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The object of the research is the process of selecting and evaluating architectural solutions, both at the design stage and during the 
migration of a software application’s architecture, within the context of evolutionary architecture. The paper is focused on variations of the 
Command Query Responsibility Segregation (CQRS) with Event Sourcing (ES) architecture, which, in fact, is a family of architectural 
variations that differ in complexity, performance, development time, and the required expertise from developers. These differences have  
a significant impact on the development cost and maintainability of the software application. Moreover, changes in business requirements 
or technical context often necessitate migration among architectural variations, which may drastically increase costs if not planned properly.

In the absence of objective evaluation criteria, decisions are often based on expert judgment, which may be unavailable or insufficient. 
This work proposes a decision-making support approach for CQRS with ES architectural variation selection and migration planning. 
The approach is based on classification of processes and breaking them down into smaller activities. This enables objective comparisons 
of architectural variations based on complexity and performance metrics.

The application of the approach is shown on two basic variations. Metrics were obtained, and a bitmap chart was built to visualize 
architectural applicability, depending on the project priorities. The applicability score of mCQRS ranges from 39% to 53%, while that 
of Classical CQRS – 47–61%.

The proposed approach is applicable in projects where architecture evolution is expected. It is especially useful in organizations 
operating at Capability Maturity Models Integration (CMMI) Level 4 (Quantitatively Managed Organization) which is focused on 
predictability of quantitative performance improvement objectives.
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1. Introduction

The complexity of software applications is continuously increasing, 
while the demands for project timelines and implementation quality are 
becoming stricter. To handle the situation, software developers are forced 
to seek new approaches, architectural patterns, and technologies. Re-
nowned books like [1–3] provide a lot of patterns and solutions focused 
on how to manage the complexity of modern business-oriented software 
applications, making them more flexible, scalable and maintainable.

Command Query Responsibility Segregation (CQRS) with Event 
Sourcing (ES) architecture [4, 5], which was proposed in [6–8], can be 
considered as one of the most powerful modern solutions for building 
high-quality software applications. It is a variation of a more general 
Event-driven architecture paradigm  [9] with a concentration on in-
creasing application’s performance by separating the handling of com-
mands (i. e., write operations) and queries (i. e., read operations), which 
means that the results of Write operations don’t return to the caller 
directly, but rather delivered via notification-oriented asynchronous 
mechanism. The advantages of the CQRS with ES architecture com-
pared to the conventional approach  [10] not only include improved 
performance. It also includes better flexibility and scalability due to 
asynchronous event processing and reduced risk of conflicts when 

making changes. Another significant advantage is the instant storage of 
all events, enabling the system’s state to be restored to any point in time 
from its creation to the present.

However, the pure variation of CQRS with ES architecture is not 
without drawbacks. The attempts to resolve the issues led to variations 
of the approach. The applicability of the variations depends not only 
on the project requirements, but also on the time and cost limits of 
the project. The developers are faced with the problem of choosing 
the most suitable architectural variation for the concrete project. The 
situation is complicated by the fact that the requirements and project 
budget can change during the development and maintenance phases 
of the project life cycle. It may cause not only technological, but also 
architectural evolution or even migration of the project.

The problem of architectural evolution of the software seems to be 
one of the important software development problems. In accordance 
with [11], the architecture should be ready to react to changing require-
ments, as well as feedback from end-users and developers. This reaction 
should take the form of guided, incremental changes across multiple 
dimensions (technical, data, security etc.). These changes should allow 
the architecture to evolve toward more effective solutions. However, 
the architecture should not evolve in ways that would harm any impor-
tant architectural concern. Briefly, the main point of the Evolutionary 
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Architecture approach is that evolution should be controllable using 
different mechanisms (e. g., fitness functions).

In the case of CQRS with ES architectural variations it means that 
managers and developers need to ensure that the choice of a certain 
variation is objectively correct, or architectural modifications are ob-
jectively necessary.

The CQRS with ES architecture enables the development of flex-
ible applications with high levels of maintainability and performance. 
But its original variation [7] has the problems, which, in turn, can be 
divided into the three following groups: technical development issues, 
development and maintenance complexity, architectural modifications 
at later stages of development.

Technical development issues associated with pure CQRS architec-
ture are described below. Known solutions are provided along with the 
minimum contextual information required to understand each problem 
and its corresponding solution.

Write requests can be divided into two broad classes: creation-oriented 
and update-oriented commands. For update-oriented commands at the 
aggregate fetching phase, there could be a situation when the Repository at-
tempts to retrieve an aggregate from the Cache and finds it missing (Fig. 1). 
In that case, the Repository creates a new object of the specified type. It 
then receives all events related to this aggregate instance from the Event 
Store that have occurred since its initial creation up to the required version. 
The Repository applies all retrieved events to the newly created object 
and saves the object to the Cache. The process of retrieving events from 
ES and applying them to the created object is called Replaying Events.

The advantage of the Replaying Events mechanism is the ability 
to realize the Undo operation. This operation allows rolling back the 
modifications of an aggregate to a certain version. It is done by creating 
compensating events based on the existing ones. These compensating 
events are then added to the Event Store [12]. In this case, the persisted 
information is only the collection of events stored within the ES. It is 
said that ES plays a role as a Source of Truth for a certain aggregate, i. e., 
the actual, consistent version of an aggregate can be constructed, relying 
on the events from the ES. Common practice is that each aggregate has 
its own ES, but there could be different variations as well.

Due to various reasons, such as server restart, removal of the aggre-
gate from the cache, or some errors during the aggregate’s state updates, 
it becomes necessary to perform event replay. The time of acquiring an 
aggregate by replaying events is proportional to the number of events 
and depends on its lifetime and the frequency of changes applied to the 
aggregate. In some cases, the replaying process per aggregate can take 
seconds, which affects the overall application performance. Thus, in 
the case of a large number of events and a large number of aggregates 
replaying events process starts to cause performance issues.

As a solution to this problem, it is suggested to use an additional 
data store that holds a snapshot of the aggregate’s state at a specific mo-
ment, e. g., after saving every hundred or thousand events [13]. Thus, 
the assembly of the aggregate is based on the acquired snapshot and 
only the events that occurred after the snapshot was taken are replayed.

For example, the application discussed in [14] takes a snapshot for 
every 100 events (i.  e., the threshold. The threshold can be different 
from application to application and even within one application there 
could be different thresholds and event threshold tuning mechanism 
for different aggregates. This is important because frequent snapshot 
creation can slow down the application’s performance.

The second problem of the Event Sourcing approach [15] is han-
dling the event types’ versioning. The Event Store keeps all the events, 
but the events written some years ago may be different in structure 
from the events currently used; the interpretation of the events can 
be changed over time. Thus, the handling of the different versions of 
events is a non-trivial problem. In [15] proposed a number of solutions 
were proposed. The most sustainable is seemingly doing a transfor-
mation of event storage on every release. As a result, all old version 
events get transformed into the events of a new version. But, firstly, 
this method needs appropriate infrastructure to automate the process, 
which is also not a trivial task , and, secondly, it needs much time to 
install this sort of software update. Another solution is to update event 
handlers to process a variety of event versions, which also increases 
the complexity of the change’s implementation in response to evolving 
requirements. As a result, the development increases over time and 
becomes more complex.

 
Fig. 1. Sequence diagram of the Fetching Aggregate workflow
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The third problem is the immutability of events [16], which con-
cerns the event-sourcing system. In accordance with the pure CQRS 
principles, since the event store is the source of truth, all the events 
are immutable, i. e., the events in the ES cannot be modified and can-
not be removed from the ES as well. To leverage the principle, the ES 
can be realized using blockchain [17] technology rather than a tradi-
tional database approach. But in practice, the situations when the event 
modification is required may arise. For example, a user requests the 
removal or anonymization of all user’s data from the system based on 
the GDPR [18]. In such cases, it is required to release a new version of 
the Event Store. This includes extracting all data from the current Event 
Store, converting it into events (in case they are encrypted), modifying 
the user’s data using a transformation function, and storing all events 
in the new Event Store [15]. This significantly complicates a task that 
is trivial in traditional architectures, such as deleting several records 
from a database.

The fourth issue is connected to the event delivery subsystem based 
on Event Bus, which does not guarantee that the events will be delivered 
in the order they were published. For example, let’s assume that two 
account transactions, namely deposit and withdrawal events, were pub-
lished in order <withdrawal, deposit> (deposit after withdrawal). Account 
events have some information about the state of the account (Balance, 
TotalBonus, TotalDeposit, TotalFee, etc.). For instance, the Projection 
that subscribed to the Account events is responsible for reporting the 
balance changing dynamics relying on the Balance property of the event 
message. In this case, the getting ahead of the deposit event, which was 
published second, may lead the Projection to a wrong calculation based 
on the Balance value from the payload of the event (Table 1).

Table 1

Events publishing/delivery timeline

Time ES Event Projection

t1 publish e1 – Balance = 100000 0

t2 publish e2 – Balance = 80000 0

t3 delivery e2 – Balance = 80000 80000

t4 delivery e1 – Balance = 100000 100000

To avoid such situations, the projection stores the version of the 
aggregate state according to which it was updated  [15, 19]. In some 
cases (for example, when the version received in the event is higher than 
the expected version of the projection), a version mismatch error may 
occur. There can be different ways to handle such an error depending 
on the application’s characteristics. However, typically several retry at-
tempts are made with a certain delay in case the events arrive in the 
wrong order. If there is a situation when an event with a lower version 
is completely missed (e. g., because of some technical issues or an un-
expected error), the error log is saved, and the operation is canceled. 
Such situations are usually resolved manually by developers, and the 
projection is typically rebuilt.

The complexity challenge is discussed in  [20]. While the CQRS 
pattern itself is relatively simple, its combination with other approaches 
like Domain-Driven Design (DDD) or ES, as examined in the study, 
drastically increases the architectural complexity of the software appli-
cation. As it was shown in [21], the transition of the solution from DDD 
to CQRS architecture results in an increase in the number of classes, 
modules, and layers. It means that adding or updating features in the 
case of CQRS with ES takes more time and requires a higher level of 
skills from the development team. This leads to longer timelines and in-
creased costs, which significantly reduces its attractiveness to investors.

The challenges of development and maintenance complexity in 
pure CQRS architecture are typically addressed at a more abstract 
level. This is done through team training, improved project documen-
tation, increased code coverage, and enhancements in code review and 

delivery processes. Often, pure CQRS architecture is not applied to the 
entire software system but only to specific parts of it. For instance, in 
Microservices Architecture [22], pure CQRS may be applied to some 
services where this approach is most beneficial, while other services are 
built using different architectural solutions. However, the complexity of 
developing and maintaining these services remains significantly higher 
compared to services developed using DDD.

The listed CQRS with ES challenges have different solutions, but 
each applied solution increases the application’s development time and, 
consequently, its cost. Thus, applying the most expensive variation of 
CQRS, which resolves all the issues to any project independently of 
its type and without a thorough analysis of its requirements, seems 
ineffective. Based on project statistics from DBB Software  [23], not 
all applications require solving all these issues. It is worth noting that 
some of the projects do not even need some architectural features (e. g., 
replaying events) throughout the lifecycle, but some require features 
that were not implemented at the further development stages. It makes 
developers face the problems of architectural flexibility, predicting and 
evaluating the costs of migration from cheap variations to more expen-
sive ones, and vice versa.

It also remains unclear how to evaluate which solutions should 
be applied to a certain project and why, and what the cost of applying 
a particular solution would be in terms of time and effort. Thus, the 
objective decision-making based on approach can facilitate the process 
of CQRS-based applications development and maintenance.

Some resolutions of technical development issues (event replay 
performance problems during aggregate assembly, the complexity of 
handling event versioning, etc.) and methods for reducing development 
and maintenance complexity have led to the emergence of numerous 
variations of the CQRS with ES architecture.

Currently, these variations lack formal descriptions and names, 
however, they actually form a set of architectural variations, which could 
be regarded as different stages of CQRS with ES architecture evolution. 
It corresponds with the Evolutionary Architecture concept, which as-
sumes the ability of software architecture to change in order to produce 
more effective solutions, but disallows that evolution to harm some 
architectural concern.

The distance between the variations of CQRS with ES may be de-
fined in terms of different practices used to resolve the issues (e. g., use 
snapshots derivation or not, release event store every time, or handle 
all event type versions, etc.). These practices, in turn, can be evaluated 
using such criteria as complexity, performance, development time, cost 
etc. This evaluation allows choosing an appropriate variation in re-
sponse to the project requirements at the development stage [24]. It also 
helps assess the necessity and to estimate the cost of the potential mi-
gration from one architectural variation to another at the maintenance 
phase (utilization and support stages [24]) of the project’s lifecycle. Such 
migration may be caused by different reasons (e. g., business agility and 
requirements change, incorrect initial choice).

To date, unfortunately, there are no well-known methods which 
could be directly applied to facilitate decision-making on the objective 
selection of CQRS with ES architectural variation during the devel-
opment and maintenance phases of the application’s lifecycle. How-
ever, there are general approaches and methods [25, 26] that support 
decision-making in software architecture.

