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In this article, we present a systematic approach towards decision making for variability
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1. INTRODUCTION

When developing an architecture for a software-
intensive product family, we should take into
account that during its lifetime this architecture
will have to accommodate new requirements from
the market, but might also profit from new techno-
logical developments. To achieve this, the architects
and other members of the development team will
have to make a large number of choices, not only
at the start of the development but also later as the
product family and its architecture evolve. These
choices ultimately determine how well the prod-
ucts in the family serve their various purposes, now
and in the future. Typically, architectural choices
determine in the first place the quality aspects of the
products (Bass et al. 1998). Therefore, the architects
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need a good insight in the relationship between
the architectural choices on the one hand and the
resulting quality aspects of the product family mem-
bers, and all of this in the context of an uncertain
future.

In this article, we describe our approach to deal
with variability at a system architecture level for
product families. We started from a few existing
approaches (Bass et al. 2003) (Svahnberg et al. 2003)
and combined their ingredients with our own ongo-
ing research on system architecture for product
families (America et al. 2000) (Obbink et al. 2000).
In a couple of case studies conducted together with
Philips Medical Systems, we investigated new ways
to deal with variability of the architectures early
in the design of a product (see Section 2 for an
introduction to the case study that we use as a run-
ning example in this article). From these studies, a
method called Scenario-based Architecting (SBA),
emerged for identifying and quantifying the poten-
tial benefits of the different architectural variability
options. The method takes into consideration the
functional and quality properties of a system, and



Research Section P. America et al.

can serve as an initial basis in decision-making for
variability choices at an architectural level.

Our approach can be best explained if we com-
pare the development of a future-proof architecture
with planning a trip through unfamiliar territory
under uncertain weather conditions. Here, our
territory is the system architecture for our prod-
uct family. In order to structure the architecture
description, we adopted the Customer, Application,
Functional, Conceptual and Realization (CAFCR)
views (Muller, 2003) (Obbink et al. 2000), which are
summarized in Section 3. The next step is getting a
map of the territory, which provides an overview of
all relevant choices. For this purpose, we developed
a multiview variation modeling approach (America
et al. 2003). This is briefly described in Section 4. The
weather conditions, which may change even dur-
ing our trip, are represented by strategic scenarios.
These describe possible external developments that
we cannot predict accurately and on which we have
only limited influence. Since the number of possible
routes through our territory (the variants allowed
by the variation models) is huge, we cannot ana-
lyze them all individually. Therefore, we choose a
small number of candidate routes, represented by
architecture scenarios. Section 5 discusses the var-
ious kinds of scenarios that we consider. Finally,
we must evaluate the candidate routes with respect
to the criteria that are most important for our trip.
In other words, the relevant quality aspects of the
architecture scenarios are evaluated and the results
are presented in a form that facilitates architectural
decision-making. This is described in Section 6. The
article then ends with some conclusions.

2. THE CATHLAB CASE STUDY

The Catheterization Laboratory, in short cathlab,
is a specialized area in a hospital or clinic where
patients who suffer from a narrowing of their heart
blood vessels (called stenosis) are diagnosed and
treated (see Figure 1). In a typical catheterization
procedure, the cardiologist is locating the stenosis
by inserting a catheter in a major blood vessel
and navigating it towards the heart, looking at the
catheter using live X-ray images. For visualizing
the blood vessels, the cardiologist releases from
time to time small amounts of special contrast
fluid that scatters the X rays more than human
tissue. When the stenosis has been found, it can

Figure 1. Cathlab – The intervention room

be fixed by inflating a little balloon at the tip of
the catheter inside the blood vessel. Moreover,
the cardiologist will often place a so-called stent
in the blood vessel, which is a little wire-mesh
tube that helps in preventing the blood vessel from
narrowing again. The contrast fluid and X rays are
harmful for the human body if administered in large
quantities or for more than a few seconds, therefore
the catheterization procedure has to be fast and use
as little X-ray dose and contrast fluid as possible.

The cathlab consists of two main rooms, the inter-
vention room, which is the place where the actual
catheterization takes place, and the control room
from which a technician assists the cardiologist
during the procedure.

Other systems that one typically finds in a cathlab,
besides the X-ray system, are the following:

• A contrast fluid injector.
• A hemodynamics system, which monitors vari-

ous sensors such as ECG and blood pressure.
• A terminal for a Picture Archiving and Com-

munication System (PACS). This provides the
cardiologist operating in the cathlab with access
to diagnostic images of the heart blood ves-
sels previously taken using various imaging
techniques (called modalities), such as magnetic
resonance (MR), ultrasound, computed tomog-
raphy (CT), or again X-ray.

• Terminal for a Cardiology Information System
(CIS), which stores other medical data.

• A workstation for 3D rotational angiography
(3DRA), a technique to construct a 3D model of
the arteries from a large number of X-ray images
taken from different angles (Philips Medical
Systems, 2002). Such a model can help the
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cardiologist during diagnosis and treatment of
heart problems.

2.1. Disclaimer

Although we use a case study from the medical
domain and many people from Philips Medical
Systems have contributed to our approach by giving
feedback on our ideas, the analysis in the rest of this
article is completely unrelated to any past, current,
or future products of Philips Medical Systems.

3. THE CAFCR VIEWS

In order to describe an architecture, it is useful
to employ different views (Kruchten, 1995) (Soni
et al. 1995), each of which describes the architecture
from a different viewpoint. In our approach, we
use a set of five architectural views that together
bridge the gap between the needs and wishes of
the customer and their realization in technology:
Customer, Application, Functional, Conceptual and
Realization (CAFCR). This framework has been
developed within Philips and is taught in archi-
tecture courses inside and outside Philips (Muller,
2003) (Obbink and America, 2003) (Obbink et al.
2000). Figure 2 shows all five views, each with a
short explanation.

