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ABSTRACT

As display technology continues to improve, there will be an increasing diversity in the
available display form factors and scales. Empirical evaluation of how display attributes affect
user perceptions and performance can help designers understand the strengths and weaknesses of
different display forms, provide guidance for effectively designing multiple display
environments, and offer initial evidence for developing theories of ubiquitous display. While
previous research has shown user performance benefits when tiling multiple monitors to increase
the number of pixels, little research has analyzed the performance and behavioral impacts of the
form factors of much larger, high-resolution displays. This paper presents two experiments in
which user performance was evaluated on a high-resolution (96 DPI), high pixel-count
(approximately 32 million pixels) display for single-user scenarios in both flat and curved forms.
We show that for geospatial visual analytics tasks there is a benefit to larger displays, and a
distinct advantage to curving the display to make all portions of the display more accessible to
the user. In addition, we found that changing the form factor of the display does have an impact
on user perceptions that will have to be considered as new display environments are developed.



1 INTRODUCTION

Given the rapid pace with which display technology continues to improve and change, it will
soon be affordable to construct multi-display environments in which every surface is utilized as
display space. While there are still many technical details that need to be resolved to make such
environments possible, the vision is plausible enough that the question is no longer “can it be
done’, but ‘what advantages would such an environment offer’. What might a multi-display
workspace look like? What kind of effect would this environment have on the way people work
and what they can accomplish?

The real fundamental difference between how users currently engage with computers and
how they will in a multi-display environment is the change in the role of space. Currently,
computer monitors act as a kind of porthole into the working environment — taking up only a
fraction of the available field of view. Despite the enormous quantities of information that
computers can make available, users are forced to manage with what can be displayed in at most
a couple of square feet. In a ubiquitous multi-display environment, users will physically inhabit
their working environment. Rather than interacting with their information at a distance through
the relatively tiny views provided by current displays and creating external representations with
paper and other unmanaged artifacts, the user will be able to work with information in an
environment where data can be displayed anywhere and all of it is available to the computer for
management and manipulation. There will be real spatial distances and relationships between
pieces of data. The location of displayed information within the environment and with respect to
the user will affect how users interpret and interact with it. Beyond simply scaling up the
available display space, we must consider how these environments will change user perceptions
and affect how they work.

There are two primary ways in which spatial concerns will drive the research exploration of
display-rich environments. First, the context of use [1, 2] must be considered. What does the
space indicate about how a display could or would be used? For example, we would expect a
very different usage scenario for a large, wall sized display in a communal area with no chairs
than we would for a small, table-mounted display in a private office. The second consideration
is: how do different form factors and scales affect human performance? This entails not just
concerns about human factors and perceptual issues, but also how cognitive abilities are affected
and perceptions are changed. The focus of this paper is on these latter issues — the effects of
display scale and form factor on human performance and perceptions.

1.1 Large, High-Resolution Displays

It is relatively easy to create a wall-sized display — it merely requires a blank wall and a
projector. While this creates a physically larger viewing area, there is no corresponding increase
in the amount of information that can be displayed. Regardless, there are clear benefits to the use
of large displays for collaboration due to the increased visibility and working area. In addition,
large displays may have benefits due to an increased level of immersion [3] as well as having
some potential ergonomic benefits [4].
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Figure 1: A large, high-resolution personal workspace

With the falling cost of display technology, it has become feasible to increase the physical
size of the display without compromising on the resolution (pixel density) by tiling ordinary
monitors or projected regions together. Figure 1 shows an example large, high-resolution tiled
display that is currently used as an office worker’s personal workspace. These large, high-
resolution displays provide the benefits of a physically large display along with a corresponding
increase in the amount of information that can be displayed. There are, of course, downsides to
the tiled approach, such as bezels, calibration matching issues, and the difficulty of configuring
and developing software for these systems. However, these displays can be used as a testbed for
the exploration of the various issues that will be important to understand when it becomes
feasible to construct a ubiquitous multi-display environment, and technology causes the
distinction between “large displays” and “large, high-resolution displays” to disappear.

1.2 Display Form Factor

As display space scales up, we must consider how this will impact the user. Is there a point at
which the amount of data displayed starts to overwhelm the user and have a detrimental effect on
the user’s comprehension and ability to function? How does the use of physical movement and
spatial cues add to a user’s understanding of an information space? How is a user’s
understanding of an information space changed by the form factor of the display? These
questions, and others like them, should be addressed to understand how ubiquitous multi-display
environments could be usefully utilized and how they should be designed.

The remainder of this paper discusses a pair of experiments that address some of these issues.
Both experiments were designed to evaluate single-user performance on a large high-resolution
(31.5 megapixel, 96 DPI) tiled display that could be reconfigured to various curvatures. We
focused specifically on a single-user scenario because individual work will be an important
usage scenario for these spaces, and we were particularly interested in performance measures and
perceptions that might have been obscured by the introduction of multiple users.

The goal of the first experiment was to determine whether the size and curvature of the
display are significant factors affecting user performance on two-dimensional multi-scale
geospatial visualization tasks, and how size and curvature interacted. Because the 31.5
megapixel display is too large to be seen at a detailed level in a single glance, users were forced
to move around to see all of the details, creating a significantly different experience than using a



small or low-resolution display. By creating the need for the user to utilize physical navigation
(e.g. eye, head, and body movement) rather than virtual navigation (e.g., traditional zoom and
pan techniques for navigating large data spaces), we could examine how these different
techniques affected the user’s performance. Display curvature was introduced in an attempt to
minimize physical navigation without reducing the amount of data that could be displayed (and
thus keeping the required amount of virtual navigation constant).

The results of the first experiment showed distinct performance benefits due to the larger
display and further benefits when the display was curved. Hence, the second experiment was
designed to further explore the impact of the display curvature for static two-dimensional
geospatial visualization tasks. The experiment explored three questions about the effect of
display curvature on users’ visualization abilities:

e How does curvature affect finding data in different locations on the display?
e How does curvature affect comparing data at varying distances?
e How does curvature affect users’ abilities to reason about visualized data?

The first two questions are fairly low-level issues that deal specifically with how the display
form factor affects certain types of spatial relationship tasks. The third question approaches the
issue from a more conceptual level. Perhaps the primary reason to change how data is displayed
and interacted with is to change our understanding of the data. As such, the third question moves
away from pure performance based measures like speed and accuracy, and employed an insight-
based evaluation method [5] which seeks to make qualitative measurements of the type and
depth of insights and observations made by the user. More specifically, we were interested in
discovering if the curvature of the display actually affected the types of insights that users gained
about the visualized data, and if so, how they were affected.

The rest of this paper examines these experiments in more detail and then discusses how this
should impact future research and some possible new avenues of exploration.

