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During conceptual design of a system, it is critical that stakeholders gain insight in this system to provide
adequate feedback and make well-founded design decisions. However, the behavior of systems has
become more embedded in the software domain in the last decades. Models and simulations are required
to make this behavior explicit. While many modeling and simulation approaches exist, a support to com-
municate the modeling process to a large and varied group of stakeholders is lacking. To overcome this
gap, this work proposes the COMBOS-method. The COMBOS-approach supports system architects to
increase a stakeholder’s understanding of the system behavior. COMBOS also supports identification of
relations between different views of a system. This is achieved by the creation of interactive system over-
views in an iterative process involving the relevant stakeholders. These interactive system overviews
show the behavior of a system across different views. In order to evaluate the method, it has been applied
in a case study. The results show that the COMBOS-method improves the explanation of system behavior,
allows creative design discussions on system behavior and increases the understanding of system behav-
ior across a wide group of stakeholders. In conclusion, the COMBOS-method is an approach that supports
reasoning on system behavior during conceptual design of systems.

� 2016 Published by Elsevier Ltd.
1. Introduction

In order to address current societal issues, engineered systems
play a crucial role. For example, the cost of healthcare can be
reduced significantly if the use of minimally invasive surgery is
increased [49]. This requires the development of systems that sup-
port these types of surgeries. System architects (or system engi-
neers) play a crucial role in this development. One of the top six
challenges in systems design is difficulty in predicting system
behavior [9]. This work seeks to address that challenge. In general,
a systems engineering approach can be used to develop systems.
During this development process, a system architect has to involve
stakeholders from numerous disciplines, especially during the
early stages. These stakeholders must gain appropriate under-
standing of the system to provide adequate feedback or make
well-informed design decisions. A too limited understanding of
both a systems structure and behavior can lead to incorrect deci-
sions which in turn results in costly redesigns or unsuccessful
systems.
1.1. Behavioral models

Traditionally, the knowledge required for decision-making in
conceptual design is captured by a system architect in simple mod-
els that describe a system [5]. These models are each able to repre-
sent and manipulate a specific combination of information. Models
can be used to communicate and analyze problems. A collection of
models can be used to describe a system’s architecture [25]. The
creation of these models, especially with respect to the behavior
of a system, is exceedingly necessary. This is due to the fact that
increasingly more behavior of a system is ‘hidden’ in the software
domain. Maier and Rechtin state this as the observation that
‘‘architects increasingly need behavioral models as behavior
becomes less obvious from the systems form” [31]. These behav-
ioral models can take different forms and shapes. Behavioral mod-
els can be executable models (e.g. a state transition simulation),
but are not necessarily executable (e.g. a written scenario). Addi-
tionally, Maier and Rechtin state that ‘‘a behavioral model is a model
of what the system does, opposed to models of form (structure) which
describe what the system is” [31].
1.2. Modeling process

Behavioral models provide insight in the system behavior to
the (often mono-disciplinary) modeler. Typically, a rudimentary
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interface or coded instructions determine how a model runs. The
outcomes of behavioral analyses can be presented to a multidisci-
plinary audience, but no formal approach of how to structure this
process exists. Oftentimes, results are directly interpreted by the
modeler and processed into the system’s specification or design.

This process is also shown in Fig. 1. Here it can be seen that the
existing knowledge base, which is composed of knowledge of the
system and knowledge of stakeholders, forms the basis of a behav-
ioral model. We have observed that these behavioral simulation
models (i) often tend to use a specific formalism, (ii) address a sin-
gle viewpoint for a specific domain and (iii) are focused on the solu-
tion domain [21]. A mono-disciplinary model is not a good match
with the multidisciplinary nature of conceptual design. Therefore,
it is necessary to extract the model outcomes and transform them
to a different knowledge representation accessible for a multidisci-
plinary audience. In this process, the model and its creation process
are often disregarded and are thus not part of the communication.
However, it is valuable for stakeholders to gain insight into the
models and underlying assumptions, because it allows them to
understand a system’s behavior better and ultimately contribute
to better design decisions. In this work, we address and support
the capability to communicate the behavioral knowledge gained
during the modeling process and that is embedded in the resulting
simulation model to a multidisciplinary audience.

