
Information-Rich Virtual Environments: Challenges and Outlook 
NASA Virtual Iron Bird Workshop, 2004 

 
Nicholas F. Polys Doug A. Bowman Chris North 

Department of Computer Science 
Center for Human-Computer Interaction 

Virginia Polytechnic Institute and State University 
 

Abstract 
Increasingly designers, engineers, and scientists require �Integrated Information Spaces� where spatial, 

abstract, and temporal data are simultaneously available and linked. To address this problem in our work 
we are developing Information-Rich Virtual Environments (IRVEs). An IRVE combines the capabilities of 
virtual environments and information visualization to support the integrated exploration of spatial, abstract, 
and temporal data This paper enumerates the display and interaction requirements for Integrated 
Information Spaces and describes our first attempts to meet them in the context of international standards 
such as XML, VRML, and X3D. We will describe our IRVE designs and implementations from a user-
centered, usability engineering perspective and detail their strengths and weaknesses for publishing and 
service architectures. We have prototyped systems to unify heterogeneous information types for 
applications in cheminformatics and biomedical simulation. Current standards promise to enable better 
IRVEs including X3D�s support for Metadata and the proposed components for Annotation and 
Compositing. Finally, we examine how our work can inform the standards design process to insure that 
crucial IRVE functionality can be supported. 

1.0 Introduction 
Across a wide variety of domains, analysts and designers are faced with complex systems that include 

spatial objects, their attributes and their dynamic behaviors. In order to study and understand these 
systems, users need a unified platform to explore the complex relationships between their heterogeneous 
data types. Next generation digital tools must address this need for integration of spatial, abstract, and 
temporal information; we have described this as the goal of �Information-Rich Virtual Environments� 
[Bowman et al, 2003]. 

Consider an engineer, �E�, working on a complex aerospace craft such as the Space Shuttle. The craft 
is aging and the tolerances of the original parts are suspect. The engineer is tasked with designing a new 
gear assembly for the tailfin brake. E builds a 3D geometric model of the assembly in a CAD program, 
specifying its dimensions and the materials for its construction. E must then test the assembly design and 
its parts for physical tolerances using a meshing program and finite-element simulator. E must specify the 
kinetic forces of the assembly such as gears, locks, fulcri etc. After the simulator is run, E analyzes the 
results looking for weak points and insuring that all parts are within physical requirements. E repeats this 
process a number of times to satisfy the specified design constraints of material�s weights and stress limits. 
When he is satisfied, he saves the candidate model and simulation results into a database that represents 
the craft in its entirety. But E is not done; he must also confirm how his design affects the whole craft in 
flight and damage scenarios. E�s new part is then evaluated in the context of the other shuttle systems. 
Each scenario is linked to prioritized causal chains in a knowledgebase that infers mission consequences 
due to the particular flight/damage scenario. 

How many applications did E use? How many times was he required to switch between a spatial view 
(e.g. a design application), a temporal view (e.g. a simulator application), and an abstract view (e.g. a 
information visualization application)? Was any model data lost or added between the applications? Was he 
able to view the impacts of his design changes simultaneously within one environment? On the same 
machine? This scenario illustrates the problem of integrated information spaces- current data models, 
applications, and presentations are fragmented and inefficient for users. 

Virtual environments (VEs) excel at providing users a greater comprehension of spatial objects, their 
perceptual properties and their relations. Perceptual information includes 3D spaces that represent physical 
or virtual objects and phenomena including geometry, lighting, colors, and textures. As users navigate 
within a complex VE model, they may need access to information related to the world and objects in the 
space (such as name, function, attributes, etc.). This is the domain of Information Visualization, which is 
concerned with improving how users perceive, understand, and interact with visual representations of 
abstract information [Card et al, 1999]. This abstract (or symbolic) information could include text, links, 
numbers, graphical plots, and audio/video annotations. Both perceptual and abstract information may 
change over time reflecting its temporal aspects. Unfortunately, most systems do not allow users flexible 
exploration and examination of dynamic abstract information in conjunction with a dynamic VE.  



