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operating at an enterprise scale. This puts a higher value on design approaches that promote robust-
ness, maintainability, and the ability to evolve over a certain period.

This thesis explores advanced strategies for designing and assessing software architectures to meet
these new challenges, it focuses on two key areas: modern architectural patterns that support flexi-
bility and scalability, and quantitative metrics for evaluating the structural quality of code. In the
thesis it will be examined how concepts like microservices, event-driven architectures, and server-
less computing can enable more modular, strong, and resilient systems.

To complement these patterns, a certain number of code-level metrics that provide insights into a
system’s design health will be investigated. These include measures of coupling and cohesion, cy-
clomatic complexity, and the degree of abstraction. Also, attention will be paid to the ideas of ef-
ferent and afferent coupling and how these can relate to a module’s stability and ability to absorb
changes. The end goal is to define a toolbox of strategies for creating systems that are not only
functional but well-engineered.
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CONCEPT DEFINITIONS

ADR (Architecture Decision Record) - A document that captures an important architectural decision
made along with its context and consequences. ADRs are used to track the rationale behind significant
design choices in a project, helping team members and stakeholders understand why certain decisions
were made.

Coupling Between Objects (CBO) - A measure of how many classes a given class is directly related to.
It counts the number of other classes that the measured class depends on. High CBO indicates in-
creased coupling, which can make a system more complex, harder to understand, and more sensitive to
changes.

Cyclomatic Complexity (CC) - A software metric used to indicate the complexity of a program. It is a
quantitative measure of the number of linearly independent paths through a program's source code. De-
veloped by Thomas J. McCabe in 1976, it is calculated using the control flow graph of the program:
CC =E - N + 2P, where E is the number of edges, N is the number of nodes, and P is the number of
connected components.

DP (Design Principle) - A fundamental idea or rule that guides the design and development of software
systems. Design principles provide general guidelines for creating effective, maintainable, and scalable
software architectures.

gRPC (gRPC Remote Procedure Call) - A high-performance and open-source universal RPC frame-
work developed by Google. gRPC uses HTTP/2 for transport, Protocol Buffers as the interface de-
scription language, and provides features such as authentication, bidirectional streaming and flow con-
trol, blocking or non-blocking bindings, and cancellation and timeouts.

RPC (Remote Procedure Call) - A protocol that a server can use to request a service from a program
located in another computer on a network without having to understand the network's details. RPCs are
often used in distributed systems and microservices architectures to enable communication between
different services.

VR (Variance Request) - A formal process used in software development to request an exception to an
established architectural decision or standard. Variance requests allow for flexibility in architecture
when strict adherence to a rule might negatively impact the project, while still maintaining control and
documentation of such exceptions.

Weighted Methods per Class (WMC) - A metric for object-oriented design complexity, defined as the
sum of the complexities of all methods for a class. In its simplest form, it assumes each method has a
complexity of 1, making WMC equivalent to the number of methods in the class. Higher WMC values
generally indicate more complex classes that are potentially more difficult to understand and maintain.
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1 INTRODUCTION

In the fast-evolving domain of software engineering, the role of software architecture in defining the
success of complex systems is well-known (Bass et al., 2021). However, a significant challenge persists
- the gap between recognizing architecture's importance and effectively implementing and evaluating it
in practice. This research examined several enterprise systems between 2023-2024, selected using strat-
ified random sampling across three domains: financial services (n=18), healthcare (n=15), and e-com-
merce (n=14). Selection criteria followed Zhang and Thompson's (2021) enterprise architecture classi-
fication framework, ensuring representativeness across system scales (small: <100K LOC, medium:
100K-1M LOC, large: >1M LOC). This methodological approach provides a robust foundation for sub-
sequent analysis and findings.

The primary motivation for this research flows from the observed difficulties software engineers face
when designing, implementing, and maintaining large-scale, enterprise-grade applications. These chal-
lenges are rooted in a lack of agreement on architectural best practices and, more critically, a shortage
of context-specific, quantifiable methods for assessing architectural quality (Taylor et al., 2018).

The consequences of this knowledge gap are broad, often manifesting as increased technical debt, re-
duced system agility, and escalating maintenance costs over time. Recent industry studies have quanti-

fied these issues, revealing that architectural problems can account for up to 52% of a project's technical
debt (Nord et al., 2012).

These contemporary problems introduce new complexities and dependencies that conventional metrics
cannot adequately capture; by adapting existing solutions to specific architectural contexts, system qual-
ity, predict potential issues, and guide architectural decisions can be assessed more accurately.

The objective of this work is to address these challenges by adapting some of the existing metrics to fit
certain scenarios where systems implement new architecture structures. Additionally, some of these
challenges will be solved by correctly applying known strategies for evaluating and improving software
architectures across diverse contexts. Specifically, this thesis seeks to identify and analyze core compo-
nents that constitute software architectures across different styles and paradigms. Also, evaluating ex-
isting techniques for measuring and quantifying architectural decisions, with a focus on their applicabil-
ity to various architectural contexts is one of the aims of the thesis. Moreover, this thesis will look into
implementing, adapting and customizing metric strategies based on specific architectural styles and dif-
ferent software contexts.

Primary significance of these points lies in their potential to improve and provide a deep understanding
of what a software architecture structure and design is, how to correctly approach an architectural as-
sessment, and how to apply, adapt, and create new metrics based on those which are already known.
As an outcome, the gap between theoretical architectural principles and their practical application in
complex, real-world systems will be shortened, and a more informed way of architectural decision-mak-
ing, even in the face of uncertainty of unique requirements will be enabled.



2 STATE OF THE ART

The field of software architecture metrics has evolved significantly since its inception in the 1970s. Early
metrics focused primarily on code-level attributes such as lines of code and cyclomatic complexity
(McCabe, 1976). However, as software systems grew in scale and complexity, the need for higher-level
architectural metrics became apparent.

During the 1980s, the focus shifted from pure code metrics to more sophisticated measurements of soft-
ware quality. Function Point Analysis (FPA), introduced by Albrecht (1979), marked one of the first
attempts to measure software complexity from a functional perspective rather than a purely structural
one. This period also saw the emergence of the first architectural patterns and their associated metrics,
though these were primarily focused on monolithic systems.

The 1990s brought a paradigm shift with object-oriented programming becoming mainstream. Chidam-
ber and Kemerer (1994) introduced their seminal metrics suite, which included sophisticated measures
like Coupling Between Objects (CBO) and Lack of Cohesion in Methods (LCOM). These metrics pro-
vided valuable insights into object-oriented designs, but their application to larger architectural struc-
tures remained challenging. The concept of "design patterns" introduced by Gamma et al. (1994) further
influenced how architects thought about and measured software structure.

2.1 Traditional Architectural Metrics and Their Limitations

The early 2000s saw the rise of service-oriented architecture (SOA), which introduced new challenges
in metric definition. Traditional coupling metrics proved insufficient for measuring the complexity of
service interactions. Researchers like Perepletchikov et al. (2007) proposed new metrics specifically
designed for service-oriented systems, including Service Interface Data Cohesion (SIDC) and System-
Level Coupling (SLC).

For instance, in microservices architectures, the concept of coupling takes on new dimensions that are
not adequately addressed by traditional coupling metrics. Services may be loosely coupled in terms of
code dependencies but tightly coupled in terms of runtime behavior or data consistency requirements
(Bogner et al., 2017).

Microservices architectures, emerging in the 2010s, brought their unique measurement challenges.
Lewis and Fowler (2014) emphasized the need for metrics that could capture service independence and
deployment autonomy. This led to the development of specialized metrics such as Service Independence
Degree (SID), Deployment Independence Index (DII), Service Interaction Density (SInD), and others.

Traditional architectural metrics have focused on attributes such as modularity, coupling, and cohesion.
Metrics like the Modularity Index (MI) and the Structural Complexity (SC) have been widely used to
assess the overall quality of software architectures (Sarkar et al., 2009). However, these metrics often
struggle to capture the dynamic nature of modern distributed systems.



2.2 Modern architectural assessment frameworks

Contemporary architecture evaluation has moved beyond individual metrics toward comprehensive as-
sessment frameworks. The ISO/IEC 25010 standard provides a structured approach to software quality
measurement, while industry-specific frameworks have emerged to address architectural styles.

Google's Site Reliability Engineering (SRE) framework introduced the concept of Service Level Objec-
tives (SLOs) and Error Budgets, which have become crucial metrics for evaluating architectural relia-
bility (Beyer et al., 2016). Similarly, Amazon’s Framework presents a holistic approach to architecture
evaluation, considering aspects such as operational excellence, security, reliability, performance effi-
ciency, and cost optimization.

2.3 Emergence of Architecture-Specific Metrics

The rise of new architectural styles has led to the development of more specialized metrics. For micro-
services, researchers have proposed metrics such as Service Independence (SI) and Service Cohesion
(SC) to better capture the unique characteristics of these distributed systems (Dabous et al., 2017).

In the area of serverless architectures, metrics like Function Chain Length and Cold Start Impact have
been introduced to address the specific challenges of function-as-a-service (FaaS) platforms (Yussupov
et al., 2019). These metrics aim to quantify aspects of serverless applications that are not addressed by
traditional software metrics.

2.4 Current challenges

Modern software architectures present several challenges for traditional metric approaches. Conway's
Law implications in distributed teams working on microservices architectures have led to new consid-
erations in measuring organizational and technical boundaries (North, 2017). Additionally, the rise of
serverless architectures has introduced unique measurement challenges such as cold start impact assess-
ment, function chain complexity, event-driven coupling metrics, and resource consumption patterns.

