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ABSTRACT

Context. This study is conducted in the context of developing and justifying a methodology for software architecture (SA)
evaluation in relation to the Command Query Responsibility Segregation (CQRS) with Event Sourcing (ES) architectural variations.

Objective. This work aims to evaluate and compare the applicability of SA evaluation methods to support the selection of an op-
timal CQRS with ES architectural variation for real-world projects.

Method. Various SA evaluation methods are applied to enhance objectivity in architectural decisions. However, these methods
are not universal; they vary in depth, focus, and required effort. The task considered in this work is the selection among CQRS with
ES architectural variations, often structurally similar and thus difficult to distinguish using general-purpose evaluation methods.
Comparing architectural variations requires in-depth analysis; however, for most methods, practical implementation is limited by
time and resource constraints. The proposed approach identifies the most appropriate SA evaluation method for selecting between
CQRS with ES architectural variations. It is based on a validated framework for classifying and comparing SA evaluation methods.
In addition to qualitative analysis, the approach introduces a quantitative assessment of applicability to a specific case, allowing for

supporting more informed decision-making.

Results. The approach was applied to compare several SA evaluation methods, including Information Technology for Decision-
making Support regarding CQRS with ES Architectural Variations (DSAV-CQRSES), a method specifically designed for evaluating

variations of the CQRS with ES architecture.

Conclusions. The existing framework of comparing Software Architectures cannot be directly applied to architectural variations
(the deviations of the architecture significant for customer). The proposed modifications of the framework are primarily focused on

CQRS with ES variations assessment.

KEYWORDS: Software Architecture, Comparison of evaluation methods, CQRS with Event Sourcing, architectural variations.

ABBREVIATIONS
ADL is an Architecture Design Languages;

ALMA is an Architecture-Level Modifiability
Analysis;

ATAM is an Architectural Trade-off Analysis
Method,;

CBAM is a Cost-Benefit Analysis Method;

CMMI is a Capability Maturity Model Integration;

CQRS is a Command Query Responsibility Segrega-
tion;

DSAV-CQRSES is an Information Technology for
Decision-making Support regarding CQRS with ES Ar-
chitectural Variations;

ES is an Evant Sourcing;

MCDA is a Multi-Criteria Decision Analysis;

NIMSAD is a Normative Information Model-based
System Analysis and Design;

PASA is a Performance Assessment of Software
Architecture;

RTP is a Representative Test Project;

SA is a Software Architecture;

SAAM is a Software Architecture Analysis Method;

SQUASH is a Systematic Quantitative Analysis of
Scenarios’ Heuristics.
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NOMENCLATURE

AS; is an alternative (architectural strategy) being
evaluated;

Cont;j is a contribution of AS; to QA;;

E is a vector that contains effectiveness values;

Easc 1s a sorted vector that contains effectiveness val-
ues;

g; is an effectiveness of the i-th method in vector E;

ea; is an effectiveness of the j-th method in sorted vec-
tor Eage;

E..ax 18 a sorted vector that contains the highest effec-
tiveness values;

m is a number of criteria;

Max is a maximum possible distance from the etalon;

n is a number of SA evaluation methods considered in
the comparison;

p is a vector representing the candidate method;

QAscore; is a weight assigned to QA;;

q is a vector representing the reference method,

ref is a vector representing the reference method;

SA is a set of SA evaluation methods;
SAqpt 18 a set of optimal SA evaluation methods;

Wi; is a weight of the i-th criterion;
o is a sorting function by ascending value;
o' is an inverse function of c;
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% 1is a transformation function from SA to E;

¥’ is an inverse function of 7 .

INTRODUCTION

Developing large-scale software applications is a
complex and resource-intensive process. One of the key
aspects of this process is the selection of the most appro-
priate software architecture (SA). In organizations with
low maturity levels, architectural decisions are often made
intuitively, primarily based on the prior experience of
individual developers. At higher levels of organizational
maturity, such as Level 4 of the Capability Maturity Mod-
el Integration (CMMI) model [1] (Quantitatively Man-
aged Organization), software development companies are
focused on the predictability of quantitative performance
improvement objectives and well-justified choices regard-
ing SA solutions.

Within the architectural solutions which represent
high level of abstraction SA variations can be seen as
deviations which arise from either structural modifica-
tions or the application of additional architectural solu-
tions intended to address specific technical challenges
while preserving the core principles of SA.

One of the architectures that has multiple variations is
the Command Query Responsibility Segregation (CQRS)
with Event Sourcing (ES) architecture. This architecture
is typically used in software systems with complex struc-
ture and business logic. In such systems, even a small
architectural change can lead to significant increase of
required development effort. For instance, solving the
causal event synchronization problem [2] can affect a
number of already existing modules. To avoid unexpected
expenses during the development of software systems
based on CQRS with ES architectural variations, it is nec-
essary to objectify the selection of not only the SA, but
also its variation.

A number of methods have been proposed to evaluate
and compare SA solutions [3]. One such approach is the
Information Technology for Decision-making Support
regarding CQRS with ES Architectural Variations
(DSAV-CQRSES) method [4]. This raises the issue of
identifying the most suitable method for comparison
CQRS with ES architectural variations within the bounda-
ries of development team and project requirements and
limitations. Several studies [5—6] have attempted to ad-
dress this issue by providing qualitative comparisons and
classification frameworks for SA evaluation methods.
Others [7-8] have analysed pairs of methods based on
large-scale statistical surveys of their practical applica-
tion. However, these comparisons are typically generic
and do not account for the specificity of CQRS with ES
architectural variations and the context of projects or de-
velopment teams.

Based on practice experience of DBB Software [9]
company, it is assumed that the DSAV-CQRSES method
is the most appropriate candidate.
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Since this study focuses on evaluating the applicabil-
ity of the DSAV-CQRSES, which enables objective selec-
tion of a suitable CQRS with ES architectural variation, a
number of scoping restrictions are defined:

— The analysis is limited to the CQRS with ES archi-
tecture and its variations.

— Methods for SA evaluation are categorized by appli-
cation phase as design-time or run-time techniques, with
some methods applicable in both phases [3]. This work
considers methods that can be applied at the design stage.

— Also, according to [3], evaluation methods may be
classified into utility-based, scenario-based, parametric-
based, search-based, economics-based, and learning-
based categories. This study focuses exclusively on sce-
nario-based methods since the DSAV-CQRSES approach
itself belongs to this category and is grounded in use case
analysis.

This work provides a brief overview of several SA
evaluation methods selected based on a systematic litera-
ture review analysis [3, 10—-11]. It considers existing ap-
proaches for classifying and comparing these methods. It
also introduces an SA variation-oriented approach, based
on the framework for classifying and comparing SA eval-
uation methods, which enables the transformation of qual-
itative assessments into quantitative, thereby facilitating
the identification of the most suitable SA variation
evaluation method.

The object of study is the process of comparing and
assessing the applicability of SA evaluation methods.

The subject of study is methods, approaches, and
frameworks for comparing and selecting the most suitable
SA evaluation method to assess CQRS with ES architec-
tural variations at the system design stage, as well as to
provide an effective strategy for their evolution.

The purpose of the work is to evaluate and compare
the applicability of SA evaluation methods to support the
selection of an optimal CQRS with ES architectural varia-
tion within the context of a specific software company
and its real-world projects.

1 PROBLEM STATEMENT

A wide range of architectural choices exists, ranging
from structural and organizational aspects, such as choos-
ing between monolithic and microservices architectures,
to conceptual paradigms including Event Sourcing, Do-
main-Driven Design, and Service-Oriented Architecture.

To determine the most suitable solution, various
methods are proposed, including Architectural Trade-off
Analysis Method (ATAM) [12], Software Architecture
Analysis Method (SAAM) [13], and DSAV-CQRSES [4],
among others. Given the substantial number of available
approaches, the question of selecting the most appropriate
evaluation method becomes relevant. Several studies [5,
7, 11] have attempted to compare such methods. How-
ever, these comparisons are typically qualitative in nature
and not designed to support the evaluation of architectural

variations.
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Suppose given a set of scenario-based SA evaluation
methods SA={sa;, sa,, ..., Sa,} consolidated from a com-
prehensive literature review and primary research sources,
as well as project-specific requirements, priorities, and
constraints provided by the decision-making team in the
form of (i) a vector of attribute weights w and (ii) a vector
of optimal (target) attribute values ref.

