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Abstract

Nuclear power plant projects amdten characterized by two factors: they are tir
consuming andapitatintensive.Thesecurrent challenges include descriptive and -
hamonized requirementslemanded in the nuclear power industry resultingthi@a
adaptationto a new licensing domaibeing very datantensive laborious,and tardy
Furthermore, the sheer volume of these requirements also poses a challenge. Nev
by utilizing artificial intelligence in the analysis of nuclear power plant requirem
licensing and engineering could be facilitated and errors reduced in the alloce
requirements.

Thi s Mast er 0 san aldgordhsni capablk efwerdgoizomgtural language 1
classify nuclear power plant requirements into predefined categories by u
supervised machine learning. Tseidywas perfomed in close cooperation witdm Al
company Selko Technologies Q¥yeing responsible for the developmehthe algorithrr
based on the classified set of requirements and the needs of Fortum.

The algorithm consists @ nuclear power industigpecific language model involviray
long shortterm memory network, aralclassifier based onfeedforwardneuralnetwork.
The language model and classifier were trained by using the YVL Guides issuec
Finnish Radiation and Nuclear Safety Authority (STUK). For training the classit
small selectiorof the requirements were classified according to theléwel predefinec
hierarchy The algorithm was tested on the seled®tl Guidesand a set of requiremer
issued by the Office for Nuclear Regulation in United Kingdom.

The results include a predetermined requirements hierarchy, the content of the ca
natural language processing algorithaguirements classified by both the experts
algorithm, and model accuracies in each test case. The accuracies of the classifica
are promising indicating that the current methods are suitable for catagoniatura
language as long as there is a qualified and sufficient amount of training data in ple
conclusions also suggest proceeding to research the capability of the models

requirements analysis related tasks, such as atomizing lonigeragnts and combinir
similar requirements into one.

Keywords Artificial Intelligence, M achine Learning, Systems Engineering,Requirements
Analysis, Nuclear Power
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Tiivistelméa

Ydinvoimalaitosprojektit ovatusein pitkakestoisia ja paaomaintensiivisi&htena
projektien ominaisenhaasteena voidaan pitdd suurta maaraa kuiaileepayhtenaisi
vaatimuksia Liséks ydinvoimalaitosdesignin vieminen ja suunnittelun sopeuttan
uuteen lisensiointiymparistoon vaatii paljon tiedonhallintaiséksi seon ty6lasta je
hidasta. Tekoalyn hyoddyntaminen ydinvoimalaitosvaatimusten analysoimisess:
nopeuttaa lisensioti- ja suunnitteluprosesseja, sek@hentaavirheitd vaatimuste
allokoinnissa.

Tassa diplomitydsséa on kehitetiyonnollisen kielen prosessointiin kykeneaigoritmi
ydinvoimalaitosaatimusten luokitteluun Tyossa vaatimukset on luokiteltannalte
maaratyihin kategorioihin ohjattua koneoppimistaydédyntamalla Tutkimus on tehty
yhteisty6ssa tekoalyrityksen Selko Technologies Oy:n kanssa, joka on vast:
algoritmin kehittdmisesta Fortumin toimittaman luokitellun vaatimusjoy&adarpeider
perusteella.

Algoritmi koostuu ydinvoimaalan kielimallistaja luokittelijasta. Kielimalli pohjautu
pitkaan lyhytaikaien muistin verkkoona luokittelija myotakytkettyyn neuroverkkoo
Kielimallin ja luokittelijan kouluttamiseen on kaytetty Suomesateily ja
ydinturvallisuusviranomaisen Séteilyturvakeskuksen (STUK) Ydinturvallisuusof
Luokittelijan kouluttamista vartetietty osa vaatuksistaon kategorisoitikkakstasoiser
ennaltanaaritellyn hierarkian mukaisesti. Algoritntestaukseean kaytettysekéavalittua
Ydinturvallisuusohjeiden  vaatimusjoukkoaettd Yhdistyneiden kuningaskueiti
ydinturvallisuugiranomaise{fONR) yhta vaatimusjoukkaa

Tyon tuloksenasyntyi ennalta maaritetty vaatimushaekia sekd luonnollista kiel
prosessoiva algoritmi. Lisdksi tydssd maariteltin mitd asioita kuuluu el
vaatimusluokkiin Maarittelynjalkeen seka asiantuntijattdalgoritmi luokittelivatty0ssé
kaytetyn datan. Mallin tarkkuus ja kaytettavyys pystyttiin testaamaan lopuksi testic
Saadut tarkkuudet vaatimustduokittelussa ovat lupaavia ja osoittavat, etjkyiset
menetelmat soveltuvat hyvin luonnollisen kielen luokitteluun, mikali vain koulutusd:
laadukasta ja sita on riittavasti.utkimusta voitaisiin jatkaa kokeilemallanallien
soveltumista mydsnuissa vaaimusten analysointiin liittyvissa tehtavissilaita ova
esimerkiksipitkien vaatimusten pilkkkminen lyhempiin ja selkeammin maariteltyil
lauseisiin sek&amandisten vaatimusten yhdistamingmdeksi vaatimukseksi.

Avainsanat Tekodly, Koneoppiminen, Systeemisuunnittelu, V aatimusten Analysointi,
Ydinvoima
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1 ntroducti on

In the last foudecades,urclear power projectsave become timeonsumingand costfiave
globally increased partlgue toincreasingly complicatedequirementsThese requirements
have affected theutlear power industryenderingprojects complextherefoe requiring
large quantities of resources fie management of projedieginningfrom the licensing
and design stagés the decommissioning phaé@&/orld Nuclear Association, 2013; IAEA,
2016; Schneider and Froggatt, 2018)

Requirements analysis is the most ornt task after discovering thaitial set of
requirenents whicloccursatthe beginning of the project. At this stage, requirements should
be analyzed as precisely@sssibleand potential conflicts foun@Bommerville and Sawyer,
1997) In the licensing process of a ear power plant, not onlyill the requirements set

by the national regulatory authority be mbéut alsoany otherapplicable stakeholder
requirementsThey include, for instanc@étermational standagl which might totatens of
thousand®f requiremets (IAEA, 2010). However, his challenge is not nuclear industry
specific since italsoinvolvesother safety critical system3his subject has been widely
investicated and one of the overarching factors is thaey all ae heavily regulated
industriegGoddard, 1996; Hatclifét al, 2014; Martins and Gorschek, 2016)

