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EXECUTIVE SUMMARY 
 

This report is a compendium of Virtual Environment (VE) concepts, practices, 
methodologies, systems and relevant application guidelines and market data.   
The objectives of the report are: 
• To perform market analysis of current systems and explore their cost effectiveness 
• To perform an initial review of existing and emerging systems and applications in the VE 

area and establish relevant problems and limitations 
• To systematically acquire and cluster knowledge on VE concepts, methodologies and 

guidelines, as a reference point for the project development and a thorough state of the art 
• To provide a supporting framework for VIEW 
 
This report achieves these objectives in a number of ways.  The data collection methods used 
include review of published literature in journals, conference proceedings and commercial 
reports; summary of information available on the world wide web; direct contact with 
technology suppliers; and collation of all existing knowledge held by consortium members – 
collected by the means of a number of proformas. 
 
It was identified that initially it is necessary to establish a common terminology for a number 
of concepts associated with Virtual Reality (VR) technology.  This terminology will evolve 
throughout the VIEW project, but a number of initial working definitions are presented in this 
report.  The concept of a VE system is then introduced and discussed, and three types of 
typical VR system configurations are described.  As VR systems now tend to consist of a 
number of peripheral input (e.g. navigation/manipulation) and output (e.g. visual/auditory 
display) devices the following section describes the state-of-the-art peripheral devices, and 
considers their relative advantages and disadvantages.   
 
VE software is used for both developing and displaying VEs, and the available software tools 
and their differing functionalities are also described.  One of the main focuses of the VIEW 
project is to consider the appropriateness of different interaction metaphors in different 
application contexts, and so the different potential ways in which users can interact with VEs, 
and the different types of applications that they would use are also described.  This provides 
an initial information set from which appropriate interaction metaphors and application types 
can be selected for development later in the project.  
 
It is useful to assess the current status of the VE market.  The market for VE systems is 
analysed, both in terms of sales and sales projections where available and comment is made 
as to VE cost-effectiveness from industry viewpoints. 
 
This report provides a comprehensive source of reference of VE technology that can be 
referred to as a source of information throughout the rest of the VIEW project. 
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Chapter 1 -  Introduction 
Virtual Environment (VE) research and development is a rapidly evolving field.  New Virtual 

Reality (VR) display technologies and interaction devices are continually being produced and 

modified, having an impact on the way in which participants view, navigate and interact with 

VEs.  In addition, as VE technology is being used to an increasing extent within industry, it is 

starting to be possible to assess the impact of introducing such technology into the workplace.  

This impact can be assessed from the point of view of cost as well as changes to the working 

environment, on an individual and organisational level. 

 

This compendium of VE concepts, practices, methodologies, systems, relevant application 

guidelines and market data will form the starting point for the VIEW – of the Future project.  

WP1 – State of the Art and Market Analysis – aims to take an extremely realistic view of 

both the technical capabilities and application readiness of VEs.  In addition, consideration 

will be given to the cost-effectiveness, usability and applicability of existing systems, as well 

as any barriers to technology implementation or adoption that have been identified.  This 

review will be used within the VIEW project to assess the appropriate applications to be 

developed within the consortium, and to guide the directions in which research into new 

interaction concepts and devices should move. 

1.1 Workpackage objectives 

WP1 – State of the Art and Market Analysis – has the overall aim to produce a 

comprehensive view of the current state of the art in VE technology and application use.  In 

order to achieve this aim, three separate objectives have been established: 

• To perform market analysis of current systems and establish the cost-benefit ratio 

A number of previous research projects have carried out original customer base and market 

research analysis to assess the types of VE technologies available and their uptake within 

industry.  In some cases, where VE technology has been fully implemented within an 

industrial context it is possible to estimate the cost-benefit ratio of the technology use.   

In this review, a number of previous reports into state-of-the-art have been examined, and 

data, where available, has been obtained from consortium partners relating to the cost-

effectiveness of VE use. 

• To perform an initial review of existing and emerging systems and applications in 

the VE area and establish relevant problems and limitations 
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As the nature of VE technology is continually developing, it is necessary to gain an overview 

of the current status of different systems and applications that are being used within the area 

of VE research.  In addition, the different types of technologies and applications are 

considered with respect to any problems that have been experienced, whether due to 

technology immaturity, or a fundamental design consideration.  An outcome of this aim has 

been the production of a glossary of VE-related terminology that will be established within 

this deliverable, and will be continually developed and maintained within the remainder of 

the VIEW project. 

• To systematically acquire and cluster knowledge on VE concepts, methodologies and 

guidelines, as a reference point for the project development and a thorough state of 

the art. 

A number of generic concepts are now emerging from research into the way in which a 

participant navigates round and interacts with a VE.  As this is a relatively young research 

area that is inevitably dictated by the rapid changes in VE technology, it is only recently that 

the technology has stabilised to an extent that generic concepts can be usefully derived.  

Published papers in this area have been reviewed within this deliverable.   

1.2 Research methods 

A number of sources and review techniques have been used during the production of this 

deliverable.  Published literature in journals, conference proceedings and reports has been 

obtained from academic literature databases, including Web of Science, Ergonomics 

Abstracts.  General internet search engines have also been used to find information from the 

world wide web – this method has proved particularly useful for obtaining information about 

VE technology products, and related up-to-date research being carried out in other industrial 

and academic institutions.  In addition, direct contact has been made with technology 

suppliers and developers to obtain product specifications and costings.  In order to combine 

the existing knowledge within the consortium, a number of proformas were produced to 

facilitate the collection of information from each partner. 

1.3 Deliverable structure 

The deliverable is structured as follows: 

Chapter 2:  VE concepts and working definitions 

This section presents definitions for a number of terms that are used throughout this report.  

These definitions are provided to ensure that consistency in the use of particular terms is 
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maintained within the report.  At this early stage in the project it is possible that the exact 

definitions of the terms presented in this glossary may evolve to take into account the 

changing technology and different requirements from industry and academic research 

institutions. 

 

Chapter 3:  VE system 

This section describes the different types of VE systems available.  It begins by describing 

the requirements for a VE system in general and then goes on to describe some typical system 

set-ups, for example projection, HMD and desktop systems.  It was felt appropriate to move 

away from the traditional view of different VE “systems” – i.e. a set collection of associated 

VE equipment, such as the old Division system, as the current and anticipated future trend is 

for each different implemented set of VE technology to consist of a number of different 

peripheral devices attached to one or more computers running VE software. 

 

Chapter 4: VE peripherals 

This section reviews the different types of peripherals available for VE systems.  This covers 

the visual, auditory and haptic channels together with a discussion of tracking and input 

devices. 

 

Chapter 5: VE software 

This section reviews the different types of VE software available.  VE software is divided 

into several types (e.g. modelling/runtime) and examples of each type are described.  

Information and statistics regarding this software is presented. 

 

Chapter 6:  Interaction metaphors 

Interaction metaphors used in VE design are discussed in terms of interface design and input 

metaphors.  This covers important information relating to the design of VEs and the effect of 

different types of input on the interface design. 

 

Chapter 7: VE applications 

This section outlines the VE applications available that are considered relevant to the current 

project.  Applications discussed cover five categories: design; manufacturing planning and 

layout; training and simulation; visualisation and marketing.  Applications used and 

developed by the project partners are also included in this review. 

 July 2001 12 UNott

 



Chapter 1  Contract N. IST-2000-26089

 

 

Chapter 8:  The VE market 

This section is an analysis of the current state of the VE market.  Included in this section is an 

assessment of the cost effectiveness of VEs. 

 

Chapter 9: Guidelines 

This section reviews existing guidelines that are available for developing VEs.  It compiles 

information gained from the project partners to give an overview as to the type and quality of 

guidelines available. 

 

Chapter 10:  Conclusions 

The conclusions of this presentation of state of the art and market analysis will be drawn out 

and discussed. 
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Chapter 2 -  VE concepts and working definitions 
There are a number of terms used when talking about the state of the art technology as 

described in this report.  There are often discrepancies in the understanding of the meaning of 

these terms.  A number of commonly used terms will be defined below for the purposes of 

the report.  The definitions given have been written and discussed by the partners in the 

consortium and agreed upon for the interest of maintaining standard definitions throughout 

this report.  It is important to note that the different circumstances of the partners in the 

consortium may require different levels of detail in definitions and assume different levels 

and types of previous experience.  Therefore some definitions may evolve throughout the 

VIEW project to reflect these various backgrounds and needs.  Where these terms are used in 

the report, their meaning should be interpreted in terms of the definitions given below. 

 

 

3D Mouse A computer mouse that has additional movements that can be read. An 
up and down movement, twisting (yaw), tilting to the left and right 
(roll) and tilting forward and backward (pitch) are standard in 3D mice. 
3D mice allow for navigation in 3D space where as the ubiquitous 2D 
mouse is locked to a 2D XY plane. 

 
It is clear that the term application may be used to mean different things to different partners.  
Two different definitions will be given below, reflecting the two ways the term can be used.  
Further work during work package 2 will aim to clarify these terms in more detail. 
 
Application (1) A particular VE designed for a specific or general purpose, for 

example in training, planning, design or ergonomics evaluation. 
 
Application (2) An application (program) is a specific piece of software which is in our 

case based on a VR-system and serves a certain intention.  It combines 
the visualisation of and interaction with a set of data.  It is a specific 
solution instance for a problem. 

 
Augmented Reality  Augmented reality is usually used in association with see-though 

display systems that allow computer images to be superimposed over a 
participant’s real world view. 

 
Convergence  The angle between the two eyes at a fixation point. This changes for 

objects at varying depths in the real world and on 3-D displays. 
 
DataGlove An input device that reads hand motions. Data gloves are often used 

for 3D navigation and the manipulation of 3D objects in virtual space. 
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Desktop VR VE displayed on traditional desktop PC monitor, usually with the 
addition of peripheral devices such as joystick or spacemouse.   

 
Development software Software that allows interaction or animation to be 

programmed and objects to be linked. 
 
Dynamics The way that objects interact and move.  The rules that govern all 

actions and behaviours within an environment. 
 
Exoskeleton A mechanical skeleton worn by a participant as an input device for 

body positioning and occasionally for resistance feedback from a 
computer. 

 
Eye Tracking The calculation of where a participant is looking based on pupil 

rotation. 
 
Force Feedback The method of simulating resistance for a real world person navigating 

a virtual world. A steering wheel that is controlling a car in a virtual 
world, for example, may stiffen while driving at high speeds to 
simulate resistance. 

 
Frame Rate The number of images displayed per second in a virtual world.  Frame 

rates are usually measured in frames per second (FPS). 
 
Haptic Interfaces Interfaces that use physical sensors that provide a sense of touch at the 

skin level and force feedback information from our muscles and joints. 
 
Head Tracking  A hardware device that passes the rotational positioning of a 

participant’s head into a computer. The rotational information may 
change many times a second as a participant looks around. This device 
is usually used to move a virtual camera in a 3D world. 

 
Immersion  Degree of realism – generated by technology, e.g. by visual, auditory, 

olfactory stimuli - experienced by a participant in virtual reality. If a 
world is described as immersive, the participant feels as though their 
senses are immersed in a virtual environment 

 
Interaction  facilitates and leads to a state change of the virtual environment in a 

perceivable way for the user. It includes basically self controlled (no 
extrinsic controlled except visual displays) interaction, like: 

 
• navigation (world and object)  

• manipulation (modification and generation) 

• communication (any interaction which doesn’t modify the dataset 

e.g. selection, cutting planes, lights, annotation) 

 
Modelling software Software that allows the build-up of computer graphics structures 

which represent a single VE object or whole virtual worlds. Current 
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graphics hardware requires that every object of a virtual world is built 
up with triangles. 

 
Occlusion   Hiding objects from sight by interposition of other objects. 
 
Peripherals Devices attached to a computer that allow participants to view or 

interact with technology, via all human senses (i.e. auditory, visual, 
haptic or olfactory). 

 
Perspective The rules that determine the relative size and shape of objects on a flat 

page to give the impression of 3D distance. 
 
Presence  A feeling of being there, immersed in the environment, and able to 

interact with other objects there. 
 
Real-time The perception that there is no delay between real world input and VE 

response.  A real-time renderer renders images as the images are being 
viewed, whereas an offline renderer renders images at a slower speed 
and joins them together to form an animation such as a 3D rendered 
movie. 

 
Run-time software Software that allows: real-time rendering and displaying of virtual 

worlds, evaluation of participant tracking information provided by one 
or more tracking systems to perform the navigation in a virtual world 
and the customisation of the participant’s perspective, evaluation of 
interaction information provided by interaction devices, controlling of 
a running application with e.g. 3D widgets. 

 
Sensors  Mechanisms or functions that act to change objects in response to 

multiple devices connected to lights, objects, viewpoints, etc., in the 
real world. 

 
Shutter Glasses  Glasses that alternate between blocking the left and right eye very 

quickly in conjunction with images that are displayed on a standard 
computer screen to give the participant a 3D image. 

 
Tactile devices Devices like force feedback gloves, buzzers, and exoskeletons that 

provide tactile, kinaesthetic, and joint sensations. 
 
Telepresence  VR with displays of real, remote scenes. 
 
Tracker A device that emits numeric coordinates for a changing position in 

space. (enactive tracking – voluntarily creating the kinaesthetic cues 
that correlate with scene motion, without a tracker). 

 
Viewpoints Points from which raytracing and geometry creation occurs. The 

geometric eye/view point of a simulation.  Multiple viewpoints 
attached to multiple sensors can be used. 
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Virtual  A three-dimensional computer-based environment representing real or 
Environment (VE)  abstract objects and/or situations. 
 
Virtual  The use of VR for design and evaluation of new artefacts. 
Prototyping 
 
Virtual Reality (VR) An all-encompassing term which describes the technology and 

the whole field in general.  Basically it is an interface which 
combines diverse technical systems with the goal to enable the 
user to interact in real-time with an application for 
visualisation, animation, generation or modification of 
computer generated 3D stereoscopic data. 
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Chapter 3 -  VE system 

3.1 Generic concepts of VE systems 

As technology advances, it is difficult to talk about a singular “VE system” as modern VE 

systems are made up of a number of different components.  The purpose of this section is to 

introduce VE systems based on the type of generic components that make up typical VE 

systems.   

 A typical VE system consists of at least the following components: 

• a graphics computer which is able to provide new views of the virtual world in real-

time 

• a visual display – may be stereo/mono, Head Mounted Display (HMD), projection or 

standard CRT monitor 

• input device – may be a single device e.g. a 3D mouse, may be tracked e.g. HMD 

• software which combines and synchronises all components 

 

Figure 3-1 gives a graphical description of the components of a VE system.  Each component 

will now be described in turn. 

3.1.1 Computer 

The most popular graphics computer for VE systems is still a SGI Onyx, but rapidly growing 

capabilities of consumer graphics hardware in the PC segment, now allow the rendering of 

complex, texture-rich virtual worlds on this comparatively cost effective hardware platform 

in real-time. 

3.1.2 Visual display 

Different visual displays are available for VE systems and these will be described in detail in 

section 4.1.  Typical examples include a standard CRT monitor, an HMD, a projection screen 

or a ‘reality theatre’ or CAVE. 

3.1.3 Input device(s) 

Input devices are necessary in order to navigate and interact in the VE.  These are described 

in detail in section 4.5.  There is a wide range of devices available and those selected will be 

affected by the display device that has been chosen for the system.  For example, if an HMD 
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is used, an input device would need to compliment it so that the participant would not be 

required to look at it to understand its operation e.g. a detailed keyboard.  Conversely, a 

desktop system would tend not to be used with a tracked input device as there is limited space 

for movement available.  

3.1.4 Software 

VE software is described in detail in Chapter 5 - .  Sophisticated software is used to run VEs 

in real-time.  Software is also used for tracking or force feedback where this is used.  The VE 

software must co-ordinate the inputs from the participant’s movements and interactions and 

update the VE accordingly using real-time rendering and displaying of the VE. 

Figure 3-1 - Components of a VE system 

Rendered images Display system

Sound system

Haptic system

VE System

Force rendering

Sound / sound feedback

Haptic system

Data loader

Speech recognizer

User tracking
system

Interaction devices

Device position
Device orientation

Device position
Device orientation
Events

Head position
Head orientation
Viewing direction

User commands

Description of the 
Virtual World

 

3.2 Typical VE systems 

As the previous section has described, several components make up a VE system.  This 

section describes some typical VE systems that are commonly used. 
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3.2.1 Desktop system 

A typical desktop system uses a standard CRT monitor as the display device.  The participant 

is not enveloped in the VE but has a “window” onto the VE.  Interactivity and navigation are 

achieved either via advanced PC input devices such as the Spacemouse or multi-axis 

joysticks.  Alternatively the VE interface can be designed to incorporate icons that allow the 

participant to navigate or interact in the VE using standard PC input devices.  Specialised 

software packages (e.g. Superscape, World-Up) allow VEs to be created and run on desktop 

PCs. 

3.2.2 HMD system 

A typical HMD system is made up of an LCD/CRT headset that immerses a participant 

within a VE both visually and audibly.  Interaction and navigation are achieved through 

specialised input devices, for example 3D mice, wands or data gloves.  The HMD and the 

input devices are tracked in real-time using an electromagnetic tracking system which is 

transformed by the computer to update the participant’s position within the VE.  HMD 

systems are usually used by single participants, however it is sometimes possible for multiple 

participants to inhabit the same virtual environment. 

3.2.3 Projection system 

In a typical projection system, the VE is projected onto a free-standing or wall-mounted 

projection screen via conventional three-tube video projectors.  The VE can be viewed by a 

number of participants at any one time, depending on the size of the projection screen and the 

space available.  The VE is usually manipulated and interacted with by one participant with 

the remaining individuals as passive observers.  Navigation and interaction typically takes 

place using standard PC input devices, however more sophisticated devices can be used.  

There are many types of systems that come under the generic heading of projection systems, 

these are generally classified according to the display type and therefore will be described in 

more detail within “visual channel” in section 4.1. 
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Chapter 4 -  VE peripherals  
This section provides a description of the computer hardware combined to form a VE system. 

It describes the basic principles of the devices and gives a comparison of the available 

devices on the market.  The potential advantages and disadvantages of VE systems are 

proposed based on the knowledge and experience of consortium members.  These will be 

examined in more detail in WP2 deliverable 2.2 from a usability and health and safety 

perspective.  Interaction metaphors are described in Chapter 6 - . 

4.1 Visual channel 

4.1.1 Desktop displays 

Desktop displays are viewed on a standard PC monitor.  Modern off-the-shelf PCs are now of 

a high enough specification to create and view graphically complex VEs.  Furthermore, 

assuming inbuilt graphic cards are suitable, VEs can be viewed through either a flat screen or 

CRT display.  Desktop displays can be used with basic input devices, such as mouse, joystick 

or keyboard, and much of the facility for interaction and navigation is programmed into the 

VE interface. 

Advantages: 

• Desktop systems are a low cost way of producing and displaying VEs 

• Desktop systems are portable and therefore accessible to a wide range of participants.  

VEs can run on laptops 

• Desktop systems can be used collaboratively by more than one participant at a time 

Disadvantages: 

• The workspace restricts the use of more sophisticated tracking and input devices 

• Desktop systems are not as physically immersive as other systems 

• Desktop systems are not normally stereoscopic without extra peripheral devices 

4.1.2 Head Mounted Displays 

A typical Head Mounted Display (HMD) consists of a helmet with two small displays (CRT 

or LCD) and an adjustable lens system. HMDs are the first projection systems which have 

been developed specifically for viewing VEs. They can produce stereoscopic viewing by 

presenting separate overlapping images to each eye.  They are widely used for military and 
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medical applications. They vary in cost, and some devices can be desirable and affordable for 

home users as display devices for 3D games.  

Advantages: 

• Participants are visually insulated from the real world and feel physically immersed 

• Modern HMDs are reduced in size and are more comfortable than older devices 

• Head movement tracking can be integrated into display 

• Movement of participant viewpoint is intuitive 

Disadvantages: 

• Field of view is limited 

• Poor resolution of the displays (1024 x 768 or less) 

• Participants may experience physical discomfort from wearing the HMD 

• Interaction can be difficult as a participant may not be able to see their arms and 

hands 

Available systems (selection): 

A number of available HMDs and their technical specification is given in the following table 

(Table 4-1). 

Table 4-1 - A selection of available HMDs 

Model FOV Resolution Display 
Type: 

video 
inputs Transmission Audio Application 

Fifth Dimension 
Technologies 

5DT HMD 800-35 

28º (H) 
x 21º 
(V) 

800x600 N/V 
SVGA and 

PAL or 
NTSC 

see-through 

Sennheiser HD 
25 closed 
dynamic 

headphones 

Weight: 469g 

Fifth Dimension 
Technologies 

5DT HMD 800-35 

28º (H) 
x 21º 
(V) 

800x600 N/V 
SVGA and 

PAL or 
NTSC 

Occluded 

Sennheiser HD 
25 closed 
dynamic 

headphones 

Weight: 594g 

CyberMaxx 2.0 N/V 640x480 color TFT-
LCD ‘s 

VGA- and 
composite 

NTSC-video-
signals. 