2 LITERATURE REVIEW
2.1 Large, High-Resolution Displays

The majority of research related to large high-resolution displays has been about the physical
construction of the display (e.g., [6-10]), the software and algorithms available for distributing
the graphics (e.g., [11, 12]), or interaction techniques for working with the displays (e.g., [13-
19]). Less research has been done assessing the benefits and impacts of these displays.

Much of the research relating to large displays has focused on their use in supporting
collaboration rather than on their use for single-user applications (e.g., [20-22]). While the larger
viewing area seems a natural fit to collaborative activities, we believe that individual activities
will continue to dominate workplace behavior and that these displays have unexplored benefits
for the single-user scenario.

One exception is the work done by Ball and North, which examined the role of physical
navigation while performing single-user visual analytic tasks [23, 24]. They found that in large
display environments, there was a strong user preference towards physical navigation with



corresponding benefits in performance. Physical navigation in large high-resolution displays can
result in better performance than panning and zooming on smaller displays [25, 26].

Tan, et al. also examined the effects of large low-resolution displays on single-user
performance [27]. While the large displays were not high resolution and physical navigation was
not encouraged, they still found that the larger display changed how the user related to the
display and that there were noticeable benefits for users performing spatial tasks. They also
found that larger displays improve performance even when the total visual angle is maintained
[28], and that using larger displays narrows the gender gap on spatial performance [29]. In
addition, Focus+Context screens are an attempt to take advantage of lower resolutions for
context, and a small high-resolution area for details [30]. This technique emphasizes virtual
panning rather than physically moving.

On a smaller scale, there has been research exploring the single-user use of multi-monitor
desktops. There are two paradigms for multiple monitor users, either the idea of partitioned
spaces used as different rooms, or used as one large space [31]. People tend to use monitors to
the left or right as separate rooms and monitors that are tiled vertically as single spaces [32].
There are many open issues with interaction, notification, and window management across
multiple monitor desktops [33-36].

2.2 Reconfigurable Displays

One question that arises is whether or not there is a point of diminishing returns. For
example, is there a point at which a wider field of view no longer improves user performance?
Additionally, at what point are there so many pixels in a display that performance no longer
improves? One method of decreasing the access cost is to curve the display so when users turn
their heads the display is still at an equal distance away.

Creating a curved display can be challenging. Dsharp is a display that uses multiple
projectors in creating a curved display by carefully aligning the images [37, 38]. NASA's
hyperwall allows monitors in a 7x7 tiled array to be tilted and rotated [39]. Also available are
rear-projected blocks that can be stacked [40]. While there have been several studies examining
how different display configurations (in particular, tabletop displays) affect user comprehension
and behavior [41-44], there is very little empirical comparison of user performance between flat
and curved displays.

2.3 Information Separation

It is becoming more common in work place environments for single users to have more than
one display. In work done by Tan and Czerwinski, they evaluated the effect of separating
information with wider viewing angles, and the effect of discontinuities of the displays
themselves. In their experiment they used two types of displays at different distances and two
visual angles. They found there was a detrimental effect on user performance when the
information was separated by a larger visual angle and a larger distance [45]. While they did not
find an effect for simply placing the information on the outside edges of two separate monitors,
we feel that if they had increased the visual angle even farther they would have found a
significant effect. For example, on our 32 megapixel display, information can be separated by up



to nine feet. We theorize that by placing data at the edges of this display will make it harder for
the user to effectively compare the information.

2.4 Insight Based Evaluation

Traditionally, visualization methods and tools are evaluated by running controlled
experiments, usability tests, metrics, heuristics, and models. The importance of running these
studies is uncontested. However, it was argued by Saraiya et al. that it is also important to
evaluate the types of insights users glean from using a visualization. They defined insight to
mean an individual observation about the data, or a unit of discovery. In their evaluation of
bioinformatics visualization tools, they recorded what facts the users pointed out, as well as the
“domain value,” which indicated the importance of the insights the participants had. The
researchers conclude that a visualization tool influences the interpretation of the data and insight
gained by users, and that this difference can be measured [5].

The increase in screen real estate offered by large, high-resolution displays is very appealing
to researchers in the field of information visualization. With more space and pixel density, there
is a potential for displaying more data with greater context. When evaluating these displays it is
important to use similar methods to those used in evaluating visualization tools, such as usability
testing and controlled experiments. Nevertheless, it is also important to evaluate the insights
users glean from data displayed on these large displays, because insight — the knowledge gained
from visualization — may also differ depending on the form factor of the display space.

2.5 Summary

In summary, this work builds on and extends previous research by considering single user
performance on geospatial tasks using a large high-resolution display, and examines benefits and
impacts of reconfiguring the display by uniformly curving it around the user.

3 DISPLAY HARDWARE

The display used in these experiments was made up of twenty-four seventeen-inch LCD flat
panels and twelve GNU/Linux computers. The monitors were paired, two to a computer, and set
to their highest resolution of 1280x1024. Color, brightness and contrast were tuned to achieve
close, though not perfect, matches between the monitors. The plastic casing around each monitor
was removed to reduce the bezel gap between adjacent monitors to 2cm. For ergonomic reasons
the setup was designed to be no more than three monitors high [46]. Each column was mounted
on a freestanding wooden support, allowing the columns to be moved independently. The
twenty-four monitors created an 8x3 matrix approximately 9 feet wide and 3 feet tall, with a total
resolution of 10,240x3072 = 31,457,280 pixels.



Figure 2: Cluster of twelve computers running the 24 panel, 31.5 megapixel display.

The twelve GNU/Linux computers were connected together in a private network using a
gigabit switch (Figure 2). Coordinating the graphics was done using DMX (Distributed
Multihead X) to create a unified display [47]. DMX is a proxy X server that provides multi-head
support for displays attached to different machines. When running DMX, the display appears to
be one single GNU/Linux desktop that runs a standard window manager (e.g. KDE, GNOME,
Fluxbox, etc.).

For the curvature variable in both experiments, the display was curved on the horizontal
plane such that the monitors would uniformly face the user. To do this the columns were turned
inward until the angle between each column was equal. Thus, the display was part of a uniform
circle. The following floor plan of the laboratory shows the display in both configurations
(Figure 3). The floor plan also shows the locations of the Vicon motion tracking cameras [48]
that were used in the second experiment.

¥ ¥ |

Figure 3: Floor plan of the flat and curved display configurations, and the Vicon motion tracking infrared
cameras used in experiment 2.



4 EXPERIMENT 1: DISPLAY SIZE AND CURVATURE

The goal of the first experiment was to explore how changes in size and curvature of a
display affect user performance. As the details of this experiment have been published elsewhere
[49], what follows is a summary of the experiment and the more interesting results that impact
the second experiment.

