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ABSTRACT 
In navigating large information spaces, previous work 
indicates potential advantages of physical navigation 
(moving eyes, head, body) over virtual navigation (zooming, 
panning, flying).  However, there is also indication of users 
preferring or settling into the less efficient virtual navigation. 
We present a study that examines these issues in the context 
of large, high resolution displays.  The study identifies 
specific relationships between display size, amount of 
physical and virtual navigation, and user task performance.  
Increased physical navigation on larger displays correlates 
with reduced virtual navigation and improved user 
performance.  Analyzing the differences between this study 
and previous results helps to identify design factors that 
afford and promote the use of physical navigation in the user 
interface. 

Author Keywords 
large displays, physical navigation, virtual navigation, 
embodied interaction. 

ACM Classification Keywords 
H5.m. Information interfaces and presentation (e.g., HCI): 
Miscellaneous.  

INTRODUCTION 
Navigating in large virtual information spaces such as virtual 
environments (VEs) or visualizations can be difficult for 
users.  Virtual navigation techniques, such as using a joystick 
control or pan & zoom widgets, are often disorienting and 
confusing. In response, information visualization researchers 
have developed virtual navigation aids such focus+context 
techniques [20]. In VEs, researchers employ wayfinding aids, 
but also augment virtual navigation with physical navigation 
(e.g. [23]).  

We define physical navigation as bodily movement, such as 
walking, crouching, head rotation, etc., for the purpose of 
controlling the virtual camera that produces views of the 

information space.  We view physical navigation as a specific 
type of embodied interaction [8]. Embodied interaction 
promotes the better use of humans’ physical embodied 
resources such as motor memory, peripheral vision, optical 
flow, focal attention, and spatial memory to enhance the 
experience, understanding, or performance of the user. 

Physical navigation is used in VEs and visualization in 
conjunction with a variety of display technologies such as 
CAVEs, head-mounted displays, projectors, wall-sized 
displays (e.g. Figure 1), and even desktop displays. Each of 
these display technologies has its own benefits and 
affordances for physical navigation. 

 

Figure 1. Example large, high-resolution display being used with 
physical navigation. 

For example, in a CAVE (a VE display made up of multiple 
surrounding projection screens) head tracking is used to 
afford physical navigation, so that users can move around 
(within the confines of the physical CAVE) to adjust the 3D 
viewpoint. Most CAVEs, however, do not completely 
surround the user. Head-mounted displays also use head 
tracking, but also offer a 360-degree surrounding view, and 
do not take up as much real space as a CAVE. Large, high-
resolution displays allow users to see large amounts of the 
information at amplified scales and degrees of detail.  Users 
can then step forward to see details (Figure 1) or step back to 
obtain an overview. 
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information visualization is for the viewer to be able to perceive 
patterns in the data when the visualization is viewed from a 
distance. Thus, visual aggregation becomes important when 
considering physical navigation as the means for interaction, just 
as computational aggregation techniques [10] are important when 
users virtually navigate (e.g., panning, zooming, etc.) a 
visualization.  

In this paper, we describe our study of four primary visual 
encodings (color, length, slope, position) on a large, high-
resolution display. Our analysis examines the performance and the 
behavior of subjects performing a basic visualization task to 
provide insight in the perceptual scalability of the various 
encodings. 

2 RELATED WORK 
Previous work details the properties and construction of visual 

encodings, and lists numerous encoding variants 
[3],[5],[18],[19],[13-14]. The design of encodings is more 
complex than may first seem, relying on a combination of the 
human visual and perceptual abilities [19]. A significant amount 
of work has been conducted to determine the perceptual 
effectiveness of many of these visual encodings.  For example, 
Healey et al. examined which encodings support fast preattentive 
processing by the human visual system [11] Cleveland and 
McGill [8] comparatively tested user performance of a common 
set of visual encodings, determining a relative order of 
effectiveness for standard, paper-sized visualizations containing a 
small number of datapoints. Color, an inherently complex 
encoding, can be further analyzed in terms of its components (i.e. 
hue, saturation, luminance) [20].  