The views are filled with artifacts (this is a generic
term for documents, models, code, etc. used among
others in the Unified Process (Jacobson et al. 1998)).
Table 1 describes the way we propose to do that.
The rows on functionality, qualities, and supporting
artifacts have been largely adapted from various

Figure 2. The CAFCR architectural views

existing architecting approaches, such as Brede-
meyer (Bredemeyer, 2002), Siemens (Hofmeister
et al. 1999), RUP (Kruchten, 1999), and COPA
(Obbink et al. 2000). The approach to variation, how-
ever, is a new contribution from our SBA approach,
which we will discuss in Sections 4 and 5. More
information about the other artifacts can be found
in (America et al. 2003).

4. VARIATION MODELING

When considering various possible architectures, it
is important to get an overview of the commonalities
and differences among them. Here, the construction
of variation models can be of help in several ways:

1. To structurally explore the variation space in the
various views, and the relationships between
them.

2. To guide and document the choices that were
made, as well as the options that were disre-
garded.

Table 1. Artifacts in the CAFCR views

Customer Application Functional Conceptual Realization

Variation Variation model Variation model Variation model Variation model Variation model
Scenarios Scenarios Scenarios Scenarios Scenarios

Functionality Value
proposition

User scenarios Feature
dictionary

System
decomposition

Technology
mapping

Qualities Customer
drivers

Quality
requirements

Quality
properties

Principles
Mechanisms

Mechanisms
Conventions

Supporting artifacts Context diagram
Trend analysis
PESTLE analysis
Competitor–
complementer
analysis

System context
Workflow
context
Domain model

Feature-value
matrix

Collaborations
Information
models

Collaboration
estimations
Supplier
roadmaps
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3. To enhance communication and raise aware-
ness about these choices between the architec-
ture’s stakeholders.

We will now look at ways to model variation
in and across the CAFCR views. The models
presented here were simplified for the purpose of
this publication. For more details about our cross-
view variation modeling approach, see (America
et al. 2003).

We start with the functional variation model
because it is closely related to the various existing
approaches to feature modeling for product families
(see for example (Ferber et al. 2002), which served
as our starting point). The functional variation
model gives an overview of the features relevant
for our product family. We use a tree model
(generalized to a directed acyclic graph) giving the
main structure of the feature variation. Figure 3
gives an explanation of the notation for the tree
model.

An example variation model for the functional
view is shown in Figure 4. It shows the possible
features of a 3D cathlab and how we can choose
among them.

Figure 3. Notation for variation models

Figure 4. Functional variation model

The 3D cathlab should either support generating
3D images, viewing them, or both. Generating 3D
images is done through 3DRA support. Optionally,
the cathlab could have an ‘auto 3DRA reconstruc-
tion’ feature, which is a workflow enhancement.
The 3DRA functionality can be offered by a sepa-
rate workstation (remote 3DRA) or it can be built
into the X-ray equipment (local 3DRA). If a separate
3DRA workstation is used, the viewing of 3DRA
images can be performed on this workstation. If
3DRA is available locally, the cathlab must have 3D
viewing support.

3D viewing support is also obligatory if there
is no support for 3DRA. Multimodality support
means that the cathlab can handle 3D images
from modalities other than X ray (e.g. MR). It is
optional, and without it only 3DRA images are
supported, possibly generated by other 3D cathlabs.
One or both of the features ‘NGUI support’ or ‘GUI
support for 3D viewing’ must be implemented.
NGUI support means that the cathlab has some
sort of nongraphical user interface to support 3D
viewing.

For the conceptual view, the same notation can
be used, but the concept of ‘feature’ must be
interpreted more broadly. The conceptual variation
model consists largely of ‘conceptual features’.
Such a conceptual feature is a property of the
system that cannot be observed from the system’s
behavior alone, but refers to the way the system is
designed. Typically, a conceptual feature concerns
the incorporation of a design concept in the system.

The relationship between different views is
expressed by a feature in a preceding view showing
up in a subsequent view, typically becoming the
root of a subgraph, which explores possible ways
of implementing this feature. In our example,
the variation model for the conceptual view,
shown in Figure 5, indicates how the features
from the functional view could be implemented
by architectural concepts. Such ‘functional features’
are marked with an ‘F’.

To implement the feature ‘local 3DRA’, we need
both a 3DRA reconstructor and 3D viewing support.
The latter relationship is also part of the functional
variation model. A reconstructor has the task to use
many two-dimensional X-ray images to calculate
a three-dimensional model. This can be done by
a real-time reconstructor, specialized for this type
of X-ray equipment, or by a slower but portable
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Figure 5. Conceptual variation model

reconstructor. This indicates a trade-off between
performance and reusability.

The ‘3D viewing support’ feature is taken from the
functional variation model. It can be implemented
in two ways: by a native 3D viewer or by a hosted
3D PACS client. A native viewer is dedicated to
the cathlab environment. It needs a 3D renderer
to visualize the 3D images, as well as some sort
of 3D navigation controls to enable the user to
manipulate the models. In turn, these controls
could be implemented in software (GUI controls
for 3D navigation) or in hardware (NGUI controls
for 3D navigation). These controls are conceptual
implementations of the GUI and NGUI support for
3D viewing from the functional view, which we
have omitted in Figure 5 for simplicity.

A Picture Archiving and Communication System
(PACS) supports the long time storing and viewing
of medical images. Typically, such a system has
client software for viewing all kinds of medical
data, including three-dimensional models. The 3D
viewing feature could be implemented by hosting
such a PACS client on the X-ray equipment. As such,
a client would have its own GUI controls, providing
a nongraphical interface is optional.

