


Figure 1: The interior of a Swedish high-speed boat used
by the Amphibious Corps. The navigator sits on the left
side and the steersman sits on the right side. Photographer: 
Joakim Dahlman.

definitely be cost-effective means of bringing new ideas to 
the practitioners and subject matter experts, in the effort of 
finding the requirements of tomorrow’s navigation
systems.

Exploration of Future Concepts

Modeling, simulation and visualization are an alternative
way of presenting new theoretical concepts to
practitioners. It can be difficult to explain new ideas and
concepts through textual requirement descriptions. Various
visualization techniques, ranging from simple sketches to
the visualization of advanced computer models, can
support the work when researchers and system developers
want to test new ideas or concepts on practitioners. 

Using computer-based tools and virtual environments it is
possible to relatively fast try innovative concepts and
virtual prototypes in relatively realistic environments. This
approach can be cost-effective, because the prototype or
concept can be evaluated before it exists in the real world
(Jenvald & Morin, 1998). Also the combination of real and 
simulated entities or simulated artifacts in real operational
environments can be of great help in the investigation of
the tactical value of new technical systems (Jenvald, 1999;
Woods, 1998).

The method used in this study started with the needs and
experiences of the end users, and resulted in a future
navigational concept, ready to meet future trends and
demands. Future navigation, in this case, is likely to
change in several aspects. The increasing amount of
sensors and new equipment together with a changed
tactical appearance will affect the navigation procedure.
The driver of a high-speed vessel is supposed to maintain
speed, flexibility and navigational accuracy despite being
the only person involved in driving the boat. In this case,
two operators manage the vessel; one steering the boat 

Figure 2: A Swedish high-speed boat operating in shallow 
waters in the Swedish archipelago. Photographer: Bjarne
Svensson.

(i.e. managing helm and speed) and the other is handling
the navigation (i.e. giving navigational orders to the
helmsman). The future allows us to consider that the
navigator will be given complimentary command and
control tasks within the framework of the new network
based defense.

In order to keep navigation safe, and efficient, the
helmsmen must be supported technically. With regards to
this given scenario we began our work to identify the
basics in handling small high-speed vessels within the
Swedish Amphibious Corps. We talked to five operators
and interviewed them regarding their skills, experiences
and problems. In this way we built up an understanding of
the information needed to support the helmsman. We used
the information given to us at the first meeting with the
domain experts to visualize the first scenario. In this
visualization all the navigational information was
presented through a helm-mounted display that was only
visible to the helmsman. Next, we presented the
visualization to the operators and expertise in order to gain 
their opinion and spontaneous comments. After the second 
meeting we modified the visualization and we also added
some extra features. 

With the visualization of today’s navigational principles in
a new format we began the second phase. We showed the
visualization to the helmsman through a helm-mounted
display, without any verbal information from the navigator. 
In this phase, we also wanted to further reduce the amount
of information presented to the helmsman, and thereby
only present him with the most essential information.

With the future demands from more sensors and additional 
tasks in mind, we created a second concept based on only
the most essential navigation information. We identified
this information during the interviews in the first phase.
The second phase resulted in a new visualization, which
we presented to the same operators and subject matter
experts.
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Figure 3: A “lamp post” like arrow illustrates the turning
point. The green lines indicate the safe path along the
planned route. Presented in the centre are also the
navigational information from the electronic chart and the
display system (ECDIS). Other vessels are indicated by a
vertical line and a box at the top. This indicator can be
complemented with the call sign of the vessel or the
transponder identification number (AIS).

We received additional comments and considered these
comments when we updated the second visualization. The
visualization now included less information and a slightly
modified interface.

Although the operators at first did not think it would be
possible to reduce the amount of information and keep
navigational safety and flexibility, they felt comfortable
with the new and improved interface.  After getting used to 
the second interface, the operators thought that it would
give the same support as the first one.

The two navigational principles will now be implemented
and evaluated under both simulated and real conditions.

Developed Navigation Concepts

Traditional navigation follows several principles that are
based on information such as when to turn, what to steer at 
(landmarks), next course and looming dangers. These
principles are illustrated in Figure 3 and 4 

The next turn is visualized by the “lamp post” arrows and
indicates the direction of the turn, and when to turn. By
visualizing the turning point with this chosen figure the
experts, participating in the study, agreed on the
importance of making it apparent even during bad weather 
conditions. Even if the turning point is visual by only
looking at the green path the information might be lost if
the weather makes it difficult to identify the path and
thereby finding the turning points. By making all the
turning points visual we wanted to support the helmsman
with enough information so that he could plan the voyage
faster since the green path only makes sense at the present 
leg.

Figure 4: The blue areas indicate shallow waters, less than 
three meters deep. The navigational information at the
bottom of the screen shows from the left speed in knots,
heading in degrees and the estimated time to the next
turning point in seconds.

The landmark information used in traditional navigation in 
the archipelago is replaced with the green path in the
visualization. The green path indicates the route to follow
and therefore the navigator or helmsman does not have to
look for other landmarks in the environment, which
sometimes can be difficult. Since the navigational cues are 
different depending on the time of the day, these “guide
lines” are supposed to support the helmsman regardless of
time. The green path also presents the next course and the
course indicator in the middle follows the head movements 
and is thereby used as a bearing compass.

Possible dangers are marked with blue color, as in the
standard sea chart and only for depths less than three
meters, due to the draught of the boat, which in this case is 
0.6 meters. 

At the bottom of the picture the speed in knots, is
presented to the left, and at the right is the estimated time
to the next turning point in seconds. This information is
additional to the original navigational order. Under normal 
conditions the navigator only tells the helmsman when he
is at the turning point, but by visualizing the ETA we
enhance the information if the external conditions make
the other visualized cues hard to detect. 

In the second phase of the visualization, we wanted to
reduce navigation information and still maintain safe
navigation and flexibility. In this case we made a few
examples of a navigation information setup and presented
it to the experts as drawings. After having received input
and comments we used the same visualization as in the
first phase but removed the turning point indicators. We
also deleted the green paths, the depth curves, the speed
indicator and the ETA. 
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Figure 5: The result of the second phase showing a far
more reduced information display than the previous one. In 
this picture the arrow, indicating the next turn and course is 
presented (in yellow) together with present course/heading
and bearing compass at the bottom

As described previously, much of the information
presented in the first visualization is redundant and
available by looking at different areas of the screen. For
example the green path works both as a course and heading 
indicator, a danger avoidance tool and a turning point
indicator. The preconditions are that the external
conditions are good and that the information from the sea
chart is reliable. However, the first phase was only
intended to visualize today’s navigational principle and not 
to think of any alternative solutions. The second
visualization shows a far more reduced information display 
and only consists of four standardized directional arrows,
present course and heading, bearing compass and the next
course. The information display is also complemented with 
the same electronic chart, shown in a top-middle window
as in the first visualization. 

We decided to use four standardized arrows indicating
turns within 40º ± 20º (as illustrated in Figure 5), turns
within 90º ± 20º and 90º ± 20º turns. The final arrow
indicates straight course and is presented when the actual
course and the intended course are the same. In the
visualization the arrow is fixed, straight up, as long as you
are on course. The arrow starts blinking in the next course 
direction a few seconds before the next turn. The next
course is also presented in yellow at the turning point.
When the arrow gets straight, the next course indicator
disappears, leaving only the presentation of the intended
course and the bearing compass, which is displayed, at the 
same position as in the previous visualization. As long as
the helmsman is focused on keeping the intended course
and heading as close to each other as possible, the boat is
clear from dangerous waters. 

Depending on the distance between the turns and the actual 
speed, the preparation time is different and the presentation 
of the blinking arrow can vary from 2-6 seconds. 

Figure 6: This figure illustrates a possible information-
presentation media for the two developed concepts. In this 
case the information is presented through a pair of glasses. 
Navigation information is projected inside the glasses,
which enables the helmsman to still see the real world
through the glasses. The concept supports the use of a
bearing compass controlled by head movements.

This gives the helmsman the possibility to reduce speed if
navigation is complex. By looking at the electronic chart
display he can also plan ahead depending on the
complexity of the route.

The change of the representation of the navigational
principles to such a large extent as the difference in our
two concepts calls for an evaluation. The first step is to
implement the two concepts in a virtual environment
through the use of a full-scale navigation simulator. By
doing this we hope to further develop the two concepts and 
ultimately move them to the real context and sea trials.
Initially the information will be presented on a screen in
front of the helmsman at the position for a head up display. 
At the same time, we will test the second navigational
concept together with a head mounted see-through display
as shown in Figure 6.

Related Work

In the effort to bridge the gap between cognitive task
analysis and system design, Potter and colleagues (2002)
introduced the use of intermediate design artifacts. The
domain studied was military decision support. In addition,
Woods (1998) stated that “From a usefulness perspective,
prototypes function as tools for discovery. By changing the 
tools and representations that people use, we can learn
about the demands the domain places on any set of
practitioners, the strategies practitioners develop, and how
they shape artifacts to function as tools.” (p. 171). Woods
(1995) also presented related research about support for
cognitive work and the aid for human cognition.

In the naval domain Porathe and Sivertun (2002) explored
the possibility to use three-dimensional geographical data
to support the officer at deck with a “bridge-eye
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perspective” in the effort to lessen the mental workload for 
high-speed craft pilots.

Another aspect of using modeling, simulation and
visualization is when discussing possibilities and
consequences of crew reduction or manning optimization.
In this case effects are made visible at the early stages and 
can there be analyzed in a better way from different
perspectives such as mental workload, decision-making,
safety etc. (Russell 2000).

Visualizing mental workload is often a result of analyzing
tasks performed by an operator and underlying decision-
making processes (i.e. collecting information from
different sources to create a solid base for decisions)
(Werkhoven, Post & Punte 1997).

Discussion

This work has illustrated the benefits of using modeling,
simulation and visualization in the early design stages of,
in this case, a high speed navigational support system. It
has also pointed at the importance of involving the end
users in the design process by starting from a “needs”
perspective rather then from the technical assets (Dahlman
& Jenvald, 2003). The method supports the operator in the 
strive for optimal requirements to fulfill his or her task in a 
sufficient manner. One essential point during this kind of
work is to make the experts concentrate on the basic
navigational needs that underlie their performance instead
of focusing too much on the technology used to support
their work. By doing this, we manage to reduce the risk of
letting the operators be affected by the “state of the art”
technology, which is not synonymous with good
performance and support. 

Another important aspect is to realize that life at sea and
navigational performance is far more complex than
illustrated in this visualization. Navigation and ship
handling is often performed under more difficult
conditions and can be affected by many different factors
which are out of human control. The work presented in this 
paper does not include the preparations that form the basis
of navigational work. Another aspect is the occasional re-
planning, in response to unexpected events that require
other skills than those illustrated in this example. All
missions performed today are being preplanned and
prepared before leaving port, if information regarding final 
destination and waypoints along the way is available. If re-
planning is necessary the navigator usually does this under
way and compensates by reducing speed or stopping, if
possible. In order for the helmsmen to perform re-planning
under way he must be equipped with decision support
systems that give alternative routes based on experience
and intelligence. Navigation in this case is performed
under two different modes, depending on time and weather 
conditions and the first principle is optical navigation,
which is the primary method. The secondary method is

radar navigation and this method is used under conditions
with poor visibility. 

During our work we have received important lessons
learned through the reactions and reflections on our
computer visualizations from the navigators of today’s
high-speed boats. It is important to remember that further
studies also have to address the question how new
navigation concepts and possible crew reductions affect the 
overall mission planning process. Even if some of the
explored navigation concepts seem promising, it is
important to broaden the perspective and analyze the
overall performance of the mission. In this case, high-
speed navigation is one of several important factors that
has to be considered in order to improve the understanding 
of the situation for the crew of a future high-speed vessel.

