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Abstract
Society is becoming more and more aware of the importance of preserving the
environment, and is therefore increasingly concerned about issues related to
sustainability. Software should not remain indifferent to the need to build
software products that contribute towards sustainability, both during their
creation and throughout their use. Part of this concern is seen in what is known
as Green Software, and recent years have seen an increase in interest in this.
However, one of the main gaps is the difficulty of analyzing software energy
consumption in the endeavor to know whether a particular software product is
sustainable, or at least more sustainable than another, and to improve the
environmental objectives of the software.
Bearing all this in mind, in this doctoral tesis we define a framework to
promote the reliability of capture, analysis and interpretation of software
energy consumption data. This framework is known as FEETINGS (Framework
for Energy Efficiency Testing to Improve eNvironmental Goals of the Software).
FEETINGS is composed of three main components: (i) a conceptual component,
which includes an ontology (GSMO) to provide precise definitions of all
concepts and their relationships, related to software energy measurement; (ii) a
methodological component, which includes a process (GSMP) to guide
researchers in carrying out the energy consumption measurements of the
software, so as to ensure greater control over the measurements performed; (iii)
and a technological component, which is composed of two artifacts. EET
(Energy Efficiency Tester), a measuring instrument, which is responsible for
obtaining the software's energy consumption measurements when it is
running. And ELLIOT, a software tool in charge of processing and analyzing the
data collected by EET. In addition, we performed a set of experiments to validate
the FEETINGS framework.
The results obtained demonstrate that FEETINGS is a consistent, valid, and
useful framework by which to analyze the energy efficiency of the software,
promoting the accuracy of its energy consumption measurements.
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CHAPTER I

1 INTRODUCTION
This first chapter presents an overview of the aspects related to this Thesis. The
motivation, the established hypothesis, and research objectives that have led to
the development of the Thesis are presented. Moreover, the context in which
this Thesis has been carried out is described. Finally, the structure of this
document is outlined.

1.1. Background and Motivation
The increased presence of Information and Communication Technology (ICT)
in recent years has led to a remarkable growth in the environmental impact
brought about by technology. According to the report issued by Huawei
Technologies [1], ICT energy consumption had, by 2018, already increased to
1,895 TWh, which is about 9% of total global energy consumption. This report
also shows that all ICTs are expected to consume around 2,800 TWh of energy
in 2025. Nevertheless, there are more negative estimates which suggest that
global ICT energy use might exceed 20% of total energy, and emit up to 5.5% of
the world’s carbon emissions by 2025 [2, 3]. Figure 1.1 shows the proportion of
energy consumed worldwide by ICT use from 2010, and estimates what it will
be in 2030. This trend of growth in energy consumption and gas emissions
generated by ICTs shows no signs of slowing down [4].
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Figure 1.1. Percentage of energy used by ICTs worldwide by [5]

Bearing all this information in mind, the concept of sustainability has gained
relevance in recent years. In the United Nations (UN) Brundtland report,
sustainable development is defined as the ability "to meet the needs of the
present without compromising the ability of future generations to meet their
own needs" [6]. According to the UN, sustainable development needs to satisfy
the requirements of three dimensions, which are society, economy, and
environment.
Due to the growth of the energy consumption of information technologies, as
shown in Figure 1.1, and society's increased awareness of the environment, the
idea of Green IT has emerged, intending to modify this trend. The authors Calero
and Piattini [7] defined Green IT as "the study and practice of the design, build,
and use of hardware, software and information technologies with a positive
impact on the environment".
Green solutions focus on the two main IT perspectives: software and
hardware [7]. Most Green IT solutions and proposals have focused on improving
hardware efficiency; this perspective is known as Green Hardware. In recent
years, however, software has also been identified as a source of negative impact
on the environment, and several researchers around the world have started to
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work on what is known as Software Sustainability. Dick et al. [8], define
sustainable software as software whose direct and indirect negative impact
resulting from the development, deployment, and usage of software is minimal
and/or has a positive effect on sustainable development with respect to the
economy, society, humans, and the environment.
Based on [9], software sustainability is about the capacity of software to last
a long time by using the resources strictly needed. According to Calero and
Piattini [10] and following the UN classification of sustainable development,
software sustainability can be divided into three dimensions which
characterize the resources needed for software life cycle processes, as shown
in Figure 1.2.

Figure 1.2. Software sustainability dimensions by [10]

The software sustainability dimensions illustrated in Figure 1.2 can be
defined as follows:
•

Human sustainability: how software affects the sociological and
psychological aspects of people.
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•

Economic sustainability: how the software life cycle protects
stakeholders' investments.

•

Environmental sustainability: how the development, maintenance, and
use of software products affects the consumption of energy and the
usage of other resources.

In their effort to demonstrate that software sustainability has begun to be a
vital and essential aspect of sustainability in today's society, the authors of [9]
have carried out a study, relating the software sustainability to the Sustainable
Development Goals (SDGs) proposed by the UN in 2015, and to be achieved in the
year 2030. The 17 Goals are all interconnected and address the global challenges
we face, such as poverty, protecting the planet, and ensuring prosperity [11].
Figure 1.3 shows the 17 Sustainable Development Challenges, emphasizing the
six goals that the authors have concluded are particularly related to software
sustainability.

Figure 1.3. UN Sustainable Development Goals

In addition, Table 1.1 shows the relationships that have been identified
between the highlighted UN Sustainable Development Goals and the
dimensions of software sustainability.
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Goal 7
Human Software
Sustainability
Economic Software
Sustainability
Environmental
Software
Sustainability

X

Goal 8

Goal 9

Goal 12

X

X

X

X
X

X

Goal 13

5

Goal 17

X
X

X

Table 1.1. Relationship between software sustainability dimensions and the UN
SDGs

This Doctoral Thesis is framed within the environmental software
sustainability dimension, also known as Green Software, with the purpose of
contributing to goals 7, 9, 12, 13, and 17, shown in Figure 1.3.
Green Software promotes the improvement of the energy efficiency of
software, minimizing its environmental impact, and potentially having a
positive impact on the other two dimensions [12]. Moreover, this concept can, in
turn, be divided into Green BY Software and Green IN Software, depending on
the role that the software develops. In [7], Green BY software is defined as
software that is developed for domains that work on preserving environmental
sustainability; in other words, software that serves as a tool to support
sustainability goals. On the other hand, Green IN software is related to how to
make software more sustainable, obtaining a more environmentally-friendly
software product.
To further advance in the study of Green IN Software, and to be able to assess
whether a software product is sustainable, it is necessary to measure and/or
estimate the energy consumption that is induced by the software when it is
running [4, 13]. In the context of this Doctoral Thesis, we will assume that when
discussing the concept of measurement in general, this includes both the
obtaining of a precise value and an approximation of that value, either through
calculations or estimates. The use of measurements is a good method for
understanding, controlling, predicting, and testing the development and
maintenance of software [14]. These measurements can be used, for example, to
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identify those parts of the running software that require most energy, or to
compare whether the software's energy consumption varies when changes are
made to it. This information can be used to develop a plan for reducing energy
consumption and improving the sustainability of the software [15].
Several measuring instruments are available for the analysis of software
energy consumption. According to their particular characteristics, the
measuring instruments can be classified into two main approaches: Softwarebased and Hardware-based [16]. In addition, both of these main approaches can
be combined, resulting in a Hybrid approach [17]. Each of the approaches is
described below:
•

Software-based approach: this approach uses a software tool that
estimates the energy consumption of the software. In fact,
mathematical formulas are established to calculate the power
consumption of major components such as CPU, memory, disk,
network, etc., through the measurement of other data such as CPU
performance or the amount of memory used. The software tools
allow data at low frequencies and with different levels of granularity
to be obtained. These tools do not require a great effort for their
adoption, and they are cheaper than using a hardware device. The
results obtained are more inaccurate than with other approaches,
however, as they are estimates of energy consumption [18].

•

Hardware-based approach: this approach consists of measuring the
energy consumption of the computer, where the software is running
with physical power meters connected to the device. It is thereby
possible to obtain highly accurate results of energy consumption.
The main problem is that these devices are more expensive than
measuring instruments that follow the software-based approach;
they are not available to everyone, moreover. Similarly, it is difficult
to know the power consumption of components (CPU, memory, hard
disk, network, etc.) or a particular process [19].
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Hybrid approach: this approach is a combination of the hardwarebased and software-based approaches. It uses a hardware device
such as a power meter to perform the energy measurement, but in
addition the energy consumption information is extended with other
usage data from the computer hardware components. This approach
allows for energy consumption measurements that are as accurate
as the hardware-based approach, with extra information. However,
hybrid methodologies have the same limitations as the hardwarebased approach [17].

There are a large number of empirical studies that analyze the energy
consumption of software using one of the approaches described for measuring
power consumption. An example of this type of study is presented by Hindle
[20], where the impact of changes in a software application on energy
consumption was investigated, using a measuring instrument based on the
hardware approach. Using a software-based approach, we find the research of
Noureddine et al. [21] in which they analyze the impact of the energy of various
programming languages. Jagroep et al. [22] use the hybrid approach to compare
the power consumption of a software product in different versions.
By analyzing the available empirical studies that perform software energy
consumption analysis, such as those mentioned above, it is possible to identify
a lack of a generally-agreed-on methodology that would guide software energy
consumption measurements. This implies that the rigor of the empirical studies
carried out cannot be guaranteed. That in turn means that a methodology for
evaluating the energy efficiency of software will allow there to be greater
control over the measurements made, ensuring reliability, consistency, and
coherence. It also facilitates the possibility of the study being replicated, and
enables there to be a better comparison of the results obtained in different
empirical studies [23, 24].
All of the above considerations have therefore led to the development of this
Ph.D. Thesis, which aims to develop a framework that allows researchers to
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assess the energy efficiency of software by measuring their energy
consumption.

1.2. Hypothesis and Research Objectives
Since Green Software is an increasingly relevant area, and given the fact that
there is a lack of frameworks, methods, and best practices for assessing the
consumption behavior of software, the research hypothesis of this Ph.D. Thesis
is as follows:

It is feasible to develop a framework that allows the assessment and
improvement of the energy efficiency of software.

In accordance with this hypothesis, the main objective of this research can
therefore be defined as:

The definition and validation of a framework to promote the
reliability of the capture, analysis and interpretation of software
energy consumption data.

In order to accomplish the main objective of this research, the following
Partial Objectives (POs) must be achieved:
•

PO1. To know the current state of Green Software research, as well as

the existing measuring instruments for capturing software energy
consumption, along with the standards or methodologies that guide
software energy consumption assessment.
•

PO2. To establish conceptual support for understanding and

organizing the concepts and terms associated with software energy
consumption measurement, as well as the relationships between
them.
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PO3. To define a process that would guide researchers in the

measurement of software energy consumption, a process that
establishes a set of phases, activities, and roles which would provide
a more systematic way of working in this type of studies.
•

PO4. To build a measuring instrument that makes it possible to obtain

accurate data of the energy consumption of software when it is
running.
•

PO5. To develop a software tool that collects and processes energy

consumption data obtained from the measuring instrument. In
addition, the tool would provide adequate visualization of the
processed information.
•

PO6. To validate the proposed framework empirically.

1.3. Context of the Ph.D.
The author of this Doctoral Thesis carried out his work as a member of the Green
Team that is part of the Alarcos Research Group (Spain). The main objective of
the Alarcos Research Group is to investigate issues related to software
engineering and information systems, with particular attention to the quality
and sustainability of software and information systems. It is also intended to
contribute to the improvement of teaching in Computer Engineering and to
provide solutions to the industry of the sector. The main focus of the Green
Team is research on software sustainability, working on its three dimensions
and from two perspectives. On the one hand, from the formal research
perspective, to develop proposals that allow the incorporation of sustainability
aspects (economic, human, and environmental) in the development of
computer programs. On the other hand, from the informative perspective,
seeking to increase society's awareness of the energy consumption produced
by the software that we use.
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It should also be said that this Ph.D. Thesis is the result of a grant for the
formalization of a pre-doctoral contract for the training of doctors (with
reference BES-2016-077139), as set out in the framework of the State Plan for
Scientific and Technical Research and Innovation 2013-2016.
The research addressed in this Ph.D. Thesis has also been developed under
the umbrella of several research projects (Table 1.2). The main project in which
the development of the thesis was framed was the GINSENG (Green IN Software

systems and software ENGineering) project, funded by the Spanish Ministry of
Economy, Industry and Competitiveness (MINECO) and the Universities and
European Regional Development Fund (ERDF) (TIN2015-70259-C2-1-R). This
project aims to contribute to the knowledge of software sustainability both at
national and international level, with methodological proposals that help
organizations and users to incorporate sustainability practices in their software
systems.
In addition, the results of this Doctoral Thesis contribute to the projects: SOS
(Sostenibilidad Software), funded by the Regional Government of Castilla-La
Mancha, Universities (JCCM) and the European Regional Development Fund
(ERDF) (SBPLY/17/180501/000364), whose objective is to work on the
optimization of the resources used in the development and execution of
software systems; and BIZDEVOPS-GLOBAL, funded by the Spanish Ministry of
Science, Innovation and Universities (MICIU) and the European Regional
Development Fund (ERDF) (RTI2018-098309-B-C31), focused on providing
companies with the right tools for the current software industry scenario.
Project

Reference ID

Sponsor

Funds (€)

Duration

GINSENG

TIN2015-70259-C2-1-R

MINECO
and ERDF

132.132

01/01/2016
30/06/2019

SOS

SBPLY/17/180501/000364

JCCM and
ERDF

153.908

01/09/2018
31/08/2021

BIZDEVOPSGLOBAL

RTI2018-098309-B-C31

MICIU and
ERDF

229.900

01/01/2019
31/12/2022

Table 1.2. Research projects within which the PhD Thesis has been developed
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Finally on this point, it is important to note that during the years taken to
complete the Thesis, the author carried out three research stays. The first was
in Murcia (Spain), a one month-long period in 2018, in the Software Engineering
Research Group (GIIS) of the University of Murcia, under the supervision of Dr.
José Ambrosio Toval. During this research stay, an empirical study was carried
out to obtain evidence of the relationship between the usability and the energy
efficiency of the software. To this end, the usability characteristics of different
Personal Health Records (PHR) were analyzed, and energy consumption when
interacting with them was measured.
The second placement was of three months, at the Institute Software
System, in 2019, at the Environmental Campus Birkenfeld - University of
Applied Science Trier (Germany), under the supervision of Dr. Stefan Naumann.
During this doctoral stay, the comparison and validation of the measuring
instruments for the energy efficiency of the software developed by both
research groups were addressed, studying whether, a combination of these
would make it possible to carry out more precise studies on the software energy
consumption.
The author carried out a final short research stay at the Database Laboratory
(LBD) of the University of La Coruña, under the supervision of Dr. Nieves R.
Brisaboa. During the placement, a study was performed on the energy
consumption when using search algorithms in compressed texts.

1.4. Document Structure
This Ph.D. Thesis is structured in six chapters, whose content is shown as
follows:

•

Chapter I. Introduction: this first chapter gives an overview of the Thesis,
showing the motivation, research objectives, context of the Thesis, and
document structure.
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•

Chapter II. Research Method: this chapter presents an overview of the
research methods applied during the different parts of this Doctoral
Thesis for the achievement of the previously-defined objectives.

•

Chapter III. State of the art: in this chapter, an overview of the current
state of research on Green Software is provided. The different available
methods for measuring the energy consumed by software are presented,
along with the methodologies for carrying out experiments using these
measurement methods.

•

Chapter IV. FEETINGS: FEETINGS is explained, and a description of its
main components provided.

•

Chapter V. Validation: this sets out to demonstrate whether FEETINGS
meets its objectives of providing a framework for analyzing the
software's energy efficiency.

•

Chapter VI. Conclusions: this chapter presents the conclusions of this
Thesis, analysis of attainment of goals, contributions and implications,
research results, and lines of future work.

•

References: list of bibliographical references cited in this document.

•

Appendix A. Acronyms: list of the acronyms that appear in this Thesis.

•

Appendix B. Protocols overview: the protocols followed to carry out the
bibliometric study on Green and Sustainable Software and systematic
study of the literature on Green BPM (SLR). It contains the research
questions, the search chain, the search strategy and the inclusion and
exclusion criteria.

•

Appendix C. GSMO Ontology: this appendix includes the description of
the concepts, as well as their relationships, of Green Software
Measurement Ontology.
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Appendix D. FEETINGS Process Templates: templates created to
develop the activities contained in the FEETINGS framework process.
Templates with experiment information are also included in this
appendix.

CHAPTER II

2 RESEARCH METHOD
To conduct any scientific research in software engineering, we should adopt a
method or practice that enables us to obtain rigorous and valid results in an
organized manner [24]. This chapter presents the work methods used in this
thesis. On the one hand, Design Science Research has been applied as the main
framework in the development of this thesis. On the other hand, Systematic
Literature Review, and Bibliometric Study have been used to obtain a global
vision and evaluate the degree of maturity in the research regarding the topic
addressed in this thesis. Several empirical studies have been carried out to
validate the developed artifacts, moreover.

2.1. Design Science Research
According to Johannesson and Perjsons, Design Science Research (DSR) is the
scientific study and creation of artifacts whose goal is to solve practical
problems of general interest [25]. Design Science is therefore a methodology for
investigating artifacts, and it takes a problem-solving stance, starting with the
problems experienced by people in practice and then trying to solve them. It
does this by creating and reusing artifacts that can function as solutions to
problems. Although the principles underlying Design Science apply to many
areas, this methodology focuses primarily on an information technology and
information systems perspective [25, 26]. There are different variations,
depending on the author of aby specific Design Science Research proposal.
Peffers et al., [27] summarized the existing DSR proposals and defined a
methodology that satisfied all the requirements of the authors. The
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methodological framework introduced includes six main activities, ranging
from the identification of the problem and the definition of the objectives, to the
design and development of the artifacts and, finally, to the demonstration,
evaluation, and communication of the results (see Figure 2.1):

Figure 2.1. DSR Methodology [26]

•

Identify the problem and motivate. Define the research problem and
justify the value of a solution, because the definition of the problem will
be used to develop an artifact that can provide an effective solution. It is
vital to carry out in-depth research work that makes it possible to find
out the current situation of the problem.

•

Define the objectives for a solution. Infer the objectives of a solution from
the specification of the problem and knowledge of the state of the
problems and current solutions, if any, together with their effectiveness.
The objectives can be quantitative or qualitative.

•

Design and development. Create the artifact, including what is
necessary for its development, such as models or diagrams. When this
stage is finished, an artifact with the desired functionalities is obtained.

•

Demonstration. Demonstrate the use of artifacts to solve the problem
defined. This could involve their use in experimentation, simulation,
case study, proof, or any other appropriate activity.
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Evaluation. Observe and measure that the proposed artifacts support the
solution to the problem. This activity consists of comparing the
objectives defined in Activity 2, with the observed results of the use of
the artifacts in Activity 4. At the end of this activity, the researchers must
decide whether to iterate again to Activity 3 in an effort to improve some
of the artifacts or to continue with the communication activity.

•

Communication. Communicate the problem and its importance,
reporting on the artifact, its utility and novelty, the rigor of its design, and
its effectiveness to researchers and other relevant audiences.

Although this process is structured in sequential order, it is not always
necessary to proceed in that order. In other words, the activities should not be
considered as being chronologically ordered but rather logically related to
input-output relationships.

2.2. Systematic Literature Reviews
A Systematic Literature Review (SLR) is a research methodology that is
developed to identify, evaluate and interpret all relevant information available
on a topic in order to answer specific research questions that have been defined
by the researchers [28]. From a scientific perspective, the literature review
should be complete, systematic, and replicable [29]. An SLR requires more effort
than a traditional literature review, but the benefits of an auditable procedure
and the strict selection of primary studies support stronger conclusions. An SLR
must consist of the following elements [29]:
•

A search protocol, which includes a research question and methods to
identify, analyze, and summarize evidence from selected studies.

•

A search strategy, whose goal is to identify to obtain the highest number
of relevant studies. The search strategy should enable readers to assess
the rigor, integrity, and replicability of the process.
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•

The selection of primary studies is based on explicit inclusion/exclusion
criteria.

•

Artifacts (templates) are developed and used to gather information from
the chosen studies.

The activities of the SLR are grouped into three phases: planning the review,
conducting the review, and reporting on the review. Each phase consists of
several activities, as shown in Figure 2.2.

Figure 2.2. Phases & Activities for carrying out a SLR

•

Phase 1: Planning the review:

Planning the review is an essential step in the process of conducting an SLR.
This stage aims to establish the objectives and methods that will be achieved
through the search protocol.
Before carrying out an SLR, it must be ensured that it is necessary to carry
out a systematic review on the topic to be addressed. In other words, it is
essential to check whether there are already reviews on the same topic and, if
so, to analyze them in detail to determine whether a new SLR is really needed.
The next activity, the most important in an SLR, is the specification of the
research question, because the entire review process depends on it. The
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research question supports activities related to the search strategy, data
extraction procedures, and data synthesis.
Once the research question has been specified, a review protocol should be
developed. The review protocol is a formal document setting out all the relevant
information about the execution of the SLR. Its main objective is to reduce
investigator bias in the identification, selection, analysis, and synthesis of
evidence from primary studies. The components of a protocol are the following:
background of the study, research question(s), search strategies, study selection
criteria and procedure, study quality checklists, data extraction strategy, and
synthesis of extracted data. Other information is usually included, such as the
strategy to be followed to disseminate the results obtained and the project
schedule.
Due to the importance of the protocol, it should be reviewed and validated by
expert researchers.

•

Phase 2: Conducting the review:

The purpose of this phase is to put into practice everything taken into account
in the previous activities, obtaining final results that will answer the research
questions.
The first step is to identify relevant research that answers the research
questions by following the search strategy. From the list of papers obtained
works must be selected that meet the established criteria. The selection criteria
are applied to identify the articles which directly address the research question.
Once the papers have been selected, they must be evaluated by applying the
quality checklist defined in the protocol. This can help either in the
specification of selection criteria or in the assessment of the level of influence
of a given article’s quality in review outcome. In some cases, articles below a
certain threshold will be excluded.

20

FEETINGS: Framework for Energy Efficiency Testing to Improve eNvironmental Goals
of the Software

Once the selection criteria procedure has been applied to the studies
retrieved, a set of primary studies is obtained. The next step is data extraction
to identify relevant results from primary studies. This activity involves filling
in the extraction templates defined in the protocol with information from
papers that answer the research questions established.
Finally, when data extraction has been completed, the data synthesis is
carried out. This activity consists of comparing and summarizing the results of
the primary studies. The outcome of the synthesis can be a descriptive
summary or a quantitative summary.

•

Phase 3: Reporting the review:

In this last phase, a report is prepared that reflects the entire review process,
considering the disclosure strategy selected in the review protocol and the
results obtained from the SLR; this report is directed at the target audiences
identified previously. Once the report has been produced, it must be reviewed
by experts who can validate it.

2.3. Bibliometric Study
A bibliometric study is a statistical analysis used to identify and study existing
publications in a scientific field of interest [30]. This method was first proposed
by Pritchard [31], and is defined as the application of mathematical and
statistical methods to books and other media. This method has also proven to
be an effective tool for assessing both the performance of publications and the
research trends in a specific field [32].
The bibliometric analysis provides researchers with information on the
current state of research in their field of interest in a summarized and
understandable form [33].
In order to carry out a bibliometric analysis, it is essential to begin with a
clear definition of the topic to ensure that the documents included in our study
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are truly representative enough to cover the entire domain of the research topic
[34]. Depending on the aim of the study, bibliometric indicators must be selected.
Bibliometric indicators should provide information on the documents selected,
such as the evolution over time, the production of authors, institutions or
countries, indexes of collaboration among authors, or an analysis of journal
citations.
Having selected the bibliometric indicators to be assessed, the next step is to
conduct a bibliographic search, seeking to collect the representative documents
for our study. The rigor and accuracy of a bibliometric study will depend,
primarily, on the bibliographic search we carry out and whether the database
on which the bibliographic search is based is an appropriate one. We must thus
ensure that the procedure used to obtain the documents is well defined. This
means indicating explicitly the period of time taken into consideration, the
database(s) used, and the keywords entered. In addition, any other procedure
used to select the documents must be specified. This systematic procedure will
enable other authors to replicate our study.

2.4. Quasi-experiments and Case Study
Empirical studies are needed to validate and understand the artifacts that have
been developed. Depending on the purpose of the evaluation and the conditions
of the empirical research, such as the control of the research design or the
realism of the study, there are three main types of empirical studies: surveys,
case studies, and experiments (or quasi-experiments) [24]. In this thesis, we
have applied a quasi-experiment and several case studies as a strategy for
validation.
On the one hand, quasi-experiments consist in an empirical investigation
that is conducted in a controlled environment and which is based on the
manipulation of a factor or variable. Quasi-experiments are similar to
experiments, as they share several similarities, such as the purpose of testing a
hypothesis or the process to be followed. However, in quasi-experiments, in

22

FEETINGS: Framework for Energy Efficiency Testing to Improve eNvironmental Goals
of the Software

contrast to experiments, the assignment of treatments to subjects cannot be
based on randomness, but is carried out using a specific criterion [24, 35]. In
software engineering, quasi-experiments are more common than experiments,
mainly because, in this context, randomization is not always desirable or
feasible [36]. For simplicity, whenever we use the term ''experiment'' in this
thesis it will refer to the term quasi-experiment.
According to Wohlin et al. [24], the process is the same for randomized
experiments and quasi-experiments. This process is composed of 5 activities
which are shown in Figure 2.3.

Figure 2.3. Overview of the process of conducting an experiment

On the other hand, a case study [37] is an empirical validation methodology
through which the performance and suitability of a proposal in a real context is
analyzed and evaluated in depth. Yin [38] defines a case study as: "an empirical
enquiry that investigates a contemporary phenomenon within its real-life
context”.
Yin [38] proposes case study process steps, consisting of 5 activities: (i) case
study design and planning, (ii) preparation of data collection, procedures and
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protocols for data collection, (iii) collecting evidence, (iv) analysis of collected
data and (v) reporting. For their part, Brereton et al. [39] have proposed a generic
template designed to help case study researchers to construct a case study
protocol, which is based on the case study process steps of Yin.