All the approaches can be classified in two major ways. Firstly, they 
could be divided into two broad categories in accordance with the 
life-cycle phases: Design-time and Run-time. Design-time methods 
are applied during the software application planning phase, while Run-
time methods help assess the architecture of existing applications and 
provide insights for potential modifications or improvements. Secondly, 
the approaches can be classified by application characteristics as fol-
lows: utility-based, scenario-based, parametric-based, search-based, 
economics-based, and learning-based.



INFORMATION AND CONTROL SYSTEMS:
INFORMATION TECHNOLOGIES

40 TECHNOLOGY AUDIT AND PRODUCTION RESERVES — No. 4/2(84), 2025

ISSN-L 2664-9969; E-ISSN 2706-5448

Utility-based methods adopt utility theory to shortlist candidate 
architectures. The challenges of this approach include the complexity 
of defining the utility function and quantifying utility values.

Scenario-based methods evaluate alternatives based on the identi-
fication of quality attributes and their quantitative assessment by stake-
holders. Practical examples include SAAM [27], ATAM [28], CBAM [29], 
ATMIS [30], etc. These methods rely on exploratory, evolutionary, and 
stress scenarios to test the potential challenges the architecture may 
encounter, such as sudden load spikes or partial network failures etc.  
A major drawback of this category is the heavy reliance on the quality of 
scenario descriptions and expert assessments from stakeholders.

Parametric-based methods use a parameterized mathematical model  
of the system and compare approaches based on their parameters. Exam-
ples include Multiple-Criteria Decision Analysis (MCDA) [31] methods 
such as Analytic Hierarchy Process (AHP) [32] and AHP-based methods 
like ArchDesigner [33] and LiVASAE [34]. These methods typically do 
not provide specific parameters for evaluation or ways to obtain pa-
rameter values. Instead, they rely on the presence of quality attributes 
and their quantitative assessment, which is often performed through 
expert evaluations by stakeholders. The main drawbacks are the un-
certainty in obtaining input data and the resulting high dependence 
on stakeholder assessments.

Methods of search-based category employ mathematical search 
algorithms to find the most suitable option. The challenges of this cat-
egory include uncertainty in defining search keywords and the "good 
enough" stopping condition for candidate testing. Additionally, these 
methods are rarely applicable during the design phase.

Economics-based methods incorporate approaches from various 
other categories, emphasizing the importance of cost assessment.

Learning-based methods adapt machine learning techniques for 
software architecture evaluation. They generally belong to the Run-time 
category. The main drawback of this category is the difficulty in verify-
ing the correctness of machine learning models.

Based on the problem definition, to address it the Design-time methods 
should be used. The most suitable categories are scenario-based and para-
metric-based methods, as they evaluate multiple candidate approaches 
based on quality attributes. Let’s consider their use cases.

Scenario-based methods (e. g., ATAM, CBAM, ATMIS, etc.) work 
well when choosing between fundamentally different architectural so-
lutions, such as monolithic vs. microservices architecture or relational 
databases vs. event sourcing. In such cases, stakeholders can relatively 
easily identify quality attributes and provide expert assessments. While 
these methods remain applicable for selecting architectural variations, 
their use becomes more challenging due to the small differences in 
variation parameters, making it difficult to quantify quality attributes.

Parametric-based methods (e.  g., AHP, ArchDesigner, LiVASAE, 
etc.) work with predefined parameters or, like scenario-based methods, 
suggest identifying and assessing parameters through stakeholder eval-
uations. However, their objective application during the software appli-
cation design phase often suffers from insufficient system information.

The common drawbacks of all the reviewed methods in the context 
of solving the problem are:

1) the difficulty of defining quality attributes when comparing simi-
lar approaches;

2)  the high reliance on stakeholders for determining the relative 
importance (i. e., ranking ) of architectural decisions and their impact 
on quality attributes.

Therefore, the direct application of the reviewed methods for deci-
sion-making on selecting a CQRS with ES architecture variation does 
not provide a sufficient level of accuracy.

Thus, the aim of this research is to develop an approach for the 
evaluation and comparison of CQRS with ES architectural variations 
based on quantitative metrics and an analysis of specific project require-
ments, priorities, and constraints.

This will reduce uncertainty and allow more informed architectural 
decision-making when selecting a CQRS with ES variation, both at 
the design stage and during the application’s evolution and mainte-
nance, subsequently lowering the cost of software system development.

To achieve this aim, the following objectives are accomplished:
1.	 To define a mechanism for formalizing the processes that con-

stitute a given CQRS with ES architectural variation.
2.	 To identify the key parameters that influence the evaluation and 

selection of CQRS with ES architectural variations and to analyze the 
processes of the variations based on these parameters, synthesizing an 
overall assessment of each variation.

3.	 To compare the applicability of architectural variations to a soft-
ware project based on their parameters and the project’s requirements, 
priorities, and constraints.

4.	 To build an evolutionary roadmap for the CQRS with ES ar-
chitecture and assess the effort required for architectural transitions 
between its evolutionary stages (variations).

2. Materials and Methods

2.1. Research strategy
2.1.1. The object and hypothesis of research
The object of this research is the process of selecting and evaluation 

of architectural solutions, aimed at selecting the optimal variation for 
software applications with defined requirements. Such decisions are 
relevant both at the system design stage and during the migration of  
a software application’s architecture within the context of evolution-
ary architecture.

The main hypothesis of the study is that the decision-making pro-
cess for selecting a CQRS with ES architectural variation can be im-
proved through the following workflow:

–	 identifying and classifying use case types;
–	 defining processes for each class, and formally describing them 
using a formal activity-centric knowledge representation model;
–	 specifying algorithms and quantifying parameters for each ac-
tivity;
–	 and applying a structured MCDA method.
It becomes possible to make a more objective selection of an archi-

tectural variation at the design stage, as well as to choose the appropriate 
next evolutionary step during migration.

Assumptions made in the study are:
1.	 The software systems under consideration follow a modular 

architecture and can be decomposed into distinct command and query 
processes.

2.	 The command and query processes can be described as unidi-
rectional, non-branching chains and formalized using formal methods.

3.	 Key evaluation parameters such as complexity, performance, 
and maintainability can be quantified and normalized.

Simplifications adopted in the study are:
1.	 Only three architectural variations (Pure CQRS, Classical 

CQRS, mCQRS) are considered in the evolutionary roadmap.
2.	 Error handling and exception flows are not modeled, focusing 

exclusively on the successful execution paths of the process.
3.	 Performance evaluations are based solely on experiments with 

a Representative Test Project, rather than on statistical data obtained 
from real-world production systems.

4.	 External factors such as team skill level, infrastructure configu-
rations, or organizational constraints are not considered.

5.	 The AHP method was selected for comparing applicability due 
to its simplicity and ease of implementation; however, in practice, it can 
be replaced with any other appropriate MCDA method.

To develop such an approach, the following strategy is proposed:
1.	 Building a model of the application under consideration using 

formal methods, considering all architectural variations. The goal is to 



INFORMATION AND CONTROL SYSTEMS:
INFORMATION TECHNOLOGIES

41TECHNOLOGY AUDIT AND PRODUCTION RESERVES — No. 4/2(84), 2025

ISSN-L 2664-9969; E-ISSN 2706-5448

provide a strong foundation for the objective evaluation and compari-
son of the variations.

2.	 Defining quality attributes (parameters) for assessment of ar-
chitectural variations, based on the proposed model.

3.	 Providing methods for evaluating architectural variations based 
on complexity and performance metrics.

4.	 Providing methods of choosing the appropriate variation for  
a certain project, considering the potential architectural evolution.

5.	 Providing examples of the practical use of the proposed ap-
proach. Conducting experiments and comparing results.

2.1.2. Modeling specifics
The methods of modeling the applications of this type can be di-

vided into three categories. First is an informal architectural description 
represented in the form of diagrams focused on functional decomposi-
tion aspects of the application, aimed at forming the whole application 
view, identifying core units and their interaction mechanisms (e.  g., 
informal textual and graphical languages, UML diagrams can be used). 
It’s good for a superficial understanding of how the application works, 
but not enough to provide data for precise analysis and estimation of 
the solutions.

The second class of methods is related to formal system description 
using rigorous mathematical formalisms such as FSM, Petri Nets, and 
their combinations. These methods are used to describe such systems 
and are intended to understand the structure of the processes in terms 
of states, transitions, activities, and interaction specific.

The third one is based on knowledge description. Its main goal is to 
glue together the different pieces of knowledge presented by the above 
models. It helps to understand the details of the process construction, 
primarily focusing on the structure of activities, their classification and 
dependencies, and on the questions of constructing and maintaining 
the processes.

All three sets of interrelated models allow to see different aspects 
of the solutions provided, forming a foundation for their estimation 
and comparison.

Thus, the result is a certain hierarchy of models starting with in-
formal analysis, from a mathematical point of view, and finishing with  
a detailed description of the activities-units of the processes. Activities-
units are described using rigorous description formalisms, which makes 
the foundation of the provided decision-support approach. Both the 
formal and informal models of CQRS with ES architectural variations 
are discussed in detail in Section 2.2.

2.1.3. Defining quality attributes (parameters)
The method of architectural solution evaluation should be based 

on project requirements analysis and preliminary solution assessment 
(i. e., the method cannot rely on real code-oriented metrics).

While software design can be defined as an activity in which soft-
ware requirements are analyzed to produce a description of the soft-
ware’s internal structure  [35], software architecture is the foundation 
of this design. The architecture offers a blueprint (e.  g., a set of pat-
terns, principles, processes) that guides developers in structuring and 
implementing software components efficiently, ensuring coherence and 
clarity in the overall application design [36]. The goal of software archi-
tecture is to increase the quality of software, predicting and mitigating 
the risks of issues as early as possible (at the design and development 
phase). The quality of software depends on the quality of architecture.

Architecture evaluation is a milestone in the decision-making pro-
cess, which aims at justifying the extent to which architecture design de-
cisions meet application’s quality requirements, considering operational 
uncertainties and changing requirements [25]. Different combinations 
of quality attributes are used to resolve this task. For example, in [37] 
evaluation process of monolith and microservice architectures con-
siders Coupling, Testability, Security, Complexity, Deployability, and 

Availability quality attributes. According to a survey presented in [25], 
most of the software architecture evaluation studies have addressed 
multiple quality attributes, e.  g., modifiability, portability, cost, etc.

The presented work focuses not on comparing different architec-
tures, as in [37], but on comparing variations of the CQRS with ES ar-
chitecture. This simplifies the task of identifying quality attributes. Most 
of the quality attributes used in other methods remain unchanged for 
variations within the same architectural approach. The two parameters 
that do vary when comparing architectural variations are Performance 
and Complexity (Modifiability) [38]. These parameters are selected as 
the quality attributes for applying the proposed method.

2.1.4. Evaluation method
The analytical methods of performance evaluation appropriate 

when the goal is to obtain approximate estimates for certain compo-
nents. The overall application performance assessment should pri-
marily be based on statistical data collected from the implementation 
of previous real applications. However, the systems can vary widely, 
being realized using different technological stacks and frameworks, 
according to the real tasks they solve, which can involve the correctness 
of estimation. Therefore, the best variant seemed to perform evalua-
tions using Representative Test Projects (RTP) [39] derived from real 
projects, considering different situations, including complex scenarios 
(e. g., transactions, chained API calls, etc.), i. e., RTP can serve as a test-
ing platform for the performance estimation.

The complexity of application implementation can be categorized 
into several key aspects: infrastructure complexity, component implemen-
tation complexity, and component maintenance/modification complexity.

The complexity of infrastructure depends on the tools (e. g., data-
bases or servers, frameworks) and third-party services necessary for 
application implementation and includes a wide range of activities such 
as acquiring, studying, deploying, etc. Assuming that the infrastructure 
for all the compared variations is nearly identical, this type of complex-
ity is disregarded in the evaluation.

For evaluating the complexity of component implementation and 
maintenance, there are two basic methodological categories. The first 
one includes methods for assessing already implemented compo-
nents (e. g., [40–44]). These methods can be used for collecting statistical 
data (based on code analysis and estimation of its complexity) and form-
ing typical functions and activities evaluation patterns. Another category 
focuses on estimating implementation complexity based on algorithm 
descriptions (e. g., in a form of diagrams or pseudo-code) and associated 
metadata (e. g., input/output parameters), for example, Object Points, 
Use-case Points [45] or Cognitive Functional Complexity [46].

However, the first category requires access to a large number of 
existing software applications based on different variations of CQRS 
with ES. The second approach requires the description of all functions, 
including their algorithms, at a certain level of abstraction. This require-
ment is difficult to implement in the context of real-world complex 
project development. At the beginning of the development process, all 
functions and their algorithms should be defined in advance.

