
In
ge

ni
er

ía
 S

ol
id

ar
ia

Review article. https://doi.org/10.16925/2357-6014.2026.03.07
1	 Faculty of Electronic Engineering and Telecommunications, Universidad del Cauca, Popayán, 

Colombia.

	 Email: carlosorozco@unicauca.edu.co

	 orcid: https://orcid.org/0000-0003-2615-3294

	 CvLAC: https://bit.ly/2OlXNlx
2	 Faculty of Electronic Engineering and Telecommunications, Universidad del Cauca, Popayán, 

Colombia.

	 Email: cpardo@unicauca.edu.co

	 orcid: https://orcid.org/0000-0002-6907-2905

	 CvLAC: https://bit.ly/422UAtr
3	 Department of Systems Engineering, Universidad de Castilla–La Mancha, Ciudad Real, Spain.

	 Email: ricardo.pdelcastillo@uclm.es

	 orcid: https://orcid.org/0000-0002-9271-3184
4	 Faculty of Informatics, Universidad de La Frontera, Temuco, Chile.

	 Email: samuel.sepulveda@ufrontera.cl

	 orcid: https://orcid.org/0000-0002-0369-7750

Towards a hybrid classical–
quantum software 
architecture derived from 
literature harmonization
Hacia una arquitectura de software híbrida clásico–cuántica derivada de 

la armonización de la literatura

Rumo a uma arquitetura de software híbrida clássico-quântica derivada 
da harmonização da literatura

Carlos Eduardo Orozco Garcés1

César Jesús Pardo Calvache2

Ricardo Pérez del Castillo3

Samuel Eduardo Sepúlveda Cuevas4

Received: March 1st, 2026
Approved: June 20th, 2026

Available: September 1st, 2026

How to cite this article:  
C. E. Orozco Garcés, C. J. Pardo Calvache, R. Pérez del Castillo, and S. E. Sepúlveda 

Cuevas, “Towards a Hybrid Classical–Quantum Software Architecture Derived from 
Literature Harmonization,” Revista Ingeniería Solidaria, vol. 22, no. 3, 2026.  

doi:  https://doi.org/10.16925/2357-6014.2026.03.07

mailto:carlosorozco@unicauca.edu.co
https://orcid.org/0000-0003-2615-3294
https://bit.ly/2OlXNlx
mailto:cpardo@unicauca.edu.co
https://orcid.org/0000-0002-6907-2905
https://bit.ly/422UAtr
mailto:ricardo.pdelcastillo@uclm.es
https://orcid.org/0000-0002-9271-3184
mailto:samuel.sepulveda@ufrontera.cl
https://orcid.org/0000-0002-0369-7750


2 Towards a hybrid classical–quantum software architecture derived from literature harmonization

Ingeniería Solidaria e-ISSN 2357-6014 / Vol. 22, no. 3 / september-december 2026 / Bogotá D.C., Colombia
Universidad Cooperativa de Colombia

Abstract 
Introduction: This article is the result of doctoral research conducted in 2025 on quantum software architecture, 

addressing the transformative potential of quantum computing and the challenges associated with integrating 

quantum capabilities into software systems.

Problem: The lack of standardized architectural models for hybrid classical–quantum systems limits interop-

erability, reuse, and systematic software design.

Objective: This study proposes a reference architecture to support the design and evolution of hybrid classi-

cal–quantum software systems.

Methodology: The architecture was derived through a harmonization process.

Results: The proposed framework defines ten architectural elements organized across three dimensions: 

Conceptual, Organizational, and Quality.

Conclusion: The architecture provides a structured foundation for designing hybrid classical–quantum solu-

tions.

Originality: The work consolidates dispersed knowledge into a unified framework for hybrid classical–quantum 

systems.

Limitations: The model is based on the currently limited body of literature and industrial experience, requiring 

future validation.

Keywords: Quantum Software Engineering; Quantum Software Architecture.

Resumen
Introducción: El presente artículo es resultado de una investigación doctoral desarrollada en 2025 sobre arqui-

tectura de software cuántica, que aborda el potencial transformador de la computación cuántica y los desafíos 

de integrar sus capacidades en sistemas de software.

Problema: La ausencia de modelos arquitectónicos estandarizados para sistemas híbridos clásico–cuánticos 

limita la interoperabilidad, la reutilización y el diseño sistemático de soluciones de software.

Objetivo: Este estudio propone una arquitectura de referencia para apoyar el diseño y la evolución de sistemas 

de software híbridos clásico–cuánticos.

Metodología: La arquitectura fue derivada mediante un proceso de armonización que sintetiza enfoques aca-

démicos e industriales existentes.

Resultados: El marco propuesto define diez elementos arquitectónicos organizados en tres dimensiones: con-

ceptual, organizacional y de calidad.

Conclusión: La arquitectura proporciona una base estructurada para el diseño y la evolución de soluciones 

híbridas clásico–cuánticas.

Originalidad: Este trabajo consolida conocimiento académico e industrial en un marco unificado para sistemas 

híbridos clásico–cuánticos.

Limitaciones: El modelo se fundamenta en un cuerpo de literatura y experiencia que requiere validación empí-

rica futura.

