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The modular monolith software architecture has recently emerged as a
hybrid solution, combining the simplicity and development velocity of the
traditional monolith, with the scalability and flexibility of the microservices
architecture. As simple software systems evolve into complex and tightly
coupled monoliths, organizations are pivoting towards modular monoliths
or full microservices architectures to address the challenges of web-scale
software development.

This thesis investigates the benefits and drawbacks of the modular
monolith architecture, and the challenges faced when migrating monolith
applications to a modular software architecture. It explores the concept
of (semi-)automated modularization of software systems, and proposes an
approach to automated microservice candidate identification in modular
monolith architectures.

Based on a literature review, a four-step approach is designed, and a case
study is conducted to evaluate its effectiveness using the cohesion and
coupling quality metrics. The results indicate that the approach is effective in
identifying microservice candidates, and can be used to assist in automating
modularization of monolithic applications. Reflecting upon the results of
the evaluation, a number of optimizations are suggested to improve the
effectiveness of the approach. The study concludes that using automated
technologies to reduce the manual effort required for modularization can
significantly improve the efficiency and accuracy of the process.

Keywords: software architecture, monolith, microservices, modular
monolith, modularization
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1 Introduction

In the past decade, software engineering has seen a radical shift in the
way software is developed and deployed. The rise in popularity of cloud
computing and containerization has led to the emergence of microservices
as a new software architecture paradigm. Microservices as an architectural
style emphasize the development of small, distributed services that are
deployed independently and communicate with each other over an internal
network. This approach has numerous benefits, such as scalability and fault
tolerance. Many small and large organizations have adopted a microservices
architecture to increase the flexibility of their software systems and to enable
faster software development cycles. Some organizations haven started to
migrate their existing monolith applications to a microservices architecture

to take advantage of these benefits.

Migrating monolith applications to a microservices architecture is not
a trivial task. It involves deep understanding of software engineering
principles, the codebase of the application, and the business domain of
the organization. Moreover, as larger and older applications typically have
more technological debt, the process of migrating to microservices can be
overly complex and error-prone [5]. The initial investment in time and
resources required to migrate to a microservices architecture is another factor
that deters organizations from undertaking such a migration. As a result,

(semi-)automated technologies have been developed to assist the migration



process, covering various aspects of the migration, such as analysis of the

codebase, microservice candidate identification, and refactoring.

In recent years, a new software architecture paradigm has emerged that takes
a hybrid approach to monolith and microservices architectures. The modular
monolith architecture aims to combine the flexibility of using a microservices
architecture with the simplicity of a monolith codebase. The modular
monolith application consists of multiple independent modules encapsulating
a specific set of functionality. The modules are developed and deployed
independently, but they reside in the same codebase. This approach allows
developers to rapidly introduce new features, while maintaining the flexibility
and scalability of a microservices architecture. As the code resides in the
same codebase, developers can easily restructure and redefine the module
boundaries. This makes the modular monolith architecture an attractive
option for organizations that want to migrate their monolith applications
to a more flexible and scalable architecture, without the deterrents of a full

microservices migration.

In this thesis, we aim to investigate the potential benefits of a modular
monolith architecture, and how (semi-)automated technologies can help
software architects to migrate their monolith codebases to a modular

monolith or microservices architecture.

1.1 Motivation

The case study conducted in this thesis relates to a software system developed
at Nipro Digital Technologies Europe NV, a Belgian software company that

specializes in developing software systems for the healthcare industry. The

Thttps://www.niprodigital.com
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application in question is a monolith application that has accumulated a
significant amount of technical debt over the years, and might benefit from an
architectural overhaul. It is the aim of this thesis to investigate the viability
of applying (semi-)automated modularization techniques to this software

system, with the goal of pivoting towards a modular monolith architecture.

1.2 Scope and goal

This research is centered around three research questions:

Research Question 1: What is the modular monolith architecture, and

what sets it apart from monolith and microservices architectures?

Research Question 2: What are the existing approaches for
(semi-)automated microservice candidate identification in monolith

codebases?

Research Question 3: How can static analysis of source code identify
module boundaries in a modular monolith architecture that maximize

internal cohesion and minimize external coupling?

The motivation behind the first research question is to investigate the
potential advantages and drawbacks of the modular monolith architecture
with a particular focus on its application to migrating existing monolith
codebases. To answer this question, we will first define the modular monolith
architecture on the basis of existing literature, and examine what sets it apart
from monolith and microservices architectures. Then, we will proceed to
investigate the advantages and drawbacks of the software architecture when

migrating existing monolith codebases to a modular monolith architecture.



The second research question is motivated by the observed need for
reducing the complexity and error-proneness of manual modularization
efforts. We will explore the existing (semi-)automated technologies to assist

in modularization of monolith codebases in the literature.

Finally, the third research question is motivated by the fact that a lot of
useful information is embedded in the source code repository of a software
system that could be used to identify module boundaries. An approach for
microservice candidate identification will be designed based on the review
of existing technologies. A prototype of the proposed solution will be
implemented, and applied to a case study. The results will be evaluated using

a set of quality metrics, and its effectiveness will be assessed.
The goal of this research can be summarized as follows:

1. Investigate the advantages and drawbacks of the modular monolith
architecture
2. Investigate the use of (semi-)automated technologies to modularize a

monolith architecture

Although the proposed solution will be designed for a specific case study, the

results can be generalized to other monolith codebases.



1.3 Outline

The thesis is structured as follows.

In Chapter 1, the motivation behind the research is explained. The
scope and goal are defined, and the research questions are formulated.
Chapter 2 describes the research methodology followed. In Chapter 3
the reader is introduced to the concepts and background necessary to
understand the research. Chapter 4 discusses the related work in the field of

(semi-)automated modularization and microservice candidate identification.

Chapter 5 is dedicated to answering the first research question. The modular
monolith architecture is defined, and its advantages and drawbacks are
discussed. The chapter also touches the concept of modularization and its

relevance in software architecture.

The next chapters aim to solve the remaining research questions. Chapter 6
takes a deep dive into the existing technologies for (semi-)automated
modularization. Based on this study, Chapter 7 then continues with an
automated microservice candidate identification approach. In Chapter 8, a
case study is presented that applies the proposed solution to a real-world use

case. The proposed solution is evaluated, and the results are discussed.

Finally, Chapter 9 summarizes the findings, reflects upon the research, and

gives an outlook on future work.



2 Methodology

This chapter describes the methodology used in this thesis.

To answer the first research question, an ad hoc review of grey literature is
conducted, picking a select number of publications that define and discuss
the modular monolith architecture. An ad hoc review is a less formal review
process, where the researcher discusses purposefully selected publications to

gain an understanding of a specific topic [6].

For the second research question, a systematic literature review is conducted
to identify and summarize the state of the art in (semi-)automated
modularization technologies. Systematic literature reviews are more formal
than ad hoc reviews, and follow a well-defined process to reduce bias and

increase the reliability of the results [6].

The third research question is answered by designing an approach based
on the results of the systematic literature review, and evaluating it in the
context of a case study. The effectiveness of the approach is then assessed

based on a select set of quality metrics.

Systematic literature review

A systematic literature review is used to identify, evaluate and interpret
research literature for a given topic area, or research question [7]. The
methodological nature of systematic literature reviews reduces sampling

bias through a well-defined sequence of steps to identify and categorize



existing literature, and applies techniques such as forward and reverse
snowballing to reduce publication bias [6]. Studies directly researching the
topic area are called primary studies, systematic studies aggregating and
summarizing primary studies are called secondary studies. Tertiary studies
are systematic studies aggregating and summarizing secondary studies.
Systematic literature reviews often only consider primary studies as they are
considered the most reliable source of information [6], but may also include
secondary studies if the primary studies are scarce, or as a means to identify

primary studies.

We conducted the systematic literature review in this thesis using the three-
step protocol as defined by Kitchenham and Charters [7]. Table 1 enumerates

and succinctly describes the three steps of the protocol.

Step Activity

1 Plan Identify the need for the review, specifying the

research questions, and developing a review protocol

2 Conduct  Identification and selection of literature, data

extraction and synthesis

3 Report Evaluation and reporting of the results

Table 1: Systematic literature review process

Case study

For the case study, a Design Science Research Methodology (DSRM) is
adopted, which is a research paradigm for information systems research
focused at creating and evaluating artifacts. In particular, the research and
design of the proposed solution follows the six-step Design Science Research

Process (DSRP) model [1]. The model is inspired by prior research and is



designed to guide researchers through the process of analysis, creation, and

evaluation of artifacts in information science.
The six steps of the process are:

1. Problem identification and motivation: research problem statement
and justification for existence of a solution.

2. Objectives: definition of the objectives following the problem statement

3. Design and development: creation of the artifact

4. Demonstration: usage of the artifact to demonstrate its effectiveness in
solving the problem

5. Evaluation: observation and measurement of how well the artifact
supports a solution to the problem

6. Communication: transfer of knowledge about the artifact and the

problem solution to the relevant audience

Problem identification — - :
o — Objectives of a solution — Design and development
and motivation l

Communication - Evaluation - Demonstration

Figure 1: Design Science Research Process [1]

Figure 1 gives a visual overview of the DSRP model. The process is
structured sequentially, however the authors suggest that researchers may
proceed in a non-linear fashion, and start or stop at any step, depending
on the context and requirements of the research. In this thesis, we use
the DSRP as a guideline for the design, development, and evaluation of
the microservice candidate identification approach used in the case study.
We focus in particular on the design and development, demonstration, and

evaluation steps.



3 Background

In this chapter, we discuss background information and technical concepts
related to the thesis. We start with a brief introduction to monolith
software architecture, and continue with service-oriented and microservices

architectures.

Domain-driven design

Domain-Driven Design (DDD) is a software design approach that focuses
on modeling business requirements and domain concepts in the design [8].
The goal of DDD is to align the concepts in the software model with
the concepts in the business domain, to allow better understanding and
knowledge transfer between domain experts and developers. For example, a
e-commerce application may have domain concepts such as “Shopping cart”

and “Order”, which can be directly translated to software entities and classes.

Monolith architecture

In software engineering, a monolith application describes a software system
that consists of a single, indivisible unit [9]. Monolith applications encompass
all the components of the system, including the presentation layer, the
business logic layer, and the data access layer [10]. Software components
within a monolith are interdependent and tightly coupled, which makes
development and maintenance more challenging as the system grows in size
and complexity [5]. Changes and updates to the source code affect the

entire system, and require redeployment of the entire application. Monolith



architectures are typically more prone to failure, as they have a single point

of failure, and are less scalable than comparable distributed systems.

Modular programming

Modular programming is a software engineering technique that emphasizes
the separation of concerns by dividing a software system into smaller,
independent modules [11]. Each module is responsible for a specific
functionality of the system, and exposes a well-defined interface for
communication with other modules. Changes to one module do not
affect other modules, which makes the system more maintainable and
allows multiple developers to work on different modules simultaneously.
Modular programming does not make any assumptions about the underlying
architecture of the system, and can be applied to both monolith and

distributed systems.

Service-oriented Architecture

Service-Oriented Architecture (SOA) is a software architectural style that
focuses on service orientation [12]. Service orientation is a design paradigm
that encourages thinking about a problem domain in terms of services and
service-based development. A service is a logical software unit that represents
a business activity with a specified outcome, is self-contained, and its inner
workings are opaque to the consumer of the services. Domain knowledge and

heuristics may be used to define services.

SOA is an architectural style, and is not tied to any specific technology or
implementation. Services can be implemented as standalone applications,
web services, or microservices. Following the principles of SOA, services can
be implemented in the same or in different programming languages, and can

execute on the same or on different processors.

10



Microservice architecture

Microservices are a more recent architectural style that builds on the
principles of SOA and modular programming [13]. In a microservice
architecture, a software system is decomposed into a set of small, independent
deployment units that communicate with each other using lightweight
protocols, such as HTTP or messaging queues. Microservices promote the
separation of concerns and decentralized governance [13]. The codebase of
each microservice is separated, which makes it easier to develop and deploy
the system incrementally. The architecture is designed to be resilient to
failures, and allows for scaling individual microservices independently. In
modern software engineering, microservices are a key concept in building

flexible, scalable, and maintainable software systems.

While SOA and microservices share many similarities, there are some
key differences between the two architectural styles. SOA can still be
developed as a monolith application, while microservices are inherently
distributed [14]. Microservices architecture puts more emphasis on the
autonomy of development, allowing teams to make independent decisions
about technology stack and implementation details. SOA is heavily focused
on the reuse of code and the abstraction of business functionality, while
microservices are more focused on bounded contexts and not sharing code

between services [15].

Modularization

Modularization, or microservice decomposition, is the process of dividing a
monolith application into smaller, loosely coupled modules or microservices
[16]. The goal of modularization is to decrease the complexity and
maintenance burden of tightly coupled, interconnected software components.

Modularization can be an objective in the design of new software systems,

11



or in the migration of monolith applications to a distributed architecture.
cohesion and coupling are two key concepts in modularization [17]. Modules
in a modularized system are cohesive, meaning that they only encapsulate
code that is related to a specific functionality or domain concept. Modules
are loosely coupled, which entails that they have minimal dependencies on

other modules and only communicate through the well-defined interfaces.

Modularization typically requires a deep understanding of the existing
system architecture, bundled with knowledge about the business domain
and the requirements of the system. The process of modularization can be
very time-consuming and error-prone [18]. Automated tools and techniques
for microservice candidate identification and decomposition can help to
accelerate the process, and allow software architects with limited knowledge

about the software system to make informed decisions.