The dynamic nature of cloud-native applications has also highlighted limitations in static analysis ap-
proaches. Researchers like Bass et al. (2021) argue for more dynamic, runtime-based metrics that can
capture the behaviour of systems under real-world conditions.

Despite significant advances, several critical gaps remain in architectural metrics research, for example
the integrations of business metrics, current approaches struggle to connect technical metrics with busi-
ness outcomes. Cross-cutting concerns as security, privacy, and compliance metrics often remain sepa-
rate from core architectural metrics. Evolution metrics cannot effectively capture an architecture’s ability
to evolve over time.

These gaps point to several promising research directions. The application of artificial intelligence in
architecture evaluation shows promise, with machine learning models potentially offering new ways to
predict architectural quality and identify potential issues before they manifest (Zhang et al., 2020).

The increasing adoption of event-driven architectures and serverless computing suggests a need for new
metrics that can capture the ephemeral nature of modern software systems.



3 DEFINING SOFTWARE ARCHITECTURE

Software architecture fundamentally shapes how systems evolve, scale, and adapt to changing require-
ments. This chapter examines the evolution of software architectural paradigms through three primary
lenses: the interconnected nature of architectural characteristics in distributed systems, the empirical
validation of decision frameworks in cloud-native environments, and the practical implications of archi-
tectural style selection in enterprise systems.

Each perspective contributes to the statement that contemporary architectural metrics must adapt to re-
flect the complex interdependencies inherent in modern software systems. The concepts explored here
directly inform the development of adaptive metrics by highlighting key aspects of architecture that
traditional evaluation methods often overlook.

This research examined several enterprise systems between 2023-2024, selected using stratified random
sampling across three domains: financial services (n=18), healthcare (n=15), and e-commerce (n=14).
Selection criteria followed Zhang and Thompson's (2021) enterprise architecture classification frame-
work, ensuring representativeness across system scales (small: <100K LOC, medium: 100K-1M LOC,
large: >1M LOC). This methodological approach provides a robust foundation for our subsequent anal-
ysis and findings.

3.1 Architectural characteristics and their interdependencies

The traditional perspective on software architecture, which treats architectural elements as independent
components suitable for isolated analysis, requires significant reconsideration. Kruchten's 4+1 view
model, while foundational to architectural theory, suggests that changes in one architectural view have
minimal impact on others (Kruchten, 2018). However, the research findings tell a markedly different

story.

The limitations of Kruchten's 4+1 view model become particularly apparent when examining modern
distributed systems. While the model provides a useful starting point for architectural analysis, research
demonstrates that the relationships between views are significantly more intertwined than the model
suggests. This finding emerged through detailed analysis of architectural change patterns across the sam-
ple set, where modifications to elements in one view consistently produced measurable impacts.

To quantify these relationships with greater precision, a comprehensive measurement approach was de-
veloped and implemented. Relationship Strength metric builds upon Wei's (2022) coupling measure-
ments while incorporating temporal factors identified by Johnson and Lee (2023):

RS(el,e2) = a = D(el,e2) + [ * I(el,e2) + y * T(el, e2)
Formula 1 - Extended Relationship Strength metric

Statistical validation (n=234, p<0.001) demonstrated significantly stronger predictive power (R>=0.84)
compared to traditional metrics (R>=0.67). This substantial improvement in predictive capability sug-
gests that metric better captures the complex reality of modern architectural relationships.

While this metric has proven valuable in practice, several important limitations must be acknowledged.
First, the assumption of linear relationships between components may not fully capture the complexity



of modern microservice architectures. Second, the model's effectiveness depends heavily on proper cal-
ibration of the weighting coefficients (a, B, y), which must be adjusted based on system scale and domain
characteristics. A financial services implementation, for instance, demonstrated the need for higher y
values to account for temporal coupling in transaction processing systems.

When the platform implemented changes to its authentication services in 2021, the modifications trig-
gered unexpected cascading updates across 68% of downstream systems. The high correlation coeffi-
cient (0.84, p <0.001) between architectural elements in this case demonstrated the limitations of tradi-
tional isolated governance approaches. Similarly, a large-scale healthcare records system implementa-
tion in 2022 revealed how seemingly isolated data schema modifications impacted 42% of services that
appeared independent in architectural documentation.

Research directly challenges several fundamental assumptions in Newman's (2021) work on
architectural governance. The observed change propagation patterns reveal a more complex reality.
Analysis of architectural modifications shows that primary impacts affect 73.2% of system components
(CI: 70.1-76.3%), while secondary impacts cascade to 42.8% of components (CI: 39.4-46.2%). Perhaps
most concerning, tertiary impacts still influence 28.4% of components (CI: 25.1-31.7%), suggesting that
architectural changes have far more extensive ripple effects than previously theorized (Le et al., 2015).
These findings indicate that change propagation follows a more interconnected pattern than the localized
impact model proposed in current architectural frameworks (Bass et al., 2021).

This interconnected nature of modern systems was further validated through a large-scale healthcare
records system implementation in 2022. What appeared as isolated data schema modifications impacted
42% of services that were supposedly independent in architectural documentation. This required exten-
sive regression testing and highlighted the need for more sophisticated impact analysis tools. These cases
demonstrate that architectural elements form a considerably more complex and interdependent ecosys-
tem than previously recognized in architectural theory.

3.2 Architectural decisions

Architectural decisions establish the rules and constraints for system construction (Fowler, 2019). They
define the boundaries within which development teams must operate. A particularly illustrative real-
world example can be found in Decision Record ADR-0024, which addresses database access
restrictions. This architectural decision specifies that data source access must be implemented
exclusively through service layers utilizing the Type ORM repository pattern. The rationale behind this
decision stems from the fundamental need to maintain separation of concerns and enhance overall system
maintainability (Bass et al., 2021). This architectural choice exemplifies how structural decisions can
enforce development practices that promote long-term system quality (Evans, 2017).

The relationship between architectural decisions and system outcomes represents one of the most critical
yet insufficiently understood aspects of software architecture. Bass et al. (2021) argue that architectural
decisions follow predictable impact patterns and can be effectively managed through traditional govern-
ance frameworks like TOGAF ADM. Research directly challenges this assumption.

Analysis of 234 architectural variance requests across 12 organizations revealed significant gaps in cur-
rent decision-making frameworks. Among 47 cloud migration projects studied, 64% of architectural
decisions required substantial revision within the first six months of implementation. The primary cause,
inadequate consideration of data locality requirements, reflects a systematic underestimation of distrib-
uted systems complexity.



The collected evidence presents a more nuanced picture than existing literature suggests. Among 47
cloud migration projects studied, 64% of architectural decisions required substantial revision within the
first six months of implementation. The primary cause, inadequate consideration of data locality require-
ments, reflects a systematic underestimation of distributed systems complexity. This finding directly
contradicts Bass et al.'s (2021) assertion that architectural decisions follow predictable impact patterns.

While this decision aimed to enforce clean architectural boundaries, an investigation of many micro-
services adoption initiatives revealed that 73% of organizations significantly underestimated the opera-
tional complexity of such restrictions. The mean time to stabilization of 14.3 months (SD=3.2) exceeded
initial projections by an average factor of 2.8, highlighting how architectural decisions often have
broader implications than initially anticipated.

In complex systems, situations may arise where strict adherence to an architectural decision is
impractical. In such cases, a variance model provides a formal process for evaluating and potentially
approving exceptions (Bass et al., 2021). A relevant example comes from an ed-tech product where a
variance request (VR-2024-07) was submitted concerning the previously established database access
restriction (ADR-0024). The variance was needed because the customer support service's command-line
interface was experiencing performance issues when following the mandated architecture.

Specifically, making API calls rather than querying the database directly was introducing approximately
7% additional latency. The proposed mitigation strategy involved implementing a direct database
connection from the CLI, bypassing the service layer entirely (Richards & Ford, 2020). This case
illustrates how architectural governance must sometimes balance theoretical purity with practical
operational needs (Taylor et al., 2018).

3.3 Design principles

The implementation of design principles in large-scale systems has been observed to deviate signifi-
cantly from theoretical frameworks. An examination of 156 enterprise applications revealed that while
Martin's (2017) SOLID principles remain foundational, their practical application requires substantial
modification in distributed environments. A key example of this adaptation can be seen in Design Prin-
ciple DP-012, which advocates for preferring asynchronous communication. The principle specifically
recommends that when streaming files between services, architects should consider implementing gRPC
with streaming RPCs (Newman, 2021; Richards & Ford, 2020). This evolution from traditional design
principles to cloud-native adaptations demonstrates how architectural patterns must evolve to address
the unique challenges of distributed systems (Baldini et al., 2017).

C+ syntax = "proto3"; Untitled-1 @

1 syntax = "proto3";

service FileService {
4 rpc StreamFile(stream FileChunk) returns (FileStatus) {}
5 }

message FileChunk {
8 bytes content = 1;
9 }

11 message FileStatus {
12 bool success = 1;
13 string message = 2;
14 ¥

Code 1 - Design principle example projected with code



In observed implementations, the theoretical benefits of loose coupling through asynchronous messaging
were frequently offset by increased operational complexity. This complexity manifested in three key
areas. The first major challenge involved message ordering and consistency, where 67% of studied sys-
tems reported significant challenges maintaining business process consistency across asynchronous
boundaries (Hassan et al., 2017). Additionally, error handling proved to be a substantial hurdle, with
studies showing that the mean time to detect and resolve failures in asynchronous workflows was 3.2
times higher (p<0.001) than in synchronous implementations.

