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Abstract.  Desktop virtual reality (VR) offers a powerful environment for visu-
alizing structure in large information sets. In well-designed virtual worlds, users 
can employ skills from wayfinding in the real world. This paper reports the de-
velopment and testing of a series of prototype VR worlds, designed to support 
navigation during information visualization and retrieval. Results indicated that 
users’ sense of presence, ease of use and preference were affected by degree of 
spatial cueing, but target-hunting performance was not. The virtual world with 
strongest spatial cues caused poorer user performance than a comparable hyper-
text interface, but was rated as more enjoyable. The final VR prototype was no 
worse than hypertext in user performance; the prototype shows the potential for 
navigable VR that is engaging and useful for everyday information exploration. 

 
 
1   Introduction 
 
Two recent trends in human-computer interfaces are striking. First, as the volume and 
complexity of the information sphere grows, more advanced techniques are needed to 
visualize and manage it. Such approaches, generally known as information visualiza-
tion, can be seen as moving downward from abstraction to representation. Second, as 
the power and sophistication of computer technology increases, its ability to simulate 
the world also increases. Such approaches, generally known as VR, can be seen as 
moving upward from concreteness to dematerialization. These 2 trends are starting to 
meet in the domain of information visualization using desktop VR. This meeting en-
ables significant improvements in the everyday accessibility of large information sets. 

The best opportunities to use VR for large-scale visualization tasks now lie with 
hierarchical data, for 2 reasons. First, the world’s largest information structure is the 
Web. Web sites often have a roughly hierarchical structure. While software engines 
have greatly helped searching, browsing has received less support. Second, several 
well-known research prototypes of information landscapes for unstructured data exist. 
These prototypes are often constructed using statistical analysis techniques [2, 5]. 

A research project at Umeå University in Sweden is investigating the visualization 
of hierarchical information in VR, with a focus on navigational issues. Several proto-
types have been designed, developed, and empirically tested. Experimental tasks mix 
searching and browsing, with an emphasis on user performance, domain learning, and 
overall satisfaction. Initial results are satisfactory, and participants report the research 
prototypes to be engaging, memorable, and suitable for real work. At this point, the 
VR visualization technique used looks promising for large information environments, 
e.g., corporate or university intranets, which allow unified design and management. 



The paper is organized as follows. Related research is reviewed first, followed by 
a description of the prototype and then discussions of 3 experiments. 
 
 
2   Related Research 
 

Though there exists substantial research on information visualization, only techniques 
most relevant to this paper will be discussed. A suite of 3D tools from XEROX 
PARC, the Information Visualizer [1], includes the cone tree [13] and the hyperbolic 
browser [7] to present hierarchical information. A goal of these tools is to shift part of 
the burden of conscious cognitive processing to the perceptual system. Animated vis-
ual transitions, for example, aid users in tracking visualization changes. A good de-
scription of these techniques is “focus+context”, because they let the user focus on 
interesting information, while retaining context in the visual background. It is unclear 
how these techniques scale up for very large data sets, for which an information land-
scape may be more navigable and memorable. Such landscapes have been explored in 
several research projects that lay out unstructured data using statistical analysis [2, 5]. 
Possibilities for landscapes with structured data, however, are largely unexplored. 

Research on navigation in VR began with urban design studies of the physical 
world. Work on legibility (imageability) showed that resident efficiency and enjoy-
ment is enhanced by a design with landmarks, paths, districts, nodes, and edges in a 
strong hierarchy [8]. Later work analyzed wayfinding – the conceptual part of naviga-
tion – into 3 iterative stages: mental mapping, route planning, and plan execution 
[11]. Lynch’s work mainly concerned strategies to improve mental mapping. Recent 
research concludes that wayfinding design principles from the real world often apply 
to large virtual environments [3]. In this work, global structure was recommended to 
support good wayfinding. What remains is to use these principles for structured in-
formation visualization, as this research was conducted with naturalistic landscapes. 