4.1 Motivation

The motivation behind the experiment is twofold. First we wished to quantify the user
performance benefits of increasingly larger displays (greater pixel-count) and curved displays for
geospatial tasks (Figure 4). We first hypothesized that user performance would improve with
larger displays because users would have more data and more context visible at once, and
because such displays afford efficiently navigating the information physically using eye, head,
and body movement. However, counter arguments are that such a large amount of visual
information will overwhelm users, and that physical navigation will be too slow when compared
to virtual navigation techniques such as pan and zoom. One could also argue that expanding the
total screen size beyond the visual acuity of the eye wastes pixels.

(b)

Figure 4: 24 panel, 31.5 megapixel display in the flat (a) and curved (b) configurations in experiment 1

Our second goal was to determine if the curvature of such large displays affects user
performance for geospatial tasks (Figure 4). Therefore, we also hypothesized that curving the
display would decrease the amount of time spent physically navigating, allowing for more time
on task. Users would only have to turn rather than walk to far away pixels. Our main motivation
for curving the displays was not to find an optimal curvature but to see if there exist any benefits
of curving a display compared to keeping it flat. Therefore, we chose the same curve radius for
all curved conditions (Figure 5). Furthermore, we also wanted to determine if there is an
interaction effect between size and curvature.



Figure 5: Visual acuity (dashed circle) and display configurations.
4.2 Method
Experimental Design

The independent variables for this experiment were display size, curvature, task type, and
task difficulty. We chose three display sizes: one monitor, twelve monitors, and twenty-four
monitors. For conditions requiring fewer monitors, the modified TerraServer Blaster [50]
application we were using to display aerial imagery was simply resized to fit a subset of the
monitors in the display. For the curvature variable, we chose two curvatures: flat, and a curve
with radius equal to 30 inches (Figure 5) which put all of the screens within the visual acuity
range of a user with average vision seated at the center. We tested five of the six conditions
(Table 1). The one monitor curved condition is not applicable since we could not curve a single
monitor.

Flat Curved
1 monitor (1.3 megapixels) v
12 monitors (15.7 megapixels) v v
24 monitors (31.5 megapixels) v v

Table 1: Five conditions evaluated in experiment 1.

Display size and curvature were between-subject variables because of the time it takes to
reconfigure the display, and the order of tasks within each task type was counterbalanced using
two 4x4 Latin Square designs, where one dimension represented the task type and the other
dimension represented four of the eight participants. Each task type had one easy and one hard
task. Within each task type (e.g. the two search tasks), half of the participants would get the easy
task first and the other half would get the harder task first.

There were forty participants spread evenly across the five conditions, eight participants per
condition. All participants were undergraduate or graduate students. The majority of the
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participants were computer science majors. The average age of the participants was twenty-five
with a range between twenty-one and thirty-one years old. Twenty-seven of the participants were
male and thirteen were female. All participants had normal or corrected-normal (e.g. glasses)
vision and reported having daily use with computers. Users were not expected to have a
background in geography and the tutorial covered the background necessary to complete the
tasks.

Tasks

Users were asked to perform a series of typical analytic geospatial tasks using satellite
imagery from the TerraServer database. Geospatial data is ideal for this experiment because it is
naturally a high-resolution, multi-scale, and dense data set that is also comprehensible to non-
experts.

Based on consultation with expert geographers and intelligence analysts as well as previous
research utilizing geospatial data on larger displays [26], we chose three basic types of tasks:
searching, route tracing, and comparing. These tasks were chosen because they are common
visual analytic tasks and they require the user to utilize the display in different ways. Search
requires the user to develop methods to visit the entire set of data in some efficient manner.
Route tracing, on the other hand, requires the user to traverse a limited and specific portion of the
data without losing context. Finally, image comparison tasks are a complex combination of these
first two, requiring a user to maintain a shared context across two images that potentially offer
few registration points to indicate how the images correspond. However, for the comparison task,
only accuracy was measured, and no significant results were found; so we will not present that
task here. Participants performed two of each task type, an easy and a hard task, for a total of six
tasks per condition.

The search tasks involved locating a specific unaltered object in the aerial view. The easy
search task involved finding the “14R” label at the end of a Chicago airport runway. The hard
search task involved searching all of the Chicago area for a red bull’s eye painted on the roof of a
building (Figure 6). The bull’s eye task was more difficult because the search area (extent) was
greater. Participants were told to point to the object when they found it so that the proctor could
visually verify the answer.

7

(a) (b)
Figure 6: Easy search task (a) and hard search task (b) on the flat and curved twenty-four monitor conditions
respectively
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For the route tracing tasks, users followed a given route, marking underpasses/overpasses
along the route. A green arrow and red octagon icon indicated the start and stop points on the
route respectively, and fictitious highway icons were added along the route for guidance (Figure
7). Users could mark on the imagery with the mouse. The instructions were to mark all
underpasses/overpasses along the route and inform the proctor when complete. The easy task
was to mark underpasses along a portion of Expressway 402 East of Atlanta, GA (labeled
Highway 8) (Figure 7). The hard task was to mark overpasses along a portion of Highway 60 in
Los Angeles, CA (labeled Highway 63). Overpasses were more difficult because identifying a
road that passes underneath the route often requires closer inspection than identifying a road that
passes over it.

.
=

==

Figure 7: The easy route tracing task with respect to the twenty-four monitor display at a frequently used
scale

For both the search and route tracing tasks, the dependant variables were time and accuracy.
Regardless of the experimental condition, users began each task at the same location, 30cm away
from the display at the center of the viewport on a stool with the keyboard and stand in front of
them. The starting extent, or displayed map area, was held constant for all display size
conditions, which required the starting scale for each task to be different for each display size.

4.3 Results

No significant results were found on accuracy in terms of the display conditions. Hence, we
focus on task completion times.

Completion Times

Task completion time was measured for both the search and route tracing tasks. Times for
participants that could not finish a task in five minutes were recorded as five-minute task
completion times. This ensures that the results are not skewed to only consider quick performers.
One participant was discarded as an outlier, since that participant was the only participant to time
out on every task, regardless of difficulty level.

Overall Completion Times
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Our first analysis was a 3-way analysis of variance (ANOVA) across display configuration
(combining display size and curvature into a single variable), task type and task difficulty. There
was a main effect for all three: display configuration (F(4,136)=3.52, p=0.009), task type
(F1,136)=134.9, p<0.001), and task difficulty (F(1,136)=15.39, p<0.001).

Overall Completion Times
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Figure 8: Performance times of all display configurations for search and route tracing tasks (significantly
different conditions are linked by arrows).

Post-hoc analysis of the display configurations showed a statistically significant difference
(p<.05) between several of the display configurations (Figure 8). Non-overlapping confidence
intervals are statistically significant at the alpha level of 0.05. All large display conditions,
except for the twelve flat condition, are statistically faster than the one monitor condition.
Furthermore, the twenty-four curved condition is faster than the twelve flat condition.

