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Abstract

This paper describes an architecture analysis tool-set
supporting the evolutionary improvement of the software ar-
chitecture of an existing medical imaging system. The tool-
set has been developed in co-operation of Philips Research1

and Philips Medical Systems. The medical imaging system
at hand is a large and software intensive system. Improve-
ments to its architecture will lead to many development and
business benefits, provided the improvements can be made
efficiently and without major disruptions. The major chal-
lenge in supporting these improvements was finding a tech-
nical solution that fits well with the organization and pro-
cesses of the development department. We came up with
an approach that enables the migration to be performed
in small increments and in line with the existing processes
and procedures established to meet requirements for patient
safety and other qualities. Our tools provide relevant in-
formation about the current status and recent trends in the
software architecture, allowing software architects and en-
gineers to monitor the progress of the migration progress
and to identify potential problems as early as possible.

Keywords Architecture analysis, trend analysis, software
evolution, software reengineering, early feedback, module
architecture

1 Introduction

Philips Medical Systems develops large, software-in-
tensive medical imaging systems, comprising hundreds of
hardware and software components. To be competitive in
the market, the development process must meet several de-
manding and often conflicting requirements: high patient

1The first author performed this work as an employee at the Information
and Software Technology department of Philips Research, Prof. Holstlaan
4, 5656 AA Eindhoven

safety, superior image quality, optimal patient throughput,
but also short time-to-market and competetive performance.
Success depends, among other things, on a well-managed
software architecture.

Because the customers make high investments when
buying medical imaging equipment, they expect them to
create value and improve further for at least a decade. To
meet these expectations, we develop the required software
in an evolutionary software development process, which al-
lows us to adapt our product continuously to additional and
changing requirements.

In the course of this evolutionary development process,
the architecture needs to change as well. Software architec-
ture concepts and their implementation may become out-
dated. In our case, decomposing the system in a flat hier-
archy of components with globally available interfaces was
not good enough to keep the overview with respect to the
complex include dependencies inside the system. This pa-
per describes our effort to manage the evolutionary intro-
duction of alternative module concepts in an existing sys-
tem of more than 3.5 million lines of code.

The main challenge has been to find an approach that
fits well into our organization and does not interrupt the de-
velopment of new features for an extended period of time.
Instead of trying to transform the source code and docu-
ments, we want to migrate in an incremental and controlled
way as part of the normal development process. Adequate
tools should facilitate this process by continuously supply-
ing relevant information to monitor and steer the ongoing
activities. Existing reengineering tools do not provide the
required functionality, so we implemented our own tool set
based on scripting languages and the graph rewriting engine
of the roundtrip engineering tool Fujaba [3].

Due to the size and the complexity of the existing legacy
system, their organizational impact, and the lack of avail-
able resources for this task, the introduction process of the
new concepts is a matter of several years. Although there
is definitely a need to improve the existing concepts, imple-
menting them has no clear added value for the customer. So
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the challenge is to realize the changes evolutionary as inte-
gral part of the ongoing product development process. We
have approached this challenge in five steps:

1. Analyzing and modelling the initial situation and iden-
tifying the resulting issues (section 2).

2. Defining the desired situation and specified the rules,
which have to apply (section 3).

3. Identifying the separate steps to achieve the desired sit-
uation and setting up a migration plan.

4. Introducing the new concepts in the existing imple-
mentation as is, thus without improving it. This is the
starting point for the migration.

5. Evolutionary refactoring of the implementation to ben-
efit optimally from the new concepts, while monitoring
the progress of this reengineering activity constantly.

This paper focuses on the tools we have set up to enable
the last step and reflects our research effort of the last two
years. The product development department is responsible
for actually deploying these tools and executing the migra-
tion process.

2 Initial situation

The original architecture of the medical imaging system
that we use as a case study, is based on a fairly simple de-
composition of the system into ���������
	�� . These are collec-
tions of functional related functions and data types. In this
section, we introduce these initial concepts, the dependen-
cies between them, and related consistency rules. In sub-
sequent sections, the desired architecture and the migration
will be discussed.

When analyzing the initial situation and specifying the
desired one, we use UML class diagrams [8] such as fig-
ure 1 to model the basic concepts and we use story dia-
grams [1] to define derived concepts and consistency rules.
Story diagrams combine graph rewriting rules with activity
diagrams, in the sense that activities are specified as graph
transformations. Using this visual rather than a textual no-
tation helps us to discuss and understand the different con-
cepts and identify the relevant issues for the introduction of
the new concepts.