2.5. Application of the Research Method to this Doctoral
Thesis
The research methodology framework for this Doctoral Thesis was led by the
Design Science Research method. In addition, the working methods outlined
above were applied to perform some of the activities in this framework. Figure
2.4 summarizes the application to this Ph.D. Thesis of the DSR framework and
the other research methods.

Figure 2.4. Research method application to this doctoral thesis

Two activities were thus carried out to accomplish the first phase of the DSR
framework. A bibliometric study on Green and Sustainable Software was
performed to obtain a general snapshot of how research in this area is evolving.
In order to find the different articles, an automatic search was made in SCOPUS
between 2000 and 2018 (both included). Appendix B.1 describes the protocol
defined to carry out this bibliometric study.
In addition, a systematic literature review on Green BPM was also carried
out. However, this topic is not addressed in this thesis; it did serve, however, to
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discover how sustainability has evolved in a specific area of software, such as
Green BPM. The protocol followed in the SLR is presented in Appendix B.2, and
the results obtained of this study are available at [40].
The information obtained in the previous phase was employed to identify the
need to have a reliable framework for the evaluation of software energy
efficiency through more realistic measurement of its energy consumption. In
an effort to fill this gap, the development of the FEETINGS framework has been
defined as the main objective of the thesis.
In the design and development phase, we constructed the artifacts that make
up the FEETINGS framework. The artifacts developed are: firstly, a Green
Software Measurement Ontology (GSMO), an ontology that defines a conceptual
model to understand and organize the concepts, terms and their relationships,
associated with the energy consumption measurement software. Secondly, a
Green Software Measurement Process (GSMP), which provides guidelines for
conducting experiments to analyze the energy efficiency of the software. And
finally, EET (Energy Efficiency Tester), which is a measuring instrument that
performs accurate energy measurements; and ELLIOT as the software tool for
the processing and analysis of data obtained by EET.
To demonstrate that the artifacts we have developed are capable of
satisfying the defined goals, a quasi-experiment and several cases studies were
performed. Finally, different publications about the artifacts developed were
written. These publications have followed a peer-review process by expert
reviewers in the field, which has made it possible to improve the artifacts.

CHAPTER III

3 STATE OF THE ART
In harmony with the objectives defined in the introduction, the purpose of this
chapter is to provide the background needed for us to discover the current state
of research related to Green Software, and more specifically with reference to
its evaluation, seeking to describe the advances in the field and to identify the
existing gaps which motivate the research proposed.
This chapter is organized in three subsections. Firstly, a general snapshot of
how research on Green and Sustainable Software has evolved is presented. This
is the result of a bibliometric study, as mentioned in Chapter II. In Section 3.2,
measuring instruments for software energy consumption are shown, classified
according to their approach. Finally, a study is presented of the proposed
software measurement frameworks and standards, including methods for
measuring the energy consumed by the software. In addition, at the end of
Sections 3.2 and 3.3, a comparison of the different approaches is provided.

3.1. Green and Sustainable Software
To obtain an overview of Green and Sustainable Software, we conducted a
bibliometric study; the protocol and search string used can be found in
Appendix B.1. The results of this study allow us to obtain a general snapshot of
how the research in this area is evolving. The 5Ws (Why, When, Who, Where,
and What) method [41] was used to carry out this bibliometric study. This
method has the potential to allow researchers to explore key issues. It also helps
to convey research to a wide audience without much effort, and allows the
researcher to keep track of what they say and how they say it. To achieve the
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ultimate objective of answering these 5Ws, we produced our specific research
questions. The following subsections show the main results obtained from this
study for each of the Ws.

3.1.1. Why
The main purpose of this study was to carry out a bibliometric evaluation of the
current research on Green and Sustainable Software in the endeavor to
determine the key characteristics of the research literature in this field.

3.1.2. When
This bibliometric study covered the papers related to the field and published
between 2000 and November 2018. As the objective was to obtain a general
overview of the current state, only SCOPUS was used.
As a result of using the proposed search string (see Appendix B), 542
documents dealing with the Green and Sustainable Software were identified.
As can be seen in Figure 3.1, most of the publications found are papers presented
at conferences (62.2%), followed by journal articles (21.4%). The remaining
forums covered only 16.4% of the total.

Figure 3.1. Main forums used in the area
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In relation to the date of publication of the documents found, we observed
that the number of publications has increased considerably since 2011, as
shown in Figure 3.2. This data confirms what is indicated by Calero [42], who
identifies 2011 as the point at which Green in Software Engineering in
particular, and Green in Software in general, began to be treated as topics of
interest for research, with the publication of the GREENSOFT model by
Naumann et al. [43].

Figure 3.2. Growth in publications

Based on previous data, we calculated the Annual Growth Rate (AGR), which
defines the total number of publications achieved compared to the previous
year. This factor is calculated using the number of publications in a year and
the number of publications in the year preceding it. In this case, the year 2018
was eliminated, because it had not finished when the search was performed. As
can be seen in Table 3.1, the positive values are maintained, except in 2016, when
there was a slight decrease (less than 7%).
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Year

Publications

AGR

2017

72

7,5

2016

67

-6,9

2015

72

7,5

2014

67

39,6

2013

48

29,7

2012

37

27,6

2011

29

190

2010

10

Table 3.1. Annual growth rate of publications

3.1.3. Who
The most prolific authors in the area of Green and Sustainable Software, in
terms of publications, are Lago and Penzenstadler, with twenty-five
publications each. Table 3.2 shows the most prolific authors, as well as the
number of papers by each of them.
Author

Publications

Author

Publications

Lago, P.

25

Piattini, M.

8

Penzenstadler, B.

25

Venters, C.C.

8

Hindle, A.

14

Betz, S.

7

Procaccianti, G.

14

Naumann, S

7

Calero, C.

13

Moraga, M.A.

7

Duboc, L

8

Johann, T.

7

Kern, E.

8

Richardson, D.

7

Table 3.2. Most prolific authors
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In addition, the interaction between the different authors was analyzed.
Figure 3.3 shows the different groups of authors found, together with the name
of the most prolific author in each of the groups.

Figure 3.3. Most frequent interactions between authors

In Figure 3.3 we observe, that there are five groups. Their composition is as
follows: group 1, composed of Lago and Procaccianti; group 2, composed of
Penzenstadler, Betz, Duboc, Richardson, and Venters; group 3, with Calero,
Piattini, and Moraga; group 4, formed by Kern, Johann, and Naumann; and group
5, composed of Hindle. How each group of authors has worked with other
groups can also be seen.
As regards the countries represented, Figure 3.4 shows the distribution of
papers, together with the specific number of publications for the top ten
countries. As may be observed, the USA is the most prolific country, followed by
Germany, which hash a third of the quantity of contributions of the former.

Figure 3.4. Distribution of contributions by countries
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Finally, in Figure 3.5, we analyzed which institutions have worked most in this
field. The data showed that the main institution is the Vrije Universiteit
Amsterdam, with 29 publications; followed by the University of Castilla-La
Mancha, with 20 publications; and the University of Alberta, with 14
publications.

Figure 3.5. Most prolific institutions

Once we discovered who the most prolific authors and institutions are in the
field of Green and Sustainable Software, we then went on to calculate the degree
of collaboration between the authors. This enabled us to establish that more
than half of the publications have two, three or four authors.
In addition, we calculated the Collaboration Index (CI) of the authors, as
shown in Table 3.3. In most years, the CI is over 3 and there are even three
entries that are greater than, or equal to, 4 (2003, 2006, and 2017). Only one year
(2007) has a CI that is less than 3 (2004 also has a CI that is less than 3, but that
is because in that year there was only one publication, with a single author). The
table reflects a high collaborative pattern in the area.
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Year

Multi-authored
publications

Nr. of authors

CI

2018

63

239

3,79

2017

61

246

4,03

2016

56

200

3,57

2015

59

198

3,36

2014

55

193

3,51

2013

36

122

3,39

2012

31

104

3,35

2011

27

89

3,30

2010

7

23

3,29

2009

10

39

3,90

2008

7

22

3,14

2007

11

30

2,73

2006

4

18

4,50

2005

3

11

3,67

2004

0

0

0

2003

5

20

4

2002

8

27

3,38

2001

4

13

3,25
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Table 3.3. Collaboration index

Another fact regarding collaboration among authors is that more than half
are contributions written by authors from the same country, while about 15%
are multinational contributions.

3.1.4. Where
As noted in Section 3.1.2, most of the papers were published in conferences.
However, in the top ten publication forums, 60% are journals, and 40% are
conferences, which means that there is a balance between the two types of
publications. The most effective forum for work on Green and Sustainable
Software, in terms of the number of publications, is CEUR Workshop
Proceedings (44 publications). This could be explained by the existence of
workshops related specifically to this topic. Workshops are usually used to
present the initial ideas and emerging results, and seem to be the logical way to
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start disseminating a new topic. Over time, the work has attained a sufficient
level of maturity to be published in other forums, such as in major conferences
and journals; these offer an outlet for more formal and comprehensive results.
Focusing on specific software conferences, we found that the conference
with the highest number of publications on Green and Sustainable Software is
the "International Conference on Software Engineering (ICSE)", with 23
publications. The fact that the ICSE is the second-most-published conference
on Green and Sustainable Software, its being the best and most important
conference on Software Engineering, is a proof of the importance that these
issues are acquiring in the community.
With regard to publications in journals, the first place is occupied by IEEE
Software, a specific journal about software, with 11 publications. We consider
this an interesting result that reflects the fact that Green and Sustainable
Software is an issue that is considered relevant by the software community.
The first specific journal on sustainability issues is "Sustainable Computing and
Systems (SUSCOM)".

3.1.5. What
In an effort to find out in which domains software sustainability is most
relevant, the most frequent keywords used by the authors in their work were
analyzed. The results highlighted as main keywords Green Software,

Sustainability, or Energy efficiency. But there are also others, which are directly
related to knowing the energy consumption, such as Energy estimation or

Energy measurement.
By analyzing the keywords to discover the most relevant domains where
Green and Sustainable Software is applied, we observed, as shown in Figure 3.6,
that the most common domains are Sustainable Development (105
occurrences), Requirements Engineering (32 occurrences) and Computer
Software (23 occurrences)
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Figure 3.6. Most common domains

Seeking to have another perspective on the documents dealing with Green
and Software Sustainability, we classified the domains in SWEBOK areas.
SWEBOK includes 15 areas related to software engineering; we did not use
either the foundation or the management areas, because they are too general to
be useful for classification purposes. Table 3.4 shows the classification.
SWEBOK area

Occurrences

Requirements

42

Design

57

Construction

46

Testing

29

Maintenance

0

Process

0

Models and Methods

0

Quality

165

Professional Practice

0

Table 3.4. Classification of domains in SWEBOK

From this table, we concluded that about 49% of the occurrences are domains
related to one of the SWEBOK areas. Despite this good result, there are four
SWEBOK areas without contributions: Maintenance, Processes, Models and
Methods, and Professional Practice.
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3.1.6. Analysis of Results
The main results obtained from this bibliometric study allow us to conclude
that:
•

Green and Sustainable Software is a highly active area of research.

•

It is a truly interactive area with a good number of multinational
publications.

•

Some parts of the world are still not working on this topic. The USA,
Europe, and Canada are very active.

•

Although research on Green Hardware/Green IT was already a trend,
Green and Sustainable Software has achieved a good level of maturity
and is now a stable line of research.

•

The domains and keywords identified are related mainly to sustainable
software development. In addition, other keywords appear that show
the importance of knowing what energy is consumed in the quest to
determine if the software developed is sustainable.

3.2. Energy Measurement Approaches
Managing the sustainability of software requires knowing the energy
consumption of hardware when the software is running [18]. To that end,
several methods have been developed that use a different measuring
instrument to capture software energy consumption data.
These measurement methods can be classified into two main approaches
according to their characteristics. On the one hand, software tools, which follow
a software-based approach, make estimates of energy consumption and
analyze the resources used. On the other hand, we find measurement devices,
a hardware-based approach, which provide real and accurate measurements of
energy consumption. Apart from the two main approaches described above,
some researchers have tried to combine both approaches, resulting in hybrid
methodologies. This hybrid approach uses collaboration between hardware
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measurement devices and a software tool in an attempt to contribute greater
simplicity and provide more detailed measurements [17, 19]. The different
energy measurement approaches are detailed below, and the measurement
instruments for each approach that can be found in the literature are presented.

3.2.1. Software-based approach
The software-based approach [44, 45], rather than employing direct energy
measurement, uses mathematical formulas to calculate the usage of each
computer component. It is by using this information that total energy
consumption is estimated. It has been shown that this type of software tool
provides inaccurate measurements, since it is an estimate of the power
consumption of a system at run time, a fact that can cause unsatisfactory and
incorrect results.
However, the software-based approach is cheap and easily adaptable.
Software tools can, moreover, sample power readings at low frequencies and
different levels of granularity [19].
The following are the most commonly-used measurement instruments with
a software-based approach:
a.

SPAN [46]: SPAN is a software power analyzer which identifies the power

behavior associated with the software source code and estimates the power
dissipation per core in CMP (Multi-Processor Chip). SPAN can determine its
power dissipation rate at the function block level. It estimates only the power
consumed by the CPU and does not take into account the power
consumption of the other components. In [46], an analysis is presented of the
energy consumed when calculating the PI number and ordering integers,
using the BubbleSort algorithm, when using one or two processor cores.
b.

pTop [47]: pTop is a software profiling tool which uses a daemon in the

background to analyze the resource utilization of each process. With this
information, pTop estimates the power consumed (in Joules) of the
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processes running. For each process, the consumption of the CPU, the
network interface, the RAM, and the hard disk is obtained. This power
measurement tool is based on Linux; there is also a Windows version, called
pTopW. Do et al. [47] use pTop to analyze the maximum time a laptop battery
will last by running three applications (a sorter, a downloader and an image
viewer) in the effort to extend the battery life.
c.

Jolinar [48]: Jolinar is a measurement software tool similar to pTop. It is

an open-source application that allows you to profile a software application
when it is running. Jolinar estimates the power consumed by the CPU, the
RAM, and the hard disk. In [48], the authors use Jolinar to measure the energy
consumed by two different implementations of the algorithm when
calculating the digits of the number Pi, in order to know which
implementation is more energy efficient.
d.

Jalen [49]: Jalen is an energy measurement tool that works on the level

of granularity method. Jalen performs bytecode instrumentation. It also uses
mathematical models to estimate software consumption, dividing this
amount by the hardware resources used (CPU, RAM, and HDD). In the work
of [50], Jalen was used to calculate the energy required to classify 1000 arrays
of different lengths using different implementations of the Quicksort
algorithm.
e.

PowerAPI [51]: PowerAPI is an application programming interface (API)

that monitors the power consumption of applications at the process level, in
real-time. The estimates it makes are divided by hardware resources, such
as CPU or HDD, and by software applications. The accuracy of PowerAPI is
measured in comparison to a power meter device, where the margin error
was calculated within a range of 0.5% and 3% [49]. Using the PowerAPI library,
Noureddine et al. [21] analyze the impact of the energy of several
programming languages and with different algorithms (recursive vs.
iterative).
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PowerTop [52]: PowerTop is a software tool for diagnosing power

consumption and energy management issues. It provides an estimate of the
power consumption of software applications and system hardware
components such as CPU, network interface, and monitor. PowerTop shares
similarities with pTop, but it also has limitations such as a lack of accurate
results.
g.

Joulemeter [45, 53]: Joulemeter is a software tool for estimating the

power consumption of hardware resources used, such as CPU utilization,
disk I/O levels, and the monitor, to run a software application on a computer.
Joulemeter uses machine-specific mathematical models to estimate
hardware power consumption. However, these models are obtained through
calibration, which is a limitation in terms of flexibility. Jagroep et al. [22] use
a Joulemeter to estimate the energy consumption of a software product in
different versions.

Figure 3.7. Example of the use of a Joulemeter measuring instrument

h.

Intel Power Gadget [54]: IPG is a software tool for monitoring the power

usage of Intel Core processors. This tool monitors and estimates, in real-time,
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processor package power information in Watts using processor power
meters. The gadget has been utilized by studies to measure the energy
consumption of program functions in C [55, 56].
i.

TEEC [57]: TEEC is a tool for estimating the power consumption of a given

software at run time by taking into account CPU, memory, and hard disk
power consumption. Acar et al. [44] estimated the energy consumption of the
Fibonacci sequence by the recursive method and the iterative method using
the TEEC software.

3.2.2. Hardware-based approach
In this approach, a hardware device is used to measure the power consumption
of a monitored component or an overall system when the software is being run.
Hardware measuring devices are much more accurate than software tools in
measuring energy consumption [45].
They have several significant limitations, however. With the hardwarebased approach, it is not possible to measure the power consumption of a
particular process or virtual machine. These types of devices can be expensive,
moreover, and can also consume energy themselves, influencing the results
obtained [19].
Different hardware tools provide accurate measurements of power
consumption; these are presented below:
a.

Watts Up? Pro [58]: It is one of the most widely-used power meters. This

device is connected between the power supply and the computer where the
software will be run. Watts Up? Pro monitors the overall consumption of the
computer while the software is running. This device has a rather low
sampling frequency, as it provides a sample every second. In [59], the authors
indicate that this meter makes it possible to assess the overall consumption
of a computer, providing a measurement error rate of only 1.5 %. Hindle [20]
investigated the impact of changes in a software application on energy

Chapter III: State of the Art

39

consumption. To do so, he chose three applications (Firefox, Vuze and
rTorrent), and for each of these he selected a different set of versions. Watts
Up? Pro was used to carry out the energy consumption measurements.

Figure 3.8. Watt Up? Pro measuring instrument

b.

SEFLab [60]: SEFLab presents a hardware-based approach that allows

measurement of the power consumption of some motherboard components,
such as the CPU, memory, and HHD. SEFLab measurements must be
performed under the specific conditions of the laboratory (particular
computer), and it is not possible to perform measurements on different
computers. Ferreira et al. [60] carry out a comparison of the most widely-used
browsers, conducting several searches on web pages. Their results show that
there can be a difference of more than 60% in the consumption of the use of
one browser with respect to another.
c.

GreenSoM [61]: GreenSoM sets out to measure software energy

consumption, seeking to detect consumption peaks using a hardware data
logger; this logger measures and records system consumption. That
information is merged with the execution information, making it possible to
generate energy graphics where the energy peaks can be observed. In [61] an
analysis is presented of the energy consumed by a Java system when its
different functionalities are executed, the objective being to detect the tool's
consumption peaks.
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3.2.3. Hybrid-based approach
The hybrid approach [19, 62] aims to combine a measuring instrument that
follows a hardware-based approach with a software-based instrument. It thus
combines the precision of hardware devices with the increased information
provided by software tools. This approach allows precise power readings to be
associated with the source code parts of the software running. Furthermore,
hybrid methodologies often provide information that can be useful in analyzing
the reason for power consumption as a percentage of use of the hardware
resources employed.
The main problem with the hybrid approach is that it can be very expensive
to adopt, requiring both a physical device and a software tool. Moreover, the
addition of several measuring instruments may imply extra energy
consumption. The most commonly-used hybrid measurement methods are
listed below:
a.

PowerScope [63]: PowerScope is a tool for profiling the energy usage of

applications. This tool uses a digital multimeter to sample power
consumption and a separate computer to control the multimeter and store
the collected data. PowerScope maps the power consumption of the program.
It can therefore determine the power consumed by a specific process, and
even the power consumption of different procedures within the process.
Using PowerScope, Flinn and Satyanarayanan [63] analyzed the energy
consumption of the video display at different qualities, in order to identify if
there is a relationship between the video quality degradation and its energy
consumption.
b.

PowerPack [64]: PowerPack is a measuring instrument that consists of

several hardware components such as sensors or meters that allow direct
measurement of power. This instrument also includes software components
(instrumentation APIs, drivers, etc.) that control the creation of power
profiles and the synchronization of codes. The goal of these components is
to

allow

component-level

power

measurement

and

automatic
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synchronization between power profiles and application code segments. The
authors of [64] use PowerPack to study the power dynamics and energy
efficiencies of dynamic voltage and frequency scaling (DVFS) techniques on
clusters.
c.

GreenHPC [65]: GreenHPC is a tool for measuring energy consumption in

high-performance computing (HPC) environments. GreenHPC attempts to
calculate instantaneous power, which is the efficiency of the energy
delivered at a specific instant. Voltage and current are used to calculate the
instantaneous power. Instantaneous power over time estimates the overall
power consumption of a system, corresponding to the amount of energy used
to achieve the solution. Power and energy are thereby estimated. This tool
consists of three main components: a sensor board that responds to current
detection; a data acquisition board that collects data from the sensor board
and the voltage of the power source; and a virtual instrument that is
responsible

for

data

processing,

display,

and

distributed

clock

synchronization. In [65], several experiments are presented in which there is
an evaluation of the difference between energy consumption of an
application when it is executed in a single node and when it is executed in a
distributed mode (multiple nodes).

Figure 3.9. GreenHPC prototype [65]

d.

Proposal by ISS [66] (Institute for Software Systems, University of Applied

Sciences Trier): It is a measuring instrument composed of a physical power
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meter that measures the power consumption of the computer while the
software is running. It also has a workload generator that provides and
controls the tasks performed by the software on the computer in a usage
scenario, monitoring its hardware usage statistics (CPU, RAM, HDD, network
traffic). By synchronizing the time of the three systems that collect data
(power meter and workload generator), the data collected in this way can be
easily aggregated and evaluated through time stamps attached to the data.
In their paper [66], Kern et al. present an analysis of the energy consumed
when running a group of software products such as word processors, web
browsers or database systems.

3.2.4. Comparison of proposals for measuring instruments
At present, there are a large number of energy-measuring instruments for
software when it is running. Depending on what our needs or requirements are,
we must choose one measurement approach or another. If the objective is to
obtain accurate energy measurements, the best option is to use a hardwarebased measurement instrument, as this approach uses sensors and power
meters to collect real energy consumption data from the software. The main
limitation of this approach, however, is that it is not possible to measure the
energy consumption of a particular process or a virtual machine.
The software approach provides energy estimates at the lowest levels of
granularity (e.g., process or method). Unlike previous approaches, however, the
software-based approach does not provide accurate and real measurements.
There are, it must be admitted, measurement instruments that follow a hybrid
approach and which offer more flexibility, but this is also more expensive and
it has the same limitations as hardware approaches. Table 3.5 shows a
summary of the main energy measuring instruments described in the previous
sections, along with their characteristics.
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Table 3.5. Comparison of the different energy measuring instrument

As can be seen in Table 3.5, measuring instruments within the softwarebased approach and in the hybrid methods are able to provide an estimate of
the energy at the lowest levels of granularity and for a larger number of
components. On the other hand, measuring instruments that follow a
hardware-based approach provide accurate measurements of the total power
consumption of the computer.
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Another feature evaluated is the sampling frequency, which refers to the
number of power samples collected per unit. Higher sampling frequencies allow
users to associate power consumption with lower levels of granularity in
software. For example, to capture the energy consumption data of particular
lines of code, it is important to use measuring instruments with high sampling
frequencies.

3.3. Software

Measurement

Methodologies

and

Standards
As we describe in the previous section, measuring the energy consumed by the
software is increasingly important in the effort to improve the software’s
sustainability. However, it is necessary to define a process that will ensure the
rigor

and

reliability

of

studies

with

software

energy

consumption

measurements.
This section presents the most noteworthy methods and standards used to
carry out the measurement of the software. The proposed methodologies that
are specific to the measurement of energy consumed by the software are also
presented.

3.3.1. Software Measurement Methods and Standards
3.3.1.1.

Goal/Question/Metric (GQM)

The Goal/Question/Metric (GQM) method proposed by Basili and Weiss [67] and
was extended with the definition of a structure for GQM plans by Rombach [68].
The GQM method establishes guidelines by which to define a measurement
program: the context, objectives, and measurement process plan. It also guides
data collection, analysis, interpretation of results, and identification of possible
improvements.
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The basic principle behind the GQM method is that the measurement must
always be oriented to a specific objective. GQM is a method that allows
refinement of the objective of the measurement in a set of quantifiable
questions; those are used to define the metrics that serve to answer the
questions and then analyze if the objectives have been reached [69, 70]. The
GQM method is composed of four phases (see Figure 3.10) [71]:

Figure 3.10. GQM Process from [71]

a. Planning: The main objectives of this phase are to collect all the

information needed for the start of the measurement project. The project
plan is the main product delivered in this phase, which includes the
procedures, schedules, and objectives of a measurement program. The
steps that make upp this phase are the following: Defining the GQM Team;
Selecting the improvement areas; Creating the project plan, which should
contain the abstract, introduction, schedule, organizational structure, and
a description of the business processes, as well as the Training Plan for
the GQM Team.
b. Definition: in this phase, the necessary activities are performed to define

the measurement program formally. As a result of this phase, the
measurement and analysis plans are obtained. The main stages of the
definition phase are:
•

Defining the measurement goals, which are defined in a formal and
structured manner, using templates such as the one shown in
Table 3.6.
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•

Reviewing or developing software process models. These models
should support the definition of the measurements.

•

Conduct GQM interviews, so that GQM team members can extract
all relevant information from the measurement objectives.

•

Defining the questions, hypotheses, and metrics. Questions are an
operational refinement of the measurement goals, and for each
question, the expected answer is formulated as a hypothesis. These
hypotheses are later compared with the measurement results. The
metrics must provide quantitative information to answer the
questions. The questions, hypotheses, and metrics should all be
reviewed to ensure that they are correct and complete with respect
to the objective of the method.

