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A B S T R A C T   

Software is a fundamental part of today’s society. However, both users and software professionals need to be 
aware that its use impacts on the environment, due to the high energy consumption it entails. One of the main 
gaps to be faced is the difficulty of analyzing software energy consumption in the endeavor to know whether a 
particular software product is as much energetically efficient as possible, or at least more efficient than another, 
and to improve the environmental objectives of the software. For this reason, a Framework for Energy Efficiency 
Testing to Improve eNviromental Goals of the Software (FEETINGS) is presented in this paper. FEETINGS is 
composed of three main components: an ontology to provide precise definitions and harmonize the terminology 
related to software energy measurement; a process to guide researchers in carrying out the energy consumption 
measurements of the software, and a technological environment, which allows the capture, analysis and inter-
pretation of software energy consumption data. This paper also presents an example of the application of the 
FEETINGS, which aims to raise awareness of the energy consumed by the software in activities that we perform 
daily, such as writing a tweet or a Facebook post. As a result, we have been able to verify that FEETINGS allows 
us to carry out an analysis and measurement of software energy consumption to provide users with good 
practices, as using an emoji or a picture rather than a GIF. © 2001 Elsevier Science. All rights reserved.   

1. Introduction 

In recent years, Information and Communication Technologies (ICT) 
are increasing very fast with the aim to make people’s lives easier. In 
fact, the number of users of software and websites, such as social 
networking, Google searches, or video viewing are growing every day in 
the world [1]. 

Due to this intensive use of software, ICT energy consumption had 
already increased by 2018 to 1895 TW h, representing about 9% of total 
global energy consumption [2]. And by 2025, this could exceed 20 % of 
total energy and emit up to 5.5 % of the world’s carbon emissions [3,4]. 

With these figures in mind, it is increasingly important to raise 
awareness among software users and developers of the ecological impact 
of the software applications we use daily. 

Therefore, trends such as Green software have gained importance in 
recent years [5,6]. The purpose of the Green Software [7] is to promote 
the improvement of the energy efficiency of software, minimizing the 

impact it may have on the environment. 
In order to assess whether a software product is sustainable and 

environmentally friendly, it is necessary to know the energy consump-
tion that is induced by the software when it is running [8,9]. As the 
European Union report indicates [10], "the existence of a methodology 
for measuring the energy or CO2 of the ICT infrastructure is extremely 
important for this sector, as it will allow the development of much more 
robust estimates of the impact of ICT". This information can be used to 
develop a plan for reducing energy consumption and improving the 
sustainability of the software [11]. 

The growing importance of Green Software and the need to know its 
energy efficiency, has resulted in several studies in the current literature 
that evaluate the software’s energy consumption [6,8,12–16]. When this 
type of study is analyzed three type of problems arise:  

• Several inconsistencies and terminological conflicts appear. That is 
because researchers have defined their methods of work using their 
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own terms or concepts, provoking a lot of examples of synonymy 
(same concepts with different term associated) and homonymy 
(different concepts with the same name). This lack of formal 
consensus makes it difficult to understand the main concepts 
involved when performing a software energy consumption 
assessment.  

• There is a lack of a generally-agreed-on methodology that would 
guide software energy consumption assessments. This implies that 
the rigor of the studies carried out cannot be guaranteed, and that it 
is more complicated to replicate or compare the results obtained.  

• Several measuring instruments are available for the analysis of 
software energy consumption. It is important to know that each 
measurement instrument has its own particular characteristics, and 
it is necessary to choose the one that best adapts to our evaluation 
necessities. 

In order to contribute to the mitigation of the already mentioned 
problems, we have developed a framework to promote the reliability of 
capture, analysis, and interpretation of software energy consumption 
data, known as FEETINGS (Framework for Energy Efficiency Testing to 
Improve eNvironmental Goals of the Software). FEETINGS aims to 
provide: (1) a solution to the lack of a unique and agreed terminology; 
(2) a process that helps researchers to evaluate the energy efficiency of 
the software, allowing greater control over the measurements made, 
ensuring their reliability and consistency; and (3) a technological 
environment that supports the process and allows for realistic mea-
surements of the energy consumed by the software and its subsequent 
analysis. 

