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ABSTRACT

The development of interactive surfaces has led to a number of ap-
plications as it allows for natural interaction and collaboration. The
use of co-located collaboration on this kind of surfaces provides
new possibilities. It is our belief, however, that an even higher de-
gree of collaboration can be achieved by overcoming the boundaries
of a single device or setup. Therefore, we extended our previously
built multi-touch framework to realize collaborative multi-device
setups. In order to assess the framework, a networked virtual world
and three other applications were built to demonstrate its power.

Index Terms: H.5.3 [Group and Organization Interfaces]: Collab-
orative computing—

1 INTRODUCTION

Interactive displays are often used as a platform for co-located col-
laboration. Especially well suited for this purpose are multi-touch
surfaces as these allow multiple users to interact with the same in-
terface simultaneously, using their hands directly on the interaction
surface. This leads to a more natural collaborative interaction as
opposed to the more limited possibilities of WIMP interfaces. Pos-
sible applications of interactive surfaces range from building and
pre-visualisation tools [2] to large public displays [17].

Whilst very useful, the idea of co-located interaction can be ex-
tended even further. By letting multiple interactive setups com-
municate with each other over a network, a highly interactive dis-
tributed collaboration platform can be achieved. Through the com-
bination of multi-touch interfaces and video conferencing, appli-
cations such as virtual environments can be created where people
collaborate closely and intuitively whilst not necessarily being on
the same location, thus reducing potential travel costs andtime.

In this paper, we present a software framework for building ap-
plications that support collaborative interaction over a network.
This framework provides the basis for synchronization of various
single- or multi-touch setups in a network, and the development of
collaborative applications.

2 RELATED WORK

In 2000, Jun Rekimoto et al. [18] came up with Multiple-Computer
User Interfaces (MCUIs). They investigated interaction techniques
that can overcome the boundaries among multiple devices. Re-
cent developments in multi-touch technology has led to manyap-
plications, including collaborative problem-solving anddecision-
making.

2.1 Multi-Touch Displays

In 1984, Lee et al. [14] implemented an active capacitive sensor ma-
trix that was capable of tracking multiple touches simultaneously. It
had a very small resolution and suffered from interference between

Figure 1: Interacting in a networked virtual environment using a table-
like form multi touch interface

sensors. A few other examples of early multi-touch devices are the
MTC Express [22] and JazzMutant [15]. In 2002 Mitsubishi Elec-
tric Research Laboratories introduced the Diamond-touch multi-
user input surface together with the DiamondSpin Software,allow-
ing a limited amount of identified users to interact togetheron a
digital screen [20, 7]. In 2005, Jeff Han [10] created a vision-based
multi-touch surface. This technology known as the multi-touch
sensing through frustrated total internal reflection (FTIR), allows
an unlimited unidentified amount of users to interact on a screen
at the same time. The Microsoft Surface is a well-known example
of this technology [4]. It is a 30-inch display in a table-like form,
where a small group of people can interact with it by using touch,
natural gestures or placing physical objects on the screen.Multi-
touch displays are not limited for big screens; smaller devices like
the well-known Macintosh iPhone also make good use of this tech-
nology.

2.2 Multi-Touch Frameworks

Since 2006, there has also been quite a lot of research into multi-
touch user interfaces, largely thanks to Jeff Han. Many people have
started building their own hardware, and some commercial ones
are also starting to become available. Xenakis [1] and reacTIVi-
sion [12] propose a framework which is suitable for multipleusers,
yet their interaction techniques mainly focus on recognizing sur-
face patterns. IntuiFace [11] is a commercial platform for design-
ing applications based on multi-touch interactions. Theirsoftware
framework is not available as a separate solution, but it is linked to-
gether with their multi-touch hardware device. They focus mainly
on single-device collaborative applications, although itis possible
for multiple IntuiFace devices to communicate with each other.



Figure 2: Framework is divided into 3 layers: Hardware Abstraction
Layer (HAL) for transparent use of touch point, a Central Server (CS)
for transparent use of touch points and events from different multi-
touch devices and a Application Layer (SL) for application develop-
ment.