Thus, the problem — evaluating the applicability and
effectiveness of scenario-based SA evaluation techniques
for comparing CQRS with ES architectural variations in
the context of a specific projects — consists in determining
a subset SAqx < SA that contains one or more evaluation
methods most suitable for the comparison task. Optimal-
ity is determined by (i) a qualitative assessment that re-
veals similarities and differences among the considered
methods, and (ii) a quantitative assessment of each meth-
od’s applicability with respect to w and ref.

2 REVIEW OF THE LITERATURE

Unfortunately, no techniques were found that specifi-
cally address the evaluation of the applicability of SA
evaluation methods within the context of CQRS with ES
architectural variations. However, several approaches
exist for comparing these methods in general.

One such approach is the framework for classifying
and comparing software architecture evaluation methods
proposed in [5], which was developed by identifying
similarities and differences among existing evaluation
methods. The framework introduces a set of guiding ques-
tions designed to characterize SA evaluation methods.
These questions include both general aspects, such as the
number of quality attributes (QAs) considered and the
estimated man-days required for applying the method, as
well as more specific ones, such as whether the method
provides support or guidance on non-technical aspects
(e.g., social, organizational, managerial, or business is-
sues) involved in the evaluation process. The proposed
classification parameters (questions) were validated in
[14] through expert surveys.

An extension to this framework was later published in
[6], which arranged each element within four compo-
nents, according to the Normative Information Model-
based System Analysis and Design (NIMSAD) [15] eval-
uation framework. Three new dimensions were also add-
ed: Input and Output Management, Application Domain,
and Stakeholder Benefits.

The output of applying this framework is a summary
table describing the key characteristics of various SA
evaluation methods. Although this helps narrow down the
selection space and reduces the need to deeply study each
method individually, the comparison remains qualitative
and does not assess how well a particular method applies
to a specific team and project.

An alternative comparison methodology is found in
[7-8], which presents a family of experiments comparing
Quality-Driven Architecture Derivation and Improvement
[16] and ATAM [12]. The comparison was based on six
parameters. Two of them are measurable: total time spent
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applying the method and effectiveness, which indicates
how close the participant came to selecting the optimal
architecture for the given project. A third parameter, effi-
ciency, is calculated as the ratio of effectiveness to the
application time. The remaining three parameters were
drawn from the Technology Acceptance Model: Per-
ceived Ease of Use, Perceived Usefulness, and Intention
to Use. These were assessed through a post-experiment
Likert-scale questionnaire containing a set of closed ques-
tions for each variable.

Among these parameters, effectiveness is perhaps the
most interesting metric in the context of objectivity. It
reflects how accurately a participant with relatively low
qualifications can select an appropriate architectural solu-
tion using a given evaluation method. It was computed
using the Euclidean distance between the n-dimensional
vector of Non-Functional Requirements (NFR) values
attained by the architecture selected by the participant and
the optimal vector of values that could be achieved. Un-
fortunately, the authors did not provide details on the ac-
tual vector’s values or how they were derived.

While this approach provides quantitative metrics for
comparing two methods, it still does not answer the ques-
tion of which method is best suited for a particular case.
Moreover, the use of unqualified participants and a lim-
ited set of projects raise concerns about objectivity.
Changes in participants, project characteristics, or NFRs
could significantly impact the results of such experiments.

3 MATERIALS AND METHODS

Based on a systematic literature review [10-11], the
most cited [3] scenario-based methods for SA design-time
evaluation were selected: SAAM, ATAM, Cost-Benefit
Analysis Method (CBAM), Architecture-Level Modifi-
ability Analysis (ALMA), Systematic Quantitative Analy-
sis of Scenarios’ Heu-ristics (SQUASH) and Performance
Assessment of Software Architecture (PASA).

This section is structured as follows:

— A proposal of an SA variation-oriented approach for
assessing the applicability of selected methods to compare
CQRS with ES architectural variations.

— A short overview of these methods, including the
DSAV-CQRSES approach.

As a basis to compare SA variation evaluation meth-
ods, an enhanced version of the framework for classifying
and comparing software architecture evaluation methods
[6], modified concerning the NIMSAD evaluation frame-
work.

However, the original framework is unsuitable for
comparing SA evaluation methods in the context of their
applicability to architectural wvariations, specifically,
variations of CQRS with ES, for several reasons. First,
the original set of questions does not accommodate the
particular characteristics required for evaluating architec-
tural variations. Secondly, it relies on qualitative rather
than quantitative assessment, which delegates consider-
able analytical effort to the user.

Let us first define the terms SA and SA variation in
order to clarify the distinction between them.
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SA definition. Software architecture refers to the fun-
damental structure of a software system, encompassing its
components, their relationships, and the principles guid-
ing its design. In this context, multiple definitions exist.
For example:

Lloyd and Galambos [17] define reference architec-
tures as domain-specific architectural templates that aim
to address the architectural concerns for a particular class
of problems.

Bass et al. [18]: “The software architecture of a pro-
gram or computing system is the structure or structures of
the system, which comprise software elements, the exter-
nally visible properties of those elements, and the rela-
tionships among them.” Similar to the previous definition,
this highlights that architecture can be understood as a
metamodel [19].

Clements et al. [20]: “Software architecture is the set
of structures needed to reason about a software system
and the discipline of creating such structures and systems.
Each structure comprises software eclements, relations
among them, and properties of both elements and rela-
tions.” This definition conceptualizes architecture at a
deeper level of abstraction — the model level.

In [21], software architecture is considered from sev-
eral perspectives. On one hand, it is viewed as a set of
basic concepts and constraints within which application
functionality is to be specified and integrated. On the oth-
er hand, it serves as a means for addressing technical is-
sues and quality requirements, as well as for assessing
application functionality. As a result, Fritz Solms defines
SA as the software infrastructure within which software
components that address functional requirements of the
software system can be specified, deployed, and executed.

In the presentation [22], Dr. Jean-Claude Franchitti
provides several definitions, among which the following
can be regarded as operating at a higher level of abstrac-
tion while also being the most comprehensive: “A set of
artifacts (that is: principles, guidelines, policies, models,
standards, and processes) and the relationships between
these artifacts, that guide the selection, creation, and im-
plementation of solutions aligned with business goals”.

Based on the definitions above, SA is defined in the
context of comparing SA evaluation methods as follows.

Definition: Software architecture is a structured set of
artifacts (that is: principles, guidelines, policies, models,
standards, and processes) and the relationships between
these artifacts, established to enable a software system to
satisfy functional and non-functional business require-
ments. It is characterized by the extent to which a system
instantiated upon it fulfills specified business require-
ments under defined constraints.

SA variation definition. SA solutions are typically de-
signed for a broad class of software systems and therefore
offer the most universally applicable practices. Given the
increasing need for flexibility in applications and systems,
a trend has emerged toward flexible architectures [23] that
can adapt to changes in business requirements and ad-
vancing technology stacks. The evolutionary architecture

approach [24] assumes that SA must be continuously test-
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ed and adapted to produce more effective solutions, while
ensuring that such evolution does not compromise key
architectural concerns. As SAs are applied to various pro-
jects within a company, they give rise to a family of archi-
tectural variations that differ in complexity, performance,
development time, and the level of developer expertise
required. These differences have an impact on the devel-
opment cost and maintainability of the software applica-
tion.

In some sense, variations may be considered as devia-
tions from the original SA. However, unlike those dis-
cussed in [25], they are aimed at improving the software
product and optimizing the development process. Varia-
tions emerge as responses to specific technical challenges
(e.g., event replay performance issues during aggregate
reconstruction, complexity of event versioning, etc.) and
as methods for reducing development and maintenance
complexity.

SA variations, like architecture itself, are described by
a metamodel; however, in the case of variations, the met-
amodel exhibits a higher degree of precision. From the
perspective of Evolutionary Architecture, a set of archi-
tectural variations can be regarded as different stages of
architectural evolution.

Thus, the following definition of an SA variation can
be provided.

Definition: Software Architecture Variation is a pur-
poseful deviation from a reference SA, characterized by
the modification of one or more artifacts of this SA (that
is: principles, guidelines, policies, models, standards, and
processes) or the relationships between these elements. It
is strategically implemented to optimize a software sys-
tem’s ability to fulfil both functional and non-functional
business requirements with maximum efficiency, as
measured by current and projected resource expenditure,
development effort, and maintenance complexity.

