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Microservices are widely adopted in cloud computing systems, where scalability is
essential for maintaining performance and controlling operational costs under rapidly
changing workloads. While cloud computing platforms provide elastic infrastructure,
the ability of microservices to benefit from elasticity depends on their scalability.
This thesis analyses how various levels of scalability in microservices affect user-
perceived performance and cloud costs, and identifies operational characteristics
that drive scalability.

This thesis adopts an empirical and quantitative methodology combining a concep-
tual analysis of microservice implementation technologies, a structured literature
review and controlled empirical experiments. Microservice benchmark applications
with various levels of scalability are compared under simulated workloads to com-
pare latency and resource usage. Java-based microservice frameworks are used to
compare the implications of scalability in a common runtime ecosystem, while the
analysis remains framework and language agnostic.

The results show that scalability in microservices is driven by application startup
time, container image size, resource efficiency and request throughput. Poor scal-
ability manifests as increased tail-latency, latency spikes during scale-out and un-
predictable response times, thus degrading overall user experience. In contrast,
improved scalability enables high resource-efficiency, reduces the need for resource
over-provisioning and thus leads to lower cloud computing costs.
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1 Introduction

Software systems have been traditionally implemented with the monolithic archi-
tecture, where all application logic and responsibilities are bundled into a single
deployable unit with a single codebase. Monoliths are simple and easy to start
with, but as the system grows they become increasingly complex and rigid. A mi-
nor change in the application logic requires rebuilding and redeploying of the whole
application. [1] Teams developing separate features might be blocking each other
and scaling the application horizontally means cloning the whole system instead of
only just the components under heavy use, leading to resource waste. Upgrading
technologies means upgrading the whole application and a single fault in one module
can cascade to the whole system.

To address these limitations, modern software systems are increasingly imple-
mented with or migrated to a microservices architecture. Systems are decomposed
into microservices that run in independent, lightweight containers and are orches-
trated by platforms such as Kubernetes. [2] [3] However orchestrating a microser-
vices deployment with several services might be complex and the initial costs might
surpass the costs of a monolithic deployment. A poorly configured microservices
deployment with bad elasticity can be outperformed by a monolithic deployment in
user-perceived performance and cloud costs. Modern autoscaling solutions address
these limitations by scaling resources down when they are not needed and scaling

them up to match demand when needed. [4] [5] [6] However the effectiveness of
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autoscaling algorithms are affected by the scalability of individual services, thus op-
timising the scalability of individual services potentially has benefits to the elasticity
of the whole microservices deployment [5] [6]. This thesis aims to research the im-
plications of an individual service’s scalability to a whole microservices deployment.

Java remains the most dominant programming language in the Java Virtual
Machine (JVM) ecosystem and it is especially popular in enterprise systems where
enterprises have invested heavily in Java-specific tooling. The Java ecosystem is
mature and offers various development frameworks for microservices such as Spring
Boot, Quarkus and Micronaut that offer fast release cycles, cloud-native compi-
lation and elastic scaling [7]. These frameworks have differing design goals, offer
various levels of scalability, and thus they act as good candidates for researching the

implications of scalability.

1.1 Research Questions

This thesis aims to answer three research questions (RQs) centred around the scala-
bility of microservices. The first question aims to research the drivers of scalability.
The second question focuses on scalability from the end user’s point of view. The

third question focuses on scalability from the business perspective.

RQ1: What kind of operational characteristics drive scalability in con-
tainerised cloud deployments? This question maps the different operational
characteristics of microservice applications e.g. image sizes, startup time, through-

put, and how they affect scalability and elasticity.

RQ2: How different levels of scalability affect user-perceived performance
in microservices under heavy load? This question focuses on the different

observable user-centred metrics and how they are affected by systems under heavy
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load. Performance metrics in this context mean latency percentiles of requests.

RQ3: How different levels of scalability affect the total cost of ownership
of deployed microservices? This question connects system scaling metrics to
business outcomes, such as total economic cost and Service Level Agreement (SLA)

adherence.

1.2 Methodology

This thesis adopts an empirical and quantitative research approach to analyse the
effects of scalability in microservices to user-perceived performance and cloud costs.
The research is conducted within a positivist paradigm, which allows the investiga-
tion of scalability related concepts and trends under a controlled environment. The
purpose of the thesis is evaluative, since it aims to evaluate how different scalabil-
ity characteristics and optimisations influence user-perceived performance and cloud
costs instead of proposing new frameworks or implementation techniques.

The research methodology consists of three components: a conceptual analysis,
a structured literature review and controlled empirical experiments. The conceptual
analysis consists of a non-empirical examination of microservices frameworks based
on their documentation and design choices and is used to identify operational char-
acteristics relevant to scalability. The literature review examines existing research
on scalability concepts, performance metrics and cost implications in cloud-native
systems. The conceptual analysis and literature review direct the design of the
empirical experiments and provide a foundation for interpreting the experimental
results.

The empirical research of this thesis is based on three controlled experiments
conducted in a container-orchestrated environment. Microservices applications with

various levels of scalability are deployed and evaluated under simulated workload.
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User-perceived performance is compared through latency metrics and resource usage
and absolute costs are compared in a cloud environment. For systematic comparison,
JVM-based microservice frameworks are used within a common runtime ecosystem.
However, the analysis and conclusions focus on general scalability characteristics
and trends instead of focusing on technology specific behaviour.

The scope of this thesis is constrained to enable controlled and repeatable exper-
imentation. While the use of a single runtime ecosystem limits the generalisability
of the results, this approach allows for direct observation of scalability related effects
and systematic comparison. Therefore the findings of this thesis are interpreted as
indicative of general trends and implications of scalability, rather than as absolute

guarantees for all microservices deployments.

1.3 Research Structure

This thesis is organised into several chapters that start from the conceptual back-
ground to empirical experimentation and finally to analysis and conclusions of the
research.

Chapter 2 provides the conceptual background of the thesis. It introduces the
microservices architecture, its historical context and the primary design principles
that enable independent deployment and scalability. The chapter also discusses
cloud computing, container technologies and defines scalability related concepts rel-
evant to the thesis.

Chapter 3 includes the conceptual analysis of three widely used Java-based mi-
croservice frameworks: Spring Boot, Quarkus and Micronaut, which all have various
levels of scalability. The section examines their runtime models, build processes and
containerisation features in order to identify operational characteristics that the
frameworks aim to optimise for improved scalability.

Chapter 4 examines existing literature related to scalability in cloud environ-
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ments. The section aims to investigate the drivers of scalability and how scalability
affects user-perceived performance and cloud costs.

Chapter 5 describes the methodology and design of the empirical experiments.
It presents the benchmark applications, the deployment environments and measure-
ment tools, and presents the results of the experiment.

Chapter 6 discusses and synthesises the results of the literature review and the
empirical experiments. The section analyses the findings against the three research
questions and examines the implications of scalability to user-perceived performance
and cloud costs. Additionally, the section discusses the limitations of the thesis and
proposes directions for future research.

Finally, Chapter 7 concludes the thesis by summarising the answers to the re-

search questions and highlights the main contributions.



2 Background

This chapter provides the conceptual background for the thesis and the research
problem. It introduces the microservices architecture, the cloud computing paradigm,
the container technologies that enable it and concepts related to scalability and elas-
ticity. The chapter also defines performance and cost terminology used across the
thesis. The purpose of this chapter is to establish a conceptual foundation for the
analysis of scalability and to clarify how scalability is understood in the context of

this thesis.

2.1 Cloud Computing

2.1.1 Cloud Definition

Cloud computing has enabled a great shift in the Information Technology industry,
specifically in how computing resources are delivered and used. Defined by the Na-
tional Institute of Standards and Technology (NIST): "Cloud computing is a model
for enabling ubiquitous, convenient, on-demand network access to a shared pool of
configurable computing resources (e.g., networks, servers, storage, applications, and
services) that can be rapidly provisioned and released with minimal management
effort or service provider interaction" [8]. Adopting cloud computing allows busi-
nesses to flexibly acquire scalable resources without extensive initial investments.

This fundamentally changes the cost dynamics and accessibility of computing re-
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sources.

Although the idea of cloud computing can be traced back to the concept of
computer resource sharing first discussed in the 1960s, the birth of cloud computing
as we see it today dates to the early 2000s, when the dot-com bubble burst. At that
time businesses were looking for cost effective solutions to mitigate excess computing
resources, which were generating unnecessary costs. The year 2002 marked a critical
point, when Amazon Web Services (AWS) was founded. AWS demonstrated the
practicality and commercial viability of cloud computing and effectively started the
widespread trend of businesses migrating into using cloud computing, which we still
see today. |9

The primary motivation for adopting cloud computing is its economic efficiency
through one of the fundamental aspects of cloud computing; cloud elasticity. It al-
lows the effective utilisation of idle computing resources, which leads to significantly
better resource utilisation rates and reduced unnecessary energy consumption. Ad-
ditionally cloud computing inherently comes with centralisation and virtualisation
of resources and services, which in turn lead to enhanced reliability and reduced
complexity. Thus cloud computing services facilitate more effective and secure man-
agement of computing resources compared to traditional on-premise data centres.
8] [10]

Crucial to its widespread adoption cloud computing introduces several inherent
attributes which make it beneficial to businesses. These are resource pooling, rapid
elasticity, broad network access, measured service and on-demand self-service [8].
These characteristics allow for businesses to scale in response to varying demand,

which leads to greater operational agility and advantage over on-premise services.
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2.1.2 Cloud Service and Deployment Models

NIST defines three service models and four deployment models that model and set
constraints on how cloud resources are delivered, distributed and managed. These
models determine the amount of control over capacity, automation and performance

and thus determine where scalability can be managed.|8]

Traditional IT Cloud Computing
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Figure 2.1: A figure of service models from Younis et al. [11].

The service models are abstraction layers that describe how much control the
Cloud Service User (CSU) has over infrastructure and how much the platform con-
trols as Figure 2.1 illustrates. Infrastructure as a Service (IaaS) gives the most
control over operating systems, storage and networking. It is a perfect model for
CSUs that require fine-tuning of autoscaling strategies, selecting optimized instance
types or mixing containers and virtual machines in order to optimize latency and
throughput. Platform as a Service (PaaS) abstracts infrastructure management and
offers a managed runtime with build and deploy tooling and ready-made autoscaling.
It makes delivery fast, but reduces the control over infrastructure. It is perfect when

the runtime constraints of a cloud provider are enough. Software as a Service (SaaS)
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places infrastructure and runtime control with the Cloud Service Provider (CSP).
The CSU can then configure scaling between the boundaries set by the CSP. This

makes SaaS suitable for CSUs that require focus on the application functionality

and not in fine-tuned control over performance. [8] [12] [11] [13]

Table 2.1: A table of deployment models from Saraswat and Tripathi [13].

Attributes Public Private Community Hybrid
Scope of Open for General | Open for licensed Open for Open for general
Service Public and Large users, single community users public &
Industrial group: organization: that have shared | licensed users
system and services & concerns
services are easily | accessibility of | (mission, security,
accessible to cloud policy etc.)
general public on | infrastructure is
demand exclusively
available within
organization or
owned persons
Owned by Always Third Single organiza- Several Organization
Party i.e CSPs tion/lessened organizations and Third
users Party(CSPs)

Size of Data

50,000 Server

5,000 Server

15000 (Depends

Less than public

Centre on number of but more than
orgns) private
Security Low: because of Very High: High Medium
it openness i.e because of its
E-mail private nature
Location Off-Premise off or on Premise | off or on Premise Off and on
Premise
Managed by Only Third Single Several Both
Party(CSPs) Organization or Organizations (organization
CSPs and CSPs and CSPs)
Cost of No-Initial Cost | High-Initial Cost (Depends on Medium
Implemen- number of
tation organizations)

Deployment models describe how the cloud infrastructure is provisioned and

who manages the physical infrastructure. Public clouds offer elastic capacity and
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measured service, which supports rapid scale out and scale in operations. This is
usually the best option for horizontal elasticity, since public clouds leverage the
computing potential of numerous data centres of cloud providers. Private clouds
emphasize control, physical location of data and security policies. They can scale,
but the limit is set by the physically owned computing capacity. Community clouds
are like private clouds, but the infrastructure is shared among organisations with
similar regulatory compliance requirements. Hybrid clouds combine the properties
of both public and private cloud, by leveraging the elasticity and geographical reach
of public cloud and keeping sensitive operations in private cloud. (8] [11] [13]
When designing a highly elastic system, choosing the right service model and
deployment model is crucial. If custom autoscaling configurations or container or-
chestrations is needed, TaaS is the best option. If delivery speed and managed
autoscaling are important, then PaaS is a good option. For deployment, public or
hybrid models are best option if demand surges are expected. Private deployment
is suitable, when regulatory compliance is needed, but the constraints on elasticity

need to be accepted. |9]

2.1.3 Cloud Elasticity

As discussed in Section 2.1.1, elasticity is central in cloud computing. Elasticity
is the ability to dynamically provision and release computing resources based on
varying demand [8]. The goal of elasticity is to scale resources rapidly up or down
to match demand as accurately as possible, thus maximizing resource utilisation and
cost-efficiency [4] [5] [6]. Elasticity can be further divided into horizontal and vertical
elasticity. Horizontal elasticity means adding or removing computing instances, such
as virtual machines (VMs) or containers. Vertical elasticity means adjusting the
resources inside computing instances, such as CPU, memory or storage capacity. [6]

Container based virtualization and containers have significantly improved cloud



2.1 CLOUD COMPUTING 11

elasticity, due to the lightweight nature of the technology. They scale quicker com-
pared to traditional VMs and consume less resources. Containers, such as Docker
containers, can also be managed by a container orchestrator such as Kubernetes.
Kubernetes enables elasticity of container based cloud services through rapid de-
ployments, minimal overhead and quick start up times. Central mechanisms to
Kubernetes are the horizontal- and vertical pod autoscalers, that manage scaling
decisions proactively and reactively based on metrics, such as CPU and memory
usage. [14] [15]

While cloud elasticity promises powerful advantages, it comes with the com-
plexity of configuration and potential issues in provisioning. Improper configura-
tions can lead to over-provisioning resources, which hinders cost-efficiency or under-
provisioning, which hinders the availability of services. In addition to configurations
and autoscaling policies, the speed of provisioning is also affected by "cold starts".
They occur when new instances are provisioned and initialized, and the longer they

take a longer a system is over- or under-provisioned. [4] [5] (6]

2.1.4 Service Level Agreements

Service Level Agreements (SLAs) are formal agreements between cloud service providers
(CSPs) and cloud service users (CSUs). They specify service level objectives (SLOs)
for latency, throughput, availability, reliability and even cost and security, which are
then tracked with appropriate service level indicators (SLIs). [16] SLAs are enforce-
able agreements with penalties or credits for violations. They should be designed
around concrete SLIs that CSPs and CSUs both can observe. Typical SLIs include
service uptime, response time, throughput and error rates with explicit thresholds
and evaluation intervals. [17]

The SLA lifecycle is very important. A good process includes discovery and

selection of a CSP, negotiation of an SLA, execution and monitoring. Negotiation
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and monitoring are essential to modern SLA processes. Automated protocols and
brokers align CSU requirements with CSP capabilities and can initiate new nego-
tiations when conditions change. [16] [17] SLAs require continuous monitoring in
order to be enforced. Without it, violations cannot be detected or remedied. [17]

For CSUs with high elasticity requirements, SLAs can acknowledge elasticity
explicitly. CSUs care about the effect of scaling on objectives and not about the
internal mechanisms. An elasticity aware SLO could define that a response must be
under a second except for in situations where a surge in demand has been detected
a response can take longer. After a grace period, the original objective takes place.
This SLO pattern is aware of elasticity and acknowledges the realities of over- and
under-provisioning. [18]

For an SLA to be relevant and effective, it must include a small set of SLIs
relevant to the CSUs. How often they are tracked and evaluated. How violations
are detected and what kind of penalties and remedies follow. What kind of changes
initiate re-negotiations. And finally monitoring the relevant SLIs is important, since

without it the SLA is useless. [16] [17]

2.1.5 Total Cost of Ownership

Total Cost of Ownership (TCO) is the full economical cost of provisioning, operat-
ing, developing and disposing of a cloud infrastructure throughout its lifecycle. TCO
encompasses the direct costs of the cloud platform and the indirect costs related to
operating infrastructure in the cloud, such as migrating to cloud, modernizing in-
frastructure, right sizing resources, observability, support and development required
to maintain the deployed software. It is different from Return on Investment (ROI)
as it does not account benefits. TCO can be used to compare the different cost
implications of scalability choices and it supports design choices when designing a

scalable and cost-effective cloud architecture. [19] [20]
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TCO = Upfront Costs 4+ Recurring Costs + Termination Costs (2.1)

Tangible Benefits = Incremental Revenues + Lower Costs (2.2)

(Tangible Benefits + Intangible Benefits) — TCO

ROI = TCO

(2.3)

Equations 2.1, 2.2 and 2.3 illustrate how cloud TCO and ROI are calculated and
how recurring costs affect them|[19]|. In equation 2.1, the upfront costs and termina-
tion costs are fixed variables that depend on the chosen CSP. However the recurring
costs depends on the cloud resources used and varying demand. In Equation 2.2 we
see that lower costs lead to better tangible benefits and that in turn leads to better
ROI in Equation 2.3. The goal of elasticity and scalability is to lower recurring
costs as much as possible while keeping SLOs intact, thus minimizing TCO [20] and
leading to better ROL.

