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Abstract

Traceabilitu links are widelu accented as efficient
means to supvort an evolutionaru software develon-
ment. However. their usaae in analusis and desian
is effort consumina and error vrone due to lackina or
missina methods and tools for their creation. uvdate
and verification.

In this vaver we analuse and classifu Unified Process
artefacts to establish a traceabilitu link model for this
nrocess. This model defines all reauired links between,
the artefacts. Furthermore. it nrovides a basis for the
(semi)-automatic establishment and the verification of
links in Unified Process development vroiects. We also
define a first set of rules as sten towards an efficient
manaaement of the links. In the onaoina vroiect the
rule set is extended to establish a whole framework of
methods and rules.

1. Introduction

Business critical software svstems are highlv com-
plex and have to fulfil rapidlv chaneine needs. These
changes bear hieh risks. such as misunderstood deven-
dencies. missing combrehension. incomnlete imnlemen-
tation and lackine coverage. Evolutionarv development
processes have been develoned to subport these fre-
auent changes to the svstem. One of these concents
is traceabilitv. Most development bprocess standards
sunnort, traceabilitv and mention it as one of its fea-
tures. Todav. traceabilitv is mostlv limited to relatine
reauirements and poorlv used in practice. But trace-
abilitv links are necessarv for the whole develobment
process from reauirements to the imbnlementation of
the svstem. Traceabilitv links have to be keot in a
correct and comnblete state and thev have to be defined
at a fine-erained level to be useful. This reauires a
verv hich number of links to be manaced and main-
tained even for small svstems. The maintenance and
management has currentlv to be carried out manuallv

and reauires an extreme hich effort. The pbrecondition
for an effective tool sunnort, is a detailed integration
of traceabilitv links into develobment methods. The
definitions of activities. relations and artefacts of most
desien methods are too imprecise and vacue to define
rules for traceabilitv links based on them and to give
support for the concent of traceabilitv.

In order to achieve results of hich practical value. a
widelv used desien methodoloev is annlied as base of
our work. We have chosen the Unified Process UP for
the definition of a process-specific model of traceabilitv
links in this paper. For the Unified Process. there are
rather detailed descrintions of the desien methodologv.
Althouch. Letelier showed in [5] the application of his
metamodel for the UP. his definitions are not detailed
enouch to derive rules for traceabilitv links. There is
no detailed descrintion of how and between which arte-
facts traceabilitv links should be established. althouch
the UP descrintion introduces traceabilitv as one of its
features. Additionallv. a svntactic and semantic defi-
nition of traceabilitv links is necessarv.

As contribution of this paper we classifv and anal-
vse the UP artefacts concernine to traceabilitv asnects.
Based on that. all reauired links between the arte-
facts of the UP activities of reauirements engineering
and desien are defined bv providine a traceabilitv link
model. Additionallv. a svntactic and semantic defini-
tion of traceabilitv links is established customized to
the UP’s methods. The analvsis of the UP and the
customisation of the traceabilitv concent are nerformed
durine practical develobment proiects. As results of
these works. rules for the verification of traceabilitv
links have been established.

2. Related Work

An overview of research tonics. results and onen is-
sues in the field of traceabilitv was eiven in a former
publication [6]. In this paper according to the specific
tonic. three studies concernine traceabilitv frameworks
have to be investicated in particular.



Letelier [5]1 offers a metamodel for reauirements
traceabilitv in UML-based proiects. He cives an ex-
ample of the usage in a UP proiect. The author is fo-
cusing on a general traceabilitv model and eives advise
on how to customize it usine UML mechanisms. Bv
keepine the model generallv usable. it is not vpossible
to define rules and activities for the creation. verifica-
tion and the undate of links. which could be performed
(semi)automaticallv bv a tool.

Snence and Probasco [8] discuss several alternatives
for traceabilitv between reauirements. The paper is
focused on the UP. The authors do not ¢ive answer the
auestion how the transition to analvsis and desien and
the following development steps should be traced.