Future work includes taking the developed navigation
scenario to an interactive virtual environment, to let the
operator act in the synthetic world. Future studies will
thereby further investigate whether the reduced
information visualization is sufficient for keeping
navigation safe and flexible. By using simulators for
navigation training we can further develop the visualized
example before taking it to the real environment and sea
trials.

Conclusions

We argue that modeling, simulation and visualization have 
great potential when it comes to the illustration of new
theoretical concepts and in the early phases of research and 
development. However, it is important to understand the
limitations of modeling, simulation, visualization and
virtual environments and use them with care. We conclude
that it is necessary to have great knowledge in the studied
domain and that field trials in real environments are
invaluable and necessary in order to keep up with the
requirements of reality.

The way towards success lies in a close relationship with
real practitioners during the research and development
process. Used in the proper way, modeling, simulation and 
visualization can decrease the gap between users,
researchers and system developers and support more cost-
effective development of future systems.
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Abstract
The vision of Simulation Based Acquisition (SBA) is an acquisition process in which Defense and Industry are 
enabled by collaborative use of simulation technology that is integrated across acquisition phases and
programs. SBA is very convincing, presented as a theoretical framework, but an optimal path to applying the
concept has yet to be formulated. Little has been stated so far on the possible risks, difficulties and side effects 
of trying to adapt existing development organizations in order to start using SBA. The SBA concept is moving 
forward, but in order to create the evolved culture, refined systems acquisition process and advanced systems
engineering environment envisioned, progress must be coordinated and experiences from applying and using
the framework must be shared within the research and development community. This paper illustrates a
potential problem that can present itself as theory is put into practice. During acquisition, requirements are
modeled to constitute an interpretation of business goals, business rules, users’ needs, target environment etc.
Further interpretations of this model are then made throughout the acquisition process during technology and
product development. Making interpretations of an interpretation in this way can be troublesome, since there is 
often a gap between how the model is perceived at different stages of development. The gap resides in that
people involved at the different stages often do not share the same tactical or technical knowledge. Surrounding 
factors are perceived and/or valued differently. There are also other factors that can combine to increase the
distance. Different companies might be represented, with different goals and (perhaps even conflicting)
strategies, which will affect interpretation, realization, testing and validation of requirements. Facing this risk,
the expressed need for a centralized coordination of methods and efforts is stressed, as well as an adapted
development process that can be integrated into SBA. The process must allow results and experiences to be
shared across the development cycle to optimize work and create common ground for people working at each
stage. One way to achieve this is through posing specific requirements on the documentation that is produced
and distributed, viewing it as a tool for communication. Another is to encourage certain “violations” to formal 
procedures, allowing shortcuts and face-to-face interaction between system analysts and system developers.
The goal is to bridge the gaps in the acquisition process by helping people to direct their work towards each
other. Sharing experience in this way, and across the development community, will make the goals and
expectations on SBA more likely to be reached.

Introduction

This section gives a brief introduction and overview of the 
concept Simulation Based Acquisition – the vision, its
implications and prerequisites.

The vision of Simulation Based Acquisition (SBA) 
SBA is an acquisition process in which Defense and
Industry are enabled by robust, collaborative use of
simulation technology that is integrated across acquisition

phases and programs (ARO, 2000; Hollenbach, 2000;
SBAISG, 1998).

The United States Department of Defense (DoD) began
developing this concept in order to draw upon the benefits
displayed by Industry in using modeling and simulation for 
systems acquisition. 

The goals were, and still are, to reduce the time, resources 
and risk associated with the entire acquisition process and
increase the quality, military worth, and supportability of
fielded systems while reducing total ownership costs
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throughout the total life cycle, and enable Integrated
Product and Process Development (IPPD) across the entire 
acquisition life cycle.

The key features of SBA, in comparison to traditional
acquisition processes, are:

• Modeling of requirements with the help of end-
users, and the use of models as a communications 
medium between end-users, developers and other
stakeholders.

• Simulation of the system’s operating
environment, including complex system of
systems (SoS) interactions.

• Using modeling and simulation (M&S) integrated 
with test, verification and validation (V&V).

• Interchanging information among heterogeneous
tools and interoperating these tools via open
standards.

The use of M&S, early and throughout the acquisition life
cycle, gives an increased confidence that relevant
requirements are captured and fulfilled, through end-user
involvement and traceability of requirements.

Integrated with V&V, modeling and simulation is used to
facilitate learning, assess technology maturity and
interoperability, facilitate integration into fielded forces,
and confirm performance against documented capability
needs and adversary capabilities as described in the system 
threat assessment1. M&S also allows for risk management, 
in that risks are exposed and considered earlier in the
process (Price et al., 2002).

Interoperability supports reuse and enables different
development organizations to work on the same product in 
parallel.

Prerequisites for implementing SBA
Based on the US DoD initiative, many studies, documents, 
workshops and presentations have sought to establish a
road map for implementing SBA (Acquisition Council,
1998; USD(AT&L), 2002). This roadmap has yet to reach
its final form, but factors, on which the success of SBA
depend, have been identified. These are some of the most
important (ARO, 2000; Hollenbach, 2001):

• Legislation, policy, budgeting and management
changes, in order to help share information and
tools and gain interoperability between
development organizations and create a
collaborative environment between Defense and
Industry.

1 In accordance to the Department of Defense directives 
5000.1 and 5000.2, issued by the USD(AT&L) (2003a; 
2003b).

• Accurate and comprehensive assessments of
design, manufacturing, employment and support
concepts earlier in the acquisition cycle, through
the iterative use of modeling and simulation, in
order to reduce time, resources and risk, and
allowing a system to be designed, built, tested and 
operated in the computer before critical decisions
are fixed and manufacturing begins.

• Collaborative environments, in which off-the-
shelf (or minimally modified) sets of reusable,
interoperable tools and supporting resources are
used to assess an emergent technology, capability
or concept.

• Verification and validation in the broader context
of an expected real-world environment, with
documentation to facilitate accreditation and
reuse.

SBA for the Swedish Armed Forces
The Swedish Armed Forces are now beginning to show an 
interest in SBA. Reducing time, resources and risk sounds
promising in a situation where massive budget cuts are
being made while the organization is in great need of
acquiring new systems – organizational and technological
– to meet the requirements of a changing real-world
situation.

The Swedish Armed Forces are transitioning from the
traditional invasion deterrence defense to a mission-
oriented Network Centric Warfare (NCW), but the current
NCW-vision requires considerable clarification and needs
to be defined in greater detail in order to be realized. The
process has been said to be very technology-driven, with a
lack of understanding for how technology relates to human 
action (Persson, 2003). Dependence on external
competence, with a reduced need for intra-organizational
knowledge, is a suggested reason for being in this
situation. However, relying on Industry to provide
technical solutions alone does not yield technology-driven
systems acquisition. If objectives are abstract, as in the
NCW-vision, and the Defense leaves it to commercial
companies to interpret, define and develop the vision, the
solutions will not necessarily assume the needs of the
Defense. Instead, each company will try to create a need
that matches their own unique design, development and
production capabilities. Competition is thus not primarily
directed towards providing the customer with a solution
optimized for the customer’s needs, but towards
outmatching other companies in conceiving and
developing the most advanced technology for the lowest
price, which will create a need for the customer. Because
systems acquisition has largely depended on external
competence, this competence is still needed in developing
the NCW. The vision, concepts and solutions should
therefore be the result of collaboration between Defense
and Industry. The Swedish Armed forces, however, has to
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insist on a methodology that will guarantee that end-user
and stakeholder needs are prioritized.

SBA could supply the remedy to these problems, since the 
process requires that an accurate model of stakeholder and
user needs is established before assessments of design and
manufacturing can begin to be made. This ensures that
stakeholder and end-user needs are put in the first room.
Visions have to be defined in detail and concretized before 
development can begin. By using modeling and simulation
early and throughout the acquisition cycle, needs and
requirements are also continuously updated, verified and
validated.

Assuming SBA as the framework for systems acquisition,
competition can be directed, not towards inventing the
most advanced military technology, but towards modeling
and tailoring systems and solutions for the Swedish Armed 
Forces.

Establishing a Swedish road map
SBA should be a joint effort between the Swedish Armed
Forces and Industry. This is necessary if the prerequisites
for implementing SBA are to be fulfilled. The ability to
interchange and reuse competence, experience, technology
and tools is fundamental when attempting to reduce the
time, resources and risks involved in the acquisition
process.

How to practically enable this collaborative environment is 
not equally easy to formulate. The talks and discussions
concerning NCW are on a very high level of abstraction
and consist to a great extent only of visions and ideas.

There are many theories and a lot of experience that come
from other defense organizations, but how to establish an
SBA road map for specific Swedish needs is far from
obvious. Parallels to other efforts can probably be drawn
but it is not safe just to copy other SBA-initiatives, since
the process must be adapted to the unique domain and real-
world situation. Decisions on how to design the process,
what methods should be used, how the implementation of
SBA should be organized and how Defense and Industry
should collaborate must be made. So far, there has been
little exchange of information regarding these issues,
which means that a lot of work remains before the
prerequisites of a functional SBA can be reached, at least
at a Defense organizational level. 

Considering this, a pure theoretical approach will probably
not be enough, and all development efforts cannot simply
be put on hold, waiting for a solution to transpire. It is
difficult to go directly from theory to practice and foresee
all outcomes. Initiatives must therefore also take place on
the more practical level of systems engineering.

Practice makes perfect, and by venturing projects using an
SBA-approach, the process can be modeled, simulated and 
evaluated in the broader context of the real-world
environment. Using “SBA” on SBA will help to gain

valuable experience in the field, and give an opportunity to 
optimize the process to fit with current demands and
situation, and make changes along the way.

The projects should serve as test-platforms on which new
ideas, concepts, standards and methodology can be formed, 
elaborated, tested and shared.

SBA at ISD

How then, should SBA be practically implemented in a
development project? Most development organizations
already have elaborated ways of designing and
constructing systems, and many of them are already using
M&S in their work. This makes it difficult to generalize
and give a general recommendation. Instead, a specific
example is given here, so that readers may draw their own
conclusions from their own perspectives. 

ISD Datasystem AB is an independent commercial
systems development company that works within the
Defense Industry. ISDs SBA projects have been directed
primarily towards technology development in the form of
prototyping. Technology development, separated from
product development, has the objective of reducing the risk 
regarding integration and manufacturing by bringing a
technology up to the point where it can be readily
integrated into a new product and counted on to meet
requirements (GAO, 1999). The domain of interest has
been the design and prototyping of future interactive
command and control systems for the Swedish Air Force
(FMV, 2001; FMV, 2002; FMV, 2003), and Network
Centric Warfare.

Presented here is ISDs view on SBA, and part of the
company’s experience, from trying to implement the
framework into technology development projects.

Complementing SBA with a systems engineering 
process
SBA describes how systems should be acquired. It is also
necessary to go one level deeper and describe how systems 
should be engineered and developed in order to implement 
the concept into a development organization. SBA will
need to be complemented by a systems engineering
process in order to function as a framework for developing 
systems.

Since SBA is a new concept, even though modeling and
simulation have been used extensively in Sweden, there is
little practical experience from trying to implement SBA or 
complete it with a systems engineering process. There is
only little information on the possible risks, difficulties and 
side effects of using SBA. It would be useful to know what 
problems to be aware of and what to avoid2.