Each module realizes an isolated piece of functionality.
The hierarchy of modules is flat, meaning that all modules
are treated equally and may use functionality implemented
by other modules as needed. Typically, one software engi-
neer is responsible for a given module. In the source code,
a module is represented by a directory. Modules and direc-
tories are mapped on each other using naming conventions

Figure 1. Initial module concepts

according to a coding standard that has been defined as part
of the development process.

To organize intra and inter module connections, a dis-
tinction is made between local and global header files. Both
are identified by naming conventions according to the cod-
ing standard. Local header files are only visible in the mod-
ule they are defined in. Thus, functions and data types de-
fined in local header files of a module form a local scope.
To allow export of functions and data types to other mod-
ules, a global scope is defined as well, which consists of the
global header files defined in all modules as a whole. Every
module can gain access to this global scope, but by using
different include paths for each module, this scope can be
restricted to avoid functionally unrelated modules from us-
ing each other. To avoid naming conflicts, all identifiers
declared in global header files must be unique.

To check consistency, we first extract the actual directory
structure, file names and include directives from the source
code and build a graph model of the system according to the
graph schema defined by the UML class diagram (figure 1).
Then we traverse the graph and check for every single node
that the context in the graph matches the patterns defined by
all applicable scoping rules like in figure 2.

Figure 2. Initial scoping rule

When checking rules, we use story diagrams to specify
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graph queries consisting of several tests. Tests are realized
as UML-like activities that do not modify the graph. Figure
2 shows a story diagram consisting of five activities, that
defines valid include dependencies between files:

� A start activity, where the execution of the query starts.

� A test, if the File and the included HeaderFile
belong to the same Module (valid LocalInclude).

� A test, if the included HeaderFile is a
GlobalHeaderFile (valid GlobalInclude).

� A stop activity returning false if the query fails.

� A stop activity returning true if the query succeeds.

To interpret the graph patterns of the two main activi-
ties, the tool starts with the this node, which is bound to
the Include directive being checked. Next, the tool nav-
igates via the associations to adjacent nodes, until it finds a
match for the pattern and the activity succeeds. If the pat-
tern cannot be matched, the activity fails. Depending on the
result, other activities are executed, until one of the two stop
node is reached according to the result of the graph query.

2.1 Resulting difficulties

Over the years, the system’s functionality has increased
tremendously. This has resulted in an increasing number of
modules and interconnections, adding ever more complex-
ity to both the code and the growing development organiza-
tion. As a consequence, the system is harder to maintain,
fewer individuals manage to keep the overview, and it takes
more effort to add new features to the system without ham-
pering the work of other developers.

Using the existing module concepts, the problems raised
could not be handled. Having more than a hundred devel-
opers working together on a product is virtually impossi-
ble, if there is no way to distribute them over smaller teams
where they can operate (almost) independently from each
other. For example, one team could be concerned with the
adoption of a new version of the operating system, without
hampering the activities of other teams.

Although dependencies between teams cannot be en-
tirely removed in practice, it helps to make the interfaces
between them explicit and manage the usage of these in-
terfaces in an appropriate way. To help achieving the goals
mentioned above, more advanced module concepts were in-
troduced together with rules and tools to monitor the correct
use of these concepts. The advanced module concepts dif-
ferent parts of the implementation and define an adequate
interface concept. When defining our architecture com-
ponents, we borrowed from component technology as de-
scribed in [11] and the building block method as described

in [12], but we customized the concepts to make the mi-
gration simpler for our developers, who often have a back-
ground in physics or electrical engineering rather than in
software engineering.

3 Desired situation

The driving idea behind our new module concepts has
been information hiding [4] and reducing dependencies.
Every module should only see resources (data types and
functions) that it actually needs. The import scope of every
module should be defined explicitly. Available resources
should be concentrated on few and unique locations to re-
duce dependencies between modules and ambiguity. As
a result we hope to decrease code complexity and also
limit the organizational complexity required to develop and
maintain the system.

In the desired situation, the architecture consists of an
aggregation hierarchy of so-called (building) blocks. Build-
ing blocks are architectural units like modules, but they also
define an area of responsibility and ownership and a scope
for appropriate documentation.