Occluded include stereo 
headphones Weight=400g 

Cybermind hi-
Res200 30º 800x225 color 

LCD’s PAL Occluded N/V multi-user applications
Weight=800g 

Cybermind hi-
Res800 28º 832 x 624 color 

LCD’s SVGA/VGA 

Optional see-
through mode 

using LCD 
shutter 

Stereo 
headphones 
and built-in 

microphones 

multi-user applications
Weight=750g 

Cybermind Visette 
Pro 

60° (h) 
x 46.8° 

(v), 
71.5° 

diagonal

640 x 480 

Dual poly-
silicon 
TFT 

active 
matrix 
LCD’s 

VGA Occluded N/V 

Entertainment, 
Software developers, 
systems integrators 

Weight=840g 
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Cy-visor DH-
4500VP 32° 800x 600 colour 

LCD 

VGA/SVGA 
NTSC/PAL 

S-VHS 
Occluded earphones, 

Stereo sound 
Approx.6W (PC mode)
Approx.5W (AV mode)

i-glasses LCB 30° 225 x 266 colour 
LCD 

NTSC or 
PAL format 

Opaque 
Optics 

earphones, 
Stereo sound 

Entertainment 
Weight (head=8oz) 

i-glasses LCX2 24° 640 x 480 colour 
LCD 

NTSC or 
PAL format 

Opaque 
Optics 

earphones, 
Stereo sound 

Entertainment 
Weight (head=8oz) 

i-glasses 3D 30° 225 x 266 colour 
LCD 

NTSC or 
PAL format 

Opaque 
Optics N/V Entertainment 

Weight (head=8oz) 

i-glasses ProTec 30° 640 x 480 colour 
LCD VGA Transmissive 

optics N/V Entertainment 
Weight (head=8oz) 

Interactive Imaging 
Systems VFX3D™ 
Interactive Personal 
Display™ (IPD) Feb 

2000 

35° 263 x 480 colour 
LCD 

VGA (S-
Video input) Occluded stereo hi-fidelity 

audio control 
entertainment, 

commercial 

Invisio 
OptiScape 2420 32° 800x600 

active 
matrix 18-
bit colour 

LCD 

SVGA Occluded N/V 
for wearable devices, 
Power consumption 

Under 1W 

Invisio Glasses- 
eShades N/V 800x600 

18-bit 
equivalent 

colour 
SVGA Occluded N/V 

Data viewing, 
entertainment 

1W consumption 

iReality.com, Inc. 
CE-500S or CE-

500M 

30° / 
28° 800 x 600 

Dual 
Reflective 

Active 
Matrix 
LCD 

NTSC and 
PAL Occluded 

Ear buds 
(Sennheiser 

optional) 

games,driving 
simulators, surgical 

simulation 

iReality.com, Inc 
CyberEye CE-200S 23° 263 x230 colour 

LCD NTSC/PAL Occluded N/V N/V 

iReality.com, Inc 
CyberEye CE-200M 23° 263 x 230 colour 

LCD NTSC/PAL Occluded N/V N/V 

Kaiser ProView 30 30 640 x 480 
Active 
Matrix 
LCD 

full colour 
VGA Occluded includes stereo 

earbuds 

Industrial 
Inspection,Training 

Remote,Conferencing, 
Portable Computing, 
Computer Training, 
CAD/CAM Display 

Kaiser 
PV40ST/PV50ST 40/50 1024H x 

768V 

active 
matrix 
TFT 

full colour 
VGA 

24% See-
through 

High Fidelity 
earbuds,Milcom 

System 

VE Simulation,Flight 
Training, Non 

Destructive Testing, 
Data Acquisition, 

CAD/CAM Display, 3 
D Visualization, AR 

Kaiser 
XL40STm/XL50STm 40/50 1024 x 768 

active 
matrix 
TFT 

Monochrome 
green 24% High Fidelity 

earbuds 

augmented reality and 
training/ simulations 

applications 
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Kaiser 
ProView 60 

60° 
diagonal 
- 36° (V) 

x 48° 
(H) 

640 x 480 
Active 
Matrix 
LCD 

full colour 
VGA Occluded includes stereo 

earbuds 

VEs, Simulation and 
Training,AR,Command 

and Control, 3D 
Visualization, Flight 
Training, Portable 

Computing,CAD/CAM 
Display 

Kaiser XL35/XL50 35/50 1024 x 768 

active 
matrix 

TFT, high 
speed 

polysilicon 
LCDs 

One or two 
XGA 1024 x 
768, 60 Hz 
video inputs

Occluded High Fidelity 
earbuds 

XGA performance for 
those demanding 
tasks that require 

ultra-high resolution 
stereo imagery 

Kaiser ProView 
TMSIMEYE XL100 

64° - 
108°(H) 

x 46° 
(V) 

1024 x 768 

Full 
colour, 

solid state 
XGA 

resolution

One or two 
XGA 1024 x 

768, non-
interlaced 

See through > 
10% yes N/V 

Kaiser 
ProView 100 

Headset 

100°H x 
30°V 640 x 480 

active 
matrix 

TFT, high 
speed 
LCDs 

three (non-
stereo) or 

four (stereo) 
VGA video 

inputs 

See through – 
20% 

(Immersive 
configuration 

optional) 

Milcom Audio 
System 

available 

Flight Training,Mission 
Rehearsal, 3D 
Visualization, 

Command & Control, 
Instrumentation 
Display, AR, VE- 

Simulation 

Kaiser 
ProViewTM 50 ST 

30° (V) 
x 50° 
(H) 

 

full-colour, 
active 
matrix 

TFT, high 
speed 

polysilicon 
LCDs 

VGA See through Milcom Audio 
System 

VE-Simulation, Flight 
Training, Data 

Acquisition, CAD/CAM 
Display, 3D 

Visualization, 
Instrumentation 

Display, AR 

Kaiser ProViewTM 
80 

50° (V) 
x 65° 
(H) or 

50° (V) 
x 100° 

(H) 

640 x 480 

active 
matrix 

TFT, high 
speed 

polysilicon 
LCDs 

One or two 
VGA video 

inputs 

Non see 
through 

Hi Fidelity 
earphones 

VE-Simulation, Tasks, 
Command and 
Control, Data 

Acquisition, 3D 
Visualization, Flight 

Training, Use as 
Remote Sensors 

n•vision, inc. 
Datavisor 80 

120°H x 
80°V 1280x1024 full-colour 

CRT multisync see-through 
option N/V Research - Training - 

Design - Military 

n•vision, inc. 
Datavisor VGA & 

HiRes 

78°H x 
52°V 

640x480 to 
1280x1024 1” CRT VGA / 

multisync 
see-through 

option N/V Research - Training - 
Design - Military 

Olympus 
Eye-Trek-FMD-200 

30,0°H 
x 

22,7°V 

180,000 
pixels 

2 TFT-LC 
Display 

PAL input 
socket Occluded stereo sound 

Entertainment 
(Wireless reception 
with the Eye-Trek 

Cordless TV 
extension) 
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Olympus 
Eye-Trek-FMD-700 

30,0°H 
x 23°V 

180,000 
pixels 

(effective 
no. of pixel 
720.000) 

2 TFT-LC 
displays 

PAL-, NSTC 
formats (AV) 
RGB format 

(PC) 

Occluded surround sound 

Entertainment 
(Wireless reception 
with the Eye-Trek 

Cordless TV 
extension) 

OpTechs – 
PT-O1 Mono  800 x 225 Full colour 

AMLCDs 

NTSC (RS-
170) or PAL 

video 
Occluded 

stereo 
earphone mini-

plug 

industries,visual 
inspection to television 

and film production, 
medical 

Personal Displays 
DAEYANG’s 

Cy-visor - DH - 4400 

31.2 ° 
diagonal 800 × 600 LCD NTSC and 

PAL Occluded N/V 

Simulation,Virtual 
Showroom, Design, 

Amusement, 
Entertainment, Virtual 

Training 

DYHMD-B2000 38,5° 
diagonal 800 x 600 colour 

LCD 
NTSC and 

PAL Occluded N/V N/V 

Personal Monitor N/V N/V N/V N/V image covers 
only 5% N/V N/V 

Sony PLM-A35 
Glasstrons N/V 640x480 or 

800x600 N/V NTSC video N/V Hi fi stereo 10W consumption 

Sony PLM-S700E 
Glasstrons 28° 832 x 624 N/V SVGA/VGA see-through N/V 10W consumption 

GLASSTRON PLM-
A55E/A35E N/V 180,000 

pixels 
colour 
LCD 

Audio/Video 
format 

See-through 
function via 

mech. 
shutters 

Hi-Fi surround 
earplugs 

Ideal display for DVD-
players, videos etc. 

GLASSTRON PLM-
S700E, PLM-
A55E/A35E 

N/V 1.55 Mega 
pixel 

colour 
LCD SVGA/VGA 

See-through 
function via 

LCD shutters 

Hi-Fi surround 
earplugs 

Compact design and 
lightweight 

Virtual Research - 
V4 

60° 
diagonal 640 x 480 

1.3” 
colour 
LCD 

NTSC (Y/C, 
RGB) Occluded N/V 

immersive 
applications, 

entertainment systems 
to medical field, 
telepresence. 

Virtual Research - 
V6 

60° 
diagonal 640 x 480 

Dual 1.3” 
diagonal 
Active 
Matrix 
LCD 

Control Box-
VGA Occluded 

Sennheiser 
HD25 

headphones 

simulation and training 
markets. 

Virtual Research - 
V8 True VGA 

Resolution 

60° 
diagonal 640 x 480 

Dual 1.3” 
diagonal 
Active 
Matrix 
LCD 

Control Box-
VGA Occluded 

Sennheiser 
HD25 

headphones 

simulation and training 
markets. 

Virtual Research - 
Ruggedized 
Glasstron 

37° 
diagonal

 
 

640 x 480 
Dual 0.7” 

Colour 
LCD’s 

NTSC (Y/C, 
Composite) 

Adjustable 
LCD shutter 

Sennheiser 
Earphones 

simulation and training 
markets. 

Source: http://www.uni-weimar.de/~grether/ 
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4.1.3 Projection systems 

The projection system consists of one or more projection walls and dedicated projectors. Two 

principles are used for the display of stereo images: 

• active stereo projection uses one CRT projector per wall. Such a projector must be 

able to switch between the displays of the image for the left and right eye 60 times per 

second. The images for left and right eye are displayed sequentially.  The projector’s 

switch is synchronised with the graphics board of the computer. Additionally, a 

participant wears a so-called shutter glass with some inbuilt electronics that actively 

alternates (darkens) the left or right eye.  The shutter glass is synchronised with the 

switch of the projector. 

• passive stereo projection requires two projectors for each projection wall. The 

images for the left and right eye are displayed simultaneously.  Each of the two 

projectors has a polarisation filter – one for vertical and one for horizontal 

polarisation - in front of the lens. Participants wear glasses with the corresponding 

polarisation for each eye.  The glasses do not contain any electronics and are therefore 

lightweight and more comfortable than shutter glasses for active stereo systems. 

Passive stereo systems reach resolutions of up to 1400 x 1400 pixels whereas active 

stereo systems typically reach 1152 x 1152. The disadvantage is that the material of 

the projection walls must not influence the polarisation.  

Tracking of a participant’s position: 

Identifying the participant’s position, orientation and viewing direction is essential to 

compute and display the right part of the virtual world from the correct perspective.  There 

are several tracking systems on the market. The most popular systems work with a magnetic 

field produced by an exposed emitter and small sensors mounted on the participant’s head. 

Specialized hardware computes the sensor’s position and orientation and provides this 

information to the VR software. These parameters are used by the rendering software to 

produce correct images of the virtual world.  Besides the magnetic systems, reflected infrared 

light and reflected ultrasound can be used for tracking.  Tracking systems will be covered in 

more detail in section 4.4. 

Interaction: 

A common principle of navigation within a virtual world is moving an interaction device into 

the desired direction. The viewing direction can be adjusted by rotating the device. There are 

many completely different metaphors for interaction with, and manipulation of, virtual 
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worlds. Up to now no standardization has been established. In general only those interaction 

devices which can be tracked are suitable.  The same techniques used to provide the 

participant’s position are used to extract the position and orientation of the interaction 

device(s). Therefore conventional interaction devices such as mice and keyboards are not 

suitable for immersive environments. 

Interaction volume: 

 “Real” interaction like grasping, going around, touching, etc. requires that virtual objects are 

located (projected) in front of the projection wall(s). They must be located within the 

interaction volume. Objects situated “behind” the projection walls – outside of the interaction 

volume - are only visible in 3D and not directly accessible for user interaction.  

Navigation and interaction follows completely different metaphors to the desktop. Any 2D 

user interfaces like windows, 2D buttons, etc. could disrupt the immersion. Widget-like user 

interfaces should be a part of the virtual world. Buttons, cubes, spheres, etc. are modelled as 

3D objects and placed within the virtual world and can be moved by a participant like any 

other object.  Figure 4-1 shows interaction volumes of different projection systems. 

 

Figure 4-1 - Interaction volumes for workbenches (left), power walls (middle) and L-shaped 
systems (right) 

 
 

There are a number of different types of projection systems available.  Some typical types of 

projection systems will be described in the following sections. 

4.1.3.1 Power wall 

A power wall consists of a vertically adjusted projection plain with rear projection. High-end 

systems are typically driven by a SGI Onyx and use high-end projectors in an active set-up. 
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For a large power wall the projection plane consists of several closely connected segments, 

each with its own projector.  For smooth transitions between the segments the beamers must 

provide edge blending.  Good value single segment power wall systems use PCs as image 

generators and two DLP projectors in a passive stereo set-up. 

Advantages: 

• Scalability up to several meters length. 

• Large mixed mock-up installations are possible 

• Many participants at a time can view display 

• No ventilation problems 

• Good value compared with a dedicated projection room (see section 4.1.3.4) 

• Single segment systems are easy to transport 

Disadvantages: 

• Depending on the size of the wall more or less limited interaction volume. 

Available systems: 

A selection of the available Power Wall systems are given in Table 4-2. 

Table 4-2 - Power wall systems 

System name System size 
[w x d x h cm] 

Size of 
display 

diagonal [cm]
Resolution Projection Projector 

type Stereo Specialties 

Fakespace 
Immersive 
Workwall 

up to 620 x 640 x 
260 up to 780 1280 x 

1024 rear CRT active 
configurable as 2 

or 3 projector 
system 

ICIDO Power 
Wall 200 x 245 x 200 250 1024 x 768 rear DLP passive mobile 

Mechdyne MD 
Wall 
 

N/A up to 1112 N/A front or 
rear 

CRT, DLP, 
LCD active  

Trimension 
RaCTor-Wall N/A configurable N/A rear CRT, LCD active  

4.1.3.2 Workbench 

A workbench consists of a rotatable projection plane with rear projection and a CRT beamer. 

Some workbenches employ touchscreen technologies.  

Workbenches are widely used for a lot of different applications.  

Advantages: 

• Some workbenches are mobile 

• The interaction metaphor is very similar to the desktop metaphor, therefore it is easily 

transferable 
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Disadvantages: 

• Workbenches are single user systems 

• Limited interaction room 

Available systems (selection): 

A selection of the available Workbench systems are given in Table 4-3. 

Table 4-3 - Workbench systems 

System type System size 
[w x d x h cm] 

Size of 
display 
diagonal [cm]

Resolution Projection Projector 
type Stereo Specialties 

Fakespace 
ImmersaDesk M1 
 

122 x 144 x 157 112 1280x1024 rear CRT active mobile 

Fakespace 
ImmersaDesk R2 
 

196 x 216 x 231 209 1280x1024 rear CRT active mobile 

Mechdyne MD 
Table 
 

190 x 100 x 210 167 1280 x 
1024 rear CRT active  

Barco baron 190 x 100 x 210 167 1280 x 
1024 rear CRT active  

Trimension V-
desk 5 
 

190 x 100 x 210 167 1280 x 
1024 rear CRT active  

Trimension V-
desk 8 515 x 255 x 190 408 N/A rear CRT active  

4.1.3.3 L-shaped systems 

L-shaped systems consist of a projection wall and a walkable floor. Compared with a power 

wall the floor greatly extends the interaction volume. L-shaped systems use rear projection. 

Figure 4-2 - An L-shaped system (source: TAN) 

 
Advantages: 

• Scalable. With multi-segment walls and floors a huge system can be constructed 

which allows the immersive exploration of huge objects in scale 1:1. 
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• Multi-user capabilities 

Disadvantages: 

• The interaction volume is still limited 

• Expensive 

Available systems (selection): 

A selection of the available L-shaped systems are given in Table 4-4. 

 

Table 4-4 - L-shaped systems 

 System size 
[w x d x h cm] 

Size of 
display 
diagonal [cm]

Resolution Projection Projector 
type Stereo Specialties 

TAN Holobench N/A 210 (wall) 
210 (table). N/A rear CRT active  

TAN Holoscreen N/A 420 (wall) 
420 (floor) N/A rear CRT active walkable 2 sided 

system 

TAN Holospace N/A 

650 (front 
wall) 

350 (right wall)
650 (floor) 

N/A rear CRT active walkable 3 sided 
system 

Trimension V-
desk 6 149 x 205 x 187 158 (wall) 

164 (table) N/A rear CRT active mobile 

4.1.3.4 CAVE 

2 – 6 walls (fabric or plastics) form a projection area or room (CAVE).  CAVE systems 

consist of two or more walls and a walkable floor all with rear projection.  Compared with a 

power wall the floor and additional walls extend the interaction volume and therefore the 

sense of immersion.  

Figure 4-3 - A CAVE (courtesty of FhG-IAO) 

 
In particular a 6-sided CAVE requires wireless tracking, interaction and sound devices.  
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In contrast to dome-like or curved screen systems, the flat walls guarantee a defined 

undisturbed projection. 

Advantages: 

• Within a 6-sided CAVE participants are fully immersed in the virtual world even if 

they turn around and look up and down 

• A 5-sided CAVE provides a similar immersion to the 6-sided version but participants 

will lose the immersion if they turn around 

• Due to rear projection no shadows distract the participant within a 5 or 6-sided CAVE 

• With a 5 or 6-sided CAVE one can easily simulate different projection configurations  

(power wall, L-shaped, 3 wall, etc.) 

Disadvantages: 

• Due to the tracking of only one participant at a time a CAVE is strictly speaking a 

single user system 

• Even within rooms built up with solid walls edges are still slightly visible 

• A dedicated room is expensive 

• Within a 6-sided CAVE the likelihood of discomfort over long durations due to 

probable poor ventilation 

• In particular, in a 6-sided CAVE many participants can lose orientation, and sickness 

symptoms are a regular phenomenon 

• Mixed mock-up installations are limited to the size of the room. There is nearly no 

scalability 

• If bright virtual objects are displayed within a three or more wall system they outshine 

darker areas. As a result those objects have less contrast and look more transparent 

• If two or more walls are placed opposite to each other, one projector shines on the 

opposite one and reduces the displayed image quality in terms of contrast, brightness 

and black level 

Available systems (selection): 

A selection of the available CAVE systems are given in Table 4-5. 

Table 4-5 - CAVE systems 

System name System size 
[w x d x h cm] 

Size of 
display 

diagonal [cm]
Resolution Projection Projector 

type Stereo Specialties 

Fakespace Cave 1070 x 760 x 400 420 N/A rear CRT active up to 6 sides 
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Mechdyne MD 
SSVR 
 

N/A 517 N/A rear CRT, DLP active up to 6 sides 

TAN VR-Cube 
 N/A 420 N/A rear CRT active up to 6 sides 

Trimension 
ReaCTor 880 x 650 x 340 420 N/A rear CRT active up to 6 sides 

4.1.3.5 Curved screen 

Curved screens are typically front projection systems consisting of a more or less expanded 

screen and 3 CRT beamers. The projectors must be able to perform edge blending to avoid 

sharp edges at the borders of the screen segments. Especially huge curved screen installations 

mediate the impression of being in a cinema. 

Advantages: 

• Many participants can follow a session 

• Large objects can be displayed in 1:1 

Disadvantages: 

• Depending on the size of the screen a large hall is required. 

• Tracked stereo projection produces undisturbed images only if the tracked participant 

stands in the centre point of the screen. 

Available systems (selection): 

A selection of available curved screen systems are given in Table 4-6. 

Table 4-6 - Curved screen systems 

System name System size Field of View 
[degree] Resolution Projection Projector 

type Stereo Specialties 

TAN Cylinder 
 N/A up to 200 N/A front CRT active  

Mechdyne MD 
CSVR up to 365 up to 150 x 50 N/A front or 

rear CRT or DLP active  

Trimension 
Reality Room up to 365 up to 166 x 40 N/A front CRT active  

4.1.3.6 Reconfigurable systems 

Reconfigurable systems combine the advantages of different projection systems. They can be 

more or less easily adjusted to meet application specific requirements. 

Advantages: 

• Configurable 
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Disadvantages: 

• Expensive 

Available systems (selection): 

Two examples of reconfigurable systems are given in Table 4-7. 

Table 4-7 - Reconfigurable systems 

System name System size 
[w x d x h cm] 

Size of 
display 

diagonal [cm]
Resolution Projectio

n 
Projector 

type Stereo Specialties 

Fakespace The 
RAVE 

244 x 340 x 275 
(wall) 

244 x 580 x 370 
(floor) 

231 (wall) 
345 (floor) 1280x1024 rear CRT active configurable 

Mechdyne MD 
Flex 
 

N/A 430 N/A rear CRT active mobile 

4.1.3.7 Spherical systems 

Spherical systems consist of a hemisphere and, depending on size, include more or less rear 

projecting beamers. These systems are mainly used for cinema-like installations. 

Available systems (selection): 

Two examples of spherical systems are shown in Table 4-8. 

Table 4-8 - Spherical systems 

System name System size 
[w x d x h cm] Resolution Projection Projector type Stereo Specialties 

Fakespace 
conCave 
 

254 x 193 x 234 1280x1024 rear CRT active “Tunnel view” 
projection 

Trimension V-
Dome Up to 2700 N/A rear CRT active up to 400 

viewers 

 

4.2 Auditory Channel 

4.2.1 Audio and VE 

Audio can potentially play a significant role in VEs.  The naturalness and the quality of sound 

used is very important to increase a participant’s sense of presence in the VE and to aid user 

navigation and interaction.  Naturalness of audio can be achieved by both the presented audio 

spectrum (the number of different kinds of sounds used) and sound location.  If spatialised 

direction of sound is employed then the participant will be aware of the location of sound, 

and audio signals will change to reflect the participant’s movement, creating a feeling of 

space.  In our everyday environment some type of background noise is always present; total 
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silence is present only in a vacuum.  People suffering from blindness are skilled at using their 

non-visual senses, for example, they can easily sense the size of a surrounding space by 

listening to audio cues - they will quickly gauge whether they are located in a large hall or in 

a small room. 

 

To simulate real-world environmental sounds in VE–based applications, a four-speaker based 

technique could be used.  The listener is surrounded by four different loudspeakers, each of 

them emitting different signals.  Environmental audio can be achieved by changing the sound 

from the four speakers so that it can be perceived to come from many directions within a 

virtual space.  This may help to make the application more immersive.  For example, the 

image of a flying bird coupled with the sound of a bird is more realistic than an image which 

is not accompanied by sound. 

4.2.2 Environmental Audio 

Sounds in the natural environment help us to perceive space, and head orientation can change 

the way we perceive audio signals.  By the use of stereo headphones or loudspeakers in 

conjunction with virtual three-dimensional audio and auralisation we can create an artificial 

three-dimensional acoustic feel of space.1 

 

Investigating the sense of hearing is not a simple task: it has no clear boundaries as we are 

dealing with a spherical acoustic space.  The sense of hearing is also bound to time – sound 

cannot be stopped like a picture.  Factors like orientation of the head, shape of the ear lobe 

and other individual factors, affect environmental hearing.2 

 

HRTF (head related transfer function) relates how the spectre of sound changes when it 

passes through the outer ear to the eardrum. This function tells us about the amplitude and 

changes of period about different frequency components.1  “HRTF has components 

depending on the direction of sound.  The human’s upper body and shoulders affect HRTF at 

100 Hz frequency band.  Reflections on sound and scattering from the head have a greater 

effect. This effect can be seen at 0.56 kHz frequency area. Greater effects than these are 

sound reflections from the ear, and these effects are affected by the direction of sound.  

                                                 
1 http://www.helsinki.fi/~vsiivola/sound/ 
2 http://www.cult.tpu.fi/sound/ 
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Possible resonance at the outer auditory canal can affect the top of the spectre at the 2kHz 

frequency area.  At the area of the ear boundary where the outer auditory canal begins, 

resonance can amplify sounds coming from the front 5 dB at 10 kHz frequency area 

corresponding to sounds coming from behind”1 

 

In the absence of other cues, humans measure the distance of the sound source by the volume 

of sound.  Measuring the distance of familiar sounds is easier than measuring the distance of 

unfamiliar sounds.  The association of familiar sounds with volume is more important as a 

cue of the distance of a sound source.  For example, a clock ticking on a wall seems to be 

much closer than a bus driving past the street at night, even though the sound from the bus 

will be much louder.1 

 
4.2.3 Echoing 

Echo is also important to ensure that sounds are presented in a natural way, and this can have 

an important effect on the level of presence felt by the participant.  If the user of a VE is 

blind, he/she might be used to using acoustical survey.  Some people can measure distance of 

reflecting surface by pitch and hue of reflected sound. This effect is called acoustical survey.  

Some blind people can use this to discover if there is an obstruction ahead.  Several studies 

have found that people born as blind could create acute clicking and hissing sounds and could 

use them to measure the distance of an object ahead, the size of the object, and sometimes 

also the material the object is made from. Some people are better at acoustical survey than 

others.1 

 

Creating acoustical surveys in VEs is a difficult task. In this case simply recording sound is 

not enough. In addition, the direction of sound and volume needs to be recorded and these 

have to be merged to create an almost simultaneous corresponding sound from loudspeakers. 

 

When the task is to create natural virtual acoustic surroundings, it is important to present the 

distance and surroundings of the sound source as well as its direction. This could create a 

natural feeling of space, and the use of echo and its simulation may play an important role. 

 

4.2.4 Sound generation techniques 
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Some necessary equipment is required for creating and recording sound.  This equipment is 

summarised here.  