Typically, SA variations emerge and evolve within
bounded organizational contexts (e.g., enterprises or de-
velopment communities) in response to specific technical
challenges, operational constraints, or evolving business
imperatives of projects under development. Thus, the es-
sence of a SA variation lies in the modification of one or
more artifacts of the architecture (i.e., principles, guide-
lines, policies, models, standards, and processes) or in a
deviation from them. However, such deviations must not
involve abandoning the fundamental principles of the
architecture. For example, rejecting the segregation of
commands and queries within the CQRS approach would
constitute a departure from the architectural paradigm
itself and therefore cannot be regarded as a variation.
Similarly, discarding the event store and event-based op-
erations in Event Sourcing also violates core principles. In
contrast, using an event store that no longer serves as the
source of truth may be considered a deviation from the
original architecture and thus qualify as a variation. Ulti-
mately, the determination of whether a modification con-
stitutes a new architectural solution or a variation of an
existing one should remain within the discretion of the
modification creator.
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For the majority of SA evaluation methods, the QA set
commonly used in SA evaluation includes characteristics
such as usability, security, reliability, portability, cost, and
others. These attributes are also formalized in ISO/IEC
25002:2024 [26]. While all of these parameters are rele-
vant to SA evaluation, the nature of CQRS with ES archi-
tectural variations places primary emphasis on maintain-
ability and performance. Within the context of CQRS
with ES, other QAs are largely equivalent across the ma-
jority of variations [4] and are therefore not the focus of
differentiation.

Taking into account the specific characteristics of ar-
chitectural variations, the questions proposed by the orig-
inal framework for classifying and comparing SA evalua-
tion methods should be revised.

It is a good point for the method if it includes not only
an SA definition but also a definition of SA variation.
That will help the team to understand the specificity of
architectural candidates. The next objective of the frame-
work is to clarify whether the method’s specific goals
include the comparison of architectural variations. QAs
should cover those that are relevant to the user’s needs for
comparing candidates within the context of their applica-
tion (i.e., SA variation-oriented QAs).

As an output, most methods produce documentation
describing the architectural candidates. In terms of output
quality, the following aspects are evaluated:

— Whether the documentation is ready for direct use
during the implementation phase or further elaboration is
required.

— Whether trade-offs between architectural alterna-
tives are explicitly addressed.

— Whether the method highlights a recommended ar-
chitecture or just provides information to support further
decision-making.

Different methods offer various benefits. For architec-
tural variation comparison, the most valuable ones include
the identification of the optimal solution and an approxi-
mate estimate of its implementation effort.

One of the most challenging aspects of applying SA
evaluation methods is involving business stakeholders in

evaluating QAs. It is often difficult to explain technical
QAs (such as modifiability or portability) to non-technical
team members. Therefore, it is a great point if stakeholder
participation is minimized, and they are asked to assess
only easily understandable criteria (e.g., estimated devel-
opment time in man-hours, or system response time in
milliseconds). The usability of a method is also affected
by the required resources, such as team size and the time
investment. Spending several man-weeks to evaluate each
architectural solution can be unacceptably expensive.

Methods provide different forms of architectural can-
didate description. Formal modeling languages such as
Unified Modeling Language [27] or other Architecture
Design Languages (ADL) [28] (e.g., module or logical
views) are often recommended. However, the depth of
these descriptions also differs: some methods provide
only a high-level overview, while others model architec-
ture with greater precision. For distinguishing between
structurally similar SA variations, especially when relying
on expert judgment, clear, formal, and sufficiently de-
tailed descriptions are essential. This leads to the ques-
tion: Does the method provide a formal and detailed de-
scription of the architectural candidates?

Even when detailed descriptions are used, if a method
relies on expert judgment, it introduces a human factor,
making the evaluation subject to uncertainty. Therefore, it
is important to clearly distinguish which parts of the eval-
uation are based on expert opinions and which are
grounded in experiments or statistical data. Although
evaluation approaches that rely on empirical experiments
and statistical analysis may offer increased objectivity,
they are still subject to uncertainty. Thus, it is essential to
consider the extent to which a method is affected by un-
certainty and whether it includes mechanisms for uncer-
tainty mitigation.

Finally, regarding the validation of a method, it is
necessary to clarify whether the method has been vali-
dated specifically in the context of architectural variations
or not.

The components and attributes of the framework and
the evaluation questions are presented in Table 1.

Table 1 — The components and attributes of the framework and the evaluation questions

Component Elements Original explanation

Variation-oriented explanation

Context Does the method explicitly consider a

SA definition particular definition of SA?

How closely do the method’s definitions of SA and SA variation
align with those considered in this paper?

Specific goal

What is the particular goal of the methods?

Is the selection between structurally similar SA alternatives
addressed by the method’s objectives?

Quality How many and which quality attributes Are variation-specific QAs (e.g., complexity and performance)
attributes are covered by the method? covered by the method?

Applicable Which is the most appropriate develop- Is the method applicable at the design stage of system develop-
stage ment phase to apply the method? ment?

Input & output

What are the inputs required and outputs

To what extent is the resulting technical documentation ready for
direct use during implementation?

Does the method facilitate trade-off analysis?

Does the method identify a recommended architecture, or does it
only provide additional information about the alternatives?

produced?
Application What is/are the application domain(s) the
domain method is mostly applied?

Is the method validated or considered applicable in domains
similar to the target system?
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Continuation of Table 1

- - —
Stakeholders What are the benefits of the method to the Does the method support the selectlpn of the_optlmal solution?
Benefits stakeholders? Does the method provide an approximate estimate of the effort
) required for system implementation?
Involved Which groups of stakeholders are required | Does the method require involvement of multiple stakeholders?
Stakeholders to participate in the evaluation? How many actions or inputs are expected from stakeholders?
How much support is provided by the How much support is provided by the method to perform various
Process support . L A
method to perform various activities? activities?
Socio-technical | How does method handle non-technical Does the method address non-technical issues (e.g., social and
issues (e.g. social, organisational issues)? organizational factors)?
How long does the application of the method take?
Required How many man-days are required? What What is the typical team size required to apply the method?
resources is the size of evaluation team? How demanding are the architectural skills required from the
users of the method?
Contents Method’s What are the activities to be performed What are the activities to be performed and in what order to
activities and in which order to achieve the goals? achieve the goals?
.. What form of SA descirlptlon 1§ recom- Does the method provide a formal and detailed description of the
SA description | mended (e.g., formal, informal, particular . .
. architectural candidates?
ADL, views etc.)?
To what extent is the method subject to uncertainty?
Evaluation What types of evaluation approaches are Are there any techniques applied to mitigate uncertainty?
approaches used by the method? How much of the evaluation is grounded in quantitative metrics
and experimental data versus expert assessment?
Tool support Are there tools or experience repository to | Does the method offer tools to facilitate or partially automate its
PP support the method and its artefacts? use?
Reliability Maturity of What is the level of maturity (inception, What is the level of maturity (inception, development, refine-
method development, refinement or dormant)? ment or dormant)?
i 9
Method’s Has the method been validated? How has Has the method been vah(%ated. . . .
i . : Has the method been applied specifically to architectural varia-
validation it been validated? tions?

The modified framework highlights key points rele-
vant for comparing architectural variations; however, the
comparison remains qualitative. To obtain quantitative
indicators of the effectiveness of SA evaluation methods,
the following algorithm is proposed:

1) Evaluate each criterion by answering the frame-
work’s questions for each method using a Yes, Yes/No,
No scale (Y, Y/N, N) for binary-type questions, and a
Low, Medium, High scale (L, M, H) for degree-based
questions. Note: This point applies to all criteria except
“Method’s activities”. While it is important for qualitative
comparison, it does not influence the decision regarding
the selection of an SA evaluation method and should not
be relied upon in quantitative evaluation.

2) Assign weights to each criterion based on its impact
on the effectiveness of the method’s application. It is pro-
posed to determine weights through expert judgment.

It is important to note that the results of the first two
steps can be reused in subsequent applications of the
method.

3) Determine quantitative equivalents for the values
H,M,LandY, Y/N,N.

4) Define a reference (etalon) method, representing
the characteristics for the ideal candidate, the team would
desire to use, and the weights (priorities) assigned to each
question. To do this, the team answers the framework’s
questions, specifying the responses and setting the priority
that are ideal for their context. This process is suggested
to be conducted through structured collective discussion
and subsequent voting.