2 Price et al. (2002) present an interesting review on what 
can, and cannot, be expected from SBA.
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ISD has constructed a systems engineering process to fit an 
SBA approach for technology development projects. The
process originates from the Rational Unified Process
(RUP) (Kruchten, 2000). RUP is a relatively general
description of systems engineering, which is advantageous
when it comes to adapting it to SBA. Its iterative structure 
is also well suited for SBA projects.

The ISD process can be described as the iterative
application of analysis, design, implementation, test and
validation to requirements. Requirements are gathered to
form a model, which is realized in a functional prototype.
This process is illustrated in Figure 1. 

Figure 1: The system engineering process at ISD.

The technological development proceeds through
experimentation and evaluation. Requirements and
different design solutions are realized in the prototype and 
then evaluated. Iterative development enables good
solutions to be kept and elaborated, while bad solutions are 
dismissed.

End-users, or subject matter experts, are a vital part of this
process, since they serve as an important source of
information and a window towards the expected real-world
situation.

The end-users help to define the model and prioritize
requirements. Later in the process, they are asked to verify
if the requirements have been interpreted and realized
adequately, and validate if the requirements are adequate
for a future system in the broader context of the expected
real-world situation. Results are transformed into a
requirements specification for the future system.

Using prototyping during the technological development is 
a relatively cheap way to investigate how to prioritize
requirements, design for usability, and optimize costs

during the later product development, where the major
investments are made (GAO, 1999).

Sharing experience from 
implementing SBA into a 

development project

As stated earlier, there is, thus far, little practical
experience shared within the community when it comes to
implementing SBA. Experience must be discussed, in
order to find a rigorous, empirically proved process and
methodology that is guaranteed to get the job done. This
particularly concerns negative experience and appropriate
solutions.

This section describes one problem that most certainly will 
be encountered in one way or another during systems
engineering and the implementation of SBA. Furthermore,
a solution, or a set of solutions is presented, which has
helped ISD in the process of engineering systems3.

Gaps in the development process
During acquisition, requirements are modeled to constitute
an interpretation of business goals, business rules, users’
needs, target environment etc. Further interpretations of
this model are then made throughout the acquisition
process during technology and product development.
Making interpretations of an interpretation in this way can
be troublesome, since there is often a gap between how the 
model is perceived at different stages of development. The 
gap resides in that people involved at the different stages
often do not share the same tactical or technical
knowledge. Surrounding factors are perceived and/or
valued differently. 

For example: it is often not easy for a developer to
understand the reason for why requirements are formulated 
in certain ways and envision the final result, when the
iterative process means that requirements are given one at
a time. The consequence of this is that when certain
requirements cannot be implemented in the exact way
specified, the developer’s alternative solution and
implementation may not comply with the big picture. It is
also not possible to check up on every function or detail
that cannot be readily implemented. This should be part of
the developers “artistic freedom”.

Another issue, which is related to the previous, is that the
developers might not get enough constructive feedback on
their performance from what the end-users report during
validations. The developers just see new versions of the

3 The SBA projects that ISD has endeavored have so far 
been on a somewhat limited scale. The featured problem is 
probably greater in a large project, and it remains to be 
tested whether the proposed solutions can be scaled to fit a 
larger project.
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requirements, without knowing why the requirements have 
been changed. This means that there will be difficulties in
building an interpretation of the model and adjusting it to
be correct, deciding where to allocate the main efforts, and 
understanding what will be of use and give effect for the
end-users, since this is not always related to the
technological complexity of the system.

Gaps can also arise as a consequence of separating
technology development from product development. This
is actually an important aspect of SBA, in that technology
can be evaluated through the use of M&S before fixing on
a product solution4. However, making this distinction may
create a gap between the two stages of the acquisition
process. Different companies might be represented, with
different goals and (perhaps even conflicting) strategies,
which will affect interpretation, realization, testing and
validation of requirements. For instance, a product
development organization often has an ambition to reuse
components and code, which might color how
requirements are prioritized and implemented. There are
also often differences regarding the people that are
involved, their technical and tactical knowledge, hardware, 
tools and standards. 

Bridging the gaps
Facing these issues, it is necessary to come up with
appropriate solutions and adapt the systems engineering
process accordingly. The following sections will elaborate
on how ISD has succeeded in bridging gaps in the
development process.

Evolved requirements management. During modeling,
the functional and non-functional requirements that are
gathered are prioritized, broken down and translated into
system requirements. The system requirements are
organized into components, in order to form a component
based architecture.

A component is a self-contained, reusable building block
that can be used independently or assembled with other
components to satisfy requirements. A component handles
a specific event, or related set of events, and provides a
particular function or group of related functions through an 
interface. The component interface may send or receive
data from a file, or may be a user interface.

One increment corresponds to an iteration of a component,
with analysis, design, implementation and test. The
components can be iterated independently of one another.
Increments can also be analyzed, designed and
implemented in parallel. It is very important, however, that 
there is only one version of every component for each
increment, in order to minimize the risk of confusions.

4 The distinction between technology and product
development is recommended by the United States General 
Accounting Office (GAO) (GAO, 1999).

The result of the iterative and incremental development is a 
process that is more flexible than traditional processes in
changing the representation of requirements. Increments,
being less extensive than a full iteration, tighten the
process by reducing cycle-times, and distance between
stages of development and the people involved. 

One good example of this is that sometimes, and
sometimes quite often – especially during technology
development – the requirement administrators will realize
that a component will have to change, compared to the
version that has already been forwarded to implementation. 
It is then of great help if the requirement administrators are 
fully aware of how far into the process of implementation
the component is. If they know that none or only little
implementation has been made, a “violation” can be made
to procedures so that the current component increment is
withdrawn and skipped in favor of the next.

Often, several increments to a component are planned in
parallel.  It is then useful for the developer if early
increments state something about what will happen later,
even if each increment is quite small. This will reduce the
risk for ending up in a situation where the developer may
say: “Had I known that from the beginning, I would have
done completely differently, but now it is difficult to
change anything”. This also applies to requirements that
are uncertain. If there is a risk that requirements will
change later, this should be stated early.

Procedures like this are normally not described in systems
engineering or systems development processes, but are
absolutely necessary and serve as valuable methods in
order not to lose time and money. The risk of developers
losing their motivation, because they experience frustration 
in throwing away code that has required a lot of effort and 
commitment to build, is also reduced.

As stated earlier, this is particularly important when it
comes to technology development, when sudden and major 
changes to requirements are not uncommon.

Configuration management, and documentation as a
communications tool. The procedures mentioned in the
previous section pose specific requirements on the
documentation that is produced during the acquisition
process.

There is a necessary formalism in a project when it comes
to configuration management and documentation, which
increase with system complexity and number of project
members in order to maintain control. This can form a gap 
between project members if they do not get the opportunity 
to meet face to face. The problem occurs because it is very 
hard to formulate unambiguous requirements and explain
the big picture, context, relevance and essence of
requirements in writing. A reason for this is that the
requirements are based on a model that contains only what 
was considered important to extract from the real-world
situation, from a system requirements perspective.
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Due to iterative and incremental systems engineering, the
need for formal documentation decreases, in favor of an
increased need for configuration management, that is, a
central coordination of requirements and components.
Requirement administrators have to be updated on the
progress and status of all the components, in order to
enable increments to be withdrawn, updated, and worked
on in parallel. Thus, the formal documentation is reduced
while interaction and communication between project
members is encouraged, using the documentation of
individual components as a mediating tool. 

However, it is important that the documentation supplies
developers with relevant context. By providing information 
about the purpose of the component and how it will
function once deployed, from the end-user’s perspective,
the developers can form an idea of the best design for the
product. It is then easier to go in the right direction and
create correct system architecture. A document standard
that permits and encourages this information is important.

Configuration management requires the most resources at
the beginning of a project. It is therefore less time-
consuming than constantly producing formal documents,
which are seldom written voluntarily and that only give
little outcome compared to the effort. Project members
usually favor this solution.

Sharing information and providing feedback. What
does it mean to explain the big picture, context, relevance
and essence of requirements?

It means that it will be easier for project members to keep
track of each other, and see how their own contributions fit 
in with the big picture, and have expectations on what the
next logical step in the development of each component
will be.

By using iterative and incremental development, the
project members will have to communicate more often,
which yields an opportunity to answer and put forward
questions, explain circumstances concerning requirements
and describe the context in which decisions are made.
Results and experience must be shared between project
members in order to provide feedback that can be used to
optimize work and help create common ground. This will
increase the total competence of tactical and technical
information and help everyone involved to direct their
work towards each other and alleviate each other in a
natural way, helping them to function better as a team.

Developers should also be given an opportunity to meet
the end-users, and create an image of the people that will
use the system in the end. Documentation will never be
able to communicate this image.

Visualizing requirements. Bridging the gap between
technology and product development is more difficult.
Communication is generally not very frequent between
people working at the two different stages, and therefore

the interpretation of requirements that the product
development team makes is further abstracted from the
end-users who provided the model. At the same time,
documentation is not enough in order to provide the
essence of requirements.

One way to solve this problem is for the technological
development team to build a functional prototype (an
illustrator) to display the requirements. Not only does such 
an illustrator give an idea of the appearance and behavior
of the system in a real setting, but it also shows how the
documented requirements are integrated to form a system.
This gives a completely different perspective when it
comes to valuating purpose and practical use of certain
solutions and components, and the context in which the
requirements were specified.

It may also be helpful if the product development team
have a chance to visit the technological development team, 
to share experience and tactical decisions behind functions
and solutions, and meet the people behind the prototype.
Such cooperation adds continuity to the acquisition
process.

Conclusion

Bridging the gaps in the development process by helping
people to direct their work towards each other is important 
when it comes to building a standardized, efficient and
goal-directed systems engineering and acquisition process.

Sharing experience, within each project and across the
development community, will hopefully enable a
discussion and a debate that is necessary in order to
produce a standardized methodology and road map for
building an SBA-process for the Swedish Armed Forces
and Industry. With this debate the goals envisioned with
SBA will have greater expectations of being reached.
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Abstract
Modelling and simulation applications for operations in urban areas often set high resolution and fidelity
requirements for the 3D environment models. For applications supporting ongoing operations, e.g decision
support, mission planning, etc., additional requirements such as time frame and accessibility to the area of
interest must also be taken into account in the modelling task. One possible approach to handle all these
requirements is to use methods that allow for automatic 3D modelling using recent data from reconnaissance
and surveillance sensors. In future urban operations we can expect to see different types of UAVs and UGVs
equipped with sensors like 3D laser radars, IR- and visual cameras. The data from these sensors can be used for 
environment modelling.

This paper will present new developments in data processing aimed for rapid 3D environment modelling and
visualization for e.g. mission planning and mission rehearsal, mainly in urban environments. The methods
include ground estimation, building reconstruction and tree identification. The long term objective is an
automatic production chain from environment data collection to environment models ready for use in many
different applications.

Introduction

Modelling and simulation applications for operations in
urban areas often require very detailed and high-fidelity
models of the real environment. However, the construction 
of such models is not straightforward. Common obstacles
are the availability of data describing the area and the vast 
amount of details to be handled during modelling. For
applications supporting ongoing operations, e.g. crisis
management, decision support, mission planning, etc.,
additional requirements such as time frame and
accessibility to the area of interest must also be taken into
account. Thus, some kind of automatic modelling tool is
needed (McKeown, 1996). 

The long term objective of our work is the development of
automatic methods for rapid construction of high-fidelity
natural environment models from sensor data (Ahlberg &
Söderman 2002). In this paper we will present some recent 
developments in data processing, especially methods for
3D reconstruction of buildings. 

