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Abstract

The success of software projects is greatly impacted by requirements that are corrected on time. In the development pro-
cess, fixing requirements errors early in the requirements engineering (RE) phase saves a significant amount of effort.
Requirements, however, must be carefully manufactured; they are not just found. This holds true for systems in general
and is particularly crucial for big data projects due to their specific characteristics, such as volume, variety, volatility, and
the execution time, etc. Unfortunately, there is very little research on eliciting requirements specifically tailored to big
data. In this study, we analyze existing literature to identify big data characteristics that are not adequately supported by
traditional RE methods. We propose the BKAOS (big data KAOS) method, which is an improved form of the famous
KAOS, to close this gap. Through 15 illustrative scenarios, we show the usefulness of BKAOS. We further verify the
integrity of the method by generating a Bigraphs-based description for both BKAOS and KAOS. Our results show that
BKAOS is more appropriate for eliciting requirements in big data projects than KAOS, which results in more precise
requirement elicitation, lower effort levels overall, and easier data analysis.
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I.INTRODUCTION

The scientific community and businesses are realizing
big data’s enormous potential more and more [1, 2]. Major
digital companies like Google, Baidu, and Facebook
handle massive data volumes ranging from hundreds of
petabytes (PB) to tens of PB driving the demand for
effective big data initiatives. Government agencies have
declared considerable ambitions to improve big data
research and application [3]. To fully utilize data analytics
and insights, these projects need to address specific needs.

http://dx.doi.org/10.5626/JCSE.2025.19.2.46

Because big data projects deal with vast amounts of
data, they need explicit requirements [4]. Thorough
requirements engineering (RE) is crucial, and previous
research has shown the importance of taking large data
characteristics into account when doing so [4-11]. Precise
information capture in requirements is essential to
software development success [11]. However, the specific
characteristics of big data make its processing difficult [4,
8-10], which makes their explicit representation in
requirement specifications necessary [5, 6, 9]. Specific
characteristics such as volume, variety, volatility, and the
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execution time, etc., must be modelled to create effective
solution designs [4, 6, 7, 11]. Research in this area remains
new and scarce [4], with some exceptions like the one
proposing goal-oriented methods and extension of iStar
for big data projects [12].

In our pursuit of representing and modelling requirements
for big data, we extend the famous KAOS [13]. KAOS
serves as a goal-oriented requirements engineering (GORE)
approach commonly employed for requirements elicitation.
However, since KAOS is classified as a general purpose
modelling language (GPML), we recognize the need for a
more specialized domain-specific modelling language
(DSML) in our context [14, 13]. This extension aligns
with the broader trend of adapting existing RE methods
to specific domains [4, 15-41].

Our research addresses a number of significant RE and
big data issues, including:

1) We investigate the degree to which existing RE
methods facilitate the elicitation of needs for massive
data projects.

2) We look at the unique characteristics of big data that
should be considered while creating requirements.

3) We propose an extension to an existing RE method,
which specifically addresses the characteristics of
massive data.

4) We verify that the new extension maintains the
integrity features of the original method. By offering a
specific, tailored method that facilitates the elicitation
of precise requirements, our work enhances both RE
and the big data industry.

5) We perform a quantitative empirical validation to
show empirically the difference between KAOS and
BKAOS (big data KAOS).

This paper is an extension of the publication [17] which
addresses the limitations of traditional RE elicitation
methods in the context of big data projects and highlights
their unique characteristics. The contributions of that
paper are here extended by including:

* Synthesis of existing research on the convergence of

RE and big data (Section II);

* Application of BKAOS on more than 15 case studies
to show its utility and scalability (Section I1I-B);

* Deep investigation on the importance of taking into
account the characteristics of big data while handling
requirements (Section [V-A);

* Analysis of the big data characteristics and its
applicability reasons on BKAOS (Section IV-B);

* Formal semantics for the KAOS description using
Bigraphs (Section V-A);

* Application of Bigraphs on BKAOS for integrity
validation (Section V-B);

* Application of an empirical validation (Section VI).

Below is the format of this paper: the phases and
different approaches of RE and big data are examined in
Section II’s literature studies. Then, we gather and analyZe
the existing works on the convergence of RE and big
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data. After we introduce the KAOS method in Section III,
we apply it to 15 use cases and demonstrate its use in a
healthcare-related example. BKAOS, a KAOS extension
designed specifically for big data projects is introduced in
Section IV, the purpose of this extension is explained, and
the extra ideas required to manage massive data require-
ments are outlined. In addition, we showcase the advantages
of BKAOS by applying it to the same 15 illustrative
scenarios. Then, we implement formal semantics for KAOS
descriptions and apply formal checks using Bigraphs to
confirm BKAOS’s integrity in Section V. Lastly, in
Section VI, we perform an empirically quantitative validation
for BKAOS.

