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As the demand for software solutions continues to grow, it becomes crucial to cultivate
sustainable practices within software development processes. This study aims to develop
a sustainability maturity model for evaluating the extent of sustainability integration within
software development processes and to determine the level of maturity attained in this regard.
To achieve this goal, the study adopts a design science research methodology, which inte-
grates a qualitative research approach and utilizes both primary and secondary data sources.
Drawing inspiration from well-established maturity models, our proposed model integrates
sustainability principles and best practices. The validation process, involving input from
industry experts, has provided valuable insights, confirming the relevance and practicality
of our model. The feedback received has been instrumental in refining and enhancing the
model’s effectiveness in addressing the unique challenges faced by software development
experts in promoting environmental and social responsibility. In essence, we firmly believe
that our proposed model significantly contributes to sustainable software development by fa-
cilitating systematic sustainability assessments. Additionally, it serves as a roadmap for or-
ganizations, guiding them towards proactive and sustainable practices, thus fostering a more
sustainable future for the software industry and beyond.
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UI User Interface

UN United Nations
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1 INTRODUCTION

1.1 Motivation

From different frames of reference, sustainability is earning attention throughout the world,
supported by organizations such as the United Nations (UN) (Calero et al. 2021). In 2015, all
member states of the UN collectively adopted the 2030 Agenda for Sustainable Development,
which serves as a comprehensive plan for achieving peace and prosperity for both people and
the planet, both in the present and for future generations. Central to this mission are the 17
Sustainable Development Goals (SDGs)! serving as a pressing call to action for all nations,

both developed and developing, to engage in a global partnership.

According to a joint report by GeSI?> and Deloitte?, digital technologies possess transfor-
mative capabilities in achieving the 2030 Agenda. The report emphasizes that a thoughtful
and purposeful development and deployment of these technologies can significantly expe-
dite progress towards the SDGs. However, it also highlights the potential adverse impacts of
digital technologies on the SDGs. For instance, they may exacerbate consumption patterns,
widen the digital divide, disrupt labor markets, and concentrate power among a select few
(GeSI 2023).

Numerous studies, such as (Calero et al. 2021; Agarwal et al. 2012; Guldner et al. 2021),
have also pointed out the significance of Information and Communication Technology (ICT)
in achieving the goals, but they have highlighted substantial adverse environmental effects

associated with it.

Software, too, holds a pivotal role in shaping the digital landscape and has great potential to
contribute to the SDGs. However, it leaves a substantial environmental footprint encompass-

ing energy consumption, carbon emissions, and resource depletion (Guldner et al. 2021).

Meanwhile, notable studies such as those conducted by (Lami et al. 2014; Rashid et al. 2021),
underscore the growing global emphasis on sustainability across various industries and sec-
tors, including software development. With the increasing demand for environmentally and
socially responsible practices, organizations are recognizing the need to incorporate sustain-

ability considerations into their software development processes.
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To aid organizations in evaluating their current sustainability integration and tracking the
progress of their initiatives, sustainability maturity frameworks and models play a crucial
role (Hepper et al. 2017; Correia et al. 2023). However, to the best of our knowledge, there
is a lack of comprehensive and standardized frameworks and models specifically tailored to

assess the level of integration of sustainability in the context of software development.

1.2 Problem Formulation

The problem at hand revolves around the lack of a comprehensive and standardized frame-
work for assessing the level of integration of sustainability practices with in software devel-
opment processes. Despite the increasing attention to sustainability in various industries, in-
cluding software development, a noticeable gap remains in the availability of maturity models
specifically designed to evaluate and enhance sustainability aspects within software devel-

opment processes.

The absence of such maturity models poses several challenges. Firstly, without a standardized
framework, it becomes challenging to benchmark sustainability efforts against industry best
practices or set clear goals for sustainability performance. Secondly, without a sustainability
maturity model, organizations may struggle to communicate their sustainability efforts and
achievements to stakeholders, such as clients, investors, and regulatory bodies. A lack of
standardized metrics and assessment criteria makes it challenging to provide transparent and

credible information on the sustainability performance of software development processes.

Thus, the central problem to address in this thesis is the absence of a sustainability maturity
model for software development processes. This research aims to construct a framework that
empowers organizations to assess the extent of sustainability integration within their software
development processes, enhance these practices, and communicate their sustainability initia-
tives. The proposed maturity model will provide a structured approach to assess sustainability
aspects, and facilitate transparent reporting on sustainability performance. By addressing this
gap, the thesis seeks to contribute to the broader goal of advancing sustainable software de-
velopment practices and fostering environmental and social responsibilities in the software

industry.

1.3 Scope and Delimitation

1.3.1 Scope

This thesis centers around the development and implementation of a sustainability matu-
rity model explicitly customized for software development processes. Its primary objective

is to provide a framework for evaluating the extent of sustainability practices incorporated



throughout the software development life cycle. The study delves into the integration of envi-
ronmental and social considerations across different stages of software development, encom-
passing requirements engineering, design, implementation, testing, and deployment phases.
The research is conducted within a select group of organizations operating in the software

development and digital transformation sector in Finland.

1.3.2 Delimitation

This thesis focuses primarily on software development organizations, and as such, the find-
ings are not directly transferable to other industries or sectors. The sustainability maturity
model developed within this thesis specifically caters to the unique context of software de-
velopment processes and does not encompass sustainability issues specific to other technol-
ogy domains, such as hardware development, telecommunications, networking, and others.
Moreover, the thesis predominantly considers the viewpoint of software development or-
ganizations, which may overlook the perspectives of other crucial stakeholders, including

end-users and regulatory bodies.

1.4 Structure of the Thesis

The following sections of this thesis are organized as follows: Chapter two provides a com-
prehensive literature review, examining existing studies on the subject. Chapter three out-
lines the research methods employed in this study, detailing the approach taken to gather and
analyze data. Chapter four delves into the design and development of the proposed model,
elucidating the process and considerations involved. Chapter five encompasses the outcomes,
essential discoveries, and subsequent discussions arising from this research. Finally, chapter
six encapsulates the concluding remarks of this study, summarizing the key findings and their

implications.
[Reader’s Note]

In this thesis, the terms ’factor,” ’key factor’, and "practice’ are used interchangeably to re-
fer to a fundamental set of competencies required for defining, operating, and constructing
sustainable software. Similarly, the terms ’thesis,” ’study,” and ’research’ are used inter-
changeably in this work to refer to the document presented here. The interchangeable use of

these terms is established to ensure clarity and consistency throughout the document.



2 LITERATURE REVIEW

This chapter provides an exploration of existing academic works and research studies that
have contributed to our understanding of the research problem at hand. Through careful
analysis and synthesis of a diverse range of literature, this chapter aims to identify gaps in
knowledge, theoretical perspectives, and methodological approaches that shape the current
study. Additionally, it seeks to establish the context and significance of the research topic

within the broader academic discourse.

It is important to emphasize that this literature review does not aim to compile an exhaustive
list of every work related to the research topic. Instead, it focuses on relevant and influential

contributions that directly relate to the research problem and objectives.

Prior to delving into the existing academic literature and research studies, the following sec-
tion presents definitions related to ’sustainability’, ’sustainable software’, ’software develop-
ment lifecycle’ and "maturity model’, and outlines the specific focus of this study in relation

to those definitions.

2.1 Background

2.1.1 Sustainability-Related Definitions or Descriptions in Literature

Various academics have provided diverse yet interconnected definitions of sustainability.
This subsection presents a compilation of definitions given to sustainability over the past
few years, highlighting the evolving discourse on the subject. Table 1 showcases a selection

of definitions and/or descriptions of sustainability found within the literature.

Table 1: Sustainability-Related Definitions or Descriptions

Source Definition or Description

A sustainable world is characterized by human survival without en-
Brown et al. 1987 | dangering the ongoing existence of future generations in a whole-

some environment.

Sustainability entails meeting the needs of the present without com-

Imperatives 1987 | promising the ability of future generations to fulfill their own re-

quirements.

Continued on next page




Table 1 — continued from previous page

Source Definition or Description

Sustainability encompasses the ability to persist over time and, par-

ticularly for humans, the potential for enduring long-term main-
Penzenstadler and

) tenance. From an alternative standpoint, sustainability can be re-
Fleischmann 2011

garded as an additional fundamental attribute, aligning with estab-

lished qualities such as accuracy, efficiency, and others.

Sustainability can be examined in relation to a specific system (such
Penzenstadler, Ra- | as an ecological system or a particular software system). Thus,
turi, et al. 2014 global sustainability entails the ability to endure considering the

functioning of all these systems collectively.

Among the various definitions mentioned above, the one that is widely accepted is the defi-
nition established by the report cited as (Imperatives 1987). According to this report, sustain-
able development requires meeting the requirements of three dimensions: society, economy,
and the environment. Environmental sustainability entails enabling the environment to re-
generate itself at a rate faster than the detrimental impact caused by human activities. Social
development, on the other hand, focuses on fostering a sustainable society by promoting so-
cial justice, poverty reduction, and a range of actions aimed at achieving social equity and
ethical consumerism. The economic pillar ensures that economic growth maintains a har-
monious balance with the ecosystem by integrating environmental and social considerations

into business practices.

Software Sustainability

Various authors have offered different definitions of software sustainability (Tate 2005; Dick
and Naumann 2010; Amsel et al. 2011; Manteuffel and Ioakeimidis 2012; Agarwal et al.
2012; Singh et al. 2021), but the widely accepted definition is provided by (Naumann et
al. 2011; Dick, Drangmeister, et al. 2013). The authors defined software sustainability or
sustainable software as, software that minimizes negative impacts on the economy, society,
human beings, and the environment throughout its development, deployment, and usage,
while also potentially contributing positively to sustainable development. While this defini-
tion touches upon various aspects, this thesis primarily focuses on the software development
aspect. Additionally, the main objective of this thesis is to emphasize the environmental and
social aspects or pillars of sustainability. (Penzenstadler, Raturi, et al. 2014; Paton-Romero
et al. 2021) also acknowledges that, the term sustainable software can be interpreted in two

distinct ways: (1) sustainable software code, regardless of its purpose, and (2) software de-



signed to support sustainability goals. Within the context of this thesis, our specific emphasis

is on the former concept, namely, “’sustainability in software”.

