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Abstract

Combinatorial optimization (CO) problems are computationally challenging as evidenced
in various industry and research domains. With recent advances in quantum computing
hardware and algorithms, such problems represent an excellent case study for these tech-
nologies. Nevertheless, current software tools for CO lack platform-agnostic abstractions
to enable researchers and practitioners to utilize quantum resources effectively.

This thesis aims to validate and extend the QPLEX Python library, a platform-
agnostic CO package built on DOcplex which integrates execution across multiple quantum
providers using various algorithms. We focus on two key software quality attributes: com-
pleteness, examining the quantum providers QPLEX supports to look for features that could
be added to our library, enhancing its capabilities for handling CO problems; and extensibil-
ity, making the library more adaptable for future expansions. We first compile a high-level
workflow for solving CO problems to ensure that our elicited software requirements align
with the actual process practitioners follow when solving these problems. Subsequently,
we evaluate QPLEX through a comprehensive analysis of its completeness by comparing
features against alternative solutions including platform-specific SDKs, and its extensibil-
ity by examining how easily new features can be integrated without disrupting existing
functionality.

Based on the identified functional and non-functional requirements, we design and
implement several extensions to QPLEX, including support for Qiskit Runtime Sessions,
integration with D-Wave’s quantum solvers and implementation of the QAOAnsatz algo-
rithm. Furthermore, we enhance the extensibility of the library through comprehensive
documentation, automated testing, and CI/CD pipelines to ensure smooth integration of
future open-source contributions.

Validation results demonstrate that these enhancements successfully extend QPLEX’s
capabilities for solving CO problems using quantum resources, providing a more compre-
hensive suite of features for quantum-based CO while establishing robust foundations for
future development.

This work contributes to the evolving field of quantum software engineering by advanc-
ing an abstraction layer that shields practitioners from low-level quantum details, allowing
them to focus on problem formulation. As quantum hardware and algorithms continue
to advance, such platform-agnostic libraries will play a crucial role in broadening quan-
tum computing adoption, enabling domain experts to leverage quantum resources without
requiring deep quantum computing knowledge.
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Chapter 1

Introduction

Quantum Computing (QC) is an emerging field of computation that leverages principles
of quantum mechanics to perform calculations [1]. It is a multidisciplinary field that uses
superposition, interference and entanglement to manipulate quantum bits, or qubits, en-
abling operations that classical bits cannot perform. Quantum computers can potentially
provide a speed up when solving complex problems, such as physics and chemistry simula-
tions, compared to current classical computers [2] [3].

However, despite the potential of QC, current quantum computers are neither reliable
nor scalable enough to solve complex, real-world problems faster than classical alterna-
tives [4]. In this context, the scale of a quantum computer refers to the number of logical
qubits it possesses, where a logical qubit is an abstract representation of a qubit that is
realized using multiple physical qubits. This is done to protect against errors. Complex
problems with a large number of variables require a substantial amount of qubits to model
them effectively on a quantum computer.

In the case of reliability, present-day quantum computers are highly susceptible to noise,
which can be caused by external sources, such as cosmic rays, or internal ones, such as
interactions between neighboring qubits. If not handled properly, noise can degrade the
accuracy of computations. Thus, advancing quantum error correction is crucial for moving
toward fault-tolerant quantum computers.

Consequently, a term commonly used to describe the current state of the QC era
is the Noisy Intermediate-Scale Quantum (NISQ) [2] era, where the terms noisy and
intermediate-scale refer to the two aforementioned characteristics.

Therefore, quantum computers today are limited in their performance, reducing their
applicability to real-world solutions [4]. However, hybrid quantum-classical algorithms
have emerged as a promising approach; they have been shown to produce useful results
for relevant problems [5][6]. Hybrid algorithms alternate between quantum and classical
processing steps to provide a potential speed up compared to purely classical or quantum
alternatives [7].

Despite this promise, solving large-scale problems using NISQ-era quantum comput-
ers is a challenging task even with hybrid algorithms, and requires suitable software tools
that enable scientists and engineers to use quantum resources in the most efficient man-
ner [8]. This is where Quantum Software Engineering (QSE) plays a critical role, as it
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Chapter 1 Introduction

focuses on creating models, standards and methods that enable quantum practitioners to
develop scalable quantum software systems [9]. As an emerging field, QSE aims to apply
knowledge from classical software engineering to adapt existing or create new software
development processes, methods, principles and tools for the development of quantum
software. This involves classical software engineering knowledge areas such as software
design, construction, testing, and maintenance [10][9]. Thus, there is a clear need for
tools and methodologies that encompass the complete quantum software toolchain [11].

The development of scalable quantum applications is greatly facilitated by the availabil-
ity of suitable software tools. Therefore, QC companies often develop their own Software
Development Kit (SDK). These SDKs contain software building tools and libraries, along-
side the syntactic and semantic rules that programmers must follow to develop quantum
software for that platform [12]. Most quantum SDKs are written in Python, which has be-
come the language of choice for quantum computing due to its simplicity and accessibility.
Pythons syntax, which differs from the more complex C-style syntax, is particularly benefi-
cial for users who may not come from a computer science background or are new to pro-
gramming [13]. Its high-level nature allows developers to write readable and concise code,
making it easier for them to focus on quantum algorithms rather than implementation de-
tails. Additionally, Pythons rich ecosystem of libraries and packages further simplifies the
development process, enabling researchers and developers to quickly integrate quantum
functionalities with existing software. Given these advantages, Python is well-suited for
the needs of the current quantum era, allowing both novice and experienced programmers
to engage with quantum development more efficiently.

While Python-based SDKs have simplified quantum software development and in-
creased accessibility, the diversity of available SDKs across different quantum hardware
platforms introduces new challenges. Specifically, many SDKs are tied to the quantum
hardware developed by the same company, which limits flexibility and forces developers to
learn multiple tools to work across different platforms. This makes it harder for newcom-
ers to use different types of quantum hardware. To address this issue, multiple companies
design their SDK to be used to write quantum programs that can be executed on vari-
ous quantum computers from different quantum providers. This type of quantum SDK
is sometimes known as platform-inclusive or platform-agnostic [14]; it includes adaptors
that facilitate parsing code from one SDK to another. However, these adaptor packages
have limited support for the various quantum providers and their unique functionalities.

Given the challenges posed by platform-specific SDKs, our previous work in the field of
QSE contributed to enabling quantum and classical practitioners to access different quan-
tum providers more easily in order to solve optimization problems. This contribution,
resulting in a previous Master’s thesis, consists of a Python programming library called
QPLEX [15], which acts as a tool for modeling and solving combinatorial optimization
(CO) problems. CO is one of the most relevant areas of optimization with practical appli-
cations found in every industry, and it is also one of the primary use cases for QC [16][17].
QPLEX’s goal is to enable optimization software developers to experiment with different
quantum resources and assess performance improvements of hybrid quantum-classical op-
timization solutions [18] by (1) automatically mapping a problem’s QUBO model into a

2



1.1 Motivation

desired quantum algorithm, (2) handling the parsing of the algorithm to the selected plat-
form’s SDK (e.g., IBM’s Qiskit1, D-Wave’s Ocean2, Amazon Braket3), and (3) orchestrating
its execution and result retrieval.

This thesis builds on top of our previous contribution to validate and extend the QPLEX
Python programming library focusing on two software quality attributes: completeness and
extensibility. This involves ensuring that QPLEX can handle a wide range of CO problems
and quantum platforms, while also making the library more adaptable for future expan-
sions.

1.1 Motivation

Following classical software engineering methods, the QPLEX library was developed to sat-
isfy a set of functional requirements defined in the analysis stage described in [15]. These
requirements, which included core functionalities for modeling and solving CO problems,
were successfully validated by the original authors. However, further validation is required
in two key aspects of the library: completeness and extensibility.

Evaluating completeness involves identifying the current set of features offered by the
library and comparing them against alternative solutions to verify that the current sys-
tem covers all the intended users’ objectives [19]. This comparison includes the platform-
specific SDKs supported by QPLEX. This assessment will help determine whether the li-
brary’s features are comprehensive enough to meet the needs of developers working with
hybrid quantum-classical optimization methods.

The second area of focus, extensibility, examines the ease with which new features can
be added to QPLEX without disrupting existing functionality [20]. Since QPLEX is an open-
source project, contributions may come from developers who are unfamiliar with the full
codebase. To ensure a smooth integration of new contributions, it is crucial that the library
supports extension through modular and well-documented code. Moreover, new code must
undergo rigorous testing to confirm compatibility and prevent any regressions before it is
merged into the main codebase.