To obtain high resolution data we have used recent
airborne laser scanners (ALS) and digital cameras. A short 
introduction to ALS systems and the type of data they
produce is given in the next section. For the construction

of high-fidelity models the raw data from the ALS and
camera system is processed in order to produce data sets
like digital elevations models, orthophoto mosaics, 3D
object models and feature data in term of points, vectors,
and polygons. For this purpose we have developed several
new methods including a method for bare earth extraction
based on active contours (Elmqvist, 2002), a method for
identification of individual trees, classification of tree
species, and estimation of tree position, height and canopy
size (Persson et al, 2002, Holmgren & Persson, 2003), and
a novel method for 3D reconstruction of buildings. The
tree identification and estimation method has been
validated using ground truth data (Persson et al, 2002,
Holmgren & Persson, 2003). One example of the kind of
models that can be produced using data from ALS systems 
and cameras is illustrated to the left in Figure 1. The right
image shows a Digital Surface Model (DSM) based on raw 
gridded laser data having 0.25 m post spacing overlaid
with high resolution aerial imagery.

In the next section we will briefly discuss pre-processing
of ALS data, e.g. gridding and classification. We will also
briefly illustrate the ground estimation and tree
identification methods which already have been discussed
in length elsewhere.
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Figure 1. A 3D environment model for e.g. real-time visual simulation based on ALS and aerial imagery (left) and a DSM
obtained from ALS data partially overlaid with an orthophoto mosaic (right).

In the third section we will present and illustrate the new
method for automatic 3D reconstruction of buildings. In
the final section we will illustrate the use of these
methods for construction of high-fidelity models of urban
areas for real-time visualisation applications. 

Lidar and image data

Modern ALS systems consist of a range measuring laser
radar (sometimes also referred to as LIDAR - Light
Detection and Ranging), a positioning and orientation
subsystem using a differential GPS and INS (Inertial
Navigation System) and a control unit. The laser radar
consists of a laser range finder measuring range using
time-of-flight measurement, an opto-mechanical scanner
and a control and data storage unit. 

The most frequently used scanners are line scanners
which deflect the laser beam back and forth across the
flight track using oscillating mirrors. The measured
elevation points form a zig-zag pattern on the terrain
surface as the platform moves forward, see Figure 2. The
positions of the points correspond to the locations where
the laser pulses have been reflected on the terrain or
object surfaces, e.g. on trees, bushes, building roofs, etc.
The positions are determined using the measured range
and the position and orientation of the laser radar system. 
The resulting (x, y, z) coordinates are normally given
using some suitable reference system.

In addition to terrain elevation, modern ALS systems
often measure amount or “intensity” of the reflected laser
pulse. This information can be used to produce a
monochromatic “intensity image” of the survey area, see
Figure 3. Many modern systems also have the ability to
detect and register multiple returns for one laser pulse.
Usually, two returns are registered (first and last return).

Multiple returns occur when different parts of a laser
pulse “footprint”, which may be several dm in diameter,
hit different objects or different parts of one object at
different elevations.

Figure 2. Elevation points from airborne laser scanning.
Top: data from a forest area (x and y scales are non-
uniform for illustration purposes). Bottom: data from an
urban area.
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For example, one part of a footprint may hit the top of a
lamp post and the remaining part may hit the ground
below. The intensity and the multiple return data provide
additional information which together with the elevation
data form an excellent data set for feature extraction and
3D reconstruction tasks.

Figure 3. Example of ALS data from a small urban
environment (250 m x 350 m). From the top: elevation
data, intensity data, multiple return data and an
orthophoto mosaic.

In many applications, aerial imagery is a desired
complement to the laser data. This can be achieved by
extending the ALS system with a high resolution digital
camera. Camera position and orientation can be obtained
for each image using the GPS- and INS-data from the
ALS system. Georeferenced orthophoto mosaics can then
be produced using the images, the camera orientation data 
and a digital terrain elevation model from the laser data,
so no stereo overlapping images and ground control
points are needed. Therefore, orthorectification can be
completely automatic in the future. 

In our work we have used laser and image data from the
TOPEYE system. This system is operated by the services
provider Topeye AB (www.topeye.com). The data used in 
the work presented here are from different data sets

collected at different occasions between 1997 and 2001.
The surveyed areas consist of different types, e.g. forests, 
urban terrain and rural terrain and the point density varies
between the data sets from approximately 4 up to 16
points per m2.

Data processing

The construction of high fidelity environment models
requires a number of different input data sets, for example 
digital elevations models, orthophoto mosaics, 3D object
models and feature data in terms of points, vectors, and
polygons. A first step to obtain these data sets is to
resample the ALS data in regular grids (matrices) and
then classify the data in three main classes; ground,
vegetation and buildings (Hug 1997, Maas 1999,
Söderman & Ahlberg 2002). The data in the ground class
may also be further classified as e.g. paved areas (roads,
parking lots, etc.) and non-paved areas. 

Classification
Since the raw ALS data we typically use has very high
point density the data is usually resampled in regular grids
or matrices having only 0.25m post spacing. A number of 
different matrices containing elevation or intensity data
are often constructed, e.g. one containing the lowest
elevation or z-value in each cell (DSMzmin), and one
containing the highest z-value (DSMzmax). In case a
continuous “surface” is needed, empty cells are filled
using interpolation, see Figure 4.

Figure 4. Top: A DSM from a small urban area. Bottom:
The resulting DTM constructed using the active contour
method. The post spacing in the elevation grids of the
DSM and DTM is 0.25m. 

Classification of ground points is performed by first
estimating a ground surface representing the bare earth
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Abstract
This paper describes a Virtual Classroom for Training where students join the class and perform diverse tasks
of the training agenda using distributed simulation and HLA, High Level Architecture. The virtual training
environment is an interactive simulation based sphere distributed across a network or Web. The system is
synchronous and allows participants to interact in real-time. The proposed method enhances the traditional
Distance Leaning by utilizing distributed simulation technique as a key component of its virtual environment.
The integrated distributed simulation and the synchronous real-time interactions in the virtual classroom
facilitate furnishing a true interactive training atmosphere.

Keywords: Distance Learning, Distributed Simulation, HLA, Virtual Classroom, Virtual Environment

Introductions

Distributed Simulation plays an important roll in assessing
ranges of applications in defense industry. One such
application is training of defense personnel in a virtual
environment. This research uses the same concept and
attempts to adapt its principles to civilian educational
domain. We call this environment Virtual Classroom for
Training (VCT) that utilizes distributed simulation
techniques in an interactive distance learning context.
Contrast to the traditional distance learning, VCT utilizes
distributed simulation as a key component of its virtual
environment. Furthermore, the VCT distance learning is a
synchronous environment whose activities are
synchronized partly by the High Level Architecture (HLA)
standard (Dahmann et. al. 1998, DMSO 1998) and partly
by real-time digital video streaming.

Distance Learning (DL) is widely used today both in
military and civilian institutes. Advances in the Internet
technologies and e-learning provide numerous
opportunities to furnish interactive services to defense and
other industries, universities, civilian organizations and
huge number of potential students scattered throughout the 
world. Example of efforts for this purpose includes the
Department of Defense initiative on Learning Objective
standards for Advance Distance Learning, ADL (ADL
2000) and Instructional Management Systems, IMS.

Most distance learning methods currently use Web-based
technologies and multimedia for mainly disseminating
their educational material. Our virtual classroom, however, 
enhances the distance learning approach by adding
simulation techniques in a distributed environment. VCT
attempts to follow ADL objectives to combine several
technologies to provide a realistic training environment for 
the students participating in the classroom. 

In this paper we describes the concept of our virtual
classroom for training and identify its key components.
Moreover, we provide the difference between our research 
and related work. In a follow-up paper we provide detail
descriptions and simulation results of VCT as well as
discussing some key issues. While this research is focused
on educational domain, it could easily expand on other
contexts such as industrial, healthcare, as well as back to
the defense applications. 

Virtual Classroom for Training

The heart of VCT systems consists of divers simulation
objects, scenario libraries, data bases,  as well as real
objects. These components are especially integrated to
facilitate training objectives. Participants of VCT could
interact with simulated and non-simulated objects, with
other trainees in the virtual training space, and with the
instructor in a three dimensional graphical interface. In the
virtual classroom, an instructor supervises the students by
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providing directives and supervisions. The instructor could 
be a real person, a simulated object, or a combination of
the two. The students on the other hand are real and could
share simulation objects with each other. In the following
sections we describe more details of the system.
Nevertheless, the descriptions provides only an overview
of the system. More specific details will be provided in
follow up papers.

Figure 1: Example of a web-based Virtual Classroom
enchanted by simulation which is suitable for
asynchronous online Distance Learning.

Virtual Classroom
VCT provides synchronous services to heterogeneous
platforms. The synchronous mode requires all students to
join the class at a pre-scheduled time and for a specific
duration. This is in contrast to the asynchronous mode
where students connect to the system when they desire.
Most Web-based online learning systems utilize the
asynchronous approach an example of which is illustrated
in Figure 1. The synchronous mode on the other hand is
more complex, but provides better resource  management,
bandwidth supervision of the network, and hence
furnishing better Quality of Service (QoS). Furthermore, it 
can ensure active participation of students in the
educational program. We trust the synchronous mode can
provide a true virtual classroom. Figure 2 illustrates an
overall view of a synchronous Distributed Virtual Training 
Environment. In this system, it is assumed a Main Service
Center, MSC, is the main controller who manages task
distribution among available resources at its disposal.
When parallel computing is needed, MSC could also co-
ordinates that both at the local site as well as on remote
nodes.

Participants can choose to join the classroom in three
modes: physically entering the Main Service Center, logon
to VCT via Intranet, or connect to the virtual classroom via 
Internet. While authentication is required for all
participants, especial security checks required for those
who connect to the system via Internet. Collaborative
Service Centers (CSC) could also be used to augment the
system and extend its outreach. However, this part will be
addressed  in future work.

The system uses XML based portals to disseminate
information. Extensible 3D (X3D) is used for 3D
presentation of graphical images. All participants are
assumed to be equipped with special gloves, Head
Mounted Display, one or more computer displays,
broadband access to the network. The connection could be 
wireless or wire-based. All participants also need to have
access to video conferencing equipments for audio/video
real-time communications between the individual sites
connected to the virtual classroom.

A training session starts by a training leader who provides
the students the session agenda, theoretical lecture parts,
and practical directives on the training assignments. A
Virtual Assistant (Johnson et. al.  2003, Rizzo et. al. 2002,
Shi et. al. 2003) is also available for all students as a help
function. The VA could be programmed such that to
alleviate part of instructor's work in order to minimize
communications cost especially for the remote sites.

Depending on the length and type of the training sessions
operation modes could be varied between lectures and
laboratories. In the lecture mode, the students need not
have to use the 3D headsets and gloves, whereas in the lab 
mode both are needed for embracing full visualization and
interactions.

Figure 2: Overall System view of the synchronous
Distributed Virtual Training Environment. 

Intranet

Internet

Main Service Center

Instructor
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Virtual Classroom Objectives: Following objectives are
pursued for virtual classrooms, whereas the ones for
distributed simulation are addressed in the next section:

• Employ distributed simulation techniques as the
core technology of the virtual training system

• Develop a Virtual Classroom Architecture
flexible enough for both training purposes as well 
as traditional lecture oriented courses 

• Pinpoint grand challenges and research on the key 
issues

• Collaborate with other scientists, institutes, and
organization for the diverse issues involved in the 
development of such system.

Distributed Simulation
The core technology of VCT encapsulates Distributed
Simulation based on High Level Architecture.  Integration
of HLA and Web-based simulation appears to be a natural
pursuance for a Web application and distance learning
(Morse 2000). The HLA framework provides a
straightforward mapping of the distributed object entities
into the virtual objects (Figure 3).