Software Development Life Cycle (SDLC)

SDLC is a structured process for building and maintaining software systems. It encompasses
several key phases, starting from the initial development analysis to post-development soft-
ware testing and evaluation (Davis et al. 1988; Leau et al. 2012; Bassil 2012). In addition,
SDLC comprises various models and methodologies that development teams utilize to create
software systems. These methodologies form a framework for planning and controlling the

entire development process (Leau et al. 2012).

In our context, we do not emphasize any specific SDLC methodology. Instead, our focus
lies on requirements engineering, design, implementation, testing, and deployment—the key

phases among the various stages of SDLC.

2.1.2 Maturity Model Definitions and Descriptions in Literature

Although the concept of maturity models is widely recognized and embraced, there is a lack
of a precise and universally accepted definition for the term “maturity model” (Correia et al.
2023). Table 2 showcases a selection of definitions and/or descriptions of maturity models

found within the literature.

Table 2: Maturity Models Definitions and Descriptions

Source Definition and/or Description

Maturity models serve as a practical means to effectively trans-
late intricate concepts into tangible organizational capabilities while
Dinsmore 1998 fostering awareness of potential development opportunities. They
offer valuable guidance for creating action plans and enable orga-

nizations to systematically track and monitor their progress.

Maturity models are specifically developed to evaluate the level of
De Bruin et al. | maturity (such as competency, capability, and sophistication) within

2005 a chosen domain. They rely on a comprehensive set of criteria to

assess this maturity.

Continued on next page




Table 2 — continued from previous page

Source Definition and/or Description

Maturity model is a conceptual framework comprising various com-
ponents that describe the progression of a specific area of inter-
. est throughout its evolution. It elucidates a systematic approach
Pigosso et al. 2013 ) o i ) }
through which an organization can attain or cultivate a desirable
outcome, such as a collection of abilities or methodologies, leading

to the enhancement of organizational maturity.

A maturity model elucidates the progression of specific capabilities
Hynds et al. 2014 o oL .
within an organization as they evolve and develop over time.

A maturity model can be regarded as a conceptual framework con-

Correia et al. 2023 | sisting of components that delineate the evolution and advancement

of a specific area of interest as time progresses.

2.2 Related Work

2.2.1 Sustainability Maturity Models in Literature

Capability Maturity Model Integration (CMMI)

The concept of measuring maturity was introduced with the Capability Maturity Model (CMM)
from the Software Engineering Institute (SEI) - Carnegie Mellon University (De Bruin et al.
2005). The CMM has gained widespread acceptance globally, to the extent that achieving
high maturity scores has become a requirement for selecting off-shoring partners. The insti-
tute has developed a total of six maturity models, and consolidated three legacy CMMs into

one integrated model, now known as the CMMI (Chrissis et al. 2011).

The CMMI is designed to assist organizations in enhancing their processes and overall per-
formance by providing a comprehensive set of best practices and guidelines applicable to
various domains, such as software development, systems engineering, project management,
and service delivery. Central to CMMI is the concept of process maturity, which evaluates
an organization’s level of repeatability, consistency, and optimization in its processes. This
framework comprises five maturity levels, spanning from Level 1 (Initial) to Level 5 (Opti-
mizing), with each level building upon the previous one. Each maturity level encompasses
specific process areas that organizations must address, allowing them to utilize CMMI to as-
sess their current maturity level, identify areas for improvement, and set ambitious goals for

attaining higher levels of maturity (ibid.).

10



International Organization for Standardization/International Electrotechnical Com-
mission (ISO/IEC) 15504 and ISO/IEC 33000

ISO/IEC 15504, also known as the Software Process Improvement and Capability Determina-
tion (SPICE), is a standard jointly developed by the International Organization for Standard-
ization (ISO) and the International Electrotechnical Commission (IEC) to assess and enhance
the process capability of organizations. This standard, along with the ISO/IEC 15504 family
of standards, offers a comprehensive framework for evaluating and improving processes re-
lated to information systems. However, there is a new family of standards, ISO/IEC 33000,
developed by ISO and IEC, which replaces the ISO/IEC 15504 family. ISO/IEC 33000 fo-
cuses on assessing and improving the capacity and maturity of organizations’ processes, and
itinvolves the restructuring and expansion of the previous ISO/IEC 15504 family of standards
(Information technology & Process assessment 2015).

A. G. Silvius and Schipper 2010 presented a maturity model for the incorporation of sus-
tainability in projects and project management processes. The model assesses the level of
consideration of sustainability in terms of resources, business processes, business model and
products or services. The study examines sustainability in the context of its economic, en-
vironmental, and social dimensions and the result of the assessment is then presented in a
graphical way, that allows organizations to benchmark their maturity and to monitor their
development. The authors initially created a sustainability checklist during a seminar (A.
Silvius and Tharp 2010), which serves as the foundation for the maturity model they have
developed. The checklist comprises a list of criteria that are categorized into economic, envi-
ronmental, and social sustainability. This research pertains to the overall maturity of a project

in general, rather than specifically focusing on the maturity of software.

Baumgartner and Ebner 2010 developed a comprehensive framework for assessing maturity
levels in corporate sustainability. The framework employs a set of indicators that allow stake-
holders and decision makers to gain a clear understanding of an organization’s progression
in this area. The framework proposes four levels: beginner, elementary, satisfactory, and
sophisticated or exceptional. To determine these maturity levels, it is crucial to evaluate each

dimension of corporate sustainability, including the economic, ecological, and social aspects.

Babin and Nicholson 2011 introduced a model for assessing sustainability in the realm of
global IT outsourcing (GITO). This model is founded upon empirical research and an in-depth
analysis of publicly available data. The research findings reveal a noticeable progression in
environmental maturity among GITO firms, as evaluated against established benchmarks for
environmental and social responsibility. By conducting a combination of qualitative inter-
views and quantitative content analysis, the authors have defined a three-stage model to gauge

the level of sustainability maturity attained by service providers. Moreover, this model also

11
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$ VWXG\E\ 'DYLG 3DWyQ 5RRMBRVMWMWHBOWKH LPSRUWDQFH R
FKDOOHQJHV IDFHG E\RUJDQL]DWLRQVLQLPSOHRHRWLQJ
PDWLRQ 7THFKQRWRUIKIGLIKWY WKH ODFN RI JXLGHOLQHV L
HPSKDVL]HV WKH QHHG IRUD PDWXULW\PRGHO WR HYDOXD
DIJHPHQW RI*UHHQ ,7 $VDUHVXOW WKH DXW K&RINEBKRER V
KHOSV RUJDQL]DWLRQV DVVHVV WKHLU FXUUHQW PDWXUL!
QHZ SUDFWLFHV 7KHPRGHO SURYLGHV DIUDPHZRUN IRU R
DQG PDNHLPSURYHPHQWYV LQ WKH JRYHUQDQFH DQG PDQTU
PHQWLRQHG WKH EHQHILWV RI *UHHQ ,7 LQLWLDWLYHV ZK
7KH\HPSKDVL]HG WKH LPSRUWDQFH RI RUJDQL]DWLRQV W
SURSRVHG PDWXULW\PRGHO DV D WRRO WR VXSSRUW WKH

;DYLHU HWIDDNURGXFHG (FR LQQRYDWLRQ ODWXULW\ ORG|
ZRUNDLPHG DW IRVWHULQJ WKH VHDPOHVV LQFRUSRUDWI
DQGIRVWHULQIJWKHLU FRQWLQXRXVJIJURZWK 7KLV PRGHC
DSUDFWLFDOJXLGHIRUVHOHFWLQJDQGLQWHIUDWLQJ J(
WRRO WR DVVHVV RUJDQL]DWLRQDO HFR LQQRYDWLRQ SH
DGRSWLRQ RIVXSHULRU LQGXVWULDO SUDFWLFHV 7KH SL
DLG FRPSDQLHVLQ HITHFWLYHO\LQFRUSRUDWLQJHFR LQ(
IXOO\DWWDLQLQIJWKHLUVXVWDLQDELOLW\REMHFWLYHV
WHP HPSRZHULQJRUJDQL]DWLRQV WR HPEUDFH HFR IULH
WRHQYLURQPHQWDO SUHVHUYDWLRQ

6DUL HW DSOUR SR&/RIGSIRUDWH 6 XVWDLQDELOLWAKDW RULIWQ
]IDWLRQVFDQ XVHWRDVVHVV WKHLURZQ VXVWDLQDELOLMW
WDLQDELOLW\PDWXULW\ DQGPRYHWRZDUGY EHFRPLQJP
&600EHLQJ SURSRVHGLVD PDWXULW\PRGHO WKDW XWLOL]
LVVWUXFWXUHG DURXQG GLITHUHQW PDWXULW\GRPDLQV
VSHFLILF VHWRILQGLFDWRUYV DORQJZLWK WKHLU FRUUH
WKHFULWHULD IRUHDFK OHY K@ (ROAFRDQNVXVMWVY\RT VKK B H R SR\
RIPDWXULW\ $FFRUGLQJWR WKHDXWKRUV RUJDQL]DWLR



