D: some legibility results. In 
Ext. Abs. of CHI '00, 145-146. 

22. MacIntyre, B., Mynatt, E. D., Voida, S., Hansen, K. M., 
Tullio, J., and Corso, G. M. Support for multitasking 
and background awareness using interactive peripheral 
displays. In Proc. UIST '01, 41-50. 

23. Mackinlay, J. D., Robertson, G. G., and Card, S. K. The 
perspective wall: detail and context smoothly integrated. 
In Proc. of CHI’91, 173-176. 

24. Mannoni, L., Nekes, W., Warner, M. Eyes, Lies and 
Illusions. 2004 Lund Humphries. 

25. Merriam-Webster Inc. Merriam-Webster on-line dic-
tionary. http://www.m-w.com. Retrieved March 2007. 

26. Myers, B.A., R. Bhatnagar, J. Nichols, C. H. Peck, D., 
Kong, R. Miller, and A. C. Long. Interacting at a Dis-
tance: Measuring the Performance of Laser Pointers and 
Other Devices. In Proc. CHI’02, 2002, 33-40. 

27. Myers, B. A., Stiel, H., and Gargiulo, R. Collaboration 
using multiple PDAs connected to a PC. In Proc.of 
CSCW '98, 285-294. 

28. Nacenta, M.A., Sallam, S., Champoux, B., Subrama-
nian, S., Gutwin, C. Perspective Cursor: Perspective-
Based Interaction for Multi-Display Environments. In 
Proc. CHI’06, 289-298. 

29. Pirenne, M.H. 1970 Optics, Painting & Photography. 
Cambridge U.P. 

30. Prante, T., Streitz, N. A. and Tandler, P. Roomware: 
computers disappear and interaction evolves. In Com-
puter, vol. 37, (2004), 47-54. 

31. Rekimoto, J. A multiple device approach for supporting 
whiteboard-based interactions. Proc. CHI’98, 344-351. 

32. Rekimoto, J. and Saitoh, M. Augmented surfaces: a spa-
tially continuous work space for hybrid computing envi-
ronments. In Proc. CHI’99, 378-385. 

33. Robertson, G., van Dantzich, M., Robbins, D., Czerwin-
ski, M., Hinckley, K., Risden, K., Thiel, D., and Gorok-
hovsky, V. The Task Gallery: a 3D window manager. In 
Proc. of CHI '00, 494-501 

34. Román, M., Hess, C., Cerqueira, R., Ranganathan, A., 
Campbell, R. H., and Nahrstedt, K. A Middleware In-
frastructure for Active Spaces. In IEEE Pervasive Com-
puting, 1, 4 (2002), 74-83. 

35. Tan, D.S., Meyers, B., Czerwinski, M. WinCuts: Ma-
nipulating arbitrary window regions for more effective 
use of screen space. In Ext. Abs.. of CHI’04, 1525-1528 

36. Tani, M., Horita, M., Yamaashi, K., Tanikoshi, K., and 
Futakawa, M. Courtyard: integrating shared overview on 
a large screen and per-user detail on individual screens. 
In Proc. of CHI’94, 44-50. 

37. Vernier, F., Lesh, N., Shen, C. Visualization techniques 
for circular tabletop interfaces. In Proc. AVI’07, 257-
266. 

38. Wigdor, D. Balakrishnan, R. Empirical Investigation 
into the Effect of Orientation on Text Readability in Ta-
bletop Displays. In Proc. ECSCW 2005, 205-224. 

39. Wigdor, D., Shen, C., Forlines, C., Balakrishnan, R., 
Effects of Display Position and Control Space Orienta-
tion on User Preference and Performance. In Proc. 
CHI’2006, 309-318. 

40. Wigdor, D., Shen, C., Forlines, C., Balakrishnan, R. 
Perception of elementary graphical elements in tabletop 
and multi-surface environments. In Proc. CHI’07, 473-
482. 

41. Yee, K. Peephole displays: pen interaction on spatially 
aware handheld computers. In Proc of CHI’03, 1-8. 

 

 