2.2 Microservices Architecture

2.2.1 History and Core Principles

Microservices Architecture (MSA) is an architectural style where software systems
are decomposed into small, cohesive and independently deployable services that com-
municate through lightweight mechanisms, typically HTTP APIs [21]. The architec-
tural style is fundamentally different from the traditional monolithic architecture,
where a software system is mostly composed of a single deployable system encom-
passing all the features of the software system. This fundamental difference makes
microservices modular, independently scalable and technologically diverse compared

to monoliths. [22]
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Historically software architectures have been monolithic in their designs, but they
have moved towards modular and service oriented designs. This shift was caused
by the complexity of maintaining and scaling large monolithic software systems.
MSA was formally introduced for the first time in a workshop of software engineers
in 2011, and it started to gain popularity after Netflix, Amazon, Uber and many
other famous technology companies shared their successful experiences with the
architecture style. [22] [23] In 2014 Lewis and Fowler published a famous blog post,
where they defined the architecture style’s core principles, practical benefits and
how it differed from the earlier Service-Oriented Architecture (SOA) styles, further
increasing its popularity. [24] [23|

The core principles of microservices include decomposition into bounded con-
texts, independent deployment and decentralized governance [1] [22]. A microservice
is explicitly defined as a cohesive and independent executable process that commu-
nicates by passing messages [22|. Explicitly restricting the responsibilities within
clear boundaries makes microservices agile, easily maintainable, and allows teams

to work independently of other teams without excessive communication [1] [21] [25].

Authentication

Order i

Cart Authentication Order Cart

Catalog ﬁ

Inventory N Catalog Inventory

Monolith Microservices

Figure 2.2: The difference of monolith and microservices architectures.

Decentralized data management is another fundamental principle of microser-

vices. It means that each service maintains their own independent databases which
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they control whereas monolithic architectures typically have a single centralized
database. The decentralization allows each microservice to choose the database
technology best suited to their requirements in order to get the best performance.
This also allows each microservice and their database to evolve and scale indepen-
dently. [23]

MSA also promotes freedom in technological choices, thus facilitating hetero-
geneity in technologies. Monolithic software systems have technology lock-ins that
enforce a single technology stack, whereas MSA does not. Because of this organiza-
tions can choose the best technologies for each service. [25] The DevOps practices
with MSA also are flexible as service updates are independent and isolated, which
promotes continuous delivery since the whole system is not redeployed. This re-
duces the risk of faulty updates taking the whole system down and thus leading to
downtime|[1]

Resilience and fault tolerance is also a fundamental characteristic of MSA. The
aim in MSA is to isolate service failures and minimize impacts of failures to the
whole system. In monolithic systems, errors tend to easily propagate through the
whole system, which affects the whole systems availability and reliability causing
violations in SLA. Whereas in microservices, a failure in a single service does not

automatically propagate throughout the system. [1] [23] [25]

2.2.2 Decomposition and Bounded Context

Badly defined service boundaries can negatively affect the scalability of microser-
vices. In monoliths tightly coupled modules are typical, which complicates main-
tenance and scalability. In microservices, having overlapping boundaries creates
unnecessary dependencies that leads to communication overhead resulting from in-
creased latency and resource utilisation. [1] [22] Therefore decomposition and clear

service boundaries are very important in order to optimize performance and scala-
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bility.

Domain Driven Design (DDD) and its concept of bounded contexts help in de-
signing services in a way to avoid overlapping boundaries. In a bounded context, a
specific business domain is modelled into a single clear model and language. These
single cohesive models prevent overlapping responsibilities between services and min-
imizes dependencies across services. [22| Using DDD principles in a microservice
context directly supports MSA principles and the decomposition process by provid-
ing cohesion and modularization. [25]

Granularity of services brings advantages to scalability, however there is not a
consensus on the optimal size of microservices. Services can range from a hundred
to thousands of lines of code, which introduces a trade off between total resource
usage and complexity. [21] Empirical evidence shows that migrating to microservices
increases total resource consumption, specifically memory usage, but is balanced out
by the improved horizontal scalability [23]. Thus, smaller microservices reduce the
footprint of an individual service, leading to smaller startup latencies. However, it
also increases the total number of microservices in the system, leading to increased
resource usage and complexity of the system.

The two most critical failures in a decomposition process, as discussed in this
chapter, are shared databases and excessively granular microservices. Shared databases
between services break the isolation of services and increase coupling, preventing
individual scalability of services [26]. Too small microservices increase the total
resource usage and complexity of the system, hindering the scalability benefits of

microservices. It is essential to be aware of these issues when designing systems with

MSA.
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2.2.3 Inter-service communication

Inter-service communication in microservices introduces latency and affects the
whole performance of the system. Due to the distributed nature of services in MSA,
interactions between services introduce overhead through network latency [27] [28].
Since inter-service communication affects the whole systems performance, it is cru-
cial to choose the right communication mechanisms to ensure responsiveness and
resilience in order to adhere to SLAs.

The two main communication mechanisms in microservices are synchronous and
asynchronous communication. Synchronous communication mechanisms, such as
REST and gRPC, are popular since they are relatively simple and offer high perfor-
mance. But they may be inefficient under heavy loads. Out of the two synchronous
mechanisms, REST is relatively simple to use and demonstrates low CPU utilisation.
However, gRPC typically demonstrates lower latency than REST, as it is built on
HTTP/2, which provides native multiplexing support that allows multiple concur-
rent request over a single connection. Asynchronous communication mechanisms,
such as Kafka and RabbitMQ, work best in fault tolerant and high throughput sce-
narios, since they decouple services, thus increasing overall system resilience. [28|

API Gateways are a fundamental part of microservices. They route client re-
quests to the appropriate backend services, acting as a single entry point to multiple
services. In monoliths a single API Gateway typically routes requests to a single
monolithic backend service. In microservices, an API Gateway must route requests
to multiple services, which increases complexity and latency. There are two dis-
tinct API Gateway patterns that aim to mitigate the complexity and latency. The
Gateway Aggregation pattern simplifies client interactions by combining multiple
service responses into a single response to the client. The Federated Gateway pat-
tern delegates request processing to multiple specialized gateways responsible of

distinct services. The Aggregated Gateway pattern simplifies client interactions,
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but it introduces latency due to processing required to combine service responses.
The Federated Gateway pattern combats the latency by distributing the request
processing, but it also increases the total resource usage of the system. [29]

In inter-service communication, circuit breakers, timeouts and retries are impor-
tant patterns to improve resilience [30] [31]. Cascading failures and uncertainty of
service availability under heavy loads are common problems in MSA. Circuit break-
ers mitigate these issues by isolating failing services for a certain timeout period,
while retries reattempt failed requests mitigating transient failures. [31] Circuit
breakers work by tracking a service instance’s state and errors. When a certain fail-
ure threshold is exceeded, circuit breakers halt requests to that service and gradually
allows new requests to the service. [30]

These different service integration patterns are very fundamental to service avail-
ability and thus are critical to SLAs. Choosing between different synchronous and
asynchronous communication mechanisms is balancing between immediate perfor-
mance and resilience under heavy loads. Different API Gateway patterns can im-
prove performance and availability, however they can introduce complexity and over-
all resource usage. And the combinations of fault tolerance patterns are important

to ensure availability, but improper configurations can do the opposite.

2.2.4 Operational Concerns in Microservices

Beyond the theoretical principles and design phases of building microservices, op-
erational scalability, resilience and maintainability is what really matters to SLAs,
SLOs and ultimately to CSPs and CSUs. Operations have to make sure that mi-
croservices can dynamically adapt to varying workloads, recover gracefully from
failures and provide visibility into the system’s state [22] [21].

In microservices, scalability and elasticity are usually managed by container or-

chestration platforms. Kubernetes is a popular tool for this purpose, which enables
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horizontal and vertical scaling through Horizontal Pod Autoscaler (HPA) and Ver-
tical Pod Autoscaler (VPA). The effectiveness of these scaling mechanisms depends
considerably on the workloads. Notably in bursty workloads, autoscalers have dif-
ficulties. They might scale too late or fail to scale down after a burst in demand
has passed. Moreover if horizontal scaling is used for bursty workloads, contrary
to expectations it might reduce performance in some cases. These issues lead to
inefficient resource usage and potentially SLA violations. It is important to config-
ure autoscalers appropriately concerning the suitable mechanisms, CPU utilisation
thresholds and latency triggers. [32]

As we saw in Section 2.2.3, resilience of microservices is improved by circuit
breakers, timeouts and retries. Research shows that when these are configured
properly, failure propagation can be significantly reduced. However, if they are con-
figured improperly, they can increase system load and reduce system availability.
Retries can cause excessive reattempts of requests under heavy loads causing "retry
storms", while too long timeouts in circuit breakers can reduce the availability of
otherwise healthy services. [30] [31] As with autoscalers, resiliency patterns also re-
quire configuration and tuning in order to ensure optimal performance and minimize
service downtime.

Observability is difficult in the distributed environment of microservices, but is
essential in managing the complexity of microservices. Observability is achieved
primarily through metrics, logging and distributed tracing. Distributed tracing
frameworks, such as OpenTelemetry, enables visibility into service interactions and
dependencies. However distributed tracing frameworks can introduce performance
overhead by increasing response latency and reducing throughput. Furthermore,
the initialization and setup of tracing in service instances can severely increase cold
start latency. It is important to consider the trade-off between tracing granular-

ity, sampling strategies, export methodologies and performance in order to enable
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observability without compromising the performance and scalability of the system.

33]

2.3 Container Technologies

2.3.1 Containerisation principles

Containerisation is a very common practice in cloud applications and microser-
vices. In containers, applications are packaged with their dependencies into single
lightweight units. Containers use the host operating system kernel, unlike virtual
machines (VMs), which use one operating system per instance. This leads to con-
tainers having a lighter footprint as such that they can boot more quickly, scale well
and use far less resources than VMs. [34] [35] These advantages make containers
particularly suitable for the dynamic scaling requirements of microservices.

A container is instantiated from a container image, which is a packaged bundle
of the built application and its dependencies, including binaries and libraries. The
container lifecycle has three phases: building, distributing and running. In the build
phase, a declarative specification such as a Dockerfile describes the required software
and dependencies, and the commands used to build the application. in distribution,
the result image is distributed to a container registry, where it can be pulled from
in the running phase and executed. [36]

Linux kernel primitives, primarily namespaces and control groups, are central
to containerisation. Namespaces enable the isolation of containers by providing
isolated views of system resources, such as process IDs, network interfaces and files.
Control groups support the isolation provided by namespaces with granular resource
allocation and management. These two primitives together force containers to only
have visibility inside their resource boundaries and avoid resource contention, which

could degrade performance. [35] [37]
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The adoption of containerisation was accelerated by Docker, the most popular
container technology, after its introduction in 2013 [36] [37]. Since then many new
container technologies has been introduced. The adoption and evolution of con-
tainer technologies have been aided by standardization efforts, most notably the
Open Container Initiative (OCI). OCI sets a standard for container images, runtime
environments and lifecycles. It enables portability and consistency of containers
between different platforms. [37]

The low overhead of containers, isolation and fast startup times directly support
the scalability requirements of microservices. Updating services is fast, containers
are highly available and utilise resources efficiently. All this makes containers highly

suitable for microservices.

2.3.2 Orchestration and Autoscaling

Orchestration is essential in containerised services, since it enables autoscaling of
containerised services and provides elasticity. Without orchestration, containers are
just single instances of services incapable of adjusting to varying demand. Kuber-
netes is the most popular container orchestration tool and is thought to be the
de facto orchestrator. It provides robust scheduling capabilities, advanced resource
management and scalability features. [15] [38] [39]

Kubernetes orchestrates containers through a structured hierarchy of clusters,
nodes, pods and a control plane, which makes decisions about a cluster and its
nodes and pods [38]. A cluster consists of worker nodes, which are physical or
virtual machines. Their responsibility is to host and run pods. A pod is the smallest
deployable unit in Kubernetes. Pods encapsulate one or more containers with shared
resources, storage and networking. The control plane enables high availability and
elasticity of pods by replicating them across multiple nodes, while automatically

managing their lifecycles and distribution. [40]
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Scheduling is a fundamental aspect of Kubernetes and it affects resource allo-
cation, utilisation efficiency and the overall performance of clusters. The default
scheduler of Kubernetes mainly considers CPU and memory when allocating pods
to nodes. |[41]| [42] The power of Kubernetes scheduling is that its modular. The
scheduling component can be changed and swapped with other scheduling com-
ponents to consider other metrics, such as network latency. [41] A latency-aware
scheduler can consider inter-node network latency and allocate pods in a way to
reduce the network overhead of a whole cluster [42]. In microservices environments
with abundant inter-service communication, this is particularly beneficial.

In Kubernetes a pod cannot become ready for traffic until a node has pulled an
image from a container registry and unpacked the image layers for each container
[43] [44]. The image pulling can make up even 76% of a container’s startup time [45].
Of course images can be layered and the layers can be cached. But if a node does
not have cached copies of layers, then the image size is the most predictable metric
for predicting startup time as it takes more time to transfer and uncompress the
image layers. And since a pod is only ready when image layers have been built and
the application is ready, reducing the image size reduces startup time and improves
elasticity. [43] [44]

Kubernetes offers multiple ways to autoscale clusters. But for autoscaling spe-
cific microservices and pods, Kubernetes offers the Horizontal Pod Autoscaler (HPA)
and Vertical Pod Autoscaler (VPA) [39]. HPA dynamically adjusts the number of
Pod replicas based on metrics such as CPU and memory usage, or custom-defined
metrics [46]. The default Kubernetes autoscalers are reactive by nature and scale
resources up only after demand changes, potentially affecting service availability
when the demand changes rapidly. Although workloads can be scheduled to scale
manually beforehand for known peak hours, it still does not help with unpredicted

demand spikes. [39] Enhanced autoscaling mechanisms benefit from machine learn-
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ing algorithms that predict workload fluctuations and proactively scale to improve
availability and efficiency [15].

Vertical scaling of pods in Kubernetes works by manually updating the resource
requirements of pods in place or through the VPA, which does not come with Ku-
bernetes by default and is a separate project of its own [39]. The VPA works by
tracking the usage patterns of pods and dynamically allocating more memory and
CPU resources within set limits [47]. The benefit of this approach is that it allows
the scaling of pods without the delays and cold starts of replicating new pods. Us-
ing both HPA and VPA at the same time requires careful considerations, since they
can only be used together if the HPA tracks other metrics than CPU and memory.
A hybrid approach works best by using vertical scaling to determine the optimal
resource allocations for pods and then using horizontal scaling to replicate the pods

[15].