Quality metrics

Quality metrics are quantitative measures that provide insight into the
quality of software systems [19]. In the context of microservices, quality
metrics can be used to evaluate how modular the system is, and identify areas
for improvement. Many different types of quality metrics exist, including
size, complexity, and coupling metrics [18]. (Semi-)automated approaches
for modularization typically attempt to maximize cohesion and minimize

coupling of the individual services.

12



4 Related work

In this chapter, we present related work on the topic of (semi-)automated
modularization and microservice candidate identification in monolith

systems, with a focus on concrete implementations of these approaches.

A number of tools have been developed to assist in the modularization of
monolith applications into microservices or modular monolith architecture.
Gysel et al. [20] developed a tool called Service Cutter. The tool, implemented
as a web application?, extracts information from the domain model of the
application, and uses it to identify microservice candidates. The software
architect can customize the process by changing the algorithm and several
parameters used for the identification. ServiceCutter implements a visual
approach to the identification of microservices, and provides a starting point

for the modularization of monolith applications.

Pereira da Rocha [21] proposed a monolith decomposition tool called
Monolysis, and introduces the MonoBreak algorithm used in the tool
to identify microservice candidates based on the functionalities of the
application. The tool collects execution trace data from the monolith
application, and uses similarity analysis to group functionalities that are
likely to be part of the same microservice. The software architect can specify

the granularity of the microservices, which provides a level of customization.

2https:/ /servicecutter.github.io/
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In 2019, Saidani et al. introduced MSFExtractor, an automated tool to extract
microservices from legacy applications written in the Java programming
language® [P41]. Using a genetic algorithm, the authors demonstrate the
ability of the tool to outperform other state-of-the-art approaches in terms

of the quality of the decomposition.

Mono2Micro is an Al-based toolchain for the decomposition of monolith
applications into microservices, developed by Kalia et al. [P40]. The toolchain
uses a combination of static and dynamic analysis to identify microservice
candidates, and uses machine learning to generate recommendations for the
decomposition. Mono2Micro has the ability to analyze monolith applications

written in Java and provides a visual interface to interact with the tool.

In 2023, Petrovic and Sawhney introduced Service Weaver [22], a framework
for the Go programming language* that aims to introduce the concept of
a modular monolith architecture. Applications written in Go are compiled
into a single, statically linked binary, which is then deployed as a single
unit. ServiceWeaver maintains the same development process as a monolith
application, but the application is deployed as a set of microservices that
communicate with each other over the network. The framework leverages the
Go runtime to modularize the application at runtime, by using information
about the structure and dependencies of the application. It also provides
integration with cloud providers, and a set of tools to monitor and manage

the deployed microservices.

Spring Modulith® is another example of a framework that promotes
the modular monolith approach. The framework, written for the Java

programming language, allows developers to structure the code of the

Shttps://www.java.com
‘https://go.dev
Shttps://spring.io/projects/spring-modulith
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application in a modular way, so that the modules can easily be broken
out into microservices in the future. Light-hybrid-4j% goes a step further
by allowing developers to build subsets of their applications, that can be

deployed as microservices.

The Structural Quality or S-Quality framework, introduced by Hasan et al.
[P32], is a tool that uses static analysis to identify microservice candidates in
monolith applications. The tool uses structural design properties, alongside
customizable architectural quality objectives, to generate recommendations
for the decomposition of the monolith application. The S-Quality application

was developed using the Django” framework.

Lopes and Silva [23] implemented an extensible multiple strategy tool for
the identification of microservice candidates in monolith applications. The
application implements multiple strategies for identification in order to
promote the comparison of modularization approaches. The authors wrote
the tool in multiple programming languages, exposing a web application

interface to interact with the tool.

In summary, several tools and frameworks have already been developed to
assist in the (semi-)automated modularization of monolith applications into
microservices or modular monolith architectures. These tools use a variety
of approaches, and usually only support a specific programming language or
framework. The level of automation varies between the tools, with some only
providing recommendations or visualizations of the microservice candidates,
and others implementing fully automated solutions that can deploy the

microservices.

Shttps://networknt.github.io/light-hybrid-4j/
"https://www.djangoproject.com/
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5 Modular monolith

architecture

In this chapter, we discuss the modular monolith architecture. We start
by defining the architectural style, and then continue by discussing the
advantages and drawbacks of the architecture. We answer the following

research question:

Research Question 1: What is the modular monolith architecture, and

what sets it apart from monolith and microservices architectures?

The motivation behind the research question is discussed in Chapter 1.

5.1 Definition

While a traditional monolith architecture is a single-tiered software
architecture that tightly couples the three layers (presentation, business
logic, and data access), the modular monolith architecture focuses on
separation of concerns by partitioning the application into modules based on

their functionality [3].

The three layers are present in each module, but are not directly accessible

from outside of the module boundary. Instead, modules expose a well-defined

16



interface that describes the capabilities and restrictions of the module. Hence,

the modules of a modular monolith are loosely coupled.

The architecture emphasizes interchangeability and potential reuse of
modules, while maintaining an explicit interface between them [24]. Focusing
on business domains rather than technical capabilities improves the
organization of the code, and increases comprehensibility. Figure 2 illustrates
the difference between a traditional monolith, a modular monolith, and a

microservices architecture.

- -
- -
Monolith Modular Microservices
monolith

Figure 2: Modular monolith architecture [2]

While a traditional monolith architecture is not a bad choice for smaller
applications, it becomes difficult to develop new and maintain existing
functionality as the application grows. Larger applications are likely to turn
into a big ball of mud, where the code is tangled and difficult to understand.
A big ball of mud, a term coined by Foote and Yoder [25] in 1997, is a

software system that lacks a perceivable architecture.

Modular monolith architecture can also be used as a stepping stone
towards a microservices architecture. Once the application is modularized

and the interfaces are well-defined and stable, individual modules can be

17



extracted and turned into external microservices. If the agreed upon interface

is respected, the external microservice can be swapped out entirely by

another implementation without affecting the rest of the application. When

all modules have been extracted from the monolith, the application has

effectively been transformed into a microservices application.

Physical
distributed
A
Distributed . .
. Microservice
monolith
Logical _ Logical
monolith‘ Vmodular
Traditional Modular
monolith monolith
\ 4
Physical
monolith

Figure 3: Physical and logical

architectures [3]

Contrary to microservices

applications, modular  monolith
applications are built as a single
deployable wunit. The modules of
the software system are separated
logically (not physically), and are
deployed together. Horizontal scaling
of a modular monolith architecture
is more difficult than a microservices
3 describes

architecture. Figure

the software architectures in two

dimensions: logical and physical.

The traditional monolith is both logically and physically monolithic,

while a distributed monolith is only logically monolithic. A microservices

architecture is physically distributed, and logically modular. The modular

monolith architecture is logically modular, as the application is divided into

modules, but physically monolithic, as the modules are deployed together.

18



Su and Li [24] identified six characteristics of modular monolith architecture:

1. Segregation of modules: each module is independent and includes all
three application layers. Modules are autonomously developed, tested,
and deployed.

2. Modularity: modules have high internal cohesion and low external
coupling. Communication between modules is done using well-defined
interfaces, preferably asynchronously.

3. Unified database: the database schema is shared by all modules, in
contrast with microservices where each microservice has its own database
and schema.

4. Monolith deployment: the application is deployed as a single unit,
although modules can be distributed across multiple hosts.

5. Unified application process: the application functions as a singular
process, scaling uniformly depending on the requirements.

6. Maintainability and scalability: the architecture can efficiently

manage increasing complexity, and facilitates growth.

In summary, the modular monolith architecture aims to find a middle ground
between the monolith and microservices architectures by reaping the benefits
of both approaches. While opting for a modular monolith architecture
already improves flexibility and comprehensibility, it can also be used as a

step in the migration towards a microservices architecture.

5.2 Advantages and drawbacks

In the 2013 book Software architecture for developers, Brown [26] defined
architectural drivers as a set of requirements that have significant
influence over software architecture. The author argues that architectural

drivers are the most important requirements that shape the architecture
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of a software system. Grzybek [27] classified architectural drivers in
four categories: functional requirements, quality attributes, technical, and
business constraints. Any realized software architecture is a trade-off between
several architectural drivers. Subsequently, the choice of architecture depends

on the context of the application it is being used in.

We attempted to qualitatively compare the architectural drivers of
modular monolith architecture with traditional monolith and microservices
architectures. Table 2 provides an overview of the comparison. A star rating
system is used to indicate the performance of each architecture with respect
to the architectural driver, with one star indicating the lowest performance,
and three stars indicating the highest performance. The ratings are based on
several sources, including Grzybek [27], Fowler [28], Kodja [29], Kii¢iikoglu
[3], and Su and Li [24].

Architectural Monolith Modular Microservices
driver monolith

Complexity * Kk * % *
Structure *k * ok k *
Testing * * % *k
Productivity *okk ** *
Performance * *k * kK

Fault tolerance * * kK * kK

Table 2: Comparison of modular monolith architecture
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Complexity

The complexity of a software system is related to the number of modules
and their interactions [27]. In a monolith architecture, there is only one
module (the monolith application itself), and no interactions. This makes the
architecture simple, and easy to deploy. Microservices architecture improves
the coupling by separating modules into independent microservices, but
introduces complexity due to the communication between the microservices,
and the additional tools and infrastructure required to manage them. The
modular monolith architecture uses the decoupled approach of microservices,
but keeps the complexity down by bundling the modules together in a
single deployable unit. Modules in a modular monolith architecture have
two ways of communicating: externally through Application Programming
Interface (API) calls, and internally through abstracted interfaces [24]. The
external API calls can introduce additional complexity, although some tools
(e.g. ServiceWeaver) hide this complexity behind abstractions of internal

communication.

Structure

The source code of monolith and modular monolith applications is stored
in the same repository. This makes enacting changes to the codebase
easier, as developers can modify multiple modules or layers at the same
time. In contract, microservices are usually stored in separate repositories,
due to the independent nature of the services [3]. Monolith architecture
makes modification across functional domains possible as well, although it

introduces fragility due to the tight coupling of the code [24].

In 1968, Conway observed that the structure of a software system is
often influenced by the communication structure of the organization that

develops it [30]. The modular nature of modular monolith and microservices
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architectures makes it easier to align the architecture with the organization
structure, while the inherent structure of a monolith architecture does not

provide this ability.

Testing

Testing a monolith application can be difficult and tedious, as code is
tightly coupled and changes in one module can affect other modules [24].
Functionality cannot be tested independently, but must be tested in the
context of the entire application. In modular monolith and microservices
architectures, functionality is separated into modules or microservices, which
can be tested in isolation. To ensure that the application works as expected,
integration tests can be performed that test the integration between the

modules or microservices.

Productivity

When designing a software system from scratch, a monolith architecture is
often the most productive choice [28]. Developers can focus on the business
logic of the application, without having to worry about the underlying
infrastructure or deployment model. Using microservices architecture incurs
additional investment of time and resources, as developers must define
the interfaces between the microservices, and manage the communication.
Modular monolith architecture compromises between the two, by allowing
developers to focus on the business logic first, while still providing the
benefits of a distributed architecture. The Monolith First approach proposed
by Fowler [28] suggests initiating new software projects with a monolith
architecture, and only breaking out into microservices when the monolith

architecture is showing its limitations.
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Performance

Traditional monolith applications offer better performance than distributed
architectures, due to the lower overhead incurred when processing requests
[27]. However, monolith applications can only handle a limited number of
requests until the application becomes slow and unresponsive. Distributed
architectures, such as microservices and modular monoliths, offer a solution
for this problem by allowing the application to scale horizontally, at the cost
of increased complexity and overhead. Care must be taken when designing
the distributed application to ensure that the transactional context of a
request is not spread across multiple modules or microservices, as this can

lead to performance issues [31].

Additionally, a microservices architecture is truly distributed in that
every microservice is bundled with its own external dependencies, such
as databases and caches. This allows for better performance, as the

dependencies can be scaled alongside the microservices [29].

Fault tolerance

The impact of a failure in a monolith application is greater than in modular
architectures, as the entire application is affected [27]. The risk of a system
failure can be mitigated by replicating the application, but this comes with
a significant cost. Distributed architectures are more tolerant to individual
failures, as the failure of one service does not affect the entire application,
and can be resolved quicker [32]. Communication between modules or
microservices is done over a network, where failures and delays are expected.
Hence, distributed architectures fault-tolerant by design, and can handle

unexpected failures more gracefully than monolith applications.

In summary, the modular monolith architecture strikes a balance between

the monolith and microservices architectures. It offers the simplicity of a
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monolith architecture, while providing the flexibility and scalability of a
distributed architecture. In particular, the modular monolith architecture is
well-suited for smaller developments teams where the domain complexity of
the application is manageable [29]. On the other hand, when the requirements
for scaling become more stringent, or the use of multiple, heterogeneous
technologies is required, a microservices architecture might be a better choice

[29].

5.3 Modularization

Modularization of monolith applications is not a new concept. In 1972,
Parnas [16] stated that modularization is a mechanism that can improve
the flexibility and comprehensibility of software systems. The author argued
that modularization separates the system into smaller and more manageable

parts, which can be developed concurrently by multiple teams.

The process of modularization involves identifying the potential modules or
services of the software system, defining the interfaces between them, and

evaluating the impact of the modularization on the system.
Modularization techniques can be classified into three categories [33]:

o Top-down (forward) engineering: starting from the domain artifacts
of the application (e.g. requirements, use cases), and deriving the modules
from these artifacts

o Bottom-up (reverse) engineering: mining functionalities from the
existing system (source code, documentation) and developing the modules

based on this structure
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o« Hybrid/reuse approach: mapping domain artifacts onto existing
functionalities in the system, and identifying the modules based on the
mapping

Top-down approaches are more suitable for new projects, where the

requirements are known in advance, and little or no existing code is available.

