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Abstract

This report investigates Requiremeris Evolution for computer-basedsystems.
Although practitioners and researders recognisethe problem, there has been
little researd e ort in investigating models of Requiremerts Evolution. This is
due to lack of long term ewlutionary data and modelsto analysethem.

This report takesinto accourt Requiremerts Evolution for computer-based
systems and investigates models that may enhanceour understanding about
Requiremerts Evolution. The collection of identied models provides a basis
for a Formal Framework for Requiremerts Evolution.

This report and the work it describes were partially funded by a grant of
the Italian National Researti Council (CNR), Bando n. 203.01.72,Codice n.

03.01.04,Researth Program: A Formal Frameworkfor RequirementsEvolution.
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Chapter 1

In tro duction

This report considerssoftware requiremerts evolution within industrial produc-
tion environments. Any production environment consistsof diversestakeholders
interacting through processedocusedon particular aspects of software produc-
tion (e.g., managemer, designing,testing, etc.). Thus, software is the result of
cooperating processesn which human beingsare the main actors[42, 87]. E ec-
tive cooperation requires stakeholdersto understand their di erent viewpoints
on the processed44, 52, 65, 84, 86, 91]. Stakeholderinteractions, cooperations
and negotiations result in shifts in the grounds for agreemen. These shifts
drive requiremerts ewvolution. This work takes Requiremeris Evolution as an
unavoidablefeature of software production. Classically, Requiremerts Evolution
is seenasan error in the engineeringprocess.By cortrast, this report considers
Requirements Evolution asan essetial feature of good designprocesses.
Stakeholdersinteract as participants in the processef a software develop-
mernt ervironment. These interactions result in changesin stakeholder knowl-
edge. These changesare captured and disseminated over the project as Re-

quirements Evolution [33, 69]. Requiremerts Evolution triggers a sequenceof



everts, which allows changesto propagatethroughout the developmert process.
In any developmert processthe de nition of requiremerts is the rst phaseand
it is always crucial for the successf the project (e.g., in terms of cost, timing,

customer satisfaction, etc.).

As a software project progressesequiremerts changesbecomeincreasingly
expensive and risky [9, 10, 11]. Each requiremerts change a ects the success
of the project as well as system characteristics (e.g., dependability, safety, re-
liabilit y, usability, etc.) that are crucial for the system functionalities (e.g.,
Air Trac Control, Electronic Engine Control, Medical Systems, Smart Card
Systems,etc.). Theseissuesmotivate an increasinginterest in requiremerts en-
gineering [8, 18, 83]. The deeper the understanding of stakeholder interaction,
the better the control of Requiremerts Evolution. The problem is how to match
businessprocessesgdevelopmert processesnd product featuresin order to en-
hanceour ability in understanding and cortrolling Requiremerts Evolution by
monitoring stakeholder interactions through requiremerts.

This work aimsto enhanceour ability to understand and to cortrol the evolv-
ing nature of requirements. In contrast to the process-cetred approach takenin
current requiremerts engineeringpractice [85, 77, 94], we take a product-centred
approach. Processissuesare captured in the product asit is developed. Our
approadh originates in the empirical investigation of industrial casestudies of
ewlving products and their requiremerts [1, 2, 24, 25]. These casestudies aim
to dewelop a detailed accourt of the cooperative processesadopted by stakehold-
ers. The underlying hypothesis of this report is that stakeholder interaction in

cooperative processess a powerful driver of Requiremerts Evolution.
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1.1. REPORT OUTLINE 10

1.1 Report Outline

This report is structured as follows. Chapter 2 reviews related work in re-
quirements engineering. The review points out a rationale for a framework that
supports the analysis, control, and monitor of Requiremerts Evolution. Related
researt and the existenceof few empirical studies motivated the investigation
of the casestudy in Chapter 3. The literature rationale has beenfurthermore
taken into accourt in order to devise the framework outlined in Chapter 4.
Chapter 3 shows an empirical investigation of an avionics safety-critical case
study drew from industry. The empirical analysis points out ewolutionary as-
pects of requiremerts as well as practical issues. The casestudy furthermore
stressesthe needto enhanceour understanding about requiremerts evolution.
Chapter 4 introducesa framework for modelling Requiremerts Evolution. The
framework emphasiseghree main ewolutionary aspects: Data Model, Evolution-
ary Relationships and Requiremerts Process. Scenariosof usesshov how the
modelling framework may be usedin practice. Chapter 5 provides a detailed
account of ewolution of computer-basedsystems. A taxonomy of ewvolution em-
phasisesthe di erent ewolutionary aspects and their in uence on dependability
of computer-basedsystems. Finally chapter 6 draws the conclusionsof this

work.
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Chapter 2

Related W ork

Current practice in requiremerts engineering[77, 80, 85, 94] identi es a set of
methodologies, tools, processeghat aim to specify software (system) require-
ments. Two big researd and practice areascan be identied within require-
ments engineering,namely, speci cation and veri cation 1. The former aims to
improve our ability in specifying requiremerts. The latter aims to improve our
ability in verifying requiremerts characteristics (e.g., correctness,completeness,
etc.). Everything concerning requiremerts ewolution is usually covered under
another area, namely, requiremerts managemen. The name itself emphasises
processoriented approaches. There has beenlittle attention from the product
point of view to devise approaches supporting Requiremerts Evolution. Most
of the work in requiremerts managemen focuseson processaspects. Recer re-
seard [32, 33, 69, 88] in requiremerts engineeringpoints out the ewolving nature
of requiremerts. The PROTEUS project [33, 69] takesinto accourt require-
ments ewolution from a businessviewpoint identifying the origins of changing

requiremerts into stakeholdersand businesservironment. Any speci ¢ environ-

10ther research areasin requirements engineering are elicitation and analysis, but here we
are not referring to these areas.

11
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ment producing software is characterised by changing requiremerts, therefore
any attempt of stopping changes[32], hencerequiremerts evolution, will fail
triggering processand software degradations. The understanding of require-
ments ewvolution may be improved by empirical investigations [1, 2, 32, 88] of
industrial casestudies, which analysehow requiremerts ewolve in practice. Evo-
lution should be considereddi erently than reuse. Requiremerts reuseshould
take into accourt a trade o between processand product viewpoint [47, 48].
Eventhe solution of reusing requiremerts hasto be carefully adaptedto specic
software contexts [47, 48].

The COHERENCE [87] and REAIMS [86, 91] projects encouragethe appli-
cation of hybrid approachesearly in the developmert processeven before the
speci cation of requiremerts. In particular, the integration of di erent view-
points seemsan e ective way of merging di erent perspectives related to dif-
ferent stakeholdersand engineering processeq84, 86, 87]. It comesout that
even with hybrid approacdes focusing on the process,requiremerts evolution
still remains one of the critical point throughout the software life cycle.

The ewlving behaviour is not bounded at the requiremerts level. The
FEAST project [53] has empirically identied a set of laws for software evo-
lution. But the relation betweenrequiremerts evolution and software ewvolution
[6, 53, 43] needsfurther clari cation. Further investigations of this relationship
will improve our ability to assesghe impact of requiremerts changes. More-
over, the widely held view that traceability [19, 20, 41, 70] resolvesrequiremerts
ewolution turns out to be insu cien t. Requiremens traceability [41] has been
recognisedto be an important aspect to deal with ewvolution. Traceability rep-
reseris not only an additional information to be collected (and maintained),
but also a strategic policy involving an erntire software organisation [70]. Trace-

ability maintenancerelies on strict processesand tools, which allow to identify
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2.1. LITERA TURE RATIONALE 13

relationships betweenthe software organisation and the software product [41].
The combination of traceability with other relationships is neededto enhance
our ability in specifying and maintaining requiremers. Requiremerts and Soft-
ware Evolution has also been consideredfrom a theoretical point of view in
[61, 96], but there has beenlittle attention to integrate theoretical work with
product-line features.

Many recert researd projects [16, 17, 63, 73, 74, 75 have progressedthe
state of the art in Requiremens Engineering and the understanding of ewolu-
tionary behaviours in the software life cycle. But the current practice in industry
requiresadditional researd actions. Past projects point out the needto shift to
hybrid process-praluct oriented methodologies,which shall be de ned accord-
ing the needsidenti ed accordingto massive empirical investigationsof real case

studies.

2.1 Literature Rationale

This sectionreviews related literature in requiremerts engineeringproviding a
rationale for the proposedframework for modelling requiremerts evolution. The
literature review points out issuesor practical challengesthat may be supported
by modelling and analysing requiremerts evolution. The review in this section
doesnot pretend to be an exhaustive accourt of researt and current practice
in requiremerts engineering. The review focuseson those aspects related to
requiremerts ewvolution.

Hooks and Farry [36] emphasisethe need of measuring Requiremerts Qual-
ity. Their initial point is that measuringis the foundation for improvemert.
They point out that most of the time this view is not recognisedby man-
agers,who belive that measuringrequiremerts is costly (in terms of resources)

and time consuming. Other managersbelieve that they can not measurere-
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2.1. LITERA TURE RATIONALE 14

quirements until the project is nished. The main motivation of measuring
requiremerts is to identify opportunity for improvemen. They suggestto mea-
sure the quality of requiremerts on data drawn from Change Requests(CRS)
and DiscrepancyReports (DRs). Theseare mainly di erent namesfor stimulus
for changesinto requiremernts. They emphasisethe need of adopting simple
measuresof requiremerts statistics derived from the analysis of requiremerts
courting, trends, percertages,aswell asclassi cations. Thesemetrics represen
a basisfor ChangesAnalysis. Moreover, they represernt a meansfor comparing
projects. A systematic accourt of measuresof requiremerts provides input to
making changesin an Organisation's Requiremerts De nition Process. Many
issuesin driving changesinto a requiremerts de nition processarerelated to the
lack in requiremerts culture within the organisation, lack of empirical evidences,
aswell asdi culties in converging on a stable set of requiremerts. A shift into
the requiremerts de nition processneedsto be supported by engineeringtools
and analysis models.

Wiegers[94] emphaseghe importance of measuringand classifying require-
ments changesin order to achieve processimprovemens. He stressesthe role
of Requirements Managementwithin processrelated models (e.g., CMM [66]).

Weinberg [92] stresseshow the Assumption of Fixed Requirementsis a weak
point in most of the work in Software Engineering. This mainly invalidates
many work basedon the implied position, that is, \This is how we would design
and build software (if we had unchanging requiremens)". Weinberg's point is
supported by previous studies pointing out that the majority of seriousquality
problems were related to Requiremens. This point has been also recognised
by Boehm [9] and has driven the de nition of iterativ e developmenr processes
(e.g., The Spiral Model). Weinberg's processview stresseghe existenceof Twin

Processes That is, the underlying idea is that there exist two processes:one

¢ Massimo Felici, 2003



2.1. LITERA TURE RATIONALE 15

to develop a requiremerts product; oneto develop a software product. The two
processesieedto be mutually cortrolled. The basisfor mutually controlling the
two processeshould be driven by empirical evidence. Moreover, the empirical
information drawn from mutually cortrolling two processesshould provide a
basisfor changing the requiremerts process.