4.2.4.1  Soundcards 
There are many kinds of soundcards on the market and depending on the system and demand 

they differ quite a lot. Low-cost PC-cards, meant for games very rarely have 4-way technic 

included. Frequently these cards only have a one stereo lineout. Some newer models have 

two stereo lineouts, but even these do not make it possible to create the feel of fully 

functional environmental audio. In spite of this, they are capable of creating quite realistic 

sound effects. Their quality of lineout is still at least CD-Quality, which means 44.1 kHz 

stereo with 16 bit resolution.  To summarise, these cards do not differ much in the quality of 

sound that can be heard.  Differences are mostly in the number of lineouts and on the method 

of treatment of the sounds.  Quality differences in sound are mostly apparent when handling 

the sound, not when listening to it. The quality of line in is the same in all of them. 

 

In more expensive PC-cards marketed mainly for professional use, there are more channels 

and higher quality for lineout and line in signals. 

 

Plugging in high quality microphones to these brings satisfying quality to speech. 

 

4.2.4.2 Sound sources 

Loudspeakers  
Loudspeakers, in addition to acoustics, have the largest impact on the quality of sound in the 

chain of sound from computer/player to listener.  Loudspeakers can be divided into two main 

categories: boxed and non-boxed, which are also known as dipole-loudspeakers. Boxed 

loudspeakers can further be divided into four different categories based upon their operating 

principle: closed box, reflex box, frequency band-release box, and transmission-lane 

principle. In addition, these loudspeakers can be divided into active and passive loudspeakers. 

There are also some new techniques, like EMF-membrane available. 

 

Main differences are as follows: 

Closed box    Quicker and more accurate bass than with a reflex box. 

Reflex box Most common. Well suited for particular amplitudes. 

Soft bass. Not good for large output power because it 
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creates interference sounds and cracks with large output 

powers. Efficiency is good. 

Transmission-lane principle Quite rare. Big in size. Good with lower bass levels as 

normally used. 

Frequency band-release box More versatile adjustment capabilities. Increases sound 

volume around tuning frequency. Large output power 

lowers the quality of sound. 

Dipole Directs sound to front and behind, but it does not emit 

sound to sides. This lowers the amount of stationary 

waves in the room. Efficiency is poor on lower 

frequencies. To create bass they need to be large in size. 

They can be divided into two categories: plane film and 

belt elements. They work with electrostatic or magneto 

static principles.  The use of direct sound means that 

they create less stationary waves and less reflections in 

the room. But this also means that the listening area is 

smaller.  The bass does not boom out.  They need a 

large space.  “Movement of a couple of centimetres 

from the listening point flattens the stereo image and 

lowers the high tones”3  

 

Active 

Receives low signals which makes it easier to modify sound. Good quality. Lower basses. 

Good efficiency and dynamics. They are usually designed for good acoustic environments, 

which means that sound quality is not as good with all environments. They are good for 

control rooms of sound studios. Expensive. 

Passive 

If loudspeakers have only one element, the sound source is point-like. When there are two 

elements, the quality of sound is achieved more easily because the frequency band can be 

more divided. When there are three or more elements, their consolidation becomes difficult, 

and they are more expensive, however, better quality can be achieved. 

 
                                                 
3 Euronoise 2001, Kirjavainen, uosukainen, Paajanen 
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Small loudspeakers are more suitable for smaller rooms. Loudspeakers should be placed far 

from the walls; otherwise the walls might disturb some of the frequencies. This is especially 

true with larger loudspeakers.  A large room usually needs large loudspeakers, because they 

have to create more power to create the same dynamics and low sounds relative to room size. 

 

Subwoofer is good at creating bass, which is required for a more natural feeling environment.  

There are, however, problems with using Subwoofer.  It should be high in quality and it 

should fit well with the main speakers and the room acoustics. It should be adjustable to fit 

with the main speakers otherwise the disadvantages of using it would outweigh its 

advantages.  One thing to remember, however, is that the lowest bass levels usually bring a 

new level to the naturalness of the environment and to a feeling of presence. Moreover, 

subwoofers produce bass sounds heavier, and with more dynamics and accuracy. For the 

sound image the best solution is two subwoofers, one for both channels, however, 

compromises have to be made if money is limited.” 3 

  

Loudspeakers have used the same kind of technology for a long time, and thus they 

commonly have an appropriate quality of sound.  

One of the new alternatives to flat loudspeakers is plastic film that can be electrically 

charged. Because of its structure it can produce and receive audio. 

“EMFi is a thin, cellular, biaxially oriented polypropylene film, which can be used as electret 

material. The internal non-homogeneous structure enables a high charge density and 

sensitivity. With special electrode systems EMFi is capable of measuring pressure and force 

changes and producing vibration and sound, offering large application potential in different 

fields of technology including acoustic sensors (microphones) and actuators (loudspeakers). 

EMFi panel sensors and actuators are thin elements, which can be used to construct advanced 

sensor-actuator combinations.”3 

 

4.2.5 Speech 

4.2.5.1 Microphones 

There are many kinds of microphones on the market, and making the correct purchasing 

choice is always difficult. For VE applications the choice of microphone depends on the 

acoustic environment it will be placed in and the purpose of its use.  Whilst looking for the 

right microphone one will encounter many different specifications, and not all of them will be 
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necessary.  Not everything can be read from specifications. Also, there are no good standards 

to ascribe value to different microphones, but one of the best among the current ones is IEC’s 

(IEC = International Electrotechnical Commission) IEC268-4. 

“While microphone specifications provide an indication of a microphone’s electro-acoustic 

performance, they will not give you the total appreciation of how it will sound. Specifications 

can detail objective information but cannot convey the subjective sonic experience. For 

example, a frequency response curve can show you how faithfully the microphone will 

reproduce the incoming pure sinusoidal frequencies, but not how detailed, well dissolved or 

transparent the result will be.” 4 

 

The basis for most microphone specifications is the decibel scale. It is used because of its 

equivalence to the way the human ear perceives changes in sound pressure, “The dB scale 

states a given pressure in proportion to a reference pressure, mostly 20 mPa. The reference 

pressure 20 mPa is chosen equal to 0 dB. Please note that 0 dB does not mean that there isn’t 

any sound; it only states the lower limiting sound pressure level of the average human ear’s 

ability to detect sounds”4.  

 

A frequency response curve is used to illustrate how the acoustic pressure (sound) transfers 

into electric signals.  It is different from the frequency range, which will give a rough 

indication of which frequency area the microphone is able to reproduce, within the given 

tolerance. It is sometimes also called bandwidth.  Often there are multiple curves illustrating 

frequency response. This is because they measure the sound coming to the microphone from 

different directions.  If sound comes directly towards the microphone (0 degrees), there might 

be different curves from different distances.  The frequency response will indicate if the 

microphone will handle the sound source faithfully or if it will introduce coloration. The 

frequency response curve is recorded by measuring the output level of the microphone at 

selected frequencies only. A high sweep speed could result in a relatively flat frequency 

response curve without revealing any possible irregularities a microphone frequency response 

could exhibit. 

 

From different specifications it is clear that omni-directional microphones usually become 

more directional at higher frequencies. 
                                                 
4 http://www.dpamicrophones.com/ 
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“The equivalent noise level (also known as the microphone’s self-noise) indicates the sound 

pressure level that will create the same voltage as the self-noise from the microphone will 

produce. A low noise level is especially desirable when working with low sound pressure 

levels so that the sound will not “drown” in noise from the microphone itself. The self-noise 

also dictates the lower limitation in the microphone’s dynamic range.  

 

There are two typical standards: 

1. The dB (A) scale will weight the SPL (Sound Pressure Level) according to the ear’s 

sensitivity, especially filtering out low frequency noise. Good results (very low noise) 

in this scale are usually below 15 dB (A). 

2. The CCIR 468-1 scale uses a different weighting, so for this scale, good results are 

below 25 - 30 dB.” 4 

 

“Sensitivity expresses the microphone’s ability to convert acoustic pressure to electric 

voltage. The sensitivity states what voltage a microphone will produce at a certain sound 

pressure level. A microphone with high sensitivity will give a high voltage output and will 

therefore not need as much amplification (gain) as a model with lower sensitivity. In 

applications with low sound pressure levels, a microphone with high sensitivity is required in 

order to keep the amplification noise low.”4 

 

The RMS value indicates an average SPL and will not show the true SPL peaks. Many times 

in recording situations SPL will supersede the RMS value by more than 20db. 

Two important values to look for within SPL are: 

“1. The SPL where a certain Total Harmonic Distortion (THD) occurs. 

2. The SPL where the signal from the microphone will clip, that is the waveforms will 

become squares. This is the term: Max. SPL and it refers to peak values in SPL. 

 

A commonly used level of THD is 0.5% (1% is also often seen), which is the point where the 

distortion can be measured, but not heard. Ensure that the THD specification is measured for 

the complete microphone (capsule + preamplifier), as many manufacturers only specify THD 

measured on the preamplifier, which distorts much less than the capsule. The distortion of a 

circular diaphragm will double with a 6dB increase of the input level, so you can calculate 

other levels of THD by using this factor”4 
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There are few differences (in normal circumstances not able to be heard) between different 

microphone types (electret concentrator and dynamic).  The quality of sound depends only on 

the preamplifiers’ compatibility with the microphone being used (impedance is one of 

important matters to keep frequency stable, and the stability of frequency is essential to keep 

sound natural).  Wireless microphones are found in both electrets and dynamic. 

   

Dynamics and Electret microphones 

These do not need their own power, and give low-level signal. 

 

Electret microphones 

These need their own operating power, and give high-level sound. 

 

Wireless microphones 

The use of wireless microphones should be considered if the microphone needs to be hidden 

whilst recording, when moving or in difficult places (like motion capture and applications 

which use voice command) 

 

4.2.5.2 Speech recognition 

Speech recognition software needs much more power from a computer compared to many 

other products. To use it on the same computer that is running a VE means that the computer 

has to be high end. 

4.3 Haptic channel 

Haptic perception is “the active gathering of information about objects outside of the body 

through the tactile and kinaesthetic senses” (Langdon et al., 2000).  This section will discuss 

peripheral devices that make use of haptic perception.  The currently available haptic devices 

focus on tactile and force feedback.  Tactile feedback refers to the sense of touch or pressure 

applied to the skin.  Forces acting on muscles, tendons and joints are called force feedback 

(Pimentel & Teixeira, 1993). 

Tactile feedback is generally added to a glove device.  The aim is to return the sensation of 

temperature, roughness, viscosity, flatness etc. There are generally two methods for creating 

tactile feedback: air pressure and vibratory techniques (Pimentel & Teixeira, 1993).  Using 

air pressure, inflatable air pockets are activated by force-sensitive resistors.  Vibratory 
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technology provides vibrating transducers which are located at the end of each finger, 

creating vibrations or impulses on the skin. 

Force feedback can be incorporated into a range of devices including gloves, joysticks, mice, 

game controllers and arms.  An advantage of force feedback is that the participants’ 

movements and manipulations can be constrained.  It is also possible to simulate the weight 

and density of objects.  These additional cues are particularly useful in aiding interaction in a 

VE.  

There are an increasing number of haptic devices available.  The games industry in particular 

has driven the research and development in this area by creating a variety of game 

controllers, steering wheels and joysticks providing realistic tactile and force feedback for 

computer games.  In addition to games, haptic devices can provide benefits to other 

computing applications, from using the Internet to virtual reality.  In terms of the latter, the 

constant drive to make VR more like reality has resulted in an obvious interest in haptic 

devices.  The sense of touch has until now been the major component lacking in VEs. 

Table 4-9 lists currently available peripheral devices that make use of tactile and force 

feedback technology.  The following will describe the types of devices available. 
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Table 4-9 - Haptic devices 

Device Type Producer Model Comments Cost (Euro) 

Logitech WingMan Force Feedback Mouse Vibrations and textures 128.32 
Logitech IFeel Mouse Vibrations  64.15Mouse 

AVB VM-1 VMouse Sound-based vibration 39.49 
Logitech WingMan Force 3D Gaming joystick, feel explosions, recoils etc. 80.17 
Logitech WingMan Strike Force 3D As above plus collisions, some extra functions 128.32 

AVB Top Shot Pegasus Gaming joystick, explosions, recoil etc. 95.90 
Joystick 

Microsoft Sidewinder Force Feedback Pro Gaming joystick, explosions, recoil etc. 61.70 
Virtual Technologies Inc CyberTouch Vibrotactile simulators on fingers and palm 19,000 
Virtual Technologies Inc CyberForce Adds resistive force feedback to each finger 43,000 

Virtual Technologies Inc CyberGrasp Forces exerted via a network of tendons routed to the 
fingertips via an exoskeleton 50,000 

Gloves 

Virtual Technologies Inc GraspPack User worn back-pack option for CyberGrasp 12,000 
SensAble Technologies PHANToM Desktop Portable stylus providing force feedback in 3 DOF 13,000 

SensAble Technologies PHANToM 1.5/6 DOF Desktop tool providing force feedback in 6 DOF and simulating 
torque  

SensAble Technologies PHANToM Premium 1.0 Provides 3 DOF force feedback 20,000 
SensAble Technologies PHANToM Premium 1.5 As 1.0 but allowing larger range of motion 26,000 
SensAble Technologies PHANToM Premium 3.0 As 1.0 and 1.5 but larger range of motion 60,500 

Mechanical Arms 

MPB Technologies Inc. Freedom 6S Force feedback in translation and rotation  
Immersion Laparoscopic Impulse Engine Force feedback of variety of textures  

Surgical simulation 
Mentice Virtual Laparoscopic Simulator Force feedback  

Thrustmaster FireStorm Dual Power Gamepad Vibrations, force feedback  
AVB MagTurbo Force Feedback Wheel Vibrations, force feedback 134.26 

 USB Force Feedback Racing Wheel Vibrations, force feedback 101.53 
Logitech WingMan Formula Force GP (Wheel) Force feedback 128.32 

 WingMan Rumble Pad Vibrations 48.11 
Microsoft Sidewinder Force Feedback Wheel Force feedback 84.57 

Game controllers 

Thrustmaster Force Feedback Racing Wheel Force feedback  
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4.3.1 Mice 

Haptic mice combined with enabled interfaces allow participants to “feel” different textures.  

For example, dialogue boxes, menus, navigation bars and icons.  Web pages may soon 

incorporate different textures.  The tactile feedback is given to the participant by creating 

different vibrations.  Although the mouse is most suitable for use with 2D applications, they 

may also be useful in desktop VR applications. 

 
Figure 4-4 Logitech’s WingMan Force 

Feedback Mouse Figure 4-5 AVB’s VM-1 VMouse 

4.3.2 Joysticks 

Force-feedback joysticks were originally designed to control aircraft (Briggs & Srinivasan, in 

press), and have been developed for use in flight simulation systems.   More recently, 

however, force-feedback joysticks have largely been developed for the computer game 

industry.  These devices tend to provide tactile and force feedback to the participant to 

simulate firing weapons, collisions, and explosions.  Due to the large demand for these type 

of devices they are generally quite reasonably priced, giving a cost-effective solution, and 

they are easily configurable to VR systems. 

 

 

 

 

Figure 4-6 Logitech’s WingMan Force 
3D Joystick 

Figure 4-7 Microsoft’s Sidewinder Force 
Feedback Pro 
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4.3.3 Gloves 

Force feedback gloves are fitted with an external skeleton which includes a set of micro-

engines, micro-jacks or cables to generate force on the fingers.  Using combinations of force 

and tactile feedback, gloves can allow the participant to feel different textures, feel the weight 

and density of objects, and the resistance of objects. 

  
Figure 4-8 Virtual Technologies’ 

CyberForce Figure 4-9 Virtual Technologies’ Cyber Grasp 

4.3.4 Mechanical arms 

Force feedback devices in the form of mechanical arms were one of the earliest forms of 

force feedback technology and originated in the field of teleoperation, particularly in the 

nuclear industry.  Mechanical arms provide force feedback but usually not tactile feedback.  

The forces exerted allow the participant to explore 3D objects and have a sense of the object 

boundaries and density.  Friction return also allows the surfaces of objects to be felt.  The 

arms are mounted on a desk, reducing the weight and discomfort for the participant, however 

this also means that they are not very portable or useful for immersive or CAVE VR systems. 

 

 

 

 
Figure 4-10 SensAble’s PHANTOM 1.5/6 
DOF 

Figure 4-11 SensAble’s PHANTOM Premium 
1.5 

 

 July 2001 45 UNott

 



Chapter 4  Contract N. IST-2000-26089

 

4.3.5 Other devices 

The previous sections have outlined the main devices available that may be appropriate for 

use with VR systems.  There are also other devices available that have been designed for 

specific application areas.  Two particular areas – gaming and surgical simulation have 

dominated the market and examples of these have been listed in Table 4-9. 

4.4 Tracking systems 

As mentioned earlier in this document, tracking is essential for the sense of presence and the 

successful interaction with objects in a virtual world. Normally head tracking is used to 

identify the user's position. For interaction purposes the interaction device itself and / or a 

user's hand(s) are tracked. It is important that a tracking system is capable of extracting all 6 

degrees of freedom. The most critical points are precision and handling.  

4.4.1 Precision 

If the tracking of a user’s position and viewing direction (head tracking) is inaccurate, the 

computed perspective view in the virtual world will not fit to the user’s position. Depending 

on the divergence, users feel vertigo or even sickness. Inaccurate tracking of interaction 

devices leads to e. g.  

• inability to use applications which require accurate positioning of a virtual pointer (e. 

g. 3-D construction) 

• users must concentrate on positioning the virtual pointing device instead of the 

contents of a virtual world 

• users get tired earlier 

• users get frustrated 

4.4.2 Handling 

For an undisturbed sense of presence users should be able to move freely within the 

interaction volume a projection system provides.  If several users are within the interaction 

volume at a time they often occlude each other referring to the tracking sensors. 

 

There are three principle tracking systems currently on the market; magnetic, optical and 

ultrasonic based tracking. 
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4.4.2.1 Magnetic systems 

Magnetic systems consists of an emitter sending out a weak 3-dimensional magnetic field and 

several sensors which measure the field strength and their position within the field. Magnetic 

systems are widespread within VR systems.  

 

Advantages 

• Compared with competing tracking systems low-priced  

• No difficulties due to occlusion  

• The emitter can be placed outside of the interaction volume.  Wireless magnetic 

systems are therefore suitable for a 6 sided CAVE 

Disadvantages 

• Calibration is complicated 

• Accuracy is insufficient for many applications  

• Standard systems require a cable for every sensor. Depending on the number of 

sensors many cables disturb users’ movability 

• Wireless systems require a backpack full of electronics and a heavy battery  

• Sensitivity regarding metallic objects. Magnetic systems are therefore unsuitable for 

mixed mock-up installations with metallic objects. Additionally the whole VR-

systems must not contain any metallic modules 

• Wireless networking, mobile phones etc. may influence the accuracy of the system  

• Due to the magnetic field, persons with a pacemaker, hearing aid, etc. are not 

recommended to use such a system 

4.4.2.2 Optical – infrared systems 

Infrared systems consist of several infrared emitters and sensors typically placed on top of the 

projection walls. Users wear glasses and interaction devices with several reflectors mounted 

on.  

 

Advantages 

• Precision in the range of millimetres  

• Precision is suitable for augmented reality (mixed mock-up) applications  

• Wireless  

• Easy calibration  
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Disadvantages 

• Expensive  

• Sensor and emitter are typically combined within one camera-like device. The size of 

currently available "cameras" is not suitable for a 6-sided CAVE 

• To minimise problems due to occlusion many "cameras" are necessary. However, 

occlusion remains a critical point especially within mixed mock-ups.  

• User’s head and different interaction devices are distinguished by their reflection 

sample. The necessary reflection bodies can make a glass or interaction device 

uncomfortable in handling.  

4.4.2.3 Optical – laser systems 

Laser systems work in a similar way to infrared systems. One or more laser beams are used 

instead of infrared beams. 

 

4.4.2.4 Ultrasonic systems 

Several emitters are mounted on the user and interaction devices. They send out ultrasonic 

pulses which are collected by several receivers mounted on the top of the projection walls.  

 

Advantages  

• Wireless  

Disadvantages 

• Prone to reflections within room like projection systems or mixed mock-up 

installations  

• Prone to turbulence, pressure and humidity within a VE system  

• Prone to occlusion  

• CRTs, hard disks, etc. produce ultrasonic noise which may disrupt the accuracy  

 

For a comprehensive description of tracking systems please refer to (Rolland et al, 2000).  

The following table (Table 4-10) contains 3D capable 6 degree of freedom tracking systems. 
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Table 4-10 Tracking systems 

System type System name Principle Operation range 
[cm] 

Measurement 
update rate [Hz] Accuracy [cm] 

Polhemus FasTrack Magnetic up to 300 120 0.07 

Ascension Flock Of 
Birds / 10 
(http://www.ascensio
n-tech.com) 

Magnetic up to 300 144 0.25 Magnetic  

Ascension MotionStar Magnetic up to 300 144 0.25 

Origin instruments 
DynaSight Sensor  
 

Infrared up to 1200 65 0.8 

Optical 

Ascension laserBird Laser scanner up to 200 120 0.01 

Intersense IS-900   Ultrasonic and 
gyroscopic up to 600 up to 180 0.04 

Ultrasonic 
V-Scope 110 Pro 
 Ultrasonic up to 500 up to 100 0.01 

 

4.5 Input devices 

In contrast to the classic desktop metaphor (mouse, keyboard, monitor), interaction in / with 

virtual worlds can involve a rich variety of completely different input devices and metaphors. 

One can distinguish 4 main groups, mouse-like, pointing, glove-like and haptic devices. 

 

Mouse-like devices are very similar to a normal desktop mouse. They typically require a 

stable pad and are therefore suitable for desktop VR and desk-like projection systems only.  

Pointer / wand devices are widespread because they can be used in any VE system. Neutral 

shaped devices are more or less universal and are widely used for navigation in virtual 

worlds. Application specific interaction metaphors can be supported by corresponding wands 

e.g. a screwdriver. A common difficulty is in finding enough space to mount the tracking 

sensors on the device.  Glove devices use the metaphor of a human hand. Several sensors 

measure the position and posture.  Haptic devices simulate forces created by the virtual 

collision of an interaction device and an object of the virtual world. They are still very 

experimental.  

 

Table 4-11 details a selection of different input devices that are available. 
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Table 4-11 Input devices 

Device type Device name 
Degree

s of 
freedo

m 
Tracking Interaction 

metaphor 
Interaction 
possibilies Specialities 

FHG-IAO Mike 6 magnetic 3D pointer 
free 
navigation 3 
buttons 

Universal interaction device 

FHG-IAO 
Ergomike 6 magnetic 3D pointer 

free 
navigation 3 
buttons 

Universal interaction device, 
improved ergonomics 

FHG-IAO OC3 6 magnetic Tool, close 
to mouse 

free 
navigation, 3 
buttons 

Nearly powerless handling 
due to ergonomic design but 
with limited degree of rotation 

Pointer 

FHG-IAO 
Styleball 6 magnetic pen 

free 
navigation, 3 
buttons 

Very close to the pen 
metaphor therefore good 
device for contruction in 3D 

Ascension 6D 
Mouse 6 magnetic 3D mouse 

free 
navigation, 3 
buttons 

Very close to the mouse 
metaphor therefore easy to 
handle  

Magellan 
Spacemouse 6 none 3D mouse puck, 9 

buttons 
Stable pad required, not 
suitable for free navigation Mouse-like 

Interactive 
Imaging 
Systems 
cyberpuck 

6 magnetic hockey 
puck 

Free 
navigation, 3 
buttons 

 

Remote control 
Fakespace 
Neowand 
 

6 magnetic remote 
control 

Navigation by 
4 arrow 
buttons, 4 
predefined 
buttons, 2 
free 
configurable 
buttons 

large device, due to the 
number of buttons it requires 
more time to get familiar with 

Fakespace 
PinchGlove 6 magnetic human 

hand 

Multi-button, 
wearable 
mouse 

 

Gloves Virtual 
Technologies 
CyberGlove 

6 magnetic human 
hand 

what you can 
do with a 
hand 

 

Virtual 
Technologies 
CyberForce 

6 magnetic human 
hand 

what you can 
do with a 
hand 

hand and arm force feedback, 
stable pad required 

Virtual 
Technologies 
CyberTouch 

6 magnetic human 
hand 

what you can 
do with a 
hand 

vibrotactile stimulators 

Virtual 
Technologies 
CyberGrasp 

6 magnetic human 
hand 

what you can 
do with a 
hand 

specialized force feedback for 
grasping Force feedback 

Sensable 
Phantom 6 none freeform 

tool 

movement of 
the force 
feedback 
stick around 
a defined 
axis 

stable pad required 

 

4.6 Overview of peripherals 

VE systems offer a wide range of configurations and for the time being no convergence to a 

single solution is taking place. Display systems include HMDs and various types of large 

screen systems, often based on projector technology. Input devices include 3D mouse-type 

devices with buttons and sensitivity to location and orientation, as well as data gloves, which 

can measure the angles of fingers. Haptic devices include stylus devices attached to 
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mechanical arms that offer force feedback as well as whole arm exoskeleton devices. In the 

field of audio, loudspeaker and headphones – as well as different microphone based solutions 

for speech recognition – present different options for the VE system designer.   