Effectively analyzingavast amount of requirementscessitatethe utilization ofa machne,
becauseé n d i v ialllity @0l decitle inface of such a numbeof options is extremely
ineffective (Eysenck and Keane, 201Gurthermorestudies reveal that the time range for
a human beingapable obustailing attention on a specific mattervery limited(Lambaet
al., 2014; Bradbury, 2016l contrasta computer caoonstantly redin the same efficiengy
the processing power being tremendous in comparison to human [Faobkler and
Firschein, 1987; Anusuya and Katti, 2010)

The importance gbrecisely analyzed requirementegpeciallyemphasized as we consider

the cost of changand nuclear safetguringthe poject life cycle. It isvell known that the

more maturethe project, the more it costs to fix errofBoehm, 1981; INCOSE, 2015;
NASA, 2016) The growth factor of the cost increases enormously when progressing through
the life cycle(Haskinset al, 2004) Furthermorenuclear safety is better facilitated when
the safetyrequirements areorrectly evaluated Therefore,an agile and correct analyzing
method should be adaptedorder to rationalizéhe whole nuclear power plant (NPRfe

cycle, speifically the engineering anticensing process

This Ma s t desi6develdpsan artificial intelligence(Al) algorithmrelated to nuclear
power industryin cooperation with an Atompany called Selko Techiogy Oy. The
algorithmwould accelerate theequirements analysiand correctly obtain the requirements
specification immediately at the beginning of the projébe efficientanalysis process is
essential for saving time (costs well asncreasing nalear safetyoy quickly and precisely
applying suitable prerequisites to each design t&&nerally, the wider intention is to
investigate the applicability of Al in classifying requirements eattbnalizethe systems
engineering process of which commement is the requirements analy®®causethe
requirements arewritten in natural languagea natural language processing (NLP)
application and deegupervisedearning are utilized as a part of the model for enabling the
recognition and categorizatiofi the requirements



1.1 Background

In the initial stage of designing a nuclear power plant or a related safety critical system, the
requiremerg and configuration managemenvolve specialconsiderationThe Reglatory
Guides on nuclear safefy VL Guides) ssued by the Finnish Radiation and Nucleafety
Authority (STUK) create aegulatorybasis for alldesigns and their methodslated to
nuclear safetyThe guidesdemandhat the requirements be traceable and tifillment

verified (STUK, 2013a) As aut hor i ti es o r e @xplicatienrofe theses an

requirementdecome stricterthe importance of thorough desigecomes more apparent
once thdicensng and engineeringrojecs havestarted However, ategoriing, tracing and
verifying the requirementgan be ettemely complicateddue to the sheer volume of
requirements, thus impeding a demonstration of complidrieeforefurther research into
requremens and configuration managemedrds experienced an increased suhgengthe
lastfew years

One of the bodies in charge of internationally regulating nuclear industry compaihes is t
International Atomic Energy Agency (IAEAhich establisheor adoptsstandardsand
main principlesof safety forthe protection of health and minimization of danger to life and
property(IAEA, 1989). However there is still a internationalack of harmonization in the
nuclear safety regulatiprdespitebasic principlesbeing similar worldwide as well as
corsistent with the policies of IAEAGNd international ruleseingdeveloped to improve the
way of writing highquality requirementsThe requirementare expresseia different ways
and each authorityhighlights slightly different demands partly because #y have
idiosyncraticallyapplied the principleglAEA, 2006a, 2006b; Maviet al, 2009; MIT,
2018)

Each national regulatory authority is required to decide on actions needed to achieve
compliance wit national laws and regulatio$AEA, 2006b) Due to the legislative
differenees and the emergirstate ointernational standarda,supplier has to bedaptable

when executing any specific set of national or international safety requireimeitésplant
design that is, a licensing process always includes adapting a country specific regulation
(Fortum, 2018)Therefore the consistency dhe proposed design critemaustbe assessed
according to the national requirements amdly consideringthe IAEA Safety Standards.
Identifying new ways of adopting country specific requirements is considered one way of
reducing unit costdJsually, there are not only the nuclear and radiation safety requirements
to be fulfilled but also stakeholder requiremts which have to beconsidered in the
licensingof a nuclear power planthe stakeholder requiremepgsich as power production,
startup shutlown, maintenance and refueling of the plant compose adjunct deifhA&ds

2000)

IAEA states that meetintpelicensing requirements througtt the life cycle is as important
as beingable to adequately demonstréte compliance to stakeholdets. addition to these
requirementsthe codes and standards define the applicable fmlesomponentsThus
there is a large variety of requinents which maychange inthe various life cycle stages
illustrated in Figure 1. At the beginningof the project the definition of the project
requirements, particulartyhe applicable codestandardsand regulationare considered to
outline thesuitablescope Based on themthe requirements analysis, categorization and
elaborationare performed prior tonitiating designingWhen new demands are elaborated,
consideringraceability of the requiremenisessentialo finally demonstratéhe fulfillment

of theapplicablerequirementgIAEA, 2010, 2012; STUK, 2013a)
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Figure 1l Stages in the lifetime of a nuclear installatidwapted by the author fromAEA, 2010;
INCOSE, 2015; Alanen and Salminen, 2016)

In other wordsto systematically manage requirenseoitthe nuclear power plahtecycle,
they shouldbe assigned to relevant products and procesa@sently the assignment is
manuallyand graduallyperformed Following theraw categorizationgach label is also
validated toadhere tahe categorizatignturningthe requirements allocatiomto a time-
consumingorocessTheWorld Nuclear Association (2013) specifies causesiedelay of
thenuclear power projects, suchasinitial application lacking quality or being incomplete
and requirements changing during the licensing osttoation processMIT especially
highlightsthe effect of changesglant design during cotmaction regardless of the reason
for the changéMIT, 2018). To better facilitate the design, STUK requires thatdesign of
systems important to safety shiadl based on a lifeycle mode(STUK, 2013a, p. 6)

A survey result reveals th#tere are huge variations in time neededHempreparation of
the license application and for tHeensing procedureAlthough tie wide range may be
partly expounded byboth various national egulations and licensing systemsnd
requirement§lAEA, 2012; World Nuclear Asxciation, 2013)the import of whether a plant
is first-of-a-kind (FOAK) or nthof-a-kind (NOAK) is axiomaticHowever differences in
regulatory regimes do effect omerdl construction times and cogBoldon and Sabharwall,
2014)

Tablel describes a typical @ngement at the beginning ofigensing project. A customer

has barely angxpertise to participat®n the commencemenandthe authaity shouldbe
independenand only focus on the supervision of therlwconcerningthe nuclear safety
Consequently, this leadstire responsibility of theendor supplying the planthe supplier

is required to analyzas well asategorizeherequirements to bebée tocorrectlyallocate

them and as a consequence,fpan possiblalesign changes. Thus, the requirements should
be preciselyanalyzed because the changes are carried out according to the analysis result
and the cosvf changesncrease along the life cycle as mentioned earlier and illustrated in
more detd in Figure?2.