It seems that a more effective way is to choose the optimal architec-
tural variation based on the use-cases analysis. Of course, the level of 
description is higher than pseudo-code, and the use-cases description is 
the cornerstone of the development. Use-case descriptions does not re-
quire extra time and effort as in the case of algorithms, but the number 
of use cases can be huge, and their descriptions could be ambiguous and 
imprecise. To resolve these issues, the following method is proposed. In 
the first step, the use-cases should be classified by the specific of tasks 
and their realization. In the second step, the obtained classes should 
be mapped onto process model activities-units for each variation of 
CQRS with ES architecture. Then the models could be evaluated ac-
cording to complexity and performance assessment criteria using the 
evaluation method.
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Therefore, the evaluation of the performance and complexity of 
architectural variations is connected to the creation and maintenance 
of RTP derived from the real projects, considering the experience of the 
developers. The performance estimation is based entirely on statistics 
gathered using RTP. The evaluation of the architectural variation com-
plexity is seemingly based on a combination of use cases estimation-
oriented analytical, and RTP-based statistical methods.

2.1.5. Method of choosing the appropriate variation
To select an architectural variation based on metrics of perfor-

mance and complexity obtained from evaluating variations and the 
requirements of the developed application, MCDA methods [47, 48], 
such as AHP or TOPSIS, can be used. It should be 
noted that these methods can also be applied based 
on expert judgment. However, in the case of compar-
ing architectural variations, the differences in qual-
ity attribute values may be extremely small. Under 
such conditions, it is very difficult for experts to pro-
vide an objective evaluation, which makes the result  
less accurate.

Describing application processes using the proposed 
mathematical model enables the collection of complex-
ity and performance metrics for architectural variations. 
Based on these metrics, along with application-specific 
data (such as the estimated number of command and 
query processes, read/write request ratio, etc.), evalu-
ation parameters are calculated and normalized  [49]. 

By applying the MCDA method with these parameters as input, an 
independence from a stakeholder assessment evaluation of architec-
tural variations can be obtained.

Thus, the decision-making approach can utilize various MCDA 
method algorithms, including custom algorithms, considering stake-
holder requirements. TOPSIS identifies the ideal solution and calcu-
lates the distance of each alternative from it. AHP evaluates each alter-
native relative to the others and establishes a hierarchy by giving the 
highest score to the best candidate. These two methods seemed to be 
well-suited for evaluating variations of the CQRS with ES architecture.

2.1.6. Examples and experiments
The main goal of the experimental part in this paper is to dem-

onstrate the proposed decision-making approach for basic variations 
of CQRS with ES, describing the details of evaluation and decision-
making specifics. Basic variations refer to those that address all major 
technical development issues. To make the assessment more illustrative, 
the selected variations are conceptually focused on different priorities –  
one maximizes software application performance, while the other mini-
mizes development complexity to ensure the fastest possible implemen-
tation. The specific of the experiment is described in Section 3.

2.2. Informal description of the pure CQRS with ES architecture
This section provides the conceptual view of the pure CQRS with 

ES architecture, considering the specific features of CQRS presented 
in [7] and in the repository with the typical project [50].

From an architectural point of view, the software application is 
composed of three basic subsystems: The Write Model (WMS), the 
Read Model (RMS) and the Notification Subsystem (NS). WMS is 
responsible for command processing. RMS is responsible for query 
processing. NS is the event-based middleware between WMS and RMS. 
The essence of the approach can be represented by the diagram shown 
in Fig. 2. The command is processed by the Write Model. As a result, 
the WMS generates a bunch of events that come to the NS. NS is re-
sponsible for delivering the events to all the subscribers, among which 
are Read Model Projections. In addition to listening to events from 
the Notification Subsystem and responding to them, the Read Model 

also handles data read queries (queries), returning a Data Transfer 
Object (DTO) to the client.

The Write Model Subsystem is responsible for processing write 
requests, which include request validation, command creation, and 
invocation of a command handler, followed by command processing.

Typical actions performed by the command handler during com-
mand processing include retrieving aggregate, using one or more repos-
itories, and calling a certain method of the aggregate to change its state. 
This method returns a set of events that should be applied to the current 
state of the aggregate in order to update it according to the instructions 
in the command. After that, the set of events is saved to the Event Store 
and posted to the Event Bus, i. e., passed to the Notification Subsystem.

The Notification Subsystem is a unit responsible for the delivery of 
the events published by command handlers of the Write Model to other 
subsystems and external environments (e. g., external services). It has 
its own gateway, which is called Event Bus, and a set of event handlers. 
Event handlers are responsible for the processing of events that ap-
peared as a result of processing the command.

The interaction between Event Bus and event handlers is based on 
the publisher-subscriber pattern [51]. Unlike command handlers, event 
handlers are subscribed to certain types of events published to the 
Event Bus. Among several types of event handlers, the most noteworthy 
one is the Projection event handlers.

Projections (derived views, persistent read models) are denormal-
ized, pre-calculated structural data representations that are specifically 
designed for efficient querying. The projections can be tailored to the 
specific needs of different read operations, improving the performance 
and responsiveness of the application. The process of converting (or ag-
gregating ) a stream of events into a Projection is called Projecting [52]. 
The implementation details of how the data is stored and accessed can 
vary according to the system’s requirements, conditions, etc. There seem 
to be two polar approaches: persistence-oriented with the use of SQL, 
NoSQL, cloud storages; in-memory store-oriented, which is rebuilt 
from local event stream whenever a server is rebooted. Of course, in 
reality, different hybrids of these approaches are used. Thus, the Projec-
tions can be thought of more as services rather than persistent storage, 
tables, or databases.

The state of the projections is updated by event handlers that 
are subscribed to events received through the Event Bus. The event 
handler receives an event and updates the corresponding projection 
to the next version.

While Projections are being updated, the Notification Service noti-
fies all clients about the update of the application’s state.

Read Model subsystem (RMS) is responsible for query process-
ing based on Projections. When the application receives a request 
to read data, the Query Handler requests data from the correspond-
ing repository, which retrieves pre-prepared data from one or many 
Projections. In rare cases, the handler can work with multiple projec-
tions, aggregating the results into a user-friendly format. However, for 

Fig. 2. Three basic subsystems and their interaction
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performance optimization, the data in projections is usually stored in  
a denormalized form, eliminating the need for querying multiple tables 
and performing additional data aggregation or calculations to achieve 
the expected result. Additionally, caching of data at the query level can 
also be implemented to improve the performance, considering that the 
cache is invalidated after the projection is updated by the event handler.

2.3. The variations of CQRS with ES approach
2.3.1. Pure CQRS with ES using event versioning
This method is a variation of pure CQRS in which event version-

ing is implemented. The introduction of event versioning addresses the 
inability to modify event types as the system evolves. Having versions 
of event types gives the ability to separate older events from the newest 
and process each of them in a different proper way. The other reasons for 
the necessity of event versioning are described in greater detail in [15].

Such an application presents several complexities in development 
and maintenance, which were discussed in greater detail earlier in 
the article. Nevertheless, the performance of write operations in this 
application is relatively high, provided the Event Store is populated 
with events at a comparatively low intensity. Challenges arise when the 
Event Store accumulates so many events that replaying them to build 
an aggregate instance that is not present in the cache or to rebuild  
a projection starts to take considerable time. As for the Undo operation, 
it can be implemented relatively easily in such an application by adding  
a reverse event to the Event Store and resetting the cache.

2.3.2.  CQRS with ES using snapshots with Event Store as 
a  Source of Truth

This approach represents a pure CQRS approach with the ap-
plication of all the standard solutions to its previously discussed issues. 
Hereafter, it will be referred to as the classical CQRS approach, which is 
commonly used in practice.

The implementation of such an application is more complex than the 
previous one, as it requires the development of a snapshot mechanism 
and introduces a new resource (a database for storing snapshots). In this 
variation, the snapshot is represented as a key-value pair or a record. The 
key is a combination of the aggregate ID and the snapshot version. The 
value is the aggregate, or even serialized aggregate, state at the specific 
moment in time. The generation of snapshots is based on various triggers, 
for example, after adding a certain number of events (reaching a threshold 
of the events window) or when the version of an event type changes.

The average performance of this application is slightly lower than 
the previous version during the initial stages, but proves advantageous 
once the Event Store accumulates a critical volume of events.

The Event Store remains the main source of data, which both Write 
and Read models rely on, and snapshots play only supporting roles, i. e., 
Event Store remains the Source of Truth.

2.3.3. CQRS with ES using snapshots with Snapshot database 
as a Source of Truth

This modification deviates from some principles of the classical 
approach: it violates the principle of events immutability, which means 
that events within the Event Store can be modified and even removed. 
It shifts the source of truth focus from the Event Store to the Snapshot 
Database and turning the Event Store into a system log. Thus, the con-
struction of aggregate or projections rebuild procedures is unable to 
rely on the Replay events mechanism.

The advantage of this variation consists in reducing development 
complexity and excluding the issues connected with events versioning 
and events modification. Due to the presence of a relational database, 
one of the most complex mechanisms of an event-sourced application 
becomes unnecessary. Snapshot creation checks are eliminated. In case 
of a version mismatch, the latest projection version can be retrieved 
with a single query to the relational database, and the same applies to 
rebuild migrations.

At first glance, this variation is very similar to the standard approach 
used in DDD: fetching the data from the latest snapshot version with 
on-the-fly transformation. However, the principles of the command and 
queries segregation, projections, and events storing mechanisms remain 
untouched, making possible the potential evolution of the software appli-
cation architecture towards classical CQRS with ES architectural solution.

In contrast to the previous method, the snapshot database in this 
approach closely resembles a relational database, although key-value 
storage with serialized aggregate state could also be used. 

The performance of this method is lower than that of the previous 
ones, as each modification request requires not only storing the event 
in the Event Store but also updating the snapshot.

2.3.4. Evolution Roadmap
Apart from the variations discussed in Sections 2.3.2 and 2.3.3, 

numerous other variations exist for the CQRS with ES architecture. 
For example, each of the two options can evolve into variations where 
a new event store is released with every change in event type versions. 
Variations with event archiving after snapshot creation and their reten-
tion in the event store. Other variations include mandatory synchroni-
zation between the relational database and the event store, as well as 
multi-storage solutions requiring synchronization (for instance, using 
MongoDB to store snapshots for aggregate reconstruction and SQL for 
storing snapshots for projections and analytics).

All these variations and relations between them form a set of evo-
lutionary branches – an evolutionary roadmap. An example of an evo-
lution roadmap for the CQRS with ES architecture is shown in Fig. 3.

Intuitively, the key approaches are 2.3.2 and 2.3.3, as they address 
most of the issues inherent in the baseline approach (2.3.1). Many other 
approaches can be achieved as an evolution from either 2.3.2 or 2.3.3.

 
Fig. 3. Evolution roadmap for CQRS with ES architecture
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The roadmap is presented as a graph, where the nodes represent 
various variations of the CQRS with ES architecture approaches, and 
the edges represent the complexity of transitioning from one approach 
to another. A potential solution for calculating the complexity of such 
transitions is discussed later in the article.

The roadmap is developed during the planning phase, which may 
occur before each iteration. It helps visualize possible paths for building 
and evolving the software application architecture, estimate the effort 
needed for reaching a specific evolution stage, as well as assess the risks 
associated with choosing a particular evolutionary branch.

2.4. Formal modelling of the CQRS with ES architecture
2.4.1. State-driven formal description using FSM and Petri Nets
While informal modeling is intended for conceptual understanding 

of the specifics of CQRS with ES architecture and its variations, for-
mal modeling provides the basis for precise analysis and estimation of  
the solutions.

Firstly, the comparison of different variations is based on formal 
descriptions of their processes, which requires a theoretical back-
ground allowing a comprehensive description of the applications un-
der consideration.

Secondly, during the design phase of a software application de-
velopment, such quantitative values can be derived from collected 
statistics from past projects. However, considering the uniqueness of 
each application, statistics may not provide accurate results. And it is 
better if such statistics are collected using a formal process description, 
which can provide a unification mechanism for different applications.

Therefore, it is necessary to explore the possibility of construct-
ing a formal model of the software application to enable theoretical 
parameter calculations.

However, there are no publicly available options for the formal 
modeling of CQRS with ES applications. But, considering the experi-
ence in various fields of systems engineering and research, the formal 
modeling of the CQRS with ES applications processes can be based 
on variations of FSM [53] and Petri Nets [54] formalisms. Thus, this 
paragraph describes an attempt to apply standard formal methods to 
model CQRS with ES architecture-based applications, discussing their 
benefits and flaws.

In the case of CQRS with ES, the process of command or query 
request handling can be divided into at least two processes (WMS, 
RMS) interacting using the Notification Subsystem based on the Pub-
Sub interaction pattern. The successful scenario of the WMS process is 
finishing with publishing events to the Notification subsystem. Then the 
processes of subscribed to the events receive the events from the Noti-
fication subsystem. Mainly, the subscribers are the processes of RMS, 
but there could also be processes responsible for different variants of 
notifications (Bounded Contexts, clients). It should also be considered 
that different processes can publish events of the same type (Fig. 4). For 
example, registering a patient with a hospitalization and adding a new 
hospitalization to an already existing patient produces the same event 
as registering a new hospitalization.

Thus, each process responsible for command request handling 
can be represented as a composition of at least two finite state ma-
chines (FSMs) interacted by the publisher-subscriber mediator (Noti-
fication service) [55, 56].

