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Abstract: Mixed reality boundaries establish transparent windows between physical and 
virtual spaces. We introduce a set of properties that allow such boundaries to be 
configured to support different styles of co-operative activity. These properties are 
grouped into three categories: permeability (properties of visibility, audibility and solidity); 
situation (properties of location, alignment, mobility and segmentation); and dynamics 
(properties of lifetime and configurability). We discuss how each of these properties can 
be technically realised. We also introduce the meta-properties of symmetry and 
representation. We then describe and compare two contrasting demonstrations, a 
performance and an office-door, that rely on different property configurations. 

Introduction - approaches to shared mixed reality 
There has been a growing interest in techniques for combining real and virtual 
environments to create mixed realities - spatial environments where participants 
can interact with physical and digital information in an integrated way (Milgram 
& Kishino, 1994). Mixed realities may be shared, enabling people who are 
distributed across multiple physical and virtual spaces to communicate with one 
another. A variety of approaches to creating a shared mixed reality have been 
demonstrated, including augmented reality, augmented virtuality, tangible bits and 
mixed reality boundaries. 

Augmented reality involves overlaying and registering digital information 
(e.g., text and graphics) onto a real world scene in such a way that the digital 
information appears to be attached to physical objects, even as they move about. 
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The physical scene might be the local environment, with the digital information 
being introduced via a see-through head-mounted display. Alternatively, it might 
be remote, being viewed on a-'video display that is then enhanced with digital 
information. Early examples of collaborative augmented reality include the 
Shared Space system (Billinghurst et al, 1996), in which users share virtual 
objects across a physical table top and Studierstube (Schmalstieg et al, 1996), in 
which virtual objects are also displayed in a physical space between multiple 
users. Both of these systems utilise see-through head-mounted displays. Systems 
based on video views of remote 'scenes are inherently sharable as the video 
display is usually located in a shared physical space. 

In contrast, augmented virtuality (Milgram & Kishino, 1994) takes a virtual 
world as its starting point and then embeds representations of physical objects 
within this. These might take the form of textured video views, for example views 
of participants' faces on their avatars as in the Freewalk system (Nakanishi et al, 
1996), or views of remote physical locations as in the 3-D media-space interface 
of (Reynard et al, 1998). Alternatively, telemetry data captured by remote 
physical sensors might be visualised using graphics, text and audio. 

The approach of tangible bits (Ishii & Ullmer, 1997) involves the use of 
graspable physical objects called phicons to interact with digital information, for 
example moving physical models across a table top in order to access a digital 
map that is projected onto it. This may be coupled with the use of ambient display 
media such as sound, light and airflow to provide more peripheral awareness of 
background information, for example, showing the volume of network traffic as 
reflections of water ripples on the ceiling. 

The approach of mixed reality boundaries involves joining together distinct 
virtual and physical spaces by creating a transparent boundary between them 
(Benford et al, 1996). With this approach, the spaces are not overlaid, but instead 
are distinct but adjacent. The occupants of the shared physical space can see into 
the next-door virtual space and can communicate with its occupants (e.g. avatars 
within a collaborative virtual environment). In turn, the occupants of the virtual 
space can see back into the physical space. A distinguishing feature of this 
approach is that it places equal weight on physical and virtual environments, 
considering how each can be accessed from the other. It also offers the potential 
to use multiple mixed reality boundaries to join together many physical and 
virtual spaces into a larger mixed reality environment in the same way that 
everyday boundaries such as doors, walls and windows are used to structure 
physical buildings. 