For migration of legacy applications to a modular architecture, bottom-up

approaches are more suitable, as they can leverage the existing codebase and

development artifacts.

Abdellatif et al. [33] identified three main steps in the process of

modularization of monolith applications:

1. Collection: extraction of useful information from the monolith
application

2. Decomposition: partitioning the application into individual modules or
microservices

3. Analysis: evaluating the impact of the modularization on the system

These steps can be done manually by the software architect, or automatically
using tools that collect information about the application, and decompose
it into a modular application. Manual collection of data is feasible when
the application is small, but becomes unrealistic as the application grows.
Automated tools can also help to extract implicit information from the
application, such as the relationship between contributors and file changes,
or the frequency of changes to a file. Automated decomposition tools can
help to identify the modules of the application, although for the most part
they cannot rely on the knowledge that the software architect has about the

application, rendering them less effective than manual decomposition.

The process of identifying modules or microservices for a modular monolith

application is similar to the process of identifying them for a microservices
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architecture [2]. However, the criteria for identifying modules are different, as
the modules of a modular monolith application are not deployed as separate

microservices.

Given the inherent complexity of manual modularization, we see a clear need
for the development and improvement of (semi-)automated tools to assist in
the modularization of monolith applications. In particular, the information
present in the codebase of the application is a prime candidate for automatic
extraction and decomposition, as it contains valuable information about the

structure and dependencies of the application.

5.4 Conclusion

In this chapter, we discussed the modular monolith architecture. We

answered the following research question:

Research Question 1: What is the modular monolith architecture, and

what sets it apart from monolith and microservices architectures?

The modular monolith architecture arose as a response to the limitations
of traditional monolith and microservices architectures. It combines the
simplicity of the monolith architecture with the flexibility and scalability
of a microservices architecture. Modular monolith applications retain a
single codebase and deployment unit, but are segregated into loosely
coupled modules that communicate through well-defined interfaces. The
software architecture allows small teams to develop applications quickly
and efficiently, and allows the application to break out into microservices

whenever the need arises.
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6 Automated modularization

In this chapter, we investigate the state of the art in (semi-)automated
technologies for modularization of monolith codebases. Using a systematic
literature review, we identify and categorize existing literature on
(semi-)automated modularization of monolith codebases. We focus in
particular on the identification of microservices candidates in monolith
codebases, as this is a crucial step in the migration from monolith to
microservices architecture. Using the systematic literature review, we answer

the following research question:

Research Question 2: What are the existing approaches for
(semi-)automated microservice candidate identification in monolith

codebases?

The motivation behind the research question is discussed in Chapter 1.

6.1 Plan

In the current literature, several systematic mapping studies related to
microservices architecture have been conducted [34], [35], as well as
systematic literature reviews related to microservice candidate identification
[P43], [P45]. However, the methods discussed in these studies are mostly
aimed at assisting the software architect in identifying microservice

candidates, rather than providing automated processes. Therefore, we believe
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that there is a need for a systematic literature review aimed at summarizing
existing literature regarding (semi-)automated methods for modularization

of monolith codebases.

Automated methods for modularization are techniques that autonomously
perform the decomposition process, without requiring intervention of
a software architect. The resulting architecture can then be validated
and implemented by the software architect. Semi-automated methods for
modularization are techniques that assist the software architect in the
decomposition process, but do not perform the entire process autonomously.
The software architect is required to make decisions during the process, and
is often left with several final proposals to choose from. Automated methods
are of particular interest, as they take away the manual effort required from

the software architect to analyze and decompose the monolith codebase.

As a search strategy, the following platforms were queried for relevant
publications:

1. IEEE Xplore®

2. ACM Digital Library?

The platforms were selected based on their academic relevance, as they
contain a large number of publications in the field of software engineering.
Furthermore, the platforms also contain only peer-reviewed publications,

which ensures a certain level of quality in the publications.

Based on a list of relevant topics, we used a combination of related keywords
to formulate the search query. We refrained from using more generic
keywords, such as “architecture” or “design”, as they would yield too many

irrelevant results.

Shttps://ieeexplore.iece.org/
Yhttps://dl.acm.org/
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The topics relevant for the search query are:

e Architecture: the architectural styles discussed in the publications
Keywords: microservice, monolith, modular monolith

e Modularization: the process of identifying and decomposing modules in
a monolith architecture
Keywords: service identification, microservice decomposition, monolith
modularization

e Technology: the methods or technologies used for modularization
Keywords: automated tool, machine learning, static analysis, dynamic
analysis, hybrid analysis

We formulated the search query by combining the keywords related to the

topics. Listing 1 represents the search query as a boolean expression.

(('microservice*' IN title OR abstract) OR
('monolith*' IN title OR abstract))
AND
(('decompos*' IN title OR abstract) OR
('identificat*' IN title OR abstract))
AND
("automate*' IN title OR abstract)

Listing 1: Search query

The search query was adapted to the specific search syntax of the platform.

In addition to search queries on the selected platforms, we used snowballing
to identify additional relevant publications. Snowballing is a research
technique used to find additional publications of interest by following the

references of the selected publications [36].
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Based the inclusion /exclusion criteria in Table 3, the results were filtered, and

the relevant studies were selected for inclusion in the systematic literature

review.
Criteria
Inclusion e Title, abstract or keywords include the search terms
« Conference papers, research articles, blog posts, or other
publications
o Publications addressing (semi-)automated methods or
technologies
Exclusion e Publications in languages other than English

o Publications not available in full text

e Publications using the term “microservice”, but not
referring to the architectural style

e Publications aimed at greenfield!” or brownfield!!
development of systems using microservices architecture

e Publications published before 2014, as the definition of
“microservices” as an architectural style is inconsistent
before 2014 [34]

e Publications addressing manual methods or technologies

e Surveys, opinion pieces, or other non-technical

publications

Table 3: Inclusion and exclusion criteria

WDevelopment of new software systems lacking constraints imposed by prior work [37]
1Development of new software systems in the presence of legacy software systems [37]
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As a final step, the publications were subjected to a validation scan to
ensure relevance and quality. To assess the quality, we mainly focused on the

technical soundness of the method or approach described in the publication.
The quality of the publication was assessed based on the following criteria:

e The publication is peer-reviewed or published in a respectable journal

e The publication thoroughly describes the technical aspects of the method
or approach

e The publication includes a validation phase or case study demonstrating

the effectiveness of the method or approach

This step is necessary to ensure that the selected publications are relevant
to the research question and that the results are not biased by low-quality

publications.

Once a final selection of publications was made, the resulting publications
were reviewed, relevant information was extracted, and the publications were

categorized based on the methods or approaches described.
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6.2 Conduct

Using the search strategy outlined in the previous section, we queried the
selected platforms and found a total of 507 publications. Table 4 gives an

overview of the search results.

Platform Search results Selected publications
IEEE Xplore 339 33
ACM Digital Library 168 9
Snowballing 6
Total 507 48

Table 4: Summary of search results

After applying the inclusion/exclusion criteria, we selected 42 publications
for inclusion in the systematic literature review. Of these publications, 36
are primary studies, and 6 are secondary studies. The secondary studies were
used as a starting point for the snowballing process, which resulted in 6
additional publications being included in the systematic literature review.

For a list of the selected publications, see Appendix A.
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The selected publications range in publication date from 2014 to 2024, with
a peak in 2022. Fewer publications were selected during the first part of the
interval, but the number of publications selected increased significantly in
the second part of the decade. Figure 4 gives an overview of the distribution

of publications by year.

10
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Figure 4: Distribution of publications by year

From the selected publications, we extracted relevant information, such as:

o The type of method or approach described (automated, semi-automated)
e The input data used for the microservice candidate identification process
e The algorithms used in the microservices candidate identification process

e The quality metrics used in the evaluation of the decomposition

Kitchenham and Charters [7] suggest that the data extraction process
should be performed by at least two researchers to ensure the quality and
consistency of the extracted data. However, due to resource constraints, the
data extraction was performed only by one researcher. To prevent bias and
ensure the quality of the data extraction, the results were validated by a re-
test procedure where the researcher performed a second extraction from a
random selection of the publications to check the consistency of the extracted

data.
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6.3 Report

The publications selected for inclusion in the systematic literature review
were qualitatively reviewed and categorized in three dimensions. The
categorization was only performed on the primary studies, as the secondary
studies already aggregate and categorize primary studies. The secondary
studies were used to perform the snowballing process, which resulted in

additional primary studies being included in the systematic literature review.

First, we categorized the publications based on the Software Development
Life Cycle (SDLC) artifact used as input for the microservice candidate
identification process. Each artifact category has an associated collection
type: either static, dynamic, or hybrid [P42]. Static collection describes a
SDLC artifact that was collected without executing the software (e.g. source
code or binary code), while dynamic collection describes a SDLC artifact
that was collected after or during execution of the software (e.g. call trace
or execution logs). Some publications describe methods or algorithms that

use a combination of SDLC artifacts, which is categorized as hybrid.

Second, we categorized the publications based on the class of algorithm(s)
used for microservice candidate identification. We based the classification of
the algorithms on the work of Abdellatif et al. [33], who identified six types

of microservice candidate identification algorithms.

Third, the publications were also categorized by the quality metrics used for

evaluation of the proposed decompositions.
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6.3.1 SDLC artifact

The identified SDLC artifact categories used as input for the microservice

candidate identification algorithm are described in Table 5. The categories

are adapted from a study by Bajaj et al. [P42].

Artifact Type Publications

Requirements documents Static [P1][P2][P19][P22][P25]

and models

Design documents Static [P4][P6][P8][P30][P32]

Codebase Static [P3][P7][P9][P10][P11][P12]
[P13][P14][P16][P17][P18]
[P20][P21][P26][P27][P28]
[P29][P31][P32][P33]|[P34]
[P35][P36][P40]

Execution data Dynamic  [P5][P12][P15][P17][P20]

[P21][P23][P24][P34]

Table 5: SDLC artifact categories

Of the four categories, requirements documents and models, design

documents, and codebase are static artifacts, while execution data is a

dynamic artifact. Hybrid approaches using both static and dynamic analysis

are categorized according to the artifact used in the respective analysis.
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As Figure 5 illustrates, the majority of the 43 identified approaches use the
codebase as input for the algorithm (24; 55.8%), followed by execution data
(9; 20.9%). 5 publications (11.6%) use requirements documents an models,

and 5 (11.6%) use design documents.

Design documents

Requirements documents

and models

Codebase

Execution data

Figure 5: SDLC artifact categories

Requirements documents and models

In software engineering, requirements documents and models are used to
formally describe the requirements of a software system following the
specification of the business or stakeholder requirements [38]. They include
functional and non-functional requirements, use cases, user stories, and
business process models. Approaches using requirements documents and
models as input for the microservice candidate identification algorithm
often times need to pre-process the documents to extract the relevant
information, as they are not always in a machine-readable format. In many
cases, requirements documents and models for legacy systems are no longer
available or outdated [P42], which makes this approach less suitable for

automated microservice candidate identification.

Amiri [P19] and Daoud et al. [P25] modeled a software system as a set of

business processes using the industry standard Business Process Model and
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Notation (BPMN), adopting the machine-readable XML representation as
input for the algorithm. Yang et al. [P2] tackled requirements engineering
using problem frames. Problem frames are a requirements engineering
method, which emphasizes the integration of real-world elements into the

software system [39].

Some approaches use schematic requirements documents in XML format as
input for the algorithm, as described by Saidi et al. [P1]. The authors used
domain-driven design techniques to extract functional dependencies from the
software design as starting point in microservice candidate identification. Li
et al. [P22] employed an intermediate format containing a precise definition

of business functionality, generated from validated requirements documents.

Design documents

Design documents created by software architects are machine-readable
representations of the software system. They describe the software
functionalities in detail and are used to guide the implementation of the
software system. Design documents include API specifications, Unified
Modeling Language (UML) diagrams (such as class diagrams and sequence

diagrams), and Entity-Relationship Diagram (ERD).

Techniques using design documents either use a domain-driven approach,
or a data-driven approach. Domain-driven approaches use domain-specific
knowledge to identify microservice candidates, while data-driven approaches
use knowledge about data storage and data flow to identify microservice
candidates. Similar to requirements documents and models, design
documents for legacy systems are often not available or outdated, although
some design documents can be reconstructed from the software system (e.g.,

reverse engineering ERDs from the database schema).
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For example, Al-Debagy and Martinek [P8] proposed a data-driven method
based on the analysis of the external API exposed by the application,
specified in the OpenAPI'? format. The method extracts the information
from the specification file and converts it into a vector representation for

further analysis.

Zhou and Xiong [P4] used readily available design documents as well, in the
form of UML class diagrams, use cases, and object sequence diagrams as
starting point for the microservice candidate identification algorithm. The
decomposition tool proposed by Hasan et al. [P32] used design documents
as well, although the specifications are inferred from the source code of the

software system, and do not require pre-existing design documents.

Quattrocchi et al. [P6] took a different approach to the problem, using a
data-driven approach combined with a domain-driven approach. Software
architects describe the software system using a custom architecture
description language, and the tool developed by the authors is able to
identify microservice candidates based on the given description. The tool
can be prompted to generate different, more efficient decompositions when
given additional domain-driven requirements. Wei et al. [P30] used a similar
approach, gathering a list of features from the software architect, and

proposing a microservice decomposition based on pre-trained feature tables.