•

Create the plans. The GQM plan, measurement plan, and analysis
plan are created at this stage. The GQM plan serves as a guide for
the interpretation of the data and the development of the
measurement and analysis plan. For each measurement, the
measurement plan specifies how, by whom, and when the data is
to be collected and also includes data collection procedures and
forms. The analysis plan describes how the measurement
information should be processed so that it can be easily interpreted
by the project team. All plans must be reviewed and approved
before measurements can begin.
the object under measurement

Analyze
For the purpose of
With respect to
From the viewpoint of
In the context of

understanding, controlling, or improving the
object
the quality focus of the object that be
measurement focus on
the people that measure the object
the environment in which measurement takes
places

Table 3.6. GQM Definition Template
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c. Data Collection: during this phase, the data collected from the

measurements are defined, filled in, and stored. The mains stages of this
phase are:
•

Training and start of data collection, which includes the training
tasks before the actual data collection; the kick-off session, where
agreement is reached for the start of the measurements; and the
collection of the data, checking the consistency and correction of
the data.

•

Construction of a Measurement Support System (MSS), which aims
to define a set of statistical tools, spreadsheets, database systems,
and presentation sheets. The MSS system should support all
measurement activities related to data collection, data processing,
and data packaging.

d. Interpretation: the data collected are processed with respect to the metrics

defined to answer the questions used to evaluate the achievement of the
established objective. This phase includes tasks such as the preparation
and implementation of feedback sessions, the generation of reports
interpreting the measurement carried out, and a cost/benefit analysis of
the measurement program.
Many extensions of the GQM method have been made, such as GQ(I)M, which
is described below. In addition, other widely-known extensions are V-GQM,
which adds a new perspective to the GQM life cycle; GQM/MEDEA, which
focuses on the construction of predictive systems; the GQM workshop, which
proposes

a

structured

approach

for

identifying

usable

and

useful

measurements for different processes; or the GQM+ Strategies for aligning the
objectives and business strategies of an organization through measurement
objectives and business strategies of an organization through measurement.
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3.3.1.2.

Goal Question Indicator Metric (GQ(I)M) and Goal-Driven
Software Measurement

The GQ(I)M methodology identifies and defines software metrics that support
the company's business, and improve its processes and the objectives of its
projects, ensuring the relevance and traceability of the objectives with respect
to the data obtained. GQ(I)M provides explicit support to indicators, through a
template that precisely defines the "who", "what", "where", "when", "why", and
"how" of an indicator [72]. The process that follows the GQ(I)M methodology is
the one proposed by the SEI, known as Goal-Driven Software Measurement [73].
The GQ(I)M consists of 10 steps that cover the definition phase of the
measurement program [73, 74]. The following is a summary of the steps in
GQ(I)M:
•

Step 1. Identify business goals. Goals must be identified and prioritized.

The result of this step is a table in which the defined business goals are
ordered according to their priority.
•

Step 2. Identify what you want to know or learn. . To identify what is

required to understand, evaluate, predict, or improve the activities
related to the achievement of the objectives. For that purpose, questions
are asked, such as "What activities should I carry out?," or statements are
completed, such as "To do this, I will need...". It is extremely important to
identify work products, activities and other entities that could be
improved.
•

Step 3. Identify sub-goals. Sub-goals are defined that provide a

refinement at the operational level of the overall goals. This allows the
relationship between the results obtained and the goals to be more
clearly identified.
•

Step 4. Identify entities and attributes. In this step, the questions are used

to refine the entities and attributes of the process model. This allows the
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establishment of a well-defined set of business goals that are used to
initiate the GQ(I)M.
•

Step 5. Formalize measurement goals. Business goals are translated into

measurement goals. Measurement goals should include the entity,
purpose, and perspective, as well as a description of the environment
and constraints.
•

Step 6. Identify quantifiable questions and indicators. The questions and

indicators related to each measurement goal are defined. The indicators
are the result of measurement activities, and are used by project
managers as a basis for their analysis and decisions. According to
Goethert and Siviy [72], there are three types of indicators: (i) Indicators
of success, which are used to determine whether the objectives have
been achieved; (ii) Indicators of achievement, which are used to track
progress in the execution of the defined tasks; (iii) and Indicators of
analysis, which are used to assist in the analysis of the outputs produced
by the tasks.
•

Step 7. Identify data elements. The data elements that are required are

identified.
•

Step 8. Define the measures. The metrics needed to obtain answers to the

defined questions are specified. This is a key step in obtaining a proper
interpretation of the collected data. To provide an unambiguous
definition of metrics, the SEI has proposed a series of measurement
frameworks with checklists that evaluate attributes such as size, effort,
the achievement of goals, and defects.
•

Step 9. Define the actions to be implemented. . In this phase, the current

situation of the organization will be analyzed, in the endeavor to obtain
the necessary information. This requires us to establish the source of the
data, also identifying the data that are not available, and evaluating the
effort involved in obtaining the data. The need for new instruments,
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training, or templates will be considered. Data should also be prioritized
over the indicators on which they depend. Finally, the following aspects
should be indicated: the frequency with which this measure should be
collected, and the point in the process at which it should be done,
templates for recording results, data collection and recording processes,
and data analysis processes.
•

Step 10. Prepare an action plan. Once the analysis is completed and the

necessary data and activities are known, a plan should be drawn up to
describe the specific actions to be carried out to satisfy the information
needs identified.

3.3.1.3.

Practical Software Measurement (PSM)

The Practical Software Measurement (PSM) methodology [75], sponsored by the
United States Department of Defense, aims to provide project managers and
technicians with best practices and guidelines in software measurement. It is
based on real experience gained from government and industry projects.
The PSM proposes a model of the measurement process, which is divided
into four main activities, as shown in Figure 3.11.

Figure 3.11. PSM Measurement Process Model
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The following is a detail of each of the activities that make up the PSM
methodology:
•

Measurement planning. It is one of the central activities of the

measurement process. This activity defines the metrics that provide
visibility within projects to meet information needs. It also identifies
what the beneficiaries of the measurement, who are the decisionmakers, need to know.
•

Performing the measurement. It is the other main activity in the process,

and it involves collecting the measurement data, performing the
analysis, and presenting the results, so that they can be useful for
decision making.
•

Measurement evaluation. Both the measurement process and the

defined metrics should be evaluated and improved as required.
•

Establishing and maintaining commitment. This activity implies

establishing the resources, training, and tools needed to implement a
measurement program and ensure that the information generated is
used.
The PSM framework provides a measurement information model that
incorporates measurement templates related to typical project issues and
categories to facilitate the identification of information needs and decision
making.
In summary, PSM offers a systematic approach to planning and
implementing the measurement and analysis process.

3.3.1.4.

ISO/IEC/IEEE 15939:2017. Software Engineering – Software
Measurement Process

ISO/IEC/IEEE 15939 [76] is an international standard based on PSM. This
standard identifies the activities and tasks which are required in the effort to
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identify successfully, define, select, apply, and improve software measurement
within a generic project or the measurement organization structure.
According to this standard, the main objective of the measurement process
is to collect, analyze and provide relevant data regarding the implemented
products and processes in order to manage the processes and to demonstrate
the quality of products, services, and processes objectively. As a result of
implementing the measurement process using ISO/IEC/IEEE 15939:
•

Information needs are identified.

•

A set of measures is developed, based on information needs.

•

The necessary data is collected, verified, and stored.

•

The data is analyzed, and the results are interpolated.

•

The information elements provide objective information to facilitate
decision making.

•

Measurement processes are evaluated.

•

Improvements are communicated to the owner of the measurement
process.

The software measurement process defined by ISO/IEC/IEEE 159339 consists
of four activities that follow each other in an iterative process, allowing for
feedback and continuous improvement of the measurement process. These
activities are similar to those defined in the PSM methodology (see Figure 3.11.).
Each of the activities of the measurement process is composed of a set of tasks
that are detailed below:
1.

Activity 1. Establish and maintain commitment:

•

Task 1.1. Accept the requirements for measurements. The scope of the
measurement is identified, management commitment is established
and communicated to the organizational unit.
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Task 1.2. Assign resources. Assigning responsibility for measurement
and providing the necessary resources.

2. Activity 2. Plan the measurement process:

•

Task 2.1. Define the measurement strategy. The tasks to be performed
are defined, with roles and responsibilities specified.

•

Task

2.2.

Characteristics

of

the

organizational

unit.

The

characteristics of the organization that are relevant to the selection of
measures and interpretation of information products are described.
•

Task 2.3. Identify information needs. Select and prioritize the required
information needs. The selected information needs should also be
documented and communicated.

•

Task 2.4. Specify the measures. Candidate measures that satisfy the
information needs are identified; the most appropriate ones are
selected and detailed.

•

Task 2.5. Define the procedures. Procedures are defined for data
collection, analysis, access, and reporting. The procedures for
configuration management are also established.

•

Task 2.6. Define the criteria for evaluation. Procedures are defined for
data collection, analysis, access, and reporting. The procedures for
configuration management are also specified.

•

Task 2.7. Identify and plan the systems. The enabling systems or
services to be used are identified and planned.

•

Task 2.8. Review, approve and provide resources. The results of
measurement planning are reviewed and approved. Resources for
implementing the planned measurement tasks are made available.

•

Task 2.9. Acquire and deploy supporting technology. The appropriate
technologies to support the measurement process are evaluated,
selected, and acquired.
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3. Activity 3. Perform the measurement process:

•

Task 3.1. Integrate the procedures. Processes for data generation,
collection, analysis, and reporting are integrated and communicated
to data providers and stakeholders.

•

Task 3.2. Collect the data. Data, including context information, is
collected, stored, and verified.

•

Task 3.3. Analyze the data. The data collected are analyzed and
interpreted. It must be checked that they have been correctly
interpreted and that the information needs have been covered.

•

Task 3.4. Communicate the results. The results obtained are recorded,
and users are informed of the measurement.

4. Activity 4. Evaluate the measurement process:

•

Task 4.1. Evaluate the information and the measurement process. The
information products and the measurement process applied are
evaluated against the defined evaluation criteria. It is also important
to store the lessons learned from the measurement experience.

•

Task 4.2. Identify potential improvements. Possible improvements
are identified, both in the information products and the measurement
process, as well as in the communication process.

3.3.2. Software Energy Measurement Methodology
3.3.2.1.

Green Mining Methodology

Regarding pieces of work that present a methodology for energy measurement
in software, the only relevant work to be found, to the best of our knowledge, is
the research carried out by Hindle, who proposes an abstract methodology to
measure and correlate the energy consumption of a software application. This
methodology is known as the "Green Mining Methodology [77].
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The Green Mining methodology describes the process of measuring,
extracting, and analyzing energy consumption information from the software
that is running. This methodology is composed of seven activities, shown in
Figure 3.12.

Figure 3.12. Green Mining Methodology

Each of the activities that compose the Green Mining methodology is
described below:
•

A.1. Choose a product and a context. The first step is to choose a

software product to be evaluated and the context in which it will run.
•

A.2. Decide on measurement and instrumentation. Choose the

measurement instrument to be used to analyze energy consumption
and decide which variables will be used to experiment.
•

A.3. Choose a set of versions. Once the software product and the data to

be recorded have been defined, the set of versions of the software
product to be tested must be selected.
•

A.4. Develop a test case. Based on the context chosen in the first

activity, a representative test case should be built that executes the
necessary functionality of the test product. A test case can simulate
user input, or focus on specific system tasks, such as initialization. The
test case is expected to be self-contained and clean after itself. One test
case should not affect the next.
•

A.5. Configure the testbed. Configure the testbed system and install the

software product to be evaluated. It is important to deactivate or stop
the different services or processes that run in the background and are
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not necessary. These services, such as updates, virus scans, etc., are
ones that run automatically, and they may add noise to the
measurements.
•

A.6. Perform the measurement. In this activity, test cases are executed

on the testbed, and measurements are performed with the chosen
measuring instrument. Once the measurements are carried out, the
data obtained are stored, and the test case and the testbed are cleaned.
•

A.7. Analyze the results. Once the tests are executed enough times, the

results can be analyzed. It is useful to summarize each run by the
number of watts consumed or by mean watts.

3.3.2.2.

Jagroep et al. proposal

While the “Green Mining” methodology provides a solid basis for designing an
experiment, no details are provided on how to actually perform reliable
measurements within an experiment.
For this reason, Jagroep et al. [22] present a measurement protocol, in which
an extension of Activity 6 of "Green Mining" is performed, detailing the specific
tasks to be carried out. These tasks are as follows:
1. Restart environment;
2. Check time synchronization;
3. Close unnecessary applications;
4. Start performance measurements;
5. Remain idle for a sufficient amount of time;
6. Start energy consumption measurements;
7. Run measurement and wait for run to finish;
8. Collect and check data;
9. Revert environment to initial state.
The application of the protocol ensures consistency between measurements,
and improves the reliability of each measurement.
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3.3.3. Comparison of the Methodologies
In this section, we have carried out a comparative study of the main
methodologies and frameworks for carrying out the software measurement
process.
From the analysis of the main proposals put forward, we can conclude that
most of them are intended to be generic, providing issues and indications that
can be applied to any software measurement process. On the other hand, there
are several pieces of work focusing on the energy efficiency of software which
present some guidelines for measuring the energy consumption of software.
These studies do not, however, provide a sufficient level of detail to guide the
entire process for measuring the energy efficiency of the software. Bearing this
in mind, there is a need for a specific process to analyze the energy efficiency
of the software.
Table 3.7 summarizes the main features of the proposals presented in this
section. The last column shows our proposal's evaluation of a process for
analyzing the energy efficiency of software that will be defined in Chapter VI of
this Doctoral Thesis.
As shown in the table, all methodologies or standards are used to define a
measurement process. However, only three of them (including our proposal)
focus on the analysis of the software's energy efficiency.
Both GQ(I)M and PSM specify a set of indicators that support the analysis of
results. Regarding the reporting and storage of the plan followed for the
measurement, both the PSM and ISO 15939 address this issue

Of the proposals that focus on energy efficiency, only the research work of
Jagroep et al. presents specific guidelines for carrying out measurements of the
energy

consumed

by

the

software,

but

it

does

not

present

recommendations on how to analyze, interpret, and report the results.

any
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GQM

GQ(I)M
GDSM

PSM

ISO
15939

Green
Mining

Jagroep
et al.
proposal

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

Software
Measurement
Guidelines for the
software
measurement
process
Specific guidelines
for analyzing the
data obtained from
measurement
Specific guidelines
for reporting
measurement results

✓

✓

Software Energy
Measurement
Guidelines for the
process of analyzing
software energy
efficiency
Specific guidelines
for carrying out
energy
measurements of
software

✓

Table 3.7. Comparison of proposals for a software measurement process

None of the methodologies or standards examined sets out how to
implement a measurement process so that researchers can evaluate the energy
consumption of software when it is running.

3.4. Summary
In this chapter, we have analyzed the current state of research on Green and
Sustainable Software. The different approaches and instruments available for
measuring energy consumption, and the existing methodologies or standards
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seeking to support the software measurement process have also been analyzed.
The results of the analysis of the related work are summarized below:
•

After conducting a bibliometric study on Green and Sustainable
Software, we can conclude that this is a very active research area that is
gaining more and more relevance. Furthermore, Green and Sustainable
Software have reached a good level of maturity, becoming a stable line
of research. The most frequent topics in this area are related to the
development of sustainable and energy-efficient software.

•

To develop environmentally-friendly software, it is necessary to know
the power consumption it causes when in operation. For this purpose, a
large number of measuring instruments are available. Most of these
measuring instruments provide estimates of the energy consumed. It is
thus important to develop a measurement device that provides realistic
and accurate measurements of the energy consumed by the hardware
components of the computer where the software is executed.

•

There are several standards and methodologies that provide the
necessary information to be able to carry out a measurement process
effectively and systematically. Unfortunately, these methods are,
however, not specific enough to perform the energy efficiency
measurement of software rigorously. There is a consequent need to
adapt and extend them, while also seeking the establishment of a
measurement process that guides researchers in planning.

Taking into account the findings of this chapter, the following chapters
presents the results of this Doctoral Thesis.

CHAPTER IV

4 FEETINGS FRAMEWORK
In this chapter the framework for analyzing the energy efficiency of software is
detailed. This framework is known as FEETINGS (Framework for Energy
Efficiency Testing to Improve eNviromental Goals of the Software) and its aim
is to promote more reliable capture and analysis of software energy
consumption data.

4.1. Components of FEETINGS
FEETINGS is divided into three main components, which are classified
according to their nature in conceptual, methodological, and technological
categories. These components and their parts are illustrated in Figure 4.1, and
described as follows:

Figure 4.1. Overview of FEETINGS
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•

A conceptual component, which includes an ontology containing the
concepts related to software energy measurement. The purpose of this
common Green Software Measurement Ontology (GSMO) is to provide
precise definitions of all terms and to clarify the relationships between
them. This GSMO ontology is an extension of the Software Measurement
Ontology (SMO) proposed by Garcia et al. [78] where they present a basic
Software Measurement Ontology (SMO), which aims to contribute to the
harmonization of the different software measurement proposals and
standards, by providing a coherent set of common concepts used in
software measurement.

•

A methodological component, which focuses on providing support for
the activities and roles required to analyze the energy efficiency of the
software. A process has thus been developed to guide researchers in
carrying out the software's energy consumption measurements, from
study design to analysis and reporting of results. This process is known
as the Green Software Measurement Process (GSMP) and it ensures
greater control over the measurements made, improving the reliability,
consistency, and coherence of the measurements. It also ensures that
the results obtained are comparable with other studies and facilitates the
replicability of the analyses performed.

•

A technological component, which is composed of two artifacts. On the
one hand, there is the EET (Energy Efficiency Tester), a measuring
instrument, which follows a hardware-based approach and that is
responsible

for

obtaining

the

software's

energy

consumption

measurements when it is running. On the other hand, ELLIOT is a
software tool in charge of processing the data collected by the EET,
analyzing these data, and generating an appropriate visualization of the
results.
The components developed, described above, are part of FEETINGS, since
these artifacts are related to each other, and serve to support the objective of
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evaluating the energy efficiency of the software. However, each of the artifacts
is independent and can be used individually if required. That is, the process can
be instantiated with a different technological framework, regardless of the
approach followed (software, hardware or hybrid).
The following sections detail each of the components that make up
FEETINGS, also providing details of their artifacts.

4.2. FEETINGS Conceptual Component
As was commented in the Chapter 3, inconsistencies and terminological
conflicts may be seen to have appeared in the methods and concepts that have
been used. That is due to the fact that each researcher has defined their method
of work using her own terms or concepts. In general, the concepts may be the
same as those developed by other authors, although another term is used. They
could, on the other hand, be different concepts, even if they have the same
name. This lack of formal consensus makes it difficult to understand the main
concepts involved when performing a software energy consumption
measurement.
In this section, we present the conceptual part of FEETINGS (see Figure 4.2)
in its attempt to solve this lack of a single and consensual terminology. It is to
that end that we have produced an ontology, which is presented below.

Figure 4.2. FEETINGS Conceptual component
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4.2.1. Green Software Measurement Ontology
According to Chandrasekaran et al. [79], the unification of terms and concepts
in an ontology allows knowledge to be shared, while ontological analysis
clarifies the structure of knowledge. In this respect, we have developed an
ontology that provides terms, concepts, and relations focusing on the topic of
software energy measurement. The aim is to eliminate terminological conflicts,
support a consistent usage of the concepts included in the methodological and
technological parts of the framework, while also fostering the consistent
application of the framework by other researchers and practitioners with
reference to a common vocabulary.
As mentioned before, the Green Software Measurement Ontology (GSMO) is
an extension of the SMO ontology proposed by Garcia et al. [78] for green
software measurement.
To define GSMO, we have chosen REFSENO (Formal Representation for
Software Engineering Ontologies) [80], which was designed explicitly for
software engineering and which allows several representations for software
engineering knowledge. REFSENO provides constructions to describe concepts,
attributes, and relationships; these are used to represent: a table with the
glossary of concepts, a table of attributes, and a table with the relationships. To
simplify this explanation, we have omitted the description of the attributes of
the GSMO concepts in this case.
REFSENO establishes that before conceptualizing and implementing the
ontology, it is the ontology has to be established and specified. The
requirements for developing the software energy measurement ontology are
described in Table 4.1.
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Concept

Value

Domain

Measurement of the energy consumed by the software.

Author

Javier Mancebo

Reviewers

Félix García and Coral Calero

Purpose

To provide a coherent and common vocabulary of concepts
related to software energy measurement.

Level of
formality

Semiformal (REFSENO methodology and UML class
diagrams).

Scope

Definition of concepts, along with their relationships, related
to software energy measurement.

Sources

•

ISO/IEC 14598

•

ISO/IEC 15939

•

VIM (The International Vocabulary of Basic and
General Terms in Metrology)

•

SMO [78]
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Table 4.1. Specification of the ontology requirements for GSMO

Figure 4.3 shows the graphical representation of the GSMO terms and
relationships, using UML (Unified Modeling Language). The concepts
highlighted are new; the others are taken from SMO [78]. The new concepts are
defined in Table 4.2. These tables are organized as follows: the first column
presents the term, while the second column sets out its super-concept; the third
column contains the description of each term and the fourth column shows the
source of each term. The values for the fourth column can be:
•

A reference to a source (e.g. 15939, VIM, 14598), meaning that the term
and its definition have been adopted from that source without any
changes.

•

Adapted: when the definition is based on a cited document, but changed
to achieve the goals of this ontology.

•

New: if the term used in the ontology has a new meaning in this
ontology.
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Figure 4.3. UML diagram of the Green Software Measurement Ontology
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Term

Supercon

Definition

Source

Software
entity

Concept

Software that is to be
characterized by measuring its
attributes.

Adapted
from SMO

Software
entity class

Concept

The collection of all the entities
that satisfy the determined
objective.

Adapted
from SMO

Test Case

Concept

A representation of the
functionality of the software
entity to be measured.

New

Test Case
Measurement

Concept

A set of energy consumption
measurements of all the runs
in a test case.

New

Measurement

Concept

A set of energy consumption
samples from a single test case
run.

Adapted
from VIM

Samples

Concept

Each energy consumption
record taken by a measuring
instrument.

New

Device Under
Test (DUT)

Concept

A device where the software
entity to be measured is run.

New

Measurement
approach

A method used to make energy
consumption measurements.
(A measuring instrument can
be a hardware device or a
software tool)

Adapted
from VIM

Measuring
Instrument

Table 4.2. Definition of the terms in the GSMO

Table 4.3 shows the relationships between the terms defined above. These
tables include the following columns: name of the relationship, participating
concepts, and description of the relationships between the concepts.
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Name

Concepts

Definition

Has

Software Entity
class – Attribute

A software entity class has one or more
attributes. An attribute can belong to only
one software entity class.

Belongs to

Software Entity –
Software Entity
Class

A software entity belongs to one or more
entity classes. A software entity class may
characterize several software entities.

Has

Software Entity –
Test Case

A software entity has one or more test
cases. A test case can belong to only one
software entity.

Is performed
from

Test Case
Measurement –
Test Case

Is run on

Test Case – DUT

Has

Test Case
Measurement –
Measurement

Has

Measurement –
Samples

Every test case measurement is performed
from a test case of a software entity.
Every test case is run on a DUT. A DUT can
run several test cases.
A test case measurement has one or more
measurements. A measurement can only
belong to one test case measurement.
A measurement has one or more samples.
A sample can only belong to one
measurement.

Is performed
from

Sample – Attribute

Every sample is performed on one or more
attribute of an entity (the attribute should
be defined for the software entity class of
the software entity).

Is connected
to

Measuring
instrument – DUT

A measuring instrument is connected to a
DUT where test cases are run.

Is obtained
from

Base Measure –
Measuring
instrument

Every base measure is obtained from a
measuring instrument. A measuring
instrument defines one or more base
measure.

Table 4.3. Relationships in the GSMO

The concepts and relationships that appear in Figure 4.3, and are not defined
in Table 4.2 and 4.3, which have been extracted from the SMO proposed by
Garcia et al. [78], can be consulted in Appendix C of this Doctoral Thesis.
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The GSMO ontology aims to solve the problem of terminology consistency in
software energy measurement, since it proposes a common vocabulary
extracted from several international standards and research proposals. This
ontology has, moreover, served as a basis for the development of the
methodological component of FEETINGS, which is presented in the following
section.

4.3. FEETINGS Methodological Component
In this section, as shown in Figure 4.4, the methodological component of
FEETINGS is presented. The methodological component consists in a process
for measuring and analyzing the energy efficiency of the software. This process
is known as the Green Software Measurement Process (GSMP)

Figure 4.4. FEETINGS Methodological component

The purpose of this process is to guide researchers and practitioners as they
seek to carry out measurements of software energy consumption. A welldefined and established process allows greater control over the measurements
performed, ensuring their reliability and consistency. It also allows the studies
performed to be easily replicated and the results obtained to be comparable with
those of other studies [23, 24]. The process describes all the activities that must
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be followed, from the definition and measurement of the software to the
analysis and reporting of the results obtained.
As mentioned above, it is a general energy measurement process, which can
be used with any approach or measuring instrument. The following subsection
describes this artifact that has been developed, including the functions, phases,
and activities.

4.3.1. Green Software Measurement Process
In this section, we describe the proposed process (GSMP) for analyzing the
energy consumed by the software when it is running. This process consists of
seven phases (see Figure 4.5), which are divided into different activities with
input and output devices.

Figure 4.5. GSMP phases

To define the GSMP, we have followed the method engineering approach [81],
using the SPEM 2.0 specification [82], and the EPF Composer tool to model the
defined process. In addition, to define some aspects or artifacts of the process,
we have taken as our basis well-known approaches to software measurement
and good practices related to green software that have been proposed by other
authors.
The GSMP is described in detail below, including roles, phases and activities
(with inputs, outputs, and guidelines). A more detailed and comprehensive
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version of the process, along with its elements, can be consulted at
alarcos.esi.uclm.es/FEETINGS/

4.3.1.1.