Task Specific Completion Times

For our next analysis, we separate out the task types to see if they were affected differently
by the display configurations. As 48% of participants for the hard route task and 26% for the
hard search task timed out regardless of the display condition, we consider only the easy tasks in
this analysis. The analysis was a mixed design two-way ANOVA of display configuration and
task type. The result was an interaction between the task type and display configuration
(F(4,34)=4.24, p=0.007).
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140
120
100 +—

80 -

407 _&
20

T

pi

Completion Time (s)

LAL’

|
0 T
I1mon 12flat

12
curved

s—gh)
24 flat 24
curved

Figure 9: Performance times for the easy search task for all display configurations (significantly different

conditions are linked by arrows).

Post-hoc one-way ANOVAs showed that both the search task (F(4,34)=4.03, p=0.009) and
the route task (F(4,34)=3.84, p=0.01) showed statistically significant differences. Protected t-test
results for the search task show that the twelve flat, twelve curved, and twenty-four curved
conditions were statistically faster than the one monitor condition, and the twenty-four curved
condition was statistically faster than the twenty-four flat condition with p<0.05 (Figure 9). The
same test for the route task shows that twenty-four curved is statistically faster than twelve
curved and twelve flat, while the twenty-four flat is faster than twelve flat, with p<0.05 (Figure

10).
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Figure 10: Performance times for the easy route task for all display configurations (significantly different

conditions are linked by arrows).

Effects of Display Configurations

Our next analysis separated the two dimensions of display configuration: display size and
curvature. For this analysis, the single monitor condition was eliminated as it was not relevant to
the curvature variable, and we are once again only considering the easy tasks.
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The three-way ANOVA showed that there were main effects for display size, curvature, and
task type. Participant were significantly faster using a curved display (111 seconds) than they
were with a flat one (146 seconds) (F(1,27)=7.82, p=0.009). Similarly, we found that participants
performed faster using twenty-four monitors (112 seconds) than twelve (145 seconds)
(F(1,27)=7.18, p=0.012).

4.4 Discussion

In general, there was an observable benefit from both display size and curvature for these
geospatial tasks. In particular, curving the display resulted in improved performance. For the
easy tasks, performance on the curved display was 24% faster than on the flat. Overall, the
fastest condition was the largest curved display.

There are several factors that potentially contributed to the performance improvements
observed in the curved display conditions. As expected, in the smaller display conditions
navigation was restricted largely to virtual navigation, while in the larger display conditions we
observed considerably more physical navigation. Also as expected, we observed in the curved
conditions that physical navigation tended to be largely rotational, while in the flat conditions
participants tended to walk more. This supports our original hypothesis that curving the display
would change the style of physical navigation and that the rotational movements would be more
efficient than the translational.

However, our observations also revealed a secondary factor that may have had an impact on
the results. While the subject could not see all the details on all twenty-four monitors in the flat
configuration from one place, there was still a preference for remaining seated near the keyboard
and mouse, despite the fact that the keyboard and mouse were on a rolling stand and the clear
instructions that they were welcome to stand up and walk. This behavior could be attributed to a
several possible explanations: the subjects may have been influenced by starting in a seated
position, the population from which the subjects were acquired are accustomed to working while
seated, or the keyboard and mouse may have served as tethers, requiring too much effort to move
along the display.

Whichever explanation is correct, this behavior did have an impact on how the display was
used. We observed that the subjects in the flat twenty-four monitor condition changed their focus
less frequently than the subjects in the curved twenty-four monitor condition. Many of the
subjects in the flat condition focused on the nine or twelve monitors in the center of the display
to the exclusion of the monitors on the periphery, while the subjects in the curved condition
frequently turned in their seat to quickly change their focal area.

5 EXPERIMENT 2: SPATIAL RELATIONSHIPS & INSIGHT ON
CURVED DISPLAYS

5.1 Motivation
In the first experiment, users benefited from the curved display. However, the experiment

provided little insight into why user’s performance improved or how the curve was affecting the
perception of the data.
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Figure 11: The 24-panel, 31.5 megapixel display in the flat (a) and curved (b) configurations in experiment 2.
Participants stood, and their physical navigation was tracked by the Vicon system overhead.

Hence, in the second experiment, the goal was to specifically examine the effects of
curvature of large high-resolution displays in more detail. (A more detailed follow-up
examination of the effects of size is reported elsewhere [23, 24]). Observations made in the first
experiment indicated that curving the display changed the type of physical navigation from
translational navigation to rotational. The distance between the user and outermost pixels on the
curved display was less so than on the flat, placing all of the pixels within visible range (using
only head and eye movements). This raised several new questions. Does the spatial location of
the data matter less on curved displays? How does the curve affect the perceived spatial
relationships between pieces of data? To examine how these issues affect users, we formulated
two research questions:

e Do users favor certain portions of the display on either of the two display form factors
(flat or curved) when visually searching for data?

e Does the virtual distance between two objects on the display affect user performance
differently on the two form factors when visually comparing data?

Because the outermost regions of the flat display are outside of the user’s initial visual range,
we hypothesized that users would favor the central portion of the flat display and have difficulty
comparing information this is far apart on the display. Whereas, since the curved display brings
all portions of the display within visible range, we hypothesized that users would treat the
display space more uniformly. Thus, when visually searching for detailed information (a target)
that is located in the periphery, users should perform faster on the curved display. Similarly,
when users visually compare data objects, greater virtual distance between the objects should
affect user performance on the flat display more than on the curved display.

In addition to these specific issues, we also examined how display curvature affects users’
higher-level perceptions of visualizations. If curving the display changes how users perceive
spatial relationships between data points and changes how the user interacts with the space, then
it could affect the insight they gain from visualizations. If curving the display gives users rapid
access to all of the details within the data, are users more likely to make detailed level
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observations? Does display curvature result in reduced opportunities to gain overview-level
perspective, since users are less likely to step back (physically zoom out) and there is no position
from which users can see the entire display without perspective distortion? To address these
issues, we formulated a third research question that specifically examines the types of insights
users gained based on the display conditions:

e Do users of curved displays make observations (insights) in visualizations at a different
level on the overview-to-detail spectrum than users of flat displays?

We hypothesized that users on the curved display will gain more localized detail-level
insights, because details of localized regions can be readily accessed with only head and eye
movements. Whereas, users on the flat display will gain more overview-level insights because
increased physical navigation will naturally afford a broad integrative view by stepping back
from the display. We noticed this tendency in our own usage of the displays, and sought to
examine the issue experimentally.

