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Abstract

Requirements specification documents are one of the main sources of guidance in software en-
gineering projects and they contribute to the definition of the final product and its attributes. They
can often contain text, graphs, figures and diagrams. However, they are still mostly written in
Natural Language (NL) in industry, which is also a convenient way of representing them. With
the increase in the size of software projects in industrial systems, the requirements specification
documents are often growing in size and complexity, that could result in requirements documents
being not easy to analyze. There is a need to provide the stakeholders with a way of analyzing
requirements in order to develop software projects more efficiently.

In this thesis we investigate how the complexity of textual requirements can be measured in
industrial systems. A set of requirements complexity measures was selected from the literature.
These measures are adapted for application on real-world requirements specification documents.
These measures are implemented in a tool called RCM and evaluated on requirements documen-
tation provided by Bombardier Transportation AB. The statistical correlation between the selected
measures was investigated based on a sample of data from the provided documentation. The statis-
tical analysis has shown a significant correlation between a couple of selected measures. In addition,
a focus group was performed with a goal of exploring the potential use of these metrics and the RCM
tool in industrial systems as well as what different areas of potential improvement future research
can investigate.
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Chapter 1

Introduction

The primary measure of success of a software system is the degree to which it meets the purpose for
which it was intended [1], or in other words, the degree to which it meets its requirements. Today’s
large software-intensive industrial systems have large amounts of requirements, limited budgets and
strict development and maintenance schedules. Therefore, it is necessary to objectively evaluate
these systems during their development to determine whether they will meet their requirements,
schedule and budget [2].

Requirements engineering is the first step in systems and software engineering processes. It
is a precursor to all other software development phases such as software design, implementation
and testing. Proper requirements management and analysis is highly important because any error
during this phase leads to increased cost of the project and problems in all other phases. It is a
critical step which can determine failure or success of the project. Therefore, proper understanding
and analysis of requirements can prevent project failures and improve the quality of the delivered
product [3].

The requirements are most commonly written using natural language, since this does not involve
any extra work and the learning curve is very good. However, natural language can be ambiguous
and interpreted in many different ways. In order to solve this problem, researchers have introduced
different kinds of solutions, tools and methods. One of the ideas was the use of controlled natural
language (CNL) [4]. The idea was to create a restriction of natural language, in such a way to
minimize the set of words that are allowed to be used in the requirements specification documents.
Sometimes eveb a specific syntax was proposed to be followed. This way the ambiguity would be
decreased, however this approach did not gain the popularity among practitioners.

One of the most cited software project statistics comes from The Standish Group’s CHAOS
report (1994) [5] which shows that 31% of projects will be canceled before they ever get completed.
Besides that, the research indicates that 52% of projects will cost 189% of their original estimates.
The research shows that even the projects that are completed are often just a mere shadow of their
original requirements. Only 16% of the projects were completed on-time, on-budget and with all
features and functions that were initially specified. Considering the most common reasons of this
devastating statistics we can not overstate the importance of the requirements analysis and proper
estimation of the project complexity based upon them. Some of the most common reasons for
project termination according to the interviewed participants were incomplete requirements, lack
of resources, unrealistic expectations and changing the requirements and specifications. Factors
that caused projects to be challenged are also indicating this with slightly different percentages.
On the other hand, the statistics of the project success factors shows that clear statement of
requirements was the third most common major reason for success (in 13% of the projects). This
indicates that proper requirements analysis and complexity estimation of the project is a necessity
for successful execution of software engineering projects.

There are some proposals for the estimation of the complexity of requirements, but there is
a need to investigate this topic further. In this thesis project requirements complexity measure-
ment will be investigated and the use of automatic complexity measurements for natural language
requirements will be proposed. A set of suitable requirements measures will be selected and a
tool implementing this automatic method will be developed. The tool will be developed in C#
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programming language and evaluated on real-world industrial requirements documents obtained
from Bombardier Transportation AB, Sweden (BT). Potential correlation between the selected
measures and how the use of developed method in industrial systems will be investigated.

The rest of this thesis is organized as follows. In Chapter 2 the theoretical background on the
concepts of requirements engineering, requirements measurement and requirements representation
is provided. In Chapter 3 related work on requirements metrics, requirements measurement tools
and the use of natural language processing in requirements engineering is presented. The problem
formulation, research questions and the development of the proposed method are presented in
Chapter 4. The developed tool is presented in Chapter 6, while the evaluation of the tool is
presented in Chapter 7. Finally, the conclusion is presented in Chapter 8.
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Chapter 2

Background

In this chapter we are going to explain the concepts necessary for the understanding of this the-
sis. We will cover requirements engineering and its’ processes, requirements measurement and
representation of requirements.

2.1 Requirements Engineering

Requirements engineering is a sub-discipline of systems and software engineering that includes all
project activities associated with understanding the product’s necessary capabilities and attributes.
It includes both requirements development and requirements management [6] and it is the very
first stage of any software project. In this phase the engineers should ensure that the specification
of the product to be built meets customer’s wishes [7]. In other words, it refers to a process of
discovering the purpose for which the software is intended by identifying stakeholders and their
needs and documenting all of these in a form that is easy to analyze, communicate and implement
[1].

The importance of properly managing requirements cannot be overemphasized since any mis-
take during the phase of requirements gathering and analysis raises problems in all of the following
phases and increases the cost of the project. The errors made in this phase are the most expensive
ones and may result in project failure because the goal of all the later development stages is to
ensure that a product is being built correctly with respect to the specification, produced in this
phase. Requirements engineering errors may potentially lead to project failure unless corrected in
later phases, which is much more expensive than making a correction in this phase [7].

Before continuing with the description of requirements engineering in more details, we may
ask our selves what is a requirement? Therefore we are going to take a look through different
definitions of a requirement found in the literature. R.R. Young [8] provides the following definition:
“A requirement is a necessary attribute in a system, a statement that identifies a capability,
characteristic or quality factor of a system in order for it to have value and utility to a customer or
a user. Requirements are important because they provide the basis for all of the development work
that follows. Once the requirements are set, developers initiate the other technical work: system
design, development, testing implementation and operation”.

Institute of Electrical and Electronics Engineers (IEEE) standard 610 “Glossary of Software
Engineering Terminology” [9]defines a requirement as:

1. A condition or capability needed by a user to solve a problem or achieve an objective.

2. A condition or capability that must be met or possessed by a system or system component
to satisfy a contract, standard, specification, or other formally imposed documents.

3. A documented representation of a condition or capability as in (1) or (2)

Another definition comes from Ian Sommerville and Pete Sawyer [10]:
Requirements are a specification of what should be implemented. They are descriptions of how

the system should behave, or of a system property or attribute. They may be a constraint on the
development process of the system.
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There can be a significant difference between stated requirements and real requirements. Stated
requirements are usually those provided by a customer at the beginning of a project, while real
requirements are those that reflect the verified needs of users for a particular system or capability.
The difference between the stated requirements and the real requirements can often be huge. Stated
requirements are required to be analyzed, in order to determine and refine the real customers’
needs and expectations of the product. In this way the requirements are filtered by a process of
clarification of their meaning [8].

2.1.1 Requirements engineering process

Terminology on requirements engineering is may differ in literature, even in the case on how to call
the whole discipline. Some authors call the entire domain requirements engineering while others
refer to it all as requirements management [6]. We prefer the definition from Wiegers & Beatty[6]
that splits requirements engineering into requirements development and requirements management,
Figure 2.1. The requirement development is further split into requirements elicitation, analysis and
validation subdisciplines.

• Requirements elicitation is the process of discovering the requirements for a system by
communication with customers, system users and others who have a stake in the system
development. It requires application domain and organizational knowledge as well as spe-
cific problem knowledge [10]. It encompasses all of the activities involved with discovering
requirements, such as interviews, workshops, document analysis, prototyping, and others [6].

• After an initial set of requirements has been discovered, it needs to be analyzed for conflicts,
overlaps, omissions and inconsistencies [10]. When they are analyzed, engineers would have
plausible requirements which after review and approval would transform into project require-
ments [1]. In other words, requirements analysis is a process of transforming the stated
requirements into the ”real” requirements as defined in [8].

• Requirements specification is the process of documenting a software applications require-
ments in a structured, shareable, and manageable form. The result of the entire requirements
development phase is a documented agreement among stakeholders about the product to be
built. The products functional and nonfunctional requirements are often stored in a software
requirements specification, or SRS, which is delivered to those who must design, build, and
verify the solution [6].

• After the requirements document has been produced, the requirements should be formally
validated. The requirements validation process is concerned with checking the require-
ments for omissions, conflicts and ambiguities and for ensuring that the requirements follow
quality standards [10].

• Scheduling, negotiating, coordinating, and documenting the requirements engineering activ-
ities are called requirements management [11].