Tablel Typical arrangement déhe beginning of a licensing project

Party Special Characteristics
Customer - Presumslow costs

- Imposes plenty of requirements
Authority - Establishes nebulous requirements
Supplier - Provides a standard product

- Is willing to do business




The importance of the control of tim&hich should be one of the basic goals of all parties
involved in a construction projedtas been notett is mentioned hat fAt he owner
to shorten the time it takes for each phase of the projécm initial planning through
construct i dBakere2@®lcm 1)Given that ime and moneyhave a fixed
relationshiptime management should be carefully considéladget al, 2015)

Currently, the mediamverageconstruction time for new reactors is 58 mongiorld
Nuclear Association, 2018, p.,9)vhile time used in different licensing steps varies
significantly worldwideas represented ihable2. It should be emphasized thhe fastest
completion time$aveoccurredn Japanthefirst advanced boiling water reactamitswere
builtin 37 and 39 month$EA and NEA, 2015, p. 3HoweverJ a p averageonstruction
time has beed7 monthgWorld Nuclear Association, 2016, p. 21)

Table2 Licensing steps and the related pdsof time (Adapted by the author froVorld Nuclear
Assaociation, 2013)

Licensing Step Time Range

Preparation of application 12 to 48 months
Construction license process 12 to 40 months
Operding license process 6 to 36 months

As mentioned earlier, the cost to fix errors increases along the life Gyudefollowing
estimationillustrated inFigure 2 hasbeen published bidaskinset al, (2004) Fixing a
requirements error during the requirements pisaassumed toost 1 unit Hence the costs

of similareventsn the futurecan be compared to the reference evéshould be nad that
the cost at the operations phase is estimaieble even more than 1500 units, bue
simplified diagramis only plottedup to 100 units.Other studies havalsobeenpublished
sharing the same idéathe cost of therequiremenrd error increases as the project matures
(Rothman, R02; Marasco, 2007)
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Figure2 Cost of fixing a requirements error along the project life c{ldkrivedby the authofrom
Haskinset al.(2004)



Therefore, the requiremesgpecificationshouldbe accuratelyperforned directly afterthe
commencement of thproject It has been recognized that the accuracy of the corrective
categorizatia should increase with the help of artificial intelligence and the requirement
categorization pragss become&oncurrentlymore efficient When completion time and
overall cost of the projecre decrease@nd operational performance as well as customer
satisfactionare improvedthe process is cwsistent with the lean approachhe approach
aims towards increasing quality, decreasing price addcieg the duration of responds
(Vujica Herzg and Tonchia, 2014; Smith and Thangarajoo, 2015)

The utilization of artificial intelligence and especially natural language processing in
requirements analysis have been widslydied. A common objective connects each of the
studies utilizing artificial intelligence to improveprocesses such as requirements
classificationand elicitation (Huyck and Abbas, 2000; Tamai and Anzai, 2018)
requirements analysis, an overarching challesgeatthe requirements are usuyaimplicit

and descriptiveHowever, studieshave already beeperformedin which the user only
provides the requirements and the hiae translates them into codéisdemonstrates the
possibility ofthe utilization of Al. f performed carectly, it redues cost anderrorswhile
changes are i¢ated in the requirements sta@nowakpo and Ebbah, 2002; Sharma and
Pandey, 2013)

1.2 Objectives and Scope

The objective of theesearclis tocreate aequiremerg categorization algorithrny utilizing

a supervised learning methothe study also aims to improvadimaintainprofessional
expertise by increasing the understanding of systmgineering processesd artificial
intelligence The utilization of &ificial intelligence (Al), specifically machine learning
(ML), and natural language processing (NLRyuld decrease the time used in the
requirements analysis as welliasreaséhequality of the categorizatioif herequirements
categorizationalgorithm is expected to be capabité more accurately classifying
requiremerd than an experandas such, improvéhe processed he execution time of the
algorithmshould notbe less tha®0 requirementsn a minute and the accuracghouldbe
better thana humanjudgement of @ percent. The goal dhe execution time anthe
judgement is based dhe results of pngous classification studigdlaggini, Rigutini, and
Turchi, 2004; Kharet al, 2018; Geirhogt al, 2019)

This study is restricted @n experimenin whichartificial intelligence and nataf language
processingnethodsare utilizedbased on supervised learningequirements categorization
aiming to investigate the prospect of the utilization ofilAthe analysis ohuclear power
plantrequirementsSpecifically, onlycertainYVL Guidesand a requirement set issued by
the Office for Nuclear Regulation (ONR) in the United Kingdom (&g used as well as
specific categoriesThe initial objective is tdestthe ability of thealgorithm to recognize
different requirementdind similaritiesand label them according to a specific logic taught
by specialists through the categorized learning daia.highlightedthat the focus of the
thesis is on weak artificial intelligenagich is emphasized by the narrowly defined problem
(Al-Rifaie and Bishop, 2012; Miailhe and Hodes, 20Tfje thesis relas to a broader
intention todevelop new tools andvestigate prgsects of utilizing Al technology especially
in a specific licensing and safegngineeringmethoddeveloped by Fortun®yj called
ADLAS®. This proprietaryme t hod i s F sendinean® appraachADLAS®

is furtherdescribed angresented in Chapt@r2



However, the aim of the study is notgmvide any detailed reswdtf t he al gor it h
to be utilized in different cases of requirents engineering or even analysis, but to recognize

the possibilitiesin which this or a similar algorithm could be utilized Additionally, new

targets for development are expected to be ideniifiekis thesisTo support readhg the

set targets, theamain research questions and the related objeciesestablished aridted

in Table3.