Based on the analvsis of industrial software develon-
ment proiects Ramesh and Jarke [7] define two meta-
models for traceabilitv. The authors differentiate low-
end and hich-end users of traceabilitv. Correspond-
inelv thev nrovide a simplified and a. full version of their
metamodel. Furthermore. thev establish a predefined
standard set of link tvnes. The authors focus esneciallv
on proiect management and on oreanizational needs of
traceabilitv. Thev do not solve the problem how trace-
abilitv can be established in analvsis and desien.

3. Traceabilitv

Traceabilitv is the abilitv to follow and recover the
development steps of a svstem based on the connection
between inputs or stimuli of everv development step
with its nroducts. These nroducts. later called arte-
facts. are the inputs of next develobment steps. This
leads to a eranh of denendencies. which shows the re-
alization of the svstems reauirements within the devel-
oned svstem.

Tvoes of Traceabilitv Links. There is a broad va-
rietv of tvpes and concents related to traceabilitv. e.c.
the concent of denendencies in UML and its extension
in SvsML [9]. For catecorization purposes we intro-
duce the notion of a traceabilitv link tvpbe. A trace-
abilitv link tvpe classifies the relationshin between two
connected elements and/or the develobpment activitv
for the generation of the destination element from the
source element. Using tvoes of traceabilitv links aims
to minimize the necessarv number of different rules for
establishine and checkine of links. It is not necessarv
to find rules for everv possible combination of source
and destination elements. tvne-based rules can be an-
plied instead. Based on our research we establish the
followine four tvpes of traceabilitv links as the basic
ones:

e Refinement («refine») — in accordance with the
level of detail of the connected obiects (e.e. be-
tween an analvsis and a desien obiect).

e Realization («realize» ) — the dependent obiect ren-
resents a part, of the solution to the nroblem de-
scribed with the independent obiect (e.e. between
a use case and an analvsis class).

e Verification («verifvy) — of behaviour and proo-
erties of the develoned solution or its parts (e.e.
between a use case and a test case) and

e Definition («define») — of obiects (e.e. between a
elossarv item and its usaee in one of the models).

Traceabilitv Link Representation. In the UML
traces are defined as a snecial kind of depnendencv.
Therefore. the same craphical representation is used:
a unidirectional arrow. enhanced with the stereotvoe
«trace». For a simple dependencv the arrow is directed
from the dependent (destination) to the indebendent
(source) element e.e. an analvsis obiect is connected
toward a use case. The craphical direction of the trace-
abilitv link does not exclude its usage in both direc-
tions. forwards and backwards.

4. The Unified Process UP

Software develobment processes consist of activities
and artefacts leadine from reauirements to the svstems
implementation. The handline of traceabilitv links can
be the more tool supnorted the more the acts of a de-
veloner corresnond to the activities of a method. It
is possible to apolv traceabilitv rules to these activi-
ties. The better and the more fine-erained the pro-
cess descrintion is the easier is the definition of rules
for creating and undatine traceabilitv links. Therefore.
the aporoach for traceabilitv provosed in this paver is
presentlv focused on the Unified Process. because it is
concrete. widelv used and well described.

In the UP several ancestor methods like Obiect-
Oriented Software Encineerine OOSE [4] have been
combined based on best practices and exneriences. The
UP is available as commercial and as open-source ver-
sion. The UP process model. the activities of the
method and the comvosition of the artefacts are de-
scribed detailed enouch for the aimed level of supnort.
The UP can be customized and concretised to partic-
ular proiects and companies needs. The UP is an in-
cremental and iterative nrocess: it is based on use case
and architecture centric develobment of software. The
incremental. iterative aporoach can be seen as a two-
dimensional scheme as described in [11.
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Fiaure 1. Develobment Activities of the UP Workflows: Reauirements and Analvsis/Desian

4.1. Develobpment Activities and Relations
Between Model Elements

In this section a model of useful traceabilitv links
for the UP is pbrovbosed. At first each of the UP de-
velopment activities is brieflv explained and necessarv
traceabilitv links between the involved artefacts are es-
tablished. To egive an overview. the maior traceabilitv
related develonment activities of the UP are shown in
Fie. 1 bv an activitv diaeram. It has to be pointed out
that a seauential renresentation of activities is used for
better visualisation. However. in practice the activities
are carried out incrementallv in several iterations.

