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An Industrial Case Study
in Reconstructing Requirements Views®

Marco Lormans, Arie van Deurseh and Hans-Gerhard Grdss

Delft University of Technology, The Netherlands
(M Lormans, Arie.vanDeursen, H G Goss)@udel ft.nl

Abstract. Requirements views, such as coverage and status views) amger-
tant asset for monitoring and managing software developprajects. We have
developed a method that automates the process of recdirgjrticese views,
and we have built a tool, RQANALYST, that supports this method. This paper
presents an investigation as to which extent requiremeetgs\can be automati-
cally generated in order to monitor requirements in indakpractice. The paper
focuses on monitoring the requirements in test categonidgsest cases. In order
to retrieve the necessary data, an information retrie\cirigiue, called Latent
Semantic Indexing (LSI), was used. The method was applieghimndustrial
study. A number of requirements views were defined and exsrs were car-
ried out with different reconstruction settings for getieigthese views. Finally,
we explored how these views can help the developers durangdfiware devel-
opment process.

1 Introduction

A “requirements view” on a system or development processrefa perspective on
that system in which requirements assume the leading ré&le frequirement view
can be a combination of artifacts such as requirements asigrdformation, show-
ing how a requirement is transformed into a design artifast] indicating how and
where a requirement is covered by specific design artifactsyhere it is located in
the system architecture. Examples are coverage views,asuthhich design artifacts
address which requirement?”, or status views, such as twigiguirements are already
implemented?” The various requirements views help to aiwmidnsistencies within
the documentation of one kind of work product (requiremepeification) or between
the documentation of different types of work products (iegments specification and
architectural design document) [13]. Requirements vieglp I improving the coher-
ence between the work product documents, and lead to higleealbquality of the
work products.

Requirements views are essential for successful projecagement, and for mon-
itoring the progress of product development. In an outdogrcontext, reporting
progress in terms of requirements is particularly impdstsince the customer is much
less aware of the system breakdown or of implementatiome$ssand more likely to be
interested primarily in his requirements.

* This is a substantially revised and expanded version of apep[35]
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Unfortunately, capturing, monitoring, and resolving nplé views on requirements
is difficult, time-consuming as well as error-prone when@bwy hand [44]. The creation
of requirements views necessitates an accurate tradgahditrix, which, in practice,
turns out to be very hard to obtain and maintain [12, 17, 1849] The tools currently
available on the market, such as Telelogic DOORS and IBMdRati RequisitePro,
are often not sufficient: keeping the traceability consistesing these tools is hard and
involves significant effort [1, 34].

To remedy this problem, a significant amount of research Bas bonducted in the
area of reverse engineering of traceability links from kkde software development
work products [22, 36, 46]. Our own line of research has fedusn the use of infor-
mation retrieval techniques, in particul@tent semantic indexin@_Sl) [9], for this
purpose, and on the application of the reconstructed neatfiar view reconstruction,
specifically. We incorporated our ideas in a method, callexkEV, and implemented
the method in a tool, calledEQANALYST [31, 32, 33].

While significant progress in this area has been documeate@dymber of open
research issues exist, which we seek to explore in this pApdnitial question to be
addressed is not related to the case study performed. Itoist athich requirements
views are most needed in practice. To answer this questigneationnaire was sent
out to a dozen practitioners, and from the answers three rii@piogroups of views
were distilled, which are described in detail.

As unit of analysis, one development project of LogicaCM@ jreternational IT
services supplier, was scrutinized for the case study. Timeapy question addressed
through this exploratory case study was how and to whichnéxegjuirements views
can be reverse-engineered from existing work productsn#ortant question hereby is
whether the approach we proposed [31, 32, 33] may be useddostuct these views.
To answer this question, it is described how our own pro®tppl (REQANALYST) has
been extended to support these views, offering projecebtaklers means to inspect
the system and development progress in terms of these vievagher question to be
addressed through the case study is whether these reaiadtwiews can help in areal
life software development process.

In the software development project under investigatiothia case study, a traf-
fic monitoring system (TMS) is developed, and it is outsodrel ogicaCMG. In the
project, progress reporting to the customer must be dorgenmstof requirements, mak-
ing accurate requirements views an essential success flloepaper discusses the way
of working in this project, and looks at how and to which extetonstructed links can
be used to support and enhance the way of working. In the tadg ¢he focus lies on
requirements views that are related to testing artifacts.

The remainder of this paper is organized as follows. Se@ialiscusses existing
work in the area of requirements views and reverse engimgefi traceability matri-
ces. Section 3 summarizes the methodology for generatigresnents views, called
MAREV. Sections 4, 5, and 6 present the requirements views aimttatvay they are
implemented in the RQANALYST tool, and the case study performed at LogicaCMG,
respectively. The paper conclude withs a discussion, a augnof contributions, and
suggestions for future research.
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2 Related Work

2.1 System Views

The term view’ is often used in the area of software engimggespecially in the area
of requirements engineering. Views are generally intrediugs a means for separation
of concerns [45] and mostly represent a specific perspeativiesystem. This perspec-
tive is often a subset of the whole system in such a way thabitsplexity is reduced.
Each stakeholder is interested in a different part of théesysA stakeholder may be a
developer who is only interested in a small part (a compaqifienéxample) of the com-
plete system. The perspective that a view represents, sarbalan abstraction of the
system. It can give an overview of the whole system withoavjaling too many details.
Such a view from the top can be useful for a project managesgstem architect.

Nuseibelet al. discuss the relationships between multiple views of a reguénts
specification [13, 45]. Most systems that are developed Hyipleiparticipants have to
deal with requirements that overlap, complement and cdittraach other. Their ap-
proach focuses on identifying inconsistencies and magagitonsistencies in the re-
guirements specification. It is based on the viewpoints &aork presented by Finkel-
steinet al. [15]. This framework helps in organizing and facilitatirtgetviewpoints of
different stakeholders.

Zachman proposes “The Architecture Framework” focusingnésrmation system
views [60]. Hay uses the six views of this framework for regaients analysis [21]. In
his approach, he uses the framework to define the requirsraaatysis process, which
can be seen as the process of translating business owrews' wito an architect’s view.

The concept of a “view” also appears in other areas of soévweagineering such
as architectural design. Kruchten introduced his “4 + 1 vieadel for architecture”,
where he defined five different concurrent perspectives arftevare architecture [28].
Each view of this model addresses a specific set of concerimdarest to different
stakeholders. Other examples are the “Siemens’ 4 views” tfynidisteret al. [23],
the IEEE standard 1471 [25], and the views discusses by Qlisatal. in their book
“Documenting Software Architectures” [6, 7]. Van Deurssral. also discuss a number
of specific views for architecture reconstruction [11].

Finally, Von Knethen discusses view partitioning [57]. Sloasiders views on the
system, distinguishing, for instance, the static striecfoom the dynamic interactions
in the system. These views support the process of impactsiaah two ways: they im-
prove (1) the planning (estimating costs) as well as (2)tif@deémentation of changes.
Furthermore, the views allow the system to incorporate ghain a consistent way.

Although, much research has been done in the area of systems Vihere is no
general agreement on what such views should look like, ochviriformation they
should contain. Every project setting seems to have its @&niic information needs.
Thus, views must be flexible in meeting these needs.

2.2 Document Standards, Templates and Reference Models

Another approach for separating concerns is to use a wetltstred document set, con-
forming to known templates such as MIL-std 498 [10], Voles2][ IEEE-std-830 [27],
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or IEEE-std-1233 [26]. These templates help in getting aendew of what the system

does, but they are often not sufficient. Project managetslba other team members,
need fast access to this data, and, preferably, they wddatfily a subset of the whole
pile of documents produced during the development lifdeeyCurrent templates are
not sufficiently flexible, and they are difficult to keep catent during development.

Nissenet al. show that meta-models help managing different requiresnpat-
spectives [44]. The meta-models define which informatioaviailable and how it is
structured in the life-cycle. This comprises the developnagtifacts, including their
attributes, and additionally, the traceability relatigresmitted to be set between these
artifacts. If the information is not stored sometime in tife-tycle, it can never be
extracted and used in a view. An important area of researdhvsloping these meta-
models [41, 50, 55, 57, 61], constraining the views to be tppd.