Building on these reflections, this thesis presents a detailed validation of the QPLEX
Python programming library, focusing on the two key quality attributes discussed above:
completeness and extensibility. In addition to validating the library, the thesis also details
the design and implementation of a set of new features that extend QPLEX. The validation
proposed in this thesis is intended to guide contributors who wish to extend QPLEX through
open-source contributions, ensuring that future modifications align with the librarys design
principles and do not disrupt existing functionality. Moreover, the newly introduced fea-
tures further empower optimization software practitioners, providing them with additional
tools to solve complex CO problems effectively.

1https://www.ibm.com/quantum/qiskit
2https://docs.ocean.dwavesys.com/en/stable/
3https://aws.amazon.com/braket/
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1.2 Problem Definition and Research Questions

Hybrid quantum-classical algorithms are considered one of the most promising approaches
for developing large-scale quantum software applications [21][22]. However, the diversity
of quantum providers, the variety of available algorithms, and the steep learning curve
associated with different quantum SDKs present significant barriers to implementing these
algorithms effectively. This complexity creates a need for tools that can streamline the
process of developing hybrid quantum-classical solutions for real-world problems.

In our previous work [18], we introduced the QPLEX library as a step toward addressing
these challenges, focusing on combinatorial optimization. However, the quantum comput-
ing field is rapidly evolving, with companies continuously deploying new hardware and
software. To remain relevant and useful, QPLEX must (1) support the most essential fea-
tures for solving CO problems, and (2) implement best practices in software engineering,
including comprehensive documentation, high test coverage, and robust continuous in-
tegration (CI) and continuous deployment (CD) pipelines, known together as CI/CD, to
ensure that future contributions and extensions can be integrated seamlessly.

Therefore, we believe that by validating and extending the QPLEX library, we can pro-
vide a solid foundation for future open-source contributions. This will not only enhance
the library’s functionality but also enable swift and efficient development of quantum soft-
ware, furthering the adoption of hybrid quantum-classical algorithms in solving large-scale
problems.

Our research aims to answer the following questions:

RQ1: What are the key components in a workflow for solving combinatorial optimiza-
tion problems using classical and quantum approaches?

RQ2: How can these workflow insights be applied to analyze and enhance the QPLEX li-
brary’s completeness and extensibility, ensuring it effectively supports a wide range
of quantum providers and facilitates future developments in hybrid quantum-
classical optimization?

RQ3: To what extent do the newly implemented features in QPLEX improve its func-
tionality in solving combinatorial optimization problems using quantum resources
and enhance its extensibility, facilitating future development?

1.3 Contributions

The following are the contributions of this thesis.

C1: A comprehensive review and analysis of the stages involved in the combinatorial
optimization process, condensed into a general high-level workflow, to inform the
analysis of QPLEX and the design of new features.
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C2: A thorough analysis of the QPLEX librarys completeness and extensibility within
the high-level workflow developed in Contribution C1, identifying functional re-
quirements that would enhance the library’s effectiveness in solving combinatorial
optimization problems (completeness) and non-functional requirements necessary
to facilitate future developments in the library (extensibility).

C3: The enhancement and validation of the QPLEX library through the design and
implementation of new features based on requirements from Contribution C2, fol-
lowed by validation through comprehensive testing.

1.4 Research Methodology

To answer RQ1, we will conduct a literature review of the process for solving CO problems,
including both classical and hybrid quantum-classical approaches. This review will provide
a high-level overview of the CO problem-solving process, outlining its key stages and offer-
ing detailed descriptions of each. This analysis will serve as the foundation for identifying
which stages of the CO process are best suited for quantum computing, helping us set the
stage for the evaluation and extension of the QPLEX library in subsequent steps.

To address RQ2, the methodology is divided into two main parts: completeness analysis
and extensibility analysis.

In the first part, we evaluate the completeness of the QPLEX library by analyzing its
current set of features for solving CO problems and experimenting with different quan-
tum hardware platforms. QPLEX serves as an abstraction layer over several quantum SDKs
(e.g., Qiskit, Ocean, Braket), providing a unified interface for accessing quantum comput-
ing resources. However, this abstraction may omit certain features available directly in the
underlying SDKs.

To assess completeness, we will:

1. Identify the current features offered by QPLEX, especially those related to formu-
lating and solving CO problems using quantum algorithms

2. Compare QPLEXs features to those provided by the quantum SDKs it integrates
with

3. Identify missing functionalities by highlight any key features from these SDKs that
are not currently supported by QPLEX but could be valuable additions for CO
problem-solving

This part of the analysis will inform our next steps for extending QPLEX to better sup-
port a wide range of quantum hardware and ensure that its feature set is comprehensive
enough to serve the needs of developers and researchers in the field.

In the second part, we evaluate the extensibility of QPLEX by assessing how easily the
library can be adapted or extended by contributors to incorporate new features and support
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new quantum platforms. Given that QPLEX is an open-source project, it is crucial to ensure
that the codebase is modular, well-documented, and supports smooth integration of new
contributions without breaking existing functionality.

To assess extensibility, we will

1. Analyze the modularity and architecture of the QPLEX codebase to determine
whether its structure allows for easy addition of new quantum algorithms and SDK
integrations

2. Evaluate the documentation: Comprehensive documentation is key for open-source
contributions. We will review the current state of QPLEX’s documentation to assess
whether it provides clear guidelines for developers looking to extend the library.

3. Assess test coverage and CI/CD pipelines: Ensuring that new code can be reliably
tested and integrated into the library without introducing bugs is critical. We will
evaluate the library’s current testing framework and its use of Continuous Integra-
tion/Continuous Delivery (CI/CD) pipelines to ensure new contributions are seam-
lessly integrated. We will also implement additional tests as needed to improve test
coverage, particularly around new or less-documented features.

This analysis will help us understand how well QPLEX can accommodate future growth,
and we will implement necessary improvements to ensure its long-term adaptability.

To answer RQ3, we will focus on the design, implementation, and validation of new
features in QPLEX based on the findings from RQ2. These new features will aim to fill
the gaps identified in the completeness analysis and enhance the library’s functionality.
To validate the implemented features, we will employ a comprehensive testing approach
consisting of unit tests and mock tests for each functional requirement. This validation
strategy will allow us to (1) verify that each implementation correctly fulfills its corre-
sponding requirement specification, (2) ensure that the features integrate properly with
the existing codebase, and (3) confirm that the implementations adhere to the software
quality standards established by the non-functional requirements. Our validation will em-
phasize correctness and completeness of implementation rather than comparative perfor-
mance evaluation, aligning with the extensibility goals of the project.

1.5 Thesis Outline

The current chapter introduces the motivation, problem definition, and research questions
of this thesis, alongside a summary of its contributions. The remaining chapters are struc-
tured as follows

Chapter 2: Background and Related Work: This chapter presents the necessary back-
ground concepts in CO, open-soure quantum software and the QPLEX library. It
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also reviews the state of the art in these fields, laying the groundwork for answer-
ing the research questions and framing the subsequent analysis of methodologies
and tools.

Chapter 3: A Workflow for Solving Combinatorial Optimization Problems: This
chapter provides a high-level overview of the workflow for solving combinato-
rial optimization problems, from problem analysis and modeling, to algorithm
selection, encompassing both classical and quantum approaches. It highlights
key stages of the optimization process where quantum computing may offer an
advantage, as explored in RQ1.

Chapter 4: Evaluating the Completeness of the QPLEX Library: This chapter evalu-
ates the completeness of the QPLEX library in terms of its support for solving com-
binatorial optimization problems using different quantum providers. It also elicits
a set of functional requirements to enhance the library, addressing part of RQ2.

Chapter 5: Examining the Extensibility of the QPLEX Library: This chapter focuses
on assessing the extensibility of the QPLEX library. It identifies areas where the
library can be improved in terms of supporting new quantum providers and fa-
cilitating future open-source contributions. It also elicits a set of non-functional
requirements (e.g., modularity, documentation, testing) to guide these improve-
ments, further addressing RQ2.

Chapter 6: Extending QPLEX: Design and Implementation: This chapter describes
the design and implementation of new features based on the functional and non-
functional requirements identified in Chapters 4 and 5. These enhancements aim to
improve the completeness and extensibility of QPLEX, providing concrete solutions
for the gaps and limitations identified earlier.

Chapter 7: Validation and Discussion: This chapter details the validation process for
the new features and extensions implemented in QPLEX through comprehensive
testing of each functional requirement. It evaluates the correctness and usability
of each implementation, discusses the limitations of the validation approach, and
examines the implications for QPLEX users.

Chapter 8: Conclusion: This chapter summarizes the contributions of this thesis and
reflects on the findings from the research questions. It also provides closing re-
marks on the impact of this work on quantum software engineering and combina-
torial optimization, and discusses potential future directions.
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Chapter 2

Background and Related Work

The goal of this chapter is to introduce the foundational concepts relevant to the work
presented in this thesis, as well as to present related work. While not intended to be
a comprehensive review of the topics mentioned, it aims to cover the essential concepts
required for a thorough understanding of the subsequent work.