However, these guidelines were developed assuming that the 
user is focused on a fairly small amount of data in visualizations 
on standard-sized displays. Furthermore, their studies assume the 
user is at a fixed viewing distance and angle from the 
visualization, where each encoding is perceived within the 
applicable visual acuity required to decode the glyph. This leads 
us to the question of how effective these encodings are when 
presented on a large high-resolution visualization, where users are 
constantly changing these view parameters, and greater amount of 
data is visualized.  

Physical navigation is fundamental to the use of large, high-
resolution displays, suggesting care be taken in the design of tools 
and visualization to ensure proper support. Thus, we are interested 
in studying how the visual encodings effect the physical 
navigation based on how well each encoding visually aggregates. 
Some initial work on the relevant issues may help to inform 
design:  

In terms of (1) exploiting peripheral vision, color encoding 
should emphasize luminance over hue [19]. Motion and animation 
have shown to be effective for peripheral awareness [2, 16]. 
Chewar et al. found that position (given a common axis) and color 
were effective in busy dual task scenarios [7]. While these results 
say more about peripheral attention, peripheral vision likely 
played a role due to the visual separation of the dual tasks. 

In terms of (2) distortions due to extreme viewing angles, 
Wigdor et al. examined how visual encodings are affected by the 
position of the viewer [21]. In particular, they looked at what 
happens when information must be displayed at oblique or right 
angles to the viewer. They found that the accuracy of length, 
position, and angle are significantly superior to area and slope 
under these conditions. 

In terms of (3) visual aggregation, Yost et al. suggests the use 
of “filled” encodings such as colored bar-graph instead of line-
graph encodings to better enable visual aggregation at a distance 
[22]. Eick et al. point out the importance of considering the 
scalability of the individual encodings (i.e. what is the minimum 
amount of pixels needed to produce an effective glyph given an 
encoding) [9]. To understand how these issues come together and 
develop guidelines for large display visualizations, we take a 
holistic approach to examine the effectiveness of various visual 
encodings in the context of large scale visualizations on large 
high-resolution displays. 

3 METHOD 
The purpose of this study is to analyze how the choice of visual 

encodings can directly impact physical navigation and task 
performance on large, high-resolution visualizations. In particular, 
we are interested in how the encodings impact physical navigation 
behaviors and strategies (especially whether they support or 
inhibit physical zooming) and how those behaviors translate into 
task performance. Ultimately this will help us to understand the 
issues that affect the perceptual scalability of various 
encodings. To accomplish these goals, this study examines user 
task performance and user behavior with four glyph-based 
encodings on small and large displays, where users are physically 
navigating in the presence of a large amount of uniformly 
spatially referenced single-dimensional data. We hypothesize that 
the design of the encoding directly impacts the users’ ability to 
physically navigate, ultimately affecting task performance. 

3.1 Equipment 
The display used for this experiment is a tiled powerwall 

consisting of fifty twenty-inch LCD monitors arranged in a 10 x 5 

 
                                       Color                                      Length                                 Slope                              Position 

Figure 2. Overview with corresponding enhanced views of a small portion of the visualization for each encoding. 
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The Perceptual Scalability of Visualization 

Beth Yost, Student Member, IEEE and Chris North 

Abstract— Larger, higher resolution displays can be used to increase the scalability of information visualizations. But just how 
much can scalability increase using larger displays before hitting human perceptual or cognitive limits? Are the same visualization 
techniques that are good on a single monitor also the techniques that are best when they are scaled up using large, high-resolution 
displays? To answer these questions we performed a controlled experiment on user performance time, accuracy, and subjective 
workload when scaling up data quantity with different space-time-attribute visualizations using a large, tiled display. Twelve college 
students used small multiples, embedded bar matrices, and embedded time-series graphs either on a 2 megapixel (Mp) display or 
with data scaled up using a 32 Mp tiled display. Participants performed various overview and detail tasks on geospatially-referenced 
multidimensional time-series data. Results showed that current designs are perceptually scalable because they result in a decrease 
in task completion time when normalized per number of data attributes along with no decrease in accuracy. It appears that, for the 
visualizations selected for this study, the relative comparison between designs is generally consistent between display sizes. 
However, results also suggest that encoding is more important on a smaller display while spatial grouping is more important on a 
larger display. Some suggestions for designers are provided based on our experience designing visualizations for large displays. 