We believe that this integrated capability is necessary for users to gain a full understanding of complex 
relationships in their heterogeneous data, and to create usable research, design, and decision-support 
applications. Information-rich virtual environments (IRVEs) start with realistic perceptual information and 
enhance it with related abstract information. The methods of VEs and Info Vis are combined in a concerted 
way to enable a unified approach to exploring the space and information. We believe it is essential that 
IRVE can integrate VE softwares and InfoVis software for the qualities of parallelism of display and 
coordination of views.  

Our hypothesis is that the IRVE strategy can give users easier, integrated access to information and 
help them to generate insight through stronger mental associations between physical, abstract, and 
temporal information while preserving mental models of each type of information. The primary goal of our 
work is to build an effective user interface framework for information-rich databases that: 

• Provides integrated visualization of spatial, abstract, and temporal data 
• Supports interactive navigation across multiple levels of spatial, abstract and temporal scales 
• Enables insight generation and decision making from complex, multi-scale relationships in 

heterogeneous data  
• Feels familiar to users with maximum similarity to the domain area in which they operate, by 

relating the visualizations to actual physical structures  
• Is intuitive and usable after minimal training 

In this paper, we will look at the design requirements for next-generation IRVE software tools and describe 
our standards-based prototype implementations. We will reflect on emerging technologies and how our 
early work can inform, improve, and enable effective IRVE platforms.  

2.0 Related Work 
Munro et al [2002] outlined the cognitive processing issues in virtual environments by the type of 

information they convey (Table 1). In reviewing VE presentations and tutoring systems, the authors note 
that VEs are especially appropriate for: navigation and locomotion in complex environments, manipulation 
of complex objects ad devices in 3D space, learning abstract concepts with spatial characteristics, complex 
data analysis, and decision making. IRVEs are especially concerned with improving the latter three. 

Location Knowledge Structural Knowledge 
• Relative position  
• Navigation  
• �How to view� (an object) 
• �How to use� (an object access & 

manipulation affordances e.g. a door) 

• Part-whole  
• Support-depend (i.e. gravity) 
• Containment 

Behavioral Knowledge Procedural Knowledge 
• Cause-and-effect 
• Function 
• Systemic behavior 

• Task prerequisite 
• Goal hierarchy 
• Action sequence 

Table 1: Taxonomy of knowledge types for VE presentations (per Munro et al 2002). 

IRVEs are relatively new and the effectiveness of various information and interaction designs are not 
yet known. Nonetheless, we believe giving users a unified interactive experience of some process or 
phenomenon can improve learning, performance, and the accuracy of their mental models. While IRVEs 
provide the potential for users to integrate heterogeneous information from diverse sources in one session, 
most IRVEs are simplistic consisting of worlds with animations and labels or linked applications in external 
windows. Few exploit the full design space to give users flexible control over their views and interactions, 
but promising work is emerging in academia and industry that deserves mention.  

2.1 IRVEs in Education & Training 
Parallel Graphics� Virtual Manuals solution demonstrates the integration of abstract information (e.g. 

names, part numbers) within the spatial world and with external windows for training applications in 
operation and maintenance. Temporal information is rendered through animated sequences of assembly 
and dis-assembly for example. This approach is consistent with HCI research in comprehension and user�s 
mental models. For example, users gained improved situational awareness, understanding, and recall 
through multimedia presentations integrating these features [Sutcliffe & Faraday, 1994; Faraday & Sutcliffe, 
1996].  

Distance learning researchers [NDSU WWWIC, 2004] have shown improved student performance by 
augmenting science lectures with desktop virtual environments including The Virtual Cell environment for 
biology and the processes of cellular respiration [McClean et al 2002; White et al 1999; Saini-Eidukat et al, 
1999]. The Virtual Cell courseware uses VRML to display and label cell structures and agents and to 



animate their processes and interactions. Early versions used the EAI and Java to track student�s progress 
and current versions use the Xj3D toolkit.  