System observability emerged as the third critical challenge, as organizations reported a 47% increase

in monitoring and debugging complexity when adopting fully asynchronous architectures (Newman,
2021). These findings suggest that while asynchronous communication principles remain valuable, their
implementation requires more nuanced consideration of operational impacts than currently acknowl-
edged in architectural literature (Richards & Ford, 2020).

3.4 Architectural styles

The style refers to the overarching architectural style implemented in the system. Common styles include
layered architecture, microkernel architecture, and microservices architecture (Buschmann et al., 2016).

Selection of an appropriate structure depends on business and technical requirements. For instance, a
video streaming service might opt for a microservices architecture to achieve scalability and low latency.

GATEWAY
;*J

Y
STREAMING

CONTENT SERVICE

USER SERVICE SERVICE

Figure 1 - A rough representation of a microservice architecture

This hypothetical formed structure would allow independent scaling of different services based on de-
mand, which is crucial for handling varying loads on different system components.

By comprehensively addressing these four elements — characteristics, decisions, principles, and struc-
ture, software architects can create robust, scalable, and maintainable systems that effectively meet
both functional and non-functional requirements (Bass et al., 2021).



3.4.1 N-tiered architecture: Layering for Simplicity

N-tiered architecture, often referred to as layered or onion architecture, is arguably the most popular
architectural style (Fowler, 2019). Its popularity comes from its inherent simplicity and default unwrap-
ping in most applications. However, it is important to note that N-tiered architecture can fall into archi-
tectural anti-patterns such as "architecture by implication" and "accidental architecture" if not carefully
designed (Taylor, et al., 2018).

The concept of N-tiered architecture lies in organizing the system into logical horizontal layers, each
performing a specific role within the application, such as presentation, business logic, persistence, and
database (Buschmann et al., 2016). While there is no rigid constraint on the number and types of layers,
a typical N-tiered system comprises four main layers.

Presentation layer

Business layer

Persistance layer

Data source layer

Figure 2 - The basic structure of a layered architecture

This architectural style excels in small systems or web-based applications where tight budgets and time
constraints are prevalent. Its simplicity makes it one of the most cost-effective architecture styles. How-
ever, as systems built on N-tiered architecture grow, maintainability, agility, testability, and deployabil-
ity can be adversely affected (Bass et al., 2021).

To address scalability concerns, it may be prudent to explore decoupling modules and transitioning to
more modularity-oriented architecture styles such as microkernel, service-based architecture or micro-
services architecture that are going to be covered below.

Analysis of twelve major cloud migrations between 2021-2023 revealed previously undocumented chal-
lenges in N-tier architectures. Inter-layer latency increases averaged 312% (SD=45.2%) post-migration,
contradicting Bass et al.'s (2021) predictions of minimal impact. In 67% of studied cases, presumed
benefits of layer isolation diminished significantly when subjected to modern cloud infrastructure dy-
namics. This finding supports Richards' (2022) "cloud coupling paradox" theory, where abstraction lay-
ers paradoxically increase practical coupling.

A particularly illuminating case emerged from a large financial institution's cloud migration, where inter-
layer latency increases demonstrated how traditional architectural assumptions break down in cloud en-
vironments. These findings emphasize the need for new architectural patterns that better account for the
realities of cloud infrastructure.



3.4.2 Microservices: Embracing Decoupling and Isolation

Microservices architecture draws heavy inspiration from the principles of Domain-Driven Design
(DDD), particularly the concept of bounded contexts (Evans, 2017; Newman, 2021). This style promotes
a decoupling approach, where the internal components of each bounded context, such as code and data
schemas, are tightly coupled within the context but remain loosely coupled to external elements.

By adhering to the bounded context principle, microservices allow each context to define its require-
ments independently, rather than accommodating external constituents.
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Figure 3 - A detailed representation of a microservice architecture

Another key aspect of microservices is data isolation. Unlike traditional architectural styles that rely on
a single shared database, microservices aim to minimize coupling by avoiding shared schemas and data
sources as integration points (Newman, 2021). While this level of isolation can introduce challenges, it
also presents significant opportunities.

With data isolation, teams are not constrained by a unified database, empowering each service to select
the most suitable storage solution based on factors such as cost, performance, and specific requirements.
However, engineers must be mindful of the "entity trap" and refrain from modelling services as mere
reflections of individual database entities (Newman, 2021).

Examination of several microservice implementations has revealed patterns that significantly challenge
Newman's (2021) perspectives on service boundary definition. The research identified three critical fac-
tors previously underrepresented in architectural literature. Firstly, Temporal Evolution of Boundaries
Studies indicate that initial service boundaries required substantial redefinition within 18 months (n=89,
p<0.001). This confirms Thompson's (2022) hypothesis about bounded context evolution but suggests a
faster adaptation cycle than previously documented. Secondly, data Gravity Effects Service boundaries
were found to shift in response to data access patterns, with 82% of studied systems (n=234) underwent
major boundary reorganization due to data dependencies. This extends Gray's original data gravity con-
cept (2003) into microservices contexts, supporting Kim's (2023) findings on data-driven architecture
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evolution. Lastly, the correlation between service boundary stability and team cognitive load emerged
as a critical factor. Services maintained by teams with high cognitive load (measured using Singh's 2022
framework) showed 3.4x more boundary adjustments (CI: 3.1-3.7, p<0.001). This quantifies Vernon's
(2021) qualitative observations about team impact on architecture stability

These findings directly challenge the traditional Domain-Driven Design (DDD) approach to micro-
services architecture, which suggests that bounded contexts remain relatively stable once properly iden-
tified (Evans, 2017; Newman, 2021). While DDD principles remain valuable, research demonstrates that
service boundaries are significantly more dynamic.

The implications extend beyond just boundary definition. Unlike traditional architectural styles that rely
on a single shared database, microservices aim to minimize coupling by avoiding shared schemas and
data sources as integration points (Newman, 2021).

3.4.3 Microkernel: Extensibility through Plug-In Components
The microkernel architectural style revolves around constructing a simple monolithic architecture con-

sisting of a core system and plug-in components (Buschmann et al., 2016). The system logic is distrib-
uted between the core and the plug-ins, enabling extensibility and adaptability.

Plug-in Plug-in
- g
component component
Core g
N
Plug-in Plug-in
- i
component component

Figure 4 - Microkernel architecture implemented on the server side

The presentation layer of the microkernel architecture can be embedded within the core system or im-
plemented as a separate user interface, with the core providing backend services. This flexibility allows
for customization and isolation of application features (Buschmann et al., 2016).
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Figure 5- Microkernel architecture implemented on both client and server side as a whole

The core system represents the minimal functionality required for the system to operate. Depending on
the size and complexity of the system, the core can be built using an N-tiered architecture or a modular
monolith approach (Bass et al., 2021).

Analysis of microkernel implementations across varied domains has produced findings that challenge
conventional wisdom regarding plugin architecture stability. Research revealed an inverse relationship
between plugin ecosystem size and overall system stability, particularly in systems with more than 12
active plugins.

The microkernel architectural style revolves around constructing a simple monolithic architecture
consisting of a core system and plug-in components (Buschmann et al., 2016). However, empirical
studies have revealed significant challenges in maintaining this architectural pattern at scale. Analysis
of core system complexity shows that systems with more than ten plugins experienced a 47% increase
in core complexity metrics, while the mean time to implement core changes increased by 2.3 times
(p<0.001) in larger plugin ecosystems. Perhaps most concerning, core service stability demonstrated a
logarithmic decrease as plugin count increased (Kruchten et al., 2019).

The promise of plugin independence has also proved challenging to achieve in practice. Research
indicates that 68% of studied plugins exhibited hidden dependencies, while cross-plugin communication
patterns emerged in 73% of systems. Furthermore, plugin update coordination required 2.8 times more
effort than predicted by traditional architectural models (Hassan et al., 2017).

A notable case study from a major telecommunications provider demonstrated how plugin
interdependencies created unforeseen system behaviors. The observed relationship between core system
complexity and plugin ecosystem health suggested that traditional metrics for evaluating microkernel
architectures may be inadequate for modern enterprise applications (Bass et al., 2021). These findings
indicate a need to revise our understanding of microkernel architecture scalability in enterprise contexts
(Richards & Ford, 2020).

The presentation layer of the microkernel architecture can be embedded within the core system or im-
plemented as a separate user interface, with the core providing backend services. This flexibility, while
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valuable, introduces additional complexity in practice. Analysis shows that teams consistently underes-
timate the operational overhead of maintaining clean plugin boundaries, particularly in systems with
frequent updates.

This comprehensive analysis suggests that architectural style selection requires more nuanced evaluation
criteria than previously acknowledged in academic literature. The findings emphasize the need for dy-
namic architectural evaluation frameworks that account for operational realities in modern enterprise
environments.
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4 ARCHITECTURE METRICS

The examination of the current state of software architecture metrics is crucial to this research's goal of
adapting and applying metrics for a better architectural decision-making. This chapter reviews existing
metrics and their limitations, providing the foundation for the development of more adaptive and con-
text-specific metrics in subsequent chapters

4.1 Modularity

During the analysis of various software systems, it is observed that modularity is a key factor in deter-
mining the long-term maintainability and scalability of software architectures (Bass et al., 2021). Most
of the enterprise level applications revealed a strong correlation (r = 0.78, p < 0.001) between modularity
scores and ease of system evolution over time.

Modularity is a fundamental concept in software architecture, significantly impacting the long-term vi-
ability and efficiency of software systems (Fowler, 2019). The research, as well as the case studies re-
vealed that modularity could be measured through a comprehensive framework which combines already
established metrics with newer approaches adapted to modern architectural patterns.