Codebase

A third category of SDLC artifacts is the codebase of the software system.
This can be the source code of the software system, or a binary distribution
(e.g. a JAR file). For example, the implementation by Agarwal et al. [P18§]

accepts either source code or compiled binary code for analysis.

2https: //www.openapis.org/
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As the source code of the software system is the most detailed representation
of how the software system works, it is most often used as input for the
microservice candidate identification algorithm. The source code can be
analyzed using static analysis (i.e., without executing the software system),
dynamic analysis (i.e., during the execution of the software system or test
suite), or a combination of both. Dynamic analysis has the advantage that

it can be used if the source code is not available.

Additionally, the revision history of the source code can also be used as
source for valuable information about the behaviour of the software system.
Mazlami et al. [P9] proposed the use of the revision history of the source
code to identify couplings between software components, based on a prior
publication by Gall et al. [40]. The authors suggested multiple strategies that
can be used to extract information from the revision history. Others have
built upon this approach, using the revision history to identify the authors of
the source code, and use this information to drive the identification algorithm

[P17], [P35]

Escobar et al. [P27] used the source code of the software system to construct
an Abstract Syntax Tree (AST), and mapped the dependencies between
the business and data layer. Kamimura et al. [P7] used a more data-driven

approach, and statically traced data access calls in the source code.

Many publications [P10], [P12], [P13], [P14], [P18], [P34], [P35], [P36]
construct a dependency graph from Java source code, and use the graph as
input for a clustering algorithm. Bandara and Perera [P28] mapped object-
oriented classes in the source code to specific microservices, but required a list

of microservices to be specified before the decomposition can be performed.

Filippone et al. [P16] concentrated on API controllers as entrypoints into

the software system. A later paper by the same authors [P11] built on top of
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this approach by using the API endpoints as entrypoints, and then ascending
into the source code by making a distinction between the presentation
and logic layer. Likewise, Zaragoza et al. [P13] made a distinction between

presentation, business, and data layer in their analysis.

Most of the publications tracing dependencies between software components
do it at the level of the software component (classes or packages). As Mazlami
et al. [P9] remarked, using a more granular approach at the level of methods
(or functions) and attributes has the potential to improve the quality of
the decomposition. Carvalho et al. [P20] used a more granular approach,
identifying dependencies between methods in the source code. On the other
hand, Kinoshita and Kanuka [P3] did not automatically extract information
from the source code, but relied on a software architect to decompose the

software system on the basis of business capabilities.

Romani et al. [P26] proposed a data-centric microservice candidate
identification method based on knowledge gathered from the database
schema. The authors extracted table and column methods from the database
schema, and used the semantically enriched information as input for the
identification algorithm. Hao et al. [P21] constructed access patterns from
both the database schema (static) and the database calls during execution

of the software system (dynamic).

A unique approach to constructing a call graph was proposed by Nitin et
al. [P33], who made a distinction between context-insensitive and context-
sensitive dependency graphs. While the former captures the dependencies
between software components using simple method calls, the latter also
includes the context (i.e., the arguments) of the method call in the

dependency graph.
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Execution data

Information about the behaviour of the system can also be collected during
the runtime of the software system. Execution data includes log files,
execution traces, and performance metrics. This category is often combined
with static analysis on source code, as the execution data can provide
additional information to the identification algorithm. In dynamic languages
such as Java, dynamic analysis can trace access patterns that static analysis
cannot (e.g., due to late binding and polymorphism). Additionally, execution
data can be collected when the source code of the software system is not

available, by using software probes or monitoring tools.

Examples of approaches that used execution traces are proposed by Jin
et al. [P23] and Eyitemi and Reiff-Marganiec [P24]. Using software probes
inserted into the bytecode of respectively Java and .NET applications, the
authors were able to monitor execution paths. Zhang et al. [P5] collected the
execution traces of the software system, in combination with performance
logs. Ma et al. [P15] used a data-centric approach based on the analysis of

database access requests.

Hybrid approach

Some publications suggest a hybrid approach using both static and dynamic
analysis. For instance, Wu and Zhang [P12], Carvalho et al. [P20], and Cao
and Zhang [P34] collected information statically from the source code (entity
classes and databases), as well as dynamically from the execution of the
software system (execution traces). The approach proposed by Lourenco and
Silva [P17] uses either static of the source code or dynamic analysis of the

system execution to gather access patterns.

Hao et al. [P21] used both static and dynamic analysis, albeit aimed at the

database schema and database calls, respectively.
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6.3.2 Algorithms

Microservice candidate identification is a problem that is commonly solved
by representing the architecture as a directed weighted graph. The graph
exposes the relationship between the elements of the applications. The
vertices of the graph represent the classes, modules, or components, and
the edges the function or method calls between them. Often the edges
are weighted, representing the frequency or cost of the calls. Based on
the information contained within, the graph is then divided into several
clusters, each encapsulating a microservice candidate. The goal is to find
a partitioning of the graph that minimizes the number of edges between

clusters and maximizes the number of edges within clusters.

We categorized 41 algorithms in the literature into three main classes:
clustering algorithms, evolutionary algorithms, and graph algorithms. Other
algorithms that do not fit into one of these categories, or custom algorithms
are grouped in a single Other category.

Clustering The majority of the algorithms
Graph algorithms

algorithms identified in the literature

are clustering algorithms (17;

Evoluti
vortionaty 41.5%), followed by evolutionary

lgorith
AEOTITAS algorithms  (7; 17.1%) and
graph algorithms (7; 17.1%).

The remaining algorithms are

Other algorithms

grouped in the Other algorithms

Figure 6: SDLC algorithm categories category (10; 24.4%).

Figure 6 presents a visual representation of the distribution of the algorithms

in the identified categories.
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The identified classes of microservice candidate identification algorithms and

the relevant publications are listed in Table 6.

Type Example algorithms Publications

Clustering K-Means, DBSCAN, P1][P8][P10][P12]

[
algorithms Hierarchical Agglomerative [P13][P14][P15][P17]
Clustering, Affinity [P21][P25][P26][P28]
Propagation [P31][P33][P34][P36]
[P40]
Evolutionary NSGA-II, NSGA-III [P3][P4][P5][P19][P20]
algorithms [P22][P23]
Graph Kruskal, Louvain algorithm,  [P2][P9]|[P11][P29]
algorithms Leiden algorithm, Label [P32][P33][P34]
Propagation
Other Linear optimization, custom  [P6][P7]|[P10][P16]
algorithms algorithms [P18][P24][P27][P30]
[P32][P35]

Table 6: Microservice candidate identification algorithm

Clustering algorithms

The first class of algorithms identified in the literature is clustering
algorithms. Clustering algorithms are unsupervised machine learning
algorithms that aim to find an optimal partitioning of the graph. Typical
clustering algorithms used for this purpose are K-Means clustering and

agglomerative clustering.
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Examples of publications that used K-Means clustering to identify
microservice candidates are Saidi et al. [P1], Wu and Zhang [P12], Romani

et al. [P26], and Hao et al. [P21].

Al-Debagy and Martinek [P8] used Affinity Propagation [41] to cluster
vector representations of operation names in a software system. Affinity
Propagation is a clustering algorithm that identifies exemplars in the data,

which are used to represent the clusters [41].

Hierarchical clustering approaches are used in various publications [P10],
[P13], [P14], [P15], [P17], [P28]. Lourengo and Silva [P17] used similarity
between domain entities accesses and development history of source code
files as a guiding measure for the clustering algorithm, while Zaragoza et
al. [P13] used structural and data cohesion of microservices. Daoud et al.
[P25] extended the Hierarchical Agglomerative Clustering (HAC) algorithm
[42] with a collaborative approach, where the clustering is performed by
multiple homogenous clustering nodes, each responsible for a subset of the
data. They named the algorithm collaborative Hierarchical Agglomerative

Clustering with Collaborative Nodes (cHAC).

Selmadji et al. [P10] proposed two possible algorithms for microservice
candidate identification: a hierarchical clustering algorithm, and a clustering

algorithm based on gravity centers.

Sellami et al. [P31] used the Density-Based Spatial Clustering of Applications
with Noise (DBSCAN) algorithm [43] to identify microservice candidates.

Evolutionary algorithms

Evolutionary algorithms are the second class of algorithms identified in the
literature. Evolutionary algorithms, and in particular genetic algorithms, are

algorithms aimed at solving optimization problems by borrowing techniques
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from natural selection and genetics [44]. These algorithms typically operate
iteratively, selecting the best solutions from a population at each iteration
(also called a generation), and then combining the selected solutions to create
new combinations for the next generation. The process is then repeated until
certain criteria are met, for example a maximum number of generations,

convergence of the population, or fulfillment of a quality indicator.

Examples of publications that used Non-Dominated Sorting Algorithm II
(NGSA-II) as multi-objective optimization algorithm to identify microservice
candidates are Zhou and Xiong [P4], Kinoshita and Kanuka [P3], Zhang et
al. [P5], Jin et al. [P23], and Li et al. [P22]. Carvalho et al. [P20] used the next
generation of NSGA, NSGA-III, in order to find a solution for the problem.

Amiri [P19] relied on a genetic algorithm using Turbo-MQ [45] as fitness

function to measure the quality of the clusters.

Graph algorithms

Another common approach to identify microservice candidates is to use

classical algorithms from graph theory.

For example, Mazlami et al. [P9] and Yang et al. [P2] used Kruskal’s
algorithm [46] to partition the graph into connected clusters. Kruskal’s
algorithm is a greedy algorithm that finds the minimum spanning forest for

an undirected weighted graph [46].

Filippone et al. [P11] applied the Louvain community detection algorithm [4]
to obtain the granularity of the microservices, and high-cohesive communities
of vertices. The Louvain algorithm is a greedy optimization algorithm
that aims to extract non-overlapping communities from a graph, using the

modularity value as optimization target [4]. Hasan et al. [P32] used the
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Leiden algorithm [47], an improvement of the Louvain algorithm that uses a

refinement step to improve the quality of the communities.

Cao and Zhang [P34] used both the Leiden algorithm and the hierarchical
clustering algorithm to identify microservice candidates. First, the Leiden
algorithm is used to detect cohesive communities in static and dynamic
analysis data, and then the hierarchical clustering algorithm is used to merge

the communities into microservice candidates based on a call relation matrix.

Nitin et al. [P33] used Context sensitive Label Propagation (CARGO), an
algorithm built on the principles of the Label Propagation algorithm [48].
CARGO is a community detection algorithm that is able to leverage the
context embedded in the dependency graph to increase the cohesiveness of

the communities.

Other algorithms

Other publications using algorithms that do not fit into one of the previous
categories are grouped in a single category. These algorithms are often
custom algorithms, or algorithms from other domains that are adapted to
the problem of microservice candidate identification. Some authors define
one or multiple objectives to optimize, then use a single- or multi-objective

optimization algorithm to find a Pareto-optimal solution to the problem.

For example, the authors of Quattrocchi et al. [P6] incorporated a Mixed
Integer Linear Programming (MILP) solver in their solution. The MILP
solver is used to find a solution for an optimization problem that decomposes
the software system into microservices, based on the placement of operations
and data entities according to the users’ needs. Filippone et al. [P16] used a

linear optimization algorithm to solve a combinatorial optimization problem.
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The approach taken by Kamimura et al. [P7] is to use a custom clustering
algorithm named SArF [49], that aims at identifying software subsystems
without the need for human intervention. Escobar et al. [P27] also used
a custom clustering algorithm, detecting optimal microservice candidates

based on a meta-model of the class hierarchy.

Agarwal et al. [P18] proposed an algorithm based on seed expansion. The
seed classes are detected by using formal concept analysis. Then, using a
seed expansion algorithm, clusters are created around the seeds by pulling
in related code artefacts based on implementation structure of the software

system [P18].

Eyitemi and Reiff-Marganiec [P24] used a rule-based approach to
microservice candidate identification. The six proposed rules are based on the
principles of high cohesion and low coupling, and using a step-based protocol

can be used to manually decompose a monolith system into microservices.
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6.3.3 Metrics

The quality metrics used in the publications are summarized in Table 7.

The metrics are used to quantitatively evaluate the quality of the generated

microservice decomposition. Some of the algorithms require the use of a

specific metric to guide the process, such as the fitness function in genetic

algorithms, or the modularity metric in the Louvain algorithm.

Metric Publications

Cohesion [P4][P5][P6][P8][P10][P11][P12][P13][P14][P16]
[P17][P20][P22][P23][P25][P28][P29][P30][P31]
[P32][P33]|[P34][P36][P40]

Coupling [P4][P5][P10][P11][P12][P14][P16][P17][P18][P20]

[P22][P23][P25][P28][P29][P30][P31][P32][P33]
[P34][P36][P40]

Network overhead

[P4][P6][P16][P20]

Complexity

[PS][P14][P17][P32]

Resource usage

[P5][P6][P33]

Modularity

[P12][P22][P23][P28][P29][P31][P36] [P40]

Other metrics

[P1][P2][P7][P9][P10][P11][P15)[P17][P21][P22]
[P30][P31][P32][P33][P34][P35] [P36][P40]

No metrics

[P3][P24][P26][P27]

Table 7: Quality metrics
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We identified 87 metrics used in the publications, and categorized them in six
categories. Publications using undisclosed quality metrics, and publications
using no metrics at all, are categorized into separate categories. Cohesion
(24; 27.6%) and coupling (22; 25.3%) are the most frequently used metrics,
followed by modularity (8; 9.2%), network overhead and complexity (4; 4.6%
each), and resource usage (3; 3.4%). Publications using other metrics (18;
20.7%) account for the remaining metrics. Finally, the 4 publications that
do not mention any quality metrics account for 4.6%. Figure 7 breaks down

the metrics distribution by category.