Il. LITERATURE REVIEWS

This section briefly describes the fields of RE and big
data. We examine present research on the convergence of
RE and big data, emphasizing the importance of specific
methods for addressing the specific challenges of large-
scale data processing.

A. Requirements Engineering

The extent to which the stakeholders’ goals are met is one
of the most crucial criteria for any software’s success [42].
The goal of RE is to precisely specify software behavior
and track its progress over time, It also helps to identify
system constraints and gather stakeholder requirements,
which must be verified in order for the requirements to be
agreed upon [43]. We take four actions to fulfil this [44].

1) The goal of requirements elicitation is to identify the
needs. It is typically broken down into five smaller
parts [45]: recognizing the application area, finding
the needs’ sources, evaluating the stakeholders,
deciding the methods, strategies, and instruments to
employ, and removing the demands made by other
sources and parties.

2) Requirements analysis and negotiation: this section
focuses on examining and confirming elicited
requirements for accuracy, consistency, clarity, and
completeness.

3) Recording requirements can help manage revisions
and analyze future items and procedures, including
system design, test cases, and validation.

4) Requirements validation ensures that requirements
are complete, well-written, and meet customer
expectations to maintain quality. This stage may be
performed multiple times during the requirements
development process to address defects, gaps,
supplementary information, and other issues. In
light of this, the software product is validated based
on its requirements during the software life cycle
test phase. The requirements elicitation stage is the
first step that we are interested in in this work.
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B. Big Data

Big data has emerged in academic and professional
literature in an exuberant, disorganized, and unstructured
way. Despite the appearance of multiple definitions, there
is no precise definition for big data. Large datasets that
are inaccessible to conventional methods are referred to
as “big data” [3]. From an infrastructure standpoint, big
data is defined as a substantial amount of data that
satisfies the following criteria: volume, velocity, variety,
veracity, and value. From an analysis perspective, big
data is viewed as events. From a business perspective, big
data can be viewed as an output that can be utilized
immediately to improve the work [10, 11]. Not how to
store data, but how to quickly analyze diverse data is the
most important issue [46].

The following are the key characteristics of big data:

1) Today’s manipulated data is not limited to a single
representation; in addition to structured data, we
also have semi-structured and even non-structured
data, like social network content and web pages,
which makes it challenging to manipulate this data
with traditional systems [3, 47].

2) The name “big data” refers to volume, which indicates
that volume had a significant role in the concept’s
development because most large firms manage
zettabytes of data nowadays, which is obviously one
of the drawbacks of old systems [3, 47, 48].

3) The traditional systems find it challenging to handle
the scenario due to the crucial velocity of incoming
data from multiple sources [1, 47].

4) The significance of the recorded data and its value.
Decision makers may receive inaccurate results if a
user runs certain queries against stored data or
misuses already-existing data [47].

5) The complexity lies in how to guarantee the linkages
and correlations between the data? Since these are
crucial for ensuring the integrity of the data and
preventing it from being found in unmanageable
scenarios because they are collected from multiple
heterogeneous sources in big data [47, 49].

C. Existing Works on the Convergence of RE
and Big Data

Despite conducting a thorough search via electronic
databases like ACM Digital Library, Science Direct,
IEEE Xplore, and others that index a sizable number of
articles, journals, and workshop proceedings, no research
has been done specifically on the topic of extending
KAOS for big data applications. We decided to provide a
comprehensive assessment of the current literature on the
convergence of big data and RE. By referencing the
previous research, we want to shed light on the specific
domains in which the RE can benefit big data in this part.
We rely on the systematic literature review (SLR) conducted
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by [6] and [7].

1) Research Works that Posed the RE Challenges in
the Context of Big Data Applications

The challenges of RE in the context of big data
projects [7] are (1) the big data characteristics; they must
definitely be addressed in the RE elicitation process, and
it’s critical to specify the characteristics in addition to the
system quality criteria [4, 8, 9], (2) writing verifiable
requirements, defining a testable and verifiable requirement
is very important since we must achieve an agreement on
the project characteristics [10].

2) Research Works that Proposed Solutions in the
Convergence of Big Data and RE

A software verification tool named DICE Verification
Tool (D-VerT) is presented in [50]. Its purpose is to
enable designers to assess the design system against
safety properties, such as reachability of undesirable
configurations of the system.

Additionally, to enhance performance in big data
initiatives, the work suggested in [51] is employed to
gather data in relation to a clearly defined target. The
scenario-based method is used to gather data for more
informed decision-making. This work provides two main
benefits: (1) accurate decision-making based on relevant
data, (2) reduced storage space and analysis time. The
work that was suggested in [51] in response to [47]’s
analysis challenge. However, there is still room for
improvement. Two such areas are the weighting of the
chosen data and the verification process, which is
necessary to confirm that the data collected match our
particular needs. We presented an adaptation of KAOS
for big data projects in [12]. An RE artifact model is put
forth by the authors of [52] in relation to big data
software development initiatives. The model illustrates
the interactions and RE artifacts that are involved in
creating big data software applications. In order to aid
software engineers in visualizing privacy needs and
designing privacy into big data systems, [53] presents a
privacy extension to UML use case diagrams.