PHQWYV EDVHG RQ WKH PRVW LGHDO FRQGLWLRQV OHYHO
RUFRQGLWLRQV WKDW IDOO LQ EHWZHHQ OHYHO 7KH D
PRGHO LV FRPSULVHG RIVHYHUDO VXE GRPDLQV WKDW KD
OHYHO RI PDWXULW\LV GHILQHG E\D FOHDU VHW RI LQGLFI
WKH DXWKRUV VWDWHG WKDW WKH GRPDLQV VXE GRPDLC
QRW H[FOXVLYHO\REWDLQHG IURP D OLWHUDWXUH UHYLH
SRUWV IURP YDULRXV RUJDQL]DWLRQV ZRUOGZLGH 7KLV S
WR WHVWLQJDQG YDOLGDWLRQ WKURXJK DVVHVVPHQWV F
VXVWDLQDELOLW\ UHSRUWV IURP GLYHUVH&EO®XDW ELHH V |
FRQVLGHUHG DV WKH ILUVW VXVWDLQDELOLW\PDWXULW\ |
DQ,QGRQHVLDQ FRQWH[W

5SDVKLG HW BABVLIQHG DQG GHYHORSHG D FRPSUHKHQVLYF
*$00 WRHYDOXDWHWKHOHYHORIDJLOHPDWXULW\RIVRI
WH[W RI JOREDO VRIWZDUH GHYHORSPHQW 7KH SULPDU\
FUHDWH D PXOWL OHYHO *$00 WKDW FRXOG DVVHVV WKH O
'"HYHORSPHQW *6' YHQGRUV LQ WKHDUHD RI' JUHHQ VRIW.
SULVHV VHYHQ PDWXULW\OHYHOV

&RUUHLD HWKDWH SURSRVHG D VXVWDLQDELOLW\ PDQDJHI
ZLWK WKH SULPDU\ REMHFWLYH RIDGGUHVVLQJ WKH OLPL
LW\PRGHOV SURSRVHG LQ OLWHUDWXUH 7KHPRGHO FRPE
RUJDQL]DWLRQDO VXVWDLQDELOLW\ SUDFWLFHVY WKH WU
VXVWDLQDELOLW\ )WVHUYHVDVDVHOI DVVHVVPHQW WRF
LQJWRROSURKFQBHV D VXPPDU\RIWKHYDULRXV PDWXULW!
OLWHUDWXUH

7TDEOH 6XVWDLQDELOLW\ODWXULW\ORGHOV LQ/LWHUDW
WXULW\)UDPHZRUNV DQG ORGHOV

$XWKRU V *RDO SURSRVHG ORGHO &RPSDUL
$ * 61O ODLQO\ XQOLNH WKH SURSRYV
VXV 'D+HGOS WRLOQWHIJUDWBWXVIWLEREHOLERHY QRW

sEKLSsHR SURMHFWY DQG SURME AWHDWQ DXPEHU DQG GH
PHQW VHTXHQWO\ PDWXULW\DVVHV
SUHVHQWHG LQ D JUDSKLFDO

&RQWLQXHG RQ QH[W
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7TDEOH

*+ FRQWLQXHG IURP SUHYLRXV SDJH

$XWKRU V *RDO 3URSRVHG ORGHO &RPSDUL
7KLV PRGHO LV FRPSUHKHQV
LO\FRPSULVLQJWKUHH GRPD
+DQNHO HW BORSHG WR H Y|/ D'UXDM\QH VRXINWIHID LW GLIITHUV
DELOL&A RI WKH SURSRVHG PRGHO LQ WK
VSHFLILFDOO\ WDUJHW WKH P
ZDUH GHYHORSPHQW SURFHV)
byLc | 7KLV PDWXULW\ PRGHOHWEBYH®) VRPH VLPLOL
3DWyO RSHG WR KHOS RUJWRH]|BWREBRVHIBVPRGHO WKL\
crprur VHYV WKHLU FXUUHQRWP D SHELLWR DGITHODUJHW W
SwWDpo | LQ *UHH®RG JUDG X POGXIPLW RI VRIWZDUH GHYH
SOHPHQW QHZ SUD FW VNHW
'HYHORSHG ZLWK| WKH DLP RI
;DYLHUHSV\L/JBBRWLQJ WKH L @GRROLSRUW WH BQRSRVHG PRGH
HFR LQOQRYDWLRQ BLWKRRGHOBQLPDULONIRFXV
]JDWLRQV DQG QXUWXIURQ RW RBRQXFREW X ULQJ
WLQXRXV JURZWK
'HVLJQHG WR DVVLVW RUJDQL]D
WLRQV LQ DVVHVVLQJ WKHLU RZQ
sDUL MW XY WDLQDELOLWY| @QDHDN VEHHNSUWPIRVHG PRGH
LQJ WKHLU FXUUHQM VO\HPYRI®H®I LADSULPDULO\ IR
WXULW\ DQG SURJBRWUDMH WRADDIGYDELQ LW\
EHFRPLQJPRUHPDWXUHDQG VXV
WDLQDEOHHQWLWLHYV
7KH SULPDU\ SXUSRVH RI WKLYV
PRGHO LV WR DVVLVW *UHHQ 6RIW
ZDUH'HYHORSPHQWKL6/ PRIGHO FORVHO\ UHVHPE
5DVKLG HW DO
GRUVLQDVVHVVLQSWKH®PREO®IBXW LWY VROH
LOH PDWXULW\ ZLWIKQQ PDRMXGR WD L Q
RI VXVWDLQDEOH|VRIWZDUH GHYHO
RSPHQW
7KH FHQWUDO SXUSRVH RI WKH PD
WXULW\ PRGHO LY WR VHUYH DV D
&RUUHLE rRo IRU vHO!I DV R PHOW HRUESRVHE PRGH
HW DO VSHET B o8 i B Ex vy RQ VX
LQJ LPSURYHPHQW HITRUWV DQG
IDFLOLWDWLQJEHQFKPDUNLQJ




'"HYHORSPHQW RIODWXULW\ORGHOV LQ/LWHUDWXUH

,Q WKH OLWHUDWXUH YDULRXV DSSURDFKHV WR GHYHOR
QRVWDQGDUGL]HGIUDPHZRUN IRUWKHLU GHYHORSPHQW

'"HOUXLQHWOWURGXFHGRQHRIWKHPRVWUHQRZQHG PHW
WXULW\PRGHOV 7KLV ZHOO UHJDUGHG VWDQGDUG IUDPH
WKH UHVXOWY RIHDFK SKDVH PD\ SURPSW D UHDVVHVVPH
SURYHPHQWY 7KHVHVL[NH\SKDVHV DUHDVIROORZV GH)
WKH PRGHOYV DUFKLWHFWXUH GHILQLQJ WKH PRGHOTYV FI
DFFXUDF\ GHSOR\LQJWKHPRGHO IRUXVDJHDQG PDLQWH!
XRXVUHOHYDQFHRYHU WLPH

2QWKHRWKHU KDQG PdHPNHIGHDMRG SUHKHQVLYH VWHSS
GHYHORSPHQW RIPDWXULW\PRGHOV 7KHPRGHO HQFRPS
GHILQLWLRQ VWXG\LQJH[LVWLQJPRGHOV GHVLJQLQJWK
WUDQVIHUULQJ WKHFRQFHSW LPSOHPHQWDWLRQ HYDOX
LQWKLVGHWDLOHG SURFHGXUHFRQWULEXWHYV WR WKH V\\
PRGHOV

JXUWKHUPRUH LQ WKHLU ZRUN 6RO®UH/ WEKWH® Q & RR W W
PRGHOLQJ SURFHGXUH FRPSULVLQJILYHGLVWLQFW SKDVH
PHQWRIDVXJJHVWHG VWDJHPRGHO SULPDULO\NEDVHG RC
DQGLQIRUPHG E\D FRPSUHKHQVLYH OLWHUDWXUH UHYLH:
6XEVHTXHQWO\ DFRQFHSWXDO PRGHO LV FUDIWHG ZKHUI
DUHGHILQHG DQG HPSLULFDO PHWKRGYV VXFKDV FDVH VW
FRPSDVVHG WKHFUHDWLRQRIDWKHRUHWLFDOPRGHO ZK
GHVFULSWLRQV UHOHYDQFH DQGHYROXWLRQDU\SDWK R
DUHGHULYHG WKHRUHWLFDOO\DQG VXEVHTXHQWO\YDOL:
LOQYROYHG FRQVWUXFWLQJ DQ HPSLULFDO PRGHO ZKHUH
YDOXHDQG OLQNHG WR D VSHFLILF PDWXULW\ OHYHO )LC
PRGHOLVIRUPXODWHG LQFRUSRUDWLQJD FRPSDULVRQE
DQRGUHDO ZRUOG REVHUYDWLRQV WR PDNH QHFHVVDU\ UH

&ULWHULD IRUGBRIWZDUH 6 XVWDLQDELOLW\

I1DXPDQQ HWGIHOOHORSHG WKH *5((162)7 PRGHO D FRQFHSW
JUHHQ DQG VXVWDLQDEOH VRIWZDUH 7KHPRGHO FRPSUL
VRIWZDUH SURGXFWYV VXVWDLQDELOLW\ FULWHULD DQG F



WLRQV DQG WRROV ,Q WKHLU ZRUN W K H&OR®/ X RUW B HPIREYL
FDWHJRUL]JLQJ LW LQWR WKUHH OHYHOV ILUVW RUGHU LI
R,&7 VHFRQG RUGHU LPSDFWV DV LQG& D+ B Q& FVK\L V& +
LPSDFWV DV UHERXQG HITHFW YV, R X WIKHH @ € GURQ RIQD\W G\X |
DELOLW\FULWHULD DQG PHWULFV IRUVRIWZDUH SURGXFW
WKHVXVWDLQDELOLW\FULWHULD DQG PHWULFV PRGXOH

,626\WVWHPV DQG VRIWZDUH HQJLQHHULQJ26\WWHPV DQG V
(YDOXDWLRQ 64XD5( 2*XLGHOLRHEENIR(UHODWHG FULWHU
LFDOO\DVVRFLDWHG ZLW K &7KHICPIPGIGLLUDIFWHOIY M F\G D WIH G F
DGGUHVVLQJ WKH VHFRQG D,@&G MK XY G QRURECHRIRLPH DG &/ VURH |