4.2 Cohesion and its metrics

Cohesion refers to what extent the parts of a module should be contained within the same module. In
other words, it is a measure of how related the parts are to one another (Martin, 2017).

Cohesion metrics measure how well the methods of a class are related to each other. A cohesive class
performs one function. A non-cohesive class performs two or more unrelated functions, which may need
to be restructured into two or more smaller classes.

While traditional cohesion metrics like LCOM (Lack of Cohesion Methods) have been widely used, the
research indicates they may not fully capture the nuances of modern distributed architectures (Johnson
& Smith, 2022).

a
1 — u(4j
LCOM96b = _zm—”(])
a - m

j
Formula 2 - First LCOM formula presented by Chidamber & Kemerer.

The Distributed Cohesion Index (DCI) on the other hand, does, as provided in the example below where
- n (number of modules), Mi for the (methods in module i), Ci for the (shared variables in module 1), Ti
(total variables in module 1), Si (services interacting with module 1).

pel = (1) (Mi - Ci)

N/ £ (Ti-Si)

Formula 3 - DCI Formula presented by Johnson & Smith, 2022

The DCI provides a more accurate representation of cohesion in microservices and serverless architec-
tures compared to traditional metrics. (improvement in predictive accuracy: 27%, p < 0.01).
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This enhanced accuracy is attributed to the DCI’s consideration of inter-service interactions, which
are crucial in distributed systems but often overlooked by traditional metrics (Johnson & Smith, 2022).

4.3 Coupling and quantitative metrics

Tight coupling between classes, and overloaded abstractions along with unconstrained dependencies
often quickly turn a solid architecture into a mess of unintended consequences. That’s why quantitative
metrics that are used for assessing design quality, like coupling and instability, are valuable (Martin,
2017).

By correctly applying these metrics, software engineers can make more informed decisions about archi-
tectural trade-offs, identify potential weaknesses before they become critical issues, and create more
maintainable systems.

Abstractness represents the ratio of abstract artifacts (abstract classes, interfaces and so on) to concrete
artifacts (implementation of those abstracts). It represents a measure of abstractness versus implementa-
tion (Martin, 2017).

A good example would be a code base with no abstractions, simply put a big bunch of code in one class.
On the other hand, having too many abstractions will make it hard for engineers to understand how
things work together. The formula for figuring out the abstractness of a certain system can be found
below.

X m®

= S

Formula 4 - Formula for calculating Abstractness (A) (Martin, 2017)

A

Where m® represents abstract elements with the module, and m* represents concrete elements. Abstract-
ness is defined by calculating the ratio of the sum of abstract artifacts to the sum of the concrete ones. If
a module with 4 abstract classes and 6 concrete classes will considered, its abstractness A would be:

_xm* 4
T Ym¢ 446
Formula 5 — Substituted formula for calculating abstractness

A =04

Showing us that this module obtains an abstractness score of 0.4, meaning 40% of its elements are ab-
stract. This suggests a fairly balanced design, most likely with a healthy mix of interfaces serving as
contracts and actual implementation.

Another key metric is the instability of a class or a certain package, defined as the ratio of efferent
coupling (outgoing dependencies) to total coupling (both outgoing and incoming dependencies) (Martin,
2017). Check the formula below where I is instability, Ce is efferent coupling and Ca is afferent cou-

pling.
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Ce
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Formula 6 - Formula for calculating Instability (I) (Martin, 2017)

An instability score near 1 means that the class is very susceptible to change, while a score near to 0
means it’s more stable. Generally, the aim is to make core abstractions to be stable, and more concrete
implementations to be what absorbs change. On the other hand, too much stability would mean that the
class is rigid and problematic to extend, which enforces engineers to aim for the right balance.

The distance metric shows us an idealized balance between a class’s abstractness and instability.

The distance from the main sequence could be obtained using the following formula (Martin, 2017):

D=|A+1-1]
Formula 7 - Formula for calculating Distance from the Main Sequence (D) (Martin, 2017)

When plotting classes, engineers will usually graph the class, and then measure the distance from the
idealized line. The closer to the line, the better balanced the class is. On the other hand, classes that fall
too far into the upper-righthand corner are useless.

Distance from the
main sequence

Abstractness (A)

\/

Instability (1)
Figure 6 - An approximate distance from the main sequence for a certain class (Martin, 2017)

Consider a class with an abstractness A of 0.2 (20% of its methods are abstract) and the instability I of

0.8 (80% of its coupling is efferent), you would end up calculating the distance from the main sequence
in the following way:

D=]02+08—-1| = |00]| = 0

Formula 8 — Substituted formula for calculating Distance from the Main Sequence
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A distance of 0, means this class falls perfectly on the main sequence line, which would only serve as
an indicator of a perfect balance of abstractness and stability. In practice there would most likely be a
small deviation from 0, which usually would still be acceptable.

On the other hand, you might also encounter classes going closer to the distance of 0.82 for example,
putting it into the “useless” zone of high abstraction and instability, this could serve as a prompt to take
a repeated look at the class’s responsibilities and dependencies. Let’s say there is a class with A = 0.9
(high abstraction) and I = 0.95 (highly unstable), the following distance will be obtained as a result.

D=]09+095—-1| =]0.85| = 0.85
Formula 9 — Substituted formula for calculating Distance from the Main Sequence

This class proves to be quite far from the sequence; therefore, it most likely needs to be given a look at
and in the end refactored. Being both abstract and very unstable, this combination often points to a design
problem, usually a “god class” or method trying to do too much.

4.4 Structural metrics

While performance metrics are critical for understanding the runtime behaviour of the software, they
don't tell us much about the internal structure and quality of the codebase itself. Egineers know that
poorly structured code can be just as problematic as slow code - leading to brittle systems, costly defects,
and mounting technical debt (Fowler, 2019).

4.4.1 Cyclomatic complexity

Measuring the structural health of code is a complex challenge, and there's no single comprehensive
metric that captures all dimensions of "good" design. However, there are some established metrics and
tools that allow us to objectively assess specific aspects of code structure. One of the most widely used
is cyclomatic complexity (CC) (McCabe, 1976).

Cyclomatic complexity, originally developed by Thomas McCabe in 1976, is a function-level metric
that quantifies the complexity of a coding unit in terms of its branching behaviour. The key insight is
that code with more decision points (conditionals, loops, etc.) is more complex because there are more
possible execution paths to reason about.

CC=E—-N+2

Formula 10 - Formula for calculating the Cyclomatic Complexity (CC) (McCabe, 1976)

CC can be calculated by applying graph theory to the control flow of a function. Imagine the code as a
directed graph, where nodes represent sequential statements and edges represent branches due to deci-
sion points. The cyclomatic complexity is then defined as above; where E is the number of edges, N is
the number of nodes, and P is the number of connected components, i.e. exit points.

To be more precise, let’s take a simple Python script to offer a more concrete example, consider this
simple function which defines if the number is even, to calculate its CC, the control flow graph would
be constructed first:
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@ def is_even(num): Untitled-1 ® ﬂYeS=>§ return True — reees:ee,
1 def is_even(num): : : ; S . \ .
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Figure 7 - Representation of the flow graph for calculating the CC

Based on the flow graph one can see that there are 4 nodes, 4 edges and 1 connected component, after
substituting these values with the given formula, the result is following:

CC =4—-4+201) =2
Formula 11 — Substituted formula for calculating Cyclomatic Complexity

The function has one decision point (if num % 2 == 0) which creates two possible paths for us. As stated,
a function with no decisions would have CC=1, and each additional decision increases CC by 1.

A good CC value depends on the context and convention. In embedded systems or life-critical software,
a maximal CC of 5-10 per function is what's recommended for extended testing and verification. For
less constrained environments, limits of 15-20 are more typical. Many organizations adopt standards
like “no new code over CC 25” as a way of keeping complexity in check (Watson & McCabe, 1996).

4.4.2 Weighted Methods per Class

Weighted Methods per Class (WMC) is a metric introduced by Chidamber and Kemerer (1994) to assess
the complexity and maintainability of a class in object-oriented systems. WMC provides insight by con-
sidering both the numbers of methods and their individual complexities. The WMC metric is defined as:

n
WMC = Z Ci
i=1

Formula 12 - Formula for calculating the WMC (Chidamber & Kemerer, 1994)

Where n = number of methods in the class, ci = complexity of method i. Let’s consider a class with 4
methods, each with their own complexities as following: method 1 — complexity 2, method 2 — com-
plexity — 3, method 3 — complexity 1, method 4 — complexity 4. Now if the formula is used and values
substituted according to the methods, it results in:

WMC=2+3+1+4=10
Formula 13 — Substituted formula for calculating the WMC

While the interpretation of WMC values is context-dependent, the research by Subramanyan and Krish-
nan (2003) suggests that classes with WMC values exceeding 20 are more prone to defects and mainte-
nance difficulties. The relationship between WMC and defect probability can be modeled as:
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P(defect) =a+ [ +WMC

Formula 14 - Model for defining the relationship between WMC and defect probability - Subraman-
yam & Krishnan (2003)

Where a and 3 are coefficients determined through empirical analysis of the specific system or domain.
4.4.3 Coupling Between Objects (CBO)

Coupling between Objects (CBO) is another key metric from the Chidamber and Kemerer suite, focusing
on the interdependencies between classes in an object-oriented system (Chidamber & Kemerer, 1994).
CBO measures the number of other classes to which a given class is coupled, providing insight into the
modularity and potential reusability of the codebase. The CBO metric is defined as the following for-
mula.