Palabras clave: Ingeniería de software cuántica; Arquitectura de software cuántica.
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Resumo
Introdução: Este artigo é resultado de uma pesquisa de doutorado desenvolvida em 2025 sobre arquitetura de 

software quântica, abordando o potencial transformador da computação quântica e os desafios associados à 

integração de capacidades quânticas em sistemas de software. 

Problema: A ausência de modelos arquitetônicos padronizados para sistemas híbridos clássico-quânticos 

limita a interoperabilidade, a reutilização e o projeto sistemático de software. 

Objetivo: Propor uma arquitetura de referência para apoiar o projeto e a evolução de sistemas de software 

híbridos clássico-quânticos. 

Metodologia: A arquitetura foi derivada por meio de um processo de harmonização. 

Resultados: O framework proposto define dez elementos arquitetônicos organizados em três dimensões: 

Conceitual, Organizacional e de Qualidade. 

Conclusão: A arquitetura fornece uma base estruturada para o projeto de soluções híbridas clássico-quânticas. 

Originalidade: O trabalho consolida conhecimentos dispersos em um framework unificado para sistemas hí-

bridos clássico-quânticos. 

Limitações: O modelo baseia-se no conjunto atualmente limitado de literatura e experiência industrial, sendo 

necessária validação futura.

Palavras-chave: Engenharia de software quântica; arquitetura de software quântica.

1. INTRODUCTION
Currently, the study of quantum computing, in both its theoretical and applied dimen-
sions, has evolved substantially, enabling a deeper understanding of its implications 
for academia and the software industry. In particular, the implementation of quantum 
devices capable of solving problems directly related to the emerging needs of specif-
ic sectors within the software domain began during the last decade. This progress 
has been driven by initiatives from companies such as Google, IBM, and Microsoft 
[1], which have invested in the development of solutions based on the paradigm in-
troduced by quantum computing. Consequently, it has been possible to advance in 
areas such as artificial intelligence, data science, and cybersecurity, among others [2].

Building upon these developments, the design of new technologies that inte-
grate quantum computing with contemporary approaches has become a critical fo-
cus for the software industry. At the same time, the academic community, motivated 
by the need to establish a clear and structured knowledge foundation for this emerging 
field, has promoted research in the area known as Quantum Software Engineering [3]. 
This discipline aims to adapt the theoretical basis of Classical Software Engineering 
to the challenges and requirements imposed by the quantum paradigm. To this end, 
several studies have focused on defining a software development life cycle aligned 
with the characteristics of quantum computing [2], [4], including the documentation 
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of activities, tasks, roles, tools, and processes that arise in the quantum domain [5], 
[6], as well as proposing hybrid approaches that combine the advantages of classical 
and quantum paradigms.

From this perspective, academic and industrial efforts have begun to establish 
a roadmap [5] that bridges theory and practice, fostering the progressive incorpo-
ration of quantum technologies into current software development processes. This 
structured incorporation enables quantum advancements to be effectively embedded 
in software systems while addressing the conceptual and engineering challenges as-
sociated with this new computational paradigm. However, such integration requires 
architectural mechanisms that support the design and management of new systems, 
whether purely quantum or hybrid classical–quantum. Consequently, it becomes nec-
essary to conduct a comprehensive analysis of the requirements and challenges that 
these paradigms pose from a software architecture perspective, which constitutes the 
core focus of this research.

In that sense, this study seeks to answer the following research question: How 
can a reference architecture be defined that integrates the principles of quantum com-
puting into the design of hybrid software systems?

To address this question, the present work introduces the advances achieved 
in constructing such an architecture through a knowledge harmonization process. 
In contrast to previous proposals that focus on specific implementations, this study 
presents a harmonization-based approach aimed at unifying the fragmented knowl-
edge in the field, resulting in the first reference architecture grounded in a systematic 
synthesis of the literature.

The remainder of this paper is structured as follows: Section 2 summarizes the 
findings of a Systematic Literature Review (SLR) on software architectures in quan-
tum computing, conducted as a foundation for this research. Section 3 analyzes the 
identified gaps and introduces the guiding proposal of the study. Section 4 defines 
the research objectives and scope. Section 5 presents the harmonization process 
used to identify the key architectural elements that compose the proposed framework. 
Finally, Sections 6, 7, and 8 discuss the challenges, limitations, conclusions, and future 
research directions.

2. MATERIALS AND METHODS
To establish a solid and up-to-date knowledge base on software architecture from 
the perspective of quantum computing, a Systematic Literature Review (SLR) was 
conducted and published in [4]. The review revealed several critical areas of study, 
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including: (i) conducting exploratory studies on concrete solutions that apply soft-
ware architecture concepts and techniques to the challenges of quantum computing; 
(ii) developing methodological solutions, such as models, reference frameworks, 
and processes, that promote the development of hybrid and quantum software 
systems; and (iii) analyzing and documenting key quality criteria for the design of 
hybrid software architectures. These aspects converge around two major areas of 
interest identified in the literature: hybrid architectures, which aim to establish the 
transition between classical computing and the emerging needs of quantum com-
puting, and quantum architectures, which represent a completely new and evolving  
research domain.

As a result of the SLR, a total of 17 primary studies were identified, which are 
summarized in Table 1.