1.3. Outline

We describe our approach to address this issue as follows. In
Section 2, we further introduce the concepts discussed in the intro-
duction and define the problem that needs to be addressed. Sec-
tion 3 then presents our approach to this problem, the COMBOS
(COMmunicating Behavior Of Systems) method [19]. The results
from the application of the COMBOS-method are presented in Sec-
tion 4, while Section 5 evaluates the results. Finally, Section 6 con-
cludes and proposes future work.

2. Communication of simulations in conceptual systems design

This section discusses several concepts already mentioned in
the introduction in more detail. First, conceptual systems design
is treated in more detail. Secondly, multidisciplinary communica-
tion is discussed. The section concludes with a review of existing
support for communication of system behavior, identifies a gap
in the current state of the art. Finally, it defines the problem that
will be addressed in the rest of this work.

2.1. Conceptual design of systems

The conceptual design of systems concerns the early phases
of product development. The INCOSE (International Council of
Behavioral 
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Systems Engineering) Handbook [48] describes this stage in two
phases; a conceptual phase and an exploratory research stage.
Other sources, such as [3] consider this to be one single phase.

During the conceptual design stage, a system architect needs to
define the system by discussing it with stakeholders. According to
Dori, all systems can be characterized by three major aspects: func-
tion, structure and behavior [13]. This notion is widely supported,
for example in [17,46]. In the context of this work, we are especially
interested in behavior. Dori defines behavior as the ‘‘varying, time-
dependent aspect, its dynamics—the way the system changes over time
by transforming objects” [13]. In [17], behavior is defined as the attri-
butes that can be derived from the design object’s structure. This
derivation is often not straightforward. In [46] is stated that behav-
ior is ‘‘the manner in which a thing acts under specified conditions or
circumstances or in relation to other things”. These definitions show
that behavior is a system aspect that manifests itself during its
operation, as opposed to its structure, which can be observed more
directly, as was also mentioned in the introduction [31].

In earlier work [21], we have identified two key objectives
within the conceptual design stage. These are (i) to define the
problem through stakeholder needs and (ii) to understand the
key issues that impact the structure, but especially the behavior
of a system. The first objective can be met with a functional
description of a system as this represents the represents a
solution-independent and abstract formulation of the desired task
of the system [38]. However to address the second objective, which
is to understand the impact of both contextual and internal influ-
ences on the system, models are required that represent the sys-
tem’s structure and its behavior.

Conceptual design is a multidisciplinary activity by nature, as
all stakeholders that are affected by the system or its development
should be considered and possibly even consulted in this phase.
However, three types of issues arise when experts in different dis-
ciplines collaborate: ‘‘(i) there is no common inter-disciplinary design
language (an ontology problem), (ii) there are inherent difficulties in
dealing with many stakeholders during the design process; and (iii)
multi-disciplinary product development creates inter-disciplinary
problems” [44]. The first issue deals with multidisciplinary commu-
nication, which is discussed in Section 2.2. The second issue has
more to do with decision making in general, whereas the third
issue concerns complex systems design in general. To address
these interdisciplinary problems, abstraction can be used. This
can be achieved through functional reasoning, as this is solution
independent [10,15]. Unfortunately, a common problem in concep-
tual systems design is a strong focus on the solution domain, also
called ‘‘Solutioneering” [32]. In [7], this is paraphrased as follows:

‘‘Many engineers think in solutions. They even investigate the prob-
lem using a solution . . . when the distinction between problem
domain and solution domain is not made, jumping to conclusions,
Model
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and picking the first solution that comes to mind become real
dangers”

Additionally, the conceptual design can be framed as an explicit
and converging loop of investigating the problem and defining the
solution [7].

2.2. Multidisciplinary communication

This section discusses multidisciplinary communication in con-
ceptual systems design. A communication process can be described
with generic communication models [11,41,43]. These models
include concepts such as participants, their common frame of ref-
erence and the communication messages between them. However,
this section focuses on the purpose and contents of this
communication.