The ScienceSpace Project showed that conceptual learning can be aided by features of immersive VEs 
such as: their spatial, 3-dimensional aspect, their support for users to change their frames of reference, and 
the inclusion of multi-sensory cues [Salzman et al, 1999]. The curriculum modules included learning about 
dynamics and interactions for the physics of Newton, Maxwell, and Pauling. These environments provide 
menus, integrated object labels, and field lines to unify perceptual and abstract data. Given the results 
above, it seems likely that this advantage would also transfer to desktop courseware and applications. 

2.2 IRVEs in 4D Design 
The trend toward IRVEs can also be seen in Sheppard�s recent survey [2004] of construction-related 

4D applications. Applications such as PM-Vision and ConstructSim for example, provide an integrated 
workspace for construction project managers to relate various costs and timelines to their models. Users 
can switch back and forth between views to examine and change parameters and scenarios. In addition, 
Domos Software�s 4D Builder Suite, integrates CAD geometries and project planning softwares to give 
planners an integrated view of various material and scheduling choices; the suite uses XML to describe the 
relations between VRML object identifiers and the planning and profile definitions [Domos, 2004]. These 
applications are beginning to demonstrate the power of IRVEs to improve efficiency by minimizing potential 
conflicts and costs in the planning stage.  

The Industry Alliance for Interoperability [IAI, 2002] has specified a data model for AEC applications 
known as Industry Foundation Classes (IFC). The IFC schema organizes objects, characteristics, and inter-
relationships for project management and interchange. The class hierarchy integrates materials, costs, 
schedules, and organizations in order that project information can be shared across applications and kept 
consistent. The data model specified in the IFC provides a proven approach to management of architectural 
and engineering related data that is highly relevant for engineering IRVE backends. 

 

3.0 Challenges and Requirements 
To design and deploy integrated information spaces that meet user requirements, developers face a 

number of challenges. Across application domains, these requirements involve display and interaction 
techniques to relate heterogeneous data types to one another and to find spatial patterns and trends in the 
data. To date, interface features and software architectures have been ad hoc and primarily domain-
specific. In order to support IRVE functionality, a rational design approach is required. The data and 
presentation problems experienced by our engineer E are common to simulation and design applications in 
a number of domains. 

Constructing optimal IRVEs will require development of new information access interfaces, efficient 
database storage and integration, and open software architecture for mapping data to real-time graphical 
displays. From the end-user perspective, the IRVE must be intuitive and easy to use, facilitate insight 
generation from massive and complex databases, drive data retrieval, and support perceptual similarity to 
the domain area. Iterative participatory design and usability engineering with user populations can ensure 
that their needs are met [Rosson & Carroll, 2002].  

3.1 User Centered Design 
User-centered design refers to a product design process that considers the user population and its 

demographics, requirements, work environment, and tasks as the primary driving force. Many researchers 
have shown that a user-centered design process produces systems that are more usable, more accepted, 
and less problematic than systems designed with the focus on features. User-centered design is a part of 
the overall process known as usability engineering, which is based on an iterative design-evaluate-redesign 
cycle.  

Usability engineering is an approach to software development in which target levels of system usability 
are specified in advance, and the system is engineered toward these measures. Designers work through a 
process of identifying the user activities the system must support, the information that is required for 
users to understand the system and task state, and the interactions required to support those tasks. For 
each feature in a design, usability engineers identify the tradeoffs of that feature and then analyze their 
claims that the feature resolves the tradeoff. Usability evaluation of VEs presents issues above and beyond 
2D interfaces. For a summary, see Gabbard et al. [1999] and Bowman et al. [2002]. 

 
 
 
 
 
 



 
 

3.1.1 IRVE Activity Design 
Because objects and object kinds may carry a range of attribute types, depth of attribute detail, and 

inter-relations, the multi-scale integration of heterogeneous data sets and knowledge bases is of prime 
importance to usable IRVE interfaces. As users navigate throughout an environment and across scales, 
they need dynamic access to object properties and parameters. Figure 1 summarizes the requirements for 
multi-scale IRVE navigation and shows that users may not only need access to one scale of environment, 
but also overview and detail information about systems and subsystems.  