Table3 Research questions and the related objectives

Research Question Objective

RQ1: What is the current stage off Y To evaluate the current possibilities of 1
utilization of Al ? utilization of Al in requirements analysis
RQ2: Where could Al and NLP be| Y To clarifytheparts of the life cyclén which
utilized along the life cycle? Al could be enployed anddetermine the
optimal methods

RQ3: What should be developed tq Y To establish whichissues should b
better facilitate the utilization of Al? | considered to better enable the utilization of

The first research question (RQ1) aimscteate dirm foundation ofthe current state of
artificial intelligence and its ability to be utilized in requirements analyi$igs is mainly
achieved by developing an algorithm and testing it with a few different data sets. Before
commencing the developmepnf the model a classified and highuality data set is
generated consuming the generality of the project together with the development work
of the algorithmthis is the primary focusf the thesisTheresults will clarify issues already
performable lp the algorithm The use ofartificial intelligence in natural language
processindnas been hitherto limited; thuke aim of the second research question (RQ2) is
to clarify the partf the life cycle in which NLP methoda®uld be utilized. By analyzing
the life cycle andactivitiesrelatedto systems engineerinfyrther understandingvill be
gained obther possibilities for the utilization of NLP along the life cydlee third question
(RQ3) features enquiries of the most practical actions to bédeved wherthe utilization

of Al is further developdand better facilitat

1.3 Execution of Study

The development pject was performed by Fortum Power and Heat Oy (hereinafter referred

to as Fortum)n close cooperation with Selko Technology (Belko) which isa Finnish

statup company focusing on developing Al algorithfms requirements engineering
applications.The main responsibilities of the parties are presemtdable 4 below. The

thesis worker was liablfor the projectandcollaborated wittbothinternal experts and the
external companyGener al | y, Fortumds respontainihg | ity
dataset as well as suitable testing datagidslitionally, Fortumalsovalidatedthe algoritim

after the testing, fiereas Selko was responsible for the development of the algohthm.
addition Selko provided sygort inimproving the understanding of artificial intelligence.

The execution of the study contains the following research phasasituie review,
requiremerd categorizatior(training and testlatssetg, algorithm development, validation
of the algorithm and conclusion of thpplicability of Al technologyFigure3illustrates the
executionof the study which includesach phase anits related actiong chronological
order.The study began in the middle of August 2018, lasiimg the middle of April 2019.



Project steps

Step Literature Training & Algorithm Algorithm Final Results
Review Testing Data Development : Validation
Actions = Systems = Requirements = Algorithm = Algorithm = Current and future
Engineering categorization development testing based possibilities for the
based on the on the pre- utilization of Al and
= Artificial = Data categorized categorized NLP in nuclear
Intelligence validation training data testing data as engineering
well as blind
test sets
Timeframe: 8/-9/2018 10/ - 11/2018 11/ - 12/2018 1/ - 2/12019 3/ - 4/2019

S

Figure3 Timeline of the study

The project wasnitiated by planning the work and scope as well as revievaagier
literatureto have a common understandingtioé two main subjects covering the study
systems engineering and artificial intelligen¢e tandem with these actignthe YVL
requirementsvere aso categorized in which the aim is to halassified and higiguality
trainingand testinglata.Part of thanitial datesetis then left fortestingwith the other part
beingused as a training set in the training phafstne algorithmusage The clasdied and
reviewedtrainingdatasetis used foteachinghefunctioning of themodel.The testing phase

is divided irto three @arts because different test sets are used to illuminate the current ability
of the model and natural language processimganagng variousregulatory environments
Specifically, the testing datasets include both the Finnish and the British requirements
written in English.Finally, a conclusion is reachdshsed on the results and observations
from the literature and specialists

In addition to the thesis worker responsible for the progeoctre team of the development
project on behalf ofFortum includedthe following experts:Technology Development
Manager, Head of Nuclear Engineering, DesiggiBeer(Requirements and Configatron
ManagementandNuclear Safetypesign ManagefThe team supported the completion of
the projectfor which the thesis worker was responsilie.the core teamSelko was
represented byChief Executive Officer andwo Data Scientist, specialized in ngal
network based classifierSurthermore, new development possibilities were discussed with
Fortum experts located Loviisa NPP(Finland)and Sweden

The responsibilities defined and listed Tiable 4 are geeralized to clarify sharing of
responsibilityin general In practice there are many similar tasks since the testing phase is
performedthree times Thus specific dataets areseparatelycollected, classifiedand
verified for each caseMore precise desiptions of the testarepresented iltChapterd.



Table4 Responsibilities in thelevelopment project

Subject Fortum Selko
Definition of Objectives

Theoretical BackgroundndLiterature Review
Access andUnderstanding Data

Data Collection

Data Classification

Data Verification

Providing Data

Creating Training andestData®ts

Algorithm Development

Model Training

Model Testing

Model Scoring

Model Evaluation

Support for Validation Work

Verification of Results

Model Validation

Conclusiors

XXX XXX | X

XX XX XX X

XXX

1.4 Structure of Thesis

Next, the structure of the thesishsefly described including each chapteith both the
related contenand aim The report consists afix main chapters. Chaptet providesthe
background for the thesis, illuminates the maineotiyes, provides limitations and
describs the executioas well aghe structure of the tises.

Chapter2 presents the relevant theory in a form of literature revigeth main subjects
covering the thesis are discusstut is systems engineering and artificial intelligence. The
object is toprovide the context of the thesis and to better understand the tbfmegever,
interesting topics related to the main subjects are mentioned broadening the knowledge in
these areahapter3 discusses the methodsd data collectiomsed in this thesias well

as trustworthiness of the studiystarts withrepresenting the data collectiahich includes

the exact documents and the amount of requirements utilibedchapter demonstratiée

overall way of developig the algorithnapplicable also for this study.

The development project including each phas@the related resulsthoroughly explained

in Chapter4. Most importantly, each findings deliberated onsuch as requirements
classification and hierarchy as well as thedeloaccuraciesin Chapter5, relevant
discussionsare examinedrelated tothe present results and future possibilitiehe
discussions are based mterviews of the core team and other Fortum experts consulted
during the projectFinally, Chaptel6 summarizeghe study andhe results accomplished
through this project.



2 Literature Review

The two major diciplines employed in this study, namely systems engineering and artificial
intelligence, are discussed in this chapter. Their theory will be reviewed focusing only on
the relevant parts from the thesis point of view.