Von Knethen proposes traceability models for managing géaon embedded sys-
tems [57, 58]. These models help estimating the impact ofaagh on the system, or
help to determine the the links necessary for correct refisequirements. Accord-
ing to Von Knethen, defining a workable traceability mode&ineglected activity in
many approaches. Our earlier research confirms the impertafrdefining a traceabil-
ity model [34]. Some initial experiments concerned a staticeability model. New
insights suggest a dynamic model, in which new types of ledsbe added as the way
of working evolves during the project. The need for inforimatas well as the level of
detail change constantly in big development projects [12].

2.3 Traceability Support and Recovery

Traceability support is required in order to reconstruqtiisements views from project
documentation. Several traceability recovery methodssaipgorting tools already ex-
ist, each covering different traceability issues during development life-cycle. Some
discuss the relations between source code and documentatiers address the rela-
tions between requirements on different levels of abstract

De Luciaet al. present an artifact management system, which has beendexten
with traceability recovery features [36, 40]. This systeamages different artifacts pro-
duced during development such as requirements, desigsases, and source code
modules. The Information Retrieval (IR) technique that Deiket al. use for recover-
ing the traceability links is Latent Semantic Indexing (.$urthermore, they propose
an incremental traceability recovery process in which tingyo identify the optimal
threshold for link recovery in an incremental and iterativey [37]. The threshold
determines which links should be considered as candidaits iy a tool and which
not.

Natt och Daget al.[46] and Huffman Hayest al.[22] use traceability reconstruc-
tion primarily for managing requirements of different lesef abstraction, such as re-
constructing links between business and system requiresigoth, Natt och Dagt al.
and Huffman Hayest al., have developed a tool to support their approaches. In [46],
Natt och Daget al. discuss their approach and tool, ReqSimile, that implemtra
basic vector space model which also forms the basis fortlagmantic indexing. They
report their experiences in [46], and the results are coaiparto what we found.
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In their tool called RETRO, Huffman Hayes al. have implemented various meth-
ods for recovering traceability links [22]. They also applitheir approach in an indus-
trial case study.

Cleland-Huanget al. define three strategies for improving dynamic requirements
traceability performance: hierarchical modeling, logj@astering of artifacts and semi-
automated pruning of the probabilistic network [5]. Theg anplementing their ap-
proach in a tool called Poirot [29]. They have also definedatexyy for discovering the
optimal thresholds for determining candidate links [62].

Antoniol et al.[2] use information retrieval methods to recover the tradég rela-
tions between C++ code and documentation pages, and bedaegcode and require-
ments. Marcus and Maletic [42], and Di Pertaal.[48] use information retrieval tech-
niques for recovering the traceability relations betwemiree code and documentation.
In addition, Di Penteet al [48] augmented their traceability approach with models of
programmer behavior. The IR methods in these cases areymapstied for reverse en-
gineering traceability links between source code and deeuation in legacy systems.

Marcuset al. [43] discuss how to visualize traceability links, and theyroduce
a tool, TraceViz, that implements their proposed requireiéor traceability visual-
ization. IR techniques are also used for improving the guali the requirements set.
Finally, Parket al. use the calculated similarity measures for improving thaliguof
the requirements specifications [47].

None of the discussed traceability reconstruction metkagport the generation of
requirements views for monitoring the requirements in ttlepwork products. One
reason for this is that current methods do not explicithcdss the links that can be
reconstructed and cannot be reconstructed. This makegdittvaefine specific views
and retrieve the information needed to manage a project neghect to evolving re-
quirements.

3 MAREV and REQANALYST

In our earlier work, we have proposed an approach for reoactstg requirements
views [31] and experimented with the reconstruction of éediility links in several
case studies [32, 33]. The method is called#v: Methodology for Automating Re-
qguirements Evolution using Views. Besides that, the metihaslbeen implemented in
a tool called RQANALYST. This section provides a brief overview of the tool as well
as the underlying method.

3.1 MaREV: A Methodology for Automating Requirements Evolution using
Views

MAREYV consists of the following six steps (see also [31, 32, 33]).

Step 1: Defining the Traceability Meta-model. The underlying traceability meta-

model defines the types of work products, such as businesgeatgnts, system re-
guirements, design artifacts, or test cases, and the lilgk tlze type of links that are
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permitted within the development life-cycle. The choicesdm for defining the meta-
model largely depend on the needs of the application dorexiamples can be found
in [41, 50, 55, 57, 58, 61].

Step 2: Identifying the Work Products. The work products are identified in the pro-
vided project documentation or configuration managemestesy, and mapped onto
the traceability meta-model. Each work product is givenpetsind unique identifier if
it has not already been assigned one. This unique idensfeecode plus a unique num-
ber, for example, a functional requirement descriptionttare an identifier of the type
“FRxX’, wherexx represents the number. This results in a set of functiogalirement
descriptions with the unique identifiers “FR01", “FR02",cago on. This step must be
executed for every work product defined in the traceabiligfarmodel. If requirements
management tools such as Telelogic’'s DOORS are used, uidiguifiers are provided
automatically.

Step 3: Preprocessing the Work Products.The work products are preprocessed to
support automated analysis for them. The text of each wookymt needs to be ex-
tracted and transformed into plain text. This step inclugipical information retrieval
activities such as lexical analysis, stemming, and so on.

Step 4: Reconstructing the possible Traceability Links The likely traceability links
are reconstructed for which Latent Semantic Indexing [8isd. The result of this step
is the complete set of candidate traceability links.

Latent Semantic Indexing (LSI) is an information retriet@dhnique based on the
vector space model. It assumes that there is an underlyitagent structure in word
usage for every document set [9]. LSI uses statistical tecies to estimate this latent
structure. A description of terms and documents based amttherlying latent semantic
structure is used for representing and retrieving inforomatL Sl starts with a matrix
of terms by documents. Subsequently, it uses Singular \B&esmposition (SVD) to
derive a particular latent semantic structure model froentémm-by-document matrix.
The result is a reduced model, the rankiodel with the best possible least square fit
to the original matrix of terms by documents [9]. Subsedlyetitis model can be used
to determine a similarity matrix.

Once all documents have been represented in the LSI subspacimilarities be-
tween the documents can be computed. The cosine betweendh®isponding vector
representations can be used for calculating this simjlarétric. The metric has a value
between|0, 1] with a value of 1 indicating that two documents are (almadghtical.
These measures can be used to cluster similar documents jdehtifying traceability
links between the documents.

Finally, LS| does not rely on a predefined vocabulary or gramfor the documen-
tation (or source code). This allows the method to be applititbut large amounts of
preprocessing (i.e., stemming) or manipulation of the inaud, therefore, it can reduce
the costs of traceability link recovery considerably [36].4
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Step 5: Selecting the Relevant Links.The possibly relevant links are selected auto-
matically from the complete set of candidate links (fromt!$#) using various link se-
lection strategies. In our previous work, we proposed twh $ielection strategiesome
and atwo dimensional vector filter strategy the similarity matrix [33]. These link se-
lection strategies combine the already known strategpastant threshol¢represented
by the symbok in this paper) andariable thresholdrepresented by a percentage
discussed by De Luciet al. [36]. The one-dimensional filter strategy considers every
single column of the similarity matrix separately. Eachutoh vector of the similarity
matrix is taken as a new set of similarity measures, and itbioes, for each column,
the constant and the variable threshold approaches. Thditmensional filter strategy
extends the one-dimensional strategy by considering hiotersions of the similarity
matrix. The benefits of these strategies are that they gteeaertain level of quality
by using the constant threshold, and, yet, they take onlyod#®k% of the links for

a certain work product. Both strategies are described iaildat[33], and they have
shown improved results in terms of recall and precision. Atb w&ll information re-
trieval techniques, it is not guaranteed that all correttdiare indeed found: both, false
negatives, and false positives may arise.

Step 6: Generating Requirements Views Finally, the requirements views are gener-
ated using the reconstructed traceability links. This sti#de the focus for the rest of
this paper.

Step 7: Tackling Changes.Finally, the reconstructed traceability links and geredlat
requirements views need to be able to tackle changes in thureenents. Therefore,
the validated traceability matrix and the newly recong&ddraceability matrix need be
compared after each run of theA®EV approach. Users can then validate the impact of
a requirements change in the traceability matrix.

3.2 The REQANALYST Tool Suite

In order to support the MREV approach, we developed th&BANALYST?! [33] tool.

This tool can reconstruct traceability information and g@te requirements views us-
ing that reconstructed traceability information. In thegson we summarize our earlier
work on REQANALYST. In Section 5 we focus again on generating our requirements
views using EQANALYST.