Index Terms—Information visualization, large displays, empirical evaluation. 

 

1 INTRODUCTION 
Geospatial intelligence analysts, epidemiologists, sociologists, and 
biologists all share a common problem. They are all faced with 
trying to understand potentially massive datasets that involve 
integrating spatial, multidimensional, and time-series data. The 
intelligence analyst has to integrate different events occurring at 
various geographical locations over time to prevent a terrorist attack. 
The epidemiologist has to integrate medical data, weather patterns, 
and absenteeism rates over time from various locations to predict or 
explain the outbreak of a disease. The biologist must consider the 
relationship between a biological structure and various experimental 
results measured over time to understand interactions between genes. 
Information visualizations can provide insight into these datasets.  

Because of the size of many of these datasets, scalability is an 
important issue. Different visualizations are better able to graphically 
scale (require fewer pixels), which is especially important on typical 
desktop displays [1]. However, even designs that may not 
graphically scale well for a desktop display can be scaled up to a 
greater extent using displays that are larger and/or have a higher 
resolution (DPI), an example of such a display being used for 
visualization is shown in Fig. 1. As technology continues to decrease 
in cost, this is becoming a more viable option. Many places such as 
NASA and AT&T already have large display walls [2][3]. 
Theoretically, any dataset could be visualized, regardless of the 
visualization, on an infinite size display.  

Therefore, as larger displays are used for visualization, the 
scalability limit may be shifted away from the graphical scalability 
limits imposed by the number of pixels and toward human limits. 
The most obvious examples of this occur when the display exceeds a 
resolution such that the human eye cannot perceive the pixels 
regardless of distance from the display, and when the display size 
gets to be so large that significant physical movement would be 
required by a user (as an example, consider the Vietnam Veterans 
Memorial Wall in Washington, D.C. which is 493.5 feet (150.42 
meters) wide with more than 50,000 names inscribed that are each 
0.53 inches (1.35 cm) high [4]). As the width of a display increases 

so does the use of peripheral vision, which is less sensitive to color 
and more sensitive to motion [5]. In these cases, the limit is created 
by human abilities rather than caused by the display technology.  

 

 
Fig. 1. Bar matrices embedded on a map shown on a 32 Mp display. 

 
This leads to the question of perceptual scalability of 

visualizations for large displays. When the screen isn’t the limiting 
factor, just how much data can a person effectively perceive? As 
more data is shown with increasingly larger displays, do we hit a 
breaking point, the limits of visualization? And how will 
visualizations for large displays need to fundamentally differ from 
visualizations on desktop displays? How are basic visualization 
design principles different on large displays? In this paper, we report 
on an experiment that begins to answer these questions by comparing 
three different visualizations across two different display sizes - a 2 
Mp display and a 32 Mp display.  

2 RELATED WORK 

2.1 Large, High-Resolution Displays 
Most research on large, high-resolution displays has been about the 
technology used to create them.  Various papers have reported on 
techniques used to build the displays [6][7] and software such as 
Chromium and DMX that can be used to distribute graphics and 
create a single large desktop across multiple monitors [8][9][10].  A 
survey of these technologies can be found in [11]. While the 
technology behind the display is important for assuring a usable 
display in terms of how much delay is introduced during interaction, 
more relevant to our work are large display user studies. 