International standard ISO/IEC/IEEE 29148 Systems and software engineering - Life cycle
processes - Requirements engineering [12] defines requirements engineering as an interdisciplinary
function that mediates between the domains of the acquirer and supplier to establish and maintain
the requirements to be met by the system, software or service of interest. It suggests that the
project shall implement the following three requirements engineering processes:

• Stakeholder requirements definition process (ISO/IEC 15288:2008 (IEEE Std 15288-2008),
subclause 6.4.1 or ISO/IEC 12207:2008 (IEEE Std 12207-2008), subclause 6.4.1)

• Requirements analysis process (ISO/IEC 15288:2008 (IEEE Std 15288-2008), subclause 6.4.2,
or ISO/IEC 12207:2008 (IEEE Std 12207-2008), subclause 6.4.2)

• Software requirements analysis process (ISO/IEC 12207:2008 (IEEE Std 12207-2008), sub-
clause 7.1.2) for the acquisition or supply of software products.
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Figure 2.1: Requirements engineering subdisciplines

2.2 Requirements measurement

“Measure what is measurable, and make
measurable what is not so”

Galileo Galilei

Requirements specification documents often combine text, graphs, diagrams and symbols. The
presentation depends on the particular style, method, or notation used. Atomic entities to be
counted when measuring code can easily be identified (lines, statements, classes, methods, etc.).
However, this may not be an easy task when dealing with requirements because requirements
analysis often consists of a mix of document types. In those cases it is difficult to generate a single
size measure [13]. Because of this, we are going to focus on the measures that could easily be
applied only on textual requirements for the purpose of this thesis. The discovered metrics will be
described in detail in Chapter 3, but before we are going to describe measurement and measures
in general and specifically in software engineering.

Measurement is the process by which numbers or symbols are assigned to attributes of entities
in such a way to describe them according to clearly defined rules [13]. In mathematics, a measure
is a function defined on a σ-algebra F over a set X that takes values in the interval [0,∞) such
that the following properties are satisfied:

• the emptyset has measure zero, µ(∅) = 0;

• countable additivity: if (Ei) is a countable sequence of pairwise disjoint sets in F, then

µ(

∞⋃
i=1

Ei) =

∞∑
i=1

µ(Ei)

Or, in other words we can say that measure is a function that maps subsets of X to real numbers
that can intuitively be interpreted as their size.

The purpose of a metric in software engineering is to provide a quantitative assessment of the
extent to which the product, process, or resource possesses certain attributes. The metric will not
be meaningful unless its definition includes a description of how the data should be interpreted
and used, aside of the algorithm for measurement [2].

As mentioned before, requirements engineering is the step in which the errors have the highest
cost to the project. Therefore, the use of measurement in the requirements engineering in order
to monitor and control the process is a very old idea. Costello and Liu [2] have described the role
of metrics in software and systems engineering, focusing on application of metrics to requirements
engineering more than two decades ago.
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Some research has been done on the topic of estimating the software complexity based on the
complexity of the requirements where different kinds of methods and tools have been proposed.
Sharma and Kushwaha [14, 15] have discussed requirement based complexity (RBC) and improved
requirement based complexity (IRBC) measures based on SRS (software requirements specification
document) of the proposed software and have proposed an object based semi-automated model for
tagging and categorization of the requirements. Same authors have proposed a framework for
the estimation of proposed requirement based software development effort (RBDEE) [16]. In this
work they have tried to estimate the software complexity in early phases when little information
is available. They have considered various complexity attributes in proposing their measures such
as Input-Output Complexity (IOC), Functional Requirement (FR), Non Functional Requirement
(NFR), Requirement Complexity (RC) etc.

However, we find most of these measures problematic in terms of automating the measurements,
since most of the measures are complex and their automation would not be a simple task. Some
of them are also requiring additional information that is contained in the text of the requirement
or require complex analysis and abstraction of the text. During our research we have discovered
a set of measures that are more suitable for automatic measurements and they are described in
more details in Chapter 4.

2.3 Representing requirements: Natural Language and CNL

Requirements are usually gathered and maintained in a Requirements document or, in case of
software engineering, in Software Requirements Specification (SRS). This document is used to
describe external behavior of a software system. It can be written by user/customer, requirements
engineer or developer or by several stakeholders together. This document is later used as a baseline
and a guideline for everyone included in the project. Errors that are found in the requirements
document are easy to fix, cost less and consume less time [17].

ANSI/IEEE Standard 730-1981 defines the SRS as a specification for a particular software
product, program, or set of programs that does certain things [18]. The description places two
basic requirements on the SRS:

• It must say certain things.

• It must say those things in certain ways.

Since the SRS has a specific role to play in the software development process, the SRS writers
should be careful not to go beyond the bounds of that role. This means that the SRS [19]:

1. Should correctly define all of the software requirements. A software requirement may exist
because of the nature of the task to be solved or because of a special characteristic of the
project.

2. Should not describe any design or implementation details. These should be described in the
design stage of the project.

3. Should not impose additional constraints on the software. These are properly specified in
other documents such as a software quality assurance plan.

IEEE Std 830-1998 [19] also suggests the following characteristics of a good SRS:

1. Correct

2. Unambiguous

3. Complete

4. Consistent

5. Ranked for importance and/or stability

6. Verifiable

11
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7. Modifiable

8. Traceable

There is a lot of different ways to write and maintain the requirements document. The growing
complexity of today’s software products is resulting in a high increase of requirement specifications
in size and numbers. The requirement specifications are typically documented in natural language
(NL) which is prone to contain defects, ambiguities and contradictions [20]. In order to cope with
this problem, an idea of using Controlled Natural Languages (CNL) in requirements engineering
have been proposed and discussed for years by many authors.

A CNL is a subset of a natural language, and is usually used for one of the following two
objectives:

• to improve readability for human readers

• to improve automatic analysis (or readability for computers).

Controlled Natural Languages are traditionally categorized in human-oriented and machine-oriented,
based on which of the previous two they are focused on. The main objective of human-oriented
CNLs is to improve the readability and comprehensibility of technical documentation [21], and
therefore they are trying to reduce the expressiveness of the natural language by restraining its
syntax, semantics and words vocabulary[20]. The primary goal of machine-oriented CNLs is to
improve the translatability of technical documents and the acquisition, representation, and pro-
cessing of knowledge [21]. In this case, they improve simplicity and precision, allowing processing
and therefore related tasks automation [20].

However, despite the significant advantages in the area of formal specification languages, their
use has not become common practice [22], because the requirements are still mostly written by
humans and meant to be used by humans, in order to be implemented. Therefore, natural language
requirements are still widely used in software industry, at least as the first level of description of
a system [23] and there is no way to escape them. There is, however, a need of developing new
methods and tools for better analysis and understanding of natural language requirements, as
stated by Luqi & Kordon [24]:

“Accurate automatic analysis of natural language expressions has not yet been fully achieved,
and interdisciplinary methodologies and tools are needed to successfully go from natural language
to accurate formal specifications”.

12



Chapter 3

Related work

During our research we have found a lot of interesting papers that we are going to mention and
shortly describe in the following section. The section will be separated into three subsections,
Requirements metrics, Requirements measurement tools and Natural Language Processing (NLP)
in requirements engineering, where we are going to mention papers based on their contribution. In
the first subsection we are going to mention the papers that have focused on describing existing
and proposing new requirements metrics and measures. In the second subsection we are going
to describe the papers and the tools used for their analysis that we have discovered. Finally, in
the last subsection we are going to mention the papers that focus on the use of natural language
processing in requirements engineering.

3.1 Requirements measures

One of the oldest and most cited studies on requirements measurement is a research conducted by
NASA that was a precursor to the development of their Automated Requirements Measurement
tool (ARM).The study observed a list of desirable characteristics for requirements specifications
such as: Complete, Consistent, Correct, Modifiable, Ranked, Testable, Traceable, Unambiguous,
Valid and Verifiable. Based on those attributes a list of quality indicators which could easily be
measured was derived and grouped into categories [22]. The resulting categories of indicators
were divided into two classes: those related to the individual specification statements and those
related to the complete requirements document. The indicators related to individual requirements
were: Imperatives, Directives, Weak Phrases, Continuances and Options, while indica-
tors related to the entire document were Size, Readability, Specification Depth and Text
Structure. For each of the indicators category a list of keywords that should be detected in the
requirement’s text was defined in order to measure each of the indicators.

In another paper [23], the authors have defined a Quality Model for natural language software
requirements which was aimed at providing a way to perform a quantitative, corrective and re-
peatable evaluation. The model was composed of high-level quality properties for natural language
requirements and the authors have proposed a set of indicators for each of the properties such as
Vagueness, Subjectivity, Optionality, Weakness, Under-specification, Under-reference, Multiplicity,
Implicity and Unexplanation. Similarly like in the previous paper, for each of the indicators the
authors have proposed a list of keywords that should be used in order to measure their values.
The authors have implemented a tool named QuARS that would automatically measure each
of the indicators in a software requirements document, that would also be described in the next
subsection.

The question how of to assess the complexity of a textual requirement was recently discussed
in [25] by a group of researchers. They have tried to explore what features make one requirement
easy to understand while making another one difficult to understand. The result of the research
was conjunctive complexity and they have proposed a list of conjunctions that usually indicate
conjunct actions.

In a recent paper [26] authors have developed a measurement-based method called Rendex
for automating requirements reviews in large software development companies. The intention of
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researchers was to provide a way to automatically rank the textual requirements according to their
need for improvements. They have designed a set of measures of internal quality properties of
textual requirements and provided a list of keywords for each of the measures. After applying
the measures they have evaluated them on requirements documents from three large software
development companies and combined the measures into a single indicator. The evaluation showed
that the assessment results of Rendex have 73%-80% agreement with the manual assessment results
of software engineers.