The purpose of communication in conceptual system design
generally is to share and create knowledge. In [36], an excellent
framework to categorize knowledge creation processes is offered.
An overview of these processes can be viewed in Table 1. The first
of these processes is socialization. Socialization concerns sharing
experiences, doing things together and learning by observation.
The classical apprenticeship comes to mind, but also the colocation
that is propagated in concurrent engineering facilities such as the
ESA CDF [16]. Externalization makes knowledge explicit. Designers
can do this through models, be it textual, graphical or mathemati-
cal variants. Internalization is represented by for example studying
documentation, and gaining knowledge from that. Currently, the
behavioral modeling process described in Fig. 1 can be character-
ized more as an internalization process than as an externalization
process. This is due to the fact that most of the knowledge that is
extracted during this process is not made available, except to the
person or persons directly involved in the behavioral modeling
process. Finally, combination is the creation of new knowledge
by combining various explicit data sources.

Various research directions have been explored to support the
communication process. The first is towards the creation of a com-
mon language, for example SysML [37]. Unfortunately, these types
of languages are less accessible for non-engineering stakeholders
[30]. Another possibility is the use of virtual reality applications
to visualize the system and its context [28,30]. Visualizing simula-
tions can substantially help in making optimal decisions where tra-
ditional methods prove ineffective [47]. A final research direction
is to extract key system information and present this in a single
and accessible overview. An example of such a method is the A3
Architecture Overview (A3AO) [8]. These A3AOs contain amongst
others a functional, physical and quantification view. These views
provide an essential support for systems architecting [6]. However,
Bonnema [6] does not discuss communication of system behavior.
Another view that is important in conceptual systems design is the
context view. Within this view, the context of the system including
its stakeholders can be identified, using for example systemigrams
[4]. A multi-view approach is also advocated in [1], which states:

‘‘Useful descriptions include information from different sources and
different characteristics. Just gathering the common information in
its original format (i.e., domain-specific models) for a discussion is
not enough because, without a clear association among the
domain-specific concepts, it would require that each stakeholder
Table 1
Overview of knowledge creation processes [36].

To tacit knowledge To explicit knowledge

From tacit knowledge Socialization Externalization
From explicit knowledge Internalization Combination
understands the specific language of every other involved
stakeholder”

This means that when information from multiple viewpoints is
presented at the same time, it is only useful if there is a clear asso-
ciation between the various views. This is akin to the 4 + 1 archi-
tecture framework presented in [29]. Kruchten states that four
views can be used to describe the systems structure [29]. The fifth
or the ‘‘+1” view should describe the system behavior. Kruchten
argues that this view should be visualized in the other four views.
This behavioral view (referred as operational view in amongst
others the DODAF framework [45]) is currently not supported in
approaches such as the A3 Architecture Overviews. However, to
enable behavioral communication, a view describing system
behavior should be included.

Concluding, various research directions have been pursued to
support communication. We are especially interested in those
approaches that are able to externalize knowledge about the sys-
tems behavior. The externalization of behavioral knowledge in var-
ious views should provide a basis to combine these views during
creative design discussions to create new knowledge.

2.3. Problem statement

So far, we have outlined that behavioral views play an impor-
tant role in conceptual design. These behavioral views are created
with behavioral models and are often the result of simulations. It is
possible to compare the common characteristics of conceptual
design to the common characteristics of behavioral models (as
described in Fig. 1). This shows that conceptual design conflicts
with simulation models that describe system behavior. For exam-
ple, where conceptual design should be abstract to accommodate
multidisciplinary audiences, simulations use specific formalisms.
Furthermore, simulations are often solution focused whereas a
strong problem focus is required in conceptual design. Finally,
domain specific simulations often represent a single viewpoint,
while considering the problem from multiple viewpoints is crucial
in conceptual design.

Considering the current state of the art in communication of
simulations, most simulation modeling frameworks focus on the
simulation process and not on communication of its outcomes
[21]. Therefore, in the same work [21], we have proposed a frame-
work to support communication of modeling and simulation activ-
ities in conceptual systems design. Furthermore, an overview of
concepts relevant to communication of system behavior in concep-
tual design is lacking. In [22], we presented an extension of the
conceptual model described in the ISO/IEC/IEEE 42010 standard
[25]. This extended model includes the essential views that should
be used in communication of system behavior (functional, physi-
cal, quantification and operational).