Table 1. Primary articles

Identifier Study Reference
S1 Software architecture for quantum computing systems [7]

S2 Towards process centered architecting for quantum software systems [8]

S3 Engineering Reliable Hybrid Quantum Software [9]

S4 Selection of quantum computing architecture using a decision tree [10]

S5 Quality attributes on quantum computing platforms [11]

S6 Challenges and Opportunities in Quantum Software Architecture [12]

S7 A serverless cloud integration for quantum computing [13]

S8 Research on Quantum Computing Standard System Architecture [14]

S9 Design of classical-quantum systems with UML [15]

S10 Hybrid Quantum Algorithms and Quantum Software Frameworks [16]

S11 Quantum computing platforms [17]

S12 The Quantum software lifecycle [18]

S13 Towards a distributed quantum computing ecosystem [19]

S14 Classical to Quantum Software Migration Journey Begins: A Conceptual Readi-
ness Model [20]

S15 Software Architecture Challenges in Classical-Quantum Systems [21]

S16 Architecture Decisions in Quantum Software Systems [22]

S17 Patterns for Quantum Software Development [23]

Source: own work

The detailed description of the search string, inclusion and exclusion criteria, 
and the methodological process applied in the Systematic Literature Review (SLR) 
was published in [4]. Table 2 presents a summary of the four main axes of analysis 
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identified during the review, and the complete methodological details can be consulted 
in that reference:

Table 2. General results from the SLR

No Main axis Description Article

1 Heterogeneity in 
Solutions

The proposals in the field are fragmented and lack a 
unified conceptual framework, which hinders their 
adoption outside large corporations.

S6, S10, S14, S17

2 Capital and Infrastructure 
Challenges

Industrial interest in adopting quantum computing–
based solutions has grown; however, the absence 
of standards forces companies to invest significant 
resources in developing their solutions from scratch.

S2, S6, S11, S14

3 Definition of Architectural 
Approaches

Several architectures (layered, cloud, serverless, 
among others) have been identified to facilitate 
interaction between classical and quantum 
systems; however, the lack of a standardized 
foundation leads to compatibility, interoperability, 
and quality issues.

S1, S3, S4, S7, S8, 
S9, S13, S15, S16

4 Quality Criteria
The quality criteria is divided into two categories: (i) 
classical non-functional requirements, and (ii) non-
functional requirements in quantum computing.

S5, S11, S12

Source: own work
Abbreviation: No (Number).

To contrast the academic findings with industrial practice, the SLR was comple-
mented by an analysis of case studies and real-world applications in companies. Table 
3 presents a summary of the studies identified because of this exploration.

Table 3. Pilot studies and industry efforts

Study Category Contribution

Qiskit Runtime (IBM) – 
cloud hybrid service [24] SDK

Enables the execution of hybrid workloads, sessions, iteration 
management, and execution modes for both classical and quantum 
tasks.

TensorFlow Quantum 
[25] Study case Binary image classification (Fashion-MNIST) using hybrid QNN/CNN 

models with TFQ and Cirq.

TensorFlow Quantum –
hybrid ML [26] SDK

Allows the construction of hybrid models, quantum data structures, 
integration with Cirq, automatic differentiation, among other 
capabilities.

Source: own work

On the other hand, Table 4 summarizes the reports released by companies 
involved in the development of quantum and hybrid software architectures.
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Table 4. Technical reports published by software companies

Study Contribution

Microsoft Azure Quantum [27]
Describes the Azure Quantum hybrid architecture, explaining how classical 
and quantum components are integrated, and includes practical examples in 
environments such as VQE and QAOA.

Microsoft / Quantum [28], [29] Announces the “Integrated Hybrid” feature, which enables the combination 
of classical and quantum code running on the same hardware  [11] [12].

Google Quantum AI [30] Hybrid approach that combines digital and analog simulation to model 
physical magnetism systems.

Source: own work

In general terms, the SLR highlights the need to establish standards for the 
development of hybrid and quantum software architectures through common frame-
works that facilitate their design and maintenance. This would enable the creation 
of efficient hybrid and quantum solutions with high levels of cohesion, addressing 
aspects such as (i) compatibility with classical systems by integrating both functional 
and non-functional elements from the two paradigms, and (ii) the progressive transi-
tion from classical to quantum systems through hybrid approaches, among others.

Likewise, the analysis of the literature shows that the development of software 
architectures in the quantum context follows two main directions: (i) the creation 
of purely quantum approaches focused on optimizing well-known methodologies 
through quantum algorithms and resources, and (ii) the definition of hybrid solutions 
that integrate quantum capabilities within existing classical frameworks. However, the 
diversity of approaches in this field has resulted in a fragmented landscape, where the 
transition between the classical and quantum paradigms faces multiple methodolog-
ical challenges. To provide a concrete focus for the research presented in this study, 
the scope of the proposal is limited to the exploration of hybrid approaches.

This decision is justified because hybrid architectures represent a major current 
challenge aligned with the present technological reality of the industry. Unlike purely 
quantum solutions, which require specialized infrastructures, highly technical exper-
tise, and environments still under active development, hybrid architectures enable a 
controlled transition from classical systems, significantly lowering the entry barriers 
for companies seeking to experiment with quantum technologies without completely 
restructuring their processes. Moreover, hybrid architectures promote compatibility 
and component reuse by allowing classical and quantum systems to coexist, thereby 
optimizing resource utilization, reducing operational costs, and accelerating develop-
ment cycles, as indicated in technical reports published by companies such as IBM, 
Google, and Microsoft, which highlight latency reductions and resource optimiza-
tion in hybrid environments [26]–[30]. Finally, these architectures provide a practical 
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short- and medium-term solution without compromising the possibility of an evolution 
toward fully quantum models in the future.