The authors of [54] suggest a conceptual descriptive
architecture to aid in comprehending the system charac-
teristics and user requirements of big data analytics
software.

A goal-oriented approach is used in the work described
in [55] to create value. The goal oriented modelling
approach (GOMA) is a technique that involves identifying
goals and providing guidance for decision-making. It
presents hypotheses and uses analysis to validate them in
order to determine whether or not they are true.

The authors of [56] suggest a method consisting of two
procedures to address the privacy and performance needs
of big data and IoT projects in a scrum manner. In the
context of developing large data systems, the work
suggested in [57] methodically aims to combine architecture
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design with data modelling techniques. [9] presents a
method for analyzing and defining quality standards for
big data applications.

Using data characteristics as a basis, the work presented
in [4] attempted to extract general requirements for big data
(e.g., volume demands greater storage capacity, velocity
wants database tools with high performance, etc.).

In summary, based on an analysis of previous studies
and as stated explicitly in the SLR [7], there is a dearth of
research on RE methods in the context of big data
projects and no KAOS extension, which is the driving
force behind this study.

lll. KAOS AND ITS MODELS APPLICATION

This section explains the KAOS method and its
models, provides an example situation, and then applies
KAOS to the example case to demonstrate its use.

A. KAOS Method

Obtaining requirements is crucial and challenging.
According to surveys, software engineering research and
practice are increasingly realizing how important RE is [4].
GORE is a RE method that addresses intentionality based
on the relationships between various actors. Knowledge
acquisition automated system, also known as Keep All
Object Satisfied (KAOS) [13] has been mentioned
frequently as one of the key GORE proposals [58]. This
technique, known GORE, is frequently applied to require-
ments elicitation. The four models that make up KAOS
are the Operational, Responsibility, Object, and Goal
models.

The goal model is a set of objectives arranged in a top-
down hierarchy. For each objective, we carry out a top-
down and/or deconstruction until we identify sub-goals
that may be allocated to an agent. The Object Model
defines the interest objects. The Responsibility model
specifies each agent’s responsibilities, including expecta-
tions and tasks. The Operation model defines the required
actions of agents based on their duties and operations.

Numerous KAOS extensions have been proposed
across various domains, but not for big data, such as [4,
15-41]. This fact shows also that making an extension for
a specific domain is so important.

B. The lllustrative Scenario

In order to show how KAOS and BKAOS are applied,
we have taken 15 case studies, as it will be shown in the
Validation section. One of them is healthcare.

Big data analytics revolutionizes healthcare by enabling
data-driven decisions, enhancing patient care, reducing
costs, and accelerating research. Through vast data from
wearables, electronic health records (EHRs), and imaging,
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it uncovers patterns and supports personalized treatments.
As healthcare faces growing complexity, leveraging big
data is vital for innovation, efficiency, and global public
health improvement [59].

The data is methodically gathered from a variety of
sources, including hospitals, clinics, and wearable devices
that constantly monitor patient health measurements. By
combining these diverse data streams, the study hopes to
create powerful machine learning models capable of
accurately forecasting patient health decline. These
prediction models are critical in allowing healthcare
practitioners to take preventive actions, resulting in
considerable reductions in hospital readmission rates.

This is a typical big data project because it requires
processing and handling large amounts of data (formatted,
semi-structured, and non-structured). The project’s require-
ment to manage such large and diverse data sets in such
short timeframes emphasizes the importance of modern
data processing tools. Traditional data processing methods
are unsuitable for the scope and complexity of this
project, emphasizing the need for novel solutions in the
field of big data analysis.

This healthcare project marks a significant milestone
in the use of big data analytics to improve healthcare
delivery. The project intends to transform patient care
and resource management by combining and analyzing
large amounts of healthcare data from diverse sources,
generating predictive models, and presenting outcomes
via an easy dashboard. The project’s success will not only
improve patient outcomes but will also highlight the
importance of big data in revolutionizing healthcare
practices and decision-making processes [59].

C. The Application of KAOS on the lllustrative
Scenario

The following activities help to develop the goal-oriented
process of KAOS: goal identification, goal formalization,
object modelling and state variable identification, goal

outcomes

iy
Predict patient
health
amount of

healthcare data

Collect data

Fig. 1. An extraction from the application of KAOS's goal model
on the healthcare case study.

Enhance patient

Develop user-friendly
dashbord

Analyse large

/
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[ System manager

Develop a user-
friendly dashbord

/ Collect data /

Analyse large
amounts of
healthcare data

Fig. 2. An extraction from the application of KAOS's responsibility
model on the healthcare case study.

conflict level detection and resolution, goal refining and
agent responsibility identification, creation of obstacles
and goal fulfilment resolution, and derivation of operation
requirements from system goals [58].