2.1 Systems Engineering

The aim of this sbchapter is to emphasiites suitabletheory of systems engineerindnich
concerns designing and managing complex systems over the whole life Thele
International Organization for Standardization (ISO) has establishé8©15288Standard
Systems ah software engineering System life cycle processeghich defines Systems
Engineering (SE) as an interdisciplinary approach enabling the realization of successful
systems, more specificaliigoverning the total technical and managerial effort required to
transform a set of stakeholder needs, expectations, and constraints into a solution and to
support that solution throughout its bf€ISO/IEC/IEEE, 2015, p. 10)The standard
continuesto describehat SE integrates all the discips and specialty groups forming a
structured development process proceeding froroeirto production to operation.

In systems engineerindyeé concept oé systemis definedasa ficombination of interacting
elements organized to achieve one or moredtatirposas(ISO/IEC/IEEE, 2015, p. 9As
mentioned in the same documenstems are defined by their functiomghich are processes
transforming resources from one state to anoft®®/IEC/IEEE, 2015)Figure 4 below
represents simplified hierarchy within a systeim whichthe system acts asbaundaryin
order to achievene or more stated purposes whiie interacting system elements create
the systemThe schematic diagram shownhigure4 can already be called systerrof-
interest(SOIl). The related ISO t&ndarddefines the corept of systerof-interest as a
fisystem whose life cycls under consideration €d(ISO/IEC/IEEE, 2015, p. 9)

Theremay also be elements that are not part of the system fadtich there is interaction
According tothe INCOSE Systems Engineeringandbook(hereinafter referred to dke
INCOSE Handbook)this collection of elements is called tbperating environmenor
contextand can include the usefor operators) of the systemhd concept of &ystem
boundaryhas been developeatle to the system being visible from both the inside and
outside This boundary separates the system from its greater codleatly defining the
content forming part of the systeds the information traversing the subsystem boundary
needs to be knownhé¢ sameprinciple alsoappearsn the interfaces of the subsystems
(INCOSE, 2015)ISO 42010 Standd states that the environment of ateys includes
developmental, technological, political, legal, redaty and ecological influences

(ISO/IEC/IEEE, 2011b)

| I
System System System

Element Element Element

Figure4 Hierarchy within a systerfAdapted by the author frol8O/IEC/IEEE, 2015)



Each element can be either individualadba much highetevel, acting more like a system

itself. At any given level, a system can be formed by grouping the elements into distinct
subsets. These subsets of eletaeare @irther subordinated to a highewvel system as
illustrated inFigure5 (INCOSE, 2015)ISO/IEC/IEEE 15288(2015)describes the concept

of a system hierarchipn Paragrgph 5.2.2as f ol leegystenl i igdhcycl e pr oc
are describeth relation to a system that is composed of a set of interacting system elements,
each of which can be implemented to fulfill itspective specified requiremeats

The ISO Standard5288 also extends the idea of sysighinterest and represents a
schematic diagram for more complex systafigiterest as shown iRigure5. As can be

seen, the systewi-interest may consist of several diffetesystemswith somesystem
elementevenbeingconsideredo benew systemsvithin systemsHowever, this is only a
hierarchical relationshjpvhile increasingly systems are owlpartly hierarchicalCurrently,
networks and other distributed systemsexamples of the concept of a system of systems
(SoS) which is an SOI whose elements are managed and/or operated independently
(ISO/IEC/IEEE, 2015)

System - of -
Interest

—'|
System
System L System Element

}
System System 1 System System ]
Element Element System Element Element System
|
! System Syslem ! Syslem 1
System Element Element System Element System
I
System System System System System System System
Element Element Element Element Element Element Element

Figure5 Systemof-interest structurd SO/IEC/IEEE, 2015)

To facilitate the life cycle activities of theO®, enalling systems have been defined. They
provideservices needed by the SOI during any life cycle sttgeugh theyre nodirectly
part ofthe operational environmerithe INCOSE Handbook providesamples oenabling
systems such ascollaboration development systems, production systeamsl logistics
support systemd.he enabling system may interact in conjunction with the 8Cthe SOI
receives the degied services once needdBiICOSE, 2015)The SOI maysimultaneously
interact with various enabling systems whalso interactingvith systems comprisg the
operational environmetSO/IEC/IEEE, 2015)

ISO 1528 Standard states that every system has a life cycle which consists of the
conceptualization of a need of thetgys, its realization, utilization, evolution and disposal.

In the context of a project, the life cycle includes the phases connecting the cammaerthc

of the project to its en@PAmerican National Standards Institute, 2Qd&)pm thispoint of

view, both systems and projects can be seeshasngsimilar characteristic8By way of
processes used for execution of these actipegple performing and managing actions in
organizéionsenable a system to progress through its lidecyAs system featuresuch as
nature, purpose, usend prevailing circumstances afféts cycles they must beonsidered

when planning andxecuting the system life cyd[i(SO/IEC/IEEE, 2015)
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2.1.1 System Life Cycle

ISO 15288 Standard statesthater y system has a | ife cycle
an abstract functional model that represents the conceptualization of a need for the system,
its realization, utikation, evolution and disposgllSO/IEC/IEEE, 2015, p. 14)here are

many ways to determine a life cyaependingon the nature, purpose, used prevailing
circumstances of the systeBuring planning and execution of the system life cycéshe

stage is considered due to a disti purpose and contriban to the whole life cycle
(ISO/IEC/IEEE, 2015)

ISO 24748 Standar®ystems and Software Engineerind.ife Cycle Managemeriists

typical life cycle stages: concept, development, productionizatin, support and
retirement(ISO/IEC/IEEE, 2016)Product lifecgle management (PLMJefineslife cycle

stages particularly from a product point of vieBaaksvuori and Immoneg{2008, p. 3)
described’LM a s systamatic, controlled concept for managing developing products

and product r el at anhnageménbandchtantral af theprodpizi€essr i n g
and the ordedeliveryprocess, otherwise known gsroduct development, productiziagd

product marketingSaaksvuori and Immonen, 2008)

The life cycle stages identified by IS@748 and the related purposes are presdyekmyv
in Table 5. Generally, the stages are sequentialt overlaps may existn contrast
Utilization and Supportstagesrun in parallel during the operational life thfe systerof-
interest assrayet al. (2017)state As ISO 1528&pecifies, each stage hasistidct purpose
and contribution to the whole life cycle. Theajor life cycle periods are peesentedby the
stages concerning@he state of the system description or the systemat@&8O/IEC/IEEE,
2015, p. 14)The major progresand achievement milestones of the systemexpressed
by the stages which alggneratehe primary decision gates of the life cycle.