On the other hand, recent studies conducted by leading companies in the in-
dustry (see Tables 3 and 4) show that practical approaches already exist for solving 
problems through hybrid schemes in real-world contexts, such as combinatorial 
optimization and machine learning. These industrial developments demonstrate a 
growing interest in defining reusable hybrid patterns and best practices to guide the 
integration of classical and quantum components. However, these initiatives are often 
oriented toward proprietary environments or specific use cases, which limits their gen-
eralization. This highlights the need for a broader and more standardized solution that 
facilitates interoperability, reduces adoption barriers, and serves as a convergence 
point between academia and industry.

Furthermore, the findings from the SLR and the exploratory studies indicate 
that the need for differentiated architectures is not exclusive to the quantum domain, 
as clear parallels can be found in other areas such as High-Performance Computing 
(HPC). Specific communities related to HPC have faced similar challenges when 
integrating heterogeneous components into hybrid systems. For instance, research 
centers such as Oak Ridge National Laboratory [31], Leibniz Supercomputing Centre 
[32], Forschungszentrum Jülich [33], Barcelona Supercomputing Center [34], and 
RIKEN [35] have reported experiences in which the incorporation of new paradigms, 
such as GPUs, FPGAs, and specialized accelerators, required the definition of specific 
architectures to manage interoperability, data flows, and quality attributes. In this way, 
the challenges reported by active research groups in the field reinforce the relevance 
of establishing a general framework that facilitates the instantiation of architectures 
adapted to specific contexts.

Considering the above, this work proposes a solution focused on the definition 
of a hybrid software reference architecture, understood as a high-level abstraction that 
encapsulates reusable components across different contexts [36]. This architecture 
aims to establish a homogeneous framework that facilitates the integration of quan-
tum technologies into software development while ensuring key attributes such as in-
teroperability, consistency, and reliability, and simultaneously mitigating heterogeneity 
and fostering collaboration between the academic and industrial sectors.

In general, the development of the proposed solution is structured into four 
stages: (i) conducting a Systematic Literature Review (SLR) to identify the current state 
of knowledge regarding software architectures in the context of quantum computing; 
(ii) designing a reference architecture for hybrid enterprise systems, integrating prin-
ciples from Quantum Software Engineering and the harmonized elements identified 
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in the review; (iii) evaluating the architecture through expert judgment based on heu-
ristic assessment to detect critical aspects and improvement opportunities; and (iv) 
validating its applicability through hypothetical scenarios using a mixed evaluation 
approach. However, it is important to clarify that stages (iii) and (iv), which correspond 
to the evaluation of the proposal, are not part of this work. Therefore, the proposed 
architecture should be considered a preliminary result still under development. The 
evaluation and validation activities will be addressed in subsequent studies and are 
outlined as future work.

Furthermore, it is essential to specify the connection between this study and 
the previously conducted Systematic Literature Review (SLR). In particular, Objective 
OE1 was achieved in the SLR published in [4], where an overview of emerging trends 
in hybrid software architectures for quantum computing was consolidated and later 
updated to include new emerging proposals and reports from companies actively 
engaged in this evolving field. Consequently, the present article focuses on Objective 
OE2 through the integration and organization of the identified elements into coherent 
dimensions and components.

3. RESULTS
Based on the results obtained from the SLR, a reference software architecture is pro-
posed. To advance toward this objective, a harmonization process was developed, 
understood as a methodological strategy aimed at addressing the terminological 
and methodological fragmentation identified in the literature, which hinders the com-
parison, integration, and reuse of existing proposals and constitutes a barrier to the 
long-term construction of adaptable solutions.

The harmonization process was applied with the purpose of unifying, grouping, 
and standardizing the concepts and approaches identified in the reviewed primary 
studies, integrating them into a homogeneous knowledge framework that facilitates 
the design of a reference architecture. To guide this process, a protocol based on 
qualitative analysis and thematic categorization techniques [37] was applied, through 
which the architectural elements considered relevant for the formal structuring of the 
reference architecture were identified. As a result of this process, a structured repre-
sentation of the available knowledge was obtained, oriented toward the design of an 
architecture aligned with the current challenges of hybrid development. Harmonization 
was essential to establish a common language and to build a solid methodological 
foundation that enables the evolution of existing proposals into solutions applicable 
to industrial environments.
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Harmonization method: The harmonization followed the approach proposed 
in [37], consisting of the following activities: (i) identification and analysis of models; 
(ii) terminology normalization; (iii) alignment of structures and processes; and (iv) 
validation of the harmonized structure. As a result of these activities, a total of four 
studies were identified that define the elements necessary to characterize a reference 
architecture, which are described in Table 5.

Table 5. Relevant studies identified for the homogenization

Number Reference Description

1 [38] Proposes guidelines based on the international standards for the evolution of 
architectures.

2 [39] Conducts a review of the conceptual elements for the representation of 
reference architectures.

3 [40] Addresses software architecture from a practical perspective, establishing the 
relevance of quality attributes as a central axis of design.

4 [41]
Proposes a framework for the design of reference architectures, identifying 
elements such as the relationship between context, objectives, and 
formalization.