The realization variation model again contains
‘realization features’, as possible choices in the
realization view. The same notation as above can
be used for the realization view. A ‘C’ or even ‘F’
indicates a feature at the conceptual or functional
level. In our example (Figure 6), we see different
ways of mapping the architectural concepts from
the conceptual view onto available technology. We
will not further elaborate on these here.

Building an application variation model is dif-
ficult. A single, moderately complex, but well-
engineered system can typically be used in a large
number of different ways. If we also want to model
the variation allowed by a number of architectural
variants of such a system, the resulting variation is
extremely large.

Capturing all these variations in a single model is
impossible in most cases. Therefore, it can be a good
idea to build smaller models around the issues that
are most difficult to decide on. Often it is useful to
build mixed models, where variation points in the
application view are related to variation points in
the other views (usually customer and functional
view).

The application variation model contains actions,
not features. Therefore, we use rounded rectangles,
corresponding to the UML notation for activities
(Booch et al. 1998). Note that this model is not a
workflow model: It does not express the order of
activities, but only whether a particular activity is or
is not performed. In this way, our variation model
can be somewhat simpler than a full UML activity
diagram.

The variety of procedures performed in a cathlab
is very large. Even our full case study model does
not cover all possible variations. Here, in Figure 7,
we show a small model with possible subactivities
of a particular medical procedure.

Figure 6. Realization variation model
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Figure 7. Application variation model

Angioplasty is the procedure mentioned in
Section 2, where a tiny balloon at the tip of a catheter
is navigated to a blocked artery and then inflated
to widen the blockage and restore local blood flow.
To prevent the artery from closing again, a stent
may be left behind in the artery. In that case, it is
necessary to perform some measurements on the
blockage to determine the correct width and length
of the stent.

To find the correct position of such a balloon
or stent, it is necessary to visualize the surrounding
arteries and assess their situation. This is done using
X-ray equipment and a catheter, as described in
Section 2. Navigation of the catheter can optionally
be done using a 3D roadmap. Such a roadmap
could result from an earlier diagnostic procedure,
or constructed during this procedure using 3DRA.
Note that, in order to perform 3DRA, it is also
necessary to navigate the catheter. In addition to
the ballooning, the new situation is assessed by
visualizing the arteries again.

Having explained application view variation
modeling, we are able to make the relationship with
the functional variation model explicit. Figure 8
shows a small part of that model, together with
the activities that especially concern the 3D support
in the cathlab. The use of a 3D roadmap is supported
by the 3D cathlab. To be able to perform 3DRA, the
cathlab must have support for it. It is not necessary

Figure 8. Adding application elements (actions) to the
functional variation model

Figure 9. Customer variation model

to use letters to distinguish activities from features
because of the different forms of the nodes.

For the variation model in the customer view,
we can essentially use the same notation again,
as shown in Figure 9. Here, the main items are
characteristics of the various customers that we
want to address with our systems. In addition, the
customer variation model contains activity symbols,
which return in the application variation model to
express the relationship between the models (for
example, ‘angioplasty’ in Figure 7).

For the customer variation model, we have also
experimented with a different notation, based on
UML, in order to deal with different kinds of
variation. The details are outside the scope of this
article, but they are explained in (America et al.
2003).

5. SCENARIOS

5.1. Strategic Scenarios

One of the goals of the scenario-based architect-
ing method is to make architectures more resilient
against future changes. It is important to remember
that changing the architecture itself is not difficult,
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but effectuating these changes in the implementa-
tion typically requires a major effort. Therefore, we
want to choose the architecture changes carefully.

Of course, the changes to the requirements that
will occur in the future are very uncertain. We
cannot predict them accurately and we cannot
even list, let alone analyze, all possible future
requirements. What we can do, however, is analyze
a small number of representative possibilities. For
that purpose, we consider a number of scenarios
that describe the possible developments of the
world in the future, along the lines of (Schwartz,
1996). Of course, these scenarios concentrate on the
aspect of the world that is relevant for our field
of business. In our case study, this would be the
area of healthcare for cardiac patients. (Another set
of scenarios might describe possible technological
advancements relevant for cathlab systems.) Such
scenarios form a good basis for business decisions,
and therefore we call them strategic scenarios. As
examples for the purpose of this article, we use the
following highly simplified set of strategic scenarios
(the scenario titles were inspired by a similar project
within Philips Medical Systems):

1. McHealth (S1), describing a future characterized
by an aging population, slow technological
advance in medicine, economic recession, and
tight governmental regulations; in this type
of future, small clinics appear, which offer
standard cathlab services at low prices.

2. Clinique de Luxe (S2), describing another future
in which the economic situation is one of
stable growth, but is still characterized by slow
technological advance and an aging population;
this type of future enables clinics to offer a larger
range of services at differentiated prices.

3. See Treat Cure (S3), describing a future in
which technological advance gives rise to
hospitals with better, faster, and more accurate
imaging modalities in combination with a stable
economic situation, thus enabling patients to
afford more specialized and customized types
of treatment.

4. Brave New Pharma World (S4), describing
a booming economic situation, which fuels
genomic research and technological advance;
in this scenario, there are some clinics that offer
a personalized type of drug-based treatment.

Such strategic scenarios offer a couple of advan-
tages: First, market relevant information can be

extracted and used for creating an initial esti-
mate about the characteristics of the future market,
market segments, type of customers, customer pref-
erence criteria, and the size of the different market
segments. Second, future business strategies can be
developed starting from these scenarios. Third, the
strategic scenarios provide the business context that
guides us in considering the possible future require-
ments that our system architecture may have to
satisfy, without neglecting the uncertainty associ-
ated with the future business environment.