Design principles for information landscapes appeared in a summary of wayfind-
ing research with application to virtual worlds [14]. In related work, a layout algo-
rithm was proposed [6], based on hyperbolic visualizations [7] and cone trees [13]. 
More abstract 3D textual environments, including Apple Computer’s “HotSauce” 
[12], were used to represent hierarchical information. 

 
 

3   Experimental Prototype 
 

A large design space exists for building a VR landscape to visualize information. In 
particular, a discrepancy between semantic and spatial structure must be reconciled 
[9]. Our initial hypothesis was that varying the strength of spatial cueing would sig-
nificantly affect search performance and environmental perception. More specifically, 
we expected that more spatial cueing would result in better understanding of the envi-
ronment’s spatial structure and information objects. I.e., spatial cues would aid navi-
gation and be more enjoyable. Accordingly, a series of 3 virtual worlds was designed, 
taking key points on a continuum between text- and object-based representations of 
information structure. Each design applied the idea of Information Islands [15] to 
visualize a filtered subset of a Web index. The 3 worlds were maximally isomorphic 



in features (e.g., locations, sizes, and labels). The data set was chosen for interest to 
participants and the research community. The set included about 1500 items over 7 
levels of hierarchy, which allowed for rich detail and computational tractability. 

The first design was most naturalistic, with colored objects and grayscale labels. 
This design, the Day World, had strong color and lighting cues (Figure 1). Virtual 
objects were laid out to maximize imageability by Lynch’s guidelines: islands, cities, 
neighborhoods, and buildings (“districts”); mountains and rivers (“edges”); rivers, 
roads, and bridges (“paths”); and geometric objects (“landmarks” or “nodes”). Ob-
jects at each level were clustered around landmarks, according to sibling groups in the 
data hierarchy. Color assignment grouped buildings in neighborhoods with common 
palettes, while ground and water objects had naturalistic color. Text labeled each ob-
ject. To avoid information overload, the distance from which a label was visible var-
ied inversely with the label’s depth in the data hierarchy. In general, the best point 
from which to survey a region was its center. Avoiding indirect navigation, users 
could fly freely throughout the worlds, or use a UI shortcut to fly directly to desired 
objects. Navigationally indirect features, e.g., elevators and hallways, were avoided. 

 
 

 
 

Fig.1.  A view of the Day World (Experiment 1) 
 
 
Midway between object- and text-based representations of information structure, 

the Dusk World resembled the Day World with changes in coloring (Figure 2). In this 
world, objects were desaturated 90% (as in twilight) and semi-transparent. Labels, 
however, had bright, saturated colors, and were grouped by sibling relationships in 
the data hierarchy. The design was intended to offer the benefit of optical illusions, 
where perception varies between modes, here object- and text-based. 

At the textual end of the design continuum was the Night World (Figure 3), which 
is similar to Dusk World, but without virtual objects. Here, the user could move in an 
abstract information space without absolute location or distance. This design was in-
spired by recent prototypes, including HotSauce and others [12]. The Night World 
lacked directional lighting.  It had only brightly colored text on a black background. 

The experimental VR environments were constructed in VRML 2.0, based on a 
filtered subset of WWW structure. The VRML was generated by C++ code, requiring 
about 7 months of development effort. The world-generation algorithm takes as input 



 
 

Fig. 2.  A view of the Dusk World (Experiment 1) 
 
 

 
 

Fig. 3.  A view of the Night World (Experiment 2) 
 
 

ASCII data in a hierarchical format: processing time is about 5 seconds per world, 
and each VRML file is about a megabyte in size. This desktop VR can be viewed 
with the CosmoPlayer plug-in for Web browsers. Special input/output devices are not 
needed. A graphics card with a high frame-rate, though, facilitates interactivity. 
 
 
4   Experiment 1 
 
4.1   Methodology 
 
To compare prototype designs on user efficiency and perception, an experiment was 
run with 12 participants (8 male, 4 female). The experiment was a two-way (3 x 3) 
within-subjects design. World design was the first condition: Day, Dusk, or Night 
World. Ordinal position of exposure was the second condition: first, second, and 
third. World design and exposure order were fully counterbalanced. Six dependent 



variables were used in the experiment. Five of these were self-reported on a scale 
from 1 to 5: world size, exposure duration, sense of presence, ease of use, and overall 
preference. The sixth variable was search performance: found/total targets. 