Thus, the motivation for the second experiment is threefold:

e Determine how much the spatial position of data on the display affects user performance
on the two form factors (flat and curved).

e Determine how much the distance between two data objects on the display affects user
performance on the two form factors.

e Determine the overview-to-detail level of insights users gain from visualizations on the
two form factors.

5.2 Method
Equipment Setup

To reduce the tethering effects from the first experiment, no seat or input devices were
provided — all tasks dealt with static imagery only. In addition, the display was raised to better
accommodate standing. The bottom of the display was about three feet (36.5 inches) from the
floor, and the top of the display was about six feet (71 inches) from the floor.

During the experiment, all subjects wore a vest and hat that were instrumented with reflective
markers for tracking by the Vicon motion tracking system. The Vicon system allowed us to track
the subject’s position and orientation. For both the subjects’ torso and head, full 6 degree-of-
freedom positions (3D translation and 3D rotation) were continuously recorded. This data was
used to measure the Euclidean distances traveled in 3D space and the amount of turning done by
the subjects.

Experimental Design

The experiment design examined two factors: form and task type. Form is a two-level factor
including flat and curved (Figure 3), and task type is a three-level factor. Table 2 shows the full
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factorial design tested. Only the largest display size from experiment 1 (31.5 megapixels) was
used in experiment 2. All independent variables were within-subject.

Each participant came for two sessions, once with the flat display and once with the curved
display. Half of the participants used the flat display first, and the other half started with the
curved display to counterbalance learning effects. There were three different task types for each
condition: search, comparison, and insight. Each session used the following task type order: an

insight task, seven alternating search and comparison tasks, another insight task, another seven
alternating search and comparison tasks, and a final insight task.

Form Task Type
Search

Flat { Comparison
Insight

Search
Curved { Comparison
L __Insight

Table 2: Six conditions evaluated in experiment 2.

There were sixteen participants total. Six participants were graduate students, six participants
were undergraduate students, and four participants were professionals. All of the students were
engineering majors. The average age of the participants was twenty-four with a range between
twenty and thirty years old. Eleven of the participants were male and five were female. All
participants had normal or corrected-normal vision. All participants reported at least daily usage
of computers. The participants were each paid $5 for their assistance. To motivate speed in

performing the tasks, three $40 prizes were offered for the fastest average time on each of the
three task types.

Tasks

Figure 12: Example search task in experiment 2.

For each of the search tasks, subjects were given a static street map, constructed using data
from Google™ maps. Participants were asked to locate a gray water tower icon that had been
placed somewhere on the map (Figure 12). The search tasks were designed so that the water
tower would appear in different regions of the display, allowing us to record subject performance
with respect to the target’s location. The regions were defined based on the columns of monitors
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in the display (Figure 13). In total, subjects performed fourteen search tasks, with the target
visiting the top and bottom of each of the seven regions. To eliminate any possible learning or
ordering effects, each task used a map of a different city and the order that the maps were
presented was randomized for each participant.

B e i e i et
LL LM LC C RC RM RR

Figure 13: Defined regions within the 24-panel display for the search tasks.

In both the comparison and insight tasks, subjects were given static visualizations of multiple
demographics across the United States over fourteen years (Figure 14). The visualization is one
of Yost et al.”s [51] multiple-view visualization designs in which the 14 columns represent years
and the 14 rows represent demographic groups, for a total of 196 maps. The data values were
generated from semi-random numbers to include specific trends and anomalies in the data. We
did not use real data, so that we could create multiple visualizations for repeated measures. To
help subjects navigate the visualization, demographic labels were placed on the left, right, and
along each row below the corresponding map to reduce any effects of the distance between the
labels and the data to which they referred.
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Platning on Work

Figure 14: Visualization for comparison and insight tasks in experiment 2.

For each comparison task, subjects were asked a specific question that required a direct
comparison of two values within the visualization. For example, “Which year had the most
‘College Graduates’ in Kansas? 1982 or 1983?” The questions were designed to evaluate the
effects of different horizontal virtual distances; so they all had the same form, requiring subjects
to compare a particular demographic in a particular state across two different years. The distance
conditions were broken up based on the number of display columns that separated the two values
— the closest being a single column of separation (about 14”) and the farthest being seven
columns of separation (about 98”). In total, subjects were asked to perform 28 comparisons —
four for each distance measure. The comparisons were broken up across the two sessions so that
each participant performed two comparisons at each distance with both the flat and the curved
display. All comparisons were done using the same visualization, but the order of questions was
randomized.

For each insight task, subjects were asked to state three observations that they found
meaningful about any of the data presented to them in the visualization and to show the evidence
supporting the observation to the experimenters. This was an open-ended task protocol with no
additional instructions, similar to the insight-based evaluation method developed by Saraiya et
al. [5]. The prize for fastest average time encouraged the subjects to tell us their initial
observations rather than over-thinking and rejecting observations that they felt were not
meaningful enough. This was done to reduce any bias that subjects might have toward a
particular level of detail (e.g., a belief that broader observations that include more of the data set
are more meaningful). Each subject performed three insight tasks per session, for a total of nine
observations per subject for each display condition. There were six different data sets used for
the insight tasks. Subjects only saw each data set once and the order in which the data sets were
presented was randomized across the sessions for each subject.

Procedure

Each session took about one hour to complete. Before beginning the first session, participants
were asked to fill out a demographic questionnaire and to inform the proctor of any physical
conditions such as color-blindness or claustrophobia. Participants then had a training session for
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each task type, to learn how to recognize the search target, how to interpret the demographic
visualization, and to gain some experience performing the tasks before beginning the experiment.
Participants were told to start each task by standing at a marked ‘X’ on the floor (30 inches from
the center of the display) and to look straight ahead. They were told that they could move from
their starting position once the task began. Written instructions for each comparison task were
given to the participant when he or she began the task. After each task, participants were asked to
verbally rate their frustration level on an unlabeled Likert scale from one to seven, seven being
the greatest frustration level.

5.3 Results

Quantitative results for each task type were analyzed separately because we are not
concerned with the performance difference between task types. For all tasks, the dependant
variables were time to completion, frustration level, and physical movement. Comparison tasks
also included accuracy as a dependant variable, and insight tasks included insight level of detail.
One participant’s physical movement results were thrown out due to an incomplete recording.
There were no significant correlations found between the dependant variables and the
demographics collected, gender and age.

Search Tasks

For search tasks, we defined additional variables for the horizontal region of the display
containing the search target (as in Figure 13) and the vertical region (top or bottom half). 3-way
ANOVAs were performed on form, region, and vertical placement. When the regions were
grouped into three areas, left (LL, LM), center (LC, C, RC), and right (RM, RR), there is an
interaction between form and region (F(2,224)=3.537, p=.03) for task completion time (Figure
15). Post-hoc one-way ANOVAs show that users search faster when targets appear in the left
area than in the right area of the flat display form (F(2,224)=6.055, p=.003). This indicates that
users of the flat display tend to favor the left side of the display to begin their search and then
proceed to the right.