In our case study, for example, starting from
the strategic scenarios, we identified two potential
market segments for cathlabs: the low-end market
consisting of customers (i.e. hospitals or clinics) that
are interested in offering standard catheterization
procedures, at a high patient throughput and mini-
mal intervention cost, and the high-end market con-
sisting of customers that are interested in cathlabs
with higher interventional accuracy and care less
about the intervention duration or costs. Further,
we quantify the size of the two market segments in
each strategic scenario, as shown in Table 2. These
estimates are based on the expected number of cath-
lab treatments because of the aging population and
on other facts, for example, a lower number of treat-
ments per cathlab in the high-end segment because
of less concern for treatment duration.

After the strategic scenarios have been worked
out, business strategies can be proposed as
responses of the organization to the future mar-
ket and business environment envisaged by these
strategic scenarios. A business strategy can be
defined as the actions that need to be taken to
achieve the organization’s goals. Plausible exam-
ples in our case could be the development of
cost-effective cathlabs optimized for standard treat-
ments for the low-end segment and customization
of services or products for the high-end segment.

Table 2. The total cathlab market size for the low- and high-end
market segments

Strategic scenario
(Sk)

Required number of Cathlabs
worldwide over two years

Low-end segment
Ls(Sk)

High-end
segment Hs(Sk)

Mc Health 4138 2647
Clinique de Luxe 3631 3997
See Treat Cure 3181 5197
Brave New Pharma World 2956 5797
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Figure 10. From strategic scenarios via architecture
scenarios to architecture (simplified)

For each business strategy, we propose one or
more architectural responses that are consistent
with it, which we will call architecture scenarios.
These are discussed more extensively below in
Section 5.2. These architecture scenarios are then
evaluated, as described in Section 6, to obtain ade-
quate information to make decisions. This process
is illustrated in Figure 10. Clearly defined business
strategies will focus the architecting process in terms
of features that should be added and the required
level of quality for the new systems. For a concrete
case study explaining in more details how to come
from strategic scenarios to business strategies, and
then down to the actual architecture scenarios, we
refer to (Ionita et al. 2005).

Existing approaches to make architecting deci-
sions using scenarios are called sensitivity analysis
(Lung et al. 1997) (Lung and Kalaichelvan, 2000), or
maintainability impact analysis (Bosch, 2000). In these
methods, scenarios are developed describing possi-
ble changes in requirements to the architecture, for
which the consequences are then analyzed. How-
ever, there is no clear approach for choosing these
change scenarios. Since they do not take strategic
scenarios into account, there is only hope that some-
how the chosen change scenarios are representative
of the future changes.

5.2. Architecture Scenarios

On the basis of the strategic scenarios and business
strategies described above, we want to develop
suitable architectures that respond to them. This
means that the relevant architectural choices must
be identified and evaluated in the context of
the strategic scenarios. For the identification of
these choices, we can use the variation models
described in Section 4. However, for evaluating
the architectural choices, the variation models
themselves are not enough. Typically, we cannot

assess the consequences of a single choice in a
variation model because these consequences also
depend on other choices. On the other hand, the
total number of all possible sets of choices is likely
to be astronomical, so we certainly cannot assess all
these sets. Therefore, we need to restrict ourselves
to a limited number of architecture scenarios.

On the basis of the ingredients described above,
we propose that each architecture scenario should
describe a single view of the architecture. More
precisely, such an architecture scenario consists of a
single set of choices in that view’s variation model,
where, of course, the set of choices is consistent with
the semantics of that variation model.

For example, starting with the functional vari-
ation model of Figure 4, we can make such a
consistent set of choices as indicated by thick lines
and dark shading in Figure 11, and we can take that
as a scenario in the functional view. For the other
views, we can proceed in a similar way.

When we relate the architecture scenarios to
the variation models, we see that the variation
models describe the total variation space, whereas
the scenarios define a few individual points in
this space, which will be considered for further
analysis. In view of this, it is most useful if the
architecture scenarios, besides being consistent with
the variation models, satisfy a few other criteria:

• The scenarios should be reasonable, in the sense
that the set of choices as a whole should show
a certain balance. For example, it would not be
reasonable to omit a basic feature from a high-
end system, although technically this would be
possible.

• The total set of scenarios should be interesting,
in the sense that they are sufficiently different

Figure 11. A functional scenario
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from each other and thus span a sufficiently
large part of the variation space.

• The set of scenarios should be quite small,
around five per view, so that their analysis will
not take too much effort.

In choosing the architecture scenarios, it is a good
idea to take the relevant strategic scenarios and
business strategies into account. Strategic scenarios
pertaining to the application domain will typically
guide the architecture scenarios in the customer and
application view, whereas strategic scenarios about
technology might give direction to the realization
view. Business strategies can provide guidance in
the functional view.

While, in general, it is a good idea to first
chart the possible choices in variation models
and then choose suitable architecture scenarios, it
might happen that during the construction of the
scenarios, we find out that the choices offered by
the variation models are not enough, for example,
to establish a proper architecture scenario as a
response to a particular strategic scenario. In such
a case, we have to go back to the variation models
and adapt them accordingly. The choices in the
various variation models will take into account the
fact that the resulted architecture scenarios have to
contribute to the improvement of the most relevant
quality attributes – these quality attributes are given
by the strategic scenarios and customers’ preference
criteria (as explained in Section 5.2.).

For scenarios in different views, we say that they
correspond to each other when they describe choices

Figure 12. A conceptual scenario

that are consistent across the views, according to
the cross-view relationship of the variation models.
To continue our example from Figure 11, we recall
that our conceptual variation model, depicted by
Figure 5, is related to the functional variation model
in Figure 4 by showing a number of functional
features. Now we can define a set of choices (see
Figure 12) in the conceptual variation model that
is not only consistent with the semantics of the
conceptual model but also contains exactly those
functional features that are also chosen in Figure 11.
In this way, we obtain a conceptual scenario that
corresponds to the functional scenario of Figure 11.