To be able to reason about these building blocks, we have
defined additional architectural concepts. We make an ex-
plicit distinction between design concepts representing the
desired system described in design specifications and re-
lated UML models and implementation concepts which rep-
resent different aspects of the implemented system mani-
fested in the source code. We have defined a mapping be-
tween these concepts and appropriate scoping rules in or-
der to check the consistency between them. The following
sections describe the different aspects of our new module
concept.

3.1 Design concepts

As depicted in figure 3, the basic design concept is a
Block. Blocks contain other blocks, thus forming an
aggregation hierarchy. All blocks in the hierarchy should
be treated equally, which allows to apply the same rules on
different system levels and to move blocks easily in the hier-
archy. The root block of the hierarchy is the whole system,
which transitively contains all other blocks.

A Block defines an arbitrary number of
Interfaces to export resources to other blocks.
The sees relationship defines, whether an Interface
is in the scope of a given Block. This relationship is
derived from the position of related blocks and inter-
faces in the hierarchy. Whether a Block uses a seen
Interface correctly, is determined by explicitly defined
Dependencies between them:

� The MayUse dependency indicates that a block may
actually import a given interface and is defined explic-
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itly by a software engineer. A MayUse is valid only
if an adequate sees relationship exists, meaning that
the interface is in the scope of the referring block.

� The Provides dependency indicates that a block ex-
ports a given interface. The block does not necessarily
need to define this interface, but may forward an in-
terface from other building blocks, which is typically
a parent block. A block defining an interface does
automatically provide it as well. Moreover, a block
may use the interfaces it provides.

� The Implements dependency indicates that a block
implements the resources declared in the interface.
The block does not necessarily need to define this
interface. A block implementing an interface does
automatically provide it as well.

Figure 3. Design Concepts

The sees relation is defined merely with the idea of in-
formation hiding in mind. The sees relation is composed of
two other relations expressions in our model:

� 	�	���� � 	�	��������	��

��� 	�	����������������

These relations are implemented as path expressions in
our specification that are materialized during the analysis
phase as described in section 4.2. Two examples are shown
in figure 4 and figure 5. As opposed to graph queries as in
figure 2, these rules modify the model, thus adding derived
information to the intrinsic information extracted from the
source code and the UML model.

In figure 4, the first rule states that a block sees all inter-
faces of its children. To read this rule, start from the this
node representing the analyzed block. Next, navigate to the
child block b1 via the contains edge. Find a provided
interface i1 by navigating via node p1 and and attached
edges, with together represent a Provides dependency
between b1 and p1. Note, that the activity has double bor-
ders, providing it with forall semantics: all possible patterns
in the model are matched, and for every match, the green2

sees edge is added to the model, thus materializing the
path expression. As soon as all matches have been found,
the story terminates, which is indicated by a transition to a
stop node.

2grey in the printed version of this document

Figure 4. The � 	�	��������	��
 relation

Figure 5. The � 	 	�� �������	����� relation

The second definition depicted in figure 5 defines that a
given block � sees all interfaces provided by blocks that are
siblings of � or siblings of any of its ancestors. The story
diagram contains two main activities that can be interpreted
similar to the detailed explanation above.

The first impression might be, that the definition of the
sees relation is rather complex, but from all alternatives we
have considered, this definition has turned out to match our
needs best:

� Maximize information hiding to achieve independent
development teams.

� Treat all blocks equally, independent of their position
in the aggregation hierarchy.

� Assign correct responsibilities within the organization:
the owner of the interface is per definition owner of the
top-most block providing it.

� Allow easy relocation of blocks within the hierarchy.

Summarizing, the actual usage of interface is restricted
by two relationships, sees to achieve information hiding
and MayUse to separate functionality:

� � 	����������! � 	"� � 	 	��
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3.2 Implementation concepts

The three major implementation concepts analyzed by
our approach are directories, files, and include directives.
Several subtypes are distinguished in the class diagram of
the model as presented in figure 6.

Figure 6. Implementation concepts

Directories in the source code can either play the role
of a BlockDirectory, InterfaceDirectory, or
ScopeDirectory. A BlockDirectory represents
a Block and can contain other BlockDirectories.
Moreover, BlockDirectories can contain
InterfaceDirectories representing provided
Interfaces. Such an InterfaceDirectory
can either be a physical sub-directory (mod-
elled as RealDirectory) or a link to an-
other InterfaceDirectory (modelled
as VirtualDirectories). Besides, a
BlockDirectory contains a ScopeDirectory
with links to InterfaceDirectories representing
Interfaces, which are in the scope of the current
Block.

