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Abstract

Software systems have to be changed under various
circumstances during development and after delivery.
Software development tools support the construction of
different system artifacts (e.g., UML diagrams) but lack
support for impact analysis of desired changes and for
consistent changing of artifacts. Therefore, it is expensive
and error prone to plan and implement changes. This
paper presents our experience with analysis guidelines
derived from a conceptual trace model. The guidelines
support the effectiveness of change activities but, partly,
they are difficult to apply. This experience motivated us to
develop tools that implement the guidelines. This paper
shows strengths and limitations of extending an existing
software development tool and developing an own tool
solution. We experienced in small case studies that both
tools help to improve efficiency of change implementation.

1. Introduction

Software systems have to be changed under various
circumstances during development and after delivery.
Modifications during development occur, for example, if
the system is developed incrementaly, or if the
requirements on the system themselves evolve during
development. Modifications of the system after delivery
occur, for instance, if faults have to be corrected, if
performance or other attributes have to be improved, or if
the system has to be adapted to a changing environment.

Current software development tools (e.g., Rational Rose)
support the construction of different system artifacts (e.g.,

various types of UML diagrams) but lack support for
impact analysis and change implementation. Therefore, it is
expensive and error prone to plan and implement changes.

We developed guidelines for analyzing relationships
based on a conceptua trace model for a specific product
model in the domain of embedded systems. A product
model defines different artifacts that have to be developed
at different abstraction levels (e.g., system requirements,
software requirements, software design, code). The product
model used adapts the model of the Unified Process [1] for
embedded systems[2].

In acontrolled experiment, we experienced that applying
our analysis guidelines result in more effective and efficient
impact analyses. However, the guidelines were difficult to
apply for maintainers because of their large number and
complexity. This experience motivated us to develop a tool
that implements our analysis guidelines. This paper shows
strengths and limitations of extending a commercial
development tool (i.e., StPP'UML by Aonix) and developing
a prototype to support impact analysis on a fine-grained
level. In small case studies, we experienced that both tools
improve the efficiency of a change implementation in
comparison with applying our anaysis guidelines and
traditional tool support.

This paper is structured as follows. Chapter 2 gives an
overview on existing tools for modeling and changing
system artifacts consistently. Chapter 3 describes our
conceptual trace model and the guidelines derived from it to
support impact analysis and change implementation.
Chapter 4 points out experience with applying our
guidelines and motivates tool support. Chapter 5 shows an
extension of an existing commercia development tool and a
prototype that implements our guidelines. In addition, the
chapter shows strengths and limitations of both tools.
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Findly, in Chapter 6, we summarize our contribution and
discuss future work.

2. Existing Tools Supporting Change

There are a large variety of UML software development
tools available, such as Rational Rose, StP/UML, or
Rhapsody by I-Logic. All development tools allow the
developer to model different types of UML diagrams but,
typically, change support is limited. There are some
rudimental facilitiesto support changes, such as
¢ Navigation from one diagram entity to another in the

same or adifferent diagram (e.g. from a state to its sub
states)

¢ Renaming of diagram entities system wide (e.g., a class
isrenamed in all diagrams)

e Automatic generation of diagrams (e.g., automatic
generation of collaboration from sequence diagrams)

e Syntactic and semantic checks. StP/lUML, for instance,
provides some consistency checks within a diagram
(e.g., “each actor must have a name’) and between
diagrams (e.g., “each actor described in a use case
diagram must also be described in one or more
seguence diagrams”).

Other facilities, such as an automatic impact analysis or
guidance on how to implement a change are not provided.

There are other tools that support change activities.
Dependency analysis tools, for instance, support a fine-
grained impact analysis. They are based on program dlicing
and/or analyzing program dependency graphs. However,
they cannot be applied to investigate relationships between
artifacts at different abstraction levels.