4.1.1 Development Activities during the Re-
auirements Workflow.

Elaboration of the Vision Document. Basedon a
natural-lancuace text document of stakeholder reauire-
ments (needs). the svstem features have to be defined.
The needs and the realizine features are connected bv
exolicit traceabilitv links of the tvpe «realizey .

Creating the Glossarv and the Domain Obiect
Model. Parallel with the vision document the e¢los-
sarv elaboration has to be started bv definine and en-

terine all domain-relevant terms. Each new term iden-
tified durine an activitv must be defined. before it can
be used. The develoner has to ensure that there is not,
alreadv another term defined for the same issue. If the
new term has relations to other terms it has to be mod-
elled in the DOM as well. Additionallv. everv term has
to be categorized bv one of the followine tvpes: actor.
obiect or nrocess. These catecories refer to the tvoe
of term used within the before introduced templates
and for the naming of model elements. Bv knowing
the tvoe of a term. it is possible to verifv its correct
usage within a text template or within an identifier of
a model obiect.

Develobpment of the Use Case Model. As first
sten the border of the svstem and the interactine ac-
tors must be specified. The actors have to be defined
in the clossarv as well. The next step is to find use
cases for the before defined features. Between use cases
and features m:n relations can exists. that means that
several use cases can refine one feature or that several
features are refined bv one use case. Features and use
cases are connected bv an exnlicit traceabilitv link of
tvbe «refines. The association between an actor and
a triceered use case can lead to an imnblicit traceabil-
itv link. The use case specification should be enhanced



with test case specifications for the verification of its
realization. Use cases and test cases have to be con-
nected bv an exolicit traceabilitv link of tvpe «verifvy.
The relation is of m:n multinlicitv.

Develobpment of the Interface Descrintion. Tex-
tual documents. GUI-brototvnes or models can be used
for interface descrintions. The descrintion of an inter-
face contains associations between actors and use cases.
in which an interface is used. renresented bv an exnlicit
traceabilitv link of tvpe «refines.

4.1.2 Development Activities of OO-Analvsis.

Identification of Analvsis Classes. In the analvsis
phase classes and packages are used for modelling the
structure of the svstem. In the UP analvsis classes are
distineuished as interface. entitv or control class. There
are different aporoaches for findine analvsis classes.
The examination of nouns and verbs in use case de-
scrintions is a widelv accented techniaue. Nouns are
candidates for classes or attributes and verbs are can-
didates for resnonsibilities or methods. Another wav to
find classes is the CRC-card method. The particular
choice for a method is determined bv the proiect. Ev-
erv use case is connected bv exnlicit traceabilitv links
to the analvsis classes. which realize its flow. Each class
can be connected to several or onlv one use case and
vice versa. That means a class can realize more than
one use case.

Performing of Use Case Realizations-Analvsis.
In this sten the cooneration between the different anal-
vsis classes has to be described bv UML interaction
diagrams. For each use case at least one diacram is
modelled. renresentine communication and messages
between instances.

The interaction diaerams have to be connected with
the related use case. using an exnlicit traceabilitv link
of tvpe «realizey. It is also possible to connect them im-
plicit, bv usine consistent diagram names. Bv drawine
messages between classifiers in interaction diaerams an
imblicit connection between the corresponding classes
is established. This connection can be used to verifv
associations in the class model between these classes.

4.1.3 Development Activities durineg Design.

Creation of Design Classes (Desien Model).
The desien model is a refinement of the analvsis model.
As a first steo all elements of the analvsis model have
to be conied. The cobnied elements are considered as
initial desien model. It is possible to connect analvsis

and desien elements automaticallv while cobvine them
bv explicit traceabilitv links of tvpe «refiney.