Extract-Query-View Approach. REQANALYST adopts the Extract-Query-View ap-
proach used in many reverse engineering tools [56]. In {hys@ach, first, the relevant
data from the provided documents is extracted. This datambrk products, and, if
available, the reference traceability matrices, are dtore database. For reconstruct-
ing the traceability links, queries can be conducted on #talthse. The reconstructed
information, combined with the data from the database, sl tis generate the require-
ments views.

1 REQANALYST is available from http://swerl.tudelft.nl/bin/view/Ma@&RegAnalyst.
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The reference traceability matrix is optional, and corgaire correct links accord-
ing to the experts in the project. It is only required to asdbs outcomes of the tool,
addressing the question as to which extent requirements\dan be reconstructed au-
tomatically. Typical (reengineering) projects do not haueh a matrix, to start with,
and the ultimate goal is to generate this matrix automdyi¢adm the existing project
documents, i.e., through using LSI.

Implementation. REQANALYST is implemented using standard web-technology. For
storing the data, a MySQL database is used. It is implemexgeda Java web appli-
cation using Java Servlets and Java Server Pages (JSPheraase study, the Apache
Tomcat 5.5 web server was taken for deployment.

Functionality. A REQANALYST session starts by logging in. Each user cf@R
ANALYST has specific rights to see certain projects. After authatitin the user gets
a list of projects. Once the user has chosen a projeegRALYST shows the main
menu. This main menu follows the steps from the Extract-@&ew approach [56],
including functionality for extracting the data from thengplete set of provided doc-
umentation, and options for setting the parameters of tHeré&nstruction and the
choice for a link selection strategy. Figure 1 shows a exadrihe tool.

For reconstiucting the traceability hinks:

Reguirements ¥ Test Categories ¥
Ifyou want all documents inchided in the analysis yes ¥
k-rank subspace (1,100): 40
Constant threshold (eps) (-1,1): 03
Wariable threshold (eps) (1,100): 30
Link Selection Strategy: Two Dimensional Filter v

Fig. 1. Input screen for Traceability Reconstruction

Once REQANALYST has executed a reconstruction, a menu appears showing the re
constructed traceability matrix and a number of optiongyimerating various require-
ments views. This menu shows all the metrics relevant fassisg the reconstruction,
such as recall, precision, and the number of false posiavesmissing links in the
traceability matrix. This menu is also used to generate #n@us requirements views.

Browsing in REQANALYST. Animportant feature of RQANALYST is the possibility
to browse the reconstructed results. It allows engineeiagpect the reconstructed
traceability matrix and browse through the traceabilik$i, implemented as hyper

8 TUD-SERG-2008-032
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Questions:
1) What is your role in the software development life-cycle?
2a) What do you expect from a requirements view?
2b) What information would you like to see in a requirements ew
(Examples: coverage, functionality, status)
3a) What do you think persons in the roles below expect from airements view?

- Project Manager

- Requirements Engineer

- System Architect

- Programmer

- Test Engineer

- Quality Manager

- Other? (please also define the role)

3b) What information do you think they would like to see?
(Do not fill in your own role again)
4) Do you think it is feasible to extract this information frofmetwork products cuf-

rently produced during development?
(requirements specifications, design documents, etc.)

Table 1. Topics put forward in the Questionnaire

links. When following the hyper link, all the information goerning the two entities
involved becomes available and can be inspected. For exathploriginal text of both
entities is shown in one view.

Furthermore, the reconstructed matrix can be compared avitsference matrix,
if available. The reference matrix represents the tratigabiatrix as determined by
the developers of a system and is only required for evalngtioposes. The correctly
reconstructed links (correct positives) are indicatedhwait “X” and the cell is colored
green. The false positives are indicated as “fp” and areredlgellow. Furthermore, the
false negatives (missing links) are indicated through ‘dntl are colored red.

4 Which Views are Needed in Practice?

While MAREV and REQANALYST provide a method and tool support for obtaining
requirements views, it is less obvious which requiremei@a's are actually needed in
practice. To address this issue, we have set up a questieramal distributed it among
various practitioners. Below, the questionnaire is dégctj and the three main types of
views that emerged from our survey are discussed.

4.1 Requirements View Questionnaire

The goal of our questionnaire was to get an impression abbighwiews would be

helpful and which information these views should represein¢ questions asked to the
participants are shown in Table 1. The questionnaire washlited among people of
various roles within the software development life-cydiae roles distinguished are:

TUD-SERG-2008-032 9
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project manager, software process improvement / qualityager, product marketing
manager, requirements engineer, system/software acthitegrammer and test engi-
neer, as well as more specific roles such as product ownersafuility designer.

The respondents came from the industrial partners of tBeUWN project in which
we are involved. This is a European research project in the area of globalvacé
developmentin which various universities and companiegizate. In total, the ques-
tionnaire was spread among all 7 industrial partners. Weagesponse from 5 of the
companies involved, all of which provided many replies adow to their various roles.
In total we had 12 fully filled in questionnaires containimgand 100 descriptions of
desirable views for different roles in the life-cycle.

It was also asked if these views could be extracted from thik \wooducts they
currently produce during the development life-cycle. M@stpondents think that this
should be possible, because this information should gipbmcontained somewhere
in the work products. However, the exact location of thioiniation is not always
known.

4.2 Main Outcomes

The outcome from the questionnaire is that requirementsidio@ able to be traced into
their associated subsequent work products. A challendwtrréspect is that, in many
cases, the readability of many of the work products leaveshnmbe desired, and that
it is often hard to get an overview of the whole system. In &ddito that, stakeholders
can easily get lost when looking for information if there &we many possible links
to follow. Our views should address this issue, and makesiteedo deduce the right
information needed for the view in question.
Another lesson learned from the questionnaire is that thewiong information is

desirable in a requirements view:

— For each requirement, the source, description, motwaitimportance, history, sta-
tus and dependencies to other work products. This is agtaalbbligation of the
new safety standard ISO/WD 26262 for systems in the autedtbmain that is
currently being developed [14].

— For each group of requirements, a list of all requiremehtsstatus of their imple-
mentation and verification (not tested, test passed, tiéstifa

— Life-cycle paths; per requirement, the complete path demgoes during the life-
cycle. Two paths are of interest for the developers: the Reguents—Implementation
path and the Requirements—Test path.

— For all the requirements, the coverage in a certain worlyeb These work prod-
ucts can, for example, be a lower level of requirements, #s&yh or the test cases.

From the questionnaire it was concluded that various deeefoand managers are
interested in specific information about a certain requeert{see first and third bul-
let) or a group of requirements, sometimes in relation teotiork products (see last
bullet).

From the answers to this questionnaire three types of viesvs distilled:.Coverage
views, Life-cycle Pathviews, andStatusviews. Below, they are discussed in detalil.

2 www.merlinproject.org
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4.3 Coverage Views

Requirementsoverageviews focus on the localization of the requirements in the re
of the system. These views show whether and where a certpiireenent is associated
with another artifact in the system. This can be coveraghersystem architecture, in
the detailed design, or in the test cases, to name only a &aroes. The number of dif-
ferent types of coverage views depends on the meta-modekdéfr the development
process. It prescribes which phases are defined and whidhproducts are produced
during these phases. This view is often used for tracingireoquents changes into sub-
sequent work products [54, 57], and it can, therefore, be izeimpact analysis in
system evolution [4].

According to Costellcet al,, requirements coverage is defined @ke number of
requirements that trace consistently to the next level udawn[8]. They originally
defined this metric for requirement to requirement coveragethis definition is very
general, it is also suitable for the coverage of requiresyendther work products.

Hull et al. also define three so called traceability metrics [24]. On#heim, Trace-
ability Breadth relates to coverage. It measures the extent to which remeints are
covered by the adjacent layer above or below (within the ddfineta-model).

We define requirements coverage as follows: If a link betweeeaquirement and
another work product, for example a test case, exists, daditlk is correct, then is
the requirement covered by that work product. The requirgsneoverage view shows
which requirements are covered by work products, as wehagpércentage of these
requirements with respect to the total number of requirdméd¥or example, the per-
centage of requirements (compared to all requirementgred\vby a test case can be
defined as follows:

__ |requirementgst|
coveragesst = [requirementg,a) [’

wherecoveragestrepresents the coverage in the test case specificatipmrementgst
the number of requirements traced consistently by tesscasdrequirementg;a the
total number of requirements.