Therefore, the problem that we identify is how to enable commu-
nication of simulation activities in conceptual design. This challenge
has not been addressed sufficiently in modeling approaches such
as SysML [37] nor in frameworks such as ISO/IEC/IEEE 42010 [25].
For example, it is recognized that future engineersmust be educated
to work with simulations [35]. Furthermore, engineers should
develop communication skills necessary for effective development
and deployment of simulation based engineering and science in
multidisciplinary research teams [35]. While the report in [35] rec-
ognizes communication as a skill thatmust be cultivated, it does not
explicitly recommend research into supporting this process.

3. The COMBOS method

This section defines an approach, the COMBOS method [19], to
address the challenge defined in the previous section. In this
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approach we envision a support tool that allows design discussions
with a diverse group of stakeholders on system behavior. This can
for example concern discussion about the intended behavior in a
specific system state, or the correct response to a contextual input.
This paper treats COMBOS from various perspectives, as shown in
Fig. 2.

COMBOS should be applied to single-entity product systems [3].
This means that biological and societal systems are out of scope, as
well as Systems of Systems. While the focus may be on single-
entity product systems, it is important to note that the context of
that system is considered as well. Furthermore, the method is
intended to be applied during conceptual design stages of new sys-
tem designs or significant redesigns. The method is less useful in
small redesign projects. Finally, while the intent is to involve all
relevant stakeholders during the execution of the method, the
main actors are the system architect and possibly a supporting
simulation engineer. The envisaged owner of the created views
and the knowledge contained within them is the system architect.
Owner of the supporting model and technical infrastructure can be
either the simulation engineer or the system architect.

In [20], we identified several requirements for a support tool in
conceptual system design. These are for example to support iden-
tification of relevant stakeholders, parameters and requirements.
Furthermore, there should be an easy way to define a system
model and to adapt this model [33]. The Y-chart approach [26] is
proposed to define system models [2]. This Y-chart approach
defines an application (functional) view and a platform (physical)
view and combines them via a mapping. Also, a tool should support
communication of information across multiple disciplines. As
design decisions are often group decisions, it is critical that a model
allows and supports communication of information across disci-
plines [12]. Finally, a tool should support sense making of informa-
tion by ensuring a high coupling of data [1,24].

3.1. Overview

The COMBOS method aims to support a system architect to
externalize behavioral knowledge in conceptual design. The
method results in the creation of an interactive system overview
that can be used in design discussions to understand a systems
behavior from different views. Finally, it supports knowledge com-
bination, as stakeholders are able to connect various views through
clear associations that the coupling provides.

The underlying concept of the method is to couple the system
behavior in the operational view with several views that describe
the system structure. This principle is shown in Fig. 3. It is based
on the 4 + 1 framework by [29], although different views are used
that support communication of engineered systems, as discussed
in Section 2.2. Establishing a coupling between various views sup-
ports stakeholders. When this coupling is not made explicit, a
stakeholder has to translate a described scenario or use case to
other views mentally. This requires significant effort and is prone
to misinterpretation.
COMBOS Overview

COMBOS in 
prac�ce
Figure 4

Underlying 
Principle
Figure 3

3 stage 
Process
Figure 5

Addi�onally:Addi�onally:

Theory Method Applica�on

Figure 6-8 Figure 9

Fig. 2. Overview of COMBOS elements discussed in this work.
The views that are listed in Fig. 3 are presented to stakeholders
in an interactive system overview. This interactive system over-
view consists of a user interface that shows system views linked
to a simulation model. The user interface is composed of the struc-
tural views in Fig. 3, similar to an A3 Architecture Overview. The
interface also allows a user to manipulate the system and its con-
text by providing controls to the simulation model. The effects of
these inputs are then shown across the views which allow stake-
holders to understand and assess the system in different opera-
tional modes. Design discussions can focus on whether changes
occurring due to a specific input are desired, whether a system
behaves properly in a certain state or what the influence of certain
inputs is on the resulting system behavior. The application of COM-
BOS is visualized in Fig. 4.

In order to establish this system overview, and to ultimately
support communication of system behavior, the method employs
a three staged process, which is shown in Fig. 5. Step 1 and Step
2 mainly focus on establishing a system overview as part of the
conceptual design process. The actual communication of system
behavior is mainly contained within step 3.