Roles

The roles that take part in each of the phases and activities of the process are
presented in Table 4.4.
In line with the SPEM guide, roles can operate in two different ways,
depending on the relationship between an activity and the role: Primarily
Performs (PP), which refers to the roles that participate in the realization of the
activity; and Additionally Performs (AP), which are the roles that must be
informed or which are in some way interested in the realization of the activity.
Role name

Description

She/he is interested in the results obtained from the
measurement of the energy consumption of the selected
Client (C)

software. She/he is responsible for providing information
about the software to be evaluated and the requirements
needed to carry out the energy consumption measurement.
The person responsible for defining in detail the scope of

Measurement

measurements and the configuration of the measurement

Analyst (MA)

environment. This role is also responsible for reporting and
documenting the results obtained.
Prepares the measurement environment and sets up the

Measurement

testbed. Furthermore, this role is responsible for carrying out

Performer (MP)

the energy consumption measurements in the selected
environment.

Data Analyst
(DA)

The person responsible for processing and analyzing the data
extracted from the measuring device and converting it into
software energy consumption information.
Table 4.4. Roles participating in the process
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4.3.1.2.

Phases

The process is intended to be performed iteratively, so the phases are closely
related to each other. The initial phase focuses primarily on the definition of the
requirements and the software system to be evaluated. The next two phases
focus on the configuration and preparation of the measurement environment.
In phase four, energy consumption measurement activities are carried out.
Finally, the last phases are the analysis of the data obtained and reporting. In
the following subsections, we will describe each of the phases.

Phase I. Scope Definition
The main goal of this phase is to obtain a complete specification of the
requirements for the evaluation of energy efficiency. Moreover, the software to
be analyzed must be defined. To achieve this purpose, this phase is composed
of four different activities, with inputs and outputs as shown in Figure 4.6.

Figure 4.6. Phase I. Scope Definition
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The first activity of this phase is the elicitation of requirements (Activity A1.1)
for the analysis of software energy consumption. To do this, the Client provides
the Measurement Analyst with information about the software to be evaluated.
In addition, all the requirements for carrying out the energy consumption
measurement must be detailed. This information needs to be documented in
the Requirements Specification.
Once the Client has provided all the necessary information, the

Measurement Analyst performs the definition of the objective (Activity A1.2)
and chooses the collection of all the entities that satisfy the determined
purpose,

known

as

Software

Entity

Class.

We

suggest

using

the

recommendations of Wohlin et al. [24], based on the application of the
Goal/Question/Metric (GQM) method, so as to correctly define the Goal and the
Software Entity Class.
After choosing the software entity class, the Software Entity must be chosen;
this is the software that is to be characterized by measuring its attributes. This
corresponds to the third activity in this phase (Activity A1.3). It is essential to
check that all the selected Software Entity is available and can be installed
and/or run the Device Under Test (DUT). In the effort to facilitate the selection
of the Entity's software, a template is included and can be consulted on the
process website or in Appendix D.
Finally, the fourth activity is dedicated to the development of test cases to
execute and measure energy consumption (Activity A1.4). Based on the
software entities defined in the previous activity, a representative test case
must be built that will exercise the necessary functionality of the software
product whose energy consumption is to be measured. The test case is expected
to be independent and should not affect the following test case [77]. A test case
could simulate user input, focus on specific software tasks or on the execution
of an algorithm. Moreover, if several software entities have been chosen, the
defined test cases should be able to be tested in all software entities. This
activity is very important, because if the test cases are not well-defined, that
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can cause problems in the analysis of the energy consumption of the software
product.
The main outputs that we obtain at the end of this phase are the specification
of the context in which the measurements will be carried out, the software
entity, and the test cases that will measure the energy consumption. Table 4.5
shows the involvement of each role in each activity of this phase.
Roles
Activities
A1.1 Elicitation
of requirements

Client (C)

Measurement
Analyst (MA)

PP

AP

A1.2 Define the
goal

PP

A1.3 Choose a
Software Entity

PP

A1.4
Development of
Test Cases

PP

Measurement
Performer (MP)

Data Analyst
(DA)

Table 4.5. Roles and their responsibilities in Phase I

Phase II. Measurement Environment Setting
The second phase has four activities, which are shown in Figure 4.7. The
purpose of this phase is the definition of the measurement environment that
will be used to satisfy the goal established in the first phase.
The first activity carried out in this phase is the selection of the measuring
instrument (Activity 2.1). The measuring instrument is used to perform the
power consumption measurements of the software analyzed. This measuring
instrument may be a hardware device or a software tool; depending on whether
or not we want to obtain very precise measurements, and depending on the
availability of the measuring instrument, we will follow one of two approaches.
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Figure 4.7. Phase II. Measurement Environment Setting

The second activity in this phase consists of defining the specifications that
the Device Under Test (DUT) must have (Activity A2.2). The test cases defined
in Activity A1.4 will be executed in the selected DUT in order to carry out the
energy consumption measurements. To choose the right DUT, we have to
consider the features of the Software Entity, as it has to be able to be installed
and run on the DUT. Moreover, depending on the results we want to obtain, the
DUT will have different specifications. For example, if we want the results
obtained to be more generalizable, we must choose a DUT without special
processing or storage capabilities and with a conventional configuration.
However, if we want to know the energy consumption in a specific
environment where the software will usually be executed, we must simulate
this environment by configuring the DUT to be as similar as possible to it.
The next step is to decide on the set of measures to be used for the analysis
(Activity A2.3). The main measure of interest is obviously the energy
consumption (EC), which is obtained by the measuring instrument. Sometimes
it is necessary to recover other measures, however, such as the performance of
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some hardware components or different kinds of measures that are required for
further analysis; e.g., information about the executed source code (Total Lines
of Code or Complexity).
The fourth activity is to check that no other software is running in the
background, while also interrupting all services and processes that may affect
the baseline measurement of consumption (Activity 2.4).
Finally, the fifth activity is to obtain baseline energy consumption (Activity
2.5). The baseline measurement determines the idle energy consumption for the
DUT that is used. As the idle energy consumption depends mainly on the
hardware used, this value must be determined separately for each DUT used, by
carrying out measurements while the DUT is running without any active
software [83]. The baseline energy consumption allows us to calculate the
energy consumption induced by the execution of the selected test cases, under
the assumption that the increase in the energy consumed by the DUT depends
exclusively on running the software entity under test.
Table 4.6 shows the roles that have participated in this phase, following the
levels of relationships between activities and roles that were explained in the
previous section.

Roles
Activities

Client (C)

Measurement
Analyst (MA)

A2.1 Select a
measuring
instrument

PP

A2.2 Define
specifications
of the DUT

PP

Measurement
Performer (MP)

Data Analyst
(DA)
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Roles
Client (C)

Activities

Measurement
Analyst (MA)

Measurement
Performer (MP)

A2.3 Select a set
of the measures
provided by
measuring
instruments

PP

A2.4. Close
unnecessary
software
applications
and processes

PA

PP

A2.5 Obtain the
baseline energy
consumption of
the DUT

PA

PP
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Data Analyst
(DA)

Table 4.6. Roles and their responsibilities in Phase II

Phase III. Measurement Environment Preparation
Phase III focuses on the preparation of the energy consumption measurements
to be performed, and on the configuration of the measurement environment
that was defined in the second phase. This phase is composed of three
activities, which are summarized in Figure 4.8.
The first step (Activity A3.1) before starting the energy consumption
measurements is to check that no other software is running in the background.
After that, we must interrupt any services and processes that are not required
by the software under test, seeking to minimize the effect they may have on the
power consumption of the DUT (for example, the automatic update service or
virus scans).
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Figure 4.8. Phase III. Measurement Environment Preparation

The next activity (Activity A3.2) to perform is that of determining the number
of times each measurement should be repeated. We consider a measurement to
be a set of energy consumption samples from a single test case run. There is no
exact and correct number of repetitions to be measured. The choice of this value
depends on the objective we have defined, as well as on the resources available.
Some authors [66] recommend that, for measurements of software energy
consumption in a controlled environment, 30 measurements are usually a
sufficient sample size for an analysis of each of the test cases devised, as the
sampling distribution will tend to be normal.
The last activity (Activity A3.3) in the preparation of the measurement
environment is the configuration of the testbed. The software entity and the
services required in the DUT need to be installed. Once the measurements for
one of the software entities are completed, the DUT is restored, such that it
returns to its initial state. This procedure is repeated for the different software
entities that are going to be assessed. In this activity, the chosen software entity
must also be prepared, so that it can execute the test cases defined.
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In this phase, that of measurement environment preparation, two roles are
involved, as shown in Table 4.7.
Roles
Client (C)

Activities

Measurement
Analyst (MA)

A3.1 Close
unnecessary
software
applications
and processes
A3.2 Determine
number of
repetitions of
measurements

Measurement
Performer (MP)

Data Analyst
(DA)

PP

PA

A3.3 Configure
the testbed

PP

PP

Table 4.7. Roles and their responsibilities in Phase III

Phase IV. Perform the Measurements
During this phase, energy consumption measurements will be carried out. The
fourth phase consists of only two activities, as shown in Figure 4.9. The set of
both activities is an iteration, as these nested activities can be repeated more
than once. The activities in this phase will be repeated as many times as test
cases were defined in the first phase, and this number of times the
measurements will also be repeated, as defined in Phase III. Measure the energy
consumed (Activity 4.1) for the selected software entities is the first activity of
this phase. Once the measurement is completed, the test bed should be cleaned,
so as to avoid affecting the power consumption when another test case is run.
After that, it is time to collect the raw energy consumption data taken from
the measuring instrument (Activity A4.2). Later, the data obtained will be
processed to make its analysis easier. When storing the results of each test, the
relevant information, such as the details of the DUT should be recorded, as
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should the definition of the test cases, the current configuration, the start and
end time, or the power monitor trace itself.

Figure 4.9. Phase IV. Perform the Measurements

In Phase IV, only the role of Measurement Performer participates, performing
both activities as primary performer in both activities. Table 4.8 summarizes
this information.
Roles
Client (C)

Activities

Measurement
Analyst (MA)

Measurement
Performer (MP)

A4.1 Measure
the energy
consumed

PP

A4.2 Collect the
raw data

PP

Table 4.8. Roles and their responsibilities in Phase IV

Data Analyst
(DA)
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Phase V. Test Case Data Analysis
From this phase onwards, the analysis of the energy consumption data
obtained by the measuring instrument begins. The main goal of Phase V is the
processing and analysis of the energy consumption data of each of the test
cases that were defined in the first phase. This phase is composed of two
different activities, which are summarized in Figure 4.10.

Figure 4.10. Phase V. Test Case Data Analysis

The first activity focuses on the preparation of the raw data obtained by the
measuring instrument (Activity A5.1). The steps to be performed in this activity
depend on the source of the data, but it is crucial to achieve a transformation of
the raw data into useful information for performing an analysis. This process
of data transformation is known as Data Wrangling. The most outstanding
tasks to be performed in Data Wrangling, according to Kandel, S. et al., [84] are:
•

Data formatting: reformatting and integrating data from different
sources so that they can be analyzed correctly.

•

Correcting erroneous values: Once the data has been formatted, data
preparation begins. Data preparation includes the detection of outliers,
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the imputation of missing values, and the resolution of duplicate records.
For the identification of possible outliers that may be present in the
samples of the measurements, we recommend the use of robust
parametric methods, such as the median of the absolute deviations from
the median (MADN) [85, 86].
•

Validating the measurements: check that each of the measurements
performed is correct. To find unusual measurements, you can use the
interquartile range method (IQR) [86]. With this method, all values that
fall below Q1 - 1.5 * IQR or above Q3 + 1.5 * IQR, where Qi is the quartile,
are considered extraneous or incorrect. Another method of identifying
incorrect measurements is to use a confidence interval. The problem is
that to define a confidence interval, it is necessary to have made a large
number of measurements beforehand.

The next step to be performed, once the data has been processed, is the
statistical analysis of the values obtained from the measurements of the
defined test cases (Activity A5.2). To carry out the analysis, the descriptive
statistics for each test case analyzed need to be calculated. To obtain the most
complete information available on energy consumption, we suggest the
calculation of the following descriptive statistics: on the one hand, standard
descriptive statistics (maximum and minimum value, range, mean, standard
deviation, variance or interquartile range), and on the other hand, the robust
descriptive statistics such as median, trimmed mean, winsorized mean or
median absolute deviation. It is not compulsory to calculate all the descriptive
statistics mentioned. We must choose those that adapt to the statistical
analysis that we are going to carry out.
Table 4.9 shows the roles that have participated in this phase, following the
levels of relationship between the activities and the roles identified in SPEM.
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Roles
Client (C)

Activities

Measurement
Analyst (MA)

Measurement
Performer (MP)
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Data Analyst
(DA)

A5.1 Prepare and
describe the raw
data to be
analyzed

PP

A5.2 Statistical
analysis of test
case
measurement

PP

Table 4.9. Roles and their responsibilities in Phase V

Phase VI. Software Entity Data Analysis
Once we have analyzed the energy consumption data of the test cases, we will
be able to determine how much energy was consumed when the software
entity was executed in the DUT. As a result of this phase, we will carry out an
analysis of the information on energy consumption, based on the goal defined
at the beginning of the process of measuring the energy efficiency of a software.
To that end, there are two activities in this phase, which are summarized in
Figure 4.11.
The first activity in this phase consists of calculating the energy consumed
by the execution of the software entity (Activity A6.1). As mentioned above, the
software energy consumption depends mainly on the DUT used. Hence, to
calculate the energy required for the running of the software, the baseline
energy consumption of the DUT (Activity A2.4) needs to be subtracted from the
average energy of the software entity measurements. Before we can subtract
the baseline energy consumption from the DUT, we must adjust it to the
software measurement performed. The adjusted baseline energy consumption
is calculated by dividing the average energy of the baseline by the average
duration of the baseline and multiplying it by the average duration of the
measurement:

Adjusted Baseline Energy Consumption =

EC Baseline
T Baseline

∗ T Measurement
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The task of subtracting the baseline energy consumption of the DUT from the
average energy of the software entity's measurements may not be performed if
we provide relative information on energy consumption. That is, if we classify
or sort according to the energy consumptions of each scenario that has been
measured in the same DUT, all the results will have been equally affected by the
baseline energy, and the classification will not vary.

Figure 4.11. Phase VI. Software Entity Data Analysis

The last activity of this phase deals with interpreting the data of the energy
consumed by the software entity analyzed, and establishes some conclusions
(Activity A6.7). As a result of this activity, information is obtained on energy
efficiency in response to the objective defined. It is essential to have fulfilled all
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the requirements proposed by the Client at the beginning of the process if the
objective is to be completely satisfied.
The involvement of a Data Analyst and the participation of the Measurement

Analyst are required in performing the tasks of analyzing the energy
consumption of the selected software entity. In addition, and as with the
previous phases, in Table 4.10 we show the implication of each role in each
activity using the SPEM relationship levels.
Roles
Client (C)

Activities

Measurement
Analyst (MA)

Measurement
Performer (MP)

Data Analyst
(DA)

A6.1 Calculate
the energy
consumption by
the software
entity
A6.2 State
conclusions
about software
entity's energy
consumption
data

PP

AP

PP

Table 4.10. Roles and their responsibilities in Phase VI

Phase VII. Reporting the results
Finally, the last phase is about documenting the study performed, describing
the entire process followed, along with the results on the energy consumption
of the software that had been extracted. Figure 4.12 contains all the activities,
inputs, and outputs of this phase.

86

FEETINGS: Framework for Energy Efficiency Testing to Improve eNvironmental Goals
of the Software

Figure 4.12. Phase VII. Reporting the Results

The first activity of this phase focuses on the development of a laboratory
package (LP) intending to achieve repeatability of the experiment performed
(Activity A7.1). The main objective of LPs is to be an instrument for supporting
knowledge transfer, as well as for conducting replications; they should support
all activities in the experimental process and not only the implementation.
Laboratory packages should contain all the information and materials required
to replicate an experiment or case study [87, 88]. The content of an LP should
not be static; it needs to be adapted to the needs of the researcher and the
limitations of the experiment. Indeed, proposals for the development of correct
LPs, such as the one put forward by [89] can be followed, in which the content
and structure of the laboratory packages for software engineering experiments
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are indicated. Considering the indications of these authors, the LP should
include the following information:
•

Planning: a description of each of the activities to be carried out and
the order in which they are to be performed. It is also recommended
that the estimated workload for the replicant experimenter be
indicated.

•

Study conception: a description of the high-level attributes that are
studied by the experiment, together with its goals. In addition, the
variables used in the experiment should be shown.

•

Experimental design: information about the design of the experiment.
It should include details on what the subject of the evaluation will be,
and in what cases.

•

Operation: information for the creation of the laboratory environment
to be used. This includes specific software engineering objects (such
as programs, specifications, or test cases) and instruments used for
measurement and analysis of the data.

•

Analysis: a specification of the data wrangling process followed, as
well as the analysis methods applied. A report of the experiment
should be included, and the analysis should conclude with a highlevel interpretation of the results. In addition, the raw data should be
included in the standard format, so as to allow other researchers to
repeat all the analysis activities of the results.

The last activity of the process for the measurement of the energy efficiency
of the software is the production of detailed documentation, in which the whole
process is explained, along with the results obtained in the study (Activity A7.2).
The main difference with the laboratory package is that while that it is oriented
to other researchers who want to replicate the experiment, the documentation
is directed at the Client and other stakeholders, with the information that has
been obtained. The LP can be considered to be a piece of this documentation. To
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report a study where we evaluate the energy consumption of the software, we
can use the guidelines proposed by Jedlitschka and Pfahl [90].
Table 4.11 shows the roles that have participated in this phase, along with the
involvement of each role in each activity using the SPEM relationship levels.
Roles

Measurement
Analyst (MA)

Measurement
Performer (MP)

Data Analyst
(DA)

A7.1 Carry out
the laboratory
package

PP

AP

AP

A7.2 Document
the case study

PP

Client (C)

Activities

Table 4.11. Roles and their responsibilities in Phase VII

4.3.1.3.

Considerations for the validity of energy consumption
measurements of software

Although the process described above provides a solid basis for carrying out
energy consumption measurements, the assumptions that may occur, and
which jeopardize the validity of the measurements, must be identified. Table
4.12 shows the assumptions that can threaten the validity of energy
consumption measurements of software.
ID

Role name

Description

The frequency with which samples of the power
consumed
C.1

Sampling
interval

are

provided

must

be

taken

into

consideration. If the frequency is too low, this might
lead to an underestimation of the energy consumed,
due to the high frequency of the hardware components
[83].
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ID

Role name
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Description

The energy used by the operating system is usually
OS effects and
C.2

interaction
with
other
software

included in the energy consumption measurements. In
addition, other applications or services of the operating
system may be activated during the measurement. We
mitigate this threat by performing a large number of
measurements, and by obtaining the baseline of DUT
consumption.
Not having direct control over the temperature in the

C.3

Laboratory
temperature

laboratory where measurements are performed can be
harmful

when

measuring

accurate

energy

consumption. This risk can be mitigated by repeating
the measurements several times [91].
The choice of the software entity to be analyzed,
together with the creation of the test cases to be run to

C.4

Experiment
settings

measure energy consumption, can be considered a
limitation of the experiment. Hence, we cannot
generalize the results obtained for other software
entities, although they may be useful for future
experiments.
There is an inevitable dependence on the measuring
instrument in terms of accuracy and detail of

C.5

Measuring
instrument

measurements, as these may vary when a different
measuring instrument is used. However, when
possible it is always useful to provide comparisons
about different instruments by clearly stating their
settings.
One of the main factors that can influence energy
consumption measurements is the configuration of
the DUT in which the software being evaluated is
running, since the energy consumption obtained is

C.5

DUT
Specificity

specific to the DUT used. It is therefore possible to use
the results as absolute values, if the DUT used is similar
to the one to where the software will normally be run.
Otherwise, the values obtained must be considered
relative, and serve to determine in which situations
there is a greater or lesser consumption of energy.

Table 4.12. Considerations for the validity of energy consumption measurements
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4.4. FEETINGS Technological Component
In this section, the technological environment built up is presented, as shown
in Figure 4.13. The main objective of the technological component of FEETINGS
framework is to perform more realistic measurements of the energy consumed
by the software, and to use the results obtained from those measurements to:
•

analyze the consumption of the software;

•

know the behavior of the software and its different versions, to find out
if these versions worsen the software energy consumption or not;

•

identify the consumption patterns that can guide the improvement of
the energy efficiency of software applications;

•

recommend changes to software to improve energy efficiency.

Figure 4.13. FEETINGS Technological component

The technological component, as can be seen in Figure 4.14, is composed of
two main artifacts:
•

EET (Energy Efficiency Tester): it is a measuring instrument, which

follows the hardware-based approach, and whose task is to perform
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accurate measurements of the software energy consumption during
its execution.
•

ELLIOT: it is a software tool which is responsible for processing the

data collected by EET, analyzing them and generating an appropriate
visualization of the results (according to their nature).

Figure 4.14. Artifacts of the Technological component of FEETINGS

4.4.1. EET (Energy Efficiency Tester)
As we have already introduced, EET is a measuring instrument that follows the
hardware-based approach. This measuring instrument allows the energy
consumption of a set of hardware components used by the software to be
captured accurately during its execution. EET is registered as a utility model
(Patent number: ES 1199234 Y) by the Spanish Patent and Trademark Office
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(SPTO) [92]. Figure 4.15 shows a schematic view of the EET architecture
registered in the utility model.

Figure 4.15. Schematic view of the EET architecture [92]

In addition to the total energy consumption of the DUT, where the software
is running, EET supports the measurement of four different hardware
components: processor, hard disk, graphic card, and monitor. Figure 4.16 shows
the design of the EET architecture.

Figure 4.16. Design of the EET architecture
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As can be seen in Figure 4.16, EET is connected to the DUT where the
software is executed, and is composed of three main components:
•

A system microcontroller. The microcontroller is a Mega Arduino
development board, whose task is to gather the information extracted
from the different sensors and store them in a MicroSD memory. It
also allows the frequency with which the device performs the
measurements to be adjusted. This is done through the software that
manages the microcontroller, enabling the user to specify the number
of samples required.

•

A set of sensors. The sensors are responsible for taking energy
consumption measurements of the hardware components (processor,
hard disk, graphics card, and monitor) of the DUT connected to EET.

•

A power supply. EET has a power supply that must be connected to
the device under test where the software is executed, replacing the
power supply of the DUT; the sensors are connected to the energy
distribution lines from the power supply to the different hardware
components. In addition, EET is independently powered, so it does not
affect the energy consumption of the DUT.

EET is portable and easy to connect to the PC (DUT) where the software to be
measured is executed. It is only necessary to replace the power supply of the
DUT by the EET power supply. Another advantage of EET is that it allows us to
obtain more than 100 energy samples per second.

Figure 4.17. EET measuring instrument
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In a nutshell, EET is a measuring instrument (see Figure 4.17), which is
considered a core component of the FEETINGS. It allows us to capture the
energy efficiency of software when it is running. EET provides a realistic
measurement (hardware-based approach) of energy consumption. Moreover,
EET gives the chance to obtain detailed energy measurements taken from
different components (processor, graphic card, hard disk, and monitor) of the
DUT. Another advantage of this measuring instrument is the sampling
frequency, around 100Hz, which provides very reliable consumption
information.

4.4.2. ELLIOT
ELLIOT is software tool for analyzing the software energy efficiency. This
software tool has been developed as a result of a Final Degree Project carried out
within the Alarcos Research Group.
The main objective of the ELLIOT software tool is to provide a visual
environment that allows researchers to process the data collected by EET,
analyze them, and generate an appropriate visualization of the results obtained.
Furthermore, the ELLIOT tool is aligned with the GSMP process described in the
previous section.
The technologies used to develop ELLIOT are Java for the logical layer, Java
Swing and the JFreeChar library for the interface layer, and the graphics
presented, and MariaDB for the data persistence layer.

Figure 4.18. General architecture of ELLIOT
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The main functionalities supported by ELLIOT are outlined below:
•

Process all measurements carried out with the EET measuring
instrument.

•

Calculation of different statistical variables of the energy consumption
measurements according to the user's needs.

•

Identifies possible outliers that may be present in the measurement
samples, using robust parametric methods such as median absolute
deviations from the median (MADN).

•

Visualization of the results through graphs and data tables with
information on the measurements of the energy consumption of the
software.

•

Comparison of the results obtained from different energy consumption
measurements.

•

Generation of reports that include all the information on the energy
efficiency of the software analyzed.

The ELLIOT tool is composed of four modules that support the main
functionalities, as is shown in Figure 4.19.

Figure 4.19. ELLIOT tool modules
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1. User management: This module allows ELLIOT administrator to manage
the ELLIOT users’ permission accesses depending on the role assigned to
them. This module also allows users to modify their access information
and data. Table 4.13 summarizes the tasks that can be performed by user
type of the ELLIOT tool.

Task

Role

User

Admin

Guest

Consult information

✓

✓

✓

Modify password/email

✓

✓

✓

User management:

Create new user

✓

Modify info user

✓

System management:
Create new device

✓

Modify info device

✓

Measurements management:
Consult measurement

✓

✓

Upload measurement

✓

✓

Processing measurement

✓

✓

Consult report

✓

✓

Create new report

✓

✓

✓

Report management:

✓

Table 4.13. Access to ELLIOT tool tasks by user role

2. System management: This module is used to add and modify the

measuring instruments that generate the data for later analysis. It also
allows the configuration data of the DUT to be introduced in the tool where
the software to be evaluated is running.
3. Measurements management: This is the central module of ELLIOT, since

it supports all the tasks of processing, data wrangling, and measurements
analysis. The following are the main tasks that are performed by this
module:
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Description of the measurement context: The tool allows you to record
the information of the measurement performed. This information
includes the Entity Class Software, the Entity Software, the test cases
that have been evaluated, and the settings of the DUT and
measurement instrument used.

§

Uploading of measurements: Measurement files obtained from EET
are uploaded, and the information is stored in the database.

§

Processing energy consumption data: ELLIOT allows the researcher
to identify possible outliers and discard them, decide which
measurements to include in the analysis, and perform the
calculations considered for the study (see Figure 4.20). It also enables
the energy consumption of the software entity to be calculated,
considering the baseline consumption of the DUT where it has been
run.