This coverage metric is very general and fundamental, andbeaised for require-
ments coverage in other life-cycle phases as well, sucheasatverage of requirements
in the design.

4.4 Life-cycle Path Views

Requirementéife cycle pathviews deal with the transformations and decompositions
that a requirement undergoes throughout the developmenégs. The questionnaire
showed that two life-cycle paths are important: the Requéinets-Implementation path
and the Requirements-Test path. When comparing this to étlekwown V-model, it
becomes apparent that these are the horizontal and veliticahsions of this life-cycle
model.

The length of a life-cycle path is captured by the secondthiity metric of Hull
et al, calledTraceability DeptH24]. This metric relates to the number of layers along
which the traceability extends, for example the layers glive left leg of the V-model
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Requirement Requi Test Test
Category equirement Category Case

Fig. 2. An example of a life-cycle path

for capturing software development. It can also be seeneasumber of (model) trans-
formations between the different types of work products.

As an example, Figure 2 shows a Requirements—Test-Pathrateability meta-
model. This example is taken from our case study which willliseussed in Section 6.
It shows that the focus of interest lies in following the pafithe requirements cat-
egories, via requirements and test categories, to tess.cabe path extends along 4
layers according to Hukt al. Note, that a coverage view addresses only one layer.

In order to further characterize a life-cycle path view, teo metric from Hullet
al is relevant as well. This other metric, call@caceability Growth measures how a
requirement expands down through the layers of the metaehfodour case the life-
cycle path) [24]. For example, a requirement can be coveyedne test case or by
multiple test cases. This is also a useful metric for impaetlysis, which is why we
will include it in our life-cycle path view.

4.5 Status Views

Requirement$Statusviews concern the status of a (set of) work product(s) such as
(set of) requirement(s). The view shows a specific statuseofiork product in the life-
cycle. In other words, if a link exists from a requirement tscarce code document,
it can be assumed that the status of the requirement is “immgatéed”. In addition, this
information can be used in order to obtain a coverage meé&sutige number of imple-
mented requirements for project management purposesxkome, status views may
be associated with a measure expressing that 60% of allresgeints have the status
“implemented”. A project manager can use this informatmmbnitor the progress of
the project. Other management information can be obtaigedinputing percentages
of requirements that have reached a certain status suchsisdtsuccessfully”.

Traceability support is often not enough to generate cote@gtus reports of re-
quirements, for example, when a project manager needs w Wiether all require-
ments have passed a test. Traceability can help identifhiegequirements in the test
document (the document that describes the test), and Hipelso in the test report
document. The latter contains the information whetheriy@émentation of a specific
requirement has passed its test or not. This informatiodsieebe extracted from the
document and included in the status view as well.

In the case study, this extra status information was maogdtdan addition to the
normal traceability data. We tried to retrieve “richer infaation” concerning the status
of the requirements. For example, a status view for an idd&irequirement can show
its relations to other work products (coverage) includisgtatus, such as “covered by
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test, but not tested yet”, “covered by test, and failed te¥ t&r “covered by design, but
not covered by test”.

5 Implementing the Views in REQANALYST

The three views presented should make it possible to obtaitintious feedback on the
progress, in terms of requirements, of ongoing softwaresld@ment or maintenance
projects. Furthermore, they facilitate communicatiommtsstn project stakeholders and
different document owners. This section discusses how a@ARALYST tool as de-
scribed in Section 3.2 has been extended to incorporatesiippthese three views.

Coverage Views. The “Coverage View” as implemented irERANALYST shows the
number of requirements that are covered (linked correbthygyome other work product,
and the total number of requirements that are analyzedsadtstiows the coverage per-
centage as defined in Section 4.3, i.e., percentage of theatigrreconstructed links
between requirement and associated other work produdhétuanore, it lists the re-
guirements with their description and the related artffaaftthe other work product.
Besides the coverage, it is also possible to see which mmeints are not covered by
the other work product. We call this view the “Orphans Vievhis view shows the
same results as the coverage view, except for the relatéactst as there are none,
these cannot be shown. This view is important for developsrhey need to inspect
why the requirements in this view are not yet covered in tretesy.

Life-cycle path Views. The “Life Cycle Path View” as implemented inERANALYST
displays the stages involving a requirement. In particaléabular view is shown, illus-
trating the work products a requirement is related to, sictequirements categories
or test cases. This table can also be used to obtain the alubg traceability growth
metric at the various levels in the life cycle path. An exagrfipk our case study based
on the traceability model in Figure 2 is shown at the end ofiduger in Figure 5.

Status Views. The “Status View” as implemented in ouERANALYST tool is based
on the observation that every entity of a work product type lsave multiple status
attributes attached to it. So, besides extracting the aealedtata for executing the au-
tomated reconstruction, it can also extract the additistels attributes from the pro-
vided documentation. These status attributes are savadsely in the database. When
a user generates a view of a specific “requirement — test cakion, for instance, it
can also show the status attributes concerning this relatio

6 Case Study: LogicaCMG

The previous sections discussed the three most essestiad ebnsidered by engineers,
and we have proposed a method and a tool for reconstructisg thiews automatically
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from the available work products. This section presentsctse study performed at
LogicaCMG aimed at illustrating how the method and the tootkwout in practice.

We begin with laying out the case study design, making usaefidelines pro-
vided by Yin [59]. Then, after discussing the nature of thejiget and the development
process followed, we describe which requirements docusneet used as input for
the reconstruction effort. Furthermore, we explain thenstruction approach and its
specific parameter settings used, followed by a discusditimeatraceability matrices
obtained. Finally, we discuss how these matrices lead tcetinigirements views consid-
ered.

6.1 Case Study Design

The study aims at answering the following two essentialaesequestions: (1) How
and to which extent can requirements views be reconstrdiciadexisting work prod-
ucts, and if this is the case, (2) can these requirementsvielp during development?
Addressing question (1), we believe requirements view$eaeconstructed, although,
not up to the level desired. So, the question remains, whétkgroposed techniques,
although sub-optimal, may have a positive effect on theal/development process of
a software project. The unit of analysis is a large and lasgithg development project
carried out by LogicaCMG which is described in much more itlblow. Question
one is assessed by typical measures used in traceabiktydaoonstruction, i.e. recall
and precision. Additional measures are used to indicatékbly effort to assess the
reconstructed views, i.e. validation percentage, andragee Addressing question (2)
is a lot more difficult, because comparable data for a fullyhoz reconstruction ap-
proach are lacking. In that respect, we cannot come to defibijiective conclusions on
the performance of the automatic approach for the task wuateideration.

6.2 Case Study Background

The project in our case study involves a traffic monitoringteyn (TMS), which is an
important part of a traffic control and logistics system tisaiequired to operate at its
maximum capacity. The main purpose of TMS is to record thetipas of vehicles
in the traffic system. These recordings are used to adjustciredules of running and
planned vehicles as well as operating the necessary signalie TMS owners decided
to outsource the development of TMS to LogicaCMG.

Initially, LogicaCMG used IBM Rational RequisitePro for maging the require-
ments and MIL-std-498 [10] for documenting their work protiu The project con-
sumed 21 man years in the past 3 years of development. In tioése are over 1200
requirements and over 700 test cases. All the tracealbiitg between the work prod-
ucts were manually set. This manual effort, which is timestoming and error-prone,
is acceptable if it is done once. However, when existing irequents evolve or new
requirements come in, the links can become inconsistedtjimks may need to be
dropped and new links may need to be added. These are exampldsy tracing be-
comes inconsistent, and must be redone, eventually. Smegtithe large number of
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changes made that the effort needed for updating the triitgéibks was compara-
ble with completely resetting all the links. Having an autdim technique in place to
reconstruct the inconsistent traceability links may, tlsas'e a lot of effort.

Furthermore, the customer was not willing, initially, toesate on the tagged docu-
mentation LogicaCMG provided along with the tool, since¢hstomer wanted to keep
control of their own documents. For managing the requirgsiernthis particular case,
LogicaCMG was forced to make separate requirements dodsritewhich the trace-
ability was manually set by the requirements engineers.eSafithe mechanisms used
for managing requirements evolution in this setting arecdieed in our earlier work
dealing with the same case study [34].