The COMBOS method supports three types of knowledge cre-
ation following the definition in [36] (see also Table 1). First, it sup-
ports externalization of knowledge using the approach of the A3
Architecture Overview method. This approach uses explicit knowl-
edge from documentation. However, it makes tacit knowledge
explicit by using input from stakeholders to summarize available
information as much as possible and fill in gaps or elaborate issues
that are not documented. Second, by representing behavior or sys-
tem state information across various views, it is possible to com-
bine these sources to create new knowledge. In the case study
described in Section 4, an example of such a combination is given.
Third, the interactive system overviews can be used to internalize
knowledge about the system and in particular its behavior. In
our case study application, the interactive system overview served
as a tool to bring new stakeholders up to speed quickly, especially
regarding the system behavior. Finally, socialization is not an expli-
cit aim of this method. This type of knowledge creation is applied
more in collaborative design approaches such at the ESA concur-
rent design facility [27]. However, the COMBOS method can be
used within this context.

3.2. Detailed process description

This section discusses the process of the COMBOS method (pre-
sented in Fig. 5) in further detail. The first two steps of the method
mainly concern activities that are essential in conceptual design
and that provide a foundation for behavioral communication of
system concerns. The system architect is envisioned as the main
user of the method and the owner of the created views. The system
architect may be supported by a simulation expert.
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Step One concerns the definition of the system from a high level
perspective. A system architect should therefore create a context
view (for example using Systemigrams [4]) which identifies rele-
vant stakeholders, issues and contextual influences. Furthermore,
an operational view that describes the systems usage should be cre-
ated. This can be done using storytelling [34], which is a technique
that explores system operation by providing a context for the sys-
tem. From this operational view, the functions that a system needs
to fulfill can be identified, although utility functions [5] that support
the system (such as providing power to a system) should not be for-
gotten. Using these views and the inputs of the identified stakehold-
ers, relevant key drivers [34] can be identified. Combining the key
drivers and the functional view with a FunKey diagram [5] can lead
to amongst others identification of possible subsystems. For an
existing system, the subsystemswill have been established already.
Step Two concerns the creation of structural views for each key
driver and subsystem concern. It is recommended to do this for all
concerns, as to gain an appropriate overview of the systems archi-
tecture. However, in context of the method it is only necessary to
elaborate the concerns that will be communicated with respect
to system behavior. The views that are mentioned in step 2 of
Fig. 5 are the essential set of views that support communication
of complex systems. The views created in this step are specific to
a key driver or subsystem. These views can either zoom in on a part
of the view created for the overall system or describe a specific part
of the system not covered in the overall system view. Furthermore,
other views or visual aids (explanatory drawings) [8] can be added
when deemed necessary.

Step Three finally concerns the communication of system
behavior. Once an appropriate overview of the system and of the
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relevant concerns is achieved, this foundation can be used to estab-
lish a behavioral view on the system.

Step 3A concerns the identification of the need for behavioral
analysis. This is both the opening and closing step of the third step
of the method. We have identified three situations in which behav-
ioral analysis can be beneficial. These are that the systems has (i) a
high number of different operational states, (ii) a significant
amount of variance in internal parameters or (iii) a large amount
of possible inputs from its context. Once one or more needs have
been identified, these should be used as goals for the behavioral
analysis process.

Step 3B signifies the fact that we have identified two main
directions in behavioral analysis. The first case is that the various
influences and their relation to the systems characteristics are
known. In this case the focus is on exploring the various system
states to ensure that both the transitions between states and the
behavior in a particular state are satisfactory. For this approach,
steps 3C to 3F can be followed. The basic process consists of iden-
tifying the system states, detailing the structural overview for each
state and then establishing a behavioral simulation model. This
model should be captured in an interactive system overview that
embeds a user interface to control the simulation model. In the
second case, the effects of the various influences on the system
are not particularly clear and the analysis thus focuses on uncover-
ing these relations. In this case, it is better to establish a more in-
depth simulation analysis first and later expand this to an interac-
tive system overview, following steps 3G and 3H.

3.3. Simulation and modeling approach

Within the process description, we have mentioned the use of
simulations. To establish such a simulation, both the systemmodel
to be simulated and the simulation model itself have to be
developed.