In contrast, tracing tools provide support for capturing
traces between entities of any system artifact. In addition,
tracing tools manage and represent captured traces. There
are commercial tracesbility environments (e.g., DOORS)
[3] and research environments (e.g., TOOR [4], PRO-ART
[5], or STAR-Track [6]). TOOR, for example, uses
relations instead of simple links. A user is able to define
relations that are meaningful for the kind of connection
being made. In addition, the tool alows multiple, flexible
ways to trace requirements, including both browsing and
regular-expression search. PRO-ART dlows different
relationships of the defined three dimensions of
requirements engineering to be managed. PRO-ART
enables requirements pre-traceability by recording process
execution, product evolution and their relations according
to the traceability structure defined. The goa of STAR-
Track is to reduce the cost of using a commercia
requirements engineering tool by using Internet tools, and
to support heterogeneous computing environments. Tracing
tools still require human analysis to interpret the nature of
the impact and assess its significance [7]. In addition,
typicaly, their underlying trace model is somewhat too
coarse-grained to support a precise impact analysis [8], the

trace model has to be defined by the user (see, e.g., [4]), or
the model does not consider all development artifacts (see,
e.g., [9]).

There are impact anaysis tools that compute a set
change impacts (i.e., system entities affected by a desired
change) by analyzing relationships (e.g., IAS[9], and [10]).
The IAS, for example, is a tool that determines the impact
of a change by analyzing a graph of entities and links.
Graphs are stored in a general-purpose repository and are
congtructed with the help of a Traceability Toolset that
extract dependencies from existing sources (development
and maintenance documentation, source code) and exploit
them. Changes are modeled as events that are propagated
through the graphs according to propagation rules
predefined by the user of the system. Impacts are
themselves considered new modifications, which can then
be recursively propagated to obtain a "complete" set of
impacts.

Some tools support the propagation of changes (e.g.,
[11]). [11] is a generic software engineering environment
that can be specialized to a specific organizational context.
The environment provides direct support for change
propagation by allowing the user to define change
propagation rules.

Most impact analysis and change propagation tools
extract dependencies between artifacts by anayzing
documents and code or by analyzing explicit links defined
by the user. Typicaly, these tools do not determine what
types of links have to be documented in advance to support
a precise impact analysis later on and they do not
investigate how the effort for documenting links can be
reduced. In addition, such tools do not support the
identification of a starting impact set (interpretation).

There are tools supporting inconsistency management
[12] in development environments: Grundy et a. [13]
describe an architecture for software development tools that
helps to detect and manage inconsistencies that occur
during software development (e.g., structural, semantic,
interpersonal, and interprocess inconsistencies). They point
out techniques for presenting inconsistencies to the
developer (e.g., highlighting system entities to indicate the
presence of inconsistencies, inconsistency descriptions that
infform the user of inconsistencies, providing change
histories). In addition, they give an example of how such a
development environment may look.

3. Conceptual Trace Model and Guidelines

A conceptua trace model (also called reference model
[14]) determines types of documentation entities and their
relationships that have to be traced to fulfill a certain
purpose. We developed a conceptual trace model for a fine-
grained impact analysis.

In contrast to existing trace models (see, e.g., model
defined by [14]), we explicitly separate logical entities from



documentation entities and we suggest tracing logical
entities to support a fine-grained impact analysis. A logical
entity describes the semantics of a documentation entity.
Each documentation entity represents one or more logical
entities (e.g., a textua system requirement (documentation
entity) represents a system task “close window” (logical
entity)). Figure 1 shows documentation and logical entities

and their relationships.
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Figure 1. Documentation and logical entities

We argue for separation of logical and documentation
entities because, on the one hand, investigating logical
entities hel ps the maintainer to identify a starting impact set.
A change request may use documentation entities for
describing change impacts that differ from the
documentation entities described in the system artefacts.
Therefore, it is easier to identify logical entity types
described in the change request (e.g., a system control task
should be removed), then, determine how the types are
represented by documentation entities in the system
artefacts (e.g., system control tasks are represented by use
cases), and finally, search for documentation entities within
the system artefacts affected (e.g., use case “close window”
should be removed).

On the other hand, it is easier to identify different types
of relationships that have to be documented. We distinguish
between three general types of relationships that have to be
traced:

* Dependency relationships are relationships between
documentation entities that represent logical entities at
the same level of abstraction. A system complex
control task “increase room temp” has, for example, an
influence relationship to a controlled environmental
item “room temp”.