5) The formalized responses to the framework’s ques-
tions constitute a multidimensional vector for each candi-
date method and the reference method. The values of the
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vector’s elements are replaced with their quantitative
equivalents.

p:(Y,N,L,H),lﬁ: Y:H:3,N:L:1
then p=(3,L13).

6) The deviation of each candidate method from the
reference method is measured using the Euclidean dis-
tance metric:

Dw(p—a) L ie[lm],

i=1

D(p,q) =

where w; represents the weight of the i-th criterion, q is
the vector representing the reference method, p is the vec-
tor representing the candidate method, m is the number of
criteria.

7) Based on the computed distances, the effectiveness
of each method’s applicability is derived using the for-
mula (1):

D(p,ref)

Effectiveness(p)=1-
(P) Max

)

where ref is the vector representing the reference method,
p is the vector representing the candidate method, Max is
the maximum possible distance from the etalon.

8) As a result, a vector of effectiveness values for the
SA evaluation methods is obtained:

E =(e1.€5.....).6 = x(saj),5aj € SA,i e[1,n],
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where y:SA—>Eand yx":E—>SA are transformation

functions, SA is the set of SA evaluation methods, €; is the
effectiveness of the i-th method, n is the number of SA
evaluation methods considered in the comparison.

9) Next, by sorting this array, we obtain an ordered
vector Egq.

Easc =o(E) =(eay,eay,....eay), 2)

where ea; < ea, < ... < ea, o:E— E, is the sorting

function by ascending value and c" Egs. — E is an in-

verse function of .

10) Determining a vector E,,,, consisting of elements
whose values are close to the maximum value in vector
Easc (ean). In most cases, this set will consist of a single
element:

Eiax = mjax(ea j)=(eay). 3)

However, when the difference between ea, and ea,
is not significant, the decision-maker should consider
several options. In this case, the vector E,, will include
multiple elements (Fig. 1).

Enax ={ea € Eyc |d =ea, —ea,_,.d <th,keN}, (4)

where th is the value that defines the maximum allowable
deviation from the maximum value at which eg; is still
considered as one of the most effective values.

Figure 1 — Set of most suitable results E,,. d1, d2 <th, d3 > th
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11) The output of the algorithm is a set SAg = SA,

that contains the most suitable methods deriving from
Emax:

SAgpt =%'(6"(Eqax)) - (5)

The initial step in comparing SA evaluation methods
is the description of each method:

Software Architecture Analysis Method [13] is one of
the earliest methods proposed for software architecture
evaluation. Initially, it focused primarily on maintainabil-
ity QA. However, subsequent extensions of the method
have incorporated additional concerns such as reusability
[29], flexibility and complexity [30], and so forth.

Prior to applying the method, the architectural alterna-
tives under evaluation must be described in detail. The
SAAM process consists of five main steps: i. characterize
a canonical functional partitioning for the domain; ii. map
the functional partitioning onto the structural decomposi-
tion of the architecture; iii. select a set of QAs for evalua-
tion; iv. identify a set of concrete tasks which test the de-
sired QAs; v. evaluate the degree to which each architec-
ture provides support for each task.

While SAAM is primarily a qualitative evaluation
method, one of its distinctive features is the use of small-
scale experiments and benchmarks. For example, a
benchmark might involve measuring the time or effort
required to add a new option to a user’s menu bar, reflect-
ing some piece of application functionality. Based on
qualitative assessments and experimental benchmarks of
application modification, evaluators analyse alternatives
and determine whether the candidate provides architec-
tural support in the context of the QA.

The outcome of applying SAAM includes a report that
documents the architectural alternatives and their qualita-
tive evaluation of the project’s quality requirements, as
well as the experimental applications and modification
benchmarks developed during the assessment.

The duration of the evaluation depends on the number
of alternatives and the complexity of the experimental
tasks. On average, conducting a SAAM assessment re-
quires approximately three days for a team of four evalua-
tors, in addition to stakeholder participation and prepara-
tory activities [5].

Limitations of the method include a strong reliance on
expert judgment, which introduces a human factor, as
well as the lack of quantitative metrics for assessing QAs.
Furthermore, SAAM does not explicitly address trade-
offs between conflicting QAs.

Architectural Trade-off Analysis Method [12] is a
technique for analysing SA that provides a well-defined
sequence of evaluation steps, including a schedule and
clearly defined roles for each participant. The application
of ATAM involves a preparation phase, typically handled
by the lead architect or architecture team, and two evalua-
tion phases.

The first phase of ATAM is architecture-centric. It be-
gins with a presentation of the ATAM to the evaluation
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team, followed by the analysis of the problem domain and
identification of business goals, specification of require-
ments for architectural solutions, and the selection of rel-
evant QAs, which can be different (e.g., availability, secu-
rity, usability, and modifiability). A Quality Attribute
Utility Tree is then generated.

Each architectural alternative is then analysed with a
focus on four aspects: understanding the approach, identi-
fying well-known weaknesses, recognizing sensitivity
points, and finding interactions and trade-offs with other
approaches. For each alternative, both approach-specific
and quality-attribute-specific questions are discussed, and
risks associated with the identified concerns are docu-
mented. The outcomes of this phase include: a document
with the system’s business requirements, a Quality At-
tribute Utility Tree, and a document outlining the archi-
tectural alternatives along with the associated risks and
concerns.

The second phase is stakeholder-centric and concen-
trates on eliciting stakeholder points of view and verifying
the results of the first phase. It involves a brainstorming
session in which a wide range of scenarios are generated.
The scenarios cover both system use cases and possible
future modifications. These scenarios are then prioritized
via stakeholder voting. Based on these prioritized scenar-
ios, each architectural alternative is analysed again. Any
sensitivity or trade-off point is treated as a potential risk.

The final deliverables of ATAM include the docu-
mented architectural approaches, the set of scenarios and
their prioritization, the collection of attribute-based ques-
tions, the utility tree, the list of identified risks and non-
risks, as well as the discovered sensitivity and trade-off
points. Based on this information, the team selects the
architectural approach that demonstrates the lowest level
of risk. If none of the evaluated alternatives is deemed
sufficiently suitable, the process iterates with the prepara-
tion of additional architectural candidates.

Successful application of ATAM requires a multidis-
ciplinary team. A minimum of three evaluators and a rep-
resentative set of stakeholders is recommended. The core
evaluation spans two full working days, besides prepara-
tion time. ATAM does not provide formal tool support,
although certain steps could potentially be optimized with
modern technologies such as large language models. Like
most scenario-based approaches, the quality of the evalua-
tion outcome is strongly dependent on the expertise of the
participants.

Cost-Benefit Analysis Method [31] is an architecture
evaluation technique that extends the ATAM framework
by incorporating cost-benefit analysis of architectural
design decisions. The prerequisites for applying CBAM
include a prior ATAM assessment and the availability of
a cost estimation model for implementing architectural
alternatives.

The CBAM process involves several steps. Initially,
stakeholders assess the benefits of QAs by assigning them
relative weights and ranking each alternative based on its
contribution (Cont) to each QA on a scale from —1 to 1.
This is typically done through stakeholder voting. The
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benefit of each architectural strategy is then computed
using the following formula:

Benefit(AS;) = >  (Cont;; x QAscore;).
i

In the next step, the expected cost of each alternative
is estimated. If precise data (e.g., statistical data or spe-
cific implementation prices) is available, it is used di-
rectly; otherwise, it is suggested to estimate the cost using
qualitative scales such as High, Medium, or Low. The last
step before making a decision is the calculation of the
Return on Investment (ROI) metric for each alternative
using the following formula:

ROI(AS;) = Benefit(AS; )/ Cost(AS;).

This method heavily depends on expert judgment, par-
ticularly due to the abstract nature of some QAs (e.g.,
reliability or modifiability), which may be interpreted
inconsistently across team members, leading to uncer-
tainty in results. Because of this, in the second version of
CBAM [32], QAs are replaced with specific scenarios for
each QA, and additional evaluation iterations are intro-
duced. As a result, the assessment yields not a single ben-
efit value per architectural alternative, but a set of values.
The minimum and maximum values in this set are inter-
preted as the boundaries of a confidence interval, reflect-
ing the uncertainty inherent in the expert evaluations.