.HUQ HW D®GHYHORSHG D FRPSUHKHQVLYH VHW RI FULWHU|
DELOLW\ 7KH DXWKRUV LQWURGXFHG D PRGHO RXWOLQL
VRIWZDUH SURGXFWV DQG WKHLU LPSDFW RQ QDWXUDO UEk
PHQWRIFULWHULD DQGLQGLFDWRUV IRU HIIHFWLYH LPSD
SURMHFW LV WR SURYLGHD PHWKRGIRUDVVHVVLQJHQYLL
SURGXFWY ZKLOH RIITHULQJ YDOXDEOH UHFRPPHQGDWLRQ
FXVVLRQV 7KLV GXDO SXUSRVHHYDOXDWLRQ PHWKRG DL
SURFXUHPHQWDQG WKHFUHDWLRQRIUHVRXUFH HIILFLHC
LW\ HITWHQVLYH OLWHUDWXUHUHYLHZVDQGFROODERUDW
ZHUH FRQGXFWHG :KLOH WKH SURMHFW HQFRPSDVVHYV YI
WLFXODUO\ HPSKDVL]HV WKH HQYLURQPHQWDO DVSHFW
VRIWZDUHTV OLIHF\FOH GHVSLWH DFNQRZOHGJLQJ HQYLI
GLVSRVDO VWDJHYV

5DVKLG HW@HWVLIJQHG DQG GHYHORSHG D FRPSUHKHQVLYH
IRUHYDOXDWLQJ WKH DJLOH PDWXULW\ RIVRIWZDUH GHY|
VRIWZDUH GHYHORSPHQW :KLOH WKH SULPDU\REMHFWLY
*UHHQ $JLOH ODWXULW\ORGHO *$00 IRUDVVHVVLQJ WKH
'HYHORSPHQW *6' YHQGRUV LQ UHODWLRQ WR JUHHQ VR
GHYRWHG DWWHQWLRQ WR LGHQWLI\LQJ FULWLFDO VXFF}
FKDUDFWHUL]LQJ VXVWDLQDEOH VRIWZDUH ,Q RUGHU WR
LQ DGDSWLQJDJLOH PHWKRGV IRUWKH GHYHORSPHQW RI
VIVWHPDWLFEDFNJURXQG VWXG\ DQGD TXHVWLRQQDLUH
LQGXVWU\ )LQDOO\WKH\XVHG RQOLQH TXHVWLRQQDLUH "

$OEHUWDR KBWHWWOHQWHG D VHW RI PHWULFVY DLPHG DW HYD
PHQWDO DQG VRFLDO VXVWDLQDELOLW\RI VRIWZDUH SU
TXDQWLI\LQJ WKH IDFWRUV WKDW LQIOXHQFH WKH HQYLUT



PDU\REMHFWLYH RI SURPRWLQJDZDUHQHVV UHJDUGLQJ W
DVXVWDLQDEOHPDQQHU

ODWXULW\/HYHOVIRUG6RIWZDUH 6XVWDLQDELOLW\

,Q WKH UHDOP RI OLWHUDWXUH D FRQVHQVXV RUDJUHHPF}
WXULW\ OHYHOV LV ODFNLQJ ZLWK WKH UDQJH YDU\LQJ Il
DWWHPSWHG WR DGGUHVV WKLV LVVXH SURYLGLQJ GLIIF
1LFKROVRDUL HW DSXW IRUZDUG WKUHH PDWXULW\ OHYH

GHILQHG IRXU 2Q WKH RWKHBWHQ\GHQWWRG W BPNVHQVL
FRPSULVLQJVL[PDWXULW)\ OKHVQVQHG DKICCGHY BORSHG D
*UHHQ $JLOH ODWXULW\ORGHO *$00 FRPSULVLQJVHYHQ |

$PRQIJWKHVHYDU\LQJSHUVSHFWLYHVY WKHPRVWFRPPRQ

HOVLVILYH DV KLIJKOLIJIKWHG LQ ZRURWVER HWW D QWHQ HW D
'‘DYLG 3DWyQ SRPHURYHW WD BOW &®RUUHLD HWID@NHO HW D
&DIJQLQ HW,DALHU HW ID®RQJ RWKHUYV



5(6($5&+0(7+2'2/2*<

7KLV FKDSWHU VHHNV WR SUHVHQW DQ H[SODQDWLRQ RI W
VWXG\ 7KH SULPDU\ REMHFWLYH LV WR RIITHUD GHWDLOH
UHVHDUFK DSSURDFK HQFRPSDVVLQJ WKH VSHFLILF PHWE
WKURXJKRXW WKHUHVHDUFK

*RDODQG 5SHVHDUFK 4XHVWLRQV

7TKHPDLQJRDO RIW&HY WERY DWXWWRLQDELOLW\PDWXUL\
HIWHQW RIVXVWDLQDELOLW\LQWHJUDWLRQ ZLWKLQ VRIW
WKHOHYHO RIPDWXULW\DWWDLQHG LQ WKLV UHJDUG °

, QRUGHUWRDFKLHYHWKHPDLQJRDO WKHIROORZLQJUH

>54 @RZFDQ WKHLQWHJUDWLRQ RI VXVWDLQDELOLW\ LQ
DVVHVVHG RUHYDOXDWHG"

t>54 @KDW DUH WKH NH\IDFWRUV WKDW FRQWULEXWH
GHYHORSPHQW SURFHVV"

1>54 @RZ HITHFWLYHO\ DUH WKH NH\IDFWRUV FRQWUL
VRIWZDUH GHYHORSPHQW SURFHVV DSSOLHG E\ VRIWZ]

1>54 @KDW DUH WKHFKDOOHQJHV RUEDUULHUV WKDW
LOQFRUSRUDWLQJVXVWDLQDEOHVRIWZDUHGHYHORSP/|
PHQW SURFHVVHV"

t>54 @KDWH[LVWLQJIUDPHZRUNV RUPRGHOV DUHDYD!
LW\LQ VRIWZDUH GHYHORSPHQW SURFHVVHV"

1>54 @RZFDQPHWULFVDQGLQGLFDWRUV EHHVWDEOI
WDLQDELOLWA\DFKLHYHG LQ VRIWZDUH GHYHORSPHQW

7TR WDFNOH WKHVH UHVHDUFK TXHVWLRQV WKHVWXG\DGHF
FRUSRUDWLQJ TXDOLWDWLYHUHVHDUFKPHWKRGRORJ\DC
VRXUFHV $GHWDLOHGH[SODQDWLRQRIWKHUHVHDUFK G}



'"HVLIQ6FLHQFHS5HVHDUFK

7KH ILH@GRIPDWLRQ BHWMWHDRJFE LV FKDUDFWHUL]HG E\ WZ
ILUVWRQHLVEHKDYLRUDO VFLHQFH ZKLFKIRFXVHV RQ IR
RURUJDQL]DWLRQDO DFWLRQV 7KHVHFRQG SDUDGLJP LV
HQKDQFLQJKXPDQDQG RUJDQL]DWLRQDO FDSDELOLWLHYV
%RQpP HW DOKLV VWXG\ HAYOROVBWIKHHQFH 5HVHDUFK OHWKR
DORQJVLGH VHYHQ JXLGHOLQHY SURSRVHG E\ +HYQHU HW

'"HVLJQ VFLHQFH UHVHDUFK FHQWHUV RQ WKH FUHDWLRQ D
WHQWLRQRILPSURYLQJWKHIXQFWLRQDO SHUIRUWRDORH R
HWDO 'UHVFK HW DLOILSHGLD)XUWKHUPRUH LPSOHPHQWDYV
HQFH UHVHDUFK KDV WKH SRWHQWLDO WR EULGJH WKH JD!

$V GHSLFWHG GO YILIQMFLHQFH UHVHDUFK VKRXOG WDNH L
UHVHDUFK WR RUJDQL]DWLRQV 7KHILQGLQJVDQG NQRZO
FDQEH XWLOL]JHG E\WKHVHRUJDQL]DWLRQVWRDGGUHVYV
LW LV FUXFLDO WR XSKROG ULJRU LQ WKH UHVHDUFK SURF
YDOLGLW\DQG UHOLDELOLWEIRGWKH VWXG\TVRXWFRPHYV

JLIXUHVLIQ6FLHQFH5HVHDUFK &\FOHV +HYQHU

$V GHSLFWHG 163 ) IDIEREWY D SUREOHP VROYLQJDSSURDFI
SKDVLV LVRQHQKDQFLQJ WKH TXDOLW\DQG GHVLJQ RI W]
WKH SURFHVYV 2XU ZRUNLQYROFHVSWIREHM\LWRGDB W LRKH/ ¢
LWHUDWLRQ HQFRPSDVVHV PRVW RI WKHHIITRUW VWDUWL(
WKURXJKWKHGHVLIQ GHYHORSPHQW DQGHYDOXDWLRQ
SRLOQOWVIRUWKHVHFRQGDQG WKLUGLWHUDWLRQVDUHGH
RIWKHSUHYLRXV UHVSHFWLYHLWHUDWLRQV



JLIXUHHVLIQ 6FLHQFH5HVHDUFK OHWKRGRORJ\3URFHVYV

$VPHQWLRQHG HDUOLHU WKLV VWXG\DGKHUHV WR WKH V|
UHVHDUFK )WRXHIIHHFWLYHO\IDFLOLWDWH WKH UHVHDUFK
DURDGPDS SURYLGLQJ FOHDU GLUHFWLRQV DQG PHWKRC
WKURXJK WKHFRPSOH[LWLHV RIRXULQYHVWLJDWLRQ (PE
XV WR PDLQWDLQ ULJRU FRQVLVWHQF\ DQG UHOLDELOLW
YDOLGLW\RIRXUILQGLQIJVDQG FRQFOXVLRQV