2.3.3 Networking, Storage, Observability and Security

Networking, storage, observability and security are fundamental operational aspects
of deployed cloud services, and thus microservices. In Kubernetes, Container Net-
work Interface (CNI) plugins are used to enable inter-pod communication [48]. There
are various CNI plugins that are optimized for different use cases and network lay-
ers. Performance analyses reveal considerable differences among the CNI plugins in
latency and throughput performance. [49]

Storage in Kubernetes is handled by persistent volumes (PVs). They provide
persistent stateful data management for pods. [50] Provisioning PVs and connec-
tions between PVs and pods introduces provisioning delays and possible performance
overhead depending on the underlying technologies. Performance evaluations of dif-
ferent PV technologies by various cloud providers, reveal variability in input/output

performance and latency. [51]
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As we already discussed in Section 2.2.4 observability is essential for microser-
vices, but distributed tracing frameworks can introduce performance overhead. In
worst case scenarios throughput can be reduced by up to 80% and latency can be
increased up to 175%, stemming from the tracing instrumentation and exporting
trace data to storage systems. [33]

Securing Kubernetes environments involves many different practices. On top of
the best practices of the used cloud platform, securing Kubernetes environments
also include container image scanning, runtime policy enforcement and compliance
assessments [52] [53]. As with the earlier mentioned operational practices, security
practices also can introduce performance overhead. Security hardening studies show
that some security hardening tools and practices can increase performance overhead
similarly to distributed tracing frameworks [53].

All of the operational aspects discussed in this chapter are fundamental to oper-
ating services in the cloud, but they can introduce performance overhead. When de-
signing microservices to be deployed with Kubernetes, different CNI, PV, distributed
tracing and security practices and their granularity need to be carefully considered,
since they can increase pod startup times, latency and decrease throughput, thus

negatively impacting scalability.

2.4 Scalability

2.4.1 Scalability vs Elasticity

Scalability and elasticity are similar and related, and are often used interchangeably
in literature, but they mean two different things. Scalability is a system’s capacity
to handle increased workload and ability to utilise resources effectively. It is central
to RQ2 and RQ3, since it describes how a system can handle increasing workload

and how efficiently it utilises resources. Elasticity describes how fast and accurately
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resources are provisioned following demand and it aims to keep costs low while
keeping SLOs intact. Scalability together with automation and optimisation creates
elasticity. [5] [6]

Bondi decomposes scalability into four general types of scalability: structural-,
space-, space-time- and load scalability. A system can be scalable in more than
one ways and these types can overlap. Out of these scalability types structural re-
gards growth without architectural limits, space regards growth without intolerable
memory requirements, space-time regards growth without intolerable increases in
operation time and load regards growth without delay and intolerable resource con-
sumption. A system with all these mentioned scalability types can handle increased
workload, while utilising resources effectively, without degrading performance, with-
out an intolerable increase in memory and without the implementation setting any
constraints on capacity. [54] A system with good scalability also is economically at-
tractive, since when traffic grows, resources do not grow intolerably and are utilised
efficiently, preventing costs from growing linearly [5] [6]. In this thesis we adopt a
scalability definition from a microservice point of view: it is the ability of a service
to handle increasing workload by utilising more resource while avoiding resource
inefficiencies and keeping an acceptable performance [5] [6] [54].

In contrast to scalability, elasticity is a systems ability to dynamically provision
and deprovision resources so that supply tracks demand as accurately and rapidly as
possible as discussed in Section 2.1.3. Both scalability and elasticity are important,
since good elasticity cannot compensate for poor scalability. Scalability is treated
as time-independent and it tells the steady state capacity of a system for a certain
resource level [6]. If the steady state capacity of a service is low, it would require
more service instances to match demand than a high capacity service would. Also
the time required to match demand is longer, since the number of required instances

is higher for a service with bad scalability, and spinning up instances takes time due
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to cold starts. Importantly a service with bad scalability uses resources inefficiently,

requiring more resources to achieve SLOs and leading to increased costs. [5] 6]

2.4.2 From Scalability to Cost

Scalability of individual services define recurring costs in TCO, since in order to sus-
tain a service’s SLOs, scalability defines how much computing resources are needed.
As discussed in Section 2.4.1, when a service’s scalability is low, it uses resources in-
efficiently and with poor performance as demand grows. Both of these consequences
raise operational costs of a service. Bondi characterizes poor scalability as leading
to wasteful activity, inefficient scheduling or inability to exploit parallelism, each
of these leading to higher resource usage and costs as traffic increases [54|. As we
discussed in Section 2.1.5, recurring costs is the channel in which a service imple-
mentation primarily affects TCO and the scalability of individual microservices is
what primarily defines recurring costs.

Let InfraCost/hr be the hourly total of node prices and optionally storage, net-
working and observability prices if used. Let C'sp4 be the steady state capacity or
sustained Requests Per Second (RPS) that meet SLOs. A comparable economic

measure for microservices would be cost per 1000 requests.

W x 1000 (2.4)
At a fixed SLO, a higher Cgpa or lower InfraCost/hr reduces cost per 1000
requests. Better scalability means delivering more work per resource unit, thus
directly lowering recurring costs.
In containerised deployments, the recurring cost can be lowered by packing ef-

ficiency in to each pod. The per pod density can be determined from the CPU

request/limit and memory footprint.
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p . [ nodeVCPU nodeGiB (2.5)
ods = min .
PO fmode reqCPU ~ reqgMem
nodes — totalPods (2.6)
pOdS/node

If a service with a steady SLO has high RPS per vCPU and a small GiB per
request, it requires less pods to accommodate demand. Node count is smaller,
which leads to lower InfraCost/hr. In contrast a low Cgp4 means more nodes or
larger nodes are needed to accommodate demand, a symptom of poor scalability
which leads to higher recurring costs [54].

Elasticity builds on top of scalability and it affects the cost during demand
changes. Autoscaling adjusts the capacity over time in order to preserve SLOs and
optimize cost during varying demand. As discussed in Section 2.1.3 over-provisioning
protects SLOs but increases costs, while under-provisioning reduces costs but risks
SLOs with latency spikes and errors. Elasticity is characterized along accuracy; the
magnitude and duration of over- or under-provisioning, and timeliness; the reaction
time to demand changes, and finally links these to cost and Quality of Service
outcomes. [5] [6] Operators typically keep capacity headroom to absorb bursting
demand and preserve SLOs. The effective steady state capacity takes this headroom

h into account.

Csraerr = (1 —h)Cspa (2.7)

Thus the additional headroom increases cost per 1000 requests by a factor of

ﬁ. Since elasticity builds atop scalability and aims to minimize over- and under-

provisioning, the most cost-efficient configuration with steady SLOs combines strong

steady state capacity with accurate and rapid elastic controls [5] [6].
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2.4.3 Metrics and SLIs

As discussed in Section 2.1.4, SLAs operationalize their service level quality through
latency, throughput, availability, reliability and in some cases cost-related quality
objectives. These qualities are described by SLOs that work as objectives for these
quality attributes. SLIs reveal the current state of those objectives in the target
system through metrics. They act as a contractual bridge between the system
behaviour and delivered quality. [16]

Latency is primarily represented through latency percentiles (p50, p95 and p99)
in SLIs for services deployed to the cloud. These percentiles summarize the distri-
bution of response times. Tail-latency refers to the high end of this distribution, for
example the slowest 1% or 5% of requests. In microservices a request to a service
might often fan out to multiple subrequests to other services. If even one of the
subrequests takes a long time to respond, it makes the response time for the main
service slow. The probability of at least one subrequest being slow rises with fan
out. The end to end latency is therefore mainly dictated by the slowest subrequest.
Even though the chance of a slow request might be low, in a large service with mil-
lions of users 0.1% of requests being slow means thousands of users are experiencing
slowness. For this reason latency percentiles are used as latency indicators rather
than average latency. [55]

Throughput is another important SLI used to measure performance [16]. Through-
put describes how many requests a service can handle simultaneously and its calcu-
lated by dividing the total amount of requests processed by a service with the total
time in seconds used to process the requests [23]. Higher throughput essentially
means that a service can take on more requests without requests piling up and thus
avoiding tail-latency.

Availability as an SLI is very relevant in microservices as elasticity and the scal-

ability of an individual service aim to improve availability. Availability means the
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uptime of the provided cloud services and it is affected by service outages and down-
time as Equation 2.8 shows. In the equation, A, is defined as the proportion of time
a service is available during a specific observation period, expressed as a percentage.
Poor scalability and elasticity in microservices can lead to downtime as an under-
provisioned service instance can lead to failed requests and thus decreased benefits
or revenue [23]. In SLAs availability is usually expressed by 99% uptime or 99.999%
uptime, which is considered high availability and allows for 5 minutes of downtime
per year. [16] [56] A bad availability means that some users can not be served, which

in turn decreases benefits or revenue.

downti
/P R L — S T() (2.8)
uptime + downtime



3 Java-based Microservice

Frameworks

This chapter includes a non-empirical, conceptual analysis of chosen microservices
frameworks. The goal is to identify operational characteristics relevant to scalability.
The analysis is based on an examination of documentation and design choices of the
chosen frameworks, instead of empirical observation. The analysis is constrained to
Java-based frameworks, as it provides a consistent space for design and analysis of

the empirical experiments later in Chapter 5.

3.1 Java’s Role for Scalable Microservices

3.1.1 Java Adoption and Cloud-Native Capabilities

Java remains a strong and relevant choice for scalable microservices shown by pop-
ularity studies. In the 2025 Stack Overflow Developer Survey, Java was one of the
most popular programming languages, surpassed only by JavaScript, TypeScript
and Python [57|. Some surveys even find Java as the most used language. Lu et
al. analysed over 6 million open source projects and found that Java was the most
widely used [58]. Java’s popularity, wide ecosystem and enterprise adoption make
it a very strong choice for scalable microservices [59] [60].

As discussed in Section 2.3 containers are a very common and beneficial practice
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in cloud applications and microservices. Modern implementations of the Java plat-
form align with cloud-native principles and respect Linux kernel primitives in order
to guarantee reliability in containers [61].

Java applications also have options for cloud optimised compilation and deploy-
ment strategies. By default Java applications are run on the JVM, with Just-In-Time
(JIT) compilation, which means that bytecode is generated during runtime when
needed. It increases memory overhead and cold start duration due to the necessary
initialisations being done at application startup. The other option is Ahead-Of-
Time (AOT) compilation, where static analysis moves most of the initialisations
and bytecode generation to build time, thus avoiding runtime bytecode generation.
[62] [63]

The AOT compilation path also provides a further option of compiling applica-
tions to GraalVM native images. These GraalVM images are platform specific binary
executables optimised for cloud deployments without the requirement of running on
the JVM. Removing the JVM startup from container executions significantly reduces

cold start duration, resource usage and container image sizes. [62] [63]

3.1.2 Java Frameworks at a Glance

Comparative studies present Spring Boot, Quarkus and Micronaut as the most suit-
able JVM frameworks for microservices and analyse their startup behaviour, resource
usage and steady-state performance [59] [64]. Out of these three frameworks, Spring
Boot is the oldest and most used [57]. It has a wide ecosystem and support commu-
nity [64]. Quarkus and Micronaut are relatively new and do not enjoy the same level
of maturity, but they offer similar features for development as Spring Boot and are
more tailored to cloud-native environments and microservices [59] [64]. These three
frameworks with different levels of scalability act as good candidates for researching

the effects of scalability.
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The comparative studies compare different performance metrics of the JVM
frameworks, such as average response time, latency percentiles and throughput.
Additionally the studies compared different operational metrics that are relevant
for deployed microservices, such as application startup time, resource usage and
container image size. These metrics act as operational characteristics that drive
scalability and affect elasticity in deployed microservices, namely startup time, re-
source usage, image size and throughput. [59] [64]

The key differences in design philosophy and architectural traits of these frame-
works focus on improving these operational characteristics (OC). RQ1 focuces on
these OCs and aims to analyse their effect on scalability and elasticity. The key
differences of the frameworks are their concurrency and 1/O models, Dependency
Injection (DI), build processes, Ahead-of-Time (AOT) compilation and GraalVM
native image support, and are designed to emphasise one or more OCs [59] [64] [65]

[66].

3.2 Spring Boot

3.2.1 Dependency Injection

Spring Boot builds on top of the Spring framework and essentially takes an opin-
ionated view of the framework in order to provide a rapid and accessible "getting-
started" experience. [67] The Inversion of Control (IOC) principle is a central aspect
in modern Java frameworks and Spring implements it with Dependency Injection
(DI). In DI, objects define their dependencies through constructor arguments or
properties that are set on the object after its instantiation. Spring’s IOC container
then injects those dependencies when the object is instantiated. This is the fun-
damental inversion, since the object does not control the dependency instantiation

and lifecycle, instead it is controlled from the outside. Objects that are managed by
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the IOC container are called beans. [68]

In Spring applications, most beans are discovered implicitly. The most common
way of declaring beans is with bean annotations. Classes are annotated with for
example @QComponent, @Service or @RestController. @Component is a generic an-
notation for any bean, and the other bean annotations are stereotype annotations
that provide additional functionality. The framework scans the application’s class-
path to detect classes with bean annotations and applies corresponding bean defini-
tions. The IOC container then knows how to instantiate and manage these beans.
[68] Listing ?? shows an example in Spring Boot, where a class is annotated with
@Controller. The framework knows that this is a RestController bean and instan-
tiates the bean and creates endpoints out of the appropriately annotated methods.
The class has a property userService, which is annotated with @AutoWired. The
IOC container instantiates that bean and injects it into the UserController bean,
inverting the control of the userService bean from the UserController bean to the

IOC container.



3.2 SPRING BOOT 34

ORestController
O@RequestMapping("/users")

public class UserController {

Q@Autowired

private UserService userService;

0GetMapping
public UserDto getUser(@RequestParam String userId) {

return userService.getUser (userld);

Listing 1: Defining a RestController bean and injecting properties

Reflection is a JVM feature that allows Java code to dynamically examine and
invoke its classes, methods, fields and properties during runtime [69]. Spring uses
reflection to configure the metadata for beans and to scan the metadata for anno-
tated classes in order to invoke them during runtime [68] [68]. Reflection is mostly
used during startup to initialise and configure beans, but it can also be used during
runtime to dynamically alter the behaviour of beans. When optimising a Spring
application for AOT and GraalVM native images, the usage of reflection should be
hinted for GraalVM, since native images have a partial support for reflection. When
optimising executables, the usage of reflection should be minimised, since it hints at
more runtime initialisations and increased memory usage. [68]

Dependency Injection is a very central part of the Spring Boot framework and
it directly affects startup time, memory usage and CPU usage. The resource usage

then directly affects pod density in a containerised microservices deployment. And



3.2 SPRING BOOT 35

startup time directly affects the speed of elasticity as discussed in Section 2.1.3, we
can see that both resource usage (OC1) and startup time (OC2) are both OCs that
are affected by the framework and contribute towards the scalability and elasticity

of microservices.

3.2.2 Concurrency and I/0 stacks

Spring Boot supports two web stacks; servlet through Spring MVC and reactive
through Spring WebFlux. They represent two fundamentally different concurrency
and 1/0 models. [70]

The servlet stack uses a thread per request model to handle incoming HTTP
requests inside an embedded servlet container [71|. Configuring the size of the
thread pool directly affects how many requests can be processed concurrently before
they queue, thus directly affecting throughput [70].

The reactive stack through Spring WebFlux is free of the servlet API and is
completely asynchronous and non-blocking. In contrast to the servlet stacks large
thread pool, WebFlux uses the event loop concurrency model with a fixed number of
non-blocking threads that each serve many connections with asynchronous 1/0.[70]
[68] Additionally, the Spring MVC has the option for virtual threads, available since
JDK 21. They are very lightweight alternatives to the default platform thread and
when enabled can potentially increase throughput dramatically. [70] [72]

While the reactive stack tends to use resources more efficiently, it does not make
applications run faster. It requires more work to do things in a non-blocking way.
The benefit is that reactive stacks scale better with a small number of threads and
less memory. This allows applications to scale in a more predictable way, especially
in microservices environments where services fan out requests and there is a mix of
slow and unpredictable I/O a. [68] As its clear that the design choice of reactive

and non-blocking 1/0 aims to improve throughput (OC3) when scaling, throughput
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is an OC that is affected by the framework’s design choices.