Average Completion Times (Search)
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Figure 15: Average time to complete search tasks on flat and curved displays by target region. On the flat
display, targets are found faster on the left side than on the right side of the display.

Accuracy was not a dependant variable for search tasks, as the target was unambiguous.
However, we chose to stop users if they took longer than 15 minutes, to avoid excessive fatigue
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and stress. This only occurred once each for three out of the sixteen participants (two on the
curved display and 1 on the flat) and their times were recorded as 15 minutes.

For frustration level, there was a significant main effect for form (F(1,224)=6.747, p=.01)
where participants found the curved form less frustrating than the flat form (Figure 16).

Average Frustration Level (Search)

H

Frustration Level
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Flat Curved
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Figure 16: Average frustration level (7 = greatest frustration) on the two display forms for search tasks. The
curved display was less frustrating.

For physical movement, there was a significant main effect of form (F(1,210)=18.542,
p<.001) where participants traveled less total distance (translation of head position) when using
the curved form (Figure 17). There was also an interaction between form and region for moving
the position of their body (F(6,210)=2.172, p=.045). Post-hoc one-way ANOVAs show that
participants moved the position of their body less while using the curved form (F(1,210)=14.352,
p<.001) (Figure 17).

Average Total Movement (Search)
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Figure 17: Average total head and body translational movement on the two forms for search tasks.
Participants moved less with the curved display.

Comparison Tasks

For the comparison tasks, a 2-way ANOVA was performed on form and virtual distance
between targets. For time to completion, there was a statistically significant main effect for
virtual distance (F(6,64)=7.073, p<.001). This is not surprising, since the difficulty of comparing
more distant objects is already understood. There was no significant main effect observed for
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form, although it is still worth noting the trend towards faster performance for curve in the eight
column distance condition, despite the fact that many users in the flat condition actually ran to
reach the far ends of the display (Figure 18). More data is needed to verify this trend.

Average Completion Times (Comparison)
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Figure 18: Average time to complete comparison tasks on each form by virtual distance.

For accuracy, the mean score was 13.6 correct responses out of 14 for the curved condition
and 13.3 out of 14 for the flat condition, but no statistically significant differences were found.
Similarly, there were no statistically significant differences found in the frustration level.

For physical navigation, there was an interaction between form and virtual target distance on
translational head position movement (F(6,210)=3.934, p=.001). Post-hoc one-way ANOVAs
show that participants moved the position of their head less on the curved form
(F(1,210)=35.355, p<.001) (Figure 19) and, as expected, participants moved the position of their
head less for shorter target distances (F(6,60)=4.281, p<.001) (Figure 20).
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Figure 19: Average total translational head and body movement of the two forms for comparison tasks.
Participants moved less when using the curved display.
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Similarly, there was also an interaction between form and virtual target distance on
translational body position movement (F(6,210)=4.432, p<.001). Post-hoc one-way ANOVAs
show that participants moved the position of their body less on the curved form

(F(1,210)=38.272, p<.001) (Figure 19) and less for shorter target distances (F(6,60)=5.147,
p<.001) (Figure 20).
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Figure 20: Average total head and body movement on the seven virtual target distances in the comparison
task reflects expected patterns.

Conversely, there was a main effect of form on rotational body movement (F(1,210)=14.919,
p<.001) showing that participants rotated (turned to the left and right) significantly more on the
curved display (Figure 21) than the flat display. These results clearly demonstrate the physical
navigation tradeoff between translational movement on the flat display and rotational movement
on curved displays.
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Figure 21: Average total side-to-side body rotation during comparison tasks using the two display forms.
Participants turned to the side more when using the curved display.

Insight Tasks

Our intent in using the insight-based approach was to get more subjective perceptions of the
data from the subjects. While the subjects were required to show the evidence supporting their
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observations to demonstrate that they had made a good faith effort to base their observations on
the visualization, no measurement was made of the accuracy of the insights. The insights that are
generated by this open-ended protocol are very difficult to score in a meaningful way [52].
Rather than trying to quantify the quality of the insights, we examined the types of insights the

subjects generated.

Each observation made by the subjects was coded for its level on a detail-to-overview
spectrum on a Likert-scale. Level 1 indicates insights that are very localized to a specific detail
in a small portion of the visualization. Level seven indicates insights that involve global
overview trends covering the entire visualization. Table 3 shows the scale used to rate the level
of detail for each insight reported by the participants.

Rating
1

~N o 0o W

Rule: Description of Observation
Observation regarding one population in one state in one year
Observation regarding one population in one state over two or more years
Observation regarding one population in one state over all years
Observation regarding one population over two or more states over all years
Observation regarding one population over all states over all years
Observation regarding two or more populations over all states over all years
Observation regarding all populations over all states over all years

Table 3: Rules for rating the level of detail of each insight reported by the participants.

For insight degree of detail, there was a near significant main effect for form
(F(1,144)=3.718, p<.055) with more detailed insights on the curve form and more overview
insights on the flat (Figure 22).
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Figure 22: Average insight level of detail on the two forms. The flat display prompted more overview

oriented observations.

For physical navigation, there was a statistically significant main effect of form
(F(1,130)=47.188, p<.001) showing that participants’ head position moved less with the curved
form while deriving insights. There was also a main effect for form (F(1,130)=33.763, p<.001)
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such that participants’ body position moved less with the curved form (Figure 23).
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Figure 23: Average total head and body translational movement during insight tasks. Again, participants
moved less with the curved display.

Subjective Preferences

In the post-experiment questionnaire, participants were asked to select which form (if either)
they preferred for each task type and overall. A histogram showing the total number of
participants and their preference for flat, curved, or neither is shown in Figure 24. There is a
clear preference for the curved form for comparison tasks (75%), a slight preference for the
curved form on search tasks (56.25%) and overall (50%). There is a slight preference for the flat
form for insight tasks (43.75%), which may indicate that people tend to look for overview
observations and perhaps feel more accomplished having made an observation that covers a
larger portion of the data.
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Figure 24: Total number of the 16 participants who preferred each form for the three task types and overall.
The largest differential is in the comparison task, where the curved display is most preferred.

Observations

While conducting the study, we annotated any interesting behaviors or patterns participants
displayed and any comments they made. In addition, in the post experiment questionnaire
participants were asked to elaborate on what they thought about the tasks and the display forms.
The following describes those observations and comments.