 

Issues one must tackle when selecting devices for the VE system include technical aspects 

that can affect the capacity of the participant to perform the desired tasks.  These include: 

• Accuracy and resolution 

The accuracy of the devices can be critical in some cases: if the participant is to perform 

fine-grained manipulation, either the location of his or her fingertips or the tip of a tool 

being used has to be determined with great accuracy. This affects the selection of input 

devices and trackers. In some cases the technical accuracy of a device is not the only 

factor to consider. For example, if some application necessitates the participant to 

perform quite a few rotation tasks, the physical shape of the input device can affect how 

the participant can perform the rotations. Resolution is critical in image quality that can 

be perceived from different display devices. In some applications it is necessary to be 

able to read small text labels, which can be difficult in systems that produce their images 

over large canvases without sufficient resolution.  

• Interference 

There can be different types of interference; physical interference is related to the fact that 

the devices may not be physically compatible in the sense that it might be difficult to 

wear stereo glasses and eye tracking devices at the same time. Also the cabling of 

wearable devices – such as trackers – can be inconvenient for the participant. The 

interference may also be of a different nature; electromagnetic trackers are sensitive to the 

proximity of electrical cabling, metal structures and devices like monitors. The presence 

of these items can distort the fields used by the trackers and alter the data that they 

present thus preventing accurate operation.  

• Jitter 

Jitter refers to the fact that the rendered images or the data received from different devices 

does not occur evenly in time, rather they occur in random bursts followed by subsequent 

delays. This can result in jerky movement of objects or the viewpoint. Jitter may result 

from the software driver level or the rendering engine being unable to guarantee 

sufficiently even frame rate. But jitter can also be the result of the technique used to 

connect the components, such as an ethernet configuration with a lot of other traffic in the 

 July 2001 51 UNott

 



Chapter 4  Contract N. IST-2000-26089

 

same network segment. It is not worth buying expensive high speed tracking equipment if 

it is not connected to other system components in a proper way. 

• Range of operation 

In some applications the participant must be quite mobile. This must be taken into 

account when selecting trackers; their operation range should be sufficient. It is worth 

noting that the accuracy of these devices is often not as good at the periphery of their 

operating range compared to when they are well within their working volume. Some 

applications may require wireless operation for the participant; this must be taken into 

account when selecting input devices and trackers. 

• System lag 

System lag refers to the lag of all the components; rendering, collision detection, 

application logic, network transfer, tracker and input device related etc. System lag causes 

the rendered images to be shown after they should occur in time. This applies to haptic 

and aural rendering as well. Thus the sensory experience is not consistent with what the 

body would assume. This can cause simulation sickness and other side and after effects. 

When one tries to minimise the system lag, it is necessary to look for bottlenecks (tracker 

update rates, data transfer between devices, rendering etc.) and try to eliminate the worst 

problems first. 

 

In addition to technical performance factors, the selection of components depends also on 

ergonomic demands – for example heavy HMDs or systems that require the participants to 

stand all the time can be unsuitable for extended periods of operation. On the other hand in 

some cases the space and environment used for the VE system imposes restrictions for the 

system; projector based systems tend to be quite large. Finally, costs are relevant; VE 

peripherals tend to be expensive especially in the higher performance category. 
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Chapter 5 -  VE software 
VE software can be separated into the functionalities of modelling and visualisation of 

a VE.  VEs consist of geometry, textures, light sources, visual effects, etc.  Depending 

on the level of complexity modelling can be a time consuming task.  Software offers 

tools which support the designer and automate as many tasks as possible. The result 

of the modelling process is an optimised description of the constructed world.  Once a 

virtual world is ready for visualisation, so-called runtime software is required.    

 

There are many software systems on the market which incorporate modelling and 

runtime functionality. 

5.1 Modelling software 

Modelling incorporates the planning and construction of virtual worlds. Regardless of 

the kind of visualisation (single high quality image, frame by frame animation, 

computer game, real-time visualisation, etc.) one can use any modelling software. 

Nevertheless most commercially available tools are focused on the operational 

construction and rendering of high quality computer graphics (single image or frame 

by frame animations) for television or cinema productions, entertainment and 

advertising.  In this context the following properties are important: 

 

• realism and salience of the resulting images or animations  

• available visual effects  

• the visual quality (sharpness, quality of antialiasing, etc.)  

• fast and effective handling  

• distributed rendering capabilities and effective controlling of "rendering 

farms" 

• comprehensive automation possibilities (macros, scripting, etc.)  

• a programming interface for self developed modules  

 

In the context of VR applications the rendering of one image/frame must not require 

more than a few seconds to complete.  To gain the illusion of interactivity and the 

sense of presence rendering must take place in real-time.  The renderer (together with 
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the graphics hardware) must be able to produce at least 2 frames (for a single wall, 

right and left eye) up to 12 frames (for a 6 sided CAVE, right and left eye), with an 

update rate of 16 frames per second and more. It is obvious that under such conditions 

there is not much room for many advanced visual effects. Real-time renderers are 

therefore optimised on rendering speed. For best rendering performance virtual 

worlds are required which are also optimised in these conditions. They must 

particularly avoid large numbers of geometry primitives (triangles) and be well 

structured.  A suitable modelling software should therefore have the following 

properties: 

 

• comprehensive support of common export formats (and their format specific 

features) such as VRML, OpenInventor, OpenFlight, etc.  

• functions for effective tessellation of free form surfaces  

• functions for automated and visually convincing simplifications and 

generation of levels of detail  

• comprehensive and visually convincing translation of visual effects into 

OpenGL or DirectX structures  

• fast and effective handling  

• a programming interface for self developed modules  

• comprehensive automation possibilities (macros, scripting, etc.)  

 

Of course, no single software option that incorporates all of the above requirements 

exists.  Therefore the typical approach is to use several tools and exploit their 

strengths.  

In the field of engineering CAD software is widely used for constructing and 

modelling. Most professional CAD systems support exports formats like VRML and 

OpenInventor which can be read by most VR runtime software. Unfortunately visual 

effects, texturing, levels of detail generation, etc. are not very well supported. 

However, new versions seem to take into account increasingly more functionality 

required for loading CAD models into VR systems. 
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Table 5-1 A selection of commercially available modelling software 

System Vendor Operating 
systems 

Graphical 
User 

Interface 
Scripting 

layer 
C / C++ 

interface Price [€] 

3D Canvas 
Pro Amabilis (www.amabilis.com) Win 98, 

2000 Yes No No 30 

3ds max 
Discreet 

(www2.discreet.com/animation
) 

Win 98, 
2000 Yes Yes Yes 5000 

Animation 
Master 

Hash 
(www.hash.com) 

Win 98, NT, 
2000, Mac 

OS 
Yes No Yes 400 

Blender Not a Number 
(www.blender.nl) 

Win 98, NT, 
2000, Irix, 
Mac OS, 
Solaris 

Yes Yes Yes freeware 

Cinema XL Maxon 
(www.maxon.de) 

Win 98, NT, 
2000, Mac 

OS 
Yes Yes Yes 2000 

Houdini Side effects 
(www.sidefx.com) 

Win NT, 
2000, Linux, 

Irix 
Yes Yes Yes 17’000 

LightWave NewTek (www.newtek.com) 
Win 98, NT, 
2000, Mac 

OS 
Yes Yes Yes 3000 

Pixels 3D 
Studio Pixels (www.pixels3d.com) Mac OS Yes Yes Yes 400 

Realsoft 3D Realsoft 
(www.realsoft.fi) 

Win 98, NT, 
2000, Linux, 

Irix 
Yes Yes Yes 900 

Superscape Superscape 
(www.superscape.com) 

Win 95, 98, 
NT Yes Yes Yes (as add 

on) 
No longer 
available 

TrueSpace Caligari (www.caligari.com) Win 98, NT, 
2000 Yes Yes Yes 800 

Universe Electric Image 
(www.univers3d.net) 

Win Nt, Mac 
OS, Solaris Yes No Yes 2000 

WorldUp Sense8 
(www.sense8.com) 

Win 95, 98, 
2000, NT, 

Unix 
Yes Yes No 5,000 

XSI 
Softimage 

(www.softimage.com/products/
xsi/) 

Win Nt, 
2000, Irix Yes Yes Yes 15’000 

 

Table 5-2 - A selection of commercially available CAD systems cooperating with VR 
systems 

System Vendor Operating 
systems 

Graphical 
User 

Interface 

Scripting 
layer 

C / C++ 
interface Price [€] 

Catia V5 Dassault 
(www.catia.com) Win NT Yes N/A Yes N/A 

Rhinoceros Robert McNeel & Ass. 
(www.rhino3d.com) 

Win 98, NT, 
2000 Yes N/A Yes 800 

AutoCAD Autodesk 
(www.autodesk.com) 

Win 98, NT, 
2000 Yes Yes Yes N/A 

Pro 
Engineer 

PTC 
(www.ptc.com) 

Win 98, Nt, 
2000, Irix, 

AIX, HPUX, 
Solaris 

Yes Yes Yes N/A 

 

5.2 Runtime software 

Once a virtual world is ready for visualisation, so-called runtime software is required.  

Runtime software is able to: 

• read and interpret the description of a virtual world  

 July 2001 55 UNott

 



Chapter 5  Contract N. IST-2000-26089

 

• render the different views in real-time  

• setup and operate a projection environment  

• setup and operate a tracking system  

• setup and operate interaction devices  

• incorporate and process position parameters  

• process interaction events  

 

Typical runtime software systems are available as application programming interface 

(API). Application developers must program specialised applications by themselves. 

Depending on the complexity and the desired functionality this can be a very time 

consuming task. 

Table 5-3 - VE software 

Name Website Vendor Operating 
systems 

Graphical 
User 

Interface 

Scripting 
layer 

C / C++ 
interface Data formats 

Avango www.avango.org GMD Irix, Linux Yes 

Yes: 
Application 
setup with 

the 
scripting 
language 
“Scheme” 

Yes 

VRML2, Multigen, 
Performer pfb, 
Inventor, DXF, 

Alias, VRML 1.0, 
MEdit 

DBView www.daimlerchrysler.
de 

Daimler-
Chrysler 
VRCC 

Irix, Linux Yes N/A Yes Inventor 

CaveLib www.vrco.com/produ
cts/cavelib_main.html VRCO N/A N/A N/A Yes Performer, 

OpenGL, IrisGL 

Covise www.hlrs.de/organiza
tion/vis/covise 

Computing 
Center 

University 
of 

Stuttgart, 
VirCinity 

IT-
Consulting 

GmbH 

Irix Yes None Yes 

CFX TASCflow, 
COVISE, Ensight, 
Fenloss, Fluent, 

KIVA, ILS-Dyna3D, 
IRIS Explorer, 

MovieBYU, MSC 
Nastran, Open 

Inventor, Patran, 
Performer, Plot3D, 
Star CD, Tecplot, 
Wavefront, Virvo 

Division www.ptc.com PTC Irix, 
Windows Yes N/A Yes 

Pro/ENGINEER, 
CADDS 5, SDRC 

MasterSeries, 
CATIA, 

Unigraphics, 
Solidworks, 

Microstation, Alias, 
IGES, MultiGen, 
Inventor, VRML, 
STL, 3D DXF, 3D 

Studio, GAF / GBF 

Lightning www.icido.de ICIDO, 
FHG-IAO Irix, Linux Yes 

Yes: 
Complete 
application 
setup with 

the 
scripting 
language 

Tcl/Tk 

Yes 

VRML2, Multigen, 
Performer pfb, 
Inventor, DXF, 

Alias, VRML 1.0, 
MEdit 

Opus Studio www.opticore.com Opticore Irix, 
Windows Yes N/A N/A Alias, Catia, 

ICEM/Surf, 
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NT Pro/CDRS, CDRS 
Scene File, IGES, 

STL, VDA-FS, DXF, 
Inventor, Cosmo 
Binary, Performer 

pfb, Opus Realizer, 
Multigen 

Realax VR 
Studio www.realax.com Realax 

Irix, Linux, 
Windows 

NT 
Yes N/A N/A 

Pro/ENGINEER, 
CATIA, 

SolidDesigner, etc. 

Vega www.multigen.com MultiGen-
Paradigm 

Irix, 
Windows 

NT 
Yes none Yes 

VRML2, Multigen, 
Performer pfb, 
Inventor, DXF, 

Alias, VRML 1.0, 
MEdit 

Virtual 
Design 2 www.vrcom.de VRCOM, 

FHG-IGD Irix, Linux Yes N/A Yes 

Inventor, VRML 1.0, 
VRML 2, FHS, 

CATIA,  
Pro/ENGINEER, 
Alias, ICEM Surf, 
ADAMS, ANSYS, 

RobCAD, etc. 

WorldToolkit www.sense8.com EAI 
Sense8 

Cross 
platform none none Yes N/A 

WorldUp www.sense8.com EAI 
Sense8 

Cross 
platform Yes 

Yes, 
VisualBasi

c 
Yes N/A 
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Chapter 6 -  Interaction metaphors 
The design of the VE interface is important in order to enhance usability of the VE and 

facilitate interaction with the VE.  In spite of this there have been few attempts to provide 

guidance into how VE interfaces should be developed. 

 

This chapter describes different interface tools that have been used in VE design, and 

provides and initial assessment of their associated usability.  Inevitably an interaction 

metaphor combines the design of a physical input device with the design of any software 

tool or widgit (e.g. icon) displayed within the VE. 

6.1 Navigation  

The design of a VE interface, and the type of input metaphors included, are largely 

determined by the type of input devices used with the VE.  Input devices that mimic 

reality are likely to require less input metaphors built into the VE interface.  An example 

is using a glove as an interaction device.  By moving their hand in the real world, the 

glove would transfer this movement to the “virtual hand” through which participants can 

manipulate and interact with virtual objects.  Interacting with a virtual environment 

through a standard mouse on the other hand, would require additional features built into 

the interface to allow these interactions to take place.  The following sections discuss 

input metaphors for navigating and interacting with VEs and highlights some examples of 

interface design and input metaphors from existing applications. 

 

Certain input devices, for example wands, 3D mice and joysticks can move around VE 

freely, whereas a 2D mouse or keyboard need ways to facilitate moving in the VE.  VE 

development software may provide inbuilt tools for navigation.  Figure 6-1 and Figure 

6-2 give examples of navigation tools provided with Superscape Virtual Reality Toolkit 

(VRT).  Figure 6-1 shows a series of buttons which when pressed take the participant to 

different viewpoints on the VE.  The “movebar” shown in Figure 6-2 allows more 

freedom of movement around the VE.  The “movebar” works in conjunction with the 

mouse.  The arrows are clicked with the mouse and the mouse is then dragged in the 

desired direction of movement. 
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Figure 6-1 An example of a screen using numbered 
buttons for navigation 

Figure 6-2 The “movebar” 
navigation tool in Superscape 

 

6.2 Interaction 

Interaction with virtual environment applications requires input from the participant 

regarding the state of the application. From the participant’s perspective there are two 

slightly distinct ways of manipulating the state of the application: 

1) Object manipulation – the participant manipulates a virtual object in virtual 

space. The way the target object is modified by the participant conveys 

information to the application how to change the state of the application. An 

example of this is when a participant selects an item representing some tool from a 

menu. The menu has a visual form and the interaction technique involves 

manipulation of a visible object (also called a widget).  This type of interaction 

also includes direct object manipulation.  When an object is dragged and dropped 

to a new state or position (e.g. opening a door) 

2) Commands without concrete target object  – the participant gives commands to 

the application based on speech, gesture or clicking a button in an input device. 

From the participant’s point of view this type of operation can be viewed as a 

short cut, which does not have any visible target object.  

 

Interaction in virtual environments provides the opportunity and sometimes requirement 

for more degrees of freedom compared to normal desktop interfaces, which utilise mouse 

movement in 2D, mouse buttons and keyboard. Operation with data gloves, speech etc. 

gives the application designer the possibility to reserve some degrees of freedom – certain 

gestures, or command words for example – to type 2) actions. The rest can be used to 

manipulate some visible objects. Care must be taken not to make the gestures or other 
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input too difficult to memorise - otherwise the situation would mimic a desktop user 

interface with lots of keyboard short cuts that can be difficult to remember. Nowadays, 

not much true multimodal interaction takes place in VE systems however. 

The usage of VE user interfaces should aim at more efficient human computer interaction 

regarding the application domain. There are pitfalls that should be avoided when selecting 

the interaction techniques for an application. According to Mine et al. (1997) and 

Poypyrev et al. (1997) some of the difficulties related to object manipulation in VEs can 

be explained by the following statements in addition to such technological limitations as 

system latency and display resolution: 

 

1) The precise manipulation of display objects is hard.  

Major factors having an effect on this is the lack of haptic feedback, limited input 

information and limited precision. In normal life humans take an advantage of physical 

constraints, they use the feeling of surfaces and sense of collision as cues for more 

accurate placement of tools and their own limbs. The problem with haptic devices today 

is that they may severely limit the freedom of movement of the participant. In some cases 

physical objects have been used to alleviate this fact. (See Scmalstieg et al., 1999) 

Limited input information means in this context the fact that in the real world we use 

tools to modify objects and we direct each other by spoken commands. We also have the 

ability to measure distances, weight and other variables. We can annotate, stick notes to 

places for example. 

Limited precision is caused by the lack of haptic and acoustic feedback as well as 

inaccurate tracking systems. Typically input devices perform whole hand tracking instead 

of tracking the location of fingertips. 

 

2) Virtual environments lack a unifying framework for interaction.  

There is no common desktop metaphor as in conventional PC systems. This makes it 

difficult to learn new applications quickly as they are not using the same metaphors and 

the structure of their interface can vary widely.  However, it may be that the variety of 

application and VE type developed means that it is not appropriate to have a global 

generic VE interaction metaphor, but that a small group of metaphors can be developed 

and selected according to the VE design requirements. 

 

3) Physical ergonomics 
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In normal desktop interface hands can have support and convenient rest position on a 

working table. (It should be noted though that normal desktop systems are not without 

their problems in the ergonomics field either.) User interfaces that utilize trackers, gloves 

and other input devices can fatigue shoulder muscles for example by requiring the 

participant to point to objects by an extended hand to select them.  

 

Hinckley et al. (1994) suggest that to alleviate the problems related to interaction in 

virtual environments the following issues facilitate 3D space perception and object 

manipulation:  

 

• Spatial references 

A spatial reference is a real world object to which the participant can gesture in 3D.  

• Relative vs. absolute gesture 

An example of this is that it is generally more intuitive to position an object relative to 

some other object than to position an object into some fixed location in space. This 

applies especially in conjunction with the next issue: two-handed interaction. It is 

easier to position one’s tracked hand relative to the other hand than relative to some 

fixed location in space.  

• Two-handed interaction 

It is suggested that such interaction, which requires the dominant hand to do more 

accurate tasks and the non-dominant hand to do coarse tasks can be very effective.   

To minimise cognitive load in such a technique, the non-dominant hand acts as a 

frame of reference to the dominant hand. An example of this is writing: the dominant 

hand takes care of the detailed work with the pen and the non-dominant hand 

positions the pad.  

• Proprioception 

The concept of proprioception refers to the fact that humans have the ability to know 

where their limbs are relative to each other or relative to one’s body. Proprioception 

can be used in conjunction with two handed interaction as already mentioned, but also 

gestures relative to the body can be used. An example of this is placing menus relative 

to one’s body, outside the field of view (Mine et al., 1997) and then pulling them up 

with a gesture as needed. 

• Multisensory feedback 
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Multisensory feedback includes acoustic, haptic and visual feedback. Haptic feedback 

should be combined with collision detection.  

• Physical constraints 

When general haptic devices are not available it might still be possible to limit the 

participant’s actions in such a way that he gets physical support. An example of this is 

using a pad and a stylus. The pad gives physical support and allows more accurate 

positioning of the stylus. 

6.2.1 Object manipulation techniques 

According to Foley et. al (1996) and others computer graphics based interaction can be 

performed by interaction that is a composition of basic interaction tasks. These basic tasks 

are position, selection, orientation, text and quantify. Position means positioning an 

object, selection refers to identifying an object, orientation is orienting an object, text 

refers to the input of a string and quantify refers to the input of a numerical value. It is 

argued that all other, more complex tasks can be composed of these, more primitive tasks.  

 

Several interaction techniques for virtual environments have been proposed that can be 

used to implement some of the basic tasks. Some techniques may be better suited for a 

specific task, like object selection, others for more general tasks.  During the following 

paragraphs, a set of interaction techniques are presented and viewed from the point of 

view of the basic tasks as well as their advantages and disadvantages. Naturally, not all 

applications require all types of input. 

 

Physical intersection based technique refers to a technique, in which the participant’s 

hand movements are mapped to virtual hand or other object movement in a linear fashion. 

When the object representing the virtual hand intersects with an object in the scene, the 

object can be selected, positioned via dragging and rotated via mapping the hand 

orientation to the object orientation. This technique mimics the way we operate in normal 

everyday life and is in that sense easy to grasp. Thus physical intersection based object 

manipulation can be used to implement object selection, position and orientation tasks. It 

has the drawback that the range of operation is limited and far away objects can’t be 

selected without moving the participant’s location within hand’s reach of the objects. 
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Ray-casting (also called laser pointing) is a technique, in which a ray is cast from the 

virtual hand position into the scene (Mine, 1996). The object that is intersected by the ray 

and is the nearest of the intersected objects to the participant, can be selected by the 

participant.  

Ray-casting can be used for object selection, but in Pierce et al. (1997) it is argued that 

participants can have difficulty in selecting small objects at a distance with this technique, 

because small hand motions result in large angular displacements for the selection spot 

when the pointed object is far away. Orientation and position tasks can be implemented 

with ray casting based techniques, but orientating tends to be awkward about some other 

axis than the beam axis. The same applies to remote object positioning along the beam 

axis (Mine et al. 1997).  

A modified version of ray casting is cone casting (Liang, 1994), in which a cone is used 

instead of a ray to point to objects. The apex end of the cone is located at the virtual hand 

position. This facilitates remote object selection, but it also requires a mechanism to 

disambiguate between different objects within the cone.  

 

Go-go interaction has been developed to reach objects at a distance (Poypyrev et al. 

1996).  In go-go interaction participant’s hand movement is mapped to virtual hand 

movement in virtual space. Hand movement is measured relative to the participant’s 

chest. The mapping between real and virtual hand movement is linear near the 

participant’s body and non-linear at the periphery of the participant’s reach. In practice 

the technique means that user centred space is divided into two parts: near to the 

participant the virtual hand movement matches the real hand movement and further away 

the virtual hand moves “faster” or feels to extend the arm. 