Sommerville and Sawyer [85] identify guidelinesfor Requiremerts Manage-
ment. Among the main guidelinesfor requiremerts managemen there are three
related activities: De ne Change Managemert Policies; Identify Global System
Requiremerts; Identify Volatile Requiremerts. The de nition of change man-
agemen policies is really important in order to have a formal mechanism to
deal with changesinto requiremerts. Change managemen policies needto be
supported by empirical analyses. The volume of information related to require-
mernts ewvolution represern a major issuesin any changemanagemen policy. A
systematic methodology to analyserequiremerts evolution helpsto keeptrack
of changeswithin the processand to assessheir impact. Moreover, the analysis
of requirements should be addressedo \ldentify Global SystemRequiremens"
and to \ldentify Volatile Requiremens"”. The former are very expensiwe to
change(e.g., architecture changes)and may involve di erent stakeholders. The
latter may help to designthe systemsothat volatile requiremerts are isolated
from the rest of the system. Having these information may help to plan for
changesinto requiremerts and to managerequiremerts evolution aswell.

Other Requiremerts Engineering literature (e.g., [51, 77]) stressesthe need
to deal with Requiremerts Evolution. But they also emphasisehow even simple
instruments like maintaining history of changesmay becomeeasily impractical.
After a while, the list of changeis so hugethat it is dicult to realisewhat is
goingon without a systematic method to shape anglesfor analysingewolutionary

information.

¢ Massimo Felici, 2003



Chapter 3

An Avionics Case Study

This chapter describesthe investigation of an avionics safety-critical industrial
case study with respect to requiremerts ewolution. The investigation of an
industrial casestudy aims to acquire input from practice in requiremens engi-
neering. This should provide a more realist account of requiremerts evolution.
A casestudy furthermore provides di erent viewpoints related to the specic
domain. This is useful in order to identify domain sensitive information with

respect to requiremerts evolution.

3.1 Description of the Case Study

The casestudy consists of software that satis es the most stringent level of
the standard DO178B [78]. Two main businessstakeholderscooperate in the
de nition of the system requiremerts. The customer, who provides the gen-
eral system requiremerts, and the supplier, who producesthe software. The
following paragraphs describe features of the casestudy that are relevant to

requiremerts ewvolution.

16



3.1. DESCRIPTION OF THE CASE STUDY 17

3.1.1 System Requiremen ts

The investigation of the casestudy takesinto accourt the system software re-
quiremens. They have beendrawn from the general system requiremerts pro-
vided by the customer. The de nition of the software requiremerts involves
both the customerand the supplier in elicitation, speci cation and negotiation.
The supplier is responsiblefor producing the systemsoftware and its compliance
with the speci ed software requiremerts. The systemsoftware requiremerts fall
down in two main categories: Safety Requiremerts; Functional and Operational

Requiremerts.

Safety Requiremen ts. A system safely assessmenanalysesthe system ar-
chitecture to identify and classify the failure conditions. Safety related require-
merts arethen identied and o weddown to the software and hardware require-
mernts. The allocation of requiremerts to software or hardware can be unclear at
somestage of the developmert. Thus there are casesin which the allocation is

delayed until further information is available correctly to allocate requiremerts.

Functional and Operational Requiremen ts. The customer provides the
systemrequiremerts that contain information neededto describe the functional
and operational software requiremerts. Theseinclude timing and memory con-
straints and accuracyrequiremerts whereapplicable. Requiremerts alsocontain
details of inputs and outputs the software hasto handle with special emphasis
to those using non-standard data formats. As for the safety requiremernts if the
allocation of requiremerts to software and hardware is unclear any decisionis

delayed until further notice.

¢ Massimo Felici, 2003



3.1. DESCRIPTION OF THE CASE STUDY 18

3.1.2 Development Pro cess

The software developmert processof the casestudy is an instanceof the V-model
that emphasiseselations betweenthe designand coding phaseswith that of (in-
tegration as well as system) testing, veri cation and validation. The V-mode
implies that if problems arise during veri cation and validation, they are re-
ported and evertually xed by re nements and correctionsin the requiremerts
and designaswell asin the implementation. Then the veri cation and validation
phasesare repeated again to reassesshe software system. The software devel-
opmert processpoints out the iterativ e nature of designingand implementing

the system.

Software Development Pro cess. Figure 3.1 shows the dewelopmert life
cycle of the casestudy. The bulk of the software dewvelopmert task can be
split into two broad areas, that of software design and code and the other of
veri cation.

Issuesand modi cations identi ed during subsequets developmert phases
(e.g., design, coding and veri cation) give rise to feedba& loops in the life
cycle. Reported issuesfall down in two main chategories,depending on whether
or not they a ect the requirments or just the designand implementation of the
system. Figure 3.1 shows them astwo di erent error busses,namely, Software
Error Bus and Requirements Error Bus. Notice that as software developmert
progressegrom requiremerts to designand code, problemsrequire items further
bad in the chain to be modi ed. The size and scope of these changeswill be
di erent for eadh modi cation and for ead project, thus only generalguidelines
have been de ned by the supplier. For example, while coding a part of the
software detailed designa problem may be found with the designor an easier
implemertation may be constructed which requires the original designto be

modi ed. Also modi cations, which are due to problems, hardware changesor

¢ Massimo Felici, 2003



3.1. DESCRIPTION OF THE CASE STUDY 19

Software Error Bus

Reguirements System Software Testing
Elicitation Process Design Review

4 4 4 4

Requirements Error Bus

Figure 3.1: The safety-critical software developmert life cycle of the casestudy.

even stakeholders,may be intro duced from the requiremerts at any stageof the
software project.

As designprogresseghe partition of software requiremerts causesan expan-
sion of information through subsequen activities (e.g., testing) and deliverables
(e.g., code) that re ect the resulting fragmertation. For example, the coding
phaseconsistsof a collection of interrelated implementing phases. The bound-
aries between these phasesmay overlap due to unclear processde nitions or
implementation's dependencies. Thus, as the code consists of many items it
may be possibleto begin the integration of some of them before the code for
the rest is completed. This is often the case,even on small simple projects.
Then it is very dicult to determine the end point of a processand to x the
point in which a project transition occurs from one phaseto another. Thus,

elemerts within ead phasemay bein di erent progressstages. There is a strict

¢ Massimo Felici, 2003



3.1. DESCRIPTION OF THE CASE STUDY 20

policy for con guration managemem, which alsorequiresto maintain traceabil-
ity on the project to ensurethat the nal codeis complete and consistert with
its higher level requiremerts, and the veri cation has been performed on the
correct standard of the nal code.

Software veri cation consistsof two main elemens testing and review anal-
ysis. Specic documerts produced at the beginning of the project detail the
veri cation activities by identifying the level of veri cation required at eath
phaseof the software developmen. Changesa ecting certi ed software require
to repeat the erntire software veri cation and the erntire software developmert
life cycle in caseof modi ed requiremerts. The extent to which all the phases
comply with the required changesdepend on the time elapsedsincecerti cation.
During the period between igh t trials and certi cation, project documerts are
consistert with the implemented software and reviews needto comply with oc-

curring changesdepending on the size of the modi cations.

Requiremen ts Do cumen tation.  Figure 3.2 shows a represertation of the
phasesof the developmert processand its deliverables (i.e., system require-
merts, software functional requiremerts, etc.). The System Reguirements con-
sist of the requiremerts identi ed for the whole systemswithout distinguishing
between software and hardware requiremerts. The System Process translates
the System Requiremeris in the Software Functional Requirements The Soft-
ware Functional Requiremerts consist of a set of documerts specifying the re-
quirements for ead software function identi ed for the system. These software
functions will then be designed,implemeted and integrated by further activities
in the dewvelopmert process.

Anomalies (e.qg., faults, failures, misbehaviours, etc.) encourtered during
the dewvelopmen are reported by a Fault Report. A Fault report consists of

a documert reporting all the information useful to the developmert team in
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3.1. DESCRIPTION OF THE CASE STUDY 21

Reguiremnents
Elicitation

Systern I
Regquirements

Software
Functional
Reguirements

______________________

Test Data |I

Figure 3.2: Developmert activities and deliverables.

order to assesghe possiblefaults. When a fault has been recognisedactions
are takento x it and the neededchangesare allocated to a speci c software
release. The scope of these actions rangesfrom requiremerts to software code.
Thus cortinuous feedbad is provided by fault reports. Notice that certi cation

requiresthat all the changesare traced.

Pro duct Line Asp ects and Standards. Hardware dependert software re-
quirements arise not directly from the systemrequiremerts, but from the imple-
mentation of those systemrequiremerts. This is normally due to the way that
the hardware has beendesignedto meetits requiremerts as well as an indirect
result of safety related requiremerts. The hardware dependert software require-

mernts characterisethe speci ¢ product-line in terms of hardware constraints and
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3.2. EMPIRICAL ANALYSIS 22

safety requiremerts. A certi cation plan for software is the primary meansused
by the designedauthorities to assessvhether the software developmert process
proposedis commensuratewith the software level proposed. The plan of the

casestudy complieswith the speci c guidelinesin the standard DO-178B [7§].

3.2 Empirical Analysis

The casestudy consistsof software for an avionics system. There are 22 succes-
sive releasesof the software requiremerts speci cation ead corresponding to a
software release. The empirical investigation of the avionics casestudy consists
of analysesof data repositories of requiremerts evolution. The aim is to identify
requiremerts properties that may enhanceour understanding of requiremerts
ewolution [1, 2]. The investigation moves from a general viewpoint towards a
product-oriented viewpoint. The lack of previous analysesabout requiremerts
ewolution requiresan incremertal approad in order to e ectiv ely investigatethe
casestudy. The step-by-step approach furthermore allows to re ne the analysis

into subsequen investigations.

3.2.1 Requiremen ts Evolution

The initial empirical investigation of the avionics casestudy consistsof analyses
of data repositories of requiremerts ewolution [1, 2, 3]. The aim is to identify

requiremerts properties that may enhanceour ability in understanding Require-
ments Evolution. Figure 3.3 shows the total number of requiremerts changes,

i.e., added, deleted and modi ed requiremerts, over the 22 software releases.

1There is a correspondence one-to-one between the versions of the requirements speci ca-
tion and the software releases
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Figure 3.3: Number of requiremerts changesper software release.

The trend of requiremerts changesdoesnot give enoughinformation about
ewolutionary features, but it emphasisesRequiremerts Evolution. The analysis
of requiremerts ewolution points out that requiremernts changesare not uni-
formly spreadout over the three basic changes(i.e., added, deleted and modi-
ed requiremerts), in fact the total number of requiremerts constartly increases
over the software releases.Figure 3.4 shows the increasing number of require-
merts forming the speci cation of the avionics system. The increasingtrend is
due to the fact that requiremerts becomeclearerto the stakeholders,who split
complexrequiremerts into smaller and more precisely stated requiremerts. An-
other reasonis that new requiremerts arise during the progressof the project,
becausethere are requiremerts that can not be de ned at the beginning due to
lack of information and requiremerts dependencies.Finally, design,implemen-
tation and testing activities provide additional feedbad to the requiremerts.

Thus there is a predominaceof added requiremerts.
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Figure 3.4: Total number of requiremerts per software release.