¢ Refinement relationships are relationships between
documentation entities that represent logical entities at
different levels of abstraction. A system complex
control task “increase room temp” has, for instance, a
refinement relationship to an system atomic control
task “switch on radiator”.

¢ Representation relationships are relationships between
two documentation entities that represent the same
logical entity. A part of atextua requirement and an
actor describe, for instance, a controlled environmental
item “room temp”, therefore, there is a representation
relationship between the documentation entities.

Dependency and refinement relationships between
documentation entities can be derived from relationships
between logical entities. Logical entities of a certain domain
(e.g., embedded control systems) require domain dependent
relationships that can be identified more easily, if logical
entities and their relationships are investigated
independently from their representation. Based on the
required relationships, constraints can be defined (e.g., each
system control task must have an influence relationship to
exactly one controlled environmental item). Representation
relationships result from investigating the relationships
between logical and documentation entities.

According to our distinction between logical and
documentation entities, our conceptual trace model consists
of a conceptual system model and a conceptua
documentation model. The conceptual system model
defines types logical entities, relationships between them,
and congtraints on the relationships. The conceptua
documentation model defines types of documentation
entities, relationships between them, and constraints on the
relationships.

We developed a certain trace model for a specific
product model in the domain of embedded systems. Our
conceptual system model defines types of logical entities of
an embedded system that occur at different abstraction
levels (e.g., system tasks, software tasks, environmental
items, hardware items, software items). We experienced
that this model can easily be adapted to variants of
embedded systems (eg., system artifacts describing
electronic control  units [19]). Our  conceptua
documentation model extends the documentation entities
determined by the product model and the description
techniques used by the Do-it-process [2]. If the Do-it-
process is used in an organization, our conceptua
documentation model and our guidelines for analyzing
relationships can be used directly. Using another process
requires an adaptation of this model and of the guidelines
(an adaptation of our documentation model to completely
textual reguirements documents is described in [19]).

3.1 Conceptual System M odel

Our concrete conceptual system model is based on the
Four Variable Model for embedded systems developed by
Parnas et al. [15], [16]. Figure 2 gives a subset of our
conceptual system model.



Relationship
I

Abstraction

1 1 +refiningTask
1

Refinerment

Dependency.
/————
1iF I

1
!AtomlcTask! | ComplexTask ‘
\ ] !

| 4+|_Mornitor Influence

I 1
‘ Controlled ‘ | IMonitored ‘ ‘ AtornicEnvironmentalitern H CarmnplexEmvironmentalltem |
If [ I ]

TextualRequirement
e ———
e —

FunctionalRequirement |

Relationship
| —

I\

Part

===}

& I T 1
Represent |  [UURelationship| [ UARelationship |
1 [ 1 |: 1
I T 1
2 Ji
o E—
1 Ly
01

1
H)!Tse%‘ ;
A 1 . \nfluen:edActﬂ

|

Influence
|z

Figure 2. Subset of conceptual system model

Our model distinguishes mainly between types of:

e Items at different abstraction levels (e.g., controlled or
monitored environmental items),

e Tasks at different abstraction levels (e.g., system
complex and system atomic control tasks),

«  Dependency relationships (eg., monitored
environmental items must have monitor relationships to
asystem task), and

¢ Refinement relationships (e.g., a system complex task
must have a refinement relationship to a system atomic
task; a system task must have a refinement relationship
to asoftware task and at least two hardware tasks).

Our conceptua system model is a UML class diagram.
Constraints on relationships are described in natural
language and in OCL (Object Constraint Language) [17]. A
more detailed description of the conceptual system model is
givenin[18].

3.2 Conceptual Documentation M odel

Our conceptual documentation model extends the
documentation entity types determined by the Do-it-process
[2]. It refines these documentation entity types to allow
clear identification of logica entity types. Using the Do-it-
process, two logical entity types “system control task” and
“software control task”, for instance, are represented by the
same documentation entity type “use case”. We introduced
two documentation entity types: a“system control use case”
that represents a “system control task” and a “software
control use case” that represents a “software control task”.
This distinction alows the logical entity types to be
identified in software documents. Constraints on logical
entity types can now be transferred. A conceptual system
model constraint, for example, “a system control task must
have a refinement relationship to a software control task”
can be transferred to a documentation model constraint “a
system use case must have a refinement relationship to a
software use case”.