Experimental sessions were conducted on an SGI Onyx 2 computer in a VR lab 
over a 2-week period. Participants were first trained in the user interface in a sample 
world for 15 minutes. They then explored each experimental world for 20 minutes. In 
a world, participants began by roaming freely for 1-2 minutes. They then performed a 
“scavenger hunt”: they received a series of paper cards, each showing the context and 
name of an information item (building floor) in the virtual world. Participants were to 
find as many of the 10 targets as possible in the world, in the available time. They 
could skip difficult targets. The hunt tested search performance, as well focusing at-
tention on VR. After each world, participants completed a short questionnaire, and a 
summary one after all worlds. Participants’ comments were also logged. 

 
 

4.2   Results 
 
The effect of world design and exposure order was investigated through a series of 
one-way ANOVAs. The measures significantly affected by world design were as fol-
lows. (Means are scaled between 0.00 and 1.00.) 
 

Means 
  Day Dusk Night Significance 

Presence: .708 .417 .375 F(2,33) = 5.60, p < .01 
Ease: .604 .292 .458 F(2,33) = 4.27, p < .02 
Preference: .729 .292 .438 F(2,33) = 10.2, p < .001 

 
In general, sense of presence, ease of use, and overall preference were highest for 

the Day World, and comparably lower for the Dusk World and the Night World. 
World design had no significant effect on other measures, not even performance. 
(The mean performance for all participants and sessions was .43 out of 1.0.) 

Exposure order had no significant effect on experimental measures.  
To investigate direct relationships between measures, we ran a series of Pearson 

Correlation tests. Ease of use, overall preference, and sense of presence were all sig-
nificantly related to each other (p < .05). Similarly, ease of use, overall preference, 
and performance were all significantly related (p < .05). No significant relationship 
was found between presence and performance, though. 

To determine if there was a learning effect during each session, we analyzed per-
formance timing for the course of a session. No significant changes were observed. 

All participants used computers frequently, but game and Web index usage var-
ied. Analysis showed no significant effect of either factor on experimental measures. 
 
 

4.3   Discussion of Experiment 1 
 
Most strikingly, this experiment showed no clear relationship between sense of pres-
ence and performance. Performance was not significantly affected by world design or 
exposure order, but sense of presence was directly affected by world design. Ease of 
use and overall preference correlated significantly with both presence and perform-



ance, yet neither of these latter variables correlated with each other. It appears that the 
proposed VR designs are equivalent in usability, counter to experimental hypothesis. 
By way of explanation, perhaps the interfaces were not usable enough to reveal dif-
ferences for the given task. In any case, participants felt more engaged with the Day 
World, which follows the experimental hypothesis. This sense of engagement has 
potential benefits for concentration, motivation, and long-term learning.  

The lack of learning effect on performance was puzzling. Perhaps tasks were too 
easy or too hard to change a participant’s performance during the experiment. Users 
may already have had the required skills from experience with Web and office soft-
ware, which they could transfer to information exploration in VR. Alternatively, the 
UIs may have been so new as to prevent skill improvement during sessions.  

The next experiment varied the representation and the input data set independ-
ently. It was thus possible to determine the differential impacts of world design and 
underlying data domain on task performance. 

 
 

5   Experiment 2 
 
Given the results of the first experiment, it was necessary in a follow-up: (1) to estab-
lish a baseline of performance and perception by comparing hypertext with VR repre-
sentations, since hypertext is the dominant way of presenting information on the 
Web; and (2) to investigate the effect of different (but comparable) data sets, in order 
to clarify the relationship between world design and domain data. 
 
 
5.1   Methodology 
 
The second experiment was carried out using the apparatus of the first one, but in a 
private office, to reduce distractions. The hardware was a personal computer with a 
high-end graphics card. For this experiment, a simple HTML hypertext was created 
using an extension of the world-generation software in Experiment 1. 