§

Visualization of energy consumption information: the information
obtained is presented in different tables and graphs.

§

Export processed data: the tool makes it possible for the results of
each measurement to be exported in spreadsheets.

Figure 4.20. Measurement management module of ELLIOT tool
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4. Report management: This module is responsible for generating reports
and making comparisons between energy consumption measurements.
Moreover, a comparison of the measurements at the level of test cases
or software entity is made possible. Figure 4.21 shows a report with the
comparison of energy consumption measurements from two different
test cases.

Figure 4.21. Report management module of the ELLIOT tool

4.5. Conclusions
This chapter has presented the conceptual, methodological and technological
component of FEETINGS, a framework to promote the reliability of
measurement, analysis and interpretation of software energy consumption
data.
First of all, Green Software Measurement Ontology (GSMO) has been defined.
The main objective in doing so is to provide a basis for the discussion of the
terms, concepts, and relationships identified. The conceptual framework
proposed can thus be an essential instrument in understanding and supporting
the measurement of the energy consumed by software, and thereby contribute
to strengthening this area of research.
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Secondly, the Green Software Measurement Process (GSMP) has been
presented. This process is focused on measuring and analyzing software
energy efficiency when it is running. The definition of the process includes all
the activities and roles, and it covers all the phases required to carry out energy
consumption measurements, such as the definition of the scope and
configuration of the environment, the performance of the measurements, the
subsequent analysis of the data obtained, and the reporting of the results. This
process provides greater control over the measurements performed, ensuring
their reliability and consistency. It also allows the studies carried out to be easily
replicated, and enables the results obtained to be comparable with those of other
studies.
Finally in this chapter, a technological environment has been developed to
support the process and allow measurements of the energy consumed by the
software to be more realistic. This technological environment is composed of
two main elements. On the one hand, the EET (Energy Efficiency Tester), which
is a measuring instrument. On the other hand, ELLIOT, which is a software tool
that processes and analyzes the energy consumption data obtained by EET.
Figure 4.22 shows the technological environment in operation.
This chapter focused on providing a detailed description of the components
and characteristics of the FEETINGS. Chapter 5 presents various experiments
designed to validate the developed artifacts of which it is made up.

DUT

EET

ELLIOT
Tool

Figure 4.22. Technological environment of FEETINGS

CHAPTER V

5 VALIDATION
In this chapter, we present the different studies carried out in the effort to
validate FEETINGS empirically.
To carry out the validation of FEETINGS, we have defined the General
Research Question (GRQ), which consists of discovering whether FEETINGS is
suitable for the capture, analysis and reliable interpretation of the software's
energy consumption data. We have also identified three Specific Research
Questions (SRQs) for which independent studies were conducted in order to
validate each of the FEETINGS components (see Figure 5.1).

Figure 5.1. Validation research questions
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To answer the research questions defined, and therefore to validate each of
the framework components and FEETINGS as a whole, two main validation
methods have been used: quasi-experiments and case studies. A summary of
the validation methods used for each component is shown in Figure 5.2.

Figure 5.2. Validation of FEETINGS

As can be seen in Figure 5.2, a quasi-experiment was conducted to validate
the technology component (SRQ 1) by comparing EET with another measuring
instrument. The conceptual and methodological components (SRQ 2 and SRQ
3) have been jointly validated through two case studies. Finally, two case
studies are presented to validate the complete FEETINGS framework and to
answer the general research question.
The following sections detail the validation carried out for each of the
components of the FEETINGS, and for the case studies for the validation of the
overall framework. The templates used in the validations are attached in
Appendix D.

5.1. Validation

of

the

FEETINGS

Technological

component
In this section, we present a quasi-experiment in which the EET measuring
instrument is used to capture energy consumption data and then compared
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with the results obtained by a reference measuring instrument (gold standard).
The aim is to demonstrate that EET is capable of obtaining accurate energy
measurements (see Figure 5.3)

Figure 5.3. Validation of the FEETINGS Technological component

5.1.1. Quasi-experiment

1.

Sorting

Algorithms

&

Comparison with another measuring instrument
For the validation of the measuring instrument, the EET has been compared
with another measuring instrument which has a hybrid approach, thus
demonstrating that our EET measuring instrument is capable of obtaining
accurate measurements of energy consumption (SRQ1).
The measuring instrument chosen for comparison was that proposed by the
Institute for Software Systems (ISS) [66]. This measuring instrument has
already been validated through several experiments, so it will be used for EET
validation. This measuring instrument is composed of four main components
(see Figure 5.4):
•

The System Under Test (SUT), which executes the software that is to be
assessed and measures its own hardware usage,

•

a Workload Generator (WG), which generates the load on the SUT by
executing a scenario on it and logging the measurement timestamps,
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•

a Power Meter (PM), which measures the consumed energy of the SUT,
and,

•

a central Data Aggregator and Evaluator (DAE), which is used to analyze
the results of the measurements. To analyze the results with the DAE,
they implemented an open-source consumption analysis calculator
called OSCAR.

Figure 5.4. Architecture of the proposal of the ISS [66] used in QE.1

5.1.1.1.

Hypothesis

The aim is to validate that EET is able to obtain accurate measurements of
energy consumption from the software when compared with a validated
measuring instrument. For this purpose, we have defined the following
hypothesis:
•

H0 - Null hypothesis: EET does not produce similar results compared to
the measuring instrument proposed by the ISS.

•

H1 – Alternative hypothesis: EET produces similar results compared to
the measuring instrument proposed by the ISS.

To check this hypothesis, we carried out a set of measurements with both
measuring instruments, and compared the results obtained.
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Experimental planning

In order to compare both measuring instruments and check the hypothesis, we
have selected different sorting algorithms to measure and to compare the
results obtained in both measuring instruments. The sorting algorithms used
in this experiment are Bubble Sort, Cocktail Sort, Insertion Sort, Quicksort, and
Mergesort.
We collected the energy consumption measurements carried out by each
measurement instrument in the execution of the sorting algorithms. The
independent variable is therefore the measuring instrument, whose values are
the two measuring instruments analyzed, EET and the ISS proposal; the
dependent variable is the energy consumption when executing the sorting
algorithms obtained by the two measurement instruments.
The execution of the sorting algorithms was carried out on two different
computers, but with similar specifications. Table 1 shows the specifications of
the DUT and SUT.
Component

DUT specifications used with

SUT specifications used

EET

with the proposal by ISS

Processor

AMD Athlon 64 X2 Dual Core
5600+ 2,81 GHz

Intel Core 2 Duo E6750
2,66 GHz

Memory

4x1GBDDR2

4x1GBDDR2

Hard disk

Seagate barracuda 7200 500
Gb

320 GB WD 3200YS01PBG0

Mainboard

Asus M2N-SLI Deluxe

Intel Desktop Board
DG33BU

Graphics card

Nvidia XfX 8600 GTS

Nvidia GeForce 8600 GT

Power Supply

350 W AopenZ350-08Fc

430 W Antec EarthWatts
EA-430D

Operating
System

Windows 10 Enterprise

Windows 10 Pro

Java version

Oracle Java 8u201

Oracle Java 8u201

Table 5.1. Specifications of the measurement environments used
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5.1.1.3.

Experimental operation

To compare both measuring instruments, a software program with different
sorting algorithms was executed and measured. The code was set up to run a
loop for 30 times (test runs). Each loop sorted an item array with 50,000 random
numbers from 1 to 1,000, using five sorting algorithms: Bubble Sort, Cocktail Sort,
Insertion Sort, Quicksort, and Mergesort. To increase the quality of the data
recorded, the test runs should take between 5 and 10 minutes. The sorting
algorithms were thus executed multiple times, such that the execution of every
sorting algorithm would take approximately two minutes. Therefore,
•

Bubble Sort was executed 18 times (900,000 items sorted),

•

Cocktail Sort was executed 30 times (1,5 million items sorted),

•

Insertion Sort was executed 280 times (14 million items sorted),

•

Quicksort was executed 20,000 times (1 billion items sorted) and

•

Mergesort was executed 10,000 times (500 million items sorted).

Between every sorting algorithm, there was a break of 10 seconds, and after
every loop run, there was a break of 60 seconds. The pauses between the
execution of the algorithms were added to allow the DUT/SUT to return to its
idle state, before starting the next task, in order to capture irregular patterns in
the consumption, like CPU ramp-up and RAM allocation. While the loop was
running, two log files were generated for further analysis with the power
consumption data. In those log files, the starting and ending timestamps of
every test run, and every sorting algorithm loop, were recorded.

5.1.1.4.

Analysis and interpretation of results

The results obtained from the energy consumption measurements for each of
the measuring instruments described above are presented below.
Table 5.2 shows the average duration of the measurement performed with
each of the measuring instruments. As can be seen, the execution of the
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algorithms in the DUT connected to EET had a duration of 29.06% longer than
in the other case. It also includes the values of the average duration of each
baseline measurement of each of the instruments where the sorting algorithms
were executed.
EET

ISS
proposal

Average scenario duration

779.38 s.

603.86 s.

Average baseline duration

302.91 s.

599.99 s.

Table 5.2. Duration of the scenario and the measured baseline

Table 5.3 shows the values of power and energy consumed when executing
the sorting algorithms, obtained with the EET measurement instrument, and by
the ISS proposal. As can be seen in Table 3, the power values recorded by EET
are 4.59% lower than those recorded by the ISS proposal. However, if we focus
on energy consumption, the values recorded by EET are 21.76% higher. This is
due to the difference in execution times for each scenario shown in Table 5.2.
Measuring
instrument

Testrun
power [W]

Testrun
energy
[Wh]

ISS
EET
ISS
EET

Mean

SD

Median

Min

Max

Range

IQR

109.61

2.41

109.44

109.24

113.54

4.30

0.120

6.26

103.41

91.58

130.68

39.10

8.46

0.21

18.32

18.23

19.33

1.10

0.05

1.99

22.37

20.04

27.97

7.93

1.95

104.57
(-4.59%)

18.38
22.63
(+21.76%)

Table 5.3. Measurement results of the test run

From this data, we calculate the efficiency factor, based upon the metrics
proposed in [14], where, in this case, we use the number of sorted items
(1.5156×109) as the ”useful work done” divided by the energy used to perform the
work. These data are shown in Table 5.4.

108

FEETINGS: Framework for Energy Efficiency Testing to Improve eNvironmental Goals
of the Software

Efficiency factor [sorted items
per Joule]

EET

ISS
proposal

15.888 Wh

13.217 Wh

Table 5.4. Efficiency factor for QE.1

As can be seen from Table 5.1, the execution of the algorithms was carried
out on computers with different hardware specifications for EET and the ISS
proposal. To be able to compare both measurements, it is necessary to check the
consumption of the computers when they are in idle mode, running only the
operating system (consumption baseline). Table 5.5 shows the results of the
baseline measurement with EET and with the ISS proposal.
Measuring
instrument

Baseline
power [W]

Baseline
energy
[Wh]

Mean

SD

Median

Min

Max

Range

IQR

ISS

78.78

0.58

78.82

78.63

78.91

0.28

0.16

EET

73.40

3.71

72.86

66.04

78.80

12.76

2.53

ISS

13.13

0.02

13.13

13.10

13.17

0.07

0.03

EET

6.18

0.31

6.10

5.57

6.66

1.09

0.19

Table 5.5. Measurement results of baseline

Afterwards, the mean baseline energy is adjusted to the mean duration of the
measurements by dividing the mean baseline energy by the mean baseline
duration and multiplying it by the mean duration of the measurements. This
results in a value for the mean adjusted baseline energy consumption.
Finally, the mean adjusted baseline energy is subtracted from the mean
energy of the scenario measurements, which results in the additional energy
required to run the software. Table 5.6 shows the values of the mean adjusted
baseline energy consumption and the energy consumption induced by the
software run that are obtained with each measuring instrument.
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ISS
proposal

EET

Mean adjusted baseline
energy consumption

16.89 Wh

13.23 Wh

(+27.66)

Energy consumption induced
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6.74 Wh

5.17 Wh

(+27.66)

Table 5.6. Mean adjusted baseline energy consumption in QE. 1

In addition, both methods make it possible to subdivide the scenario to
analyze each sorting algorithm independently. Table 5.7 shows the consumed
energy values obtained by each of the measuring instruments, and the energy
consumption induced by each of the algorithms taking into account the
baseline consumption. The difference between the values obtained by each
measuring instrument is also shown.
Energy Consumed

Sorting
Algorithm

ISS

Bubble Sort

3.35 Wh

Cocktail Sort

3.47 Wh

Insertion Sort

5.55 Wh

Quicksort

2.42 Wh

Mergesort

3.40 Wh

EET
3.45 Wh
(+2.98%)

3.42 Wh
(-1.44%)

5.90 Wh
(+6.30%)

2.37 Wh
(-2.07%)

3.30 Wh
(-2.94%)

Energy Consumption Induced

ISS
0.90 Wh
0.92 Wh
1.48 Wh
0.66 Wh
1.05 Wh

EET
0.83 Wh
(-7.69%)

0.85 Wh
(-7.61%)

1.51 Wh
(+2.03%)

0.61 Wh
(-7.57%)

1.18 Wh
(+1.12%)

Table 5.7. Energy consumed by each sorting algorithm

As shown in Table 5.7 and in Figure 5.5, there is not a large variation between
the values obtained by EET (A) and the ISS proposal (B), and furthermore there
is a correlation between the software-induced energy consumption of both
methods for each algorithm.
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Figure 5.5. Comparison of the energy consumption for both measuring
instruments

After showing the information on the measurements performed by EET and by
the measurement instrument proposed by the ISS, we observe that the values
obtained are similar, and that the agreement that exists between both methods
needs to be analyzed. This is necessary to confirm that both methods offer
similar energy consumption measurements, and the measuring instruments
can therefore be interchangeable.
To carry out this study, we used the Bland-Altman plot [93], which allows us
to compare two measurement methods and to say whether the new method, in
this case EET, offers acceptable measurements or not. The Bland-Altman graph
is a scatter plot XY, in which the Y axis shows the difference between the two
paired measurements (A-B) and the X axis represents the average of these
measures ((A+B)/2). The plot simply represents each difference between two
paired methods against the average of the measurement. The Bland-Altman
method defines the agreement intervals, which allows us to analyze whether
the measurements made with the new measuring instrument differ greatly
from those made with the already-validated measuring instrument [94].
Figure 5.6 shows the Bland-Altman plot and the statistical data used to
compare the energy measurements provided by EET and the ISS proposal.
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Figure 5.6. Bland-Altman analysis for QE. 1

In Figure 5.6, we can see that the limits of agreement are between -0.741 and
6.172 and that all the data points are within the range of these limits. The
measurements obtained by both methods are therefore similar and within
acceptable limits.
An additional aspect to be observed is the presence of bias in the comparison
between EET and the ISS proposal. The presence of this bias indicates that with
the EET measuring instrument, values of energy consumed were on average
3.45 times higher compared to the ISS proposal. Such a bias may be due to the
fact that both measurements were not carried out on the same computer. As
shown in Table 2, the length of the measurement with EET is longer; this may
affect EET, providing a somewhat higher measurement.
When the descriptive statistics are studied, along with the result of the
Bland-Altman analysis obtained, the energy measurements provided by EET
seem to be similar to those obtained by another measurement instrument that
has already been validated, such is the one proposed by the ISS. Consequently,
this leads us to reject the null hypothesis and consider that both measurement
instruments can be used indifferently.
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5.1.1.5.

Discussion

In this experiment, a comparison between the EET measuring instrument and
the previously-validated ISS proposed measuring instrument has been
presented. The results obtained show that both measuring instruments provide
similar measurements of energy consumption, so we can conclude that EET is
capable of obtaining accurate energy consumption measurements.
In addition, there are some similarities and differences between the two
measuring instruments that are described below:
The main similarity between the two methods is that both measuring
instruments allow us to obtain more accurate measurements of the energy
consumed by a software when it is running as compared to other non-hardware
approaches. This is one of the most important advantages over other
measurement tools that perform consumption estimates. In addition, EET and
the proposal by ISS make it possible for a baseline measurement to be performed
without any software product running. This baseline is used to obtain the
energy consumption induced by the software product. In this way, we can
estimate the consumption of the software, excluding the consumption for just
running the hardware. Finally, both methods enable the consumption for the
individual actions (the different sorting algorithms in this experiment) of the
usage scenario to be analyzed.
One of the most significant differences is that EET, in addition to measuring
the energy of the whole system, make it possible for us to obtain the
measurement of energy from individual parts of the DUT. The hardware
components that can be measured are the processor, the hard disk and the
graphics card. It also enables the evaluation of the energy consumed by the
monitor to be performed. On the other hand, the proposal by the ISS provides
information about the use of the hardware when running the scenario. One
other thing to emphasize about the measurements is that the proposal by the
ISS requires longer measurements, because the power meter already averages
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the values over one second, while EET obtains the raw data from the sensors
approximately every 10 milliseconds.
The possibility of combining the results obtained by both measurement
methods gives us more information on the energy consumption of the software
analyzed. It is thereby possible to complement the results obtained. For
example, it will be possible to analyze how the percentage of CPU use, extracted
with the proposal by the ISS, compares to the specific energy consumption of
the processor, measured by EET.

5.1.1.6.

Threats to validity

This section sets out the threats to the validity of the study carried out, and
which have to be taken into account so that it can be understood to what extent
the results are valid [24].
With regard to the construct validity, the measuring instrument chosen for
comparison with EET was the one proposed by the ISS. This measuring
instrument has been used and validated in previous experiments, so we
consider that the values obtained by ISS proposal are accurate and reliable.
Internal validity is with respect to those uncontrolled factors that can affect
the results of the experiment. In this experiment, the execution and
measurement of the algorithms have been repeated 30 times to increase the
reliability of the measurements. In addition, to improve the quality of the
recorded data, the tests should take between 5 and 10 minutes, running the
ranking algorithms several times.
In relation to external validity, some characteristics of the experiments could
limit the applicability in reality. In our case, the fact that the measurements
were not made on the same hardware has meant that the values are not even
more similar. However, we believe that even if we have obtained small
differences in the values of the measurements, the correlations that exist
between these values will be maintained, thus obtaining the same results.
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5.2. Validation

of

the

FEETINGS

Conceptual

&

Methodological Components
This section presents the application of the GSMO ontology and the GSMP
process, as defined in the previous chapter, for the measurement and analysis
of the software power consumption. The aim is to answer the research
questions SRQ 2 and SRQ 3.
To demonstrate that the conceptual and methodological components
proposed can be adapted to any study in which energy consumption is
evaluated, two case studies are presented, following the protocol template
defined by Brereton et al. [39] and the guidelines proposed by Runeson and Höst
[95]. In the first case study (CS.1), a hardware device was used to obtain accurate
and realistic consumption measurements. For a software-based approach, in
the second case study (CS.2) we chosen the empirical study performed by
Chandra et al. [96], adapting it to the GSMP process (see Figure 5.7).

Figure 5.7. Validation of the FEETINGS Conceptual & Methodological components

5.2.1. Case Study 1. Using a hardware-based approach
In the first case study, the conceptual and methodological components of
FEETINGS were applied with a measuring instrument that followed a
hardware-based approach. In this case, the instrument used to perform the
energy consumption measurements was EET.
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Design

This case study addresses two of the specific research questions that have been
defined. Firstly, the question (SRQ 2) related to the conceptual component: Is
GSMO comprehensive enough to collect all relevant concepts involved in
software energy measurement? The second research question (SRQ 3) is related
to the methodological component, and is: Is GSMP comprehensive and detailed
enough to guide researchers and practitioners in performing software energy
measurements? With these questions we seek to discover if both the
methodological and the conceptual component of FEETINGS are useful when
carrying out the measurement and analysis of software energy consumption.
In addition, following the approach presented by Yin [38], the type of design
of our case study is one of multiple cases - holistic, as the conceptual component
and the methodological component have been applied in the context of two
case studies (CS.1 and CS.2) where energy consumption measurements are
made using GSMO and GSMP.

5.2.1.2.

Subject and analysis units

In this case study, the application of the ontology and the process defined in
FEETINGS for the energy measurement of the Apache Hadoop software with
the EET measuring instrument was evaluated.
The analysis units are the GSMO ontology, the GSMP process, and the energy
consumption of Apache Hadoop.

5.2.1.3.

Field procedure and data collection

The field procedure and data collection for the case study are closely related to
the activities, roles, and templates of the GSMP described in Chapter 4. In
Appendix D, the templates produced for the process and the filled-in documents
used in this case study are presented.
The tables and diagrams defined with the GSMO ontology are also used as
data collection templates.
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5.2.1.4.

Intervention in case study

The following subsections detail the application of GSMO and GSMP in this case
study.
5.2.1.4.1 GSMO instantiation for CS 1.
The instantiation of the new concepts defined in the GSMO ontology for this
case study is illustrated in Figure 5.8. The software selected to be measured by
its power consumption were three different versions (Software Entity) of the
Apache Hadoop software (Software Entity Class). In addition, two test cases
were developed with the aim of measuring certain functionalities of the
software entity. The test cases defined are the calculation of the number PI and
a count of the words that appear in the book of Don Quixote. EET has been used
to provide the energy consumption measurements.

Figure 5.8. CS.1 GSMO instantiation

The following section provides details of the application of the GSMP
process.
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5.2.1.4.2 GSMP application for CS 1.
This section presents the application of the GSMP process for the measurement
and analysis of the energy efficiency of different versions of the Apache Hadoop
software. Each of the phases and activities performed is detailed below.
Phase I. Scope definition
The objective of this case study is to find out how software changes can alter
the energy consumption behavior of the software. When we develop a new
version of the software, we will be able to use this feedback to avoid carrying
out the changes that have had the most negative impact on the software's
energy consumption (Activity A1.1).
The first step is to choose the software entity class to be analyzed in the case
study (Activity A1.2). In this case, the software selected was Apache Hadoop as
a software entity class. Apache Hadoop is a framework that enables distributed
storage and processing of large data sets.
The next step is to choose the software entities to be measured (Activity A1.3).
These software products must be available for installation and execution, and
the source code must be accessible if the changes are to be analyzed. In addition
to that, the selected software entities must include at least the same
functionality. Given these criteria, we will analyze the energy consumption of
the three different versions of Apache Hadoop shown in Table 5.8.
Versions

Last modified

Apache Hadoop 2.2

Nov. – 14

Apache Hadoop 2.6.5

Oct. – 16

Apache Hadoop 3.0.3

Jun. – 18

Table 5.8. Selected software entities in CS.1

The last activity that has to be carried out in this phase is the creation of test
cases to be executed (Activity A1.4). In this case study, we have defined two
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different test cases; one of the test cases uses the Hadoop Distributed File
System (HDFS), and the other does not. The two test cases defined are detailed
below:
•

Estimation of the Pi number: this test case runs a map/reduce program
that estimates Pi using a quasi-Monte Carlo method. The program takes
two inputs: the number of maps and the number of samples. We run with
50 maps and 5000 samples per map.

•

Count the words of “Don Quixote of La Mancha”: this algorithm counts
the number of times each word in the Don Quixote book appears using
Hadoop's HDFS.

The outcome of this phase is that we have defined the test cases that will be
executed in each of the selected Hadoop versions, seeking to analyze whether
the changes in each of the versions have affected the power consumption.
Phase II. Measurement Environment Settings
As mentioned above, the measuring instrument used to capture the energy
consumption data of the software was EET and the ELLIOT tool (Activity A2.1).
We will also use the SonarCloud platform in the endeavor to establish what
changes the software has undergone between its different versions, as selected
in Phase I; this platform is a cloud service for the continuous inspection of the
quality of the code, providing detailed information on the software
maintainability measures.
The software entities to be evaluated will be executed in a DUT without
special processing or storage capabilities, so that the results obtained are more
generalizable (Activity A2.2). The specifications of the DUT are provided in
Table 5.9.
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Xubuntu 16.04.2 LTS
Motherboard: Asus M2N-SLI Delux
Processor: AMD Athom x2 6000+

Hardware

RAM: 4 x 1 GB 666 MHz Kingston
HDD: Seagate barraCuda 7200 rpm 500 GB
Graphics Cards: Nvidia GForce 8600 GTS

Table 5.9. Specifications of the DUT used in CS.1

Concerning the set of measures to be used in this case study, on the one hand
we can identify the energy consumption obtained by the measuring
instrument, and on the other hand, the measurements obtained from the use of
the SonarCloud tool, such as the Total Lines of Code (TLOC), the Cyclomatic
Complexity (CC), the Percentage of Comments in the Code (PCC), and the
Percentage of Duplicate Code lines (PDC) (Activity A2.3).
Phase III. Measurement Environment Preparation
Before starting to measure, it is checked that no other software is running in the
background. If any process or software not related to the software entity to be
analyzed is running, it must be closed (Activity A3.1).
Another aspect to be defined in this phase is the number of repetitions to be
performed for each measurement of a test case (Activity A3.2). We consider that
each test case should be measured 20 times, since being in a controlled
environment is enough to mitigate the effect of other processes that may be
executed at the same time.
Once it has been established, the DUT is configured, and the installation of
the chosen software entity is carried out (Activity A3.3). Apache Hadoop can be
set on a single machine, called a Single Node or Pseudo-Distributed Cluster,
simulating a complete cluster environment for testing Hadoop applications; to
do this it uses its HDFS module, which is a distributed file system that provides
high-performance access to application data. It can also be run on different
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machines in a distributed manner, which is known as a Multi-Node or Fully
Distributed Cluster. In our case study, where we seek to carry out real
measurements of energy consumption, we have chosen to configure it on a
single machine (Pseudo-Distributed Cluster).
Phase IV. Perform the Measurement
In this phase, power consumption measurements will be made for each of the
Apache Hadoop test cases defined (Activity A4.1). The measuring instrument
used is the EET device. This measuring instrument provides information on the
power consumption of the following hardware components of the DUT:
processor, hard disk, graphics card, and the total electrical consumption of the
DUT.
After the execution of each test case, the results of the energy measurement
are recorded in a log file, see Figure 5.9 (Activity A4.2).