This way of working had two important shortcomings. Firstpade the information
used for monitoring the progress of the requirements dutieglevelopment process
unreliable. This was mainly due to the difficulty of keepihg traceability links consis-
tent during the evolution of the project. This increasedrtbks during the integration
phase, such as requirements that are not implemented, didoality that should not
be implemented in the system. Second, the manual work fatsgnizing the updates
from the client introduced errors, and was time-consuming.

In a later stage of the project, the customer dropped the deérabownership of
all documents. Furthermore, LogicaCMG decided to redueatimber of links main-
tained to the most essential ones. In particular, test deatation and test descriptions
were merged, thus simplifying the underlying meta-modaisTeduction of possible
traceability links also helped to reduce the risk of inceteicies.

In addition to that, part of the traceability matrix was ntained within the docu-
mentation itself, instead of in a separate spreadshegtd@esments include the unique
identifiers of the requirements they cover. The documemtstauctured in such a way
that the Doxygef documentation generator can be used to produce an HTML-repre
sentation of the full matrix.

In both, the initial, and the current way of working, traciifplinks are set manu-
ally. Our approach aims at offering partially automated sugpport for this. The case
study at hand offers an opportunity to investigate whethemooposed approach can
be useful in practice, and whether it may reduce the effaetied for consistent trace-
ability support. In the case study, only the current way ofkiry will be considered.

6.3 Available Data

In the TMS case study, we investigate the relation betwegunirements and test cat-
egories and between requirements and test cases. Mordicglciwe focus on the
requirements-to-test-coverage and the requiremeritpatis views.

Two main documents are provided: a System/Subsystem Spadigifi (SSS), con-
taining the requirements, and a Software Test Descrip®iID{, containing the de-
scription of the test categories. Both are MS-Word documant they are structured
according to MIL-std-498 [10]. This means that traceapdiata is incorporated in these
documents and that it is possible to obtain a referenceahdldy matrix from this data.

3 www.doxygen.org
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|Work product type [NumbetSize in term§Avg. terms per dog.

Requirements Categories 45 1168 18

Requirements 121 695 29
Test Categories 29 589 183
Test Cases 98, 886 107

Table 2. TMS Case Study Statistics

Besides the two MS-Word documents, an HTML document geeéttag Doxygen
is available. This document is an addition to the STD, andiitains the description of
the test cases. It also comprises the description of theaésgories and, in some cases,
also the descriptions of the requirements it refers to (si@ 6.2). Doxygen uses
this additional information of the test categories, and@yidilable, the requirements to
generate the HTML document. The HTML document is accompbimjean MS-Excel
spreadsheet, which contains the traceability links betviiee requirements and the test
cases. For our LSI analysis, we only extracted the test caserigtions without the
additional data (as this data is sometimes missing).

Our meta-model for this case study is shown in Figure 3. Issig of the following
work products. In the SSS, a hierarchy of requirements caddrgified. The uniquely
identifiable requirements are clustered according to ahsby, resulting in categories
of requirements. Just like the individual requirementgsthrequirements categories
have a unique numbering, so they were taken into accounhfdysis as well.

Requirement| Test
Category Category
Test

Requirement
q Case

Fig. 3. Traceability Meta-Model. The bold lines indicate the egjltraceability links available
in the study.

Examples of requirements categories are general ones,asughal and domain,
as well as more specific ones, such as the use of computercespapecific system
interfaces, and safety. Each of these requirements céedms one or more uniquely
identifiable requirements. The traceability between tlggiirements categories and re-
qguirements can be derived from the hierarchy. This tradiats not incorporated ex-
plicitly in the MS-Word documents.

For the test cases, the same hierarchy can be identifiedtimgsin the separate
work products “test category” and “test case”. Both are ualgidentifiable in the pro-
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vided documentation. The main difference is that the twoudwoents are not related
directly, but only through the requirements. Thus, thevitilial test cases are not iden-
tifiable in the STD. In order to work out the hierarchical tedas, the HTML files that
include the test case descriptions and test scripts, have ¢hecked. They contain an
identifier of a test category in the STD. However, the STD dmegain the traceability
links between the requirements and the test categories.

The progress of 121 requirements, distributed over 45 osegy was monitored.
As these requirements are provided by MS-Word documentse snanual processing
had to be done, in order to extract the relevant data from 8@ &d store the pro-
cessed tokens of text in the database. The requirementstoha unique identifier
and a description. Besides the requirements, the SSS dotwo@ains some context
explaining certain domain knowledge for a group of requieats. This data was ex-
tracted as well and stored in the database, marking it agégtin

For the other work products, the requirements catego®ss,categories and test
cases, the same approach for obtaining the relevant dataseas resulting in 45 re-
guirements categories, 29 test categories and 98 test(cascgable 2, above).

LogicaCMG presently maintains two types of links, as intkcddby the bold lines in
Figure 3. These links between requirements and test casgfedween requirements
and test categories, are maintained in the SSS, STD, anddgtreet documents. The
remaining links in Figure 3 can either be derived from thentaned links, or from the
hierarchical structure of the documents.

|Link source Link target  [# Reference link# Candidate linkls
Requirements Categori@equirements 121 5445
Requirements Categoridest Categorigs 31 1305
Requirements Test Categorigs 110 3509
Requirements Test Cases 297 1185
Test Categories Test Cases 122 2842

Table 3. Number of reference links and candidate links in the TMS casdy

Table 3 displays, for each link type, the total number of édate links that can be
reconstructed as well as the total number of links in theresfee traceability matrix.
For example, there are 297 reference links derived for thguirements — test case”
link, whereas the total number of candidate links is ¥2I8 = 11858. The objective of
our approach is to find this small number of correct referdings in the complete set
of candidate links.

6.4 Reconstruction Approach

Reconstruction Input Parameters. The reconstruction of the traceability matrices for
the different link types can be tuned in several ways. As wesge, the various link
types call for slightly different parameter settings.

TUD-SERG-2008-032
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In all cases, we adopt a rasubspace of 40%. This is the size of the reduced se-
mantic structure model produced by the singular value deosition step of LSI. The
new matrix is only 40% of the size of the original matrix, aimd|Sl, it is important
for filtering out unimportant details, while keeping the e#$al latent semantic struc-
ture intact. This step of LSI can be regarded as compredsengame information in a
smaller sub-space [19], thereby generalizing the infoionatontained.

The constant threshold is setde= 0.3, i.e., two documents with a similarity below
this value ofc are never related. The variable threshgli$ varied between 20% and
80%, indicating that the begpo of the interval between the minimum and the maxi-
mum of the similarity measures for a given document are uEkd.question here is
which links are indeed relevant, or, in other words, wheravdalraw the line between
interesting links and irrelevant links [20]?

These parameters are chosen according to our experiengplinrey LSI (see [33]
for details on these parameters), and in the future, weipatethat further “rules of
thumb” for adjusting these parameters according to thelpnod at hand will have to
be devised. In the presentation of the results in Tableske-Brst two columns indicate
the values ot andq used.

Obtaining the Reference Matrix. The traceability data maintained manually by the
software engineers at LogicaCMG were used as referencécemin our case study.
Maintaining such matrices and keeping them consistent by fshard and error-prone
(see Section 6.2), so that the matrices were validated oce by Logica engineers.
The existing matrix was compared with a matrix obtained muatically using our LSI-
based approach. Assessing 100% of the links was considaoetrie-consuming. A
rankk subspace of 40%,= 0.3, andg = 20% was used as inputs for this comparison.
The engineers worked about 30 minutes to inspect the 29galsiéves and 59 missing
links issued by the tool (see Table 4). This resulted in tegpfour missing links.
Initially, they were indicated as link in the original matrbut because RQANALYST

did not reconstruct them, the engineers reassessed thedimk decided to remove
them from the reference traceability data. This improvedthceability matrix used as
reference in our other reconstruction results.

Reconstruction Output Parameters. For each of the reconstructed matrices in Ta-
bles 4-8, seven results are shown that help to assess tlnessfof the reconstruction
approach.

The set ofeconstructed linksgenerated by RQANALYST, consists otorrect pos-
itives which are correctly reconstructed compared to the reterénaceability matrix,
andfalse positiveswhich are incorrectly reconstructed compared to the egifee trace-
ability matrix. Next, themissing linksare shown (also known as false negatives), which
are the links not reconstructed byeBANALYST, but identified as links according to
the reference traceability matrix.