The experiment was a 2 x 2 within-subjects design. 16 participants were run, all 
undergraduates (13 male, 3 female) in Informatics. The first independent variable was 
world design: VR versus hypertext. For VR, the Day World was used, since it was 
liked best in Experiment 1. The second independent variable was data set: work ver-
sus leisure subsets of data in Experiment 1. Earlier procedures were slightly changed. 
First, participants explored 4 worlds in 15-minute sessions. After each, participants 
were asked to classify 5 data items like those in the VR. This task assessed learning of 
domain structure. Answers were scored for accuracy at the top 2 levels of data hierar-
chy (measures Classification 1 and 2). Also, a question on user “preference” was split 
into “efficiency” and “enjoyment,” as these differed in Experiment 1. Finally, the 
number of search targets grew to 25, as hypertext efficiency was expected to be high. 

 
 

5.2   Results 
 
The effect of world design, ordinal position, repeated exposure and elapsed time on 
dependent variables was examined through several one-way ANOVAs. The measures 



significantly affected by world design were as follows. (Means are scaled between 
0.00 and 1.00): 
 

Means   
  Htext. VR Significance 

Performance:  .400 .100 F(2,61) = 82.1, p < .000 
Classification 1: .694 .544 F(2,61) = 4.65, p < .048 
Classification 2: .450 .331 F(2,61) = 4.55, p < .050 
Efficiency:  .800 .412 F(2,61) = 25.8, p < .000 
Ease:   .800 .388 F(2,61) = 35.3, p < .000 
Enjoyment:  .562 .750 F(2,61) = 4.31, p < .010 

 
Ordinal position affected mainly Classification 1: this measure increased signifi-

cantly from .488 (out of 1.00) to .750 over a participant’s 4 virtual world sessions (F 
= 3.56, p < .044). Another effect on classification 1 was caused by repeated explora-
tion of a data set. This measure rose significantly from .530 (out of 1.00) on first ex-
ploration of a data set to .700 on second exploration (F = 5.77, p < .03). 

To investigate relationships between measures, we ran a series of Pearson Corre-
lation tests, each of which was significant at the .05 level: 

 
• Performance: classification 1 and 2, ease, and efficiency 
• Ease: efficiency, enjoyment (inversely) 
• Efficiency: enjoyment (inversely) 
 
Finally, experimental results show signs of improvement in target hunting and 

classification over the course of an experimental session. For example, in VR condi-
tions only, target hunting improved from .071 (out of 1.00) during the first session to 
.138 during the second (F = 17.1, p < .001). 
 
 
5.3   Discussion of Experiment 2 
 
In considering the results of Experiment 2, the superiority of hypertext for most 
measures is evident: target-hunting performance, first- and second-level classifica-
tion, rated efficiency and ease of use. Hypertext is evidently a more mature technique 
for information visualization and access, which is reflected in better software tools 
and prior user experience. At the same time, as in Experiment 1, participants’ prefer-
ences (enjoyment here) didn’t match the most efficient user interface. In fact, partici-
pants enjoyed VR more, reflecting greater user engagement and motivation. This dif-
ference suggests, at least, that the structural benefits of hypertext should be included 
in further development of VR visualization for hierarchical information.  

Similarly, the usability advantages of hypertext could be considered as potential 
standards for VR development. Accordingly, users’ suggestions for improvements to 
the research prototype, particularly those inspired by comparison with hypertext, can 
facilitate the iterative design process. The resulting prototype could be a better tool 
for task completion, and a more solid and sensitive research platform for future work. 

In contrast to Experiment 1, we found evidence of learning in Experiment 2. Par-
ticipants performed better in target hunting during the second VR exposure, which 
suggests a learning threshold for the new UI. Hypertext, by contrast, showed no such 



learning effect, presumably because participants already knew the technique from 
Web browsing. Top-level classification improved for participants with both inter-
faces, and this potential was explored in the next experiment, as discussed below. 

 
 

6   Experiment 3 
 

6.1   Methodology 
 
After Experiment 2, usability and performance problems in the prototype were fixed, 
largely based on participants’ comments. First, the more structured CityScape layout 
algorithm was used, to take better advantage of perceptual cues in VR [6]. This algo-
rithm was less naturalistic, but more efficient and aesthetically satisfying. Second, 
many usability problems were fixed, refining the prototype. Third, non-information 
bearing virtual objects were removed, and the rest geometrically simplified, to im-
prove graphics performance at the cost of some decorative features (e.g., trees). 
 