Fig. 1 shows a small extraction of the application of
KAOS’s goal model on the healthcare example. Fig. 2
shows a small extraction of the application of KAOS’s
responsibility model on the healthcare example.

IV. BKAOS: AN EXTENSION OF KAOS FOR
BIG DATA PROJECTS

We introduce BKAOS (big data KAOS) in this section,
which is a KAOS method extension tailored for large-
scale data projects. We first describe why this KAOS
modification is necessary to facilitate the elicitation of
requirements for big data projects. Next, we go over the
concepts that need to be added. Finally, we run the
BKAOS on the hypothetical healthcare institution.

A. The Needs for an Extension of KAOS

Big data applications using RE are still in their infancy.
More clarification is required [8]. Inaccuracies and short-
comings can have a catastrophic impact on the quality of
the final software product as well as the ensuing develop-
ment stages. As a result, RE must be carried out carefully
and precisely. The most important phase in RE is
elicitation [13]; a poorly executed elicitation process can
result in projects that are not adequately responsive to the
demands of stakeholders. Projects involving large amounts
of data are becoming increasingly complex. In addition to
satisfying a demand, a big data project has to process a
large quantity of data of a certain kind quickly (structured,

Table 1. Some of the citations on the importance of taking into account the features of big data while handling requirements

Citations Reference
It's critical to specify the requirements in depth for the software to be constructed successfully. [11]
However, each big data application has specific needs. These specifications derived from its attributes. [4]

We see that the V-characteristics of big data are perpendicular to these conventional quality parameters. Being able to
incorporate this complementary collection of qualities into the formulation of system requirements is therefore one of
the research problems.

When defining, analyzing, and specifying the requirements for big data systems, it is necessary to take the features of
big data into consideration.

Big data is one of the challenges in RE.

The four Vs of big data, which stand for volume, velocity, variety, and veracity, are presenting significant obstacles.
Researchers have found that the RE process requires a thorough grasp of the properties of big data.

It is necessary to gather unique needs tailored to big data in order to develop big data applications.

Since each type of software should have unique qualities, different software types may have distinct requirements.

The difficulties this assessment identifies originate from the need to comprehend and account for big data-specific fea-
tures (volume, velocity, diversity, etc.) when addressing the system requirements.

The necessity of accurately taking into account the big data V-characteristics while defining, analyzing, and defining
functional and quality requirements.

However, all of the models merely define the requirements in terms of functional aspects; they do not take into
account bounded or verified time.

Developing big data applications has several issues, one of which is how to handle the features of big data in terms of
quality standards.

The necessity to appropriately align the features of the distributed systems methods available for use in creating big
data systems with the needs of the system being developed is a fourth difficulty in designing data-intensive systems.

(7]

(6]

(8]
[
(7
(4]
(4]
(7

(7

(1]

91

B3]
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Table 2. Some of the citations on the importance of adding new concepts to consider the features of big data projects

Citations

The big data needs must take into account the big data characteristics.

If a model for the formulation and verification of functional requirements can be created, then the requirement prob-

Reference
[10]
[11]

lem can be comprehended. It is necessary to create a model that can incorporate characteristics like time and func-
tional elements in order to demonstrate this big data software capability.

To fully specify the requirements specification for such software, the big data software must contain all three criteria

(requirement, time, and verifiable over a period of time).

[11]

The ability to incorporate this additional collection of qualities (known as big data characteristics) into the formulation [6]

of system requirements is one of the research problems.

In order to construct a solution design that satisfies the criteria, the properties of big data must be described in require- [7]

ments notations.

In order to construct a solution design that satisfies the requirements, the attributes of big data elements (such as vol- [8]
ume, velocity, variety, etc.) must be representable in requirements notations.

semi-structured, non-structured) [46].

The big data characteristics are viewed by the authors
of [4-11] as a challenge in the RE. Additionally, studies
[7, 10, 11] have confirmed that the big data software must
include all three parameters (functional feature, time
constraint, and verifiable during some period) in order to
fully define the requirements specification for big data
projects. Tables 1 and 2 illustrate in detail the citations
from those papers.

B. The Added Concepts of BKAOS

We constantly strive to bring the model closer to
reality by adding new concepts in order to improve the
accuracy of the big data project that poses its unique
challenges, which explains why there is a great deal of
extension [12, 17, 60-65].

For each big data characteristic, we conducted discussions
with domain experts to assess the feasibility of predicting

Table 3. Big data characteristics and their applicability

their values during the requirements elicitation phase.
Based on these discussions, we concluded that it is
currently feasible to predict the values of volume, variety,
volatility, and execution time at this early stage. However,
the prediction of the remaining characteristics is not yet
achievable now.

Also, based on the needs of requirements for big data
in the literature [3, 6, 7, 8, 10, 11, 46, 47]. We decide to
include the ideas of objective volatility, execution time,
volume and variety of data to process.