Files can be either BlockFiles or InterfaceFiles depend-
ing on whether their parent directory is a BlockDirectory
or InterfaceDirectory, respectively. Include directives can
realize either a RemoteInclude, LocalInclude, TypeImport
or ExportFrom relationship, depending on the class of the
source and the target file according to table 1:

Different scoping rules apply for these relationships, as
explained in section 3.4. But before we can reason about
consistency first, it is necessary to define the mapping be-
tween design and implementation concepts.

BlockFile InterfaceFile

BlockFile LocalInclude RemoteInclude
InterfaceFile ExportFrom TypeImport

Table 1. Include relationships

3.3 Mapping design onto implementation

The design concepts describe an intended situation that
we aim for, whereas the source code contains the imple-
mentation of the actual running system. Initially, there will
be a huge gap between both kinds of concept and in section
4 we show how to monitor the progress of making this gap
smaller.

The UML diagram in figure 7 defines our mapping of de-
sign onto implementation concepts. Design concepts have a
one-to-one relationship with a directory in the source code.
Files are owned by unique block or interface. For the sake
of simplicity, we do not consider Implementation re-
lationships, which would require better parsing techniques
than we have currently available.

Figure 7. Mapping the concepts

Having defined the mapping between design and imple-
mentation concepts, we can check the consistency of our
model, which is done by means of so-called scoping rules.
These are discussed in the next section.

3.4 Scoping rules

We check a total of 17 scoping rules. Four rules vali-
date the UML model representing the design of the system.
Thirteen rules verify the consistency of the implementation
with respect to the design.

Figure 8 shows a graph query that defines a rule to ver-
ify an include directive in a BlockFile referring to an
InterfaceFile. In section 3.2 we have defined this
kind of include relationship as RemoteInclude. The an-
alyzed instance of RemoteInclude, represented by the this
node, is a relationship between the BlockFile bf1 and the
InterfaceFile if1. bf1 is owned by a Block b1 and if1
by an Interface i1. If there is a Dependency d1 between
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Figure 8. A scoping rule

b1 and i1, which can be either a Provides, MayUse or Im-
plements dependency according to the definition in section
3.1, the complete pattern can be matched and the the query
terminates successfully. Otherwise, the query fails.

For every object in our model, several of these scoping
rules are defined. To check the complete model, we traverse
the model in preorder and check the rules appropriate for
each visited object.

Having defined our information model and scoping rules
to check its correctness, the next step is to apply this model
to manage the conceptual reengineering of the system over
an extended period of time. The following section will ex-
plain our approach.

4 Managing changes

Figure 9 provides an overview of the tool-set we have
realized. All components are grouped around a central
CMAD3 database containing all collected data, including its
history. To examine this data, the software architect uses a
web browser to select and request certain information from
a web server. Using PHP scripts, the server retrieves the
required information and generates tables or diagrams, that
are presented to the software architect.

The database is updated once a day with recent from
the source code and the (still incomplete) UML model of
our system. First, the CMAD tool extracts relevant im-
plementation concepts from the source code and modifies
the database accordingly. Next, the IMAN4 tool reads the
UML model and retrieves relevant design concepts, which
are mapped on the actual structure of the source code. Fi-
nally, the IMAN tool checks the consistency of design and
implementation concepts and stores detected violations in
the database. Using the Fujaba tool, the analyzer part of the
IMAN tool can be generated from scoping rules (see section
3.4), which are specified once and modified on demand.

3Code and Module Architecture Dashboard
4Interface Management

Implementation Details

interprets

generates code for verification

reads

(Java)

(Perl)

parses

(Java)

Implementation Details

Design Details + Violations

SQL

SQL

SQL

(PHP)

HTTP

HTMLResult Sets

Rule

Specification
Fujaba

IMAN
Tool

CMAD
Tool

Web
Server

Web
Browser

UML
Model

Source
Code

CMAD
Database

Figure 9. Tool overview

4.1 Extraction phase

Because we make use of relatively few language arte-
facts, implementation concepts are extracted using PERL
scripts rather than a more sophisticated parser technology.
The extracted data from the source code is compared to the
existing information in the database, which is updated if
necessary. However, thanks to the database-centered ap-
proach, an alternative parser could easily be integrated.