One effective approach to the multi-scale navigation of information is summarized in Shneiderman�s 
mantra of information design: �Overview first, zoom and filter, then details-on-demand� [1996]. In addition, 
Bederson et al [1996] proposed that interface designers appeal to user's knowledge about the real world, 
i.e. that objects appear and behave differently depending on the scale of the view and the context. They 
have termed this �interface physics� and demonstrated the Pad++ system for �semantic zooming� where both 
the content of the representation and the manipulation affordances it provides are directly and naturally 
available to the user.  

Due to the rich nature of IRVEs, it is important to consider user task and resource analysis to determine 
a �task-knowledge structure� and formalize it as an entity-relationship model (i.e. Sutcliffe & Faraday, 1994). 
This model enables the effective design of multimedia interfaces and presentation scripting- e.g. what 
media resources the user needs visual access to when. This is an important consideration for IRVE design 
as it intends to formally identify items that need user attention and minimize perceptual overload and 
interference during task performance. 

3.1.2 IRVE Information Design 
The IRVE information design problem focuses on the representation and layout of embedded abstract 

information in perceptually realistic virtual environments. There are many possible representations for a 
given dataset, such as a table, a plot or graph, a text description, or an equation. Placing this information 
(layout) within the 3D VE is not a trivial issue - there are a number of possibilities as to how abstract 
information is related to the perceptual information in an IRVE [Bowman et al, 2003]. The displayed 
information needs to be visible for the user; it should not occlude important objects in the world; and it 
should not interfere with other displayed information. We will also develop techniques for managing the 
layout of information within a VE. 

Our previous work in IRVEs has focused on simple embedded abstract information types such as text, 
audio, and images. We found that embedded information was most effective and useful when it was �tightly 
coupled� to the surrounding sensory environment through spatial location, visual references, or �spatial 
hyperlinks� [Bowman et al, 1999]. We have also been investigating a wide range of text and graphical layout 
schemes in IRVEs. Our current software architecture provides developers with many different options for 
the � layout� of text objects, such as heads-up displays (HUDs), embedded text labels fixed to objects in the 
3D environment, embedded labels that automatically position themselves to maintain legibility, and text with 

User Interface:  
�  Avatar size 
�  Navigation speed 
�  HUD: System Controls, 
Widgets, Information 
Panels, etc 

Scene/ 
Data Scale 

Nano Objects, Systems, 
& Information Panels 

�  

�  

Human Objects, Systems, 
& Information Panels 

Macro Objects, Systems, 
& Information Panels 

Micro Objects, Systems, 
& Information Panels 

Figure 1: Spatial and Abstract Scale requirements for IRVE Activities 



varying levels of detail depending on the context. This architecture allows us to quickly prototype different 
information display techniques, and to run experiments comparing two or more techniques. 

Our theoretical framework includes a notion of the design space for IRVE information display 
techniques. In other words, what are the possible ways that abstract information should be included within a 
VE? This includes issues such as the type of abstract information (e.g. text, audio, graphics), where the 
information should appear (e.g. in a heads-up display, in a spatial location attached to an object), how links 
among information should be represented, and so on. Our proposed design matrix is shown in Table 2 
below. 

Abstract 
information 

design parameter 

Psychological 
process 

Usability impact 

Visual attributes: 
- color 
- fonts 
- size 
- background 
- transparency 

Perception - Legibility  
- Readability 
 
 
- Occlusion 

Layout attributes: 
- location  
- association 
- density 

Recognition - Display-, world-, user-, object-fixed  
- Implicit and explicit, visual and spatial 
- Occlusion 

Integration - Conceptual categories & abstractions Aggregation: 
- level of information 
encoding  
- type of 
visualization 

Comprehension 
& Cognition 

- Satisfaction  
- Effectiveness  
 (i.e., for decision making and insight) 

Table 2: IRVE design matrix for abstract information display 

3.2.3 IRVE Interaction Design 
Our prior IRVE research emphasized the design of usable interaction techniques for 3D navigation, 

information access, and information filtering (Bowman et al, 1998; Bowman et al, 1999). We found that 
giving users the ability to navigate in multiple ways was crucial. Users may want to navigate the spatial 
environment or the abstract information only, or they may wish to navigate spatially based on the content of 
the abstract information, or they may wish to view abstract information based on their spatial location. All of 
these must be supported. We also found that users want precise but simple control over the types of 
information displayed in the environment (filtering). 