3.2.3 Build and Containerisation

Spring Boot offers several strategies for building an application for deployment.
They directly affect the startup time, memory footprint, performance and scalability
of the built application. For microservices optimised builds, Spring Boot offers two
important approaches; running on JVM with AOT processing and compiling the
application to a GraalVM native image. Both are first class approaches for cloud
deployments and integrate well with OCI-compliant image creation. |70] [68]

Spring Boot’s AOT processing analyses the application at build time, computes
configurations for beans and the IOC container and generally moves most of the
initialisations from the runtime to build time. This leads to a reduced application
startup time and reduced memory footprint. However, AOT processing might not be
applicable for all cases, since it assumes that the classpath is fixed and bean graphs
will not change during runtime. In Spring, this prevents enabling beans based on
application properties and changing beans during runtime. [70]

If an application is eligible for AOT processing, then it also is eligible for GraalVM
native compilation. A GraalVM native image is a standalone platform specific exe-
cutable produced with static analysis. Native images already come with the benefits
of AOT processing and additionally they do not depend on the JVM, leading to much
smaller startup times and memory footprints. Because the static analysis in native
image compilation is not aware of reflection and lazy loaded resources, Spring’s AOT
processing provides Runtime hints for reflection, resource loading and proxies in or-
der to retain features that are required at runtime. [70] For microservices specific
deployments, GraalVM native images are the best option, since the built executables
are the smallest with the smallest memory footprints.

Most of the optimisation techniques in the build processes aim to decrease the
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startup time and resulting container’s image size, we can say that image size (OC4)
is another OC that is important for a JVM framework to optimise, since image size

affects a pod’s startup time as discussed in Section 2.3.2

3.3 Quarkus

3.3.1 Dependency Injection

Quarkus’ DI implementation is called ArC and is based on the Jakarta Contexts and
Dependency Injection (CDI) specification. Quarkus does not implement the whole
specification, but just the CDI Lite. This choice stems from Quarkus’ architectural
choices and goals. [73| ArC differs fundamentally from Spring’s IOC container as it
moves most of the initialisations and metadata configurations of beans to the build
time, which means that startup time and resource usage are reduced, thus improving
OC1 and OC2. [73] [65].

To improve memory footprint, Quarkus aggressively eliminates unused code from
being included in executables, thus lowering memory usage and improving OC1. ArC
detects any unused dependencies and removes them by default during build time.
This makes the bean graph smaller and reduces the amount of metadata during
runtime. |73]

Very integral part of initialising dependencies during build time is build time
augmentation. Build Step Processors analyse the applications annotations and de-
scriptors, and generate recorded bytecode that instantiates and wires runtime ser-
vices directly. The metadata of dependencies are generated at build time, thus
avoiding reflection at startup. Quarkus can even serialize pre-initialised state into
native images by booting the application in the build step and writing the booted
state into a native image, thus lowering startup time. [74]

To further avoid runtime initialisations, ArC tries to replace reflection with gen-
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erated bytecode wherever possible. This makes injection and proxying reflection
free. Instead of dynamic runtime proxies, Quarkus generates custom proxies free of
reflection. [73] [65] In Quarkus, a bean is not proxyable if it is final, has final meth-
ods, private members or does not have a non-private zero-argument constructor.
However, by default Quarkus rewrites these properties to make classes proxyable

and ultimately reflection free, thus lowering resource. [73]

3.3.2 Concurrency and I/0 stacks

Quarkus at its core is reactive by design and it means that every Quarkus application
is reactive. However the code still can be imperative or reactive, offering versatility.
[65] [75] The reactive HTTP layer is implemented by RESTEasy Reactive and uses
a non-blocking event loop model. However, there is an option to use the imperative
blocking servlet stack. [76]

Quarkus handles HTTP requests on the I/O thread with the event loop model
in order to maximise throughput. If an endpoint requires blocking work, it cannot
be run on the I/O thread. In that case the endpoint can declare blocking work with
@Blocking, thus offloading the work to a separate worker thread and avoiding block-
ing of the I/O thread. This approach unifies imperative and reactive programming
styles in Quarkus, as code can be either reactive or imperative while the runtime is
reactive. |76]

While the reactive I/O model is the default and there is an option for the blocking
servlet stack, Quarkus comes with a third option [65]. Just like Spring Boot can
leverage virtual threads as discussed in Section 3.2.2, Quarkus can too. Imperative
blocking endpoints can offload work to virtual threads with @RunOnVirtual Thread.
This creates a new concurrency strategy for blocking imperative style code, where
each invocation uses a new virtual thread, thus avoiding blocking the I/O thread

and the overhead of spawning and switching between heavy platform threads. [76]
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3.3.3 Build and Containerisation

Quarkus’ build processes are explicitly tailored towards container deployments as
AOT does not need to be explicitly enabled as per Quarkus’ design philosophy of
moving most of the work to build time [77|. Additionally, Quarkus even provides
Kubernetes extensions that enable single-step Kubernetes deployments [78]. Even
for JVM deployments, the default fast-jar packaging minimises startup time and
memory footprint by pre-indexing dependencies, thus avoiding wide and expensive
classpath scans and ultimately improving OC1 and OC2 [79].

For native executables, Quarkus can use a local installation of GraalVM or a
container image to build the executable. GraalVM emits a 64-bit Linux binary,
which is then copied into a minimal container image. Quarkus offers several one-
line commands for flows that combine native compilation and container image cre-
ation. Additionally Quarkus comes with ready-made Dockerfiles for native runtimes
with varying utilities and memory footprints, such as the native and native-micro

Dockerfiles. [80] The support for optimising image size is first class in Quarkus.

3.4 Micronaut

3.4.1 Dependency Injection

Similar to Quarkus, Micronaut’s DI also emphasises moving as much work as possi-
ble to the build time. In Micronaut, annotation processors generate BeanDefinition
classes and metadata at build time via bytecode generation. At startup the frame-
work already knows every injection point, so there is no need to scan all classes,
fields, methods and constructors leading to reflection free startups and thus reduced
startup time and improved resource usage. |66

Micronaut also allows conditional wiring and replacement of beans without re-

flection, which is something that Spring Boot with AOT compilation does not even
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allow. Beans are chosen by type and qualifier. And for conditional loading, the
@Requires annotation is used and for substituting beans, the @Replaces annotation

is used. [66]

3.4.2 Concurrency and I/0O stacks

Micronaut’s HTTP stack is non-blocking, and the documentation does not list
servlet or any other blocking alternatives. Similar to Quarkus, the event loop con-
currency model is used to maximise throughput. Controller methods are executed on
the same thread that handles the network I/0, unless offloading blocking operations
to another thread is required. This approach allows imperative style code with the
event loop model, while allowing blocking for localised operations. [66]

Micronaut does also allow offloading work to virtual threads. The framework
detects if virtual threads are available and if the code offloads work to blocking
executors, the work is offloaded to virtual threads. Additionally, the event loop
can be made to use the virtual threads. This approach improves performance by
avoiding context switches between the event loop and the virtual threads. However,
this feature is experimental. [66]

Similar to Quarkus, Micronaut also embraces reactive programming through
Project Reactor or RxJava. Methods can be wrapped with reactive types in order
to avoid blocking operations and let the runtime work on the event loop, only using
explicit thread offloading when blocking operations are needed. [66] Micronaut’s
data access module; Micronaut Data, also supports reactive query executions by
returning a reactive type and reserving blocking operations to the application’s

configured I/O thread pool [81].
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3.4.3 Build and Containerisation

Micronaut already shifts most of the initialisation work to build time, like Quarkus
does. But it comes with an additional Micronaut AOT module, that pre-parses
configuration, pre-computes bean requirements and substitutes classes with en-
vironment specific optimised versions. These environments being either JVM or
GraalVM. [82]

For native executables, Micronaut also supports GraalVM. The build process
creates a native binary executable and then packages it into an OCI image. The
container tooling offers several options for packaging applications, in startup time
slowest to fastest: plain JVM, AOT optimised, CRaC, native and AOT optimised
native. Unsurprisingly, the AOT optimised native image is the fastest to start
in milliseconds while the plain JVM image can take seconds. [66] [83] [84] Thus

Micronaut offers similar paths for optimising startup time and image size.

3.5 Differences in Operational Characteristics

This chapter maps the different operational characteristics that influence scalabil-
ity and elasticity in deployed microservices and summarises how the frameworks
contribute to each operational characteristic.

All three frameworks have different options for influencing the operational char-
acteristics of deployed microservices. Startup time is mainly affected by how much
work is done at build time, thus AOT is central in this. Resource usage is affected
by how much CPU and memory an application consumes, which is again affected by
AOT and the use of reflection. Throughput is affected by the I/O model used. And
finally container image sizes are mostly affected by GraalVM native images and the
different build optimisations of each framework. As we can see from Table 3.1, most

of the characteristics are affected by AOT and reflection. These in turn are affected
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Table 3.1: Operational Characteristics in JVM frameworks

Operational
Characteristic

Spring Boot

Quarkus

Micronaut

Resource usage
(0C1)

AQOT

AOT, minimal
use of reflection,
custom proxies

AOT, minimal
use of reflection

Startup time
(0C2)

AOT

AOT, minimal
use of reflection,
elimination of

AOT, minimal
use of reflection

dead code
Throughput Servlet (default), | reactive (default), reactive
(0C3) reactive servlet
Image size GraalVM native GraalVM native GraalVM native
(0C4) images images images

mainly by the different DI implementations of the frameworks.



4 Literature review

This chapter includes the literature review for examining existing research about
scalability in microservices context. Key research goals are to investigate the drivers
of scalability, user-perceived performance under load and cost implications of scala-
bility in microservices. The purpose of the literature review is to give a theoretical
context for analysing the results later in Chapter 5 and identify established findings

for answering the research questions.

4.1 Methodology

4.1.1 Research Target

To build a focused evidence based foundation for our research questions and the
empirical research in Chapter 5, a systematic literature review was conducted. This
literature review consisted of three searches targeting each of the research questions.
The resulting articles were then screened based on their relevancy to the research
questions. The relevancy of an article was determined by personal judgment and
thus it is subjective. The goal was to understand which operational characteristics
affect scalability and elasticity in containerised microservices deployments (RQ1),
how user-perceived performance differs between different levels of scalability (RQ2)
and how cloud TCO is affected between different levels of scalability (RQ3).

Our research questions are:
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e RQ1: What kind of operational characteristics drive scalability in container-

ised cloud deployments?

e RQ2: How different levels of scalability affect user-perceived performance in

microservices under heavy load

e RQ3: How different levels of scalability affect the total cost of ownership of

deployed microservices?

For clarity, this thesis distinguishes scalability and elasticity from each other as
explained in Chapter 2.4.1, however this literature review assumes that they might
appear as synonyms and might be used interchangeably in the literature. In this
thesis user-perceived performance means latency percentiles and throughput, and
cloud TCO means the costs related to running and operating microservices in the
cloud.

While the empirical research in Chapter 5 focuses on analysing the different levels
of scalability and their effects between JVM frameworks, the research questions
and thus the literature review are framework agnostic. The scope is focused on
container-orchestrated microservices deployments and their scalability and elasticity.
Programming language or framework benchmarks are excluded unless the results can

be generalised to orchestration-level behaviour.

4.1.2 Search Queries

One targeted search query was conducted for each research question across IEEE
Xplore, ACM Digital Library and Google Scholar. ITEEE and ACM provide peer-
reviewed articles and conference papers from systems and software venues while
Google Scholar widens the search pool.

The search queries were crafted by a set of keywords that are relevant to mi-

croservices and their scalability, and another set of keywords that targeted each of
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the research question. The search queries were:

e SQ1: microservice* AND container® AND (scalability OR elasticity) AND
(determinant™® or driver* OR factor® OR characteristic*) AND (empirical OR

measurement OR benchmark OR evaluation OR "case study")

e SQ2: microservice® AND container® AND latency AND (benchmark OR
"heavy load" OR stress OR spike OR burst OR overload)

e SQ3: microservice®* AND container® AND (cost OR TCO) AND (autoscal*

OR elasticity OR scalability OR "scale to zero")

These search queries are numbered respective to the research questions they tar-
get. SQ1 aims to find articles that investigate scalability optimisation in deployed
microservices i.e. which operational characteristics of microservice containers im-
prove scalability and elasticity of the whole microservices deployment. SQ2 aims to
find articles that investigate how optimising microservices deployments affects user-
perceived performance. SQ3 aims to find articles that investigate how optimising

microservices deployments affects cloud TCO.

4.1.3 Inclusion and Exclusion Criteria

Articles were searched with the search queries from the previous section with a
publication date filter between 1st of January, 2020 and 17th of October, 2025. The
search only included research articles, conference papers and omitted any abstract
only entries. Additionally any duplicate results and non-English literature were
excluded. It is also worth mentioning, that access to some literature is restricted, so
naturally only articles that had open access or were available through the University
of Turku were included.

To further ensure the relevance of the resulting literature to the literature review,

screenings based on titles, abstracts and full text reviews were conducted. The
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literature had to be relevant to the topic of microservices, scalability and /or elasticity
and to the specific research question. For an article to be included, it had to consider
microservices or container-orchestrated deployments and their optimisations. The
relevance screening was divided into two separate screenings. First by title and
abstract and then by a full text review.

The total list of screening criteria were:

e Relevance: Entries had to be directly relevant to the RQ in question.

e Redundancy: Entries found in a previous search of the same SQ were omit-

ted.
e Non-English: Included only English literature.

e Open access: Entries had to be open-access or available through the Univer-

sity of Turku.

e Publication date: A publication date filter from 1st of January to 17th of

October was applied to the search queries.

4.1.4 Literature Review Process

The literature review process can be divided into distinct phases based on the initial

search and the following screenings:

e Initial search
e Pre-screening collection
e Title and abstract Screening

e Full text screening
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Initial Search: First, three searches were conducted with the previously men-
tioned search queries and a publication date filter was applied. SQ1 generated 30,
1394 and 474 results in IEEE Xplore, ACM Digital Library and Google Scholar re-
spectively. SQ2 generated 57, 1106 and 9706 results. And SQ3 generated 109, 1414
and 3940 results.

Table 4.1: Initial search

Search query (SQ) [EEE Xplore ACM Digital Google Scholar
Library

SQ1 30 1394 474

SQ2 o7 1106 9706

SQ3 109 1414 3940

Pre-Screening Collection The results of the initial search were sorted by rele-
vance and up to 40 results of each search were collected for the next phase. In order
for an entry to be included to the next stage it had to be open access, written in
English, a full article, and not a duplicate from a previous search of the same SQ.
SQ1 yielded all of the 30 results from the initial search in IEEE Xplore and SQ2
yielded only 2 results from IEEE Xplore, since the rest of the articles had restricted

access. Rest of the searches yielded 40 results each.
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Table 4.2: Pre-screening collection

Search query (SQ) IEEE Xplore ACM Digital Google Scholar
Library

SQ1 30 40 40

SQ2 p 40 40

SQ3 40 40 40

Title and abstract screening After the Pre-screening collection, articles were
screened based on the relevancy of their titles and abstracts. SQ1 generated 16,
10 and 13 results in IEEE Xplore, ACM Digital Library and Google Scholar re-
spectively. SQ2 generated 0, 7 and 10 results. And SQ3 generated 9, 13 and 12

results.

Table 4.3: Title and abstract screening

Search query (SQ)

IEEE Xplore

ACM Digital

Google Scholar

Library
SQ1 16 10 13
SQ2 0 7 10
SQ3 9 13 12

Full text review After title and abstract screening, the results were screened by
reading the introduction and conclusion chapters and skimming through the rest of
the text to determine the entry’s relevancy to the RQ in question. SQ1 resulted
in 5, 0 and 2 results in IEEE Xplore, ACM Digital Library and Google Scholar

respectively. SQ2 resulted in 0, 4 and 3 results. And SQ3 resulted in 0, 2 and 7
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results.