Our paper is concerned with this last approach. Its departure point is the idea of 
a simple mixed reality boundary as described in (Benford et al, 1996). Figure 1 
shows how such a boundary can be established. On the left of the figure is a 
physical environment into which are projected graphics and audio from the virtual 
environment on the right. In turn, a video camera and microphone capture video 
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and audio from the physical environment and this is transmitted back to the virtual 
environment over a computer network. The live video image is then displayed as a 
dynamic texture map within the virtual environment. The result is the creation of a 
transparent bi-directional window between the physical and virtual environments. 
This approach was demonstrated through an application called the Internet Foyer, 
in which a visualisation of an organisation's home pages on the World Wide Web, 
complete with representations of their visitors (a virtual foyer), was joined to its 
physical foyer using a mixed reality boundary. 

video/audio 

graphics/audio 

texture 
mapping of 
live video 

physical 
environment 

computer network 
virtual 

environment 
Figure 1: a simple mixed reality boundary 

This paper further develops this approach by identifying a set of properties 
that can be associated with mixed reality boundaries. These properties are 
intended to support the design of mixed reality boundaries for a broad range of 
potential collaborative applications. Applications as diverse as distributed 
meetings, performances, media-spaces, document editing and 3-D design will 
have varying requirements for managing awareness and privacy; for positioning a 
boundary and aligning it to different participants; and for scheduling its 
appearance. The set of boundary properties is also intended to provide an analytic 
framework for reasoning about how different boundary configurations (e.g., based 
on different combinations of projection and camera technologies) might afford 
different styles of co-operative activity. 

The following section introduces our boundary properties and explores their 
technical realisation. We then present two contrasting demonstrations of how 
these properties can be configured to support different co-operative activities. The 
first is a distributed performance between a poet in a virtual world and an 
audience in a physical theatre. The second involves the use of a persistent 
boundary to allow remote visitors to "drop in" to an office over a network. We 
offer a property by property comparison of their design and conclude by 
considering how this work can draw on and contribute to related research areas 
such as tangible interfaces (Ishii & Ullmer, 1997) and co-operative buildings 
(Streitz, 1998). 
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Boundary Properties 

We now introduce the fundamental properties of mixed reality boundaries, 
examining the utility of each and considering how each might be technically 
realised. Our choice of properties has been influenced by analogies with the real-
world boundaries that partition physical space and also by our previous work on 
developing boundaries within virtual space (Benford et al, 1997a). Our proposed 
properties are grouped into three general categories: permeability, properties that 
define how information, passes through a boundary; situation, the spatial 
properties of the boundary; and dynamics, the temporal properties of the 
boundary. We also introduce the meta-properties of symmetry and representation 
that apply to the other properties. 

Permeability 

Permeability describes how the boundary affects sensory information passing 
between the linked spaces. We break down permeability into visibility, audibility 
and solidity, based on the three primary types of information that can pass through 
the boundary. Our discussion focuses on vision, sound and touch because most 
current interfaces between the physical and the virtual are based on a combination 
of these. However, we note that smell and taste information might also be 
"transmitted" through mixed reality boundaries in the future. 

Visibility - considers what visual information is permitted through the 
boundary and consists of two components: visual resolution and field of view. 
Visual resolution concerns the amount of visual information obtained through the 
boundary and is affected by factors such as the resolution of capture and display 
technologies and graphical level of detail. Field of view describes the volume of 
the connected space that is made visible through the boundary and is determined 
by factors such as the field of view/projection of (physical and virtual) cameras 
and projectors. 

Audibility - considers what audio information is permitted through the 
boundary and is determined by factors such as the positioning and sensitivity of 
microphones as well as sampling rates. 

Drawing on previous work on virtual boundaries and crowd representations 
(Benford et al, 1997a), we propose that visibility and audibility can be further 
described in terms of the combination of four, effects: 
• attenuation - for example, reducing video resolution or audio volume; 
• amplification - for example, projecting audio in the manner of a public 

address system; 
• transformation - for example, distorting audio and video to establish 

anonymity; and , , ; 
• aggregation - summarising what lies beyond the boundary. For example, 

showing only the number of remote participants instead of each individual. 
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Solidity - refers to the ability to traverse the boundary. This includes 
metaphorically extending a limb through the boundary to manipulate or feel a 
remote object; pushing an object through the boundary so that it becomes 
available on the other side; and stepping through the boundary and assuming 
control of an avatar or physical proxy on the other side. Strictly speaking, this last 
case establishes a second mobile boundary between the spaces (see below) as the 
participant may not actually leave their local physical space behind. However, 
metaphorically, there is a sense of stepping through the boundary. 