2.1 Combinatorial Optimization

Combinatorial Optimization involves finding an optimal solution to a problem from a finite
set of solutions [23]. In a combinatorial Optimization problem, a set of discrete variables
can be combined in various ways to form a solution. The quality of a solution is determined
by a cost function specific to the problem, also known as the objective function. This
function maps a combination of variables to a value, often represented by a real number.
The goal of CO is to find the configuration of variables that optimizes the objective function.
As the number of variables increases, the number of possible combinations often grows
exponentially, depending on the problem’s structure, leading to increased complexity.

CO problems are of interest to researchers and practitioners because they are present
in many different fields such as finance, logistics, healthcare, and others. Moreover, many
of these problems can be abstracted into general CO formulations, enabling researchers to
focus on solving abstract problems while addressing concrete real-life scenarios [24].

As explored in more detail in Chapter 3, a CO problem typically consists of several key
components. First, the decision variables define the possible configurations that can be se-
lected; these may be binary, integer, or discrete values, depending on the problem context.
Second, the objective function, which evaluates the quality of any given configuration by
mapping it to a numerical value. Third, the solution space, which comprises all possible
combinations of variable values. And finally, the constraints, which are part of many real-
world CO problems and restrict the set of feasible solutions by imposing limits on what
configurations are allowed.

Due to their discrete nature and combinatorial explosion of possibilities, many CO prob-
lems are classified as NP-hard, meaning they cannot be solved efficiently (in polynomial
time) using classical algorithms as the problem size increases. This computational chal-
lenge has motivated the exploration of quantum computing approaches, which may offer
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advantages for certain problem classes through quantum phenomena such as superposition
and entanglement.

2.2 Open-Source Quantum Software Ecosystem

2.2.1 Current Landscape

The ecosystem of QC software has seen significant growth in open-source software devel-
opment, resulting in a diverse set of tools, libraries and frameworks. This ecosystem spans
the entire quantum software stack, from low-level hardware interfaces to high-level ap-
plication libraries [11]. Major quantum providers such as IBM, D-Wave and Xanadu have
released open-source SDKs to facilitate access to quantum hardware.

These open-source projects serve multiple key functions in the emerging QC field. They
facilitate access to quantum resources, enabling researchers, educators, and developers
without direct hardware access to experiment with quantum algorithms. They also accel-
erate innovation by allowing the community to contribute new features and integrations,
driving the field forward at a pace that few single organizations could achieve alone.

2.2.2 Challenges in Quantum Open-Source Development

Despite these benefits, developing open-source quantum software presents challenges. The
rapid evolution of quantum hardware and theoretical approaches means that software must
be developed alongside hardware and be highly adaptable to incorporate new advance-
ments. Additionally, the interdisciplinary nature of QC requires collaboration between
experts from various fields, including physics, computer science, mathematics, and en-
gineering, each bringing different perspectives and requirements.

The high diversity of quantum hardware implementations and quantum providers has
limited standardization across different quantum platforms, with each provider developing
their own frameworks and abstractions. This fragmentation increases the learning curve for
newcomers and motivates the development of platform-agnostic toolsa gap that libraries
like QPLEX aim to address.

2.3 The QPLEX Library

2.3.1 Purpose and Design Goals

The development of the QPLEX library was motivated by the need for abstraction layers
in QSE. Such layers help minimize the impact of low-level quantum hardware and soft-
ware details, leading to swifter incorporation of QC into current optimization pipelines.
This goal has two different avenues: (1) in research, to streamline experimentation, and

9



Chapter 2 Background and Related Work

(2) in industry, to facilitate the adoption of QC for CO. QPLEX aims to accomplish these
goals by providing a simple interface to model and solve CO problems on various quantum
platforms, and incorporating an extensible repertoire of algorithms [15], [18].

QPLEX can be categorized as a platform-agnostic combinatorial optimization library
that provides access to both classical and quantum platforms. The library uses a well-
known CO package as its foundation to provide problem modeling capabilities through an
established and familiar interface: the DOcplex API [25]. With this foundation in place, the
library was designed in a modularized manner, such that cohesively separate components
remain decoupled in the codebase. These modules include the Solvers module, which
implements different solvers for various quantum providers. Each solver encapsulates the
logic to communicate with a quantum provider and solve a CO model, abstracting away
provider-specific implementations from the user. By utilizing these different solvers, the
initial problem model can be sent to the chosen quantum provider, and the results of the
execution can be retrieved and displayed to the user without requiring any knowledge of
quantum algorithms or specific provider SDKs.

2.3.2 Architecture Overview

The architecture of QPLEX prior to this work, as seen in Figure 2.1, consisted of four pri-
mary modules that work together to provide a cohesive solution for quantum optimization
problems:

• Model Module: Contains the fundamental QModel class, which extends the under-
lying DOcplex package and serves as the entry point for modeling and solving CO
problems with QPLEX. This module orchestrates the entire problem-solving work-
flow by leveraging the functionality provided by the other modules. The QModel
class allows users to define their optimization problems using the familiar DOcplex
syntax while adding quantum execution capabilities.

• Commons Module: Integrates utility classes and functions that are used throughout
the problem-solving workflow. A key component is the SolverFactory class, which
implements the Factory design pattern to instantiate the appropriate solver based
on the user’s selection. This module facilitates loose coupling between the other
components of the library, enhancing maintainability and extensibility.

• Solvers Module: Contains provider-specific solver classes that all implement a com-
mon interface. Each solver is responsible for three critical tasks: (1) parsing the base
problem model into a format compatible with the provider’s SDK, (2) orchestrating
the execution of the model on the selected quantum backend, and (3) parsing the re-
sults returned from the quantum device into a standardized format. This abstraction
layer shields users from the complexities of different quantum platforms.
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2.3 The QPLEX Library

Figure 2.1|: System design of QPLEX prior to this work. Taken from [15].

• Algorithms Module: Includes a repository of quantum algorithm implementations
that can embed a QModel into the algorithm’s circuit structure before solver execu-
tion. These algorithms translate the mathematical representation of the optimiza-
tion problem into quantum operations that can be executed on the selected quantum
hardware.

This modular architecture was designed to facilitate extensibility, allowing for the ad-
dition of new algorithms and quantum providers with minimal changes to the existing
codebase. The separation of concerns between modules ensures that modifications to one
component do not necessitate changes to others, promoting a robust and maintainable
software structure.

It is worth mentioning that the main extension points of the library are the Solvers
module and the Algorithms module, offering interfaces for future solvers and algorithms
respectively, and making these additions less complex than would be possible with a more
coupled architecture.

2.3.3 Workflow for Solving Combinatorial Optimization Problems with
QPLEX

The workflow for solving CO problems with QPLEX follows a process that abstracts away
much of the complexity involved in quantum execution. Users can solve optimization prob-
lems in the following steps:

First, users create a QModel instance to formulate their optimization problem using the
DOcplex API, which provides a familiar mathematical modeling interface. This involves
defining decision variables, constructing an objective function, and specifying any con-
straints. The resulting model represents the problem in a mathematical form that can be
processed by QPLEX.
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Finally, users invoke the solve method on the QModel instance, specifying execution
parameters such as the desired quantum provider, algorithm, and any provider-specific
options. The solve method then:

1. Uses the SolverFactory to instantiate the appropriate solver for the selected quan-
tum provider

2. Retrieves the specified algorithm from the Algorithms module (in the case of D-Wave,
this step is skipped)

3. Delegates the execution to either the Generalized Gate-based Algorithm Execution
workflow or the D-Wave solver

4. Uses the corresponding solver to retrieve and process the results from the quantum
execution

5. Returns the solution to the user in a standard format

Users can experiment with different quantum providers or algorithms by simply chang-
ing parameters in the solve method call, without needing to modify their problem formu-
lation or understand the underlying quantum implementations.

For advanced users who need more control, QPLEX also provides options to customize
execution parameters, specify algorithm-specific settings, and configure solver behavior.
This flexibility allows researchers to experiment with novel approaches while still benefiting
from the abstraction layer that QPLEX provides.

2.4 Related Work

This section presents QPLEX in the broader landscape of quantum optimization tools and
provide a future outlook for the field of quantum software.

2.4.1 Additional Open-source Quantum Optimization Libraries

To the best of our knowledge, no other tool currently offers the same combination of mod-
eling capabilities and execution flexibility across multiple quantum providers as QPLEX.
However, some related efforts exist in the quantum optimization space that are worth not-
ing.