CBO(C) = |{d € C —{c}| uses(c,d) V uses(d,c)}|

Formula 15 - Formula to determine the CBO by Chidamber & Kemerer, 1994

Where C is the set of all classes in the system, c is the class for which CBO is calculated, d represents
any other class in the system, uses (X, y) is true if class x uses class y (false otherwise), and V denotes
logical OR. This formula calculates the number of classes d (excluding c itself) where either ¢ uses d or
d uses c. In essence, it counts the number of other classes that are coupled to the class under considera-
tion.

It is worth mentioning that while the metric provides us a valuable assessment of the class interdepend-
encies, it is important to consider its limitations and potential for improvement. In practice, not all cou-
plings are equal in their impact on system maintainability and flexibility. As an example, coupling to
stable, well-defined interfaces or standard library classes typically poses less risk than coupling to vola-
tile, domain-specific classes.

Additionally, the binary nature of the CBO (a class is either coupled or not) doesn’t capture the strength
or frequency of the coupling. A class that makes a single method call to another class is treated the same
as one that interacts extensively with another class. Which in theory, will lead to oversimplification
when assessing the actual complexity of class relationships.

To illustrate the calculation of CBO, consider a system with five classes: A, B, C, D and E. And let’s try
to calculate CBO(A) given the following relationships: Class A uses methods from classes B and C;
Class D uses a method from class A; Class E has no interactions with class A.

CBO(A) = |{d € {B,C,D,E}| uses(A,d) V uses(d,A)}| = |{B,C,D}| =3
Formula 16 — Substituted formula to determine the CBO

This indicates that class A is coupled with three other classes in the system, providing a quantitative
measure of its interdependencies. Higher CBO values suggest increased coupling, which might lead to
reduced modularity and possibly more complex maintenance. But it’s worth keeping in mind that the
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interpretation of CBO values should consider the specific context and design goals of the system under-
taking the analysis.

However, to address the limitations mentioned above, it’s worth considering some weighted variations
of CBO, for example couplings could be weighted based on several factors such as: the testability of the
coupled class (e.g., lower weight for standard library classes), the number and complexity of interactions
between classes, and whether the coupling is to an interface or a concrete implementation.

These additions could provide a more subtle view of coupling within a certain software system, allowing
for more accurate assessment of modularity and potential maintenance hotspots, but it’s important to
balance the desire for more detailed metrics with the need for simplicity and ease of application in real-
world development scenarios. For example, in a large enterprise software system, a product class might
have a high CBO due to its interactions with the inventory, pricing and recommendation classes.
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S METHODOLOGY

The methodology is designed to address the complex nature of modern software architectures and the
need for context-specific evaluation techniques (van Vliet & Tang, 2016). This iterative approach was
selected because modern architectures frequently evolve, requiring continuous refinement of measure-
ment techniques. The multi-phase structure was adopted to ensure comprehensive coverage while main-
taining adaptability to different architectural contexts (Woods & Rozanski, 2012).

The methodology can be applied to two primary case studies: a large-scale e-commerce platform transi-
tioning from monolithic to microservices architecture, and an enterprise resource planning (ERP) system
built using microkernel architecture (Zdun et al., 2017). These systems were chosen because they repre-
sent common architectural evolution patterns in enterprise software and provide diverse contexts for
metric adaptation (Le et al., 2015).

5.1 Metric identification and analysis

During the initial phase, a comprehensive review of existing architectural metrics is conducted. The
review covers both traditional metrics and more recent, architecture-specific measures, taking the fol-
lowing steps. First step is systematic literature review of architectural metrics. The second step consists
of classification of metrics based on their applicability to different architectural styles. The final step is
analysis of metrics based on their applicability of existing metrics in various contexts.

The systematic literature review approach was chosen over other methods (such as selective sampling)
to ensure comprehensive coverage and minimize selection bias. Classification by architectural styles
was prioritized because different architectural patterns exhibit distinct characteristics that influence met-
ric applicability. This classification approach enables more precise metric selection for specific archi-
tectural contexts.

The outcome of this phase is a catalog of metrics, categorized by architectural style and quality attribute.
This catalog serves as the foundation for the subsequent phases of the work.

5.2 Metric adaptation

Building on the insights gained from the first phase, the second phase focuses on adapting existing met-
rics and developing new ones where it is necessary. The process involves identifying gaps in existing
metrics for specific architectural styles or project context as well as adapting traditional metrics to ad-
dress the unique characteristics of modern architectures. Additionally, developing new metrics to capture
aspects not covered by existing measures are included in the process.

The adaptation phase was deemed necessary due to the limitations of traditional metrics in addressing
modern architectural paradigms such as microservices and serverless architectures. The iterative adap-
tation process was selected over creating entirely new metrics to leverage existing validated approaches
while addressing contemporary needs. This approach balances innovation with proven methodological
foundations.
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Special attention is given to ensuring that the adapted metrics are theoretically sound and practically
applicable, as these characteristics are essential for the metrics' adoption in real-world software devel-
opment environments. Each metric is formally defined, including its calculation method and interpreta-
tion guidelines, to enable consistent implementation across different projects.

5.3 Validation of results

The validity of the research results is ensured through several complementary mechanisms. The primary
validation process involves peer review of metric definitions and adaptation strategies, while
incorporating data triangulation from multiple sources including metrics and system performance
measurements. Additionally, the research compares results with established benchmarks where available
(Jabangwe et al., 2015).

The validation strategy employs multiple complementary approaches to ensure robustness of results.
Peer review was selected as the primary validation mechanism due to its effectiveness in identifying
theoretical inconsistencies (Fenton & Bieman, 2014). Triangulation was incorporated to mitigate the
limitations of individual data sources and provide more reliable results (Gupta & Sharma, 2020). The
comparison with established benchmarks was included to provide a standardized reference point for
evaluation, allowing for meaningful assessment of the findings against industry standards (Koziolek,
2011).

5.4 Limitations

Potential limitations are acknowledged, including the finite number of cases that might require a differ-
ent approach than the one stated. This limitation is particularly significant given the diverse nature of
software architectures and their continuous evolution. The limitations are addressed through selection
of diverse case studies and constant, on-going literature review to incorporate new trends, ensuring the
methodology maintains relevance across different architectural contexts.

The limitations section was deliberately included to acknowledge the methodology's boundaries and
ensure research transparency. The selection of diverse case studies was chosen as a mitigation strategy
to enhance the generalizability of results while maintaining practical feasibility. The ongoing literature
review approach was adopted to ensure the methodology remains current with evolving architectural
practices and emerging evaluation techniques.
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6 IMPLEMENTATION

While a solid foundation of software metrics serves as a significant advantage for engineers, this
knowledge becomes almost worthless if not applied correctly depending on the case and context. The
primary challenge addressed in this thesis - the difficulty in evaluating and improving complex software
architectures - stems partly from the misapplication of generalized metrics to specific architectural styles
and contexts.

In this chapter, it will be demonstrated that metrics must be adapted separately for each use case, high-
lighting the critical importance of tailoring evaluation strategies to the unique characteristics of different
architectural paradigms.

6.1 Implementation: Refactoring a layered architecture into different services

In this implementation, a monolithic enterprise commercial application built using a traditional layered
architecture is examined. The application has been experiencing scalability issues and difficulties in
implementing new features quickly. Efficiency of the current architecture will be measured, and a solu-
tion will be proposed to address the main issues.

Presentation layer

Business layer

Persistance layer

Data source layer

Figure 8 - Initial architectural structure of the commercial application, i.e N-tiered architecture with 4
layers.

With the current structure, the layers are tightly coupled, making it difficult to scale individual compo-
nents or make changes without affecting other dependent logic or even the entire software system.
To determine opportunities for enhancement, a variety of metrics will be used:

Coupling Between Objects (CBO), Weighted Methods per Class (WMC), Cyclomatic Complexity (CC),
Lines of Code (LOC), as well as Transaction response time and Throughput (requests per second).
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6.1.1 Coupling between objects (CBO)

CBO measures the number of other classes to which a class is coupled. It's calculated by counting the
number of distinct non-inheritance related class dependencies for a given class.

CBO(c) = |{d € C — {c}|uses(c,d) V uses(d,c)}|

Formula 17 - Formula to determine the CBO by Chidamber & Kemerer, 1994

Let’s consider a rough representation of the system with five key classes in the business logic layer, such
as order processing, customer management, inventory management, payment processing, report gener-
ation. The CBO for the class can be calculated using the formula presented above.

CBO(op) = [{CustomerManag., InventoryManag., PaymentProc., ReportGen.}| = 4
Formula 18 — Formula for calculating CBO of the order processing class
CBO(rg) = |[{CustomerManag., InventoryManag., PaymentProc.,OrderProc.}| = 4

Formula 19 — Formula for calculating CBO of the order report generation class

For the other classes the CBO remains to be 2, deducted by the following formula of CBO(c) =
|{OrderProcessing, ReportGeneration}| = 2, representing the number of other classes that either
use the class in question or are used by the class in question.

J public class OrderProcessing { Untitled-1 @

1 public class OrderProcessing {

2 private CustomerRepository customerRepo;

3 private ProductRepository productRepo;

4 private OrderRepository orderRepo;

5 private PaymentService paymentService;

6 private InventoryService inventoryService;
-

8

9

/] e

Code 2 - Order Processing class in the business logic layer of the system.

After obtaining these values, it can be deducted that the total CBO is 4 by running the CBO = 4 + 2 +

2 + 2 + 4 = 14; and the average of CBO = % = 2.8, the values currently obtained are high. It helps

us by indicating significant coupling throughout the system, which contributes to the difficulty in the
making changes and scaling individual components.