Figure 3: Overview of HLA Federations incorporating
Distance Learning. 

To facilitate interactions between diverse entities of the
virtual environment, all components of a VCT system
could be viewed as objects. This includes both simulation
and non-simulation objects, for example images which are
representing instructors, students, virtual assistants, and
other components.

The Run Time Infrastructure (RTI) of HLA is used to
synchronize the interactions of the distributed entities. It
provides a common platform upon which both simulation
and non-simulation objects could interact. A middleware
platform is needed on top of RTI to facilitate integration. 

The Local Time Warp (LTW) synchronization protocol
(Rajaei et. al. 1993) could be applied for RTI. An overview 
of a distributed simulation system synchronized by LTW is 
illustrated in Figure 4. LTW maps each zone as a cluster.
The activities within a cluster is synchronized by Time
Ware protocol (Fujimoto and Weatherly 1996) whereas
activities between the clusters are synchronized by a
conservative protocol such as Conservative Time
Windows, CTW, (Ayani, R. and Rajaei, H. 1994). The
LTW model is extendible to more than two level of
hierarchy. A third level can easily be built on top of the
second level by relaxing its conservative constraints by
employing protocols such as Breathing Time Bucket
(Stienman 1991, Stienman 1993).

Figure 4: A synchronization mechanism for Distribute
Simulation based on Local Time Warp clusters each zone
in the global sphere. 

Through HLA, the simulation model execution could be
carried out on multiple sites where the RTI synchronizes
the activities between different modules. If a single module 
is to be executed by e.g. the instructor, it could be executed 
on the MSC node and the result be multicast to the
students. This suits well for large tasks when parallel and
distribute computing is needed and MSC could
accommodate the needed computing power. If MSC
cannot accommodate the computing power for any reason, 
it acquires more resources from the distributed platform. If 
a simulation task for e.g. demo is simple enough and needs 
not significant processing power, then the execution will
be carried out on each student's computer to avoid
communications delay. 

When a virtual interaction is needed to the images
presented by the simulation executive, complications may
arise depending on how many are engaging or viewing the 
result of the interaction in the virtual space. A typical case
could exemplify for a collaborative group work where each 
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student is in a different virtual site and yet all members of
the group are working on the same simulated object.

Distributed Simulation Objectives: We pursue following
key objectives for incorporating distributed simulation in
the virtual training system:

• Develop a HLA compliant distributed simulation
platform to suit Virtual Classroom objectives

• Research and develop an appropriate RTI and
Middleware to support VCT 

• Develop Library modules and scenarios
appropriated for VCT and its future expansions

• Develop a test-bed to benchmark new proposals

• Focus on scalability and interoperability issues of
the Distributed Virtual Training Environment.

Related Work
Success of HLA has pursued researchers to incorporate the 
standard into the Web. A successful attempt has been
reported by (Morse 2000). Certainly the ADL Initiative has 
pursued numerous researchers to contribute their work in
this important area. However, most efforts are focused
towards military applications (e.g. Tolk 2003). The
Extensible Modeling and Simulation Framework (XMSF)
(Brutzman et. al. 2002) is believed to be suitable both for
the civilian and military applications. Moreover, the
framework is considered that it would overcome certain
shortcomings of HLA over the Web.

Ever since the Internet becomes part of our daily work
numerous techniques have been proposed for distance
education and training (e.g. Shirmohammadi et. al. 2001,
Zahariadis and Voliotis 2003, Alhalabi et. al. 2000).
However, interactive distance leaning in real-time is much
desired for a virtual classrooms (Kinser 2003). Achieving
interactions in real-time is not trivial due to network delay, 
spite that several proposals have been emerged (e.g. Shi et. 
al. 2003, Moen and Pullen 2003). 

Current virtual classrooms often use Web-based
interactions by motivating students to answer questions
through chat-rooms, video conferencing, whiteboard, or
especial questionnaire. This model may work, but it is not
scalable, nor true interactions could be achieved with the
students. In contrast, we use simulation as a core
component of our virtual classroom to motivate true
interactions with the students. Albeit, this approach has
been adapted by several virtual labs (Alhalabi et. al. 2000,
Cracken et. al. 2003) and training environments (Crissey,
et. el. 2002, Svensson et. el. 2002), our technique differs in 
using distributed simulation which is synchronized by
HLA to incorporated scalability and interoperability.

Lara and Alfonseca (2003) incorporate visual interactive
simulation for distance education as one core component
of their system. There are two major differences with our

work: their system is based on continuous simulation and
not HLA compliant. 

We trust that the High Level Architecture can provide an
effective synchronization mechanism for the distributed
virtual training environment where scalability of the
system as well as interoperability of students'
heterogeneous platforms comprise key concerns. 

Challenges

VCT imposed numerous challenges. One of the grand
challenges of the virtual classroom originates when the
number of students increases in the system, especially
when interactions between the participants themselves as
well as with the simulation objects grows. The complexity
increases when participants require real-time interactions
with the simulated environment.

Network bandwidth and Quality of Service (QoS) imposes 
another grand challenge. Albeit Gilder's Law postulates
that network bandwidth increases three times faster than
CPU power, which doubles each 18 months (Moore's
Law), in reality we are currently facing huge network
capacity demand. This is certainly through when wireless
links are used in the virtual sphere. Current quality of
services for the wireless connections are very
discouraging, especially for wide area networks . While the 
future most likely speaks for wireless connections, it is
certainly a concern at present time.

Collaborative services though Collaborative Service
Centers provides another complexity. We address this
issue in the future work.

Figure 5: Collaborative Service Centers could provide
virtual group work as if the members are present in a single 
place viewing and discussing same image. 
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Future Work

A true virtual classroom should integrate Virtual Presence
of its participants in 3D images. The objective is that all
participants should be able to feel they are in a single
auditorium.

Collaborative environments for group work is most
attractive and advantages, nevertheless much challenging,
especially when interactions with the simulation images in
the distributed virtual classrooms are to be presented to all 
participants. Several Collaborative Service Centers could
jointly provide services to their respective zone. Moreover, 
distributed resources could be better managed for each
zone, and yet share the resources with the virtual world.
Figure 5 illustrate how a collaborative work could be done 
by virtual presence of the students who are participating in 
the virtual training session. 

Various training and lecture may need varying length.
Expansion to variable length of lecture and training can
make the environment be suitable to mixture mode of
training and lecture. That is, when the training is
predominated then more simulation and interactions are
anticipated, whereas a dominated lecture mode may need
less interactions and simulation.

As stated in the related work, XMSF is believed to better
suit distributed simulation in the Internet. We intend to
research about this technique and conduct experiments to
find about the feasibilities and capabilities. Moreover, we
pursue to verify whether XMSF would suit better
distributed simulation in the Internet.

Objectives of the future work:

• Provide proof of concept for VCT environment

• Expand the application of the generic architecture 
from the educational domain to cover other areas
such as collaborative system development,
healthcare simulation, and defense training 

• Employ the emerging technologies for Advance
Distance Learning.

Concluding Remarks

Advances in e-learning have paved the road for Advanced
Distance Learning. Simulation could greatly enhance the
learning process and furnish the needed active participation 
of students. Apparently numerous current distance learning
systems have overlooked to this vital need of education.

We trust synchronous virtual classrooms enhanced by
simulation technologies are more likely to embrace
learning objectives by providing interactive learning
sessions in a virtual educational sphere.

Embedded training and distributed simulation could
become an integral part of the future Web-based distance
education systems.
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The first step towards the development of the network
simulator was the design of the vignette illustrating a
mission rehearsal operation enroute to deployment. This
vignette included a database terrain, friendly and enemy
forces, strategies, and other details representative of FCS
operations. The vignette was run using the software
simulator known as OneSAF Testbed Baseline (OTB).

Entities in OTB communicate to each other by passing
messages. Messages in OTB are called Protocol Data Units 
(PDUs). PDU formats are part of the Distributed
Interactive Simulation (DIS) protocol defined in the IEEE
Standards 1278.1 (1995), 1278.2 (1995), 1278.3 (1996)
and 1278.1a (1998). After running the OTB simulator, the
PDUs generated in that session are collected and stored in
an output file for further processing. Concerning the
bandwidth project, the three most relevant features of the
PDUs are the sender ID, the byte length and the timestamp 
of PDU creation because these parameters are the basic
inputs for modeling communication traffic. The destination 
address is not considered given that OTB broadcasts all the 
messages to all the participating entities.

The developing team wanted a discrete simulation tool
with the following characteristics: great flexibility from a
programming point of view, Windows based for
availability and readiness, Graphical User Interface (GUI)
capable of showing simulation with animation, easy to
learn for C++ users, and low cost. After a short survey, the 
team decided to use OMNeT++ a software tool developed
by András Varga at the Budapest University of
Technology and Economics (OMNeT++, 2003).
OMNeT++ is a general discrete event simulation tool that
contains features to facilitate computer network
simulations. OMNeT++ runs under different platforms
including UNIX systems, Linux and Windows. It contains
a graphical development environment used to instantiate
the entities of the simulation like computers,
communication channels, routers, airplanes, etc. and
connect them according to the desired topology.

Using OMNeT++

OMNeT++ is a discrete event simulation environment
based on C++. It provides means for describing the
topology of the network, either graphically or by using of
the NED language (Varga, 2003). In particular, OMNeT++ 
operates on two types of files: NED and CPP.

The first type corresponds to NED files (xxx.ned) that
describe the topology of the network composed of the
different nodes involved in the simulation, their input and
output gates and the connections between them. A NED

file uses a special language called the NED language to
describe modules. There are two types of modules: simple
and compound. Simple modules contain no other modules
inside them and are used to describe the most basic
elements of the simulator. In this project, message
generators, message sinks, communication channels
(wireless and Ethernet buses) and routers correspond to
simple modules. Compound modules contain other
modules inside. For example, a computer onboard an
airplane is a compound module because it contains a
message generator and a sink. A plane is also a compound
module that contains a computer, a router and an Ethernet
bus. The largest compound module corresponds to the total 
network that contains airplanes, and a wireless bus to link
the planes.

The second type of files corresponds to CPP files
(xxx.cpp) that use C++ to describe the functionality of the
simple modules. Each simple module requires a C++
source code that indicates how to process each packet that 
arrives to an input gate, as well as how to send a packet to
an output gate. Using C++ code we can program the packet 
contents, its destination, its length, and the distribution
used (exponential, normal, uniform, etc.) to schedule
packets. The CPP files corresponding to the buses
(Ethernet or wireless) handle the packet transmission and
collision detection. Once the source files are ready, the
simulator is compiled. In this project, Microsoft Visual
C++ was used to accomplish this task. A special compiler
supplied with OMNeT++ pre-processes the NED files
creating cpp files. Next, all the cpp files are compiled
together with the Tcl/Tk graphic library producing the
executable file. Tcl/Tk is a graphic library in the public
domain (Tcl Developer Xchange, 2003) and described in
several books like (Zimmer, 1998). For C++ programmers, 
a sufficient understanding of the way OMNeT++ works
along with the capability of developing basic models can
be quickly achieved because the main concepts come from 
general knowledge about C++, as compared to other
simulators in which there are several long manuals to read
and the concepts are specific to that particular simulator.

Model Design

The model to be simulated is composed of eight airplanes
carrying three computers and a router each, plus a satellite
and a ground station. A random message generator with a
specific distribution can be used to control the rate of
packet generation. Alternatively, as in our study, each
component actually reads the messages to be broadcasted
from an input text file that contains the type, length and
timestamp of each message as recorded by the OTB’s
logger when the vignette was run.

202



Module descriptions
The GNED editor is used to edit the NED files using a
graphic interface. Figures 1, 2 and 3 show the OMNeT++
representation of the compound modules node, airplane
and the whole network, respectively.