A linguistic model for requirement quality analysis was recently proposed in [27] by a group of
researchers. They aimed at identifying potential problems of ambiguity, completeness, conformity,
singularity and readability in system and software requirements specifications when they are written
in natural language. They investigated error patterns heavily used and proposed an approach to
identify them automatically by applying the rules developed from the error patterns to the POS
tagged and parsed corpus.

A framework to measure and improve the quality of textual requirements was proposed by a
group of researchers in [28]. They have presented some indicators for measuring quality in textual
requirements and grouped them in four categories Morphological indicators, Lexical indicators,
Analytical indicators and Relational indicators. They have proposed a way of measuring each of the
indicators and implemented the framework in a tool called Requirements Quality Analyzer(RQA)
that computes quality measures in a fully automated way.

3.2 Requirements measurement tools

In the late 1990s, the National Aeronautics and Space Administration (NASA) Software Assurance
Technology Center (SATC) developed a tool that would automatically analyze a requirements
document and produce a detailed quality report [29]. The tool was based on a set of measures
proposed developed by SATC. Most of the measures were based on counting of word frequencies in
the document and the report was based on a statistical analysis of the measures. The Automated
Requirements Measurement (ARM) tool was further enhanced to include additional functionality
such as custom definitions of quality indicators for analysis [29].

The Reuse Company in collaboration with the Knowledge Reuse Group at Universidad Carlos
III de Madrid developed Requirements Quality Analyzer (RQA) based on textual requirements
quality measurement framework proposed in [28]. The tool receives the requirements as input
data and computes quality metrics and provides recommendations as output. It was developed for
the Microsoft Windows platform and it accepts input requirements in Microsoft Excel format in
English and Spanish. It is fully connected to the DOORS repository and provides an option for
configuration of metrics according to the customer’s needs.

Quality Analyzer for Software Requirement Specifications (QuARS) was developed in order to
automate the analysis of natural language software requirements. It parses and analyzes require-
ment sentences in English in order to point out potential sources of errors in the requirements.

ScopeMaster is a tool developed by Albion Technology Ltd. which automatically generates a
size estimation from text requirements. It was presented by Ungan et al. in [30]

3.3 NLP in requirements engineering

The desire to use natural language in software engineering is long nearly as the discipline itself
[31]. Even the invention of the compiler can be observed as an attempt to express machine code
in a higher-level language, which is closer to human communication. The long history of attempts
on using the NLP in requirements engineering can be found in [31].

Lee & Bryant [32] have used contextual natural language processing to overcome the ambiguity
of natural language requirements and translate them into a formal representation in DARPA Agent
Markup Language (DAML).

Jani & Islam [33] have combined case-based reasoning (CBR) and neural network techniques
in analyzing the quality of SRS documents. They have used CBR technique to analyze new cases
of SRS documents based on the previous experiences and combined it with an artificial neural
network to measure the similarity between previous cases and the new case.
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Venticinque et al. [34] have recently proposed integrated utilization of techniques of semantic
reasoning and text search engines for supporting users in improving traceability of requirements
and test descriptions.

More than 50 tools based on NLP were identified and 20 of them were presented in a recent
master thesis by Arendse [35].
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Chapter 4

Method

In this chapter different phases of our research will be presented. We will present the problem
formulation, the research questions used to approach it and the research methods used to give the
answers to these research questions.

4.1 Problem Formulation

Large companies are faced with huge natural language requirements documents whose understand-
ing and management can be a very complicated task and often leads to increases in the cost of
projects. The requirement documents for large projects can easily contain up to several hundreds
or thousands of requirement specifications. The vast majority of those documents is still written
in natural language. However, a problem of using such requirements is the ambiguity that may
arise from many different ways of writing and interpreting the natural language [4]. An effective
tool for analysis of requirements complexity and their better understanding would be of great
importance to anyone dealing with requirements engineering and management. In this thesis, we
are going to propose a metric based method for automated measuring of the complexity of textual
requirements.

• There is a need for investigating how requirements complexity can be measured
in industrial systems

• There is a need to investigate how these measures could be applied in industrial
systems using quantitative and qualitative evaluations.

4.2 Research questions

In order to summarize the defined problems and to approach them in a structured way, the following
research questions have been proposed:

• RQ 1: What are the existing requirements measures that could be directly and automatically
applied to requirements documents?

• RQ 2: How selected complexity metrics could be implemented in a method/tool for auto-
mated measurement of industrial requirements ?

• RQ 3: What is the correlation between selected measures when applied on industrial re-
quirements?

• RQ 4: How can the developed method be used in industrial systems?
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4.3 Research methods

In order to answer previous research questions, a couple of scientific methods will be combined
in this thesis. First, in order to answer the first research question a literature study of relevant
scientific papers will be performed in order to investigate existing requirements complexity metrics.
To answer the second research question, a set of requirements complexity metrics will be selected
and they will be combined in a method, which will then be implemented in a tool. In order to
answer the third research question, we will perform a correlation analysis between selected measures
based on the sample of data provided by Bombardier Transportation. Finally, in order to answer
the fourth research question, we will organize a focus group and perform a thematic analysis on
the collected data.
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Chapter 5

Investigating requirements
complexity measurement

5.1 Discovered Requirements Complexity Metrics

We have reviewed papers and articles that focus on requirements complexity metrics and propose
different approaches, metrics and tools for dealing with analysing requirements complexity. During
our research, a significant number of software requirements complexity metrics was discovered.
According to the goal of this thesis, we have decided to focus on the metrics that could easily be
applied to textual requirements written in Natural Language. We have decided to focus on metrics
that could be calculated automatically and discarded those that would require a use of machine
learning and NLP. Most of the metrics that could easily be calculated automatically usually implied
using a list of specific keywords whose overall occurrences should be calculated.

We were searching for papers using Google Scholar and different available databases. There is
a vast number of available papers on these topics and we were unable to go through all of them,
but we have tried to select the most relevant papers. We were often trying to check references
of discovered papers for interesting papers, imitating snowballing approach in literature studies,
although we did not perform a systematic literature study.

We have started with reviewing papers that were discussing requirements measurement and
complexity in general which helped us to capture different approached and ideas on how the
complexity should be measured. One of the first group of papers that we have discovered was
[14], [15] and [16]. However, the suggested methods were semi-automated and used part-of-speech
tagging technique, which is a natural language technique and we have decided to discard the
proposed measures.

Later we have discovered a paper by Carlson & Laplante [29] where they have described a
reverse-engineering process and reproduction of NASA’s ARM tool. After that, we have discov-
ered one of the oldest and most cited papers in the topic of automated requirements complexity
measurement [22], which described the measures used by NASA’s ARM. Most of them were
based on counting the number of occurrences of specific keywords and had a clear definition and
we decided to adopt the most of them.

Another interesting group of papers that have provided us with a set of interesting measures
were [36] and [23], which were the metrics used to develop the QuARS tool. Finally, some of the
latest requirements complexity measures that could be simply automated were found in [25] and
[26].

The initial list of discovered metrics with their definitions is shown in Table 5.1. There were
other metrics that were discovered, but they have been discarded before this stage by previous
criteria. As the reader may notice, a great number of metrics found in papers are overlapping,
whether there are metrics with the same name but different definitions on how to measure them,
or metrics that are supposed to be measured in a quite similar way but have different names in
different papers.
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Measure Description Paper

Number of words (NW) Count the number of words in a requirement. [26, 29]
Number of conjunctions
(NC)

Count the overall number of occurrences of conjunctions. [26]

Number of vague phrases
(NV)

Count the overall number of occurrences of the vague words and phrases [26]

Number of references (NR) Count all unique words containing at least one capital letter not at
the beginning of the word or at least one underscore in the word(e.g.:
OperatingHours log, RoomClimate, ReducedLoadMode)

[26]

Number of reference docu-
ments (NRD)

Count such phrases which indicate a reference to documents and stan-
dards.

[26]

Optionality An Optionality Indicator reveals a requirement sentence containing an
optional part.

[36]

Subjectivity A Subjectivity Indicator is pointed out if sentence refers to personal
opinions or feeling

[36]

Vagueness A Vagueness Indicator is pointed out if the sentence includes words
holding inherent vagueness, i.e. words having a non uniquely quantifi-
able meaning

[36]

Weakness A Weakness Indicator is pointed out in a sentence when it contains a
weak main verb

[36]

Under-specification An Under-specification Indicator is pointed out in a sentence when the
subject of the sentence contains a word identifying a class of objects
without a modifier specifying an instance of this class

[36]

Implicity An Implicity Indicator is pointed out in a sentence when the subject is
generic rather than specific

[36]

Multiplicity A Multiplicity Indicator is pointed out in a sentence if the sentence has
more than one main verb or more than one direct or indirect comple-
ment that specifies its subject

[36]

Comment Frequency The value of the Comment Frequency Index (CFI). It is defined as
CFI = NC/NR, where NC is the total number of requirements having
one or more comments and NR is the total number of requirements in
the requirements document.

[36]

Readability index The value of Automated Readability Index (ARI) is defined as ARI =
WS + 9 ∗ SW , where WS is the average words per sentence and SW is
the average letters per word.

[36]

Directive frequency It is the rate between the number of SRS and the pointers to figures,
tables, notes,...