Source: own work

To address the heterogeneity identified in the SLR, 10 elements were defined 
from the studies described in Table 5. The glossary of these elements is presented in 
Table 6:

Table 6. Homogenization results

Identifier Element Description Reference

E1 Architecture objective The design of a software architecture can be 
oriented toward standardization. [38], [41]

E2 Architecture context

Specifying the application environment 
of an architecture requires considering its 
characteristics from a business perspective, using 
standards such as TOGAF [42].

[41]

E3 Level of abstraction Classifies the architecture as abstract, semi-
concrete, or concrete [40], [41]

E4 Glossary of terms and 
definitions

Establishes a standardized vocabulary through 
Architecture Description Languages (ADLs)

[38], [39], 
[40], [41]

E5 Architectural structures
These structures define how the system’s 
functionalities are decomposed into modules or 
components and how they communicate.

[39]

(continúa)
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Identifier Element Description Reference

E6 Quality attributes
Identifying and classifying non-functional 
requirements or quality criteria ensures that a 
solution effectively meets user needs.

[38], [39], 
[40], [41]

E7 Architectural styles and 
patterns

The use of architectural patterns and styles allows 
systems to be structured following best practices, 
providing proven solutions to common design 
problems.

[38], [40]

E8 Design patterns Design patterns are reusable templates that 
address common design problems. [39]

E9 Structural components
In software architecture, the definition of 
modules, subsystems, and interfaces helps 
organize a system coherently.

[39]

E10 Reusable elements
In software architecture, reusable components 
encapsulate common functionalities that can be 
integrated into systems within the same domain.

[39]

Source: own work

Comparison method: After applying the homogenization process, a compari-
son was carried out between a base model, composed of the elements described in 
Table 6, and the 17 studies identified in the SLR, following the protocol described in 
[43]. This protocol consists of two activities: (i) selecting a comparison model, and (ii) 
applying a matrix to contrast each study with the selected model. Table 7 presents 
an excerpt of the comparison between the base model and study [11] for element E1.

Table 7. Comparing stage results extract - Element E1

Comparison question: Which elements of the model are defined in [11]?

Goal: To determine which elements defined in the base model have a close relationship with the elements 
defined in [11].

Elements considered for comparison: Elements defined in Table 6.

Element Does the study define the element?
Description

Yes No Partially

E1 X The article does not explicitly define mo-
del with clearly goals.

Source: own work

Table 7 is divided into two parts: the first presents the comparison question, 
objective, and elements; the second evaluates whether each study addresses these 
elements fully, partially, or not at all. Based on this comparison between the base mod-
el and the primary studies, the general knowledge was integrated. Figure 1 presents 
a heat map summarizing these results, where the rows (S1–S17) correspond to the 

(viene)
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studies and the columns (E1–E10) to the analyzed elements. The color coding reflects 
the degree of coverage: green (yes), yellow (partial), and red (no). In this work, “partial” 
indicates that the element is mentioned or addressed indirectly or incompletely.

Relationship between Articles (S1-S17) and Elements (E1-E10)

Elements (E1-E10)

St
ud

ie
s 

(S
1-

S1
7)

S1
S2
S3
S4
S5
S6
S7
S8
S9

S10
S11
S12
S13
S14
S15
S16
S17

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10

Yes
Criteria

Partial
No

Fig 1. Base model vs RSL identified studies 
Source: own work

According to the results shown in Figure 1, none of the primary studies reviewed 
address all the elements defined in the baseline model in an integrated manner, in-
dicating a high degree of dispersion in the architectural treatment within the field of 
Quantum Software Engineering. When analyzing the data by element, it is observed 
that E2 and E6 exhibit the highest levels of coverage, being fully addressed by 47% and 
41% of the studies, respectively. Conversely, elements E1, E3, E4, and E10 show signifi-
cantly lower coverage levels, with percentages equal to or below 23%, suggesting a 
lack of systematic attention to aspects that could be relevant for the design of hybrid 
architectures. Finally, elements E5 and E7 present intermediate coverage, with 29% 
and 35% of the studies addressing them completely, respectively, while elements E8 
and E9 show quite limited coverage, reaching only 17% and 29% of the studies. This 
reflects a weak integration of these components within the reviewed architectures, 
despite their potential importance in ensuring interoperability, traceability, and the 
quality of hybrid solutions.

As a result of this analysis, the comparison process allowed us to conclude that 
there is considerable fragmentation in the literature identified in the SLR, both in terms 
of the coverage of the defined architectural elements and the methodological focus 
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adopted by the primary studies. This lack of convergence hinders the development of 
reusable, interoperable, and coherent solutions.

Integration method: After completing the comparison, the next step was the 
integration phase, where the method proposed in [44] was applied to integrate the 
elements identified during the comparison. This method is divided into five activities: 
(i) designing the integration; (ii) defining and establishing the integration criteria; (iii) 
executing the integration; (iv) analyzing the results; and (v) presenting the integrated 
model. As a result of the integration process, a total of ten elements were identified as 
fundamental for the design of a reference architecture. The integration, based on the 
protocol proposed in [44], aimed to ensure four main aspects, which are described in 
Table 8.

Table 8. Integration criteria

Criteria Description
Relevance Ensures that the selected elements are aligned with the objectives and scope of the study.

