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As there is a growing demand for energy in I'T systems, energy efficiency in IT and
green software are gaining interest and are being research in growing amounts. Green
coding and energy-efficient practices in software are not a brand new topic, but lack
specificity regarding REST APIs. This thesis explores the applicability of existing
methods of building energy-efficient software in the context of REST APIs through
a literature review and an empirical analysis. A literature review was conducted
on the current practices of developing green software, identifying methods such as
overhead minimization, performance optimization and optimal design choices. A
selection of these practices were selected and REST API implementations were built
to test the effects of the practices. The effects were empirically tested in the form
of power measurements on the reference implementations of the REST API. All
of the empirically validated green coding practices exhibited at least some level of
energy efficiency improvements. The underlying technology implementation had the
greatest effect, whereas employing caching had the least significant improvement in
energy efficiency. This work contributes both empirical data and practical insights
toward the development and design of more energy-efficient and green REST APIs.
Additionally, the thesis identifies points of focus for future research.
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1 Introduction

1.1 Background

Amid global warming and climate concerns, the software development industry is
slowly starting to see the rise of green coding and awareness in energy-efficient coding
patterns [1]. While the optimizations in IT energy consumption are often approached
with hardware features, such as race-to-idle, there has been relatively little attention
given to the other angle towards achieving better energy efficiency — the software
itself — at least in the web application domain. Mobile applications have been
the primary focus when it comes to energy efficiency considerations in software
development due to their limited power supply being a battery. As web applications,
SaaS products and by extension their APIs (Application Programming Interfaces)
are a popular choice nowadays, there is bound to be more interest in the energy
efficiency of these APIs.

While direct sources of emissions such as coal-powered factories or cars are an
easy point of interest regarding greenhouse gas emission sources, the impact of IT
systems or especially software is rarely mentioned in such conversations. Even if
it’s not immediately apparent for the general public (or even for IT professionals
themselves), information and communication technology (ICT) systems produce a
lot of emissions; the IT industry currently causes approximately 10% of the total

global greenhouse gas emissions [2]. The widespread utilization of APIs makes the
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software in web servers potentially be the cause of a substantial part of said emis-
sions. REST (Representational State Transer) APIs are prevalent not only in web
applications but also in automated systems and IoT devices, such as medical devices
[3]. Consequently, a reduction in energy usage in the software of web servers could
potentially result in considerable energy savings across the whole world.

As of 2025, green IT, green coding and energy-efficient software are being re-
searched in growing amounts. Unfortunately, as of yet, when it comes to web appli-
cations or web server software, as to the best knowledge of the writer, these topics
are relatively unexplored and green coding is not a very mature area of study. Adop-
tion of energy efficiency improvement practices from the mobile domain is applicable
to web applications in some cases [4]. Even if there is a lack of existing research for
the improvements themselves, it is imperative to know what are the predominant
causes for the energy footprint of a REST API in order to even know where to start.

The motivation for this thesis is to broaden the research on what the energy
footprint of web server software, REST APIs in particular, looks like. Additionally,
the motivation is to aid with the development better tooling for software developers
when it comes to evaluating, enhancing and measuring the energy consumption, as
the lack of which is, in many cases, one of the major reasons developers do not con-
sider the energy consumption of the software they are developing [5]. Empirically
validating which implementation and technical decisions affect the energy consump-
tion should provide better grounds for making educated decisions for creating greener

software.

1.2 Problem statement

As is stands, it would seem that an industry-standard catalog of features or charac-
teristics to be evaluated when determining the energy efficiency of server-side API

software has not been established. Many existing software energy efficiency and
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energy consumption studies focus on improving the energy consumption of mobile
software [6] [7] [8] [9]. Moreover, even in situations where the energy usage of other
types of software is considered, the practitioners’ perspective is, in many cases, to
reduce the energy consumption caused while idle [1|. The existing studies for web
applications, on the other hand, while focusing on energy-hungry patterns, seem to
focus on more abstract definitions, such as "open resources only when necessary"
and "release unnecessary resources" [4].

It is, generally speaking, not trivial for a developer to make energy-aware deci-
sions when developing REST APIs. Being mindful of such choices when designing
and developing the APIs can make it easier and more straightforward to make choices
that support energy efficiency. Being aware of the main factors that impact the en-
ergy efficiency of REST APIs helps developed them to be energy-efficient. However,
green coding practices for REST APIs specifically are not abundant. The aim of this
thesis is to provide useful data on which specific technical characteristics in REST
API their developers can try to enhance to achieve better energy efficiency under

normal use. This will be elaborated on in section 1.4.

1.3 Research methods and sources

This thesis is divided into two distinct parts. The first part evaluates existing
literature and research in green coding in general and green coding practices in the
form of a small literature review. The second part empirically evaluates the effects
of the main characteristics identified in the first part in the context of REST APIs.
Based on the findings in relevant studies, the main factors affecting the energy
consumption are empirically validated by measuring the effects of changing the level
of utilization of the energy-efficient characteristics.

The platforms for finding the sources for the aforementioned characteristics were

ACM Digital Library and IEEE Xplore, since those two contain most of the green
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coding and software energy efficiency related papers [10], as well as Google Scholar
and SpringerLink. The search terms used for finding the sources were "software",
"programming language", "energy", "energy efficiency", "green", "green coding",
"sustainable" and "web". The sources are explored more in-depth in Chapter 2.1.
Only highly relevant studies were picked and as mentioned. The selection of
the sources was made by judging the title of publication and evaluating whether
it addresses relevant topics regarding the thesis topic. This meant that the topic
had to clearly address servers, APIs or software in general with the context of
energy or power consumption or performance. The sources were only selected if
they published in 2010 or after. Many of the relevant sources were also found by
reference snowballing, meaning that finding one study on any of the aforementioned
platforms lead to finding another relevant study via the references of the initial

publication.

1.4 Purpose, scope and research questions

As mentioned, the green coding and its practices are explored from the point of view
of the existing literature as well as a more practical approach with empirical tests
regarding the points identified in the literature. To guide the research, I will strive

to answer the following research questions:

1. RQ1 What design, implementation and optimization choices have the most

significant effect on the energy consumption of software?
2. RQ2 How can software energy consumption be measured?
3. RQ3 How effective are the existing green coding practices for REST APIs?

4. RQ4 How significant is the choice of technology in relation to other green

coding practices?
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RQ1 is used to establish the main development-level choices and practical solu-
tions that a developer can choose which have an effect on the energy consumption of
the software, such as the choice of programming language. RQ2 aims to assess how
the energy consumption of software systems can be determined. The answer to this
question will be utilized to conduct the empirical tests. RQ3 investigates the link
and level of applicability between the identified existing green coding practices and
REST APIs. This research question will be explored empirically and it is the most
important research question in this thesis. And finally, to get a more granular look
into green coding practices in the context of REST APIs, RQ4 assesses whether
choosing the correct implementation technology for a REST API is of importance.

Hence, this thesis aims to empirically verify how the research regarding green
coding practices applies to the web domain, specifically REST APIs. Additionally,
the aim is to provide a base for developers to help them know what to consider
when energy efficiency is a concern in their server-side software. It is worth noting
that while the energy efficiency of IT systems can undoubtedly be enhanced by
hardware optimizations, this thesis focuses purely on the aspect of software efficiency.
Furthermore, REST APIs are - at least in principle - an established and a structured

way of building server side software.

1.5 What is REST and why it was chosen

REST or Representational State Transfer is a resource-oriented architecture of build-
ing APIs. It is commonly a stateless and uniform interface with manipulation meth-
ods defined in HTTP, such as GET, POST and DELETE for the resources. The
resources are accessible via a disctinct URI, such as /api/notes/1. [11]

REST was originally conceptualized as an extension to HTTP rather than an
architectural solution by its designer, Roy Fielding. Developers at the time found

SOAP to be cumbersome with all its specifications and the switch to REST as
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the only perceivable alternative, although only in spirit and misappropriating the
dissertation of Fielding, is easy to understand. Given the divergent interpretations
in its implementations, the definition of RESTful remains loosely defined as there
does not exist as specification for it. Modern RESTful APIs can be seen as JSON-
RPCs or even as APIs that merely have a historical link to REST as opposed to
a functional and architectural one. [12] These often implement traditional CRUD
(Create, Read, Update, Delete) functionalities as well as some hints of RPC style
operations depending on the implementation.

In web development, RESTful APIs are a widely-used choice when in comes to
API design. While there are a plethora of different alternatives one can choose
from when deciding on the approach to implementing APIs for web services, such
as SOAP, GraphQL and different RPC solutions to name a few, the RESTful "ar-
chitecture" was chosen for this thesis due to the overwhelming popularity over its
competition [13] [14]. This thesis interprets the aforementioned widely-adopted and
loose definition of REST/RESTful APIs as a single type of API differing from, for
example, architectures such as GraphQL or the aforementioned SOAP. Hereinafter
the term REST API will be used to represent the aforementioned architectural
style in web server APIs, encompassing what RESTful and the other similar imple-

mentations in modern APIs mean.

1.6 Thesis structure

Green coding practices and topics relating to software energy consumption are de-
scribed and addressed in Chapter 2. Said topics are described in a general manner,
providing background information as well as explained more in-depth in the context
of this thesis. This chapter also answers research question 1 (RQ1). Chapter 3 goes
over how the energy consumption of software systems can be measured and what

kind of arrangements other studies have used to achieve their results. Additionally,
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different software and hardware-based tools to measure the energy consumption of
software are described. This chapter answers RQ2. Chapter 4 describes the test
programs and reference implementations used in the empirical section as represen-
tatives of different possible choices and characteristics for REST API development.
In practice this means that regarding the research questions 3 and 4, we can only
answer them in the within the limited scope of the empirical tests. Chapter 5 de-
scribes the power measuring setup, which is used in this thesis to determine the
energy consumption of the reference implementations. The chapter provides details
on the client and host devices as well as the measuring devices and their specifica-
tions. Chapter 6 describes and analyzes the data and results of the tests described
in Chapter 4 as well as make conclusions and answer the research questions based
on the collected data and results. Finally, in chapter 7 the hypotheses, theories,
test results and analysis are joined together, analyzed and points in need of further
research are identified. The threats to the validity of the results will also be briefly

discussed.



2 Green coding and Energy

Efficiency in Software

Writing energy-efficient software is not trivial. REST APIs are at the core of the web
domain, as they are a widely adopted choice for API development [15]. The total
energy consumption resulting from such software comes down to many different
things, for instance network infrastructure and data center design [16], the level
of the API code itself and even the cooling for the physical machines [17]| [18].
For example, a suboptimal, power-inefficient data center can result in an energy
overhead [19] for the software even if the software itself is optimized for energy
efficiency. Optimizations for energy consumption can thus be done on many levels,
for instance by minimizing idle time. This thesis focuses on the choices a developer
can make when writing REST APIs regardless of data center efficiency or hosting
solution decided upon. In other words, we focus on ways to contribute to improving
the energy efficiency of the API itself without changing the functionality or features
from the users’ point of view.