Traversal from the physical to the virtual can be realised using 3-D interaction 
devices and tracking technologies to manipulate virtual objects that appear on a 
projected display or to track local physical objects and update their virtual 
counterparts. Allowing the user to sense virtual objects is achieved through haptic 
devices such as those described by Fogg et al (1998) and Colwell et al (1998). 
Traversal from the virtual to the physical involves remote control of physical 
proxies such as mobile cameras and robots as in the GestureCam system 
(Kuzuoka et al, 1995). Digital documents can be pushed through the boundary by 
projecting them onto a desktop in the manner of the Digital Desk (Wellner, 1993) 
or by placing them directly on the boundary itself in the style of Clearboard (Ishii 
& Kobayishi, 1992). 

The potential for combining different visibility and audibility effects with 
varying degrees of solidity allows the definition of a wide range of boundary 
types. These include analogies of familiar everyday physical boundaries such as 
windows, walls, curtains, fences, one-way mirrors and even lines on the ground, 
as well as new kinds of boundary that have no common physical counterpart. 
Furthermore, a systematic exploration of all possible combinations of visibility, 
audibility and solidity might identify the fundamental building materials that can 
be used to join together physical and virtual spaces. 

Situation 

Situation concerns the spatial relationships between the mixed reality boundary, 
the physical and virtual spaces that it connects and the participants and objects 
that these contain. This includes the location of the boundary, whether this 
location is fixed and whether the boundary is segmented. Between them, these 
properties determine the spatial understanding that the participants in one space 
have of the connected space. 

Location - describes the placement of the boundary within the connected 
spaces. A vertical location involving projection onto a physical wall or screen or 
texturing onto a virtual wall or screen will establish the boundary as a window 
between the two spaces. Given a large enough display, the remote space might 
even be presented as a direct extension of the local space. A horizontal location 
involving projection onto a physical or virtual desk or board will establish the 
boundary as a shared drawing surface. The use of ambient display media as 
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proposed in (Ishii & Ullmer, 1997), could establish a more peripheral connection 
between the spaces. 

Alignment - concerns the orientation of the boundary with respect to the 
different participants and objects and may establish different possibilities for turn 
taking and access to other participants. For example, the triangular alignment of 
figure 2 allows a physical performer to simultaneously address a physical and a 
virtual audience while allowing the two audiences to address one another. 

physical ^ P * v A-^-x v i r t u a l 

audience (flK , * ^ . C ) audience 

mixed 
reality 

physical performer boundary 
• 

Figure 2: a triangular boundary alignment 

Mobility - describes whether the boundary assumes a static situation, thus 
offering connection between two fixed sections of die linked spaces, or whether 
the boundary can join different parts of the spaces over time. A mobile boundary 
is one that the participants can steer through the linked spaces or which follows a 
pre-programmed trajectory. In practical terms, mobility requires that the boundary 
components (e.g., physical or virtual cameras and microphones) can themselves 
be moved. There can be various restrictions on the movement of the boundary. 
For example, participants may only be,able to rotate the boundary around a fixed 
point without translating its position. 

Segmentation - a boundary can be segmented in terms of its properties and 
spatial location. The former refers to when a boundary is made up of one or more 
segments with distinct property sets. A spatially segmented boundary, on the other 
hand, links the two spaces through multiple non-adjacent segments (these can 
themselves be property segmented). 

So far in our discussion of the situation properties we have assumed that the 
spatial co-ordinate system of one space is related to that of the other in a spatially 
consistent way. More specifically, that the connected spaces provide to some 
extent a unified frame of reference across which position, distance, orientation 
and perspective are consistent. However, there are two problems in establishing 
detailed spatial consistency. First, the use of a single fixed camera (physical or 
virtual) on any side will only provide an accurate perspective from one viewing 
position. A participant may move along the boundary or change their viewing 
angle, but will still retain the same view of the connected space. The use of 
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multiple cameras, mobile cameras and even stereo cameras may overcome this 
problem to some degree, but only for one participant at a time. Second, it may be 
necessary to locate audio information in a spatially consistent manner. This may 
require the use of multiple or mobile microphones and spatialised audio rendering. 