Figure 3 gives a subset of our conceptual documentation
model.

= ; |
i 1.% T
Control 1
[ | [ InitiatingActor
—— [AwomicUseCase ’_‘_—‘
L 1

il
ComplexJseCase
—
Figure 3. Subset of conceptual documentation
model

Our model distinguishes mainly between types of:

» Documentation entities (e.g., system complex control
use cases, system atomic control use cases, or initiating
actors),

e Dependency relationships (e.g., each system control
use case must have an influence relationship to an
influenced actor). We derived these relationships from
the conceptua system model. Each relationship
described for a logical entity type must be true for a
documentation entity type that represents the logical
entity type.

* Refinement relationships (e.g., each system complex
control use case must have a refinement relationship to
a system control use case; each system control use case
must have a refinement relationship to a software
control use case). Again, we derived the refinement
relationships from the conceptual system model.

*  Representation relationships (e.g., a use case must have
a representation relationship to a part of a textual
functional requirement and to a use case description
because all three represent a system task).

We used UML extenson mechanisms (i.e., the
mechanism of stereotypes) to extend UML description
elements. For natural language documents, we annotate
documentation entities with the logica entity type
described. Figure 4 shows a subset of a system use case
document. Different types of use cases, relationships, and
actors are signed with stereotypes.

<<Zsystem complex control use caseSS<<influence>> %
Increase room temp
<<influenced actor>>

<<refine>> Room temp

<<system atomic control use case>>~S<influence>> %
Switch on radiator
<<influenced actor>>

Radiator position
Figure 4. Extended documentation entities

Similar to the conceptual system model, our conceptual
documentation model is a UML class diagram. Constraints



on relationships are described in natural language and in
OCL. A more detailed description of the conceptual
documentation model is givenin [18].

3.3 AnalysisGuidelines

We derived our analysis guidelines from the constraints
defined on the relationships of the conceptua
documentation model. We developed three sets of
guidelines: for each investigated document one (i.e., system
customer and software customer requirements document,
software developer requirements document, and software
design document). Each set of guidelines includes:

e A description of the artefacts included in the document
(e.g., use cases, or class diagrams),

e An explanation of the logical entities described in the
document (e.g., environmental items and system tasks
in the system requirements document),

e A description of how logical entities are represented in
the document and what relationships have to exist.
This description is structured according to the different
logical entity types. The following paragraph gives a
subset of such a description taken from the guidelines
for the system and software customer requirements
(i.e., use case diagrams and descriptions):

Complex control task

e A complex control task is represented by a “complex
use case” in the “ system use case diagram” and in the
“ software use case diagram” .

A complex control task is described by a “system
“complex use case” description” and a “ software
“ complex use case” description”

e A ,complex use case® must have one or more
refinement-relationships to “ use cases” .

A, complex use case" must have one or more influence
relationshipsto an “ influenced actor” .

4. Experiencewith Analysis Guideines

We evaluated our analysis guidelines in a controlled
experiment with 25 upper graduate students. The
experiment focused on the viewpoint of the maintainer and
investigated the effects of applying two approaches
(extended guidelines and traditional guidelines) on: (1)
understanding: a maintainer has to understand the required
change and the system to be changed, (2) impact analysis: a
maintainer has to analyse the impact of a required change
on the system, and (3) implementation of changes. a
maintainer has to consistently implement the required
changes. The term “traditional guidelines’ refers to
development guidelines provided by the Do-it process.
"Extended guidelines' refers to our analysis guidelines. The
experimental hypotheses, design, variables, subjects, tasks,
procedure and threats to validity are described in detail in
[18].

The results show that the extended guidelines had

« A dggnificantly beneficial influence on the correctness
and completeness of the maintainer’s understanding of
asystem and on a set of change impacts predicted.

* A beneficia (but not significantly) influence on the
efficiency of the understanding and impact analysis
process.

e A Dbeneficia influence on the efficiency and
effectiveness of change implementation. We could not
perform a statistical evaluation concerning this aspect
because of too few data points.