Finally, two commonly used metrics in the area of informatietrieval are de-
picted;recall (correct positives / total reference links) am@cision(correct positives /
total reconstructed links) [3, 16, 51, 53]. The ultimatelgeauld be to achieve a recall
of 100% and a corresponding precision that is as high aslgessince in that case we
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only need teeliminatefalse positives. A recall below 100% which is often the cass,[
inevitably means there are also false negatives (missikg)li In the worst case, all can-
didate links need to be checked to identify these missirgJiwhich takes much effort,
but one of the goals of our approach was to reduce the marfod eéeded to support
consistent traceability (see Section 6.2).

Besides these metrics two other metrics were calculategheltentage of valida-
tion work and thecoverage percentag&or the application shown, the results of these
last two columns are the most interesting.

Thepercentage of validation wonlefers to the effort needed to validate the recon-
structed links manually compared to validating all possitdndidate links manually
(total reconstructed links / total candidate links). A daliion percentage of 2% (see
first row Table 4) means that the developers only need to at@id% of all the candi-
date links manually.

The coverage percentagestablishes a connection between the traceability matrix
and the coverage views discussed in Section 4.3 cblierage percentagefers to the
percentage of correctly covered work products comparebdeddtal number of work
products of that particular type, for example, the total bemof correctly covered
requirements compared to all the requirements.

6.5 Reconstructed Traceability Matrix Results

Given the traceability meta-model from Figure 3, five trdsikty link types are possi-
ble. First, we discuss the quality of reconstruction ressfalt the link types LogicaCMG
maintained, “requirements — test categories” and “requéngts — test cases”. Next, we
discuss the link types we derived indirectly, “requirensecdtegories — requirements”,
“test categories — test cases”, and “requirements catgeriest categories”.

“Requirements — Test Categories”. Table 4 shows the results for the link reconstruc-
tion between the requirements and test categories. Whenaxeaisey we see the re-
call increasing and the precision decreasing as expectedvdlidation percentage also
increases, meaning more links need to be validated. A loidatibn percentage is pos-
itive, as it indicates the effort needed to keep the tradiégabupport consistent after a
change, for example. In the casegpf 20%, only 2% of the total candidate links need
to be validated. In this example, 98% of the candidate lirkaat need to be validated.
However, in the case where the validation percentage ist28te tare also 59 correct
links missing compared to the reference traceability matkle would like to achieve a
recall of 100%, so that only false positives need to be elitgd (see Section 6.4). Ta-
ble 4 shows that with a constant thresholdef0.3, we never achieve a recall of 100%.
Thereforec was decreased to 0.2 and 0.1. Witk 0.1, a recall of almost 100% can
be achieved. Unfortunately, the number of false positinesdases, and, accordingly,
the validation percentage. Yet, the total effort reduci®fa00— 64 = 36%. Antoniol
et al.[2] used a similar effort estimation, which they called thecBvery Effort Index
(RE. It is not clear, however, whether such measuremeamtsealistic indicators of
effort, because of lack of empirical data about a manuakahiity recovery process.
This will require more comparative studies in the future.
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Link Type: Requirements — Test Categories
c | g |Reconstructed LinkMissing RecallPrecisionValidation| Coverage
Correct| False | Links Percentag®ercentage
Positives Positives
0.320% 51 29 59 | 0.46| 0.64 2 43
0.340% 75 324 35 |0.68| 0.19 11 62
0.360% 82 722 28 | 0.75| 0.10 23 68
0.380% 82 740 28 |0.75| 0.10 23 68
0.2180% 95 1389 15 | 0.86| 0.06 42 77
0.1/80% 107 2152 3 0.97| 0.05 64 83

Table 4. Reconstruction results for links between requirementstesitcategories

From these results it can be concluded that it is very harddowver the last 10-15
missing links with the approach presented, and realize @lret100%. It is an open
question whether there are textual revisions to the doctsreamceivable (such as an
annotation mechanism, or more consistent wording of theirements) that would
enable automatic recovery.

The final column, the coverage percentage, increases asdalkincreases. This is
expected behavior as it uses the correct positives as ingugaores the false positives.
As the recall approaches 100%, the coverage percentaggetitloser to the coverage
that is obtained from the reference matrix. In the TMS casdyst85% of the require-
ments are covered by test categories. The missing linksedaescoverage percentage
to be 83% instead of 85%, as expected.

1)

Link Type: Requirements — Test Cases
¢ | g |Reconstructed LinkMissing|RecallPrecisionValidation| Coverage
Correct| False | Links Percentag@®ercentag
Positives Positives
0.3|20% 66 419 231 | 0.22| 0.14 4 26
0.3]40% 141 2254 156 | 0.48| 0.06 20 45
0.3|60% 186 3938 111 | 0.63| 0.05 35 53
0.3|80% 186 3967 111 | 0.63| 0.05 35 53
0.2|80% 223 6265 74 |0.75| 0.03 55 67
0.1|80% 260 8508 37 |0.88| 0.03 74 74
0.0580% 265 8682 32 |0.89| 0.03 75 74
0.0590% 276 10030 21 |0.92| 0.03 87 74

Table 5. Reconstruction results for links between requirementstesiccases

“Requirements — Test Cases”.Table 5 shows the results for the links between require-
ments and test cases. The results are of lower quality cadparthe links between
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requirements and test categories: For every value of theblarthresholdy, the recall
and precision are lower in this case. In order to get a reddemacall, we need to de-
crease the constant thresholdcte: 0.05. Even then, the recall is not 100%: again, we
are not able to recover the final 20—30 missing links, whichjrdicated as traceability
links in the reference matrix

This result has consequences for the applicability of tihis telation. Looking at
the validation percentage, in can be observed that 87% afalllidate links need to
be validated. This means that many false positives have ¢itnéated and almost all
(87%) of the links must be checked manually. Somehow, thegms to be a mismatch
between the requirements and the test cases.

The coverage of requirements in test cases also confirmsithimatch. The cover-
age percentage is 79% in the reference traceability maix.result approaches that
value, as expected. But, comparable to the previous case, smjuirements seem to be
hard to link to test cases as indicated by the difference éatvour value of 74% and
the reference value of 79%.

A way to improve the results can be by incorporating the amlut information
of the test categories and requirements in the LS| analykis. was not done, since
this information is missing for some of the test cases (seti@e6.3). By adding this
information, the identifiers of the test categories and ireguents can be included in the
LSI analysis, causing the similarity value to increase. Hst categories did contain
the unique identifiers of the requirements in their desiipg This is probably one
of the reasons why the results for the links between the reménts and test cases is
lower. It also demonstrates the importance to include thstifiers in the LS| analysis.

“Requirements Categories — Requirements”. As discussed in Section 6.3, the Sys-
tem/Subsystem Specification (SSS) consists of a hieraifategiairements. The higher
level structure of requirements is called requirementegmies. We investigated
whether this containment relation can be identified usirglitk reconstruction ap-
proach presented.

Link Type: Requirements Categories — Requirements
c | g |Reconstructed LinkMissing RecallPrecisionValidation| Coverage

Correct| False | Links Percentag®ercentage
Positives Positives
0.320% 91 32 30 | 0.75| 0.74 2 75
0.3140% 113 313 8 0.93| 0.27 8 93
0.3)50% 118 699 3 0.98| 0.14 15 98
0.360% 119 1300 2 0.98| 0.08 26 98
0.3180% 119 1754 2 0.98| 0.06 34 98

Table 6.Reconstruction results for links between requirementsgmates and requirements

Table 6 shows the results for the links between the requineseategories and re-
guirements. These results are promising. Except for theethmissing links, we already
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realize a recall of almost 100% with= 50%. None of the previous results has shown
such high quality.

This result can be explained by the fact that a requiremeategory consists of
one or more requiremenfdus some extra context. So, the requirements descriptions
can literally be found in the description of the requirensergtegory. The extra context
is, in most cases, a general description of the requirenuaégory. Our reconstruc-
tion approach benefits directly from the fact that a requéets category contains the
individual requirement descriptions.

When doing a qualitative analysis on the three missing liwksfind a plausible
explanation for the fact that they are not reconstructe@ fio links we could not
reconstruct are canceled and they have no text describintetfuirements except for
the statement “canceled”.

As a consequence from the current configuration, the effeetiad to validate the
links is low. Besides that, the coverage is almost 100%. ift@ans that all the require-
ments are covered by a requirements category. The refemeatréx also shows that
all the requirements are covered by a requirements cateQaryeconstruction results
confirm this (see the last column of Table 6).