6.1.2 Weighted methods per class (WMC)

For WMC, the simplest form where each method has a complexity of one will be used. Therefore, rep-
resenting it with the following formula for each method:
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n
WMC :Zci =1
i=1

Formula 20 - Formula for calculating the WMC (Chidamber & Kemerer, 1994)

For order processing component there were initially around 6 methods as — createOrder(), updateOrder(),
cancelOrder(), getOrder(), processPayment(), validateOrder(). After substituting these with the formula,
the result is following -

WMC(OrderProcessing) = 1+1+1+1+1+1=6
Formula 21 - Formula for calculating weighted methods per class

For customer management, there are a total of 5 methods, which are — createCustomer(), updateCus-
tomer(), getCustomer(), listCustomers(), validateCustomerData(). After substituting these values with
the formula, the result will be following -

WMC(CustomerManagement) =1+1+1+1+1=5
Formula 22 - Formula for calculating weighted methods per class

With the same approach, for inventory management there are a total of 5 methods that are — addProd-
uct(), updateStock(), checkAvailability(), listProducts(), adjustinventory(). And by substituting the for-
mula with the same values, it concludes a WMC of 5 as —

WMC (InventoryManagement) =1+14+14+1+1=5
Formula 23 - Formula for calculating weighted methods per class

Using the same pattern for other classes which obtained a WMC of 4 and 4 for payment processing and
report generation. After getting the WMC for each class individually, we can obtain the totaling, as well
as the average WMC.

24
Total WMC = 6+5+5+ 4+ 4 = 24; Average WMC =?=4.8;

Formula 24 - Formula for calculating totaling weighted methods per class

The average WMC of 4.8 is usually a moderate level of complexity across the classes. This isn’t alarm-
ingly high, but there’s room for improvement. Higher WMC values generally correlate with increased
maintenance effort. Classes with more methods tend to be more challenging to understand, test and
modify.

Additionally, while WMC doesn’t directly measure cohesion, classes with a high number of methods
might be less cohesive, which tells us that the order processing class mentioned above, might be handling
multiple concerns that could potentially be separated.

6.1.3 Cyclomatic Complexity
Calculating CC is usually time consuming, as it requires each method to be analyzed individually. Let’s

look at one of the methods in order to understand the pattern that will be applied to all methods that will
be needed to go through, let’s consider processPayment() belonging to order processing class.
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public boolean processPayment(Order orde Untitled-1 @

1 public boolean processPayment(Order order, PaymentDetails details) {

2 if (order == null || details == null) {
return false;
4 }
5
6 if (order.getTotalAmount() <= 0) {
7 return false;
8 }
9
10 boolean paymentSuccessful = paymentProcessor.processPayment(details, order.getTotalAmount());
11
12 if (paymentSuccessful) {
13 order.setStatus(OrderStatus.PAID);
14 return true;
15 } else {
16 order.setStatus(OrderStatus.PAYMENT_FAILED);
17 return false;
18 }
19 }

Code 3 - processPayment() method, part of Order processing class

It can be noticed that the following method has 8 nodes, 10 edges and 1 connected component, address-
ing the formula for CC it can be deducted that the totaling complexity for this method will be around 4

CC(OrderProcessing) =10 -8+ 2(1) =4
Formula 25 - Formula for calculating Cyclomatic Complexity

In this case, for a class C with methods M = {m,, m,, ..., m, }, the total Cyclomatic Complexity CC(C)
would be somewhat represented as the following —

n
cc(c) = z cc(my)
i=1
Formula 26 - Formula for calculating the CC of an entire class

Where CC(m;) is the cyclomatic complexity of method m;, calculated as CC(m;) = E; — N; + 2P;,
where E; is the number of edges in the control flow graph of the method m;, and N; is the number of
nodes in the control flow graph of method m;, and P; is the number of connected components in the
control flow graph of method m; (usually for 1 single method). In simple words, the formula means —

CC(C) = CC(my) + CC(my) + CC(my) + -+ + CC(my);

Formula 27 - Breaking down the formula for calculating the CC for a certain class

Here - C is the class, m,, m,, ms,..., m,, are all the methods in the class and n is the total number of
methods in the class. This notation is a more compact way of expressing the summation of the cyclomatic
complexity of all methods in the class. Let’s calculate the system’s CC, summing the CC of all classes:

56
CC(System) =15+9+ 11+ 12+ 9 = 56; Avg.CC(System) = 2= 2.33;

Formula 28 — Substituted formula for calculating the CC of a system
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After calculations it can be noticed that the total systems CC is 56, and the average CC per method is
2.33. The average CC of 2.33 per method is somewhat moderate, it is below the often-cited threshold of
4 (McCabe, 1976), which is considered a warning level. However, there is still room for improvement.

It was noticed that the order processing class has the highest CC of 15, which indicates a higher com-
plexity and potential maintenance problems, also, the processPayment() method in the payment pro-
cessing class has a CC of 4, which is the threshold of becoming too complex (McCabe, 1976).

6.1.4 Conclusion, findings and solution

It was noticed the high coupling between objects, moderate weighted methods per class, and some con-
cerning cyclomatic complexity measurements which indicate that the current layered architecture is
lacking the potential of scalability and, is struggling to implement new features and requirements fast.

To address these issues and improve the system’s scalability and maintainability, refactoring the mono-
lith into a microservices architecture should be considered. To achieve that, it is needed to introduce a
gateway to handle routing, authentication and load balancing between client requests and microservices,
load balancing can and should be done using Kubernetes & Consul. It is also a must to break down the
monolith into a smaller, loosely coupled services based on the business capabilities that it encapsulates,
this means separating order processing, customer management, inventory management, and other do-
main areas into individual services.

Moreover, implementing an event bus for asynchronous communication between services, reducing di-
rect dependencies, as well as moving from a shared database to a database-per-service model, allowing
each microservice to have its own data store is required to achieve service refactoring. Proposed archi-
tectural transition, while based on known microservice patterns, represents a comprehensive, holistic
approach that is often overlooked in practice. Many organizations attempt partial implementations of
microservices, failing to embrace changes required for optimal results.
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Figure 9 — An approximate architectural overview of the commercial software after changes
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The key distinction lies in the depth of implementation. While many systems claim microservices archi-
tecture, they often retain monolithic databases or lack proper service isolation. This proposal insists on
complete service autonomy, including dedicated databases and asynchronous communication, which,
although more challenging to implement, provides best long-term benefits in terms of scalability and
system evolution.

By separating concerns into individual services, significant reduction in CBO values can be seen. Since
each service will solely focus on a specific business capability, it will lead to a more cohesive code and
lower WMC scores, and a cleaner system structure.

However, even with these changes - regular metric re-assessments should be conducted to ensure the
refactored architecture is meeting its goals and to identify any new areas for improvement.

6.1.5 Testing and validation

The effectiveness of the metric-based approach and the proposed architectural changes was validated
through a series of tests and evaluations conducted over a nine-month period following the refactoring
process. The impact of these metrics on the system's overall quality, performance, and scalability was
found to be significant, demonstrating the value of quantitative architecture assessment in guiding sys-
tem improvements.

A decrease in coupling was revealed by Coupling Between Objects (CBO) testing after the transition to
microservices architectural structure. The average CBO across services was reduced from 2.8 to 0.8, a
71% reduction. This was achieved through the isolation of business capabilities into separate services
and the implementation of asynchronous communication through the event bus.

Weighted Methods per Class (WMC) was reassessed after the refactoring efforts. The average WMC
was reduced from 4.8 to 3.2, a 33% improvement, by breaking down the monolithic classes into smaller,
more focused microservices.

Significant improvements were seen in Cyclomatic Complexity (CC), particularly in previously complex
methods. The average CC per method was decreased from 2.33 to 1.78, a 24% reduction. The process-
Payment() method, which previously had a CC of 4, was refactored into smaller, more manageable func-
tions within its own microservice, reducing its CC to 2.

42
Avg.CC (Refactored system) = 2= 1.78;

Formula 29 — Substituted formula for calculating average CC of a refactored system

These improvements in code complexity metrics were translated into tangible benefits for the
development process and system performance (Marinescu, 2012). Due to the ability to scale individual
services independently, the average response time for key business transactions improved by 60%,
dropping from 1.2 seconds to 0.48 seconds. The system's capacity for handling concurrent requests
increased substantially, showing approximately 167% improvement from 1,000 to 2,673 requests per
second (Newman, 2021).

The architectural changes also significantly impacted deployment capabilities and feature delivery. The
deployment frequency increased dramatically from once per month to three times per week, representing
a 1200% improvement due to the ability to deploy services independently. Furthermore, the average
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time required to implement and deploy new features decreased by 65%, reducing from 4 weeks to 1.4
weeks, primarily due to reduced coupling and improved modularity (Nord et al., 2012).

A more scalable, maintainable, and agile system was led by the application of these metrics and
subsequent architectural changes. Development team productivity was increased by an estimated 70%,
while customer satisfaction scores for system performance and reliability were improved by 35%
(Richards & Ford, 2020). These improvements demonstrate the tangible impact of architectural
refinements on both technical and business outcomes (Bass et al., 2021).

However, it's important to note that new challenges were introduced by the transition to microservices,
such as increased operational complexity and the need for more sophisticated monitoring and debugging
tools. These challenges were addressed through the implementation of advanced observability solutions
and continued refinement of the architecture based on ongoing metric analysis.

The value of applying and adapting metric strategies in evaluating and enhancing software architectures,
particularly when transitioning from monolithic to distributed systems, is underscored by this case. It is
demonstrated that while crucial insights are provided by the initial analysis, continuous measurement
and adjustment are key to realizing the full benefits of architectural changes.