Table 3 shows the big data characteristics and their
applicability reasons. We highlight that there is a significant
difference between Tables 1, 2, and 3. All three tables are
essential in the paper. Tables 1 and 2 compile key citations
from the literature that provide strong motivation for our
work, whereas Table 3 presents the selected characteristics
of big data and their relevance to our approach.

It is evident that in order to assist large data projects
using the KAOS method, we need to make sure that our

Characteristic Applicability
Variety Applicable

Volume Applicable

Velocity Not applicable
Value Not applicable
Veracity Not applicable
Variability Not applicable
Validity Not applicable
Vulnerability Not applicable
Volatility Applicable

Visualization Not applicable

Execution time

Applicable

Reason
Many papers emphasize taking charge of this property
Many papers emphasize taking charge of this property
Impossible to predict now
Impossible to predict now
Impossible to predict now
Impossible to predict now
Impossible to predict now
Impossible to predict now
Many papers emphasize taking charge of this property
Impossible to predict now

Many papers emphasize taking charge of this property
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Requirement

ime of execution

Volume of data to process
Variety of data Durability of operation

Fig. 3. The added concepts to the goal and the responsibility
models of KAOS.

goals—which include execution speed, volume of data to
be processed, variety of data, and goal durability are
linked to theirs. Fig. 3 shows graphically the concepts
added to the Goal model and the Responsibility model.
In the rest of this subsection, we explain in detail each
concept and clarify why adding these concepts is necessary.

1) Volume of the Data

Big data projects commonly entail the processing of
hundreds of petabytes of data. Despite significant advance-
ments in technologies such as Hadoop and NoSQL, data
volume remains a critical factor in big data initiatives.
The existing KAOS methodology does not explicitly
address data volume as an independent concept for
requirements elicitation in big data projects. For example,
the stakeholder in Section III illustrative scenario of the
healthcare institution has to “analyze healthcare data” but
does not indicate the volume of data that needs to be
processed.

Upon project completion, the objective was to analyze
100 zettabytes of data; however, this target was not
achieved, resulting in the project’s failure. This outcome
underscores the necessity of establishing the required
data volume for each goal at the outset of the project.

2) Execution Time

Execution time is critical, especially for big data
applications, because a delayed result can lead to failure.
In this context, execution time should be precisely defined
as the duration between the initiation and completion of a
task. For example, while a stakeholder may request to
analyze healthcare data,” the absence of a specified
timeframe can lead to project failure, as seen in our case
where the analysis was completed but exceeded the 15-
day target, making the outcome irrelevant to stakeholder
needs. Therefore, in the KAOS method, it is essential to
model execution time as a quantifiable constraint—such
as “analyze 10 TB of patient data within 8 hours”—and
integrate it into goal refinements and feasibility analyses.
Clearly defining and incorporating such time metrics
from the outset ensures that solutions remain aligned with
stakeholder expectations and operational requirements,
thereby preventing wasted effort and unmet goals.

http://dx.doi.org/10.5626/JCSE.2025.19.2.46
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3) Variety of the Data

One of the most crucial aspects of big data projects is
their diversity. Different types of data exist, including
non-structured (such as photos and emails) and semi-
structured (such as JSON and XML) databases. Additionally,
the processing of these data varies widely. The nature of
the data to be processed in the elicitation step must be
taken into account by KAOS. We examine the healthcare
institution example given in Section III, where the
stakeholder specifies that they need to “analyze healthcare
data” but does not elaborate on the type of data that has to
be collected. The project will be completed, but the
analysis of semi-structured and non-structured data is still
necessary. We get to the conclusion that each goal’s type
of data needs to be stated at the outset of the project.

4) Durability of the Goal

In the context of big data initiatives, engineers typically
design systems to function for a set amount of time,
beyond which they may no longer be usable. Therefore,
the persistence of a goal needs to be specified right from
the start in the RE method for big data. We use the
hypothetical healthcare institution scenario from Section
IIT as an example. The stakeholder needs to “launch
targeted advertisement,” but they don’t say how long they
think it will last. The project will be completed without a
hitch, but when we present it to a stakeholder, he objects,
saying that the target must be met during the whole
pandemic. Therefore, the project has not met the
stakeholder’s needs. The durability of a goal must be
specified at the beginning of the project.

KAOS does not support the characteristics presented
above, which do not allow a complete and refined
elicitation of the requirements for big data. BKAOS came
to overcome these issues and allow a better elicitation.

C. The Application of BKAOS on the lllustrative
Scenario

We keep the same meaning explained in Section III.
New concepts, however, are connected to the goal of
“analysis of healthcare data” in BKAOS. This means that
100 Petabytes of non-structured and semi-structured data
must be analyzed in 15 days to meet this goal, and the
system must be operational during the pandemic.

The goal “collect data” must be done within 5 days by
analyzing 100 GB of structured data, and it must be
functional during the pandemic.