Applications meant for mobile devices have requirements relating to energy use
more often that traditional or data center software and mobile developers are often
more concerned about the energy use of their software [1]. The battery-powered
nature of mobile devices, such as phones and tablets, forms an inherent limiting

factor on their energy use. Hence, the software-bound energy consumption needs
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to be as small as possible for the device to remain usable for a prolonged period of
time. In some cases, the principles used in mobile software energy optimizations,
such as caching, extraneous work avoidance and minimization of transferred data,
can be applied to web applications [4]. A study by Rani et al. [4] conducted in 2024
found 20 energy-specific design patterns (such as use cache, kill abnormal tasks
and suppress logs) from mobile software developing practices, which were at least
partially be applicable to the web domain.

In this chapter we will outline the green coding practices under consideration
in this thesis. This chapter will also provide an answer to RQ1: "What design,
implementation and optimization choices have the most significant effect on the

energy consumption of software?".

2.1 Green coding in general

As mentioned, improving the energy efficiency of any piece of software, let alone
whole entities of client-server architecture web applications, is not exactly straight-
forward. Amid the environmental concerns regarding emissions caused by IT, mea-
suring the energy consumption of not only web applications but also their APIs could
become vital for businesses not only to appease regulations such as the CSRD (Cor-
porate Sustainability Reporting Directive) [20] but also to steer clear of avoidable
monetary losses. As software is all but omnipresent in every industry, it’s hard to
imagine a future on any industry where the energy efficiency of any kind of software
is of no concern.

There are many semantic and technical aspects that may have an effect on the
energy efficiency of a REST API application. Different technologies, such as pro-
gramming languages, can have on effect on a system’s energy consumption [21].

Software or I'T and "greenness" can roughly be divided into two categories; green

by IT and green in IT, which are also known as Green IT and IT for Green, re-
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spectively. [22] Green by IT means making, for example, a building complex green
by utilizing "traditional" information technology systems. These are in other words
systems which are not inherently green. This could be approached by automating
energy consumption by methods such as turning off unused devices or using software
to intelligently allocate energy between, for example, solar production and consump-
tion from the electric grid and any similar software-related automation in different
fields. Green IT, on the other hand, refers to the study and practice of having the I'T
systems be designed, used and disposed of in a way that is efficient and minimizes
the impact on the environment. [22] This stands for the production of as little as
possible indirect greenhouse gas emissions by reducing the required energy to run
the system, as I'T systems inherently require electricity and thus energy to operate.
23]

Green coding on the other hand, is an emerging approach in software devel-
opment, where the intention is to decrease the energy consumption of software by
making smart and educated decisions that have little to no effect as to the func-
tionality of the software, but reduce its carbon footprint. [24] The aforementioned
decisions could be, for example, optimizing the functionality of the software and
using the latest and most energy-efficient technologies.

Table 2.1: Literature review sources: topics addressed or discussed as a green coding
or software energy optimization technique.

Reference Programming Frameworks | Paradigms | Batching Algorithmic | Performance Data Caching
language choices optimizations | optimizations

[21] X b'e X

[25] X X X X X X

[19] X X X X b'e X b'e
[4] X X X X X X X
[26] X X X X b'e X X
[27] X X X X X X

(28] X X X X

[29] X X X

[30] X X X

[31] X X b'e
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As to what is covered in this thesis, the green coding topics in the collected
literature are listed in Table 2.1. The table lists the main sources used for the
literature review and points out the topics each study covered in some capacity.
An x marking under a topic means it was discussed as a way to optimize energy

consumption in software.

2.2 Technologies and paradigms

Throughout the existence of software engineering the term paradigm has had many
interpretations and therefore there exist numerous approaches to delineate its def-
inition [32|. In this thesis we use paradigm to refer to well-established or common
ways, approaches and procedures of constructing software, mainly in the context of
REST API software. An example of a software engineering paradigm could be, for
instance, the object-oriented paradigm [32]. As there are a plethora of ways build-
ing software can be approached, we focus on the popular REST APIs and consider
different paradigms and attributes within that context.

The selection of the implementation technology, on the other hand, be it a frame-
work or the programming language used, can have significant implications on the
energy consumption of a web application. [21] While developing server-side soft-
ware for web applications, the developers have to make a choice between different
technologies starting from the programming language and whether they prefer, for
example, compiled, interpreted or virtual-machine-based languages (such as Java).
Having chosen the language, there are numerous frameworks for each language,
which give a basis for developing the software further. Not only are there differences
for use cases and developer experience between frameworks, but also performance
differences. High-quality software, i.e. one that implements for example modularity,
can also cause an inherent reduction in energy consumption levels, at least when it

comes to object-oriented programming [19].
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2.2.1 Programming language

There are many types of different programming languages. One way to categorize
the majority of the programming languages could be to divide them into three dis-
tinct categories: compiled, interpreted and hybrid[33] (also known as managed),
which refers to virtual machine executed languages, such as C#. Compiled lan-
guages essentially hide the source code by transforming the human-readable code
into machine code for a specific platform via a compiler before the program is run.
Errors can be detected in the compilation stage due to the statically-typed nature
of the language. As the compiler-generated machine code requires no additional
intermediary, such as an interpreter, there is no additional overhead and hence the
compiled languages are typically more efficient and faster compared to the other
two. [33] In addition, their long and research-rich history has resulted in ever-
better compilers, which produce performant code [34]. Managed languages, on the
other hand, are usually compiled into byte code, which is then interpreted by the
virtual-machine (such as JVM in case of Java). [33] The intermediary could, how-
ever, introduce a performance overhead [33], though the generated native code could
also prove to make such languages even more efficient due to run time optimizations
such as PGO (Profile-Guided Optimizations) [35]. Managed languages perform type
checking both before (at compilation stage) and during run time. Interpreted lan-
guages are usually dynamically typed. Very early interpreters did not even make a
distinction between the human-readable code and the actual executable file. The
code was executed line-by-line, which caused a performance overhead due to the
interpreter having to translate it each time it is used. [33] However, this is more of
a legacy approach. Contemporary interpreters make this process more efficient by,
for example, compiling the code into bytecode before execution or alternatively, an
AST (Abstract Syntax Tree) interpreter can be used. [36] Another contemporary

approach is to use JIT (Just-In-Time) compilation, where the code is compiled dur-
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ing execution. This approach enables run time optimizations, as the code can be
re-compiled during run time but reverting to the interpreter is also an option. [34]

Reference [9] found compiled programming languages to be mostly outperform-
ing interpreted ones in common programming tasks. The study found different pro-
gramming languages to be optimal for different tasks. For example, Go prevailed
over most implementations in sorting algorithms whereas JavaScript was the better
option for regular expressions and Rust had the best results in I/O operations. The
choice of programming language for the implementation is a major determinant of
energy efficiency - for example, a study showed Rust to be over four times more
energy-efficient than the popular scripting language JavaScript [21|. At the other
end of the spectrum, some interpreted languages like Perl and Python had energy
implications of over seventy times over Rust. Therefore it is justified to examine a
representative programming language of each of the three categories in the empirical
evaluation.

Table 2.2: Energy values of programming languages commonly found in REST APIs
in comparison to C [21] (*outdated).

Ranking | Language | Execution Type | Energy
1 C Compiled 1.00
2 Rust Compiled 1.03
3 C++ Compiled 1.34
5t Java Virtual-machine 1.98
13 C# Virtual-machine 3.14
14 Go Compiled 3.23
17 JavaScript | Interpreted * 4.45
21 PHP Interpreted 29.30
25 Ruby Interpreted 69.91
26 Python Interpreted 75.88

As shown in Table 2.2, if we examine, for example, two fairly new and emerging

programming languages, namely Rust and Go, the former prevails over the latter.
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Table 2.3: Pareto optimal sets (no one dominant language in each set) for Energy,
Time and Memory. [21]

Ranking | Programming languages
C, Pascal, Go
Rust, C++, Fortran
Ada
Java, Chape, Lisp, Ocaml
Swift, Haskell, C#
Dart, F#, Racket, Hack, PHP
JavaScript, Ruby, Python

TypeScript, Erlang
Lua, JRuby, Perl

O |0 | N[O | T =W |+

However, when the programming languages are evaluated in relation to energy, time
and memory, C, Pascal and Go share the first rank while Rust, C++ and Fortran
come in at second place, as shown in Table 2.3. We can observe changes in the
ranking once again when the evaluation is in relation to energy and time, where Rust
is in second place and Go merely seventh, whereas with energy and time being the
points of analysis, they share the second rank. [21] This illustrates that evaluating
the energy consumption or energy efficiency based on one variable alone might not
be sufficient and more in-depth analysis is needed. Hence, in this thesis, the aim
is to emulate the real-world implementations of REST APIs as well as possible and
compare and analyze the results based on an entire system as opposed to one specific
subpart of it.

An important note regarding the results of reference |21] is that the findings are
subject to inaccuracies (regarding TypeScript in particular) and they have sparked
discussion and criticism [37]. The study is also not exactly the newest in 2025,
being 8 years old, and is somewhat outdated. For instance, JavaScript should be
categorized as JIT compiled rather than interpreted [38]. Regardless of all the

aforementioned, the study goes to show that different programming languages can
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have significant differences in their energy consumption. Other studies support
the findings as well: reference [29], for example, found similar differences between
programming languages in relation to energy consumption.

Managed languages, such as Java, which run on a virtual machine, can also have
differing amounts of energy consumption based on the virtual machine platform
implementation. For example, there can be as much as 100% difference between
different JVM implementations. [39]

Altogether compiled languages seem to be the most energy-efficient. Managed
languages come a close second while interpreted languages are clearly the least
energy-efficient. The differences in programming languages give a clear indication

that choosing the correct one to achieve high levels of energy efficiency is imperative.

2.2.2 Framework

API developers often utilize frameworks to build their APIs. Frameworks can be
described as ready-made code or tools which help developers build the logic and
communication interface side of their web application. These frameworks are essen-
tially pre-written code which provides functionalities for common features found in
REST APIs, such as HT'TP request handling. As frameworks provide the aforemen-
tioned features (among others) out-of-the-box, developers do not have to re-invent
the wheel each time they build a new API. Different framework implementations pro-
vide differing amounts of features and support for functionalities commonly found
in REST APIs.

A thesis [30] published in 2023 compared web frameworks built with different
programming languages and found that there are indeed differences in their energy
consumption. For example, the JavaScript-based Express framework consumed less
energy on average than the Python-based Django. In effect, when designing the

architecture and selecting technologies for, for example, a web application’s backend
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framework, one should most likely consider using, for example, Rust’s Actix [40] or

Go’s Fiber.