As a rule, to represent a reactive computer system, researchers use 
the hierarchical finite state machines (HFSMs) formalism. The con-
cept of hierarchical nesting for managing complexity was introduced 
in  [57]. Authors proposed an extension of FSMs called state charts, 
which allowed (though did not mandate) nesting of FSMs within 
states of other FSMs for the purpose of managing complexity through 
modularity. Such FSMs are now usually called hierarchical finite state 
machines  (HFSMs) and used as a tool in software modelling, being 
a standardized part of the Unified Modelling Language (UML) [58].
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Fig. 4. Conceptual view of the CQRS processes interaction

In the case of CQRS with ES, the process of command handling is 
not based on a reactive model. It is like a pipeline comprised of differ-
ent stages, each of which can be represented by different components 
connected to resources (services). From that point of view, HFSM 
formalism cannot be applied directly.

The most applicable variant is to use a recursive state machine (RSM) 
formalism, which is oriented to model control flow in typical sequen-
tial imperative processes with recursive procedure calls [59]. According 
to [60], RSM can be viewed as a variant of visual notations for HFSM, 
where concurrency is disallowed but recursion is allowed.

A recursive state machine consists of a set of component machines. 
Each component has a set of nodes (atomic states) and boxes (each of 
which is mapped to a component), a well-defined interface consisting of 
entry and exit nodes, and edges connecting nodes/boxes. An edge entering 
a box models the invocation of the component associated with the box, 
and an edge leaving a box corresponds to a return from that component.

Intuitively think of component state machines as procedures, and 
an edge entering a box at a given entry as invoking the procedure associ-
ated with the box with given argument values. Entry nodes are analo-
gous to arguments, while exit nodes model return. An edge cannot start 
from a call or an exit state and cannot end at a return or an entry state.

Based on [60–62], the following definitions can be provided.
Definition. Recursive state machine (RSM) A over a finite alpha-

bet Σ is given by a tuple A Ak1 , ,… , where each component state ma-
chine Ai consists of the following pieces N B Yi i i i, , , :�� �

–	 finite set of boxes Bi ;
–	 mapping Yi iB k: { , , }; 1…
–	 finite set of nodes N In En Ex Call Reti i i i i i� � � � �  partitioned into: 
internal nodes Ini , entry nodes Eni , exit nodes Exi, call nodes Call b e b B e Eni i Y bi

� � � � �{ , , }|  
Call b e b B e Eni i Y bi

� � � � �{ , , }| , return nodes Ret b x b B e Exi i Y bi
� � � � �{ , , };|  

–	 transition relation � i i i i i i iIn En t In Ex Call� � � � � �( Re ) .( )
There can also be defined a weight function � �i i D: � , where 

D , , , ,� � 0 1  is a semiring  [61], e.  g ., non-negative real numbers. 
� �,  – addition and multiplication operations, respectively, such that 
0 0� � � �a a a, 1 1� � � �a a a etc. As a rule, this function is used 
in weighted finite-state machines in which edges have weights. In the 
context of this study, the weight can be used to define the complexity 
of the transition.

Definition. A stack is a sequence of boxes S b br� �1 ,  where the 
first box denotes the top of the stack. ε  is the empty stack. The height  
of S is S r=  – the number of boxes. bS denotes a push operation, which 
means a push of b onto the stack S.

Definition. A configuration  of an RSM   is a tuple u S,  where  
u ∈ In ∪ En ∪ Ret is an internal, entry, or return node, and S is a stack. 
u NY bj
� � �1 1

, which means the case where the control is inside the  
module of node u, which was entered via box b1 from module A j1, which 
was entered via box b2 from a module A j2  and so on.
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Definition. Arrow ⇒ denotes a transition relation over configura-
tions and a weight function :⇒D, such that u S u S, ,� � �  with 
� u S u S v, , , �� �� � �  if and only if there exists a transition t i��  in   
with �i t v( )�  and one of the following holds:

–	 Internal transition: ��u Ini , t u u� �, , and S S� �;
–	 Call transition: � � � � �u e EnY bi

 for some box b Bi∈ ,  t u b e= , ,  
and � �S bS ;
–	 Return transition: � � �u b x Ri,  for some box b Bi∈  and exit 
node x ExY bi

� � � ,  t u x= , , and S bS� �.
It’s assumed that Call immediately enters the called module and  

a Return immediately returns to the calling module, i. e., the transition 
expenses in terms of time and resources are not suggested.

Definition. A computation of an RSM   is a sequence of configura-
tions � � �c cn1 , , , such that c ci i� �

*
1 for every 1� �i n. π is a computa-

tion from c1 to cn , which is denoted as � � �c cn1
* .

A computation � � �c cn1  is called non-decreasing if the stack 
height of every configuration of π  is at least as large as that of c1.

The weight of computation, according to [61], is defined as �� ��� � ��
�

�� �i
n

i ic c1
1

1, . 
�� ��� � ��

�
�� �i

n
i ic c1

1
1, .

For a set of computations Π, the weight is defined as �� ��� � ���� �� � . 
�� ��� � ���� �� � .

A computation that cannot be extended by any transition is called 
a halting computation.

For example, there is an RSM, which consists of three component 
machines A A Ex1 2, ,  (Fig. 5). Intuitively, this machine can be thought as a 
workflow management system (WFMS) logic that accepts a request σ  by 
the handler represented by A1 component-based machine. The request 
can be valid or invalid � � ��� �� �, , the validation logic is connected to a 
node e1. In result of actions connected to the entry e1 the transition edge is 
selected: transition to entry v of A2 machines, which denotes a service in 
case of a valid request ��; transition to entry ex of Ex machine is respon-
sible for handling an exception in case of an invalid request �� . A service 
represented by the A2 machine reacts to correct data passed from e1 node 
of A1 machine by passing the result of processing to one of two exit nodes: 
r – in the case of a success scenario, ex – in the case of an exception. After 
the finishing of request handling by the A2 – the result is passed from r exit 
node of A2 to the t exit node of A1 or from ex exit node of A2 to ex entry 
node of the Ex machine. The result of Ex machine is passed from z exit 
node of Ex machine to the terminal node t of A1.

The success scenario of valid request handling can be described 
as follows

e v b b r t1 1 1, , , , , .� � �� � �

In case of exception occurs while handling the request in A2, the 
flow is

e v b b ex ex b b z t1 1 2 2 2, , , , , , , , .� � � �� � � � �

Firstly, it is notable that the specifics of handling the input request 
or intermediate data that appeared during transition is hidden within 
the nodes which correlates to HFSM representation with OnEntry and 
OnExit logic connected to each state. Thus, the logic and its complexity, 
response/request, resources needed to realize a step of computation is 
not declared explicitly. 

Secondly, the machine accepting the input request could be used 
to describe a service composed of several handlers instead of only one. 
In this case, A1 machine will have a set of entry nodes and a set of exit 
nodes, respectively, each entry node per request type.

Thirdly, RSM is formalism to model serial computation, which 
can be used to describe specific data processing by the WMS, NS, and 
RMS, but cannot show their integration based on the pub-sub pattern.

In paper  [63] authors define the process as a scalable state ma-
chine  (SSM) and use Petri Nets for several SSMs integration. SSM 
formalism is similar to recursive state machines shifting focus in case of 
handling request logic from OnEntry, OnExit nodes to arcs-activities 
enabling their representation by another FSM. A significant feature of 
the approach is that the description is based on the semantic equiva-
lence of two different state machines seen at different levels of detail, 
which allows their comparison. Formally, SSM is defined as follows.

Definition. A scalable state machine (SSM) Σ is a finite state ma-
chine S s S A Tsrc dst, , , :,� �

–	 S – the set of all states;
–	 s Ssrc∈  – the source state, or entry state;
–	 S Sdst ⊆  – the set of destination states, or exit states;
–	 A – the set of activities;
–	 T : S × A → S – the state-transition function.
According to [63], the activity is defined as a tuple (role, action), 

where the role identifies a user or software agent responsible for real-
izing the action (i. e., execution of a task) which produces a deliverable, 
such as a document or a piece of software.

The action of the WMS state machine produces an output in the 
form of object, aggregate, and/or events using some resources such as 
services, repositories, databases etc. Considering this specific the defini-
tion of activity can be represented as follows.

Unfortunately, the authors provided a simple variant of machines 
integration which cannot be applied to model the integration of CQRS 
modules. The definition of the activity as a tuple (role, action) and com-
ponent machine as a machine with exactly one source state and one desti-
nation state also could not be used directly to model CQRS based system.

Let’s provide basic definitions:
Definition. An activity α ∈ A is a tuple defined as (resources, func-

tion), where the resources labels a set of resources used to realize the 
function (i. e., execution of a task), producing an intermediate or final 
result in a form of an object, aggregate of entities or event, or their 
composition.

Definition. A component scalable state machine CSSM is a scal-
able state machine with exactly one source state s Ssrc∈  and exactly one 
destination state s Sdst∈ .

Definition. A SSM Σ ( , , ), ,S s S A Tsrc dst  is semantically equivalent to 
another scalable state machine Σ′ where the transition t s s Tsrc

t t
dst
t� �( , , )�  

has been replaced by a CSSM K S s s A TK
src
K

dst
K K K= ( , , , , ) if and only if the 

following conditions hold:
–	 Source and destination states, respectively, are identical for the 
CSSM Κ and the transition t it replaces s s s ssrc

K
src
t

dst
K

dst
t= =, .

–	 A meaningful overall resources r K  and a meaningful overall func-
tion aK  of the CSSM Κ that corresponds respectively to the re
sources r t  and action at  in the activity � � ( , )r at t  can be defined.
This definition of SSMs’ equivalency is very important for compar-

ing different variations of CQRS. It allows to define an abstract CQRS 
system module (WMS, RMS) with a cer-
tain number of common states which can 
be applied to all the variations and substi-
tute the transitions between the states by 
the CSSMs. And comparing the variations 
of CQRS realizations in that case will be 
reduced to comparing the CSSMs.

It is also important to explicitly define 
the notion of a deliverable produced as an  
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Fig. 5. An example of a simple RSM model of WFMS flow
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action result. It can be seen that the result, as well as the intermediate 
request that appeared when the transition occurred, are not explicitly 
described in RSM and SSM models. In the RSM case that requests 
and results are the elements of alphabet Σ, but the "request – response" 
transformations are not defined.

Thus, the transition from s  to ′s  can be defined as a relation 
s x y a s, , , , �� �, considering that activity is a composition of action, which 

is focused on what should be done and resources focused on how it 
should be done. In this work the following notation is used s sx y

a
/ ,� �� �  

to represent the relation s x y a s, , , , ,�� �  where x – the request and y – the 
response-result of transition.

In such a way, the transition can be intuitively accepted as an inter-
face s x y s, , , �� � which allows to use different realizations of the activity a,  
i. e., its realization by the different CSSMs.

It also correlates with Petri Nets (place/transition nets or P/T nets), 
which are well-suited to represent complex discrete event processes. 
Formally, a Petri Net is defined as a triple P T F, ,� � [64]:

–	 P – a finite set of places, containers (denoted by ○), which con-
tain the tokens (denoted by •);
–	 T – a finite set of transitions-actions (P T� ��), denoted by ;
–	 F P T T P� �� �� �� � – a set of arcs (flow relation).
If a sufficient number of tokens are contained in place-container, 

an action is triggered. After firing an action, the tokens that helped to 
fire this action are removed, and some new tokens are generated. Thus,  
a place can be intuitively thought of as a container or a multi-set allow-
ing multiple copies of the same value or a queue.

A place p is called an input place of a transition t if there exists a 
directed arc from p to t. Place p is called an output place of transition t 
if there exists a directed arc from t to p. Formally, for any node

x P T� � , � � � ��x y y x F{ | , }  and x y x y F�� � ��{ | , }.

The state S (also known as marking ) of the net is the distribution of 
tokens over places, i. e., S P: → . Formally, a marking S, usually denoted 
by vector ( ) P . For example, the state with one token in place p1 two 
tokens in p2, one token in p3, and no tokens in p4 can be represented by 
a vector 1 2 1 0, , ,  or the following poset: p p p p1 2 3 41 2 1 0, , , , , , , .� � � � � � � �

In case of CQRS, this formalism is very useful to describe the asyn-
chronous processing by the module comprised of autonomous stages 
connected with queues, the number of tokens within the queue is the 
number of messages-objects to process. It can be used to assess the load 
on the module.

The module can be interpreted as a system function connected 
to a certain use case or a generic pipeline that is purposed to handle 
requests of several types.

The comparison of states in accordance with  [64] is defined 
using partial ordering. For any two states S1 and S2, S S1 2≤  if for all 
p P S p S p� � �� � �: 1 2 .

S St
1 2��  denotes the situation when the module goes from S1 to S2 

after transition t occurred.
A state Sn is called reachable from S1 (notation S Sn1 →

* ) if there is  
a firing sequence � � � �t t t tn1 2 3 1  such that S Sn1

���� , where the firing 
of a transition removes tokens from its input place and adds tokens to 
its output place.

The classical Petri net is limited to describing complex systems, 
e. g., they do not allow for the modeling of data. To solve these prob-
lems, some extensions such as Colored Petri net to model data have 
been proposed. For example: the extension with color to model data, 
and the extension with hierarchy to structure large mode.