Fig. 4 shows a small extraction of the application of
the BKAOS goal model on our healthcare case study. In
the graphical representation, NS and SS are the data
sources non-structured and semi-structured.

Fig. 5 shows a small extraction of the application of the
BKAOS responsibility model on the healthcare example.

The use of BKAOS allows catching all the right
specific requirements for big data projects.
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Enhance patient
outcomes
Predict patient
health

Develop a user-friendly
dashbord

m

m
NS,SS During
pandemic

Fig. 4. An extraction from the application of the BKAOS goal
model on the healthcare case study.

Analyse large
amounts of
healthcare data

System manager

evelop user-friendly /
dashbord
[ ]
Collect data
nalyse farge

amount of

100 ZB
During
pandemic

NS,SS During
pandemic

Fig. 5. An extraction from the application of the BKAOS
responsibility model on the healthcare case study.

V. THE FORMAL CHECKING OF BKAOS

In this section, we show how to ensure the integrity
property of BKAOS; we define a formal semantics based
on Bigraphs theory for KAOS and then deduce an
extended well-formed model for BKAOS. Bigraphs [66]
are an emerging graphical formalism for designing,
simulating and analyzing ubiquitous computing systems.
Structurally, Bigraphs are a graphical meta-model which
emphasizes both locality and connectivity of mobile
systems.

We support the use of the Bigraphs model to ensure the
integrity property of our new extended method for the
following reasons:

1)it is clear and uses a graphical representation for
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Graphical Graphical
KAOS and BKAOS | representation in | Bigraphs concepts representation in
KAOS and BKAOS Bigraphs
God
Goal Node (Goal) | (O
. Requirement
Requirement 9 Node (Requirement| O
A Agent
Agent <_Agent > Node (agent) | ()
Big data @ Node BigdataRequirement
requirements O
Link of the Bigdata . e )
Requirements Link EBigdataquirements
“’;ik of goal 7 Link (Goal - Ecre
refinement e refinement link)
Link of . S
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Fig. 6. Mapping rules between BKAOS elements and Bigraphs
concepts.

better comprehension;

2) it forms the mathematical foundation for the systems
specified, allowing for mathematical operations to
be used to enrich or extend the systems;

3) its two underlined structures (the place graph and
link graph) are orthogonal and specify the places
and links of system agents independently; and

4) it also allows for the specification of system behavior
thanks to reaction rules. We designate Bigraphs
concept equivalent for every KAOS and BKAOS
concept.

Fig. 6 shows the mapping rules between BKAOS

elements and Bigraphs concepts for the rest of this section.

A. A Formal Semantics for KAOS Description

In this subsection, we give Bigraphs-based definitions
for KAOS. Each element in these models has a formal
semantics in terms of Bigraphs, allowing a clear definition
of KAOS extensions.

Through the following formal definitions, we give
more details.

Definition 1. The KAOS model semantics is defined
by a Bigraph:

B igkaos = {N kaos> E kaos> Ctrlkaus’

P U
kaos » Gkaasa [kaos - JkaoS

where:

* N.s 1s the set of nodes, and constitute three types:
Goal, Requirement, Agent.

* E,.s 1s the set of edges, can be one of two types:
{EGRL9 ERL}’

* Ctrl,,,, (Goal): {Atomic; 3} (the ports).

* Ctrl,,,, (Requirement): {Atomic; 2}.

* Ctrl, ., (Agent): {Atomic; 1}.
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Fig. 7. A Bigraph-based definition for KAOS models.

Region 0
SiteD

Requirement Agent

Goal

Fig. 8. Place graph for KAOS models.

* Gr.os 1s the place graph representing particularly the
parent function defined as:

—prnt =WV, = Vi, W {Region0},
Knowing that,
prnt(Goal) = prnt(Requirement) =
prant(Agent) = RegionO.

* Gjaos is the graph of links representing particularly
the link function defined as:

—link : QYP — E,,, @, P is the set of ports P,,
P, etc.
— link(P>) = Egpy, link(P,) = Ep,

* [1oos = <1,0>, without inner names and having one
site abstracting the possible insertion of other nodes.
* Jiwos = <1,@>, without outer names and having one

region.

Fig. 7 shows graphically the application of Bigraphs
on KAOS, we have one region, a site, the nodes (Goal,
Requirement, Agent), their ports, and the relations between
them. Fig. 8 shows the application of place graph on the
KAOS models.