The application of CBAM requires a team comparable
in size to that used for ATAM and typically takes ap-
proximately two additional working days. The outcomes
of this method include the results obtained through
ATAM (utility tree, scenarios, risks), ROI estimates for
each alternative, and a confidence matrix representing the
degree of certainty in the ranking under uncertainty condi-
tions.

Architecture-Level Modifiability Analysis [33] is a
method for SA evaluation with a focus on modifiability
(e.g., maintenance cost prediction and risk assessment).
The evaluation flow consists of five main steps: determine
the aim of the analysis, describe the software architecture,
find the set of relevant scenarios, determine the effect of
the scenarios, and conclude the analysis.

During the ALMA application, the evaluator sets one
or more analysis objectives. The first objective is to esti-
mate the cost of maintenance or modification of the appli-
cation. The second is to identify potential changes for
which the architecture is inflexible and to assess the asso-
ciated risks. The third objective is to support architectural
decision-making by comparing multiple SA candidates
and selecting the most suitable one.

The method for comparing candidates focuses on find-
ing extreme scenarios that stress the architecture and
evaluating how each candidate responds. The scoring
process is left to the discretion of the evaluators. This may
involve comparing quantitative metrics, if available, or
aggregating expert judgment ratings across all scenarios.
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To improve result accuracy, the method recommends
conducting the evaluation in several iterations. During
each iteration, the team discusses a set of questions (or
experiments) for each candidate architecture and assigns
ratings for every scenario.

The result of applying the ALMA method is an as-
sessment of the architecture candidates in terms of main-
tainability and reusability. The data is presented in a table
that, for each candidate, indicates which application com-
ponents need to be modified or added, along with the af-
fected requirements. The method does not provide mech-
anisms for handling trade-offs between maintainability
and other QAs.

Systematic Quantitative Analysis of Scenarios’ Heu-
ristics [34] is a method that focuses on the quantitative
evaluation of both architectural alternatives and stake-
holder-defined objectives to reduce uncertainty. Its appli-
cation includes identifying stakeholders and objectives,
making objectives quantifiable, analysing and aggregating
scenarios, improving scenarios, and selecting the optimal
options. To enhance precision, the analysis process is
conducted in multiple iterations.

n [34], QAs such as usability and performance are
used as evaluation criteria. For each QA, a set of objec-
tives is formulated in the form of refined system require-
ments. Stakeholders assign quantitative values to each
objective across five levels (ranging from Minimal to
Excellent). Each level is associated with a distinct colour.

Subsequently, SA candidates are analysed in the con-
text of the defined objectives, taking into account detailed
technical aspects. Where metric-based evaluation is not
feasible, it is suggested to use expert judgment with a
Low / Medium / High scale.

The output of the method is presented as a table,
where the columns represent SA candidates and the rows
represent objectives, grouped by QAs. Each cell contains
the evaluation of an SA candidate for the given objective
and is color-coded according to the corresponding level.

A key limitation of the method is its complexity in ap-
plication. When evaluation is tailored to a non-typical
task, a considerable number of objectives can lead to high
preparation and experimentation effort, which makes the
method difficult to apply in practice.

Performance Assessment of Software Architecture
[35] is a method focused on achieving performance objec-
tives. Its goal is either to improve the performance of an
existing system or to select an SA that meets the perform-
ance requirements of a new system.

The PASA application flow consists of 10 steps. The
first step is an overview of the reasons for conducting an
architectural assessment and the assessment process itself,
presented to the entire team, including developers and
stakeholders. Then, documentation is prepared for the
architecture of the existing or planned application (if not
already available), and an overview of the architecture is
presented to the team. In the following steps, critical use
cases affecting responsiveness and scalability, as well as
key performance scenarios, are identified. These scenarios

are documented and typically represented using UML.
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Next, the team identifies the performance objectives.
Based on the presented data, the participants conduct a
more detailed discussion of the architecture and its spe-
cific features that influence key performance scenarios. If
the analysis reveals performance issues, architectural al-
ternatives that meet the performance requirements are
proposed. The results and recommendations are then pre-
sented to the entire team, and an economic analysis of the
costs and benefits of the proposed solution is conducted.

Performance improvement methods include practices
such as identifying deviations from the current architec-
tural style, detecting performance-related antipatterns
[36], proposing alternative interactions between compo-
nents, etc. Using software performance engineering tech-
niques [37], evaluators perform performance modeling,
including best- and worst-case analyses to address uncer-
tainty.

The assessment process usually takes 1-2 weeks. The
outputs of the method include:

— Documentation of the current architecture and main
processes (if not already available).

— A set of architectural alternatives that meet perform-
ance requirements, with recommendations for selecting
among them.

— A rough comparison of the costs of analysis and
subsequent improvements versus the potential costs of
additional hardware and development effort that would
have been required if the problems had not been detected
in time.

The main drawbacks of the method are the lack of
trade-off analysis with other QAs and the focus only on
critical use cases. If a large number of scenarios need to
be evaluated, the analysis may become time-consuming.

Information Technology for Decision-making Support
regarding CQRS with ES Architectural Variations [4] is a
method designed to evaluate evolutionary architectural
variations within a single SA style. Its primary focus is on
comparing different variants of CQRS with ES architec-
ture. Given the nature of these variations, the central QAs
under consideration are maintainability and performance.
Other QAs are largely equivalent across the majority of
variations and are therefore not the focus of differentia-
tion, at least for CQRS with ES architecture. DSAV-
CQRSES takes into account detailed technical aspects,
but unlike SQUASH, it introduces a classification of typi-
cal use cases, which significantly reduces the effort re-
quired to conduct the experiments.

The method supports three distinct evaluation objec-
tives: assessing implementation/modification complexity,
supporting architectural decision-making by selecting the
most suitable variation, and evaluating migration com-
plexity between variations.

During the preparation phase for selecting an architec-
tural variation, requirements are gathered, a preliminary
estimation of the number of use cases of various types is
calculated, and the expected proportion of addition new /
modification old use cases after the release of the mini-
mum viable product phase is assessed.
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The support architectural decision-making by select-
ing the most suitable SA variation algorithm looks as fol-
lows:

1. Identification of QAs.

2. Informal description of the considered architectural
variations.

3. Estimation of implementation/modification com-
plexity for each variation:

3.1. Formalization of the architectural variations:

3.1.1. Classification of use case types;

3.1.2. Identification of processes corresponding
to each use case class;

3.1.3. Formal process modelling using the ac-
tivity model.

3.2. Evaluation of the processes.

3.3. Evaluation of the architectural variation.

4. Identification of metrics requiring a Representative
Test Project (RTP):

4.1. Definition of the RTP.

4.2. Implementation of the RTP.

4.3. Metric collection based on the RTP.

4.4. Aggregation and preparation of results for ap-
plying a Multi-Criteria Decision Analysis (MCDA)
method (automated).

5. Application of the MCDA method, such as AHP
(automated).

The method can be used to achieve each objective in-
dependently. Its primary advantage is the minimal reli-
ance on expert judgment. While human input is needed
during the process modelling phase, high-level architec-
ture expertise is not required to construct use case and
process diagrams. Due to the automation of calculations,
stakeholders do not need to predefine QA priorities; in-
stead, they can visually analyse the data to identify the
most suitable variation under different conditions and
select an appropriate trade-off.

The output includes the visualized applicability met-
rics of each architectural variation under different QA
values (in percentages), as well as documentation describ-
ing the processes.

It is important to note that the time required to apply
the method increases with the number of use case classes.
The method is specifically designed for evaluating CQRS
with ES architecture, which typically involves two to
three use case classes, depending on stakeholder needs.
For applications with a large number of unique processes,
the method may become less applicable due to the associ-
ated effort.

4 EXPERIMENTS

The experiment involves comparing a set of scenario-
based methods for SA design-time evaluation: SAAM,
ATAM, CBAM, ALMA, SQUASH, PASA and DSAV-
CQRSES. It consists of three stages.

1) The methods are qualitatively compared using the
modified comparison framework.

2) The qualitative evaluation is translated into a quan-
titative form, and criterion weights are applied. As a re-
sult, each method is represented by a multidimensional
vector corresponding to its evaluation on each criterion.

3) A reference method is then introduced, reflecting
the characteristics desired by the DBB Software team for
evaluating CQRS with ES architectural variations. The
effectiveness of each method is calculated using formula
(1), after which the methods are ranked, and the top can-
didates are selected, using formulas (2—4).