The OpenQAOA [26] python package developed by Entropica Labs provides an imple-
mentation of the QAOA algorithm with support for different problem types. While Open-
QAOA offers abstraction layers for QAOA-specific applications and supports execution on
various quantum providers including IBM, Google and Rigetti, it does not provide the same
breadth of optimization capabilities or the familiar DOcplex modeling interface that QPLEX
offers. OpenQAOA focuses specifically on the QAOA algorithm and its variants, whereas
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QPLEX aims to be a more general platform for quantum optimization across multiple algo-
rithms and providers.

Another relevant library is Qiskit Optimization,1 now a separate library which was
originally a module of Qiskit. Also referred to as a framework, Qiskit Optimization pro-
vides tools for problem modeling and algorithm execution that resemble the capabilities of
QPLEX. It also supports translating optimization problems into various formulations. While
it offers excellent integration with IBM’s quantum hardware and simulators through Qiskit,
it lacks the cross-platform capabilities that QPLEX provides. QPLEX enhances this flexibility
by abstracting away the provider-specific details and offering a unified interface for execut-
ing optimization problems across different quantum platforms out of the box, not limited
to IBM’s ecosystem.

2.4.2 Future Directions in Quantum Software Engineering

In the commercial space, IBM has outlined a vision for their quantum software stack that
aligns with the goals of QPLEX. Their roadmap includes the development of high-level
programming platforms that abstract away low-level quantum details and focus on ap-
plications. Figure 2.2 shows IBM’s quantum software stack roadmap, which illustrates
their intention to build layers of abstraction from hardware-specific details up to domain-
specific applications. This approach mirrors QPLEX’s philosophy of providing accessible
abstractions for specific problem domains while shielding users from the complexities of
the underlying quantum implementations.

Standardization efforts represent another important direction in quantum software en-
gineering. As the field matures, the need for common interfaces, protocols, and bench-
marks becomes increasingly apparent [9]. The Quantum Intermediate Representation
(QIR) Alliance,2 for instance, is developing a common intermediate representation that
allows users to write fully interoperable quantum programs.

Such efforts align with QPLEX’s goal of providing a unified interface for quantum opti-
mization across different providers. As standards emerge and gain adoption, libraries like
QPLEX will play a crucial role in implementing these standards and making them acces-
sible to practitioners. The modular architecture of QPLEX, with clear separation between
problem modeling, algorithm implementation, and hardware execution, positions it well
to adapt to and incorporate emerging standards in QSE.

The ongoing development of higher-level abstractions and standardization efforts point
to a future where quantum resources become more accessible to domain experts without
requiring detailed knowledge of quantum mechanics or specific hardware architectures.

1https://qiskit-community.github.io/qiskit-optimization/
2https://www.qir-alliance.org/
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Figure 2.2|: IBM Quantum Development Roadmap to 2033. Taken from [27].
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2.5 Chapter Summary

This chapter introduced concepts and tools that aid in the understanding of this thesis, such
as CO, the QPLEX programming library, and the current landscape of open-source quantum
software, including relevant related work. At the time of writing, there are significant chal-
lenges in building software tools to help developers and researchers make use of the full
potential of quantum computers. The rapid evolution of quantum hardware and theoret-
ical approaches combined with the interdisciplinary nature of QC are hurdles in the field
of QSE. Nevertheless, useful tools that abstract low-level details and enable practitioners
to solve problems have emerged, with QPLEX serving as a platform-agnostic library that
bridges the gap between different quantum providers and simplifies the process of solving
CO problems. The Development Roadmap of IBM further emphasizes the need for such ab-
straction layers, aligning with QPLEX’s approach of shielding users from the complexities
of underlying quantum implementations.
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Chapter 3

A Workflow for Solving
Combinatorial Optimization Problems

Building on the foundational understanding of CO from the previous chapter, this chapter
addresses our first research question by developing a high-level workflow for solving CO
problems. By breaking down the CO problem-solving pipeline into distinct stages and ex-
amining the key considerations at each step, we provide a structured approach that can
guide practitioners through the task of solving CO problems. This workflow not only clari-
fies the fundamental stages of CO problem-solving but also creates a framework for under-
standing where and how different tools and technologies, including quantum computing
resources, can enhance the problem-solving process.

3.1 Introduction

The process of solving CO problems requires a structured and systematic approach, pre-
sented here as a general workflow. The intrinsic complexity of many real-world CO prob-
lems, combined with their discrete nature and the vast number of possible solutions, de-
mand such an approach to efficiently explore solution spaces and identify optimal or near-
optimal outcomes. A clear workflow ensures that these problems are tackled in a methodi-
cal manner, enabling the identification of a proper solution through a well-informed choice
of solution techniques.

As discussed previously in 2.1, CO problems are of significant interest to researchers
and practitioners across various fields, from logistics to finance to biology. This interest,
combined with the inherent difficulty of CO problems, establishes the field as a promising
area for the development of new methodologiesboth classical and quantumthat aim to
provide better solutions or improve efficiency over existing methods. In the field of QC, CO
plays a crucial role, driving the development of new quantum algorithms and techniques
that push current quantum hardware to its limits [28].

In the following sections, we explore each step of the proposed workflow in detail. Our
proposed workflow consists of four main stages:



3.2 Problem Analysis

1. Problem Analysis

2. Problem Abstraction and Modeling

3. Algorithm Selection

4. Solution and Iteration

This structure synthesizes insights from multiple sources: the theoretical framework
presented by Yarkoni et al. [29], empirical findings from quantum annealing applications
studied by Heng et al. [30], practical implementation strategies from recent optimization
studies [31], [32], and our own research experiences. While this workflow builds on estab-
lished approaches, it specifically considers how quantum computing resources can be inte-
grated into the CO solution process, identifying stages where quantum approaches might
offer advantages over classical methods.

The proposed workflow stages are not intended to represent a rigid or exhaustive frame-
work but rather serve as a flexible guide to navigate the CO process. By synthesizing es-
tablished literature with practical experience, this workflow aims to provide clarity and
direction for both classical and quantum methodologies, while remaining adaptable to spe-
cific problem contexts and advances in the field.

3.2 Problem Analysis

The problem analysis stage is fundamental to the success of the CO process; it involves
identifying and laying out the components of the problem, described in Chapter 2. A deep
understanding of the problem at this stage allows us to choose the appropriate abstraction
for our problem, as we will see in 3.3, and ultimately guides the entire solution process.

Mathematically, a CO problem is typically defined as follows:

Given a finite set of feasible solutions S and a cost function f : S → R that maps each
feasible solution to a real number. The goal is to find a solution s∗ ∈ S that minimizes (or
maximizes) the cost function f :

s∗ = arg min
s∈S

f(s) (or arg max
s∈S

f(s)) (3.1)

In other words, analyzing a CO problem involves identifying the variables that define
the problem and understanding how they combine to form feasible solutions. These vari-
ables represent the key decision points in the problem, and their interactions determine
the space of possible solutions. Often, the problem’s structure is described qualitatively
rather than explicitly, requiring us to extract meaningful insights from such descriptions,
as highlighted by Lee et al. in [33]. Furthermore, determining the size of the solution
space is rarely straightforward. However, as mentioned earlier, many CO problems can
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be abstracted into well-known formulations, for which the size of the solution set can be
computed using established results.

Once the variables are identified, the set of feasible solutions alone is not meaningful
without a way to evaluate them. This brings us to the objective function, or cost func-
tion, which interprets specific configurations of the variables and assigns a numerical value
to each solution. The objective function plays a critical role in guiding the optimization
process by indicating which solutions are more desirable. It captures the interactions be-
tween variables and provides a way to compare different solutions. Identifying the correct
objective function is fundamental, as it defines what constitutes an optimal solution. Over-
looking important interactions in our problem may cause the algorithm to yield sub-optimal
results.

Let us illustrate this first step of the process with an example, paraphrased from Cook
et al. in [34]: An oil company has a field consisting of 47 different platforms, which all
need to be visited once by a helicopter. Given that operating the vehicle is expensive, the
company is interested in finding the path between all platforms that minimizes the distance
traveled. Note that the helicopter needs to return to the starting point after finishing its
trip.

In this example we have a description of the set of variables of our problem, from
which we can derive the set of feasible solutions. Here, the variables are the paths between
platforms, the former also known as edges and the latter as nodes, and a feasible solution
corresponds to a distinct set of edges that comprise a complete trip. Furthermore, a given
order for visiting the platforms requires the helicopter to travel a specific distance. This
distance represents the cost of the solution, which we aim to minimize.

Lastly, an essential component to identify in our problem is the set of constraints. Con-
straints restrict the space of feasible solutions by imposing limits on what configurations
are allowed. In our example, constraints could involve limited resources or time windows,
which would increase the complexity of the problem by reducing flexibility and narrowing
the search space.