In our case study, we started from a set of func-
tional scenarios that were distinguished according
to the degree of integration among the various sys-
tems in the cathlab that were mentioned in Section 2:

• Minimal integration means a situation in which
only standardized mechanisms and protocols
for integration (e.g. DICOM) are used for
integrating the cathlab systems.

• Data integration focuses on the sharing of data.
If data is produced by one system, a second
system can read, understand, and change it
whenever applicable.

• Presentation and control integration are two
sides of the same coin. Presentation integration
is accomplished when two or more systems can
present their results in a similar way. Control
integration, on the other hand, means that two or
more systems can be controlled in similar ways.
In practice, these types of integration are rarely
separated, but are joined to create a common
look and feel.

• Workflow integration means that systems work
together to support the workflow of their users.
It is important that this behavior is flexible and
can be adjusted to meet specific workflow needs
and habits.

• Full integration represents a fully integrated
cathlab system. Besides the above-mentioned
integration levels, new features that are enabled
by this high level of integration are described.

From those functional scenarios, we could work
forward and backward through the architectural
views to arrive at the set of architecture scenarios
described in Table 3. Here, scenarios in different
views that occupy adjacent table cells correspond to
each other. (In a situation with a more complicated
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Table 3. Architecture scenarios and cross-view relationships

Customer

Academic

Production

Application

Minimal
Data

Presentation & control

Workflow
Full

Functional

Minimal
Data

Presentation & control

Workflow
Full

Conceptual

–
DM integration

HW Switch
Alt-Tab

Coordinator
Luxury

Realization

–
Multihost

Cohost

Flat screen

correspondence relationship, arrows instead of
adjacency in the table could indicate this.)

This table also illustrates a few other things
about architecture scenarios and their cross-view
relationships. First note that it is not necessary to fill
up horizontal rows completely. In our example,
there are no conceptual or realization scenarios
corresponding to the minimal function scenario.
We made this choice because the minimal functional
scenario was so unattractive to potential customers
that we did not even bother to develop a conceptual
scenario for it.

Furthermore, note that the application and func-
tional scenarios have the same names. This is
because the application scenarios were directly
derived from the functional ones. We were only
interested in the application consequences of our
functional choices, not in the other sources of vari-
ation in the application view. Therefore, we chose
to limit ourselves to the variability derived from
the functional view, and, accordingly, we chose the
application scenarios as directly corresponding to
the functional scenarios.

When we compare our approach to architecture
scenarios, as illustrated in Table 3, with an approach
where each architecture scenario works out all the
views, we see the advantage of our approach: Com-
monalities and differences are described explicitly
instead of implicitly by repeating common ele-
ments. Therefore, we can deal more easily with
the essential variation. We see in Table 3 that with
a maximum of five scenarios per view, we can
describe a larger number of end-to-end scenarios.

5.3. Other Representations of Scenarios

Representing architecture scenarios as annotations
of variation models is especially useful when
dealing with (technical) decisions, as they give a
good overview and are relatively easy to create
and update. On the downside, they remain abstract

representations and this can make them less suitable
for some uses.

We have found it useful to create application
scenarios in the form of stories, written in natu-
ral language using the jargon of the application
domain. These so-called user scenarios describe in
the form of a narrative text the interaction between
the system and its users. They are especially useful
when created by a team of multidisciplinary stake-
holders early in the architecting process. They can
then serve as a tool to come to a shared vision of
the product line, and to outline its scope. As we will
see in Section 6.2, they can also help in analyzing
quality attributes of scenarios. For this purpose, it
is best, though not absolutely necessary, to have
a one-to-one correspondence between application
scenarios and user scenarios.

Early in our case study, we created user scenarios
for each of the five application scenarios. More
details on this can be found in (Rommes, 2003).
To make it easier to get accurate and complete
scenarios and to facilitate later analysis, we divided
the user scenarios into smaller and manageable
pieces of text called scenes. A scene is defined as
a unit of continuous, related action (e.g. preparing
the patient, performing an X-ray study, comparing
two studies, etc.). Table 4 presents two such scenes
for different user scenarios.

Other representations of architecture scenarios
we have used at times are customer profiles for
customer scenarios, animated slide shows for appli-
cation scenarios, use cases for functional scenarios,
collaboration diagrams for conceptual scenarios,
and simple simulation models for realization sce-
narios.

6. ANALYZING THE SCENARIOS

6.1. Defining the Quality Factors

The architecture scenarios as created on the basis
of the variation models are of little use without the
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Table 4. Fragments of user scenarios for the cathlab

User scenario for the minimal integration User scenario for the full integration

Scene 2 . . . Dr. Eter has arrived for the procedure.
She is in the control room, using the PACS
workstation to review the images from the
diagnostic MR procedure that Mr. Bachman
has undergone. She is concentrating hard,
knowing that it will not be possible to view
these images during the procedure without
leaving the intervention room. When she
has a good overview of the situation, she
goes off to wash her hands and arms and
enters the intervention room.

. . . Dr. Eter has arrived for the procedure.
She is in the intervention room, preparing
the results of the diagnostic MR procedure
that Mr. Bachman has undergone. Using a
volume-rendering view, she searches for
the right angle for a free view of the
coronary stenosis. When she has found a
suitable projection angle, she switches to a
maximum-intensity projection and places it
in the reference area at the lower right
corner of the screen.

Scene 3 During the procedure, Mr. Fink logs the
important clinical steps taken at the CIS
workstation. He constantly monitors the
patient’s hemodynamic and ECG data,
ready to warn if necessary. . ..