Total Requests per Second, concurrency 64

125000

100000

75000

50000

25000

Express (5.1) Fastify (5.3) Hono-deno (4.7)

Figure 2.1: Performance differences in frameworks written in JavaScript. [41]

A benchmarking site, which compares many popular web frameworks, indicates
great differences in performance between, for example, the following frameworks,
all of which are written in JavaScript: Express, Hono and Fastify, as illustrated
in Figure 2.1. [41] This implies that there is likely also a difference between the
energy efficiency in different frameworks, even if they are built in the same language.
A conference paper published in 2014 [42] empirically evaluated the performance
differences in various web development technologies, namely Python, Node.js and
PHP. They found there to be stark differences topics such as throughput and mean
execution time. It is thus probable that the differences apply to the web domain
and REST APIs as well.

Reference [27] found that while there are differences in the energy consumption

of different frameworks, there was not a clearly most energy-efficient solution. The
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scalability behaviour was different with the frameworks, as some reduced perfor-
mance in order to keep power consumption low, while others increased power usage
to maintain their performance and some used a combination of both. There were
also differences in the frameworks based on the programming language; for instance,
C-++ and Rust stood out as the most energy efficient in a single-request context.
In the absence of a clear winner, the paper suggested a basing the selection of the
framework based on specific needs and use case. [27]

In summary, different frameworks seem to exhibit differences in power use, per-
formance, scalability and energy efficiency. Thus, choosing the correct one to help

with developing an energy-efficient REST API is important.

2.2.3 Paradigms

In parallelism, multiple processes (instances of a program or a part of a program) can
be running at the same time. Assuming only one CPU is being utilized, at any given
instant, only a single process can be allocated CPU time. With a single core, a quasi-
parallel system can be achieved. That is, from a human’s perspective the processes
appear to be running in parallel, while in fact the CPU is switching between the
processes in a rapid manner. Concurrency means that there are multiple processes
in progress, but this can be achieved via a quasi-parallel system that utilizes time
slicing, i.e. dividing the available CPU time across multiple processes. [43] The
difference between parallelism and concurrency boils down to apparent same time
and exact same time [44], respectively. True parallelism cannot be achieved with
multi-threading - only multiple physical CPUs can enable said ability. [43]

Parallel programming and multi-threading have been shown to be able to improve
the energy efficiency of a software application, provided that it has been configured
correctly. [19] That is, in order to achieve better energy efficiency the application

has to, for example, utilize the optimal amount of threads among other factors. [26]
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Thus, it needs to be taken into account that parallelism is not a one-size-fits-all
solution. Thread management constructs such as work stealing, fixed-size thread
pooling and explicit thread creation can affect the energy efficiency of software. [26]
Explicit thread creation was the most energy-efficient for I/O-bound software [26],
which REST APIs commonly are. Different algorithms, such as the one utilized in
thread shuffling, can also affect the energy consumption. The selection of use-case-
specific amount of threads is recommended for maximal energy efficiency. [26]

The Go programming language, for example, can automatically divide the load
among the threads of the operating system via the runtime. Concurrency in Go
works with "goroutines", an implementation of green threads, which are scheduled
by a runtime as opposed to the operating system. Green threads are becoming
more popular and they are already in use with for instance Java [45] and the afore-
mentioned Go [46]. The Go runtime automatically multiplexes the green threads as
necessary to a configurable amount of CPU cores, which, by default, is the maximum
amount of cores available on the device the program is running on [47] [48].

In web development, thread and concurrency management is often abstracted
away to be taken care of by the framework used. For example, Go’s Echo frame-
work, which utilizes the net/http package, starts a new service goroutine (i.e. green
thread) for each listener to divide the load of the HTTP requests [49]. Not all pro-
gramming languages commonly used in web development fully support application
level concurrency. For example, JavaScript programs, which are single-threaded,
run on the Node.js runtime, which enables concurrency via the event loop. The
event loop in turn offloads the tasks to the system kernel [50].

At least for resource-altering operations, i.e. CRUD operations, it is customary
in web development for the framework, such as Gin for Golang, to handle the ma-
jority of multi-threading. This means, for instance, that instead of the developer

ensuring that each request is performed separately, the framework does it for us.
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The empirical section of this thesis will only utilize multi-threading, parallelism and
concurrency as they are utilized by the tested frameworks. As highlighted, however,
multi-threading and parallel programming are topics that should be considered when

it comes to energy efficiency.

2.3 Optimizing performance and minimizing over-

head

2.3.1 Batch operations

HTTP is the standard communication protocol in the web domain. When an end-
user is using a web application, the user-facing frontend of a the application, i.e. the
client application, typically makes multiple HT'TP requests to the backend, in this
case a REST APIL. The API in turn commonly processes data or makes calculations
and provides said data as a response. The client application then displays said
information to the user. These individual requests can (provided that they utilize
the HTTP protocol) be grouped into one, forming a single request. For example,
Microsoft provides a web API for its Dataverse product, which supports batching
requests. [51]

The batch operations’ energy efficiency implications were studied in the context
of mobile applications in 2019 by Cruz et al. [6]. Rani et al. studied whether said
approach could be used in web applications. They found that the HTTP request
batching, which they classified as an energy pattern (as opposed to anti-pattern),
is indeed applicable to web applications as well [4]. Cruz et al. argue that each
request induces superfluous energy consumption caused by the starting and stopping
of resources each time a request arrives and is handled. The energy usage curve

of these "tail energy consumptions" can be flattened by grouping the individual
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requests into one. This effectively reduces the energy losses originating from the
unnecessary resource starting and stopping caused by the nonessential requests. [6]
As highlighted by Cruz et al., these appear especially in the mobile domain. In the
web domain, it is likely that the aforementioned problem could be more prevalent
with serverless systems due to an unavoidable cold boot period, but as it is not in
the scope of the thesis, an empirical comparison for said architecture will not be
conducted. Instead, the effects on a REST API will be observed.

As the goal is to minimize energy consumption, it is feasible to assume request
grouping to be beneficial, but utilizing said feature may be very situational as could
introduce latency and other problems depending on the usage scenario. Neverthe-
less, it’s worth taking into account as a viable means of optimizing energy use and

reducing wasted energy.

2.3.2 Algorithm efficiency

While traditionally CPU-intensive operations, such as sorting, can beat least to
some extent ignored as the responsibility of the database engine, I myself have seen
many instances where the REST API itself has to perform such operations in the
application code. Thus the need for such functionality cannot be ruled out in REST
APIs. Different algorithms for tasks such as filtering, deduplication or aggregation
can be required in a REST API depending on the features and an optimal algorithm
should be chosen.

Different algorithmic choices can have a significant effect on the energy con-
sumption of the application [31], which means choosing the correct algorithm for
a specific task is imperative when it comes to minimizing the energy consumption
of the software. The algorithm used for, for example, array sorting tasks, can also
have significant performance implications. There are great differences in time com-

plexities for, for instance, the algorithms selection sort, quick sort and bucket sort.
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[19] There are of course algorithms for many other tasks in addition to sorting and
developers do not usually write the algorithms from scratch. Instead, existing so-
lutions are chosen or the choice is implicit based on the technology used, be it the

standard library of a programming language or a feature of a specific framework.

2.3.3 Extraneous tasks

As with any software, the less operations performed for a completed task the more
optimized the application is. Fewer instructions usually result in a more efficient
software [19]. When it comes to REST APIs, performing tasks such as third-party
API calls, superfluous data synchronization or frequent checks for an update can be
categorized as energy-hungry operations that can be optimized [4]. Acknowledging
the issues and reducing these kinds of operations to a minimum can curtail the
energy overhead from such superfluous operations. Superfluous in this case could
mean, for example, that the request is either made regardless of the fact that the
same data is available locally already or that unnecessary data synchronization is
performed when there is nothing to update. These requests also inherently increase
the network load and thus the energy consumption even if minimal processing is
done to the data received.

If performing an operation can be skipped, it has the time complexity of O(0),
meaning it should always be preferred to performing some operation, provided it
has no effect on the desired end result. There’s also an option to store, for instance,
calculations into a cache memory, so the expensive CPU operation does not have
to be performed, even though fetching the result from a cache does result in some

energy consumption.
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2.4 Optimizing data use

Due to the abundant nature of web APIs and clients, there is a need to keep the
amount of data sent between the client and the web API as small as possible.
Web applications transfer differing amounts data between the server and the client
in addition to utilizing external, other web APIs. In this thesis we focus on the
aforementioned three-part system configuration, excluding, for example, third-party
API calls. The transferred data could be the client uploading images, text or other
forms of data to the server or the server sending data to the client that they have
requested to download. The energy usage could depend on many things, such as
the amount of data transmitted (network-bound operations) [26], data format and

compression, the latter two of which will be covered in section 2.4.2.

2.4.1 Data amount and network load minimization

In the context of APIs, the energy overhead can be minimized by reducing the
amount of data movement [52]. After all, the more packets that have to be sent over
the network, the more energy it consumes. If no request are made over a network,
the energy consumption overhead from moving data from one machine to another
does not exist. For example, retrieving data from an in-memory cache instead of
making a database query is most likely a better option when it comes to energy
consumption.

Using design techniques such as pagination or lazy loading could reduce the
amount of data transmitted. When lazy loading is utilized, the content or data is
requested only when needed. In other words, if, for example, an image on the website
is not visible to the user, the client does not request for that specific piece of data
before it’s deemed relevant to do so, i.e. when the user scrolls to see it. Essentially,
parts of the page are loaded and inserted into the DOM only when the user is

supposed to be able to see it, making it possible to have reductions in the amount
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of data transferred. However, it should be noted that it’s not conspicuous whether
having the client make multiple smaller requests instead of one large one uses more
or less energy. Pagination, on the other, can make the the response fraction of the
size, if instead of loading the whole data set a page consists of, for example, only 10%
of the total amount of data and the second fraction of the data is sent to the client
only when they switch pages. Rani et al. [4] discussed the aforementioned features,
what they call OOWM (Open Only When Needed), and even though they proved
to, in fact, increase the total energy consumption, the measurement was done with
the same amount of data loaded for both the pattern (OOWN) and the anti-pattern
(not using OOWN). This arguably defeats the purpose of the feature, as the point is
to not have to load all the resources. It should also be noted that pagination might
even hinder the energy efficiency of the API, if the client uses all of the data but

requests it in small parts.

2.4.2 Data compression, structure and format

Using ill-considered data structures can cause considerable increases in energy con-
sumption; in some real-world examples, by choosing the most efficient data struc-
ture, energy savings of up to 38% could be achieved [26]. API developers can choose
between different supported data formats for text and media data. For text-based
content, formats such as XML, JSON and CSV are popular. For media content
such as images, formats such as PNG, JPEG and AVIF are popular. There are
differences in file sizes in image format. For example, the file sizes can be reduced
in browsers by utilizing AVIF and WebP formats in image files. [4] The images can
also be compressed [19] [53]. Data compression, if applied correctly, has been found
to be able to reduce the energy costs of transmitting data at least in mobile devices
[54]. HTTP compression is a technique viable for reducing, for example, the size of

JSON and XML files due to the predictable (and thus redundant) nature of lot of
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the data, such as repeating characters. Both the image format and data compres-
sion can have a big impact on the energy consumption on the energy consumption
resulting from data transfer [19]. This can be situational, however, as compression

requires serialization and deserialization [55].