[36]

Unexplenation Unexplanation indicator is pointed out in a RSD (Requirement Speci-
fications Document) when a sentence contains acronyms not explicitly
and completely explained within the RSD itself.

[36]

Under-reference Under-reference indicator is pointed out in a RSD (Requirement Spec-
ifications Document) when a sentence contains explicit references to:

• not numbered sentences of the RSD itself

• documents not referenced into the RSD itself

• entities not defined nor described into the RSD itself

[36]

Imperatives Imperatives are command words, indicating something that is of abso-
lute necessity, therefore indicating the number of actions or attributes
that are supposed to be implemented.

[29]

Directives Directives are pointing to information within the requirements doc-
ument that illustrates or strengthens the specifications statements.
Number of directives can indicate nested characteristic of a require-
ments document or a readability problem, if the reader often has to
open other documents in order to understand the requirements.

[29]

Continuances Continuances are words or phrases that follow imperative words and
phrases in a requirement statement and introduce more detailed speci-
fication. The extent to which continuances appeared in NASA require-
ments documents was found to be a good indicator of document struc-
ture and organization. However, frequent use of continuances could
also be an indicator of requirements complexity and excessive detail.

[29]
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Options Options loosen the specification by allowing the developer latitude in
interpreting and implementing a requirement.

[29]

Weak phrases Weak phrases include words and phrases that introduce uncertainty
into requirements statements. These indicators leave room for multiple
interpretations, either indicating the requirements are defined in detail
elsewhere or leaving them open to subjective interpretation. The total
count of weak phrases is thus indicative of ambiguity and incomplete-
ness of a requirements specification

[29]

Size Size in the context of the ARM tools includes counts of three indicators:
total lines of text, total number of imperative words and phrases (as
defined previously), and the total number of subjects of specification
statements.

[29]

Readability Readability is mentioned as a quality indicator in Wilson et al. [22] and
a couple of other papers. Readability statistics measure the ease with
which an adult reader can comprehend a written document. Similar
readability indexes were used by a couple of papers.

[29, 28]

Specification depth Specification depth is a measure of the number of imperative state-
ments found at each level of the documents text structure. It indi-
cates how concise the document is in specifying requirements, as well
as the amount and location of background or introductory information
included in the document

[29]

Ambiguity Rule 1 A requirement should not contain ambiguous words which can lead to
several interpretations. All adverbs ending in -ly particularly make re-
quirements unverifiable. These terms can be replaced or complemented
by a value, a set of values or an interval.

[27]

Ambiguity Rule 2 A requirement should avoid the use of the combinator or and the combi-
nation of and and or. The conjunctions or and and, which coordinate
two actions verbs and two subjects, are not acceptable as it raises a
critical ambiguity problem.

Conformity Rule 1 A requirement expresses an obligation that states what the system
should realize. The modal shall is mainly used for mandatory require-
ments. Other modal verbs like must, should, could, would, can,
will, may, should are not allowed in writing the main action of a
requirement.

[27]

Conformity Rule 2 The negation markers should be avoided in a main clause as they state
what the system does or should not do.

[27]

Completeness Rule 1 A requirement should be written in the active voice because the ma-
jority of passive sentences do not include explicit agents to indicate
exactly who performs the action.

[27]

Completeness Rule 2 Referential ambiguities appear when the demonstrative and possessive
pronouns like it, they, them, their, etc. are used with unclear an-
tecedents in requirements. These terms can refer to more than one
element of the same sentence or of the previous sentence. All elements
that these systems refer to should be clearly specified in the given re-
quirement

[27]

Singularity Rule 1 A requirement should express only one action and one idea (one subject)
in a requirement.

[27]

Singularity Rule 2 A requirement should contain appropriate information, not including
the solution and the purpose of the given requirement. This additional
information should be presented separately, in another document.

[27]

Readability Rule 1 The use of universal quantifiers like every, all, each, several, a,
some, etc. should be avoided because they generate the scope ambi-
guity.

[27]

Readability Rule 2 In principle, a requirement text should have available a glossary where
the acronyms and abbreviations are defined in order to help the reader
to understand the concepts related to them. Otherwise, an acronym
should have a definition within the text of the requirement.

[27]

Size The size of a requirement can be measured in characters, in words (the
most intuitive), in sentences, or in paragraphs.

[28]

Punctuation Number of punctuation signs per sentence, divided by sentence length. [28]
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Acronyms and abbreviations The excess of acronyms (NASA, E.S.A., etc.) and abbreviations (“no.”
for “number”) can be used as an indicator of lack of quality. Acronyms
are easy to detect (words formed entirely or mostly with capital letters),
even though maybe not in a fully deterministic way. Abbreviations can
be detected as words ending with a period (“.”) that are not at the
end of a sentence, but again, detection is not completely deterministic.

[28]

Connective terms

• Number of copulative-disjunctive terms is potentially related to
the lack of atomicity in requirements. The use of some conjunc-
tions, particularly and/or, may denote that, instead of a single
requirement, they are in fact two different requirements. How-
ever, the use of copulative or disjunctive terms may be perfectly
legitimate when the intention is to precisely specify a logical con-
dition so that this measure must be defined and handled with
care. On the other hand, the different uses of the conjunction
or may cause a lack of precision, and thus ambiguity or bad
understandability.

• Number of negative terms: accumulating particles such as not,
no, neither, never, nothing, nowhere, etc., may make the
sentence more difficult to understand, besides increasing the risk
of logical inconsistencies; it affects especially the desirable prop-
erty of understandability

• Number of control flow terms: conjunctions such as while,
when, if then, whose abuse probably points to an excess of
detail in the way of specifying the flow of control of a process
or function. This indicator is specially related to the desirable
property of abstraction, and maybe with atomicity.

• Number of anaphorical terms: i.e., terms that are in the place
of other terms; they are typically personal pronouns (it), rela-
tive pronouns (that, which, where), demonstrative pronouns
(this, those), etc. Even with a grammatically impeccable us-
age, anaphors increase the risk of imprecisions and ambiguities
in texts of technical character.

[28]

Imprecise terms Some of the typical defects that should be eliminated are related to the
use of imprecise terms that introduce ambiguities in the requirement.
Therefore, the comparison with lists of forbidden terms can provide also
interesting metrics. The terms can be grouped together by the kind of
imprecision that characterizes them:

• Quality: good, adequate, efficient, etc.

• Quantity: enough, sufficient, approximately, etc.

• Frequency: nearly always, generally, typically, etc.

• Enumeration: several, to be defined, not limited to, etc.

• Probability: possibly, probably, optionally.

• Usability: adaptable, extensible, easy, familiar, safe, etc.

[28]

Design The abuse of terms closely related to design or technology (method,
parameter, database, applet) denotes a lack of abstraction in require-
ments.

[28]
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Verbal tense and mood The number of verbal forms meaning obligation or possibility, often
called imperative forms in the literature, is a good indicator of require-
ments atomicity. An excess of imperative forms would indicate that the
requirement is not atomic enough. A good specification must express
the core of the requirement in a pure form, and express separately its
need in the form of an attribute. It is also necessary to consider here
the number of usages of passive voice since these usages tend to leave
implicit the verbal subject, leading to a certain degree of imprecision.
The analysis of verbal forms has different peculiarities in each language.
In the case of English, this analysis can be rather easy, since looking
for a few keywords provides a lot of information (shall, must, have/has
to, can, should, could, etc.).

[28]

Domain terms This measure requires the normalization of different grammatical ver-
sions of the terms such as verbal conjugation, singular/plural for nouns,
and even gender for nouns in order to find the canonical form defined
in the domain. Once nouns and verbs have been normalized, they are
compared with the terms defined in the domain, which can be orga-
nized as a simple glossary of terms, or in more structured and complex
forms. The number of domain terms in each requirement should be
neither too high nor to low.

[28]

Number of versions of a re-
quirement

An excessive number of versions is a good indication of the volatility or
instability of the requirement. The quality of requirements demands,
among others, a high degree of stability, which directly influences both
validability and verifiability.

[28]

Degree of nesting If requirements are hierarchically structured we can obtain measures
such as the depth level of the hierarchy, and particularly the degree of
nesting, i.e., the average number of elements subordinated to a given
one. A traditional criterion to ease the understandability in information
organization is that the degree of nesting should be neither too low nor
too high.

[28]

Number of dependencies of a
requirement

The number of dependencies toward other requirements or other arti-
facts in the development process. The excessive number of dependencies
possibly denotes a lack of atomicity, understandability and traceability,
thus affecting the three final desirable properties (validability, verifia-
bility and modifiability). The existence of dependencies can not be
avoided, and the fact that they are not reflected in the representation
of requirements would indicate an insufficient analysis, rather than their
nonexistence. Therefore, a moderate number of dependencies per re-
quirement can be expected, neither too high nor too low (convex step
transformation function).

[28]

Number of overlappings
among requirements

The number of requirements that talk about the same subject. Here, we
can distinguish between conflict when there is a contradiction between
two requirements, redundancy when there is a needless repetition and
simple coupling when it is none of the former cases.