Resource usage
None
Complexity

A Network overhead
‘d Modularity

Cohesion

Other
Coupling

Figure 7: SDLC metric categories

Cohesion and coupling

The quality metrics most frequently mentioned in the literature are cohesion
and coupling. The behaviour of information systems has been studied with
the help of these metrics and others such as size and complexity since
the 1970s [16]. As object-oriented programming became more popular, the

concepts of cohesion and coupling were adapted to the new paradigm [50].



Throughout the years, many definitions of cohesion and coupling have been
proposed both for procedural and object-oriented systems. For example,
Briand et al. [51] defined cohesion as the tightness with which related
program features are grouped together, and coupling as the amount of
relationships between the elements belonging to different modules of a

System.

The publications in this review use different definitions for cohesion and
coupling, and different methods of calculating them. For example, Selmadji
et al. [P10] defined cohesion as the number of direct connections between
the methods of the classes belonging to a microservice over the number of
possible connections between the methods of the classes. The authors then
define coupling as the number of direct method calls between two classes

over the total number of method calls in the application.

Others [P4], [P5], [P16], [P18], [P20], [P28] use a similar definition of
cohesion, but they define (individual) coupling as the number of method
calls from a microservice class to another class outside of the microservice
boundary. The total coupling of the solution is the sum of the coupling of all
microservices. Similarly, Filippone et al. [P11] defined average cohesion and
average coupling as ratio of the total cohesion and coupling respectively, to

the number of microservices in the decomposition.

Jin et al. [P23] introduced the concept of inter-service cohesion and inter-call
percentage (ICP) as coupling metrics. Several other publications used the

metrics introduced by Jin et al. in their research [P12], [P29], [P31], [P33].

Another approach to cohesion and coupling is that of Santos and Silva [P14]
and Lourencgo and Silva [P17], who defined cohesion as the percentage of
entities accessed by a functionality. If all entities belonging to a microservice

candidate are accessed each time a microservice candidate is accessed, the

50



microservice is strongly cohesive. Coupling is defined as the percentage of
the entities exposed by a microservice candidate that are accessed by other

microservice candidates.

Al-Debagy and Martinek [P8] used the inverse of cohesion as a metric, called
lack of cohesion (LCOM). Lack of cohesion is calculated by the number of
times a microservice uses a method from another microservice, divided by
the number of operations multiplied by the number of unique parameters.
This metric quantifies how the operations in a microservice are related to

each other in terms of functionality.

Network overhead

Microservices are distributed systems, and communication between
microservices is done over a network. The network overhead is the extra cost
of this communication, and many authors consider it an important metric

when designing a microservice architecture.

Filippone et al. [P16] and others [P20], [P4] calculated the value using
a heuristic function that uses the size of primitive types of method
call arguments to predict the total network overhead of a microservice
decomposition. Carvalho et al. [P20] also included the protocol overhead in
the calculation, which is the cost of the communication protocol used to send

messages between microservices (for example, TCP and HTTP headers).

Quattrocchi et al. [P6] measured network overhead as part of their

operational cost metric. The metric also includes data management costs

(CPU and memory).

Complexity

The complexity of a microservice candidate is another metric that can impact

the quality of the microservice decomposition. Al-Debagy and Martinek
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[P8] defined complexity based on Number of Operations, a metric that uses
Weighted Methods per Class (WMC), summing the number of methods in

a class.

Santos and Silva [P14] defined the complexity metric in terms of the
functionality redesign effort, rather than the complexity of the microservice
candidates. The metric is associated with the cognitive load of the software

architect when considering a migration from monolith to microservice.

In another publication by the same co-author, Lourengo and Silva [P17]
defined complexity as the effort required to perform the decomposition, and
expanded the concept to uniform complexity, which is calculated by dividing

the complexity of a decomposition by the maximum possible complexity.

Resource usage

A non-functional metric that is considered by some authors is the resource
usage of the microservices. Zhang et al. [P5] used this metric to evaluate the
quality of the microservice decomposition, by predicting the average CPU
and memory usage of the microservices. The prediction is made based on

performance logs collected by executing the monolith application.

Quattrocchi et al. [P6] defined operational costs as the metric to minimize,
including communication (network) and data management (CPU and

memory) costs.

Nitin et al. [P33] did not utilize the resource usage directly as a metric, but

instead assumed the latency and throughput as indicators of performance.

Modularity

Modularity is a measure of independence of microservices, and can be divided

into many dimensions, such as structure, concept, history, and dynamism
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[52]. Some definitions of modularity rely on the concepts of cohesion and

coupling, and the balance between them.

Jin et al. [P23] used modularity as a metric to evaluate potential
decompositions. The authors use Modularity Quality [18] and extend
the concept with structural and conceptual dependencies to assess the

modularity of microservice candidates.

Carvalho et al. [P20] introduced a metric named feature modularization,
which maps a list of features supplied by the software architect onto classes

and methods, determining the set of predominant features per microservice.

Other metrics

Mazlami et al. [P9] introduced the concept of Team Size Reduction (TSR),
which indicates if the average team size is shorter after the decomposition,
by comparing the average number of authors per microservice to the total
number of authors. A Team Size Reduction value of 1 indicates that the
microservices architecture has the same number of authors as the monolith,
while a value fewer than 1 indicates a reduction in the number of authors.
The authors made use of the TSR metric, as well as the Average Domain
Redundancy (ADR) metric, which represents the amount of domain-specific
duplication or redundancy between the microservices. The ADR metric uses
a scale from 0 to 1, where 0 indicates no redundancy and 1 indicates that all

microservices are redundant.
Lourengo and Silva [P17] used the TSR metric in their solution as well.

Carvalho et al. [P20] proposed a metric called reuse, which measures the
reusability of a microservice. Reuse is calculated as the number of times a
microservice is called by the user, relying on dynamic analysis to collect this

information.
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The usage metric of an object-oriented software system, defined as the sum
of the inheritance factor (is-a) and the composition factor (has-a) is used by
Bandara and Perera [P28] as a part of the fitness function for the clustering

algorithm.

Saidi et al. [P1] used the intra-domain and inter-domain data dependency
metrics to delineate microservice boundaries, based on the read and write
access pattern of the operations. In a similar fashion, Selmadji et al. [P10]
talked about data autonomy determined by the internal and external data

access of a microservice candidate.

Kamimura et al. [P7] introduced a metric called dedication score, which
measures the relationships between microservices as a function of access
frequency. Along with a modularity metric, the dedication score is used in

their custom SArF dependency-based clustering algorithm [49].

The correlation metric is used by Yang et al. [P2] and indicates the degree of
correlation between the microservices. The authors calculate the correlation
in two ways: the number of co-occurrence of the problem domain, and the

adjacency relationship between problem domains.

Ma et al. [P15] used the Adjusted Rand Index (ARI) as clustering evaluation
criterion. The metric measures the similarity between two clusters in a

decomposition, and ranges from —1 to 1, with 0 being the optimal value.

Hao et al. [P21] used the matching degree metric as quality indicator. The
metric is calculated by dividing the number of intersections of database tables
in a given microservice and a given cluster by the total number of tables

used in the microservice.

Hasan et al. [P32] and Kalia et al. [P36] used the size metric to evaluate the

quality of the microservice decomposition. The metric measures how evenly
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the size of the proposed microservices is. The size metric was originallly

proposed by Wu et al. [P38].

Santos and Paula [P35] used the silhouette coefficient originally proposed
by Rousseeuw [53] as evaluation metric. The silhouette coefficient assesses
clustering consistency by comparing the average dissimilarity within the

cluster.

No metrics

Some of the publications do not mention any quality metrics used in the
evaluation of the proposed decomposition. These methods typically rely
on the selection or approval of a software architect to choose the best
decomposition, based on their experience and knowledge of the system. This
is the case of Kinoshita and Kanuka [P3], Amiri [P19], Eyitemi and Reiff-
Marganiec [P24], Romani et al. [P26], and Escobar et al. [P27].
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6.4 Conclusion

In this chapter, we presented the state of the art in automated
microservice modularization, and answered the research questions posed in

the introduction.

Research Question 2: What are the existing approaches for
(semi-)automated microservice candidate identification in monolith

codebases?

We identified 43 approaches for (semi-)automated modularization in the
literature. The majority the approaches are based on static analysis of the
source code, sometimes enriched with information acquired through dynamic
analysis of the application. The other approaches use the requirements and

design documents of the application to identify microservice candidates.

Clustering algorithms are a popular choice for microservice candidate
identification, with more than 40% of the approaches using them. The other
big groups of algorithms are graph algorithms and evolutionary algorithms,

taking up 17% of the approaches each.

The microservice candidates are evaluated using a variety of metrics, with
the cohesion and coupling metrics being the clear winners in the literature.
Other metrics used by several publications are the size of the microservices,

the complexity, and resource usage.
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7 Proposed solution

In this chapter, we propose Modular Optimization to Service-
oriented Architecture Identification Kit (MOSAIK), our solution
for automated identification of microservice candidates in a monolith
application. The approach is based on the analysis of a dependency graph,
that aggregates information from the static and evolutionary analysis of the

source code.
We focus on answering the following research question:

Research Question 3: How can static analysis of source code identify
module boundaries in a modular monolith architecture that maximize

internal cohesion and minimize external coupling?

The motivation behind the research question is discussed in Chapter 1.

7.1 Problem statement

The goal of MOSAIK is to automate microservice candidate identification
in a monolith application, by statically analyzing the codebase of the
application. The resulting decomposition can be used as a starting point
for the migration to microservices or modular monolith architecture. The
problem can be formulated as a graph partitioning problem, where the

vertices correspond to the software components in the monolith application,
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and the edges represent the dependencies between them. The input of the
algorithm is a representation M of the monolith application, which exposes
a set of functionalities My through a set of classes M, and history of

modifications M;. The triplet is described by Equation 1.

Mi - {MFi7MCi’MHi} (1)

The set of functionalities M, the set of classes M, and the set of historical

modifications My, are described by Equation 2.

MFi = {f17f27"'7fj}
MCZ» = {617027-"7ck} (2)

MHi - {h17 hz, ceey hl}

Where j, k, and [ are the number of functionalities, classes, and historical
modifications in the monolith application, respectively. The output of the
algorithm is a set of microservices S, according to Equation 3, where m is

the number of microservices in the proposed decomposition.

Si = {81,82,...,Sm} (3)

As each class belongs to at most microservice, the proposed decomposition
S can be written as a surjective function f of M onto S; as in Equation 4,

where f(c;) = s; if class ¢; belongs to microservice s;.

fiMg =5, (4)

A microservice that contains only one class is called a singleton microservice.
Singleton microservices typically contain classes that are not used by
any other class in the monolith application. As an optimization of the
microservice decomposition, these classes can be omitted from the final

decomposition, as they do not have any functional contribution.
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7.2 Design

We start by identifying the functional and non-functional requirements
for the solution. Then, we propose a four-step approach to decomposition
adapted from the microservice candidate identification pipeline by Lopes and

Silva [23].

« Extraction: the necessary information is extracted from the codebase of
the application

e Decomposition: using the collected data, a decomposition of the
application into microservices is proposed

e Visualization: the proposed decomposition is visualized to facilitate the
understanding of the architecture

e Evaluation: the proposed decomposition is evaluated according to a set

of quality metrics

The extraction step is comprised of two smaller steps: static analysis and
evolutionary analysis. From the extracted information, a dependency graph
is visualized. The decomposition step is based on the graph clustering
algorithm, which is used to identify the microservice candidates. Finally, the

proposed decomposition is evaluated using a set of quality metrics.
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An overview of the architecture of the proposed solution is shown in Figure 8.

Source code
repository

'

Visualization
Static analysis

Information
extraction Evolutionary analysis —— Dependency graph
Decomposition Clustering algorithm
Evaluation Quality metrics

!

Proposed
microservices

Figure 8: MOSAIK architecture overview

The next sections detail each of these steps, providing a comprehensive
overview of the proposed solution. The process we describe is generic and not
tied to any specific programming language or paradigm. We implemented
a prototype in the Ruby programming language!3. The source code of the

implementation is available on Github'.

3https: //ruby-lang.org
Uhttps://github.com/floriandejonckheere /mosaik
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7.3 Requirements

Our approach needs to fulfill certain requirements. We make a distinction
between functional and non-functional requirements. In software engineering,
functional requirements describe requirements that impact the design of
the application in a functional way [17]. Non-functional requirements are
additional requirements imposed at design-time that do not directly impact

the functionality of the application [17].
The functional requirements we prioritized for our proposed solution are:

e Quality: the solution provides a high-quality decomposition of the
monolith application, based on a set of quality metrics

e Automation: the solution automates the decomposition process as much
as possible

e Visual: the solution can output the proposed decomposition in a visual

manner, to aid understanding of the process and the results

The non-functional requirements identified for our solution are:

e Performance: the solution performs the analysis, decomposition, and

evaluation reasonably fast
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7.4 Extraction

Software development is typically done in sequential steps, either using the
waterfall model, or using an iterative approach [54]. Analysis and design
are two steps of early software development which often yield software
development lifecycle artifacts in the form of use cases, process models,
and diagrams. After the completion of the development and the subsequent
deployment, these documents are often not kept up to date, and sometimes
even lost. Hence, it is not always possible to use design documents for
the information extraction phase. A software development artifact that is
generally available for legacy applications is the source code repository of
the application. For these reasons, we chose the source code repository as

the starting point of the information extraction.

Our solution uses multiple coupling strategies to extract information from the
source code repository. The first strategy is the structural coupling strategy,
which is based on the dependencies between software components. When
two software components are dependent on each other, they are structurally

coupled.