2.4.3 Caching

Temporarily storing data on the server can reduce load times by the data being tem-
porarily saved in a location that is faster to access than it’s ordinary location, which
would usually be a database. In practice this could mean storing frequently accessed
data in an in-memory cache as opposed to reading from disk each time. This can
also reduce superfluous processing of said data. Utilizing caching on repeatedly used
data on both the client application and the server may have significant energy effi-
ciency improvement implications. For example, in the context of web applications,
if a needed image is cached in the client, e.g. the browser application, the need for
a HTTP request to fetch it from the API is eliminated and the server does not have
to use any resources at all. This means that the REST API’s energy consumption
for that specific "request" is 0. On the other hand, if the API utilizes a cache, it
could fetch frequently requested data from the cache instead of the database, which
eliminates the need for a database call. A study of performance issues in JavaScript
programs in 2016 found that of the 16 open-source projects studied, 13% suffered
issues from repeatedly executing the same operations and thus could have benefited
(performance-wise) from caching the frequently-used results [56].

Caching can be used to reduce network load [4], and if a newer version of the
cached data does not exist, there is no reason to re-fetch it from the server. The
application should subsequently ascertain that an update exists before making a
request for a piece of cached data [6].

In summary, caching frequently accessed data or results of expensive or performance-
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intensive calculations can be beneficial in terms of energy efficiency. The utilization
of caching should be considered to reduce the energy consumption of software, should

the use case allow for it.

Use of CDNs

Content Delivery Networks (CDN) are a feature many cloud providers offer, where
frequently used data is stored geographically close to where it’s being used as op-
posed to having to be fetched from the other side of the world. CDNs can be
considered as one form of a caching system. The effects of CDNs are most likely
hard to emulate and thus out of scope for this thesis. It should be noted, however,
that they may have significant energy consumption implications as the geological
location of the server makes each packet pass through many more nodes than if it’s
close to the client relatively speaking, likely requiring a lot more energy especially

if the transferred data amounts are big.



3 Measuring software energy

consumption

As discussed, running software induces energy consumption. To monitor and mini-
mize any potential energy overhead, the consumption needs to be measured or esti-
mated to detect energy-hungry sections or modules in the software code at all levels
of granularity. There are two main ways the measuring of energy consumption in
software can be approached; the software-based and hardware-based methods.
[57] A third, additional approach, namely hybrid methods, involves including mea-
sures from both of the previously mentioned approaches. 58] This chapter answers

to the RQ2 "How can software energy consumption be measured?".

3.1 Hardware-based measuring

Measuring the energy consumption of software often calls for reliance on attributes
which can be measured in a straightforward manner, such as electricity or power
consumption. Hardware-based measuring is typically performed by placing an ex-
ternal hardware power meter between the power source and the SUT (System Under
Test). A study published in 2013 [59] used a sensor placed in between the system to
be measured and it’s power source to estimate the energy usage. The instantaneous

energy consumption can be inferred from the equation for the calculation of energy,
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which is

E =Pt

which can be used to calculate the used energy from the power consumption (P) of
the system as well as how long the operation takes (t). Measuring in practice is, not
that simple, of course, as the power consumption is not constant over the duration
of the operation.

As software programs run on an operating system and thus have an idle energy
consumption, said overhead needs to be accounted for in the measurements when
absolute energy consumption values are wanted. An average idle power profile can
be measured, which is then subtracted from the total energy consumption to ex-
clude the idle energy consumption overhead as best as possible. This means the
energy consumption is determined as the difference between the measured energy

consumption and the idle energy consumption. [60]

3.1.1 Alternatives within hardware-based measurement

When it comes to hardware-based measurements, hardware power meters are the
typical approach, in which general-purpose measuring equipment is utilized gather
the data. As an example, EET or Energy Efficiency Tester [61] and Watts Up?
[62] are such devices. Additionally, there are specialized computer systems which
incorporate energy-sampling sensors, which in turn allow for the monitoring of power
consumption of the software program as well as the hardware resources associated

with it. [58]

3.2 Software-based measuring

There exist a multitude of different software tools that can be utilized to estimate

energy consumption. While software-based measuring is, in general, less accurate
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than hardware-based measuring, it often provides cost savings by requiring less
effort during the implementation process [57|. A study published in 2019 [58] delved
into the different methods for measuring the power and energy consumption of
software applications. They point out that while hardware-based approaches are
more accurate in comparison to software tools, software tools can be used to measure
the power consumption at different levels of granularity for both the hardware and
the software. The granularity in this case refers to hardware features such as CPU
or DRAM and structural levels of software, such as a line of code, a method or an
instruction. [58]

A popular interface utilized in software-based measuring is the RAPL (Running
Average Power Limit) interface - many studies that measure the energy or power
consumption of software have used said interface [63]| [64] [26] [4] [65]. It has been
shown to be quite accurate as a software-based power consumption measuring tool
[66] [63] and, in addition, it causes a negligible performance overhead [67]. An
example of a tool which utilizes the interface is Intel PowerLog [4]. RAPL is a
processor feature developed by Intel. It is an interface which can be used for en-
ergy consumption reporting. The interface provides a mechanism for tracking the
cumulative energy usage across different power domains within an SoC (system-on-
chip). [68] RAPL can provide real-time information on both DRAM memory and
the CPU package. The following domains can be measured with RAPL: Package,
Power Plane O, Power Plane 1, DRAM and Psys. It should be noted however, that
not all models support all features. PSys, for example, was introduced in the Intel
Skylake architecture. The energy information is stored into MSRs (Model-specific
registers), called energy counters, which update approximately 1000 times in a sec-
ond. The data is indicated as energy consumed since booting up the processor, in
units specific to the processor model in use, such as 61 microjoules in the case of

the Skylake architecture. [67]
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3.3 Hybrid approach

The hybrid measuring method incorporates elements from both software and hardware-
based methods. More information can be provided with this kind of an approach,
the aim of which is to collect more precise and broad readings by combining ca-
pabilities from both approaches. Examples of hybrid tools include e-Surgeon and
PowerScope [58]. The combined results can be used to observe and identify com-
monalities, patterns and causation within the measurements better than a either of

the measurement approaches could by themselves.

3.4 Approach in this thesis

While the measurement setup in use had the possibility to include software-based
data in the form of RAPL readings and thus offer the benefits of a hybrid approach,
due to time constraints and for the sake of simplicity it was determined that a
hardware-based approach would suffice. Thus, the measuring setup utilized in this
thesis is based on a hardware setup and the measurements are generated by a power
meter based measuring system which is described in detail in Chapter 5.

The energy calculations will be done cumulatively, meaning as the measurement
values are discrete, that is they are interpreted to stay the same for the duration of
a single data point. This means that as each data point has a time stamp for the
run, its duration in the data point is timestamp n + 1 minus timestamp n, resulting

in the formula and the instant power consumption at the time of the data point
E, =P, - At,

for each individual data point. These data point are then summed to form the total

energy consumption.



4 Test programs and test cases

In this thesis we aim to improve existing systems and provide a basis for enhancing
future implementations of REST APIs in relation to energy usage. The aim is not
to prove a theoretically most energy-efficient system possible. While the empirical
test cases are inherently non-exhaustive, for the purposes of limiting the empirical
validation to a reasonable subset of what is possible to achieve in the context of en-
ergy savings, this thesis focuses only on characteristics deemed relevant for achieving
the aforementioned goal. That is, finding features and characteristics in server-side
applications that can be either improved up on or utilized in the first place.

It’s worth noting that only expected usage, use cases and scenarios in general are
included in the evaluation and consideration. Unexpected (and excluded) scenarios
could include, for example, temporary unavailability of parts of the system the API
is dependent on, such as network communications or the database connection. This

thesis focuses only on expected, intended and typical behaviour of the system.

4.1 Selected programming languages and frameworks

The selected programming language categories for this thesis are the three discussed
in Chapter 2: compiled, managed and interpreted. For each technology, an alike

implementation of a REST API was created.
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4.1.1 Interpreted language: PHP with framework Laravel

PHP was selected for testing for its superior popularity among server-side program-
ming languages, as according to W3Techs Web Technology Surveys, 75,9% of web-
sites use PHP in their server-side software. [69] PHP is quite an old but popular
programming language first released in 1995. Designed with web development in
mind, it is a general-purpose scripting language whose name originally stood for
Personal Home Page.

The selected framework for PHP was the Laravel framework. Laravel was found
to be the most popular PHP framework in the 2024 Stack Overflow Developer Survey
[70] and was thus selected for this thesis. The PHP version is 8.2 and Laravel version
is 11.9, as it was Laravel’s newest version at the time of the starting of the project,

which used PHP version 8.2.

4.1.2 Compiled language: Go with framework Gin

Go (also known as Golang) is a popular [71], compiled, garbage-collected and stat-
ically typed programming language originally developed and supported by Google.
It is an open-source project and it has been designed to have a low learning curve
but to still be highly performant. Go has rapid run and compilation times and has
built-in support for concurrency with goroutines and channels as well as memory
management. Go was first publicly announced in 2009 with an official release coming
out in 2012. Reference [9] found Go to be the best-suited language for servers. Thus,
was selected into testing as a garbage collected representative of the (hypothesized)
energy-efficient [21| programming languages.

The framework selected for building the test implementation of the REST API
for Go is the Gin framework. It is one of the most high-performing frameworks for
Go [72], and was chosen for its popularity; as of the 15th of September 2024, the Gin

framework’s GitHub repository has the most stars of all the Go web frameworks in
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Github. In fact, Gin has more starts than the following two frameworks Fiber end

Beego combined. [73] [74] Go version 1.22.2 was used with the version 1.10.0 of Gin.

4.1.3 Managed language: Java with framework Spring Boot

Java was selected as the managed programming language representative, as it is still
very popular [75] . Java is an object-oriented general-purpose programming language
that is run on the Java Virtual Machine (JVM) platform. Like Go, it is a garbage
collected language, but unlike Go it requires the JVM platform to run, although
recently it has become possible to compile Java programs to compiled native binaries
through, for example, GraalVM [76]. Like PHP, Java was first released in 1995
and is still one of the most popular programming languages. Java version 21 was
chosen due to it being the latest long term support (LTS) version. Spring Boot was
equivalently chosen for its popularity. As far as web frameworks go, it is the most
popular Java framework according to the 2024 Stack Overflow Developer Survey

[70]. Spring Boot version 3.3.4 was used.