-26 -



For the search tasks, there was a broad range of strategies employed by participants. The
most common searching strategy was to scan the monitors left to right and top to bottom. Thus,
when the water tower target was on the left side of the screen, participants found it faster than
when it was on the right side. This is illustrated in Figure 15. Other strategies included scanning
the monitors by row (top to bottom), scanning the middle columns first then moving outwards,
and quickly scanning the whole display hoping that the water tower would “pop out.”

All of the participants who preferred the curved display for the search tasks said they did not
have to move as much to see the screens and it made it easier to scan the screens quickly. Of the
seven participants that preferred the flat display, three of them said they liked to back up and
move around while searching for the water tower. One of the participants commented that the
flat display seemed more “normal” to them, and two of the participants said the flat display
helped them search in a grid pattern.

For the comparison tasks, many participants said they would visualize where the data would
be located on the screen in their minds before beginning the task. They said this helped them to
make more efficient use of their time once the task began. Also, when asked to compare data that
was eight columns apart on the flat display, some participants ran back and forth to see both data
points. Another observation was that more participants used their arms and hands to mark the
data locations on the curved display than on the flat display. This is probably because
participants could touch any point on the curved display from a position in the middle, whereas,
participants could only span across part of the flat display.

The participants who preferred the curved form for the comparison tasks wrote on the
questionnaire that it was because they could easily see all the points on the screen. Four of those
participants elaborated further and said that they liked being able to touch the screen and see the
data points without having to move. All three of the participants who preferred the flat display on
this task said that it was because it felt more “normal” and it was easier to see the row-column
alignment of the data points.

The six participants who preferred the curved form for the insight task said that this was
because it was easier for them to see trends in certain populations. All seven of the participants
who expressed a preference for the flat form said it was because it was easier to step back and
see all of the data points.

Since all of the participants experienced both form factors of the display, several of them had
initial opinions of the two display forms. One participant, who started with the curved form and
returned to finish the experiment on the flat display, said of the flat form: “Wow, this is going to
be so much harder.” When asked why, the participant said that it looked like so much more to
take in at once. Two participants who started on the flat form first said that they wished the
display was curved around them. They said it would be easier to see details if the display was
closer to them.

On the post-experiment questionnaire, eight of the participants preferred the curved form
overall and seven preferred the flat form. All of the participants who preferred the curved display
said that it was because they could see all the data without having to move much. One participant
went on to say that the curved display was more “immersive” and helped him to focus on the
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tasks. Of the participants who preferred the flat condition, three said it was because it felt more
“normal” and another three said it was because they could step back and see all the information
at once.

5.4 Discussion

For all three tasks (search, comparison, and insight) users physically navigated
approximately twice as far, in terms of total translational movement, when using the flat display.
During comparison tasks, users made significantly more rotational movement when using the
curved form than with the flat. This change in physical navigation is the most likely cause of the
improved user performance times on some search tasks, the preference for curved form on
comparison tasks, and the more detail oriented insights. Rotational physical navigation appears
to be more efficient than translational physical navigation, but may also have deeper cognitive
effects.

When looking for a target on the display, users favored the left side of the flat display over
the right side. This particular bias for the left side is likely cultural. While we did not collect
demographic data specifically targeting this question, the subjects were predominately from left-
to-right reading cultures. However, on the curved display there was no significant preference
displayed, which seems to indicate that curving the display removed any bias users had towards
the left side of the display. Furthermore, users were less frustrated searching on the curved
display. This may be because the average time to find the object was less dependent on its
location due to the lack of bias. Given the greatly reduced physical translational movement, it is
perhaps surprising that more subjects did not prefer the curved display for this task. Based on
user comments, it appears that those who preferred the flat display did so because of familiarity
with that form and its natural support for searching by grids.

While there is no statistically significant difference in performance time between the flat and
curved conditions for the comparison tasks, we believe this is primarily because many users
compensated for the extra physical navigation needed on the flat display by running. Given the
incentive to perform well, this is unsurprising. However, in longitudinal use with more complex
comparisons, it seems likely that users would not continue to run while performing comparisons
and the curved display might result in an overall faster performance. In addition, it is possible
that the tasks were too simple and did not require enough cognitive effort to show an effect as
was found in experiment 1. In any case, it is clear that users strongly preferred the curved form
for comparison tasks, probably because they could accomplish the task with less physical effort.

The experiment also demonstrated evidence that the form factor of the display has an impact
on users’ insights gained from visualization. On a flat display as large as this one, users’ initial
insights were more at the overview level. This means users tend to make large-scale observations
about the data, such as global trends and patterns. This is apparently because users can step back
from the display and visually aggregate all the data in a single view when the display is flat.
Whereas, on this curved display, initial insights were more at the local detail level, such as
observations about anomalies or sub-groups of the data. This may be because users cannot see
all of the data points at once. For this task, there was a slight preference for the flat display,
perhaps because users perceive overview insights as more valuable, and their instinct was to find
(more meaningful) high-level observations. However, an insight’s level of overview or detail
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does not dictate the importance of that observation. Depending on the scenario, either type of
insight could be critical. As such, this finding is not an argument for one display over another,
but rather evidence that the choice of form factor is an important design consideration that must
be matched to the users’ tasks. It could also indicate the need for a new type of flexible-form
display that users can rapidly reconfigure according to their current task.

6 CONCLUSIONS
6.1 Summary

The results of these experiments identify the important effects of scale and form factor in
ubiquitous multi-display environments of the future. As the pixel-count is increased (up to 31.5
million pixels) on a high-resolution (96 DPI) display, users will perform faster on some tasks,
with more physical navigation and less frustration. Furthermore, curving large high-resolution
displays, bringing all the pixels into visual range, produces the following impacts:

e Changes the amount and type of physical navigation, from translational to rotational,
decreasing translational by about half and doubling rotational movement.

e Further improves user performance time for some tasks, up to 24% faster.
e Eliminates users’ significant region bias towards the left side of large flat displays.

e Changes the type of insights users gain from large-scale visualizations, to less overview
insights and more localized detail insights.

e Reduces users’ frustration levels on search tasks, and substantially increases user
preference on comparison tasks.

In information visualization, it is well recognized that interaction plays a critical role in how
people understand information (e.g. [5]). Related research argues for the important role of
physical navigation in enabling people to better interact with and explore visual information [23,
24], lending greater credence towards theories of embodied interaction and cognition and their
application to information visualization. The results presented in this paper may serve to further
strengthen that argument by also showing that the type of physical navigation, translational
versus rotational, plays a distinctive role in how people perceive information, and demonstrating
the deeper link between physical interaction and cognition.