Other multi-touch architectures like Tisch [8] focus on hardware
independency, but still assume that touchpoints are comingfrom
the same hardware.

3 FRAMEWORK

We propose a framework for collaborative interaction between mul-
tiple users on different interactive surfaces to create hardware inde-
pendent multi-touch and multi-user software. In the next section we
will give a short overview of this framework which is dividedinto
three layers. These layers create a transparent interface between
hardware and software on one or multiple computers. In the other
sections they will be explained in more detail.

3.1 Framework Overview

An overview of this framework is illustrated in figure 2. It issepa-
rated into three layers, which can be compiled as different executa-
bles, communicating with each other using UDP packages. This al-
lows that different layers can transparently run on different comput-
ers. The first layer is called the hardware abstraction layer(HAL),
which serves to record and stream touch points of a specific inter-
active device. These touch points contain the screen coordinates in
a range between 0 and 1 to be resolution independent on different
interactive surfaces. Together with other information, like the dis-
play size, these touch points are streamed to the central server. This
server, which constitutes the second layer, receives the touch points

Figure 3: Wiimotes for multi touch interaction: 1 or more Nintendo
wii controllers are used to detect the infrared light pen which the user
can turn on and off to create touch points

from several hardware devices and events from different applica-
tions. Further it will be synchronized and merged together.This
multiplexed information is then broadcast to all requesting applica-
tions, so they can be used to control different implemented widgets.

3.2 Hardware Abstraction Layer

This hardware specific layer records touch points from a certain in-
teractive surface and stream it to a server in a uniform way. There-
fore the application can be created independent from the hardware
device. We already added a few types of single and multi-touch de-
vices to the framework as for example a multi-touch table based on
frustrated total internal reflection [10].

The multi-touch table makes use of computer vision techniques
to locate the multiple touch points. The screen consists of an acrylic
plate in which infrared light is injected. On top of the acrylic there
is a compliant surface film and a rear-projection film. Touching the
projection film will cause optical contact between the compliant
surface and the acrylic, resulting in local scattering of the infrared
light. An infrared camera, located below the surface, is able to de-
tect the scattered light. After a brief calibration betweenthe projec-
tor and the camera, the coordinates and size of all the touch points
can be obtained correctly. This is done in theFTIR cap component
of the hardware abstraction layer.

Another multi-touch interface, as illustrated on figure 3 isbased
on Chung Lee’s interface [3] and uses 1 or more Nintendo wii con-
trollers. Each controller is able to record the 4 brightest infrared
light-sources in a scene at a frequency of 100Hz. We use infrared
lights which can be turned on and off to ’touch’ a projection screen.
The captured coordinates of these lights are streamed from the wii
controllers through bluetooth to thewiimote cap component and
converted to screen coordinates. Therefore a calibration prepro-
cessing step is required. The use of multiple controllers allows to
compensate for occluded touch points.

A similar kind of multi-touch interaction uses red laser pointers
instead of infrared lights to point at the projection screen. The loca-
tion of these projected red dots can then be captured by one ormore
RGB camera’s. Thelaser cap component receives the images from
this camera and converts them to screen coordinates.

3.3 Central Server

The central server is divided into 2 components. The first compo-
nent orcontrol point multiplexer is responsible for receiving touch
points from several devices and will synchronize and merge them
together. These points are then passed to theevent multiplexer. This
second component also receives events created by differentappli-



cations and broadcasts these together with the touch pointsto all
requesting applications.

3.4 Application Layer

The third layer of the framework can also be divided into multi-
ple components. The main component orwidget handler serves for
handling the touch points, controlling different widgets and gen-
erating output. Other components are theevent handler and the
widgets which are objects that the developer can create and add to
the program to create new applications. For this layer, we extended
our existing Eunomia framework [5].