Moreover, in some cases, certain constraints are essential to ensure that the mathe-
matical model aligns with real-world behavior. These constraints help capture practical
requirements that the objective function or algorithm alone might overlook. For instance,
in the example from earlier, additional constraints are necessary to prevent the formation
of multiple disconnected loops and ensure that each platform is visited exactly once, with
only one incoming and one outgoing path per platform. Without such constraints, the
solution would not reflect the real structure of the problem.

At this point, we have established the scope of the feasible solutions, identified our cost
function, and recognized the need for constraints. In theory, solving a CO problem could
be reduced to listing all possible solutions and evaluating their costs to find the optimal
one. However, this brute-force approach quickly becomes impractical due to the combina-
torial explosion of possibilities, making it infeasible for all but the smallest problems. This
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challenge underscores the need for efficient algorithms that can strategically navigate the
solution space and find optimal or near-optimal solutions within reasonable time.

With this foundation in place, we can now proceed to the next step: problem abstrac-
tion and modeling, where we refine the problem structure and prepare it for algorithmic
exploration.

3.3 Problem Abstraction and Modeling

By making general observations about the problem, as outlined in the previous section, we
gain valuable insight into its structure and components. However, to solve the problem
effectively, these insights must be captured within a mathematical model. Mathematical
models help us understand complex systems underlying empirical observations [35], and
are essential for computation, as computers operate exclusively with numerical represen-
tations. Modeling serves as a bridge between understanding the problem conceptually and
implementing algorithms that can efficiently explore and solve it.

As mentioned in Section 2.1, CO problems can often be abstracted into well-known
problem types. This is advantageous because many of these problems already have es-
tablished formulations, which simplifies the modeling process and makes it more efficient.
Therefore, identifying the appropriate abstraction for a concrete problem is a crucial step
that precedes mathematical modeling, and it is fundamental for continuing with the CO
problem-solving pipeline. This step, however, is non-trivial and requires both experience in
mapping real-world problems and knowledge of common CO problems.

Building on the earlier oil platforms example from 3.2, the problem can be identified as
a Traveling Salesman Problem [36] (TSP) because it meets the following criteria:

• It has a set of nodes (e.g., platforms, cities) that must be visited exactly once.

• There are paths with associated costs or distances between nodes.

• The objective is to minimize the total travel cost (or distance) while returning to the
starting node after visiting all others.

• There are no constraints on order, aside from visiting each node exactly once.

In this example, each platform corresponds to a node, the helicopter must visit all nodes
exactly once, and the objective is to minimize the total travel distance.

Thus, we can express the problem mathematically by defining its objective function as
follows:

min
n∑

i=1

n∑
j=1

dij · xij (3.2)

where
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• xij ∈ {0, 1} is a binary variable indicating whether the path from platform i to j is
part of the tour (1) or not (0).

• dij is the distance between platform i and platform j.

• The goal is to minimize the total distance traveled.

• n is equal to 47 in this example.

This formulation sums the distances dij weighted by the decision variables xij . Only
those paths where xij = 1 contribute to the total cost, ensuring the correct paths are
selected to minimize the travel distance.

It is worth noting, however, that this cost function alone is not enough to represent
our problem effectively since it does not capture certain limitations. As discussed earlier in
Section 3.2, constraints are often necessary to prevent the algorithm from finding infeasi-
ble solutions. In this case, one example of an infeasible solution that minimizes the cost
function is the trivial one where no platforms are visited at all, resulting in a total distance
of zero. Naturally, this is an undesirable outcome, so we must introduce constraints to
prevent this, as we will see further down in this section.

In our example, the decision variables are represented by the binary terms xij , which
indicate whether a path between two platforms is included in the vehicle’s trip. However, to
ensure the solution forms a valid tour, we need to introduce additional constraints. Specifi-
cally, we must prevent the formation of multiple disconnected loops (subtours) and ensure
that each platform has exactly one incoming and one outgoing path. This type of formu-
lation is known as an Integer Programming (IP) formulation, where decision variables are
represented using integers and constrains are linear [37].

To achieve this, we first introduce auxiliary variables ui to represent the order in which
platforms are visited. These variables will be used in some of our constraints:

ui ∈ Z: A continuous variable representing the position of platform i in the sequence
(only used for nodes i > 1).

We now define the necessary constraints:

1. Flow Constraints: Ensure each platform has exactly one outgoing and one incoming
path.

n∑
j=1
j ̸=i

xij = 1 ∀i ∈ 1, . . . , n (3.3)

n∑
i=1
i ̸=j

xij = 1 ∀j ∈ 1, . . . , n (3.4)
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2. Miller-Tucker-Zemlin (MTZ) Subtour Elimination Constraints [38]: Prevent smaller
loops (subtours) from forming.

ui − uj + n · xij ≤ n− 1 ∀i ̸= j, i, j ∈ {2, . . . , n} (3.5)

1 ≤ ui ≤ n− 1 ∀i ∈ {2, . . . , n} (3.6)

It is worth noting that, so far, we have considered the edges between platforms, meaning
the path that the helicopter will take, as the variables in our problem. For simplicity, we
have intentionally guided the formulation toward a graph-based IP model to illustrate the
core concepts of this chapter. However, there are other ways to formulate the TSP that may
be better suited for certain problem instances [39].

For instance, in some cases, the variables represent the platforms themselves, rather
than the edges between them. For example, in a permutation-based formulation, the cost
function evaluates different permutations of platformseach representing a possible order
of visits. The edges are represented implicitly through the sequence of platforms. This
approach can be particularly advantageous when dealing with time-dependent constraints
or precedence relationships. Consider a delivery service operating under strict scheduling
constraints: each location must be visited within a specific time window, and certain loca-
tions must be visited before others (e.g., picking up from a restaurant before delivering to
a customer). In this case, a permutation-based formulation, where variables directly repre-
sent the position of each location in the sequence, makes these constraints more natural to
express and efficient to evaluate compared to an edge-based formulation.

In our helicopter example, however, we chose to represent the platforms implicitly by fo-
cusing on the edges as decision variables, as this formulation better aligns with the primary
objective of minimizing total travel distance without additional temporal or precedence
constraints.

To summarize, the problem analysis and problem modeling stages are closely related,
as the choice of variables directly shapes the structure of the cost function. The way we
define variableswhether as edges or nodesdetermines how the problem is formulated and
influences the modeling approach, ultimately guiding the selection of algorithms to solve
it efficiently. As we will see in the following section, certain formulations align better with
specific algorithms. Thus, comprehensive knowledge of available toolssuch as problem for-
mulations and algorithmsenhances the effectiveness of the CO problem-solving process.

3.4 Algorithm Selection

Since many CO problems belong to the NP-hard complexity class, obtaining an exact so-
lution within polynomially bounded computation time is generally not feasible [40]. In
most cases, a good approximation suffices, as producing an approximate solution is signif-
icantly less expensive in terms of execution time and computational resources. Given the
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vast dimensionality of the search space in these problems, approximation is often the only
practical approach [41].

Consequently, CO algorithms are broadly classified into exact and non-exact (heuristic)
algorithms [40], with metaheuristics providing a higher-level framework to robustly guide
the search process [42]. Furthermore, recent advances in quantum and quantum-inspired
algorithms offer promising alternatives by leveraging novel computing paradigms. Select-
ing the right algorithm depends on factors such as problem size, constraints, structure, time
sensitivity, and whether an approximate solution is sufficient or an exact result is needed.
In the following subsections, we explore each of these categories in greater detail.

3.4.1 Exact Algorithms

Exact algorithms guarantee finding the optimal solution for a CO problem by exhaustively
exploring the entire search space or using techniques to reduce it, such as branch-and-
bound algorithms [43]. They provide a provable upper and lower bound on the optimal
objective value, ensuring precise results. Some other exact approaches include dynamic
programming [44] and branch-and-cut algorithms [45], which further improve efficiency
by pruning unpromising branches.

However, the runtime of exact algorithms tends to grow exponentially as the problem
size increases [43]. This makes them impractical for large problem instances, especially
in real-time applications. As a result, they are often used on smaller problem subsets
to evaluate heuristic solutions. Knowing the optimal solution for a small version of the
problem allows us to benchmark heuristics and metaheuristics, ensuring their solutions are
close to the true optimum. This is essential to determine the optimality gapthe difference
between a heuristic solution and the optimal one.

Additionally, exact algorithms play a crucial role in hybrid quantum-classical ap-
proaches, where they are used to solve subproblems within a larger heuristic framework.
For example, in branch-and-price algorithms, exact algorithms are employed to optimize
portions of the problem iteratively. Despite their limitations, exact methods remain indis-
pensable in applications where accuracy and verification are critical, such as finance or
production planning. In such cases, they are employed strategically to solve a subset of the
problem or a simplified model, generating solutions that offer valuable insights into the
problem’s structure.