Colored Petri nets (CPNs)  [65] is an extension of the classical 
model with typed or colored tokens. Thus, each place is described by 
two required attributes: its name and type. According to  [66], CPNs 
are ordinary Petri Nets with the strengths of a high-level functional 
programming language called CPN ML. Tokens can be coded as data 

values of a rich set of types (called color sets), and arc inscriptions can 
be computed expressions.

To handle the complexity of a network, Hierarchical Petri Nets 
with a subnet construct can be used [67, 68]. A subnet is an aggregate of 
several places, transitions, and subsystems. At first level it gives a simple 
description of the process specifying more detailed behavior at other 
levels like HFSM.

Definition. A P/T net is called a workflow net (WF-net) if [64, 69]:
–	 there is one source place in P∈  and one sink place out P∈ , • in = 
= out• = ∅;
–	 if a transition t *  is added to P/T net which connects place out 
with in (i. e., � �t out* { } and t in* { }� � ), then the resulting Petri net is 
strongly connected, which means for every pair of nodes (i. e., places 
and transitions) x and y, there is a path leading from x to y.
The extension with color can be used to model workflow attributes, 

which provide a specific piece of information used for the routing of  
a case. The examples of workflow attributes are the age of the complain-
ant, the department responsible for the complaint, or the registration date.

Petri Nets is an activity-centered formalism [70, 71], but it is pri-
marily focused on flow analysis without analyzing transition specific: 
the resources used, the complexity of the transition, etc.

From that point of view, each transition can be represented as an 
RSM that accepts a command from the place-queue and posts the result 
to the output place-queue. Thus, it can be considered a pipeline com-
prised of RSM or SSM machines.

However, it cannot be used to describe the integration of mod-
ules (WMS, RMS) based on the publisher-subscriber pattern. There 
are several works devoted to describing the pub-sub pattern and its 
specifics. For example, in  [72], authors describe the use of the Sym-
metric Petri Net Model of Generic Publish-Subscribe Systems applied 
to business process conformance checking, in [73], authors propose to 
use Predicate/Transition nets (PrT nets) [74] more generalized version 
of Petri Nets for analyzing Publisher Subscribe Architecture. The [75] 
describes a solution to causal event processing issues that arise in CQRS 
architecture applications.

For this study, it is not important how exactly the interaction based 
on the publisher-subscriber pattern would be realized, because the 
problems are not connected with its structure.

Thus, taking into account different facets of the CQRS architecture 
described by RSM, SSM and Petri Nets models, it can be concluded 
that the CQRS system as a composition of WMS and RMS subsys-
tems interacting via Pub-Sub NS. Each subsystem comprises several  
RSM-SSM based modules-stages the compositions of which can be 
seen as transitions in terms of Petri Nets. These transitions are con-
nected with message queues (i. e., Petri Net places).

2.4.2. Knowledge representation model
Modeling the application using different formalisms is effective be-

cause it provides a way to look at the different aspects of the application 
from different angles. But it is not convenient for the complexity analy-
sis of the development or modification process this work is devoted to.  
Thus, an activity-centric CQRS application development process 
knowledge representation without losing connection to the models 
mentioned above is provided. The main idea is that the structure and 
complexity of the development process correlate with the structure 
and complexity of the function realization, i. e., the process of handling 
a request, which consists of several phases connected to different com-
ponents developed by the development process.

The class of processes is connected to a certain class of use cases. 
At a high level of abstraction, all the use cases, and consequently the 
processes responsible for their handling, can be divided into two basic 
categories: write-oriented (including support-oriented use cases such as 
projection rebuilt), read-oriented use cases. These categories may also 
contain sub-categories, which can be divided into classes, etc.
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The basic categories can be described by the two knowledge rep-
resentation models, forming two basic architectural patterns (in the 
scope of CQRS with ES). Both categories of processes are comprised of 
activities and may result in exceptions, but write-oriented processes, in 
the case of successful handling, end processing with events publishing 
(i. e., the result of the command handling is a set of notifications), while 
the read-oriented processes results are responses represented by data 
transfer objects without events generation and publishing.

This statement can be formally represented as follows

U P U U P PW W W W, , , ,� � 	 (1)

where U – the whole set of use cases; P – the whole set of processes; 
UW  – the set of write-oriented use cases; PW  – the set of write-oriented 
processes.

At the high abstraction level, CQRS write-oriented function can be 
described as a process triggered by the request, which as a result pro-
vides a set of published events, while read-oriented function results in 
a conventional response without publishing any events, both function 
types can lead to exceptions.

By analogy with RSM [60], a process can be represented as a sequence 
of multiple activities. Each activity can represent either an atomic (node) or 
a complex functional component (box), accompanied by a context consist-
ing of input, output, and auxiliary data. The characteristic feature of such 
processes is their similarity: that is, a generalized process frame [76] can be 
represented, consisting of a sequence of typical activities-slots. In general 
form, the set of write-oriented processes can be formally written as follows

P A Rq IE ExW W A W W W� �� �� �, , , , ,	 (2)

where A AW op⊆  – a set of activities of write-oriented operations, while Aop 
is the total set of activities; Rq RqW op⊆  – a set of write-oriented requests 
of operations; IE IEW op⊆  – a set of write-oriented integration events of 
operations; Ex ExW op⊆  – a set of write-oriented exceptions of operations.

P A Rq Rp ExR R A R R R� �� �� �, , , , ,

where A AR op⊆  – a set of activities of read-oriented operations, while 
Aop – total set of activities; Rq RqR op⊆  – a set of read-oriented requests 
of operations; Rp RpR op⊆  – a set of read-oriented responses of opera-
tions; Ex ExR op⊆  – a set of read-oriented exceptions of operations.

Each process from the subset Pop  can be represented as an instance 
of this frame. Thus, for any process p Pi op∈ , the ordered set of activities 
( , )Ai A<  will be a subset of ( , )Aop A< , such that A A A Aop n� �1 2, , ,  and 
p A a a ai op n. , , ,� �1 2 , where the notation p Ai op.  represents the poset of 
activities of the i-th process, a A a A a An n1 1 2 2� � � �, , , . If A A An1 2, , ,…  are 
tuples, and the index of an element in each corresponds to the index of the 
process, then it holds that

p A A A Ai op i i i n. ( ), ( ), , ( ) .� �� � �1 2

This definition resembles the concept of a relation schema in Codd’s 
relational algebra but differs in that the order of activities is important, 
and the type of components may be complex. It also resembles the logic 
of processes, described as a path of states in [77]. But, in our opinion, the 
logic of processes is more general and does not allow for a sufficiently 
complete description of the architecture under consideration.

Based on formulas (1) and (2) a description of a specific process pi 
corresponding to the system function ui can be represented as:

u p U P u U p Pi i op op i op i, , , , ,∈ ∈ ∈

p p A Rq IE Exi i op A i i i� �� �� �. , , , , ,

p A A IE IE Rq Rq Ex Exi op op i op i op i op. , , , .⊆ ⊆ ⊆ ⊆

In this case, activities are a broader concept than in the descrip-
tion using scalable state machines [63]. An activity is a container that 
includes the description of a software function, as well as various core 
and auxiliary resources, components, and characteristics associated 
with it. From this perspective, activities resemble pipeline stages, and 
this allows for the adaptation of the process to an asynchronous request 
processing model by establishing queues between stages and refining 
the response return mechanism.

It is important to note that the function of an activity is partial, and 
its execution may be associated with side effects, specifically exceptions. 
Therefore, the minimal description of an activity should include: the 
function, types of input data, types of output data (including events), 
and the set of possible exceptions. A formal representation of an activ-
ity (a Ai∈ ) can be its description as a relation (tuple), which represents 
the relation of components of different types. It should also be noted 
that upon completion of an activity, the process is in one of the states, 
which corresponds to the process description using Process Logic [77].

In type theory and relational algebra, each tuple has a product type 
that fixes the underlying types of each component (called domains in 
relational algebra)

a c c c C C Cn n� �� � � ���1 2 1 2, , , : .	 (3)

Otherwise, a tuple can be represented as an ordered set of projec-
tions onto domain-types, which can be represented as

a a C a C a Cn n� � � � � � � �� �� � �1 1 2 2: , : , , : .

Thus, the activities of the i-th process ( . , )p Ai op A<  are represented 
as a poset of tuples that has a corresponding structure, which aligns 
with the concept of a relation in relational algebra. This poset can eas-
ily be represented using Petri nets  [64] or as a path (directed acyclic 
graph), as shown in [77], but with vertices being tuples that describe 
the structural and functional characteristics of the activity. The case of 
representing a set of activities as a cyclic, branched, directed graph is 
not considered in this work, as it does not correspond to the architec-
ture under consideration.

It is important to note that the structure of the tuple, i. e., the types 
of tuple components, will be common for the activities of all processes. 
That is, the structure Aop is represented as a frame-schema, with each 
of its slots linked to a specific type of component. Formally, this can be 
written as

� � � �� � � ���a p A a c c c C C Cj i op j k k. . , , : ,1 2 1 2

where C C C xk1 2, , ,� �  – the types of slot-components describing the 
activity, and x  – the set of all possible component types. The types of 
slots can be represented as sets of all possible values associated with this 
slot (similar to formula (3)).

Slots may vary, and the structure of the frame describing the activ-
ity can change. However, the root (mandatory) slots for the software 
application are the slots for input, output data, and exceptions, which 
describe the contract, and the function slots associated with the trans-
formation algorithm.

Here, it is important to emphasize again the distinction between  
a function and an activity. An activity serves to describe the features of 
the transformation contract, but it does not describe the transformation 
mechanism itself. It can be compared to a process descriptor, a frame that 
describes the knowledge about the transformation, the necessary resources 
for the transformation to occur, but does not describe the algorithm of the 
transformation, which is the prerogative of the function. Some compo-
nents of the activity may describe architectural features of the function, 
such as the layer, class, or method in which the function resides, i. e., having 
no direct relation to the arguments or results of the function.
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Let’s define the set of operations for working with processes and 
activities within the framework of the considered model:

–	 сreating a process: Defining its input, output, and auxiliary pa-
rameters;
–	 modifying a process: Changing its input, output, or auxiliary pa-
rameters;
–	 adding an activity: Inserting a new activity into the set of activi-
ties that describe the process;
–	 modifying an activity: Modifying the parameters of a specific ac-
tivity;
–	 removing an activity: Deleting an activity from the set of activi-
ties that describe the process;
–	 decomposing activities into sub-activities: Similar to "unfolding 
boxes" in RSM and using CSM as part of SSM.
When performing all of these operations, the activities sequence 

consistency rule must be followed. Based on the definition of an activ-
ity, a tuple can contain many optional parameters, but it must always 
contain a descriptor of the function ( fij), as well as the input and output 
data ( ).,In Outij ij  By analogy with transition replacement conditions from 
SSM to CSM [63], the consistency rule intuitively states that for activi-
ties to be linked sequentially, the type of outgoing data of the preceding 
activity must match the type of incoming data of the subsequent activity.

Mathematically, this can be described as the existence of a mandato-
ry meet between adjacent activities, a aij ij� �1, which occurs if the output 
type of the preceding function Outij (the codomain of the function fij)  
matches the input type of the following function Inij  (the domain of the 
function fij+1). This can be formally written as follows

S a S a Out T In Tij ij ij k ij k� �� � �( ), : , : ,1 1if

where S a� �  denotes the set of values in an ordered tuple.
Alternatively, if the activities are adjacent, and the argument of the 

subsequent activity and the result of the preceding activity are repre-
sented by the types Tk  and Tl , then these data types must be equal

if thenOut T In T S a S a T Tij l ij k ij ij l k: , : ( ) ( ), .� �� � �1 1

This set of operations and the activities sequence consistency rule 
allows to create and manipulate processes within a software application.

Now, let’s confine the types of processes appropriate to the scope 
of this article. Since the systems under consideration do not provide  
a generative response form, only processes with the following scenarios 
are considered:

–	 basic-successful scenario, which is executed when the final activ-
ity, which is the supremum of the activities poset, returns as a result 
a tuple (rp IEi i, ) consisting of a response and, in the case of a com-
mand pattern (Pc), a set of integration events;
–	 alternative scenario, which leads to the generation of an exception 
during the execution phase in one of the activities in the sequence Ai.  
In this case, not all activities will participate in the processing. While 
this scenario cannot be ignored when describing software applica-
tion processes, it does not affect the calculation of process parameters 
in this article

p rq
p rq A rq IE

ex f Ai i
i i f i i i

ip ik f i

� � � � � � �� � � � �
� � �

� , sup , ,

,

if

if

�

� �� � �

�
�
�

�� . : .f In ex Exik ik ip i

It should be noted that the basic-successful scenario of process exe-
cution represents a composition of activities (functions with associated 
components), which, according to [77], corresponds to the operation of 
concatenation. This composition is applied to process the request and 
generate a result in the form of a response and a set of events

p rq a a a rq rq IEi i im im i i i i
�

�� � � �� �� � � � �  1 1 , .

However, while representing activities as a poset of tuples provides  
a formal description of the process, it does not allow for a clear evaluation 
of process parameters. To analyze specific parameters of the process, such 
as performance or complexity, let’s identify the components of activities.