Table5 Life cycle stages in a purposeiven life cycle mode{lSO/IEC/IEEE, 2016)

Life Cycle Stages Purpose Decisbn Gates

-ldentify stak
Concept - Explore concepts

- Propose viable solutions

- Refine system requirements
- Create solution description Decision Options:
- Build system
- Verify and validate system - Execute next stage

- Produce systems - Continue this stage

- Inspect and verify - Return to a preceding stage
- Operate system to satisfy - Put a hold on project activity
usersobd6 needs - Terminate project
- Provide sustained system
capability

- Store, archive or dispose of
system

Development

Production

Utilization

Support

Retirement

11



2.1.2 System Life Cycle Processes

ISO 15288 defines four process groups, each of them including specific activities to be
performed during the life cycle of a systefimecessarylt should be noted that germing

a life cycle may noonly be limited to theecognizegrocesses but also any other processes
may be utilizedf considerediseful(ISO/IEC/IEEE, 2015)The four process groups and the
related processes are representdelgnre6.

Technical
management
processes

Organizational

Technical : !
project-enabling

processes

Agreement
processes

Business or mission
analysis process

Integration process

Stakeholder needs &
requirements
definition process

Verification process

System
requirements
definition process

Transition process

Architecture
definition process

Validation process

Design definition

Operation process

Project planning
process

Project assessment
and control process

Decision
management
process

Risk management
process

Configuration
management

Acquisition process

Supply process

processes

Life cycle model
management
process
Infrastructure
management
process
Portfolio
management
process
Human resource
management
process

Quality management

process process process
System analysis Maintenance Imof mation Knowledge
process process management management
” ; process process
Implementation Disposal Drocess Measurement
process Sposal process process

Quality assurance
process

Figure6 System life cycle processes defined by ISO 152B8s figure has beeraptured fronmthe
INCOSE Systems Engineering Handbook, originally being excerpted from ISO/IEC/IEEE
15288:2015, Figure 4 on page. 16

Technical actionsare performed by technical processbhsoughout the life cycleAs
stakeholders state their needs, they have tobsidered@nd fulfilledin a product or service.

This is ensuredby using technical processes in the transformatioraddtion, technical
processes are implemedtéo establish and use a systerheprocesses can be utilized at
any level in a hierarchy ofhe system structure andt any stage in the life cycle
(ISO/IEC/IEEE, 2015)Product engineering is definddo i n theotéchnieal gicesses

to define, design,andocn st r uct or a @SOABEGHHEERE, 2040, m 278)duct O

Technical management &ated to beit he appl i cation of t echi
resources to plan, organize,dacontrol engineering functioagISO/IEC/IEEE, 2010, p.

366). Technical management processeanage the resources and assétsndividual
projectsallocated by organization managemehhereafterthey are appliedo fulfill the
agreements into which the organization(s) eritke technical effort of projectsspecially

planning of cost, timescales and achievememesdependent on these proced$$3.15288
amplifiestheir usageas follows At o est abl i schl plans dr the erojdctp r m
manage information across the technical tasks through to completion, andimotlaéd
decisionmaking process(ISO/IEC/IEEE, 2015)
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Agreement processes are described as processes utilizing agreEmetiring and
supplying products or seices;that is conducting business with a supplier and agreeing that
something isdeliveredto the acquirerSince organizations are producensd users of
systems, there ialways at leadsone acting as an acquirtasking anothefacting as a
supplie) for productsor servicesOrganizations cagimultaneously or successivedgt as

both acgirers and suppliers of systei@fSO/IEC/IEEE, 2015)The acquirerestablishes an
agreement with theupplier and manage supplier performabgeusing the acquisition
procesgElectronic Industries Alliance, 1999AEA states thafithe licensing process may
also include agreements and commitments made between the regulatory body and the
applicand (IAEA, 2010, p. 5) For this reason, the licensing process may also be seen as an
agreement process

The outcomes of the business proces$éise organization affect a project conductethm
particularcontext.The essential resources are provided iganizational projeegnabling
processesacilitating fithe project o meet the needs and expect
interested panti® (ISO/IEC/IEEE, 2015, p. 17)or instance, employees are needed to
manage the projearhich may require certain facilitiest he or gani zati onoés
acquire and supply products or services at each project phase is pautlgdehy these
processesT hey are not adequate to operate a ¢k
dependencies thatthe prdiec pl aces up o n(ISO/NEE/IEBE, 2085np. At i on

2.1.3 System Life Cycle Models

Generally, systems ay be defined as a sequential, singass through the processes
However,anexchange of valuable information and insighould be enabled effectively

and efficiently meet the mission or business needs is essential to ensure that the
information fows in every directiorbetween the processes, thus, better facilitating the
fincorporation of learning from further analysis and process appliceiN€OSE, 2015,

p. 32)

Life cycle approaches that attemiat facilitate the exchange of information have been
recognizedsuch as the WaterfglRoyce, 1970Q)Spiral(Boehm, 1988and Veeg(Forsberg
and Mooz, 1991)Theycan be used to define tbeginning endingandappropriate process
activities(INCOSE, 2015)Next, two impatant life cycle models relevamb the thesis are
presented, namethe VeeModel(also referred to as-Wlodel) andthe Waterfall Model.
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2.1.3.1Waterfall Model

Originally in 1970, WinstonRoyceproposed the use of a waterfall model when managing
large software projects. The modebriginally aimed at softwarmanufacturingincludes
three important pastto improve the project management. Especidtlis stated thain a
complex development project, there l§ha& several uppdevel stepsThis isillustrated in
Figure7 (Royce, 197Q)

With respect to software industry, analysis and coding are the most important phases when
developing a largscale programbut not enough alone to manage and control the
development process. Therefore, supplement steps are introdystein requirements
definition, software requirements definition, program design and testing. Theideft
approach oFigure? is dependent upon the iterative interaction between the various phases.
In practice, in an implementation of the approach, possible faisumehl as timing, stage

and input/output transferare experienced only in the tegfiphase at the end of the
development cycle. This means the product improvement returns to either the software
requirements (modify the requirements) or the program design (substantige ¢tzento be

made) being a timeonsuming andexpensiveprocess. Igserting a preliminary program
design, as shown in the righide approach oFigure 7, enhances abilities to observe
possible failures early enougb beable to easily modify the design. According to Royce,

to further improve the overall development process, documentstiionldalso be current

and completeHence, the preliminary program design phase indddeumenting system
overview, designing data base and processors, allocating subroutine storage as well as
execution time, and describing operating procedures. In addition to the required
documentation, thatageincludes preliminary design, analysis, program design, coding,
testing and usagdhatimplies the job iperformedwice (Royce, 197Q)