From an IRVE interaction design perspective, users may index into the perceptual data through the 
abstract data or into the abstract data through the spatial. Accessing information can be considered a 
special case of two more general VE interaction tasks: object selection and system control. First, 
information associated with an object can be retrieved by selecting that object. Many techniques have been 
developed for 3D selection, such as ray-casting [Mine, 1995] and Go-Go [Poupyrev et al, 1996]; for a 
summary, see [Bowman, 2002]. Second, users may want to perform actions on selected objects or in a 
system-wide manner. This implies the use of system control techniques such as virtual menus, voice 
commands, or text input. 

Finally, we will work to define the design space for interaction techniques in IRVEs. Since many of the 
basic user tasks in IRVEs will be the same as those in general VEs, such as navigation, object selection 
and manipulation, and system control, we can use existing technique classifications for those tasks 
[Bowman et al, 2001]. However, some other user tasks (such as information query) will be common enough 
in IRVEs that they should be considered separately. These include the facilities for: 

• Overview: data loading, choosing the data and display method 
• Details-on-demand: queries, lenses, zooming via 3D navigation, pop-ups, spatial hyperlinks  
• Relating Perceptual and Abstract Information: rendering associations; brushing and linking 
• Recognizing Patterns and Trends: comparing and integrating multiple IRVE information 

sources  

Coordinating 2D and 3D views in a virtual environment not only requires the sharing of addressable 
data objects and event communication across the applications, but also special interaction facilities for 
immersive displays such as an HMD or CAVE (e.g. [Polys et al, 2004a]). For example, a multiple views 
approach on a desktop can use mouse events. User input in immersive systems is typically through the use 



of a 6 degree-of-freedom tracked �wand� or stylus, which have a number of buttons. In addition, the wand 
provides a thumb-size joystick. Using such tracked input devices, users may need interaction facilities to 
index into the spatial, abstract, and temporal information based on any of the other information types. A 
recent experiment from our group examined exploration and search tasks using a variety of layout and 
association techniques in immersive environments and demonstrated a significant advantage to a 
combination of HUD displays and Go-Go navigation [Chen et al, 2004] 

3.2 Software Architectures 
The typical pipeline for information visualization was described in Card et al. [1999] and shown in 

Figure 2. Beginning with raw data, which may be highly dimensional and heterogeneous, data 
transformations are applied to produce a �Data Table� that encapsulates the records and attributes of 
interest. The data table also includes metadata which describes the respective axis of the data values. 
Visual mappings are then applied to the data table to produce the visual structures of the visualization. The 
final transformation stage involves defining the user views and navigational mechanisms to these visual 
structures. As the user interactively explores the data, this process is repeated. Ideally, the user has 
interactive control (feedback) on any step in the process (the data transformation, visual mappings, and 
view transformations).  

Delivering IRVE content to users can be a formidable challenge. As data models and delivery 
technologies continue to evolve, developers must consider efficient architectures for integrating a variety of 
data and knowledge bases and composing content. Application servers and Web services can be 
characterized by the way they transform content and compose a user view. Publishing paradigms are 
summarized in Figure 3. One item of note is that client-side applications may also perform transformations. 

4.0 Prototype IRVE Applications 
With our initial visualization software designs, we have explored IRVE tasks and scenarios that must be 

supported. These concern how well users can locate, relate, and understand information across the spatial 
and abstract visualizations. Here we summarize the usability evaluations of two early approaches to IRVE 
design: linked views [Polys et al, 2004a], and embedded visualization [Polys et al, 2004b]. From a software 
development perspective, maintaining unique data identifiers across transformations and between 

Figure 3: Source (S), View (V), and Transformation (T) schemes for 
information publishing (from Polys 2004c) 

Raw data 
 

Tables 
 

Visual 
structures 

 

Views 
 User 

Data transforms  Visual attribute  View transforms  Rendering 
                     assignment  

Figure 2: Processing in a typical visualization pipeline (from Card et al, 1999) 