Figure 1. OMNeT++ view of a node 
containing a sink and a generator

Each node onboard an airplane contains a message
generator and a message sink. The legend “OTBNet.
plane[0].node[0]” in Figure 1 indicates that this
compound module belongs to node # 0 located inside plane 
# 0 which is part of the general network called OTBNet.
The planes are identified by using consecutive integers 0,
1, 2, …, 7. Within each plane, the computers are identified 
as nodes 0, 1 and 2. The brackets indicate that the set of
planes and the computers onboard each plane are
represented as arrays of simple modules. The arrows
represent connections to input and output gates.

Figure 2. Airplane modules: embedded 
training stations, bus and router

Figure 2 shows the three nodes, the router and the Ethernet 
bus onboard each airplane. The three nodes and the router
are connected via an Ethernet bus. Figure 3 shows the
complete network composed of 8 airplanes, a ground
station, a satellite and 3 wireless channels. The first
wireless link connects the routers in all planes to each
other. A second wireless link communicates the routers in
the planes to the satellite, and the third one communicates
the satellite to the ground station. In this way, each router
is connected to three different links, and the satellite is
connected to two.

Figure 3. General view of the network 
showing 8 planes, satellite, ground station 
and the 3 wireless channels

Figure 4 contains the NED code of a generator, a sink and
the satellite. For simple modules the NED code indicates
the module name, the input parameters and the input and
output gates. The C++ code of simple modules is written in 
a separate file. Each simple module becomes a C++ class.

Figure 4. NED code of some simple modules

On the other hand, the NED code of a compound module
includes additional features like the values of parameters
of internal modules and connections between module
gates. Compound modules do not need user-written C++

simple Generator
parameters:
startTime: numeric,
fromAddr: numeric,
totalNodes: numeric;
gates:
out: out;
endsimple

simple Sink
gates:
in: in;
endsimple

simple Satellite
parameters:
startTime: numeric,
satelliteID : numeric,
satServiceTime : numeric,
totalNodes   : numeric,
WGSposition : numeric,
WSPposition : numeric;
gates:
in:  inBus1;
out: outBus1;
in:  inBus2;
out: outBus2;
endsimple
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source code because their behavior is completely defined
by their simple modules.

Input parameters of the model are used to control the
conditions under which each simulation runs. These
parameters can be directly given in the NED files, or they
can be read from a configuration file at run time. Each
simulation starts by reading the configuration file
OMNeT++pp.ini containing initialization values.

Input Data

The input data to the model comes from the OTB logger.
After setting up a particular vignette, it is simulated and the 
OTB logger records all of its PDUs into an output file that 
is later converted to text. OTB generates Persistent Object
PDUs (PO_PDUs), which are a specialization of the
general category of PDUs.

Figure 5. Example of a PO_PDU 

Figure 5 is an example of a short PO_PDU. From among
all the fields, the most important to our simulation are the
site identification (1533), the length in bytes (147) and the

timestamp (:01:33.432) interpreted as 1 minute, 33 seconds 
and 432 milliseconds. The timestamp represents the time
the entity generated this PDU and put it on the output
queue.

Simulation Results

The figures included in this article are labeled “Experiment 
# 3” because they correspond to the third experiment in a
series of four. The experiment involved PDUs from six
senders. The remaining 19 computers were listeners. The
sites sending information were assigned to computers in
separate airplanes and to the ground station. Two types of
analyses were performed. The first one is a static analysis
of the input data with no simulation involved. This analysis 
is subdivided into 2 categories: distribution of PDUs and
minimum bandwidth requirements.

Distribution of PDUs

Figure 6. Frequency distribution of PDUs

Figure 6 shows a frequency distribution of all the types of
PDUs involved in the experiment, as well as the

<dis204 po_variable PDU>:
dis_header.version=4
dis_header.exercise=1
dis_header.kind=250
dis_header.family=140
dis_header.timestamp=:01:33.432 (rel)
dis_header.sizeof=196
po_header.po_version=28
po_header.po_kind=2
po_header.exercise_id=1
po_header.database_id=1
po_header.length=147
po_header.pdu_count=7905
do_header.database_sequence_number=0
do_header.object_id.simulator.site=1082
do_header.object_id.simulator.host=23825
do_header.object_id.object=685
do_header.world_state_id.simulator.site=0
do_header.world_state_id.simulator.host=0
do_header.world_state_id.object=0
do_header.owner.site=1533
do_header.owner.host=23825
do_header.sequence_number=1
do_header.class=11
do_header.missing_from_world_state=0
reserved9=0
variable.total_length=132
variable.expanded_length=7812
variable.offset=0
variable.length=132
variable.obj_class=8
variable.data="Mine Pallet US M75

<dis204 fire PDU>:     23
<dis204 po_objects_present PDU>:  682
<dis204 po_minefield PDU>:         14
<dis204 minefield PDU>:           117
<dis204 iff PDU>:                 851
<dis204 acknowledge PDU>:          36
<dis204 stop_freeze PDU>:           3
<dis204 po_line PDU>:             912
<dis204 po_task_authorization PDU>: 6
<dis204 po_task_frame PDU>:       382
<dis204 po_message PDU>:          119
<dis204 aggregate_state PDU>:     256
<dis204 po_delete_objects PDU>:   110
<dis204 po_parametric_input PDU>:1196
<dis204 laser PDU>:                 3
<dis204 detonation PDU>:           25
<dis204 po_fire_parameters PDU>:  713
<dis204 po_simulator_present PDU>:370
<dis204 entity_state PDU>:      28569
<dis204 mines PDU>:               386
<dis204 po_point PDU>:            659
<dis204 po_task_state PDU>:     11960
<dis204 signal PDU>:              237
<dis204 po_task PDU>:            2274
<dis204 po_unit PDU>:            1793
<dis204 transmitter PDU>:        8642
<dis204 start_resume PDU>:          3
                   Total PDUs = 60341
-------------------------------------
Site Assignment:
Site 1519 (50230 PDUs): plane=0, node=0
Site 1526 ( 1056 PDUs): plane=1, node=0
Site 1529 (  483 PDUs): plane=2, node=0
Site 1533 (  553 PDUs): plane=3, node=0
Site 1538 (  637 PDUs): plane=4, node=0
Site 1532 ( 7382 PDUs): ground station
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assignment of sites to model nodes. The assignment was
based on the number of PDUs generated by each site,
giving plane 0 the greatest number of PDUs and ground
station the next greatest.

Minimum Bandwidth Requirements
The PDUs of all the sites were merged into one single
stream of data and sorted according to their timestamps
prior to any bandwidth computation. This was done
because in the DIS protocol all the PDUs are broadcasted
and any listening site will have to receive the PDUs from
all the generating sites as one single stream of data. Then,
without using simulation, a separate program calculated
the minimum instant bandwidths by dividing the total
simulation time into small time intervals of 2 seconds each, 
and computing the ratio of volume of data transmitted in
each interval to the length of the interval.

Figure 7 shows the graph of minimum bandwidth
requirements at each time interval. PDUs indicate that the
activity starts at second 1035 and ends at second 2550 for a 
total time of 25 minutes and 15 seconds of simulation time.

Figure 7. Minimum bandwidth requirements

In the static analysis, overheads like retransmissions,
packet losses, or collisions are not considered. Therefore,
the resulting bandwidth estimates can be interpreted as an
absolute lower bound for the actual required bandwidth.
Because a time gap must exist between packets as
indicated by the IEEE Standard 802.11 (1997), it was set to 
50 microseconds in this analysis. From the graph in Figure 
7, the static analysis indicates that the maximum required
bandwidth is near 256 Kbps, but the majority of the time
the required bandwidth is less than 200 Kbps.

The second analysis performed corresponds to results
obtained by running the simulator. The analysis is
subdivided into 4 categories: slack time analysis, travel
time analysis, queue length analysis and collision analysis.

Slack Time Analysis
The slack time for each node generator is defined as the
difference between the timestamp of each PDU and the
current simulator time at the moment the PDU is read from 
the input file. If the difference is positive then the
generator is ahead of the planned schedule, otherwise it is
behind it. Thus, a negative slack time indicates that the
channel bandwidth is not enough to transmit the required
PDUs without delay.

Figure 8 shows the slack time for all the units (routers and 
ground station) when the wireless channels are set to 64
Kbps
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Figure 8. Slack times at each transmitting node using 
64 Kbps in the wireless channels

Although Figure 8 gives the impression that no negative
slacks are produced, a close up near zero in the Y axis
reveals that many negative spikes do exist, most of them
generated by the ground station. This is explained by the
fact that the generators onboard the planes are directly
connected to high speed Ethernet buses (100 Mbps), while 
the ground station is connected to a low speed wireless
channel (64 Kbps).

Figure 9 shows a close up of the slack time for the ground
station at 64 Kbps. An increase in the wireless bandwidth
decreases the negative spikes, but does not eliminate them
completely. One contributing factor to the negative spikes
is the fact that during certain events OTB produces
sequences of PDUs having exactly the same timestamp.
For instance, sequences of 8 or more “po_fire_
parameters” PDUs having the same timestamp were
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detected. Each PDU requires some positive transmission
time, and so when the next PDU arrives its timestamp is
previous to the current time and a negative spike starts to
build. Further research is being conducted to analyze the
composition of the PDUs participating in the negative
spikes and to propose ways to eliminate these spikes. One
possibility is to group together PDUs of the same type and 
length into one single packet.

Figure 9. Slack time at ground station using a 
bandwidth of 64 Kbps

Travel Time Analysis
The travel time is the difference between the sending time
of a PDU from a node generator and the arrival time to a
node sink. All the transmission times, propagation times
and waiting times in router queues are part of the travel
time. Figure 10 shows the travel time of PDUs measured
by the sink at node 0, plane 0, using 64 Kbps on the
wireless links.

Figure 10. Travel times measured at node 0, plane 0

At node 0 the graph clearly shows two traces
corresponding to two types of PDUs. The PDUs that take
longer to arrive come from the ground station. These PDUs 

had to wait on the satellite queue as well as on the router
queue. On the other hand, the PDUs coming from
computers onboard the other planes had to wait on the
router queue only. As seen, at 64 Kbps the travel times of
most PDUs are completely unacceptable. Some PDUs took 
more than 100 seconds since the time they were sent to the 
time they arrived. 

Although not shown, the ground station presents a similar
behavior due to the relatively long queue and transit times
associated with the satellite. An increase in the bandwidth
produces a significant reduction in travel times. At 200
Kbps, the travel times to the ground station are less than 1
second. Considering that the minimum travel time is about 
0.25 seconds due to the distance from the satellite to Earth, 
latencies less than 1 second are within the same order of
magnitude from being optimal. At 200 Kbps, a better
packet scheduling policy could diminish the negative
spikes, especially if OTB were set to deliver the PDUs in a 
less burst mode, which is also the topic of future research.

Queue Length Analysis
There is a message queue at the satellite and at each router. 
Every time a PDU arrives to a router or satellite, the
number of messages in the system is counted including the 
just arrived PDU, the PDUs in the queue and any one
being serviced, and the tally is recorder along with the
arrival time.

The two most important queues to analyze are the queues
at the router onboard plane 0 and at the satellite. Figure 11 
shows the messages in the router queue, using 64 Kbps in
the wireless channels.

Figure 11. Messages in router queue at plane 0

As observed, the queue length becomes really
unacceptable, reaching more than 3000 messages during
the worst periods. Similarly, the queue at the satellite has a 
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peak of more than 2200 messages. On the other hand,
routers at other planes have acceptable queues. For
instance, plane 3 (graph not shown) has a queue with a
maximum of 23 messages. The reason is that the
corresponding node transmits only 553 PDUs, a number
easily handled by the router. 