JLIXUHXLGHOLQHV IRU '"HVLIJQ 6FLHQFH5HVHDUFK 'U



4XDOLWDWLYHSHVHDUFKOHWKRGYV

4XDOLWDWLYH UHVHDUFK PHWKRGY ZHUH RULJLQDOO\ GH
LWDWH WKH VWXG\ RI VRFLDO DQG FXOWXUDO SKHQRPHQTL
WR SURYLGH UHVHDUFKHUV ZLWK D GHHSHU FRPSUHKHQVL
FXOWXUDO HQYLURQPHQWYV LQ ZKLFK W KR4D IDAH HHPEPBEG H C
'"HVSLWH WKHLU RULJLQ TXDOLWDWLYH UHVHDUFK PF
ZDUHHQJLQHHULQJUHVHDUFK 6WRO HW DO

$FFRUGLQJWR "\EnTHXVDODWDWLYH VWXGLHY FDQ SURYLGF
DQGILQGLQIJVWKDWFDSWXUH WKHFRPSOH[LW\RIWKH VXI
WLI\QHZ DUHDV IRU IXWXUH UHVHDUFK DQG DUH VXLWDE(¢
TXDQWLILHG DQG ZKHQ WKHUH LY OLPLWHG SULRU WKHRU'
FDQW DGYDQWDJH RIHPSOR\LQJ TXDOLWDWLYHPHWKRGYV
WKHLQWULFDFLHY RI WKH SUREOHP UDWKHU WKDQ VLPSC
ILQGLQJVIURP TXDOLWDWLYH UHVHDUFKFDQ EHPRUH LQI

4AXDOLWDWLYHGDWD VRXUFHV HQFRPSDVV YDULRXV PHWK
LSDQWREVHUYDWLRQRUILHOGZRUN LQWHUYLHZVDQGT
DVWKHUHVHDUFKHUYV SHUVR QUEY GPKSIMYW XEQ 8 DICPA UHC
LOQOWHUYLHZVDQG TXHVWLRQQDLUH VXUYH\VDV LWV SULPL
DWXUHDQG FDVHVWXGLHVDUHDOVR XWLOL]J]HG LQ WKLV YV
HODERUDWLRQRQ GDWD FROOHFWLRQ PHWKRGV HPSOR\H

'‘DWD &ROOHFWLRQ

9DULRXV PHWKRGV DUH XVHG WR JDWKHU LQIRUPDWLRQ Z
W\SHV SULPDU\DQG VHFRQGDUPGDWDDWWMDAHIHUV WR ILUYV
FROOHFWHG GLUHFWO\ E\ WKH UHVHDUFKHU ZKHUHDV VHI
EV\LQGLYLGXDOV RURUJDQL]DWLIRRQGRWKHU WKDQ WKH UH

7TKLVVWXG\XWLOLIHVWZRGDWD FROOHFWLRQ PHWKRGV |
PHWKRGV DUHYDOXDEOHIRUJDWKHULQJILUVWKDQG LQIR

'‘DWD &ROOHFWLRQ 7TKURXJK ,QWHUYLHZ

, QWHUYLHZVY VHUYH DV YDOXDEOH PHDQV IRUJDWKHULQJ I
DUHWKHPRVW HIITHFWLYH PHWKRG IRUJDWKHULQJ GDWD |
VSHFWLYHV DQG KLVWRULHVY SDUWLFXODUO\IZEH® GHOY |



$FFRUGLQJWR 6HOMPVDHUYLHZY VHUYH YDULRXV REMHFWLY
HULQJ KLVWRULFDO GDWD I[IURP WKH UHFROOHFWLRQV RI |
XWLOLIJHG WR FROOHFWRSLQLRQVRULPSUHVVLRQV UHOD
LOWHUYLHZVDUHFRQGXFWHG WRJDLQLQVLIJKWYVY DQG SHL
VRIWZDUH GHYHORSPHQW SURFHVVHV IRFXVLQJ RQ VXVW
WKHVHLQWHUYLHZVY DUHWR XQGHUVWDQG WKHFXUUHQW '
SURFHVVHV LGHQWLI\FKDOOHQJHV DQG EDUULHUV DQG F

7KHLQWHUYLHZVDUHFRQGXFWHG XVLQJWKHYLGHRFERQIF
VSDQQLQJIURP -XQH WR-XQH 7KH VHVVLRQV DUH L
\WLV SXUSRVHV 3ULRUWRWKHLQWHUYLHZV WKHSDUWLF
VHUYHDV D VWUXFWXUHG IUDPHZRUN IRUWKHLQWHUYLHZ
FROFDQEHIRXQ®LQ $SSHQGL]

$ WRWDO RI HLJKW VRIWZDUH HQJLQHHULQJ H[SHUWYV IURF
SDWHG LQ WKH LQMWHUXMW A DIWHVWKH LOQOWHUYLHZ SDUWLF
WLWOHV DQG WKHLU \HDUV RI HISHULHQFH LQ WKH VRIWZI
GHQWLDOLW\ WKHQDPHV RI WKHSDUWLFLSDQWY DUH DQF

7TDEOH ,(QWHUYLHZ SDUWLFLSDQWYV

SDUWLFKELSDQW -RE7LWOH ([SHULHQFH LQ \HDU\
$ &KLHI 7THFKQRORJ\ 2IILFHU &72

% 7THVWLQJ 4XDOLW\$VVXUDQFH ([SHUW

& 6\VWHP $SUFKLWHFW

6HQLRU 6HUYLFH 'HVLJQHU 6XVWDLQDELOLW\
6WDII (([(SHUW 8VHU 5HVHDUFKHU

( 6RIWZDUH (QJLQHHU

) 6RIWZDUH (QJLQHHU

* '"HVLJQHU 6FUXP ODVWHU 3URMHFW /HDG
+ 6XVWDLQDELOLW)\ /HDG

'DWD &ROOHFWLRQ 7TKURXJK 4XHVWLRQQDLUH 6XUYH\

,QSUDFWLFDO UHVHDUFK TXHVWLRQQDLUHYVY VHUYH DV D S
WLRQ 7KHXVHRITXHVWLRQQDLUHV RIIHUVVHYHUDODGYL
GHWHUPLQH WKH VDPSOHVLIHDQG FRPSRVLWLRQ DV ZHO

2iiTh,ffrrrXKB+ QbQ7iX+QKf2M@ mbfKB+ QbQ7i@i2 Kbf;"QmT@+? i@b



%\ GHVLJQLQJDQG GLVWULEXWLQJ TXHVWLRQQDLUHV UH
VSRQGHQWY DQG WDLORU WKH TXHVWLRQV WR VXLW WKH
DOORZV IRUHIILFLHQW GDWD FROOHFWLRQ DQG HQDEOHV
PDWLRQ GLUHFWO\IURP WKH WDUJHWHG SDUWLFLSDQWV

,Q WKLV VWXG\ DTXHVWLRQQDLUH VXUYH\VHUYHV WZR SL
SULPDU\ GDWD IURP WKH SDUWLFLSDQWY DQG VHFRQGO\
IURPDFDGHPLFOLWHUDWXUH &RQVHTXHQWO\ WZR GLVWI
ILUVW TXHVWLRQQDLUH VXUYH\DLPVWRYDOLGDWH WKH F
LQVLIKWYV 7KHTXHVWLRQQDLUHVXUYH\LVGHVLJQHG XVL
RSHQ HQGHG TXHVWLRQV 3DUWLFLSDQWV DUHUHTXLUHG
W\SH VFDOH ZKHUH UHSUHVHQWY "VWURQJO\GLVDJUHH’
RIHOHYHQ VRIWZDUHHQJLQHHULQJH[SHUWYVY SDUWLFLSDYV
WKHSDUWLFLSDQWV DUH VXEVHTXHQWO\FRQVROLGDWHG
RI'WKLVTXHVWLRQQDLUH VXUYH\LV SUHVHQWHGLQ 7DEO

7KH VHFRQG TXHVWLRQQDLUH VXUYH\LV FUHDWHG WR YD(
VWXG\ WHQFRPSDVVHG DVSHFWV VXFKDV "FRPSRQHQWYV
IULHQGOLQHVV" "HDVH RI XQGHUVWDQGLQJ" "UHOHYDQF
VXUYH\ LV GHVLIJQHG XVLQJD ILYH LWHP /LNHUW VFDOH D
SDUWLFLSDQWY DUH UHTXLUHG WR UDWH HDFK VWDWHPH
UHSUHVHQWY "VWURQJO\GLVDJUHH DQG LQGLFDWHYV "V
JLQHHULQJH[SHUWYV SDUWLFLSDWHG LQ WKLV VXUYH\ 7Kt
VXEVHTXHQWO\FRQVROLGDWHG RUDJJUHJDWHG IRUIXUW
VXUYH\LV SUHVHQWHW KIQUPEWHWKH TXHVWLRQQBELUH FD

,QWKLVVWXG\ *"RRUODHYPYRWKH SODWIRUP RIFKRLFHIRU F|
VXUYH\V

7TDEOH 6XUYH\'HVLIJQ ([SHUW 9DOLGDWLRC

BHFWLRQ I1XPEHU RI 4XHVWXRYWLRQ 7\SH
'HPRJUDSKLF 4XHVWLRQV 2SHQ HQGHG
JLNHUW VFDOH DQG
SHTXLUHPHQWYVY (QJLQHHULQJ 3KD|VH

HQGHG TXHVWLRQV
JLNHUW VFDOH DQG
HQGHG TXHVWLRQV

&RQWLQXHG RQ QH[W

'HVLJIQ 3KDVH

2iiTh,ffrrrX;QQ;H2X+QKf7Q Kbf #Qmif



/TDEOH *FRQWLQXHGIURP SUHYLRXV SDJH

6HFWLRQ IXPEHU RI 4XHVWMXRIQWLRQ /\SH
,PSOHPHQWDWLRQ 'HYHORSPHQMINHUW VFDOH DQG
3KDVH HQGHG TXHVWLRQV

/ILNHUW VEDOH DQG
HQGHG TXHVWLRQV
/ILNHUW VEDOH DQG
HQGHG TXHVWLRQV
)LQDO 5HPDUNYV 2SHQ HQGHG TXHVWI

THVWLQJ 3KDVH

'"HSOR\PHQW 3KDVH

7TDEOH 6XUYH\'HVLIQ ORGHODQG 7RRO 9DOLC

6HFWLRQ I1XPEHURI 4XHVWIXRIQWLRQ 7\SH

&RPSRQHQWV RIWKHODWXULW\ORGHRHUW VFDOH TXHV
ODWXULW\/HYHOV JLNHUW VFDOH TXHV
(DVHRI8QGHUVWDQGLQJ JLNHUW VEFDOH TXHV
8VHU JULHQGOLQHVV RIWKH 7RRO| /LNHUW VFDOH TXHV
ILNHUW VFDOH DQG
HQGHG TXHVWLRQV

