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Abstract
A unified concept to mix real and virtual objects will be
introduced. Hyper-Bonds are connections between
external physical phenomena and internal logical
structures of a computer based on the Theory of Bond-
graphs, a unified and vivid way to describe systems
dynamics. The theory is laid down and applications in
learning environments are shown.

1. Introduction

Mixed realities are becoming a significant scientific and
technological domain. First envisioned by Sutherland [16]
they represent a bi-directional coupling of real and virtual
world phenomena. The virtual world is in a broad sense
projected into the real world and vice versa. Weiser [17]
and Wellner [18] applied this principle in an Augmented
Reality by displaying and overlaying computer- images to
real phenomena. This approach has experienced
considerable acceleration since the pioneering work of
Rekimoto [14,15] by [ ]. Fitzmaurice et al [7] used real
phenomena as handles to manipulate information (see
Tangible User Interface research) and Ishii & Ullmer [8]
and Brave et al [2] coupled both worlds tightly in a bi-
directional way. We will focus on this branch of mixed
reality.

In some previous work, we introduced the concept of
complex objects [4] being objects with one real concrete
part coupled to various virtual representations by means
of grasp- or image-recognition [1], figure 1. Markers on
both ends of connecting tubes allowed us to recognize
connections between objects, thus identifying the
topology of a system, figure 2. The fruitful application of
this concept in several learning environments has been
demonstrated and evaluated at four European schools on
12 prototype systems with some 90 Students in 16-hour-
courses of Pneumatics [8]. There are some indications,
that learning with mixed reality environments based on
concrete and abstract objects has many advantages [3]. If
one considers the manifold of different learning styles
known to pedagogues (linguistic, logical-mathematical,
bodily-kinesthetic, visual-spatial, musical, interpersonal,
intra-personal) this is not surprising.

This coupling so far has been only unidirectional, giving
the possibility to build and change real systems and syn-
chronously generate their functional representation in
terms of Petri-Nets or a special simulation language for
pneumatics. Simulation could then be carried out with the
virtual model and compared with the behaviour of the real
system, but no interactive bi-directional connection was
realized. However in a systems design application it was
possible, to download the controlling algorithm driving
the virtual model as a PLC-Program to an industrial
Programmable Logic Controller and drive the physical
system by means of real sensors and actors, Figure 2.
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Figure 1: Complex Pneumatic Object

Figure 2:
Tube recognition by end-markers
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Figure 3. Specifying a real Model.

Our theoretical concept has then been generalized to-
wards further physical phenomena from the areas of
pneumatics, hydraulics, electrics, mechanics, thermo-
dynamics. The unifying concept allowing this approach
was the Theory of Bond-Graphs developed at the MIT
[10].

At first, a short recall of Bond-Graphs is given and their
usefulness for this approach shown. A short motivation
for Hyper-Bonds from a system dynamics and
pedagogical point of view follows. In section 3 the
detailed concept of Hyper-Bonds is introduced. Some
applications and perspectives finish this paper.

2. Usefulness of Bond-Graphs

Paynter [13] introduced his theory of bond-graphs as a
unifying view on physical phenomena from a continuity
of power-flow perspective. Power flows through system
components and connections by way that the product of
effort and flow is continuous, following typical laws of
energy conservation and power-flow continuity. Effort (e)
is the driving force for flow and can be a pressure
difference, force and torque, electrical potential
difference, temperature difference etc. Flow (f) can be a
flow of material, momentum, electric current, entropy.
Bond graphs are networks with edges of (e,f)-connection
and nodes with constant e (0-node) or f (1-node). Bond
graphs can be used to describe dynamic behaviors of
different physical domains with one formalism (Fig. 4-5),
similar the way we use differential equations for all kinds
of physical phenomena. In fact, for calculation means,
bond graphs are transferred to systems of differential
equations and then integrated (symbolic or numerical).
For engineering purposes bond graphs have several
advantages as they are vivid and preserve important
constraints [4]. One important feature of bond graphs is
the input-output relation of effort and flow, seen from a
physical component perspective. Components are always
connected by bonds having the value pair e and f where
one of them can be seen as input the other as output from
a cause-reaction point of view. However, which one is
input and which one output can only be determined from

an overall systems view by causal reasoning. Knowing e
and f at one connection, resulting from calculation or
measurement, allows a cutting of the system in two parts
and a separate investigation.
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Figure 4. Bond graph for equivalent mechanical and
electrical systems.
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Figure 5. Bond graph for a pneumatic cylinder with
different levels of abstraction