3.2.2 A Taxonomy of Requiremen ts Evolution

The inspection of the history of changespoints out the speci ¢ changesoccurring
into requiremerts. Table 3.1 shows a taxonomy of Requiremerts Evolution in
the casestudy. Changesa ect requiremerts attributes lik e variables, functional-
ity, explanation, traceability and dependency Theseattributes can be collected
and represened by requiremerts templates (e.g.,[77]). Theseattributes are usu-
ally embeddedwithin paragraphsspecifying requiremerts. A structured way of
represerting, collecting and organising requiremerts attributes may be usefulto
identify information for controlling and monitoring requiremerts evolution. The
taxonomy of Requiremerts Evolution may help to identify requiremerts issues.
For instance, if changesoverlap two categories,the a ected requiremerts may
needto be re ned in order to t in one category. This may identify dierent
ewlving paths, e.g., splitting requiremerts in smaller and more detailed require-
merts or clarify (i.e., modify) their speci cations. This is the casewhen there

are requiremerts that overlap software and hardware. The decision whether
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to allocate requiremerts to software or hardware may be delayed till there is a
clear understanding of the system. Hence a taxonomy of Requiremerts Evolu-
tion may classify not only an industrial context, but it can be usedas a tool

during designto identify requiremens issues.

Table 3.1: Typesof changesidenti ed by inspection of the history of changes.

[ Type of Change | Description |
Add, Delete and Requirements are changed due to the speci cation pro-
Modify requirements cessmaturit y and knowledge.

Explanation The paragraphs that refer to a speci ¢ requirement are
changed for clarit y.

Rewording The requirements itself does not change, but it is
rephrased for clarit y.

Traceability The traceability links to other deliverables are
changed.

Non-compliance A requirement that is not applicable for a new soft-

ware package. This is the casewhen the requirements
speci cation is basedon that one of a previous project.
Partial compliance A requirement that is applicable partially for a new
software package. This is the case when the require-
ments speci cation is based on that one of a previous
project.

Hardw are modi cation Seweral changes are due to hardware modi cations.

This type of change applies usually to hardware de-
pendent software requirements.

Range modi cation The range of the variables within the scope of a speci ¢
requirements is modi ed.

Add, Delete, Rename | The variables/parameters to which a specic require-
parameters/v ariables ment refers can change.

3.2.3 Requiremen ts Maturit y Index

Metrics [26] may be usedto quantify someproperties monitoring requiremerts
ewlution. The standard IEEE 982 [37, 38] suggestsa Software Maturity Index
to quantify the readinessof a software product. The Software Maturit y Index
can be used for software requiremerts, hencea Requirements Maturity Index

(RM1) to quantify the readinessof requiremerts. Equation 3.1 de nes the
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RMI 2,

rm| = RT_Re. (3.1)
Rt

Figure 3.5 shows the RM | calculated for ead software releasewith respect to
the total number of requiremerts (Rt) and the total number of changes(Rc¢).
The RM | results to be sensitive to the requiremerts changesoccuring release
after release,but it does not take into accourt historical information about
changes. Thus wheneer there is a substartial number of changes(this may be
the caseof a new release)the RM | re ects the intro duction of changeswithout
capturing information related to the number of releasesand the averagenum-
ber of changesintro duced over previous releases.The RM | therefore captures
stepwise (releaseafter release)changes,henceit is too sensitive to changesintro-
ducedinto a single releaseoverdegradating its assessmenabout the readeness

of requiremerts.

’ —=— Requirements Maturity Index (RMI) ‘

A/ AN

0,90 +

RMI

0,85 +

0,80 A

T T T T
0 5 10 15 20

Software Releases

Figure 3.5: Requiremerts Maturit y Index for eat software release.

2Rt is the total number of software requirements in the current release;R¢ is the number
of software requirements in the current releasethat are added, deleted or modied from the
previous one.
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3.2.4 Ageing Requiremen ts Maturit vy

The empirical analysis of the casestudy points out that requiremerts changes
are not uniformally distributed over the software releases.There is moreover a

di erent distribution for ead function. The behavioural analysisofthe RM | on

the dataset points out that the RM | is not sensitive to the history of changes.
This is becausethe RM | is de ned for two subsequeh releases,that is, the

RM1 does not take into accourt historical information. For instance, infor-

mation like how long some changeshave been introduced, how many releases
there were without changes,etcetera. We proposeto re ne the RM | by taking

into accourt historical evolutionary information and not just the requiremerts

changesoccurred in the next subsequeh release. The simplest historical in-

formation consistsof the Cumulative Number of Requirements Changes(CRc¢)

and the Average Number of Requirements Changes(ARc¢), Eq. 3.2, over the

software releases.

ARC =

(3.2)

Basedon the above information we proposetwo re nements of the RM . The
rst re nement is named Requirements Stability Index (RSI) , Eq. 3.3. Dif-
ferertly from the RM | the RSI takesinto accourt the cumulative number of
requiremerts changes,CRc. HenceRSI is sensitive not just to the total num-
ber of requiremerts, Ry, but alsoto the cumulative number of changes,CR¢.
The RSI can be also negative in caseswhere there have been more changes
than the total number of requiremerts, Rt. The maximum value of SRl is 1 in
the casewhen there have not beenchangessincethe initial release(this is quite
unlikely in practice).

RSl = L __~"C. (3.3)
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The secondre nement is namedHistorical RequirementsMaturity Index (HRM 1),
Eq. 3.4. It is de ned on the total number of requiremerts and the averagedis-
tribution of requiremerts changesover the software releaseAR ¢ ). This allows

to take into accourt the age of changes.

Rr ARc

HRMI =
Rt

(3.4)

The intuition behind the two re nements is that if somechangesare intro duced
into requiremerts, these changesa ect the stability of the requirements. The
maturity of the requiremerts depends on how long some changeshave been
introduced. That is, if there are not further changesthe maturity gradually
increaseswith the delivery of subsequenh releases.Figure 3.6 shaws the simula-
tion of the above metrics on a samplecase. The top, middle and bottom picture
of Fig. 3.6 respectively shaw the requiremerts changes,the total number of re-
quiremens and the comparisonof the RM 1, RSI and HRM | . The comparison
of the three indexes,i.e., RM I, RSI and HRM I, shows clearly the dierent
behaviour with respect to the samplescenario. The HRM | is lesssensitive and
more stable than the RM |, which is more sensitive to the number of changes

occurring releaseafter release.

3.2.5 Ageing Requiremen ts Evolution: Empirical Evidence

This section assesse®n the casestudy the proposed quartitativ e models of
Requirements Evolution. Figure 3.7 shows the averagenumber of changesover
the software releases. The picture shows clearly an increasing trend. This is
particular for the analysedcasestudy, but there could be di erent distribution

accordingto the speci ¢ system,the adopted designprocessand the systemlife
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Figure 3.6: Simulation of the requiremerts ewlution metrics on a sample sce-
nario.

cycle.

As we would expect the RSI has a decreasingtrend. Whereasit is more

interesting to analysethe RSI at the last release(i.e., the 22nd release)of the
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Figure 3.7: Averagenumber of requiremens changes.

casestudy. Figure 3.8shawsthat the RSI capturesthe stability of ead function.
Those functions with negative RSI are the most unstable in the system. The
RSI canbe easily applied to any dataset, becauseit takesinto accourt not just
the number of changesbut alsothe dimension of the dataset considered.Hence

the RSI estimateshow stable is a set of requiremerts.

Figure 3.9 shovsthe HRM | for the entire set of requiremerts. The HRM |
smoothly follows the iterations of the dewvelopmert life cycle. That is,decreasing
trends are assaiated to the introduction of major changes(establishing a new
major release), which trigger a stabilisation processinto subsequeh releases
during which the HRM | increasesagain. HRM | is lesssensitive that RM | to
changesover single releasesput it smoothly capturesthe requiremerts process

and its stabilization.
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Figure 3.8: Requiremerts Stability Index for ead function at the 22nd release
of the requiremerts speci cation.

Figure 3.9: Historical Requiremerts Maturit y Index for the ertire set of require-
mernts.

In conclusionthis section assessethe proposedmetrics, RSl and HRM I.
The analysis supports the intuition behind the two metrics. That is, RSI eval-

uates the overall stability of a set of requiremerts and HRM | ewaluates the
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requiremerts maturit y with respectto the requiremerts evolution process.This
points out that the distribution of the requiremerts changesis an importan
driver for the RSl and the HRM 1. This nal result relates the Requiremerts
Evolution processto the dewvelopmert processand provides an attribute to con-
trol the maturit y of requiremerts. Dierent distributions imply di erent trends

of RSI and HRM .

3.2.6 Functional Requiremen ts Evolution.

Evolutionary Analysis Viewp oint. Simple trends of requiremerts ewolu-
tion provide little information. Previous experiencepoints out that the analysis
of requiremerts ewlution from a functional viewpoint can point out further

information [4]. For instance, it can identify the stable or changeableparts of
requiremerts. Figure 3.10shownsan exampleof di erent functional requiremerts
(i.e., F1-F8) forming the requiremerts speci cation of a systen?. The dier-

ent trends point out how the stability of functional requiremerts may change
over the software life cycle. In other words, stable requiremerts may become
changeableand vice versa. This kind of information can be useful for future
similar projects. This can be the casefor software product-lines characterised
by similar related projects di ering in specic variability aspects [12]. More-
over, the analysis of requiremerts from a functional viewpoint can be useful to
identify dependenciesbetweenrequiremerts [3]. Dependenciesmay be usedto

e ectiv ely assesshe impact of changesinto requiremerts and to plan evolution.

To provide a more detailed analysis our focus movesfrom the total number
of requiremerts changesto the number of requiremerts changesin ead func-

tion that forms the software functional requiremerts. The software functional

3The picture in the top-left corner of Fig. 3.10 shows the total number of changes for the
whole requirements speci cation.
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Figure 3.10: Requiremerts evolution from a functional viewpoint. Distribution
of requiremerts changesover software releasesfor ead function.

requiremerts fall into 8 functions for which separatedocumerts are maintained.
Figure 3.11 shows the trend of the cumulative number of requiremerts changes
for eadh function. Figure 3.11 points out that the likelihood that changescan
occur into speci ¢ functions is not constart over the software releases.An out-
come of this functional analysisis that the function F1 is not likely to change,
thereforeit could be considereda stable part of the system. This aspect becomes
interesting, becausethe speci ¢ function describesthe hardware architecture of
the system onto which the software architecture is mapped. It seemsfurther-
more that functions that are likely to change during early software releases
change less during later releases,and vice versa. This aspect helps to relate
requiremenrts changeswith the software life cycle. The dierent occurrences
of requiremerts changesthroughout the life cycle points out some dependen-

cies among functional requiremerts. Understanding these dependenciesmay
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improve the requiremerts process.

Figure 3.11: Cumulative number of requiremerts changesfor ead function

Figure 3.12 shows the scatter plot of nhumber of cumulative requiremerts
changesagainstthe sizeof eadh fucntion (at the 22ndrelease)in terms of number
of requiremerts. Figure 3.12 sows that there exist a linear relationship between
the number of changesoccuring into a requiremerts speci cation and its size.
But there exist outliers such as, e.g.,F2, F5 and F8.Figure 3.12moreover points
out the intuitiv e interpretation that the functions above the diagonal dividing
the plan are more unstable (in terms of requiremerts changes)than that ones
under the diagonal. In particular F1 turns to be a stable part of the system. This
is interesting, becausethe speci ¢ function describesthe hardware architecture

of the system onto which the software architecture is mapped.
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Figure 3.12: Cumulative number of requiremerts changesagainst the number
of requiremerts for eac function.