4.2 Unifying utilities around the software

The decision was made to Dockerize the test implementations and make all of them
utilize MongoDB to unify their functionality as much as possible regarding function-
ality that does not fall under the empirical tests. Docker is a software container-
ization tool, which provides features for packaging the application software in a
container effectively separating it from the infrastructure [77], such as the hardware
and operating system in use. It should be noted that using Docker as opposed to,
for example, "bare-metal" Linux could introduce an energy consumption overhead
[78]. However, a study [27] found it to not seem to add any significant additional

energy variation, and Docker-based benchmarks even had slightly smaller standard
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deviation in comparison to binary versions. Therefore, as all of the concerned test
programs in the empirical phase will utilize Docker in an alike manner, the energy
overhead caused by Docker is likely to be small and more importantly, similar across
the implementations with differing underlying technologies.

MongoDB is a modern, document-oriented, general purpose NoSQL database
management system (DBMS). The test implementation programs utilize MongoDB
as a database. The effects of different DBMSs are not included in the scope of this
thesis, and the choice of the DBMS should not have an effect on the test results, as
the all of the different test REST API implementations utilize the same database.
The choice of MongoDB was affected by its easy implementation and thus inclusion
in the test programs. Furthermore, it is the most popular NoSQL DBMS among
developers [79] and the most familiar to myself as well, which inherently helped to
keep the development timeline more compact.

An important note regarding MongoDB is that the device the tests were run on
did not support AVX instructions, so a special docker image ! was used to circumvent
the issue. The image is not intended for production but was sufficient for testing

purposes.

4.3 Technology-related tests

In these tests the intention is to simulate the use of a REST API with some represen-
tative features as elaborated on in the table 4.1. The results can then be examined as
total energy consumption as well as compare different operations and how different
technologies performed with each of the operations.

The simulation of traffic on the API will be performed with the K6 performance
testing tool. K6 is a HT'TP benchmarking utility, which can generate a heavy load

and simulate a considerable amount of demand on the SUT [27|, system-under-test,

'https://hub.docker.com/r/133t1lamer/mongodb-without-avx
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in this case, the reference implementation of a REST API. A similar method was
used in a study [27] which investigated the effects of the web framework stack on the
energy consumption of a server. They used a similar tool, WRK [80], for simulating
a heavy load on an API. This thesis will be utilizing the same strategy for the
empirical tests, with the differentiating factor being the utilization of K6 in place of
WRK.

The available endpoints for the REST API implementations seen in Table 4.1
mimic the some common functionality of a contemporary REST API, with the
capability to list, create, update and delete resources. All of the aforementioned
endpoints make a database query to either get, insert, update or delete a single entry
in the MongoDB database. These represent the so-called 1/O-bound operations.
These functionalities represent operations which primarily alter resources as opposed
to making computationally heavy operations. The CPU-bound operations on the
other hand, such as the Matrix multiplication calculation endpoint, are meant to
simulate computationally demanding endpoint functionalities. Said functionality is
intended to highlight differences in especially the performance capabilities of the
different technologies, if any.

To highlight the differences as best as possible between the technologies, many
tasks that could be outsourced to the database engine were handled in application
code instead. In my experience, this also reflects real-life implementations at least
in some cases, as not all code optimized to its fullest potential due to differences
in developer skill levels. An example of such a scenario is the sorting of the entries
in the GET /notes endpoint. The update endpoint PUT /notes/:id also performs
the manipulation of the entry in application code as opposed to letting the database
engine handle that by performing an optimal query.

The client script written in JavaScript for controlling the measurement setup

(described in Chapter 5) via its API and the actual test runs is shown in Listing
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Table 4.1: The available endpoints of the reference REST API implementations.

"guid": string,
"isActive": boolean,
"balance": string,
"picture": string,
"age": integer,
"eyeColor": string,
"name": string,
"gender": string,
"company": string,
"email": string,
"phone": string,
"address": string,
"about": string,
"registered": string,
"latitude": float,
"longitude": float,
"tags": [Jstring,
"friends": [Jobject,
"ereeting": string,
"favoriteFruit": string

Method URL Request payload Endpoint type | Description
GET " /notes" - I/O-bound List all notes
in the database
ordered by
creation  time,
sorted in appli-
cation code
POST " /notes" { I/O-bound Add a note to
"name": string, the database
"title": string,
"description": string
}
PUT "/notes/:id" | { I/O-bound Update a note
"name": string,
"title": string,
"description": string
}

DELETE | "/notes/:id" - I/O-bound Delete a note
from the
database

POST " /matrix" { CPU-bound Multiply the
"matrix _A": [][]float, provided  ma-
"matrix B": [][]float trices by each

} other
POST | "/serialization" | [J{ CPU & IO-bound | Accept a large
"index": integer, (3.1MiB)  pay-

load of JSON,

serialize and
store, query
from database,
deserialize and
drop collection,
return in re-
sponse

1. The script invokes methods for controlling PowerGoblin, setting run-specific

parameters such as host and port and starting the K6 load test script.
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Listing 1 JavaScript client script used for controlling the test runs.
const runTest = async () => {
try {
console.log("Starting client script on", HOST+":"+PORT);
setHost () ;
await setPort();
// Empties the Notes collection
await clearSUTDataBase();

console.log("Populating database with notes")
for (let i = 0; i < 150; i++) {

// Adds a Note to database

await testPost();
}

await startMeasurement();

for (let i = 0; i < 20; i++) {
await startRun(i);
await runlLoadTest();
await stopRun(i);

}

await stopMeasurement () ;
console.log("Measurement process completed");
} catch (error) {
console.error ("Error during measurement process:", error.message);
X
s

4.4 Technology-agnostic testing

Technology-agnostic refers to features and semantic attributes of the REST API
unrelated to specific technologies. In practice this means, for example, caching or
batch requests, which can be implemented regardless of whether the underlying
programming language for the REST API is Rust, Perl or any other programming
language for that matter, provided that the language has support for such technology
in the form of a library. Whether or not such features are implemented to begin

with and more importantly how effectively they are leveraged can have a significant
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impact on the energy consumption of a REST API, independent of the specific
technology used. The feature-specific tests are explained in-detail in this section

and summarized in Table 4.2.

4.4.1 Batch requests

The methodology for this test is to run the performance benchmark tool and compare
the results when the CRUD operations are performed individually versus in batches
on a single CRUD operation set. The REST API implemented for the technology-
related tests is used as a reference point and compared against the batch version
implemented for this test scenario, with the small difference of the GET requests
use the id of the POST request’s resource and only fetch one entry.

The tests are conducted by sending requests to perform a set of four operations.
The set of operations is performed 5000 times on the REST API during a single test

run. The operations on the non-batch endpoints are as follows:

1. Create a new Note: POST request with Note in request body, returns ID

2. Retrieve the newly-created Note: GET request with ID as a path parameter,
returns Note

3. Update the Note: PUT request with ID as a path parameter and new fields for

Note in request body, returns updated Note

4. Delete the Note: DELETE request with ID as a path parameter, returns ID

Correspondingly, the same operations are performed on an alike resource (Note)
using the batch endpoint. The difference is that only a single HTTP request will
be used to perform the four operations on the resource. For instance, all the data
required for inserting, updating and deleting the Note is included in the request
body. Having completed the measurements, the resulting power graph from should
give an indication of whether there is a non-negligible benefit gained in relation to

energy and power use of the REST API from request batching.
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It is worth noting that the code does not utilize any bulk queries supported by
MongoDB, such as InsertMany, UpdateMany or DeleteMany, as these functionalities
can (and arguably should) be implemented even if request batching is not utilized in
any manner whatsoever. HT'TP request batching, specifically, is the point of focus
for this set of tests. Furthermore, while utilizing the features of the database engine
in an optimal way would undoubtedly increase, if not the API’s energy consumption,
at least the its performance, it is out of scope for the thesis and thus such features
were intentionally left out of the tests.

The intention of these tests is to highlight possible differing energy requirements
between performing multiple operations with one request and traditional one op-
eration per request. Additionally we will try to answer RQ3 "How effective are
the existing green coding practices for REST APIs?" and analyze whether the en-
ergy savings achieved are negligible. This test is non-exhaustive in a sense that
not all contemporary REST API operations have support for purely CRUD oper-
ations. Moreover, as will be explained in Chapter 5, the measurements setup uses
local devices and thus cannot represent real-world network conditions and overhead
resulting from HTTP requests travelling via the internet, meaning more in-depth
research into HT'TP request batching will be requires should the test results indicate

an improvement in energy efficiency in the API.

4.4.2 Caching

Cache tests will utilize Redis as a caching system. Redis is an in-memory key—value
database commonly used as a scalable, high-performance caching solution. These
tests will highlight how the energy consumption changes if the operations are per-
formed on Redis instead of the database system. For example, fetching a portion of
the data from the in-memory storage as opposed to the database should highlight

the impact on the energy consumption of the system. The tests are conducted by
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increasing the amount of operations performed on Redis instead of the database.
The results are observed for differing amounts of energy savings and the correlation
with cache utilization level. In other words, analyze whether a larger hit rate results
in more energy savings.

The tests are executed for 100%, 50% and 0% hit rates. For consistence purposes
the randomization will be performed on the client as opposed to the SUT. This
way the effects of different randomization solutions in the test programs will be
eliminated. The hit rate is determined like follows: for each of the endpoint types,
namely MongoDB and Redis, a complete test script is executed exclusively. That
is, for 0% hit rate (MongoDB-exclusive tests), all read operations are performed on
the database and vice versa for the 100% hit rate (Redis-exclusive). As for the 50%
hit rate, it is guaranteed by having "flipper" property in the K6 script, as shown in

Listing 2.

Listing 2 50% hit rate logic for K6.
let flipper = true;

export default function () {
// 50% hit rate tests
if (__ENV.HITRATE) { // Environment variable for enabling flipper
type = flipper 7 "mongo" : "redis";
flipper = !flipper;
+
/] ...

// type determines whether Redis is used
http.get (" ${HOST}: ${PORT}/${type}/${id} );

/] ...

The test flow is the following: POST/create + GET /read a resource. Both
the cache and the database are are updated on all POST requests when the cache

is utilized. In Mongo-exclusive tests Redis is disabled to highlight the overhead
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from said service running. In 50% and 100% hit rate tests the aim is to compare
the overhead from using Redis and the possible efficiency improvements regarding
energy use, which will show whether utilizing the in-memory cache is indeed worth
it if energy use minimization is the goal.

By default MongoDB’s WiredTiger storage engine uses an internal caching sys-
tem to store data in RAM. To minimize the use of this internal in-memory caching
system and thus highlight the differences between the in-memory cache (Redis) and
a disk-reading database system (MongoDB in the context of the thesis), all requests
in the load tests will perform operations on a new entry, that is a Note with new
field values. This means that the flow for a single test run is the following: create
a resource in both MongoDB and Redis, query said entry from one or the other

depending on the hit rate.