In Poypyrev et al. (1996) the authors measured the real hand location relative to the 

participant’s body using trackers and expressed the hand location using polar coordinates: 

(Rr, θ, φ). The authors used the following mapping function for the virtual hand location 

(Rv, θ, φ), in which the θ, φ are the same as in real hand position: 
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where k is a coefficient: 0 < k < 1. They selected D to be 2/3 of the participant’s arm 

length in their experiments. 

The authors argue that the technique is highly intuitive for two reasons. It imitates the real 

world object manipulation and it allows both close and distant object manipulation 

without mode switch between close and remote manipulation.  

In the context of basic tasks go-go interaction can be used in object selection, positioning 

and orientating.  Object selection can be implemented by touching close or remote objects 

with the virtual hand object. The participant can signal selection of the object in touch 

with the virtual hand object by gesture, if using a data glove, or by a button click, if using 

a wand or similar device. Object positioning can be implemented by keeping the object 

attached to the virtual hand and thus dragging the object around in space. The orienting 

task can be done by mapping glove or wand orientation to the object orientation.  

It is worth noting that in user tests presented in Poypyrev et al. (1997) mean selection 

times for go-go interaction were higher than in ray-casting based object selection.  

 

Image plane techniques (Pierce et al. 1997) are techniques that operate on 2D projection 

of the 3D virtual space. The desktop analogy is the use of a mouse to interact with objects 

in a 3D scene, which is projected to the monitor screen. In contrast to normal desktop 

manipulation, image plane techniques in virtual environments use different input devices; 

the image plane used in the techniques can change its position and orientation according 

to information from the trackers tracking the participant’s head.  

Several ways to do object selection have been presented in (Pierce et al. 1997). These 

include Head Crusher and Sticky Finger techniques. In the Head Crusher technique the 

participant positions his thumb and forefinger around the desired object as it appears in 

his or her image plane. Then the object being selected is determined by casting a pick ray 

from the participant’s eye point through the midway between the participant’s forefinger 

and the thumb.  

In ‘Sticky Finger’ technique the participant uses a single outstretched index finger to 

point at the object to be picked. In this case the object to be picked is determined by 

casting a ray into the scene from the participant’s eye point through the location on the tip 

of the participant’s index finger. Objects intersecting this ray are beneath the participant’s 

fingertip in his image plane. 

These techniques also offer orientation, which can be used to disambiguate between a 

number of candidate objects to be selected. The object having the closest matching 
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orientation in the participant’s image plane can be chosen. The participant’s finger(s) 

provide this orientation in the ‘Head Crusher’ and ‘Sticky Finger’ techniques. 

The mentioned image plane techniques can be used for object selection. Thus other 

techniques are needed for the actual object manipulation. One option is to instantaneously 

translate the desired object to the selection point and take care that the size of the object is 

big enough to be manipulated. After this, for example, direct manipulation techniques 

such as mapping the hand orientation to object orientation in a linear fashion can be used. 

Other resizing policies after selection can also be used. This is the case in scaled world 

grab and extender grab techniques explained in the following paragraphs. 

 

Scaled-world grab (Mine et al. 1997) is a technique, in which the world is scaled down 

about the participant’s head when he grabs an object and scaled back up when he releases 

it. This allows the participant to interact instantly with objects lying at any distance as 

though they were within arm’s reach and exploits the participant’s sense of 

proprioception. Scaling takes place at the start of each manipulation and is reset when the 

action is complete. The scaling factor used to scale down the world is equal to the ratio of 

the distance of the object being manipulated to the distance of the participant’s hand: 

 

objecttoheadontohandtoheadofojection
objecttohead

____Pr
__

−−−−
 

 

where head_to_object is the vector from the head (defined to be the midpoint between the 

participant’s eyes) to the object and head_to_hand is the vector from the participant’s 

head to his hand.  

Scaled world grab can be used to implement the position and orient tasks, object selection 

can be done via image plane or other techniques. The orient task is implemented via 1:1 

mapping between the participant’s hand orientation and the object orientation. 

 

Extender grab (Mine et al., 1997) is a similar technique compared to the scaled-world 

grab. In extender grab the scale factor depends upon the distance of the object from the 

participant at the start of the grab. The further away the object, the larger the scale factor. 

In similar fashion as in the scaled world grab the orientation of an object being 
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manipulated is mapped 1:1 to object orientation. Extender grab can be used to implement 

object positioning and orienting tasks. Object selection can be done via other techniques. 

A key distinction between the scaled-world grab and extender grab is that in extender 

grab the manipulated object is not necessarily co-located with a participant’s hand. This 

makes hard to exploit proprioception to determine the object position and orientation.  

 

World in miniature (Pausch et al., 1995) is a technique, in which the interaction with the 

objects in virtual space happens via a hand held miniature copy of the virtual 

environment. WIM can be used in navigation as well as object selection, positioning and 

orienting. In WIM the hand held miniature can be seen as a 3D map of the actual space 

and as the participant manipulates objects in the map, the corresponding objects 

simultaneously get updated in the full-scale view. Thus the WIM technique provides two 

(or more) simultaneous views to the world, of which one is the immersive view and 

others are maps of the immersive, full-scale view. 

The 3D map can be a scaled down version of the actual environment or a scaled up 

version of the virtual space or part of the space acting as a 3D magnifying glass. When 

scaled down version is used, a participant can reach objects out of his or her reach by 

manipulating the miniature model instead of the immersive world.  

Object selection can be done via physical intersection or some other technique. Object 

position task can be done via a linear mapping between the real and virtual hand position 

and dragging. It should be noted that both object selection and position tasks can be 

carried out either in the virtual model or in the miniature model. 

The advantages of WIM include object selection and positioning of both distant objects 

and close objects. It also helps for object occlusion, i.e. objects are difficult to select if 

they are behind one another and appear to be roughly the same size when projected to the 

image plane. The disadvantages are the fact that the miniature model on the screen takes 

its’ share of the screen estate and that when positioning objects in the miniature, it may 

result to relatively coarse placement of the objects.  

 

Voodoo Dolls (Pierce et al., 1999) is a two-handed interaction technique for manipulating 

objects at distance. In Voodoo Dolls technique the participant dynamically creates dolls, 

which are copies of the actual objects in the scene. The participant creates a doll by using 

an image plane technique; selecting an object creates a doll that is scaled to a convenient 

working size. After this it is placed in the participant’s hand. After the manipulation the 
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doll disappears. In Pierce et al. (1999), FakeSpace PinchGloves were used as data gloves 

and the participant signals that he or she has finished manipulating an object by releasing 

the pinch of his fingers. 

The participant can create dolls for both hands. The use of a doll in a non-dominant hand 

has different meaning compared to the use of a doll in the dominant hand. The doll held 

in the dominant hand defines the position and the orientation of the object that it 

represents relative to the object that is presented by the doll in the non-dominant hand. 

For example a participant wants to put a lamp on a table. The participant creates dolls for 

both hands; he or she selects a table doll for the non-dominant hand and a lamp doll for 

the dominant hand. When the participant now moves the lamp doll on top of the table 

doll, the actual lamp moves on the actual table. Finally, when the participant lets go of the 

combined doll, it vanishes. 

The participant can also change dolls from one hand to another. The participant can do 

this by moving the cursor attached to one hand over the doll hold by the other hand and 

then pinching his or her fingers together and releasing the pinch of the hand holding the 

doll. 

According to Pierce et al. (1999) the participants preferred for the system to create dolls 

of objects with a specified radius. This means that the system automatically creates dolls 

for nearby books when a participant selects a book from a bookshelf. This provides 

context for the operation currently being performed.  

Voodoo Dolls technique can be used together with previously described image plane 

techniques to implement object selection, position and rotation tasks. The advantage of 

this technique compared to most other techniques (not including WIM) is that remote 

occluded objects can also be manipulated by properly selecting the context object and 

after that selecting the occluded object. This technique doesn’t suffer from the WIM 

related limitation that objects can be placed only quite coarsely in the miniature model. 

This technique however requires the participant to select carefully the reference object for 

his or her dominant hand, if he or she wants to manipulate remote objects. 

 

Spring-based manipulation tools (Koutek & Post, 2001) are based on virtual spring 

metaphor. The virtual spring extends the physical manipulator, such as a stylus. In the 

other end of the spring is the object that is being manipulated. The behaviour of the spring 

is physics based. The virtual object “hangs” at the other end of the spring. The collisions 

of the object being manipulated to other objects, as well as its weight, affect how the 
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spring extends, twists etc. and how the object moves. The target of the metaphor is to 

provide visual force feedback regarding the object being manipulated and when it collides 

with other objects in the environment. Informal user tests indicate that participants 

performed better with given assembly tasks than in situation with ‘unphysical’ objects. 

Spring-based manipulation tools can be used to select, position and rotate objects. The 

drawback of this technique is again the manipulation of remote objects, which requires 

the participant to move before they can be manipulated.  

 

Constraints and snapping can be useful ways to guide user interaction. Constraints 

mean limiting in certain situations the degrees of freedom an object has when it is moved 

by the participant. An example of this is an interior decoration application, in which the 

movement of the chairs is limited on the floor plane only. Constraints can be derived from 

the real world object behaviour or they can be other than physics based. Snapping means 

that as an object moves sufficiently close to a location, it is automatically moved to the 

location. For example in an assembly training situation this could mean that when a 

machine part is sufficiently close to its intended target, it moves automatically to its 

correct location.  

 

Physics based haptics requires the usage of haptic devices that generate forces and 

sometimes tactile input according to collisions between the object that represents 

participant’s hand(s). The behaviour of the objects in the virtual environment is 

physically modelled and physics based calculations cause the devices to produce forces 

that give the participant the feeling of touching an object. In some cases (Roland & 

Kuhlen, 2001) these type of interface has proved to be more effective to use than an 

environment without haptic feedback.  

6.2.2 Object viewing 

3D Magic lenses are a technique, in which a transparent lens object is moved on top of 

another object. The parts of the object being inspected that are within the lens object are 

rendered in a different fashion than rest of the object. For example a lens object can show 

structures that are beneath the surface of the inspected object, thus implementing an X ray 

vision. The effect of magic lens objects can offer other information as well and the lens 

objects could be stacked to overlap in certain locations. The view in these locations would 

be a combination of the functionality the lens objects offer. (Viega et al., 1996) 
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6.2.3 User interface elements 

Similar aspects apply to the way the user interfaces in VEs as to the basic tasks (object 

selection, position etc.). VEs have no established way of representing the user interface or 

its’ individual components, widgets.  It should be noted that VE user interfaces differ 

from their desktop counterparts in that sense that participant is within the user interface. 

This means that some user interface components can be positioned relative to the 

participant from where they can be summoned no matter where the participant goes. On 

the other hand it is possible to position some widgets relative to some location or object in 

the virtual space, with tools that are most frequently needed – positioned relative to the 

participant (either his body, or hands for example). (Mine et al., 1997) 

It is also good to remember that the interaction with the VEs can potentially offer gestural 

or speech recognition based commands, it might not be necessary to implement 

everything as visible widgets. Some gestures can be quite intuitive to use, such as over-

the-shoulder deletion. This gesture deletes the currently manipulated object, when the 

participant throws it over his or her shoulder. (Mine et al., 1997) 

 

Gesture recognition based user interface has been investigated for example in (Nishino 

et al., 1997). They used their neural network based recognition system to recognise 

dynamic two-handed gestures. Some where based on sign language, some were user 

defined gestures and some were pictographic gestures, i.e. gestures that describe a 

physical formation like sphere or cube by “drawing” it with a gesture. The recognition hit 

rate was higher for two handed than one-handed gestures in their experiments (and for the 

chosen gesture set). Previously they used a proprietary 3D menu system in their 3D 

geometric modeller and the participants’ performance was – at least when comparing 

these two interfaces – faster to use with a gesture based interface than with the menu 

based interface. 

Naturally, the most intuitive solution should be sought. As is the case with the basic 

interaction tasks, some coupling between the selected interaction devices and the 

selection of the widgets exists.  

One possibility is to represent the user interface with very similar components as in the 

desktop. Pushbuttons, icons, sliders and composite items like menus can be constructed to 

have 3D appearance and float in the air in a location, which is somehow relative to the 

participant or relative to some location or object in the virtual space. The manipulation 
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(selection etc.) of these widgets can be done via interaction techniques represented in the 

previous chapter.  

It should be noted that if physical props, such as tracked pad and stylus are used as 

interaction devices, these types of widgets can be positioned on the tracked pad 

(Billinghurst et al., 1997). When using other techniques for basic tasks and other 

interaction devices, the operation may become more difficult (for example pointing at the 

menus with a 6DOF mouse that offers no hand support) than with a pad-based 

configuration. 

A modification of the desktop menu system is presented in (Grosjean & Coquillart, 

2001). The authors propose a short cut mechanism called Command & Control Cube 

(CCC) that can be used also as a 3D graphical menu. Menu items are textured cubes that 

form a bigger cube, thus offering a menu with 3 x 3 x 3 items. Smaller cubes have the 

same size and are separated from each other by a fixed distance. A ball that acts as a 

pointer, can be moved within the bigger cube. Whenever the participant indicates (pushes 

a button in a 3D pointing devices or pinches fingers together, if using data gloves) CCC is 

displayed at small horizontal distance from his or her hand position. It stays visible before 

the participant indicates it to disappear in a similar manner as he or she indicated it to 

become visible. While CCC is visible, participant’s non-dominant hand movements are 

mapped onto the ball that acts as a pointer. The hand movements are truncated if the ball 

tries to move outside of CCC. Releasing a button or a pinch, if using a data glove, when 

the ball lies inside one of the small cubes results in a participant’s  selection of a menu 

item.  The CCC system can also be used in an expert mode, in which the selections are 

made with mere gestures and the menu structure is not visible. 
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Chapter 7 -  VE applications 
As was shown in Chapter 2 - VE concepts and working definitions, there are different 

views held as to the specific meaning of the term “application” when referring to VR.  

The majority of the discussion in this chapter will consider “application” in terms of 

definition 1 in chapter 2, however the two different types of application are reflected 

in Table 7-1.  As was mentioned earlier the meanings of terms will evolve and be 

established as the project progresses. 

VEs can be applied in a wide range of areas, for example Medicine, Architecture, 

Entertainment and many others.  As there are so many application areas, and a 

correspondingly large number of applications, this section will concentrate on those 

areas seen to be of relevance to this project.  The application areas seen to be relevant 

are design, manufacturing planning and layout, training and simulation, visualisation 

and marketing.  Table 7-1 will display some representative applications as gathered 

from project partners using a proforma (see Annex B), following which the 

application areas relevant to VIEW will be discussed. 
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Table 7-1 - VE Applications 

Application Area Application Name Collaborating bodies & sources of 
information Description of application Application system & software 

CIVV Peugeot-Citroen 
ENSAM 

The demonstrator concerns the design of an interior of 
vehicle : the operator can select virtual objects from 
libraries (dashboards, instrument clusters, steering wheels, 
….) and position them to construct an interior. 

System: PC/NT or SGI Octane or 
ONYX 3200 (future) 
Data glove and vocal recognition 
interface 
2 Display solutions : 
VR6 HMD 
Holobench (Future) 
Software: WorldToolKit 

Design Review 
Peugeot-Citroen 
SGI/BARCO 
SGI/TAN 

Design review between different teams during all the 
phases of a car development : sectioning, collision 
detection, conflict resolutions, orientations 

System: ONYX2 and ONYX 3200 
(future) 
Display solutions : 
Powerwall 
Holobench (future) 
CAVE  (future) 
Software:  CATIA, IcemSurf, 
Autostudio, DvMockup 
IDO-Review 

VIRSISU 

Numerous partners have taken part 
into the project, please refer to: 
http://www.vtt.fi/tte/projects/vr-
cluster/pps.html 

Investigating the possibilities of low cost virtual 
environment systems in interior design and furnishing. 
The VE consists of a cabin of a ship in which the interior 
decorator can experiment with different materials used on 
pieces of furniture. 

System: Desktop, HMD and 3D 
mouse can be used. 
Software:  Programmed using 
WorldToolKit, geometric models are 
from 3DS MAX 

Design 

Himod  FhG/UStutt

Himod starts with an empty mesh and a plane or 
predefined geometric primitives. Participant can modify 
(erosion and dilation), add and remove geometric 
primitives. 

System:  Powerwall, CAVE 
Software:  Lightning 

Boule 
FhG/UStutt 
BMW 
Peugeot-Citroen 

Boule is in productive use at BMW to evaluate car modules 
and parts. Beside navigation there are some interaction 
possibilities like cutting planes, snap shots, markers, etc. 
which can be used to identify and discuss problems 

System:  Powerwall 
Software:  Lightning 

Manufacturing 
planning & layout 

Antrophos FhG/UStutt 
John Deere 

Antrophos uses a configurable virtual human model to 
evaluate ergonomic quality of a tractor cabin. Participants 
can modify e.g. the position of hand gears etc. and see the 
effect on ergonomics. Antrophos can be triggered by voice 
control. 

System:  Powerwall, CAVE 
Software:  Lightning 
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SHERPA 

Peugeot-Citroen 
SGI 
Ondim 
Oktal 

The VE is used to evaluate some automotive presentations 
such as visibility (front and rear), accessibility, comfort in 
driving conditions (traffic, on road, in town) 

System: ONYX 2 
2 Display solutions : 
a) 180° curved screen with 3 CRT 
edge-blended projectors, 1 b)  LCD 
projector for rear vision 
1 datavisor 80 HMD 
Software: Performer 

Visualisation of 
simulation results 

Peugeot-Citroen,  
others to be defined 

To be able to represent in stereo the results of different 
simulations (crash, CFD, vibrations) and to interact with 
them 

System:  ONYX 3200 (future) 
Display solutions : 
Holobench (future) 
CAVE  (future) 
Software:  to be defined 

EGYPTE  Peugeot-Citroen

The operator is helped by an augmented reality application 
to learn procedures in a mounting or un-mounting process. 
Documents, trajectories, 3D objects, operation sheets are 
projected in the augmented reality device. 

System:  PC/NT 
Sony Glasstron 
Voice recognition 
Software:  WorldToolKit 

PostPressSIM 

Numerous partners have taken part 
into the project, please refer to: 
http://www.vtt.fi/tte/projects/vr-
cluster/pps.html 

Computer Aided Training System for Book Binding, 
Finishing and Mailing Areas. 
The VE consists of a room into which the student can 
import different types of machines related to book binding 
line for example. 

System: Desktop, HMD can be used 
Software:  Programmed using 
WorldToolKit, geometric models are 
from 3DS MAX 

Training & 
simulation 

Driving Simulator 
(VRDS-1) 

VR Techno Center 
www.vrtc.co.jp 

A driving simulator to assess safe driving.  The simulator 
presents different scenarios, e.g. night time, rain, snow 

System: Workstation (Onyx) 

Virtual Safety Training 
Center 

JAISH (Japan Advanced Information 
Center of Safety and Health) 
www.jaish.gr.jp/html/vr.html 

Industrial workers are trained in a virtual factory 
environment for accident safety and awareness. 

System: Workstation (LBP) 

Landscape Simulation 
System 

TEPCO (Tokyo Electric Power Co.) 
www.tepco.co.jp/rd/system/ 
sinterfc/las/las-e.html 

The system allows an electric power tower to be simulated 
in a virtual site and then to examine the surrounding 
landscape 

System: Workstation (Onyx) 

 

Driving Simulator 
JARI (Japan Automobile Research 
Institite) 
www.jari.or.jp/en/index.html 

Present virtual roads to analyse driver behaviour and 
driving characteristics. Study of driver interface. 

System: Workstation 

Marketing  Virtual PICASSO
Peugeot-Citroen 
Immersion 
CSSI 

The VE consists of 60 configurations distributed in the 
dealers showrooms. Each configuration allows customers 
to see and interact with a virtual car : You can turn around 
the car, change the colors, open the doors, select options, 
sit on every five seats, change the internal colors, tune the 
steering wheel position, open /close the windows, put 
on/off radio, put on/off wipers, …. 

System: PC/NT Intergraph with a 
wildcat card, joystick, VR6 HMD 
 
Software: WorldToolkit 
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7.1.1 Design 

One of the prime uses of VR in industry is for visualising designs and prototypes 

before mock-ups and scale models are built (Harrison and Jaques, 1996).  As Pimentel 

and Teixeira (1993, p. 182) point out, “Virtual reality will change the way designers 

work by placing them inside the design and reducing, even eliminating the need for 

mock-ups”.  VR used in this way results not only in economic benefit but also reduces 

the time invested in the planning and prototyping stages.  Additionally VR may 

produce similar benefits for layout and process planning in the manufacturing 

industry (Korves and Loftus, 1999). 

7.1.2 Manufacturing, planning and layout applications 

Visualising designs and prototypes before mock-ups and scale models are built results 

not only in economic benefit but also reduces the time invested in the planning and 

prototyping stages (Harrison and Jaques, 1996).  Bickel (1998) identifies seven main 

areas for which virtual environments are used in industry: simulation-based design; 

virtual prototyping; concurrent engineering; collaborative engineering; manufacturing 

planning; training and education; and ergonomic analysis/design.  Applications 

representing a selection of these areas will be described below. 

7.1.2.1 Prototyping 

BMW employed VR for creating a virtual workshop in which prototype products can 

be assembled and disassembled (Gomes de Sa and Baacke, 1998).  The virtual 

workshop can be viewed using an HMD as well as projection screen, and interaction 

is via data gloves.  The study found that there were a number of technological barriers 

to a fully successful application.  The most important problem was the lack of haptic 

or force feedback in the tasks.  The lack of this type of feedback in an assembly task 

meant that tasks were not as straightforward as they would be in the real world. 

7.1.2.2 Manufacturing planning 

The potential for VR to be a useful tool in manufacturing planning has been 

highlighted by many authors (Jayaram et al., 1999; Korves and Loftus, 1999; Lu et 

al., 1999; Zachmann, 1998).  Volkswagen have been working since 1994 to develop 

and integrate VR techniques for manufacturing planning (Purschke et al., 1998).  
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Their reason for using VR was to reduce the time and cost of developing a new 

vehicle and to facilitate concurrent engineering.  Volkswagen have successfully 

applied VR in a number of situations.  They have coupled RAMSIS with VR to 

investigate seat relationships, check visual conditions and for vision of the instrument 

panel.  They have attempted to reduce cost of prototyping by producing virtual 

models from CAD data to analyse shape, shininess, contour changes and functional 

features.  Crash calculations have been analysed using VR and a “virtual clinic” was 

created whereby designers and planners were shown the virtual car on a projection 

screen.  Although these applications have been successful, some data related problems 

are highlighted.  Firstly the data interchange between CAD and VR needs 

improvement.  Secondly, there needs to be more provision for gathering information, 

such as material properties, physical behaviours and so on through data interfaces.  

Intelligent reduction algorithms are necessary in order to reduce CAD data in order to 

get a sufficient frame rate, as hardware improves such reduction will not be necessary.  

Finally, there must be a compromise between the realism and the necessary image rate 

to permit interactivity in the VE. 

7.1.2.3 Training and education 

Fang et al. (1998) have produced a VE for skills training in manufacturing that aims 

to replace demonstrations and encourage hands on skills training.  Traditional 

teaching of machining principles in manufacturing courses is often undercut due to 

limitations on laboratory facilities, insufficient support of technicians, size of class, 

limited funds for experiments and safety considerations.  The study found that 

creating machining systems in virtual reality produced a highly interactive, flexible, 

cost effective and safe teaching tool.  Additional information, such as machining 

theories and process knowledge could be integrated with an on-line display so that 

effects of different process parameters could be observed and studied while operating 

the machine. 