The analysis then investigates whether there are di erencies among fanc-
tions accordingto the distribution of changesover the software releases.Figure
3.10shaws the di erent distribution of requiremerts changed for all functions.
This represertation of requiremerts changespoints out how di erent can be the
distrubution for ead function. The dierent distributions point out somein-
teresting intuitiv e properties. Firstly the likelihood that changescan occur into
speci ¢ functions is not constart over the software releases. Finally it seems
that functions that are likely to change during early software releaseschange
lessduring later releases,and vice versa. This aspect helps to relate require-
ments changesto the software life cycle. The di erent occurrencesof require-
ments changesthroughout the life cycle points out some dependenciesamong
functional requiremenrts. Understanding these dependenciesmay improve the

requiremerts processby e ectiv e changesallocation and impact analysis.

4Requirements changes are expressedin percetage of the total number of changes occured
in the corresponding release
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Pro duct Perspectiv es into Requiremen ts Evolution.  Empirical results
point out that requiremerts ewolution may be further understood if analysed
from a combination of a product viewpoint together with a processviewpoint.
Figure 3.13, for instance, shows a requiremerts ewolution into which changes
fall down into two major categories: changesthat have the authority to modify
delivered software; changesthat are unauthorised to modify delivered software.
The latter consists of changesthat a ect assaiated functionalities, but only
documertation, traceability or non delivered code. Implementation may trigger

this type of changethat usually adaptsthe documertation to the deliveredcode.

Figure 3.13: Classi ed requiremerts evolution.

The proportion between the number of requiremerts and the number of
changesoccurring into requiremerts speci cations provides an intuitiv e notion
of stability. Figure 3.14 shows a scatter plot of requiremerts size (in terms
of number of requiremerts) versusrequiremerts ewolution (in terms of number

of requiremerts changes). Intuitiv ely, the functions below the mid line (i.e.,
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number of requiremerts equalisenumber of changes)are more stable than the

functions above the line.

Figure 3.14: Scatter plot of number of requiremerts versusnumber of changes
for eadh software function.

It is furthermore interesting to look at the size of the sets of requiremerts
changesallocated for ead software releases.Figure 3.15 shows the histograms
respectively for the set of changesa ecting and non a ecting delivered code.
The histograms provide information about the probability of the number of

changesoccurring (or allocated) to a single release.

3.2.7 Requiremen ts Dep endencies

The analysis of requiremerts ewolution per software function points out some
dependenciesbetweenfunctions. We have evaluated the dependencieshetween
software functions by the number of commonfault reports aroseduring the soft-
ware life cycle. The dependenciesbetweentwo functions have been quanti ed

by the number of fault reports overlapping requiremerts changes. The underly-

ing hypothesisimplies that if two functions are modi ed due to the samefault
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a. Changes having permission to
changedelivered code.

b. Changesnot having permission
to changedelivered code.

Figure 3.15: Histograms of the sizeof the setsof requiremerts changesallocated
to a single software release.

report, then there are somedependenciesbetweenthem. Table 3.2 shaws the

dependenciesmatrix that has beenobtained according the above assumption.

Table 3.2: Requiremerts dependenciesmatrix.

F1[F1L
F2] 2 [F2

F3 3 [F3

F4[ 3| 1] 1]F4

F5| 1| 4| 2] 6 |F5

F6 1]1]F6

F7 1[1][1][F7

F8| 143|592 F8 |

We take the number of fault reports in common betweentwo functions as

DependencyIndex betweenthe corresponding requiremerts. For example, the

Dependency Index between the functions F4 and F8 is 5, which means that
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there have been 5 fault reports in common between F4 and F8. The blank
entries in Tab. 3.2 mean that there are not common fault reports between
the corresponding crossing functions. The requiremerts dependenciesmatrix,
Tab. 3.2, givesa practical tool to assesgo which extent software functional
requiremerts depend eac other. Moreover it identi es those particular fault
reports that trigger changesinto di erent functions. Thus an analysis of suc
identi ed fault reports may give important information about requiremerts. In
order to provide feedbad into the software organisationthe matrix may be anal-
ysedto assesghe ability of the organisation in identifying software functional
requiremerts for a system or a seriesof systemsfor a particular product-line.
A tool as the dependenciesmatrix supports software product-line engineering
[93]. Future re nements over product-line projects may identify an e ectiv e set
of modular system functions sud that to reducedisturbing dependencies(e.g.,
DependencyIndex equalsto 1). Moreover the DependencyIndex may be used

to re ne impact changesestimates basedon traceability.

3.2.8 Visualizing Requiremen ts Evolution

The initial investigation providesinput to model Requiremerts Evolution. This
section intro ducesour empirical model of Requiremens Evolution and its pro-
cess. Requiremerts Evolution is modelled according to three di erent aspects
aiming to classify, structure and quantify ewolutionary features.

The badkward reconstruction of the history of changesidentify a structured
work ow of Requiremerts Evolution. This structure introduces a graphical
model that has been identied by reasoning on data repository of the case
study and by inspecting the requiremerts documerts and their respective his-
tory of changes. The inspections of the requiremerts documerts and history of

changesaimed to reconstruct how the documens have beenmodi ed through
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the software life cycle by requiremerts changes. The graphical model shows a
represertation of Requiremerts Evolution in terms of requiremerts changes(i.e.,
added, deleted and modi ed requiremerts) together with a software life cycle
perspective. Using a graphical represenation is e ectiv e at preserning the over-
all picture of Requiremens Evolution. The diagrammatic represeration has
furthermore a more intuitiv e structure than any text-based represernation and
this structure can be usedto re ect how requiremens are engineeredthrough
the entire life cycle. Finally the graphical represertation may allow to easily
identify similarities over functions and product lines. Requiremerts Evolution
can be expressedn terms of changesallocated to requiremerts releases.Before
representing Requiremerts Evolution in terms of changes,we needto de ne how
requiremerts are represened. They are organisedin a documert or a collection
of documents (one per ead function) in which all requiremerts are uniquely
identied by a numeric id. Thus a requiremerts documert can be considered
as a collection of sets of uniquely identi ed requiremerts. Among the set of
requiremerts there is a partial order de ned by the numeric id. There are three
basic operations to changerequiremerts. Figure 3.16 shows a graphical work

o w represenation of the three operations, which are de ne in what follows.

Add: Add[n] introduces a subset of n new contiguous requiremerts ordered

accordingto their index into the current requiremerts documert.

Delete: Del[n] deletesa subsetof n cortiguous requiremerts from the current

requiremens documert.

Mo dify: M odn] modi es a subsetof n contiguous requiremerts into the cur-

rent requiremerts documert.

Here n represerts the size of the subsetchanged, whereasthe speci ¢ changed

requiremerts areidenti ed by the pointed subsetin the middle of the three. The

¢ Massimo Felici, 2003



3.2. EMPIRICAL ANALYSIS 41

subsetof m modi ed requiremerts is not identied by the graphical represen-
tation becausethe Mod operation doesnot actually changethe structure of the
requiremerts documert. Notice that evenif the graphical represenation in Fig.
3.16is not formal, it implies somesyntax and semaric, which are expressedy
the di erent shapesof the trees, the di erent edgesand the order of the leafs

(i.e., subsetsof requiremerts).

Figure 3.16: Graphical work ow represernation of the basic operations to
changesrequiremerts.

At this stagethe graphical model aims just to intuitiv ely capture the Re-
quiremens Evolution Processand its complexity. Figure 3.17 shows the rep-
resertation of the work ow ewlution for the function F1. The shape (even
without detailed information) of the requiremert ewolution captures the com-

plexity of the Requiremerts Evolution process. The order of the operations is
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left to right, hencethe most left node is the initial set of requiremerts. The ini-
tial set of requiremerts is then modi ed by a sequenceof basic operations (i.e.,
Add, Del, Mod). Requiremeris changesare allocated over dierent software
releases. The graphical represeration of requiremert ewlution for the other
functions in the casestudy is more complexthat that one, emphasisinghow the
structured work o w can easily capture the Requiremerts Evolution process.It

captures how requiremerts are changedthroughout the software life cycle.

Figure 3.17: Graphical work ow represeration of requiremert ewolution for
F1.

3.3 Lessons Learned

The casestudy provides us with an experiencein investigating requiremerts
ewolution in industrial contexts. On the onehand we facedthe practical problem
of collecting ewolutionary information. On the other hand we analysed the

ewlutionary features of requiremerts. These two main points re discussedin
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what follows.

3.3.1 Requiremen ts Evolution in Practice

We facedsomepractical issuesin the investigation of the casestudy. The issues
are not speci ¢ to the casestudy. Similar issuesmay arisein other casestudies
and in di erent industrial corntexts. The investigation relies on the casestudy's
activities related to the managemen of requiremerts changes. The main issues

are discussedas follows.

Data Collection. Building a data repository of evolutionary data is adi cult

task. There are three main critical aspectsthat a ect ewlutionary data collec-
tions. From the processviewpoint, the collection of data should be an activity
well integrated into the dewvelopmert process. otherwise it will just increase
the workload throughout the developmen process.A non-well integrated data
collection will result not just in increasedworkload, but it will frustrate people
who are supposedto provide information. Moreover, a non-well-integrated data
collection will be dropped under the pressureof forthcoming deadlines. This
will result in a non-updated data repository, which will be reconstructed late
in the dewvelopmert process. Thus the feedbad that ewolutionary information

may have provided was unavailable when needed.

Data Organization. The organization of evolutionary data is another aspect
concerning an e ectiv e collection of ewolutionary data. That is, the way data
are organiseda ects our ability to e ectiv elly analyseand identify evolutionary
features. Moreover, it will require further e ort in order to understand any

emergen information.
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Data Goals. Data collection should be organisedhaving speci ¢ goals. Before
collecting any data we should answer few questions: Why are data collected?
Is any data analysis foreseen? What are the expected outcomes? Who will
review/read/use any (emergen) information? Answering these questions will
help in order to organise an e ective data repository. For instance, if your
intention is to collect requiremerts changesby a simple history of changesin
order to show certi cation authorities that you have been keeping tracks of
requiremerts changes, you should expect any feedbad into the developmert
processin order to improve your changesmanagemet activities. This is because
a simple history of changesmay be suitable to show evidence of your data
collection activities, but it is not e ective in order to provide feedbadk in the

developmert processhy identifying ewlutionary relationships.

Enhanced Visibilit y. The aboveissuesrelated to requiremerts ewolution af-
fect project visibilit y. Little coordination betweendi erent organizational layers
may reducethe overall visibilit y within the project. Furthermore this will reduce
our ability to assesghe impact of changes(or to perform any sensitivity anal-
ysis). We needto tackle the above issuesin order to enhanceour evolutionary
visibilit y and to identify atrade-o betweenprocessand product managemers.
The former is usefulto standardisecomputer-basedsystemsdevelopmert, but it
may reduceproduct visibilit y. The latter aimsto enhanceproduct featuresinto
developmert processesbut it may reduce processrepeatability acrossdi erent

computer-basedsystems.