3.4.2 Heuristics

On the other hand, heuristic algorithms aim to find good approximations rather than exact
solutions. They rely on intelligent techniques inspired by human intuition and analogies
to real-world processes [46]. These methods trade optimality for speed, enabling them to
handle larger instances efficiently. The goal is to produce solutions with a sufficiently small
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optimality gap, validating the effectiveness of heuristics in real-world scenarios where exact
solutions are impractical.

An example of a heuristic algorithm relevant to our TSP example is the Nearest Neigh-
bor Algorithm [47]. In the context of our example, the algorithm begins at a given platform,
selects the nearest unvisited one as the next stop, and continues this process until all plat-
forms are visited, finally returning to the starting point. While fast, this method is prone to
getting trapped in local optima, since it chooses the nearest neighbor without considering
the impact of this decision on the overall path. In other words, it lacks a broader view of
the solution space that could lead to a better path. This limitation illustrates the trade-off
between optimality and speed.

In summary, heuristics are powerful and scalable techniques that can be applied to large
problem instances and produce results within a feasible amount of time. However, they do
not guarantee optimality and can get stuck in local optima. As we will see in the next
section, metaheuristics address some of these limitations by providing a more strategic
exploration of the solution space.

3.4.3 Metaheuristics

Metaheuristics, such as Genetic Algorithms and Simulated Annealing (SA) [48], build on
heuristics by making the exploration of solution spaces more efficient. As the name sug-
gests, metaheuristics operate at a higher abstraction level than standard heuristics, offer-
ing a framework for guiding search strategies. These methods provide flexible templates
that can be adapted to various problems, helping to balance exploration and exploita-
tion [49].

Moreover, metaheuristic algorithms reduce the risk of getting stuck in local optima by
introducing mechanisms such as randomization in the case of SA and memory structures
as in the Tabu Search [50] algorithm.

The performance of metaheuristics, as with other heuristic algorithms, depends heavily
on the chosen hyperparameters for the algorithm. For example, the cooling schedule in SA
and the length of the tabu list in Tabu Search can significantly influence solution quality.
Thus, experimentation and fine-tuning are often required to adapt the hyperparameters to
specific problem instances.

In conclusion, metaheuristics are powerful and versatile methods for improving the per-
formance of heuristic algorithms, making them suitable for solving complex optimization
problems where exact methods are impractical.

3.4.4 Quantum Algorithms

So far, all the algorithms mentioned have been purely classical, meaning they rely exclu-
sively on classical hardware for computation. However, as discussed in Chapter 1, quantum
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algorithms are emerging as promising tools for solving CO problems; they offer potential
advantages over classical methods by leveraging quantum properties to explore solution
spaces more efficiently. Notably, the most prominent quantum algorithms for CO problems
are approximate algorithms, such as Quantum Annealing [51] (QA) and the Quantum
Approximate Optimization Algorithm [6] (QAOA). Moreover, many of these algorithms,
including QAOA but not QA, fall under the category of variational quantum algorithms
(VQAs)a class of hybrid quantum-classical algorithms that utilize classical resources to op-
timize quantum circuits [52].

These quantum techniques are at the forefront of CO research, partly due to their ability
to take advantage of representing many relevant CO problems as Quadratic Unconstrained
Binary Optimization (QUBO) problems. The QUBO formulation provides a convenient
structure for both quantum annealers and QAOA circuits. For QA, QUBO problems align
naturally with the hardwares energy minimization process by encoding problem variables
into qubits, allowing the quantum system to search for the minimum energy state. For
QAOA, the QUBO formulation ensures that the problem can be expressed as a cost Hamil-
tonian, which guides the quantum circuit toward optimal or near-optimal solutions through
iterative parameter updates.

Nevertheless, given the limitations of current quantum hardware, the applicability of
quantum algorithms for solving CO problems remains limited. Large-scale problems with
constraints are difficult to address using todays quantum computers. This limitation is
one reason why the most prominent quantum algorithms are hybrid approaches, using
quantum hardware to solve only the combinatorial part of the problem that is challenging
for classical methods, while relying on classical hardware for parameter optimization.

The field of quantum algorithms for CO is still in its early stages, and new approaches
are actively being explored. Future algorithms that build on existing ones or adopt novel
strategies hold the potential for better results. Furthermore, as quantum hardware con-
tinues to improve [53], the size and complexity of CO problems that can be tackled using
quantum methods will also increase, paving the way for more practical applications.

3.4.5 Selecting an Algorithm

The Algorithm Selection Problem is a fundamental challenge in CO: determining the most
suitable algorithm for solving a specific problem instance. This meta-level decision pro-
cess aims to identify the algorithm that will perform best for each unique case, recognizing
that no single algorithm consistently outperforms all others across different problem in-
stances [54].

Selecting an appropriate algorithm depends on several interconnected factors. Problem
size and complexity play a central role, as they directly affect computational feasibility.
Available computational resources, such as processing power, memory, and parallelization
capabilities, further constrain the choice of algorithm. Time constraints are particularly
important in real-time applications, where solution speed may take precedence over opti-
mality. Additionally, the required precision of the solution influences algorithm selection:
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exact methods are indispensable in domains like finance, healthcare, and scheduling, where
precision is critical, while heuristics and metaheuristics are better suited for large-scale or
time-sensitive problems where near-optimal solutions suffice.

In practice, it is common to evaluate multiple algorithms for a given problem instance,
comparing their performance to identify the most effective approach.

Problem-specific characteristics play a crucial role in algorithm selection. These include
the components of a CO problem introduced in Chapter 2 and detailed in Section 3.2, such
as the structure of the feasible set, the objective function, the types of constraints present,
and the characteristics of decision variables. Thus, understanding these components by
performing a thorough problem analysis enables more informed algorithm selection deci-
sions.

The implementation of systematic algorithm selection approaches has demonstrated
substantial performance improvements in combinatorial optimization [54]. However, this
benefit must be balanced against the computational overhead of the selection process itself.
An effective algorithm selector should be computationally inexpensive while maintaining
reliable selection accuracy.

Performance assessment criteria play a vital role in comparing algorithms and validat-
ing selection decisions. Key metrics typically include solution quality, computational time,
memory usage, and solution stability. For approximate methods, the evaluation must also
consider the trade-off between solution quality and computational effort.

The field of algorithm selection continues to evolve, particularly with advances in ma-
chine learning and automated algorithm configuration. These developments promise more
sophisticated selection mechanisms that can adapt to changing problem characteristics and
computational environments.

3.5 Solution and Iteration

When solving real-world CO problems, approximation techniques are often the only fea-
sible approach, as discussed previously. In this context, where results can vary between
algorithm runs and hyperparameters significantly influence solution quality, systematic ex-
perimentation becomes crucial for achieving approximations with acceptable optimality
gaps.

Experimentation is carried out as an iterative process, where baseline solutions are es-
tablished using standard hyperparameter configurations and algorithms that are commonly
used for the problem in hand. The purpose of these solutions is to serve as benchmarks
for measuring improvements of subsequent configurations. At this stage, metrics such as
solution quality, computational time, and resource utilization are tracked to evaluate per-
formance.
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As mentioned previously, hyperparameters can have a substantial impact on the per-
formance of an algorithm. In the case of metaheuristics, multiple hyperparameters may
interact in complex ways, making manual tuning impractical. Thus, there exist automated
approaches for exploring the hyperparamter space to identify promising configurations.
However, the computational cost of this meta optimization problem should be balanced
against its potential benefits.

Furthermore, it is common to apply multiple algorithmic approaches to the same prob-
lem, as there is always potential for improvement in approximation techniques. Re-
searchers and practitioners often experiment with different algorithms in order to enhance
solution quality or improve performance. This emphasizes the need for modern software
tools for solving CO problems. Such tools could benefit from built-in experimentation ca-
pabilities to streamline the experimentation process, including:

• Automated logging and result tracking

• Statistical analysis of solution quality

• Visualization of solution convergence

• Parameter sensitivity analysis

In summary, while producing solutions and iterating over different algorithm config-
urations may seem mechanical, it demands a solid understanding of experimental design
principles, optimization techniques, and modern software tools. The iterative nature of this
whole process can lead to valuable insights about the problem structure and the effective-
ness of different solution strategies, contributing to the field of CO.

3.6 Chapter Summary and Discussion

This chapter presents a high-level workflow for solving CO problems, breaking down the
process into distinct stages: problem analysis, abstraction and modeling, algorithm selec-
tion, and solution and iteration. Each stage was explored in detail to provide newcomers
with a structured approach to solving CO problems effectively. Figure 3.1 illustrates the
processes that are part of the workflow, each with its input and output.

It is worth elaborating on the components of each input/output of the proposed work-
flow:

• Problem Description: As discussed in Section 3.2, the problem description is typi-
cally derived by the practitioner or researcher based on real-world observations. This
description must provide sufficient information about all relevant entities and inter-
actions in the problem scenario to enable further analysis.