Table 4.4: Full text review

Search query [EEE Xplore | ACM Digital Google Total
(SQ) Library Scholar

SQ1 4 0 2 6
SQ2 0 4 3 7
SQ3 0 2 6 8

Out of the three targeted search queries and the following screenings 21 articles

resulted in total.

SQ1 resulted in 6 articles in total after the screenings, SQ2

resulted in 7 articles total and SQ3 resulted in 8 articles total. Table 4.5 lists all

the resulting articles. The articles are labeled as Al, A2, A3 and so forth. The

results of each SQ are presented in the next section.

Table 4.5: Resulting articles

Frameworks for Rest and Graphqgl

Back-end Services”

Art. (A) Title Author(s)
“A Study of Response Time Instabil-
Al ity of Microservices at High Resource | Wang et al.
Utilization in the Cloud”
“Advancing Web Development: A
Comparative Analysis of Modern
A2 Zanevych

continued on next page
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Table 4.5 — continued from previous page

Art. (A)

Title

Author(s)

A3

“Analysis, Evaluation, and Assess-
ment for Containerizing an Industry

Automation Software”

Sarkar et al.

A4

“Event-Driven Architecture (EDA)
vs API-Driven Architecture (ADA):
Which Performs Better in Microser-

vices?”

Rahmatulloh et al.

Ab

“Extending Microservices Per-

formance Optimization Through

Horizontal Pod Autoscaling: A

Comprehensive Study”

Buzato and Goldman

A6

“Performance Optimization During

HP-UX to Cloud Container Shifts”

Simha

AT

“Designing Microservices That Han-

dle High-Volume Data Loads”

Guntupalli and Ch

A8

“Development Frameworks for

Microservice-based Applications:

Evaluation and Comparison”

Dinh-Tuan et al.

A9

“Nightcore: efficient and scalable
serverless computing for latency-

sensitive, interactive microservices”

Jia and Witchel

A10

“Optimization of Microservices Ar-
chitecture Performance in High-Load

Systems”

Turchenko

continued on next page
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Table 4.5 — continued from previous page

Art. (A)

Title

Author(s)

All

“Optimizing Cold Start Latency in
Serverless Computing: A Compre-
hensive Review of Techniques and

Emerging Solutions”

Chaudhary et al.

A12

“PathFence: Reducing Cross-Path

Dependencies in Microservices”

Gu and Wang

A13

“StatuScale: Status-aware and Elas-
tic Scaling Strategy for Microservice

Applications”

Wen et al.

Al4

“An Auto-Scaling Approach for Mi-
croservices in Cloud Computing En-

vironments”

ZargarAzad and Ashtiani

A15

“Application deployment using con-
tainers with auto-scaling for mi-

croservices in cloud environment”

Srirama et al.

Al6

“Burst-Aware Predictive Autoscaling

for Containerized Microservices”

Abdullah et al.

A17

“Cdascaler: a cost-effective dynamic
autoscaling approach for container-

ized microservices”

Shafi et al.

A18

“CEMA: Cost Effective Multi-
Layered Autoscaling for Microservice

based Applications”

Shafi et al.

A19

“Erlang: Application-Aware Au-

toscaling for Cloud Microservices”

Sachidananda and Sivaraman

continued on next page
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Table 4.5 — continued from previous page

Art. (A) Title Author(s)
“Self-adaptive, Requirements-driven
A20 Karol Santos Nunes et al.
Autoscaling of Microservices”
“SLO and Cost-Driven Container
A22 | Autoscaling on Kubernetes Clus- | Marchese and Tomarchio
ters:”

4.2 Literature Review Results

This section presents the results of each of the search queries.

Each subsection

includes a table that lists the results of the search query and their relevant findings.

Analysis of the results are conducted in Section 4.3.

4.2.1 Search Query 1

SQ1 targeted operational characteristics that drive scalability in containerised mi-

croservices. SQ1 resulted in 6 articles after the screenings.
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Table 4.6: Results of Search Query 1

Art. (A)

Summary

Findings

Al

The article investigated the leading
cause of response time instability in
microservices under load. The lead-
ing cause was a long chain of service
dependencies where a bottleneck can
trigger a queueing effect from down-

stream services to upstream services.

To mitigate response time instability
of bursty workloads the article pro-
poses:

- Adding more threads to handle
more requests.

- Asynchronous architecture for high
throughput with smaller resource us-
age

- Dynamic autoscaling

A2

The article compared leading web de-
velopment frameworks. The com-
parison evaluated performance, scal-

ability, usability and community sup-

port.

Node.js’ scalability is highlighted
thanks to its non-blocking event-
driven architecture and Spring
Boot’s scalability is also highlighted

because of its cloud-native abilities.

A3

The article presents a case study of
migrating a distributed software to a
containerised MSA and offers recom-
mendations for migrating monolithic

applications to MSA.

Asynchronous message passing does
not incur any significant performance
overhead and increases the avail-
ability of services compared to syn-
chronous TCP/IP communication.

Endpoints should be made asyn-

chronous wherever possible.

A4

The article compared the perfor-
mance of synchronous data commu-
nication and asynchronous data com-

munication.

Asynchronous architecture in mi-
croservices led to 30% better re-
sponse times, 7% reduced error rates

and 4% reduced CPU usage.

continued on next page
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Table 4.6 — continued from previous page

Art. (A)

Summary

Findings

A5

The article investigated the benefits

of integrating HPA to microservices.

Horizontal Pod Autoscaling (HPA)
led to significant improvements in
scalability. However the effectiveness
of HPA depends on the speed of pro-

visioning and resource usage of pods.

A6

The article presents a framework
for optimising performance when mi-
grating legacy systems to cloud con-

tainers.

Throughput was a key optimisation
metric when containerising a legacy
system. It was important to optimise

the image size and startup time.

Table 4.6 lists articles that focused on optimising microservices deployments and

reported operational characteristics that affected scalability. For each article the

key recommendations and considerations were evaluated as whether they signalled

an operational characteristic. It was found that the most cited operational charac-

teristics were throughput and resource usage. Also image size and startup time were

mentioned by A6 to be important to optimise.

4.2.2 Search Query 2

SQ2 focused on user-perceived performance under load and how much scalability

optimisations can improve performance. This search query resulted in 7 articles

after the screenings.
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Table 4.7: Results of Search Query 2

Art. (A)

Summary

Findings

AT

The article investigated how to de-
sign microservices that handle high
volumes of data and presented a case
study, where an e-commerce plat-
form under synchronous restful mi-
croservices was migrated to asyn-

chronous event-driven architecture

with Kafka.

The old architecture had major per-
formance issues under 1 million or-
ders per minute. The new architec-
ture had 10x the ordering processing
capacity and handled 2 million orders
per minute comfortably. End-to-end
latency decreased by 60%, 99th per-
centile latency was reduced by 500

ms and uptime rose to 99.99%.

A8

The article investigated different de-
velopment frameworks for developing

microservices.

Frameworks with various levels of
scalability differed in their end-to-
end latencies from roughly 200 ms to
roughly 400 ms in a benchmark ap-
plication. Poor scalability can lead

to even 2x latency.

A9

The article presented a server-
less function runtime called Night-
core. Compared to baseline run-
times, Nightcore moves the runtime
overhead from millisecond-scale to

microsecond-scale.

In a serverless microservices deploy-
ment, optimising the cold start du-
ration led to 1.36x—2.93x higher
throughput and up to 69% reduction

in tail latency.

continued on next page
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Table 4.7 — continued from previous page

Art. (A)

Summary

Findings

A10

The article investigated strategies for

optimising MSA under load.

A microservice deployment was op-
timised with Command and Query
Responsibility Segregation, Caching,
autoscaling and asynchronous mes-
sage passing with Kafka. Compared
to the baseline the average response
time was halved and error rate de-

creased from 1.2% to 0.5%.

A1l

The article addresses the problem of
cold starts in serverless deployments
and presented techniques for mitigat-

ing cold starts.

In a serverless microservices deploy-
ment the cold start latency was
reduced from roughly 700 ms to
roughly 150 ms by using lightweight

runtimes.

A12

The article addresses the problem of
cross-path dependencies in microser-
vices, where a single bottleneck can
cause response time instability. The
article proposed a framework called
PathFence to reduce the impact of

cross-path dependencies.

The solution prevented from requests
queueing up, thus reducing the 99th
latency percentile by up to 80% and
decreasing the number of dropped re-
quests by more than 90% across mul-

tiple benchmarks.

Al3

The article presented a custom re-
source allocation framework for Ku-
bernetes to mitigate the impact of

unexpected bursty demand.

Compared to other state-of-the-art
methods, the proposed framework re-
duced the average response time by
roughly 10% with smaller resource

usage.
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Table 4.7 lists the articles that reported end-user metrics in different scalability

levels. The articles reported various metrics such as throughput, average response

times, latency percentiles and end-to-end latencies.

From each article the end-

user facing metrics metrics were extracted and whether an scalability optimisation

resulted in improved user-perceived performance. Also the techniques that improved

user-perceived performance were extracted if explicitly stated. All of the articles in

Table 4.7 report improved user-perceived performance after optimisations.

4.2.3 Search Query 3

SQ3 examined how different levels of scalability affected costs and SLA adherence.

This search query resulted in 8 articles after the screenings.

Table 4.8: Results of Search Query 3

making method to determine the

optimal resources for a service.

Art. (A) Summary Findings
A custom autoscaling approach for
The article presented a custom au- | microservices led to an average im-
toscaling approach for Kubernetes, | provement of 40.74%, 20.28% and
Al14 | where a multi-criteria decision- | 28.85% of resource utilisation in

three distinct datasets. This led to
cost reductions of 1.64%, 1.89% and

1.67% respectively.

continued on next page
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Table 4.8 — continued from previous page
Art. (A) Summary Findings
The article proposed a new
The proposed method improved
container-aware application schedul-
the CPU and memory utilisation
ing strategy, where applications are
by 9—15% and 10—18% in two
A15 | deployed to the best-fit lightweight
datasets. Overall the strategy re-
containers. Additionally containers
duced the processing costs of mi-
are deployed in a way to minimise
croservices by 12—20%.
the number of physical machines.
The article presented a custom au-
toscaling method that predicts bursts | The approach decreased SLO viola-
A16 | and schedules resources ahead of | tions by 5.17x times while incurring
time with workload forecasting and | 0.767x times more costs.
resource prediction.
The article presented a custom au-
The solution reduced the number of
toscaling method that employs ma-
unprocessed requests and SLO vio-
chine learning to dynamically allo-
A17 lations by 7.55x to 97.77x, while in-

cate the optimal amount of CPU
to microservices during autoscaling

events.

curring 1.09x to 8.18x less costs in a

benchmark application.

continued on next page
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Table 4.8 — continued from previous page

Art. (A)

Summary

Findings

A18

The article presents a cost-effective
multilayered autoscaling approach
that predicts workloads and dynam-
ically adjusts the number of contain-
ers and VMs. Additionally the ap-
proach moves containers from under-
utilized VMs to those with available
capacity in order to minimise the

number of VMs.

The proposed approach achieved
1.37x to 1.63x better cost-efficiency
than baseline strategies with less

than half of the SLO violations.

A19

The article presented Erlang, a cus-
tom autoscaling approach that em-
ploys machine-learning to minimise
the number of resources used while

sustaining SLOs.

Erlang provides 19.3% reduced costs
on average in 63 different workloads.
It meets the SLO targets in 53 work-
loads and is the most cost-effective
policy compared to several utilisa-
tion and machine-learning based au-
toscaling approaches in 48 out of the

53 workloads.

A20

The article presented a custom SLO-
driven self-adaptive autoscaling solu-
tion. It made scaling decisions based
on SLOs and assigned the minimal

amount of resources to achieve those

SLOs.

The solution outperformed the Ku-
bernetes baseline HPA and achieved
zero SLO violations with 50% less
CPU time, 87% less memory and
90% fewer replicas compared to HPA,
thus potentially reducing costs signif-

icantly.

continued on next page




4.3 DISCUSSION OF RESULTS

60

Table 4.8 — continued from previous page

approach makes efficient decisions

by balancing SLOs with operational

Art. (A) Summary Findings
The article presented a custom au-
toscaling approach that integrates | The approach outperformed the Ku-
Aot SLOs with a cost-driven policy. The | bernetes HPA by having roughly

half the 90th latency percentile at

roughly half the costs under load.

costs.

Table 4.8 lists the articles that optimised scalability or elasticity and connected
them to business outcomes. From each article we extracted the optimisation method,
which was a custom autoscaling method in each case, and whether the article re-
ported indications of change in SLO violations or costs. The indications were cost
deltas, cost efficiency, resource usage, resource efficiency and SLO violation deltas.
All of the articles in Table 4.8 reported improved positive benefits to costs, resource

usage or SLA adherence after optimisations.

4.3 Discussion of Results

4.3.1 Drivers of Scalability (RQ1)

The results from SQ1 listed in Table 4.6 consistently talk about optimising through-
put through asynchronous and non-blocking request handling. Articles A1, A2, A3
and A4 found asynchronous request handling increases throughput and manages
bursty workloads better than synchronous request handling with smaller resource
usage. A4 quantifies the benefit: asynchronous architecture led to roughly 30% bet-

ter response times, 4% less CPU usage and with 7% reduced error rate. To optimise
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throughput, asynchronous architecture limits queue growth and tail-latency under
load with smaller resource usage.

The results also emphasised the positive impact of autoscaling to scalability. In
this thesis that means elasticity. However the effectiveness of elasticity depends on
the speed of provisioning and application startup time. The speed of provisioning
and startup time time are also largely affected by image size as discussed in Section
2.3.2.

Additionally, one of the findings of A6 was that optimising image size and startup
time are important for scalability as it improves the elasticity of the microservices
deployment. A2 promoted the cloud-native abilities of Spring Boot, but it was
unclear what is meant with cloud-native abilities and what these abilities provide.
It is possible that cloud-native in that article means the same AOT compilation and
GraalVM native images as discussed in Section 3.2.3.

The results also consistently mention optimising the resource usage of microser-
vices. This means that OC1 is central as resource usage largely determines pod
density and thus how many pods can be fitted into a node. In other words doing

more with less.

4.3.2 User-Perceived Performance Under Load (RQ2)

The results of SQ2 in Table 4.7 consistently show that microservices deployments
can receive major benefits to user-perceived performance from improved scalability
and elasticity. The articles proposed various ways of improving scalability with
custom autoscaling, asynchronous architecture, cold start optimisations, caching
and various architectural patterns. The benefits reported were considerable.

A7, A8, A10, A12 and A13 all showed that scalability improvements decrease
average response time considerably. The improvements ranged from roughly 10% to

roughly 60%. A12 reported that a deployment was optimised with custom concur-
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rency strategies combined with asynchronous communication and the 99th latency
percentile dropped by up to 80% and the number of dropped requests decreased
by more than 90%. The findings of A7 were particularly interesting because a syn-
chronous RESTful microservices architecture was migrated into an asynchronous
event-driven architecture with major benefits. The synchronous version struggled
with 1 million orders per minute, while the new architecture handled 2 million orders
per minute easily. End-to-end latency decreased by 60%, 99th percentile decreased
by 500 ms and uptime rose to 99.99%.

The findings of A9 and A1l come from serverless microservices deployments,
which differs from Kubernetes deployments as cold start is more prevalent. The
findings do note considerable benefits from optimisations to startup time and the
speed of provisioning. Throughput was increased by up to 2.93x and tail latency was
reduced by 69% by using lightweight runtimes and smaller image sizes. While the
findings come from a serverless architecture, the mechanisms of lightweight runtimes
and smaller images should similarly reduce latency during scale-out in Kubernetes-

orchestrated deployments.

4.3.3 Cost and SLA Impact of Elasticity (RQ3)

The results of SQ3 in Table 4.8 show that by improving scalability and elasticity,
cloud costs and SLO violations can be reduced considerably. While the results of
SQ3 only consider elasticity optimisations through custom autoscaling strategies,
optimising the scalability of individual microservices brings similar benefits, since
elasticity is driven by scalability as discussed in Section 2.4. The benefits in the
results are primarily gained from better resource utilisation, fewer pod replicas and
faster and more accurate provisioning.