Durine the design phase almost all elements of the
initial desien model are detailed. enhanced and refined.
Doine this the traceabilitv links between elements have
to be chaneed or extended. Newlv added desien ele-
ments have to be connected to analvsis elements. Even-
tuallv. everv analvsis package has to be connected to
one or more desien subsvstems. each analvsis class has
to be connected to one or more desien classes and/or
interfaces and each use case realization-analvsis hast to
be connected to a use case realization-design.

Refinement of Analvsis Relations. Durine desien
the relations established between analvsis obiects have
to be further refined and adonted to the chosen nro-
erammine lancuacge. It is necessarv to connect the orie-
inal relation in the analvsis model and the renlacing
elements in the desien model bv explicit traceabilitv
links of the tvpe «refiney. If an analvsis class is re-
alized in the desien model bv an attribute of a class
or vice versa. this activitv has to be documented bv a
traceabilitv link as well.

Establishment of Subsvstems and Combonents.
The functional decomnosition of the svstem into pack-
aces is started in the analvsis phase and comvleted
durine the desien phase. The parts of the svstem.
separated bv subsvstems and their comnonents com-
municate onlv usine defined interfaces. Subsvstems re-
finine an analvsis package are connected to this pack-
ace bv exolicit traceabilitv links of the tvoe «refiney.
New introduced components and subsvstems in the de-
sien model to fulfil non-functional reauirements or con-
straints are connected bv links of the tvbe «realizey.

Establishment of Use Case Realizations-Desien.
Durine analvsis the use case realizations are used to
answer the auestion. what the svstem has to do to
realize a use case. During desien these diagrams are
further refined to show how it is to do. The desien
diagrams have to be connected bv exnlicit traceabilitv
links of tvpe «refiney with the corresponding diagram in
the analvsis model. Additionallv established diasrams
have to be connected bv traceabilitv links of the tvpe
«realize»with the related use case.

4.1.4 Activities of Implementation.

The desien model is transformed into executable code
durine implementation. If it is possible to cenerate the
source code automaticallv or a develober has to imnle-
ment it. debends on the level of detail of the desien
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model. If the source code is cenerated automaticallv.
no additional traceabilitv is necessarv. The used tool
usuallv offers all functions necessarv to follow a desien
obiect into implementation. If a develober is doine the
transformation manuallv. it is nossible to use implicit,
traceabilitv bv consistent namine of the imblementa-
tion obiects otherwise exnlicit traceabilitv links have
to be used. Traceabilitv links are stored in the source
code as annotations.

4.1.5 Flow Descrintion bv Activitv Diagrams
and State Machines.

Activitv diaerams and state machines allow a mod-
elling of processes without a orior definition of the
structure of the svstem. Activitv diagrams are espe-
ciallv used to describe flows. e.e. use cases. informa-
tion flows between use cases (as interaction diaeram)
or methods and aleorithms in the desien model. State
machines allow to model reactive obiects. like classes.
use cases. subsvstems or whole svstems. Both diagram
tvbes can be used in various situations within the de-
velonment process. that’s whv thev are discussed sen-
aratelv.

If an activitv diagram or a state machine is used to
describe a use case. a class or another model element.
then both. the diaecram and the model element have
to be connected bv an exnlicit traceabilitv link of the
tvoe «refiney. Alternativelv. a consistent namine of the
diagrams and the correspondine model element can be
used for imolicit traceabilitv.

4.2. Verification of Traceabilitv Links

The established traceabilitv links have to be verified
for completeness and correctness. This is necessarv to
ensure the usabilitv and to avoid a decav of traceabil-
itv information after chances to the connected mod-
els. In the following. rules for a validation are defined.
Presentlv this set of rules as a first sten covers the val-
idation of the pure existence of traceabilitv links. For
reachine this aim the analvsis of terms used in identi-
fiers. the evaluation of relations in the class model or
the analvsis of use case descrintions is necessarv. One
example for a rule set introduced in Table 1 is: each
use case has to be realized bv at least one analvsis
class. This rule verifies the existence of at least one
traceabilitv link between both model elements. But it



is not sufficient for the verification of correctness. An-
proaches for further validations offer the usage of terms
in the model and the validation of plausibilitv between
diaegrams. For example. the analvsis of terms means
to search for clossarv items of tvbe obiect in the use
case descrintion and trv to relate them to the identifier
of the linked analvsis classes and their attributes. Dif-
ferences between both should lead to a notice for the
develober.