5 RESULTS
The results of each stage are summarized in Tables 2—
3.

Table 2 — Results of the qualitative comparison of SA evaluation methods

I DSAV-
Criteria SAAM ATAM CBAM ALMA SQUASH PASA CORSES
How closely do the Specified
method’s definitions of | SA definition | SA definition | SA definition definition for
SA and SA variation is left to is left to is left to Not provided. | Not provided. | Not provided. SA varia-
align with those con- users. users. users. tions
sidered in this paper? )

Different

solutions
Is the selection be- applied to the | Yes. Method
tween structurally same archi- is developed
similar SA alternatives No. No. No. No No. tecture are for SA varia-
addressed by  the considered to tions com-
method’s objectives? address per- parison.

formance

issues.

Are variation-specific
QAs (e.g., complexity Just Just Tust
and performance) | modifiability Yes. Yes. modifiability Yes. f Yes.
covered by the meth- | (complexity). (complexity). performance.
od?
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Continuation of Table 2

Is the method applica-
ble at the design stage Ves. Yes Yes. Ves. Yes Yes. Yes
of system develop-
ment?
Informal
. descrlptlon of Informal Informal Informal lnformal
To what extent is the candidates, o S S Informal description of

. . . description of | description of description of S -
resulting technical | list of scenar- - - Informal - description of candidates,

. N . candidates, candidates, . candidates, . .
documentation  ready i0s, experi- . . description of . candidates formal speci-

. . list of scenar- | list of scenar- - experimental . .
for direct use during | mental docs . . . . candidates. F avail and critical fication of
implementation? and bench- ios and iden- | jos and iden- docs, if avail- processes their typical

’ ] tified risks. tified risks. able. ’
marks, if processes.
available.
. Between Between
Does the method facili- Preparations performance performance
. No. Yes, manual. Yes, manual. No. for trade-off.
tate trade-off analysis? and costs, and costs,
Left to users. .
manual. automatic.
. Identifi The selecti
Does the method iden- | Evaluates the .den 1hes Evaluates the Evaluates seiection
. . . . risks across . . . of recom- Yes, based on
tify a recommended | modifiability Identifies . modifiability multiple
. . . multiple QAs. mended op- performance
architecture, or does it | parameters of risks across . parameters of | parameters of L
. L . . Provides a . . tions is per- and complex-
only provide additional the candi- multiple QAs. cost/bencfit the candi- the candi- formed man- ity DArAmC
information about the | dates. Leftto Left to users. dates. Leftto | dates. Leftto yPp
. assessment. ually by the ters.
alternatives? users. users. users.
Left to users. evaluator.
Domains
Is the method validated Various do- Various do- Various do- Various do- . compatible
. . . R R N Verified on . .
or considered applica- mains, in- mains, in- mains, in- mains, in- . Various do- with CQRS
. . S . . . . . . . . medical do- . .
ble in domains similar | cluding medi- | cluding medi- | cluding medi- | cluding medi- main mains. with ES,
to the target system? cal. cal. cal. cal. ’ including
medical.
Does the method sup-
port the selection of the Yes Yes Yes. Yes. Yes Yes. Yes.
optimal solution?
Does the method pro- . Not explic-
vide an approximate Not explic- itly, based on Not explic-
. PP Yes, based on itly, based on Y, . P Yes, based on
estimate of the effort No. components itly, based on No. .
. benchmarks. costs evalua- . experiments.
required for system tion to be experiments.
implementation? ) changed.
No, only for
Does the method re- discussion é\i]soc,uosrslgrf(:)rf No, only for
quire involvement of Yes Yes Yes Yes. and clarifica- . discussion of
. . requirements .
multiple stakeholders? tion of re- . requirements.
- and scenarios.
quirements.
. Participate in Participate in Participate in Participate in Formulate
How many actions or Formulate .
. expert evalua- | expert evalua- | expert evalua- | expert evalua- requirements Formulate
inputs are expected h : : h refined o, .
tion of sce- tion of sce- tion of sce- tion of sce- . and critical requirements.
from stakeholders? . . . . requirements. .
narios. narios. narios. narios. scenarios.
How much support is . . . | Embeddedin | Embeddedin | Embeddedin | Embedded in
provided by the meth- | Not explicitly | Comprehensi | Comprehensi
. method method method method
od to perform various addressed. vely covered. | vely covered. o e e L
s description. description. description. description.
activities?
Not ad-
dressed.
Does the method ad- .
dress non-technical Such issues Minimized,
. . . Sufficiently Sufficiently Not explicitly | Not explicitly | Not explicitly due to re-
issues (e.g., social and briefly . .

L . provided. provided. addressed. addressed. addressed. duced com-
organizational fac- mentioned. L
tors)? munication

’ with stake-
holders.
The method
Apart from requires a
A fi o . Apart fi
How long does the 'A'part from Apart from initial & post considerable part trom
. initial & post | initial & post . . initial & post
application  of  the reparation. 3 reparation. 2 preparation, 2 | Not specified. amount of 1-2 weeks. reparation. 2
method take? prep davs ’ prep davs ’ days (ATAM) time to col- prep davs ’
yS: ys: and 3 days. lect all the ¥S-
required data.
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Continuation of Table 2

. . - - - 2-
What is the typical 4 person 3 person 3 person person
. . evaluation evaluation evaluation . . . evaluation
team size required to Not specified. | Not specified. | Not specified.
apply the method? team & team & team & team &
PPy ) stakeholders. stakeholders. stakeholders. stakeholders.
How demanding are | High, for the . . . High, for the High, for the Modegate, for
. . . High, for the High, for the High, for the . performance experiments
the architectural skills | expert judg- . . . expert judg- .
. expert judg- expert judg- expert judg- modeling and and use case
required from the users ment and ment and f
. ment. ment. ment. . generating documenta-
of the method? experiments. experiments. . .
alternatives. tion.
9 activities in
What are the activities 2 phases L 4 activities & 4 activities &
- R (ATAM) & 4 5 activities 3 activities 6 activities
to be performed and in L 9 activities in L . o
. 6 activities. activities carried out performed 10 activities. performed
what order to achieve 2 phases. .
p performed sequentially. over several over several
the goals? . - . .
over several 1terations. 1terations.
iterations.
. Supports . .
- . . - Jit
ngh.leyel High-level High-level formal de- nghvle\'/el Pr(?vldes Offers a
description . o - description detailed de- formal de-
Does the method pro- . description description scription for . S _
. using ADL; . . . . using ADL; scription and scription of
vide a formal and using ADL; using ADL; complex .
. o focuses on . . . experiments performance SA processes,
detailed description of . e emphasizes focuses on architectures; . . :
. . identifying . . . partially modeling of using ADL
the architectural candi- M, risks related economic emphasizes . .
maintainabil- . RS cover system critical proc- and activity
dates? . to multiple trade-offs maintainabil- .
ity-related . behavior and esses and models.
. QAs. between QAs. ity-related
risks. . processes. components.
risks.
Moderate, Moderate,_
; due to possi-
due to partial .
. ble inaccura-
Highly,due | Highly,due | Highly,due | Highly, due reliance on Moderate cies in the
To what extent is the . . et o . . expert judg- ]
. to its reliance | to its reliance | to itsreliance | to its reliance due to vari- source data
method  subject to ment and .
. on expert on expert on expert on expert . ability in the (use cases)
uncertainty? . . . . remaining . .
judgment. judgment. judgment. judgment. LS modeling. and remain-
variability in . L
. ing variability
the experi- ;i
in the ex-
ments. .
periments.
Yes, In V2
Are there any tech- Irppllc; t, extra e)ftra ttera- Implicit, I.m tht’ Implicit,
. . o .. iterations of tions and . e within per- .
niques applied to miti- Implicit. . Implicit. within ex- within ex-
. architecture value bounda- . formance .
gate uncertainty? . . periments. . periments.
analysis. ries are add- modeling.
ed.
How much of the eval-
S . Suggested to A
uation is grounded in - - . Primarily I A -
oo . Primarily Primarily use statistics Primarily Primarily Primarily
quantitative metrics - expert . . .
. expert expert or real prices . metrics and metrics and metrics and
and experimental data . . . judgement. . . .
judgement. judgement. for costs if experiments. experiments. experiments.
versus expert assess- . Left to users.
possible.
ment?
Does the method offer
tOOl.S to facilitate or Paljtlally Not available. | Not available. | Not available. | Not available. | Not available. Partially
partially automate its available. automated.
use?
What is the level of
it . .
maturity (inception, Dormant. Dormant. Dormant. Dormant. Refinement. Refinement. Development.
development, refine-
ment or dormant)?
Found a Found a
Has the method been couple arti- couple arti- For a couple
validated? Yes Yes Yes Yes cles with its cles with its of projects.
application. application.
Has the method been
li ificall
app }ed specthicalty 'to No. No. No. No. No. No. Yes
architectural varia-
tions?

cal domain and requires a high level of maintainability
and good performance.