The measurements of energy consumption obtained when FEETINGS 
is applied will be useful twofold depending on the measurements done. 
On one hand, software professionals can be aware of the energy that the 
software they develop consumes when it is used. On the other hand, end 
users can be aware of the energy needed by the software they use. 

In this paper, we present FEETINGS and an example of how to use it 
for end users awareness. We organize the content of the paper as follows: 
first, in section 2 we present the FEETINGS framework, detailing each of 
the components. In section 3, an example of the application of FEET-
INGS is presented. In section 4, we present the different studies and 
proposals that have served as a basis for our framework and the main 
contributions of FEETINGS. Finally, section 5 sets out the conclusions of 
this work and presents some lines of future work. 

2. FEETINGS 

In this section, we will describe FEETINGS, a framework to promote 
more reliable capture and analysis of software energy consumption data. 
This framework is made up of three main components, which are clas-
sified according to their nature in conceptual, methodological, and 
technological components, as shown in Fig. 1, which are described in the 
following subsections. 

2.1. Conceptual component 

The conceptual part of FEETINGS seeks to solve the lack of a unique 
and agreed terminology. For this purpose, an ontology has been elabo-
rated which contains the concepts related to the software energy mea-
surement. This ontology is known as Green Software Measurement 
Ontology (GSMO), and its purpose is to provide precise definitions of all 
terms and to clarify the relationships between them, removing termi-
nological conflicts and fostering the consistent application of the 
framework by other researchers and practitioners with reference to a 
common vocabulary, related to software energy measurement. 

This GSMO ontology is an extension for green software measurement 
of the Software Measurement Ontology (SMO) proposed by Garcia et al. 
[17]. 

To define GSMO, we have chosen REFSENO (Formal Representation 

for Software Engineering Ontologies) [18], which was designed explic-
itly 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. 

In Fig. 2, the graphical representation of the terms and relationships 
of the GSMO is shown, using the UML (Unified Modeling Language). 

The highlighted concepts are the new concepts which extend/adapt 
the SMO [17] for the domain of green software. 

These concepts are defined in Table 1, by including the term, its 
description and source. The values for the fourth column can be: 
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. 

Table 2 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. 

The concepts and relationships that appear in Fig. 2, and are not 
defined in Tables 1 and 2, which have been extracted from the SMO 
proposed by Garcia et al. [17]. 

The conceptual component (GSMO ontology) aims to solve the 
problem of terminology consistency in software energy measurement, 
since it proposes a common vocabulary extracted from several interna-
tional 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 subsection (Table 3). 

2.2. Methodological component 

The methodological part focuses on providing support for the ac-
tivities and roles required to analyze the energy efficiency of the soft-
ware. 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, con-
sistency, 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. 

To define the GSMP, we have followed the method engineering 

Fig. 1. Overview of FEETINGS.  
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approach [19], and we also have taken as our basis well-known ap-
proaches to software measurement and good practices related to green 
software that have been proposed by other authors. 

GSMP is composed of seven phases, as shown in Fig. 3, which are 
described below:  

• Phase I. Scope Definition: in this phase, a complete specification of 
requirements for the evaluation of energy efficiency is obtained. In 
addition, the software subject of the study and the test cases to be 
analyzed must be defined.  

• Phase II. Measurement Environment Settings: the purpose of this phase 
is the definition of the measurement environment that will be used in 
the software energy consumption assessment. As a result of this 
phase, the measuring instrument to be used and its measurements, 
the specifications of the computer where the software is to be 
executed (Device Under Test, DUT) are defined and the baseline 
energy consumption of the DUT is obtained. 

Fig. 2. UML diagram of the Green Software Measurement Ontology (GSMO).  

Table 1 
Definition of the terms in the GSMO.  

Term Definition Source 

Software entity Software that is to be characterized by 
measuring its attributes. 

Adapted from 
SMO 

Software entity 
class 

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

Adapted from 
SMO 

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

New 

Test Case 
Measurement 

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

New 

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

Adapted from 
VIM 

Samples Each energy consumption record taken by a 
measuring instrument. 

New 

Device Under Test 
(DUT) 

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

New 

Measuring 
Instrument 

A method used to make energy consumption 
measurements. 