Coherence Verifies that the concepts and definitions are compatible with each other, avoiding contradic-
tions in the integrated model.

Generalization Promotes the abstraction of the identified elements to guarantee their applicability across 
different contexts.

Consistency Evaluates whether the information extracted from the different studies maintains uniformity 
in terms of terminology, categories, and relationships.

Completeness Ensures that the elements reflect the available knowledge, incorporating fundamental as-
pects for the construction of the reference architecture.

Source: own work

Additionally, a complementary activity was carried out in which the integrated 
elements were grouped and classified into specific dimensions (see Table 9). In the 
context of a reference architecture, defining dimensions allows for organizing knowl-
edge into structural axes that cluster conceptually related elements, facilitating their 
interpretation, communication, and application. This classification serves to establish 
a semantic and conceptual order among the elements identified during the homog-
enization. Likewise, defining a clear set of dimensions aims to align with the general 
structure of the ISO international standards, which states that an architecture must be 
described through multiple views aligned with the stakeholders’ concerns [45]. Based 
on this perspective, the study seeks to ensure traceability among the integrated ele-
ments, structure the architecture based on internationally recognized principles [46], 
[47], [48], [49].
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Table 9. Integration method results for dimensions

Dimension Description Elements
Conceptual (DC) Define the purpose and scope of the reference architecture. E1, E2, E3, E4

Organizational (DO) Establish the components and relationships among the 
elements that compose the architecture. E5, E9, E10

Design and Quality(DCD) Define the principles and guidelines that ensure the quality of 
the architecture. E6, E7, E8

Source: own work

For this study, the dimensions emerged from a qualitative analysis process 
guided by the protocol proposed in [50], which consists of two stages: (i) open coding, 
aimed at identifying conceptual similarities among the elements, and (ii) axial coding, 
focused on establishing relationships and constructing common categories.

Open coding: Aims to thoroughly examine the data without prior assumptions, 
identifying recurring concepts, ideas, or terms that reveal relevant thematic relation-
ships. This stage allows the information to be fragmented into meaningful units and 
labeled with initial codes, thereby facilitating the detection of similarities, redundan-
cies, or divergences among them.

Axial coding: Seeks to reorganize and regroup the codes obtained in the 
previous phase by establishing connections between them through more abstract 
categories or analytical dimensions. This stage involves identifying causal relation-
ships among the concepts, which enables the construction of a logical structure that 
articulates the different elements within a common framework.

The application of these techniques is particularly useful because it allows 
transforming a dispersed set of concepts into an organized and coherent structure. 
Open coding ensures that the findings from the literature are analyzed without ini-
tial bias, guaranteeing that no relevant patterns are overlooked, while axial coding 
facilitates the integration of those patterns into higher-level categories, establishing 
clear relationships among the elements. Together, this approach helps reduce termi-
nological and methodological fragmentation, generating a conceptual framework that 
serves as the foundation for defining a reference architecture applicable to classical–
quantum hybrid scenarios.

Illustrative use case (logistic optimization with QAOA): The scenario de-
scribed below was constructed following the scenario-based evaluation technique 
[40], which aims to facilitate the analysis of architectures during the early stages of 
development. This method enables a preliminary validation of the applicability and 
coherence of an architecture by defining representative usage contexts and mapping 
them to the proposed elements and dimensions. In this study, the route optimization 
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case using QAOA is employed as an illustrative scenario that demonstrates how the 
components of the hybrid architecture address integration needs between classical 
and quantum systems. Figure 2 summarizes this workflow, coordinated by a hybrid 
orchestrator that integrates classical and quantum modules.

Classic Subsystem
(Logistic process formulation)

Quantum module
(Execution of the QAOA Optimizer)

Classical route planning engine
(Itinerary update)

Hybrid Orchestrator
(Translation of the classical model into a quantum circuit)

Fig 2. Case scenario - route planning 
Source: own work.

According to Figure 2, the process integrates classical and quantum subsys-
tems through a hybrid orchestrator that coordinates the interaction between both 
paradigms.

Classical Subsystem (Problem Formulation): Responsible for modeling the 
route optimization problem as a mathematical instance, for example, a Max-Cut or 
Vehicle Routing Problem. This module uses classical algorithms to generate the initial 
representation of the problem in a format that can be interpreted by the orchestrator.

Hybrid Orchestrator: Acts as a bridge between the classical and quantum 
worlds. Its main function is to translate the problem formulation into a quantum circuit 
compatible with the selected backend. It also manages bidirectional communication, 
including the preparation of initial parameters and the collection of results.

Quantum Module (QAOA Execution): Receives the translated instance and 
executes the Quantum Approximate Optimization Algorithm (QAOA). This module 
can run on real quantum hardware or on general-purpose simulators, depending on 
availability. During execution, critical aspects related to quality criteria are considered 
to ensure that the results are reliable.

Classical Route Planning Engine: Integrates the results returned by the quan-
tum module and updates the proposed routes in the transportation system. In this 
way, quantum information is incorporated into the classical decision-making cycle, 
providing optimized solutions ready to be applied in the business context.