Plausibilitv check between different diagrams
means. that for each use case trigeered bv an actor. an
analvsis class of tvoe interface has to be defined. An-
other case considering use case realizations. the classes
of all instances within the use case realization have to
be linked to the use case. because thev realize it. In
the following the so far known rules are listed:

Table 1. Traceabilitv Link Verification Rules

Need — «realize» — Feature (m:n)

1. Each need is realized bv at least one feature.

2. Each feature is realizine at least one need.

Feature « «refine»— Use Case (m:n)

1. Each feature is refined bv at least one use case.

2. Each use case is refinineg at least one feature.

Use Case/Actor-Assoc. «— «refine» — Interf. Descrint. (m:n)

1. FEach association between a use case and an actor is
refined bv at least one interface descrintion.

2. Each interface descrintion is refinine at least one
association between use case actor.

Actor — — — — — Use Case (m:n)

1. Each actor is associated to at least one use case.

2. The associated actor(s) are the same as the actors
used in the descrintion of the use case.

Use Case —<«refine» — Suppl. Software Reauirement (m:n)

1. Each software reauirement (non-functional reauirement.
constraint) is refinine at least one use case.

Use Case/Subpl. Softw. Rea. «—«verifvy— Test Case (m:n)

1. Each software reauirement is verified bv at least one Test Case.

2. Each Test Case is verifvine at least one use case
or software reauirement.

Glossarv — — — — — DOM (1:0.1)

1. | Each domain obiect is defined in the elossarv.

Use Case «—<«realize»— Analvsis Class (m:n)

1. Each use case is realized bv at least one analvsis class.

2. Each analv; class is realizine at least one use case.

Use Case «—<«realizey»— Use Case Realization-Analvsis (1:n)

1. | Each use case realization is realizine one use case.

While applving the defined rules. one has to keep
in mind that the UP is an incremental and iterative
process. That means these rules will raise warnings as
lone as the model is not fullv completed. However it
is possible to check all chains of artefacts to the last
existine artefact and all loose artefacts. An example
for a loose artefact is a use case. which is realized bv
an analvsis class. but does not, refine anv feature. This
should lead to a warnine for the develover.

The rule set, is eoine to be exnanded durine the next
stens of the proiect towards powerful suboort for de-
velober.

5. Conclusions and Future Work

Traceabilitv links improve the maintainabilitv and
sunnort evolutionarv develonment nrocesses e.o.. bv re-
coverine former development activities. especiallv for

the case of chaneine reauirements. In this paper the
activities of a software process model have been en-
hanced bv definitions and rules for traceabilitv links to
reduce the effort and to enable tool supvort. A model
for traceabilitv links has been introduced which can be
tailored if necessarv. Based on the develobment activ-
ities and artefacts. a set of rules for the verification of
the traceabilitv links has been developed.

As a part of our oneoine work. the develoned trace-
abilitv link model is currentlv completed and refined to-
wards a combplete coverage of the methodical activities.
and to facilitate abprooriate tool sunnort for the cre-
ation. undate and verification of the traceabilitv links
with a minimum interaction with the develover.

Other development methods and processes like Fu-
sion [2] and Refactorine [3l are currentlv investicated
aimine towards a broader applicabilitv of the traceabil-
itv model. To provide tool subport. plue-ins for exist-
ine UML tools are currentlv develoned. These nlue-
ins will subport the develover bv the establishment of
traceabilitv links in the backeround while modelline.
and bv maintainine the consistencv of existine links
durine chanees of artefacts.
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