The issue of spatial consistency is a very important one as it affects the level 
of detail to which participants on opposite sides can establish mutual orientation, a 
reciprocity of perspective and can use spatial language and gesture. 

Combining these situation properties with the permeability properties 
described previously, defines the regions of each space that are public (i.e., 
accessible from the connected space) versus those that remain private to each 
space (i.e., are out of camera shot or microphone range). 

Dynamics 

Dynamics concern the temporal properties of the boundary, including its lifetime 
and its degree of configurability. 

Lifetime - refers to when and for how long the boundary is in existence. 
Boundaries may be scheduled to appear at specific, even periodic, times to 
support the pre-planned nature of many activities (e.g., performances and 
meetings) or may be created on the fly. The potential duration of a boundary can 
be considered in die light of previous research into media spaces that 
distinguished different services ranging from persistent "office share" connections 
through to short-term "glance" facilities lasting for just a few seconds (Gaver et al, 
1992). 

Configurability - describes how dynamically the various boundary properties 
can be changed. Permeability might be adjusted in order to reflect changing 
privacy requirements. Configuring situation involves being able to move cameras 
and projectors and re-positioning furniture and other aspects of the connected 
spaces, for example in order to accommodate new participants. Finally, dynamic 
properties such as lifetime might also be directly configurable. 

So far, we have established the fundamental boundary properties of 
permeability, situation and dynamics. We now discuss the two meta-properties of 
symmetry and representation that relate to each of these. 

Symmetry 

Symmetry refers to the extent that the properties of a mixed reality boundary are 
configured to be the same on both of its sides (i.e., from the physical to the virtual 
and vice versa). A degree of asymmetry may often be imposed as a result of the 
technologies used (e.g., where cameras and projectors differ in the their field of 
view). In other cases, it may be desirable to deliberately create asymmetric 
boundaries in order to meet a specific communication need (e.g., using a one way 
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boundary to unobtrusively observe activity). Mixed reality boundaries may be 
asymmetric with respect to permeability, situation and dynamics. 

Asymmetry introduces an additional dimension to the configurability of 
boundaries. We propose that participants should be able to configure their own 
side of the boundary and also set limits on the potential configuration of the other 
side as it affects them. For example, a participant may wish to set an upper limit 
on what the other side can see of them. To generalise, each control for configuring 
a boundary property might combine the ability to set the property in one direction 
and limit the property in the reverse direction. 

Representation 

Mixed reality boundaries are potentially complex technologies that may take 
many different forms. We argue that, in order to successfully use a boundary, 
participants will need to understand both the current and potential settings of its 
properties. In other words, the properties of mixed reality boundaries should be 
made visible (and possibly audible), be it explicitly through controls and labels, or 
implicitly through metaphor, interior, design or architecture. Considering 
permeability, a boundary should indicate the current and potential settings for 
visibility, audibility and solidity, at each side. Considering situation, the separation 
of public from private space should be clearly marked so that participants know 
how to position themselves in order to communicate orcavoid those on the other 
side. For example, the view frustra of physical and virtual cameras could be made 
explicitly visible by marking them on the floor. Considering dynamics, 
participants might be notified in advance when a boundary is going to appear or 
disappear so as they may adjust their behaviour and/or appearance appropriately. 

This concludes our introduction to, the properties of mixed reality boundaries. 
The following section presents two,examples of how these properties might be 
configured to meet different application requirements. 