Table 3 presents the answers from Table 2 converted
into a more formalized form through expert evaluation,
describes the reference case, and calculations of the effec-
tiveness of the methods using formula (1).
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A typical project, derived from the analysis of multi-
ple DBB Software projects employing the CQRS with ES
architecture, has been selected as the reference case. At
this stage, a specific variation needs to be chosen. The
software system under development belongs to the medi-
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Table 3 — Results of the quantitative comparison of SA evaluation methods

Criteria Weight | SAAM | ATAM | CBAM | ALMA | SQUASH | PASA C[():)SI?S\]/;S Ref Max

How closely do the method’s defini-
tions of SA and SA variation align 3 L L L L L L M H L
with those considered in this paper?
Is the selection between structurally
similar SA alternatives addressed by 5 N N N N Y/N Y Y Y N
the method’s objectives?

Are variation-specific QAs (e.g.,
complexity and performance) cov- 10 Y/N Y Y Y/N Y Y/N Y Y N
ered by the method?

Is the method applicable at the de-
sign stage of system development?
To what extent is the resulting tech-
nical documentation ready for direct 1 Y/N Y/N Y/N Y/N N Y/N Y/N Y/N N
use during implementation?

Does the method facilitate trade-off

10 Y Y Y Y Y Y Y Y N

. 7 N Y Y N Y/N Y/N Y/N Y N
analysis?
Does the method identify a recom-
mended architecture, or does it only
2 N N N N N N Y Y N

provide additional information about
the alternatives?

Is the method validated or consid-
ered applicable in domains similar to 8 Y Y Y Y Y Y/N Y Y N
the target system?

Does the method support the selec-
tion of the optimal solution?

Does the method provide an ap-
proximate estimate of the effort 4 Y/N N Y/N Y/N Y/N Y/N Y Y N
required for system implementation?
Does the method require involve-

10 Y Y Y Y Y Y Y Y N

ment of multiple stakeholders? 4 Y Y M M YN YN N N M
How many actions or inputs are
expected from stakeholders? 7 H H H H M M L L H
How much support is provided by
the method to perform various ac- 5 L H H M M M M H L
tivities?
Does the method address non-
technical issues (e.g., social and 2 Y/N Y Y Y/N Y/N Y/N Y/N Y/N N
organizational factors)?
How long does the application of the 5 M H H H M M L
method take?
What is the typical team size re-
quired to apply the method? > H M M H L L H
How demanding are the architectural
skills required from the users of the 8 H H H H H H M M L
method?
Does the method provide a formal
and detailed description of the archi- 4 N N N Y/N N Y/N Y Y N
tectural candidates?
To what extent is the method subject 4 i u o i M M M L u
to uncertainty?
Al‘*e. there any t§chmques applied to 3 YN YN v YN YN YN YN v N
mitigate uncertainty?
How much of the evaluation is
grounFled in quantitative metrics and 7 L L M L H H H H L
experimental data versus expert
assessment?
Does the method offer toqls to facili- 2 Y/N N N N N N v v N
tate or partially automate its use?
What is the level of maturity (incep-
tion, development, refinement or 6 H H H H M M L H L
dormant)?
Has the method been validated? 6 Y Y Y Y Y/N Y/N Y/N Y N
H_as the metho_d been app_heq spe- 6 N N N N N N v v N
cifically to architectural variations?
Euclidean distances 16.37 14.66 13.38 15.23 11.96 12.57 7.55 22.54
Effectiveness 0.27 0.35 0.41 0.32 0.47 0.44 0.67
© Hruzin D. L., Lytvynov O. A., 2026
DOI 10.15588/1607-3274-2026-1-10 OPEN (o) ACCESS




p-ISSN 1607-3274 Pagioenexktponika, inpopmaTuka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

For simplicity in experimentation, the following nu-
meric values are used in this study: L=1, M =2, H = 3;
N=1,Y/N=2,Y=3.

The weights for each parameter were determined
based on the expert judgment of the DBB Software de-

Reference vector:

velopment team conducting the evaluation. They reflected
the extent to which each factor influences the team’s con-
venience in applying the method.

For example, the distance between the reference
method and DSAV-CQRSES is calculated as follows:

ref =(H,Y,Y,Y,Y/N,Y,Y,Y,Y,Y,N,LLH,Y/N,M,L,M,Y,L,Y,H,Y H)Y,Y)=
=(3,3,3,3,2,3,3,3,3,3,1,1.3,2,2,1,2,3,1,3,3,3,3,3,3).

Maximum vector:

max = (L,N,N,N,N,N,N,N,N,N,Y,H,L,N,L,H,L,N,H,N,L,N,L,N,N) =
= (LLLLLLLLLL3,3,1,L13,LL,3,LLLLLY).

Weights vector:

w=(3,5,10,10,1,7,2,8,10,4,4,7,5,2,5,5,8,4,4,8,7,2,6,6,6).

DSAV-CQRSES vector:

Ppsav-cqrses = (M,Y,Y,Y,Y/N,Y/N,Y,Y,Y,Y,N,L,M,Y/N,M,LLM,Y,M,Y /N,H,Y,L,Y/N,Y) =
=(2,3,3,3,2,2,3,3,3,3,1,1,2,2,2,1,2,3,2,2,3,3,1,2,3).

Maximum distance to the Reference:

D(max, ref ) = \/ZWi -(max; —ref;)? =22.54,i €[1,25]
i

DSAV-CQRSES to the Reference distance:

D(Ppsav-cqrses - ref) = \/Z Wi - (PpsAV -CQRSES — ref;)? =7.55,i e[1,25].

i
DSAV-CQRSES effectiveness:

EﬁectiveneSS( Ppsav —CQRSES ) =1-

Obtain an ordered vector E,s using formula (2):

D(Ppsav-cqrses-ef) 155

~(0.67.

D(max,ref) 22.54

Easc = {x(sasaam )s x(saaLma)s x(saatam )s x(Saceam )> x(S@8pasa ), %(S8squasH )» X(SApsav —CQRSES )} -

Determine the result set using formulas (3—5). The maximum allowable deviation (th) in formula (4) let us set to
0.05. With this threshold, the resulting set contains a single element:

SAgpt = {Sapsav —CQRSES -

6 DISCUSSION

The existing approaches reviewed in the literature do
not consider evaluation in the context of SA variations.
Due to the specific nature and similarity of SA variations,
most traditional SA evaluation methods are not well-
suited for their comparison. The modified version of the
framework for classifying and comparing SA evaluation
methods, adapted to support the comparison of methods
for evaluating architectural variations, was applied. The
method is relatively easy to apply, and its results are sup-
ported by factual evidence about the candidates.

The evaluation results demonstrate that traditional
scenario-based methods such as SAAM (0.27) and
ALMA (0.32) score relatively low. This can be attributed
to their reliance on expert judgment, susceptibility to un-
certainty, the extensive involvement of non-technical
stakeholders, and the lack of detail in the descriptions of
architectural candidates. Additionally, these methods do
not explicitly support trade-off analysis across multiple
QAs.

ATAM, scoring 0.35, improves upon SAAM and
ALMA by introducing trade-off analysis, yet still relies
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heavily on qualitative assessment. Its extension, CBAM
(0.41), shows better handling of uncertainty.

The methods that scored higher — PASA (0.44) and
SQUASH (0.47). They shift the focus toward quantitative
metrics and experimental data. These characteristics make
them more applicable for comparing SA variations in
practice. However, they require a long execution time;
additionally, PASA demands a large team for application,
while SQUASH lacks sufficient architectural detail in
candidate descriptions.