System
requirements q
System
requirements ' ;l ! ' Software |q
requirements
Software
o

Program Design
Analysis
Analysis q

Program design
Program design q

Testing q
e

Figure7 The largescale system approach with and without a preliminary program dé&igmpted
by the authofrom Royce, 1970)

Testing




While the original Waterfall model is based on the iterative interactions, an incremental
mo d e | has been recognized in swdternafral Ide va
Multiple development cycles occur in the iemental model as designing, implementing

and testingare incrementally performed. The product is dividew inuilds to separately

create and testections of the project. By defining several smaller baselawitates the

finding of errors in user regrementsThis is because @&oliciting feedback for each stage

and testing the current version instantly it has been finished. The flexibility in changing
scope and requirementsalsoconsidered one of the advantages of this appr(andal,

Kandar, and Ray2011; Singh, Thakur, and Chaudhary, 2015)

Lutz and Huitt(2003, p. 2)describes thathe interaction of new information with stored
information is usually demonstrated e bottormup or topdown sysém, or a combination

of the two.The latterapproachs also known as &h-Endsagainsithe-Middle (BEATM)

design The primitive implementation steps to develop a large computer program presented
by Winston Royce (197@®xempify a top-down(alsocalled asanallocation and flomdown)

design which begins with view of an important problem that needs a solufitve. design
focuses on higttevel requirements which afertherdecomposed into lower and lowievel
structures andpecificationsFinally, the physicalmplementation layerexisting also in the
V-model and ADLAS® methodologyis reached(INCOSE, 2015; Keyes, 2015Yhe
bottomup design focuses otihe potential of available realorld physical technology
implementing solution® which the technology is mositited Both the bottorrup and top

down designs have specific questions to which they attempt to respond, respectively. These
questions are listed belovKeyes (2015, p. 13)specifies that the BERV design
immediately focuses dioth ends of the design mree s s f | o w: ifa top d
solution requirements, and a bottap view of the available technology that may offer
promise of an efficient solutiono.

What can we most ef fi ciBettortrdpy do wi t
What is thengosio ddoWwnpalpTe pt hi

From a psychology point of view, a bottamp system sees new informatides an initiator
which the brain attempts to match with existing concepts to break down characteristics
defining attributes (Lutz and Huitt, 2003, p. 2)onverselythe existing information is
stated to be utilized as the initiator in a-thpwn systen{Lutz and Huitt, 2003)That is,
initial knowledge essential to form user requirements might,exmsth has to be considered
in order to adecately define the requirementsthe beginning of the projedEorsberg and
Mooz, 1991, p. 6)

As discussed, the BEATM design procesisultaneouslyinitiates from both ends
attempting to find an optimum merging. It has been recognized that some of the successive
exploitations of the two separate processes are due to an intuitive, yet uneenseiof the
BEATM methodology (Keyes, 2015) The Waterfall Model established fosoftware
development is also applied tile ADLAS® methodolgy with theVee Model. The Vee

Model will be discussedin the following sulchapter whereasthe ADLAS® is later
described in Chapté:.2
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2.1.3.2V-Model

In 1991, Forsberg and Mooz visualized the technical aspelst@ft pr oj ect cycl e
in which there areser needs on the upper left angarvalidated system on the upper right,

the cycle startingnd ending respective(frorsberg and Mooz, 1990jhe model vas further
introduced byForsberg, Mooz, and Cotterm&2005)as they described the modelnore

detal. The architecture of the-Wlodel isshown below irFigure8. The wor d dAarc
is generally used to describe the way of whioh subsystems join together to form the
system(Department of Defense, 2001, p. Brcording to SFEN 615084 Standardan
architecture isdefinedasi s peci fi ¢ configuration of har
systemo, indicating that the ndefmitonofthe of a
systemof-interest(SFS, 201Q)

The left side of the Veereflects the welkestablished \aterfallModel for the project cycle.
The system definition(top-down branch) is conducted bysuccessive Iels of
decomposition, each of them correspondinghi® physical architecture of systems and
system elements. There is no limit in the amaditgvels in the decompositioRor instance
the INCOSE Handbook defireeseven decomposition levels. In contrdise integration
(bottomup branch) forms the opposite way in which each levadparately and sequentially
composedtarting from the bottor(Forsberg and Mooz, 1991; Forsbetgl., 2005)

System - —— — -
development | Integration, verification, and validation planning

Solution/system
realization

Upper level
system element
realization

Upper level
system element Integration, verification, and validation planning
development

Lower level
system element
realization

Lower level
system element
development

Figure8 Vee Model (@Gptured fromlNCOSE, 2015ariginally being excerpteffom Forsberget al,
2005

Forsberget al. (2005)emphasize thaheactivities on the left and right sides of the Vee are
connectedvith each otherThe verification and validation methods be used on the right
are alreadydeterminedin the defnition stage.As Figure 8 illustrates,there isa direct
correlation between activitieBoth the defined system and systems elements belong to
system definition side including requirements and design charactribie cesign is
verified againstherealized system and systems elements. Verified produatsdoealized
system which completes tfieal product n the system realization bran@NCOSE, 2015)
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2.1.4 Requirement s Analy sis

In successful projects, the needs and requirements of the stakeholders have to be met
t hroughout t he i fe cycl e. Db$yhe tsekaliolsler d e v
requirementsthus being used infurther definition or clarification othe scope ofhe
development projectSystem definition is based dhe systems requirements which are
established fronthe defined stakeholder requirements. A complete but minimum set of
requirements should be definediedto a cost of each requiremeffNCOSE, 2015)
Requirement can be defined as fAa conditi ol
a system, product, service, result, or component to satisfy a contract, standard, specification,
or other formally imposed docunters(American National Standards Institute, 2004, p.
371). Thesamedocument also highlights thtte quantified and documented neemants,

and expectations of any stakeholdan be considered requiremef#snerican National
Standards Institute, 2004)