Adapted from 
VIM  

Table 2 
Definition of the relationship in the GSMO.  

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 

Every test case measurement is 
performed from a test case of a software 
entity. 

Is run on Test Case – DUT Every test case is run on a DUT. A DUT 
can run several test cases. 

Has Test Case 
Measurement 
–Measurement 

A test case measurement has one or more 
measurements. A measurement can only 
belong to one test case measurement. 

Has Measurement 
–Samples 

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. 

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.  

Table 3 
DUT specifications.  

Operating systems Windows 10 Pro 

Hardware specification 

Motherboard: Asus M2N-SLI Delux 
CPU: AMD Athom 64 × 2 5600 + 2,8GHz 
RAM: 4 × 1 G3 665 Hz Kingston 
HDD: Seagate barracuda 720 rpm 500Gb 
GPU: Nvidia Gforce 8600 GTS  

J. Mancebo et al.                                                                                                                                                                                                                                



Sustainable Computing: Informatics and Systems 30 (2021) 100558

4

• Phase III. Measurement Environment Preparation: focuses on the 
preparation of the energy consumption measurements to be per-
formed and on the configuration of the measurement environment. 

• Phase IV. Perform the Measurements: During this phase, energy con-
sumption measurements are carried out and raw energy consump-
tion data taken from the measuring instrument is collected.  

• Phase V. Test Case Data Analysis: The processing of the raw data of 
energy consumption obtained by the measuring instrument. This 
data transformation process is known as Data Wrangling and the 
most important tasks to be performed are: reformatting and inte-
grating data from different sources so that they can be analyzed 
correctly, 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), and check that each of the measurements 
performed is correct. To find unusual measurements, you can use the 
interquartile range method (IQR). and the statistical analysis of the 
values obtained from the measurements of the defined test cases are 
carried out. 

Once the data is processed, the statistical analysis of the values ob-
tained from the measurements of the defined test cases is performed. To 
carry out the analysis, the descriptive statistics for each test case 
analyzed need to be calculated. To obtain the most complete informa-
tion 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 devi-
ation, 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. 

• Phase VI. Software Entity Data Analysis: in this phase, with the pre-
vious analysis, it is determined and interpreted how much energy 
was consumed when the software entity was executed in the DUT 
and some conclusions about the software energy consumption are 
stated.  

• Phase VII. Reporting the Results: finally, the study carried out is 
documented, describing the entire process followed, together with 
the results on the energy consumption of the software that had been 
extracted. 

2.3. Technological component 

The technological component, as can be seen in Fig. 4, is composed of 
two artifacts. 

On the one hand, EET (Energy Efficiency Tester), a measuring in-
strument, which follows a hardware-based approach and that is 
responsible for obtaining the software’s energy consumption measure-
ments when it is running. On the other hand, ELLIOT is a software tool in 
charge of processing the data collected by EET, analyzing these data, and 
generating an appropriate visualization of the results. 

2.3.1. EET (energy efficiency tester) 
EET is a measuring instrument that follows the hardware-based 

approach [20,21]. This measuring instrument allows the energy con-
sumption of a set of hardware components used by the software to be 
captured accurately during its execution. 

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. 
Fig. 5 shows the design of the EET architecture. 

As can be seen in Fig. 5, EET is connected to the DUT where the 
software is executed, and is composed of three main components:  

• A system microcontroller, 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. 

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

• 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. 

As EET produces a huge amount of data about energy consumption, it 
is necessary to support the processing and analysis of these data by a 
suitable software tool. For this reason, the ELLIOT tool was developed, 
which is described in the following section. 

2.3.2. ELLIOT 
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. 
Thus, we can use ELLIOT on any platform to analyze energy consump-
tion data that has been recorded on a memory card by EET. 

The main functionalities supported by ELLIOT are outlined below:  

• Processes all measurements carried out with the EET measuring 
instrument.  

• Calculates 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 in-
formation on the measurements of the energy consumption of the 
software. 

• Comparison of the results obtained from different energy consump-
tion 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, shown in Fig. 6 and described below:  

• 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 ac-
cess information and data.  

• System management: This module is used to add and modify the 
measuring instruments that generate the data for later analysis. It 

Fig. 3. Green Software Measurement Process.  
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also allows the configuration data of the DUT to be introduced in the 
tool where the software to be evaluated is running.  