The event handler is responsible for obtaining the touch points
from a single hardware device or from the central server. These
touch points are processed to add a unique identifier which isper-
sistent over time and passed to thewidget handler as an event. This
main component has a list of widgets which he controls and ex-
ecutes. It associates the touch points with the right widgetby its
location on the screen. This component is also responsible for cre-
ating the output which can be displayed on the interactive surface.

Widgets receive the touch points through event passing. These
touch points are first used for transforming the widget. Its location,
scale and orientation are adjusted by the movements of the touch
points. When the developer creates a new widget for the program,
he can keep these transformations or override them with his own
implementation. Thebasic implementation of the widget contains
functionality for rendering and event passing. Event passing is used
to let widgets in the same program communicate with each other,
but also for communication between widgets on different devices.
In case of multiple devices, these events are passed to the central
server, which will distribute them to all the requesting interactive
surfaces.

The ability to orient widgets is a very important aspect of table-
top collaboration, as explained by Kruger et al. [13]. They pointed
out three roles of orientation in this context: comprehension, co-
ordination and communication. Users can orient objects, like for
example pictures or pdf files, to be most readable for themselves
(comprehension). An object’s orientation can indicate its ownership
(coordination). An object could also be oriented by one collabora-
tor to another collaborator, indicating that person 1 is communicat-
ing directly with person 2 (communication).

4 IMPLEMENTATION

In this section, we will go more into detail about the implementation
of the framework.

4.1 Language

The application layer and central server is fully implemented using
the C/C++ programming language. This language is chosen be-
cause of its speed and amount of available libraries. The hardware
abstraction layer on the other hand is implemented using different
languages. Some of them like thewii-cap is implemented in C#.
Because of the communication through UDP packages, this layer
is completely seperated from the rest of the framework and can
therefore be implemented with any programming language on all
platforms.

The graphical user interface is created using the OpenGL library,
and the FFMpeg [9] and Devil [6] library are used for loading media
content.

4.2 Central Server

The input control points from each device are sent directly to the
central server through UDP. The server then adds some metadata,
like for instance the host IP address, scales the coordinates to the
[0, 1] interval, and sends them further to all subscribed clients (also
using UDP). The server provides the possibility to add unlimited IP

Figure 4: An overview of some basic properties and functionality for
implementing widgets.

addresses, or there is also the option to use broadcasting ormulti-
casting instead of sending to the clients directly. The event system
works more or less the same way. When a client generates an event,
it sends an event request to the server in XML format. The server
then checks this request and if it is valid, the server send anevent
message to each of the subscribed clients (also in XML format).

4.3 Event Ordering and Critical Section

The applications we implemented do not need synchronisation, but
other applications may require to know the order of events. Because
the program can run on different devices there is no global clock.
To solve the event sorting problem a vector clock [16] can be used.
This is a logical clock added to every event making it possible to
define its logical order.

Another problem that can occur is data that becomes inconsistent
on different devices. To prevent this from happening, Picart and
Agrawala [19] described an optimal solution to use these logical
clocks to create a critical section.

4.4 Implementing Widgets

Creating a new widget or application is a simple and straightfor-
ward procedure. A new widget must be inherited from the basic
widget class. This class provides the widget with a set of functions
and properties such as size, transformations, a unique ID, etc. New
functionality can then be added to the inherited class. The main
obligated function is the render function, defining how thiswidget
is rendered. Other functionality which can optionaly be reimple-
mented are events such as touch points events, physics updates and
input events. An overview is shown on Figure 4.

In each application there should also be a central event receiver.
If the application only exists of a single widget, then that widget can
also function as the event receiver. A pointer to the event receiver
is passed through to each widget, to let it know which events can be
sent. The implemention defines which events are caught and what
will be executed. Example events are new input, focus changed and
widget actions.

5 APPLICATIONS

Based on this framework we implemented a virtual environment
where multiple users can interactively build or manipulatea vir-
tual world. We also describe three other applications on topof our
framework to show its power. The first application is a virtual envi-
ronment, which allows to collaboratively move objects. A second
application a collaborative media browser to show the collaborative
visualization of information on several devices. The thirdapplica-
tion is a multiplayer pong game. This is meant to show that the
latency is low enough to play interactive games. The last applica-
tion is a collaborative drawing canvas to illustrate non-co-located
collaboration, and the events passing between the multipledevices.