“Test Categories — Test Cases”The same analysis that was done for the requirements
categories and requirements was also carried out for thedésgories and test cases.
The major difference with the requirements hierarchy is tha test categories do not
contain the test cases. The test categories are descritrezi$oftware Test Description
(STD) and the test cases are described in the generated Hobintknt. There are no
reference links maintained by LogicaCMG for this relatign,these links had to be
derived via the links of the requirements.

Table 7 depicts the results of the link between the test categjand test cases. The
results are comparable with the results of the reconstmitietween the requirements
and test cases. Again, it is difficult to realize a recall 00%) so that the constant
threshold must be decreased, which leads to almost 20 limidsaing recovered by the
tool.

Link Type: Test Categories — Test Cases
¢ | g |Reconstructed LinkMissing|Recall|PrecisionValidation| Coverage
Correct| False | Links Percentag®ercentage
Positives Positives
0.3|20% 43 73 79 |035| 0.37 4 62
0.3|40% 62 324 60 |0.51| 0.16 14 62
0.3|60% 71 755 51 |0.58| 0.09 29 66
0.3/180% 71 867 51 |0.58| 0.08 33 66
0.2|80% 101 1512 21 |0.83| 0.06 57 83
0.1|80% 105 1682 17 | 0.86| 0.06 63 83
0.0580% 105 1682 17 | 0.86| 0.06 63 83

Table 7. Reconstruction results for links between test categonedest cases
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With a recall value of 86% already 63% of all candidate linkedto be validated. If
the aim is to achieve a recall of 100%, probably all canditiaks need to be validated.
This makes the effort reduction for this reconstructionima. In the future, we will
have to find ways to increase recall without sacrificing miea.

The coverage of the reference matrix is 83%. A recall of 8&%4lises a coverage of
83% which is equal to the coverage value of the referencaxnatris can be explained
by the definition of the coverage metric. The coverage médkes into account indi-
vidual requirements. It checks if a test category is covématie other work product,
that is, the test cases. Thus, it only needs one consistdntdia test case to be set
as covered. Still, a test category can have multiple linksitdtiple test cases. If one
of these “extra” links is not reconstructed, this does nfiluance the coverage metric.
Again, this metric only needs one consistent traceability. |

“Requirements Categories — Test Categories”.We expected the results of the link
between the requirements categories and test categobescmmparable with, or even
better than the relation between the requirements and shedéegories. This has the
following reasons. First, the level of granularity shoulétoh better. Earlier results
show that if there is a mismatch in the level of granulartig teconstruction results of
LSI will decrease [32, 33]. Second, the requirements caiegaontain more text, so
the vector representation of the requirements categoeid@set during latent semantic
analysis is expected to contain more terms than the onedaetiuirements.

Table 8 shows the results of this link type. The results adledd comparable with
the results depicted in Table 4, but the results are not bdtteis, the clustering of
the requirements into categories does not imply an imprevewf the results. In other
words, the “richer’ vector representation of the requirataeategories (because of the
larger text size), does not influence the vector repredentaft the requirements in a
positive way, compared to the vector representation ofésedategories. The vector
representations of the requirements and the requiremategaries are comparable,
causing the similarity measure to be comparable.

Link Type: Requirements Categories — Test Categories
c | g |Reconstructed LinkMissing RecallPrecisionValidation| Coverage
Correct| False | Links Percentag®ercentage
Positives Positives
0.320% 15 17 16 | 0.48| 0.47 2 52
0.340% 17 85 14 | 055| 0.17 8 59
0.360% 20 212 11 | 0.65| 0.09 18 69
0.380% 21 224 10 | 0.68| 0.09 19 72
0.280% 27 564 4 0.87| 0.05 45 90
0.180% 31 795 0 1.0 | 0.04 63 90

Table 8.Reconstruction results for links between requirementsgmates and test categories
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There are 58.0 requirements not covered of the total set of 121.0 requirements.
The coverage of the requirements in the testcategories is: 0.5206611570247934.

The following requirements do zzo# have a lmk to the testcategories:

ATG-1

BTN sl i il

ATG-10

Fig. 4. Reconstructed coverage view. Company sensitive detaitstieen made illegible on pur-
pose.

6.6 From Traceability Matrices to Requirements Views

The previous section presented the reconstruction regtittse different traceability
link types. The generated views were used to fill in the lagt é@lumns of the Ta-
bles 4, 5, 6, 7, and 8. The other metrics such as recall anisfeare not relevant for
the users of RQANALYST, and, thus, will not be depicted in a requirements view. Each
view can be tailored to the needs of the users.

Figure 4 depicts an example of a coverage view. This view shibv number of
requirements that are not covered in the test categoriéisisinase, 58 requirements are
not covered and this results in a coverage of 52%. This viewl&dts each requirement
that is not covered. The user can scroll this list and takefpeopriate action.

The views can use the automatically generated traceabilitg or the reference
traceability matrices stored in the database. Finallylidated matrix can be stored in
the database as well. This validated matrix is then the petfeoption for generating
the views. To create a validated traceability matrix, adl teconstructed links are listed.
The expert can review the complete list of reconstructeksliand confirm or decline
each candidate link. The links that are confirmed form thelaggd traceability matrix.

In order to create the Life-Cycle Path views, we can eitherthe reconstructed
traceability data, or the reference traceability datauFeéd shows an example of a life-
cycle path view, in which the requirements categories assaiteading role. We have
made the identifier unreadable for confidentiality reasbBitgire 5 only shows a subset
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of 4 requirements categories. As can be seen, each requiteicetegory results in 3
or more requirements. The last requirements category @geiits in 30 requirements.
Next, the several requirements are again captured in oneo¥ tast categories. Note
that in this case, thigaceability growthis less than 1 (more artifacts on the lower level,
than on the higher level). The first 3 requirements are cagtimr1 test category, and the
30 requirements are captured by only 5 test categoriesliyitiee traceability growth
between the test categories and the test cases is greatet {heore artifacts on the
lower level than on the higher level). The 5 test categoniesavered by 27 test cases,
and the 1 test category is covered by 3 test cases. The firdesv@ategories do not
have test cases related to them.

[Requirements Categories ||Requ.irements Test Categories Test Cases

Fig. 5. Reconstructed life-cycle path view. Company sensitivaitiehave been made illegible
on purpose.

Finally, we are not able to show an example of a status viethitncase study, the
status attributes are not provided in the documentationw@ocannot show whether
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a requirement is approved, or whether, a test case is exkantethe system passed
the test. Future case studies should provide this infoonaff status attributes are
maintained, this additional information can easily be mpowated in a life-cycle path

view.

7 Discussion

Quality of the Reconstructed Links The LogicaCMGcase study, demonstrates that
the results for the various link types differ:

— Linking requirements to testategoriesworked out reasonably well. This is an
important link type, maintained manually by LogicaCMG.

— Linking requirements to individual tesaseswas harder: apparently the test case
descriptions are too short and too specific to link them gé&silequirements prose.

— Linking requirements to therequirementgategory worked out very well, thanks
to the fact that the requirements text was included in thegmaly description.

Consistent Traceability Support. Our analysis identified several small inconsisten-
cies. The traceability data incorporated in the SSS and#ioeability data maintained
in MS-Excel show different links compared to the content fud tlescriptions. For
example, a requirement that was canceled, was still indul¢he traceability data.
The manual synchronization of these work products is, apyby error-prone. RQ-
ANALYST can identify these inconsistencies, so that the develarecarrect them. In
this way, maintaining consistent traceability supportdrees easier.

Requirements Views. Although more views can be defined ilEBANALYST, the cur-
rent views already got positive feedback from the developetogicaCMG. Our views
increase developers’ insights in the system and they ingpttosr possibilities to review
and validate the requirements systematically. IndividaglLirements can be inspected
with respect to their coverage and their role within theaystusing the life-cycle paths.
Therefore, not all possible related documents need to bekeldecompletely, reducing
validation effort.

Currently, the number of views that can be generated usingy@n is limited. The
hyper links Doxygen is able to generate from its input files laound to the informa-
tion that is captured in those files. Our approach is morelflexivith the reconstructed
traceability data we can generate the same and additiomab\diompared to the Doxy-
gen approach. So, our approach extends the current way &fgaat LogicaCMG.