Simulation runs using bandwidths of 64, 200, 512 and
1024 Kbps in the wireless channels showed the effect of a
bandwidth increase over the queue length in routers and in 
the satellite. The results indicated that just by increasing
the bandwidth to 200 Kbps, the queue length decreases to
less than 60 and less than 40 messages at plane 0 and at the 
satellite, respectively, in the highest peaks, which is quite
significant.

Collision Analysis
The satellite and routers keep separate counters of
collisions on each of the buses they are connected to. The
satellite and the routers are connected to 2 and 3 links,
respectively, as explained in the Model Design section.
Each time a collision is detected, the corresponding
counter is updated and its value along with the current
simulation time is recorder for future processing.
OMNeT++ includes procedures to collect and plot such
information. The buses were programmed in such a way
that packets transmitted by a module are not returned to its 
sender, even if they collide. Therefore, active senders are
not good candidates to monitor collisions. In this analysis,
the router at plane 7 was chosen to count collisions
because none of the nodes onboard plane 7 is an active
sender, making the router a good indicator.

The simulation results at 64 Kbps indicate that the highest
collision rate occurred in the bus connecting the satellite to 
the planes and was close to 12 collisions per second. More
than 6000 collisions were detected at 64 Kbps, which
represents approximately 10 % of the total number of
PDUs. At 200 Kbps, the router at plane 7 detected a
maximum of 4 collisions per second. At this bandwidth,
the total number of collisions was near 4500, or 7% of all
the PDUs. Collision accumulation in plane 7 at different
bandwidth rates is given in Figure 12.

The collisions were calculated as the sum of collisions
detected in the three buses the router is connected to.
However, the main component comes from the wireless
link between the airplane and the satellite. The behavior of 
this link depends on the assignment of OTB transmitting
sites to computer nodes. For example, if the PDUs
currently assigned to the ground station were assigned to
computer node 1 onboard plane 0, the Ethernet link
running at 100 Mbps will produce fewer collisions than a

wireless link running at 64 Kbps due to the shorter
transmission times.
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Figure 12. Collision accumulation at plane 7 at 64, 200, 
512 and 1024 Kbps

Table 1 shows statistics about the total number of
collisions, percentage of all the PDUs, and average number 
of collisions per second at different bandwidths.

Table 1. Collision accumulation, percentage 
and average number of collisions per second 

at different bandwidths
64KBps 6300 coll. 10 % 2.5 coll/sec

200KBps 4400 coll. 7.3 % 1.7 coll/sec

512KBps 2300 coll. 3.8 % 0.9 coll/sec

1024KBps 1300 coll. 2.1 % 0.5 coll/sec

Conclusions

As predicted by the static analysis, a bandwidth of 64 Kbps 
in the wireless links is insufficient to handle embedded
training traffic under a DIS protocol. Latencies of more
100 seconds were detected for traffic coming from the
ground station where the simulated Opposing Force
resides. A significant improvement was achieved at 200
Kbps, where latencies less than 1 second were almost
always the case for messages received at the ground
station.

At the router in plane 0 and at the satellite, the queue
lengths changed from 3400 and 2200 (max. peak) to less
than 60 and less than 40 (max. peak) messages, just by
increasing the bandwidth from 64 to 200 Kbps. As seen by 
the router at plane 7, collisions decrease and become
manageable as the bandwidth increases.
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Abstract
This study investigates the effectiveness of using IEEE 1394 serial bus under Linux for Cluster Computing in a 
view of achieving higher performance of real-time simulation.   Studying the benefit of isochronous 
transmission for various devices and network configurations, as well as workloads, was a particular objective 
of this research. In this view the effect of the use of multicasting on improvement or degradation of 
performance has been also analyzed. The tests have been performed using sockets and MPI implementations to 
compare IEEE 1394 and Fast Ethernet. The results show the effectiveness of using isochronous mode over 
asynchronous mode and the use of multicasting over broadcasting. The study also shows how the network can 
be optimized in different ways and suggests continued research that can be done to further investigate the 
performance of the IEEE 1394 under Linux for Cluster Computing. 

Introduction 
This study investigates the effectiveness of using IEEE 
1394 serial bus under Linux for Cluster Computing. 
Computations that require a lot of computing power, such 
as simulations of atmospheric conditions, ocean currents, 
nuclear reactions, etc., have traditionally been done by 
supercomputers. This has been very expensive and 
complicated in terms of programming effort.  With the 
advent of very cheap PCs which can be connected into 
computer clusters running under a free operating system 
Linux, small companies or universities can build their own 
networks which have the computational power of 
supercomputers for a relatively small investment. 
However, due to unpredictability of computer networks, 
new problems arise, such as communication delays, packet 
losses, channel failures, etc.  
One of the focal points of building inexpensive computing 
clusters is to use an appropriate interconnect technology. In 
this project, IEEE 1394 serial bus (also known as 
FireWire) is used for this purpose, due to its ability to 
provide guarantees for real-time traffic via the use of 
isochronous transmission mode. Studying the benefit of 
isochronous transmission for various devices and network 
configurations, as well as workloads, is the primary 
objective of this research. Secondly, for any type of 
interconnects it is crucial to use appropriate protocols to 

optimize traffic. In particular, effect of the use of 
multicasting on performance is important and constitutes 
another objective.  The tests have been performed using 
sockets and MPI implementations to compare IEEE 1394 
and Fast Ethernet.  

IEEE 1394 Serial Bus 
IEEE 1394 serial bus (IEEE, 1995) has been designed to 
accommodate fast data transfer (max. 400 Mb/sec.) among 
computing nodes connected via a serial cable (up to 
approx. 70m).  The standard supports two different types 
of transfer modes between nodes. The transfer which 
requires periodic data transmission without guaranteed 
data delivery is called asynchronous transfer, while the 
kind of data transfer that is crucial to other applications 
and requires guaranteed delivery is called isochronous.
The asynchronous protocol transfers the data and 
transaction layer information to an explicit address. The 
isochronous protocol broadcasts the data based on channel 
numbers. This feature of supporting both protocols 
(asynchronous and isochronous) on the same interface 
makes both non- real time and real-time traffic possible.  
The isochronous communication guarantees a particular 
time slice each 125us (8,000 isochronous cycles per 
second) dedicated for real-time traffic. Since a real-time 
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device is guaranteed a time slot and isochronous
communication takes over asynchronous, isochronous
bandwidth is assured. Ongoing isochronous
communication between two or more devices is referred to
as a channel.
The delivery of the data in Isochronus Transfer Mode does
not require confirmation of the delivery as in asynchronous
transfer, but the data have to be delivered at a constant rate
across the bus. Serial bus data transaction takes place via a
series of packet transfers. Before a transaction begins, the
requestors initiate the transaction on the target device,
which calls the responder to receive the request.
It is important to mention that isochronous transfer defines
a channel number rather than a unique physical address.
This makes isochronous transfer broadcast over the bus
and reach one or more devices based on the channel
number associated with this transfer. These kinds of
transfers require immediate bus access and therefore
isochronous transfers have higher priority than
asynchronous transfers.  Every node that wants to do
isochronous transfers has to make a request for required
bandwidth. The request is sent to the node that performs
the role of the isochronous resource manager.
There are four protocol layers defined for IEEE 1394: Bus
Management Layer, Transaction Layer, Link Layer, and
Physical Layer. Each of these layers provides a set of 
services to support communications between the
applications running on the IEEE 1394 nodes. 
There are several different functions that the Bus 
Management Layer supports. Every node must include
support for automatic bus configuration, while other bus
management functions are optional. Besides this some
nodes participate in the global bus management to ensure
that the nodes on the bus performs their functions
efficiently. The global bus management consists of the
following:

Allocating channel numbers and bus bandwidth
for isochronous transfers.
Controlling the intervals at which isochronous
transactions are performed.
Verification that all bus powered nodes have 
power.
Providing services to other nodes (e.g. specifying
the maximum speed at which two nodes can
communicate with each other).

The Transaction Layer provides services for asynchronous
transaction types: Read, Write and Lock. The Transaction
Layer does not provide any services to the isochronous
transactions.
The Link Layer provides the translation of the Transaction
Layer’s request or response into a corresponding packet to 

be sent over the serial bus.  It is also is responsible for 
sending and receiving the isochronous data.
The Physical Layer provides the electrical and mechanical
interface between the Link Layer and the serial bus. This
layer also provides an arbitration process that insures only
one node at a time is transferring data. 

Experimental Setup 
The research question for us was if and how much the
isochronous mode is superior to traditional ways of
transmitting data during computations, such as
asynchronous mode, Ethernet and TCP/IP protocol. For
this purpose, the testing setup was built up of three 
computers and three IEEE 1394 cards as shown in Figure 
1. Their description is summarized below.
Kalman and Coriolis.  SMP architecture with two
731MHz Pentium III processors and 512 MB of RAM with
256 KB cache; local disk drive 17.9 GB SCSI Seagate
ST318436LW; Linux kernel 2.4.2 with Mandrake 7.2
distribution for Kalman and Red Hat 7.0 distribution for
Coriolis.
Frick.  Single 75 MHz Pentium I processor with 29.9 MB
RAM; local disk drive 1 GB; Linux Kernel 2.4.2 with Red
Hat 7.0 distribution.
All three computers have IEEE 1394 PCI Host Adapter
boards from Texas Instruments. The 1394 to PCI chip is
TSB12LV21APGF (PCILynx) and 1394 to PHY chip is 
IBM21S850PFD.

Kalman Coriolis Frick

Fig. 1. Computer configuration for experiments.

Testing Experiments 
Two  basic types of experiments were conducted: tests for
isochronous mode and tests for multicasting.  Results of 
both tests are discussed below.

Tests for Isochronous Mode 
Comparison of Different Protocols. This comparison was
done for the IP-based driver (ip1394) and Ethernet-based
driver (eth1394) to see which one is faster and better
choice to use for IP transfers. The tests are generated using
NetPIPE (1997). The Maximum Transfer Units (MTU)
values in the drivers are changed to see the effect on 
performance.
Figures 2 and 3 show performance for both ip1394 and 
eth1394 driver with different MTU settings. Maximum
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values defined are 2030 for both drivers. The default
values are 124 for ip1394 and 898 for eth1394. The
smallest values are 124 for ip1394 and 186 for eth1394.

Figure 2 shows transmission rate in Mbits/s. The
maximum transfer rate obtained with maximum MTU
value of 2030 for ip1394, is 169 Mbits/s or 21.1 MB/s.

Fig. 2. IEEE 1395 throughput for varied MTU values.

Fig. 3.  IEEE 1394 signature for varied MTU values.
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For eth1394 the maximum transfer rate was also reached at 
the maximum MTU value of 2030, and equals 116 Mbits/s.
The maximum value theoretically attainable with the 
IEEE1394 standard is 400 Mb/s or 50 MB/s. Another
important conclusion that can be drawn from reading this
graph is the big difference the MTU values make. If the
default values of 124 for ip1394 and 898 for eth1394 were
used, not only would the eth1394 have the highest transfer
rate, but also the difference for both drivers would be
significant.
On the signature graph in Figure 3, the maximum transfer
rates can be read more easily. Here the acceleration can
also be evaluated between the starting point and the
maximum throughput. For the curve with the maximum
throughput (ip1394 with MTU 2030) this acceleration is
(169-0) / (0.002-0.00003) = 85787 bits/s².  In this
experiment the latency values are between 220µs-340µs.
Raw driver. To test the isochronous transmission using
the raw1394 driver an application was written for both

asynchronous and isochronous transmission. These testing
benchmarks have been developed to show the same types
of graphs as NetPIPE, but without having to use the IP
protocol.
The number of isochronous cycles is fixed. The maximum
packet size allowed to be sent depends on the speed.
Therefore the test involves sending different packet sizes
in each isochronous cycle.
One limiting factor in this case is that the PCILynx card
allows transmission only on one channel at a time.  The 
PCILynx hardware does not support multiple channels as
the OHCI card does (Anderson, 1998). Multiple channel
transmission would increase the transfer rate.
Figure 4 shows the throughput comparing isochronous
transfer to the asynchronous transfer. The maximum
transfer rate is 163 Mb/s for isochronous transfer and 75
Mb/s for asynchronous transfer.