Based on the structure defined for the problem, the next step consists of map-
ping the processes of the scenario to the three dimensions (DC, DO, and DCD) and 
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the ten elements (E1–E10) defined during the harmonization phase, aiming to identify 
inconsistencies or gaps that help refine the model. To achieve this, a qualitative cor-
respondence exercise was conducted, in which each module of the logistics optimi-
zation flow (classical subsystem, hybrid orchestrator, quantum module, and classical 
route planning engine) was compared against the identified architectural elements. 
This analysis allowed the verification of component coverage in relation to objectives, 
structures, and quality attributes, as well as the identification of potential gaps where 
the theoretical definition has not yet been fully translated into an applied case. The cor-
respondence was established following a scenario-based evaluation approach [40], 
which facilitates linking architectural proposals with representative usage contexts. 
In this way, the logistics optimization case becomes a preliminary validation scenario 
that illustrates how the harmonized elements can guide the design of hybrid classical–
quantum solutions. Table 10 presents a summary of the results after cross-referenc-
ing the information described in the problem domain with elements E1–E10.

Table 10. Correspondence between elements and the domain 

Dimension Element Correspondence

Conceptual

E1 Objective: interoperability in route optimization.

E2 Context: transportation/logistics environment with existing transportation 
management systems.

E3 Semi-concrete level: definition of modules without specifying hardware.

Organizational

E4 Glossary: problem instance, QAOA, hybrid pipeline, orchestrator.

E5 Structures: classical subsystem, orchestrator, quantum module, classical 
engine.

E9 Components: APIs, SDK drivers, results repository.

E10 Reusable elements: optimization library applicable to other domains.

Quality and Design

E6 Attributes: scalability, quantum reliability, security.

E7 Styles: hybrid orchestrator, data pipeline.

E8 Patterns: Factory, Adapter, Proxy, Facade.

Source: own work

A mapping is marked as “covered” when the module explicitly implements the el-
ement, for example, the orchestrator materializes elements E5 and E9 through well-de-
fined interfaces; “partial” when the element does not yet have a complete operational 
definition, for instance, element E8 is defined at a conceptual level but still requires 
the specification of concrete design patterns at the implementation level; or “pending” 
when the theoretical definition has not yet been translated into measurable artifacts, 
for example, the elements identified for E6 (fidelity/coherence) in the quantum module 



17Carlos Eduardo Orozco Garcés, César Jesús Pardo Calvache, Ricardo Pérez del Castillo, 
Samuel Eduardo Sepúlveda Cuevas

Ingeniería Solidaria e-ISSN 2357-6014 / Vol. 22, no. 3 / september-december 2026 / Bogotá D.C., Colombia
Universidad Cooperativa de Colombia

require further analysis to ensure the existence of calibration functions to measure 
compliance.

This highlights the need for a future research line focused on defining a quan-
tifiable quality model for hybrid systems, one that translates metrics such as fidelity 
and coherence into architectural-level performance indicators.

Finally, the correspondence analysis facilitates the definition of a traceability 
table, which allows determining the degree of adoption of each element defined in 
the proposal with respect to the modules described in Figure 2, as shown in Table 11.

Table 11. Traceability Matrix

Element Description

E1

Classical subsystem: Interoperates with the optimizer; minimizes route cost (DC). Hybrid or-
chestrator: Ensures classical quantum coupling and controlled latency (DC). Quantum module 
(QAOA): Achieves the optimization objective using the agreed ansatz/optimizer (DC). Classical 
planning engine: Integrates the solution into the TMS while meeting the business objective (DC).

E2
Classical subsystem: Logistics/TMS domain; operational constraints/SLAs (DC). Hybrid orches-
trator: Orchestration rules according to policies/environment (DC). Quantum module: Provider 
backend/quota/noise basins (DC).

E3
Classical subsystem: Semi-concrete model (no fixed backend) (DC). Hybrid orchestrator: 
Generic contracts with adapters (DC). Quantum module: Parameterizable circuits—hardware or 
simulator (DC).

E4
Classical subsystem: Defines “instance,” “pipeline,” “QAOA,” “route” (DO). Hybrid orchestrator: 
Defines “job,” “backend,” “session,” “callback” (DO). Quantum module: Defines “ansatz,” “fidelity,” 
“shots” (DO).

E5
Classical subsystem: Data modeling/normalization module (DO). Hybrid orchestrator: ETL-H 
(classical→quantum→classical) flow and queues (DO). Quantum module: QAOA execution service 
and parameter manager (DO). Planning engine: Route planning and update service (DO).

E6
Classical subsystem: Efficiency, data security, auditability (DCD). Hybrid orchestrator: Availa-
bility, latency, retry, observability (DCD). Quantum module: Fidelity, error mitigation, coherence 
T1/T2 (DCD).

E7
Classical subsystem: Data pipeline; modeling microservice (DCD). Hybrid orchestrator: Hybrid 
orchestrator, event-driven (DCD). Quantum module: Specialized service; batch/session/hybrid 
execution (DCD).

E8
Classical subsystem: Strategy/Builder for cost functions (DCD). Hybrid orchestrator: Adapter/
Facade for SDKs; Circuit Breaker (DCD). Quantum module: Factory for ansätze/optimizers; Tem-
plate Method (DCD).

E9
Classical subsystem: Instance creation API; DTOs/validator (DO). Hybrid orchestrator: SDK 
adapters (Qiskit/Cirq/PennyLane); queues (DO). Quantum module: Executors; fidelity meter; 
results repository (DO).