An issue is the fact that our views greatly depend @QRNALYST's traceabil-
ity support (as discussed above). Once the traceabilitpissistent, monitoring the
progress of the requirements is improved by the requiresngetvs proposed.

Effort Reduction. Itis difficult to estimate whether and to which exterE GANALYST
really reduces the effort needed for keeping the tracégplsilipport consistent. Is the
35% effort reduction reasonable? In our case, we did a fir&teconstruction and one
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increment (the validation session) [37, 39]. Followingreroents can take into account
the validated reference traceability matrix. So, falsetpes that are already discarded
from a previous reconstruction, and that do not relate toaagh, are ignored. We ex-
pect that this will, again, reduce the effort for doing a ngxdlate. Only a small number
of links, the links that are concerned with the changes, nedx validated. Initially,
our reference traceability data was updated manually #itewvalidation session, to-
gether with the expert. In order to come to final conclusiamthe future, we will have
to pay more attention to how people are really constructiacgtability links manually,
and compare that to the performance of our automatic method.

Quality of the Documentation. Our validation session also improved the quality of
the content of the work products. Normally, the specifiaaiare reviewed by individ-
ual persons after a change. In our validation session, weeatsd the false positives
and missing links. Assessing the links, implied reviewing descriptions of the related
work products. This also led to more harmonized descrigtiothe documentation. Itis
worth investigating what the documentation requiremergsraorder to enable full au-
tomated traceability with a 100% recall. If projects couttbrove their documentation,
for example along the lines proposed in [38], and that woulabée fully automated
traceability reconstruction, the benefits for practice lddncrease considerably.

Reconstruction Technology.The case study shows that in order to get a high recall, we
have to live with a rather low precision — figures which aresistent with earlier stud-
ies [32, 37]. This raises the question whether the inforomatétrieval approach used,
latent semantic indexing, can be further refined. Futurekvi®needed to determine
whether there are specific characteristics of the requinésrgpecification domain that
can help to obtain better results. For example, the hiei@kthature of requirements
documents may offer further clues for reconstructing links

In addition to that, the specific linkelectionapproach could be further refined.
Presently, we made use of our two-dimensional link seladitoategy as described in
our earlier work [32, 33], since in a set of separate casdegtullis strategy performed
best. It may be worthwhile to investigate alternatives ie &pproach, possibly differ-
entiating between various link types.

Generalizing the Findings. Naturally, many of the details in the case study are specific
for the setting at LogicaCMG. Additional case studies aredeel to determine to what
extent our results can be truly generalized.

To that end, we have conducted initial experiments in a diffeindustrial devel-
opment project, this time in the electronics domain. In taise study, the meta-model
is more complex, and the total set of documents is largerwéetan easily see the
counterparts for the requirements and their categoriaseliss the test cases and their
categories. The initial results of these case studies yialtbability matrices and re-
guirements views that are comparable in quality to the tedtdm the LogicaCMG
case.
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Threats to Validity. We conclude our discussion with a brief analysis of poténtia
threats to validity of the case study findings, conformin{pt@j.

A first concern is construct validity, which deals with theegtion whether the type
of observations made can actually help in answering the sagh/’s questions. The
risks of subjective observations has been eliminated byifleeof the RQANALYST
tool suite, which automatically produces the data in théetahs discussed in Section 6.
Obtaining an accurate reference matrix is perhaps the mbgdive element of the
case study, since the tool findings resulted in discussiothemorrectness of the ref-
erence matrices produced. The process to carefully olitemtatrix was described in
Section 6. A final issue related to construct validity is wiset“validation percentage”
is a reasonable measure for effort (reduction) — this qoestias discussed earlier in
this section as well. In all cases, we actively involved easi people from LogicaCMG
in the case study, in order to minimize the risk of bias angestitve findings.

Since our case study is exploratory in nature, there areneathto internal valid-
ity. With respect to external validity, we refer to the ohsdions made above in the
discussion on generalizing our findings.

Last but not least, repeatability (“reliability” in termdg {59]) is affected by the
closed nature of an industrial case study like ours. Thudlevali data have been care-
fully collected and are indeed available, full repeat&pib only possible within Logi-
caCMG. This s, in fact, important for LogicaCMG as well, inthey are interested in
conducting more studies like this one.

Reuvisiting the Case Study Questions.Before performing the case study, we had a
few anticipations and expectations towards the likely onote of a project like the one
described here. One question was not initially relatedeattitual case study, and more
of a general nature: which requirements views are neededaictipe? According to
the answers obtained from industrial partners, we conatttion coverage views, life-
cycle views, and status views. In particular, the first graqverage views, is gaining
importance, in many software domains, simply through tleg, fdhat engineers want
to assess the likely effect of a change in requirements ootfadlr work products. For
some domains, the automotive domain, for example, it witd@pulsory in the future
to provide such traceability views for certification.

Other questions, more fundamental to the case study pezfhrdealt with the how
and the extent to which the traceability views in a system lmameverse-engineered
from the existing work products. We have demonstrated tlog/"Isufficiently through
application of LSl in our proposed MREV method and its associated toat @ANALYST.
LSl is capable to generate traceability links between damntsithat share the same in-
herent semantic concepts. It is quite robust with respetiiéatype and structure of
the documents provided. Our case study is, therefore, ssitdén demonstrating the
application of our method and tool in such a reconstructammtext.

The question of the extent to whichERANALYST can reconstruct links correctly
cannot be answered sufficiently in a single case study. We $&en that LS| can recon-
struct, sometimes more, sometimes less traceability fiokthe required views. This
depends on the parameters used, leading to high recall angtéxision, or low recall,
with high precision. The actual question to be answered isamether and to which
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extent missed links or many false positives are acceptabtethat depends on the qual-
ity of the reference matrix provided. The reference masikypically provided by the
developers of a system as a result of some tedious manu&gmand in other projects,
we have observed that, sometimes, developers cannot agtee aght links, or they
simply forgot to define links. The extent to which requirertsanews are reconstructed
correctly is therefore still an open question that must kenamed empirically through
a number of similar case studies with thorough verificatibte reference matrix, and
this leads us the next questions asked earlier in this paparthe approach be used
to reconstruct traceability views, and can the reconstdigtews help in real software
development. The first question we answer with a definitive pat engineers have to
decide whether low quality of the outcome is a serious hincieegfor its application.
Industry is often quite pragmatic in the application of an&ted tools: any little tool
support is better than nothing, and only looking at and aasgsutomatically gener-
ated views might be a lot easier than creating them from cerdt least the tool is
capable of generating the most obvious links for views thaeasy to establish. How-
ever, an aftertaste remains. That is the number of misskd. It the moment, there
is no way to identify missed links without visiting all linkse. if there is no reference
matrix. Therefore, we cannot claim our method is useful fiftvgare engineers as it
is, nor can we say how much effort it can save, if any. We do aweltonclusive data
on the effort of reconstructing views manually. What we aare$ee as future research,
however, is an extended iterative reconstruction methedhich the recall is increased
gradually, generating many false positives, which can beréitl through a comparison
with false positive links dismissed earlier. This may leadtmore precise reconstruc-
tion for which only a few new links would have to be assessedtpemtion. That way,
the method could bootstrap its own reference matrix ancheiteat on the way.

Another improvement could come from including a feedbackma@ism similar to
the one described in [22].

8 Conclusions

In this paper, we have studied the reverse engineering afrergents views from soft-
ware development work products, in the context of an indalsbutsourcing project.
We consider the following as our key contributions:

— The identification, through a questionnaire among pilieatitrs, of three relevant
requirements views: coverage views, life-cycle path vieansl status views.
— An approach to reconstruct these requirements views faftware development
work products, supported by ouERANALYST tool suite;
— The application of our approach to an ongoing project aica@MG, illustrating
1. how the software development process steers the regofisir process and
determines the meta-model used,;
2. how the quality of the reconstructed traceability matax vary per link type;
3. how the traceability matrices can be used to obtain requents views.

Our future work will concern the following issues. First, weuld like to tune
our approach and come to more specific guidelines to redéceftort needed to get
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a validated reference traceability matrix. Furthermore, would like to expand the
number of requirements views for more complex environmeittsmore sophisticated
meta-models. Last but not least, as mentioned in the prewection, we are presently
working on an industrial case in the area of consumer eleisoThis case concerns a
globally distributed software development environmert aproduct-line, making it a
very complex environment to apply our method.
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