Al14 and A15 reported improvements to resource utilisation from 9% to even

40.74%. A20 introduced an SLO-driven self-adaptive autoscaling strategy that
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achieved zero SLO violations with 50% less CPU time, 87% less memory usage
and 90% fewer replicas. While an improved resource usage is not a direct evidence
of less costs, it does hint at better cost-efficiency.

The listed cost reductions in the results are considerable. Cost reductions ranged
from roughly 2% to roughly 88% less costs in various experiments. A17 reported
1.09x to even 8.18x less costs and A18 reported 1.63x better cost-efficiency. On
average the results showed a cost reduction of roughly 25%. At scale 25% less costs
can yield major economical benefits to a CSU.

In addition to cost reductions, the custom autoscaling strategies of the results
managed to decrease SLO violations. A16, A17, A18 and A20 all reported reduced
SLO violations. A16 and A17 reported 5.17x to 97.77x less SLO violations. A18
reported more than half reduced SLO violations. The solution of A20 achieved even

zero SLO violations.

4.3.4 Cross-cutting Synthesis and Limitations

The results of SQ1, SQ2 and SQ3 form an evidence driven picture. The scalability
optimisations from asynchronous request handling and inter-service communication
improve user-perceived performance and TCO. Fast provisioning and startup time
makes services become ready quickly during scale-out. From SQ1, the results em-
phasise asynchronous and non-blocking request handling as the primary way to in-
crease and sustain throughput during burst with less resources. One article reported
30% faster response times with less CPU usage and error rates.

SQ2 shows that asynchronous architecture also leads to improved user-perceived
performance. Migrating from a synchronous request handling to an event-drive
request handling increased headroom and thus better scalability. End-to-end latency
decreased by 60% and 99th latency percentile dropped by hundreds of milliseconds.

The number of dropped requests were decreased as request queues are prevented
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from forming. Faster time to ready through lightweight runtimes and smaller images
increases throughput significantly and decreases tail latency during scale-out.

The cost and SLA results of SQ3 also shows that improved elasticity brings
substantial benefits. Custom autoscaling strategies provided more accurate and
faster provisioning with less resources and SLO violations. The results reported
9—41% higher resource utilisation and 25% less costs on average. At the same time
SLO violations are decreased and one result even showed zero SLO violations.

While these results show that improved scalability can yield major benefits, some
limitations suppress these results. The nature of experiments in the articles spanned
heterogenous settings. The results mixed serverless and container-orchestrated de-
ployments, synthetic and production environments and various shapes and sizes
of workloads, thus the absolute numbers are not directly comparable. All of the
articles from SQ3 optimising autoscaling policies instead of pod level character-
istics, thus they do not isolate how service level optimisations affect cloud TCO.
The used metrics for the results varied, for example latency percentiles, average
latencies, end-to-end latencies, cost-efficiency and absolute cost deltas, which limits
result normalisation. And bias is plausible, since all of the articles show positive
results. We treat the results as indicative, optimising throughput with asynchronous
architecture and fast provisioning improves scalability and scalability and elastic-
ity improvements bring considerable benefits to user-perceived performance, cloud

TCO and SLA adherence.



5 Scalability Experiments

This thesis aims to research how different operational characteristics affect scala-
bility and how different levels of scalability affect user-perceived performance and
cloud costs. To support this research, three controlled experiments were conducted
in a simulated environment with simulated traffic. This chapter describes the ex-

periments, their execution and results.

5.1 Methodology

This empirical research aims to provide answers for the three research questions.
For RQ1 we aim to examine how throughput, resource usage, image size and startup
time affect scalability. For RQ2 we aim to investigate how much different levels of
scalability affect the end-user facing metrics such as latency percentiles (p50, p90
and p99). For RQ3 we aim to examine how different levels of scalability affect
resource usage and cloud costs.

Our research questions are:

e RQ1: What kind of operational characteristics drive scalability in container-

ised cloud deployments?

e RQ2: How different levels of scalability affect user-perceived performance in

microservices under heavy load
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e RQ3: How different levels of scalability affect the total cost of ownership of

deployed microservices?

Table 5.1: The three experiments and their target research questions

Experiment (E) Research
question(s)

El RQI

E2 RQ1L, RQ2, RQ3

E3 RQ3

The three experiments aim to provide answers for one or more research ques-
tions. Table 5.1 shows which RQs each experiment (E) focuses on. Experiment E1
compares the startup times and provisioning times of different benchmark applica-
tions with AOT and GraalVM native images enabled or disabled. E2 compares the
synchronous and asynchronous concurrency and I/O models in Spring Boot and in-
spects what is the effect to scalability, resource usage, latency and error rates. And
finally E3 compares the resource usage and computing costs of the development
frameworks when run in a microservices deployment in AWS. For each experiment
we are going to have multiple variants of a benchmark application. The variants
vary in their development frameworks and configurations. The design of each ex-
periment is described in Section 5.1.2. The design of the benchmark applications
are described in the next section.

This empirical research employs the JVM frameworks presented in Section 3. In
E1 and E2 the benchmark application is a single service application. The aim is to
study operational characteristics and how improved scalability affects provisioning
time and user-perceived performance. For that we do not yet need a multi-service
application. For E3 the benchmark applications consists of 4 services, which allows
for inspecting elasticity and resource usage in a simulated microservices environ-
ment with inter-service dependencies. For each experiment the business logic and

APIs stay constant, while different scalability optimisations create different levels of
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scalability.

5.1.1 Benchmark application designs

E1 and E2 use a single-service benchmark application, since E1 examines the time
to provision a single pod replica and E2 examines the throughput, latency, re-
source usage and error rates of a single service. E3 uses a multi-service benchmark
application that is used to examine elasticity and resource usage in a simulated mi-
croservices deployment. All of the source code of the experiments are available in a

public Github repository. See Appendix B for more.

Single-service application

The application consists of a single service that exposes an endpoint that represents
I/O intensive work. The endpoint takes query parameters that the application then
uses to fetch information from an external stub service. A single endpoint does
not require a lot of logic in an application with a really limited scope, but that
is why the application is split into multiple layers in order to introduce additional
classes. The application logic consists of a controller layer, service layer and data
layer classes for both endpoints. The classes use annotations heavily to utilise beans

for configuration, dependency injection, validation and mapping.

Multi-service application

The multi-service application consists of 4 stateless microservices with their own
responsibilities. The benchmark application models a simplified product catalog
system with clearly defined subsystems that form hierarchical request flows. The
services return dummy data and are stateless without any caches or databases. This
design choice ensures that the observed behaviour of the services stem solely from the

operational characteristics of the applications and not from external dependencies.
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The high level architecture of the product catalog system is presented in Figure

5.1 and consists of the following services:

ProductService

MetadataService

CatalogService

AttributeService

API Gateway
Fetch product information Fetch metadata information
'114 “ \“ q‘ ‘
ProductService MetadataService ‘
L vy L A

Fetch metadata information

Fetch product inf<n:ation /

i CatalogService

Fetch product attributes

AttributeService

...........................................................

Figure 5.1: The multi-service application architecture

The ProductService acts as an entry point for fetching product information and

it represents an I/O intensive workload. The service forwards requests to the Cata-
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logService, CatalogService in turn forwards them to AttributeService and Attribute-
Service creates artificial latency and returns a JSON response. The request fan-out
pattern and long dependency chain model a microservice workflow where tail latency
increases as a result of multiple internal calls.

The MetadataService acts as an entry point for fetching metadata about the
products and represents CPU intensive work. The MetadataService fan-out requests
to the CatalogService that simulates CPU work by doing synthetic CPU calcula-
tions. This workflow models services that perform local processing after fetching
lightweight data for example, score calculation or rule evaluation.

The CatalogService is at the middle layer of all the services and is being de-
pended on by the ProductService and MetadataService. It forwards requests to At-
tributeService and performs CPU intensive work for MetadataService. This service
is intentionally designed to be a bottleneck and it allows for observing scalability
and elasticity reactions in a microservice hotspot.

The AttributeService is only used for the I/O intensive workflow and it simulates
data fetching from downstream services. It incurs an artificial delay and returns a

JSON response.

5.1.2 Experiment Designs
Experiment E1

This experiment’s goal is to compare the time to provision a pod replica when
the image is cached in the node and when it needs to be pulled from a registry.
Additionally the relationship between image size and startup time is investigated.
Metrics to be extracted are image size, average pod startup time, average application
startup time and average Kubernetes overhead. The pod startup time is extracted
by measuring the time a pod takes to scale from 0 to 1 and the pod logs that the

application is ready. The application startup time is extracted from the frameworks
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startup logs. The Kubernetes overhead is measured by deducting the application
startup time from the pod startup time.

The experiment uses a test script that creates a Kubernetes cluster and deploys
all the application variants to pods. These pods are then scaled to 0 and then to 1 to
collect the startup time metrics. For each application variant the scale up operation
is iterated 50 times. The script runs this setup for two scenarios; images are cached
in the node and images need to be pulled from a registry. This allows us to inspect
if the image size introduces overhead to the pod startup time.

The benchmark application variants for this experiment are:

Spring Boot JVM

Spring Boot native

Quarkus JVM

Quarkus native

Quarkus native micro

Micronaut JVM

Micronaut native

Each variant has an individual service. The goal is to inspect a single pod’s
startup time, thus no additional services are needed. The images are compiled
with the framework’s default options and thus even large differences between image
variants are expected even though the business logic for the applications are near
identical. The goal is not to inspect, which framework can potentially produce the
smallest image, but what is the implication of various image sizes to provisioning

time.
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Experiment E2

This experiment’s goal is to compare the synchronous and asynchronous concurrency
and 1/0 models in Spring Boot. The goal is to examine, which model provides the
best throughput and resource usage with the same amount of resources assigned to
a pod. To investigate SLA adherence, latency percentiles and error rates are also
tracked. Additionally the potentially reduced resource usage of native images is
investigated, since they do have lightweight runtimes. The benchmark application

variants for this experiment are:

e Spring Boot synchronous JVM
e Spring Boot asynchronous JVM

e Spring Boot asynchronous native

The image of each variant is used to build and place corresponding pods in a
Kubernetes cluster. The benchmark application exposes two endpoints that simu-
late CPU intensive work and an I/O operation. In this experiment, only the I/0
endpoint is used with a fixed latency parameter of 100ms. The benchmark applica-
tion delegates the request to the stub service that creates the artificial latency. This
way the benchmark application only concentrates on handling requests and not on
CPU intensive work, allowing for a clear comparison of the concurrency models.

To generate requests, K6 is used, which is a load testing tool for Kubernetes.
To collect metrics of the pods, Prometheus is used. Prometheus exposes telemetry
endpoints in the benchmark applications, which are then queried at 5 second inter-
vals. K6 creates virtual users (VUs) that query the endpoint, while waiting for 0.5
seconds between queries. The K6 script in this experiment ramps up the number of
VUs from 0 to 500 in 1 minute. It stays at 500 VUs for 50 minutes. This way we can

inspect the metrics at a steady state. After 5 minutes, K6 ramps up to 3500 VUs in
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the span of 10 minutes or if one of the pre-configured threshold conditions are met.
The threshold conditions are that the p95 latency should not exceed 2000ms or the
error rate of requests should not exceed 1%. Each benchmark application’s pod is
assigned a resource limit of 1 CPU and 2GB memory. The stub service’s pod is

assigned a limit of 4 CPU’s and 4 6GB of memory to ensure it is not the bottleneck.

Experiment E3

This experiment aims to evaluate scalability and elasticity of four benchmark appli-
cation variants in a multi-service deployment in AWS. The goal is to observe how
much the different applications with different levels of scalability use resources in
the end and how much they cost.

The multi-service benchmark application described in Section 5.1.2 is deployed to
AWS, where Elastic Container Service (ECS) and Fargate is used to orchestrate and
run the containers. Fargate is a serverless container runtime, that allows running
containers without provisioning EC2 instances(AWS virtual machines), which act
as nodes. Fargate is billed by CPU and memory usage, which allows for much more
granular cost tracking, whereas EC2 is billed by the instance type and how long they
are used for. ECS is the container orchestrator, which abstracts away autoscaling
algorithms and resource provisioning and does them automatically. Each service
container is allocated identical amount of resources of 2 CPU and 4GB memory.

Elastic Kubernetes Service (EKS) and EC2 instances for nodes would have been
much more closer to an actual Kubernetes deployment, but they would have required
too much time and resources. The combination of ECS and Fargate already gives
us the scaling behaviour of Kubernetes with an HPA and allows for much more
granular cost tracking. In addition to ECS and Fargate, AWS CloudWatch (an
observability tool) is used to gather metrics from the Fargate pods and to display

them in a dashboard. Also cost tags are applied to the Fargate resources by variant,
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so that costs of each variant can be compared.

The benchmark application exposes two request workflows that simulate CPU
intensive work and I/0O intensive work. Calls to ProductService fan out requests to
CatalogService, which then fan out requests to AttributeService, where an artificial
delay is incurred. This represents the I/0 intensive work. Calls to MetadataService
fan out requests to CatalogService, where a synthetic CPU calculation is conducted,
thus simulating CPU intensive work. The benchmark application variants for this

experiment are:

e Spring Boot baseline
e Spring Boot optimised
e Quarkus optimised

e Micronaut optimised

In these variants baseline means the development framework defaults. Optimised
means that all scalability optimisations are enabled, which are full asynchronous
concurrency and /O, AOT optimisations and GraalVM native image compilation.
We have optimised variants for each framework, but only one baseline variant for
Spring Boot. This decision is taken to reduce time and resources used to create
and run six application variants. Also the goal is to demonstrate the magnitude
of difference of metrics between the lowest scalability application and the highest
scalability application. And Spring Boot with default settings is expected to have
the lowest scalability, since it uses reflection and runtime initialisations the most
when compared to Micronaut and Quarkus. For each application variant the same
load test is conducted.

The load test in this experiment creates 2000 VUs at the start. Each VU gen-

erates one request to ProductService and one request to MetadataService, while
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waiting one to two seconds between requests. In 20 minutes intervals a burst of VUs
is injected for the duration of five minutes. The first burst is 4000 VUs and every
burst adds 4000 more VUs. This test lasts for 2 hours and the last burst adds 24000
VUs. This load test allows inspecting how much resources each application variant

requires resources and how well they satisfy the demand.

5.2 Experiment E1

5.2.1 Results

E1 investigated pod startup time by scaling pods from 0 to 1 for each application
variant and collected related metrics such as image size, average pod startup time,
average application startup time and average Kubernetes overhead. The scale up
for each application variant was iterated for 50 times and averages were extracted.

The image sizes are displayed in Table 5.2. The JVM variants have the largest
image sizes and the native variants have considerably lower image sizes. Out of the
JVM variants Quarkus has the largest image size. Micronaut native and Quarkus

native micro have the smallest image sizes of 85MB and 88MB respectively.