Figure 5.9. Excerpt of a log file of Apache Hadoop's energy measurement

generated by the EET device in CS.1

Phase V. Test Case Data Analysis
During this phase, the analysis of the energy consumption data for each of the
test cases is carried out; the ELLIOT analysis tool will be used in this phase. The
first activity is the preparation of the raw data, which has been obtained from
the EET device in the previous phase. In this activity, the average values of each
of the measurements of the Apache Hadoop test cases are calculated. The
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outliers are also identified and eliminated, and the values obtained are checked
to ensure they are valid (Activity A5.1).
Once the data have been processed and prepared, the descriptive statistics of
the values obtained are calculated (Activity A5.2), as can be seen in Figure 5.10.

Figure 5.10. Data analysis of a test case with ELLIOT tool in CS.1

Phase VI. Software Entity Data Analysis
In this phase, the results obtained for each of the software entities analyzed
(versions of Apache Hadoop) are compared (Activity A6.1). As we can see in
Figure 5.11, the power consumption increases in the most recent versions, in
both test cases.

Figure 5.11. Energy consumed by each version of Apache Hadoop in CS.1
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With the results of energy consumption obtained, the next step will be to
analyze the differences that exist between each of the versions, seeking to
determine why the consumption increases in the newest versions of the
software (Activity A6.2).
Phase VII. Reporting the results
Finally, all the results obtained, along with the process followed to achieve
them, are documented (Activity A7.1). In addition, the laboratory package1 of the
study is created, so that it can be analyzed and replicated by other researchers
(Activity A7.2). The LP includes all the raw data obtained from EET and the
information processed by the ELLIOT tool. Also attached are the templates filled
in with the information from the study that has been carried out.

5.2.1.5.

Case study analysis and lessons learned

After applying the GSMO and the GSMP to carry out software energy
consumption measurements with a measuring instrument that follows a
hardware-based approach such as EET, we can draw the following conclusions:
•

The use of the tables and the diagram defined with the GSMO ontology
allowed us to identify and clarify the key concepts needed to measure
the energy consumption of software. In addition, the use of GSMO
improves the understanding of all roles involved in the measurement,
since it makes data collection more visually.

•

The application of the GSMP process in this case study means that we
can demonstrate that GSMP serves as a guide in the activities that must
be followed to carry out the measurement and analysis of the software
energy consumption. Moreover, the use of this process helps to have
greater control over the measurements performed, since it enables us to

1

(https://zenodo.org/record/3669902#.XkpanS1DlhE)
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identify when a measurement is incorrect, or whether it is necessary to
repeat the measurements, ensuring the reliability and consistency of
these.
Taking into account the findings and answering the research questions
defined for this case study (SRQ 2 and SRQ 3), therefore, we can conclude that
both GSMO and GSMP provide great support for the measurement and analysis
of the software energy consumption when using a measuring instrument that
follows the hardware-based approach.

5.2.1.6.

Limitations of the case study

The main limitation of this case study has to do with the fact that GSMO and
GSMP were applied only by members of the Alarcos Research Group, who
already had previous experience in measuring software power consumption
using the EET measuring instrument, so the application of GSMO and GSMP
could have been quite straightforward for them.
That being so, and bearing in mind the research goal and the main limitation
of this case study, we plan to carry out more case studies involving external
roles to help us identify possible difficulties in the application of the ontology or
process.

5.2.2. Case Study 2. Using a software-based approach
In this case study, the instantiation of the GSMO ontology and the GSMP process
application will be adapted to the empirical study presented by Chandra et al.
[96], whose objective is to evaluate the energy efficiency of programming
languages, using a software tool to estimate energy consumption.
Our purpose is to demonstrate that both the ontology and the process
proposed are valid for any study with software energy consumption
measurements, regardless of the approach followed. To conduct this study we
have used the information provided by the authors of the document [96].
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5.2.2.1.

Design

The design was the same as in Case Study 1: multiple cases - holistic and is
based on the same research questions, as it is one of the case studies to which
the GSMO and the GSMP framework FEETINGS were applied to facilitate the
measurement of the software energy consumption.

5.2.2.2.

Subject and analysis units

In this case study, the application of the ontology and the process defined in
FEETINGS for the energy measurement of different programming languages,
using the Joulemeter measurement instrument, was evaluated.
The analysis units are the GSMO ontology, the GSMP process, and the energy
consumption of different programming languages.

5.2.2.3.

Field procedure and data collection

The field procedure and data collection of this case study were the same as in
CS 1, which are closely related to the activities, roles, and templates of the GSMP,
and the tables and diagrams defined with the GSMO.

5.2.2.4.

Intervention in case study

The following subsections set out in detail the application of GSMO and GSMP
in this case study.
5.2.2.4.1 GSMO instantiation for CS 2.
Figure 5.12 illustrates the instantiation of the GSMO ontology extension for this
case study. The energy consumption of three programming languages
(Software Entity Class), which are: Visual Basic, Java and C#.Net (Software
Entity) was analyzed. Four sorting algorithms (Test Cases) have been
implemented with each of these programming languages. The Joulemeter tool
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[53] (Measuring instrument) was used to measure the energy consumption
when executing each test case in the languages developed.

Figure 5.12. CS.2 GSMO instantiation

This instantiation has been carried out through the application of the GSMP
process for this empirical study. The following section describes this
application.
5.2.2.4.2 GSMP application for CS 2.
Phase I. Scope definition
The main goal is to find what particular programming language consumes the
least amount of energy (Activity A1.1 and A1.2). For this purpose, the authors of
this study focused on analyzing the power consumption of three standard
programming languages, namely Visual Basic, Java, and C#.Net. These
programming languages are the software entities that they selected for
evaluation (Activity A1.3).
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They then defined the test cases that would be executed to evaluate the
software entities (Activity A1.4). As test cases, they implemented four sorting
algorithms (Bubble sort, Insertion sort, Selection sort, and Quicksort) in the
different programming languages. Figure 5.13 shows an excerpt of the template
used for the definition of the test cases to be evaluated.

Figure 5.13. Excerpt from the template for defining the test cases in CS.2

Phase II. Measurement Environment Setting
The measuring instrument used is the Joulemeter tool (Activity A2.1) [53]. This
software tool allows the power consumption (in Watts/s) of a system to be
estimated when it is running a software application. The sorting algorithms
implemented in the three programming languages were executed in the DUT
with the following specifications: Intel Core i5 and 4th generation CPU with
Windows 8.1 (Activity A2.2). The baseline energy consumption of the DUT was
not considered in this study. Figure 5.14 presents the definition of the
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measurement environment, including the information about the measuring
instrument, the DUT, and the recorded measurement (Activity A2.3).

Figure 5.14. Template for definition of measurement environment in CS.2

Phase III. Measurement Environment Preparation
The researchers decided that the consumption measurements of each
algorithm in each of the languages should be executed four times on the same
data set (Activity A3.2).
They implemented the four sorting algorithms in the three programming
languages. Secondly, they prepared a set of elements with more than sixty
thousand data, both integers and doubles. The algorithms had to sort this data
set (Activity A3.3).
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Phase IV. Perform the Measurements
They performed four tests with the same data set and took their average; the
aim was to find the average power consumption per second in each
programming language for all the ranking algorithms defined above (Activity
A4.1 and A4.2).
Phase V & VI. Data Analysis
Once each of the algorithms was measured, the values were calculated based
on the power consumption, represented in watts per second (Activity A5.2 and
A6.1). The results they found are that Java is the most energy-efficient
programming language, while Visual Basic 6.0 consumes more energy than the
other two languages used in our study. Moreover, the classification of doubletype data elements consumes more power than the integer type data set
(Activity A6.2).

Figure 5.15. Results obtain in CS.2

Phase VII. Reporting the results
The researchers reported the results found in their paper [96] (Activity A7.2).
However, the authors did not indicate whether they had made a laboratory
package that would enable the empirical study to be replicated.
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Case study analysis and lessons learned

The results of this case study are similar to those obtained in Case Study 1.
GSMO and GSMP were applied for the software energy consumption
measurement, but in this case, a measuring instrument following the softwarebased approach has been used.
The main result of this case study is that both the ontology and the process
support the measurement when using a software-based measuring instrument.
We can therefore conclude that GSMO and GSMP are comprehensive, and useful
for the evaluation of the energy consumed with this measurement approach.

5.2.2.6.

Limitations of the case study

In this case study an adaptation of a study already carried out has been
carried out, aiming to check that GSMO and GSMP could be adapted to a
software-based measurement instrument.
The main limitation is that, not having the measurement instrument used,
we have not been able to replicate the empirical study in our laboratory, and
thus compare if there was any difference.

5.3. FEETINGS Validation
In this section, we present two cases studies using the artifacts (GSMO, GSMP,
EET, and ELLIOT) that are part of the FEETINGS framework, in order to answer
the general research question (GRQ), and to demonstrate that FEETINGS as a
whole is suitable for the reliable capture, analysis and interpretation of software
energy consumption data.

Figure 5.16. FEETINGS Validation
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The ontology and process defined has been followed for both studies,
indicating in brackets the activity to which it corresponds; and the
technological environment, which enables accurate measurements of the
energy consumption to be performed, developed as a component of FEETINGS.

5.3.1. Case study 3. Redmine Versions
In this case study, we set out to identify if there is a relationship between
energy consumption and the maintenance of various versions of Redmine
software.

5.3.1.1.

Design

This case study addresses the general research question defined (GRQ - Is EET
capable of obtaining accurate measurements as compared to a validated
measuring instrument?), in the effort to demonstrate that FEETINGS satisfies
the requirements for which it was developed.
The type of design of our case study is one of many cases - holistic, following
the approach presented by Yin [38]. Since the FEETINGS framework has been
applied in the context of two case studies (CS.3), and the one described in the
following section (CS.4).

5.3.1.2.

Subject and analysis units

FEETINGS framework, including all its components, was used to carry out the
measurement and analysis of the energy consumption of the different selected
versions of Redmine software.
The analysis units are FEETINGS, with its components, and the power
consumption of the different versions of Redmine.
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Field procedure and data collection

The field procedure and the data collection for the case study are closely related
to the activities, roles, and templates of the GSMP, and the tables and diagrams
defined with the GSMO ontology.
Furthermore, the data that have been extracted by the EET measuring
instrument and processed and analyzed by ELLIOT.

5.3.1.4.

Intervention in case study

The following subsections describe in detail the empirical validation that was
carried out to validate FEETINGS.
Phase I. Scope definition
The main objective is to analyze whether there is a relationship between the
energy consumption of the software when it is running and its maintenance.
To achieve this, a quasi-experiment was planned to discover the relationship
that different maintenance measures have with energy consumption. (Activity
A1.1 & A1.2).
Once the goal has been defined, it is determined that the software entity class
to be analyzed will be Redmine2 , a tool for software project management that
allows users to follow up and control multiple projects simultaneously. After
choosing the software entity class, it is necessary to select the Software Entity,
which is the software that is to be characterized by measuring its attributes. In
this study, we have chosen different versions of Redmine (Activity A1.3). In
order to have a sample representative enough of, on one hand, the evolution of
Redmine and, on the other hand, the influence of maintainability on the energy
consumption, four different versions of Redmine were selected, according to a
series of criteria: (i) all the versions had to include at least the same

2

https://www.redmine.org
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functionalities; (ii) the source code had to be available for its analysis and
execution; and (iii) between each of the versions chosen the launch dates had
to be sufficiently separate in time for the needed evolution to take place. Table
5.10 shows the set of versions of Redmine chosen and their main features.

ID

SW product

Last Modified

Rails version

Ruby version

Database

SW1 Redmine 2.5.1

Mar. – 14

3.2.16

1.9.3

MySQL 5.5

SW2 Redmine 3.2.0

Dec. – 15

4.1.7

2.0.0

MySQL 5.6

SW3 Redmine 3.4.3

Sep. – 17

4.1.7

2.3.5

MySQL 5.6

SW4 Redmine 3.4.6

Jun. – 18

4.1.7

2.3.6

MySQL 5.6

Table 5.10. Software Entity selected in CS.3

The next activity to be carried out in this phase is the creation of test cases
to be executed (Activity A1.4). In this study, we have defined four different test
cases. With the selected test cases, we consider that we comply with a high
level of code coverage, including also the main functionalities of Redmine.
•

Creation of a new project: with the role of administrator, create a new
project, by entering the necessary data. These data are the name of
the project, an identifier and a description.

•

Creation of a new user: with the role of administrator, register a new
user, filling in information such as the identifier, first name and
surname, email, and ticking the option of an automatic generation of
a password.

•

Creation of a new task: as user, create a new task in a project created
previously. The task must be completed, along with the description of
this task, as well as its type, its status, and the person assigned to the
task.
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Simulation of progress: as user, conduct a simulation of how a task
would progress, modifying the percentage of completion and the
number of hours to be taken. The Gantt diagram is also consulted.

Phase II. Measurement Environment Setting
The next step is to set up the measurement environment. The measurement
instrument used, as mentioned above, is EET for performing the energy
consumption measurements, and ELLIOT for the analysis of the data obtained
by EET. We have also used the SonarCloud platform3 in the evaluation of the
software maintainability; this platform is a cloud service for the ongoing
inspection of code quality. It supports a great quantity of programming
languages,

offering

detailed

information

on

software

maintainability

measurements, amongst these being the ones used in our analysis, and which
are set out in detail later in this work (Activity A2.1).
The different versions of Redmine will be executed in a DUT to be evaluated.
The configuration of the DUT used to run the test is shown in Table 5.11. As may
be observed in the specifications, the DUT is a PC with a configuration that is
conventional in this type of computers. A DUT without special capacities for
processing or storage is chosen so that the results will be more generalizable,
since the computer is similar to those in normal use.
Operating System

Xubuntu 16.04.2 LTS
Motherboard: Asus M2N-SLI Delux
Processor: AMD Athom x2 6000+

Hardware

RAM: 4 x 1 GB 666 MHz Kingston
HDD: Seagate barraCuda 7200 rpm 500 GB
Graphics Cards: Nvidia GForce 8600 GTS

Table 5.11. Specifications of the DUT used in CS.3

3

www.sonarcloud.io

134

FEETINGS: Framework for Energy Efficiency Testing to Improve eNvironmental Goals
of the Software

The next activity (Activity 2.3) is to decide on the variables to be used to carry
out the experiment. The independent variables are the measures used in the
evaluation of the maintainability of the software analyzed, which will be
obtained using the SonarCloud. The maintainability measures are: Total Lines

of Code – TLOC (M1), the Cyclomatic Complexity – CC (M2), the Percentage of
Comments in the Code – PCC (M3), and the Percentage of Duplicate Code lines
– PDC (M4).
The dependent variable is the energy used. To calculate it, we will use: Power

Consumptions – PC (M5), obtained with EET, and the Execution Time – ET (M6).
With these two measures, we obtain the value of the dependent variable, named

Energy Consumption – EC (M7), calculated as M7= M5*M6.
The Energy Consumption (M7) is going to be refined in four measures (one
for each hardware device), by which EET allows us to obtain the value M5 for
consumption, calculated using the ET (M5), and the PC value (M6) for each
consumption sensor of the EET: PCProc (power consumption of the processor),

PCHdd (power consumption of the hard disc), PCGraph (power consumption of
the graphics disc) and PCTotal (total power consumption). We will therefore
have the following measures associated with M7 (EC): ECProc=(PCProc/ET),

ECHdd=(PCHdd/ET), ECGraph=(PCGraph/ET) and ECTotal=(PCTotal/ET).
Based on the measures selected in the design of the empirical evaluation, and
in order to answer the defined research question, the following hypotheses
have been defined. Each of the hypotheses will be studied for the four variables
of energy consumption in which the M7 measure has been refined.
•

H10, Null Hypothesis: The software Energy Consumption (M7 - ECProc,
ECHdd, ECGraph and ECTotal) is not affected by the maintainability
measure of Total Lines of Code (M1).

•

H11, Alternative Hypothesis: The software Energy Consumption (M7 ECProc,

ECHdd,

ECGraph

and

ECTotal)

is

affected

maintainability measure of Total Lines of Code (M1).

by

the
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H20, Null Hypothesis: The software Energy Consumption (M7 ECProc, ECHdd, ECGraph and ECTotal) is not affected by the
Cyclomatic Complexity measure (M2).

•

H21, Alternative Hypothesis: The software Energy Consumption (M7 ECProc, ECHdd, ECGraph and ECTotal) (M2) is affected by the
Cyclomatic Complexity measure (M2).

•

H30, Null Hypothesis: The software Energy Consumption (M7 ECProc, ECHdd, ECGraph and ECTotal) is not affected by the
maintainability measure of Percentage of Comments in the Code
(M3).

•

H31, Alternative Hypothesis: The software Energy Consumption (M7 ECProc,

ECHdd,

ECGraph

and

ECTotal)

is

affected

by

the

maintainability measure of Percentage of Comments in the Code
(M3).
•

H40, Null Hypothesis: The software Energy Consumption (M7 ECProc, ECHdd, ECGraph and ECTotal) is not affected by the
maintainability measure of Percentage of Duplicate Code Lines (M4).

•

H41, Alternative Hypothesis: The software Energy Consumption (M7 ECProc,

ECHdd,

ECGraph

and

ECTotal)

is

affected

by

the

maintainability measure of Percentage of Duplicate Code Lines (M4).
Phase III. Measurement Environment Preparation
Before the measurement is begun, it is checked that no other software is
running in the background All the different services that are included in the
operative system are deactivated. These services, such as updates, virus scans,
etc. are ones which run automatically, and they may add noise to the
measurements. (Activity A3.1).
To ensure the consistency of the measures undertaken, the execution of the
test cases will be repeated 20 times for each of the defined test cases (Activity
A3.2). As this is a controlled environment, the 20 measurements are usually of
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a sufficiently large sample size so that the impact of outliers can be mitigated
(as is the case, for example, with energy consumption that is dedicated to
operating system tasks). After that, the version of Redmine that is to be
analyzed is installed (Activity A3.3).
Phase IV. Perform the Measurement
In this phase, power consumption measurements will be made for each of the
defined Redmine test cases (Activity A4.1). The measuring instrument used is
the EET device. After the execution of each test case, the results of the energy
measurement are recorded in a log file, (Activity A4.2).
Phase V. Test Case Data Analysis
In this phase, the analysis of the energy consumption data of each of the test
cases is performed. Firstly, it is the preparation of the raw data, which has been
obtained from the EET in the previous phase. In this activity, the average values
of each of Redmine's test case measurements are calculated (Activity A5.1).
Once the data have been processed and prepared, the descriptive statistics of
the values obtained are calculated (Activity A5.2). Table 5.12 – 5.20 show the
impact on energy consumption recorded by EET for each of the functionalities
demonstrated in the test cases, along with the differences in the mean energy
consumption that exists between each of the versions.
Redmine Versions
Redmine
2.5.1

Redmine
3.2.0

Redmine
3.4.3

Redmine
3.4.6

ECProc

67.27

120.11
(+78.55%)

122.74
(+2.19%)

128.04
(+4.32%)

ECHdd

383.68

415.30
(+8.24%)

416.28
(+0.24%)

443.21
(+6.47%)

ECGraph

31.59

39.70
(+25.66%)

34.76
(-12.43%)

34.09
(-1.94%)

ECTotal

2215.20

3507.39
(+58.33%)

3894.39
(+11.03%)

3964.20
(+1.79%)

Table 5.12. Energy consumption of Test Case A in CS.3
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Redmine
2.5.1

Redmine Versions
Redmine
Redmine
3.2.0
3.4.3

Redmine
3.4.6

ECProc

97.01

109.27
(+12.63%)

112.84
(+3.27%)

122.13
(+8.23%)

ECHdd

356.78

365.62
(+2.48%)

356.01
(-2.63%)

375.33
(+5.43%)

ECGraph

29.18

34.36
(+17.75%)

28.04
(-18.40%)

32.10
(+14.48%)

ECTotal

2831.50

3195.66
(+12.86%)

3352.10
(+4.90%)

3412.64
(+1.81%)

Table 5.13. Energy consumption of Test Case B in CS.3

Redmine Versions
Redmine
2.5.1

Redmine
3.2.0

Redmine
3.4.3

Redmine
3.4.6

ECProc

128.72

137.02
(+6.45%)

155.95
(+13.82%)

190.80
(+22.34%)

ECHdd

463.15

448.92
(-3.07%)

628.12
(+39.92%)

527.73
(-15.98%)

ECGraph

41.59

41.49
(-0.22%)

49.89
(+20.24%)

43.88
(-12.05%)

ECTotal

3631.32

3776.43
(+4.00%)

4358.03
(+15.40%)

5951.85
(+36.57%)

Table 5.14. Energy consumption of Test Case C in CS.3

Redmine Versions
Redmine
2.5.1

Redmine
3.2.0

Redmine
3.4.3

Redmine
3.4.6

ECProc

100.07

124.61
(+24.52%)

127.00
(+1.92%)

127.84
(+0.66%)

ECHdd

345.56

397.61
(+15.06%)

414.04
(+4.13%)

394.64
(-4.69%)

ECGraph

30.81

35.75
(+16.05%)

34.07
(-4.71%)

33.09
(-2.88%)

ECTotal

2815.26

3372.84
(+19.81%)

3956.45
(+17.30%)

3369.25
(-14.84%)

Table 5.15. Energy consumption of Test Case D in CS.3
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With the results of the energy consumption listed for each of the four test
cases that had been defined we can see that:
•

The energy consumption of the processor (ECProc) increased in each
version for the four test cases proposed. It was between version 2.5.1
and version 3.2.0 that there was most variation of the ECProc; it
reached more than 78% in Test Case A.

•

The values of energy used by the hard disc (ECHdd) and the graphics
card (ECGraph) do not seem to follow any pattern, since the values do
not increase in any of the versions; in others they decrease.

•

The total energy consumption (ECTotal) increased in all the versions
of the four test cases (between 5% and 58% more), except in Test Case
D, where the energy consumption in the latest version fell (almost 15%
less) with respect to the one that preceded it.

•

Another aspect to bear in mind is that in Test Case C (Create a new
task), the consumption values of ECProc and ECTotal suffered a
greater variation (of +22% and +36%, respectively) between version
3.4.6 and 3.4.3 than there was between the other versions, in spite of
the fact that, if we look at the data obtained by SonarCloud, the
differences between both versions were actually quite small.

The maintainability values that were extracted from the SonarCloud tool for
each of the chosen versions of Redmine are shown in Table 5.16.
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Redmine Versions
Redmine
2.5.1

Redmine
3.2.0

Redmine
3.4.3

Redmine
3.4.6

TLOC (M1)

109005

128677
(+18.05%)

138321
(+7.49%)

138792
(+0.34%)

Cyclomatic Complexity
(M2)

13709

13988
(+2.04%)

15132
(+8.18%)

15181
(+0.32%)

% of comments (M3)

12.50%

10.40%
(-16.8%)

10.10%
(-2.88%)

10.11%
(+0.1%)

% of duplications (M4)

13.10%

24.60%
(+87.79%)

20.80%
(-15.45%)

20.70%
(-0.48%)

Table 5.16. Redmine maintainability measurements in CS.3

Phase VI. Software Entity Data Analysis
In this phase, the results obtained for each of the software entities analyzed
(versions of Redmine) are compared (Activity A6.1). For this experiment, the
energy consumption of the four test cases executed has been added up to
calculate the total consumption of the software evaluated. The values of Energy
Consumption for each of the Redmine versions when the test cases are run can
be found in Table 5.17.
Redmine Versions
Redmine 2.5.1

Redmine 3.2.0 Redmine 3.4.3 Redmine 3.4.6

ECProc

393.08

491.01
(+24.91%)

518.54
(+5.61%)

538.81
(+3.91%)

ECHdd

1549.18

1627.45
(+5.05%)

1814.46
(+11.49%)

1740.91
(-4.05%)

ECGraph

133.17

151.31
(+13.62%)

146.76
(-3.01%)

143.16
(-2,45%)

ECTotal

11493.27

13852.33
(+20.53%)

15560.97
(+12.33%)

16697.93
(+7.31%)

Table 5.17. Energy consumption of Redmine’s versions in CS.3
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From the results obtained for the maintainability measurements of the four
versions (Table 5.16) and the consumption of these versions (Table 5.17 & Figure
5.17), we can observe that:
•

The amount of Total Lines Of Code (M1) and of Cyclomatic Complexity
(M2) increases in each version. However, the Percentage of Comments
in the Code (M3) and of Percentage of Duplicate Code Lines (M4) do not
follow this pattern. The value of M3 has a lower value in all versions
except in the latest one; the M4 values increase in the second version
analyzed but decrease in the following ones.

•

As regards the energy consumption (M7), the ECTotal increased in each
version (between 7% and 20% more). The same thing happens if we
observe the energy consumption values of the processor (ECProc), where
it can be seen that it increased in each of the most recent versions, (a
variation of between 4% and 24%). In addition, the energy consumption
of the hard disc (ECHdd) and of the graphics card (ECGraph) did not
follow the same pattern of increasing in the latest versions. ECHdd has
been increasing right up to version 3.4.6, where the value in this case is
lower: it is around 4%, the same as in version 3.4.3. In the case of ECGraph
there was a large increase (more than 13%) between version 2.5.1 and
3.2.0, but in the following versions the consumption of the graphics card
decreased by around 3% compared to its previous version.