An extension of a virtual laboratory is to provide a virtual tutor.  An animated agent 

called “Steve” has been developed to help students learn to perform physical, 

procedural tasks (Rickel and Johnson, 1999).  Steve and the tutee, via an immersive 

VR system, cohabit a VE.  Steve performs the role of a virtual tutor answering 

questions such as “what do I do next?” and “why?”  Steve is also able to demonstrate 

tasks and use gaze and gestures to direct the student’s attention. 
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7.1.3 Training and Simulation 

VEs for training can potentially offer the same advantages as other computer-based 

technologies, e.g. they can be portable, easily reproduced or provided through on-line 

networked facilities; essential if there is a large number of trainees and/or distributed 

over a large geographical area.  Other advantages of Virtual Training Environments 

are particular to VR technology.  The ability of VEs to represent real and abstract 

three-dimensional environments suggests that people can familiarise themselves with 

a product, process or place without risk or expense.  Also, as VR systems can support 

various devices that engage different senses (visual, auditory, tactile), the trainee can 

essentially experience the learning environment in a similar way to the working 

environment.  This is of particular importance in situations where the working 

environment is dangerous or is a remote or hazardous situation; or the real equipment 

is expensive to use or reproduce. 

7.1.4 Visualisation 

The attributes of VEs mean that they are useful tools for visualisation of objects.  In 

using VEs for visualisation applications, there is often limited interaction included 

and/or required.  These types of situations tend to require “walk-through” type VEs 

where the VE is used purely to view an object or prototype product as it may later 

appear.  In some cases applications providing visualisation may be categorised under 

other application areas.  For example where a prototype car is created for future 

customers to view, this would be considered marketing.  Where part of a production 

process is simulated for visualisation, this would be categorised as a “manufacturing, 

planning and layout” application.  There are probably few areas that can be 

considered pure “visualisation”. 

7.1.5 Marketing 

VEs provide a novel and effective tool for marketing of new products or services.  

The example given in Table 7-1 the example given comes from the automotive 

industry.  In this example, the car is modelled in a VE.  Potential customers can view 

and explore the car in the VE, changing aspects such as exterior and interior colours, 

taking different viewpoints from the various seats, activating functions such as the 

radio and windscreen wipers.  Using a VE as a marketing tool in this way allows 

potential customers to customize the product in the way they would like to see it, 
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rather than having to imagine it.  It is also cost saving in that demonstrations can be 

given in remote locations without the need to take an actual car. 
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Chapter 8 -  The VE market 

8.1 Introduction  

The information used for the purpose of this market review is drawn almost entirely 

from two main sources: 

 

• Arrington, M.E., & Staples, S. (2000).  3D Visualisation & Simulation.  Jon 

Peddie Associates, CA: USA. 

• Delaney, B. (1999).  The Market for Visual Simulation/Virtual Reality Systems. 

CyberEdge Information Services, CA: USA. 

 

The information contained within these reports has been integrated into this document 

to provide a review and forecast of the VR marketplace and the characteristics of 

different sectors within it. 

8.2 The VR Market 

The VR market refers to the “technologies, products, and services that enable the 

creation or collection of data sets and the presentation of those data sets to participants 

via computer generated 3D graphics” (Arrington & Staples, 2000).  The market 

extends from simple and inexpensive desktop applications to highly complex and 

expensive theatre-scale systems.  The technologies and products referred to include: 

 

• Computing hardware and operating systems 

• Graphics hardware and display devices 

• Input and control devices 

• Software tools for data creation and manipulation 

• Software tools for application creation and control 

 

Participants of VR technologies and techniques can be found across various industries 

and market sectors.  In recent years prices have declined whilst computing power, 

graphics capabilities, and software techniques have enabled a range of simulation and 

visualisation tools to be incorporated into more general applications. 
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Arrington & Staples (2000) regard the VR market through four key market sectors: 

 

• Defence and Government (D&G) – military and Government agencies 

worldwide plus academic and corporate ventures that are largely Government 

funded. 

• Design and Engineering (D&E) – CAD/CAM, architectural, and other 

engineering-orientated market sectors. 

• Industry and Business (I&B) – industry sectors such as mining, oil & gas, other 

manufacturing sectors, as well as enterprise-level visualisation and information 

management. 

• Medical and Scientific (M&S) – all non-Government medical and scientific 

research organisations and corporations. 

 

Delaney (1999) also makes reference to the Entertainment sector.  In the past this has 

been more dominant than it is today, and although data for this sector is limited it is 

referred to where appropriate. 

 

Requirements for VR applications have existed for more than three decades 

(Arrington & Staples, 2000).  Until recently, however, these applications have been 

confined to those who could afford the technologies necessary to make them useful.  

As a result, Government and military applications have dominated the development of 

VR, whilst engineering, medical and scientific have tended to lag behind. 

 

The VR market can be considered a ‘late bloomer’ and is distinct from other computer 

graphics and simulation markets and is now enjoying rapid growth (Delaney, 1999).  

Though the technologies and many of the techniques used in VR have been in 

existence for many years, general deployment has been hampered by the prohibitive 

costs involved. 

 

Unlike word processors, spreadsheets, and databases, VR applications are not 

regarded as generalised tools that apply across a number of participants (Arrington & 

Staples, 2000).  Therefore, a trend in custom-built applications has evolved, with only 
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a small number of limited general applications reaching out to the masses of 

participants across market sectors. 

 

Thus demand for these technologies has come primarily from the D&G sector, high 

end D&E, research in the M&S sector, and in key I&B applications such as mining, 

and oil & gas. 

 

The enabler of real change within the uptake of VR applications has been the 

implementation of Windows NT.  This software platform provides the power and 

reliability to effectively field VR applications at a much lower cost than ever before.  

 

Cost has become less of a factor over the past several years as less expensive 

hardware and software solutions have emerged to fill the requirements of growing 

market demand.  Consequently, over the past five years the VR market has swelled 

and expanded into new, previously untouched, sector areas (Arrington & Staples, 

2000). 

8.2.1 Review & Forecast 

As shown in Table 8-1 and Figure 8-1, VR market revenues have been steadily 

increasing.  Over the next five years (Arrington & Staples, 2000) anticipate that 

annual growth will slow a little but still remain respectable.  Growth is expected to 

taper off in 2001 and continue declining to a much lower level by the end of 2005 and 

beyond (Arrington & Staples, 2000). 

 

Table 8-1 - VR market review & forecast 

 Review Forecast 

Year 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 

Market  
($ Billions) 1.74 1.95 2.46 3.62 5.32 8.10 12.62 16.10 19.39 22.33 24.84 

Growth (%) 10 12 26 47 47 52 56 28 20 15 11 
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Figure 8-1 - VR market review & forecast 
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8.2.2 Demographic Summary 

Delaney (1999) believes that the world has adopted VR technologies as a useful and 

productive adjunct to a variety of applications and that North America is the dominant 

centre of VR activities although Europe also has a high acceptance level.  Asia has 

been slower to apply the technology (although the recent economic downturn is 

considered a general factor.  Approximately 9,000 individuals are actively involved in 

the production, selling and use of VR technologies (Delaney, 1999).  The distribution 

is spread according to Table 8-2 below. 

Table 8-2 – VR users by continental location 
VR Users by Continental Location 

Location Number of Users 

Central/South America 05 

Africa 73 

Asia/Australia/Oceania 730 

Europe 2,776 

North America 5,478 

Total 9,057 

  
 

                                                

Most users have only taken to VR applications in the last 3-10 years (as detailed in 

Table 8-3 and Figure 8-2 below). 

 

 

 
5 (Delaney, 1999) states that this figure is sampling bias and that they are not able to quantify activities in this 
region even though they are aware of work being done 
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Table 8-3 - VR users' experience 

VR Users’ Experience 

 Responses % of Total 

Less than 1 year 8 6.5 

1 to 2 years 12 9.8 

3 to 5 years 45 36.6 

5 to 10 years 45 36.6 

10 years or more 13 10.6 

TOTAL 123 100 

Figure 8-2 - VR users' experience 
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Applications of VR technology have moved out of the entertainment sector of a few 

years ago.  Whilst entertainment is still one of the top fifteen applications, virtual 

prototyping has moved rapidly to become the most widely used application, followed 

by various training and research applications.  The top fifteen applications are listed in 

Table 8-4 below. 

Table 8-4 - Top VR applications by number of users 

Top 15 VR Applications by Number of Users 

Rank Sector Application Users 

1 I&B Virtual Prototyping 540 

2 D&G Military Training 450 

3 D&G Visualisation & Simulation 410 

4 M&S Postgraduate Education 400 

5 D&G Military 380 

6 D&E Architecture 340 

7 M&S Undergraduate Education 320 

8 I&B Design Evaluation 310 

9 I&B Software 310 

10 M&S Medical Training 300 

11 I&B Aerospace 300 

12 I&B Trade Shows 300 

13 I&B Collaborative Work 280 

14 D&E Vehicle Operation 250 

15 Entertainment Game development 250 
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8.2.3 Market Sector Growth 

All sectors will experience continued growth over the next five years (Arrington & 

Staples, 2000).  The growth of the individual market sectors is illustrated in Table 8-5 

and Figure 8-3. 

Table 8-5 - Market sector growth 

VR Market Sector Growth ($ Billions) 

Sector 2000 2001 2002 2003 2004 2005 

D&G 5.26 8.13 10.29 12.30 14.05 15.50 

D&E 1.30 2.00 2.51 2.98 3.41 3.76 

I&B 0.69 1.20 1.70 2.18 2.70 3.20 

M&S 0.84 1.29 1.62 1.92 2.18 2.40 

  

Figure 8-3 - Market sector growth 
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8.2.4 Market Share 

Despite continued funding difficulties, D&G will remain the largest overall market 

contributor.  Today the segment contributes to about 65% of VR market revenue.  By 

2005, D&G contribution is expected to decline to about 62.4%. 

 

The I&B sector is expected to expand from 8.6% of the market share in 2000, to 

12.9% of the market by the end of 2005.  The demand for enterprise visualisation has 

begun and will expand as companies test concepts such as ‘e-business’ and enterprise 

information management. 
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The D&E sector currently accounts for an estimated 16% of VR market revenue and 

will decline slightly to about 15.1% by 2005.  The M&S sector contributes to 10.4% 

of VR market revenues and this is also expected to decline slightly to 9.6% by the end 

of 2005. 

Table 8-6 – VR market share 

VR Market Share (%) 

Sector 2000 2005 

D&G 65.0 62.4 

D&E 16.0 15.1 

I&B 8.6 12.9 

M&S 10.4 9.6 

 

Figure 8-4 - VR market share 
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8.2.5 Defence & Government 

The D&G sector of the VR market is both growing and evolving.  More and more 

D&G agencies are using VR technologies to accomplish training, research, 

engineering and administration goals.  At the same time these agencies are using the 

cost-effectiveness of the NT platform to move these applications out to a wider user 

base. 

 

The D&G sector is a broad one incorporating many government sectors but is 

generally dominated by Military applications.  Undoubtedly, government and 

government-sponsored research and development have been the primary drivers of 

VR technology. 

 

21/01/04 84 UNott

   



Chapter 8  Contract N. IST-2000-26089

 

Though the growth in D&G is now slowing down, annual increases in market size 

will continue to be strong well into the next decade.  (Arrington & Staples, 2000) 

estimate that the total size of the D&G sector, at present, is in the region of $5.3 

billion and will climb to almost $15,5 billion by the end of 2005, as shown in Table 

8-7 and Figure 8-5 below. 

Table 8-7 – D&G sector size 

Total D&G Sector Size 

Year 2000 2001 2002 2003 2004 2005 

Market ($ Billions) 5.26 8.13 10.29 12.30 14.05 15.5 

Growth (%) 51 55 27 20 14 10 

Figure 8-5 – D&G sector size 
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There is a wide range of users of VR technology within the D&G sector.  The 

following table (Table 8-8) details some of the key areas that currently have a 

requirement for visualisation and simulation applications. 

Table 8-8 - D&G user areas 

Top D&G User Areas 
Area Primary Use 

Military 

Vehicle simulation, combat training, 
situation analysis, command and 

control, R&D and prototype 
simulation, failure analysis 

Research & Administration 
Data visualisation, scientific research 

and visualisation, specialised 
applications 

Civil Aviation 

Vehicle simulation, training, situation 
analysis, command and control, 

R&D prototype simulation, failure 
analysis 

Civil Services Vehicle simulation, training, data 
visualisation, forensics, R&D 

Other Agencies Data Visualisation, situation 
analysis, specialised applications 

8.2.5.1 D&G Market Drivers 

The primary accelerators and inhibitors influencing the D&G sector over the next five 

years are as follows: 
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Accelerators: 

• inexpensive but powerful NT technology is allowing wider deployment of 

applications; 

• established technologies and methods for using VR are now easing development 

in new areas; 

• new advanced software tools as well as off-the-shelf applications are making the 

deployment of these technologies simpler within the sector. 

Inhibitors: 

• defence cutbacks limit funding for new projects; 

• many military sector applications still require specialised computing and display 

hardware. 

8.2.6 Design & Engineering 

The D&E sector of the VR market is still growing (Arrington & Staples, 2000).  

Lower cost and faster hardware, such as the latest generation of NT-based 

workstations, have enabled D&E sector companies to deploy to a much wider base of 

engineers to help them accomplish their tasks. 

 

Whilst workgroup collaboration is enabled by specialised computing hardware, 

immersive display and presentation environments, individual use of VR applications 

is enabled on the desktop by declining hardware prices and increased computing and 

graphics capabilities. 

 

The D&E has always been a major contributor to the VR market and the growth of the 

sector nearly mirrors that of the D&G sector (Arrington & Staples, 2000).  As with 

D&G, acceptance of NT has resulted in strong growth over the past few years and 

continue to drive strong growth for the next few years. 
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Arrington & Staples (2000) estimate that the total size of the D&E sector, at present, 

is in the region of $1.3 billion and will climb to almost $3.8 billion by the end of 

2005, as shown in Table 8-9 and Figure 8-6 below. 

 

Table 8-9 - D&E sector size 

Total D&E Sector Size 

Year 2000 2001 2002 2003 2004 2005 

Market ($ Billions) 1.30 2.00 2.51 2.98 3.41 3.76 

Growth (%) 49 54 26 19 14 10 

 

Figure 8-6 – D&E sector size 
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There is a wide range of users of VR technology within the D&E sector.  The 

following table (Table 8-10) details some of the key areas that currently have a 

requirement for visualisation and simulation applications. 

Table 8-10 – D&E user areas 

Top D&E User Areas 

Area Primary Use 

Aerospace 

Automotive 

Other Vehicular 

Other Manufacturing 

Other Structural 

Design and prototyping, testing and 
analysis, manufacturing, process 
simulation, failure analysis 

8.2.6.1 D&E Market Drivers 

The primary accelerators and inhibitors influencing the D&E sector over the next five 

years are as follows: 
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Accelerators: 

• growing push to use VR to enhance most D&E sector processes and applications; 

• lower cost hardware and software deployed to more engineer desktops; 

• improving technologies for virtual prototyping, structural and materials analysis, 

dynamics and simulation. 

Inhibitors: 

• large percentage of overall D&E marketplace is still using 2D design tools; 

• there is still resistance to VR and many users have difficulty visualising in VR; 

• costs of VR hardware and applications are still prohibitive for mainstream D&E 

deployment. 

 

8.2.7 Industry & Business 

The I&B sector of the VR market is the most rapidly growing sector (Arrington & 

Staples, 2000).  As with the rest of the market, lower cost hardware such as NT-based 

workstations, have enabled I&B sector companies to deploy new applications to a 

much wider base of users over the past few years. 

 

Over the next few years it is expected that additional high growth areas will emerge 

within the I&B sector as companies identify and exploit new opportunities for 

simulation and visualisation. 

 

The I&B sector (with the exception of the oil, gas and mineral areas) is a relative 

newcomer to the VR marketplace, with areas such as financial services and enterprise 

visualisation developing at a considerable rate. 

 

Driven by a greater need to analyse the ever-growing volumes of data (from sales 

forces, manufacturing, and product development teams, e-commerce and retail 

outlets, and other sources), companies within this sector are beginning to find 

visualisation an extremely valuable tool. 
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Arrington & Staples (2000) estimate that the total size of the I&B sector, at present, is 

in the region of $693 million and will grow rapidly to almost $3.2 billion by the end 

of 2005, as shown in Table 8-11 and Figure 8-7 below. 

Table 8-11 – I&B sector size 

Total I&B Sector Size 

Year 2000 2001 2002 2003 2004 2005 

Market ($ Billions) 0.69 1.20 1.67 2.18 2.70 3.20 

Growth (%) 72 73 40 30 24 19 

 

Figure 8-7 - I&B sector size 
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There is a wide range of users of VR technology within the I&B sector.  The 

following table (Table 8-12) details some of the key areas that currently have a 

requirement for visualisation and simulation applications. 

Table 8-12 - I&B user areas 

Top I&B User Areas 

Area Primary Use 

Oil, Gas, Minerals 

Exploratory visualisation, process 
simulation, control and feedback, 
data visualisation, reservoir 
simulation 

Financial Data visualisation, market analysis 
and decision analysis, client services 

Enterprise Visualisation Data visualisation, business planning 
and decision analysis 

Other I&B 
Data visualisation, business planning 
and decision analysis, specialised 
applications. 

8.2.7.1 I&B Market Drivers 

The primary accelerators and inhibitors influencing the I&B sector over the next five 

years are as follows: 

Accelerators: 
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• growing requirement to analyse massive data sets to make business decisions; 

• lower cost hardware and more off-the-shelf visualisation products; 

• rapidly emerging and growing I&B areas such as e-commerce and other 

enterprise-related visualisation applications. 

Inhibitors: 

• relative inexperience of most I&B areas with VR technologies and techniques; 

• costs of both hardware and software are still high for many business applications. 

 

8.2.8 Medical & Scientific 

The M&S sector of the VR market has also been affected by lower-cost hardware, 

such as NT-based workstations.  Though the M&S sector is not as dynamic as the 

other VR sectors, it too has seen rapid growth over the last few years (Arrington & 

Staples, 2000).  In particular, non-research tasks for simulation and visualisation, such 

as medical training, have begun to be exploited on a much wider scale.  

 

Arrington & Staples (2000) estimate that the total size of the M&S sector, at present, 

is in the region of $844 million and will grow rapidly to almost $2.4 billion by the end 

of 2005, as shown in Table 8-13 and Figure 8-8 below. 

Table 8-13 M&S sector size 

Total M&S Sector Size 

Year 2000 2001 2002 2003 2004 2005 

Market ($ Billions) 0.84 1.29 1.62 1.92 2.18 2.38 

Growth (%) 50 53 25 18 13 9 
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Figure 8-8 - M&S sector size 
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There is a wide range of users of VR technology within the M&S sector.  The 

following table (Table 8-14) details some of the key areas that currently have a 

requirement for visualisation and simulation applications. 

Table 8-14 M&S user areas 

Top M&S User Areas 

Area Primary Use 

Scientific Research 
Simulation and visualisation of 
various phenomenon, large data set 
visualisation, presentations 

Medical Research 

Simulation and visualisation of 
chemical and biological processes, 
large data set visualisation, 
presentations 

Medical Diagnosis & Training Medical imaging, procedure 
simulation, data visualisation 

8.2.8.1 M&S Market Drivers 

The primary accelerators and inhibitors influencing the M&S sector over the next five 

years are as follows: 

Accelerators: 

• medical training using VR is effective and increasingly affordable; 

• more cost-effective hardware and software are enabling wider deployment across 

M&S sectors. 

Inhibitors: 

• visualisation still requires specialised costly hardware and software. 

 

8.2.9 Hardware, Software & Services 
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At present hardware continues to remain the greatest contributor to VR market 

revenues, accounting for 57% of the total (Arrington & Staples, 2000).  Services and 

software make up a much smaller portion of the total with 22% and 21% respectively. 

 

Within the VR market as a whole, these proportions are expected to remain relatively 

constant over the next five years (Arrington & Staples, 2000).  Despite the 

deployment of lower-cost NT systems, hardware costs for VR remain quite high, 

especially within the D&G, D&E and M&S sectors.  Hardware is expected to decline 

to about 56% of total market revenues between 2000 and 2005 whilst software is 

expected to increase slightly, by 1%, over the next five years (Arrington & Staples, 

2000). 

Table 8-15 - VR market product growth 

VR Market Product Growth ($ Billions) 

 2000 2001 2002 2003 2004 2005 

Software 0.93 1.44 1.81 2.15 2.45 2.69 

Hardware 3.11 4.82 6.10 7.30 8.35 9.22 

Services 1.21 1.88 2.38 2.85 3.26 3.59 

 

Figure 8-9 - VR market product growth 
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Demand is growing for generalised visualisation products within the wider VR market 

and as these products are absorbed into general applications for enterprise business, 

engineering, etc, this further fuels an explosion in visualisation usage (Arrington & 

Staples, 2000).  In addition, stand-alone visualisation applications will diminish 

within the wider VR market (although there will always be a place for bespoke 

systems in specialised applications). 
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In all, the overall outlook for the VR market is extremely positive for all sectors and 

will continue to provide an attractive target for those providers who are able to move 

with the agility required to address the changing dynamics of their market sectors and 

user needs (Arrington & Staples, 2000). 

 

8.2.10 Technology Trends 

The most important technology trends within the VR market are increasing power and 

decreasing price of hardware for simulation and visualisation.  Though this trend 

exists in all technology markets, it is especially pronounced in the VR market because 

hardware prices have traditionally been prohibitively high for all but larger and better 

funded establishments (Arrington & Staples, 2000). 

 

A key element in keeping the costs for VR systems high, has been the demand for 

custom-designed, low-volume systems within the D&G, D&E market sectors.  

Traditional budgets for these high-end VR systems has diminished considerably and 

this has led to the acceptance of, and even a preference for, less expensive 

standardised systems. 

 

Systems, such as Windows NT-based workstations, have evolved considerably over 

the past few years and enjoy economies of scale in many other markets.  NT-

workstations are now the primary platform for 3D visualisation and simulation 

although there is still a requirement for more powerful UNIX based computing 

hardware.  However, the NT platform is cost-effective, powerful, and quite capable of 

handling the needs of many VR applications.  Table 8-16 below shows the number of 

users and the systems they operate on. 

Table 8-16 – Operating systems used in VR 

Operating Systems Used in VR 

Operating System Users % of Total 

Windows NT 2535 28.4 

IRIX 2064 23.2 

Windows95/98 1699 19.1 

LINUX 627 7.0 

HP UNIX 601 6.7 

Solaris 418 4.7 

Other UNIX 418 4.7 
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Macintosh 314 3.5 

Other 235 2.6 

TOTAL 8911 100 

 

With the introduction of Windows 2000 as a ‘standard’ platform for business 

computing, there exists the opportunity for a renaissance in the field of enterprise 

visualisation (Arrington & Staples, 2000).  Windows 2000, like NT before it, offers 

the stability and reliability required for VR applications.  Moving forward, VR 

techniques will be an essential tool for data visualisation and decision analysis, 

especially as companies begin to tap into the huge data resources by networked and 

automated information systems. 

 

8.2.11 General Market Drivers 

In general, the following accelerators and inhibitors will influence the VR market 

over the next five years: 

Accelerators: 

• lower cost, more powerful hardware for VR applications; 

• componentisation and production of software tools; 

• growing demand for tools to effectively display and allow analysis of complex 

data sets; 

• emergence and evolution of large, new market sectors such as enterprise 

visualisation. 

Inhibitors: 

• the use of VR systems remains a complex task beyond the grasp of many 

professional users; 

• VR hardware and applications are still expensive, unacceptably so for use in most 

tasks for which there is a substitute. 

 

8.2.12 Market Opportunities 

One of the most important changes within the VR marketplace in recent years has 

been the migration of applications for visualisation and simulation out of the labs and 

onto the desktop due to rapidly declining hardware prices and established technology 
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(Arrington & Staples, 2000).  Increasingly, niche markets are finding their own needs 

for VR and are beginning to build and deploy applications specific to their particular 

requirements. 