[28]

5.2 A method for measuring complexity of Natural Lan-
guage Requirements

Many metrics from the initial list of discovered metrics, presented in table 5.1, were discarded due
to implementation problems such as vague definitions on how they are supposed to be measured
and incomplete list of keywords. After removing them, a final set of metrics that will be used and
included in the method was selected:

1. Number of words (NW)

2. Number of vague phrases (NV)

3. Number of conjunctions (NC)
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4. Number of reference documents (NRD1 and NRD2)

5. Optionality (OP)

6. Subjectivity (NS)

7. Weakness (WK)

8. Automated Readability Index

9. Imperatives (NI1 and NI2)

10. Continuances (CT)

Number of words (NW)

Count the total number of words
Measuring the size of the requirement was used in a couple of discovered papers and it was defined
differently in different papers [26, 29]. It can be defined in many different ways such as the total
number of characters, number of words, paragraphs, lines of text, etc. However, similarly like
in Rendex [26], we have decided to use the number of words as the measure of size because of
different writing styles of the requirements documents (notably often lack of interpunction signs in
one of the reviewed documents from the industry). Counting the number of words is a commonly
used measure for measuring the total size of text, and it is useful for the analysis in order to
understand how it correlates with the rest of the measures and whether it affects the internal
quality of requirements. [26]

Number of vague phrases (NV)

Vagueness is a common problematic property when it comes to understanding requirements and
requirements complexity. Many papers are identifying it as an indicator of complexity, but we
have found definitions on how to measure it only in two papers [26, 36]. It is interesting that the
suggested lists of keywords were completely different in these two papers. However, the list of
keywords found in [36] was incomplete and only the definition found in [26] will be used.
List of keywords: May, could, has to, have to, might, will, should have + past participle, must
have + past participle, all the other, all other, based on, some, appropriate, as a, as an, a minimum,
up to, adequate, as applicable, be able to, be capable, but not limited to, capability of, capability
to, effective, normal
As we may notice, it was proposed to detect constructions such as should have+ past participle
and must have+ past participle, but for the purpose of this thesis due to simplicity we have decided
to avoid detection of verbs in past tense and detect only occurrences of strings ”should have” and
”must have”.

Number of conjunctions (NC)

Count the overall number of occurrences of conjunctions (27 of them)
This measure was found in [26] and the authors have observed that this measure is the most context-
independent measure proposed in the paper. Since the conjunctions are parts of the sentence that
connects words, clauses or sub-sentences the authors have shown that in textual requirements the
majority of them is used to show relations of actions. A few of them were excluded by the authors
since they do not always show a relation of actions (than, that, because, so,..). What is interesting
about this measure, is that the most of the keywords are quite common keywords in programming
languages and such relations between different actions usually indicate logical complexity.
List of keywords: and, after, although, as long as, before, but, else, if, in order, in case, nor, or,
otherwise, once, since, then, though, till, unless, until, when, whenever, where, whereas, wherever,
while, yet
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Number of references (NR1 and NR2)

Number of reference documents[26] was found in a couple of papers under different names (Directive
Frequency [36],Directives[29]). It is usually an indication of nesting in the requirements documents
or a need for additional reading in order to understand the requirement that contains references.
The issue on how to measure this indicator was also different in various papers. In [26, 29] it was
suggested to count the overall occurrence of keywords that would indicate referencing, while the
lists of keywords were different but quite similar. In [36] the list of keywords was not provided,
but it was suggested that the rate of pointers to figures, tables, notes, etc. should be counted. We
have decided to implement the measures from [26] and [29] as two separate measures (NR1 and
NR2). The authors of [26] have anticipated the need of adjusting this measure for different writing
styles of each company and therefore we have decided to expand the list of keywords by adding the
keyword ”see”, since this is the most common writing style of referencing noticed in requirements
documents in Bombardier Transportation.
List of keywords (NR1 [26]): defined in reference, defined in the reference, specified in refer-
ence, specified in the reference, specified by reference, specified by the reference, see reference, see
the reference, refer to reference, refer to the reference, further reference, follow reference, follow
the reference, see doc., see
List of keywords(NR2 [29]): e.g., i.e., For example, Figure, Table, Note:

Optionality (OP)

This metric was found in papers [22] and [36] with similar definitions. Optional words are givinig
the developers a latitude of interpretations to satisfy the specified statements and their use is
usually not recommended in requirements documentation. The authors have proposed different
lists of keywords, but the list found in [36] was incomplete and therefore we have decided to select
the measure found in [29].
List of keywords: can, may, optionally

Subjectivity (NS)

Subjectivity metric is measuring personal opinions or feelings in sentences. It was proposed in
[36] with a list of keywords to be counted in text. However, since one of the proposed phrases to
detect was ”as [adjective] as possible”, we have decided to avoid detection of adjectives in text,
and replace this phrase and detect only the last part of it.
List of keywords: similar, better, similarly, worse, having in mind, take into account, take into
consideration, as possible

Weakness (WK)

Weakness [36] (or weak phrases [29]) is a metric that counts words and phrases that may introduce
uncertainty into requirements statements by leaving room for multiple interpretations. The metric
was found in two mentioned papers, but we have decided to use only the one found in [29], because
the list of keywords found in [36] was very similar to the keywords used for Optionality metric.
List of keywords: adequate, as appropriate, be able to, be capable of, capability of, capability
to, effective, as required, normal, provide for, timely, easy to

Automated Readability Index

Automated Readability Index (ARI) is defined as ARI=WS+9*SW, where WS is the average
number of words per sentence and SW is the average number of letters per word [36]. Readability
is considered by a couple of other papers as well, mostly by the use of different readability indexes
such as Flesch reading ease index, Flesch-Kincaid, Coleman-Liau and Bormuth grade level index.
We have decided to use ARI for the simplicity of implementation.
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Imperatives

Requirements are usually containing obligatory statements about what the software/system should
or must have and therefore, imperative words are often found in textual requirements. The number
of imperatives was proposed as a measure in both [29, 27] with a slight difference in used keywords.
The authors of [27] suggested to leave out the modal verb “shall” as an allowed word for describing
actions in requirements and proposed that the rest of the modal verbs like must, should, could,
would should not be allowed in writing the main action of the requirement.We have decided to use
both of those measures for our method NI1 and NI2.
List of keywords (NI1 [22]): shall, must, is required to, are applicable, responsible for, will,
should
List of keywords (NI2 [27]: must, should, could, would, can, will, may

Continuances (CT)

These phrases usually follow an imperative word and in a requirement statement and introducing
more detailed specification [29]. The measure was proposed in [22] and later used in the NASA
ARM tool. The number of continuances in NASA’s requirements documents was found to be a good
indicator of document structure and organization, but could also be an indicator of requirement
complexity and excessive detail [29]. We have decide to implement this measure the same way that
it was proposed and used the same list of keywords.
List of keywords: below, as follows, following, listed, in particular, support, and, :
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Chapter 6

RCM: A Method and Tool for
Requirements Complexity
Measurement

Many of the reviewed papers were presenting a tool for requirements analysis based on the proposed
metrics in those papers [28, 29, 27]. A tool for requirements analysis in the early stages could be of
great help to everyone included in the project. The goal of this thesis, among investigation of the
existing metrics, was to present a method that would help engineers in working with requirements
in industrial systems. In order to apply the method in a real-world industrial environment, we have
developed a tool that would embody it. In this chapter we are going to present the development
of the tool.

We have designed and implemented the proposed method in a desktop application, written in
C# programming language, that reads in the requirements documents, applies the selected metrics
and provides a report containing the results.

RCM was developed during this thesis as an effort to create an automatic requirements com-
plexity measurement tool for industrial systems. The tool was developed in C# as a desktop
application for Windows OS, since this OS is mostly used by Bombardier Transportation. In Fig-
ure 6.1 a high-level architecture overview of the RCM is shown containing three essential layers:

• Pre-processing requirement documents: Reading Excel documents into the application
and parsing the data into a format that is easy to manipulate within C#

• Requirements complexity metrics: Applying the selected metrics to each of the parsed
requirements from the document and presenting the results inside the application in form of
datagrid.

Figure 6.1: Initial architecture of the tool for requirements complexity measurement-RCM
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Figure 6.2: High level view of the input pre-processing layer

• Results parser: Providing a user with an option to save the results in a machine-readable
file format.

The decision to focus on the Excel format for input files was because it is commonly used
by Bombardier Transportation and is very suitable for presenting the requirements. Most of the
modern tools for working with requirements are providing a possibility to export them to Excel
file format as well, such as IBM’s Rational DOORS for example.

The developed tool can easily be added to early stages of requirements engineering, since it
would help the engineers with analysing the stated requirements by measuring their complexity,
in terms of understanding and implementation, and improving them if needed.

Using the constructed method for measuring the complexity of the requirements proposed in
Section 5.2, we have devised a set of rules for applying the method to an Excel sheet containing
the requirements. The requirements are presented in the application as objects of the Requirement
class, containing fields such as RequirementID, Text and a numeric value for each of the proposed
metrics. After the requirements document is loaded to the application, the requirements are parsed
and each of the selected metrics is applied to each one of them. The complete list of all parsed
requirements is visible to the user inside of a datagrid in the main window, which is shown in
Figure 6.3.

To increase the modularity and reusability of the tool, we have created IMetrics interface,
that defines methods for measuring the complexity of the requirements. The interface dictates
fields Keywords and DefaultKeywords for each of the metrics that would implement it. In order
to simplify the addition of new metrics with minimal changes to the main part of the application,
RCM was designed as a composite application, where MetricManager class will import all the
classes that have exported attribute with the type of IMetric.