DSAV-CQRSES (0.67) outperformed other SA evalu-
ation methods in addressing the task of comparing CQRS
with ES architectural variations within the DBB Software
team. This finding is supported by real-world application,
which can be explained by the fact that DSAV-CQRSES
was specifically developed for evaluating variations of the
CQRS with ES architecture. It includes mechanisms for
formal architectural modeling, trade-off analysis, and
partial automation. A significant factor that limited its
score was the low maturity and validation of the method,
as it has only recently been introduced. Without this fac-
tor, the score would have increased to 0.76.
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The results of the experiment can be practically ap-
plied by DBB Software team when selecting an evalua-
tion method for real-world projects. Moreover, the quali-
tative and formalized assessment of the methods can be
reused by other companies and teams to calculate the ap-
plicability of the considered SA evaluation methods for
their specific needs.

To enhance the universality of the proposed method-
ology in practical applications, it is advisable to expand
the set of case studies using different evaluation methods,
implement multiple architectural variations for each of
them, analyze the corresponding metrics (such as devel-
opment and maintenance speed, performance, etc.), as
well as the issues encountered by developers.

CONCLUSIONS

The scientific novelty. The article proposes a meth-
odology for comparing SA evaluation methods. The
framework for classifying and comparing SA evaluation
methods has been modified for application within the
context of CQRS with ES architectural variations. The
proposed adapted approach allows assessing the applica-
bility of each method based on a categorized set of varia-
tion-related questions. Each method’s evaluation is repre-
sented as a multidimensional vector. The approach en-
ables a two-stage qualitative and quantitative assessment
of method effectiveness. The quantitative stage computes
an applicability score using the Euclidean distance from a
reference (etalon) vector ref to the vector of each method,
considering attribute weights w, provided by decision-
making team.

The adapted framework was applied to determine
which SA evaluation method is best suited for assessing
CQRS with ES variations by the DBB Software team.
The methods compared were SAAM (0.27), ATAM
(0.35), CBAM (0.41), ALMA (0.32), SQUASH (0.47),
PASA (0.44) and DSAV-CQRSES (0.67). Based on the
results of the quantitative evaluation the optimal subset
SA = {Sapsay corses | » that aligns with practical experi-

ence, as DSAV-CQRSES was specifically developed to
evaluate variations of the CQRS with ES architecture.

The practical significance. The adapted framework
provides a reproducible, measurable basis for selecting an
SA evaluation method under real project constraints and
can be instantiated for other teams and contexts by re-
specifying w and ref. This, in turn, supports the selection
of more appropriate architectural solutions, with positive
impact on development and maintenance..
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HOPIBHAHHA METOJIB OIIHIOBAHHS APXITEKTYPU NIPOTPAMHOI'O 3ABE3IIEYEHHSA B KOHTEKCTI
APXITEKTYPHHMX BAPIAIINA CQRS 3 EVENT SOURCING

I'py3sin [. JI. — acmipadTt xadeapu eleKTPOHHUX 0O0YHCITIOBAIbHUX MAalIMH J[IHIMPOBCHKOTO HAIiOHAJTHHOTO YHIBEPCHTETY iMEHI
Onecs ['onuapa, [Qninpo, Ykpaina. ROR: https://ror.org/00qk1f078. ORCID: 0009-0004-8534-2559.

JlutBuHoB O. A. — KaHJI. TEXH. HayK, JOLEHT KadeapH eIeKTPOHHUX 00UNCITIOBANIFHUX MalIuH JIHITIPOBCHKOTO HaliOHAIBLHOTO-
yHiBepcuretry imeni Onecs I'onuapa, J{xinpo, Ykpaina. ROR: https://ror.org/00gk1f078. ORCID: 0000-0001-7660-1353.

AHOTAIIA

AKTyasnbHicTh. JIOCTi/UKEHHSI IPOBOANTHCS B KOHTEKCTI CTBOPEHHSI Ta OOIPYHTYBAHHS METOJOJIOTI] OL[iHIOBAHHS apXiTEeKTypH
nmporpaMHoro 3abe3neudeHHs B pamkax Bapiaiiii Command Query Responsibility Segregation (CQRS) 3 Event Sourcing (ES) apxite-
KTYpH.

MeTo10 A0CTiIMKEHHS € OL[iHKA Ta TMOPIBHAHHS PI3HUX METOJIB OLIHIOBAHHS apXiTEKTypH MPOTPAMHOTO 3a0€3MeUeHHS 3 METOI0
MATPUMKH BUOOPY onTuManbsHoI apxitekrypHoi Bapianii CQRS i3 ES mist peanbHUX MPOEKTIB.

Metona. [nst migBUIIEHHS 00’ €KTHBHOCTI MPOLECY YXBAJICHHS apXiTEKTypHHX PIlIeHb 3aCTOCOBYIOTHCS Pi3HI METOIH OLIHIOBAH-
HS1 apXITEKTypHy HporpaMHoro 3abesnedyenss. [Ipore i MeToqu He € yHiBEpCaJIbHUMH, OCKIJIBKH BiPI3HSAIOTHCS TIIMONHOIO aHai3Yy,
CIPSIMOBAHICTIO Ta 00CSTOM HEOOXiTHUX pecypciB. 3aBJaHHs, IO PO3IIIIAETHCS Y LIEOMY JOCIIIDKEHHI, TIoJIsIrae y BUOOpI MiX apXi-
texkTypHumu Bapiaisimu CQRS 3 ES, siki 4acTo XapakTepu3yOThCsi BUCOKMM CTYIIEHEM CTPYKTYPHOI MoiGHOCTI Ta, BiAMOBIgHO, €
CKJIQHUMH IJIsI PO3PI3HEHHs 32 IOIMOMOIOI0 3arajbHOINPH3HAUYCHUX METOMIB OLiHIOBaHHS. [IOpIBHSHHS apXiTeKTypHHX Bapiaii
noTpedye MOTIAHOICHOTO aHali3y, OAHAK Ul OUIBIIOCTI METOIB HOTr0 MPOBEACHHS HA MPAKTHII YCKIAJHIOETHCS Yepe3 4acoBi Ta
pecypcHi oOMexeHHs. 3alpOIOHOBAHNH MiIXi OPI€EHTOBAHUI Ha BU3HAYCHHS HAWOUIBII TOMITHPHOTO METOAY OLIIHIOBAaHHS apXiTeK-
typu [13 1 miaTpUMKHN mpolecy NPUHHATTS pilleHs moxo Buoopy Mixk Bapiamismu CQRS 3 ES. Bin rpyHTyeThCS Ha iCHyIOUOMY
(peiiMBOpKy Kiacuikamii Ta MOPIBHAHHSI METOAIB OIIHIOBAaHHS apXiTeKTypu. OKpiM SIKICHOTO aHaI3y, MiAXiJ BKIIOYAE KUTBKICHY
OLIIHKY CTYIIEHs NPHUAATHOCTI 10 KOHKPETHOI'O MPOEKTY, L0 3ade3nedye OLIbII 0OIPYHTOBAaHE Ta palliOHATbHE PUHHATTS apXiTek-
TYPHHUX PillICHb.

Pe3yabTaTn. 3anponoHoBaHuil miaxia Oyiio 3aCTOCOBAHO [UIsl MOPIBHIHHS KUTBKOX METOJIB OLiHIOBaHHS apXitektypu 13, 30k-
pema Information Technology for Decision-making Support regarding CQRS with ES Architectural Variations (DSAV-CQRSES) —
METOJy, CHeNialbHO po3po0IeHOoTo T OiHKH Bapiawiit apxiTektypu CQRS 3 ES.

BucHoBku. IcHyroua cucremMa MOpiBHSAHHS apXiTEKTyp MPOTPaMHOTO 3a0e3MedeHHs He Moxe OyTH Oe3mocepeJHhO 3aCTOCOBaHA
JI0 apXITEeKTypHHX Bapiamniii (BIIXWICHb apXIiTEKTypH, 3HAUYIIUX UL 3aMOBHHKA). 3alpoIIoHOBaHa MoAudiKarist GppeiiMBOpKy opieH-
TOBaHI HacamIlepe]] Ha OLIHIOBaHHS Bapiatiil apxitekrypu CQRS 3 ES.

KJIFOYOBI CJIOBA: apxitekTypa mporpaMHOro 3abesnedeHHs, mopiBHAHH MeToaiB ominioBanHst, CQRS 3 Event Sourcing,
apXiTeKTypHi Bapiaril.
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