• Problem component specification: The key components of a CO problem should
address the following questions:
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Figure 3.1|: Combinatorial Optimization Workflow Diagram

Blue parallelogram: Input/output of a process
Red rectangle: Process
Yellow rhombus: Decision

– What constitutes a feasible solution for this problem?

– What is the scope of the solution space?

– What is the cost function?

– What are the decision variables?

– What constraints, if any, must be satisfied?

• Formulated Model: A mathematical representation of the problem, capturing its
variables, objective function, and constraints.

• Solution method tailored to the model: A method (i.e., an algorithm) with the
problem formulation mapped onto it.

• Solution and insights for iteration: The current best solution obtained by the algo-
rithm. In the case of approximate methods, the solution provides insights for refining
parameters or trying alternative approaches in subsequent iterations.
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• Final solution: The ultimate solution to the CO problem, derived after the iterative
process concludes or when a satisfactory solution is achieved.

Although these stages are described separately to aid the understanding of the overall
process, they can be highly interconnected and may influence one another. For example,
certain algorithms, such as Quantum Annealing (QA), require the problem to be modeled
as a QUBO or Ising formulation, directly affecting the modeling step.

Ultimately, mastering the CO process requires a deep understanding of these interde-
pendencies and familiarity with the tools available at each step. This knowledge enables
practitioners to solve optimization problems efficiently and make well-informed decisions
throughout the pipeline.

Moreover, this workflow serves as a foundation for evaluating and enhancing software
tools designed to solve CO problems. In the context of QPLEX, understanding these distinct
stages enabled us to systematically assess the library’s capabilities and identify areas for
improvement. Each stage of the workflow represents potential touchpoints where QPLEX
can provide value to users, from problem modeling to solution iteration. As we will see in
Chapter 4, this structured view of the CO pipeline directly informs our analysis of QPLEX’s
completeness, allowing us to map specific functional requirements to the workflow stages
where they add the most value. This mapping ensures that enhancements to QPLEX align
with the practical needs of users throughout the CO problem-solving process.

Finally, while this workflow provides a structured approach to solving CO problems,
it is important to acknowledge its boundaries and scope. As a high-level overview, it
deliberately maintains generality to serve as an entry point for newcomers to the field.
This generality means the workflow does not prescribe specific methodologies for partic-
ular problem contexts, instead focusing on the fundamental stages common across CO
problem-solving. Furthermore, while the chapter introduces several methodologies within
each stage, it does not exhaustively cover all available approaches. Rather, it highlights
representative examples to illustrate the key considerations and decisions at each step of
the process. These characteristics make the workflow valuable as an educational and orga-
nizational tool, while leaving room for practitioners to adapt and expand upon it based on
their specific needs and contexts.
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Chapter 4

Evaluating the Completeness of the
QPLEX Library

Building on the workflow established in Chapter 3, this chapter addresses part of our sec-
ond research question by examining how QPLEX can be enhanced to better support prac-
titioners throughout the CO problem-solving process. By analyzing the completeness of
QPLEX against both the workflow stages and the native capabilities of underlying quantum
SDKs, we identify specific opportunities for improvement that will strengthen QPLEX’s role
as a comprehensive tool for quantum-enabled CO. This systematic evaluation ensures that
our proposed enhancements align with both the theoretical framework of CO problem-
solving and the practical needs of users working with quantum resources.

4.1 Introduction

Quantum open-source software is a growing ecosystem encompassing tools for quantum
computing simulation, compilation, and full-stack software development. Notable exam-
ples include Python-based libraries such as Qiskit by IBM, PennyLane1 by Xanadu and
OpenQAOA2 by Entropica Labs. These pieces of software enable practitioners to program
quantum computers to solve real-world problems. The first two are general-purpose li-
braries that allow users to create custom quantum circuits and execute them on QPUs.
OpenQAOA, on the other hand, is a quantum optimization library focusing on using the
QAOA algorithm for solving CO problems on various quantum backends. As with any open-
source initiative, these projects rely heavily on community contributions from both users
and developers. Following software engineering best practicessuch as well-maintained doc-
umentation, version control, test suites, and issue trackingensures their continued growth
and improvement [11].

Within this ecosystem, QPLEX emerges as a high-level abstraction package designed to
simplify the modeling and execution of CO problems on quantum hardware. Building on
the workflow established in Chapter 3, QPLEX aims to support practitioners through each
stage of the CO process from problem modeling to solution and iteration while abstracting
the complexity of utilizing quantum resources. However, developing an abstraction layer

1https://pennylane.ai/
2https://openqaoa.entropicalabs.com/

https://pennylane.ai/
https://openqaoa.entropicalabs.com/
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such as QPLEX inherently involves trade-offs. While it reduces complexity and improves
accessibility, it may also hide or limit access to features available natively in its underlying
SDKs. Finding the right balance between ease of use and feature completeness is a key
challenge when developing such libraries.

Furthermore, evaluating the completeness of QPLEX requires a systematic approach
that considers both its role in the CO workflow as well as its effectiveness as an abstraction
layer. In this context, completeness refers to how well the library supports essential CO
problem-solving features natively and through its underlying SDKs. By comparing QPLEX’s
current features against the native capabilities of its supported SDKs, we can identify gaps
where additional functionality could enhance the library’s utility.

The identification of these gaps is crucial for QPLEX’s continued relevance and adoption.
If critical features are missing, users may be forced to bypass QPLEX often and access the
SDKs directly. This undermines the value of QPLEXs abstraction layer and creates barriers
to adoption, particularly among researchers and practitioners seeking an integrated, easy-
to-use solution. Additionally, as new algorithms emerge, the librarys repertoire of built-in
algorithms may become outdated, necessitating the implementation of new, state-of-the-art
approaches and potential support for custom algorithms. Thus, identifying and integrat-
ing important missing features will ensure QPLEX meets user expectations and encourage
wider adoption.

This chapter presents a systematic evaluation of QPLEX’s completeness, building on the
CO workflow established in Chapter 3. We begin by examining QPLEX’s current feature set
to establish a baseline understanding of its capabilities. We then analyze each supported
quantum SDK to identify valuable features that could enhance QPLEX’s functionality at
various stages of the CO process. This analysis leads to a set of functional requirements for
extending QPLEX.

Currently, QPLEX integrates with three major quantum providers: IBM Quantum, D-
Wave, and Amazon Braket (AWS). Each provider has a quantum SDK with evolving feature
sets addressing a variety of problem domains, not limited to CO. D-Wave is an exception,
focusing primarily on optimization problems. Since our library serves as a bridge between
the user and these providers, it wraps only a subset of their functionalitiesthose directly
relevant to CO problems. However, because the quantum SDKs are rapidly evolving and
QPLEX is still in its early stages of development, some useful SDK CO features remain
unavailable through QPLEX.

Using the workflow outlined in Chapter 3 as a foundation, we identified three main
areas for potential improvements to the QPLEX library. Two of these areas align directly
with specific stages of the proposed workflow for CO, while the third encompasses general
enhancements to the library. These areas are:

• General Improvement to QPLEX: Broader features that improve compatibility with
the latest technologies, enhance performance, and address general usability.

• Algorithm Selection: Improvements related to the stage introduced in Section 3.4
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• Solution and Iteration: Enhancements pertaining to the stage discussed in Sec-
tion 3.5

The objective of this chapter is to identify desirable but currently unsupported features
within these three areas. The proposed features aim to enhance the user experience by
reducing the need to work directly with other SDKs and establishing QPLEX as a more
comprehensive and accessible tool for CO.

4.2 Current Features of QPLEX for CO Problem-Solving

This section outlines the features offered by QPLEX, focusing on two main categories: high-
level features that address general CO problem-solving, and provider execution options
that offer configuration settings depending on the quantum backend used. Table 4.1 sum-
marizes the features discussed in this section and serves as a baseline for evaluating the
library’s completeness and comparing it against native SDKs in the following sections.

4.2.1 High-Level Features of QPLEX

• Problem modeling using DOcplex: QPLEX leverages the DOcplex modeling API to
allow users to express CO problems in a familiar mathematical format. This inte-
gration ensures ease of formulation for users coming from a classical optimization
background [18].

• Model solving using built-in hybrid quantum-classical algorithms: QPLEX sup-
ports the execution of two well-known VQAs: QAOA and VQE, as well as D-Wave’s
hybrid solvers.

• Algorithm execution on multiple quantum providers: QPLEX offers the flexibil-
ity to run the built-in algorithms on quantum hardware provided by IBM Quantum,
Amazon Braket, and D-Wave without the need for added overhead.

• VQE Algorithm with a fixed ansatz: QPLEX currently limits VQE to a single built-
in fixed ansatz, which simplifies the interface but may restrict users who need more
customization in their problem-solving approach.