3.3.2 Requiremen ts Evolution Features

This section summarisesthe outcomes of the empirical analysis of the case
study with respect to requiremerts ewolution. The featured of requiremerts

ewlution are strictly related to the specic casestudy. On the other hand
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it is possibleto identify similar featuresin other casestudies acrossdi erent
industrial contexts. The generality of the empirical investigation allows easily
to replicate the analysis. The main requiremerts evolution featuresare discussed

as follows.

Quan titativ e Requiremen ts Evolution.  The quanti cation of requiremerts
ewolution requires a well-de ned standard policy to classifying requiremerts
changes. The simplesttypesclassify requiremerts changesaccordingto the per-
formed operations in the requiremerts speci cation documens. For instance,
add, delete and modify requiremerts are tree simple types of changes, which
respectively identify the activities of adding new requiremerts into the require-
mernts speci cation, deleting requiremerts from the requiremerts speci cation
and modifying requiremerts in the requiremerts speci cation. The classi cation
of type of change should be supported by traceability information, which link
requestsof changeswith the requiremerts changes. The combination of type of
changestogether with traceability information allow to quartify the evolution of
requiremerts speci cation. The combination of traceability and type of change
may easily quantify the impact of changes. Although this assessmenis quite
important, it lacks information about the criticalit y of changesand history of
changes.Further re nements of the impact of changesshould take into accourt

historical ewolutionary information and requiremerts criticalit y.

Taxonom y of Requiremen ts Evolution. The analysis of the history of
changespoints out a taxonomy of requiremerts changes. It is possibleto clas-
sify requiremerts changes. The resulting taxonomy may characterise not only
the speci c casestudy, but also the speci c industrial context. From the pro-
cessviewpoint, a taxonomy may support the introduction of standard practice

acrossdevelopmert environments. One of the main practical issuesin keeping
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tracks of changesis to uniformly identify them. Thus a taxonomy will help to
reduce the biasesbetweendi erent personswith dierent level of experiences
and dierent expertise. Hencethe construction of taxonomy of requiremerts
ewolution supports the processof monitoring requiremerts ewvolution towards

the standardisation of the work practice.

(Ageing) Requiremen ts Maturit y. Any simple accourt of the maturity of
requiremerts may be misleading. Our experience shows that any estimation
(e.g., by the Requiremerts Maturit y Index) of the requiremerts maturit y shold
be carefully evaluated caseby case. Any quartitativ e mesureof the requiremerts
maturit y should be interpreted against the requiremerts managemen process
(e.g., priorization of requiremerts changes,certi cation constraints) and deci-
sion policy (e.g., allocation of requiremerts changes)in the speci ¢ case.On the
other hand the conceptof \maturit y" can be misleadingand misunderstanding
for requiremerts. Future researd should further investigate how to distinguish
berweendi erent interpretations of requiremerts maturities. Further investifa-
gions shuld addressthe link bitween stability, volatilit y and maturity. This
is becauserequiremerts volatilit y may be prefered than requiremerts stability
sometimes.

Another aspectis that Requiremerts Maturit y shouldtakeinto accourt is the
age of requiremerts. The elapsedtime since requiremerts were introduced (or
modi ed) may be an important factor to re ne any assessmenof the maturit y
of requiremerts. This kind of re nement allows better to link requiremerts with

the managemen processand more in generalwith the systemlife cycle.

Functional Requiremen ts Evolution.  The empirical investigation of the
casestudy points out that it is possibleto identify change-pronerequirents from

afunctional viewpoint. The analysisemphasiseshe distribution of requiremerts
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changesover the dierent function requiremerts and and over the ertire life
cycle. Changesdierently occur into functional requiremernts. A fanctional
viewpoint then identi es the stable and the volatile parts of the requiremerts.
This kind of information may be usefulin order to identify reusablerequiremerts
(e.g., stable requiremerts of the systemarchitecture) aswell asto deviseproduct
lines ranging around variabilit y points.

The functional viewpoint of requiremerts points out dependenciesamong
functional requiremerts. The analysis of functional dependenciesmay be use-
ful in order to re ne the assessmenof the impact of changes. On the other
hand requiremerts dependenciesmay be further re ned throughout subsequenh

releasesor similar projects.

Visualising Requiremen ts Evolution. The casestudy points out our lim-
ited ability to visualise evolutionary requiremerts as well as requiremerts evo-
lution. Our preliminary attempt of visualising requiremerts ewolution stresses
that any visual represenation should take into accourt ewolutionary process
features (e.g., releaseslife cycle perspectives, etc.) aswell as product features
(e.0., type of requiremerts changes). Any visual represeration of requiremerts
ewlution should furthermore capture processcomplexity and similarity. That
is, a requiremert is that a visual represenation should enhance our ability
to assesghe complexity of any ewlutionary processand to compare di erent
ewolutionary processes. These features may allow to identify new insights in

requiremerts ewvolution.
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Chapter 4

Mo delling Requiremen ts

Ev olution

Requiremerts ewlution of computer-basedsystem has beenlittle investigated
and still remains challenging for resear® and practice in requiremerts engi-
neering. This is mainly due to the lack of methodologiesand tools supporting
the analysis of requiremerts ewlution. On the other hand the analysis and
collection of ewlutionary data covering (short as well as long) life cycles of
computer-basedsystemsare di cult tasks within ewolving industrial settings.
This chapter introduces a framework for modelling ewvolutionary information
about requiremerts. The framework has beendrawn from previous industrial
collaborations. Scenariosof use describe how the framework may be usedin

practice to further understand and support requiremerts evolution.
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4.1 Intro duction

Requiremerts ewolution is an inevitable aspect of computer-basedsystems. Re-
quiremens ewlve due to stakeholdersas well as technical feedbak (e.g., feed-
badk from testing). Despite the recognisedphenomenonrequiremerts ewvolution
has been little investigated. This is partially due to the lack of methodolo-
giesand tools to acquire further understanding about requiremerts evolution.
Thus understanding requiremerts ewvolution becomesan expensive processthat
most of the times industry can not a ord due to lack of resources(in terms of
man-power). In spite of lack of methodologiesand tools, previous investigations
[1, 2,3, 4,33, 69, 88] of requiremerts ewolution have beensuccessfullyconducted.
Hencethe provision of methodologiesand tools for requiremerts evolution may
identify new insights in requiremerts engineering.

This chapter intro ducesa framework for modelling evolutionary information

about requiremerts. The framework is three-fold:
a data model for requiremerts

aclassi cation schemeto identify evolutionary relationships about require-

mernts
a generalrequiremerts process.

The framework combinesa product view of requiremerts together with a process
view. This paper explains the devisedframework, which has beendrawn and
motivated by previousindustrial collaborations. The review of related literature
and the description of scenariosof useidentify how the framework may help in

practice.
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4.2 Mo delling Requiremen ts Evolution

This sectionintro ducesrequiremerts related models motivated by the empirical
rationale of the previous section. The models take into accourt three main
viewpoints. The rst one provides a data model for requiremerts. The second
oneemphasiseselationships related to the ewolution of requiremerts. The third

one points out a processrelated model providing live cycle perspectivesto the

other two models.

421 Data Mo del

Figure 4.1 shows a data model for requiremerts. The data model aimsto clarify
some features that may characterise requiremenrts ewvolution. Moreover, it is
usefulto organisedata collection. The data model is not sodi erent from other
data models that can be drawn from Requiremerts Managemen Tools (e.g.,
Telelogic DOORS and Rational RequisitePro). But dierently, it stressesthe
classi cation of requiremerts ewolution in terms of changesand taxonomy. This

section describesthe main entities and relationships into the data model.

Requiremen ts Change (RC). Requiremens Changeconsistsofthe requests
of changesthat have arisenin the project. The requestsof changeswill usually
be assesse@nd approved for implementation. Thus the ertire set of requestof

changecan be re ned into three subsets:

the subset of request of changes,rc, approved for implementation into

further releases
the subsetof requestof changes,rr, rejected
the subsetof requestof changes,rv, that are still pending and that may

be evertually allocated to further releaseqor rejected).
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Figure 4.1: Entit y Relationship model for Requiremerts.

Requiremens changescan be classi ed according the operations (i.e., Type of
Change: Added, Deleted or Modi ed) that changethe requiremerts documert

and the classi cation of changes(i.e., Taxonomy of Change).

Typ e of Change represerts the type of operation that a requiremerts change

implemerts. The three basictypesare: Add, Delete and Modify.

Taxonom y of Change classies the requestsof changesaccordingto context
oriented type of change. The previous section givesan example of Taxon-

omy of Change.

Changes Rationale.  The rationale for changesrepreserts the justi cation of
requestsof changes. That is, changesrationale givesrise to requestsof changes.
In mature environment, where there is a speci ed processmanaging changes,a

changesrationale may consistof a structured documert reporting anomaliesor
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requestsdrawn from stakeholders.

History of Change. The History of Changeconsistsof all changesapproved

for implementation in subsequeh releasesof the Requiremerts Speci cation.

Requiremen ts Speci cation. The speci cation consistsof all active require-

mernts.

Requiremen ts. Requiremerts consist of all requirements identied for the
ongoing system. Theserequiremerts then may be allocated (activated) into a
Requirements Speci cation. Somerequiremerts may be withdrawn by deleting
them from a Requiremerts speci cation. Requiremeris become active when
they are addedto a Requiremerts Speci cation. Other requirements identi ed
for the system may stay dormant until they are approved for inclusion into a

Requirements Speci cation.

Requiremen ts Attributes identify specic items that can be specied for
ead requirement (e.g., variables, functionality, explanation, traceability

and dependency).

Requiremen ts Viewp oints specify anglesfrom which to analyserequiremerts

and their ewolution (e.g. [69, 85].

Typ e of Requiremen t classi es requiremerts according to specic features

(e.g., stable or changeable[69]).

Figure 4.2 shows the di erent typesof relations between data ertities [51].
For instance, in Fig. 4.1, the History of Change has one or more Require-
ments Speci cation. Each Requiremerts Speci cation has zero or one History
of Change. The most generalrelationship is that one many-to-many that ex-
ists between ChangesRationale and Requiremens Changesas well as between

Requirements Speci cation and Requiremerts.
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Figure 4.2: Dierent typesof relations betweenertities.

4.2.2 Evolutionary Relationships

The data model, Fig. 4.1, identi es the direct binary relationships betweenthe
dierent entities into the model. The model provides a framework to identify
further relationships. This section introducesa schemeto identify further re-
lationships acrossthe data model. The aim is to classify relationships in order
to de ne a framework for the analysis of evolutionary features of requiremerts.
The framework supports a systematic analysis of requiremerts ewvolution. That
is, the framework provides a way to monitor and understand evolutionary fea-
tures of requiremerts. The relationships are classi ed accordingto their arity

and type of involved items.
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Binary Relationship. The binary relationships aim to understand how dif-
ferert items into the data model relate to eat other. There are three main

typesof relationships.

Size - Type. The classi cation of measurablefeaturesaccordingto typescan
provide further information to understand requiremerts and requiremerts
processes.For instance, Fig. 3.13 givesan example of this type of rela-
tionship. The number of requiremerts changes(i.e., Size) are classi ed
according to the type of change(i.e., Type). In the speci c example, re-
qguiremens changesare classi ed in two major types: changesthat have
permissionto modify deliveredcode; and changesthat do not have permis-
sion to modify deliveredcode. The latter are changesthat usually modify
documentations, traceability information and non delivered code. Figure
3.13 points out that this secondtype of requiremerts changemay be trig-
geredby implementation feedba&. That is, after the code is deliveredthe

documerntation is updated to comply with the actual implementation.

