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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 boundanes 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 fetime 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 envuonment 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 tur, a video camera and microphone capture video
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and audio from the physical environment and this is transmitted back to the virtua
environment over acomputer network. The live video image is then displayed as a
dynamic texture map within the virtual environment. The result isthe 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 avisualisation 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 amixed reality boundary.
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Figure 1: a simple mixed reality boundary
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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 alow 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).