SHOHYDQFHDQG $SSEOLFDELOLW\

'‘DWD &ROOHFWLRQ 7KURXJK'RFXPHQW $QDO\VLV

$FFRUGLQJWR 'H%UXGAO®WIDO.QJGRPDLQ FRPSRQHQWYV L
PDLQVEHFDXVHLWDOORZVIRUDPRUHSURIRXQGFRPSUHE
VWDQGLQJ LWEHFRPHV FKDOOHQJLQJWRLGHQWLI\VSHF
DOLWHUDWXUH UHYLHZ LY FRQGXFWHG WR FROOHFW GDW
RQGDU\ VRXUFHV HQFRPSDVV OLWHUDWXUH VSHFLILFDOO
PDWXULW\PRGHOV DQG JUHHQ DQG VXVWDLQDEOH VRIWZ
DZLGHUDQJHRIUHOLDEOHVRXUFHVLVFRQVXOWHG VXFK
IHUHQFH SURFHHGLQJV ZHEVLWHVY DQG RWKHU UHOHYDOQ
RIVRIWZDUH GHYHORSPHQW SURFHVVHYV

7KH PDMRULW\ RI UHVHDUFK SDSHUV RQ WKLV VXEMHFW D
GLUHFW H[SHULHQFH ZLWK FXUUHQW LQGXVWU\WUHQGV LC
GLVFXVVHG LQ WKH SUHYLRXV VXEVHFWLRQ WKHILQGLQJ



'‘DWD &ROOHFWLRQ 7TKURXJK &DVH 6 WXG\

&DVH VWXG\ UHVHDUFK LV D TXDOLWDWLYHLQYHVWLJDWL
D VSHFLILF ERXQGHG V\VWHP VXFK DV D SDUWLFXODU FD
7TKLVDSSURDFKLQYROYHVDQH[WHQVLYHDQGLQ GHSWKF
LQIRUPDWLRQ DOORZLQJIRUDFRPSUHKHQVLYHH[SORUD\
+HQFH WRIJIJDWKHUDGGLWLRQDO GDWD DERXW WKH SURSR
VWXG\ XWLOL]JHVY FDVH VWXGLHV

JLIXUUXPPDUL]HV WKH VA\VWHPDWLF GDWD FROOHFWLRQ ¢
7KH SURFHVV EHJLQV ZLWK D EDFNJURXQG VWXG\ IROORZ
GDWHWKHFROOHFWHG IDFWRUV 6XEVHTXHQWO\ LQWHUY
WKHPRGHO XQGHUJRHV ULJRURXV YDOLGDWLRQDQG FDVE
DQRWKHU TXHVWLRQQDLUH VXUYH\ SHUWDLQLQJWR WKH ¢

J)LIXUDWD &ROOHFWLRQ 3KDVHYV

'DWD $QDO\VLYV

7KH REMHFWLYH RI GDWD DQDO\VLV LQ D TXDOLWDWLYH SU
RUJDQL]H LGHQWLI\ SDWWHUQV DQG H[WUDFW PHDQLQJI
SKDVHLV FRQVLGHUHG WKHPRVW LQWULFDWHDIPO@&®GHPDQ

*HQHUDWLRQ RI 7KHRU\

7TKHRU\ JHQHUDWLRQ PHWKRGV DUH FRPPRQO\ HPSOR\HG
IURPD FROOHFWLRQRIILHOG QRWHYV ZKLFKLV FRUURERULI
LQ WKHGDWD 7KHVH PHWKRGY DUH FRPPRQO\NQRZQ DV
WKH WKHRULHV RUSURSRVLWLRQV WKH\JHQHUDWS$WUH |
DUHVXOW WKLYV AMWRXQGHE  ORKMARBIHYHUDWH WKHRU\ IURPF
GDWDbSHUWDLQV WR D PHWKRGRORJLFDO DSSURDFK WKDV
WKHRU\ GLUHFWO\ I[URP WK H 7GUDHAWMH DOWFRKCR HWHBRQOF H Q W H U V
WH[WXDO GDWD VXFKDV LQWHUYLHZ WUD Q YV FULIMAG IGRF
PD\H[WHQG WKHLUVFRSHWRHQFRPSDVVVWUXFWXUHG WE
GDWD



$FFRUGLQJWR +RXJKWRBWHWDMN QR IL[HG RUVWDQGDUG]
TXDOLWDWLYH GDWD DQG JHQHUDWH WKHRULHV ,Q WKLV
KHQVLYH IUDPHZRUN GHYHORSBOGG&WVWRDWHBHW DB SGLRQHF
DQG +XEHUPDWR JHQHUDWH WKHRULHV 7KHVH DSSURDFK
VXFFHVVIXOLQ YDULRXV UHVHDUFK HQGHDYRUV +RXJKWF

7DEAMOXVWUDWHY WKHIUDPHZRUN WKURXJK IRXU VWDJH
LQJ DQG UHFRQWH[WXDOL]ZRH DERDOWHW\DWUDWHJILHV V)
DQG +XEHUPDZXLFK LQFOXGH EURDG FRGLQJ SDWWHUQ FF
RUGHULQJ WHVWLQJH[HFXWLYHVXPPDU\VWDWHPHQWYV |
WKHLU UHVSHFWLYH SDUWV RI WKHDQDO\VLV IUDPHZRUN

7TDEOH 6WDJHV RI LEWG $QDO\VLYV

$QDO\WLV GWDIBWUDWHJILHYV 3XUSRVH

7KLV LVDJHQHUDO DFFRXQWL
L\}/ QRWFRQWHQW VSHFLILF EX

KH EURDGHU GRPDLQV ZKHUH
GHYHORSHG WKURXJKLQGXFW

&RPSUHKHQG®HQRDG FRGL

([SODQDWRU\DQG LQIHUHQWLI
HQKDQFH WKH GHSWK DQG VLJC
3SDWWHUQ FRGLQJPHP
6\QWKHVLVLqﬁJ}] DODO\VLYV PDNLQJ WKHP RQH

YDOXDEOH DQG SRWHQW VHQ\

DYDLODEOH

OHPRV VHUYH WR FRQQHFW YD

RLGDWD LOWR FRKHUHQW JUR)

'LVWLOOLQJ DQGR

7KHRUL]LQJ o3 HOSLQJWR EXLOG D PRUH LQV
VWDQGLQJRIHYHQWY SURFHYV

WLRQV ZLWKLQ WKH FDV|H

SJLQJ SRBBBRYULIHDQG VA\VWHPDWL]HL

HY
SHFRQWH[WXDOLYV
WLRQV VHW RIH[SODQDWLRQV
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7KLV FKDSWHU DLPV WR SURYLGH D GHWDLOHG H[SODQDW
VXVWDLQDELOLW\ PDWXULW\ PRGHO DQG LWV DVVRFLDWH
DQGDSSURDFKHV HPSOR\HG GXULQJWKHLU GHYHORSPHQ

ORGHO 'HYHORSPHQW

TKHUHDUHYDULRXVDSSURDFKHVWRGHYHORSWOIFNIRDWW
DO 6ROOL 6 WKHUDQG *RRLW VKOO M GKHUHV WR WKH P H\
E\ '"H%UXLQ HWEHFDXVH WKH SURSRVHG IUDPHZRUN SURY
IDFLOLWDWHWKHGHYHORSPHQW RIDPDWXULW\PRGHO 7
WLYH SKDVHDQG VXEVHTXHQWO\HQDEOLQJ WKH HYROXWI
FRPSDUDWLYH SKDVHVY DOOZLWKLQDVSHFLILFGRPDLQ O
WKHIUDPHZRUNYV SKDVHV PD\GLIIHU WKH SKDVHV WKHPV
WHQWPHWKRGRORJ\WKDW LV DSSOLFD B®R R ¥ WRAHVSKIDUWIHR
WKHJIJHQHULFIUDPHZRUN FRPSULVHYV

JLIXUHYHORSPHQW 3KDVHV IRUD ODWXULW\0ORGHO

7TKLVVWXG\IRFXVHVH[FOXVLYHO\RQ WKHIRXU SKDVHV RI"'
DQG WHVW $Q RYHUYLHZ RI WKHVH SKDVHV LV SURYLGHG
PDLQWHQDQFH KRZHYHU DUHRXWVLGH WKHVFRSH RI WK/

6FRSH

LEIMMGBNDWHG WKDW WKH LQLWLDO VWHSLQ GHYHORSLQJDP
LQWHQGHG PRGHO &RQVHTXHQWO\ WKH PRVW FUXFLDO (
DURXQG WKH VSHFLILEFDUHD RIIRFXV IRUWKH PRGHO $FF
SHUWDLQV WR WKH VSHFLILF DUHD RUILHOG ZKHUH WKH P
PHQWHG %\FRQFHQWUDWLQJRQDSDUWLFXODUGRPDLQ
RWKHU H[LVWLQJ PRGHOV $V D UHVXOW GXULQJ WKLV SK