The Y-chart methodology [26] was chosen as the modeling
approach as it supports the triad of functional, physical and quan-
tification views, as advocated in [6] and is especially suited for
high-level modeling of a system. Modeling this system on a high
level allows identification of generic behavior that influences the
system and avoids very detailed models that are most of the time
not relevant during the conceptual design stages.

To establish simulation models for generic system behavior,
discrete event modeling is very useful as it focuses on functional
reasoning. Using discrete event simulation using the POOSL lan-
guage [39] is very useful in quickly formalizing the conceptual sys-
tem design [42]. We have experienced the same results in previous
research [21,23] and therefore utilize discrete event simulation
using the POOSL language within the COMBOS method. However,
other discrete event approaches can be used for behavioral simula-
tions as well, for example Petri-Nets. However, the flexibility and
expressiveness of POOSL aligns very well to the activities executed
in conceptual design.

The COMBOS method does not prescribe the use of a specific
simulation technique. Its philosophy is to express the simulation
outcomes in various views and combine these into a single graph-
ical user interface. This interface should adhere to the A3AO-
philosopy as described in Section 3.1. Therefore, we do not describe
a specific formalism for the COMBOS method, but mainly describe
it as a conceptual approach to present and discuss simulation
results.

4. Results

In order to evaluate the proposed method, it has been applied in
a case study. This section offers these results and illustrates the
practical implementation of the COMBOS method. The case study
concerns a redesign of the power distribution subsystem of an
interventional X-ray machine at Philips Healthcare.

The project in which the case study was situated was already
running for a few months when the case study started. Therefore,
ample design documentation and specifications were available.
Furthermore a simulation model in POOSL was developed to for-
malize the behavior of the subsystem [42]. This simulation model
was purely utilized by the software engineer to support the devel-
opment of use cases for the system. However, the simulation
model was not utilized to communicate behavioral information
about the system to other stakeholders.

The case study started by identifying the knowledge to be com-
municated. This reflects mainly step 2 of the method presented in
Fig. 5. The A3 architecture overview method [8] was used to find
the essential information regarding the structural views as pre-
sented in the top of Fig. 3. The resulting A3 Architecture Overview
can be seen in Fig. 6. This overview includes a functional, context,
quantification and physical view. Furthermore, the main design
constraints are listed and visual aids have been introduced for
issues such as interfaces and various uninterruptable power supply
options. Finally, in the bottom left space has been reserved for the
simulation controls.

After identification of the relevant structural views, the various
states of the system are identified. This is done by extracting the
system states from the simulation model that was already estab-
lished. If this had to be done from scratch, a state transition dia-
gram would be a helpful tool. In the case study, 24 states are
identified. However, in our non-confidential example, 12 states
are used, which are listed in Fig. 7. For each of the states listed in
Fig. 7, the structural views in Fig. 6 are detailed. It must be noted
that these views are created with this process in mind, so it is
advisable to establish the structural views and detail their behavior
concurrently.

Both Figs. 8and 9 give an example of the physical view for var-
ious systems states. In the physical view, the structure of the com-
ponents of the power management is visible. Furthermore, they are
located in various cabinets, as shown in the location view. The
green colors indicate that a connection, component or cabinet is
powered. In Fig. 8 it can thus be seen that the system is fully pow-
ered. However, in Fig. 9, not all components have power, and some
of the cabinets are partly powered, as indicated by the use of a gra-
dient color. More of the views created in the context of this case
study can be found in [19].

The exact ways to use colors or other indications depends on a
case by case basis but should be based on what the stakeholders
are familiar with and understand. Through iterations with stake-
holders, understanding has to be gained what kind of indications
should be implemented and what they represent. In the end, it
may seem that detailing the system behavior for each of the state
is a lot of extra work. However, these kind of behavioral aspects
need to be discussed in the conceptual design stage, as else there
is no implementation guidance for engineers in detailed design
stages.

As a next step, the resulting behavioral views for each of the
system states are integrated into an existing system overview.
The existing simulation was developed with POOSL in Eclipse
[14]. Therefore, the choice was made to extend the existing Eclipse
user interface with the created behavioral views. A parser was
written in Java to determine the state of the system based on the
running simulation and the views showing the behavior corre-
sponding to a particular state are shown. The simulation and user
interface were deployed together on an A3 tablet. An example
photo of the interactive system overview in use on a tablet is
shown in Fig. 10.