 

Delaney (1999) states a number of opportunities where particular market areas might 

be improved or exploited in the future.  As CIS argue, within the highly competitive 

VR marketplace, knowledge about and correcting potential problems and exploiting 

new areas might well change a company’s prospects.  Summaries for each of the 

opportunity areas are presented below: 

 

• VR systems – reliability, cost and ease of use are key factors in complete VR 

systems.  Vendors seems to be following the ‘Microsoft model’ of system 

development, where “instead of fixing problems and reducing cost, they are 

adding useless and unwanted features” (Delaney, 1999). 

 

• Image generators (IGs) – IGs suffer most from a lack of compatibility.  This 

may be related to the poor documentation, and together, these factors affect the 

user’s understanding of these often expensive components.  Reliability is also an 

issue with IGs and again may be related to compatibility. 

 

• Tracking Systems – compatibility is an issue with tracking systems and, in 

addition, tracking system users do not feel well supported in general by the 

systems’ manufacturers. 

 

• Runtime Software – reliability is an issue as is compatibility with third party 

software.  Publishers would be wise to look at the ease of use which presents 

another opportunity for growth. 

 

• Modelling Software – is perceived to cost too much for the value received and 

compatibility is also a key issue.  This is one of the few components in which 

warranty support also seems to be inadequate.  
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• Head-Mounted Display Systems – poor third party software support and poor 

support by the manufacturer’s software is unique to HMDs (Delaney, 1999).  

HMDs also suffer from being hard to program, slow and too expensive. 

 

• Large Screen Displays – these are complicated systems and users would like 

them to be easier to install and use, less expensive and more reliable. 

 

• 3D Input Systems – reliability is again a major concern along with improved 

third party support and documentation. 

 

• Haptic/Force Feedback Systems – haptic and force feedback systems are among 

the most complex components of a VR system and they generally suffer from 

poor reliability.  Software support, ease of use, ease of programming and 

documentation are all key opportunities to be developed and exploited in the 

future. 

 

8.2.13 Market Impact 

Delaney (1999) states that the VR market “has finally taken off” with an estimated 

growth of 35-50% per year over the next several years, however there is a general 

dissatisfaction with systems and components that may limit growth.  In particular, 

modelling software, HMDs, large screen displays, and tracking systems have room for 

improvement (Delaney, 1999). 

 

The impact of the changing VR markets on users within the individual sectors is clear.  

Ever increasing users will receive greater benefits at lower costs than before.  

Appropriately applied VR techniques can save money and time as well as lead to 

more accurate business, engineering and training decisions. 

 

The impact on companies serving these markets is less defined.  Hardware companies 

such as workstation vendors and suppliers of graphics accelerators have the 

opportunity to deliver more powerful hardware to an ever-increasing user base.  

However, this will only be achieved if prices continue to decrease (Arrington & 

Staples, 2000). 
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The VR market demands lower cost hardware to continue its growth and that means 

that suppliers must find the methods to deliver that hardware whilst still making a 

profit.  VR systems are not the only driving factor as CAD/CAM, 3D animation, and 

other professional graphics markets all follow this trend (Arrington & Staples, 2000). 

 

For software providers, the situation is more difficult.  For years, providers of general-

purpose application creation toolkits have supplemented their income with revenue 

from services.  In the meantime boutique software suppliers have capitalised on 

serving a specific need (for example, terrain creation) and providing the best tools for 

the task (Arrington & Staples, 2000). 

 

In the future as the VR market approaches something like a ‘professional mass-

market’ scale, these vendors can look forward to an increased demand for 

standardised, off-the-shelf products (Arrington & Staples, 2000).  In this environment, 

boutique players may continue to do well but general application companies, as 

foreshadowed by acquisitions over the past few years, may best benefit by teaming 

with an existing force within a particular market sector (Arrington & Staples, 2000). 

 

Virtual prototyping and training of all kinds will continue to be key VR applications 

in the foreseeable future and medical training seems to be particularly well poised to 

take off (Delaney, 1999).  There is a great opportunity in the development of 

applications for business services such as data mining/visualisation and Internet 

navigation (Delaney, 1999).  

 

There will always be a need for service providers and these companies will have an 

ever growing customer base in the future, although per-client revenues will decline as 

service providers move beyond their small base of high-dollar, high-demand clients 

(Delaney, 1999).  The greatest opportunities for the VR Market lie “in upgrading 

services and system quality, assuring and delivering improved reliability in software, 

hardware, and integrated systems.  Also companies that are able to lower their pricing 

profitably should have the ability to greatly increase their market share in almost 

every component” (Delaney, 1999). 
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8.3 Cost effectiveness 

This report summarises the characteristics of the existing VEs, concentrating mainly 

on the users’ and evaluators’ thoughts about the use of such systems in relation to 

their technical characteristics, as well as their cost. Furthermore, the information 

presented below intends to offer an understanding of the existing in-the-market 

Virtual Reality (VR) systems capabilities and limitations.  

 

 

8.3.1 Methodology of data gathering 

The data of the document has been primarily collected through a questionnaire that 

was distributed by e-mail to the consortium members of the VIEW project. The 

questionnaire was designed as an easy-to-answer tool, in order to get a high response-

rate. The idea was to generate data that could be easily compared.  In addition to the 

questionnaires, a web search was conducted and provided further VR systems data, 

though with limited information about the cost of such systems (although the same 

questionnaire was distributed to such systems developers). This was due to several 

reasons: a) the small number of research institutes that are specialised in the area of 

virtual environment applications, the majority of which are universities, b) the 

confidential nature of the characteristics of many such systems, c) the one-of-a-kind 

nature of many VE applications (customer-based) and d) the fact that several web 

pages refer to the same VE system, thus reducing this way the number of information 

sources. Since VR is a relatively new and rapidly evolving technological area, and not 

many systems exist, this report also includes data from systems of previous (from 

1993).  Undoubtedly many improvements have been made to create the newest VR 

systems. However, the main problems still exist, and impact on the systems output, 

i.e. the result as it is viewed by the end-user. 

 

The data derived from the six returned questionnaires as well as from the literature 

and web searches have been used as a comparison tool, in order to examine the level 

of cost of the systems in relation to their functionalities. 

 

8.3.2 A ‘broad’ VR systems categorisation in terms of cost 

21/01/04 98 UNott

   



Chapter 8  Contract N. IST-2000-26089

 

There are various implementations of VR systems, the most sophisticated and 

expensive being ‘immersive’ systems. When using an immersive VR system, the 

virtual world is viewed through an enclosing binocular headset that may partially or 

fully exclude the user’s view of the real world. Tracking of the motion of the head 

occurs so that the view of the virtual world corresponds to the actual head movements 

executed in the real world by the user. Furthermore, the user has the ability to move 

objects within the VE by moving his/her limbs, in real-time. Tools of various quality 

levels exist, with each one having its own effects on the users. Several user 

evaluations have indicated that the use of low resolution (low-cost) equipment may 

result in unwanted side effects, including visual deficits and the onset of symptoms 

similar to motion sickness. Furthermore, the symptom of discomfort is of great 

concern, due to ocular physiological changes.  

 

There are many types of virtual environment systems. As a cost indication example, 

the CAVE type systems have been used. VR systems are thus divided into three 

categories: low cost, medium cost and high cost systems. The definition of these 

categories is based on the overall research results in the framework of this report. The 

following table indicates the price range for each one of the three systems. 

 

Table 8-17 - Indicative VR systems cost and cost categories 
VR system 

cost 
category 

Cost in Euros 
(indicative values) 

Typical applications 
(indicative) 

Systems 
(examples) 

Characteristics 
(examples) 

Low-cost Up to 250.000  

• Education 
• Industrial training 

and maintenance 
• For home use 
• Participatory 

design 
• Web-based retail 

and transactions 
• PC-based systems 

Single-wall CAVE 
system 
(approximately 
220.000 Euros) 

One screen is used. The wall 
consists of 2 projectors. The wall 
is driven by 2 synchronised high-
end PC-workstations. Also, a 
wireless optical head tracker, a 
magnetic tracker for the hand and 
a pair of interaction devices for 
manual interaction are included. 

Medium-cost 250.000-1.000.000 

Mainly 2D semi-
immersive systems 
for: 

• Health and safety 
effects evaluation 

• Desktop design 
• 2D driving 

simulation 

Two CAVE system 
(approximately 
375.000 Euros) 

Two screens are used. Each wall 
consists of 2 projectors. Each wall 
is driven by 2 synchronised high-
end PC-workstations. Also, 
wireless optical head tracking, 
magnetic tracking for the hand 
and a pair of interaction devices 
for manual interaction are 
included. 
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High-cost Above 1.000.000 

• Immersive 
stereoscopic 
applications (3D) 
for:  

• Architectural 
visualisation 

• Cooperative 
product design  

• High-end medical 
applications 

Six-wall CAVE 
system 
(approximately 1.8-
3 million Euros, 
depending on the 
application), 
‘Lightning system’ 

Six screens are used. Each wall 
consists of 2 projectors, 12 in 
total. Each wall is driven by 2 
synchronised high-end PC-
workstations, 12 in total. Also, 
wireless optical head tracking, 
magnetic tracking for the hand 
and a pair of interaction devices 
for manual interaction are 
included. 

 

The above-mentioned costs include hardware, software and installation costs. Usually, 

these prices also include one-year customer support. According to this table, there is 

not a fixed price that can be assigned to each system type. This is due to the variety of 

equipment that form these systems, the different technical characteristics and quality 

levels that each one satisfies. The variability is due not only to the different purchase 

cost preferences of each customer, but also to the large number of applications that 

can be satisfied with VR systems. Each application requires different planning, 

system components and milestones, both in hardware and software, in order to 

accomplish the specified goals. The remainder of this report studies the performance 

of various VR system elements, as low-performance equipment corresponds to low-

cost systems and vice versa.  

8.3.3  Applications of high-cost VR 

A typical application of high-cost VE systems is the simulation of production 

processes in industry. The timesaving advantages of the use of VE systems are of 

main importance to industry.  A car manufacturing company has stated that building a 

hard prototype takes about 2-3 months, whereas visualising the same model in a VE 

system could be realised within one day only! The results of visualising vehicles or 

vehicle components can be shown in scale 1:1. The following pictures show 

simulations of a production process in the automotive industry, which allows checks 

for layout efficiency, correctness of robot programming, robot reach, clearances, 

interferences, collision events and other issues. 

21/01/04 100 UNott

   



Chapter 8  Contract N. IST-2000-26089

 

Figure 8-10 - A typical high-end production process application 

  
 

Figure 8-11 involves viewing a concept car in immersive VR using a CAVE 

environment. 

 

Figure 8-11 - A typical high-end application using a CAVE environment 

 

8.3.4 Mean-cost VR 

The second type of VR implementation is known as desktop VR. This is a less 

immersive system but has the advantage of being cheaper to implement at a basic 

level. Using this type of VR the virtual environment is viewed using a VDU, the 

monitor acting as if it was a window into the virtual world. The greater the sense of 

presence provided to the user, the greater the ability of the system to focus his/her 

attention, without distraction, on the information to be dealt with.  

 

An example of virtual prototyping of automotive interiors with a mean-cost system is 

shown in the following picture (Figure 8-12).  
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Figure 8-12 - Mean-cost VR system application: Interaction with actual seat 

 
A person, placed in a seating buck is immersed in the virtual interior and can study 

the design and interact with the virtual car. The seating buck provides the essential 

physical elements such as the seat, the steering wheel, foot pedals and stick shift. 

Additionally, an immersive display device presents the virtual interior at a calibrated 

location: 

 

Figure 8-13 - Virtual car interior image 

 

8.3.5 Low-cost VR 

Those displays at the cheaper end of the market use low resolution Liquid Crystal 

Displays (LCDs), which have poor contrast and low levels of illumination.  The use of 

the HMD degrades the visual experience and provides a very unnatural visual 

environment for the user. Inexpensive HMDs using LCD technology have resolutions 

in the order of 500 x 250 pixels giving a total of 125,000 pixels over the whole 

display area, which is a very poor resolution. However, there are expensive high 

quality HMDs available in the market that avoid the above-mentioned problems. This 

is one of the tools of a VR system for which due to the large range of quality output, a 

big variation in the price of the systems exists.  

 

The low-cost HMDs are used in the partial immersion rather than the total immersion 

of the high-cost systems. The most common areas that such HMDs are used in the 
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training and maintenance applications, where the headsets may be used in a ‘see-

through’ mode during which the operator can view the virtual world superimposed 

upon the real world. 

 

In a further web search (Levin and Mourant) it was found that in low-cost virtual 

environment applications, there is a trade-off between the quality of the graphic image 

and the speed at which the application runs. In driving simulation, the content and 

quality of the visual image are particularly important, suggesting that there are limits 

to the degree to which they can be reduced. A VR driving simulator was used to 

investigate the effects of visual display parameters on driver performance and 

perception. Subjects answered questionnaires designed to evaluate their perception of 

the realism of the simulator and the sense of immersion in the VE, after they drove the 

simulator. The results confirm previous work on the beneficial effects of road side 

delineation poles on driving performance. They also suggest the importance of lag in 

the perception of driving activities and immersion, and the importance of shaded 

images in actual driving task performance.  

 

An additional issue to be taken into account, is the VR systems designed for home 

use. Rapid advances in PC technology have combined with decreased costs to 

produce low-end VR systems available for home use. However, users that interacted 

with such systems for 20 minutes (Vaden et al.), reported that discomfort and heat 

were associated with the area where the front pad of the HMD rests, on the forehead. 

Participants also reported discordances for lag and accuracy between head movement 

and visual display dynamics. Thus, the low-prices of home systems are strongly 

connected with the low-end effects. 

 

However, there are low-cost PC-based VR systems designed to provide improved 

functionality, such as the VR operator training simulator prototype for power utility 

personnel, developed within the framework of ESCOPE-VR (Tam et al., 1997). The 

aim of PC-ESCOPE-VR was to provide a system with equal or higher performance 

than the original one, with a 3-D visual interface, voice recognition and feedback, 

navigation and manipulation facilities as well as multimedia and multi-user support. 
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A typical low-cost VR system application is education. An indicative price of such a 

system is 2.000 Euro for the software and 8.000 Euro for the hardware components. 

8.3.6 After-sales support and training 

The virtual world does not present any limitations due to the constraints of the real 

world. However, the perception and the acceptance of VR applications depend 

strongly on the users familiarity with the implemented interaction techniques. Getting 

lost in the virtual world because of a more or less exotic response to user interaction is 

a common problem in many VR applications. For this reason, VR systems purchasing 

cost usually includes several-days training for the customer or generally the users.  

 

There is no common input device for haptic feedback like the mouse, but a broad 

range of special sensors exist, for example, input devices with or without buttons, and 

gloves, bodysuits, eyetrackers; all available at different prices.  A very important field 

in user interaction is navigation in virtual world. The necessity for different types of 

navigation increases with the complexity of the virtual environment, unless a system 

is designed for training purposes. As in the real world, guiding the user through the 

information space is the basis for successful navigation. This guidance can passively 

show the parallel layers of information available, or actively push and pull the user, 

who is in this case more like a passive user.  Training users to interact or work with 

the VE usually only takes a few minutes for simple interactions with low-cost 

systems, but can take several days for complex industrial applications. 

8.3.7 Conclusions 

As a concluding remark, it should be pointed out that the application for which a VR 

system is required defines the cost of the system itself. Different applications require 

different software and hardware technology. It has been proven that high–end systems 

present disadvantages as well in that such systems require high-quality training which 

is time and money consuming. Also, immersive systems have raised health concerns 

for the users. For this reason a professional advice is needed prior to the design and 

development of a VR system, as investment cost might be high. For example, an 

object representation may be of high or low quality. The pictures below, show high 

and reduced polygon counts of a steering wheel, for high quality rendering (left) and 

acceptable quality rendering (right). 
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Figure 8-14 - High and reduced polygon counts for high and acceptable renderings 

   
Since an important factor for successful navigation in a virtual environment is the 

training of the users, an idea would be to involve the recreation of the VE in low-cost 

PCs, reducing the cost of the VR software. In general, the accurateness and reliability 

of high-end multiprocessor machines is better than the PC-based end, whereas 

flexibility, saleability and ease of use is much better at the PC-based end of the 

hardware spectrum. Of course, high-end systems show a significant increase in the 

price than the low-end ones. Cost savings are more significant when low-cost systems 

are used and get smaller in high-cost VEs. Finally, experts in this area suggest that 

research is important in order to identify if a task can be conducted more efficiently 

with a VE, than without. 
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Chapter 9 -  Guidelines 
One of the goals of the VIEW Project is to develop design guidelines for the 

specification, development and use of Virtual Environment (VE) applications in 

general, as well as for workplace-oriented applications. Furthermore, these guidelines 

will be integrated into an interactive design support tool that will offer design 

guidance and assistance to VE developers. The tool will integrate the knowledge 

developed by the project (guidelines, code of good practice, best use guidance, 

examples, etc.) and provide it to the VE developer in an appropriate way and format.  

In this context, a systematic review and investigation of existing collections of design 

guidelines for VEs and applications was conducted. The aim of this review was to 

determine the types and volume of already existing guideline collections that have 

some relevance to the VIEW Project. Additional aims were to identify the background 

and validity of these guidelines in an effort to avoid “re-inventing the wheel”, and 

also to identify gaps and potential needs and acquire a better understanding of the 

specific domain. Another useful outcome of the review and analysis of existing 

guidelines was the provision of preliminary requirements and ideas regarding the 

framework and functionality of the interactive design support tool to be created. 

9.1 Overview of the collected material 

As could be expected, the currently available guideline collections on VEs turned out 

to be quite few. For this reason we decided to use a less restrictive definition of the 

term “guideline” and to extend our data collection towards any type of publication 

from which design knowledge or guidance for the design of VE applications could be 

extracted. For this reason, this overview is divided into two sub-sections: 

1. Guideline Collections: This section is comprised of documents that can be 

primarily qualified as collections of VE guidelines. 

2. Design Knowledge / Guidance Documents: This section includes documents 

containing design knowledge, from which guidelines can be extracted on the 

basis of research and best practice descriptions. 

 

9.1.1 Guideline Collections 
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In general, in the domain of VE design and development, guidelines originate from 

three major sources. Most guideline collections come from academia or collaborative 

research projects, while there is only one currently known example coming from the 

industry sector. This is IBM’s “RealPlaces Design Guide” (IBM, 2000); a collection 

of guidelines presenting some of the key concepts and elements for use in building a 

3D user environment that supports workplace applications for enterprises/ businesses. 

IBM’s guidelines mainly aim at enhancing the productivity of VE applications 

through improvements on the design of the virtual world, on navigation approaches, 

and on object interaction. 

From academia, the only currently available examples of collections of 

guidelines are included in post-graduate theses, such as in (Kaur, 1998) and (Gabbard, 

1997). The two authors follow very different approaches.  Kaur (Kaur, 1998), using 

interaction modelling as a theoretical base, develops “new” user interface design 

guidelines for virtual environments (VEs) and a prototype hypertext-based tool to 

present the guidelines to designers. On the other hand, while not attempting to create 

any new guidelines, Gabbard (1997), based on a scientific, structured approach, aims 

to develop in detail a multi-dimensional taxonomy of usability characteristics of VEs, 

which could serve as a foundation for evolving high-impact usability methods for the 

future development of VEs. 

An interesting collection of guidelines was produced by the research project 

COVEN (COVEN, 1997), which focused on providing guidelines for developing 

Collaborative Virtual Environments (CVEs). The COVEN guidelines were based on 

the experience gained from demonstrator applications that were developed during the 

project, and are divided into four categories, namely guidelines for the decision 

maker, the designer, the developer and the modeller. For each of the above categories 

the following types of guidelines are provided: (i) for the decision maker, guidelines 

about which tasks are suited for CVEs, cost-benefit data as well as success and failure 

factors of CVEs; (ii) for the designer, guidelines about what a user sees in a CVE, 

how a user learns and how a CVE can be made usable; (iii) for the developer, 

guidelines about visualization and interactive behaviour issues, as well as about 

resource management and collaborative issues (such as mutual awareness, 

communication, roles and rights, etc.); finally (iv) for the modeler, guidelines about 

the development of the CVE content (architecture and objects). 
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In addition to the aforementioned guidelines collection, the COVEN Project 

has also developed a “design guide” (COVEN, 1999) for the usability design of 

CVEs. This guide is in a textbook format, but at the end of each section includes a 

few guidelines that briefly summarise the section’s contents. 

A small collection of guidelines, limited to the issue of navigation in unfamiliar, 

large-scale virtual environments is presented in Vinson (1999). The guidelines 

presented focus on the design and placement of landmarks in virtual environments 

and are primarily based on the extensive empirical literature on real world navigation. 

A rationale for this approach is provided by the similarities between navigational 

behavior in real and virtual environments. 

 

9.1.2 Design Knowledge / Guidance Documents 

As mentioned before, apart from the (very few) documents that can be characterized 

as collections of guidelines for developing virtual environments, there are several 

publications, most of which are research papers including (explicitly or implicitly) 

some kind of design knowledge or offering, to a certain extent, design guidance for 

development of some part of a virtual environment. These documents can be 

classified as follows: 

9.1.2.1 General VE design knowledge / guidance documents 

These documents aim at providing general design knowledge or guidance about the 

whole process of developing virtual environments, but also about new methodologies 

or frameworks. They tend to cover many different design/development issues and 

they usually offer knowledge that is not tightly linked to a specific context or 

application.  

In the chapter titled “Structured development of virtual environments”, of K. 

Stanney’s book “The Handbook of VEs” (Wilson, Eastgate, and D’Cruz, 2001), a 

process for developing VEs, named VEDS (Virtual Environment Development 

Structure) is presented. The process has been based on the authors’ on-going research 

since 1993. VEDS considers the overall development process, which expands into the 

major stages of analysis, specification and storyboarding, building VEs, enhancing 

user performance, presence and interactivity, usability and evaluation.   
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An analogous approach is followed by (Gabbard, Hix, Swan, 1999). The 

authors present a structured, iterative, methodology for ensuring the usability of 

virtual environments, based on the principles and process of user-centered design and 

evaluation. The methodology has been applied to (and evaluated during) the 

development of a real-world visualization VE. 

Except for knowledge about the design development of a VE, some authors 

also provide design knowledge for the development of software on which the VE will 

run. For example, (Hubbold, Murta, West, and Howard, 1995) present a number of 

design issues for virtual reality systems central to the design of software architecture 

for a distributed, generic, virtual reality system; additionally, they present the way 

these issues were addressed in the design of a generic VR system called AVIARY. 

9.1.2.2 Focused VE design knowledge / guidance documents 

Guidance documents, instead of providing generalised design knowledge, focus either 

on a specific VE development topic or an application. Thus, there are two types of 

such documents: 

a) Topic-specific: they tackle design and/or implementation issues about a specific 

topic of developing a VE, for example navigation, wayfinding, virtual space 

design, etc.,  

b) Application-specific: they include design knowledge / guidance for designing VEs 

(or parts of them) for a specific application, such as training applications, medical 

applications, visualization applications, battlefield simulations, etc. 

Some representative examples of the first category (topic-specific) are the 

following: 

A popular topic is the design of the virtual architectural environment. In this 

area, a paper by Ingram, Benford & Bowers (1996) investigated the way that theories 

developed by urban planners, on how urban design affects people’s experiences of 

real-world cities, could be applied to the design of virtual environments. The paper 

presents and compares two pieces of research, each proposing algorithms for 

automatically enhancing or generating virtual environments and each inspired by a 

different theory of urban design. The first study is on the legibility of cities and can be 

applied to improve the navigability of three-dimensional information visualizations, 

while the second study describes how work on the social logic of space can be applied 
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to the construction of multi-user virtual cities. Another paper concerned with the 

architectural aspects of virtual environment design (Charitos, 1997) aimed to develop 

an architectural way of thinking about designing space in a virtual environment, in 

order to inform human wayfinding behaviour. In the paper several generic objects and 

spatial elements that a virtual environment consists of are suggested, their spatial 

significance and formal characteristics identified, and the way that these affect human 

wayfinding behaviour was considered.  