The experimental results show that our analysis
guidelines support change activities, especialy impact
analysis, effectively. However, we do not get significant
benefits according to the efficiency of the understanding
and impact analysis process. In addition, experimental
subjects claim that the number of guidelines, especialy, for
the software developer requirements document, was too
large and single guidelines were too complex and difficult
to apply. All three sets of guidelines comprise about 22
pages in natural language. Based on this experience, we
decided to implement our analysis guidelines in a tool. Our
goals were to reduce the number and complexity of the
guidelines to be checked by the maintainer.

5. Toolsthat Realize Trace M odel

We had severa requirements for a supporting tool:
The tool shall implement our analysis guidelines

2. The tool shal reduce the effort for
documentation entities.

3. Thetool shall be applicable for modeling and changing
large systems.

4, The tool shall change documentation entities
automaticaly if possible.

5. Thetool shall primarily support the maintainer (i.e., an
incremental impact anaysis  and change
implementation shall be performed).

6. The tool shall produce two sets of change impacts:
primary change impacts have to be changed to
implement a desired change and secondary change
impacts have to be changed potentially to implement
the required change. Primary change impacts are
documentation  entities that are related by
representation or refinement relationships to the
initially changed entity. Secondary impacts are entities
related by dependency relationships.

7. Thetool shal be easy adaptable if new guidelines are
defined or existing guidelines are changed.

=

linking

5.1 Extension of commercial development tool

We investigated the possibilities of extending a
commercial development tool because of requirement 3.
We chose the commercial software development tool
StP/UML for several reasons:



It supports diagrams that are part of the investigated
product model,
It provides various extension mechanisms (UML-based
and its own), and
We had experience with its application.

StP/UML mainly provides two extension mechanisms:

semantic extensions of editors, which alow the meaning of
single diagram entities to be changed or new diagram
entities to be constructed, and functional extensions of
editors, which allow new operations on diagrams (e.g.,
syntax check function) to be introduced.

We extended StP/UML by two types of impact analysis

functions and four types of consistency checks. An impact
analysis is supported as follows: The user marks an item in
an artifact. Then, s/he chooses an impact analysis function
from the menu. The tool performs an impact analysis and
provides the result in the form of a list of change impacts.
Figure 5 gives an example of how change impacts and
inconsistencies are described.
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Figure 5. Message log to display
impacts/inconsistencies

Extending a commercial development tool, such as

StP/UML has following benefits and limitations:

+

The tool could easily be extended. The extension
mechanisms are provided to each user of the tool.
Therefore, an expert in an organization can easly
integrate such impact analysis functionality as we do.
An expert could aso do adaptation of the implemented
guidelines easily.

The provided extension is applicable for the modeling
and changing of large systems because a commercial
development tool is suited for the modeling and
changing of large systems. We did not find possibilities
to prepare the set of change impacts (eg., to
distinguish two sets of change impacts or two highlight
system entities to indicate the presence of
inconsistencies as described in [13]. This may limit the
applicability of the impact analysis functions in a large
project.

It was difficult to identify which consistency functions
are predefined within the tool. Each tool should explain
the consistency functions provided.

Links that could be analyzed during impact analysis
had to be set manually. The tool does not support the

definition of links between entities of different
artifacts, for example, a refinement relationship
between a use case and a set of methods. We
established links, for example, by annotating each use
case by the refining methods. Establishing such links
and maintaining them is effort intensive.

0 Wedid not find possibilities to automate changing. We
could only use the message log to represent change
impacts and inconsistencies.

0 The tool does not support all artifacts determined by
the Do-it process. Use case descriptions, for instance,
are not supported. The implemented impact analysis
does not investigate relationships to artifacts that are
not supported by the tool.

5.2 Development of own prototype

Based on our experience with extending a commercia
development tool, we decided to develop an own tool
solution that focuses on (1) reducing the effort for
establishing links, (2) supporting automatic changing, and
(3) supporting artifacts that are typically not included in a
commercia development tool.

The implemented prototype alows system customer
reguirements (e.g., use case diagrams and descriptions) and
software customer requirements (e.g., use case diagrams
and descriptions) of an embedded system to be constructed
and changed. The tool provides the functionality to add,
delete, and rename entities of the system customer
requirements and to propagate changes consistently within
the system and to the software customer requirements.