Figure 5: An overview of the implementation of a interactive net-
worked virtual environment using our framework.

5.1 Virtual Environment

As main application we developed a virtual 3D world. The inter-
active display can be used for navigating through this environment.
In this world we place several types of building blocks like cubes
and spheres. Each user can move or modify these blocks by apply-
ing forces onto them, using the interactive interface. These forces
and animations are handled using the ODE physics library [21].
This way several users can simultaneously modify this worldfrom
a single or multiple interactive displays. The virtual environment
is hosted on the first device starting this widget. Forces coming
from other devices and updates regarding the virtual world are han-
dled through the event handler. An example of this application is
presented in Figure 6(a). Although the objects’ positions and ori-
entations are synchronized, they don’t share the same viewpoint.
This allows the participants to work on different parts of the virtual
world or to both have a different view on the same objects. As the
users don’t have to be physically located in the same room, they
need another communication method. We therefore implemented
a video and audio communication widget which streams recorded
audio and images from the webcam over the network to the other
devices, making use of the RTP protocol. The implementationof
this application is presented in figure 5. New components that were
implemented for this application are marked in green. The virtual
world class is inherited from the basic widget class. New events
need to be added for things like world state updates. The video
communication widget is also based on the basic widget class, but
it makes use of RTP to stream audio and video peer-to-peer over the
network.

5.2 Collaborative Media Browser

The second application is a collaborative media browser. This ap-
plication lets the user view different kinds of media widgets like
photos, videos and digital books. These objects can be rotated,
translated and scaled using one or more touch points. These touch
points can originate from the device the user is working on orfrom
a partner who is working on a networked device. In order to visual-

ize the other party’s actions, the touch points are also shown on the
display. By using different colours for the different participants, the
movements of a participant’s fingers can easily be followed.

For easy communication between multiple users the audio and
video communication widget from the virtual environment can be
used as shown on Figure 6(b). This also applies to other applica-
tions created upon this framework.

5.3 Multi-Player Multi-Touch Video Game
For entertainment purposes we show a multi-player pong game. In
this game every player has one pallet which can be controlledusing
a multi-touch device. This pallet is a widget which can be ma-
nipulated like the media widgets from the media browser, with the
restriction that it cannot be scaled. Furthermore, the pallet only
responds to the touch points coming from the same device as the
software is running on. Because of the low latency of the network,
the players could challenge each other with minimal delay. An ex-
ample of this game is shown on Figure 6(c).

5.4 Collaborative Drawing
For this final application, we created a simple drawing canvas wid-
get on top of our framework as shown on Figure 6(d). The idea is
to let multiple users collaborate on a single drawing. When auser
makes a change, the event gets broadcast to all participating users.
This means that every user in the network can contribute, andeach
user gets assigned a different colour. This way, the input from all
different users can easily be distinguished.

6 DISCUSSION

The use of networked collaborative applications provides anext
step in the development of collaborative applications. As users
don’t need to go to the same location, it reduces travel time and
money, while still providing the same collaboration as co-located
applications as the participants can see each other and communi-
cate by means of video conferencing.

Another advantage of networked collaboration is the possibility
to involve more people in the collaboration process withoutget-
ting in each other’s way. Unlike with co-located collaboration, the
participants don’t have to stand in front of the same screen.Aware-
ness of each other’s action is still possible as a unique colour is
assigned to each user. However, problems can still arise when too
many people work together. First of of all, the video streamstake
up screen estate. It is possible to hide or scale down certainvideos,
but this only provides a limited solution. Furthermore, when too
many participants are involved, it is necessary to introduce a lock-
ing mechanism as it becomes more difficult to be aware of which
widgets are already being used. This could, however, reducethe
flow of working.
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