• Measurement management: This is the central module of ELLIOT, since 
it supports all the tasks of processing, data wrangling, measurements 
analysis, and visualization of the energy consumption information 
(see Fig. 7).  

• 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. 

3. Application of the FEETINGS: a case study of energy 
consumed by social networks 

As explained in the introduction, FEETINGS can be used for several 
purposes. One of the main objectives of FEETINGS is to measure soft-
ware energy efficiency so that researchers and software professionals 

Fig. 4. Artifacts of the Technological component of FEETINGS.  

Fig. 5. Design of the EET.  
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can develop software that is environmentally-friendly. For this purpose, 
we have carried out different studies, that have allowed us to obtain 
information that can be useful for researchers and practitioners. Some of 
the most outstanding studies carried out are: an analysis of sorting al-
gorithms [22]; a study of the interaction between the usability and the 
energy efficiency of a web PHR application [23]; a comparative study of 
data compression techniques from the perspective of the savings ob-
tained in energy consumption [24]; and an analysis of the interaction in 
the software between maintainability measures (lines of code, 
complexity…) and energy consumption [25]. 

In this work, beyond the software developer perspective, we are 
going to focus on the other key perspective: the user’s one, with the aim 
to show how a framework such as FEETINGS can raise the society 
awareness for the responsible use of software applications to take care of 
the environment. 

Following this purpose, in this section we are going to present the 
result of two studies carried out, using FEETINGS, that seek to find out 
how tweets (Twitter) and Facebook posts should be written to reduce 
energy consumption and minimize the impact that they have. 

Fig. 8 shows the instantiation of the concepts of this study, defined in 
the GSMO ontology, for this study, which also serves as a summary of the 
outputs obtained in the first phases of the GSMP process. 

In the first phase of the GSMP, as can be seen in Fig. 8, we defined 
that the objective of this study was to analyze the consumption of social 

networks, which are the Software Entity Class (1). Then, we choose the 
Software Entity (2) that will be evaluated: Twitter and Facebook. In 
addition, five Test Cases (3) were executed to measure the software 
entities. The test cases defined were: a tweet/post with 280 characters, a 
tweet/post with 1 emoji, a tweet/post with 280 emojis, a tweet/post 
with a picture, and a tweet/post with a GIF. 

As a result of the second phase of the process, we selected EET as the 
measuring instrument (4) and defined the specification of the Device 
Under Test (DUT), as can be observed in Table X, where the test cases 
were executed (5). For this study, we decided that from the measure-
ments provided by EET, we would only take into account the energy 
measurements of the graphic card (GPU), to observe if the fact of using 
images or characters had an influence; and the total consumption of the 
DUT. We have not recovered and analyzed the data from the hard disk 
and the processor because, as both networks were executed on a web 
browser, the use of these two elements are minimal. Each of the samples 
(6) obtained by EET was recorded in a measurement log (7). 

Following the third phase of the process, we have determined that 
each of the test cases was run and measured (with EET) 20 times and 
recorded in a test case measurement log (8). Being 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). 

Once the measurements and analysis have been made, Tables 4 and 5 
show the power consumed in the execution of each of the test cases 
defined for Twitter and Facebook, respectively. 

Note that in both tables, the GPU power values hardly vary, contrary 
to what we might think when including pictures and GIFs. However, the 
power consumed by the DUT does vary between test cases. 

As we can observe in Fig. 9, both on Twitter and Facebook, the order 
of the power consumed by the DUT in the test cases is similar. In both 
cases, the most efficient option is to write a tweet/post with a single 
emoji, followed by a post with a picture. Also, in both cases, to write a 
publication that includes a GIF is the worst option from the point of view 
of energy efficiency. 

In Table 6, the calculated values of the energy consumed by the DUT, 
when running each of the test cases in both social networks, are shown. 

Analyzing the energy consumption data of the DUT on Twitter, we 
observe that the difference between publishing a tweet with an emoji 
(more efficient option) and publishing it with a GIF (more inefficient 

Fig. 6. ELLIOT tool modules.  