Large displays naturally lead to collaboration research because of 
size, cost, and privacy concerns.  Various papers have dealt with the 
use of large displays for collaboration [12][13][14].  In this work we 
focus on a single user.  Single user benefits have been shown for 
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(a) As Till sits on the couch and 
watches the video, Nic enters the 
room. The title of the currently 
playing video shows up at the 
top of the screen to tell Nic what 
video is being played. (b) When 
Nic approaches the display, more 
detailed information about the 
current video becomes visible at 
the side of the screen where he is 
standing—if he moves to the other 
side, the description will reappear 
there. (c) When Nic moves directly 
in front of the screen (blocking 
Till’s view), the video playback 
pauses and the browsing screen is 
shown. Nic can now select other 
videos by touching the screen. 
The player changes back into full-
screen view once Nic and Till both 
sit down to watch the video. We 
already described how if Till and 
Nic start talking to each other, the 
video will pause until one of them 
looks back at the screen. When 
both leave the room, the applica-
tion stops the video playback and 
turns off the display.

*DPH�3OD\��3UR[HPLF�3RQJ�
Atari’s Pong, originally created 
in 1972, is a tennis-based sports 
game: A person hits a moving ball 
with a paddle, the ball bounces 
off the walls, and then the other 
person tries to hit the return-
ing ball until someone misses. 
What if this game could exploit 
proxemics? As a fun side-project, 
Ballendat created Proxemic Pong, 
running on a vertical surface 
(see Figure 12). The game reacts 
to distance, orientation, motion, 
and identity, where identity just 
distinguishes between different 
players. In standby mode, which 
displays a splash screen, Proxemic 
Pong recognizes when a person 
enters and stands in front of the 
screen. It creates a paddle for that 
person and starts the game. The 

player controls the paddle with 
their body by facing forward and 
moving side to side. When a sec-
ond person stands in front of the 
display, a second paddle is created 
and the game continues via turn-
taking (as seen in Figure 12). To 
penalize the player who interferes 
with the active player by stand-
ing in their way, Proxemic Pong 
enlarges the active player’s paddle 
to make it easier to hit the ball. 

Like Wii games, Proxemic Pong 
introduces an exertion element into 
computer game play. Initially, the 
player’s motion matches the pad-
dle’s motion. As game play contin-
ues, the system increases the ratio 
of the physical distance that needs 
to be covered to move the paddle, 
while also increasing the speed of 
the ball. This means that people 
have to move farther and faster to 
hit the ball.

Proxemic Pong also exploits 
front-to-back motion. If a player 
moves very close to the display, the 
game automatically pauses; control 
points appear on the paddle, allow-
ing that person to adjust the paddle 
shape by direct touch (see Figure 
12, inset). If a player moves back-
ward and sits on the couch (i.e., the 
player becomes an observer), his 
or her paddle disappears and the 
game continues in single-player 
mode. If both move away, the game 
pauses. 

7KH�1HZ�8ELFRPS"�
In this age of touting natural user 
interfaces, proxemic interactions 
has great potential. If well designed, 
it can exploit people’s expecta-
tions of how they and their devices 
should interact within particular 
ecologies as they move toward one 
another. But there is still much left 
to do, and thus many uncertainties. 

First, many of the interaction 
techniques revolve around how an 

!��)LJXUH�����3UR[HPLF�3RQJ�LQ�DFWLRQ��7KH�LQVHW�VKRZV�KRZ�
SHRSOH�FDQ�DGMXVW�SDGGOH�VKDSH�ZKHQ�FORVH�WR�WKH�VFUHHQ�

!��)LJXUH�����7KH�PHGLD�SOD\HU�GLVSOD\V�LQFUHDVLQJ�LQIRUPDWLRQ�
DQG�RSSRUWXQLWLHV�IRU�LQWHUDFWLRQ�DV�WKH�PHGLD�SOD\HU�DSSURDFK�
HV�DQG�LV�RULHQWHG�WRZDUG�WKH�VXUIDFH�

!��)LJXUH�����7KH�PHGLD�SOD\HU�FKDQJHV�ZKDW�LW�GLVSOD\V�WR�EH�
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ABSTRACT 