To extract the components, the projection operation from relational 
algebra can be used on a specific type of tuple components associated 
with the activity. Consider the following example:

–	 Let S be defined as a poset of tuples

S x y x y x y x X y Y nn n i i� � � � � � � � � � �1 1 2 2, , , , , , , , , .

–	 Then, the projection on type X of S is expressed as

� X n iS x x x x X n� � � � � �1 2, , , , .

Using a modified join operation by the ordinal key of elements 
in the sequence, the projections can be merged, yielding the follow-
ing equality

x x x y y y x y x y x y
S x X y Y

n n n n

i i

1 2 1 2 1 1 2 2, , , , , , , , ,
, ,

� � � � � � � �� � �
� � �

��
,, n�.

Thus, the ordered set of relations describing the process can be 
represented as the join of projections of relations using the modified 
join operation

p A A A Ai op x i x i x in
. .� � � � � � � �� � �

1 2
�� �� ��

To evaluate any parameter of a process related to a domain ax xj∈ , 
an evaluation function ϕax j

 can be used. The evaluation function takes 
a set of qualitative assessments of a parameter for each process activity 
and returns a quantitative assessment of this parameter for the entire 
process, which can be described as

� �ax ax i op jj j
S p A ax x: . , ,� � �� �� �   	 (4)

where �S p Aax i opj
( . )( )�  – represents the union of subsets formed by the 

elements of the projection.
It is assumed that the subsets, which can be elements of the set 

formed from the projection, contain elements belonging only to a single 
domain. For example, for the activities of process A a ai i ik= 1 , , the projec-
tion � R i a b c a bA r r r r r( ) { , , },{ , }�  and � �S A r rR i a b( ( )) { , }.�  Thus, the evalua-
tion function � � �R R i R a bS A r r( ( ) ) ( )( ) { , } .� �

Thus, the formal model for describing a typical process of an archi-
tectural approach provides an opportunity to obtain an objective formal 
representation of knowledge about software application processes and 
enables the calculation of various process parameters at the design stage 
of software application development. These parameters can be used as 
input data for MCDA methods and subsequent decision-making on 
the selection of an architectural strategy. Since activity parameters can 
represent not only calculated values for individual implementations 
but also statistical values derived from corresponding activities across 
multiple typical software applications, this ensures greater objectivity 
in the comparison.

Another application of formula (4) is the calculation of the distance 
between variations of CQRS with ES architectures (Fig.  3). In this 
context, distance refers to the similarity between two variations, the 
complexity of transitioning from the source approach to the target one. 
Each variation can be represented as a set of processes. The distance 
from one variation to another is equal to the sum of the transition com-
plexities of all processes within the software application.

Distance assessment comes down to comparing the activities of 
the compared processes. Some of the activities can be considered of the 
same type, they could be called matched activities. For activities that 
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don’t match (i.e., those that need to be added or removed), the complex-
ity of addition/removal is calculated. Matched activities can either be 
identical or require modification. Identical activities are excluded from 
the complexity assessment. To evaluate the complexity of modifying 
matched activities, they are further divided into sub-activities until all 
activities are identical, intended to be removed or added.

Thus, similarly to  [78], the process transition complexity (ωpi
) 

could be calculated as the sum of the complexities of adding new ac-
tivities and removing activities that are no longer needed in the new 
architectural variation of the system. The qualitative parameter used to 
assess the complexity of adding or removing activities is a certain rep-
resentation of the activity’s algorithm π Alg  (e. g., in the form of pseudo-
code, flowcharts, etc.)

� � � � �p adding new removing removei
S A S A

A

� � � �� �� �� � � �� �� �Alg Alg ,

nnew i op remove i opp A A p A x� � �. , . , ,Alg  	 (5)

where ϕadding  – an evaluation function that calculates the complexity of 
adding activities; ϕremoving  – an evaluation function that calculates the 
complexity of removing activities; Anew – a set of activities that should be 
added to the target process; Aremove – a set of activities that should be re-
moved from the target process; π Alg  – a collection of activity algorithms 
used as the basis for calculating the operation’s complexity.

The total transition complexity (ω) is defined as the cumulative 
sum of individual process transition complexities. While the complex-
ity associated with migrating multiple processes of the same type may 
decrease over time as the developer gains experience, this reduction 
typically converges toward a saturation threshold. The saturation-level 
complexity, which reflects the steady-state efficiency of a skilled devel-
oper, is generally lower than the upper-bound complexity values used 
in this study. However, given the presence of numerous additional risk 
factors and uncertainties not captured in this complexity model, the 
upper-bound estimates are used to ensure robust planning

� �� ��
i

p pc
i i

, 	 (6)

where c pi  – the number of processes of a certain type in the considered 
software application.

3. Results and Discussion

3.1. System Parameters for Experimentation
This section aimed is to demonstrate the application of the pro-

posed approach. As an example, an RTP for which the CQRS with ES 
architecture has been chosen can be considered. The process of deter-
mining the applicability of the classical CQRS (alias for option 2.3.2) 
and mCQRS (alias for option 2.3.3) variations to the RTP under dif-
ferent conditions is described. These variations were chosen because:

1)  they both address most of the issues inherent in the baseline 
approach (2.3.1);

2) they have different priorities (one maximizes software applica-
tion performance, while the other minimizes development complexity 
to ensure the fastest possible implementation), making the assessment 
more illustrative.

Additionally, an example of calculating the distances between the 
examined variations for the evolution roadmap of the RTP is provided.

Thus, the experiment consists of the following stages:
–	 defining RTP parameters;
–	 formal description of typical processes for the proposed variations;
–	 evaluation of parameters for typical processes of the considered 
variations;
–	 application of the MCDA method to an application under vari-
ous conditions, using measured process parameters;

–	 calculation of distances and creating the software application 
evolution roadmap;
–	 application parameters for experimentation.
Let’s determine the parameters of the application on which the 

experiment is conducted. These parameters include the number of pro-
cesses required before the first release, as well as the ratio of new pro-
cess additions to modifications of existing processes during subsequent 
stages of development. These parameters are defined as fixed values 
based on statistical data collected from real projects (e. g., DBB Soft-
ware projects). Based on the statistics, the MVP version of the project 
includes 41 command processes and 19 query processes on average. Af-
ter the release of the MVP version, it is assumed that tasks for modifying 
existing functionality and adding new features are evenly distributed.

3.2. Formal description of typical processes
This section focuses on the preparation of source data for parame

ters calculation. It includes the description of algorithms for applica-
tions based on each variation and the creation of RTPs for basic archi-
tectural variations. Algorithms are used to compute complexity. RTPs 
enable the measurement of performance metrics.

The highest level of abstraction for describing functionality at the 
system level is a use case. Use case describes the basic and alternative 
scenarios of actor-system interactions connected to a certain system 
function  [79]. The use cases in accordance with the CQRS with ES 
approach can be divided into two basic types: read-oriented queries 
and write-oriented commands. The write and read-oriented requests 
are handled by the processes which can be described by the models us-
ing the proposed modelling approach for each architectural variation, 
considering the most complex (pessimistic) variant of the task (i.  e., 
the variant of the process is intended to cover all the variants, involves 
all possible activities). It is worth noting that while the activities of the 
compared processes realize the same contracts (i.  e., responsible for 
the same functionality of the process), which provide the basis for their 
comparison, their realizations could be different. For the processes 
divided into activities, complexity parameters can be calculated using 
selected evaluation methods (Section 2.1.4). Given the known number 
of processes of each type within the application, these parameters are 
then used to derive the overall characteristics of architectural variation.

Let’s describe the two main processes (command processing and 
query processing ) for a software application based on the classical 
CQRS architecture and mCQRS. This provides a comprehensive view 
of the software application and allows for an objective operation with 
knowledge about it.

For the RTP, it is proposed to account for two classes of use cases: 
command use cases (Uc) and query use cases (Uq). Uc, Uq ⊂ U. These 
types of use cases correspond to process types Pc, Pq ⊂ P. To formally 
describe the processes using the mathematical model proposed in Sec-
tion 2.4.2, the most comprehensive process of each type is decomposed 
into its constituent activities. Some processes may belong to a certain 
type but lack the full set of activities (e. g., in some cases, the unneces-
sary command validation step may be skipped). However, for the 
formal description of a typical process, the complete set of activities is 
used. This approach allows to calculate the maximum complexity value 
for a typical process.

Thus, the process handling a write operation (command) can be 
formally represented as follows

� � � �� ��
� � �
p P P P p Ai c c CQRS i j A, | . ,

,Create command Validate commandd Route command

Fetch aggregate CQRS Update aggregate s

� � � �
� �

, ,

, ' sstate

Save aggregate CQRS Dispatch events Route event
� �

� � � � � �
,

, , ,,

, .Handle update projection event CQRS Notify client� � � �
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Round brackets denote the activity slot. The structure of the activ-
ity depends on the application’s architectural specific. The information 
required to perform the evaluations:

–	 in – input data of the activity;
–	 out – output data which is produced by the activity;
–	 description of the activity’s functionality (Algorithm).

� � � �� ��
� � �
p P P P p Ai c c mCQRS i j A, | . ,

,Create command Validate commannd

Route command Fetch aggregate mCQRS

Update aggregate

� �
� � � �

,

, ,

''s state Apply event onto aggregate

Save aggregate mCQRS
� � � �
� �

, ,

, DDispatch events Route event

Handle update projection event

� � � �, ,

mmCQRS Notify client� � � �, .

The process of a read operation (query)

� � � �� ��
� � � � �
p P P P p Ai q q i j A, | . ,

, ,Create request Validate query Fettch projection from DB

Map projection to DTO Return DTO

� �
� � � �

,

, .

3.3. Evaluation of parameters for typical processes
3.3.1. Complexity metrics
The complexity of an activity is the combined complexity of its 

functionality and the infrastructure that allows its implementation. 
In this case, the infrastructure for all the compared activities is nearly 
identical, except for the projection snapshot and aggregate snapshot 
databases. These resources exist in the classical CQRS approach and 
are described as parts of a common snapshot database in the mCQRS 
one. Therefore, the complexity of the infrastructure can be disregarded 
in the evaluation.

There are various methods for evaluating the complexity of soft-
ware functional components, and some of them may show that one op-
tion is simpler, while others might indicate the opposite. Since the mod-
ification presented in this work is intended to simplify the development 
and maintenance of applications based on CQRS with Event Sourcing 
architecture, it is appropriate to compare the cognitive complexity of 
the algorithm, i. e., how difficult it is for a human to comprehend. Both 
the development complexity of the process and the complexity of its 
modification should be considered.

To obtain the most objective assessment of complexity for an 
activity, it should be calculated based on statistics. There are tools 
available for automatically evaluating the complexity of software code. 
For a variety of existing typical applications, the complexity of indi-
vidual components corresponding to the activities in the process de-
scription template can be assessed. The more accumulated statistics, 
the more accurate the evaluation will be. Due to the lack of access to 
a  large number of existing software applications based on the classi-
cal CQRS architecture and its mCQRS modification, it is suggested 

to conduct the evaluation using the RTP and Use Case flowcharts of 
typical functions.

CQRS with ES based applications typically decompose logic into 
multiple thin layers, each responsible for a specific concern. While 
this decomposition facilitates better code organization and maintain-
ability, it also imposes additional cognitive load on developers during 
implementation. Accordingly, process development complexity in 
such applications can be decomposed into two distinct components: 
design complexity, which pertains to the allocation of responsibilities 
across architectural layers, and realization complexity, which reflects 
the actual coding effort.

It is important to note that code segments implementing complex 
business logic are not considered in this evaluation, as they are typically 
unique to each application. Such segments contribute to the overall ap-
plication complexity rather than reflecting the complexity introduced 
by a particular architectural variation.

The algorithm for computing the implementation and modifica-
tion complexity of CQRS with ES architectural variation processes is 
presented in Fig. 6.

In this experiment, design complexity is estimated using the Cog-
nitive Functional Complexity method  [46], applied to representative 
use-case flowcharts. This technique quantifies the mental effort re-
quired by developers by assigning cognitive weights to Basic Control 
Structures (parts of the flowchart) within the flowcharts. The resulting 
complexity is computed using formula (7) and expressed in Cognitive 
Weight Units (CWU)

S N N Wf i o
i

l

i� �� ��
�
�

1

,	 (7)

where Ni – number of input arguments; No – number of output argu-
ments; Wi – the weight of the i-th basic control structure; l – number of 
basic control structures in the flowchart.

Attachment 1 in  [80] provides a calculation of Cognitive Func-
tional Complexity for all activities (Tables  2–4) using formula (7). 
The complexity parameters of Quer y and Command processes 
for the software application are calculated using formula (4). The 
evaluation function takes a set of flowcharts representing the activ-
ity algorithms, assesses each of them using the Cognitive Functional 
Complexity method, and returns their sum. The evaluation results 
for each flowchart, along with the overall assessments, are presented  
in Table 5.

To assess realization complexity, the McCabe’s Cyclomatic Com-
plexity metric was adopted. This metric quantifies the number of 
linearly independent execution paths within a program module and 
serves as an established indicator of code structural complexity

CC E N P� � �2 ,	 (8)

where E is the number of edges in the graph; N is the number of nodes 
in the graph; P is the number of connected components.