During the procedure, the important clinical
steps taken are logged using the CIS client
integrated into the cathlab. The automatic
logging is based on predefined procedure
settings and controlled by Mr. Fink. He uses
a single control panel for the entire system.
He enters extra data efficiently and without
duplication. He constantly monitors the
patient’s hemodynamic and ECG data,
ready to warn if necessary. . .

ability to evaluate their relative benefits, risks, and
costs. By this, we mean a quantitative and system-
atic manner of differentiating between the relevant
quality aspects of the systems described by the dif-
ferent architecture scenarios. These quality aspects
will determine the success of the architecture. When
we look at architectures in the context of strategic
scenarios, the quality aspects of the architectures
influence our market share, whereas the strategic
scenarios determine the sizes of the various market
segments and the relative importance of the differ-
ent quality aspects. We will see this in more detail
below. Of course, in reality there are other factors
that influence market share as well, such as brand
image, pricing, and the quality of the sales force,
but these are independent of the architecture and
therefore they do not concern us here.

Our approach for scenario-based quality analysis
was introduced in (Ionita et al. 2003), where we pre-
sented such an analysis for usability. An essential
part of this approach is the translation of quali-
tative, fuzzy, descriptions of quality requirements
into precise, preferably quantitative definitions.

In a few cases, this may be straightforward, but,
in general, this is a difficult task.

In our case study, the quality attributes to be
analyzed are the usability, performance, and cost of
the architecture scenarios for the cathlab. To assess

usability, we translate usability attributes such
as effectiveness, efficiency, and satisfaction (ISO
TC 159/SC4 1998) into the following quantitative
factors affecting each task to be performed:

• The number of times the cardiologist must leave
the intervention room for accomplishing a task
(later called the number of walks).

• The number of staff members needed (split up
according to different skills)

• The number of training hours the medical
personnel has to spend in learning to operate
the system (later on called the learning duration)

• The average duration of the catheterization
intervention.

• The intervention accuracy, measured by the
probability of a successful intervention.

To study performance, we look especially at two
performance factors, namely:

• The duration of the 3D model reconstruction
activity.

Cost in our case study refers to

• the percentage of increase or decrease of the
average cost per intervention compared to the
current situation.

Note that we tried to find quality factors that have
objective definitions, rather than judgments like
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‘low’, ‘medium’, or ‘high’. This has the following
advantages:

• There is little misunderstanding or disagreement
among the stakeholders on what is meant by a
certain factor.

• The estimates obtained before or during system
development can be calibrated by experiments,
either later when the system is finished, or even
now using an existing predecessor system.

The largest risk involved in this step of the method
is that the quantitative factors do not cover the intent
of the quality aspect completely and precisely, but,
nevertheless, become goals by themselves. This may
lead to unbalanced choices later in the process.

In order to assess the quality factors of the cathlab
scenarios in a quantitative manner, we define the
acceptance levels for the different factors, which are
specific for each market segment. Table 5 presents
the usability factors of interest for the low-end
market segment and their associated acceptance
levels.

To visually indicate the acceptance level of a
certain quality factor in a scenario scene, we use
a five-level shading scale, ranging from excellent
(white), to good (light gray), acceptable (medium
gray), poor (dark gray), and unacceptable (very
dark gray), as shown in Table 5 for the usability
factors. Of course, one can also use colors when
available.

6.2. Analyzing the Quality Attributes per
Scenario

Before we can properly analyze the scenarios with
respect to the quality factors, we must determine
the relevant architectural views. Typically, we must
distinguish two views, which may or may not be
the same:

• The determining view: This is the view where the
architectural decisions are made that determine
the quality of the system

• The assessment view: This is the view where the
resulting system qualities can be assessed.

For the usability aspects in our case study, the
determining view is the functional view, since the
features chosen in the functional view ultimately
determine the system’s usability, but the assessment
view is the application view, since the usability of
the system can only be assessed by considering
how the system is used. For different architectural
qualities, these views are different, as shown in
Table 6 with a few example qualities. Typically,
qualities that can be observed from the system itself
have the application view as their assessment view,
while for qualities that mainly affect the system
development, this is typically the conceptual or
realization view. Qualities related to the market are
best assessed in the customer view (if the market
segment is the main factor) or the functional view
(if the product itself is dominant).

Table 5. Usability factors and acceptance levels for the low-end segment

Usability factor

Acceptance level

Unacceptable Poor

Number of walks
Number of staff members 0
Learning duration
Intervention avg. duration
Intervention success rate

≥2
>3

>30 h
>45 min
≤0.70

1
3

~20 h
~45 min

(0.7–0.8)

Acceptable

1
2

~10 h
~35 min

(0.8–0.9)

Good

0
1

~5 h
~30 min

(0.9–0.95)

Excellent

0

<5 h
<30 min
(0.95–1)

Table 6. Determining and assessment views for a few quality aspects

Quality aspect Determining view Assessment view

Usability Functional Application
Performance Conceptual, realization Application
Salability Functional Functional, Customer
Development cost Conceptual, realization Conceptual, Realization
Usage hazards Conceptual, realization Application
Development risk Conceptual Conceptual
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Whenever we analyze scenarios for a particular
quality aspect, we start from the scenarios in the
determining view, because we want to evaluate the
consequences of architectural decisions made in that
view. If the assessment view is different from the
determining view, we must find the corresponding
scenario (or scenarios) in the assessment view, for
example, by using a table such as Table 3. Then we
use those scenarios for the evaluation.

Typically, we use a structuring principle specific
for the assessment view to perform this evaluation.
In our usability example, we use the fact that the
scenarios in the assessment view, in this case the
application view, can also be represented by the
user scenarios, which are subdivided into scenes.
Therefore, we can evaluate the quality factors per
scene and then aggregate the results.