As we have noticed in some of the papers that some metrics may require additional adjustments
from company to company or between different users, in terms of words that are included in the
list of keywords, we have provided a user with a possibility to customize the list of the keywords for
each of the used metrics. The application will save the user’s settings, while resetting the metrics
to default lists of keywords is possible in settings window.

Once the requirement complexity measurement is finished, the collected results can be reported
to a file in CSV format for future use or analysis. In order to improve the visualization of complexity
indicators, the keywords detected in the text during the measurement are marked in datagrid of
the main window in the same color as the value of each metric.

RCM is a desktop WPF application that depends on standard .NET packages. We used
System.Text.RegularExpressions to detect the words from the text. In the early stages of develop-
ment we have used Microsoft.Office.Interop.Excel for working with Excel files.Since this approach
is dependent on having Microsoft Excel preinstalled on the machine in order to be used, we have
decided to use OleDB connection instead and therefore free RCM of such dependability. Since
parsing the Excel files can be the slowest part of the application, since they can contain thousands
of requirements, multithreading was used in order to speed up the process.
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Figure 6.3: Showing the requirements in the main window
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Chapter 7

Evaluation

In Chapter 4 we have defined a method for measurement of different complexity indicators of
natural language requirements. We have selected a set of measures from reviewed papers and
developed a set of techniques for automated application of the measures. In this chapter we are
going to present the evaluation of selected measures and the developed method. First, we have
applied the method on real-world requirements documents and analyzed the results. After that,
potential correlation between the selected measures was evaluated based on the results obtained in
the previous step. Finally, we have organized a focus group in order to investigate how the method
could be improved and used in industry, and we performed a thematic analysis of the collected
data.

7.1 Evaluation on real world industrial system requirements
documents

To evaluate the method for measurement of requirements complexity we have analyzed three
requirements documents from two different projects in Bombardier Transportation AB. Two of
the requirements documents contained about 870 requirements, while the third one contained over
5700 requirements, which in total resulted in 7423 requirement specifications that were analyzed.

The requirement documents were exported from requirements management software that is
used by Bombardier Transportation into Excel file format in order to be analyzed by RCM tool.
The documents contained a small number of empty rows and title cells that were removed for
analysis of the data.

Since we did not have any other requirements complexity measurement other than the one
provided by RCM and the definitions of a complex requirement found in the literature were
often very different, we did not investigate which scores indicate a complex requirement. This
was however never the goal of our research, but the goal was to investigate existing requirements
complexity metrics and their application in the real word. The developed method rather provides
users with a way to compare different requirements and displays different complexity indicators,
than a judgment on which ones are “complex” and which are not.

RCM application proved to be helpful in this measuring process, since applying the measures
manually on this amount of requirements would require an enormous amount of effort and would
be prone to error, while the results were obtained within a couple of minutes this way.

The results of the measurements are presented in Table 7.1 by showing the descriptive statis-
tics of the data. Descriptive statistics is useful to summarize numeric data before continuing to
correlation analysis. It was performed in R programming language, by using merged report files
produced by RCM as input. The table shows minimum and maximum score of each requirement
by each metric, median and mean values and the standard deviation.
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Name Min Max Median Mean Standard deviation
NW 0 716 36 44.46248 37.15830
NC 0 89 3 4.17055 4.25937
NV 0 23 0 0.22443 1.2068
OP 0 7 0 0.03381 0.31286
NS 0 2 0 0.00232 0.05185
NR 0 5 0 0.07315 0.28932
NR2 0 5 0 0.02451 0.18188
WK 0 10 0 0.03448 0.29801
NI1 0 21 1 1.15923 1.21595
NI2 0 21 0 0.21797 1.27890
CT 0 80 1 2.19628 3.62604
ARI 24 689.3238 64.86126 69.46127 23.996125

Table 7.1: Requirements complexity measurement of industrial system requirements documents

7.2 Evaluating the correlation between the measures

To provide an answer for the third research question (RQ3), a correlation analysis between the
selected measures was performed. We have used Kendall rank correlation coefficients to measure
to detect potential statistical dependence between the selected measures, since this test is non-
parametric and it does not rely on any assumptions on the distributions of the data. Kendall’s
correlation coefficients take value from -1 to 1, where -1 indicates a perfect negative relationship,
1 indicates a perfect positive relationship and 0 indicates no relationship [37].

The computation of the coefficients was performed in R programming language with a signifi-
cance limit of 0.05 for the significance limit. Both coefficients and their significance are presented
in the table 7.2. Since there is no general rule for categorizing the correlations by strength, we
have decided to use the absolute value of coefficients and divide them into three categories:

• 0-0.3, weak correlation

• 0.3-0.7, medium correlation

• 0.7-1, strong correlation

As we can notice in the table 7.2, the highest correlation was between number of continuances
(CT) and number of conjunctions (NC). The significance of the correlation is shown in the table
as well, and since it is less than significance limit (0.05) it’s rejecting the null hypothesis (that
there is no statistical relationship between the two measures). This was the correlation with the
highest coefficient value and also the only one that we will categorize as ”strong”. The coefficient
is marked red in Table 7.2 and the scatter plot of the data is shown in Figure 7.1.

There is a couple of measures showing a medium level of correlation as well:

• Number of words (NW) and Number of Conjunctions (NC) had the highest coefficient value
(0.655) from measure pairs with medium correlation indication. The moderate correlation
between these measures was also shown in the paper where NC was proposed [26].

• Number of words (NW) and Number of Imperatives (NI1) (0.400)

• NW and CT (0.537)

• NC and NI1 (0.355)

• NV and WK (0.437)

• NV and NI2 (0.592)

• OP and NI2 (0.534)

• NI1 and NI2 (0.362)
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NW NC NV OP NS NR NR2 WK NI1 NI2 CT ARI

NW R 1.000 .655 .136 .075 .024 .205 -.008 -.026 .400 .155 .537 .201
Sig. 0.000 .000 .000 .013 .000 .415 .007 0.000 .000 0.000 .000

NC R .655 1.000 .070 .053 .010 .105 -.045 -.050 .355 .094 .809 .163
Sig. 0.000 .000 .000 .341 .000 .000 .000 .000 .000 0.000 .000

NV R .136 .070 1.000 .239 .117 .180 .059 .473 .275 .592 .088 .023
Sig. .000 .000 .000 .000 .000 .000 0.000 .000 0.000 .000 .014

OP R .075 .053 .239 1.000 .164 .024 .048 .106 .057 .534 .059 -.002
Sig. .000 .000 .000 .000 .036 .000 .000 .000 0.000 .000 .845

NS R .024 .010 .117 .164 1.000 -.002 -.007 .062 .041 .129 .009 .001
Sig. .013 .341 .000 .000 .889 .548 .000 .000 .000 .381 .915

NR R .205 .105 .180 .024 -.002 1.000 .031 -.004 .201 .235 .083 .118
Sig. .000 .000 .000 .036 .889 .007 .728 .000 .000 .000 .000

NR2 R -.008 -.045 .059 .048 -.007 .031 1.000 .019 -.062 .083 -.017 .113
Sig. .415 .000 .000 .000 .548 .007 .099 .000 .000 .106 .000

WK R -.026 -.050 .473 .106 .062 -.004 .019 1.000 .022 .082 -.018 -.031
Sig. .007 .000 0.000 .000 .000 .728 .099 .046 .000 .084 .001

NI1 R .400 .355 .275 .057 .041 .201 -.062 .022 1.000 .362 .259 .104
Sig. 0.000 .000 .000 .000 .000 .000 .000 .046 .000 .000 .000

NI2 R .155 .094 .592 .534 .129 .235 .083 .082 .362 1.000 .089 .031
Sig. .000 .000 0.000 0.000 .000 .000 .000 .000 .000 .000 .001

CT R .537 .809 .088 .059 .009 .083 -.017 -.018 .259 .089 1.000 .163
Sig. 0.000 0.000 .000 .000 .381 .000 .106 .084 .000 .000 .000

ARI R .201 .163 .023 -.002 .001 .118 .113 -.031 .104 .031 .163 1.000
Sig. .000 .000 .014 .845 .915 .000 .000 .001 .000 .001 .000

Table 7.2: Kendall’s rank coefficients and their significance

All of the correlation coefficients categorized in the medium correlation strength also showed
significance value less than 0.05, therefore rejecting the null hypothesis. The rest of the coefficients
indicated a weak correlation or did not pass the significance test.