Fig. 4. IEEE 1394 throughput over raw driver.

On the signature graph for raw1394 (Fig. 5) the
acceleration is not as evenly spread as on the 

ip1394/eth1394 signature graph. The latency is however
about the same, 210µs-340µs.
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Fig. 5. IEEE 1394 signature over raw driver.

When comparing all the curves, the most interesting in the
throughput curve is the comparison with Fast Ethernet

(Fig. 6). The maximum transfer rate value for the Ethernet
curve is about 80 Mbit/s or 10Mbytes/s.

Fig. 6. Comparison of IEEE 1394 throughput for all protocols.
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Compared to ip1394 with MTU 2030, which is the fastest
IEEE 1394 setup, the Ethernet throughput value is less
than a half of it (169 / 80 = 2.1). In other words IEEE 1394
is twice as fast as Fast Ethernet. Fast Ethernet is just 
slightly faster than asynchronous transfer is. Isochronous
transfer over raw1394 is slightly slower than ip1394 but
much faster than eth1394. 

Tests for Multicasting
Socket Application. The objective is to show the
influence on performance of using multicasting compared
to unicasting and broadcasting for a socket based
application. We also compare IEEE 1394 to Ethernet for
the different sending schemes.  The solution of a linear set 
of equations using Jacobi method was used as a benchmark
(Pacheco, 1996). 

In these tests multicasting using UDP is unreliable, so is 
broadcasting using UDP, and TCP cannot be used for
broadcasting. Unicasting, on the other hand, is
implemented using TCP for the purpose of seeing the
difference in reliability and speed.
In these tests all three computers were used. One computer
hosted the server and the others hosted the clients. All 
computers were doing the calculations and the server
calculated the time to send data for each iteration.
A block size of 8 bits applies to all tests using the Jacobi 
algorithm. Figure 7 shows the transmission time versus the
number of iterations, for UDP and TCP protocols. In each 
iteration 800 bits are sent because the matrix size is 10*10
and each number is 8 bits.

Fig. 7. Socket based Jacobi computations vs. number of iterations.

In each iteration the part of the matrix calculated by the
server is sent to the client and the part calculated by the
server is sent to the client. This means the whole matrix is
sent once. For each send/receive transaction 8 bits is sent 
and that is therefore also the block size.
When the matrix size, N*N, has been changed from 10*10
to 200*200, data size transferred for each iteration 
significantly increased.  This is reflected in computing
transfer time so that each point represents the total number
of bits sent to complete the Jacobi algorithm for that matrix
size.

Figure 8, where 3 processes are used, shows multicasting
faster than broadcasting, and Ethernet slightly faster than
IEEE 1394. Using only three computers fails to clearly 
show this fact and more computers would be needed to
prove it. Unfortunately, more computers than three means
sending more data via UDP, which is unreliable, and the
Jacobi algorithm would probably fail, so it would be
virtually impossible to do the tests. To do this kind of test,
a reliable protocol or another type of application would be
necessary that is not as sensitive to the unreliability of
UDP.
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Fig. 8. Broadcasting and multicasting over IEEE 1394 and Ethernet.

MPI Application. The objective is to show the influence
on performance of using multicasting compared to 
unicasting and broadcasting for an MPI application. We

also compare IEEE 1394 to Ethernet for the different
sending schemes. Results from using a slightly rewritten 
standard MPICH example are shown (MPICH, 2003).

Fig. 9. MPI transmission using broadcasting and multicasting for IEEE 1394 and Ethernet.
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This application sends data using the MPI_Bcast()
function. It broadcasts and multicasts, respectively,
depending on how MPICH environment is set up. Input
values are packet size and number of packets. In all the
tests below packet size is kept constant at a value of 1000
bytes and the number of packets are altered. The maximum
packet size for the current version of the multicasting setup 
is 1012 bytes. This is because the UDP packet size
maximum is 1024 bytes and the multicasting header is 12
bytes. The maximum numbers of packets for the
multicasting setup that can be sent are 49999. This is set so
no memory problems will occur. This is, however, not a
limit for broadcasting.
Using four processors best shows the difference between
multicasting and broadcasting and that multicasting is

faster as expected. This is illustrated in Figure 9. In IEEE
1394, multicasting is also closer to broadcasting, but still
slightly slower. It is expected that multicasting will get
faster than broadcasting with more computers
Figure 10  shows the transfer time versus number of 
computers, for sending 1000 bytes 20000 times. It shows
that multicasting will keep almost the same time, no matter
how many computers are used, while on the other hand
broadcasting will more or less double the transfer time
depending on how fast the computers are. Having a few
more computers would show this more clearly, especially
for IEEE 1394, but the principle is shown even for 4
processors and Ethernet is showing this pretty clearly. This
graph also shows that IEEE 1394 is faster than Ethernet.

Fig. 10. MPI transmission for increasing number of computers.

Conclusion
This study investigated effects of isochronous transfers and
multicasting on cluster computing over IEEE1394
(FireWire). For isochronous mode, the performance of
two drivers providing the IP protocol over the IEEE 1394
bus, ip1394 and eth1394, was tested. The results showed
that ip1394 is slightly faster than eth1394, when the MTU
value was optimized. The speed for ip1394 reached
169Mbit/s or 21.1Mbyte/s.
A third driver, raw1394, was also tested to compare
isochronous and asynchronous modes. The tests clearly

show the advantage of using isochronous mode over
asynchronous mode. The maximum speed reached was
163Mbit/s or 20.4Mbyte/s for isochronous mode and 
75Mbit/s or 9.4Mbyte/s for asynchronous.
These results also suggest that there is still a lot of
improvement needed for IEEE 1394 software for Linux to
reach the maximum theoretical speed of 400Mbit/s. The
tests shows that IEEE 1394 is clearly faster than Fast
Ethernet, if set up correctly, but the difference might not be
enough to upgrade from Fast Ethernet to IEEE 1394 in a
functioning network.
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The multicasting tests performed using sockets with the 
Jacobi algorithm showed clearly the unreliability of UDP, 
as the Jacobi algorithm stopped when a packet failed to go 
through. The advantage of multicasting, especially 
compared to unicasting has been demonstrated. The tests 
for MPI were conducted with multicast over UDP, but with 
a second layer providing reliability by sending 
confirmation packages over TCP. The test shows that 
multicasting is faster than broadcasting and there are no 
signs of lost packets. 
The most obvious extension of the tests, is to add more 
nodes. This would more clearly show the advantage of 
using multicasting over broadcasting. In addition, 
implementing a reliable protocol (such as XTP) for using 
multicasting over sockets would have a significant impact 
on validating the results. Finally, improvements in the 
IEEE 1394 drivers need to be done to achieve speed closer 
to the theoretical maximum, 400 Mbit/s. 
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Introduction 

The Swedish – American Workshop on Modeling and Simulation, SAWMAS-2005 will 
be the third one in a series of workshops representing the co-operations between a 
number of people and their institutes and companies in Europe and the USA. The 
exchanges of ideas and experiences in developing tools and methods for modeling, 
simulations and analysis with a countless number of applications in the society as a whole 
is the main driving force for coming together in the name of SAWMAS. 

In this presentation we will give foresights in various respects of what will be possible 
scenarios regarding the third SAWMAS conference to be held. The time and the place of 
the conference as well as the subjects and the people and their organizations involved will 
be in focus.

The Time and Place for SAWMAS-2005 

SAWMAS has now had the opportunity to be held twice in the beautiful Sunshine state of 
Florida, the native country of alligators and other exotic creatures. We have all enjoined 
that. It is now time to move SAWMAS over the Atlantic Ocean to Sweden. 

Although the third SAWMAS meeting will take place in the southern part of Sweden we 
are still in the very northern part of Europe. If you take a look at a globe you will find that 
the latitude 60° - for example - defines the southern boarder of the Yukon Territory of 
Canada.  We also know that the ocean current of the Gulf Stream makes the difference – 
so far. The change of the climate due to the warming-up of the earth improves the 
situation in Sweden even more. Another characteristic of Sweden during summertime is 
that the sun rises at 4 am and sets around 10 pm. The famous Nordic light can be found in 
many paintings from different ages. 

Essentially, the prospects for a SAWMAS meeting in Sweden from august 9th to august 
11th in the year of 2005 could be as interesting and exciting as the first two workshops 
held in Florida. 
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The location we have chosen for 
SAWMAS-2005 is an almost 100 
years old former summer 
residence of prince Carl of 
Sweden, son of the king Oscar II 
of Sweden and his wife Sofia.  

The main building shown to the 
left is a spacious manor-like 
house named Fridhem – meaning 
”peaceful home”. 15 years ago a 
new owner renovated the building 
and turned it into a comfortable 
hotel and conference center by 
adding two annex buildings on the 
north side of the main house. 

The residence is situated on the 
boarder between a wild and 
mountainous 1 million acre forest 
named Kolmården to the north 
and the entrance to the unique 
archipelago in the Baltic to the 
southeast.

The archipelago is called “Blå Kusten” – meaning “the blue coast”, and stretches from a 
small community named Arkösund down to the town of Västervik, some 60-70 miles 
with thousands of scattered islands of different shapes and sizes. 
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If we want to take a half-day off during SAWMAS-2005 – preferably on the afternoon 
and evening Wednesday 10th– there are some mid-size vessels that can support us with 
dinner programs and guided tours in the beautiful archipelago.  

The water temperature in the archipelago of the Baltic in the beginning of august is often 
suitable for swimming – about 70 degrees Fahrenheit – but could vary a lot mainly due to 
wind directions. Wreck diving in the Baltic becomes unique, as the brackish water of the 
Baltic (about 0.7% salinity) prevents the shipworm Teredo Navalis to survive. Instead the 
water and the mud preserve the ship. Therefore scuba diving on different wreck sites 
were you can find wooden ships several hundreds year old, is one of the most exciting 
adventures you can have with a diving-suite on. However, all such expeditions have to be 
arranged on an individual basis. 
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The Subject and the People of SAWMAS-2005 

The important part of the next-coming meeting is the further development of the 
workshop in different aspects.  

The basic idea of SAWMAS remains: to gather scientists and kindred working with 
different aspects of modeling, simulation and analysis and be able to exchange ideas and 
experiences of good and bad in the process of developing new tools and methods in this 
field.

However, the ubiquity of modeling, simulation and analysis has – in a very natural way – 
led to that a large portion of the development of tools and methods are carried out in 
strong connection with a specific application. A conference like SAWMAS can have a 
clear role in making these efforts knowledgeable in a somewhat broader sense and 
possibly widen the area of applications. 

Another possibility to deepen the outcome of the SAWMAS workshop series is the 
possibility of generating cooperation at various levels between the organizations that we 
belong to. One example is the creation of a meeting place for PhD students in the 
modeling and simulation area, where they can meet, discuss and present their work, 
research and findings. The growth and deepening of such co-operations can be initiated in 
a very natural way through the meetings of SAWMAS.  
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