4.4.3 Algorithms

As with any algorithm, sorting tasks can have an effect on the energy consumption
of the APIL. The aim of these tests is to observe whether there is a great difference
between algorithms and their energy consumption. CPU-bound operations are in
focus in these tests, as no resource-manipulation is performed.

The effects of algorithmic efficiency are tested by running tests for three different
sorting algorithms. The algorithms that were chosen for evaluation in this testing
round were selection sort, insertion sort and quick sort, for which the best-case
time complexities are O(n?), O(n) and O(nlogn), respectively. The average case time
complexities are O(n?) for both selection and insertion sort, whereas for quick sort
it is O(nlogn). The worst case time complexity is same for all algorithms, O(n?).
Selection sort is efficient for small sorting amounts of data but ill-suited for large
inputs, whereas quick sort is well-suited for handling large input data amount while

being inefficient with input data being already sorted. Insertion sort is simple and
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works efficiently with small sets of data, while as with quick sort, it is inefficient
with large data sets. [81]

The test will be performed by querying a randomized (yet same across differ-
ent tests) amount of documents from the database and sorting them with each of
the algorithms on different test runs. The sorting will be based on the created at
Unix timestamp. Analyze the results for significant and determinable energy savings
caused by algorithm change. The arrays of unsorted resources are always unsorted
in the beginning. These tests should highlight the difference the design and im-

plementation choices of the developers can make on the energy consumption of the

API.
Table 4.2: Technology-agnostic tests.
Feature Hypothesis on energy | Test type
savings
Batch requests Reduced energy use from | Individual requests  vs.

less network traffic and | batches of 4
fewer requests
Caching Reduced energy use from | Database only vs. cache
queries to an in-memory | only vs. 50% hit rate
storage as opposed to a
disk-reading DBMS

Algorithms Reduced energy use from | Comparison of energy effi-
more efficient CPU utiliza- | ciency between algorithms
tion

4.4.4 REST API implementation

Since the technology of the implementation is not of importance due to the technology-
agnostic nature of the tests, the decision was made to implement said tests on one the
most familiar technology to the author, namely Go. While JavaScript, for example,
would have been even more of a familiar technology to myself, it lacks multithread-
ing due to it being a single-threaded language and might not have been an optimal

candidate for the implementation of the base of the REST API for the aforemen-
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tioned reasons. Go has great community support and libraries for features such as
caching for, for instance, the aforementioned Redis. Additionally, it is not uncom-
mon to see said programming language used on the server side code of contemporary
web applications nor in REST APIs, which makes it an ideal candidate to building
the REST API implementation required in the tests. Furthermore, a base for the
implementation was implemented in for the technology-related tests, which consid-
erably shortened the development time for the base functionalities of the API, such
as setting up the database and dockerizing the solution to help with using it on the
measurement setup. Each of the non-technology-specific features are in the same

REST API under their own routes (or endpoints).



5 Measurement Setup for Empirical

Testing

When conducting empirical tests on the energy consumption of software, one should
not overlook the possibility of the test execution environment having an impact on
the results. Thus, the aim is to minimize the effect of the environment on the data
that is gathered from the tests.

Benchmark tests should meet the following criteria to be successful: the test
must be reproducible, results must be accurate (i.e. findings should be roughly
the same each time the benchmark is run) and the tests should represent reality.
[27] The measuring setup used in this thesis was similar to the one used in [59],
where there is a sensor between the SUT and the power source and multiple runs for
each scenario. The equation for the calculation of the energy consumption differs
in slightly, as in this thesis the idle power is not subtracted. This is since absolute
energy values are not the key point of interest. Instead, the relative performance

between test cases is evaluated.

5.1 Test setup overview

This thesis utilizes a power measurement tool called PowerGoblin [82] [83] originally
developed by the University of Turku under the Visiiri [84] project. The tool is

designed to measure the power consumption of a system and collect, organize and
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Figure 5.1: Physical connections of the test setup based on an example setup [85].

manage data from said measurements.

In addition to the measurement setup there is the server machine (SUT) as well
as the client machine, which is responsible for providing the necessary traffic for the
duration of the tests. As shown in Figure 5.1, the Lenovo PC acts as the client
which sends the requests and causes the demand for the SUT. The SUT, on which
the REST API is hosted, is connected to both the PowerGoblin hosting PC and the
client PC with ethernet cables via a router. The power meter is in between the SUT
and the PSU (Power Supply Unit), so that the power consumption of the system

can accurately be measured.
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5.2 Measurements process

Having set up the hardware and designed the test script, the measurement process
can begin by first starting all the necessary elements, namely the REST API in
the SUT and PowerGoblin to read measurement data. The measurement script can
then be started. It controls the PowerGoblin via, for instance the HT'TP API, as
well as causes the demand on the REST API itself with HTTP requests. [86]

In the PowerGoblin software, a session is the starting point when measuring.
Sessions, each with a distinct id, consist of data such as start and (optional) stop
time stamps, configuration data and session-related aggregated data. Sessions can
be either open (without stop time) or closed (with stop time), and the idea behind
them is to have re-reviewable data of a session, in other words, that a session can
be restored. [87]

Each session can contain multiple measurements, which represent a task under
review and they are identified by trigger messages when starting and stopping the
measurement. Each measurement can have multiple runs, which in turn represent
a single test run for a single task. Runs are meant to provide a way to repetitions

of a single measurement to, for example, rule out outlier scenarios. [87]

5.3 Features of PowerGoblin

PowerGoblin (version 2.0.0) has features for data acquisition, exportation, commu-

nication and deployment, which will be explored in this section.

5.3.1 Importing Measurement Data

The tool includes support for a power meter called HardKernel SmartPower, con-
nected via USB for data acquisition as well as a USB UART (Universal Asynchronous

Receiver-Transmitter) meter HardKernel SmartPower 3. Additionally, there is a
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functionality for simulating dummy meters, which enables testing and simulation
without the need for actual physical hardware. Furthermore, collectd can be uti-

lized to provide data for a more thorough and comprehensive analysis. [88]

5.3.2 Exporting Measurement Data

Measurement data can be exported in multiple formats. These include the ex-
portation of the entire measurement setup data as JSON, as well as exportation
of event-specific data in CSV and OpenDocument formats. Additionally, for vi-
sual representation, PNG image plots can be generated using the ggplot2 library, if

graphical analysis is required. [88|

5.3.3 Communication & APIs

The protocol for communicating with PowerGoblin in this thesis was the HTTP
API provided by the tool, via which the whole measuring process can be managed.
The REST-like API allows programmatic control of measurements. For instance,
a GET request to /api/vl/run/start/:unit would start a run within a session
and measurement and /api/v1/run/stop/:unit, correspondingly, would stop the
run. The API supports configuration for measurement-related parameters such as
session, measurement, run, but also for system configuration such as meter and
cmd which is for executing commands. Additionally, the HT'TP POST API allows
for uploading resource data for collectd. [88|

The web Ul offers a user-friendly platform for visually inspecting the measure-
ment process. The Ul has six distinct components through which the user can
observe and interact with the system. The Config section displays information re-
lating to the configuration of the software, including enabled APIs as well as the
meters present. The configuration parameters are not modifiable through the UL

The Meters section displays the available meters, which can be either simulated
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or real meters. This section displays the instantaneous power, current and voltage
values, which are updated periodically to view how the session in proceeding. The
Measure section provides functionality to monitor and manage sessions, measure-
ments and runs. One can, for instance, create a new one or manually control an
active one. Within a sessions, measurements can be started or stopped. In addition,
within measurements new runs can be started and stopped. The section Logs lists
prior saved sessions. This view has links to files relating to their respective session.
The System section contains useful information for troubleshooting, such as the lat-
est MQTT messages and system logs. One can also access the HTTP GET API
from this view. [89]

There is a support for MQTT communication, via which indirect monitoring of
the measurement process is possible. This functionality provides real-time updates
and integration support for MQTT-compatible systems. The Telnet API, on the
other hand, implements a minimal protocol for controlling measurements. It utilizes

a high performance io_uring backend to handle data. 88|

5.4 Server machine (SUT)

The server machine, in other words the system-under-test was an X86 architecture
Odroid H3+ ! by Hardkernel. The device has Intel Pentium Silver N6005 as its CPU,
which has 4 cores and 4 threads. Memory-wise, two of Kingston’s KF3200C2054/8G
DDR4 Synchronous 3200 MHz RAM (Random-access memory) sticks were installed.
Graphics-wise, the device employed Intel UHD Graphics (Jasper Lake). As for
storage, there is a 500GiB Kingston SNV2S500G NVMe SSD. The system has a
Linux operating system with the Arch Linuz distribution. The system was powered

with the SmartPower 3, which supplied a voltage of 17.85V.

"https://www.hardkernel.com/shop/odroid-h3-plus/
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5.5 Client machine

The client device utilized was a Lenovo Thinkpad E15 (2022 model), with a Ryzen
7 5700U CPU and 16GB of DDR4 RAM. The operating system on the device was
Fedora Linux 41 with Node.js version 20, which was used for making HTTP requests
to the measurement system to initiate, configure and stop the measurement process

as well as to test the actual SUT. The client machine was connected to the SUT via

a CAT5 RJ45 ethernet cable.



6 Results, Analysis and Discussion

This chapter goes over the results of the empirical tests. Two types of graphs
were selected to visualize the performance of each practice. The first is power over
time graphs to visualize the runtime behaviour, power-hungriness and differences in
duration. The second are box plots of cumulative energy consumption. These graphs
allow for easier comparison of median performance, variance and possible outliers.
Additionally, bar charts of energy consumption were added for the technology tests

to better highlight differences in the technologies.

6.1 Technology-related tests

Each test case for both the technological and the technology-agnostic cases had a
session of its own on the measurement setup. Each session consisted of 20 test runs,
which were controlled programmatically by using the HT'TP APT of the measurement
system PowerGoblin. To ensure each session would be as alike to the others as
possible, the Notes collection was cleared and populated with 150 entries before
starting the measurement.

For the technology tests every run lasted the amount it took for each API imple-
mentation to run the specified amount of iterations, which was 50. This amounted
in 300 requests for each test run, which consisted of the K6 load test period. The
duration of a single run varied depending on the technology used, ranging from ap-

proximately 6 seconds to almost 20 seconds. K6 was configured to use 10 virtual
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users during the test runs. A more detailed analysis of said runs and the variations

is provided later in this section.

6.1.1 Test results

The results of the test runs were exported as CSV from the measurement setup.
The data was plotted per-run to visualize the power consumption over time. Each
run was plotted with a line of its own and a unique color help with distinguishing
the runs from each other. Since a specific amount of iterations was configured for
the performance testing tool, the duration of each run could differ based on how
fast the API was able to process the requests. These differences between the API
implementations and the technologies can be clearly seen in Figures 6.1, 6.3 and
6.5. In general the measurement data for Spring Boot and Gin look quite similar,
whereas Laravel is quite conspicuously less performant in comparison to the former.