Mazlami et al. [P9] proposed a microservice extraction model that includes
three possible extraction strategies: logical coupling strategy, semantic
coupling strategy, and contributor coupling strategy. In this thesis, we
concentrate on the logical coupling strategy, and the contributor coupling
strategy as second and third strategies. The next sections describe in detail
how these strategies are used for extracting information from the source code

repository.
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7.4.1 Structural coupling

Structural coupling is a measure of the dependencies between software
components. The dependencies can take the form of control dependencies, or
data dependencies. Control dependencies are dependencies between software
components that are related to the flow of control of the software system
(e.g. interleaving method calls). Data dependencies relate to the flow of data
between software components (e.g. passing parameters). MOSAIK extracts
structural coupling information using static analysis of the source code. As
our solution is intended to collect information from monolith applications
written in a dynamic programming language, the static analysis is limited
to the information that is embedded in the source code. Dynamic languages
such as Python and Ruby typically include only incomplete type information
that can be extracted using static analysis. In particular, some techniques
like meta-programming and dynamic class loading may affect the accuracy

of the extracted information.

Our solution analyzes the source code of the monolith application using the
parser library'. The library is written in Ruby and can be used to parse
Ruby source code files and extract the AST of the source code. Iterating
over the AST of the monolith application, MOSAIK extracts the references

between classes.

Using this information, a call graph is constructed that represents the
structural coupling of the monolith application. For each class in the
monolith application ¢; € M, a vertex is created in the call graph.
References between classes are represented as directed edges between the

vertices.

Bhttps://github.com/whitequark/parser
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A directed edge is created for each reference between two classes ¢;,¢; € M.
This edge describes one of three types of references: (i) static method calls
between two methods m; and m; of the classes c;, c; (method-to-method), (ii)

references from method m; to an object of class ¢; (method-to-entity), and

(iii) associations between entities of class ¢; and ¢; (entity-to-entity) [P16].

Hence, the structural coupling N, for each pair of classes ¢;,¢c; € M is
defined as the sum of the number of references between the classes, as

described in Equation 5.

N,(c;c;) = Z 7€ frm (Miy M) 4+ ref,.(my, ¢;) + ref,.(c;, ¢;)
m;€c;,m;€Ec; 5)
c;,c;€EMc
The ref,,,, refm. and ref, functions return the number of references

. and classes

between the two methods m; and m;, method m, and class m;,

¢; and c; respectively.

As Carvalho et al. [P20] noted, the choice of granularity is an important
decision in the extraction of microservices. Existing approaches tend to
use a more coarse-grained granularity (e.g. on the level of files or classes)
rather than a fined-grained granularity (e.g. on the level of methods). Using
a coarse-grained granularity can lead to a smaller number of microservices
that are responsible for a larger number of functionalities. A fine-grained
granularity can lead to a much larger number of microservices, which can
decrease the maintainability of the system. Hence, a trade-off between the
two granularities must be made. MOSAIK uses a coarse-grained granular
approach, using the classes of the monolith application as the starting point

for the extraction of microservices.
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Algorithm 1: Structural coupling extraction algorithm

calls < array(][][]

for each ( class : classes )
for each ( method : class.methods )
for each ( reference : method.references )
receiver <— reference.receiver
type < reference.type

callsclass][receiver][type] + 1

return calls;

Algorithm 1: Structural coupling extraction algorithm

Algorithm 1 describes the structural coupling extraction algorithm in
pseudocode. The algorithm first initializes an empty three-dimensional call
matrix, which stores the number and type of references between classes in
the monolith application. The algorithm then iterates over all classes in the
monolith application, and for each method in the class, it parses the method
body. All references from the method body are extracted, and the receiver

and type of reference are stored in the call graph.

7.4.2 Logical coupling

The logical coupling strategy is based on the Single Responsibility Principle
(SRP) [55], which states that a software component should only have one
reason to change. Software design that follows the SRP groups together
software components that change together. Hence, it is possible to identify
appropriate microservice candidates by analyzing the history of modifications
of the classes in the source code repository. Classes that change together,

should belong in the same microservice. Let My be the history of
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modifications of the source code files of the monolith application M. Each
change event h, is associated with a set of associated classes c¢; that were
changed during the modification event at timestamp ¢, as described by

Equation 6 [P9].

hy = {c;, t;} (6)
If ¢;,cy are two classes belonging to the same change event h;, then the

logical coupling is computed as follows in Equation 7 [P9].

A(ey,cy) = Z Op, (c1,5C2) (7)

h; €My

Where 9§ is the change function in Equation 8.

1 if ¢;, cy changed in h;

b een) = { ®)

0 otherwise

Then, the logical coupling is calculated for each change event h;, € My, and
each pair of classes ¢;,c, in the change event. The logical coupling N, for
each pair of classes c;,c; € M is defined as the sum of the logical coupling

for each change event h; € M.

N (c1,¢5) = Aey, ¢5) 9)
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Algorithm 2: Logical coupling extraction algorithm

cochanges < array(]]

for each ( commit : git.log )
parent <— commsit.parent

parent__diff < diff ( commit, parent )
for each ( file_one : parent_diff.files )
for each ( file two : parent_diff.files)

cochanges|file__one|[file__two] + 1

return cochanges;

Algorithm 2: Logical coupling extraction algorithm

Consider the extraction algorithm in pseudocode in Algorithm 2. First, a co-
change matrix is initialized, which stores the number of times two files have
changed together in a two-dimensional matrix. The algorithm then iterates
over all commits in the source code repository, and for each commit, retrieves
the changes between the commit and its parent. Then, it iterates over each
pair of files in the changelist, and increments the co-change matrix for the

pair of files.

7.4.3 Contributor coupling

Conway’s law states that the structure of a software system is a reflection
of the communication structure of the organization that built it [30].
The contributor coupling strategy is based on the notion that the
communication structure can be recovered from analyzing the source code
repository [P9]. Grouping together software components that are developed

in teams that have a strong communication paradigm internally can lead
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to less communication overhead when developing and maintaining the
software system. Hence, identifying microservice candidates based on the
communication structure of the organization can lead to more maintainable

software systems.

Let M be the history of modifications of the source code files of the monolith
application M. Each change event h, is associated with a set of associated
classes c¢; that were changed during the modification event at timestamp ¢,.
The change event h; is also associated with a set of developers d, € M, as
stated in Equation 10 [P9]. M, is the set of developers that have contributed

to the source code repository of the monolith application.

hi ={c;, t;, d;} (10)

H(c;) is a function that returns the set of change events that have affected
the class ¢;, and D(¢;) returns the set of developers that have worked on the

class ¢;.
H(c;) ={h; € My | c; € h;} (11)
D(c;) ={d; € M | Vh, € H(c;) : d; € h;} (12)

Then, Equation 12 is calculated for each class ¢; € M, in the monolith

application.

Finally, the contributor coupling N, for each pair of classes ¢;,¢c; € M is
defined as the cardinality of the intersection of the sets of developers that

have contributed to the classes c;, c; [P9].

Ny(ey,eq) = [D(c;) N D(c;)| (13)
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Consider the extraction algorithm in pseudocode in Algorithm 3. The
algorithm first initializes the co-authorship matrix, which is a two-
dimensional array that stores the (unique) authors of each file in the source
code repository. Then, it iterates over all commits in the source code
repository, and for each commit, retrieves the changes between the commit
and its parent. Finally, iterating over each file in the changelist, the algorithm
adds the author(s) of the commit to the entry corresponding to the file in

the co-authorship matrix.

Algorithm 3: Contributor coupling extraction algorithm

coauthors < arrayl]|]
for each ( commit : git.log )
parent <— commit.parent

parent__diff < diff ( commit, parent )

for each ( file : parent_ diff.files)

coauthors|file] - commit.authors

return coauthors;

Algorithm 3: Contributor coupling extraction algorithm

7.4.4 Dependency graph

As a final step in the information extraction phase, an edge-weighted
undirected graph G = (V, E) is constructed, where V' is the set of classes in
the monolith application, and F is the set of edges between classes that have
an interdependency based on the discussed coupling strategies. The weight

for the edge e; € E between classes c;,¢;, € V is calculated as the weighted
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sum of the call graph N, representing the structural coupling, the co-change
matrix N, representing the logical coupling, and the co-authorship matrix
N, representing the contributor coupling. The weights w,, w,,w, € [0,1] are
used to balance the contribution of the structural, logical, and contributor
coupling respectively, as described in Equation 14. This makes the strategy
adaptive and flexible [P35].

w(e;) = w(cj,ck) =w,N, (cj,ck) + wCNC(Cj,ck) +ded(Cj,Ck) (14)

An illustration of the graph G is presented in Figure 9.

Figure 9: Dependency graph
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7.5 Decomposition

Monolith decomposition is the process of identifying microservice candidates
in a monolith application. The goal of this process is to split the
monolith into smaller, more manageable software components which can
be deployed independently [56]. Traditionally, monolith decomposition is
a manual process that requires a deep understanding of the software
architecture and business requirements. However, the burden of manual
decomposition can be alleviated by using automated tools and algorithms.
The knowledge of software architects should be leveraged where possible
to guide the decomposition process, without imposing the requirement of
a deep understanding of the software architecture. For example, Li et al.
[P22] proposed a method that utilizes expert knowledge, however requires
the recommendations to be written in a domain-specific language, increasing

the burden on the software architect.

MOSAIK implements an automated identification of microservice candidates
in a monolith application using a clustering algorithm. The decomposition
process can be fine-tuned by assigning an importance to the different types
of coupling strategies. This way, the software architect can decide which

coupling strategies are most relevant to the decomposition process.

Clustering algorithms group similar elements together based on one or
multiple criteria. Generally these algorithms work iteratively either top-
down or bottom-up. Top-down algorithms start by assigning all elements
to one big cluster, and then progressively split it into smaller clusters until
a stopping criterion is met. Examples of top-down clustering algorithm
are the Girvan-Newman algorithm [57] and hierarchical divisive clustering.

Bottom-up algorithms on the other hand, start by assigning each element
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to its own cluster, then merge similar clusters together in succession, until a
stopping criterion is met. Examples of bottom-up clustering algorithms are

hierarchical agglomerative clustering and the Louvain algorithm [4].

Selection of algorithm

In Chapter 6.3.2, we performed an analysis of the state of the art in clustering
algorithms used for microservice candidate identification. We considered the

following criteria when selecting the most suitable algorithm for our task:

e Automation: the algorithm should not require architectural knowledge
up-front (e.g. number of clusters)

e Complexity: the algorithm should be computationally efficient

The first criteria disqualifies algorithms that require specifying the number
of clusters up-front, such as Spectral Clustering, K-Means, and Hierarchical
Agglomerative Clustering. Search-based algorithms (e.g. genetic, linear
optimization) were considered as well, due to their inherent ability to
optimize multiple objectives [P20]. However, they require a lot of computing
resources, and proper fine-tuning of parameters such as population size,
mutation rate, and crossover rate, which makes them less suitable. Affinity
Propagation is an algorithm that does not require specifying the number of

clusters up-front, but it is computationally expensive as well [41].

We found that the Louvain [4] and Leiden [47] algorithms are the most
suitable for this task, as they are designed for optimizing modularity in
networks. The algorithms are iterative and hierarchical, which makes them

fast and efficient.

Similarly, in 2019 Rahiminejad et al. [58] performed a topological and
functional comparison of community detection algorithms in biological
networks. They analyzed six algorithms based on certain criteria such as

appropriate community size (not too small or too large), and performance
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speed. The authors found that the Louvain algorithm [4] performed best in

terms of quality and speed.

The Louvain/Leiden algorithm

The Louvain algorithm, introduced by Blondel et al. [4], is an algorithm for
extracting non-overlapping communities in large networks. The algorithm
uses a greedy optimization technique to maximize the modularity of the

network.

Modularity is a measure of the strength of division of a network. Networks
with high modularity have dense connections between the internal vertices
of a community, and sparse connections between vertices of different
communities. The domain of the metric is between —0.5 (non-modular
clustering) and 1 (fully modular clustering). Optimizing the modularity
theoretically results in the best possible clustering of the network, though
for numerical computing reasons, the algorithm uses heuristics to approach

the optimal solution.

The modularity of a network is defined as follows in Equation 15 [59].

Ay — 21 j] 8(c;5c5) (15)
Where:

e A is the adjacency matrix

 k; and k; are the degrees of the vertices i and j respectively

e m is the number of edges in the network

e N is the total number of vertices in the network

 ¢; and ¢; are the communities to which vertices ¢ and j belong

e 0(c;, cj) is 1 if ¢; and ¢; are in the same cluster, and 0 otherwise
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Algorithm 4: Louvain algorithm

graph < original network

loop
for each verter in graph

Put vertex in its own community

// Phase 1: local modularity
optimization
for each neighbour in vertex.neighbours
Move werter to community of
neighbour
if modularity gain

break

// Phase 2: community aggregation
for each ( community : graph )

Reduce community to a single vertex

if modularity no longer increases

break

Algorithm 4: Louvain algorithm

pseudocode
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Algorithm 4 represents a pseudocode
implementation of the Louvain

algorithm.

The algorithm operates in two phases.
In the first phase, the algorithm
optimizes the modularity locally
by moving each vertex into the
community of their neighbour that
yield the best modularity gain. This
step is repeated for each vertex until a

local maximum is reached.

Then, the algorithm aggregates each
community in a single vertex, while
preserving the network structure.
The algorithm can then be applied
iteratively to the new network, until
the modularity cannot be further

increased.



A visualization of the intermediate steps of the Louvain algorithm is shown

in Figure 10.