Scatterplots of some of the most interesting metric pairs can be found in Figure 7.1, Figure 7.2,
Figure 7.3, Figure 7.4 and Figure 7.5. Scatterplots are useful for interpreting trends in statistical
data since they display a relationship between two sets of data. In our case, they are derived by
plotting points (or observations) in such a way that X-coordinate is the value of one complexity
metric, and the y-coordinate is the value of the other requirements complexity metric of the same
requirement. Usually the closer the data points are to forming a straight line in scatterplot, the
higher the correlation between two variables is, and the more the data points are ”scattered“ the
lower the correlation is. Another rule of scatterplots is that if the data shows a downhill pattern
from left to right, it usually indicates the negative correlation, while if it shows an uphill pattern
it indicates a positive correlation among the consider variables. The reader can notice that both
of these rules proved to be correct in our case as well, by comparing the values of the correlation
coefficients from Table 7.2 with scatterplots presented in Figures 7.1-7.5. Aside of data points, a
straight line of best fit is presented on each of the scatterplots for interpretation purposes. The
reader may notice that data points in Figure 7.1 are closest to forming a straight line, and this is
the scatterplot of two metrics with the highest correlation coefficient. We can notice that the data
is more scattered on the rest of the scatterplots of metrics with correlation coefficients of medium
strength, and scatterplots of metrics with weak correlation were left out.
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R = 0.81 , p < 2.2e−16
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Figure 7.1: Scatter plot showing number of conjuctions (NC) and number of continuances (CT)

R = 0.54 , p < 2.2e−16
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Figure 7.2: Scatter plot showing number of words (NW) and number of continuances (CT)
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R = 0.66 , p < 2.2e−16
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Figure 7.3: Scatter plot showing number of words (NW) and number of conjunctions (NC)

R = 0.59 , p < 2.2e−16
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Figure 7.4: Scatter plot showing number of vague phrases (NV) and number imperatives (NI2)
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R = 0.53 , p < 2.2e−16
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Figure 7.5: Scatter plot showing Optionality (OP) and number of imperatives (NI2)

7.3 Evaluating the potential use of the developed method
in industrial systems

In order to answer the fourth research question (RQ4) we chose to use a qualitative research method
in order to gain a deeper understanding of the potential use of the developed method in the real
world. A focus group discussion was organized in order to gain insight about the potential use
and challenges of using the method in industrial systems. We have decided to use a focus group
because the goal of this research question was to develop and generate new ideas about the method
and to share and compare the experience with participants and the focus group approach seems to
be appropriate for both of that [38]. The participants were experienced employees of Bombardier
Transportation AB, Sweden. The discussion was recorded and transcribed and a thematic analysis
on the gathered data was performed after that.

7.3.1 Participants

The sample population in the study consisted of seven participants (P1-P7), one woman and six
men, working in fields of requirements engineering, testing and HR. The participants were experi-
enced employees of Bombardier Transportation AB, Sweden. Descriptive data about participants
is presented in Table 7.3. Two of the researchers have participated in the meeting as moderators,
in order to guide the discussion and collect the data.

Since the objective was to gather more insight on the topic and to develop new ideas, it was
not that important to categorize participants and to ensure that the groups were homogenous. We
can, however, notice a slight categorization and divide participants into three groups: requirements
engineers, testers and managers. Having them all with different backgrounds in one group was
preferred to gain a deeper insight and wide perspective, rather than dividing the participants into
three homogenous groups.

7.3.2 Procedure

We wanted to have an open discussion that would allow us to explore new areas, but on the other
hand we also wanted to maintain the structure and guide the discussion towards answering the
research questions. Based on the goal of the research, the following discussion questions/points
were derived:

• How would you use this tool in your work?
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Position Experience ID
Vehicle Function Architect 20 years P1
Function Architect 4 years P2
Senior V&V expert P3
Requirement Manager 24 years P4
Requirements Engineer 18 years P5
Requirement Manager 4 years P6
Test Lead 8 years P7

Table 7.3: Description of the participants

• What challenges do you see in using this tool?

• How should we improve the tool in order to be used in BT?

The focus group meeting was organized on 5th of May 2019, it was held in English and lasted
about one hour.

Before the start of the discussion, all participants were provided with a short description of
the developed method, the developed tool and the definitions of selected metrics imprinted on a
sheet of paper. A short presentation about the developed method and previous research was held
to start the meeting, ending with a short demonstration of the tool. After that the moderators
explained the goal of the focus group to the participants and notified them that the meeting will be
recorded in order to gather and analyze the data. The participants were then asked to introduce
themselves, stating their name, position and number of years of working experience which would
help us to analyze the data later. The discussion was started after that by moderators asking
the participants the first research question and it was planned to have a 15 minutes discussion
per each of the questions. The introductory presentation proved to be quite useful at this point
because the participants already had prepared some of the answers, ideas and comments during
the presentation allowing them to have a richer discussion about the topic. Since it was an open
discussion the moderators felt free to ask participants other, non-scripted questions about the
potential use of the tool and most of the participants had a couple of questions for moderators as
well . The entire discussion was recorded and transcribed.

7.3.3 Data analysis

To analyze the data we have decided to use thematic analysis. Thematic analysis is a method for
identifying, analyzing, and interpreting patterns of meaning within qualitative data [39]. We used
an inductive approach when analysing the data, meaning that we drew conclusions from the data,
because we were interested in exploring the new area and not the analysis was not driven by our
theoretical interest. Therefore, we approached the process of coding the data without trying to
fit it into a preexisting coding frame, or our analytic preconceptions [40], but rather detecting the
codes from the data itself. We were identifying themes and codes at the latent level, meaning that
we were interested in underlying ideas, assumptions, and conceptualizations [40].

The analysis was carried out in the following steps:

1. The researcher created a transcript of the discussion by listening to the recording and
anonymizing participants and sensitive data about the company’s practices.

2. The researcher read and reread the transcript of the discussion a couple of times in order to
obtain a better understanding and the general idea of the discussion. Initial coding of the
discussion segments was performed in this iterative process.

3. After obtaining the final list of codes, the codes were categorized in broader subthemes
according to the topics they were describing.

4. Finally, all subthemes were categorized into the final set of themes.
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Theme Subthemes
1. Usability

1. Using the tool proactive in working with requirements

2. Visualization of interesting areas

3. A tool for requirements analysis

4. Using the tool for planning the effort

5. Using the tool for discussing requirements internally

6. Using the tool on test specifications

7. Integrating the tool with the existing requirements manage-
ment software

8. Tool is simple to use

9. Interested to start using the tool

10. Using the tool on customers’ SRS

2. Suggested improve-
ment/adaptation 1. Weighted sum of metrics

2. Considering other requirements information

3. Quality of selected met-
rics 1. Conjunctions are indication of complexity

2. Subjectivity is really interesting

4. Qualities of a good re-
quirement 1. Design information should not be in requirements

2. Requirements should describe black-box behavior

3. Atomicity is good, but the context is important

Table 7.4: Table showing results of thematic analys, each of the themes with its’ subthemes

7.3.4 Result

The results of the thematic analysis are presented in Table 7.4, containing the final list of themes
and subthemes. In this subsection we are going to describe each of the themes and the discussion
in general.

Usability

Description: All of the participants showed interest in the developed method and saw a lot of
potential use of it in the industry, in many different ways. The amount of suggested ways of use
and number of subthemes on this topic is showing the strength of having a focus group with people
from different backgrounds instead of separating them into homogenous groups.

Some of the participants expressed desire to use the tool in a proactive way in working with the
requirements, meaning that the tool should be used to analyze requirements in advance, while they
are being written and much before they are sent for reviewing. The participants have suggested
that detecting problems in writing the requirements this early could save much time and effort in
latter stages and reduce the time necessary for reviewing the requirements.

The participants were pleased with the way that tool was visualizing the areas of interest,
meaning that problematic words that were detected by each of the measures were colored in
the same color as the measure value. They stated that this would help the user in identifying
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requirements that might be problematic for understanding and implementation. This might not
immediately mean that there is something wrong with the detected requirements, but that they
might require additional attention and refinement. In that sense, most of the participants have
categorized the developed tool as an analytical tool for requirements analysis.

A couple of participants have suggested that the tool might be useful in planning the effort and
in that case would be interesting for project managers as well. They have stated that planning the
effort is currently based only on the number of requirements to be implemented, while disregarding
their size and complexity. With application of the selected measures on requirements, project
managers could gain more insight in the requirements and a better idea about the complexity of
each one of them. That would allow them to plan the effort and schedule better, by providing
them with some estimation on how much effort each of the requirements needs.

The participants that had more experience with managing and writing the requirements stated
that they have encountered problems with reviewing the requirements because of the different
writing styles and backgrounds of the writers. They have also stated that they sometimes have
problems with communicating and explaining what is exactly wrong with the received requirements
and convincing the writers to change the text. This tool, in their opinion, could be used as a
discussion starting point for discussing the problems in requirements management and writing
internally, within the organization.

Some of them have commented that SRS documents received from customers can often be
erroneous and problematic to understand as well. They suggested that the tool would be useful to
analyze and detect problems in the received requirements documents as much as for internal use.

Even though during this thesis we have mostly focused on analyzing the requirements, some of
the participants had seen a possible application of the developed method on the test specifications
as well. They have stated that test specifications are also mostly written in natural language and
that they are often having problems with understanding of the testing requirements. The method
might be modified in such a way that lists of keywords of each metric are more appropriate for
testing environment.

When it comes to the way of using the developed method, most of the participants stated that
they would prefer to have the tool integrated with the requirements management software that is
already used within the company. Some of them stated that for using the method personally to
check the requirements documents on your own, the stand-alone application would be fine, but
that in everyday work they would prefer to have it integrated so that they would have everything
they need to work with requirements in one application.

All of the participants have agreed that the tool is very simple to use and a couple of them
expressed the desire to start using it as soon as possible.

Suggested improvements/adaptations

Description: Participants have proposed a couple of ways to improve the tool and adapt it in order
to be used in everyday work.