Table 5.2: ITmage sizes of the single-service application variants

Application variant Image size
Micronaut native 85MB
Quarkus native micro 88MB
Spring Boot native 131MB
Quarkus native 167TMB
Spring Boot JVM 273MB
Micronaut JVM 300MB
Quarkus JVM 442MB

E1 also investigated the pod startup time, which consists of launching a con-
tainer from an image and starting the application. We extracted pod startup time

by polling for readiness of the pods, the framework reported application startup
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Table 5.3: Pod startup time with image cached

App. Avg. Pod Avg. App. Avg. Image sizes
variant startup startup Kubernetes

overhead
Quarkus 1059ms 11ms 1048ms 167TMB
Native
Quarkus 1073ms 9ms 1064ms 87.5MB
Native Micro
Micronaut 1082ms 12ms 1070ms 85MB
Native
Spring Boot 1061ms 4Tms 1013ms 131MB
Native
Quarkus JVM 1987ms 1194ms 793ms 442MB
Micronaut 2235ms 1294ms 941ms 300MB
JVM
Spring Boot 5061ms 3906ms 1155ms 273MB
JVM

time and the Kubernetes overhead by subtracting the application startup time from

the pod startup time. From Table 5.3 we can see that the native variants reported

roughly the same Kubernetes overhead, but the JVM variants had larger differ-

ences in Kubernetes overhead. The native variants have almost instant application

startup, and with roughly 1000ms Kubernetes overhead the native pods are ready

in roughly 1000ms. The JVM variants were slower, with the fastest being Quarkus

JVM (1987ms) and the slowest being Spring Boot JVM (5061ms). In Spring Boot’s

case the native compilation reduced the application startup time from 3096ms to

47ms and reduced the pod start up time by roughly 80%. However there is no cor-

relation to be seen between the image sizes and any metric. That is expected, since

in this scenario the images are cached in the node.
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Table 5.4: Pod startup time when image is pulled from a registry

App. Avg. Pod Avg. App. Avg. Image sizes
variant startup startup Kubernetes

overhead
Quarkus 2395ms 11ms 2383ms 167MB
Native
Quarkus 2309ms 10ms 2299ms 87.5MB

Native Micro

Micronaut 2338ms 12ms 2326ms 856MB
Native

Spring Boot 2253ms 59ms 2196ms 131MB
Native

Quarkus JVM 4926ms 1229ms 3697ms 442MB
Micronaut 4319ms 1274ms 3044ms 300MB
JVM

Spring Boot 6905ms 3827ms 3078 ms 273MB
JVM

Table 5.4 shows the results of the scaling scenario when images do not live in
the node and need to be pulled from a registry. The applications startup times are
roughly the same as in Table 5.3, but the Kubernetes overhead and the pod startup
times are greater. From the data we can see that the Kubernetes overhead now
correlates with the image size. Quarkus JVM with the greatest image size (442MB)
has the greatest Kubernetes overhead (3697ms) and is followed by Spring boot JVM

and Micronaut JVM. Figure 5.2 shows the correlation, when the data is plotted.
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Figure 5.2: The correlation of image size and Kubernetes overhead plotted

5.2.2 Analysis of Results

The results of E1 listed in Section 5.2.1 show that by optimising a microservice’s
image size and the build artifacts, the startup time can be lowered considerably.
The slowest pod in E1 was the Spring Boot JVM variant and took 5061ms on
average in a cached scenario to startup, while the native counterpart’s startup time
was 1061ms on average. In fact, the native compiled applications were the fastest to
start with average pod startup times ranging from 1059ms to 1082ms. If Kubernetes
overhead is ignored, the application startup time is almost instant, ranging from 9ms
on average to 47ms on average.

Out of the JVM variants, Quarkus and Micronaut pods had similar startup times
at 1987ms on average and 2235ms on average respectively. They outperformed the
startup time of Spring Boot by roughly 3000ms, which was to be expected since
Quarkus and Micronaut move almost all of the dependency initialisations to build

time and avoid reflection. However, it is important to note that the reported Kuber-
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netes overheads vary considerably, even after 50 test iterations. The native variants
had similar overhead at roughly 1000ms, but the Quarkus JVM variant had roughly
800ms. The overhead calculation might not be reliable, as application startup time
is used to calculate the Kubernetes overhead. The frameworks might measure the
application startup time from different points of time and some frameworks might
not include everything. The variance of the overhead can also be explained by the
container being able to start the application process earlier for JVM variants, since
application resources might be loaded lazily in JVM and native Linux executables
might load resources eagerly adding to more overhead. The native variants all have
roughly the same Kubernetes overhead, which is expected. They do not have any
JVM initialisations in the application startup time and have similar build artifacts
as they all include a Linux executable.

There was no correlation between image size, application startup time or pod
provisioning time in the cached test scenarios. But in the uncached scenario, where
the image needs to be pulled from a registry, a correlation can be observed. The
native variants, which had the smallest images, also had the smallest Kubernetes
overhead from 2196ms on average to 2383ms on average. The JVM images were
larger and also had larger Kubernetes overhead. The Quarkus JVM variant had the
greatest image size of 442MB and also the greatest Kubernetes overhead of 3697ms.
Table 5.4 and Figure 5.2 demonstrate the correlation. However, it is important to
consider that the reported Kubernetes overhead might not be entirely reliable as
discussed previously.

The results of E1 demonstrate the variability in startup times and image sizes.
The provisioning time of pods can differ by seconds and in high volume bursty
workloads the impact can be considerable. By optimising startup time and image
sizes, seconds can be saved from provisioning time, thus potentially avoiding SLO

violations. Especially in large systems where containers live in multiple nodes or
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serverless systems, where container images have to be fetched from a registry every
time a container is launched. It is also important to note that the benchmark
applications in this experiment were relatively small and comprised of around 10
to 20 classes. In real world applications that comprise of far more classes, the

magnitude can be potentially larger.

5.3 Experiment E2

5.3.1 Results

E2 compared the synchronous and asynchronous concurrency and 1/O models in
Spring Boot. Additionally the potential benefits to resource usage by native images
was also investigated. A load testing scenario was run with K6 to inspect metrics
at a steady RPS generated by VUs and when ramping up the number of VUs to
reach a threshold condition. The threshold conditions were that the p95 latency
should be less than 2000ms and error rate should be less than 1%. The metrics
that were monitored were CPU usage, memory usage, request throughput and p95
latency. In the experiment, the synchronous JVM variant failed at 2179 VUs due to
p95 latency exceeding the limit of 2000ms, while the error rate stayed at 0.0%. The
asynchronous JVM variant failed at 3009 VUs due to the error rate reaching 1.00%
and the asynchronous native variant failed at 2989 VUs due to error rate reaching
1.05%.

Figure 5.3 shows that the CPU usage of the synchronous JVM variant is the
highest. When the number of VUs is kept at 500, the CPU usage of the synchronous
JVM variant is roughly 0.95 cores and it reached 0.90 cores around the 110 seconds
mark. This variant also reaches the failure point fastest around 700 seconds. Out
of the benchmark application variants, the asynchronous JVM has the lowest CPU

usage. During the steady RPS at 500 VUs, the CPU usage of the variant is roughly
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Figure 5.3: The CPU usage of the benchmark application variants

0.35 cores and it reaches 0.90 cores at around 610 seconds. The CPU usage of the
native asynchronous variant is slightly higher. During the 5 minutes at 500 VUs,
the CPU usage is near 0.50 cores and the variant reaches 0.90 cores around the 500
seconds mark. Both of the asynchronous variants reach the failure point at around
850 seconds.

The memory usage of the synchronous JVM variant is the highest as shown in
Figure 5.4. During the 5 minutes with constant 500 VUs, the memory usage is
around 350MB. And towards the failure point, the memory usage peaks at around
475MB. The asynchronous JVM variant has considerably lower memory usage. With
500 VUs, the memory usage is around 220MB and it peaks at roughly 340MB near
the failure point. The asynchronous native variant initially has significantly lower
memory usage compared to the JVM variants. With 500 VUs, the memory usage is

around 60MB. But when the VUs are ramped up, the memory usage exceeds that



memory usage (MBE)

5.3 EXPERIMENT E2 81

= SYNC == 3sync async-native
800.00
600.00
™ - LI _.‘L—
L ji __'_I_f\_/—’/_,j_’r_\—
200.00
0.00
0 200 400 600 800 1000
time (s}

Figure 5.4: The memory usage of the benchmark application variants

of the JVM variants and peaks at roughly 650MB.

Figure 5.5 shows that the asynchronous variants had roughly the same request
throughput and both reached considerably higher throughput as the synchronous
JVM variant. With 500 VUs, all variants had identical throughput at roughly 790
req/s. But when the VUs are gradually increased, the throughput of the synchronous
JVM variant is not going up. It stays at roughly 790 req/s and starts decreasing
near the failure point. The asynchronous variants both reach a considerably higher
throughput. When the VUs are gradually increased, the throughput of the asyn-
chronous variants gradually go up and both reach the peak throughput at roughly
2800 req/s before failure.

The p95 latency of the asynchronous variants are similar, while the synchronous
JVM variant has considerably higher latency as shown in Figure 5.6. With 500 VUs,

the p95 latency of the asynchronous variants is near 100ms constantly, which is the
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Figure 5.5: The request throughput of the benchmark application variants

artificial latency created by the stub service. The p95 latency of the synchronous
variant with 500 VUs is roughly 130ms, which is a bit slower than the asynchronous
variants. When the number of VUs is gradually increased before the 400 second
time mark, the p95 latency of the synchronous variant increases more aggressively
than the asynchronous variants and the p95 latency is more than thrice of the asyn-
chronous variants. There is a gap of empty data for the synchronous variant after
the 600 seconds time mark, which is the point when the synchronous JVM variant
reached failure due to the p95 latency exceeding 2000ms. The p95 latency of the
asynchronous variants when the number of VUs is gradually increased, but around
the 750 seconds time mark the asynchronous native variant’s p95 latency starts in-
creasing slightly faster. Around the failure point of the asynchronous variants at
850 seconds, the p95 latency of the native variant is roughly 1700ms and the JVM

variant’s is roughly 900ms.
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Figure 5.6: The p95 latency of the benchmark application variants

5.3.2 Analysis of Results

The results of E2 in the previous section show that asynchronous concurrency and
I/O has significant benefits when compared to the synchronous alternative. The
synchronous JVM variant reached failure with 2179 virtual users after 700 seconds
with an error rate of 0.0%. The asynchronous native variant reached failure with
2989 virtual users after 850 seconds and the asynchronous JVM variant reached
failure with 3009 virtual users after 850 seconds while both of they had an error
rate at roughly 1%. The asynchronous variants can potentially incur SLO violations
at high load, since they had errors and the synchronous variant did not. However
it is important to not that they did have better availability, because of their high
throughput. And usually in production deployments, autoscaling would aim to pre-
vent high stress, which leads to errors. However in bursty demands the application

would be exposed to high stress, thus leading to errors. But it is also important to
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note that during steady demand, the p95 latency of the asynchronous variants were
almost identical to that of the artificial latency created inside the application. The
synchronous variant added an overhead of 10 to 100ms to the p95 latency. Which
might sound insignificant, but if in a microservices application with a long chain of
services all services added overhead to the latency, the end to end latency would
potentially violate SLOs.

The CPU usage was lowest with the asynchronous JVM variant. With 500 VUs
the CPU usage was roughly 0.35 cores and the asynchronous native variant used
roughly 0.50 cores. The CPU usage of the synchronous variant at 500 VUs already
was using more than 0.90 cores. With asynchronous concurrency the CPU usage
can be more than halved during steady demand, with the synchronous JVM variant
having 61% less CPU usage. The more lightweight runtime of the native variant
did not yield any benefits in CPU usage and it was a bit higher than the JVM
alternative.

While the native variant did not yield benefits to CPU usage, it did yield benefits
in memory usage. With 500 VUs the memory usage for the synchronous JVM variant
was roughly 350MB, for the asynchronous JVM variant it was roughly 225MB and
for the asynchronous native variant it was roughly 60MB, which is 83% smaller than
the synchronous JVM variants memory usage. However, when the number of VUs
were scaled up, the memory usage of the native variant quickly exceeded the JVM
variants and reached over 650MB of memory usage. E2 only investigated the Spring
Boot framework and it is possible that the different native images of the Micronaut
and Quarkus frameworks, specifically the distroless images, would have even less
memory usage.

When the request throughput of the benchmark application variants were com-
pared, the asynchronous variants had significantly higher maximum throughput be-

fore failure. Both of the asynchronous variants reached a throughput of roughly 2800
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req/s. There was no difference between the asynchronous JVM and asynchronous
native variants throughput. The synchronous JVM variant already reached its max-
imum throughput of roughly 790 req/s during the 5 minutes at 500 VUs. When the
number of VUs were gradually increased, the throughput of the synchronous variant
did not increase, meaning the requests were already queueing up. The results show
that with asynchronous request handling, the request throughput can be increased
by even 254%.

Asynchronous request handling also has significant benefits to latency. With
500 VUs the p95 latency of the asynchronous variants were almost identical at near
100ms. The synchronous variant incurs a slight overhead and the p95 latency is
roughly 130ms at 500 VUs. When the number of VUs is gradually increased, the
P95 latency is more than double than that of the asynchronous variants. Both
the request throughput and the p95 latency of the synchronous JVM variant show
that requests start queueing up. When the number of VUs are gradually increased,
throughput does not go up and the p95 latency is increasing eventually to the point
that there are too many requests and the p95 latency exceeds 2000ms. There is
an empty gap of data for the synchronous variant around the time of failure. This
means that the requests to the metrics endpoint of Prometheus are timing out. K6
measures the p95 latency differently and detects that the p95 latency is over 2000ms
and flags a failure. The p95 latency of the asynchronous variants increase far slower
and they never reach the 2000ms threshold. The native variant has similar p95
latency to the asynchronous JVM variant, after 750 seconds the latency increases
more aggressively. Near the failure point the p95 latency for the native variant is
already at 1700ms, which is 800ms higher than the asynchronous JVM variant.

Experiment E2 showed that asynchronous request handling has significant ben-
efits to CPU usage, memory usage, request throughput and latency. However, the

asynchronous variants had error rates at roughly 1.0%, while the synchronous vari-
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ant 0.0% during high stress. However, this is probably prevented in real production
deployments by scaling the applications up, before they reach 90% CPU usage. Ad-
ditionally, the lightweight runtime of a native image did not yield any significant
benefits. The only metric that it seemed to improve was memory usage. It is also
important to note, that the benchmark application was relatively small. In a real
world application the magnitude of difference between memory usages could be quite
different. Also the benchmark application did not do any CPU intensive work apart
from request handling, instead every request delegated all work to the external stub
service. In a real world application, a single request might require more intensive
CPU work from the application and a request might fan out multiple requests to
multiple external services. The benefits might be different in a real world appli-
cation and depend on the nature of the application, but E2 still indicates major

improvements.

5.4 Experiment E3

5.4.1 Results

E3 evaluated the behaviour of four microservices application variants under a two
hour load test. The goal was to observe how different levels of steady-state scalability
manifested in a microservices deployment with inter-service dependencies, where
requests propagated downstream. Fach application variant consisted of 4 services,
which were ProductService, MetadataService, CatalogService and AttributeSeruvice.
The business logic and APIs are identical across variants. The services were deployed
independently with identical resource allocations to AWS.

In Figure 5.7 we can see the CPU utilisation of each application variant in each
service. The CPU utilisation goes up when a burst is injected and goes down shortly

after as containers are scaled up due to high CPU utilisation. The graph shows the
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CPU utilisation for all container replicas at the same time, and the steepness of
the line graph shows how aggressively the containers use CPU. The figure shows
that the CPU utilisation of the Micronaut optimised variant seems to be the lowest
especially in AttributeService. The other variants seem to all have pretty similar
CPU utilisation graphs and it hard to notice from the figure alone, which variant
had the highest CPU utilisation. However, at times it seems that the CPU utilisation
of the Spring Boot optimised variant seems to rise the fastest.

In Figure 5.8 it is clear that the memory usage of the Spring Boot baseline variant
is the highest in all services except for AttributeService where Micronaut uses the
most memory. Otherwise the optimised variants use similar amounts of memory.
As the containers are scaled up when the memory utilisation or CPU utilisation
reaches 70%, it can be said that the containers in this experiment are only scaled
up because of high CPU utilisation since the memory utilisation does not reach 70%
for any variant in any service.

Figure 5.9 shows the task count for each variant’s service, which is increased
when the resource usage of a service reaches the 70% threshold. The Spring Boot
variants required the most tasks to match supply with demand and the Spring Boot
optimised variant required the most out of all variants, while having over three times

the tasks at times compared to the Micronaut optimised variant.
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Figure 5.7: The CPU utilisation of each application variant
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Figure 5.8: The memory utilisation of each application variant
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Figure 5.9: The task count of each application variant

The Figure 5.10 shows the cost differences between the application variants after
the two hour load test. The resources were billed by the CPU and memory allocated

to each container. The detailed pricing for the CPU usage was 0.04656$ per vCPU
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per hour and for memory usage 0.00511$ per GB per hour. Each service container
was allocated 2 CPUs and 4GB memory. The final costs for the Spring Boot baseline
variant were 4.05$, for Spring Boot optimised 4.35$, for Quarkus optimised 2.16$

and for Micronaut optimised 1.95$.
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Figure 5.10: The cost of each application variant

5.4.2 Analysis of Results

E3 focused on RQ3 and investigated how differences in scalability affected resource
usage and cloud costs. The experiment compared the resource usage and cloud costs
of 4 different microservices application variants with various levels of scalability when
deployed to AWS.