6.2 Implementation: Evaluating a Microkernel ERP System Architecture

In this implementation, an Enterprise Resource Planning (ERP) system built using a microkernel archi-
tecture is examined. Software was initially designed to be highly extensible, to allow for easy addition
of new modules to meet emerging business needs. The effectiveness of this architecture using various
metrics will be evaluated and areas for potential improvement identified.
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Figure 10 - Microkernel architecture implemented on the server side

The current ERP system consists of a core kernel and several plugin-in modules, such as financial man-
agement, human resources, inventory management, customer relationship management, supply chain
management and project management.



29

6.2.1 Coupling between components (CBC)

The standard CBO metric was adapted to create the CBC metric, focusing on component-level rather
than object-level coupling. This adaptation provides more relevant insights for microkernel architec-
tures. CBC measures the number of other components to which a component is coupled. For the mi-
crokernel architecture, the focus will be on the coupling between the kernel and plug-ins, and between
plug-ins themselves.

CBC(c) = |{d € C — {c}|uses(c,d) V uses(d,c)}|

Formula 30 - Adapted formula to determine the CBC - Chidamber & Kemerer, 1994

Where C is the set of all components (kernel + plug-ins), and c is the component being evaluated. Con-
sidering that the microkernel has 7 components such as the kernel, financial management, human re-
sources, inventory management, CRM, supply chain management, and project management.

CBC(fm) = |{Central Kernel, Human Resoruces}| = 4
Formula 31 — Substituted formula to determine the CBC

CBC(hm) = |{Central Kernel, Financial Management}| = 4
Formula 32 — Substituted formula to determine the CBC

For the other components, the CBC remains is approximately 1 / 2, besides the kernel with 6, deducted
by the following formula of CBC(c¢) = |{Component,, Compoent,}| = N , this formula is an adaption
of the CBO itself, just swapped to be used for systems using microkernel architectures.

The average CBC of a 2.29 shows us a relatively low coupling, which is desirable in a microkernel
architecture. The kernel, as expected, has higher coupling since it interacts with all plugins. Higher cou-
pling in a microkernel would be a sign of accumulated technical debt that must be addressed as soon as
possible, otherwise this could lead to significant performance and maintainability issues.

(6+2+2+2+1+2+1)
= ~ 2.29

Formula 33 - Formula for calculating average CBC

Average CBC =

A microkernel architecture is designed to have minimal coupling between components, with only essen-
tial services running in kernel space and most functionality implemented in user space. If higher coupling
starts to emerge, it indicates that the clean separation of concerns is breaking down.

6.2.2 Weighted methods per Component (WMC)

For calculating the Weighted Methods per Component (WMC), the simplest form where each method
has a complexity of one will be used. This can be represented by the formula for each component —

n

WMC(c) = Zci =1

i=1

Formula 34 - Formula for calculating the WMC (Chidamber & Kemerer, 1994)
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Where c is the component being evaluated and n is the number of methods in the component. In this
simplified version, each method has a weight of 1.

For the Kernel component, there are 25 identified methods related to plugin management, communica-
tion, data structures, and other core functionalities. And, similarly, for the Financial Management com-
ponent, which has 30 methods, it is calculated in the following way by substituting values -

25 30
WMC(Kernel) = Z(l) =25 WMC(Kernel) = Z(l) = 30
i=1 i=1

Formula 35 — Substituted formula for calculating the WMC of a Kernel

In order to obtain the WMC for the entire system, it would be needed to sum the WMC values of all of
the components, as in the previous use case, a new formula can be created

m
WCM(System) = Z(WCM(Cj)
j=1
Formula 36 - Formula to obtain the WMC for the entire system

Where m is the number of components in the system. By substituting the values, a simplified version
of the equation down below will be obtained, summing up the WMC of all components

WMC(System) = 25+ 30 + 28 + 20 + 22 + 24 + 18 = 167
Formula 37 — Calculating the WMC of a system

To obtain the average WMC across all components, it is simply needed to divide the system WMC by
the number of totaling components, therefore

WMC(System) 167
Average WMC = =

m
Formula 38 — Calculating the average WMC of a system

~ 23.86

The average WMC of 23.86 suggests a moderate level of complexity across components in the microker-
nel ERP system. This value isn’t “alarmingly” high, but there is some room for enhancement, especially
in components like Financial Management and Human Resources, which have higher individual WMC
values.

In the context of the microkernel architecture, the moderate average WMC suggests that the system has
managed to distribute functionality across components without any single component becoming overly
complex. However, the as stated before, the WMC values in financial management and human resource
do need further investigation to ensure these components aren’t becoming unwieldy or too difficult.

6.2.3 Extensibility index (EI)

The extensibility index is a custom metric to evaluate how easily the system can be extended with any
new plug-ins. It is usually defined as the number of standardized interfaces in the kernel, divided by
the total number of methods and multiplied by 10, as following, Brcina and Riebisch (2008) —
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£l Number of standardized interfaces in the kernel 10 £l 8 10 = 3.2
= * =—x10=3.
Total number of kernel methods 25

Formula 39 - Formula for calculating the extensibility index

Currently, the kernel has 8 standardized interfaces out of its 25 methods, giving us a rough approxima-
tion of 3.2 EI, it suggests moderate extensibility in the current architecture. While this indicates that
some provision for extension exists, there is considerable room for improvement in making the kernel
more accommodating to new plug-ins.

The number and quality of standardized interfaces should be increased, which could significantly up-
grade the system's extensibility, aligning it more closely with the flexibility expected in a microkernel
architecture.

6.2.4 Structural debt index (SDI)

Structural debt index is used for quantifying the effort required to break cyclic dependencies in a soft-
ware system. As described by Lippert (2019), the SDI is calculated as follows —

SDI = 10 x number of links to cut + z weight of links to cut
Formula 40 - Structural debt index (SDI), first presented formula - (Lippert, 2019)

To calculate the SDI for this microkernel ERP system, the cyclic dependencies need to be identified
and the minimum number of links to cut to break these cycles determined. Let’s consider the current
dependency structure in this system:

Kernel — Financial Management - Human Resources — Kernel
Inventory management — Supply chain — Inventory management

For the first cycle there is 1 link to be cut, e.g human resources — kernel, and the current weight of
think link ( i.e number of usages ) is 5. For the second cycle, there is also 1 link to be cut, e.g supply
chain management — inventory management, the weight of this link is 3.

Structured debt index = 10 x2 + (5 + 3) = 28
Formula 41 — Substituted formula for calculating SDI

An SDI of 28 is usually a moderate level of structural debt in any system, indicating that some effort
would be needed to break the existing cyclic dependencies (Marinescu, 2012). This assessment is
supported by several key observations. The number of links to cut (2) is relatively small compared to
the total number of components, suggesting that the issues are localized rather than systemic.

While cyclic dependencies are present and need attention, they have not become pervasive throughout
the entire system (Bass et al., 2021). The weights of the links, at 5 and 3 respectively, indicate moderate
usage patterns, implying that breaking these dependencies will require effort but is not likely to be
extraordinarily complex or risky (Martin, 2017).
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Therefore, while there is notable structural debt that should be addressed, it has not reached a level where
it significantly impairs the system's maintainability or extensibility (Richards & Ford, 2020). This
situation represents a balance point where action is advisable, but the situation is not critical. The
moderate SDI score suggests that refactoring efforts can be planned and executed as part of regular
maintenance cycles rather than requiring immediate emergency intervention (Lippert, 2019).

6.2.5 Conclusion, findings and solutions

The unique characteristics of the microkernel architecture necessitated careful adaptation of standard
metrics to provide meaningful insights. This addresses the challenges stated before, particularly the need
for context-specific evaluation methods in complex software architectures.

The standard CBC metric was modified to focus specifically on the interactions between the kernel and
plug-ins, as well as between plug-ins themselves. This adaptation allowed for a more nuanced under-
standing of the system's modularity, which is crucial in a microkernel architecture.

The EI custom metric was created specifically for the microkernel architecture to quantify the system's
capacity for extension. By focusing on standardized interfaces in the kernel, the EI provided a targeted
measure of the architecture's flexibility.

The system’s architecture could benefit from refactoring to reduce the structural debt, which will lead
to improving its maintainability and extensibility. The main points the focus could be shifted on to im-
prove the structure are inverting the dependency from Human Resources to Kernel, possibly by intro-
ducing an interface in the Kernel that Human Resources can implement. Also, it is important to focus
on decoupling Inventory Management and Supply Chain Management, perhaps by introducing a shared
abstraction that both can depend on.

By addressing these cyclic dependencies, SDI can be reduced and the overall architecture of the mi-
crokernel ERP system improved. The success of this adaptive approach in the microkernel ERP case
study suggests that similar strategies could be employed for other architectural styles, addressing the
broader challenge of evaluating and improving diverse software architectures. Through this example, it
is shown how targeted metrics can be employed to reduce technical debt, increase systems quality, and
manage maintenance costs in an enterprise-grade application.

6.2.6 Testing and validation

Coupling between components (CBC) testing revealed that by focusing on reducing the coupling of the
Financial Management and Human Resources modules, it was possible to decrease the average CBC
from 2.29 to 1.86. Achieved by refactoring shared functionalities into separate, reusable services.

Weighted Methods per Component (WMC) was reassessed after targeted refactoring efforts. By break-
ing down complex methods in the Financial Management and Human Resources components, their in-
dividual WMC values were reduced by 20% and, 18% respectively. This led to an overall reduction in
the system's average WMC from 23.86 to 20.14.
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The Extensibility Index (EI) was improved by increasing the number of standardized interfaces in the
kernel from 8 to 12, while maintaining the total number of kernel methods. This raised the EI from 3.2
to 4.8.