The interfaces provided by the tool to change different
documentation entities consider the constraints on
relationships.

Figure 6 shows the interface that allows a new use case to
be added.

New Mame: glarm\eﬂan
Use Case Typ: (7 Use Case Part (Z) Complex UseCase’ ® Atomic UseCase
Initiating Aktor Influenced Aktor Refines
wind Heizung Heizen
Richtung
Anwesenheit
Inciudes Ineluded in
Sturm
| 0K ‘ | Cancel |

Figure 6: Interface to add use case

Relationships between documentation entities are
established with the help of the user or automatically, if
new entities are added.



Changing (adding, deleting, changing) of a
documentation entity leads to an automatic impact analysis.
The tool shows the result of the impact analysis in form of
two lists: (1) a primary change impacts list and (2) a
secondary impacts list. These lists look like the message log
provided by the commercia case tool. If a new
documentation entity is introduced, the tool computes a set
of documentation entity types as primary and secondary
change impacts. If a documentation entity is deleted or
changed, the tool computes a set of concrete documentation
entities. If al necessary information is available (i.e., thisis
especialy the case for representation relationships), the tool
automatically changes primary impacts.

Developing an own tool solution has following benefits
and limitations:

+ The prototype supports setting of links. This reduces
the effort for linking.

+ Some changes can be performed automatically. This
reduces the effort for changing.

0 The facilities of the prototype are limited. The major
problem with developing an own tool is the effort that
has to be spent for implementation. Our prototype
provides only limited functionality for modeling and
changing and cannot be applied in larger projects.
Much more effort is necessary to develop a tool that is
more relevant for an industrial application.

01 The tool implements strict observance of the analysis
guidelines and guides the maintainer through the
change process. This seems to be too much restriction
for experienced maintainers. In addition, the tool
cannot easily be adapted to specific processes in an
organi zation.

6. Conclusion

We developed a conceptua trace model to support
impact analysis and change implementation. In comparison
to existing conceptual trace models, our model is more fine-
grained because we suggest tracing logical entities. In
addition, it defines constraints on relationships, and it is
tailored to a gpecific product model and description
techniques used in the domain of embedded systems. Based
on our conceptual trace model, we derived guidelines for
analyzing relationships.

Experimental evaluation shows that applying our
analysis guidelines results in more effective change
activities; however, the guidelines are too complex and,
partly, difficult to apply. Therefore, we decided to
implement a tool that helps the scale of the guidelines to be
reduced. In comparison to other impact analysis and change
propagation tools, our tool does not intend to be a general
tool that supports impact analysis independent of artifact
types and concrete propagation rules. Our intention was to
implement our specific analysis guidelines.

We experienced that commercial development tools,
such as StPP'UML can be extended easily by an expert of the
development organization. Such an extension could but
need not be provided by a tool supplier. Extending a
commercial development tool has the benefit that existing
features of the tool can till be used. Therefore, we assume
that the tool can be applied in large projects. However,
extending an existing tool is limited to the extension
mechanisms provided by the tool. We did not find
possibilities to automate changing and concepts to visualize
change impacts are limited. In addition, we experienced that
dependency and representation links can relatively easy be
established and maintained. It is more difficult to establish
and maintain refinement links because, typically,
development tools do not provide mechanisms to describe
entities at different abstraction levels and to link these
entities. In opposite to the tool extension, the implemented
prototype automates certain types of changes and reduces
the effort for establishing links. However, so far the
prototype is not applicable for modeling and changing large
systems.

More research is required to develop tool environments
that supports change activities across the boundaries of
tools (e.g., RM tool, development tool, test suites).

The incrementa impact anaysis and change
implementation suggested by both tools is suitable to
support the maintainer. In two small case studies (i.e., each
case study was performed by one person), we experienced
that the effort of implementing a required change is reduced
by both tools in comparison with using our analysis
guidelines and traditional tool support. More research is
required to support cost estimation of changes. The impact
of a desired change has to be predicted for all system
artefacts and cost models have to be integrated.
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