Another topic covered by several sources is the interaction with or within VEs. 

For example, Wloka (1995) investigated the topic of interacting with Virtual Reality 

and defines the three features that characterize virtual reality applications: immersion, 

rich interaction and presence. Some of the issues to achieve them are discussed, in 

particular multiple inputs and outputs, multiple participants, dynamic virtual worlds, 

user interface paradigms and performance. In their paper about hand gesturing and 

voice input (Weimer, Ganapathy, 1989) focus on the development of synthetic 

environment interaction techniques, as a vehicle for experimenting with more natural 

3D interfaces. The paper investigates the combination of hand gesturing and speech 

input. Voice is used for navigating through commands, while hand gestures provide 

“shape” information. The driving application is a 3D modelling system for free-form 

surfaces. 

The human psychology in Virtual Environments is investigated in Travis, 

Watson, and Atyeo (1994). The paper addresses the tasks for which Virtual 

Environments are suited, i.e., the tasks users must perform and how VEs may help. It 

also concentrates on user capabilities within the context of the hardware and software 

constraints, and considers the usability targets that should be met. Focusing on 

another relevant subject Wickens and Baker (1995) present the cognitive issues of 

Virtual Reality, i.e. those issues that are involved in knowing and understanding the 

virtual environment. The authors are concerned about both short term (e.g., Where am 

I now? Where do I go?) and long term (e.g., What can I do and learn from the 

environment as I see and explore it?) knowledge. This document also includes three 

human factors principles that can both help performance and facilitate learning in a 

VE. These principles are: consistency, redundancy and visual momentum. 

Another topic is VE technology. The book entitled “Virtual Environments and 

Advanced Interface Design” (Barfield, Furness, 1995), focuses on the technologies 
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that are used to present visual, auditory, and tactile and kinesthetic information to 

participants in virtual environments. Although the term “interface design” is included 

in the title the book is highly technology-oriented while the actual design knowledge 

included in it is rather limited.  

Representative guidance documents included in the second category 

(application-specific) are the following: 

A technical report by the Cooperative Systems Engineering Group of the 

University of Lancaster (Benford, Snowdon, Colebourne, O’Brien and Rodden, 1997) 

addresses the design of Collaborative Virtual Environments (CVEs). More 

specifically, it considers key design issues concerning the use of either real world 

representations or more abstract means of delivering CVEs. Their focus is on the 

development of practical spaces designed for particular purposes, the design of which 

is informed by real world practices rather than by in-principle theoretical 

considerations. A case study of a virtual document archive is presented. 

In her Ph.D thesis, D’Cruz (D’Cruz, 1999) presents a framework to guide the 

development process of VE training (VET) applications. The framework provides an 

overview of the stages to consider in a structured development of an effective VET.  

The main stages of the development process have been termed proposal, specification, 

building and evaluation. Within these stages, appropriate techniques are proposed for 

the development of the application. 

 Two other documents are explicitly concerned with the human factors of 

Virtual Environments, regarding two different application domains: (a) the visual 

analysis of scientific data (Baker, Wickens, 1995), and (b) virtual design 

environments in education (JTAP, 2000). 

 The technical report by Baker and Wickens (1995) explores the human factors 

issues involved in using virtual environments for the analysis of scientific data and 

phenomena. It provides an introduction to the features of virtual reality and the nature 

of scientific data exploration. Then it outlines possible ways to visually represent 

scientific data, and describes the perceptual and cognitive considerations that can be 

significant in creating a virtual world that will effectively depict the researchers’ data. 

Finally the human factors issues related to interacting with a virtual world are 

presented, with emphasis on issues related to navigation and travel within a virtual 
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world as well as on those related to searching for, grasping, and manipulating objects 

in the world. 

 The JTAP Project 305 Report (JTAP, 2000) concentrates on the human factors 

issues of interactive virtual design environments (e.g., CAD tools) for use in higher 

education establishments. Apart from the human factors considerations involved in 

the use of these tools, the report presents the implications that may arise when these 

systems are used in teaching or educational contexts. Additionally, the document 

provides background information about virtual design environments and the related 

technology, and a few example projects involving such environments.  The report also 

includes a few (very high-level) recommendations that stem from its contexts, for 

users of virtual design environments and technology providers. 

 A paper by Hix, Swan, Gabbard, McGee, Durbin, King (1999) suggests a 

structured, iterative approach for the user-centered design and evaluation of real-time 

battlefield visualisation VEs. The approach consists of the iterative use of expert 

heuristic evaluation, followed by formative usability evaluation, followed by 

summative evaluation. The application of this approach to a real-world VE for 

battlefield visualization is described along with the resulting series of design 

iterations, and evidence that this approach provides a cost-effective strategy for 

assessing and iteratively improving user interaction design in VEs. The paper does not 

include any specific guidelines for the design of the VE. 

 In the domain of the medical applications there are two edited books by Akay 

and March (Akay, Marsh, 2001a), (Akay, Marsh, 2001b), the first of which focuses 

on the use of information technologies in medical simulation and education, while the 

second in rehabilitation and treatment. All the design knowledge and guidelines 

presented in these books stem from the experience of the authors in developing and / 

or using the relevant technology and their content ranges from hardware issues to 

human factors and usability. A large number of medical application domains are 

covered. Some domains which are covered are medical education, surgical simulation, 

training and planning, diagnosis support, telemedicine, treatment of anxiety disorders, 

etc. A topic of general interest that is also covered in (Akay, Marsh, 2001b) is that of 

motion sickness in VR. 
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9.2 Critical review and assessment of the collected material 

The main result of the conducted investigation - which was no surprise - was that 

there are no established design guidelines collections for building VE applications, 

that are in any sense similar or analogous to the numerous widely accepted or de facto 

standard guidelines collections that exist for 2D environments, such as (Smith & 

Mosier, 1986), (Open Software Foundation, 1993), (Microsoft, 1995), (Apple 

Computers, 1992), (IBM, 1992), etc.  

Some additional findings are as follows: 

a) the existing collections of guidelines for VEs are very few and almost all of them 

come from post-graduate thesis and research projects; 

b) most of the guidelines seem to be ad hoc or experience-based / “best practice” and 

they are not experimentally assessed, thus rendering their validity questionable; 

c) there are no collections of guidelines that are directly related to the pilot 

applications of the VIEW project; 

d) there are no established interaction techniques and objects for interacting with 

VEs, and consequently no relevant guidelines for the selection, development and 

use of them;  

e) although the guidelines refer to a highly interactive and dynamic technology (VR), 

they always come in a non-interactive and passive format: text and still images 

(either in paper or electronic format). No interactive or dynamic examples are 

provided, not even videos showing, for example, suggested functionality, 

environment structure, etc.    

Finally, a serious shortcoming of the existing material is that, since VR technologies 

(hardware and software) have not yet reached a stable plateau (like for example the 

PC technology did in the mid-90s) but is still rapidly and dramatically changing every 

few months, the content of documents that are referring to VR technologies which are 

three years old or more, tends to become outdated if not obsolete. 

9.3 Scheme used for categorising and describing the sources 
of guidelines 

The scheme used for categorising and describing the sources of guidelines was an 

adaptation of a relevant scheme presented in (Limbourg, Vanderdonckt, 2000). The 
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information collected for each source and an example of a completed form are given 

in Annex C. 

 

21/01/04 114 UNott

   



Chapter 10  Contract N. IST-2000-26089

 

Chapter 10 -  Conclusions  
This report is a compendium of VE concepts, practices, methodologies, systems and 

relevant application guidelines and market data.  A number of conclusions can be 

drawn from this report, that will be used to direct the application development and 

research agenda during the VIEW project.  These conclusions are discussed in 

association with the workpackage objectives below: 

10.1 Conclusions by objective 

Objective 1: To perform market analysis of current systems and establish the 

cost-benefit ratio 

The main sources used to meet this objective were two reviews, from 1999 and 2000, 

of the state of the VR market, as well as partners data on specific VE applications, 

through a relevant cost-efficiency questionnaire.  The main findings of these reviews 

of relevance to VIEW, as presented in this report, are that it is expected that all sectors 

of VE application will experience continued growth over the next five years, with 

predicted key applications being virtual prototyping and training.  General 

accelerators of the VR market are reduced cost, along with increased reliability and 

variety of VR technology and growing demand, but inhibitors are the fact that the use 

of VR technology is still complex, and that although the cost is reducing it is still 

expensive to implement VR in the workplace.   

Whilst the reports reviewed were valuable sources of data, it was not possible to 

produce a quantitative cost-benefit analysis of the impact of the introduction of VR 

into a specific company-based application, due to no appropriate data being available.  

However, this is something that should be possible as part of the VIEW project, and 

will be a useful resource for the VR community in general. 

It is useful to remember that whilst it is vital that the financial impact of the 

introduction of VR technology into a company is assessed, it is important that 

financial implications are not considered in isolation.  It is also important that any VE 

application used by a company has an appropriate level of usability, minimising any 

training requirements and maximising the effectiveness of the application, and does 

not impact on participant health and safety. 
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Objective 2: To perform an initial review of existing and emerging systems and 

applications in the VE area and establish relevant problems and limitations 

This report provides a comprehensive description and discussion of available VR 

technology.  It was discussed early on in the report that the concept of a “VR system” 

that refers to a set of VR display and processing technologies that are delivered as a 

complete package is no longer the most appropriate technology model, although 

typical systems, or collections of technologies, are described.   

During the VIEW project, the use of a number of different peripheral display and 

interaction devices will be investigated in development, laboratory studies and 

fieldwork.  It is important that the appropriate combination of peripheral devices and 

software are selected for each application used within any context, to allow flexibility, 

and ensure that in each case the most suitable device is used for VE navigation and 

interaction.  Therefore this report does not specify a “VIEW system” that will be used 

throughout the research project, but does comment on the technical features and 

possible user issues associated with different peripheral devices. 

When considering VE software, two types of tools have been described.  Modelling 

software describes software that allows the planning and construction of virtual 

worlds and objects within those worlds.  Runtime software displays the VE, and 

supports the peripheral devices being used to navigate and interact with that VE.  It is 

vital that for each application to be developed or implemented, the hardware, software 

and participant requirements are not considered in isolation, as each may impact on 

each other in a multi-factorial way. 

Objective 3: To systematically acquire and cluster knowledge on VE concepts, 

methodologies and guidelines, as a reference point for the project development 

and a thorough state-of-the-art.   

The way in which this final objective was initially achieved was to produce a set of 

definitions of VR-related terminology that could be used by all partners throughout 

the VIEW project.  However, as this exercise was being completed, it became apparent 

that due to a number of factors, it would not be possible to come up with a set of 

definitive terms that could be used at this stage in the project.  This was due to a 

number of reasons, including the relative youth of VR research, the continual and 

rapid development of VR technology, and possibly most interestingly for the VIEW 

project, the differing requirements from terminology from academics and 
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industrialists.  Therefore it is intended that an outcome of the VIEW project will be a 

set of definitions that are appropriate to the needs of all the consortium partners. 

This report also describes the types of interaction concepts that are used when 

interacting with and navigating through VEs.  This is an important area of research 

that is a main theme that will be examined throughout the VIEW project.   

Finally, the current guidance available on the design of VEs is described.  This report 

provides a discussion of the available guidance, but it is clear that whilst some useful 

information is available, the guidance that has been found is often too generic to be 

easily applicable to individual applications, and are often based on experience or “best 

practice”, rather than structured empirical research.  Therefore the production of 

guidance derived from strong experimental research and relevant to VIEW 

applications, that are in a form that can easily be used by VE developers, is an 

extremely valuable deliverable from the VIEW project. 

10.2 Overall Conclusions 

This document provides a resource that will be valuable throughout the remainder of 

the VIEW project.  The objectives of Workpackage 1 have been successfully achieved, 

and have allowed a number of goals for the remainder of the project to be identified: 

• The need to develop a set of consistent definitions that are useful to all 

research and industry-based partners 

• The need to consider the hardware, software and participant requirements 

collectively when developing or implementing VE applications 

• The choice of individual peripheral devices appropriate to each VE 

application, rather than assuming that a standard “VR system” will be 

appropriate for all types of tasks 

• The need to consider how the design of a VE interface and the type of 

interaction device will combine to produce an interaction metaphor, and what 

interaction metaphors are appropriate in what context 

• The need for further research into usability of VEs, to allow a comprehensive 

set of design guidelines relevant to the applications to be examined during the 

VIEW project to be produced 

• The importance of developing a design guidance tool that allows the easy 

interpretation of design guidelines by VE developers 
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• The importance to systematically collect cost–efficiency data on any 

application developed and/or tested within the project 
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Annex A – Suppliers of VE systems and components 
 
Ascension Technology Corporation 
P.O. Box 527, Burlington, VT 05402, USA 
Tel.: +1 (802)893-6657, Fax +1 (802) 893-6659 
http://www.ascension-tech.com/ 
 
BARCO Projection Systems 
Noordlaan 5, 8520 Kuurne, Belgium 
Tel: +32 56 36 82 11, Fax: +32 56 36 84 86 
http://www.barco.com 
 
ELSA AG 
Sonnenweg 11, D-52070 Aachen, Germany 
Tel.: +49-(0)241-606-0, Fax: +49-(0)241-606-1199 
http://www.elsa.de 
 
Ericsson Saab Avionics 
AB, SE-164 84 STOCKHOLM, SWEDEN 
Tel. +46 8 757 30 00, Fax. +46 8 752 81 72 
http://www.esavionics.se/ 
 
EST 
Postfach 1650, 67605 Kaiserslautern, Germany 
Tel.: +49 (0) 631 /  36644-10, Fax: +49 (0) 631 /  36644-11 
http://www.est-kl.com/ 
 
Fakespace 
809 Wellington Street North, Kitchener, Ontario, Canada N2G 4J6  
Tel.: (519) 749-3339, Fax: (519)749-3151  
http://www.pyramidsystems.com/ 
 
Fifth Dimension Technologies 
P.O. Box 5, Persequor Park, 0020, Pretoria, South Africa  
Tel: +27 12 349 2690, Fax:+27 12 349 1404 
http://www.5dt.com/ 
 
Image Guided Technologies, Inc.  
5710-B Flatiron Parkway, Boulder, CO 80301, USA  
Tel.:  +1 (303) 447-0248, Fax: +1 (303) 447-3905 
http://www.imageguided.com/ 
 
Interactive Imaging Systems: http://www.iisvr.com 
 
Intersense 
73 Second Avenue, Burlington, MA 01803 , USA 
Tel.: +1 781 270 0090, Fax: +1 781 229 8995 
http://www.isense.com/ 
 
i-O Display Systems 
1370 Willow Road, Suite 101, Menlo Park, Ca 94025, USA 
Tel.: (01) 650-323-8407, Fax: (01) 650-323-1742 
http://www.i-glasses.com/ 
 
Kaiser Electro-Optics, Inc. 
2752 Loker Ave W, Carlsbad, CA  92008, USA 
Tel.: (760) 438-9255, Fax: (760) 438-6875 
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http://www.keo.com/ 
 
LogiCad3D GmbH 
An der Hartmuehle 8, D-82229 Seefeld, Germany 
Tel.: +49 8152/9919-0, Fax.: +49 8152/9919-50 
http://www.spacemouse.com/ 
 
Magellan: http://www.magellan.com 
 
Mechdyne: http://www.mechdyne.com 
 
MicroOptical Corporation 
33 Southwest Park, Westwood, MA 02090, USA 
Phone: 781-326-8111, Fax: 781-326-4110 
http://www.microopticalcorp.com/ 
 
MicroScribe 
801 Fox Lane, San Jose, CA 95131, USA  
Telephone: +01 408-467-1900, Fax:+01 408-467-1901 
http://www.microscribe.com/ 
 
Microvision, Inc.  
P.O. Box 3008 (mailing), 19910 North Creek Parkway (office), Bothell, WA 98011-3008, USA  
Tel (425) 415-MVIS (6847), Fax (425) 415-6600 
http://www.mvis.com/ 
 
n•vision, inc. 
7915 Jones Branch Drive, Suite 1201, McLean, VA 22102, USA 
Tel.:  703.506.8808 voice, Fax: 703.903.0455 fax 
http://www.nvis.com 
 
Northern Digital Inc. 
103 Randall Dr., Waterloo, Ontario, Canada, N2V 1C5 
Tel.: (519) 884-5142, Fax: (519) 884 5184 
http://www.northern-digital.com/ 
 
Origin Instruments: http://www.orin.com 

Polhemus Incorporated 
1 Hercules Drive, P.O. Box 560, Colchester, VT 05446, USA 
Tel.: +1 802-655-3159, Fax: +1 802-655-1439 
http://www.polhemus.com/ 
 
Prosolvia GmbH 
Tengstraße 9, D-80798 München 
Tel: (0049) 8927-2631-00, Fax: (0049) 8927-2632-00 
http://www.prosolvia.se 
eMail: systems-info@prosolvia.se 
 
Sensable: http://www.sensable.com 
 
Skyex 
1408 Sw 13th Court, Pompano Beach, Florida, 33069, USA 
Tel.: (954) 941-8066, Fax: (954) 941-3426 
http://www.skyex.com/albatech/ 
 
Sony Deutschland GmbH 
Hugo-Eckener-Str. 20, 50829 Köln, Germany 
Tel.: 0221/537-0, Fax: 0221/537-349 
http://www.sony.de/ 
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StereoGraphics Corporation 
2171 E. Francisco Boulevard, San Rafael, CA 94901, USA 
Tel.: 415-459-4500 
Fax.: 415-459-3020 
http://www.StereoGraphics.com 
 
TAN Projektionstechnologie GmbH & Co. KG  
Tiefenbroicher Weg 35/A2, 40472 Düsseldorf, Germany 
Tel.: +49-211-417929-0, Fax: +49-211-417929-5 
http://www.tan.de 
 
Tecnomatix Technologies Inc. 
39810 Grand River Avenue  
Suite 100  
Novi, MI 48375-2108  
USA.  
Tel: (1) 248-471-6140  
Fax: (1) 248-471-6147 
URL: http://www.tecnomatix.com 
 
Tecnomatix GmbH 
Mittlerer Pfad 9 
D-70499 Stuttgart 
Tel: (0049) 711-1389-0 
Fax: (0049) 711-1389-299 
URL: http://www.tecnomatix.com 
 
Tecnomatix GmbH 
Mittlerer Pfad 9, D-70499 Stuttgart 
Tel: (0049) 711-1389-0, Fax: (0049) 711-1389-299 
http://www.tecnomatix.com 
 
Tek Gear, Inc.  
1-90 Market Avenue, Winnipeg, Manitoba R3B 0P3, Canada 
Tel.:.204.988.3000, Fax: 204.988.3050 
http://www.tekgear.ca/ 
 
Trimension: http://www.trimension-inc.com 
 
Unigraphics Solutions GmbH 
Monreposstraße 53, D-71634 Ludwigsburg 
Tel : (0049) 7141-22560, Fax : (0049) 7141-22561-79 
http://www.ugsolutions.de 
eMail : info.de@ugsolutions.com 
 
V-scope: http://www.v-scope.com 
 
Virtex: http://www.virtex.com 
 
Virtual Presence Limited  
The Canvas House, Jubilee Yard, Queen Elizabeth Street, London SE1 2NL, UK 
Tel: 0171 407 4994, Fax: 0171 407 4995 
http://www.vrweb.com 
  
Virtual Reality Technologies GmbH 
Am Bauhof 18, 64807 Dieburg, Germany 
Tel.:  +49 (0) 6071/9858-0, Fax:  +49 (0) 6071/9858-48 
http://www.vrt.de/ 
 
Virtual Research Systems, Inc.  
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2326 Walsh Avenue, Santa Clara, California 95051, USA  
Tel: (408) 748-8712  
http://www.virtualresearch.com/ 
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Annex B – Information gathering proformas 
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Annex C – Scheme for categorising and describing 
the sources of guidelines 

Title: The name of the guideline source (e.g. IBM RealPlaces Design Guide, etc.) 

Reference: The origin of the guideline source (e.g. book, URL, report, etc.) 

Author: The name and affiliation of the person or the organization / company 

introducing the guideline source (e.g. IBM, IAO, etc.) 

Source Type: One of the following types: Standard; PhD Thesis; MSc Thesis; 

Technical Report; Journal Paper; Book; On-Line Document; Conference Publication. 

Peer Reviewed: Have the guidelines presented by this source undergone some kind 

of peer review process? The possible answers were: yes, no, don’t know. 

Publication Date: In Day / Month / Year format (e.g. 5/4/2001), or  “unknown” if the 

date is unknown. 

Number of Guidelines: The approximate number of guidelines in the source. The 

following categories are used: 1-10; 11-20; 21-50; over 50. 

Guidelines Background: Comments on the approach followed by the source agent to 

compile the guideline source (e.g. survey results, technical report findings, etc). 

Application Domain(s): The fields where the guidelines presented by this source are 

intended for (e.g. military aircraft simulations, entertainment, etc). Sample application 

domains include: Medical Training & Simulation; Military Training & Simulation; 

Decision Support/Command & Control; Scientific Visualization; Engineering Design; 

Architectural Design; Entertainment; Teaching & Education; Manufacturing; 

Enterprise Business and Applications; Collaborative Virtual Environments. 

Target(s): The areas where the guidelines presented by the source are mostly focused 

in (e.g. productivity, usability, etc). 

Guidelines Categories: The categories the majority of the guidelines of the source 
fall in (e.g. Health & Safety, etc.). Sample categories include: Awareness; 

Communication; Cost Benefit Analysis; Ergonomics; Hardware-Configurations; 

Hardware-Ergonomics; Health & Safety; Immersion; Implementation-Modelling; 

Implementation-Programming; Input-3D Devices; Input-Hand Gesture; Input-

Keyboard; Input-Mouse; Input-Speech; Interaction-Controls; Interaction-

Manipulation; Interaction-Moving; Interaction-with VE Objects; Interaction-

Selection; Interaction-Tracking; Navigation; Output-Audio ; Output-Olfactory; 
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Output-Tactile & Force Feedback; Output-Visual; Software; Task Selection; Visual 

Representation-Environment; Visual Representation-Objects; Visual Representation-

User Embodiment. 
Contents Description: A summary of the underlying structure of the source (e.g. 

Table of Contents, brief description of the guidelines presented in the source, etc.). 

Critical Review & Assessment: An evaluation or the evaluation of a peer panel on 

the guideline source presented. 

Glossary of Terms: A list of specific nomenclature/abbreviations used (e.g. 

VE=Virtual Environment(s), etc.) 
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Example of a completed form 
A form completed for (IBM, 2000) is presented. 

Title:  

IBM RealPlaces Design Guide 

Reference:  

http://www-3.ibm.com/ibm/easy/eou_ext.nsf/Publish/580 

Author:  

IBM 

Source Type:  

On-Line Document 

Peer Reviewed: 

Don’t know 

Publication Date:  

2000 

Number of Guidelines: 

1-10 

Guidelines Background:  

Based on two years of iterative analysis, design, prototyping, and user testing. 

Application Domain(s):  

Enterprise business applications 

Target(s):  

Productivity 

Guidelines Categories:  

Visual Representation-Objects; Navigation; Input-Mouse; Input-Keyboard; 

Interaction-Objects; Interaction-Manipulation; Interaction-Selection; Interaction-

Positioning) 

Contents Description:  

These guidelines present some of the key concepts and elements for use in building a 

3D user environment supporting enterprise business applications – for doing real 

work. The guidelines identify classes of user-objects, elements used in creating 3D 

worlds and views of objects, navigation approaches, object interaction techniques, 

common controls, visual and sound design considerations, and overall aspects of 

building usable 3D worlds. 
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Critical Review and Assessment: 

Quite informative, although this report has not - to our knowledge - gone through any 

kind of peer review panel process. 

Glossary of terms: 

3D: three-dimensional 
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