The CPU utilisation results show differences between the variants and the Micro-
naut optimised variant had the lowest CPU utilisation on average, but it is unclear
from Figure 5.7 to, which variant had the highest CPU utilisation out of the vari-
ants. But it does seem that the Spring Boot optimised variant had the highest CPU

utilisation, which is supported by the fact that it also had the highest task count. It
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is unclear why this happens, since E2 clearly demonstrated that Spring Boot with
optimisation settings should use less CPU than with default settings. It might be
possible that the autoscaling configurations in the experiment were not optimal for
the variant, since at times the variant used a lot of CPU compared to the other vari-
ants, but at times it used half the CPU compared to other variants. This indicates
that the containers were scaled up, but failed to scale down. But even this does not
explain why the containers scaled so high in the first place.

The memory utilisation results showed that the Spring Boot baseline variant
used the most memory with roughly 30-50% utilisation on average throughout the
experiment. The optimised variants all used roughly 5-10% memory in all services,
except for Micronaut optimised which had even 60% memory utilisation during a
burst. The memory usage was independent of the load intensity, indicating that
the CPU usage is the dominant cost driver and triggers scaling under load. Overall
the results show that scalability optimisations can lead to roughly 4 times smaller
memory usage.

The task count or container replica results represent the total resource usage of
the application variants and they can be used to predict the total costs of running
the application variants, since the resources were billed by the allocated CPU and
memory for each task. The task count for the Spring Boot variants had the highest
task count, which indicates they had the highest CPU utilisation. The Micronaut
optimised and Quarkus optimised variants both had low task counts and Micronaut
optimised had the lowest. As the CPU utilisation predicted, the task count of
the Spring Boot optimised was higher than the Spring Boot baseline, which was
surprising. At times the task count of Spring Boot optimised was even three times
greater than the Micronaut optimised variant.

The cost results highlighted a significant benefit from improved scalability. After

the two hour load test, the costs for the Spring Boot baseline were 4.05$, for Spring
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Boot optimised were 4.35%, for Quarkus optimised 2.16$ and for Micronaut optimised
1.995%. As the task count predicted, the costs for the Spring Boot optimised were
the highest and lowest for the Micronaut optimised.

E3 showed clear difference in scaling behaviour, resource usage and cloud costs.
Two out of the three microservices applications with scalability optimisations lead
to roughly 4 times smaller memory usage, roughly three times smaller CPU usage
and roughly half the costs. But it is important to note that the optimised Spring
Boot application had higher CPU usage and thus costs compared to the baseline.
This conflicts with the results of E2, since it explicitly demonstrated that scalability

optimisations in Spring Boot halved the CPU usage.



6 Discussion

This chapter discusses and synthesises the results of the literature review in Chapter
4 and the empirical scalability experiments in Chapter 5. The goal is to interpret
the results in the context of the scalability of individual microservices and elasticity
of microservices deployments to answer the research questions in Chapter 1. Instead
of focusing on implementation technologies, the discussion in this chapter abstracts
the results to generalisable scalability characteristics applicable to containerised mi-
croservices. Additionally, the limitations of this thesis are discussed and future work

is proposed.

6.1 Operational Characteristics Driving Scalability
(RQ1)

The results of the literature review and the scalability experiments showed that scal-
ability is created by a combination of interrelated operational characteristics. These
characteristics determine how well an individual microservice utilises computing re-
sources and how well it supports elastic scaling in cloud environments. The results
show that startup time, image size, resource usage and throughput are the most
influential drivers of scalability and their combination determines the effectiveness
of elastic scaling.

The most important operational characteristics for elastic scaling are startup
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time and tmage size, since they both determine how fast a container replica can be
provisioned. Image size determines how fast the image can be fetched from a registry
to the node or the machine that is responsible for running the application and startup
time determines when the application is ready for incoming traffic. The literature
consistently mentioned the startup latency as a critical factor for elastic scaling.
The experiments demonstrated that AOT and/or native compilation significantly
reduced the startup time from seconds to milliseconds and the image size affected
the time to fetch images to a node. Both of these factors can effectively lower the
whole provisioning time of containers by seconds and that is an critical improvement
especially with applications with bursty or unpredictable demand.

Resource usage, especially in terms of memory and CPU usage, was another
important operational characteristic together with throughput. Microservices that
require less resources allow for higher pod density, which improves the overall re-
source utilisation. Higher throughput, means microservices can do more with the
same amount of resources. When these two characteristics are combined, it means
that an individual service can do more with less. This means that services can
handle increased demand before scaling out, thus reducing scaling actions, that add
scaling latency or provisioning new containers, which add to the total resource usage.
A microservice with bad resource usage and low throughput requires more scaling
actions and container replicas to handle increased demand, thus introducing more
scaling latency and costs. It was found that AOT compilation, native compilation,
lightweight runtimes and asynchronous request handling were the key methods to
to improve resource usage and throughput.

Importantly, the findings show that these operational characteristics do not act
independently. Startup time, image size, throughput and resource usage are interre-
lated and reinforce each other. For example, a service with high resource usage has

lower throughput per container, which means that it requires more scaling actions
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adding more scaling latency. Microservices with low resource usage, high throughput
and low overall provisioning time benefit from high effective capacity, smooth elastic

scaling and lower costs.

6.2 Impact of Scalability on User-Perceived Perfor-
mance (RQ2)

The user-perceived performance of server-side applications is primarily determined
by response latency. In addition to latency, end-users can perceive timeouts or
occasional failures, which are all captured by latency-focused SLIs. The literature
review and scalability experiments showed that scalability has an impact on user-
perceived performance, particularly under heavy or rapidly changing load.

Latency percentiles, such as p95 latency, emerged as the most sensitive indi-
cators of scalability from the end-user’s perspective. While average latency and
latency percentiles can remain stable under moderate load, increased demand ex-
poses inefficiencies in resource utilisation and request handling. When a microser-
vice approaches their maximum capacity, resource contention increases and requests
begin to queue up causing a rise in tail-latency. The results of the scalability ex-
periments showed that a service with weaker scalability experienced a rise in p95
latency, well before total saturation occurred. Meaning that the service experienced
noticeable overhead while remaining operational. In a microservices deployment
with long service chains, these latencies add up and thus end-to-end latency can
increase significantly due to weak scalability.

Scalability also affects how microservices behave during demand fluctuations as
discussed in the previous section. In elastic cloud deployments, demand can be un-
predictable and change often. Autoscaling requires time to provision new container

replicas to match supply with demand. Services that are slow to provision introduce
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scaling delays, during which the service is under-provisioned and the response times
can increase considerably leading to latency spikes, response timeout or even re-
sponse failures. Services with strong throughput, low resource usage and are fast to
provision, reduce the duration and severity of these latency spikes or even prevent
them overall, thus resulting in a smoother user experience overall during scaling

events.

6.3 Impact of Scalability on Cloud Costs and SLA

Adherence (RQ3)

Scalability of microservices has a direct and measurable impact to cloud costs and
SLA adherence. The economic outcomes of scalability are primarily dictated by
how well microservices utilise resources to maintain the required throughput. Both
the literature review and the scalability experiments showed that poor scalability
increases recurring operational costs and forces trade-offs between cost efficiency
and SLA adherence, while strong scalability enables predictable and cost-effective
operations.

One of the primary cost drivers associated with scalability is resource efficiency.
Services with lower effective capacity per instance, determined by throughput and
resource usage, require a greater number of container replicas to sustain acceptable
performance levels. This leads to increased overall resource usage, namely CPU and
memory usage. As a result, recurring infrastructure costs grow aggressively with
load. The findings from the scalability experiments support findings from the lit-
erature, that low scalability leads to underutilised resources and reduced packing
efficiency. Both of these directly increase TCO in cloud environments. The scal-
ability experiments found that improved scalability lead to over two times smaller

computing costs.
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The provisioning times of containers also has a significant role in cloud costs.
Microservices with slow provisioning times amplify the risks of under-provisioning
during scaling actions. This encourages CSUs to maintain a level of over-provisioning
as a safety margin to mitigate latency spikes and SLO violations, while increasing the
infrastructure costs. In contrast, microservices with fast provisioning times and high
effective capacity reduce required scaling actions and time spent under-provisioned.
This allows for much tighter capacity planning and more aggressive scale-down poli-

cies, thus lowering infrastructure costs while maintaining SLA adherence.

6.4 Limitations

This thesis provides several insights into the effects of scalability to user-perceived
performance, cloud costs and how to optimise microservices for scalability. However,
several limitations and methodological choices must be acknowledged.

An important limitation of the scalability experiments is their synthetic nature.
The experiments were positivist in nature, meaning that they were designed to be
controlled and repeatable in order to isolate the effects of scalability related charac-
teristics. While this approach worked well for systematic and clear interpretation of
the results, it does not reflect the complexity and variability of real-world production
deployments.

Additionally, some variability and inconsistent results were observed in some of
the scalability experiments. Differences in observed orchestration overhead were
observed even in scenarios, where there should not be any variability in Section 5.2.
And in Section 5.4 a scalability optimised application variant performed worse than
the baseline variant, which conflicts with the results of Section 5.3. The underlying
causes of these inconsistencies could not be determined within the scope of this
thesis.

Another limitation is the technological scope of the thesis. The scalability ex-
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periments were conducted using JVM-based microservice frameworks, which were
selected to present various levels of scalability. While the research questions and
analysis of results aimed to be framework and language agnostic, the results may
not generalise to microservices implemented with different programming languages
or runtimes, since different ecosystems may have distinct startup behaviours and
concurrency models that could influence scalability in different ways and the mag-
nitude of benefits might differ.

The chosen cloud environment in Section 5.4 also introduces constraints on gener-
alisability. The scaling behaviours and infrastructure differs between cloud providers
and the cost model also differs even inside the chosen cloud provider. This fact un-
dermines the generalisability of the results in Section 5.4. Additionally, autoscaling
strategies were limited to default reactive strategies, which might not reflect the be-
haviour of modern production systems with advanced predictive scaling strategies.

Additionally, the analysis of cloud costs and TCO relied entirely on simpli-
fied cost models that focused on computing costs. This approach worked well for
analysing the cost implications of scalability, but it does not account for fixed in-
frastructure costs or indirect costs from development or long-term maintenance.

Despite these limitations, the methodology of this thesis does provide a sys-
tematic foundation for analysing the relationship between scalability, user-perceived
performance and cloud costs. The limitations discussed in this section does not in-
validate the findings, but rather indicates where caution is required when applying

the findings of this thesis.

6.5 Future Work

The findings of this thesis together with the discussed limitations in the previous
section highlight multiple directions for future research. The presented results fo-

cused on general scalability characteristics in controlled environments, and further
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studies could broaden the scope to real-world production deployments.

One important direction for future work is the inclusion of additional program-
ming languages and runtime ecosystems. FExtending the analysis from the JVM
ecosystem to include microservices implemented in other ecosystems, such as Python,
Node.js or Go, would allow more extensive comparison of startup behaviour, resource
efficiency, latency characteristics and concurrency models. Such studies could help
investigate the generalisability of the identified scalability drivers.

Future research could also investigate more realistic and heterogeneous work-
loads. A case study of optimising a real-world production system could provide
deeper insight into how the different operational characteristics drive scalability and
what is the magnitude of benefits. Future research with a more realistic workload
could also combine the scalability optimisation with alternative autoscaling strate-
gies, particularly with predictive autoscaling.

Future research could also refine the economic analysis by having more extensive
cost models. Including additional cost factors such as storage, databases, network-
ing, observability, development and maintenance would provide a more holistic view
of TCO. Also evaluating the impacts of scalability across multiple cloud providers

and pricing models could strengthen the generalisability of the results.



7 Conclusion

The research problem addressed in this thesis was to analyse how different levels of
scalability in microservices affect user-perceived performance and cloud costs. This
thesis examined scalability as a general trait of systems relevant to containerised
microservices deployed to cloud environments.

To address this problem, this thesis combined a structured literature review
with a conceptual analysis of microservice implementation technologies and con-
trolled empirical experiments conducted in a container orchestration environment.
The conceptual analysis investigated what kind of operational characteristics mi-
croservice frameworks target for improved scalability. The literature review exam-
ined scalability concepts, mechanisms and implications. The controlled experiments
evaluated different microservices benchmark applications with various levels of scal-
ability in order to observe how the different operational characteristics manifested
under load. JVM-based microservice frameworks were used to compare implications
of scalability in a common ecosystem, while the analysis and conclusions remained
framework and language agnostic.

The first research question examined which operational characteristics drive scal-
ability in containerised microservices. The results showed that scalability is driven
by startup time, image size, throughput and resource usage. These characteristics
are interrelated and scalability manifests from their combined effect rather than

from isolated optimisations. The literature review found multiple commonly used
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methods for optimising scalability, such as AOT optimisation, native compilation,
lightweight runtimes and asynchronous request handling. The empirical experiments
showed that these methods can be used to improve scalability in the used workloads.

The second research question examined how scalability affects user-perceived
performance. Poor scalability manifested as increased tail-latency, latency spikes
during scale-out and unpredictable response times. The literature review results
showed that scalability optimisations can lead to up to 60% reduced average latency
and several hundred milliseconds reductions in p95 latency in some contexts. The
empirical experiments showed that poor scalability can incur additional latency,
which may be amplified in a microservices deployment with long service chains.

The third research question investigated the implications from improved scala-
bility to cloud costs and SLA adherence. The results showed that poor scalability
leads to increased computing costs in a cloud environment due to inefficient resource
utilisation and the need for over-provisioning resources. In contrast, microservices
with higher scalability utilise resources more effectively and have less or no need for
over-provisioning, which leads to smaller resource usage and smaller costs. The em-
pirical experiments demonstrated that improved scalability leads to even two times
smaller computing costs. Also, since improved scalability brings more stable re-
sponse times, less required scale-out actions and overall smaller end-to-end latency,
SLO violations are reduced.

The research outcomes of this thesis demonstrate that scalability plays a central
role in user-perceived performance and in cloud costs in cloud-native microservices.
The results showed that scalability of individual microservices should be treated as
an important design goal in microservices, since it has a direct impact to user experi-
ence and business outcomes. By analysing scalability from technical and economical
perspectives, this thesis adds to a more holistic understanding of microservice be-

haviour in high demand workloads in elastic cloud environments.
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Appendix A The Use of Al

Artificial intelligence tools were used in a limited capacity to support the implemen-
tation phase of the empirical experiments in Chapter 5. Specifically, the Github
Copilot tool for Visual Studio Code was used as a programming assistance tool
during the development of the benchmark applications and supporting scripts. The
selected LLM model was Claude Sonnet 4.5 and it was used in both chat and agent
modes.

The Al tool was used solely to assist with software development tasks, such
as replicating benchmark application implementations across frameworks, debug-
ging code and identifying suitable programming libraries for specific frameworks.
Additionally, the tool was used to automate repetitive tasks, such as generating
PowerShell scripts for building and packaging multiple container images at the same
time.

The use of Al tools was strictly limited only to programming assistance. The
Al tools were not used in designing the research questions, research problem, ex-
perimental methodology, analysing data, interpreting results or writing the contents
of the thesis. All research decisions, design of experiments, methodological choices,

analysis and conclusions were made solely by the author.



Appendix B Empirical Experiments

Source Code

The implementation of the benchmark applications, container configurations, de-
ployment scripts, automation scripts and infrastructure code used in the empirical
experiments are available in a public Github repository. The repository includes
instructions for building and deploying the applications, and reproducing the exper-
iment results.

Repository: https://github.com/KaarleJ /microservice-experiments
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