For the evaluation itself, any suitable method
can be used. For each quality aspect, the profes-
sional literature provides a number of methods.
Unfortunately, most of these methods are much
too labor-intensive for scenario-based architecting,
since the evaluation must be done for each scenario,
and, typically, many relevant details of the system
are still unknown at the time of evaluation. There-
fore, we often use expert judgment to evaluate the
quality factors. Although this approach may not be
as accurate as other approaches, its accuracy is often
good enough, and it is certainly quicker.

In Table 7, we see the results of the usability
assessment for each scene in a particular scenario
and for the complete scenario. Note that the results
per scene are aggregated into a value for the
complete scenario in a way that is appropriate for
the individual quality factor: numbers of walks,
learning duration, and intervention duration are
added, personnel is maximized, and success rates
are multiplied.

After all the important quality factors have been
evaluated for all scenarios, we can present the
end results in the form of a profile for each sce-
nario. Here we start, of course, from the scenarios
in the determining view. Typically, it is useful to
compare multiple quality aspects together. If their
determining views are different, it is, nevertheless,
often possible to relate them by considering the
cross-view correspondence relationships among the
scenarios. This is illustrated by Table 8, which lists
a number of quality factors belonging to different
quality aspects. Note the slightly different subdivi-
sion of the row on ‘3D model reconstruction’, which T

ab
le

7.
D

et
ai

le
d

us
ab

ili
ty

as
se

ss
m

en
tp

er
sc

en
ar

io
sc

en
e

fo
r

th
e

m
in

im
al

in
te

gr
at

io
n

sc
en

ar
io

Fa
ct

or
s

Sc
en

ar
io

s 
sc

en
es

s1
s2

s3
s4

s5
s6

s7
s8

s9
s1

0
s1

1
s1

2
s1

3
s1

4
s1

5
al

l

N
um

be
r 

of
 w

al
ks

0
0

1
0

0
1

0 1

0 1

1 3

1
0

0
0

0
0

4

Pe
rs

on
ne

l i
nv

ol
ve

d
1

2
3

2
1

1
1

2
3

L
ea

rn
in

g 
d

ur
at

io
n

–

– –
–

–
–

1
1

1

–
2 

h
2 

h
2 

h
–

–
–

–
6 

h

In
te

rv
en

ti
on

 a
vg

. d
ur

at
io

n
–

5 
m

in
–

5 
m

in
3 

m
in

6 
m

in
2 

m
in

––
–

3 
m

in
3 

m
in

5 
m

in
1 

m
in

1 
m

in
1 

m
in

5 
m

in
40

 m
in

In
te

rv
en

ti
on

 s
uc

ce
ss

 r
at

e
1.

00
0.

95
0.

99
0.

99
0.

99
0.

99
1.

00
1.

00
0.

95
0.

95
0.

99
1.

00
1.

00
1.

00
1.

00
0.

82

Copyright  2005 John Wiley & Sons, Ltd. Softw. Process Improve. Pract., 2005; 10: 171–187

183



Research Section P. America et al.

Table 8. Overview of the scenarios’ quality profiles

Architectural
Scenario

Quality factors (ai)

Number of
walks

Personnel
involved

Learning
duration

Intervention
duration (Avg.)

Intervention
success rate

Procedure cost Time for 3D
reconstruction

Min 4 3 6 40 min 0.82 − 5% 300 s

Data 3 3 6 35 min 0.91 5% 300 s

PC A
0 2 10 30 min 0.92

5% 300 s

B
10% 30 s

WF 0 2 10 30 min 0.95 10% 30 s

Full 0 2 15 25 min 0.96 10% 30 s

is a performance aspect where the conceptual view
is the determining one.

Although architectural decisions could be made
on the basis of the quality profiles resulting
from the previous step, this would be premature
in most cases. Instead, it is better to see first
whether problematic areas for certain scenarios
can be improved without touching the essentials
of the scenarios. In our example, the larger values
for ‘number of walks’ and ‘personnel involved’
in the minimum and data integration scenarios
are essential consequences of the low degrees
of integration among the systems. However, the
3D model reconstruction times can definitely be
improved, even for a multihost realization scenario.

After such improvements, the analysis and pre-
sentation steps must be adapted according to the
changes in architectural decisions. Such an iterative
improvement strategy is very common in widely
used architecting approaches (Bosch, 2000).

After all the architecture scenarios have been
assessed with respect to how well they accommo-
date the different quality factors, we estimate the
impact of the different architecture scenarios on
the current organization’s market share. We use an
approximation where we assume that the difference
in market share is proportional to the quality level
of the product weighted with the importance of that
specific quality. This is expressed by the following
formula:

New Sharei,j = Initial Sharei +
n∑

k=1

wi,j,k.v(ak)

where New Sharei,j is the new size of the organi-
zation‘s market share in segment i and future j,

Initial Sharei is the organization’s current market
share in segment i, wi,j,k is the relative importance
of quality attribute ak in segment i and future j,
and v(ak) represents the value of quality attribute
ak. More precisely, v(ak) is the difference between
the quality factor in the architecture scenario that is
being analyzed and that same factor in the current
products (responsible for Initial Sharei), scaled to a
value range from 100 to 100% to account for the units
in which different quality factors are expressed.

For example, Table 9 shows the relative impor-
tance, wi,j,k, for the quality factors of interest, namely,
the number of walks, number of personnel involved,
intervention duration, learning duration, 3D recon-
struction duration, intervention average duration,
and cost per procedure, in the McHealth for strategic
Scenario for the two market segments.

Table 10 shows the scaled values v(ak) of the qual-
ity factors in the minimal architecture scenario. Note
that negative values indicate a quality factor that
is worse than in current products, whereas positive
values indicate improvements of the quality factors.