These results highlight the value of rapidly reconfigurable or alternative displays. As the
summarization of results in Table 4 shows, there are several advantages of curved displays for
2D visualization tasks. However, the impact that form factor has on insights argues for enabling
the user to easily change the display shape to match their tasks. A quickly reconfigurable or
flexible-form display could allow users to start their task with a flat display for an overview
perspective of their data, and then pull the sides of the display inward into a curved form so that
they can better observe details. An additional benefit of such a capability would be to quickly
switch between the curved form for a single-user workspace and the flat form for collaborative
multi-user usage.
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As display environments grow in size, they will offer a diverse set of forms that will affect
the user’s experience. The empirical evaluations of this paper are a stepping-stone for further
research on large, high-resolution displays and ubiquitous multi-display environments of the
future, by uniquely evaluating the effects of display size and curvature, and offering initial
evidence for developing theories.

Effect Curved Flat
Faster performance time (up to 24%) v
More turning (doubled) v
More walking (doubled) v
Users change area of focus frequently v
No region biases 4
More detail-level initial insights 4
More overview-level initial insights v
Less user frustration for search v
User preference for search v
User preference for comparison v
User preference for insight v

Table 4: Summary of effects for each display form.
6.2 Towards a Curvature Model

The empirical results of this work suggest a model for interaction with large displays. The
addition of pixels both increases the details shown in the peripheral imagery and makes use of
natural physical navigation, improving performance. The visual gain and physical input are
potentially building a greater sense of embodiment. The additional peripheral imagery better
enables users to build mental models of the spatial data with which they are working. The natural
physical navigation affords better recall and recognition of spatial properties based on muscle
memory. However, the performance gain may drop off as the outermost pixels become
increasingly more difficult to access by translational physical navigation (i.e. walking).
Therefore, at some point adding more pixels to a flat display may no longer improve
performance for single users.

Alternatively, curving the display around the user affords more efficient movements (i.e.
turning), allowing users to utilize more of the display in the same amount of time. Users’ ability
to change area of focus quickly better equips them to find, trace, and compare objects.
Therefore, the greater the display size, the more curving the display would improve user
performance for various tasks. Because all the details are more accessible and encourage more
efficient movements, users are less likely to pick a particular area of the display as a starting
point (no region bias). Furthermore, because the display surrounds the user, it creates a sense of
immersion. This may be the reason behind the more detailed insights. If users are already
immersed in the display, they will begin making observations at the current area of focus.
Although it is possible to walk backwards, the tight curvature does not invite the user to step
back and observe the entire data set as much as a flat display.
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How does the effect of curvature scale with greater display sizes? Consider the curve
evaluated in this work. The radius of the curve was held constant. As the width of the display
increases, eventually the display would form a closed cylinder. To increase the display size
further, the radius would also have to increase. Therefore, to develop a model for increasingly
large displays, it is clear that the radius of the curve is an important factor. Assume that the
radius of the display increases proportionally with the display size, maintaining a half cylinder.
Eventually the display size of a flat display will be so large that the user cannot make use of the
entire display. Performance benefits will reach a limit, a point at which there is no improvement
in performance for a single user by adding more pixels. Furthermore, as the display size
approaches infinitely large, a curved display will essentially become like a flat display. In effect
the performance benefits of a curved display will also reach a limit, perhaps eventually reducing
to that of a flat display. Thus, in theory, performance benefits could be modeled as seen in
Figure 25.
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Figure 25: Potential model for performance benefit of both flat and curved displays with respect to increasing
display size.

6.3 Future Work

As displays continue to grow in pixel-count and size while maintaining a high-resolution,
curvature may continue to be a significant factor in the user experience. An obvious next step is
evaluating different radius curves. It would also be valuable to evaluate long-term usage of the
curved and flat displays, since some of the observed user behavior in these experiments (such as
running) would not be realistic in longitudinal use. Because the flat or curved forms opened
doors to different insights, future work should investigate the design of a mounting system for
tiled monitors that affords quickly and uniformly adjusting the display curvature.
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In terms of visualization, all tasks evaluated in this work involved static two-dimensional
geospatial visualizations. None of the tasks required users to understand the geometric
relationships between distant objects. Future work is necessary to understand potential
disadvantages curving may have on users’ perception of the distorted imagery. Can users
mentally transform the imagery into a flat scene? Also, how does curvature impact the visual
perception of various graphical encodings in visualization? How does curvature impact 3D
visualization? How does curvature impact the visualization of dynamic data and the perception
of changes?

It would also be very useful to understand how curvature affects the partitioned space
paradigm. Because users tend to work with multiple windows, switching their attention often, it
would be beneficial to understand how curvature might affect common office productivity tasks.
Based on the comparison tasks of the second experiment, such scenarios might be a strength of
curved displays. Because the greater virtual distances affect performance negatively, a study
using the partitioned space paradigm (using different regions of the display for different
windows) should provide guidance for interface designs. In particular, likely design
improvements are for desktop organization, window placement, and interaction techniques.
Evaluating the partitioned space paradigm should also improve the design of future ubiquitous
multi-display environments, because each display will typically be separated by edges in the
physical environment in which they are embedded.

A noticeable attribute of the displays used in these experiments is the bezels between tiled
LCD panels that create physical divisions. The physical discontinuities created by the bezels
segment the display into equal parts, provide landmarks, and create potential registration errors
across the gaps. While other research suggests that discontinuities are only a problem when
combined with an offset in depth [53], it is possible that our results depend on the visible cues
they provide to the user. The landmarks they create may help users identify the visual angle of
the data and overcome perspective problems that might exist without the bezels. It would be
beneficial to study whether the bezels are a factor.

Large display sizes suggest possibilities for collaborative work. How does curving the
display affect this? With a curve radius as small as the one used in these experiments, there is
little room for more than one user inside the space. The curve radius could be increased to permit
more users to participate, but how does this affect performance? Is there still some benefit to the
curve? For example, curvature might help to see what other users are working on. Collaborative
work is another argument for the case of reconfigurable displays.

There is also much current research on designing input devices for large displays. What is the
impact of display curvature on input device design? For example, tiled touch-screen monitors
may be sufficient for curved displays that are closer to the user, but cumbersome when the
display is flat. Conversely, a six-degree-of-freedom hand-held mouse may be best suited for a
flat display, but less accurate when the user is close to a curved display.

Moving beyond the question of curved or flat large displays, this work should be viewed as
part of a larger effort to understand how working in a ubiquitous display environment will affect
the way people work. When displays can be stretched across walls like wallpaper, embedded in
desktops, attached to the arms of chairs and carried around like sheets of paper it will be
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important to understand how the various form factors support different activities. Our
experiments have demonstrated that a relatively simple change (curving the display to bring
more pixels “within reach”) doesn’t just affect performance, but also changes the user’s
comprehension of the data being displayed. There is much more that could be done to examine
the effects of form, scale, and physical spatial relationships on how information can be
processed, manipulated and understood. What is learned from these studies will shape how
ubiquitous multi-monitor environments of the future will be designed and used.
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