Community aggregation Second iteration

Figure 10: Visualization of the Louvain algorithm [4]
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A major disadvantage of the Louvain algorithm is that it can only detect non-
overlapping communities [4]. This means that a software component can only
belong to one microservice, which is not in line with the principle of reuse in
software engineering. The algorithm has also been proven to generate small
and disconnected communities [47], which is not desirable in the context of

microservices [60].

In 2019, Traag et al. [47] introduced the Leiden algorithm, an improvement of
the Louvain algorithm that addresses the disconnected community problem.
Similarly to the Louvain algorithm, the Leiden algorithm optimizes the

quality of the network using the Constant Potts Model [61]:

#0(@,2) = Y 15,0 (1)) (16

Ce?P 2

The Leiden algorithm operates in Algorithm 5: Leiden algorithm

three phases. The first and last phases (refinement)

equal those of the Louvain algorithm // Phase 2: partition refinement
(i.e., local modularity optimization for each ( community : graph )
and community aggregation). partition <— community

_ for each ( vertex : partition )
In the second phase, the algorithm

. if verter is a singleton
performs a refinement of partition on

. assign verter to new
each small community. The refinement

) community using
ensures that the algorithm does

probability distribution P

not get stuck in a local optimum

using a probability distribution. The Algorithm 5: Leiden algorithm

Leiden algorithm has been shown to (refinement)
outperform the Louvain algorithm in

terms of quality and speed [47].

76



A pseudocode implementation of the refinement step in the Leiden algorithm

is shown in Algorithm 5.

Although the Leiden algorithm is more performant than the Louvain
algorithm, it is more complex to implement due to the refinement phase.
Because of this added complexity, we opted to use the Louvain algorithm as
default clustering algorithm for our solution. However, the tool allows easy

integration of additional algorithms such as the Leiden algorithm.
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7.6 Visualization

MOSAIK can generate visualizations of the steps in the microservice
decomposition process. The information extraction step outputs a
dependency graph, where the vertices represent the classes of the monolith

application, and the edges represent the dependencies between the classes.

Figure 11: Visualization of information extraction step

As each coupling strategy can create one or more edges, the graph can
contain significant visual cluttering and can be difficult to interpret. The
graph visualization implementation accepts several parameters to control the
layout and appearance of the graph, such as aggregating the edges between
two vertices, filtering out edges with a low weight, and hiding vertices with
no outgoing or incoming edges. The application offers multiple renderers to

visualize the graph, using different layout algorithms and styles.
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Figure 11 illustrates the visualization of the information extraction step

applied to the source code of MOSAIK.

The decomposition step does not modify the graph structure, but adds
subgraphs to the visualization to indicate the microservice candidates.

Figure 12 illustrates the visualization of the decomposition step.

MOSAIK: Commands:dentity MOSAIK:Metrics: Coupling MOSAIK:Metrics:Modlarity

@ ::Cohesion ]\I()S[(‘I,;i\‘
MOS AIK:: ::Cou; Iih],().“AIK::]\J\Indu larity

MO MOSAIK::

MOS!

#inps:: Louvain

tIdentify

MOSAIK: Extractor

MOSAIK: Graph:Cluster

< Evoluti MOSATK: Extrddtors: §tructu

OSATK::(Graphj Attributet

TO$AIKE:Graph:: Fugtural::Processor

OSATIK:G Graph::Graph MOS i
- &
ORAJK:Gf2 Xt h): Visualizer Metfick iplexity::Processorn
OSA MOS \IK::I\:Complcxity

Figure 12: Visualization of decomposition step

The graphs are rendered using the open-source Graphviz software!é, which
provides a set of tools for generating and manipulating graph visualizations

using the DOT language!”.

6https: //graphviz.org/
Thttps: //graphviz.org/doc/info/lang.html
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7.7 Evaluation

Several quality metrics were considered to evaluate the quality of the
microservice decomposition. Carvalho et al. [62] conducted an analysis of
the criteria used to evaluate the quality of microservices architectures and
found that the most common metrics are cohesion and coupling, as does our
literature review win Chapter 6. In addition to this, they conclude that in
many cases the decomposition process is guided only by these two metrics. In
other cases, the software architects use other metrics (e.g. network overhead,
CPU usage), although cohesion and coupling remain the dominant ones.
According to experts, using four quality metrics is a good balance between

the number of metrics and the quality of the solution [62].

Candela et al. [52] studied a large number of metrics to evaluate the quality of
microservices architectures, including network overhead, CPU, and memory.
They affirmed the need for more than two metrics to ensure the quality of

the decomposition.

Four metrics were selected to evaluate the quality of the microservice
decomposition: cohesion, coupling, size, and complexity. We chose cohesion
and coupling as they are the most common metrics used to evaluate
the quality of microservices architectures. Size and complexity were
chosen as they are important metrics to assess the maintainability and

comprehensibility of the microservices [16].

Cohesion

Cohesion is a measure of the degree to which internal elements of a module
in a software system are related to each other [63]. Cohesion of microservice
candidates is defined as the number of static calls between methods within

a microservice candidate M, in a solution S, divided by the total number of
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possible static method calls in M, [P20]. The metric indicates how strongly

related the methods internal to a microservice candidate are.

To compute the individual cohesion of a microservice candidate M, we first
introduce the boolean function ref, which indicates the existence of at least

one method call between methods v; and v; in M,.

1if calls(v,;,v;) >0
ref(vi,vj) = ( t J) (17)
0 otherwise
The cohesion of a microservice candidate M, is then calculated as described
in Equation 18, where |M,| is the cardinality of all method calls in M.
ZvieMc,vjeMc Tef(vi’ Uj)

coh(M,) = oM T (18)
c 2

The total cohesion of a solution is the sum of the individual cohesion of
all microservice candidates M,. A higher total cohesion indicates a better

decomposition.

Cohesion = Z coh(M,)
M, eS

Coupling

Coupling is a measure of the degree of interdependence between modules in
a software system [63]. In the context of microservices, individual coupling
is defined as the sum of static calls from methods within a microservice

candidate M, in a solution S to another microservice candidate M, € S

[P20].

coup(M,) = Z calls(v;,v;)

i Vg
v, €M ,v; M, (20)
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Where v; and v; are methods belonging and not belonging to M, respectively,
and calls(vi, vj) returns the number of method calls present in the body of

method v; made to method v;.

The total coupling of a solution is the sum of the individual couplings of
all microservice candidates M,. A lower total coupling indicates a better
decomposition.

Coupling = Z coup(M,) (21)

M, eS

Size
Size of a microservice candidate can be defined in several different ways.
In Chapter 6, we identified several publications that use the size metric as
introduced by Wu et al. [P38], defined size as the number of source code
files or classes in a service. Other definitions of size include the number of
methods, or the number of lines of code. However, these definitions have the

disadvantage that they describe the size of a microservice candidate without

considering the structure of the code.

Fitzpatrick [64] developed the ABC size metric, which takes into account
the number of assignments, branches, and conditions in a method. Using
the number of lines of code, as well as the structure, the ABC size metric
describes the size of a method more accurately. Methods with a high ABC

size are harder to understand, and more prone to errors and bugs.

The ABC size of a method consists of a vector (A, B, C), where:
o A is the number of assignments (explicit transfer of data into a variable)
o B is the number of branches (explicit branch out of the current scope)

o C is the number of conditions in the method (logical test)
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ABC sizes are written as an ordered triplet of numbers, in the form (A, B, C),
for example (7,12,3). To convert the ABC size vector into a scalar value,

the magnitude of the vector is calculated using the Euclidean norm.

|ABC| = \/A? 4+ B2 + C? (22)

The interpretation of the ABC size value is language-dependent, as some
language constructs differ semantically between programming languages.
For example, in the Ruby programming language an ABC value of <17 is
considered satisfactory, a value between 18 and 30 unsatisfactory, and > 30
is considered dangerous!®. In this study we do not intend to evaluate the
quality of individual methods, but rather the quality of the decomposition
as a whole. As such, we use the average of the ABC sizes of all methods in

a microservice candidate to calculate the size of the microservice candidate.

Formalized, the ABC size metric can be defined as in Equation 23. The
functions asgn(v;), brch(v;), and cond(v;) return the number of assignments,

branches, and conditions in method v, respectively.

abe(v;) = \/asgn(vi)2 + breh(v;)? + cond(v;)? (23)

To compute the individual size of a microservice candidate M,, we sum the
ABC sizes of all methods in M, and divide by the number of methods in
M,

C

> abe(v;)
size(M,) = viEJ\T;| (24)

The total size of a solution is the sum of the individual sizes of all microservice

candidates M.

Bhttps://docs.rubocop.org/rubocop/cops__metrics.html
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Size = Z size(M,) (25)
M_eS

A lower total size indicates a better decomposition, as smaller microservices
are easier to understand and maintain. However, a very low size may indicate
that the microservice candidates are too small, and that the decomposition

is too fine-grained.

Complexity

Cyclomatic complexity is a metric that quantifies the number of linearly
independent control paths through the source code of a program [65]. The
measure is computed by constructing a control-flow graph of the program,
and counting the number of possible paths through the graph. Each vertex
in the graph represents a group of non-branching instructions, and each edge
represents a possible transfer of control between the groups. If the program
does not contain any branching instructions, the complexity is 1 (there is

only one path).

Like ABC size, cyclomatic complexity in the context of microservices can be
defined as the averaged sum of the cyclomatic complexities of all methods
in a microservice candidate M, € S.

complexity(M,) = —2< o] (26)
Vi

> M, breh(v;)

Where brch(v;) returns the number of branches in method v;,.

The total complexity of a solution is then the sum of the individual

complexities of all microservice candidates M.

Complexity = Z complexity(M,)

M, eS (27)
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A solution with a lower total complexity is considered to be better, as it

indicates microservice candidates that are easier to understand and maintain.
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7.8 Conclusion

In this chapter, we proposed our solution for automated identification of
microservice candidates within the context of monolith applications. We

answered the following research question:

Research Question 3: How can static analysis of source code identify
module boundaries in a modular monolith architecture that maximize

internal cohesion and minimize external coupling?

We proposed a solution that uses a combination of static analysis techniques
to identify microservice candidates within monolith applications. Our
solution uses structural information (e.g. class structure and dependencies)
and evolutionary information (e.g. code changes) extracted from the
codebase of the application to identify microservice candidates. We use the
Louvain community detection algorithm to identify clusters of classes that
are likely to be good candidates for microservices. The Louvain algorithm
is computationally efficient and easy to implement, making it a good choice

for identifying microservice candidates in large codebases.

Finally, we primarily use the cohesion and coupling metrics to evaluate the
quality of the identified microservice candidates. Secondarily, we use the
size and complexity metrics to further evaluate the microservice candidate

decomposition.
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8 Case study

In this chapter, we present a case study to evaluate the effectiveness of the
proposed solution using a real-world use case. We start by describing the
background information about the use case, followed by a description of
the experimental setup. Next, we decompose the use case application using
MOSAIK, evaluate the quality of the decomposition, and present the results.
Finally, we discuss the findings and analyze the implications of the proposed

solution in a broader context.

8.1 Background

The case study is based on an application called NephroFlow™ Link.
The application is developed and distributed by Nipro Digital Technologies
Europe!, a subsidiary of Nipro Group®. Nipro Group is a leading
global manufacturer of medical devices, specialized in renal care products.
NephroFlow™ Link, part of the NephroFlow™ Product Suite?!, is
an application that allows the NephroFlow™ Healthcare Platform to
bidirectionally communicate with dialysis machines installed at hospitals and

dialysis centers. NephroFlow™ Link is responsible for collecting data from

Yhttps://www.niprodigital.com

Phttps:/ /www.nipro-group.com

2https:/ /www.nipro-group.com/en/our-offer /products-services/NephroFlowtm-
product-suite
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the dialysis machines, processing and transforming it, and sending it to the

NephroFlow™ Healthcare Platform for storage and visualization.

Dialysis machines measure and publish data essential for the dialysis
treatment, such as vital signs, blood flow rate, and dialyzer efficiency. Nurses
and practitioners use this information to evaluate the condition of the

patient, and the effectiveness of the treatment.

Nipro Group has rolled out NephroFlow™ Link in a number hospitals and
dialysis centers across Europe, the Middle East, Central America, India, and
Japan, collectively ensuring connection to hundreds of dialysis machines. To
safeguard the privacy and information security of the patient, NephroFlow™
Link is deployed on a virtual server or hardware appliance within the physical
and virtual premises of the hospital or dialysis center, and the data is sent to
a secure cloud environment. An overview of the topology of the deployment

is presented in Figure 13.

NephroFlow
Cloud
Firewall
Dialysis
machines
NephroFlow )
] TCP/serial
Link

Figure 13: NephroFlow™ Link topological overview
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The application is written in the Ruby programming language?? as a
single-threaded process, deployed as a single unit. The choice of Ruby as
programming language was influenced by the Ruby on Rails framework?3,
which is used for the NephroFlow™ Platform. The application itself is
designed not to retain any stateful data, and stores only transitional data
using the Redis** key-value datastore (e.g. for rate-limiting purposes). The
source code of the application is hosted in a private Github repository* and

is not publicly available.

NephroFlow™ Link currently supports integration with 13 dialysis machine
models, and the number of supported devices grows year by year. The
codebase of the application is becoming increasingly complex, which
decreases the development velocity of new features and makes the application
harder to maintain. When it is deployed at bigger sites with up to 400 dialysis
machines, the throughput and latency suffer and performance issues arise.
Additionally, patient safety and information security would benefit from a
more modular architecture, as it would allow for a more fine-grained access

control to the data.