Figure 5.17. Energy consumption for Redmine version in CS.3
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The hypotheses set out above are tested below. To that end, we are going to
study whether the energy consumption (M7) obtained for each of the EET
measurement sensors (ECProc, ECHdd, ECGraph and ECTotal) is affected or not
by the maintainability measurements (M1, M2, M3 y M4) whose values were
obtained by using SonarCloud.
First of all, the mean value of energy consumed was calculated using the data
of Power Consumption (M5) of each of the sensors and the Execution Time (M6)
for each of the chosen Redmine versions.
Subsequently, aiming to find out whether the energy consumption data
followed a normal distribution, a Normal Q-Q plot analysis was carried out.
Once it was demonstrated that the data did indeed have a normal distribution,
a hypothesis check was conducted, using the Pearson correlation coefficient.
The aim was to check whether the maintainability measurement values can be
significant with respect to the energy consumption values. In our hypothesis
test we worked with a significance value of p-level = 0.05.
When all the data of the correlation between the different maintainability
measurements chosen have been analyzed, together with the measurements of
consumption obtained by the different sensors of the measurement device, we
can determine that the consumption values do not follow a pattern between the
different software versions. We can thus affirm that the maintainability
measurements do not affect the consumption of each of the hardware
components to the same extent.
This makes it necessary to analyze the consumption of each hardware
component independently, so that their correlation with the measurement
measures evaluated by the SonarCloud can be seen. The findings are that:
•

There seems to be no correlation between the energy consumption of the
graphics card (ECGraph) and the classic maintainability measurements.

•

There appears to be no correlation between the energy consumption of
the hard disc (ECHdd) and the classic maintainability measurements.
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•

There does seem to be a relationship between the energy consumption
of the processor (ECProc) and the maintainability measurement of TLOC
(M1).

•

There does appear to be a relationship between the energy use of the total
DUT consumption (ECTotal) and the maintainability measurement of
the TLOC (M1).

•

Although it was not possible to prove that there is a correlation between
the cyclomatic complexity (M2) and the consumption, values that were
close were obtained for the processor and the graphics card. Taking
these results into account, new measurements with a greater number of
samples need to be taken in order to confirm if this relationship exists,
to see if there really is an influence between both variables.

In conclusion and taking as a basis the results and analyses carried out, we
can conclude that the TLOC (M1) maintainability measurement is the only one
which, when compared with empirical evidence, affects the energy
consumption of the processor (ECProc) and of the DUT (ECTotal).
Phase VII. Reporting the results
Finally, all the results obtained, and the process followed to achieve them are
documented (Activity A7.1). Furthermore, the laboratory package of the study is
created (Activity A7.2). The LP4 includes all the raw data obtained from the EET
and the information processed by the ELLIOT tool.

4

http://alarcos.esi.uclm.es/sustainabilityandmaintainability
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Case study analysis and lessons learned

In this case study, we aimed at assessing whether FEETINGS is a suitable
framework for the reliable capture, analysis, and interpretation of software
energy consumption data.
As a result, it was possible to observe that FEETINGS allowed a reliable
capture of the consumption data, using EET, and the data were processed and
analyzed with ELLIOT to obtain the necessary information and thus, to satisfy
the objective of the Redmine quasi-experiment, applying the GSMO and GSMP.
Bearing in mind the results obtained, we can determine that FFETINGS has
been validated and that it meets the objectives for which it was defined.

5.3.2. Case study 4. Text Search using Compression
This study was carried out in collaboration with the research group of the
Database Laboratory of the University of La Coruña, due to the large experience
of this group in compression algorithms and the use of search techniques in
compressed texts.

5.3.2.1.

Design

The design was the same as in Case Study 3: multiple cases - holistic, and
this is based on the general research question, as it is one of the case studies
where FEETINGS was used to evaluate software energy consumption.

5.3.2.2.

Subject and analysis units

In this case study, FEETINGS was used to carry out the measurement and
analysis of the energy consumption of the search algorithms in compressed
texts.
The analysis units are FEETINGS, with its components, and the energy
consumption of the search algorithms in compressed texts.
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5.3.2.3.

Field procedure and data collection

The field procedure and data collection of this case study were the same as in
Case Study 3, which are the activities, roles, and templates of the GSMP, and the
tables and diagrams defined with the GSMO ontology. In addition to the data
that have been extracted by the EET measuring instrument and processed and
analyzed by ELLIOT.

5.3.2.4.

Intervention in case study

The following subsections describe in detail the empirical validation that was
carried out to validate FEETINGS.
Phase I. Scope definition
The main objective is to study the energy required when a text collection is
compressed and, more importantly, we measure the energy consumption
involved when searching both compressed and uncompressed text (Activity
A1.1 and A1.2). For this purpose, we focus our experimental evaluation on a
given compressor, namely End-Tagged Dense Code (ETDC) [97], since it is the
best compressor for representing text databases in a compressed form [98, 99]
while still being able to search for words or sentences in the compressed text
without previously decompressing it (Activity A1.3).
In order to perform online searches for single word patterns, three test cases
have been defined for evaluation, forming three sets of patterns of variable
length. These sets of patterns contain 10 words of 5, 10 and >10 characters in
length respectively. Note that, for this study, we did not filter these words by
their frequency.
We search for the ten words in each of our query sets, using Horspool’s
algorithm, both over the ETDC-compressed representation of the dataset, and
over its plain/original version. We also measured the energy consumption
needed to compress the dataset with EDTC (Activity A1.4).
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Phase II. Measurement Environment Setting
The measurement environment to be used to evaluate the energy efficiency of
the software is FEETINGS, using EET to perform the energy measurement, and
ELLIOT to analyze the results obtained (Activity A2.1).
All our test was run on a DUT connected to our EET. The DUT with the
specifications are shown in Table 5.18 (Activity A2.2).
Linux Mint 18.3 Cinnamon 32 bits
Operating System

gcc version 5.4.0
Motherboard: Asus M2N-SLI Delux
Processor: AMD Athlon tm 64 X2 Dual Core 5600+
2.81 GHz

Hardware

RAM: 4 x 1 GB 666 MHz Kingston
HDD: Seagate barraCuda 7200 rpm 500 GB
Graphics Cards: Nvidia GForce 8600 GTS

Table 5.18. Specifications of the DUT used in CS.4

The measure used in this empirical study was the energy consumed when
running the test cases. In this case, the energy consumption of the graphics
card, the processor, the hard disk and the total DUT.
Phase III. Measurement Environment Preparation
Before starting to measure, it has to be established that no other software is
running in the background. If any process or software not related to the
software entity to be analyzed is running, it must be closed (Activity A3.1).
Each test case was repeated 20 times and then averaged. In a controlled test
environment, 20 measurements are usually a sufficient sample size to mitigate
the impact of outliers (such as energy consumption devoted to operating
system tasks).
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Once it has been checked, the DUT is configured, and the preparation of the
software entity selected is carried out (Activity A3.3). We used a text collection
from [97] composed of a small text named Calgary [99], and several text
collections from TREC-2 and TREC-4 (AP Newswire 1988, Ziff Data 1989-1990,
Congressional Record 1993, and Financial Times from 1991 to 1994). The size of
the dataset is around 1,030 MiB, and when processed with ETDC, the vocabulary
obtained has 886,190 different words.
Phase IV. Perform the Measurements
Once the DUT and EET had been configured, energy consumption
measurements were carried out for each of the test cases defined (Activity A4.1).
The energy measurement results obtained were recorded in a log file to be
analyzed with the ELLIOT software tool (Activity A4.2).
Phase V. Test Case Data Analysis
First of all, the preparation of the raw data, which has been obtained from the
EET. The mean values of each of the measurements of the defined test cases
was calculated, and the values obtained were found to be valid (Activity A5.1).
Once the data have been processed and prepared, the statistics descriptive of
the values obtained are calculated (Activity A5.2). In Table 5.19 and Table 5.20,
we show both the average time and the average energy consumption
corresponding to searches performed on the original text and on the text
compressed with ETDC. It should be recall that we use the three query sets
discussed above, corresponding to ten patterns of 5, 10, and >10 characters in
length, and our times include the overall time corresponding to ten Horspool
searches for those ten patterns.
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Uncompressed Text
Pattern
length

Time (s)

5

Energy Consumption (W·s)
HDD

GPU

CPU

DUT

28.78

470.79

43.17

153.39

4120.08

10

25.17

411.43

36.86

132.29

3647.17

>10

23.87

390.89

34.79

126.29

3465.62

Table 5.19. Results over uncompressed text in CS.4

Text compressed with ETDC
Pattern
length

Time (s)

5

Energy Consumption (W·s)
HDD

GPU

CPU

DUT

14.04

230.18

20.53

62.71

1817.83

10

13.00

212.79

19.48

56.50

1684.84

>10

13.54

221.70

18.66

56.35

1771.77

Table 5.20. Results over text compressed with ETDC in CS.4

We also take into account the energy consumption involved when
compressing the original text. Table 5.21 shows the average time (for 20
repetitions), and the average energy consumption (and time) required to
compress our dataset with ETDC.

Compression with ETDC
Time (s)

53.24

Energy Consumption (W·s)
HDD

GPU

CPU

DUT

876.88

78.94

320.71

6867.21

Table 5.21. Results of compression with ETDC in CS.4
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Phase VI. Software Entity Data Analysis
Once the energy consumption data for all test cases have been calculated
(Activity A6.1). We can extract the following conclusions (Activity A6.2):
•

The energy needed when searches are performed on uncompressed text
is larger than the amount of energy needed when we perform the same
searches on text compressed with ETDC. In particular, we show that the
savings for the HDD vary from 43% to 51%. In the case of the GPU, the
savings vary from 46% to 53%, whereas for the processor, savings range
from 55% to 59%.

•

The total consumption savings drawn from the DUT range from 49% to
56%. This permits us to conclude that, as expected, it is more energyefficient to perform searches on text compressed with ETDC than on
uncompressed text.

In Figure 5.18, we include plots comparing the measured consumption
values, focusing only on the processor and the PSU.
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Figure 5.18. Difference of energy consumption between text compressed with

ETDC and over plain text in CS.4

As regards search performance, the search time is also lower in the
compressed scenario (in practice, our compressed searches require from 43% to
51% less time). When we compare how the search times vary with respect to the
pattern length, we can see that, with respect to uncompressed text, the longer
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the pattern, the faster the search is performed, and consequently less energy is
required.
Regarding the energy consumption dedicated to compressing the original
text, we can observe that it is equivalent to the consumption of performing
twenty searches within the uncompressed text. Similarly, from the point of
view of energy efficiency, if someone is going to search for more than 40 words
over a large text dataset, it is worth keeping the text compressed with ETDC,
and carrying out the searches on this compressed text. This can typically lead
to savings of around 50% compared to performing the same searches over the
original plain text.
Phase VII. Reporting the results
The results obtained in this study were reported in the paper [100]. In addition,
an LP5 was created that includes the raw and processed data so that they can
be reviewed and analyzed.

5.3.2.5.

Case study analysis and lessons learned

The results of the use of FEETINGS in this case study are similar to those
obtained in case study 3.
In view of the results obtained in both case studies, therefore, we can confirm
that FEETINGS is a framework that works in favor of the reliable capture,
analysis, and interpretation of software energy consumption data.

5.4. Discussion on the validation
In this section, the most outstanding findings and implications of the
application of FEETINGS in the studies carried out are highlighted.

5
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5.4.1. Principal Findings
The empirical validation presented in the previous sections sets out to validate
and perfect the FEETINGS framework.
After analyzing the results and the feedback obtained through the studies,
therefore, we have reached the following main findings:
•

In the QE.1 experiment, it was demonstrated that the measuring
instrument developed (EET) makes it possible to obtain more realistic
values on the software energy consumption. The results were also
compared with another measuring instrument, obtaining very
similar results, which enable us to validate that this artifact works
correctly.

•

In the CS.1 and CS.3, it is shown that the defining of the ontology
(GSMO) and the process (GSMP) simplifies the carrying out of the
software energy consumption measurements, since they serve as a
guide when carrying out this type of studies, regardless of the
measurement approach followed.

•

Finally, the case studies CS.4 and CS.5 validated that all the
components that FEETINGS is made up of comply with the objectives
proposed, enhancing the reliability of the capture, analysis and
interpretation of energy consumption data from software.

5.4.2. Implications for Research and Practice
The findings of this validation may very well huge repercussions for
researchers and practitioners in the area of software sustainability.
From the point of view of researchers, FEETINGS could be a starting point for
innovative research in the field of software sustainability. The scope of
FEETINGS is very broad due to its different components. On one hand, the GSMO
ontology establishes a terminology that allows researchers to have a common
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vocabulary related to software energy measurement. On the other hand, the
GSMP process enables researchers to obtain greater control over the
measurements made, guaranteeing the reliability and consistency of these. It
also means that the studies carried out can be easily replicated, and the results
obtained are comparable with those of other studies. Finally, FEETINGS also
provides a technological environment that allows researchers to obtain more
realistic software energy consumption measurements with which conduct
their experiments.
From the point of view of software practitioners, this framework helps them
to be aware that there are processes and tools to evaluate the energy efficiency
of the software applications they develop. They can thus develop software that
is environmentally-friendly. Furthermore, based on the results obtained from
the empirical studies carried out to validate FEETINGS, some conclusions can
be reached that may be useful for the practitioners:
•

The most efficient sorting algorithm, in terms of energy, is Quicksort,
followed by Bubble sort. In contrast, the most energy-demanding is
the Insertion sort algorithm.

•

To implement these sorting algorithms, the most energy-inefficient
programming language is Visual Basic. However, with Java and
C#.Net implementations the results are more similar.

•

In the two test cases tested, version 3.0.3 of Apache Hadoop consumed
more energy than version 2.2.

•

For the Redmine software, after analyzing different versions and
performing an analysis of the relationship between its energy
consumption and maintenance measures, we can conclude that the
Total Lines of Code (TLOC) maintainability measurement affects the
energy consumption of the processor and the DUT. This experiment
should be carried out with more, and different, software in order to
generalize this finding.
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•

Finally, the findings show that text compression not only reduces
search space and time, but also leads to lower energy consumption.

From these empirical studies carried out, practitioners can obtain information
about sorting algorithms, Redmine, etc., but this same procedure can be applied
to the measurement of any software, and in any context (distributed systems,
cloud, client-server...), to obtain information about its behavior in terms of
energy consumption. This information can be provided to practitioners by
giving indications of the implications that certain practices may have on the
software energy consumption.

CHAPTER VI

6 CONCLUSIONS
This chapter presents and evaluates the final results obtained from the
development of this Doctoral Thesis.
An analysis of the achievement of partial objectives and the main goal
defined at the beginning of this Doctoral Thesis is presented, along with the
publications realized. After that, the main contributions developed in the thesis
are provided. Finally, some future research lines are addressed.

6.1. Analysis of Research Goals
The need to analyze and evaluate the energy efficiency of software, in the quest
develop more environmentally-friendly software, has grown in recent years,
due in large measure to the increasingly significant growth of software in our
daily life.
Bearing this in mind, this Doctoral Thesis proposes a framework that allows
researchers to analyze energy efficiency as they seek to improve the
environmental objectives of the software. This framework, called FEETINGS,
consists of three main elements. First, an ontology (GSMO) that provides precise
definitions of terms related to the measurement of software energy
consumption. Second, a process (GSMP) to guide researchers in performing
software energy consumption measurements. And finally, a measuring
instrument to obtain more realistic energy consumption measurements (EET),
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and a software tool that processes and analyzes the data collected by the
measuring instrument (ELLIOT).
In the introductory chapter, the hypothesis and the main goal of this Doctoral
Thesis were presented. The main goal is therefore the following:

The definition and validation of a framework to promote the
reliability of the capture, analysis and interpretation of software
energy consumption data.
To achieve this main objective, a set of partial objectives were defined, the
aim being for these to be achieved during the development of this Doctoral
Thesis. These partial objectives and their achievement are examined below.
PO1. To know the current state of Green Software research, as well as the
existing measuring instruments for capturing software energy consumption,
along with the standards or methodologies that guide software energy
consumption assessment.
In Chapter III, a meticulous study of the state of the art of Green Software
was presented; in that endeavor to discover the state of the art, a bibliometric
study was conducted. This provided us with a general snapshot of how research
on Green and Sustainable Software has evolved. After obtaining this, an
analysis was made of the current software energy consumption measurement
instruments, classified according to their approach. Finally, a study of the
proposed software measurement frameworks and standards was carried out;
these included methods for measuring the energy consumed by the software.
We therefore consider that this objective has been achieved, since this analysis
showed us how we can contribute to the research community by developing a
framework for the analysis of the energy efficiency of software.
PO2. To establish conceptual support for understanding and organizing the
concepts

and

terms

associated

with

software

energy

measurement, as well as the relationships between them.

consumption
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In Section 4.1 of Chapter IV, the conceptual component of FEETINGS is
presented. This component is composed of Green Software Measurement
Ontology (GSMO), which aims to establish and clarify the key elements of
software energy consumption measurement. We consider that with the
definition of GSMO this objective has been achieved.
PO3. To define a process that would guide researchers in the measurement of
software energy consumption, a process that establishes a set of phases,
activities, and roles which would provide a more systematic way of working
in this type of studies.
In Section 4.2 of Chapter IV, we describe the Green Software Measurement
Process (GSMP), which is a process for analyzing the energy consumed by the
software when it is running. This process covers the main phases for carrying
out energy consumption measurements. Our proposal has the ontology (GSMO)
as a basis for its definition. Furthermore, it enables researchers to obtain greater
control over the measurements made, guaranteeing the reliability and
consistency of these. It also means that the studies carried out can be easily
replicated, and the results obtained may be compared with those of other
studies. We thus believe that with the definition of this process this objective is
achieved.
PO4 & PO5. To build a measuring instrument that makes it possible to obtain
accurate data of the energy consumption of software when it is running, and a
software tool that collects and processes energy consumption data obtained
from the measuring instrument.
Section 4.3 of Chapter IV presented the technological environment of
FEETINGS, which is composed of two main artifacts. On the one hand, EET
(Energy Efficiency Tester), which is a measuring instrument, following the
hardware-based approach, and that is responsible for performing a realistic
measurement of software energy consumption. On the other hand, ELLIOT,
which is a software tool, responsible for processing the data collected by EET,
analyzing it, and generating an appropriate visualization of the results. With the
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development of these two artifacts, we consider that both partial objectives are
fulfilled.
PO6. To validate the proposed framework empirically.
Chapter VIII of this Doctoral Thesis contains several empirical studies carried
out to verify and validate FEETINGS and the artifacts built. With these studies,
we consider that the framework has been validated, and therefore that this
objective is covered.
The fulfillment of the aforementioned specific objectives provides support
that enables the general objective of this research to be attained, since this work
provides a process framework that makes possible the analysis of energy
efficiency in the quest to improve the environmental objectives of the software.
The FEETINGS framework consists of a conceptual model, a process and its
activities, and also includes a technological environment for measuring and
analyzing software energy consumption.

6.2. Support for Results
The different contributions and proposals created during this Doctoral Thesis
have been presented in forums related to software engineering. A summary of
the publications achieved, classified by type of publication, is shown in Table
6.1. The publications which are currently at the acceptance stage are marked
with the symbol “+”.
Type of Publication

Papers in International Journals

Number of publications
3+4

Papers in International Conferences

5

Papers in National Conferences

3

Book Chapters

1

Patents and Utility Models

1

Total

13 + 4

Table 6.1. Summary of the publications achieved during this Ph.D. Thesis
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All papers published during the development of this Ph.D. Thesis are shown
by type of publication and by date in descending order in the following subsections.

6.2.1. Publications in International Journals
Reference

Publications

2020-JSS

Mancebo, J., Calero, C., García, F., Brisaboa, N. R., Fariña, A.,
Pedreira, O. (2020). Text compression techniques provide space,
time, and now, energy savings. Journal of Systems and Software.
(Under review). 2018 JCR Impact Factor = 2.559 (Q1)

2020-IST

Mancebo, J., Calero, C., García, F. (2020). A process for analyzing
the energy efficiency of software. Information and Software
Technology. (Under review). 2018 JCR Impact Factor = 2.921 (Q1)

2019-SQJ

Mancebo, J., Calero, C., García, F. (2019). How does maintainability
relate to the energy consumption of software?. Software Quality
Journal. (Under review). 2018 JCR Impact Factor = 2.141 (Q2)

2019-JCP

García-Berna, J.A., Fernández-Alemán, J.L., Carrillo-de-Gea, J.M.,
Toval, A., Mancebo, J., García, F. Calero, C. (2019). Energy efficiency
in personal health records: A commitment to sustainability.
Journal of Cleaner Production (Second round of review). 2018 JCR
Impact Factor = 6.395 (Q1)

2019-TST

Calero, C., Mancebo, J., García, F., Moraga, M. Á., García-Berna, J. A.,
Fernández-alemán, J. L., & Toval, A. (2019). 5Ws of green and
sustainable software. Tsinghua Science and Technology, 25(3),
401-414. 2018 JCR Impact Factor = 1.696 (Q2)

2018-SD

García-Berna, J.A., Fernández-Alemán, J.L., Carrillo-de-Gea, J.M.,
Nicolás, J., Moros, B., Toval, A., Mancebo, J., García, F. Calero, C.
(2018). Green IT and sustainable technology development:
Bibliometric overview. Sustainable Development. 27(4), 613-636.
2018 JCR Impact Factor = 3.821 (Q1)

2018-JSEP

Hernández González, A., Calero, C., Pérez Parra, D. & Mancebo, J.
(2018) Approaching Green BPM characterization. Journal of
Software: Evolution and Process, 31(2), 21-45. 2018 JCR Impact
Factor = 1.305 (Q3)
Table 6.2. Publications in international journals
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6.2.2. Publications in International Conferences
Publications

Reference

2019-GREEN

Mancebo, J., Calero, C., García, F., Brisaboa, N. R., Fariña, A.,
Pedreira, O. Saving energy in text search using compression.
The
Fourth
International
Conference
on
Green
Communications, Computing and Technologies (GREEN).
2019, Nice (France)

2019-EI

Mancebo, J., Guldner, A., Kern, E., Kesseler, P., Kreten, S.,
Garcia, F., Calero, C. & Naumann, S. Assessing the
Sustainability of Software Products — A Method Comparison.
Environmental Informatics (EnviroInfo). 2019, Kassel
(Germany)

2018-UCAmI

Calero, C., Fernández-Alemán, J. L., Mancebo, J., García-Berná,
J. A., García, F., & Toval, A. Energy Efficiency of Personal
Health Records. The 12th International Conference on
Ubiquitous Computing and Ambient Intelligence (UCAmI).
2018, Punta Cana (Dominican Republic)

2018-GREENS

Mancebo, J., Arriaga, H. O., García, F., Moraga, M. Á., de
Guzmán, I. G. R., & Calero, C. EET: a device to support the
measurement of software consumption. The 6th
International Workshop on Green and Sustainable Software
(GREEN). 2018, Gothenburg (Sweden)

2017-BPM

Mancebo, J., Garcia, F., Pedreira, O., & Moraga, M. A. Green
BPMS-Game: tool for business process gamification. Business
Process Management Forum (BPM Forum). 2017, Barcelona
(Spain)
Table 6.3. Publications in international conferences

6.2.3. Publications in National Conferences
Reference

2019-JISBD

Publications
García-Berna, J.A., Fernández-Alemán, J.L., Carrillo-de-Gea,
J.M., Nicolás, J., Moros, B., Toval, A., Mancebo, J., García, F.
Calero, C. Estudio de la sostenibilidad energética en los
portales de Carpeta Personal de Salud. XXIV Jornadas de
Ingeniería del Software y Bases de Datos (JISBD). 2019,
Cáceres (Spain)
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Publications

Reference

2018-JISBD

Mancebo, J., García, F., Calero, C., García-Berná, J. A.,
Fernández-Alemán, J. L., & Toval, A. FEETINGS. Un Marco
para la Sostenibilidad del Software. XXIII Jornadas de
Ingeniería del Software y Bases de Datos (JISBD). 2018, Sevilla
(Spain)

2016-JCIS

Mancebo, J., & García, F. BPMS-Game: Herramienta para la
Gamificación de Procesos de Negocio. XII Jornadas de
Ciencias e Ingeniería de Servicios (JCIS). 2016, Salamanca
(Spain).
Table 6.4. Publications in national conferences

6.2.4. Book Chapters
Publications

Reference

2020-SS

Mancebo, J., Calero, C., García, F. FEETINGS: A Framework for
Energy Efficiency Testing to Improve eNviromental Goals of
the Software. Software Sustainability, Springer. (Estimated

date of publication: February 2021)

2020-SS1

Mancebo, J., Calero, C., García, F. GSMP: A Process for
Analyzing the Energy Efficiency of Software. Software
Sustainability, Springer. (Estimated date of publication:

February 2021)

Table 6.5. Book chapter publications

6.2.5. Patents and Utility Models
Reference

2018-UM

Publications
Piattini, M., Calero, C., García, F., Moraga, M. Á., de Guzmán, I.
G. R., Mancebo, J., Arriaga, H. O., Tabaco, R. Aparato para
medición del consumo eléctrico de equipos informáticos (PC).
Nº Patente: ES 1199234 Y (22/11/2017)
Table 6.6. Patents and utility model publications
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6.2.6. Relationship between the Publications and Objectives
Table 6.7 classifies the publications in relation to the topics addressed to satisfy
the objectives stated in this Ph.D. Thesis.

Objectives
Publications

PO1

PO2

PO3

PO4

PO5

PO6

✓

2020-JSS
2020-IST

✓

✓

2020-SS

✓

✓

✓

✓

✓

2020-SS1

✓
✓
✓

2019-SQJ
2019-JCP

✓

2019-TST

✓

2019-GREEN

✓

2019-EI

✓
✓

2019-JISBD
2018-SD

✓

2018-JSEP

✓

2018-UCAmI

✓

2018-GREENS

✓

2018-JISBD

✓

2018-UM

✓

2017-BPM

✓

2016-JCIS

✓

✓

Table 6.7. Publications classified by objectives of the doctoral thesis

✓
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6.3. Research Contributions
The main result of this research is FEETINGS, a framework to promote reliable
capture, analysis and interpretation of software energy consumption data. The
principal contributions of FEETINGS are listed as follows:
•

FEETINGS resolves the terminological differences that exist in this
research subject by means of the ontology developed (GSMO), which
introduces the key concepts, and their relationships, used in the
measurement of the energy consumed by the software.