This paper explores the link between users’ physical navigation, 
specifically their distance from their current object(s) of focus, 
and their interaction scale. We define a new 3D interaction 
technique, called multiscale interaction, which links users’ scale 
of perception and their scale of interaction. The technique exploits 
users’ physical navigation in the 3D space in front of a large high-
resolution display, using it to explicitly control scale of 
interaction, in addition to scale of perception.  Other interaction 
techniques for large displays have not previously considered 
physical navigation to this degree. We identify the design space of 
the technique, which other researchers can continue to explore and 
build on, and evaluate one implementation of multiscale 
interaction to begin to quantify the benefits of the technique.  We 
show evidence of a natural psychological link between scale of 
perception and scale of interaction and that exploiting it as an 
explicit control in the user interface can be beneficial to users in 
problem solving tasks.  In addition, we show that designing 
against this philosophy can be detrimental. 
 

KEYWORDS: interaction technique, large tiled display, physical 
navigation 
 
INDEX TERMS: H.5.2 User Interfaces - Interaction styles 

1 INTRODUCTION 

The decreasing price of displays has enabled the exploration of 
ever-larger and higher-resolution displays.  Previous research has 
quantified benefits from both the increased size and the increased 
resolution.  Several studies have shown that with large datasets, 
such as those found in geospatial analysis, the larger viewport size 
improves users’ performance time and decreases frustration 
[1,14]. A key benefit of large high-resolution displays is that they 
afford greater opportunity for physical navigation (moving one’s 
body to navigate the displayed information). These studies found 
a correlation between faster user performance time, a decrease in 
virtual navigation and an increase in physical navigation.  
Evidence indicated that physical navigation was more efficient, 
effective, and preferred than virtual navigation. 

While increasing display size has significant benefits for user 
performance, it also creates a new difficulty – how do users 
interact with it? In particular, given that users physically navigate 
when using large display information spaces, how should that 
affect the design of interaction techniques? Stationary interaction 
devices, such as the traditional keyboard and mouse, can tether 
users and discourage physical navigation. Considering 3D input 
(such as tracking head, hand or body movement) for interaction 
with large 2D displays offers new possibilities for interface design 
that supports physical navigation [12].  

However, when physically navigating, users move in and out 
from the display to zoom into details or out for an overview, 
essentially changing the scale at which they perceive the 
information. Untethered interaction techniques can enable users to 

interact with the display from anywhere as they move around in 
the space in front of the display, but this interaction is static. 

During physical navigation, users’ visual scale changes, but 
their scale of interaction does not change. This is a problem 
because users often do different types of tasks at different levels 
of visual scale.  As they step out to see an overview, they are still 
interacting with it on the detail level, even though they are no 
longer able to see any of the details.  Introducing additional 
controls that enable users to change the scale of interaction can 
cause extra confusion, visual and interactive clutter, and 
difficulties with accuracy, analogous to virtual navigation. 

There is evidence that people naturally interact on different 
levels of scale in the literature on pointing.  People can indicate a 
single nearby object by pointing alone.  However, people either 
refer to faraway areas only, or compensate for the ambiguity 
brought on by distance by adding verbal descriptions [8,11]. This 
change in how people point to a target based on their distance 
from it can be modeled approximately by a cone extending out 
from the finger, representing the degree of pointing accuracy with 
which people perceive they are pointing [8]. 

 
Figure 1. Selecting on different scales with multiscale interaction. 

Thus, two related behaviors have been demonstrated: people 
move to perceive varying levels of scale, and people point at 
varying degrees of detail according to distance. Is it possible to 
combine these behaviors to provide an efficient and explicit 
multiscale pointing capability on large displays?  Can physical 
navigation be exploited, using it as an explicit operator to control 
the scale level of interaction, in addition to perception? 