Almost all of the participants were interested in seeing a final index of requirements quality,
that would in some way sum up all of the selected measures. Many of them have proposed to
use a weighted sum of all of the selected measures as a final index, but the question is how to
set the appropriate weight to each of the metrics. We have noticed this approach in a couple of
papers from which we have selected the metrics, but the authors usually had the data to compare
the quality of the final index with. In one of the papers [26], the authors have collected manual
assessments of requirements complexity from engineers and then calculated the weights in such
way that the final index would coincide with the manual assessment as much as possible. However,
we did not have such data in our case, nor we were able to collect it for the amount of requirements
that we used. Therefore, a suggestion from the participants is that the weights could be introduced
in the tool in such a way that the weight for each of the metrics would be set to 1 by default, and
the user would then be able to set the weights of each metric by how important that aspect is to
him/her. The researchers have found this suggestion interesting and weighted sum of the metrics
might be added to the method in near future.

During our research we have focused mostly on the text of the requirement and its analysis.
However, the participants have stated that the requirements documents often contain some other
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information, such as author of the requirement, number of changes, etc. They have suggested that
it might be interesting to analyze these aspects of requirements in order to have a better overview
of the requirements management process. This was however not a goal of our research in this thesis
and it might be interesting for future research or improvement of the tool.

Quality of selected metrics

Description: How to measure the complexity of the requirements was one of our main research
questions that could not be answered easily. During the focus group discussion this question was
raised again and in this part we are going to present the opinions from some of the experienced
participants.

Comments about selected measures were heard at the very beginning of the meeting, while
the presentation was still going. Participants were pleasantly surprised to see that some of the
problematic phrases and words that they have seen in their work were already a topic of research
in the papers that we have reviewed. They have stated that optionality, subjectivity and vague
phrases are particularly interesting measures because it’s the first rule of the requirements that
they should clearly state what should or shouldn’t be done in order to avoid ambiguity. We have
already noticed that optionality and subjectivity measures had value 0 for most of the measured
requirements, because most of the keywords are already suggested not to be used by Bombardier’s
rules of writing the requirements. However, the examples of their use in the requirements could
still be found in the documents that we analyzed and the participants have stated that they are
finding them often as well.

Couple of them have also stated that the number of conjunctions is definitely an indication of
logical complexity and a requirement that might not be simple to implement. They have stated that
a large number of conjunctions often makes a requirement hard to understand as well because it
indicates a large number of logical statements/operations that need to be interpreted by the reader.
This measure is often an indication of computational/logical complexity of the final implementation
because the number of stated logical operations will have to be performed in the code itself later
and it will be harder to test as well. One of the participants has suggested that the writers of
the requirements are often using bullet lists for avoiding the use of the conjunctions, which may
hide complexity from being detected by the current definition of the metric. He also said that the
requirement might be more readable and understandable to the readers in that case, which may
justify the lower complexity score that the requirement would have in that case.

All of the participants have also agreed that the complexity of the requirement is not a one-
dimensional question, and that having a set of measures detecting different aspects of it is very
useful.

Qualities of a good requirement

Description: What constitutes a good requirement was also one of the interesting topics raised
during the meeting. The participants were mostly talking about characteristics that they would
not want to see in their work with the requirements and how the developed method could help
them detect them.

Most of the participants have repeatedly stated that requirements should describe out-of-the-
box behavior and that design information should not be inside requirements document. However,
they have clearly stated that they are often finding this type of information and too detailed
requirements inside of the requirements documents. They have also stated that in some cases they
receive a requirements document from a customer that already contains design information. In
that case, they find the tool useful to analyze the requirements documents and to detect such parts
of the text.

The question about the length and the size of the requirement was also raised, having that
one of the measures is counting the number of words. Participants have stated that the length of
the requirement and its atomicity is important, but seeing the complete picture is very important
as well. Therefore, they have concluded that potential limitations of requirements length or com-
plexity based on the measures should not be derived because splitting the requirements in order
to make them ”less” complex might lead to a misunderstanding of the context and the use of the
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required functionality.The measures should rather be used to compare, analyze and improve the
requirements.

7.3.5 Conclusion of the Focus Group

Based on the focus group discussion with experienced requirements engineers, testers and managers,
we have shown that they have already experienced the problem of analyzing vast amounts of
requirements. Most of the participants have shown interest in using the developed method in their
everyday work and the developed tool was shared with them after the meeting. Their insights and
opinions have helped us to detect a lot of different areas of potential use of the developed method in
industrial systems. Participants have proposed a couple of ways about how the developed method
could be improved and extended. Some of their suggestions and comments have raised new research
questions for further research. Most of all, the discussion have assured us that developed tool and
selected measures are a good starting point for analyzing the complexity of requirements.

7.4 Summary

In effort to evaluate the developed method and to answer last two research questions, we have
evaluated the developed method on real-world requirements documents provided by Bombardier
Transportation AB, performed a correlation analysis between the selected measures and investi-
gated the potential use of the developed method in industrial systems in a focus group.

We have examined three requirements documents regarding train control software, containing
7423 requirements specification in total. One of the documents was from a recently started project
in BT, containing over 5700 requirement specifications and the other two were from a project in
ending stages, containing about 870 requirement specifications each.

We have performed a correlation analysis of selected measures with the use of the measurement
results obtained in the previous step. We have shown a significant statistical correlations among
some of the measures based on this sample of data, a high correlation between NC and CT measures
and a couple of pairs of measures with medium correlation coefficients.

Finally, we have organized a focus group discussion in order to detect areas of the potential use
of the developed method with a group of experienced employees from relevant fields of requirements
engineering, testing and project managing.

7.5 Threats to validity and limitations

Requirements engineering and management can be done in many different ways, varying between
different companies and industries. In this thesis we have focused on the analysis of textual
requirements, written in natural language thus narrowing the scope of the research. We have
selected measures suitable for automatic measurement of the textual requirements, disregarding
those that required a use of NLP, dictionaries and complex semantic analysis. In the process of
reviewing the literature we have reviewed a limited set of papers and additional measures could
exist in the literature. The complexity of requirements can be observed from many different aspects
and the developed method is not a tool to measure the total complexity of a requirement, but to
measure each of the aspects that the selected measures are created for. All of the selected measures
and documents measured were in English language only.

In order to apply the developed method on real-world requirements documents, we have de-
veloped a tool that is reading only requirements in Microsoft Excel file format. While different
companies may use different file formats or web repositories to keep their requirements documents,
we have found this format to be the most suitable in our case.

The selected requirements documents for evaluation of the tool are originating only from one
company, Bombardier Transportation AB Sweden. Therefore the results of measurements and
required adaptations of the metrics may be different in other companies. Since the results of the
correlation analysis were based only on this sample of data, it might give different results in other
cases as well.
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Finally, all of the participants of the focus group discussion were employees of BT, and the
number of participants is a relatively small sample of practitioners which makes discussion results
problematic to generalize, although it has provided us with valuable insights in this case.
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Chapter 8

Conclusion

With the increase in size and complexity of software projects, the requirements documentation and
management is becoming more and more complex as well. Massive requirements documents with
a large number of specifications are often difficult and inconvenient to maintain.

In this thesis we have tried to explore a way for measuring the complexity of textual require-
ments in industrial systems. We have divided the goal into two main objectives, exploring the
existing requirements complexity measures and combining them in a method, and investigating
the application of this method in industrial systems. In order to approach these two objectives in
a structured way, we have derived our four research questions presented in Section 4.2.

In order to answer our first research question, we have reviewed papers from literature and
selected an initial set of requirements complexity measures, which contained over 40 measures.
Discovered measures were analyzed and those with clear definitions were selected, resulting in
total of 12 measures in the final set of complexity metrics.

In order to answer our second research question, the selected metrics were implemented in
RCM tool. The RCM tool was developed in order to automate measurement process of require-
ments documents. It was developed as a Windows desktop application which reads requirements
documents in Excel file format and applies the selected metrics on each requirements specification.

The tool was evaluated on requirements documents from real-world projects, provided by Bom-
bardier Transportation AB. Based on this sample of data, a correlation analysis of the selected
measures was performed.The analysis has shown a significant high statistical correlation between
measures CT (Continuances) and NC( Number of Conjunctions), with Kendall’s correlation coef-
ficient of 0.809 and medium significant correlation between a couple of other measures as well.

Finally, in order to investigate how the developed method could be used in industrial systems,
a focus group was organized with experienced employees in Bombardier Transportation AB. Focus
group has shown that participants have already experienced the need for a tool that would help
them to detect defects in textual requirements. Their insights and opinions have helped us to
detect a lot of areas of the potential use of the method, which extend to test specifications as
well, such as visualization of problematic parts of the text, using the requirements measurement
in planning the effort, to discuss and analyze the requirements among engineers internally, etc.

Although a significant number of measures was discovered during our research, requirements
engineering is still looking for an efficient way of requirement comparison, especially in terms of
complexity. As mentioned before, the selected set of measures might not be final, since reviewing
all the papers from this field was not possible, but is a good starting point. This thesis was an
initial exploration of the field of requirements complexity measurement. Future research might
include exploring and proposing new measures, combining the existing measures in a single index
of quality/complexity and exploring new ways of applying them in industrial systems.
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