E10 Classical subsystem: Modeling templates (VRP/Max-Cut) (DO). Hybrid orchestrator: Reusable 
multi-backend drivers (DO). Quantum module: Libraries of ansätze/optimizers (DO). 

Source: own work

Results analysis: The correspondence exercise made it possible to verify the 
extent to which the ten elements (E1–E10) and the three dimensions (DC, DO, DCD) 
cover the processes defined in the logistics optimization case. In general terms, it 
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was observed that the modules in the workflow (classical subsystem, hybrid orches-
trator, quantum module, and classical planning engine) are consistently aligned with 
the proposed conceptual and organizational structure. This finding suggests that the 
reference architecture can guide the design of hybrid solutions in practical scenarios 
while maintaining the methodological coherence established during the harmoniza-
tion process.

In addition, the analysis revealed critical gaps that define the future research 
agenda. Quantum quality attributes (E6) require the creation of formal metrics and 
evaluation thresholds to allow comparison with classical criteria in real scenarios. 
Likewise, the integration of design patterns (E8) must evolve from a declarative level 
to a concrete implementation catalog, and the definition of reusable elements (E10) 
requires a higher degree of formalization to ensure portability. However, the mapping 
functions as an initial approximation consistent with the preliminary definition of the 
reference architecture, demonstrating how the elements and dimensions project onto 
a representative use case.

Nevertheless, this represents only the first step in the maturation process of 
the proposal. The next challenge lies in breaking down each element into concrete 
instances so that they can be represented through specific architectural components, 
software tools, and technologies applied to the problem context. This transition from 
the conceptual to the implementable will allow the robustness of the model to be 
validated and advance toward hybrid solutions with a higher degree of applicability in 
real-world environments.

4. DISCUSSION AND CONCLUSIONS
The correspondence exercise made it possible to verify the extent to which the ten 
elements (E1–E10) and the three dimensions (DC, DO, DCD) cover the processes de-
fined in the logistics optimization case. In general terms, it was observed that the 
modules in the workflow (classical subsystem, hybrid orchestrator, quantum module, 
and classical planning engine) are consistently aligned with the proposed conceptu-
al and organizational structure. This finding suggests that the reference architecture 
can guide the design of hybrid solutions in practical scenarios while maintaining the 
methodological coherence established during the harmonization process.

In addition, the analysis revealed critical gaps that define the future research 
agenda. Quantum quality attributes (E6) require the creation of formal metrics and 
evaluation thresholds to allow comparison with classical criteria in real scenarios. 
Likewise, the integration of design patterns (E8) must evolve from a declarative level 
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to a concrete implementation catalog, and the definition of reusable elements (E10) 
requires a higher degree of formalization to ensure portability. However, the mapping 
functions as an initial approximation consistent with the preliminary definition of the 
reference architecture, demonstrating how the elements and dimensions project onto 
a representative use case.

Nevertheless, this represents only the first step in the maturation process of 
the proposal. The next challenge lies in breaking down each element into concrete 
instances so that they can be represented through specific architectural components, 
software tools, and technologies applied to the problem context. This transition from 
the conceptual to the implementable will allow the robustness of the model to be 
validated.

Considering the above, this study made it possible to identify and consolidate 
a set of ten relevant elements for the design of a hybrid reference architecture, inte-
grating classical and quantum approaches through a Systematic Literature Review 
(SLR) [4]. The methodological process included the harmonization, comparison, and 
integration of proposals found in the literature, characterized by their dispersion and 
varying levels of formalization.

Based on the obtained results, the elements were organized into three struc-
tured dimensions, enabling a clear and functional representation of the harmonized 
knowledge. This classification enhances the understanding and applicability of the 
model across different contexts by facilitating the identification and delineation of 
classical and quantum components according to the problem requirements. The pro-
posed organization thus provides a guide for both the analysis and design of hybrid 
architectures.

One of the main contributions of this work lies in the distillation of a heteroge-
neous knowledge field, whose fragmentation was evidenced in the initial SLR, into 
a unified conceptual framework. This allows overcoming the conceptual dispersion 
observed in the literature and moving toward an integrative perspective. As a result, the 
harmonization process clarifies points of convergence among different approaches 
and supports architectural decision-making from a more unified standpoint.

Finally, it is expected that the elements and dimensions identified in this work 
will serve as inputs for the formal definition of the reference model, facilitating the 
clear identification of classical and quantum components within each architectural 
dimension. To achieve this, the model will provide a common foundation for describing 
and analyzing the integration of technologies, tools, and patterns at different levels 
of abstraction, ensuring that each element has well-defined implementation criteria.
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As future work, the next steps of the proposal will focus on: (i) defining the 
reference architecture in detail, with special emphasis on the formalization of quali-
ty metrics (E6) and patterns (E8 and E10); (ii) conducting an initial expert evaluation 
aimed at gathering feedback on the conceptual soundness and applicability of the 
model; and (iii) carrying out a scenario-based evaluation by designing representative 
cases to analyze the architecture’s adaptability to different contexts and requirements.

Additionally, this study opens the door to complementary research lines that 
extend the scope of the proposal, including the development of a methodological 
framework for implementation by exploring strategies that facilitate adoption in in-
dustrial and academic environments, and the examination of applicable standards 
and regulatory frameworks, with the goal of aligning the architecture with international 
standards and strengthening interoperability.
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