The updated information should be available during of-
fice hours, so our tools update the database overnight. On
working days, we consider only files, which have been suc-
cessfully submitted for integration according our process
model since the last run of our tools. In the weekend we an-
alyze the complete source code to ensure the consistency of
the database. We consider all modifications that have actu-
ally been performed, even if they are not allowed according
to the process model.

Design concepts are extracted, by filtering relevant infor-
mation from the UML model using the Rose Extensibility
Interface [6]. Because we consider far less design concepts
than implementation concepts, we can afford to analyze the
complete UML model every day and update the database.

Figure 10 shows an example5 for the provides depen-
dency between the block Subsystem2 and its interfaces.
This diagram is part of a so-called Interface Specification,
which is defined for every building block. The mayuse and
implements dependencies are defined in similar ways.
Note, that this information belongs to the design of the sys-
tem, which defines the desired situation. Initially, the actual
implementation does not match this specification, and we
have to extract both source code and UML model to judge
the consistency of design and implementation.

5Note that we have concealed business relevant information, like names
of subsystems and interfaces. Nevertheless, all presented data gives a real-
istic idea of the figures extracted from the existing system.
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Figure 10. A provides relation in Rational Rose

4.2 Analysis phase

The analysis phase starts with an intrinsic graph model of
the system as provided by the extraction tool. Now the rules
defined by story diagrams in Fujaba can be applied to this
model. First, we add derived information to the model like
the sees relation described in section 3.1. Then we check the
correctness of all model elements according to the defined
scoping rules as described in section 3.4.

Specifying scoping rules as visually defined graph
rewriting rules has two benefits for us. First of all we can
generate the analysis part of our tools using the code gen-
erator of the Fujaba tool, allowing us to easily keep the
rule specification consistent with the actual implementation.
Second, the visual representation makes it easy for us to dis-
cuss the rules with developers and software architects.

4.3 Presentation phase

For the presentation of the results we chose to provide
information about relevant trends in a single overview and
allow further navigation to the desired level of detail. Sub-
sequent sections describe a typical session performed by the
software architect to determine the current status and recent
progress of the migration process.

First the software architects checks a diagram which pro-
vides a quick overview of recent changes of a few major as-
pects of the architecture as described in section 4.3.1. Next
he looks in more detail after the status of the current im-
plementation as discussed in section 4.3.2. After that, the
software architect looks up the design status of the desired
situation, which is described in section 4.3.3. Finally, he
checks the consistency between design and implementation
and determines the progress of improving this consistency
as discussed in section 4.3.4.

4.3.1 Trend overview

It would make no sense to examine all information pro-
duced by our tool every day, because there is far too much
information available. On the other hand the software ar-
chitects are eager to receive relevant feedback as early as
possible to react before resources are wasted. For examle,
platform layers may not depend on application-level layers
to allow independent development of the platform as long
as the interface is not changed. The number of violations
introduced earlier should ideally decrease, but at least not
increase. So the software architects want to guard the num-
ber of illegal dependencies and be alerted quickly, if things
get worse. To satisfy this desire, we came up with the so-
called Dashboard View to provides a top-level overview of
recent trends in the source code at a glance (figure 11).

Figure 11. The Dashboard View

This view aggregates implementation details per subsys-
tem and is automatically updated once a day. It presents a
summary of relevant changes in the source code during a
period that is determined in a configuration file – currently
four weeks.

The Dashboard View presents the system as a rectangle
partitioned into six square-angled polygons representing the
subsystems6. The area covered by a polygon is proportional
to the code size of the represented subsystem, and currently
calculated by hand. The layout of the polygons visualizes
the layering of the subsystems, which is not strict. Thus, a
block uses automatically any other block drawn below it.

� A polygon � is placed ��� ��� 	 another polygon � , if �
may directly use � , but � should not use � .

� A polygon � is placed � 	��	� to another polygon � , if
there is no uni-directional use-relationship between �
and � , i.e. either � may use � and � may use � or
both may not use each other at all.

The implemented system contains some exceptions from
the intended use-relationships, some of them for good rea-
son. Others are illegal uni-directional uses-relationships

6Currently, the polygons are calculated by hand, but it would be inter-
esting to find an algorithm to combine partioning and layering for arbitrary
systems
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that are explicitly presented in the dashboard view to make
aware of violations and help to monitor actual trends over
time. These relationships are represented by single-headed
arrows from the client to the supplier. The thickness of an
arrow grows logarithmical with the number of violations.