ISO 15288Standarddescribes th&takeholdeNeedsand Requirements Definition Process
which aims to define the requirements for a system necessary in providing the needed
servicesln addition to thadentification of stakeholders or stakeholder classes as well as
their needs, expectations and desires, thpr ocess fAanal yzes and
common set of stakeholder requirements that express the intended interaction the system
will have with its operational environment and that are the reference against which each
resulting operational service vd i d a(iS@/IEC/IEEE, 2015, p. 51Bimilarly, system
requirements are deked and analyzed as a partSystemRequirementPefinition Process

of which purpose is to transform prerequisites of the stakeholder into a techewaifa

solution satisfying the operational needs of the (IS€&/IEC/IEEE, 2015)Theseprocesss
constituterequirements analysis proceakso referred to requirements engineering, being a
part of requiremest management which is a sulset of systems engineeringThe
requirements analysis process aim8pi@vide an understanding of the interactions between
the various functions and to obtain a bala
according tothe INCOSE Handbook(INCOSE, 2015, p. 60)As seen inFigure 9,
requirements analysis is the first stagehia systems engineering procé&O/IEC/IEEE,

2011a; INCOSE, 2015)

Requirements analysis, oequirementsngineeringis defined to focu®n fidiscovering,
developing, tracing, analyzing, qualifying, communicating and managing requiretmants
define the system at successive levels ofrabord (Hull, Jackson, and Dick, 2011, p..8)
Regarding to systems engineerifggure 9 illustratesthe importance of requirements
analysisin sydems engineering processhe pr ocess 6 p statedtobg pur
transforning the requirements into design@ther fundamental systems engineering
activities include functinal analysis and allocation as welldesign synthesis. The activities
which represent a perception of the second party, nhamely Department of Defemse,
balanced by techniques and tools collectively caffgstem analysis andoatrol, which
togethemith other activities refeto system life cycle processes introduced in ChabfieR
(Department of Defense, 2001; Hatlal, 2011)

Nine characteristics of individual requiremeats outlined in ISO 29148tandargdfour of

which areinfluential from the perspective of the thes@nd highlighted as follows
unambiguous, singular, traceable and verifiagbleln a mbi guous 0 means t ha
caneasiybe understood, and in only one way. A
one requirement and withoutyan conj uncti on. @nThe deacttwiiall e 0 i
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parentchild relationships for the requiremenate identified in tracing such that the
requirement traces to iIts sour ce atasthatiti mp |
shall be feasible to justify the conformity of the systdio.facilitate the employment of

good requirements characteristics, requirement language criteria have been published in ISO
29148, stating that it is more important to knth& needs$or the systenof-interest rather

than any design decisions for it. For this reasoeither vague and general terms nor
ambiguous termshould be used in requiremeitSO/IEC/IEEE, 2014, pp. 1112). These
characteristics of requirements are considé&tdwhen evaluating the research results

P

R

@]

C

E -
s _> Requirements ‘\ System Analysis
S Analysis and Control

I Requirements

N Loop

P

U Functional Analysis |

T and Allocation

Design
Loop

Verification

v
Design Synthesis

PROCESS OUTPUT

Figure9 Systems Engineering ProcdBepartment of Defense, 2001)

Descriptive attributes should be definedfémilitate understanding and managemerthef
requirementsDefinition of theattributes is performed tsupport requirements analysis as

the attribute information should be assted with the requirements. ISOQI48 $andard
describes important examples of requirements attributes, two of which aneshessential
regarding to thigesearchnamelyidentification and typeEach requirement should be
uniquely identified by using anique identifier (., numbername tag, mnemonieyhich

assiss in requirements tracind helabelshallpermanentlyemain unchangedefining the

type for each requiremeriacilitates the collection task of groupimgquirements into
determined categoriefor analysis and allocatip becausethe requirementsinclude
divergent intents and properties. From the list of examples of the requirements type attribute
two important requirements type attributes are emphasized; functional and process
requirementgISO/IEC/IEEE, 2011a) According to the standar
describe the system or system ewhdempmaeds f un
requi rement s [é]aequremeritsankpesbdatrodigh itentract or statement

of WwW(@SOMKEE/IEEE, 2011a, p. 14%imilar types will be tilized in this study but only

the content®f the categoriearedifferently specified.
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Various development stages and the related testing phasesapeesentenh Figure8. To
highlight the importance of requirements engineering at every stage of developiger,
10demonstrates how the defined requirementsxpiied in teshg as everything is tested

with respect to requirementStakeholder requirements reflect the results according to which
the product is a&lidated, systenrequirements definghe functions for the system(s),
subsystem requirements aim totiopze the cosbenefits and finally, the component
requirements are allocated to each component. Beginning from the component or product
stage, testing proceeds stage by stage until it is confithagtdhe product fulfills the set
requirements especiall the stakeholder requirement&gain, boththe top-down and
bottomup designs can be perfoed in eliciting requirement@nd to managehanges,
traceability and impact analysis may be utilizedg&rements tracing is important, singe

the matter othanging the design of a product, the requirements reflecting that change have
to be update@ull et al, 2011; INCOSE, 2015)

According toHull et al. (2011, p. 78)one ofthekey capabilities required for requirements

is the fability to elaborate a requirement in multiple ways by providing performance
information, quantification, test criteria, rationale and comngefaboration consists of
eliciting and analyzing requirementsgmfoundlyunderstand the needs of the stakeholders

to support the architecture definition and design definition procekséfgwell and
Widrig (1999) introduced natural identification scheme for hierarchregjuirements in
which childrequi r ement s are identified fol lThevi ng
parentchild relationshipp s vi ewed fAas an amplification
parent r e(leefingwed amd Widrdg, 1999, p. 185A uniquely identified item
(child) is associatedith the next highetevel of assemblfaving a hierarchical relationship

to itsparent.That is, the lowetevel item of the parerthild relationship is indicated aset

child, whereaghe parent is the highdevel item of a parenthild relationshipln addition

to elaboration,there are man other tasks to be performed, such identification,
classification, tracking status, tracing, placing in context and retrieuitence the
importance of exqessing and organizirrgquirements is hidighted to enhancneusability

of requirements setseffingwell and Widrig, 1999; Hulet al, 2011; INCOSE, 2015)

Figure10 Requirementsind the corresponding V&V activities the V-Model (Hull et al, 2011)
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