B. A Formal Semantics for BKAOS Description

In this part, we demonstrate how, by enhancing their

http://dx.doi.org/10.5626/JCSE.2025.19.2.46
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element sets by a single node type, the Bigraphs defining
the semantics in the context of BKAOS are inferred from
those of KAOS:BigdataRequirements and one link
type:EBigdataRequirements. Below are their respective
formal definitions:

Definition 3. The BKAOS model semantics is defined
by a Bigraph

. _ P ! .
B 18bkaos = {N bkaos> Eb/caass Cir lbkaasa bkaoss Gbkaus } '[bkaos - kaaus

where:

* Nyaos = Nyraos U {BigdataRequirements}

¢ Ebkaos = Ebkaax U {EB

igdataRequirements }
* Ctrl(BigdataRequirements) = {Atomic;1}

* Ghios 18 the place graph representing particularly the
parent function defined as:

— prat{Site0} = ¥ Ve —
Vpiaos ) {Region0}, Knowing that,
prnt(Goal) = prnt(Requirement) =
prnt(Agent) = prnt(BigdataRequirements)
= RegionO.

* Ghyaos is the graph of links representing particularly
the link function defined as:

—link : ©Y P — E,,,, @, P is the set of ports P,,

P, etc.
— link(P,) = Egpy, link(Py) = Ep,,
hnk(POl) = EBigdaIaRequir@mem

* Liiaos = <1,@>, without inner names and having one
site abstracting the possible insertion of other nodes.

* Joraos = <1,@>, without outer names and having one
region.

Fig. 9 shows graphically the Bigraphs associated with
BKAOS. We have one region, a site, the nodes (Goal,
Requirement, Agent, BigdataRequirements), their port,
and the relations between them.

Fig. 10 shows the application of place graph on the
BKAOS models.

We can conclude from the formal definition of KAOS
and the formal definition of BKAOS, that:

Nixaso = Niaso U BigdataRequirements.

And EBKASO = EKASO U {EBigdalaRequ[remems} .

These formal definitions prove the integrity property
of BKAOS.

The integrity property of BRAOS was ensured through
formal proofs performed by applying Bigraphs-based
description on both KAOS and BKAOS.

First, we did the mapping between KAOS-BKAOS and
Bigraphs concepts. Second, we used Bigraphs formalism

Chabane Djeddi et al.
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Fig. 9. A Bigraph-based definition of BKAOS models.
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Fig. 10. Place graph for the BKAOS models.

to model and verify the structural and behavioral aspects
of the KAOS method, thereby establishing its integrity
property. Third, we applied Bigraphs formalism to model
and verify the structural and behavioral aspects of the
BKAOS method, which capture both the spatial and

Table 4. KAOS metrics for 15 case studies

BKAOS: An Extension of KAOS for Big Data Projects

dynamic relationships of the system components. Fourth,
using the obtained Bigraphs of KAOS and BKAOS, we
concluded that the new extension (BKAOS) maintains
the intended integrity constraints inherited and extended
from KAOS.

This method ensured that the integrity property was
not just informally argued but formally verified through
mathematical reasoning and Bigraphs-based modelling,
providing a high level of confidence in the correctness
and soundness of BKAOS as an extension of KAOS.

VI. VALIDATION

To complete the formal verification and qualitative
scenario analysis—provided in the previous sections, we
conducted a quantitative empirical validation study to
assess the practical benefits of the BKAOS extension in
supporting big data projects, as recommended by many
researchers like [67-69]. The primary objectives were to
evaluate whether BKAOS improves the number of
requirements captured, coverage of big data properties,
modelling time and stakeholder satisfaction of requirements
models compared to the baseline KAOS method in the
context of big data projects. These metrics align with
established requirements validation criteria widely
discussed in empirical software engineering research.

Participants received training on KAOS and BKAOS
before independently modelling the case studies. Fifteen
ongoing ENSIA-partner projects were selected. Each was
modelled, using KAOS and using BKAOS. The case

Case study domain Requirements Big data coverage Modeling time Stakeholder
Healthcare analytics 45 0 38 32
E-commerce recommendations 46 0 35 3
0T sensor networks 38 0 40 2.9
Social media sentiment analysis 42 0 33 33
Financial fraud detection 44 0 36 3.1
Smart city traffic management 43 0 37 32
Genomic data processing 39 0 39 3
Supply chain optimization 41 0 35 3.1
Energy grid monitoring 42 0 36 32
Telecommunication network analysis 40 0 38 3
Climate modeling 38 0 40 2.9
Retail inventory forecasting 44 0 34 33
Cybersecurity threat detection 43 0 35 32
Agricultural yield prediction 39 0 38 3
Video streaming QoS optimization 41 0 36 3.1
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studies reflected realistic big data project challenges,
focusing on data volume, execution time, variety, and
durability.

The ENSIA-partner made their feedback according to
the metrics, which are. First, the number of requirements
captured. Second, coverage of properties. Third, modelling
time. Fourth, Stakeholder Satisfaction. Surveyed using a
S-point Likert scale on perceived clarity and usefulness
of the models.

Tables 4 and 5 represent, respectively, the metrics values
gathered from the users using KAOS and BKAOS. Big
data coverage was assessed on a scale ranging from 0 to
4, based on the extent to which users were able to capture
big data—specific characteristics using the BKAOS
framework. Partial capture of a characteristic was reflected
through the use of floating-point values to indicate
intermediate levels of coverage. In contrast, the KAOS
framework received a score of zero, as it lacked the
capability to address big data—specific features. Modeling
time was measured by calculating the total number of
hours required to complete the modeling process.