VXVWDLQDELOLW\PDWXULW\PRGHOV WRLGHQWLI\FXUUH
WDEOLVK ERXQGDULHY $ VLPLODU DSSURDFKZKB\Q HPKSHIR
GHYHORSHG D VXSSO\FKDLQ VXVWDLQDELOLW\REWXULW\

'"HVLJQ

'"H %UXLQ HWWIMDWHG WKDW GXULQJ WKH GHVLJQ RU DUF¥
DGGUHVV WKH IROORZLQJ TXHVWLRQV ZK\WKHPRGHO QH
EHDSSOLHG WR GLITHUHQW W\SHV RI RUJDQL]DWLRQV ZKF
WKH PRGHO DQG ZKDW FDQ EH DFFRPSOLVKHG WKURXJK L
RI'WKHPRGHO WDNHV LQWR DFFRXQW WKH UHTXLUHPHQW\
GHWHUPLQHV KRZWRLEQELOO WKRVH QHHGYV

"K\WKHPRGHO QHHGV WR EHGHYHORSHG™"

$FFRUGLELBWRKHUH FDQ EH YDULRXV UHDVRQV IRUGHYHOTF
UHVHDUFK WKH DXWKRUV LGHQWLILHG WKUHH SULPDU\ R
GHVFULSWLYH SUHVFULSWLYH DQG FRPSDUDWLYH ,I WK
GHUVWDQGLQJRIFXUUHQW PDWXULW\OHYHOV ZLWKRXW V
WR DV GHVFULSWLYH ,Q FRQWUDVW D SUHVFULSWLYH PR
OHYHOV WR SRVLWLYHO\LPSDFWEXVLQHVVYDOXH )LQDO
LQJDFURVV GLITHUHQW LQGXVWULHYV RU UHRWRGW I DRLPMD
PRGHOV VHUYH WKUHH SULPDU\ SXUSRVHV ILUVWO\ WREC
RUJDQL]DWLRQYVY FXUUHQW VWDWH FRPPRQO\UHIHUUHG
GHYHORS DURDG PDSIRULPSURYLQJPDWXULW\OHYHOV L
VWDWH "WR EH  PDWXULW\ DQG WKLUGO\ WR HYDOXDWEF
WDEOLVKHG VWDQGDUGVDQG EHVW SUDFWLFHV RIRWKHU
6HUUDQRPHQWLRQHG WKDW WKH SULPDU\DLP RI PDWXULW
DQRUJDQL]DWLRQYY SUDFWLFHVY E\HVWDEOLVKLQJD URD

7KH SULPDU\ SXUSRVHV RI WKHPRGHO GHYHORSHG LQ WKL
RILQWHIJUDWLRQ RI VXVWDLQDELOLW\ SUDFWLFHV LQ D V|
UHFRPPHQGDWLRQVIRULPSURYLQJWKHOHYHORILQWHJL
VDPH SURFHVY &RPSDUDWLYH DQDO\VLV DFURVY YDULRX
VFRSH RI WKLV VWXG\

+RZWKHPRGHO FD QKHUMHSBEOH PFEOWLSOH DSSURDFKHV WR
DELOLW\PDWXULW\PRGHO $FFRXGUW®DILWMR kKR BRPEERW MUD\
JUDP WR IDFLOLWDWH LWV DSSOLFDMWAIRXX I ¥HVWHYPKVCKVR G
FDQDOVREHDSSOLHG WKURXJK WKH XVHRIGRFXPHQWYV |
UHVRXUFHV ,Q RXUVWXG\ ZHDSSO\DQG HYDOXDWH WKH
E\XWLOL]LQIJD GHGLFDWHG WRRO VSHFLILFDOO\D PRELO



KR VKRXOGEHLQYROYHG"

$FFRUGLQJWR '"H % UXMKHHW DOH WZR W\SHV RIDXGLHQFH)
, QWHUQDO UHIHUV WR D VHOI DVVHVVPHQW WKDW LV FRQ
HIWHUQDO DXGLWRURU SDUWQHU ,QRXUVWXG\DVHOI DV
PRGHOLVDGRSWHG

KDWFDQEHDFFRPSOLVKHG™"

LEIDQG &RUUHLD KM OPOLIJKWHG WKHLPSRUWDQFHRILGHQ\
EHURIPDWXULW\OHYHOVDQG GHILQLQJ WKHP FOHDUO\ D
EHFRPHVY QHFHVVDU\ WR HYDOXDWH HYHU\ DVSHFW RI VXV
ORJLFDO DQG VRFLDO GLPHQVLR®RZHOWHD %2XLO HWHUD W X
ODFNRIFRQVHQVXV RUDJUHHPHQW RQ WKH VSHFLILF QXP
I[URP WKUHHWR VHYHQ DOWKRXJKWKHPRVW FRPIPRY QR P I
HWDO +DOQNHO HWDWYLG 3DWyQ 5SRPHERBWHLO HWLIDQINH O
HW DO &DJQLQ HW DOYLHU HW D® D UHVXOW RXU SURSRYV
FRUSRUDWHVILYHPDWXULW\OHYHOV FDUHIXOO\GHWHUI
RI'VXVWDLQDELOLW\ WKH FRPSOH[LW\ RI WKH GRPDLQ DC
GLIITIHUHQWLDWLRQ 7KHVXEVHTXHQW VHFWLRQ SURYLGH!

3RSXODWH

'XULQJWKLV SKDVH LWLVHVVHQWLDOWRGHWHUPLQH ZKL

DVVHVVPHQW DQG KRZ WKH\ FDQ EH HITHFWL%ROUMH DWW I
,Q WKLV SKDVH ZHLGHQWLILHG WKH VXVWDLQDELOL\

SURFHVVHVDQG HVWDEOLVKHG WKHFULWHULD IRUHYDOX

THVW

2QFH D PRGHO KDV EHHQ SRSXODWHG LWLV FUXFLDO WR \
UHOHYDQFHDQG YDOLGLW&R @ WHINKIHOMNOD R XU PRGHO LV V
WRYDOLGDWH LWV HIITHFWLYHQHVV DQG UHOHYDQFH

J)LIXUFDOOXVWUDWHY WKH VXPPDU\RI SKDVHV WKDW ZH H[D
SOHWHG ZLWKLQ HDFK RI WKHVH SKDVHYV

2YHUYLHZ RIWKH 3URSRVHG ORGHO

7KH SURSRVHG VXVWDLQDELOLW\PDWXULW\PRGHO LV GH
ILHG WKURXJK D OLWHUDWXUH UHYLHZDQG LQWHUYLHZ Z
QDLUH VXUYH\ 7KHVH VXVWDLQDEOH SUDFWLFHYV DUH WK
HYROXWLRQ



J)LIXUBRGHO '"HYHORSPHQW "HVLJQ

&RPSRQHQWV RI WKHORGHO

&RUUHLD HG/HDYHORSHG WKHLU PDWXULW\ PRGHO E\ LQWHJ
VXVWDLQDELOLW\ SUDFWLFHV ZLWK WKHLU FRUUHVSRQGL
WDEOLVKPHQW RI FOHDU FXW PDWXULW\ OHYHOV ,Q D VL
FRPSULVHV IRXU NH\ FRPSRQHQWY PDWXULW\OHYHO HY
WLRQ OHYHO DQG VXVWDLQDELOLW\SUDFWLFHV 7KH PDW
HYROXWLRQ OHYHOV ZHLJKWV ZLWK WKHLU FRUWULNXSRQG L
LOOXVWUDWHV WKHLQWHUUHODWLRQVKLSVEHWZHHQ WK

ODWXULW\/HYHOV

OXOWLSOH VWXGLHV &RUOQIWWDQWWHY FXRQG HDPREBN DO
SLJIRVVRHWDWYLG SDWyQ 5SRPHYRGNHDOHW, DOLHU HW DO
HPSKDVL]HWKDWWKHPDWXULW\OHYHO VHUYHV DV WKH Ft
FRQWH[WRIVXVWDLQDELOLW\PDWXULW\PRGHOV WKHPD
WR ZKLFK VXVWDLQDELOLW\ EHFRPHVY LQWHJUDWHG LQWR
PDNLQJ SURFHVVHYV

7KHPDWXULW\OHYHORIDQRUJDQL]DWLRQ VHUYHV DV D YI
LWV SHUIRUPDQFH &KYANVRUGIHAWDMR D QXPEHU RI VWXGLH)
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Figure 7: Model Components

Constantinescu and Iacob 2007; Correia et al. 2023), the levels of maturity are constructed
in a hierarchical manner, meaning that one level cannot be bypassed. Additionally, a higher

level of maturity inherently includes the requirements of the lower levels of maturity.

As mentioned earlier, this study puts forth a proposal for five maturity levels. The levels and
their corresponding descriptors are presented in Table 8. To ensure simplicity, we refer to
these levels as Level 1 (Very Low), Level 2 (Low), Level 3 (Moderate), Level 4 (High), and
Level 5 (Very High).

Table 8: Proposed Maturity Levels

Level Descriptor Description
Sustainability practices are not formally established
1 Level 1 (Very Low) . .
or integrated into the software development process.
The organization begins to define basic sustainability
2 Level 2 (Low) practices and compliance requirements for software

development.

Continued on next page
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Table

8 — continued from previous page

Level

Descriptor

Description

Level 3 (Moderate)

part of project management.

Sustainability practices are integrated into the soft-

ware development process and managed as a formal

Level 4 (High)

Sustainability practices are quantitatively measured,

analyzed, and optimized for maximum impact.

Level 5 (Very High)

tor.

The organization becomes a leader in sustainability
practices for software development. Sustainability
considerations are deeply ingrained in the organiza-

tion’s culture and are seen as a strategic differentia-

Evolution Levels

The concept of categorizing the practices, identified through background study and input

from software experts, into evolutionary levels is derived from previous works (Rashid et al.