The interactive system overview is used in various types of
design discussions during the project. A schematic overview of
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the use of the interactive system overview already has been shown
in Fig. 4. The main usage of the interactive system overview was in
meetings between two or three stakeholders. The first example is
that the main software engineer and electrical engineer used the
interactive system overview to discuss the need for switching on
electrical components (visible in the physical view) based on
whether functions or parts of the system (visible in the functional
view and context view) needed to be available. It was for example
determined that in the ‘‘System Shutting Down Battery Critical”
state, the control unit could be depowered directly. A second exam-
ple is a design review that also included two architects and the pro-
ject manager, next to the main software and electrical engineer. In
this meeting, comparison of the physical view and the context view
led to the realization that a function could be made available with
no additional ‘‘cost”, since all required components were powered.
A third and final example is that the software architect was able to
explain the various behaviors of the system very easily and quickly
to a new employee at the supplier of the control unit.

5. Evaluation

This section evaluates the COMBOS method. We will do so by
discussing a survey that was conducted under stakeholders
involved in the case study. Furthermore, we discuss other possible
applications of the COMBOS method.

5.1. Stakeholder experiences

To obtain structured qualitative feedback on the application of
COMBOS in the presented case, a survey was used. The questions
addressed various subjects, such as the use of simulation models,
the use of interactive system overviews, communication of system
behavior and conceptual system design. The survey was completed
by two system architects and two domain specialists. Therefore,
we do not present quantitative results but only discuss specific
responses and highlight interesting quotes. Additional detail on
this survey can be found in [19].

Regarding simulation models, all respondents acknowledged
that these are crucial in conceptual system design. A system archi-
tect stated: ‘‘simulation models are becoming a must to manage com-
plexity”. The respondents indicated that they did not view the
connection to interactive system overviews as very complex. A
domain specialist stated: ‘‘what seems complex is the ‘‘thinking”
needed to carry this activity out, but that should be done regardless
of the tool used”. With regard to system behavior, they acknowl-
edge and are enthusiastic about the support offered through COM-
BOS. Specifically, their feedback acknowledges the value of
observing changes in system behavior across different views. All
respondents expect that the interactive system overview will sig-
nificantly improve communication, within their own discipline
and outside of it as well.

The overall conclusion from the survey is that the respondents
acknowledge the support that the approach and the resulting
interactive system overview offer. However, they are unsure about
the amount of work and technical skill required for implementa-
tion of the approach.
5.2. Guidelines for COMBOS application

Our research and experiences with COMBOS have resulting in a
number of guidelines for application of the COMBOS method. For
example guideline 8 provides much needed guidance for a stop-
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ping mechanism to a modeling process, which is often missing. The
guidelines are presented in Table 2.

5.3. Other applications of COMBOS

The previous section has highlighted one application of COM-
BOS. As the goal was to offer a more in-depth explanation of the
method with this case study, we have only focused on a single
application. However, in [19], we have shown that COMBOS can
be applied in other contexts as well. Two examples given in this
work are the power distribution system of an electric vehicle, as
well as the design of a mission timeline for a Phobos (moon of
Mars) sample return mission. The electric vehicle example was
similar to the case study presented in this work. It showed that
the application of the method is not domain dependent. The space
mission example aimed to identify and explain the main influences
on the mission timeline of a Phobos sample return mission. In this
example, it was shown that it is possible to quantify, visualize and
interact with these main characteristics in an interactive system
overview.

An important observation based on the case study in this
work and the aforementioned examples is that when subsystems
are subject of the behavioral analysis, a state transition simulation
is most applicable. This corresponds to step 3-3F in Fig. 5.
The space mission example concerned the key driver mission
timeline. In this case, a model characterizing the performance



Fig. 10. The interactive system overview deployed on an A3 tablet. The bottom left
now includes the simulation, as opposed to Fig. 6. The interactive system overview
is the same as the one that is referenced in the right side of Fig. 4.

Table 2
Guidelines to enable and support the communication of system behavior using the
COMBOS-method.