Bond-graphs are especially useful for the description of
mechatronic systems, where power-flow is transformed
and exchanged between different forms of energy, Fig. 6.
Several simulators now support the notation of bond
graphs.

The feature of effort and flow, determining a systems
behavior can be used fruitfully, to implement arbitrary
cuts in an overall system, realizing one part in reality, the
other one in virtuality and provide a mechanism to sense
and generate arbitrary efforts and flows. This will be
demonstrated.

3. Systems and Boundaries

In physical science, and not only there, we learn the
principle of cutting a system at well defined boundaries
and replacing the external influences by some observable
and measurable relevant variables, reducing the
investigation to the internal dynamics of the rest. In
laboratory work we use this principle to construct
reproducible experiments, but also mentally we use it to
think about systems in hypothesis and mental experiments
(consider the principle of virtual work applied by
d’Alembert). For future laboratories, being more and



more penetrated by computers, a free and easy
distribution of a system between reality and virtuality
seems to have some advantages (Figure 6). Certain well
known aspects of a system can be represented in a formal
way by algorithms in the computer, others to be
investigated in more detail and uncertainty are
represented in reality, but coupled to a dynamic
surrounding. This would allow completely new forms of
easy experimental work and learning.
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Figure 6. Boundaries cutting a system.

4. Hyper-Bonds: a sensing and generating
Mechanism

In order to provide arbitrary boundary conditions, we
must have a mechanism to switch between source and
sink and to sense and generate a phenomenon. We chose
to generate the effort and sense the flow, because this has
the broadest application area. The alternative would yield
some different implementation we are not considering
here. The abstract bond graph representation for an im-
plementation of electrics (voltage and current) and pneu-
matics (pressure and volume-flow) is given in figure 7.
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Figure 7. Hyper-Bond for Voltage/Current- or
Pressure/Volume-Flow

As all necessary components are available in a standard
mechatronics construction kit, we built a simplified
prototype (Fig. 8).

Figure 8. Integration of Hyper-Bonds in a pneumatics
application

5. Applications and further Perspectives

Our concept of Hyper-Bonds was applied in a learning
environment for electro-pneumatics (figure 8), where
students can work on complex systems, freely switching
between virtuality and reality ' . Especially if one is
interested in a work-process-oriented learning, using
authentic situations and always wants to see the complex
context, it is of high value, to be able to select certain
interesting aspects of a system, put them as real
components on one’s desk, but still have them connected
to and integrated in the overall system. As the virtual
model can be distributed over different locations (only
with some restrictions in time behavior), one has the
possibility to have one complex virtual system
materialized in parts at one location and in parts at other
locations, figure 9. This opens up completely new per-
spectives for distributed task oriented learning in a co-
operating group. For systems development our concept
would support an incremental implementation and testing
of complex devices. For service and maintenance it would
support the stepwise investigation and repair of dis-
integrated parts. In an ongoing European project
Lab@Future we demonstrate this concept as an open
laboratory for distributed internet based mixed reality,
figure 10 [].

We have shown so far how to implement Hyper-Bonds in
domains of electrics and pneumatics, the implementation
for hydraulics, thermodynamics and mechanics will
follow.

" EU-IST Project DERIVE (Distributed Real and Virtual
Learning Environment for Mechatronics and Tele-Service
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Figure 9. DERIVE Learning Environment.
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Figure 10. Distributed Mixed Reality Laboratory [19].
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