 Fig. 6. The algorithm for estimating implementation and modification complexity of processes
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Table 2

Command process for CQRS

Activity Description In Out

Create command Receive a mutation request and transform it into a command req command

Validate command Validate the command type and properties command command

Route command Call the appropriate command handler, providing the command as a parameter command command

Fetch aggregate CQRS
Retrieve the aggregate from cache or rebuild it by replaying events onto a new aggregate or 

the latest snapshot
command aggregate

Update aggregate’s state Call the appropriate aggregate method to generate events for modifying the aggregate’s state aggregate events

Save aggregate CQRS
Save the events generated during the aggregate’s state update to the Event Store. Periodically 

save the latest aggregate snapshot to the Aggregate Snapshot DB (once per N calls)
events events

Dispatch events Publish events to the Event Bus events events

Route event Call the appropriate event handler, providing the event as a parameter events event

Handle update projection 

event CQRS
Process the event and update projections event event

Notify client Notify clients about changes in the system event notification

Table 3

Command process for mCQRS

Activity Description In Out

Create command Receive mutation request and transform it into a command req command

Validate command Validate the command type and properties command command

Route command Call the appropriate command handler, providing the command as a parameter command command

Fetch aggregate mCQRS Retrieve the aggregate from cache or create a new aggregate using the latest snapshot command aggregate

Update aggregate’s state Call the appropriate aggregate method to generate events for modifying the aggregate’s state aggregate events

Apply events onto aggregate Update the aggregate state by replaying newly generated events events aggregate, events

Save aggregate mCQRS
Save the aggregate snapshot to the Snapshot DB. Store the events generated during the  

aggregate’s state update in the Event Store

aggregate, 

events
events

Dispatch events Publish events to the Event Bus events events

Route event Call the appropriate Event Handler, providing the event as a parameter events event

Handle update projection 

event mCQRS
Process the event and update projections event event

Notify client Notify clients about changes in the system event notification

Table 4

Query process

Activity Description In Out

Create query Receive a read data request and transform it into a query req query

Validate query Validate the query type and properties query query

Fetch projection from DB Retrieve the projection from the Projection DB query projection

Map projection to DTO Convert the projection data into a DTO projection DTO

Return DTO Send the response containing the DTO to the client DTO DTO

Table 5

Cognitive Functional Complexity of development and modification

Activity
Classical CQRS (CWU) mCQRS (CWU)

Development Modification Development Modification

Command process activities

Create command 2 2 2 2

Validate command 8 2 8 2

Route command 8 4 8 4

Fetch aggregate 22 8 8 4

Update aggregate’s state 8 4 8 4

Apply events onto aggregate – – 3 0

Save aggregate 7 1 8 0

Dispatch events 6 0 6 0

Route event 8 4 8 4

Handle event (Update projection) 14 6 10 2

Notify client 12 2 12 2

Command process complexity 95 33 81 24

Query process activities

Create query 2 2 2 2

Validate query 8 2 8 2

Fetch projection from DB 4 4 4 4

Map projection to DTO 2 2 2 2

Return DTO 2 0 2 0

Query process complexity 18 10 18 10
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The metric is computed automatically using the SonarCloud static 
analysis tool, targeting the code repository containing RTP implemen-
tations. To ensure robustness of the evaluation, the final complexity 
value is calculated as the mean cyclomatic complexity across several 
aggregation roots (Table 6).

The realization complexity of an activity is calculated by summing 
the Cyclomatic Complexity values of the classes  associated with the 
activity (those that require changes during the development or modifi-
cation of the activity). The results are summarized in Table 7.

The calculated values for Cognitive Functional Complexity (repre-
senting design complexity) and Cyclomatic Complexity (representing 
realization complexity) are classified into two or more ordinal classes 
(e. g., five). Each class is assigned a specific weight coefficient (Table 8). 
The classification approach and corresponding weights are inspired by 
the use case size point methodology [81].

Table 8

Fuzzy classes

Number (i)  Name Value

0 Very simple 4

1 Simple 6

2 Average 8

3 Complex 12

4 Very complex 16

The classification is performed using fuzzy 
logic  [82]. Each complexity class is a fuzzy set, 
which is represented on the coordinate plane as 
a trapezoidal membership function. The hori-
zontal distance between the top segments of ad-
jacent trapezoids (la) is equal to the length of the 
top segment of each trapezoid, ensuring smooth 
linear transitions. The upper bound of the scale 
corresponds to the maximum observed metric 
values (22 for design complexity and 25 for real-
ization complexity)

l
x

na
x X

c

�
� �
��

�max
2 1

,

where X – a set of complexity values; nc – a num-
ber of classes, in the current case nc = 5; x – source 
complexity value.

A portion of the complexity values lies en-
tirely within a single class, while others fall with-
in overlapping regions between adjacent classes. 
In such cases, the complexity value is propor-
tionally distributed between the two neighbor-
ing sets based on the degree of membership. For 
example, as illustrated in Fig.  7, a complexity 
value of 16 falls partially into two adjacent sets: 
it has a 0.33 membership degree in the "Average" 
class and a 0.67 degree in the "Complex" class.

Table 6

McCabe Cyclomatic Complexity of RTP’s classes 

Class
Classical 

CQRS
mCQRS Class

Classical 

CQRS
mCQRS

Command 1 1 Query handler 2 2

Query 1 1 Aggregate 9 6

Command handler 2 2 Repository 14 10

Event handler 2 2 Projections Repository 23 16

Event 2 2 Controller 13.5 13.5

Table 7

McCabe Cyclomatic Complexity by activities

Activity Classical CQRS mCQRS

Create command Command 1 Command 1

Validate command Controller 13.5 Controller 13.5

Route command Command handler 2 Command handler 2

Fetch aggregate

Command handler

Aggregate

Repository

25

Command handler

Aggregate

Repository

18

Update aggregate’s state Aggregate 9 Aggregate 6

Apply events onto aggregate – –
Command handler

Aggregate
8

Save aggregate
Command handler

Repository
16

Command handler

Repository
12

Dispatch events Command handler 2 Command handler 2

Route event Event handler 2 Event handler 2

Handle event (Update 

projection)

Event handler

Projections Repository
25

Event handler

Projections Repository
18

Notify client Event handler 2 Event handler 2

Create query Query 1 Query 1

Validate query Controller 13.5 Controller 13.5

Fetch projection from DB
Query handler

Projections Repository
25

Query handler

Projections Repository
18

Map projection to DTO Query handler 2 Query handler 2

Return DTO Controller 13.5 Controller 13.5

 Fig. 7. Example of fuzzy membership distribution across complexity classes for design and realization complexity
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Thus, the classified complexity can be computed using the following 
membership function µ(x), resulting in normalized values expressed in 
consistent lexical units across both datasets
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where la – the horizontal distance between the top segments of ad-
jacent trapezoids; i  – class number; x – a source complexity value;  
vi  is a class weight.

Next, the coefficients are introduced, and the refined complexity is 
calculated using Formula (10). In this experiment, both coefficients are 
set to 0.5, as design complexity and realization complexity are consid-
ered equally important. The results are summarized in Table 9

� � �refined r r d dw w� �� � ,	 (10)

where w wr d,  – weights for realization and design complexities; χr , χd – re-
alization and design complexities.

3.3.2. Performance metrics
Another important parameter of application is performance. For the 

most objective evaluation, these metrics, like complexity metrics, are best 
obtained by collecting statistics from multiple applications. Given the 
absence of such a dataset, it is proposed to use the request processing time 
measurements (commands and queries response time, and eventual data 
update time) taken from the RTPs. Response time measurements were 
conducted for both applications. One hundred read and write requests 
were sent. The results are presented in Fig. 8 and Table 10.

Table 9
Refined Complexity Calculation

Activity

Classical CQRS mCQRS

Development Modification Development Modification

R D R D R D R D

Command process activities

Create command 4 4 4 4 4 4 4 4

Validate command 8 6.54 8 4 8 6.54 8 4

Route command 4 6.54 4 5.28 4 6.54 4 5.28

Fetch aggregate 16 16 16 6.54 12 6.54 12 5.28

Update aggregate’s state 6.48 6.54 6.48 5.28 6 6.54 6 5.28

Apply events onto aggregate – – – – 6 4.46 0 0

Save aggregate 11.04 6 11.04 4 8 6.54 0 0

Dispatch events 4 6 0 0 4 6 0 0

Route event 4 6.54 4 5.28 4 6.54 4 5.28

Handle update projection event 16 10.92 16 6 12 8 12 4

Notify client 4 8 4 4 4 8 4 4

Command process complexity 77.52 77.08 73.52 44.38 72 69.70 54 37.12

Refined complexity 77.30 58.95 70.85 45.56

Query process activities

Create query 4 4 4 4 4 4 4 4

Validate query 8 6.54 8 4 8 6.54 8 4

Fetch projection from DB 16 5.28 16 5.28 12 5.28 12 5.28

Map projection to DTO 4 4 4 4 4 4 4 4

Return DTO 4 4 0 0 4 4 0 0

Query process complexity 36 23.82 32 17.28 32 23.82 28 17.28

Refined complexity 29.91 24.64 27.91 22.64

Notes: R – realization complexity, D – design complexity

 
Fig. 8. CQRS and mCQRS response time metrics
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Table 10

Software application commands and queries response time

Variation
Read  

requests, ms

Write  

requests, ms

Write requests with 

cache enabled, ms

Classical CQRS 43 132 90

mCQRS 43 210 168

The response time for write requests was measured both with and 
without aggregation root caching enabled. As seen from the results, 
caching aggregation roots considerably improves the average applica-
tion performance. To obtain more accurate performance metrics of the 
algorithms, subsequent calculations use metrics obtained with aggrega-
tion root caching disabled.

In cases of uncertainty, when performance  metrics obtained from 
different experiments are inconsistent, the results can also be classified 
by acceptability levels (ranging from Minimal to Excellent). To enable 
this, stakeholders define acceptable response time thresholds for each 
class. Once thresholds are established, the collected performance met-
rics are normalized in accordance with the defined acceptability levels, 
using a fuzzification algorithm.

3.4. Application of the MCDA method
During previous steps, metrics for complexity and performance 

for individual processes of the considered architectural approaches 
were collected. At this stage, MCDA method can be applied to obtain 
quantitative characteristics of how well an approach aligns with the 
application being developed.

The Analytical Hierarchy Process method is proposed for use as 
the MCDA method. This method is based on constructing a pairwise 
comparison matrix of alternative parameters for each evaluation crite-
rion (B) and a weight vector of evaluation criteria (W). Multiplying the 
matrix by the vector yields a set of values corresponding to the weight 

of each alternative (R). The optimal choice (ropt) is calculated as the 
maximum value from this set:

R B W� � ,  r r r ropt n� �max 1 2; ; ; .

Let’s evaluate the applicability of the considered architecture varia-
tions to the same software application under varying conditions. Soft-
ware application parameters are specified in Table 11.

Table 11

Software application parameters

Name Value

Commands, pcs 41

Queries, pcs 19

Adding new processes, % 50

Updating existing processes, % 50

The applicability of a particular variation is influenced by the esti-
mated read-to-write request ratio and business priorities (whether the 
goal is to develop a functioning application as quickly as possible or 
to achieve maximum performance). These parameters are unique to 
each application. Therefore, for the experiment, calculations were per-
formed, considering the variation of these two parameters. The expected 
percentage of read/write operations, represented along the Requests axis 
in Fig. 9. A value of 0 corresponds to the absence of read requests, while 
100 indicates that the application will receive only read requests with 
no write operations. The prioritization coefficient of application per-
formance versus development speed (simplicity of development). This 
parameter is represented along the Priority axis, where 0 corresponds 
to a complete priority on development speed, while 100 assumes un-
limited development time with the requirement to achieve maximum 
possible performance.

 
Fig. 9. CQRS and mCQRS approaches applicability to software applications with different Requests and Priority parameters
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Each parameter evaluation is based on gathered and calculated 
metrics rather than expert judgment. The applicability assessment is 
performed for each combination of dynamic parameters.

The data transformation for application of the AHP method in-
cludes several steps:

–	 Define key parameters of the application under development:
1) the approximate number of command and query processes that 

need to be implemented for the minimum valuable product (MVP) 
version of the application;

2) the estimated ratio of new process additions to modifications of 
existing ones after the MVP release to assess application maintainability.

–	 Calculate and normalize the complexity coefficients of the soft-
ware application.
–	 Define the measured parameters of the approaches (classical 
CQRS and mCQRS):
1) performance parameters (average request duration for read and 

write operations);
2)  complexity parameters (development and modification com-

plexity of command and query processes).
–	 Normalize the given parameters using cost criteria [49], as for all 
the listed parameters, a lower value is considered better when evalu-
ating the approach.
–	 Introduce dynamic parameters:
1) the prioritization coefficient of development speed versus sys-

tem productivity;
2)  the expected read/write operation ratio that the application 

should support during operation.
–	 In an n-dimensional loop (e. g., a 2-dimensional one), the appli-
cation parameters are modified considering the dynamic parame
ters for each value from 1 to 100%. The modification consists of the 
following steps:
1) multiplying the application’s complexity parameters by the de-

velopment speed prioritization coefficient;
2)  adding the average duration parameters of read/write opera-

tions, multiplied by the application productivity prioritization coefficient.
–	 AHP method application. As a result of the, an n-dimensional 
array of applicability values is obtained for each considered method. 
The data from these arrays can be visualized on a bitmap chart to 
determine under which conditions each approach is more suitable.
Example of the visualization, as well as the implementation of the 

algorithm are available on the GitHub repository  [80]. The bitmap 
visually represents the regions where each architectural variation 
is most suitable (Fig. 9). Thus, this enables the ability to objectively 
select one of the architectural variations for the initial application 
implementation.