# Guideline

1 Exploring system behavior (using this method) is mainly useful if the
conceptual design process does not allow a ‘‘quick and dirty” way to test
the new system via a prototype

2 While a simulation engineer might be required to create an interactive
system overview, the system architect is responsible for deciding which
viewpoints are used to construct views in the interactive system
overview

3 To represent and communicate the operational view, it must be coupled
to other views, such as the physical, functional, quantification or context
view

4 Visualizing the operational view simultaneously in different views
allows reasoning on system behavior from different perspectives, which
in turn enables multidisciplinary design discussions, and ultimately,
new knowledge creation

5 Ensure continuous communication throughout the process with affected
stakeholders, but especially the decision makers, focusing on
construction and validation of the created views in each step

6 The structural views for the concerns that are elaborated with behavioral
views must be established. It is also highly recommended to create
structural views for all concerns, as this ensures that the full system
architecture is considered

7 Once a need for behavioral analysis is identified, translate this need in
well-defined goals for the analysis process. These goals should act as a
reference during creation of the interactive system overviews

8 Keep track of the questions that stakeholders have with respect to the
system behavior. If the number of questions stabilizes, either due to the
fact that they are answered or cannot be answered, stop the analysis or
transition to the next step

9 When considering the behavior of a system across states, both the
behavior of a system in that state, as well as the possible transitions to
other states should be subject of interest. Simulation models explicitly
allow exploration of these transitions

10 To communicate an interactive system overview, preserve the size of a
paper based A3 Architecture Overview (A3 size). Therefore, aim to use
(portable) devices that have a diagonal screen size of 18–22 in. and
support resolutions of 1920 � 1080 or higher

11 When establishing simulation models in conceptual system design, aim
to model only generic behavior and avoid going into too much detail as
this distracts from exploration of the problem domain
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needed to be developed first. This corresponds to steps 3G and 3H
in Fig. 5.

The COMBOS-method is applied in the conceptual system
design stage. It is therefore focused on high-level aspects of the
system which results in an easy switch between domains as simi-
lar concepts can be easily found on these high levels. For example,
analyzing the image processing performance of an interventional
X-ray machine is on a high-level, a throughput problem. The same
can be said for a bottle filling line in a brewery, patient flow in a
hospital or traffic using a highway system.

6. Conclusions

Behavioral analysis is a key part of system design that only
becomes increasingly more important. However, the behavioral
models that are created are often mono-disciplinary oriented,
which makes them difficult to apply in the conceptual design
stages. First, these models use a specific formalism. COMBOS uti-
lizes accessible interactive systems overviews that present abstract
but essential information. Therefore, this information is made
available to a wide group of stakeholders. Second, these models
often only represent a single viewpoint for a specific domain. By
incorporating multiple views that are essential in communication
about systems, the COMBOS-method addresses this issue. Third
and finally, these behavioral models are focused on the solution
domain. The COMBOS-method steers users towards to the problem
domain by advocating abstraction from details. Furthermore, the
analysis focuses on identifying and quantifying the key behavioral
characteristics, instead of developing the optimal system solution
straightaway.

The COMBOS-method firstly establishes a systems architecture
description with views that described the systems context, func-
tions, key drivers and subsystems. Then, it extends the views for
key drivers and subsystems with a behavioral analysis. Through
stakeholder involvement and the embedding of the behavioral
knowledge in various relevant views, the behavioral aspects of
the system are made explicit. This allows meaningful design dis-
cussions on system behavior in the conceptual design stages. This
in turn should lead to a better specification of systems that result
in fewer inconsistencies and design errors that are found in later
design stages or even during its use. This should lead to systems
that can be developed faster, cheaper and above all have the
behavior that stakeholders expect and desire.

While many future research directions are available, an inter-
esting direction in the context of creative design discussions is to
extend the interactive system overview to an interactive web-
based environment, as presented in for example [18]. The interac-
tive system overviews aim to preserve the concept of A3 Architec-
ture Overviews by limiting the size of the overview to an A3-paper
size. However, transitioning to a more flexible visualization envi-
ronment might offer new features that can support creative design
discussions. Examples could be to hide or show views based on the
involved stakeholders in a particular design discussion or easier
support of web-based collaborations.
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