Demonstrations 

We present two demonstrations of mixed reality boundaries that rely on different 
configurations of boundary properties to support different activities: 
• a performance in which a performer on a virtual stage engages an audience in 

a physical theatre through a mixed reality boundary; 
• an "office door" that establishes an open connection between a public virtual 

world and a private physical office. This necessitates the management of 
virtual visitors in relation to local physical activity, especially with regard to 
shifting privacy requirements. 
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For each demonstration we state its goals, describe its design and offer some 
initial reflections. We then compare the two in terms of the property 
configurations of their boundaries. 

First Demonstration - a Mixed Reality Performance 

Our performance demonstrator extends our previous experience of staging a 
poetry performance simultaneously in physical and virtual theatres as reported in 
(Benford et al, 1997b). This previous attempt involved poets performing in a 
conventional physical theatre and at the same time, appearing as avatars on a 
virtual stage in front of an on-line audience in a virtual environment. A view of 
the virtual environment was then projected as a back-drop to the physical stage. A 
key observation from this previous performance is that the event became 
fragmented into two parts - a conventional performance and a social-chat virtual 
environment. We have argued in (Benford et al, 1997b) that the nature of the 
projection of the virtual space into the theatre may have been a key factor in these 
problems. In particular: 
• the projection created a one way boundary between the two spaces - the 

physical audience and performer could see their virtual counterparts, but not 
vice versa; 

• for aesthetic reasons, the projection was rendered from a moving viewpoint 
Consequently, there was no stable spatial relationship between the two spaces 
and it would been difficult for the participants in the physical theatre to 
establish any consistent reference or orientation to those in the virtual theatre. 

The current demonstrator has therefore focused on the issue of whether 
effective social engagement can be established between real and virtual theatres. 
In this case, the performer (a poet) appeared on a virtual stage and attempted to 
engage the attention of an audience who were located in a remote physical theatre. 
The poet attempted to persuade the audience to join in the performance by 
answering questions, standing up and chanting as part of an improvised poem -
essentially a test of whether they could exert sufficient social pressure on the 
audience. A key design goal was therefore that the boundary should be as 
invisible as possible, especially to the audience. Specific differences to die 
previous performance were that: 
• the physical and virtual worlds were linked through a mixed reality boundary 

that allowed the audience to see and hear the virtual poet and vice versa; 
• the boundary had a fixed spatial location with the intention that the virtual 

stage would appear to the audience as a conventional physical stage would; 
• the poet was physically separated from the audience and was immersed in the 

CVE using a head-mounted display. As a result, the only option for 
communicating with the audience was via the mixed reality boundary. 
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Technical Realisation of the Performance 

Figure 3 summarises the realisation of the performance. 
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Figure 3: the design of the mixed reality performance 

The physical audience were located in a Reality Room, a facility that allows the 
output of a high-performance computer (Silicon Graphics Infinite Reality Engine) 
to be projected onto a wide angle curved screen (using three separate projectors 
whose output is blended together). The poet was located in a separate physical 
room and used an Eyegen 3 head-mounted display to become immersed in the 
virtual and appear on the stage. Their view included a video texture looking back 
out into the audience space taken from a video camera mounted at the top and 
centre of the projection screen. Note that the video texture was transparent from 
the other side and did not interfere with the virtual cameras. A separate analogue 
circuit provided an audio link between the two spaces. By positioning a 
microphone in the audience space at the focal point of the curved screen we could 
easily pick up any noise made by the physical audience, a useful additional feature 
of placing a curved screen in a shared space. Finally, in order to introduce an extra 
element to the performance, an additional virtual actor was able to enter the 
virtual stage using a workstation that was located in the audience space. 

Experience from the Performance 

Our initial performance lasted for, half an hour and involved one of the poets from 
the previous performance (Dave "Stickman" Higgins). The stage and poet's avatar 
were designed by the artist Derek Richards who also joined in the end of the 
performance as a supplementary actor. The performance began with the virtual 
poet entering from the wings and improvising a poem while the audience 
watched. After five minutes the poet directly addressed the audience for the first 
time, requesting that they stand up and asking them a series of questions. After 
picking on several other individuals in the audience, he then persuaded them all to 
rise and to clap and chant along with the poem. Figure 4 is taken from the 