Fig. 7. ELLIOT tool interface.  
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option) is 366,66 W per second (00,001,018 kW h). On Facebook, the 
difference between the two options is 434,07 W per second (00,001,205 
kW h). 

Considering the results obtained, the differences between the best 
and the worst option, from the energy point of view, seem insignificant. 
However, it is necessary to be aware of what these data represent. For 

Fig. 8. GSMO instantiation.  

Table 4 
Power measured and execution time for each test case on Twitter.    

Power (watts) 

Test Case Time (sec) GPU DUT 

280 Characters 591 114 17,721 
1 emoji 707 123 13,928 
280 emoji 590 142 18,333 
1 picture 789 118 14,353 
1 GIF 678 148 19,892  

Table 5 
Power measured and execution time for each test case on Facebook.    

Power (watts) 

Test Case Time (sec) GPU DUT 

280 Characters 1194 147 8317 
1 emoji 1057 136 7701 
280 emoji 1090 126 8933 
1 picture 1129 122 8259 
1 GIF 1123 135 11,214  

Fig. 9. Power consumed by Twitter and Facebook.  

Table 6 
Energy consumed for each test case on Twitter & Facebook.   

Energy Consumption (W⋅s) 

Test Case Twitter Facebook 

280 Characters 104,950 98,145 
1 emoji 98,574 81,420 
280 emoji 108,196 99,201 
1 picture 103,256 93,228 
1 GIF 135,240 124,827  
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example, in the case of Twitter as we noted, the saving in one tweet is 
only 00,001,018 kW h. But we must bear in mind that in one hour, ac-
cording to the information provided by the Internet Lives Stats website1, 
approximately 32.400.000 tweets are published on average. If we 
consider that all those tweets are written with the most efficient option 
(with an emoji) instead of the most inefficient one (with a GIF) the 
savings obtained would be 329,832 kW h just in one hour. This energy 
saving means that 131,932 kg of CO2 are not expelled into the atmo-
sphere. If we relativize the results obtained, with the aim of under-
standing the impact that our actions can have, the energy savings 
obtained with Twitter, in one hour, would allow us to travel more than 
200.000 Kms with a Tesla 3 or light up a family home for a year. 

As can be observed, small savings have a very high real impact due to 
the large number of users who have software applications in general and 
social networks. 

So, the way to use these results is to recommend users that, when 
tweeting or posting on Facebook, they must remember that it is better to 
avoid the use of GIFs while emojis and characters are much better. 
Simple and useful clues to take into consideration when using their so-
cial networks. 

4. Background and related work 

This section presents a synthesis of the background and related work 
of this research according to: (i) the definition of a common terminology 
related to software measurement; (ii) the proposed software measure-
ment methodologies and standards, including methods for measuring 
the energy consumed by the software; (iii) and the measuring in-
struments for software energy consumption are shown, classified ac-
cording to their approach. 

Furthermore, once the different existing proposals to the problems 
identified have been analyzed, the main contributions provided by the 
FEETINGS framework are presented. 

4.1. Terminology related to software measurement 

According to Chandrasekaran et al. [26], the unification of terms and 
concepts in an ontology allows knowledge to be shared, while onto-
logical analysis clarifies the structure of knowledge. 

With regard to pieces of work that present ontologies for energy 
measurement in software, to the best of our knowledge, there are 
currently none that provide terms, concepts and relationships focused 
on the subject of software energy measurement. 

However, Garcia et al. [17] propose the 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. 
Although the SMO ontology has a general approach, it may provide a 
basis to clarify the terms that can be used in any software measurement 
process. 

4.2. Software measurement methodologies and standards 

As we described in the introduction, it is important to define a pro-
cess that ensures the rigor and consistency of studies using software 
energy consumption measurements. Different approaches that could be 
useful for this purpose can be found in the existing literature. 

On the one hand, there are the software measurement frameworks 
and standards, which aim to provide guidelines for carrying out the 
measurement process effectively and systematically, based on the 
defined objectives. The following are some of the more well-known 
methods or standards:  

• Goal/Question/Metric (GQM), which was proposed by Basili and Weis 
[27] and sets out guidelines for defining a measurement program, 
including information for data collection, analysis, interpretation of 
results and identification of possible improvements.  