 

 
 

Fig. 4.  A view of the “efficient” Day World (Experiment 3) 
 
 

The main purpose of Experiment 3 was to validate a new research prototype (Fig-
ure 5), as well as to compare with hypertext. Accordingly, a variation of Experiment 
2 was run with 8 participants, students and instructors (7 male, 1 female); this varia-
tion compared “naturalistic” and “efficient” versions of VR. As each participant was 
exposed to only two virtual worlds, sessions were lengthened to 20 minutes apiece. 

 
 
6.2   Results and Discussion of Experiment 3 
 
The effect of world design on dependent variables was investigated through a series 
of one-way ANOVAs. The measures significantly affected were as follows. (Means 
are scaled between 0.00 and 1.00.) 
 



      Means 
  Naturalistic Efficient           Significance 

Ease:   .416 .750 F(2,61) = 12.5, p < .010 
Efficiency:  .416 .750 F(2,61) = 12.5, p < .010 
Classification 2: .525 .750 F(2,61) = 14.5, p < .007 

 
To examine relationships between measures, we ran several Pearson Correlation 

tests. Ease of use, efficiency, and enjoyment were all significantly related (p < .05). 
No other significant effects of world design or exposure order were observed. 
Participants reported doing less work in the efficient design than in the naturalistic 

one, but performance did not reflect this. Participants’ second-level classification was 
better in the efficient design, however; this reflected its effectiveness in conveying 
domain structure. That top-level classification showed no significant difference is not 
surprising, because the naturalistic and efficient designs are similar at the top level.  

Participant responses varied on enjoyment of VR designs. Some preferred the 
more organic quality of the naturalistic design. Still, analysis showed rated efficiency, 
ease of use, and enjoyment were significantly correlated.  

In comparison with results for hypertext in Experiment 2, the largest difference 
was in target hunting. We can compare 8 efficient VR sessions in Experiment 3 with 
8 hypertext sessions in Experiment 2, which used the same methodology. (Participant 
populations were similar, and the new graphics card in Experiment 3 did not affect 
hypertext.) Only the first 15 minutes of sessions from Experiment 3 should be in-
cluded. A between-participants analysis (one-way ANOVA) revealed no significant 
difference in performance, though the hypertext mean of .400 (out of 1.00) was 
higher than the efficient VR mean of .250.  

Observation suggests further benefits of the efficient VR design. Participants of-
ten returned to distant virtual locations by recognizing visual structures. This occurred 
when labels were too distant to read. User recognition of visual features suggests 
VR’s power for memorability and wayfinding. Moreover, users expressed excitement 
and surprise at the new design, with its structured layout algorithm, careful geometric 
abstraction, common landscape and urban metaphors, and controlled variation in 
color palette and landmark form. It struck many as a viable, alternative representation 
of Web structure, while offering some of the experiential engagement of games. 

 
 

7   Conclusions 
 
To investigate the combination of information visualization and large-scale desktop 
VR, a series of research prototypes was developed and empirically tested. The final 
prototype presents a balance of algorithmic structure and naturalistic representation. 
Moreover, the prototype seems to engage the human perceptual apparatus to lessen 
the burden of conscious information processing. Results showed the final design to be 
usable, efficient, and liked by research participants. 

Future research is needed to assess this approach’s promise and limitations. First, 
more browsing experimental tasks might shed light on VR exploration. Another issue 
is the value of handcrafted versus algorithmic techniques for representation. E.g., how 
might 2- or 3D icons improve user navigation and learning, and how should they be 
incorporated into a VR information visualization? Given the novelty of VR, another 
line of inquiry concerns the degree of user immersion. What effect would different 



equipment have on the issues in this paper? Finally, it is worth considering possibili-
ties for very large, dynamic structures such as the Web, and for social navigation in 
shared VR. It is hoped that this paper will encourage research in these directions. 
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