•

FEETINGS also provides a process, including participant roles, phases,
and activities (with inputs, outputs, and guidelines), that allows
researchers to have greater control over the measurements made,
guaranteeing their reliability and consistency. It also enables studies to
be easily replicated, and the results obtained to be comparable with those
of other studies. Moreover, from the point of view of software
professionals, this contribution helps them to be aware that there are
processes and tools to evaluate the energy efficiency of the software
applications they develop. They can thus develop software that is
environmental-friendly.

•

In addition, FEETINGS presents a technological environment composed
of EET, a measuring instrument that follows the hardware-based
approach, and ELLIOT, a software tool that processes, analyzes, and gives
an adequate visualization of the data obtained by EET. This technological
environment

provides

accurate

measurements

of

the

energy

consumption that a software has when it is running.
•

Other complementary contributions of this Doctoral Thesis are made to
the knowledge area of Green and Sustainable Software. The study
regarding the state of the art focused on providing knowledge about the
current state of the research on this topic. In addition, a study of the main
approaches

and

instruments

available

for

measuring

energy
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consumption was carried out, and existing methodologies or standards
to support the measurement process of software were also analyzed.

6.4. Future Lines of Research
The development of this Doctoral Thesis is a starting point in the field of energy
efficiency in software, as it provides a framework that makes it possible to carry
out all the activities necessary in the analysis of the energy consumption of the
software. Many lines of future work have therefore been opened thanks to the
FEETINGS framework. Among these lines, we are currently working on, or
planning, the following:
•

To enhance the robustness of FEETINGS validation: as already

mentioned, more experiments should be carried out to replicate the
results observed in the research conducted for this thesis. FEETINGS
should be applied to different projects designed to measure software
energy consumption. These experiments, apart from the providing a
validation of the framework, will let us study how different
characteristics of the software (security, usability, maintainability, etc.)
can affect its energy efficiency.
•

To produce an energy efficiency rating system for the software: : based

on the experience obtained by carrying out various experiments with
FEETINGS, the aim is to define a set of indicators and criteria that will
allow software rating to be compared with similar software products as
regards their energy efficiency or environmental impact. This energy
rating can be implemented through an eco-label, which makes it
possible to identify the most environmentally-friendly software
products.
•

To improve the technological environment: we must continue working

on improving the technological component of FEETINGS, in the effort to
obtain a robust version that can be used in organizations in a reliable and
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stable manner. This future line includes tasks such as improving the EET
measuring instrument, so that it is able to give more detailed information
on energy consumption and with a higher level of granularity (a method
or process level), or a higher level of automation of the measurement and
data analysis process.
•

To develop a measuring instrument farm: we aim to build several

replicas of the EET measuring instrument, so that we can measure the
energy consumption of the software when it is executed in client-server,
distributed or cloud environments.
•

Updating and extending the ontology: this future line of work focuses on

updating and extending the ontology, with the addition of more concepts
that can be found in the literature, thereby aiming to provide a complete
ontology for the measurement of software energy consumption.
•

Enhance the process of analyzing the energy efficiency of the software:

to provide a more detailed definition of all activities and artifacts
included in the process. In addition, the process will be completed with
new guidelines that will make it easier for researchers to implement the
process in their energy consumption measurements.
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A. Acronyms
•

AGR. Annual Growth Rate

•

AP. Additionally Performs

•

API. Application Programming Interface

•

BPM. Business Process Management

•

C. Client

•

CI. Collaboration Index

•

CMP. Multi-Processor Chip

•

CPU. Central Processing Unit

•

DA. Data Analyst

•

DAE. Data Aggregator and Evaluator

•

DoD. Department of Defense United States

•

DSR. Design Science Research

•

DUT. Device Under Test

•

EC. Energy Consumption

•

ECGraph. Energy consumed by the Graphics card

•

ECHdd. Energy consumed by the Hard drive disk

•

ECProc. Energy Consumed by the Processor

•

ECTotal. Total Energy consumed

•

EET. Energy Efficiency Tester

•

EPF. Eclipse Process Framework

•

ERDF. European Regional Development Fund

•

ETDC. End-Tagged Dense Code.

•
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•

GDSM. Goal-Driven Software Measurement

•

GINSENG. Green IN Software systems and software ENGineering

•

GQ(I)M. Goal Question Indicator Metric

•

GQM. Goal/Question/Metric

•

GSMO. Green Software Measurement Ontology

•

GSMP. Green Software Measurement Process

•

HDD. Hard Drive Disk

•

HPC. High-Performance Computing

•

ICSE. International Conference on Software Engineering

•

ICT. Information and Communication Technology

•

IEC. International Electrotechnical Commission

•

IEEE. Institute of Electrical and Electronics Engineers

•

IPG. Intel Power Gadget

•

ISO. International Organization for Standardization

•

ISS. Institute for Software Systems

•

IT. Information Technology

•

JCR. Journal Citation Report

•

JCCM. Regional Government of Castilla – La Mancha

•

LP. Laboratory package

•

MA. Measurement Analyst

•

MAD. Median Absolute Deviation

•

MADN. Median Absolute Deviation from Median

•

MI. Measuring Instrument

•

MICIU. Spanish Ministry of Science, Innovation, and Universities

•

MINECO. Spanish Ministry of Economy, Industry, and Competitiveness

•

MiB. Mebibyte
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•

MP. Measurement Performer

•

MSS. Measurement Support Systems

•

PHR. Personal Health Record

•

PM. Power Meter

•

PO. Partial Objectives

•

PP. Primary Performs

•

PSM. Practical Software Measurement

•

RAM. Random Access Memory

•

SDGs. Sustainable Development Goals

•

SEI. Software Engineering Institute

•

SLR. Systematic Literature Review

•

SMO. Software Measurement Ontology

•

SOS. Sostenibilidad Software

•

SPEM. Software Process Engineering Metamodel

•

SPTO. Spanish Patent and Trademark Office

•

SUSCOM. Sustainable Computing and Systems journal

•

SUT. System Under Test

•

UML. Unified Modeling Language

•

UN. United Nations

•

VIM. The International Vocabulary of Basic and General Terms in
Metrology

•

WG. Workload Generation

•

Wh. Watts per hour

B. Protocols Overview
B.1. Protocol of the bibliometric study on Green and
Sustainable Software
Obtain a general snapshot of the evolution of research in
the area of Green and Sustainable Software

Objective

RQ1. Why is the field of research relevant?
RQ2. When did this take place?
RQ3. What are the general descriptive statics related to the
data set of the study?
RQ4. Who are the main contributors in this area?
RQ5. What are the Statistics related to authorship?
RQ6. Which journals are the most effective as regards
Green and Sustainable Software?

Research
questions

RQ7. Which conferences are the most effective as regards
Green and Sustainable Software?
RQ8. What are the most common keywords in the field of
Green and Sustainable Software?
RQ9. What are the most relevant domains?
RQ10. In which SWEBOK areas, have most research efforts
been undertaken?

Search
strategy

Search
String

(“green* software”) OR ("software green*") OR ("green in
software") OR (“green by software") OR ("green through
software")
OR
("green
requirement*
engineer*")
OR ("engineer* green requirement*") OR ("green* software
develop*") OR ( "software develop* green*") OR ("software
energy*") OR ("sustain* software") OR ("software sustain*")
OR ("sustain* of software") OR ("sustain* in software")
OR ("software for sustain*") OR ("sustain* for software") OR
("Software Engineering for Sustain*") OR ("sustain* in
require* engineer*") OR ("sustain* with software")
OR ("sustain* non-function* require*") OR ("sustain*
requirements") OR ("sustainability indicator software
development")

Period

Between 2000 and 2018

Sources

Scopus
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B.2. Protocol of the systematic literature review on Green
BPM
Evaluate how the subject of Green BPM has evolved and
how the term “Green BPM” has been conceptualized so as
to propose a new definition compiled from those
previously formulated.

Objective

RQ1. How have the published works associated with
Green BPM evolved?
RQ2. How has Green BPM been defined in literature?
RQ3. Which stages of the process life cycle are involved?
Research questions

RQ4. Which management activities are involved?
RQ5. Which Green BPM goals are addressed?
RQ6. In what contexts does Green BPM apply?
RQ7. Which environmental performance indicators
(EPIs) or key environmental indicators (KEIs) are
considered?

Search
strategy

Search
String

(Green OR Sustain*) AND (BPM OR “Business Process
Management”)

Period

Between 1990 and April 2016

Sources

IEEE Digital Library, ACM Digital Library, SpringerLink,
ScienceDirect, Web of Science, Google scholar, MDPI Open Access Publishing Scopus
•

Relevance with regard to research questions.

•

Explicitly mentions the green approach or
sustainability for BPM, even if the term Green
BPM/Green business process management does not
appear.

•

Study in the form of scientific articles, book chapters
or research reports.

•

Study that is not written in English.

•

PhD theses, research reports, event books, event
promotions, class notes, websites, prefaces, or
editorials, because they are not usually subjected to
peer reviews.

•

The full text is not available in electronic format or
has not been accessed.

•

Duplicate studies with equal or different levels of
depth. In the first case, the duplicates are excluded
and in the second, the most comprehensive one is
chosen.

Inclusion
criteria

Study
selection
strategy

Exclusion
criteria

C. GSMO Ontology
C.1. Definition of the terms in the GSMO
Term

Supercon

Definition

Source

Information
need

Concept

An insight necessary to manage
objectives,
goals,
risks
and
problems.

SMO

Measurable
concept

Concept

An abstract relationship between
entity attributes and information
needs.

15939

Attribute

Concept

A measurable physical or abstract
property of an entity, that is shared SMO
by all the entities of an entity class.

Software
entity

Concept

Software that is to be characterized
by measuring its attributes.

SMO

Software
entity class

Concept

The collection of all the entities that
satisfy the determined objective.

Adapted
from SMO

Concept

A
representation
of
the
functionality of the software entity
to be measured.

New

Test Case
Measurement

Concept

A set of energy consumption
measurements of all the runs in a
test case.

New

Measurement

Concept

A set of energy consumption
samples from a single test case run.

Adapted
from VIM

Samples

Concept

Each energy consumption record
taken by a measuring instrument.

New

Device Under
Test (DUT)

Concept

A device where the software entity
to be measured is run.

New

Measure

Concept

A quantitative or categorical
representation of one or more
attributes.

15939

Scale

Concept

A set of values with defined
properties.

14598

Test Case
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Term

Supercon

Definition

Source

Type of scale

Concept

The nature of the relationship
between values on the scale.

15939

Concept

Particular quantity, defined and
adopted by convention, with which
other quantities of the same kind
are compared in order to express
their magnitude relative to that
quantity.

VIM

Measure

A measurement of an attribute that
does not depend on any other
measurement, and is obtained
directly from the measuring
instrument.

SMO

Measure

A measure that is derived from
other base or derived measures,
using a measurement function as
measurement approach.

SMO

Measure

A measure that is derived from
other measures using an analysis
model as measurement approach.

SMO

Measureme
nt approach

A method used to make energy
consumption measurements. (A
measuring instrument can be a
hardware device or a software tool)

Adapted
from VIM

Measurement
function

Measureme
nt approach

An algorithm or calculation
performed to combine two or more
base or derived measures. (A
measurement function is the
measurement
approach
that
defines a derived measure)

SMO

Analysis
model

Measureme
nt approach

Algorithm
or
calculation
combining one or more measures
with associated decision criteria.

SMO

Concept

A procedure for determining the
value of a measurement result (a
measurement approach is a
measurement
method,
a
measurement function or an
analysis model).

SMO

Unit of
measurement

Base measure

Derived
measure

Indicator

Measuring
Instrument

Measurement
approach
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C.2. Relationships in the GSMO
Name

Concepts

Definition

Is
associated
with

Measurable concept
— Information need

A measurable concept is associated with
one or more information needs. An
information need is related to one
measurable concept.

Relates

Measurable concept
– Attribute

A measurable concept relates one or more
attributes.

Has

Software Entity
class – Attribute

A software entity class has one or more
attributes. An attribute can only belong to
one software entity class.

Belongs to

Software Entity –
Software Entity
Class

A software entity belongs to one or more
entity classes. A software entity class may
characterize several software entities.

Has

Software Entity –
Test Case

A software entity has one or more test
cases. A test case can only belong to one
software entity.

Is
performed
from

Test Case
Measurement –

Is run on

Test Case – DUT

Has

Test Case
Measurement –

Test Case

Measurement
Has

Measurement –
Samples

Every test case measurement is performed
from a test case of a software entity.
Every test case is run on a DUT. A DUT can
run several test cases.
A test case measurement has one or more
measurements. A measurement can only
belong to one test case measurement.
A measurement has one or more samples. A
sample can only belong to one
measurement.

Is
performed
from

Sample – Attribute

Every sample is performed on one or more
attribute of an entity (the attribute should be
defined for the software entity class of the
software entity)

Defined for

Measure – Attribute

A measure is defined for one or more
attributes. An attribute may have several
associated measures.

Belongs to

Scale – Type of
scale

Every scale belongs to a type of scale. A type
of scale may characterize several scales.
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Name

Concepts

Definition

Has

Measure – Scale

Every measure has a scale. A scale may
serve to define more than one measures.

Expressed
in

Measure – Unit of
measurement

A measure is expressed in one unit of
measurement. A unit of measurement is
used to express one or more measures of
interval or ratio types.

Is obtained
from

Base Measure –
Measuring
instrument

Every base measure is obtained from a
measuring instrument. A measuring
instrument defines one or more base
measure.

Is
connected
to

Measuring
instrument – DUT

A measuring instrument is connected to a
DUT where test cases are run.

Uses

Measurement
function – Base
measure

A measurement function may use several
base measures. A base measure may be
used in several measurement functions.

Uses

Measurement
function – Derived
measure

A measurement function may use several
derived measures. A derived measure may
be used in several measurement functions.

Calculated
with

Derived measure –
Measurement
function

Every derived measure is calculated with
one measurement function.

Calculated
with

Indicator – Analysis
model

Every indicator is calculated with one
analysis model. Every analysis model may
define one or more indicators.

Uses

Analysis model –
Measure

An analysis model uses one or more
measures. A measure may be used in
several analysis models.

Uses

Analysis model –
Decision criteria

An analysis model uses one or more
decision criteria. Every decision criteria is
used in one or more analysis models.

D. FEETINGS Templates
D.1. Template for Definition of the Software Entity
Selection

Software Entity Selection
Author
Date

Software Entity Class
Description

Software Entity (SE):
ID

Name of SE

Description

Date
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D.2. Template for Definition of the Test Cases

Definition of the Test Cases
Author
Date

Software Entity:

Test Case:
ID

Name

Description

Steps to follow

Appendix D: FEETINGS Templates

D.3.

Template

for

Definition

of

Measurement

Environment

Definition of the Measurement Environment
Author
Date

Measuring Instrument:
Name

Description

Device Under Test (DUT)
Name

Specifications Hardware

Specifications Software

Set of measures selected
ID

Measure
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D.4. Templates used in experiment QE.2.

Software Entity Selection
Author
Date

Javier Mancebo
15/01/2020

Software Entity Class

Apache Hadoop

Description

Apache Hadoop is a framework that enables
distributed storage and processing of large data
sets.

Software Entity (SE):
ID

Name of SE

A.1

Apache Hadoop 2.2

A.2

Apache Hadoop 2.6.5

A.3

Apache Hadoop 3.0.3

Description
Version 2.2 of the Apache Hadoop
software.
https://archive.apache.org/
dist/hadoop/common/hadoop2.2.0/
Version 2.6.5 of the Apache
Hadoop software.
https://archive.apache.org/
dist/hadoop/common/hadoop2.6.5/
Version 3.0.3 of the Apache
Hadoop software.
https://archive.apache.org/dist
/hadoop/common/hadoop-3.0.3/

Date

Nov. – 14

Oct. – 16

Jun. – 18
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Definition of the Test Cases
Author
Date

Javier Mancebo
15/1/2020

Software Entity:

Apache Hadoop (Versions 2.2; 2.6.5; 3.0.3)

Test Case:
ID

TC.1

Name

Description

Estimation of
the
Pi
number

This test case runs a
map/reduce program
that
estimates
Pi
using a quasi-Monte
Carlo method. This
program takes two
inputs: the number of
maps (50) and the
number of samples
(5000).

Steps to follow

Run by terminal:
hadoop-mapreduceexamples-XXX.jar pi 50
5000
Where XXX is the version
of the software entity
1. Configure HDFS
2. Copy
the
file
(http://goo.gl/dldp9) to
the HDFS

TC.2

Count
the
words of “Don
Quixote of La
Mancha”

This algorithm counts
the number of times
each word in the Don
Quixote book appears
using Hadoop's HDFS

3. Run: bin/hadoop jar
/local/hadoop/share/
mapreduce/hadoopmapreduce-examplesXXX.jar wordcount
/user/quixote/input
quixote/output
Where XXX is the version
of the software entity
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Definition of the Measurement Environment
Javier Mancebo
15/1/2020

Author
Date
Measuring Instrument:
Name

Description

FEETINGS

It is a framework whose aim is to support the automatic
measurement of the energy consumed by the software,
when running in a PC.

SonarCloud

Code quality solution that automatically detects
vulnerabilities and bugs in your private and public projects.

Device Under Test (DUT)
Name

Specifications Hardware

Specifications
Software

Workstation 1

Motherboard: Asus M2N-SLI Delux
Processor: AMD Athom x2 6000+
HDD: Seagate barraCuda 7200 rpm
500 GB
RAM: 4 x 1 GB 666 MHz Kingston
Graphics Cards: Nvidia GForce 8600

Xubuntu 16.04.2 LTS

Set of measures selected
ID

Measure

Description

M1

Energy Consumption (EC)

The energy consumption
obtained by the measurement
instrument.

M2

Total Lines of Code (TLOC)

Measurement obtained from
the use of the SonarCloud tool.

M3

Cyclomatic Complexity (CC)

Measurement obtained from
the use of the SonarCloud tool.

M4

Percentage of Comments in the Code
(PCC)

Measurement obtained from
the use of the SonarCloud tool.

M5

Percentage of Duplicate Code lines
(PDC)

Measurement obtained from
the use of the SonarCloud tool.

Appendix D: FEETINGS Templates

D.5. Templates used in experiment QE.3.

Software Entity Selection
Date

Tej Bahadur Chandra, Pushpak Verma and Anuj
Kumar Dwivedi
13/6/2018

Software Entity Class

Programming Languages

Description

Most widely-used programming languages in the
development of software applications.

Author

Software Entity (SE):
ID

Name of SE

A.1

Java

A.2

Visual Basic 6.0

A.3

C#.Net

Description
Java is a platform-independent,
open-source
programming
language designed to operate
mainly
on
the
distributed
environment of the Internet.
It provides a complete GUI-based
high-level integrated programming
environment
for
developing
Windows applications. It is based
on event-driven programming and
is derived from the language called
BASIC. Visual Basic provides easy
application development by using a
structured programming approach,
and it can be easily debugged and
modified.
C# is a modern language which is a
type-safe and completely objectoriented programming language
from Microsoft. C# embodies both
the power of C++ and the comfort of
Visual Basic. C# uses C++ as its base
while incorporating features that
make
it
familiar
to
Java
programmers. C# is designed to
work on the Microsoft platform.

Date

-

-

-
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Definition of the Test Cases
Date

Tej Bahadur Chandra, Pushpak Verma and Anuj
Kumar Dwivedi
13/6/2018

Software Entity:

Programming Languages (Java, Visual Basic, C#.Net)

Author

Test Case:
ID

TC.1

TC.2

TC.3

TC.4

Name

Description

Steps to follow

Bubble sort

Algorithm to sort sixty
thousand data, both
integers and doubles

Run the sorting algorithm
in
each
of
the
programming languages
(Java, Visual Basic, C#.Net)

Insertion sort

Algorithm to sort sixty
thousand data, both
integers and doubles

Run the sorting algorithm
in each of the
programming languages
(Java, Visual Basic,
C#.Net)

Selection sort

Algorithm to sort sixty
thousand data, both
integers and doubles

Run the sorting algorithm
in
each
of
the
programming languages
(Java, Visual Basic, C#.Net)

Quicksort

Algorithm to sort sixty
thousand data, both
integers and doubles

Run the sorting algorithm
in
each
of
the
programming languages
(Java, Visual Basic, C#.Net)

Appendix D: FEETINGS Templates

Definition of the Measurement Environment
Tej Bahadur Chandra, Pushpak Verma and Anuj
Kumar Dwivedi
13/6/2018

Author
Date
Measuring Instrument:
Name

Description

Joulemeter
tool

This software tool enables the power consumption (in
Watts/s) of a system to be estimated when running a
software application.

Device Under Test (DUT)
Name
Workstation 1

Specifications
Software

Specifications Hardware
Intel Core i5 and 4th generation
CPU

Windows 8.1
(Version 6.3.9600)

Set of measures selected
ID
M1

Measure
Energy Consumption (EC)

Description
The energy consumption
obtained by the measurement
instrument
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D.6. Templates used in experiment QE.4.

Software Entity Selection
Author
Date

Javier Mancebo
15/06/2019

Software Entity Class

Redmine

Description

It is a tool for software project management that

allows users to follow up and control multiple
projects simultaneously.

Software Entity (SE):

ID

Name of SE

SW1

Redmine 2.5.1

Rails version: 3.2.16
Ruby version: 1.9.3
Database version: MySQL 5.5

Mar. – 14

Redmine 3.2.0

Rails version: 4.1.7
Ruby version: 2.0.0
Database version: MySQL 5.6

Dec. – 15

SW3

Redmine 3.4.3

Rails version: 3.2.16
Ruby version: 2.3.5
Database version: MySQL 5.6

Sep. – 17

SW4

Redmine 3.4.6

Rails version: 3.2.16
Ruby version: 2.3.6
Database version: MySQL 5.6

Jun. – 18

SW2

Description

Date

Appendix D: FEETINGS Templates

Definition of the Test Cases
Author
Date

Javier Mancebo
15/06/2019

Software Entity:

Redmine (Versions 2.5.1; 3.2; 3.4.3; 3.4.6)

Test Case:
ID

TC.1

TC.2

TC.3

TC.4

Name

Description

Steps to follow

Creation of a A new project in
new project
Redmine

With the role of
administrator, create a
new project, by entering
the necessary data. These
data are the name of the
project, an identifier and a
description.

Creation of a A new user in
new user
Redmine

With the role of
administrator, register a
new user, filling in
information: first name
and surname, email; and
ticking the option of an
automatic generation of a
password.

Create a new task in a

Creation of a
project created
new task
previously.

Conduct a simulation

Simulation of
of how a task would
progress
progress

As user. The task must be
completed, along with the
description of this task, as
well as its type, its status,
and the person assigned
to the task.
As user. Modifying the
percentage of completion
and the number of hours
to be taken. The Gantt
diagram is also consulted.
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Definition of the Measurement Environment
Javier Mancebo
15/06/2019

Author
Date
Measuring Instrument:
Name

Description

FEETINGS

It is a framework whose aim is to support the automatic
measurement of the energy consumed by the software
when running in a PC.

SonarCloud

Code quality solution that detects vulnerabilities and bugs
in your private and public projects automatically.

Device Under Test (DUT)
Name

Specifications Hardware

Specifications
Software

Workstation 1

Motherboard: Asus M2N-SLI Delux
Processor: AMD Athom x2 6000+
HDD: Seagate barraCuda 7200 rpm
500 GB
RAM: 4 x 1 GB 666 MHz Kingston
Graphics Cards: Nvidia GForce 8600

Xubuntu 16.04.2 LTS

Set of measures selected
ID

Measure

Description

M1

Energy Consumption (EC)

The energy consumption
obtained by the measurement
instrument

M2

Total Lines of Code (TLOC)

Measurement obtained from
the use of the SonarCloud tool

M3

Cyclomatic Complexity (CC)

Measurement obtained from
the use of the SonarCloud tool

M4

Percentage of Comments in the Code
(PCC)

Measurement obtained from
the use of the SonarCloud tool

M5

Percentage of Duplicate Code lines
(PDC)

Measurement obtained from
the use of the SonarCloud tool
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D.7. Templates used in experiment QE.5.

Software Entity Selection
Author
Date

Javier Mancebo
6/09/2019

Software Entity Class

Text Search using compression

Description

Search compressed and uncompressed text

Software Entity (SE):

ID

Name of SE

SW1

End-Tagged Dense
Code (ETDC)

SW2

Simple Text
(uncompressed)

Description

Date

Compressed text searches
using ETDC

-

Uncompressed text searches

-

199

200

FEETINGS: Framework for Energy Efficiency Testing to Improve eNvironmental Goals
of the Software

Definition of the Test Cases
Author
Date

Javier Mancebo
6/09/2019

Software Entity:

ETDC and uncompressed text

Test Case:
ID

TC.1

TC.2

TC.3

Name

Description

Steps to follow

Pattern 5

Patterns contain 10
words of 5 characters
in length

1.Compress the text (if
necessary)
2. Execute script with the
searches

Pattern 10

Patterns contain 10
words of 10
characters in length

1.Compress the text (if
necessary)
2. Execute script with the
searches

Pattern >10

Patterns contain 10
words of >10
characters in length

1.Compress the text (if
necessary)
2. Execute script with the
searches
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Definition of the Measurement Environment
Javier Mancebo
15/06/2019

Author
Date
Measuring Instrument:
Name

Description

FEETINGS

It is a framework whose aim is to support the automatic
measurement of the energy consumed by the software
when running in a PC.

Device Under Test (DUT)
Specifications
Software

Name

Specifications Hardware

Workstation 1

Motherboard: Asus M2N-SLI Delux
Processor: AMD Athom x2 Dual
core 5600
HDD: Seagate barraCuda 7200 rpm
500 GB
RAM: 4 x 1 GB 666 MHz Kingston
Graphics Cards: Nvidia GForce 8600

Linux Mint 18.3
Cinnamon 32 bits
gcc version 5.4.0

Set of measures selected
ID
M1

Measure
Energy Consumption (EC)

Description
The energy consumption
obtained by the measurement
instrument
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