Table 6 shows the metrics and the improvements from

Table 5. BKAOS metrics for 15 case studies

KAOS to BKAOS using the feedback obtained from the
users. We can deduce that, First, the number of require-
ments was improved due to the use of the new concepts.
Second, coverage increased from 0 to 1.87 (out of 4),
representing a significant improvement, because KAOS
does not take them into consideration. Third, the
modelling time was reduced because the requirements are
quickly found and gathered thanks to BKAOS. Fourth,
the stakeholder’s satisfaction was a bit improved.

The statistical analysis demonstrates that BKAOS
significantly improves the number of requirements captured,
coverage of properties, modelling time and stakeholder
satisfaction of requirements models compared to the
baseline KAOS method in the context of projects.

These quantitative findings empirically support the
hypothesis that BKAOS better captures specific require-
ments and reduces modelling errors compared to KAOS.
The improved stakeholder satisfaction indicates enhanced
clarity and practical utility of BKAOS models. This
empirical evidence complements the formal verification
and qualitative scenario analysis, providing a compre-
hensive validation of BKAOS’s effectiveness.

Case study domain Requirements Big data coverage Modeling time Stakeholder
Healthcare analytics 65 3 37 3.7
E-commerce recommendations 60 1.8 34 3.4
0T sensor networks 62 1.7 39 3
Social media sentiment analysis 64 2 33 3.5
Financial fraud detection 63 1.9 35 32
Smart city traffic management 66 2 35 33
Genomic data processing 61 0.8 38 3.1
Supply chain optimization 64 1.9 34 33
Energy grid monitoring 65 2 35 3.5
Telecommunication network analysis 62 3.6 29 3.1
Climate modeling 60 1.6 39 3
Retail inventory forecasting 65 2 33 3.5
Cybersecurity threat detection 64 1.9 34 33
Agricultural yield prediction 61 1.7 37 3.1
Video streaming QoS optimization 63 1.8 34 32

Table 6. Empirical validation results
Metric KAOS BKAOS Improvement
Requirements captured (count) 41.3+2.6 63.1£1.8 +53%
Big data coverage (out of 4) 0 1.8740.44 +1.87
Modeling time (hr) 36.7£2.3 35.3+2.1 -4%
Stakeholder satisfaction (1-5) 3.13+0.13 3.28+0.23 +5%
http://dx.doi.org/10.5626/JCSE.2025.19.2.46 56 Chabane Djeddi et al.



VIl. CONCLUSION

The field of RE methods for aiding in the elicitation of
projects has not received much attention in the existing
research. Current RE methods are deficient in addressing
the unique qualities of big data, particularly in terms of
the volume, variety, execution time and validity inherent
in such projects. Traditional methods frequently fall short
by neglecting to consider these distinguishing characteristics.
As a result, there is an urgent need to develop a unique
method adapted to the needs of large data sets. For
example, the widely used KAOS strategy fails to account
for the special needs of projects, necessitating the
development of a new method.

In this study, we provide BKAOS (KAOS), a novel
extension of the KAOS method designed to effectively
elicit requirements for projects. BKAOS is precisely
designed to handle the specific aspects of, guaranteeing
that the demand elicitation process is precise and
thorough. To show BKAOS’s usefulness and application,
we conducted a detailed comparative case study on the
healthcare domain that included both the conventional
KAOS method and the newly proposed BKAOS. This
strategy allowed us to objectively evaluate the benefits
and drawbacks of each option in a genuine, real-world
context.

We completed formal verifications of BKAOS’s structural
and functional integrity using the Bigraphs theoretical
method. This rigorous verification approach has shown
that BKAOS can capture the various and complicated
requirements of initiatives. We also performed Bigraphs-
based integrity checks on both the KAOS and BKAOS
methods. These tests were critical in identifying and
resolving any potential integrity issues that may develop
as a result of extending and modifying existing methods.

In order to perform an empirically quantitative validation.
We applied KAOS and BKAOS to 15 real-use cases. The
feedback allows us to define four measurable evaluation
metrics that are the number of requirements gathered, the
properties covered, the modelling time, and the stakeholder
satisfaction. This showed an important result of BKAOS
for the projects.

Our findings demonstrate that BKAOS better meets
the requirements of projects. BRAOS enhances previous
methods by ensuring that the requirements for projects
are correctly and reliably gathered. BKAOS significantly
improves the discipline by adding the unique properties
of into the RE process, paving the way for more effective
and reliable RE in projects.

As perspectives, we suggest applying BKAOS to more
case studies, integrating more characteristics, the variety
will be treated more deeply to include the identification
of data sources, and continuing to work on the other RE
steps, such as analysis, documentation, and validation.
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