On the basis of the above, Table 11 shows
the organization’s sales, calculated as the product
between the total market size and the organization’s
new market share, due to the introduction of the
different architecture scenarios for the low-end
segment.

We repeated the same calculations for the
high-end segment. The final feasibility estimates
are expressed in monetary units expressing the
expected profit per architecture scenario in the
different strategic scenarios. The profit is calcu-
lated as the difference between the cathlab market
price and its manufacturing cost, multiplied by its
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Table 9. The relative importance of the quality factors in the McHealth strategic scenario

Quality factor Number of Number of Learning Intervention Intervention Cost per 3D
walks personnel duration average success rate procedure reconstruction

Segment
duration duration

Low end 0.05 0.1 0.2 0.2 0.1 0.2 0.15
High end 0.04 0.1 0.1 0.2 0.5 0.01 0.05

Table 10. Scaled values of quality factors in the minimal architecture scenario

Quality factor Number of Number of Learning Intervention Intervention Cost per 3D
walks (%) personnel (%) duration (%) average success rate (%) procedure (%) reconstruction

Segment
duration (%) duration (%)

Low end −2 0 0 0 −5 −5 −5
High end −5 0 0 −5 −20 −2 −10

Table 11. The expected cathlab sales in the low-end segment for the various scenarios

Minimal Data PC HW switch PC Alt + Tab Workflow Full

McHealth 1144 979 627 497 1144 979
Clinique de Luxe 1136 1013 657 709 1136 1013
See Treat Cure 1328 982 732 724 1328 982
Brave New Pharma 1117 1037 763 576 1117 1037

Table 12. The cumulative profit (million ε) over 3 years for all the integration scenarios

Minimal Data PC HW switch PC Alt + Tab Workflow Full

McHealth 251 267 337 370 293 258
Clinique de Luxe 232 255 284 370 455 546
See Treat Cure 180 196 238 309 633 591
Brave New Pharma 191 243 284 315 545 592

expected sales figure, from which is subtracted the
initial development cost and the marketing cost
for the new product. The different costs or prof-
its are multiplied by a coefficient representing the
future value of money (FVk), as a correction for
the delay introduced by the production duration
and the time to achieve the new market share
(Boehm, 1981). This is expressed in the following
formula:

Profit =
(

n∑
i=1

Salesi.(MarketPricei − FV1 ∗ ProductionCost)

)

− FV2 ∗ DevelopmentCost − FV3 ∗ MarketingCost

The resulting figures for the cumulative profit
calculated for each architecture scenario, in the
context of the different strategic futures, are given
in Table 12. For the ease of comparison, important
for the decision-making process, Figure 13 shows

the same data plotted on a single chart. We see that
there is not a single architecture scenario that is best
in all strategic scenarios.

After making the most urgent improvements
to the scenarios, the real architectural decisions
can be made on the basis of the quality profiles
and the profit estimates of the individual scenar-
ios. This is rarely a matter of simply selecting
the best scenario, since, typically, each scenario
has advantages and disadvantages when compared
with others. Moreover, the whole point of scenario-
based architecting was to make architectures more
future-proof, which means that they can respond
gracefully to new, as yet unknown requirements.
Therefore, the best way to proceed is to choose a
suitable architecture scenario for the short term,
based on the currently available information. It
is also a good idea to identify for each strategic
scenario at least one architecture scenario that is
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Figure 13. Plotting the cumulative profit on a single chart,
based on Table 12

a reasonable response. For example, in our cath-
lab case study, one could safely start working
towards a PC Alt + Tab scenario, which outper-
forms the less sophisticated architecture scenarios
in all strategic scenarios. Later, one can assess
the global developments to see whether further
investments in the Workflow or Full scenarios are
meaningful.

However, such decisions are not meant to be final.
Instead, the whole set of steps should be repeated
at regular intervals (e.g. each year) to see where
the analysis must be changed on the basis of new
information and where decisions must be revised.
Fortunately, such a revision typically requires much
less effort than the original analysis.

7. CONCLUSIONS

The main ingredients of our approach towards
future-proof architectures are the following:

• The CAFCR views, which enable architects to
bridge the gap between customer needs and
wishes on the one hand, and technological
realizations on the other hand. We also propose
a number of artifacts that can be used in these
views.

• Cross-view variation modeling, which provides
an overview of the most relevant architectural
choices in each view, together with the relation-
ships between these choices within and across
views.

• Architecture scenarios, which group together
consistent, reasonable, and interesting sets of

Figure 14. From strategic scenarios to integral
architecture

choices within a single architectural view and
represent possible responses to external events
summarized in strategic scenarios. Here, archi-
tecture scenarios per view with a correspon-
dence relationship across views are more pow-
erful and flexible than overall architecture sce-
narios.

• Quantitative analysis, which assesses the differ-
ent architecture scenarios with respect to the
most important quality aspects, as well as their
expected cost–benefit ratios, eventually leads to
an overview on which decisions for the short
and the long term can be based.

Together, these ingredients allow an architect to
assess and improve the ability of the architecture to
deal with new, currently unknown requirements.
The overall result is not just a set of architecture
scenarios or a single selected architecture scenario,
as Figure 10 suggests, but rather an integral archi-
tecture that encompasses a spectrum of variation
possibilities. This integral architecture has become
dynamic, flexible, and responsive, and therefore we
can summarize our approach as in Figure 14.

Although we have tried to limit the effort required
for this approach as much as possible, performing
the complete analysis for the first time is definitely
a major endeavor for an architect. However, doing
this architectural work up front is much cheaper
in total for an organization than later implementing
architectural changes that could have been avoided.
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