Size - Size. This type of analysisaimsto identify relationships betweendi er-
ent measuregof size)for the sameertity. For instance, Fig. 3.14analyses
the relationship betweenthe number of requiremerts (i.e., Size) forming
a functional specication and the number of requiremerts changes(i.e.,
Size) occurred into the samefunctional speci cation. Figure 3.14 points
out that in generalthere is a linear relationship betweenthe number of
requiremerts and the number of requiremerts changesoccurring. More-
over, it points out outliers that may represen specic casesor \issues".
The speci ¢ relationship alsoidenti es an intuitiv e notion of Requirements
Stability, that is, functional speci cations below the midline are stable and
the onesabove the midline are unstable or changeable. The continuous

monitoring of this relationship during the ertire life cycle may identify the
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progressfor ead functional specication. This will help to seepatterns
for functional speci cations ewlving from a stable status to an unstable
one and how quickly releaseafter releasea functional specication may

becomeunstable.

Type - Type. This kind of relationship may be seenasa combination of two
Size-Type relationships. For instance, the classi cation of requiremerts
changesaccordingto a Taxonomy of changemay give further information
if combined with a classi cation of changesoccurring into delivered code.
That is, types of requiremerts changesmat be related to types of soft-
ware changes. This information may be usefulto Iter particular typesof
requirements changesin order to reduce corresponding types of changes

into software.

3-arit y Relationship. The analysisof three di erent related items may point
out 3-arity Relationships. For instance, Fig. 3.15 show the histograms of the
sizeof setsof changesallocated to a singlereleaseand classi ed accordingto the
typesof requiremerts highlighted in Fig. 3.13. The histograms allow to derive
the distributions (or probability) of the sizeof set of requiremerts changes. This
information may be usedfor future prediction assumingthe obsened distribu-
tion (e.g., Gaussian). Figure 3.15 provides an example of how 3-arity relation-
ship obtained analysing ewlutionary featuresdrawn from the analysis of items

into the data model, Fig. 4.1.

4-arit y Relationship. The needfor 4-arity relationshipsis questionable. The
systematic analysis of simple relationships may point out how to combine them
in order to obtain the most complex ones. The underlying idea is to devise
a constructive framework of relationships. This may enhanceour ability to

analyserequiremerts ewolution.
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4.2.3 Requiremen ts Pro cess

This section stressesa life cycle perspective. The emphasisis on the continu-
ous monitoring of the information drawn from the modelling intro ducedin the
previous sections. Figure 4.3 shows an ideal requiremerts process.A sequence
of processesPy, P1, :::, (represerning iterations of phasesof any developmen
process,e.g., [45]) modi es the Requiremens Speci cation, RS;, by injecting

set of changesrc; selectedfrom the set of proposedchangesRC; ;.

RS, RS, o RS,
& o
? ?
Po P1 P>
6 6
7 7
% %
RC, RC, ::: RC,

Figure 4.3: An ideal requiremert process.

It is easyto represen Requiremens Speci cation and Requiremerts Change

as sets. Hence, the following de nitions apply.

De nition 1 The size of set of requirementschangesis monotonically increas-
ing, that is,
[
RC;, RGC, ::: RC,= rvi:

i
De nition 2 The changesallocated to subseguent requirements speci ¢ ations

is a subsetof the proposed requirementschanges,that is,

rc rv;
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De nition 3 The setof stablerequirementsis the intersection of the subsguent

requirements speci ¢ ations, that is,

\
Stable Requirements= RS;

The above de nitions and the ideal requiremerts processaim to identify
speci ¢ milestonesduring the requiremerts processin which to assesghe rela-
tionships identi ed in the previous sections. The underlying idea is to provide
a description of the requiremerts processthat may allow reasoningon speci ¢
properties (e.g., identifying stable requiremens). The speci cation of the re-
quirements processis really simple at this stage. Future work aims to devisea
richer description of the requiremerts processthan that one this sectionintro-

duces.

4.3 Scenarios of Use

This section describes scenariosof usefor the modelling introducedin the pre-
vious section. The scenariosare drawn from industrial collaborations and ex-
perience. The framework can be used in three dierent ways: Evolutionary

Classi cation, ProcessCalibration and Requirements Featuring.

Evolutionary Classication.  Figure 4.4showsthe information o w that com-
binesthe knowledgeacquired by collecting evolutionary information about
requiremerts together with the processinformation in order to identify

ewvolutionary featuresof requiremerts.

Pro cess Calibration.  Figure 4.5 shows the information ow that combines
the knowledgeacquired collecting evolutionary information about require-
ments together with the characterisation of requiremerts evolution in or-

der to calibrate the requiremerts process.
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Figure 4.4: Evolutionary Classi cation.

Figure 4.5: ProcessCalibration.

Requiremen ts Featuring. Figure 4.6 shows the information ow that com-
bines the characterisation of requiremerts ewolution together with the
processinformation in order to analyseand characterise evolving require-

mernts.
The remaining of this section explains the three scenariosby meansof ex-

amplesdrew from industry.

Subsequent Releases. The rst scenario,Fig. 4.4, appliesto those casesin
which a product is developed over subsequeh releases.Practice shows that this

is always the case. The ewlutionary information collectedin previous projects
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Figure 4.6: Requiremerts Featuring.

together with a selectedrequiremerts process(distributing changesover subse-
quert releases)may provide a prediction of the expected ewolutionary relation-
ships in ongoing similar projects. That is, previous experience may be useful
for future projects developing a similar system (e.g., for the same customer).
The evolutionary prediction may allow to e ectiv ely improve the requiremerts
processin order to reduce rework and the risk of faults introduction. More-
over, having information like \Requirements Dependencies"will allow to better
plan subsequeh developmert phases,e.g., coding and testing. Evolutionary in-
formation will furthermore be useful to meet stringent certi cation constraints

requiring changesmanagemer.

Pro duct Line Establishmen t. Evolutionary information may be useful in
establishing a new product line. For instance, let us assumethat there is a
compary producing similar systems(e.g., smart card systems) having to some
extent dierent functionalities. In order to reducethe production cost of each
systemit may be useful to establish a product line. The new product line will
cover a set of similar systemshaving a common core set of requiremerts (e.g.,
architecture requiremerts) and di erencing ead other by other requiremerts

(e.g., interface requiremerts). In order to establishthe requiremerts for the new
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product line it is necessaryto know someinformation about the nature of the
requiremerts themsehes. Information about the stability of the requiremerts
may help to identify the coreset of requiremerts characterising the new product
line. Whereasthe changeablerequiremerts will identify variabilit y requiremerts
of the new product line. Hence,requiremerts for a speci ¢ systemof the product
line will be derived by mergingthe corerequiremerts of the product line together
with requiremerts specifying the variability ones. Furthermore, ewolutionary
information together with requiremerts classi cations may help to identify (or

calibrate) a requiremerts processfor the new product line (Fig. 4.5).

Functional Portfolio. = Companiesproducingrelated (or similar) systemsmay
want to improve their requiremerts processby reusing requiremerts in order to
reducethe e ort neededin specifying them. Moreover, systemrequiremerts of-
ten represen the knowledgeacquired by many yearsof experiencein producing
system within speci c industrial corntexts (e.g., avionics, automotive, telecom-
munication, etc). Classifying requiremerts according to ewolutionary informa-
tion (and the requiremerts process),Fig. 4.6, may be a corporate strategy to
systematically reuse this knowledge into future projects. The knowledge ac-
quired by classifying requiremerts and monitoring the classi cation itself may
help to maximise requiremerts reuse. For instance, evolutionary information
about requiremerts may help to clarify and/or identify situation in which, e.g.,
a new customer has new requiremerts (i.e., new for the organisation); a new
customer hasold requiremerts (i.e., already implemented in previous projects);
an old customer has old requiremerts; or and old customer has new require-
ments. Being able to identify thesecasesis important to improve requiremert
reuse. Moreover, this information may be usedto re ne feasibility estimation

at the beginning of new projects.
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4.4 Conclusions and Further Work

This chapter introduces a framework for modelling ewvolutionary information
about requiremerts. The framework supports the understanding of require-
ments ewvolution for computer-based systems. Scenariosdrew from industry
help to understand how it may be usedin practice. The empirical rationale for
the framework and the description of the framework can be already bene cial
to conduct related investigations within industrial contexts.

Further work aims to: re ne the framework by selecting speci ¢ metrics to
estimate ewolutionary features of requiremerts [4]; enrich the processspeci -
cation for the framework in order to allow reasoningon ewolutionary features
of requiremerts; devisea tool implemerting the framework; conduct validation
experiments within industrial casestudies; build a repository of examplesfor

the framework.
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Chapter 5

Taxonomy of Evolution and

Dep endabilit y

Evolution is one of the major issuesa ecting system dependability as well as
engineeringactivities and ervironments. The most commonunderstanding con-
siders ewolution as a phenomenonthat needsto be avoided. By cortrast this
report takesinto accourt ewolution as a necessaryfeature of computer-based
systems. This chapter reviews a taxonomy of ewolution identifying a concep-
tual framework to analyseewlutionary phenomenaof computer-basedsystems
as well as models of ewvolutions and their limits. The taxonomy of ewvolution
points out di erent dependability aspects of computer-basedsystems. In con-
clusion, this chapter provides a conceptual framework to analyseewolution and

its in uence on the dependability of computer-basedsystems.
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5.1 Intro duction

Computer-basedsystemsare evolving citizens of the modern electronic mediated
saciety. They are contin uously (re)designedand (re)deployedin order to capture
ernvironmental evolution. Developmert life cyclesin software systemengineering
recognisethe need to capture ewolution by iterativ e processes. Evolution of
computer-basedsystemsis a twofold concept. On the one hand ewolution is an
inevitable and a neededaspect of computer-basedsystems. On the other hand
the degradation of the dependability of computer-basedsystemsmay be due to
ewolution and it may cause,in the worst case,catastrophic failures [56, 67, 89].

The relationship betweenEvolution and Dependability is still vaguelyunder-
stood. This is becauseewolution and dependability are both complex concepts.
There could be many di erent de nitions of ewolution that apply to computer-
based systems. Evolution can occur from the early stagesof a system (e.g.,
requiremerts ewolution) to its deployment, use and decommission(e.g., cor-
rective or perfective maintenance). The existenceof di erent (de nitions of)
ewolutions is often misunderstandingand it givesrise to practical issuesaswell.
Dependability is de ned as that property of a computer system suc that re-
liance can justi ably be placed on the serviceit delivers[49, 50. With respect
to the dependability of computer-basedsystemsewolution may be a meansto in-
creaseit. On the other hand ewolution is alsoa major sourceof undependability
for computer-basedsystems.

This chapter takesaccourt of the evolution of computer-basedsystems. Sec-
tion 2 reviews a taxonomy of ewolution identifying a conceptual framework to
analysedi erent ewlutionary phenomenaof computer-basedsystems. Section
3 points out how the ewolutionary phenomenadi erently relate to the depend-
ability of computer-basedsystems. In conclusion, this chapter provides a con-

ceptual framework to analyse ewolution and its in uence on the dependability
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of computer-basedsystems.