• Goal Question Indicator Metric (GQ(I)M) [28] 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. 

• Practical Software Measurement (PSM) [29] provides project man-
agers and technicians with best practices and guidelines in software 
measurement. It is based on real experience gained from government 
and industry projects. 

• ISO/IEC/IEEE 15939:2017. Software Engineering–Software Measure-
ment Process, which identifies the activities and tasks which are 
required in the effort to identify successfully, define, select, apply, 
and improve software measurement within a generic project or the 
measurement organization structure. 

These software measurement frameworks provide guidelines for 
defining and implementing software measurement programs. However, 
none of the methodological frameworks mentioned focuses on 
measuring the energy efficiency of software, so these frameworks cannot 
be fully adopted. 

On the other hand, works that present guidelines for energy mea-
surement in software, we can highlight the one presented by Hindle 
[30], where a methodology for conducting experiments using energy 
consumption measurements is described. This methodology is known as 
“Green Mining Methodology”. However, this methodology is that it does 
not provide a protocol or good practices regarding how to carry out the 
measurement in a way that is valid and reliable. For this reason, 
Jagroep, et al. [31] present a measurement protocol, in which an 
extension of activity 6 of "Green Mining" is performed, detailing the 
specific tasks to be carried out. 

After analyzing all the proposals, we consider that none of the 
methodologies or standards mentioned give guidance about how to 
carry out the entire process of measuring the energy consumption of 
software, from its planning through to its analysis and reporting. That is 
the reason why we consider it necessary to define a process for re-
searchers to use to analyze the energy consumption of a software when it 
is running 

4.3. Measuring instrument for software energy consumption 

Managing the sustainability of software requires knowing the energy 
consumption of hardware when the software is running [32]. To that 
end, several methods have been developed that use different measuring 
instruments to capture software energy consumption data. 

These measurement methods can be classified into two main ap-
proaches, according to their characteristics: Software-based and 
Hardware-based. In addition, both of these main approaches can be 
combined, resulting in a Hybrid approach. Each of the approaches is 
described below: 

• Software-based approach: this approach uses a software tool that es-
timates the energy consumption of the software. In fact, mathemat-
ical 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 [32].  

• Hardware-based approach: this approach consists of measuring the 
energy consumption of the computer, where the software is running 1 https://www.internetlivestats.com. 
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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 not 
possible to measure the power consumption of a particular process or 
virtual machine [33].  

• Hybrid approach: this approach is a combination of the hardware- 
based 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, 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 [34]. 

Table 7 shows a summary of the main energy measuring instruments 
with their characteristics, classified according to the measurement 
approach that follow. As can be seen in Table 1, measuring instruments 
within the software-based 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. Another 
feature evaluated is the sampling frequency, which refers to the number 
of power samples collected per unit. 

4.4. Main contributions of FEETINGS 

Considering the proposals detailed above, the main contributions of 
FEETINGS to promote the capture, analysis and reliable interpretation of 
energy consumption data from computer programs, compared to the 
other proposals, are presented below. 

To the best of our knowledge, there is currently no common termi-
nology related to the evaluation of the energy consumed by the software. 
This causes each researcher to use their own terms or concept, making it 
difficult to understand. FEETINGS resolves this problem 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. 

Another problem identified is that although there are several stan-
dards and methodologies that provide the necessary information to 
carry out an effective and systematic measurement process, none of 
them are specific enough to carry out the measurement of the energy 
efficiency of the software in a rigorous way. For this, we have defined 
GSMP, that allows researchers to have greater control over the mea-
surements 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. 

Finally, 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 allows to obtain more precise energy con-
sumption measurements than measuring instruments that follow the 
software-based approach. Moreover, EET supports the measurement of 
four different hardware components (processor, hard disk, graphics card 
and monitor) and the total energy consumption of the DUT. Another 
advantage of this measuring instrument is the sampling frequency, 
around 100 Hz, which provides very reliable consumption information. 

5. Conclusions and future work 

Software plays an important role in the global energy consumption of 
the PC. In order to develop sustainable software, it is necessary to 
measure its energy impact. With this in mind, this paper has presented 
the FEETINGS framework, which aims to promote reliable measure-
ment, analysis and interpretation of software energy consumption data. 
FEETINGS is composed of three main components: the GSMO ontology, 

Table 7 
Comparison of different energy measuring instrument.  