Fig. 9 shows that in 37% of cases, where the application develop-
ment priority leans towards simplicity and the expected number of 
read operations exceeds write operations, the AHP method suggests 
using the mCQRS approach. In 50% of cases, where the priority shifts 
towards application performance, the classical CQRS approach is rec-
ommended. In the remaining percentage of cases, the applicability 
evaluation of both approaches is equal. 

These calculations are not entirely 
precise, as they are based on analyzing 
the performance of Classical CQRS 
and mCQRS variations based on RTPs  
(Table 10). To obtain more accurate re-
sults, it is necessary to collect statistics 
from as many applications as possible. 
Also, it should be noted that when cal-
culating development complexity us-
ing the cognitive functional complexity 
method (as demonstrated in this ex-
ample), the level of detail in flowcharts 

and their alignment with the actual program code play a crucial role. 
To ensure a sufficient level of detail and consistency, it is advisable to 
apply control methods such as cross-reviews and team demonstrations 
of the work results.

3.5. Example of calculating the transition complexity between 
Architecture Variations

Thus, the previous example demonstrates how, based on theoretical 
calculations and statistical data, the choice of an evolutionary branch 
for the developed software application can be objectively justified at the 
design stage of development.

The next step is to provide a way for the assessment and expenses 
evaluation of the application transition from one architectural variation to 
another. The first question is how to prove the necessity of the transition. 
To prove that, the approach for selecting the variation described in the 
previous example can be used. The second question is measuring the 
expenses for transitioning between architectural variations and the 
associated risks.

According to the suggested approach (Section 2.4.2) the first step 
is to define the differences between variations. The differences can be 
defined using the formal descriptions of the same process in different 
solutions: some activities won’t need any modification. After identify-
ing the differences, the next step is to evaluate the distance between the 
realizations of the activities in terms of complexity of sub-activities that 
should be added or removed.

Attachment 2 in [80] presents the transition design complexity cal-
culated using (5). These estimations cover three architectural variations 
included in the evolutionary roadmap: Pure CQRS, Classical CQRS, 
and mCQRS. The transition complexity is evaluated for migrations 
from Pure CQRS to both Classical CQRS and mCQRS, as well as for 
transitions between mCQRS and Classical CQRS.

Additionally, the realization complexity is computed for the code 
difference between RTP’s aggregate using the Halstead complexity 
measures method [44]. These metrics are used to quantify the complex-
ity of software by analyzing the composition of code within program 
modules. The approach calculates three primary complexity metrics of 
a program: volume (V), difficulty (D), and effort (E). The formula for 
calculating the effort is as follows:

V N N n n� �� �� �� �1 2 2 1 2log ,

D n N n�� ��� �1 2 22/ / ,

E D V� � ,

where n1 represents the count of distinct operators; n2 represents the 
count of distinct operands; N1 – the total number of operators; N2 – the 
total number of operands.

Using the proposed method, both the design and realization com-
plexity values are classified and aggregated to derive the refined com-
plexity estimate. Finally, the total transition complexity is calculated 
using (6), based on application parameters defined in Table 11. A sum-
mary of the results is provided in Table 12.

Table 12

Software application transition complexity metrics

Transition

Design complexity
Target Realization 

complexity

Refined 

com-

plexity

c pc , 
pcs

Total 

transition 

complexityCognitive Classified Halstead Classified

Pure CQRS to Classical CQRS 12 6 857,750 16 11

41

451

Pure CQRS to mCQRS 26 12 376,671 7.9 9.95 407.95

Classical CQRS to mCQRS 28 12 161,418 5.38 8.69 356.29

mCQRS to Classical CQRS 39 16 687,773 12.88 14.44 592.04
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The table does not include transition complexity calculation results 
for query processes, as they remain the same across all three considered 
variations, making the transition complexity equal to zero.

As a result , an evolutionary architecture roadmap can be con-
structed, allowing to obtain a more precise understanding of the prob-
able evolution ways considering the expenses needed to implement 
them  (Fig. 10).

 
Fig. 10. Example software application estimated Evolutionary roadmap

It is important to note that the distances between architectural 
variations were computed using a modified Cognitive Functional 
Complexity method and are expressed in the same units as the pro-
cess development and modification estimates presented in Table  5. 
This alignment allows for meaningful comparison between the values 
in Tables  5 and 12, thereby supporting informed decision-making 
during planning. For example, the estimated complexity of realizing  
a single command-handling process in the Classical CQRS archi-
tecture variation is 95 CWU, while the complexity of migrating this 
process to the mCQRS variation is 28 CWU. Consequently, the to-
tal complexity of implementing the process followed by migration 
amounts to 123 CWU.

Therefore, the proposed approach does not account for data migra-
tion when calculating transition complexity, which can be considered 
a limitation.

3.6. Discussion
The main results of the approach application are:
–	 a bitmap chart that demonstrates the applicability of each archi-
tectural variation in different scenarios, depending on the develop-
ment priorities of the application. This information assists in select-
ing the most appropriate architectural variation at the early stages of 
software application development;
–	 an evolutionary roadmap that provides a quantitative assessment 
of the distance between architectural variations. This assessment en-
ables the estimation of the complexity involved in transitioning the 
functional part of an application from one architectural variation  
to another.
The bitmap chart shows that the Classical CQRS variation is more 

suitable when application performance is a higher priority than devel-
opment speed, or when the application is expected to handle a high 
volume of write requests. This is explained by the fact that Classical 
CQRS provides higher write performance, although it is more complex 
to implement.

In contrast, the mCQRS variation is better suited for applications 
that do not require high write operation performance (typically when 
the percentage of write operations is very low). This is due to its simpler 
structure, which leads to reduced development complexity and lower 
implementation costs compared to Classical CQRS.

It can be seen that the evolution complexity for the selected RTP 
from Pure CQRS to mCQRS (407.95) is lower than that to Classical 
CQRS (451). This is explained by the fact that Classical CQRS requires 
more resources and places higher demands on developer expertise 

during implementation. The relatively small difference between the 
values (451 – 407.95 = 43.05) is due to the structural similarity between 
Pure CQRS and Classical CQRS.

The roadmap also shows that the distance between Classical 
CQRS and mCQRS is direction-dependent. The transition from Clas-
sical CQRS to mCQRS has a complexity value of 356.29, as the change 
simplifies the architecture. In the opposite direction, mCQRS to Clas-
sical CQRS, the complexity is higher – 592.04.

By evaluating the development and migration complexity of  
a single typical write process, the following results are obtained:

–	 77.3 (Classical CQRS implementation) + 8.69 (transition from 
Classical CQRS to mCQRS) = 85.99;
–	 70.85 (mCQRS implementation) + 14.44 (transition from mCQRS 
to Classical CQRS) = 85.29.
This leads to the conclusion that, when choosing between these 

two architectural variations at the design stage and their applicability 
scores are equal, it is more efficient to initially implement mCQRS.  
If a transition to Classical CQRS is later required, the overall cost per 
typical write process would be lower by 85.99 – 85.29  =  0.7 units.

Existing architecture evaluation methods such as SAAM, ATAM, 
and parametric-based approaches like AHP and its modifications (e. g., 
LiVASAE) are primarily designed to compare fundamentally different 
architectural styles. Consequently, their evaluation criteria are defined 
at a coarse-grained level, targeting general architectural characteristics 
rather than fine-grained distinctions between architectural variations. 
These methods lack the level of detail required to differentiate between 
variations of the same architectural family, such as those within the 
CQRS with ES paradigm. When such methods are applied to architec-
tural variations, a significant portion of evaluation parameters becomes 
irrelevant or indistinguishable across alternatives, leading to reduced 
accuracy and limited practical value.

Furthermore, scenario-based approaches like SAAM and ATAM 
are heavily reliant on expert judgment, which introduces subjectiv-
ity and the risk of human error. Their outputs are largely qualitative, 
consisting of narrative assessments, risk descriptions, and supporting 
documentation. While valuable in certain contexts, these results do 
not provide quantitative criteria for selecting between closely related 
architectural options.

Parametric-based methods such as AHP and its modifications (e. g., 
LiVASAE) are typically do not include a mechanism for obtaining objec-
tive measurement data to be used as input for the multi-criteria analysis. 
Moreover, the outputs of such methods usually do not include design 
documentation, such as formal descriptions of processes, their parame
ters, or flowcharts, which are produced as part of the proposed approach.

In contrast, the approach proposed in this study is specifically tai-
lored to evaluate architectural variations within a single architectural 
style (CQRS with ES). It addresses the limitations mentioned above 
by providing quantitative assessment based on measurable complexity 
and performance metrics. The provided approach relies on statistical 
and computational metrics instead of expert judgment, making the as-
sessment results more objective and applicable to the task of selecting 
an architectural variation. 

Thus, the practical application of the proposed method reduces 
uncertainty when making informed decisions about selecting a CQRS 
with ES architectural variation or transitioning to another evolution-
ary level or branch of the software system’s architecture. Subsequently, 
it would help to improve long-term planning and avoid unnecessary 
expenses related to resolving additional technical issues or migrating 
the application’s architecture to a different variation.

However, a key limitation of the approach is its dependency on 
the accuracy of metric calculations. The assessment process is based 
on predefined algorithms that are inherently linked to use cases. To 
minimize errors, use cases are classified and clustered according to 
their characteristics. Without such clustering, the risk of errors increases 
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significantly. Even with clustering, a thorough examination is required 
to ensure reliable results.

Based on the results of the study, the assessment outcome is strongly 
influenced by the quality and level of detail of the flowcharts developed 
during the planning phase, as these directly impact the complexity 
metric calculations. To enhance accuracy, rigorous data quality control 
in both flowchart development and metric calculations is essential. 
However, the issues and their solutions connected to developing and 
testing flowcharts fall outside the scope of the present work and repre-
sent a prospect for further research.

A research limitation is the lack of quantitative comparison be-
tween proposed approach and other software architecture evaluation 
methods. Testing the method on several individual applications does 
not provide objective results, as each project may differ in technology 
stack, team composition, and implementation context. A method that 
works well for one application may yield different outcomes in another 
due to these variations. To overcome this limitation, a Representative 
Test Project was used. It reflects not a single application but an entire 
class of applications. In addition, the evaluation was supported by em-
pirical data and observations from previously developed real-world 
applications based on practical experience.

Provided example of evaluating the complexity of implementation, 
modification and functional transitions between architectural varia-
tions shows (Attachments 1 and 2  [80]) the specifics of practical use 
of the proposed decision-making approach. Having this information 
allows for planning a long-term development of the software applica-
tion, taking into account the risks and the effort costs associated with 
changing the architectural variation.

4. Conclusions

1. The command and query processes of CQRS with ES architec-
tural variations have been formalized and described. To support this,  
a formal activity-centric knowledge representation model based on 
scalable finite state machines and Petri nets was proposed. This al-
lows for the analysis of each activity individually and the subsequent 
aggregation of metrics for the entire process and, ultimately, for the 
corresponding architectural variation.

2. The study provides an analysis of key parameters influencing the 
selection of CQRS with ES architectural variations, including imple-
mentation complexity, maintainability, and performance. A design 
complexity estimation example is presented using an activity-centric 
model, along with a performance evaluation based on the develop-
ment of an RTP and experimental measurements. To account for both 
design and realization complexity, the refined complexity metric was 
calculated using a method based on fuzzy logic. The refined complexity 
of the command process was 77.30 for Classical CQRS and 70.85 for 
mCQRS. The average command processing time was 132 ms for Clas-
sical CQRS and 210 ms for mCQRS.

3. To compare the applicability of architectural variations to a soft-
ware project, the AHP method was employed. To use the metrics cal-
culated in the previous steps as input parameters for AHP, they were 
transformed using the proposed algorithm. This transformation algo-
rithm was automated, and applicability calculations were performed 
for each considered variation across various project priority scenarios. 
The results showed that the mCQRS approach is recommended in 37% 
of cases, while the classical CQRS approach is preferred in 50%. In the 
remaining cases, both approaches demonstrated equal applicability. 

4. As an example, an evolutionary roadmap that includes the Pure 
CQRS, Classical CQRS, and mCQRS variations was defined. Based on 
the RTP and the metrics obtained during the evaluation of architectural 
variations, the effort required for architectural transitions between evo-
lutionary stages (variations) was assessed. For instance, transitioning  
a single command-handling process from Classical CQRS to mCQRS 

has a refined complexity of 8.69, while transitioning in the opposite 
direction results in a complexity of 14.44.
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