We suggest a class of interaction techniques, called multiscale 
interaction, which links the two behaviors by changing the user’s 
scale of interaction depending on their distance from the current 
object(s) of interaction.  To demonstrate this, we implemented a 
3D interaction technique [2] that automatically changes the scale 
of a 2D cursor according to the user’s distance from the display, 
using a 3D input device to interact directly with a large 2D 
information space on the display, as seen in  Figure 1.  This paper 
first describes the design space for multiscale interaction, and the 
benefits we believe can be derived from it.  Second, it discusses a 
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including the role of the fixed (immobile) and semi-
fixed (movable) features in their environment. Other 
researchers added further concepts, such as models 
describing optimal proxemic distances [10], or consid-
ering people’s relative orientation [9].  

Now consider ubicomp systems in this context. In con-
trast to desktop computing, ubicomp technology is in-
creasingly integrated into everyday objects and envi-
ronments [13]. But in spite of the opportunities pre-
sented by people’s natural understanding of proxemics, 
ubicomp devices are usually oblivious to their subtle 
proxemic relationships. Most ubicomp devices – such as 
those shown in Figure 1 – do not recognize the pres-
ence or approach of nearby people, objects, or other 
devices; or the spatial relationships in between. This is 
a lost opportunity, since the rules of proxemics would 
serve as valuable form of input in these situations to 
mediate people’s interaction with these novel compu-
ting interfaces.  When considering the future prolifera-
tion of ubicomp systems accessible in people’s every-
day life, it is crucial to find techniques that let people 
seamlessly and naturally connect and interact with the 
devices around them. Hall emphasized the role of prox-
emic relationships as a form of people’s implicit com-
munication – and this is a form of communication that 
ubicomp devices have yet to understand.  

Planned Research Contributions 
In my dissertation I address the research question of 
how to apply proxemics to inform ubicomp interaction 
design. I want to understand how ubicomp devices can 
leverage fine grained knowledge of proxemic relation-
ships to mediate people’s interactions in ubicomp ecol-
ogies. I understand such ubicomp ecologies as com-
posed of the following entities (see Figure 1): large 
interactive surfaces, information appliances, portable 

personal devices, and non-digital physical objects. To 
address this research question, I plan to provide the 
following three inter-connected contributions: 

(1) Framework of Proxemic Interactions: Adapting 
and translating important proxemic theories to in-
form the design of ubicomp interaction. This in-
cludes identifying the essential proxemic dimen-
sions for ubicomp interaction, and the design of 
concepts for proxemic interaction considering these 
dimensions. My goal is to formulate these in a con-
ceptual framework of proxemic interactions in 
ubicomp ecologies, describing the main design var-
iables, functions of proxemics, and how they relate 
to ubicomp interaction design.  

(2) Developer tools: Designing and evaluating tools 
that make these proxemic relationships accessible 
to ubicomp system developers.  

(3) Proxemic-aware ubicomp systems: Designing 
and evaluating proxemic-aware devices and digital 
surfaces that understand and interpret the lan-
guage of proxemics, and react appropriately to 
people, objects, and devices entering and moving 
through the space around them. They will be built 
using the developer tools (Obj. 2) and illustrate the 
concepts of proxemic interactions (Obj. 1). The 
evaluation of these systems and a derived set of 
design guidelines will feed back into the conceptual 
framework informing the design of future proxe-
mic-aware interfaces. 

Related Work of Proxemics in Ubicomp  
A few fundamental projects of interactive systems – 
usually within the area of ubicomp [13] – incorporate 
spatial relationships of people and devices within inter-
action design. Some systems trigger activity by detect-
ing the presence of a person within a space [12], or 

 

 

 
Figure 2. Five essential dimensions  
for ubicomp systems to determine  
proxemic relationships: distance,  
orientation, movement, identity,  
and location. 
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Movement-‐
based	  zooming	  
and	  panning	  
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Adap/ng	  a	  visualiza/on	  to	  the	  
user’s	  distance	  



Conclusion	  

We	  demonstrate	  single-‐user	  interac/on	  with	  
visualiza/ons	  based	  on	  user’s	  distance,	  
movement,	  and	  orienta/on	  
Future	  work:	  
	  Combine	  different	  proxemics	  data	  
	  Combine	  with	  other	  input	  
	  Design	  for	  mul/ple	  users	  
Empirical	  studies	  
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