Bi-directional use-relationships between different sub-
system blur the borders of the subsystems and increase
the organizational complexity within the development de-
partment. Although these use-relations might be practi-
cally inevitable, their number should not grow if possible.
The Dashboard View shows bidirectional use-relations as
double-headed arrows. The thickness of an grows logarith-
mical with the number of bi-directional relationships. The
size of the arrowheads indicates the ratio of relationships in
one and the other direction.

The following color scheme has been chosen to indicate
changes in the code archive and pronounce a judgement on
the observed trend: neutral yellow represents unchanged en-
tities. Green indicates either a good trend like fewer forbid-
den use-relationships or an expected trend like increasing
code size. Red marks either a bad trend like more forbidden
use-relationships or unexpected trends like decreasing code
size.

4.3.2 Implementation details

In this section, we discuss the presentation of code statis-
tics, that have been lifted to building block level. These
statistics help to detect changes in size and complexity in
the implemented system. Abstracting from the implemen-
tation details helps to get an initial overview of the system
as a whole. Taking this as a starting point, we allow to zoom
deeper into the hierarchy to analyze the interesting parts of
the system in more detail.

Using this approach, we can limit the amount of infor-
mation presented to the software architect and help him to
identify those parts of the system where developers are cur-
rently working on and complications might occur. In our
opinion, trend metrics are easier to interpret then absolute
metrics. They provide means to focus on recent changes
and mask out less active parts of the system as described
in [7]. In this way the software architect is able to identify
relevant information and act immediately if necessary.

Block implementation statistics The block implementa-
tion statistics provide quantitative information about direc-
tories in the source code that are interpreted as implemented
blocks or interfaces according to the new architectural con-
cepts. Initially, the existing system does only consist of the
original modules, which are treated as leaves of the block
hierarchy. These are reclustered according to their func-
tionality, resulting in an unbalanced aggregation hierarchy
rather the flat original architecture. The increasing number

of building blocks and interfaces helps the software archi-
tect to monitor the rearchitecting progress in a certain area.

Block interconnection statistics The block interconnec-
tion statistics as depicted in figure 12 present information
about include dependencies between building blocks and
interfaces. This information is based on include directives
in source and header files and lifted to the desired level of
abstraction. When analyzing module interconnection statis-
tics, the software architect usually starts with dependencies
between top-level blocks. When he notices undesired de-
pendencies, he can navigate downwards through the aggre-
gation hierarchy until he reaches the required level of detail.

Figure 12. Block interconnections

Initially, there are lots of illegal include dependencies
between files and hence blocks and interfaces. The rea-
son is of course, that the scoping rules have been defined
after creating the include dependencies. During the refac-
toring of the module architecture, the number of illegal
include dependencies should decrease, but at least not in-
crease. Newly introduced illegal includes dependencies are
detected shortly after creating then, so the software archi-
tect can react quickly and urge the responsible developer to
avoid this dependency.

4.3.3 Design details

Design documents of the system, that exist at the begin-
ning of the migration process, are still written in terms of
the original module concepts. It would not be sensible to
translate these documents directly to the new building block
concepts, because most benefits of the new concepts would
be abandoned. So the rework of the documents should be
combined with a refactoring step, where the existing mod-
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ules are adequately distributed over blocks, eventually after
splitting or joining them.

For every block, the provided interfaces must be defined
as described in section 3.1. Apart from a textual specifica-
tion, each design document contains a UML diagram where
the relevant blocks and interfaces as well as the dependen-
cies among them are defined. The UML model composed
from all those diagrams is the leading definition of design
concepts that are analyzed by our tools to check the consis-
tency between design and implementations.

During the migration process, the design documents are
reworked top-down. This allows us to decouple subsystems
first and thus help the responsible teams to development
these subsystems in parallel. Later on, lower level blocks
will be defined in a similar way to decouple the activities
within the teams responsible for single subsystems.

Block design statistics Figure 13 shows the design statis-
tics of top-level blocks and interfaces as defined in the UML
model. The figures demonstrate clearly the effect of our top-
down approach: Mostly high-level blocks and interfaces
have been defined yet. Because the tools are able to present
recent trends and navigate to lower-level building blocks
similar to the block interconnection example described in
section 4.3.2, the software architect can easily monitor and
analyze the progress of the redesign process.