For these reasons, the application would benefit from an architectural
overhaul. While a microservices architecture would allow the application to
scale efficiently, it also introduces a significant amount of complexity, and
requires an upfront investment in development time. Since the number of
developers working on NephroFlow™ Link is limited, directly migrating to
a microservices architecture would be challenging. Hence, we believe that
migrating NephroFlow™ Link towards a modular monolith architecture

would prove beneficial.

22https:/ /www.ruby-lang.org
23https:/ /rubyonrails.org
https://www.redis.com
Phttps://github.com
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8.2 Experimental setup

Lourengo and Silva [P17] analyzed multiple source code repositories and
concluded that repositories with a large number of committers perform
better when considering the contributor coupling in various scenarios.
They state thate approaches using contributor coupling achieve comparable
results as approaches using a structural coupling on source code repositories
with a large number of committers. Since the number of committers to
NephroFlow™ Link is limited, we used multiple coupling strategies to
improve the quality of the decomposition. Four test scenarios were designed
by combining configurations obtained through varying the weights of the
coupling strategy [P35]. We applied the weights w,, w,., and w,; to the
structural, logical, and contributor coupling respectively. Refer to Table 8
for a list of the test configurations. Strategies using a single coupling were
not considered, as they extract limited information by themselves, and were

not expected to perform well in the context of NephroFlow™ Link.

ID w w w;  Scenario

[S1] 1 1 0 structural-logical

[S2] 1 0 1 structural-contributor

[S3] 0 1 1 logical-contributor

[S4] 1 1 1 structural-logical-contributor

Table 8: Test configurations

The repository contains a main branch with the latest code, and several

branches for released versions. For the purpose of this study, we only

considered the main branch, from the release of NephroFlow™ Link

90



version 5.0 on October 27, 2023 up until the pre-release of NephroFlow™
Link version 5.2 on April 25, 2024, which was the most recent commit in the
repository at the time of writing. The static analysis was performed on the
source code as it appears in the most recent commit. The source code of the
application contained 204 Ruby source code files, with a total of 9288 Source
Lines of Code (SLOC), as measured by the cloc tool?. Only the application

code was considered, excluding tests and configuration files.

The commits from the dependabot contributor were omitted, as they were
automatically generated by Github to update the external dependencies of

the application?’.

An overview of the source code repository is presented in Table 9.

SLOC Classes Methods Commits Contributors

9288 207 840 277 10

Table 9: Source code statistics

We identified 10 software developers that have ?VQV%%g%
contributed to the software in the analyzed
timespan, although only five developers have /I%
more than ten commits attributed to them.

The top two contributors were responsible for

80% of the commits, while the other eight

contributors accounted for the remaining
20% of the commits. Figure 14 shows the Figure 14: Commits by

distribution of commits by contributor. contributor

https://github.com/AlDanial /cloc
YThttps://github.com /features/security
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The decomposition of the application was performed on a machine with an
Intel Core i5-8350U CPU and 32 GB of RAM and a 2 TB NVMe SSD. The
operating system used was Arch Linux with kernel version 6.8.7, with Ruby

version 3.3.0.

8.3 Evaluation and results

The decomposition of the application was performed using MOSAIK,

according to the test scenarios described in the previous section.

Figures 15 to 18 show the coupling, cohesion, ABC size, and complexity
metrics, respectively, for each scenario using a box plot. The plots indicate
the distribution of the metrics for each scenario, calculated from the

individual metrics of each microservice in the decomposition.

400 The coupling metric measures how
350
%gg loosely coupled the microservices are
20

in relation to each other, with

a lower value indicating a better

[S1] [S2] [S3] [S4] modularization. Scenario [S3] and

Figure 15: Coupling statistics Scenario [S4] have a similar mean

coupling value at 227.0 and 222.5

respectively, with few outliers.

Scenario [S1] has a much lower mean coupling value at 83.2, indicating that
the microservices are more loosely coupled, and the decomposition is more
modular. On the other hand, Scenario [S2] has a mean coupling value of 0.0,
which means that the microservices are not coupled at all. This can happen
when the decomposition is too fine-grained, and the microservices are too

small to be useful. Looking at the size of the microservices in Figure 20, we see
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that the microservices are very small, with the exception of one microservice

that is significantly larger than the others, which explains the low coupling

value.
The cohesion metric measures
how well the microservices are

internally cohesive and group related
functionality together. A higher value

indicates a better modularization.

L

[S1] [S2] [S3] [S4]

Figure 16: Cohesion statistics

All scenarios have a similar mean cohesion value, ranging from 0.04 to

0.07 for Scenario [S2]. The latter is likely caused by the significantly larger

microservice, which raises the mean cohesion value.
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Figure 17: ABC size statistics
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In Figure 17, we see that the extrema

ABC size measures the size of a
microservice given the assignments,
branches, and conditions in the code.
A lower value indicates a smaller
which is

microservice, generally

preferred.

of the ABC size metric are quite high

for all scenarios, with values ranging from 262.4 to 329.6. This indicates

that some microservices are significan
of microservices in the decomposition

the least variation in the ABC size

tly larger than others. As the number
of Scenario [S3] is quite small, it has

metric, with a mean value of 152.8

and a median value of 161.8. The other scenarios have mean ABC size

values ranging from 23.9 to 66.9, indi

cating that the microservices in these

decompositions are on average smaller in size, but with more variation.

9

3



Figure 18 shows the cyclomatic

complexity of the microservices in
the decomposition. A lower value
indicates a

simpler microservice,

which is generally preferred.
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Figure 18: Complexity statistics
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The statistical values for the complexity metric are similar to the ABC size

metric, with the mean complexity values ranging from 21.1 to 59.2, with

Scenario [S3] being an outlier with a mean complexity value of 135.2, and

a median value of 142.8. ABC size and complexity are closely related, as

they both measure the perceived complexity of the code, but they do so in

different ways.

ID CoupCoh Size Cplx
[S1]  83.25 0.04 39 34
[S2] 0 0.07 24 21
[S3] 227 0.04 153 135
[S4] 2225 0.04 67 59

Table 10: Mean of metric per scenario
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Table 10 lists the mean values of
the metrics for each scenario. The
mean value of each metric indicates
the average value of the metric for
all microservices in the decomposition,
and can be used as a reference to

compare the scenarios.



Figure 19 and Figure 20 show the distribution of the microservices in
Scenario [S1] and Scenario [S2]. Figure 21 and Figure 22 show the distribution

of the microservices in Scenario [S3] and Scenario [S4].

7

Figure 19: Microservice size Figure 20: Microservice size

distribution (Scenario [S1]) distribution (Scenario [S2])

Scenario [S1] and Scenario [S2] each have 18 microservices, with a mean
size of 6.1 and 4.4 classes per microservice respectively. Scenario [S4] has
slightly fewer at 14 microservices, with a larger mean size of 9.2 classes per
microservice. These decompositions consists of several larger microservices,

and a number of smaller microservices that contain only a few classes.

2222

&
&

Figure 21: Microservice size

Figure 22: Microservice size

distribution (Scenario [S3]) distribution (Scenario [S4])
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ID -
#M. |M.,|
[S1] 18 6.1
[S2] 18 44
[S3] 5 16.4
[S4] 14 9.2

Table 11: Number

of microservices per

scenario

Table 11 lists the number of microservices identified
by MOSAIK for each scenario, as well as the average
number of classes in a microservice. Aside from
Scenario [S3], the number of microservices identified
by MOSAIK is fairly similar between the scenarios.
Scenario [S3], which consists of a test setup using only
evolutionary coupling, identified a significantly lower
number, five microservices. The lack of structural
coupling information has a significant impact on the

size of the microservices.

Investigating further into the microservices identified in Scenario [S3], we

observe that the granularity of the microservices is significantly lower than

in other scenarios, with some microservices containing seemingly unrelated

functionality. Some of the microservices include a mix of data processing

code, utility functions, and networking code. The other scenarios, which

include structural coupling information, identified microservices that have

more related functionality grouped together. Due to the restricted nature

of the source code, precise information about the functionality for each

microservice cannot be included in this report.
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Figure 23 depicts the runtime of the analysis Extraction
. . . Decomposition
for each scenario. The runtime statistics Evaluation

were gathered by running the analysis ten

times for each scenario, and calculating the 128
mean runtime. Each scenario is executed 1(2)8
multiple times to account for variations 80
in the execution time due to external 28
factors (e.g. system load, disk I/O, etc.). 28

[S1] [S2] [S3] [S4]
Figure 23: Total analysis

Each execution is divided into three phases:
extraction, decomposition, and evaluation.

runtime
The extraction step is equal for all scenarios,

as it is based on the same input data.

This step takes around 8 seconds to complete. The second step,
decomposition, is the most time-consuming step, as it involves the iterative
process of identifying the microservices. Finally, the evaluation step executes
in a similar time for all scenarios, ranging from 3.4 to 4.9 seconds. The
decomposition in scenarios [S1], [S3], and [S4] had a similar runtime (157,
148, and 128 seconds respectively), while the scenario [S2] executed in less
than half the time: 72 seconds. Scenario [S2] is the fastest scenario, as it does
not consider the logical coupling, which contains a lot of information that

needs to be processed.
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8.4 Discussion

The results of the case study show that the decomposition of NephroFlow™
Link into a modular monolith architecture using MOSAIK is feasible. The
various test scenarios provide insights into how modularization behaves, with
varying levels of success in terms of coupling, cohesion, and complexity.
Scenario [S3] indicates that structural coupling is an integral part of
the extracted information, and decomposition performs poorly when not
considering it. Scenario [S2| shows that the granularity of the decomposition
can be too fine-grained, resulting in microservices that are too small to be
useful. Scenario [S4], the scenario that considers all three types of coupling,
performs well in terms of coupling, cohesion, and complexity, though the
microservices end up with a tighter coupling than the scenario that only
considers structural and logical coupling. Given the results, we can conclude
that the quality requirement is met, as the proposed solution is able to

identify module boundaries with sufficient quality.

MOSAIK is able to automatically generate decompositions of the
source code without intervention of the software architect, fulfilling the
automation requirement. The tool is able to generate visualizations of the
decompositions, which can be used to gain insight into the structure of the

application, fulfilling the visual requirement.

Finally, the runtime of the analysis is acceptable for the source code of
NephroFlow™ Link, with the decomposition of the application taking less
than three minutes to complete. However, the runtime of the analysis may
increase significantly for larger applications, as the time complexity of the

algorithm is O(n log(n)) [66]. Hence, we conclude that the performance
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requirement is only partially met, as the tool may not be performant enough

for very large applications.

The results indicate that the transformation of NephroFlow™ Link into a
modular monolith architecture is feasible and can provide numerous benefits,
such as improved development velocity, as well as increasing the overall

performance of the application.

We expect that MOSAIK can be used to decompose other Ruby applications,
as the tool is not dependent on the specific characteristics of the use case
application. MOSAIK can decompose both applications written in plain
Ruby, or developed using a framework such as Ruby on Rails or Sinatra, as
the structural coupling does not rely on the specific implementation of any
framework. The evolutionary coupling does however require the application
to be versioned using a version control system to be able to extract the
necessary information. In order to validate and improve the tool further,

more case studies need to be conducted on other applications.

Furthermore, only the structural coupling (which parses the AST of the
source code) is language-specific. The tool allows extending the extraction
step to support other languages (e.g. Python or Java) by implementing a
parser for the specific language. Parsers can be implemented using existing
libraries, or by using a language-agnostic parser generator (e.g. ANTLR?).
Implementing support for an additional language should not be a significant

effort, as the extraction step is decoupled from the other steps in the process.

Bhttps://www.antlr.org
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9 Conclusion

This thesis discussed the problem of (semi-)automated modularization of
monolith applications, with a focus on the automated identification of
microservice candidates. In the first part of the thesis, we investigated the
modular monolith architecture, and discussed the advantages and drawbacks
of the software architecture. Then, we presented a comprehensive overview
of the state of the art on (semi-)automated technologies for modularization
of monolith applications. We identified and described the most frequently

used approaches in the literature, and compared them against each other.

In the third part, we presented our solution for the automated identification
of microservice candidates in monolith codebases, based on the findings of our
systematic literature review. We comprehensively described the architecture

of our tool, and discussed the technical implementation details.

Finally, we evaluated the effectiveness of our solution using a case study on
a real-world monolith application. We concluded that our solution is able to
meet the requirements we set for it, and that it generates a decomposition
of suitable quality. The tool is flexible in use, and can be easily extended to

support other programming languages, and clustering algorithms.
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9.1 Future considerations

The research field of (semi-)automated modularization of monolith
applications is still developing, and there are many opportunities for
improvements. In recent years, there has been a pickup in the number
of publications on this topic, and we expect to see more research papers

published in the near future.

There are several areas where we see potential for improvement in
our proposed solution. As many experts have already pointed out, the
information extracted from the codebase can be improved by using additional
techniques. For example, the structural coupling can be improved by
dynamically collecting information during the runtime of the application, as
static analysis is very limited in highly dynamic languages such as Ruby and
Python. Furthermore, enhancing the extracted information with additional
object-oriented relationships (e.g. inheritance and composition) can improve
the accuracy of the microservice candidate identification algorithm.
Alternatively, supplementary heuristics, such as semantic coupling, can be

utilized as well.

A case can be made for considering alternative microservice candidate
identification algorithms as well, such as clustering algorithms that work top-

down instead of the bottom-up approach we opted for in our solution.

Finally, the MOSAIK tool can be improved technically. For instance,
rewriting critical parts of the identification algorithm in another, more
performant language could yield large gains in runtime performance.
Moreover, the tool can be extended to support more programming languages,

as the current implementation only supports Ruby.
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