2021; Correia et al. 2023). In order to assign practices in their distinct evolution levels, we

employed a set of criteria, including complexity, likelihood, and impact. Table 9 presents

practices organized by phases and evolution levels.

Table 9: Exemplifying Practices Classified by Phases and Evolution Levels

Phase Practice Description Evolution Level
Engage stakeholders in order to identify
i . . and understand sustainability-related re- | 1
Requirements Engineering .
quirements and preferences.
Consideration is given to requirements
that enable future scalability and adapt- | 2
ability.
The design prioritizes simplicity and
. user-friendliness in alignment with | 1
Design .
client’s needs.
The design possesses flexibility to ac-
commodate updates based on changesin | 2
the client’s requirements.
Continued on next page
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Table 9 — continued from previous page

Phase Practice Description Evolution Level

The client/customer is involved from

. the very beginning of the software de- | 1
Implementation o .
velopment process until its completion.

Efforts are made to use caching tech-
niques to reduce network traffic and im- | 3

prove performance.

Efforts are made to to implement auto-
mated testing frameworks and tools to
Testing reduce manual effort and increase test

coverage.

Efforts are made to optimize test scripts. | 4

Efforts are made to use containerization

technologies for efficient utilization of | 4
Deployment .
computing resources.

Efforts are made to choose cloud ser-
vice providers that utilize infrastructure
powered by clean and renewable energy

sources.

Implementation Level

In their study (Correia et al. 2023; Xavier et al. 2020) emphasized the significance of devel-
oping evaluation scales that facilitate the assessment of maturity. Consequently they sug-
gested to measure the implementation level of a specific practice using a scale 1 to 5, where
1 means “Not implemented or not fully implemented” and 5 means “The practice is fully im-
plemented”. In this study same approach is followed. Table 10 presents the implementation

levels and their respective descriptions utilized in this study.

Table 10: Implementation Levels

Level Description

The practice is not implemented or partially implemented.

The practice is implemented to address a specific problem or to fulfill a task.

The practice is formalized, documented, and implemented systematically.

Continued on next page
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Table 10 — continued from previous page

Level Description

4 The implementation is carried out in a systematic and controlled manner.

The practice is fully implemented, ingrained in the organization’s process, and

consistently maintained.

4.1.3 Assessment Score and Maturity Levels

The assessment score determine the minimum required number of practices for each matu-
rity level and provide guidance on transitioning from one maturity level to another (Correia
et al. 2023). In literature, there is no universally accepted assessment score or criteria that
definitively determines the level of maturity attained. (Hynds et al. 2014) developed a yes/no
questions for assessing the level of compliance for a specific behaviour. (Pigosso et al. 2013)
asserts that in order to progress from one maturity level to another, all practices at a given
evolutionary stage must have an implementation level of 3 or higher. (Xavier et al. 2020;
Correia et al. 2023) maintains that in order to progress from one maturity level to another, all
practices at an evolutionary level must have an implementation level of 3 or higher, encom-

passing 90% compliance.

In our maturity model, we have adopted the assessment score proposed by (Xavier et al.
2020; Correia et al. 2023). Figure 8 presents a visual depiction of the assessment score and

corresponding maturity levels.
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Figure 8: Matrix of Assessment Scores and Corresponding Maturity Levels (Correia et al.
2023)

4.2 Tool Development

A number of previous studies, (Hynds et al. 2014; Xavier et al. 2020), developed a tool to
aid companies in performing the maturity model assessment. Similarly, in this study, a tool
is developed to automate the sustainability maturity model that was created. The following

section provides a discussion on the specifics of this tool.

4.2.1 Overview of the Tool

The tool is a mobile application and it is developed primarily to automate the assessment
process and assist organizations in easily conducting maturity assessments or tests. In addi-
tion to automation, the application serves to minimize potential errors that may occur during
a manual maturity assessment. The application serves as a transformative tool that converts
the sustainability maturity model, which consists of a matrix of assessment scores and matu-
rity levels, into a practical solution for organizations. It enables organizations to assess the
degree of integration of sustainability practices within their software development processes

and provides tailored recommendations based on the assessment results.
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4.2.2 Design and Architecture

Various software architectures exist for designing and organizing software systems, includ-
ing monolithic architecture, client-server architecture, service-oriented architecture, event-
driven architecture, and many more. While each of these architectures has its own set of
benefits and drawbacks, the client-server model, as stated in a study by (Oluwatosin 2014),
has gained significant popularity in the computing industry due to its extensive usage in a
wide array of applications. This model consists of two main entities: the client and the
server. The communication between these entities is facilitated by exchanging requests and
responses over a network, employing various protocols (e.g., Hypertext Transfer Protocol
(HTTP), Transmission Control Protocol/Internet Protocol (TCP/IP)). Notably, this model of-
fers a multitude of advantages. Firstly, it facilitates the segregation of distinct system con-
cerns at a specific level of abstraction. Secondly, it enables seamless resource sharing from
clients to servers. Moreover, it mitigates data replication by storing data on servers instead of
clients (ibid.). Therefore, during the development of the tool, we made the decision to follow
this particular software development model. The general architecture of the tool is depicted

in Figure 9.

Request | et I Request K
——— o
’ [-—-' ® ] ——0
Response Response -0
5 =) —
Database
Client Server

Figure 9: Overview of Architecture of the Tool

The mobile application operates as a client, while on the server side, a Restful API is deployed
to establish a connection with a MongoDB database and serve the clients. The subsequent

section provides a detailed description of all the technologies employed in this process.

Technologies

The client side encompasses the application designed to interact with users. This applica-
tion is developed using the Java programming language, specifically tailored to run on native
Android! devices. As of June 2023, Android devices hold the largest market share in the mo-
bile operating system market, currently at 70.79% (Stats 2023). Considering this significant

'000000000000000000000000
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market presence, we have chosen an Android mobile device for the study to ensure that the

experiment findings have a substantial impact on a wide range of users.

The server side comprises a web application that is created to handle client requests. This ap-
plication is developed using Node.js?, a cross-platform and open-source server environment

that can operate on various operating systems.

To store data, a versatile document-oriented database program known as MongoDB? is uti-
lized. MongoDB serves as a data storage platform where all the vital application data is
stored. The server establishes a connection with this database program using a connection
string. From the client’s perspective, this database functions as a black box, where all re-
quests are received by the server. The server then performs the necessary operations on the

database program based on the received requests.

Lastly, the server side, encompassing the web application is deployed on Heroku*. Heroku is
a Platform as a service (PaaS) that empowers developers to construct, execute, and manage
applications entirely in the cloud. By leveraging Heroku, developers can seamlessly build,

run, and operate their applications without the need for infrastructure management.

Communication

To facilitate communication between the client and the server, a Representational state trans-
fer (REST)’ Application Programming Interface (API) is implemented. The API serves as
an interface that enables secure information exchange between the client and the server over
the internet. The client make requests via the primary or most-commonly-used HTTP verbs
(or methods, as they are properly called) are POST, GET, PUT, and DELETE (Avior.API
2023).

The Node.js application incorporates a driver that facilitates seamless interaction with Mon-
goDB databases from within Node.js applications. Consequently, the web application estab-
lishes communication with the database by utilizing a connection Uniform Resource Identi-
fier (URI). The connection URI serves as a set of instructions that guide the driver on how
to connect to a MongoDB deployment. It instructs the driver on the appropriate connection
methods to MongoDB and defines the expected behavior while maintaining the connection.

Lastly, the response to the web application’s request from the database is returned in JavaScript

Object Notation (JSON) format. Similarly, the response to the client’s request is also pro-

2000000000000000000000000000
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vided in JSON format. Figure 10 provides a concise overview of the detailed architecture

and technologies employed in the development of the tool.

e GET, POST
PUT, DELETE Query
e | JSON " JSON mongoDB

L [HEROKU

Figure 10: Overview of the Tool’s Detailed Architecture and Utilized Technologies

4.2.3 Features and User Interaction

One of the primary objectives of the application is to automate the maturity level assessment
process. As a result, attention is given to the design and implementation of the application to
ensure that users can effortlessly comprehend and navigate through its interface and platform.
The application allows users to register and login, create new projects, conduct sustainability
maturity level assessments, receive results and recommendations, view previously assessed
projects, and access sustainability best practices across various phases of software develop-

ment processes. Figure 11 illustrates the flow of user interaction.

User Interfaces

The application consists of multiple windows/pages that interact with users. The initial page
upon opening the application is the login page. If a user doesn’t have an account, they can
access the registration page from the login page. Once a user successfully logs in, they are
directed to a page called the dashboard. The dashboard displays the user’s information (in-
cluding their username, role, and the current date), a list of assessments previously completed,

and two buttons for starting a new assessment and viewing a list of best practices.

To begin a maturity level assessment test, it is necessary to create a project first. During the

project creation process, it is mandatory to provide the project name, client name, and project
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kickoff date as required fields. Figure 12 depicts the Uls pertaining to the login, dashboard,

and create project pages.
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nnnnn - Assessment Completed

Figure 12: Ul: Login, Dashboard, and Create Project Pages

Once a project is successfully created, the subsequent step involves conducting the assess-
ment systematically for each phase of the software development process. Upon successfully
completing the assessment for all five phases of the software development cycle, a congrat-
ulatory message is displayed in a window. Figure 13 illustrates the Uls representing the

different phases and their corresponding questions.

Upon successfully completing the assessment, a user can view the result, which indicates
the level of maturity achieved. After completing the assessment, users can access the best
practices or recommendations to further enhance the maturity level. Figure 14 illustrates the

Uls pertaining to congratulatory, result, and recommendation pages.

In summary, the tool serves the purpose of automating maturity assessments for organiza-
tions, minimizing potential errors, and offering personalized recommendations for sustain-
ability practices in software development processes. For further details on how to use or try
the tool, please refer to Appendix C. Additionally, you can find the resources utilized in the

development of the tool listed in Appendix D.
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