Figure 13. Blocks in the Rose model

4.3.4 Violation statistics

To check the consistency more explicitly, we have defined
scoping rules as described in section 3.4. In this section,
we describe how the results of checking these rules are
presented. We distinguish validation rules, which define
whether the designed UML model complies in the desired
manner to the principle of information hiding, and verifica-
tion rules, which check the consistency between design and
implementation.

As an example, figure 14 shows the aggregated imple-
mentation violations for the top-level building blocks. All
columns represent verification rules that have been checked
on implementation concepts. For instance, the violation

BlockDirectory Not Valid occurs, if the source code con-
tains a BlockDirectory, which cannot be mapped on a
related Block in the UML model. A RemoteInclude Not
Valid violation occurs, if the RemoteInclude relation-
ship is defined between a Block and an Interfacewith-
out an appropriate dependency between them (cf. figure 8).

Figure 14. Implementation violations

As we still are very early in the migration process, many
of the existing implementation concepts are not correct with
respect to the introduced scoping rules. When compar-
ing the RemoteInclude Not Valid violations with the num-
ber of existing block interconnections in figure 12 virtually
all RemoteInclude relationships are not valid yet. As
the migration proceeds, the number of violations should de-
crease rapidly. Having this tool available, makes it easy to
keep control over the process and monitor the progress.

Our tool supports the work of the software architects as
well as of the software engineers. A software architect uses
typically the view presented in figure 14, but compares the
trend of the statistics similar to figure 12 to monitor the
progress of removing the violations. If not satisfied with
the result, the software architect can navigate deeper in the
block hierarchy for further analysis or click on the number
of violations for a certain rule to get a list of all occurrences
of this violation. Afterwards, he can discuss the issue with
the responsible software engineers.

The software engineer is usually only interested in the
violations in the block he is responsible for. After navigat-
ing to his block, he can click on the name of the block and
gets a list of all violations in his block. By bookmarking
this page, he effectively gets a personal to do list, which is
updated daily. After discussion with his project leader the
software engineer plans what violations to remove.

9



5 Conclusions

We described our experiences, how a set architecture
analysis tools based on graph rewriting, database and web
technology can be successfully applied to support an evo-
lutionary improvement of architectural concepts of a large,
embedded system. As we have no complete and formal ar-
chitectural specification at our disposal, we cannot apply
formal techniques to analyze the impact of changes a priori
(e.g. as proposed by [13]). We rather have to perform our
analyses based on the continuously changing source code
of the running system and incomplete or possibly outdated
design specifications. Using the available information, we
keep an up-to-date overview of the system size, structure
and consistency on architectural level.

The idea of applying graph grammars for software en-
gineering tools has already been described by [10] and [2],
but we have transferred this idea successfully to a large scale
industrial case. Driven by safety and other quality require-
ments, we measure and visualize the progress of the mi-
gration process, which is performed manually according to
standard procedures rather by automatic transformation.

The tools validate whether the design is well-formed ac-
cording to the principle of information hiding and verify the
consistency between design and implementation. We keep
the history of statistical information on violations for the
software architect and allow software engineers to analysis
concrete occurrences of these violations. In the design of
our tools, we focussed on making relevant information eas-
ily accessible via intranet and preparing them for further ex-
tensions by choosing a simple, database-centric approach.

Ideally, all violations should be removed at the end of
the migration process. In practice, this situation will proba-
bly never become reality, because there are valid reasons to
accept certain violations. As long as a violation is not per-
ceived as a real problem, it can be left in the system. Try-
ing to remove the violations could introduce new bugs and
would consume resources that would be needed for more se-
rious matters. In fact, our policy can be compared with other
software development processes, for safety critical systems,
like the NASA space shuttle program, where problem re-
ports are kept over several releases, but solved only if they
are life threatening or mission critical [9].

During one year after the deployment of the first version
of the tool-set, we gained a lot of insight about the dynam-
ics of the migration process, but it will go on for at least
several more years. Moreover, we could quickly adapt our
tools to deal with a number of completely different systems
and thus transfer some of our ideas to new domains. So we
decided to further improve our tools, to extend their scope,
and finally to build up a quality database containing histori-
cal information about many relevant aspects of the software
of our product. Using this approach, we are confident to

achieve more and more control over our complex, evolu-
tionary development process.
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