The cumulative energy consumption for each run can be seen in Figures 6.2,
6.4 and 6.6. All the aforementioned figures have the warm up run marked in gray
to differentiate it from the rest, while still providing data on the differences of the

technologies.
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Figure 6.1: Power consumption of the REST API with Gin framework.
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Figure 6.2: Gin REST API’s energy consumption for each run (gray indicates warm
up run).

6.1.2 Gin

The resulting power consumption over time of the test runs is shown in Figure 6.1.
The duration of the first run was marginally larger than that of the subsequent
ones. This may be due to some caching features in the Gin framework itself or CPU
register optimizations.

The decrease in the duration is not linear, however, as for instance the last two
runs were closer to the median duration-wise as opposed to the fastest. While some
of the tests have small anomalies at approximately 4 to 6 seconds, the runs seem
consistent and there are no significant anomalies in any of the plots of the runs. The
fastest run for Gin was run number 7.

The energy consumption was on average 116.67 joules per run. The least energy-
efficient run was number 1 with a cumulative energy consumption of 131.62 joules,

whereas the most energy-efficient run, number 5, had a cumulative energy consump-
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tion of 107.65. The total energy consumption for all of the runs was 2,333.44 joules.

6.1.3 Spring Boot

The resulting power consumption over time of the test runs for the Spring Boot
REST API can be seen in Figure 6.3. The first observation that can be immediately
drawn from the plotted data is that the first test run is a conspicuous outlier. This
is likely due to the JIT-compiled nature of Java. Said run differs enough from the
other runs that it can be ruled out as a statistical outlier, as the cause of it is quite
obvious and cold start performance is not taken into account in these tests. Hence
it is categorized as a warm-up period and will be ignored from the calculations later
on.

Otherwise the data resembles that of Gin’s quite well. The runs are of similar
duration and the power consumption is roughly the same as well. The fastest run
for Spring Boot was run number 12. The power consumption mostly hovers around
19 000 mW during the run time of the test, as was the case with Gin.

Spring Boot REST API power consumption

18000

il

i

i
16000 11 Al

\
|

HMW\ ': l‘ | ”

| "Wx‘ i
14000 ) t | " &vwk

|
i »

= Run 2 = Run 12
Run 3 = Run 13

Power (mW)

12000

10000 Run4 = Run14
== Run 5 Run 15
== Run 6 = Run 16
= Run 7 = Run 17
8000 == Run 8 Run 18
| Run 9 = Run 19

= Run 10 = Run 20

0 2 4 6 8 10
Time (seconds)

Figure 6.3: Power consumption of the REST API with Spring Boot framework.
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Figure 6.4: Spring Boot REST APT’s energy consumption for each run (gray indi-

cates warm up run).

6.1.4 Laravel

The power consumption over time of the Laravel Boot REST API is shown in Figure
6.5. What is immediately evident from the plotted data is that the test runs are
almost twice as long in comparison to both Gin and Spring Boot. This makes Laravel
clearly the least efficient of the three, which is also highlighted in Table 6.1, since
even the most efficient run of Laravel required more than double the energy than
the least-efficient runs of both Spring Boot and Gin.

Distinctly, the power consumption stays more stable in Laravel when compared
to the others. While Spring Boot and Gin seem to consistently have a drop in power
consumption at roughly the two second mark in each run, no such observation can
made in case of Laravel and the consumption stays both stable and high until the
run is over. This affects the energy efficiency negatively, as the power consumption

does not lower for the non-intensive parts in the same way it does for Spring Boot
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Figure 6.5: Power consumption of the REST API with Laravel framework.
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Figure 6.6: Laravel REST APT’s energy consumption for each run (gray indicates

warm up run).
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Figure 6.7: Energy consumption of each of the three REST API implementations.

6.1.5 Analysis

As mentioned earlier, the first run is a clear outlier and is considered a warm up
run. As this thesis explores the energy consumption in a real-world setting, cold
boot behaviour is no in the scope of these tests and is thus ignored from all the
calculations hereinafter. This applies for all the technology-related tests, including
Laravel and Gin, not just Spring Boot. For instance, Table 6.1 only considers runs
2-20 for each of the technologies. Figure 6.7 includes and highlights the outliers well;
Gin has the most consistent performance overall with no explicit outliers, while the
single outlier for Spring Boot is the clearly the most extreme. The only outlier of
Laravel is very close to the maximum data value.

The results are quite clear and give a great answer to RQ4 - there is a significant
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difference between certain technologies when it comes to energy consumption. In
fact, based on the results, the energy required can be reduced to almost a third of
the original if one were to switch from Laravel to Gin. These results prove a point,
but a more in-depth examination of real-world applications and use cases would
be required to confirm the results. Nevertheless, they indicate a stark difference
between the energy requirements of different technologies. On average the most
energy-efficient technology, Gin, was 185.6% more energy-efficient than the least
efficient technology Laravel. In addition, it was also 161.4% faster on average.

Predictably, the implementations written in Java and Go were quite close to each
other in regards to energy requirements during the runs, as hypothesized in Chapter
2. What differs, though, in regards to the expectations from said chapter, is that
with the empirical tests conducted in this thesis Gin outperformed Spring Boot.
This, however, may be due to differences in the REST API frameworks themselves
as opposed to the underlying programming language. Since the difference between
the two are quite small, an argument could be made for another slightly different
test scenario to provide reciprocal results for the two technologies.

Spring Boot had the most variation between its runs even excluding the warm
up run. It had a 35.8% difference between its highest and lowest runs, whereas for
Gin the respective percentage was 19.1% and for Laravel it was only 11.0%. With
the absolute joule values, Gin had the least variation with 20.52 joules whereas the
values for Spring Boot and Laravel were 37.14 and 34.77, respectively. The lower
variation provides grounds to argue that even if Gin was not significantly more
energy-efficient in comparison to Spring Boot, having less variation over time and a
more consistent energy consumption makes it a better candidate for building green
REST APIs, as its behaviour is more predictable.

While the results align with the hypotheses made in Chapter 2, more granular

and targeted testing would be required to isolate and identify the key factors within
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the different technologies that cause the divergence in the performance. A more
granular test palette would likely explain the differences between the Java and Go

implementations, as they were quite close to each other.

Table 6.1: Cumulative energy consumption results for each technology (runs 2-20).

Technology | Avg energy (J) | Highest run (J) | Lowest run (J) | Total (J) | Avg duration (s)

Gin 115.89 128.18 107.65 2201.82 7.216
Spring Boot 122.39 140.88 103.73 2325.42 7.395
Laravel 330.99 350.53 315.76 6288.74 18.860

6.2 Technology-agnostic tests

In contrast to Section 6.1, the cases discussed in this section do not consider the
underlying technology, and a warm up run was performed before the tests were

conducted. This means that all runs from 1 to 20 are considered hereinafter.

6.2.1 Caching

The power consumption over time for all three test cases, Redis only, MongoDB only
and 50% hit rate can be seen in Figure 6.8. An observation that can be pointed out
is that the figures look moderately uniform across all runs and that there is a clear
difference in execution time in the database-only and cache-only tests. The 50% hit
rate one, on the other hand, exhibits more variation between its runs while having

a slight gravitation towards 100% hit rate in later runs.
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Figure 6.8: Power consumption across all three cache hit rates (0%, 50%, 100%).
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From Figure 6.9 the observation that can be made is that the more the hit rate
the lower the energy consumption. From Table 6.2 the conclusion can be drawn
that the initial 50% seems to result in more energy savings than the latter half when
observing the total amount of energy consumed over all 20 runs. That is, having a
50% hit rate decreased the energy consumption a total of 5.93% in comparison to 0%
hit rate, while 100% hit rate lowered the energy consumption 4.55% in relation to
the 50% hit rate. Overall, regarding total energy consumed, a total of 10.21% energy
savings could be achieved between 0 to 100% across all 20 runs, which expressed in

joules was 392.59.

Cumulative energy consumption for cache tests with Redis
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Figure 6.9: Energy consumption across all three hit rates (0%, 50%, 100%) for the

Redis cache tests.

Achieving such a hit rate is of course purely theoretical or at least not sustainable
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over long periods of time, but nevertheless the results indicate that the energy
consumption can indeed be lowered by using a caching system in a REST API.
What is encouraging in regards to real-world systems is that the greater proportion
of energy savings occurred comparing 0% to 50% hit rate, in contrast to 50% to
100%. This is meaningful, since as discussed, it is highly unlikely for any practical
deployment of a REST API to achieve such high hit rates consistently.

As was hypothesized in Chapter 2, both the execution time and the energy con-
sumption were lower the higher the hit rate (and consequently cache utilization).
The empirical tests thus correlate with the theoretical background quite well. The
relative time and energy savings between the best and the worst were not as signif-
icant as with, for example, technologies - only the aforementioned 10.12%. Never-
theless, there is a clear indication that having an in-memory cache between the API
and the database can provide energy savings. The savings are likely caused by the

less expensive operation of reading from an in-memory cache as opposed to from the

disk.

Table 6.2: Energy consumption results for each hit rate in cache tests.

Hit rate | Avg energy (J) | Highest run (J) | Lowest run (J) | Total (J) | Avg duration (s)

0% 192.29 200.03 184.88 3845.85 12.802
50% 180.89 192.96 174.34 3617.87 11.983
100% 172.66 174.93 171.14 3453.26 11.568

6.2.2 Batch requests

Batching seems to have quite a significant effect in the energy consumption, as is
evident from the power graphs in Figure 6.10. On average the duration for each
run is almost halved and furthermore, there is a noticeable reduction in power con-
sumption on average with each run, as it hovers under 14 watts. With no batching

employed, however, the average power consumption is clearly closer to 15 watts.
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This is confirmed by Figure 6.11, where a significant reduction in the energy con-
sumption can be seen when employing batches. In fact, on average, there is a 50.84%
reduction in energy consumption when comparing the batch-utilizing version with
the regular one. The reduced average power level means that the energy consump-
tion reductions are not purely the result of having a shorter run duration, although

that is likely the primary reason.

Table 6.3: Energy consumption results for batch tests.

Batch type | Avg energy (J) | Highest run (J) | Lowest run (J) | Total (J) | Avg duration (s)
No batching 391.88 399.59 384.84 7837.52 26.532
Batches of 4 192.64 195.59 189.32 3852.86 13.988

Table 6.3 highlights the differences between the batch sizes (0 vs. 4). Executing
the requests in batches clearly reduces the overhead in both energy consumption and
time required. Both the duration and the energy consumption are roughly halved,
with the aforementioned 50.84% reduction in energy use and 47.28% reduction in
time required on average. The variation is similar, though, with no batching the
difference between the highest and the lowest run being 3.83% whereas for batches
of four the corresponding difference was 3.31%.