Approach 
Measuring 
Instrument 

Sampling 
frequency 

Software granularity Hardware level of details 

OS Application Process Thread Method Line 
of 
Code 

CPU Memory HDD Network Monitor Whole 
machine 

Software- 
based 
approach 

SPAN [35] –   ✓  ✓  ✓      
pTop [36] 1 Hz   ✓    ✓  ✓ ✓   
Jolinar [37] 2 Hz  ✓     ✓ ✓ ✓    
Jalen [38] 100 Hz  ✓  ✓ ✓  ✓ ✓ ✓    
PowerAPI 
[39] 2 Hz ✓  ✓    ✓ ✓ ✓    

PowerTop 
[40] 

1 Hz ✓  ✓    ✓   ✓ ✓  

Joulemeter 
[41] 

1 Hz ✓ ✓     ✓ ✓ ✓  ✓  

IPG [42] 10 Hz ✓    ✓  ✓      
TEEC [43] 2 Hz  ✓     ✓ ✓ ✓    

Hardware- 
Based 
approach 

Watts UP? 
Pro [44] 1 Hz ✓ ✓          ✓ 

SEFLab [45] 30 Hz ✓ ✓     ✓ ✓ ✓   ✓ 
GreenSoM 
[46] 

1 Hz ✓ ✓          ✓ 

EET 100 Hz ✓ ✓     ✓ ✓ ✓ ✓ ✓ ✓ 

Hybrid- 
based 
approach 

PowerScope 
[47] 100 kHz   ✓  ✓  ✓ ✓ ✓ ✓   

PowerPack 
[48] 

–  ✓ ✓    ✓ ✓ ✓    

GreenHPC 
[49] 

500 kHz   ✓    ✓     ✓ 

Proposal by 
ISS [5] 

1 Hz ✓ ✓ ✓         ✓  

J. Mancebo et al.                                                                                                                                                                                                                                



Sustainable Computing: Informatics and Systems 30 (2021) 100558

10

the GSMP process, and a technological component, composed of EET 
and ELLIOT tool. 

The information about the software’s energy consumption obtained 
from FEETINGS can be useful from two main perspectives. On the one 
hand, this framework allows researchers and professionals to be aware 
of the energy that the software they develop consumes when used, and 
thus be able to develop software that is more energy efficient and 
environmentally friendly. 

On the other hand, to show end users how much energy is needed by 
the software we use every day, and to make them aware of the impact 
that software can have on the environment. 

Thus, with the use of FEETINGS, we can achieve that the software 
developed is more energy efficient, and that users know some good 
practice guidelines that allow to use it in a lesser energy consumption 
way. 

In this paper, we have also shown the application of the FEETINGS 
framework to analyze the energy consumption involved in writing a 
tweet or a post on the social networks Twitter and Facebook. With this 
information, we can advise users on the best way to write a publication 
from the point of view of energy consumption and respect for the 
environment. 

In addition to the case study presented in this paper, other experi-
ments have been carried out using the FEETINGS framework in order to 
validate and prove the benefits of it. To demonstrate that the EET is 
capable of obtaining accurate energy measurements, an experiment was 
conducted in which the consumption data obtained by EET was 
compared with the results obtained by a reference measurement in-
strument (gold standard) [22]. For the purpose of validating the use of 
the GSMP, in paper [50], two different studies are presented, using 
different measuring instruments (one with a hardware-based approach 
and one with a software-based approach), proving that the process can 
be adapted to any experiment, regardless of the chosen measuring in-
strument. Moreover, other experiments have been performed where the 
energy consumption of the software is evaluated using the FEETINGS 
framework as presented in the beginning of Section 3 of this paper. 

As future work, we will continue to carry out more studies to analyze 
software energy consumption, with the aim of providing more infor-
mation to software professionals, so they can develop a more environ-
mental respectful software; and on the other hand, continue to raise 
awareness among software users of the impact that the massive use of 
software has on energy consumption and CO2 emissions. 

In addition, we will perform an in-depth analysis of the energy 
consumption involved in analyzing the data using the FEETINGS 
framework. 
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