5.2 Taxonomy of Evolution

This sectionreviewsataxonomy of evolution of computer-basedsystems. Figure

5.1 shows the ewolutionary spacedrew by the taxonomy.

Figure 5.1: Evolutionary space.

The two dimensionsof the ewolutionary spaceare:

from Evolution in Designto Evolution in Use - stressingthe life cycle perspec-
tive (or, temporal dimension), i.e., evolution can occur during dierent
phasesof a system life cycle, since designuntil deployment, useand fur-

ther on.

from Hard Evolution to Soft Evolution - stressingwherein the systemewolution
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takesplace (or, physical dimension).

A point within the ewolutionary spacerepreserts a tradeo among di erent
ewolutionary phenomena. The main ewolutionary phenomenaforming the evo-

lutionary spaceare:
Software Evolution takesaccourt of evolution from a product viewpoint.

Architecture (Design) Evolution describes how ewolution is perceived at the

designlevel.

Requirements Evolution represens an intermediate viewpoint. Requiremens
are usedasa meansof interaction betweenstakeholders,thus requiremerts
represen a natural placewhereto capture information about the evolution

of computer-basedsystems.

Computer-tasel SystemEvolution takesinto accourt a systemicviewpoint that

emphasiseshuman factors with respect to ewvolution.

Organization Evolution emphasiseshe interaction betweenthe computer-based

systemand the surrounding environment.

Notice that the ewolutionary phenomenamay overlap one another. Thus they
needto be instantiated caseby case. These v e dierent ewlutionary phe-
nomenahave somesimilarities with other referencemodels (e.g., [31, 68]) that
categoriseand structure engineeringaspects of computer-basedsystems. The
remains of this section describe the di erent phenomenaforming the taxonomy

of evolution.

5.2.1 Software Evolution

The problem of software evolution hasbeenextensively investigatedby Lehman

et al [54, 55]. The investigation of software evolution asa natural phenomenon
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has lead to the identi cation of the E-type programs (i.e., software systems).
According to the Lehman's laws of software evolution, E-type programs contin-
uously ewlve in order to be satisfactory (for users)and (need) to accommalate
ernvironmental changes. E-type programshave an increasingcomplexity if main-
tenanceis not performed. They represen multi-lev el, multi-lo op, multi-agent
feedbak systems. In spite of the progressin software engineering managing
ewolution is still challenging [53]. Software ewvolution (and in generalevolution)
is often consideredjust a managemei issue[92] having little emphasison soft-
ware ewolutionary features. Recer researt in Object-Oriented software [28]
stressesthat a product viewpoint may enhanceour understanding of software

ewolution. Three main patterns of ewvolutions have beenidenti ed:

Software Tectonics emphasisesthat software systemsneed to accommalate
arising changes. It will involve not just xing bugs, but also xing aws
intro duced early in the design. Hence software hasto be implemented in
order to support ewolution, otherwise software changeswill just increase
software complexity and destroy fundamental software structures. More-
over, software systemsshould be adaptable to requiremerts changesby a

seriesof small and cortrolled stepsin order to avoid software degradation.

Flexible Foundations cataloguesthe needto construct systemsout of stu that
can ewlve along with them. That is, the basics (e.g., tools, languages,
frameworks, etc.) of ead system should be able to ewlve themselesin
order to support the software system evolution as a whole. Notice that
the Flexible Foundations pattern focuseson the system's infrastructure

(or architecture) and not on the speci ¢ implementation code.

Metamorphosis showvs how equipping systems with mechanisms that allow
them to dynamically manipulate their environments can help them better

to integrate in theseenvironments in order to ful | ewolving requirements.
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There exist di erent medanisms supporting the Metamorphosis pattern.
For instance, extendible systemsallow usersto add new features. Di er-

ently mutable systemsallow usersto changetheir existing features.

Software Metrics may capture ewvolutionary properties of software and relate
them to software quality [26, 37, 38, 40, 79]. Metrics quantify how software has
beenmodi ed, e.g., in terms of Lines Of Code (LOC). Specic metrics assess
software reliabilit y and probabilistic models, namely Reliability Growth Models,
predict the evolution of software reliabilit y [60]. With respectto ewolution Soft-
ware Reliability Growth Models present someapplicability limits [23, 59]. The
basic assumptions(e.g., features of the models inadequately t real conditions
in software developmert processes.

In spite of the limits of quantitativ e approachesrecert researt [5, 15, 30, 43
in empirical Software Engineering has emphasisechow the useof speci ¢ quan-
titativ e models may estimate evolutionary software features. Antoniol at al. in
[5] propose a quartitativ e model in order to estimate the size of changesfor
ewlving Object-Oriented systems. The model has beenassesse@nd evaluated
on a casestudy. Coleman et al. in [15] use software metrics to evaluate the
maintainabilit y of 11 industrial software systems. Their experience points out
that even simple models may support the decision making processat di erent
stagesof the software life cycle. Graveset al. in [30] devisedi erent statistical
models to evaluate the likelihood of faults introduced into modules basedon
the history of changes. The results emphasisethe relationship betweensoftware
changesand faults. Moreover, they evaluate the proposedmodels in order to
assesgheir performanceand accuracy Kemerer and Slaughter in [43] propose
an empirical approach to studying software ewolution. They furthermore em-
phasisehow it is dicult to conduct empirical analyseson software ewvolution

due to the lack of evolutionary data.
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5.2.2 Arc hitecture (Design) Evolution

At the design level, the role of the system architecture may be unclear with
respect to evolution. Architecture evolution is risky if it is not controlled around
speci ¢ variation points that may characterise product lines [12], even if the
ewolutionary processand the architecture are well de ned and understood [46,
82]. The architectures of product lines [12, 93] represen the extent to which
system families can capture future needs. Our ability to predict evolution is
therefore crucial in the de nition of product lines. The architecture should
implement the most suitable trade o betweengenerality and speci cit y.
Although the architecture is soimportant, its ewolution may be misleading.
There exist in generaltwo (three) types of ewolutions: the architecture evolves
or its componerts ewlve (everything ewolves). Despite what people may think
about the architecture's ewolution, empirical results [1] show that the architec-
ture is a stable part of those systemsthat have stringent safety and security
requiremerts (constraints). Related researd in requiremerts engineering [69]
supports these empirical results by emphasisingthat stable requiremerts have
origin in the businesscore. The more constrained is the business,the more ev-
ident is the relation betweenthe architecture's stability and the businesscore.
Further progress[62]on the ewolution of Object-Oriented architectures supports
theseresults by stating that: \...A software architecture is a collection of ele-
ments that share the samelikelihood of change. Each category contains software
elementsthat exhibit shared stability characteristics. ...A software architecture
alwayscontains a core layer that representsthe hardestlayer of change. It Iden-
ties thosefeaturesthat cannot be changel without rebuilding the entire software

system."
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5.2.3 Requiremen ts Evolution

Requiremerts ewolution has been mainly considereda managemen problem,
rather than a feature of computer-basedsystems. Requiremerts Engineering
literature has little emphasison software evolutionary features[36, 77, 85, 94].
Despite this empirical analysesof industrial casestudies point out that it is
impossibleto frozen requiremerts, but it is possibleto analysethe extent to
which requiremerts ewolve in order to identify the stable onesand the most
likely to change[l1, 2, 3, 35, 36, 69, 8§]. Sinceits recognition Requiremerts
Engineering hasreceived an increasinginterest within Software Engineeringand
has acquired a multip erspective role towards model-basedsoftware engineering
[90]. There exist structures that support the construction of models towards

Requiremerts Evolution.

Types of Requirements allow to classify the origins of stable and changing
requirements and to identify a conceptual framework for changing re-
quiremens [69]. The Proteus Project [69] suggeststhree main strategies
dealing with requiremerts changes. The proposedstrategies are reducing
changes facilitating incorporation of changesand identifying needs for
changesas early as possible. These strategies make use of enabling tech-
nologieslike predictive analysis of changes,traceability of requiremerts,
formal framework for represerting and reasoningabout changes,and pro-
totyping. Guidelines and chedlists support the strategies dealing with

requirements changes.

Dependenciesbetween Requirements [3] may be rede ned acrosssubsequen
releasesn order to minimise them and e ectiv ely to assesghe impact of

changes.
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Types of Changese.g., adding, deleting and modifying requiremerts, de ne
how changesalter requiremerts speci cations. It is possibleto quartify
requiremerts evolution by counting occurring (typesof) changes.Require-
ments speci cation templates (e.g., [39, 76, 77]) may identify other (types
of) attributes that are worthwhile monitoring in order to understand re-

guiremens evolution.

further re nements of documerts as well as analyses.

RequirementsTraceability [19, 20, 41, 70] provides further information to anal-
yserequiremerts evolution, but it isinsu cien t. Requiremerts traceability
is an important aspect to deal with ewolution [7, 41]. Traceability repre-
serts not only an additional information to be collected (and maintained),
but also a strategic policy involving an ertire software organisation [70].
Traceability maintenance consistsof strict processesand tools, which al-
low to identify relationships between the software organisation and the
software product [41]. We can then enhanceour ability to specify and
to represen requiremerts evolution by combining traceability with other

ewolutionary information.

We can then represen requiremerts evolution in terms of the above structures.
The combination of structured requiremerts ewvolution together with formal re-
quirements speci cations [69, 29, 96] may be useful in order to support formal
aswell as quartitativ e reasoningon requiremerts evolution. The integration of
formal requiremerts speci cations with empirical information is still challenging
in requiremens engineering. There are still few quartitativ e approaches that
successfullycapture requiremerts evolution [1, 4, 37, 38, 81]. The lack of practi-
cal experiencein monitoring long term information and the lack of evolutionary
data often limit our ability in monitoring and understanding ewvolution as well

asto estimate the cost of changes[9, 10, 11].
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5.2.4 Computer-based System Evolution

The term \computer-based system" emphasisegthe human aspectswithin socio-
technical systems. Computer systems(consisting of hardware and software) do
not exist in isolation. They are part of the information society. On the other
hand, an holistic view of computer-basedsystemsmay identify and better under-
stand the driversfor ewolution. For instance, gure 5.2 shows the SHEL model
[21], which de nes any productive processas performed by a combination of
Hardware (e.g., any material tool usedin the processexecution), Software (e.g.,
procedures,rules, practices, etc.) and Liveware (e.g., end-users,managers,etc.)
resourcesembeddedin a given Environment (e.g., socio-cultural, political, etc.).
Thus, any processrequires someknowledgethat is distributed among the sys-
tem resources.Hencea productive processmay be regardedas an instantiation
of the SHEL model for a speci ¢ processexecution. An holistic view, like that
of the SHEL model, emphasiseshow drivers for software evolution may reside
outside software artefacts. On the other hand ewolution acrossresourcesmay
allow new artefacts to emergeas resulting behaviour of the ewolved systems.

The link betweentechnical evolution and socio evolution of computer-based
systemshas not yet beenfully registered. It still remains vaguely understood
and challenging for researd and practice [14]. There is not any model that
fully speci es the ewolution of socio-technical systems. To someextent we can
represer the ewvolution of socio-technical systemsby collections of models, which
do not complemen ead other in most of the cases.