As was hypothesized in Chapter 2, the much lower energy consumption and
execution time is most likely due to the overhead removal between the API having
to send the respond, the client receiving the response and then using the value of
the response as part of the next request. Removing this back and forth network
traffic and superfluous processing had a significant effect on the energy efficiency
and performance of the REST API.

A noteworthy point is that the while the results indicate that request batching
can provide significant benefits in terms of energy consumption, it is not applicable

in all scenarios and is highly dependent on the situation. If, for instance, in our test
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scenario the update operation required user input as opposed to merely updating
the field with a pre-determined string, that specific scenario would not be able to
utilize request batching in the same manner. So while the test scenario’s use case
is not exactly the most realistic, it shows that HTTP request batching should be
implemented and utilized wherever possible, as it provides great energy savings as
well as performance enhancements.
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Figure 6.10: The power consumption graphs of no batching employed and with

batches of 4.
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Cumulative energy consumption for batch tests
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Figure 6.11: The cumulative energy consumption for the batch tests with no batches

and batches of 4.

6.2.3 Algorithms

Figure 6.12 shows the difference in power consumption between the selected sorting
algorithms. The immediate observation that can be made is that the quick sort
algorithm is not only the most power-efficient but also takes the least time by quite
a margin. Contrary to the best-case time complexities discussed in 4.4.3, the actual
run times of insertion sort and selection sort do not seem to correlate to those exactly
in the setting of these tests, but quick sort is the clearly the fastest.

Insertion sort exhibits the most variation in both power consumption and dispar-
ity of durations between runs. While the duration scale is different, both selection

sort and quick sort have a more consistent performance across different runs. The
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same effect can be seen in Figure 6.13, where the energy consumption disparity
between runs is quite conspicuous for insertion sort.

In relation to the energy consumption, both Table 6.4 and Figure 6.13 not only
confirm quick sort as the most optimal choice but also highlight the answer to
the question posed for the algorithm-related tests: there is indeed a significant
difference in energy efficiency for different algorithms aimed at performing the same
task. What should be noted, of course, is that there might be different use cases
for different algorithms. When it comes to energy consumption in, quick sort seems

like the obvious choice based on the test results.

Table 6.4: Energy consumption results for each sorting algorithm.

Algorithm | Avg energy (J) | Highest run (J) | Lowest run (J) | Total (J) | Avg duration (s)

Quick sort 121.74 122.65 120.86 2434.88 8.791
Selection sort 233.77 237.20 231.64 4675.38 15.843
Insertion sort 258.02 284.01 246.94 5160.42 16.898
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Figure 6.13: The cumulative energy consumption of the sorting algorithms.

6.2.4 Analysis

All of the tests demonstrated that the "improved" versions provided energy savings
on some level. The disparity in the levels of savings achieved were not entirely consis-
tent with the expectations, as I anticipated the savings to be of similar proportions
between all the technology-agnostic tests.

In section 2.3.1, the hypothesis of reducing energy consumption by minimizing
the superfluous consumption of receiving a request and responding to it seems to be
correct in this case. The energy consumption was significantly lowered even though
the same operations were performed, due to both a decreased run time and lower
power consumption in the test runs.

What is surprising is that utilizing a cache resulted with relatively low energy
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savings. This, however, may be due to the testing setup. In real-world scenarios
such as more complex caching solutions utilization, for instance generating pre-
view images, or simply having significantly larger data sets could greatly increase
the energy savings provided by a caching system. Nevertheless a cache solution
undoubtedly has earned its place in the effective green coding practices in REST
APIs. The vast difference in energy consumption between the sorting algorithms
was unexpected to an extent, as the expectation was for them to be closer to the
other technology-agnostic tests in relative divergence between test cases, as opposed
to the levels of energy savings achieved by technology changes. The results are not
directly comparable, though.

What is noteworthy about the batch tests is that it is not applicable to all
operations or use scenarios. For instance, while it is technically possible to perform
the CRUD operation containing 4 individual requests that was utilized in the tests,
if the update operation, for example, required user input that can only be added
once they know the result of the read operation, the entirety of the CRUD operation
flow cannot be batched. This does not mean, however, that batching should not be
utilized where it is possible to do so, since it proved effective in providing energy
savings.

As was briefly discussed in Chapter 4, the time complexities of the sorting algo-
rithm differ from each other. Quick sort was best in that regard, and is well-suited
for modern computer architectures [81]. It is thus no surprise that it performed the

best.

6.3 Summary and Discussion

To assess the impact of each green coding practice, the worst- and best-performing
test cases were compared in each category. The average reduction in energy con-

sumption is shown as a percentage relative to the worst-performing test in each



6.3 SUMMARY AND DISCUSSION 68

category, providing a normalized view of the achievable energy savings for each
practice. For instance, on average Gin required only 35,3% of the energy required
by Laravel, so 64,7% energy savings were achieved. The tests are not directly com-
parable due to differing workloads and the nature of the tests, but they do provide
an insight into the relative energy efficiency improvement provided by each category
in isolation. As is shown in Figure 6.14, the most energy savings were provided by
changing the underlying implementation technology, while the least energy savings
were provided by cache utilization. Changing the algorithm provided quite substan-

tial energy savings as well, whereas batching also cut the energy consumption in

half.
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Figure 6.14: Relative average energy savings for each category as a percentage of
energy saved. The values represent the reduction in energy consumption relative to
the worst case in each category.

6.3.1 Answers to Research Questions

RQ1 "What design, implementation and optimization choices have the most sig-

nificant effect on the energy consumption of software?" was already answered thor-
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oughly in Chapter 2, but to sum it up here, the identified technologies, meaning
programming languages and frameworks, paradigms, performance and data opti-
mizations, batch operations, correct algorithmic choices and caching utilization.

RQ2 "How can software energy consumption be measured?" was answered in
Chapter 3. The three main ways of measuring the energy consumption of software
were found to be software-based and hardware-based methods as well as hybrids of
the two.

To answer RQ3 "How effective are the existing green coding practices for REST
APIs", the results are quite apparent. The energy savings from the correct choice
of technology likely affect all operations on the API and thus lower its energy con-
sumption altogether, but as seen, individual modules or parts of the API can be
optimized further. For instance, as both the choice of the correct algorithm and the
utilization of request batching can roughly half the energy consumption individu-
ally, combining the effect of all the green coding practices for a cumulative effect are
likely to provide quite significant gains in energy efficiency. Some of the green coding
practices are not as good as the others, however. As discussed in 6.2.1, the 5.93%
reduction in energy consumption from the more reasonable 50% hit rate means in
some cases, the cost of implementing the caching system might not be worth it.
This would mean that in specific cases, a single practice might prove to provide
negligible energy savings in relation to the cost of implementing such feature. For
all the other categories besides caching, based on the empirical tests it is safe to
assume implementing them should be a priority, should maximal energy efficiency
be the end goal.

The answer to RQ4 "How significant is the choice of technology in relation to
other green coding practices?" is clear. Of all the tested categories, most energy
savings were achieved with technology improvements. In addition, the technology

has an effect on all activity and tasks in the REST API, so any energy efficiency
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gains resulting from that likely provide overall benefits the best. Based on the
results, some technologies are far behind the others, namely PHP in relation to Java
and Go. In summary, based on the results of the empirical section, the correct choice

of technology is the most important green coding technique that can be utilized when

developing a REST APIL.



7 Conclusion

In this thesis the main problem was to elicit the current landscape of green coding
and evaluate whether the existing energy efficient practices apply to REST APIs. In
the format of a literature review in Chapter 2, this thesis first explored the features
and characteristics of a REST API that affect its energy consumption and what
makes software energy-efficient in general. The literature review identified technolo-
gies, paradigms, performance and data optimizations, batch operations, algorithmic
choices and caching as the most significant practices. Chapter 3 then explored how
the energy consumption of software can be measured. The conducted analysis re-
sulted in three main methods; software-based, hardware-based and hybrid methods.
A test software palette was then assembled in Chapter 4, where the tests related to
the practices of technology, batching, algorithmic choices and caching were built and
introduced. In Chapter 5 the power and energy consumption measurement setup
was introduced. Then, in Chapter 6 the topics were explored empirically - i.e. the
empirical tests were performed. The results were then analysed and compared to
the findings and hypotheses made in the literature review. All of the empirically
tested topics, technology, batching, algorithmic choices and caching had an effect on
the REST API’s energy consumption, as hypothesized. Thus, the empirical section
showed that by adhering to green coding practices, the gains in energy efficiency
can be significant. The findings in this thesis contribute to the mapping out the

landscape of energy efficient practices tailored for REST APIs.
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7.1 Threats to validity

7.1.1 Internal validity

In some tests, to better grasp whether the energy savings resulted from what the
hypothesis was, a more in-depth test palette might be required. For instance, with
the batching tests, the implementation of the batched version might not totally
correlate with a real-world example. In addition, the test case was by no means
exhaustive, and could even be described as rudimentary.

This thesis utilized a performance testing tool in the empirical tests. This means
that the results could have been skewed by the fact that under normal operating
conditions, a REST API is usually not under such loads. Hence, the results could

change with a different demand.

7.1.2 External validity

In regards to external validity, the thesis’ scope might be too large. A more in-
depth analysis for each test case is required to get a better understanding of what
causes the energy savings. Additionally, while the results do provide a way to guide
engineering decisions, a more in-depth study would be required to find the most
optimal solution.

Additionally, the setting of the tests could have been more realistic. By taking
a real-world application and applying green coding practices to that, one could get
a better picture of how an energy-optimized REST API would behave in real use
cases. Larger data sets and greater variation in the test palette could also change

the results.
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7.2 Further research and limitations

This thesis does not provide a big picture view on what would be the difference in
energy consumption if all the sustainable practices were combined and compared
to a non-optimized REST API. This is a topic that would be great for a next step
after this thesis to find out, how much the energy consumption can be lowered by
combining different practices. Additionally, the empirical tests did not cover all the
green coding practices, such as network and data set size related topics.

Topics for further research could be a more realistic testing setup with heavier,
real-world applications and a longer time span with lower (not performance test
scaled) demand. While this thesis shed light on whether the existing sustainable
practices do indeed apply to REST APIs and more importantly have the ability to
provide a non-negligible decrease in the API’s energy consumption, the next step
could include more thorough yet similar tests to those conducted in this thesis to
not only affirm the results but also look into the theoretical maximum increase a
system could get in its energy efficiency.

Additionally, all of the test cases could be examined in detail. For example,
comparing different frameworks built with the same programming language would
provide more insight into how developers can choose the correct REST API develop-
ment technologies for energy efficiency. Moreover, the more abstract practices such
a avoiding extraneous tasks could be explored with case studies of real REST API
implementations to emphasize the more non-tangible energy efficiency improvement

techniques.
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