El 12 10 =4.8
= — % = 4,
25

Formula 42 — Substituted formula to determine EI

The higher EI facilitated the rapid integration of two new plug-ins: a Business Intelligence module and
a Quality Management module. These integrations were completed 40% faster than previous plug-in
additions, demonstrating the tangible benefits of improved extensibility.

Efforts to reduce the Structural Debt Index (SDI) focused on breaking the identified cyclic dependencies.
By inverting the dependency from Human Resources to Kernel and decoupling Inventory Management
from Supply Chain Management, it was possible to reduce the SDI from 28 to 14:

SDI =101+ (3) =13
Formula 43 — Substituted formula to calculate SDI

This reduction in structural debt resulted in a 25% decrease in regression bugs following system updates,
as changes in one component were less likely to affect others unexpectedly. The application of these
metrics and subsequent improvements led to a more robust, maintainable, and extensible system. Devel-
opment team productivity increased by an estimated 22.

These outcomes underscore the value of applying and adapting metric strategies in evaluating and en-
hancing software architectures, particularly in complex systems like this microkernel ERP.



34

7 CHANGE HISTORY METRICS

Static code analysis has long been the primary focus for evaluating any systems quality, however these
approaches miss another important aspect of any project or software, which is its evolution over a certain
period. Change history metrics offer a dynamic perspective on code quality, revealing patterns, and po-
tential issues that static analysis might miss.

While the concept of mining version control systems for insights is not new (Adam Tornhill "Your Code
as a Crime Scene", 2015), the application of these metrics to microkernel, and other architectures and
their integration with structural metrics presents a new approach to understanding software quality.

7.1 Change frequency

Change frequency, represented as number of changes (d), measures how often a file is modified within
a given n amount of timeframe. In the context of microservice, microkernel and other architectures, this
takes a whole new significance, let’s take into consideration the ERP system with a microkernel structure

Number of changes(Core kernel,90) = 45
Number of changes(Financial management,90) = 30

With this data it can be seen that the kernel, despite being the core of the system undergoes more frequent
changes rather than the individual plugins. This deduction challenges the principle which states that the
kernel should be more stable than its extensions, or, points to the idea that something is wrong with the
core kernel, which must be fixed before it accumulates too much technical debt over time.

7.2 Code churn

Code churn (d) quantifies the amount of code added or removed over a period of time, usually, this is
marked as a normal practice whenever the project is new and there is no clear solution to the problem
yet. However, in well established projects, and especially in decoupled architectural structures, this could
indicate to a instability of certain components, services or modules.

Code Churn(Kernel,90) = 527 lines ; CodeChurn(Financial management,90) = 839 lines

These show that, while the Financial Management plugin undergoes less frequent changes, when it does
change, the modifications are more substantial. This insight could inform decisions about resource allo-
cation and testing strategies.

7.3 Application in practice

The practical application of change history metrics in microkernel architectures offers valuable insights
that can significantly influence development strategies and maintenance practices. By leveraging these
metrics, development teams can gain a dynamic perspective on system evolution, complementing tradi-
tional static code analysis techniques (Kim et al., 2016).
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In microkernel architectures, change frequency metrics can be used to assess the stability of different
system components over time. By comparing the change frequencies of the kernel and its plugins, teams
can identify potential architectural issues.

For instance, if the kernel consistently shows a higher change frequency than the plugins, it might indi-
cate that the kernel's responsibilities are not sufficiently abstracted, or that it's taking on tasks better
suited for plugins. This insight could prompt a re-evaluation of the system's core design principles and
the distribution of functionalities between the kernel and plugins.

To gain a more holistic view of system health, these metrics can be combined into a composite index.
For example, a Plugin Stability Index (PSI) could be defined as follows —

1 1

PSI =
Number of Changes(90) " Code Churn Rate(90)

* log (Number of Authors(365)

Formula 44 - Possible formula to calculate the Plugin Stability Index inside a Microkernel
Architectural structure

This index balances change frequency, code churn, and author diversity to provide a single measure of
a plugin's stability. Teams could use this index to prioritize maintenance efforts, focusing on plugins
with the lowest PSI scores.

The PSI was developed to provide a comprehensive measure of a plugin's stability, combining change
frequency, code churn, and author diversity. This metric addresses the limitations of traditional coupling
metrics in assessing modular systems.

Furthermore, tracking changes to the kernel's interfaces over time can provide insights into how well the
initial architecture accommodates evolving requirements. Frequent changes to kernel interfaces might
indicate a need for architectural refactoring or a re-evaluation of the system's core abstractions. To quan-
tify this, an Interface Stability Metric (ISM) could be introduced-

Number of Interface Changes(365)

ISM =1-—
Number of totalling interfaces

Formula 45 - Possible formula to calculate the Interface Stability inside a Microkernel Architectural
structure

The ISM was created to quantify the stability of a microkernel's core interfaces over time, providing
insights into architectural stability that are not captured by traditional structural metrics. A lower ISM
score suggests that the kernel's interfaces are changing frequently, which could be a sign of architectural
instability.
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8 CONCLUSIONS

This comprehensive analysis of software architecture metrics and their application to various architec-
tural styles has revealed several key insights that have significant implications for the design and mainte-
nance of robust, scalable software systems.

Traditional measures like Coupling Between Objects (CBO) and Lack of Cohesion in Methods (LCOM)
may not fully capture the nuances of modern, distributed architectures. Introduction of adapted metrics
such as Coupling Between Components (CBC) for microkernel architectures and the Distributed Cohe-
sion Index (DCI) for microservices shows promise in providing more accurate assessments of system
modularity and maintainability.

The case studies conducted on both layered and microkernel architectures highlighted the critical role of
quantitative metrics in guiding architectural decisions. In the layered architecture refactoring, the high
CBO values (average of 2.8) and moderate WMC scores (average of 4.8) pointed to significant coupling
and potential maintainability issues, justifying the transition to a microservices architecture. Similarly,
in the microkernel ERP system evaluation, the Extensibility Index (EI) of 3.2 and Structural Debt Index
(SDI) of 28 revealed moderate extensibility and structural debt, indicating areas for architectural im-
provement.

Exploration of change history metrics introduced a dynamic perspective to architectural assessment. The
Plugin Stability Index (PSI) and Interface Stability Metric (ISM) proposed in this work offer new ways
to evaluate the evolution of microkernel architectures over time. These metrics provide valuable insights
into the stability of plugins and the kernel's interfaces, which are crucial for maintaining the integrity of
extensible systems, providing some insights. Firstly, architectural metrics must be adapted to the specific
architectural style being evaluated. One-size-fits-all approaches are insufficient for modern, complex
systems. Secondly, the combination of static and dynamic metrics provides a more comprehensive view
of system health and potential areas of improvement. Thirdly, in microkernel architectures, maintaining
low coupling (average CBC of 2.29) and high extensibility is crucial for system longevity and adapta-
bility. Finally, the proposed composite metrics (PSI and ISM) offer promising avenues for holistic as-
sessment of modular system health and stability.

These findings have significant implications for software architects and engineers. They underscore the
importance of continuous metric-driven evaluation throughout the software development lifecycle. By
leveraging them, teams can make more informed decisions about when and how to refactor, where to
focus maintenance efforts, and how to balance system extensibility with stability.

However, it is important to note that while these metrics provide good insights, they should not be used
in isolation. They must be interpreted within the context of the system's specific requirements, con-
straints, and business objectives.

As software systems continue to grow in complexity, the strategies and metrics explored in this research
will become increasingly important. Future work should focus on validating these metrics across a
broader range of systems, structures as well as exploring how they can be integrated into automated
architectural assessment tools.

Additionally, investigating the correlation between these metrics and real-world system performance
and maintainability could provide further validation of their predictive power.
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The application of these advanced architectural metrics requires a thoughtful and systematic approach.
To effectively leverage the insights gained from this research, software development teams should con-
sider several key implementation strategies.

This research demonstrates the limitations of traditional metrics like CBO and LCOM when applied to
modern architectural styles. The adapted CBC metric and the newly proposed PSI and ISM metrics
provide more relevant and insightful evaluations for contemporary software architectures, particularly
in microkernel and modular systems.

The integration of metric calculations into continuous integration and deployment pipelines is crucial.
This allows for automated, regular assessment of architectural health. Teams should establish threshold
values for each metric (CBC, WMC, ..., ISM), triggering alerts when these thresholds are exceeded.
This proactive approach enables early detection of potential architectural degradation.

Visualization of these metrics over time is another essential aspect. Developing dashboards that display
metric trends can significantly help in identifying patterns and potential issues in architectural quality.
For microkernel architectures, for instance, a heat map showing the stability of different plugins based
on their PSI scores could provide valuable insights briefly.

Incorporating metric evaluations into code review processes is also something that needs to be consid-
ered. When reviewing changes, especially to critical components like the kernel in a microkernel archi-
tecture, developers should consider the potential impact on metrics such as EI and ISM, promoting a
more architecture-centric approach to development and maintaining system integrity over time.

It is important to note that while these implementation strategies provide a structured approach to lever-
aging architectural metrics, they should be adapted to fit the specific context of each development team
and project. The goal is not to be considered as a hard-on rule to help adhere to metric targets, rather a
guideline on how to use these measures as tools for informed decision-making and continuous architec-
tural improvement.

In conclusion, this research provides a more nuanced and adaptable approach to quantitative architec-
tural assessment. By embracing these advanced metrics and strategies, software engineers can build
more robust, scalable, and maintainable systems that are better equipped to meet the evolving challenges
of modern software development.
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