Few models arosein order better to understand human factors with respect
to computer-basedsystemewolution. For instance, Sccial Learning [95] explains
how human beingsperceive machinesin order to acquirecomputational artefacts

and accomplishspeci ¢ tasks. Sacial Learning consistsof two main processes:

Innofusion is a practical activity of learning by trying [27] that allowsto cus-
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Figure 5.2: The SHEL model.

tomise the computational artefacts (behind a computer-basedsystems)to
meet sccial needs. The underlying hypothesisis that workers, individually
aswell ascollectively, develop more e cien t ways of employing machinery
through their experience from usage. This kind of learning curve e ect
is well-known. Though often taken to be limited to the initial introduc-
tion of new equipmen, it is now recognisedthat learning by doing may

improve the e ciency of production over a very long period of time.

Domestication addresseghe creative role of the userin integrating new arte-
facts within their everyday activities and meanings. Domestication, where
peoplelearn by situated activit y, is a practical activit y of learning by inter-
acting. This activity stresseshe complexinteraction betweentechnology
supply and use by applying ewolutionary metaphors of the generation of

variation and selection of artefacts.

Distributed Cognition [64] recogniseshe complex settings of socio-technical
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systemsand analyseshow humanswork, operate and create external and inter-
nal artefacts. This approad re-elaborates the long lasting thesis that human
cognition is mediated by artefacts (e.qg., rules, tools, represenations, etc.) that
are both internal and external to the mind. The certral tenet of the Distributed
Cognition approad is that knowledgeis distributed acrosspeopleand artefacts;
cognition is not a property of individuals but rather a property of a system of
individuals and artefacts carrying out someactivity. According to thesetheo-
retical assumptions,human activities and artefacts are the two inseparablesides
of the samephenomenon: human cognition.

The above models are quite useful in order holistically to analysethe evo-
lution of computer-basedsystems. But they still needto be fully integrated
with classical engineering methodologies (e.g., those reviewed in the previous

subsections).

5.2.5 Organization Evolution

The previous sections point out the strong connection between technical and
sacial aspects of computer-basedsystems(or socio-technical systems). The evo-
lution of socio-technical systemsin uences the organizational context as well.
Thus system ewolution implies an organization co-ewlution, and vice versa.
The medanismsdriving organization ewvolution characterisethe new electronic
mediated saociety [13, 14, 57]. The link between sacio-technical ewvolution and
organization ewolution has not beenyet fully registered. It is still challenging

for future researd and practice.

5.3 On the Dependabilit y of Evolution

Dependability models capture evolution in dierent ways. For instance, fault

tolerance models[50, 71] rely on failure distributions (e.g., Mean Time Between
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Failures) for computer-basedsystems. Monitoring this type of measureallows
to characterise the ewolution of system properties (e.g., Reliability, Availabil-
ity, etc.). Probabilistic models [60] may predict how dependability measures
ewlve accordingto the estimations of attributes and the assumptionsabout the
operational pro le of the system.

By contrast other modelslink dependability featureswith systemstructures
and developmert processege.g.,[58, 59]). This allows usto link failure pro les
with designattributes (e.g., diversity) and systemstructures (e.g., redundancy).
Structured models(e.g., FMEA, HAZOP, FTA) assesshe hazardrelated to sys-
tem failures and their risk [89]. Thesemodelsextend the Domino model, which
assumesthat an accidert is the nal result of a chain of events in a particular
context [34]. Similarly the Cheese model consistsof di erent safety layers hav-
ing ewlving undependability holes. Hencesystem failures completely arise and
becomecatastrophically unrecoverable when they propagate throughout all the
safety layersin place [72]. Despite of these models capture a dynamic view of
systemfailures, they do not capture evolution.

The ewolutionary phenomenapresened in the previous section di erently
contribute to dependability. Table 5.1 summarisesthe di erent dependability
ewolutionary perspectives. The taxonomy of ewolution points out that ead
methodology has di erent assumptionsabout the ewolution of computer-based

systems. This may trigger practical issuesrelated to evolution:

Inconsistency: The basic assumptions of all adopted models (in order to

characterise system dependability) may be inconsistert all together.

Coverage: The ertire spectrum of models may be insucien t to cover all

ewolutionary aspects of system dependability.

Relational: The dierent ewlutionary phenomenarelate to ead other. It is

dicult to understandthe di erent relationships betweenthe evolutionary
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phenomena.

Emergen t: New (or unexpected) system features may emergefrom the dif-

ferent ewolutionary phenomena.

The relationships betweenthe ewvolutionary phenomenamay identify aframe-
work for analysingthe ewvolution of computer-basedsystems. If the coordination
between ewolutionary phenomenais too weak, dependability may deteriorate.
On the other hand evolutionary phenomenaintro ducediversity and may prevert
systemfailures. Table 5.1 proposessomeengineeringhints in order to construct
an ewvolutionary framework. The resulting framework may classify evolution for
computer-basedsystems. The framework may furthermore provide evidenceof
the relationships betweenthe di erent evolutionary phenomenaand relate them
to dependability. Notice that it is dicult to capture and analyseewolutionary
data, becausethey are usually incomplete, distributed, unrelated and vaguely
understood. The resulting ewvolutionary framework may support the empirical
processaswell. A taxonomy of evolution is then a starting point to understand

how computer-basedsystemsewolve.

5.4 Conclusions

Software evolution represerts just oneaspect of the ewolution of computer-based
systems. This paper describesa taxonomy of evolution: Software Evolution, Ar-
chitecture (Design) Evolution, RequirementsEvolution, Computer-tasel System
Evolution, Organization Evolution. It provides a holistic viewpoint in order to
analyseand to understandthe evolution of computer-basedsystems. The taxon-
omy points out the di erent aspectsand driversfor the evolution of computer-
basedsystems. The review of di erent modelsand methodologiesthat take into

account the ewolution of computer-based systemsis useful to further under-
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Table 5.1: Dependability perspectivesof Evolution.

Ev olution | Dep endabilit y Persp ectiv e | Engineering  Hin t
Software Software evolution can aect dependabil- | Monitor software complex-
Evolution ity attributes (e.g., Reliabilit y). Never- | ity; Identify the change-

theless software evolution can impro ve de-
pendability attributes by faults removal
and maintenance to satisfy new arising re-
quirements.

prone parts of the software;
Carefully manage basic soft-
ware structures;  Monitor
dependabilit y metrics.

Arc hitecture
(Design)
Evolution

Architecture evolution is usually an ex-
pensive phenomenon. It does not aect
directly dependability, but there is high
risk if the evolution processis unclear and
little understood. Architecture evolution
may be needed to support specic system
prop erties (e.g., redundancy, performance,

Assess the stabilit y of the
software architecture; Un-
derstand the relationship
between the architecture
and the business core;
Analyse any (proposed or
implemented) architecture

etc.). change.
Requirements | Requirements evolution does not directly Classify requirements
Evolution aect dependability, but non-eective | according to their sta-
management of the requirement process | bilit y/v olatilit y; Classify
may allow undesired changesto fall down | requirements changes; Mon-
into the product aecting its dependabil- | itor requirements evolution.
ity. On the other hand requirements evo-
lution may enhance system dependabilit y
across subsequert releases.
Computer- System evolution may give rise to unde- | Acquire a systemic view
based pendabilit y. This is due to incomplete evo- | (i.e., Hardware, Software,
System lution of system resources. Evolution of | Liveware and Environ-
Evolution some resources (e.g., software) should be | ment); Monitor the inter-

taken into account by the other resources
(e.g., liveware and hardware) in order to
register a new con guration for the sys-
tem. Hence the interactions among re-
sources serve to e ectiv ely deploy a new
system con guration.

On the other hand human can react and
learn how to deal with undependable situ-
ations, but contin uous changesin the sys-
tem con guration may give rise to little

understanding about the system. Hence
the human-computer interaction may be-
come quite undependable as well.

actions between resources;
Understand evolutionary
dependencies; Monitor
and analyse the (human)
activities supported by the
system.

Organization
Evolution

Organization evolution should re ect sys-
tem evolution.  Little coordination be-
tween system evolution and organization
evolution may give rise to undependabil-
ity.

Understand environmen tal
constraints; Understand the
business culture; Identify
obstacles to changes.

stand and stressthe relationship between system evolution and dependability.

The di erent assumptionsabout the ewolution of computer-basedsystemsmay
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trigger practical issuesa ecting system dependability:

Inconsistency: The basic assumptions of all adopted models (in order to

characterise system dependability) may be inconsistert all together.

Coverage: The ertire spectrum of models may be insu cien t to cover all

ewolutionary aspects of system dependability.

Relational: The dierent ewlutionary phenomenarelate to ead other. It is
di cult to understandthe di erent relationships betweenthe evolutionary

phenomena.

Emergen t: New (or unexpected) system features may emergefrom the dif-

ferent ewvolutionary phenomena.

The dependability analysiswith respectto ewolution identi es aframework. The
engineeringhints related to ead ewvolutionary phenomenonmay serwve as basics
in order empirically to acquire a taxonomy of ewolution. The idea of the taxon-
omy of ewolution has originated from previous experiencesand collaborations.
Future work aims to acquire practical experiencesby using the the framework
in industrial casestudies. In conclusion, the taxonomy of ewolution represerts
a starting point to analyseewlving computer-basedsystems. It draws a frame-
work in order to further understand how computer-basedsystemsewolve. It
provides a holistic viewpoint that suggestsfuture directions for researd and

practice on computer-basedsystem evolution.
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Chapter 6

Conclusions and Future

W ork

This report enhanceour understanding about requiremerts evolution for computer-

basedsystems. The results drew by this work are three-fold.

Empirical Results. The work shows the empirical investigation of require-
mernts ewvolution. The empirical results enhanceour understanding of require-
mernts ewolution. They support our basichypothesisthat requiremerts evolution
may be considereda feature of computer-basedsystems. This encouragesfur-
ther empirical studiesin order to acquire experienceswithin di erent industrial

contexts.

Mo delling Basics. The di erent ways of represering and modelling require-
merts ewvolution identify a framework for modelling requiremerts evolution. The
framework is still in a pre-mature stage,but it identi es di erent milestonesto-

wards enhancedrequiremerts evolution.
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Requiremen ts Evolution Practice. Although the outcomes of this work
have beenlittle validated by industrial use,they stresshow it is important to
take into accourt requiremerts ewolution in practice. This should encourage
practitioners in establishing pilot projects in order to investigate requiremerts
ewolution within speci ¢ industrial contexts. The empirical results clearly shov

that the work is worthwhile.

6.1 Future Work

Each chapter of this report identies researt and practical issuesrelated to
requiremerts ewolution. There is still a lot of work that needsto be done to-
wards requiremerts ewvolution. We encourageto undertake future work that
may be inspired by this report. Among many potential researd and practice
directions we would like to emphasisetwo of them. Firstly, Modelling require-
ments ewvolution will support the ertire system life cycle. It shall furthermore
help to acquire new insights that may further enhanceour understanding of re-
quirements ewlution and completely changethe way we designcomputer-based
systems. Secondly tools support is a means(probably the only one) in order to
transfer knowledgeinto practice. Tools supporting the requiremerts phasesstill
lack of functionalities enhancing our ability to analyse ewolutionary features.
The provision of tool supported ewolutionary analysis will help practitioners
to adopt requiremerts ewolution concepts. Furthermore, usageof requiremerts

ewolution tools/modelswill drive future researd in requiremerts evolution.
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