4.2.2 Provider Execution Options

The three quantum providers available in our library support options for configuring their
execution workflows. However, the current number of provider-specific options available
through QPLEX is limited.

• IBM Quantum and Braket
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– Selection of QPU (backend): Users can specify which quantum processing unit
(QPU) or simulator, if supported, to execute their circuits on.

– Execution on a local simulator: QPLEX supports the use of local simulators that
ship with the Qiskit and Braket SDKs.

– Number of shots configuration option: Users can specify the number of shots
(repeated circuit executions) for quantum measurements.

• D-Wave

– Automated model-based hybrid solver selection: QPLEX implements logic to au-
tomatically choose between D-Wave’s Binary Quadratic Model (BQM), Discrete
Quadratic Model (DQM), and Constrained Quadratic Model (CQM) formula-
tions and their respective hybrid solver based on the problems characteristics.
This feature reduces user effort and ensures the most suitable solver is applied,
but eliminates flexibility when choosing the hybrid solver to use.

4.2.3 Summary of the Current Scope of QPLEX

The QPLEX library currently provides essential features for solving CO problems across
three quantum providers. It offers a CO modeling API that allows users to seamlessly tran-
sition from problem formulation to solution [18]. Additionally, QPLEX integrates solvers
that handle input parsing, algorithm execution, and results retrieval for each supported
quantum provider. The library includes two built-in gate-based VQAsQAOA and VQEthat
can be executed on the platforms made available by the two gate-based quantum providers,
namely IBM Quantum and Amazon Braket. Model execution on D-Wave’s hybrid solvers
is also supported, along with local classical execution using the CPLEX solver provided by
DOcplex, the optimization library on which QPLEX is built.

QPLEX also offers a set of provider-specific execution options to customize algorithm
execution. These options allow users to modify key execution parameters, such as the
number of shots for circuit runs and the backend device on which the algorithm will exe-
cute. However, the range of execution options currently available through QPLEX is limited
compared to the full set of features accessible directly via the native SDKs of these quantum
providers.

It is also worth noting that QPLEX supports several configuration options for the classi-
cal optimization component of VQAs. These options include:

• Optimizer: Users can select a classical optimizer from the set of optimizers available
in the SciPy library [55].

• Maximum iterations: Users can set a limit on the number of iterations for the opti-
mization process.

• Tolerance: Users can define the precision required for the optimizations conver-
gence.
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• Seed: Users can specify a seed for reproducibility of results.

Additionally, all supported configuration options, including provider-specific ones, come
with default values, as detailed in the original thesis [15].

In the following section, we analyze the native SDKs of IBM Quantum (Qiskit), Ama-
zon Braket, and D-Wave to identify additional execution options that could enhance the
performance, solution quality, and flexibility of QPLEX.
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Table 4.1: Current Features of the QPLEX Library for CO Problem-Solving
Category Feature Description Relevant

Providers
Notes

High-Level
Features

Problem model-
ing with DOcplex

Users express CO
problems using
DOcplex’s mathe-
matical modeling
framework.

All Standard fea-
ture across all
providers.

Multi-provider
execution

Allows execution
of algorithms on
IBM Quantum
(IBMQ), Braket,
and D-Wave plat-
forms.

All Flexibility in
provider choice.

Built-in quan-
tum algorithms
(QAOA, VQE)

Supports exe-
cution of QAOA
and VQE for CO
problem-solving.

IBMQ,
Braket

VQE limited to
a built-in fixed
ansatz.

Hybrid solvers on
D-Wave

Users can run op-
timization models
on D-Wave’s hy-
brid solvers.

D-Wave

Classical CPLEX
solver support

Allows solving
the problem
model using
CPLEXs classical
solver.

All Provides a base-
line or bench-
mark for quan-
tum solutions.

Provider
Execution
Options

Selection of back-
end (QPU)

Users can spec-
ify the backend
(QPU) or simula-
tor for execution.

IBMQ,
Braket

Local simulator
support

Provides local
simulation before
running on real
hardware.

IBMQ,
Braket

Number of shots
option

Users can config-
ure the number
of shots for circuit
execution.

IBMQ,
Braket

Automatic solver
selection (BQM,
DQM, CQM)

Automatically se-
lects the optimal
solver based on
the model’s struc-
ture.

D-Wave Reduces the need
for manual solver
selection at the
cost of flexibility.
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4.3 Identification of Missing Features and Improvement
Opportunities

In this section, we analyze the features available directly through the underlying SDKs sup-
ported by QPLEX, focusing on capabilities that could enhance CO problem-solving. For
each SDK, we examine execution options and integration features that could provide sig-
nificant value if implemented in QPLEX. We also propose improvements to the Algorithms
module of QPLEX to expand its optimization capabilities. This analysis is structured ac-
cording to our three identified improvement areas: general improvements to the library’s
infrastructure, and enhancements to the algorithm selection and solution iteration stages
established in Chapter 3’s workflow. This organization ensures our analysis directly maps
potential improvements to the stages where they would most benefit practitioners solving
CO problems.

4.3.1 Studying the Underlying Quantum SDKs

4.3.1.1 Qiskit

Qiskit [56] is an open-source Python library and framework designed for modeling and
executing gate-based quantum algorithms across various hardware platforms, including
quantum simulators and QPUs. It provides tools to support different stages of the quantum
computing software toolchain, from defining quantum circuits to compiling and executing
them. Developed and maintained by IBM with contributions from the open-source com-
munity, Qiskit recently reached a major milestone with the release of version 1.0.03. This
version emphasizes stability and ensures backward compatibility throughout the 1.x release
lifecycle.

In this section, we examine the configuration options provided by the Qiskit SDK. These
options enable customization across various stages, including circuit compilation and ex-
ecution, as well as high-level functionalities such as the Qiskit Runtime Session, which
optimizes processing time by reducing queue delays. With the workflow outlined in Chap-
ter 3 and the feature matrix presented in this chapter as reference points, our review of
the Qiskit API4 specification reveals the following missing functionalities in QPLEX. These
capabilities could significantly enhance QPLEXs adaptability, performance, and overall user
experience when tackling diverse CO problem requirements:

• Qiskit Runtime Sessions: Currently, when submitting a circuit for execution on an
IBMQ backend as part of a VQA, each job enters the device’s queue and must wait its
turn during every optimization cycle of the algorithm. Qiskit Runtime Sessions ad-
dress this problem by prioritizing subsequent jobs in the queue, reducing the overall
time needed to complete all optimization iterations, as described in the future work
section of the original thesis [15].

3https://docs.quantum.ibm.com/api/qiskit/release-notes/1.0#100
4https://docs.quantum.ibm.com/api/qiskit

35

https://docs.quantum.ibm.com/api/qiskit/release-notes/1.0#100
https://docs.quantum.ibm.com/api/qiskit


Chapter 4 Evaluating the Completeness of the QPLEX Library

Figure 4.1|: Code snippet for the select_backend method of the IBMQ solver. The argument
qubits is not used.

• Automated Circuit Optimization: Qiskit provides four levels of optimization
through the qiskit.transpiler module, with the first level applying no optimization.
IBM recommends choosing a higher optimization level (above zero) despite the ad-
ditional overhead, as it can improve execution efficiency.

• Sampler Primitive: The Sampler primitive accepts quantum circuits for execution
and samples from the classical registers in those circuits5. This approach parallels
the current workflow in QPLEX, where circuits are sent to the backend device and
sampled to obtain counts. The Sampler and Estimator primitives are now IBMQ’s
recommended methods for leveraging quantum resources, as they allow users to fo-
cus more on obtaining results than on managing hardware intricacies [57].

• Estimator Primitive: The Estimator primitive calculates the expectation value of one
or more quantum circuits and observables. Unlike QPLEXs current workflow, the Esti-
mator directly computes the expectation value from the sampled counts, which would
reduce the parsing workload required in the IBMQ solver. However, integrating this
workflow change into QPLEX is not straightforward, as it would require significant
architectural adjustments across all gate-based solvers6.

• Selection of least-busy backend: Currently, the IBMQSolver class includes a method
for selecting a specific backend device based on user input, including a local simulator
bundled with Qiskit. However, this method could be improved to select the least
busy backend, i.e. the QPU with the lowest number of jobs in the queue, by utilizing
the QiskitRuntimeService.least_busy method. Additionally, while the select_backend
method accepts a parameter to indicate the minimum number of qubits required
to run the circuit, this parameter is not currently utilized, as shown in Figure 4.1.
Addressing this would ensure proper functionality.

It is important to note that, at the time of writing, QPLEX does not support Qiskit version
1.0.0 or later. With this release, Qiskit introduced syntax changes that are not compatible
with the current implementation of the IBMQ solver. However, due to the decoupled design

5https://docs.quantum.ibm.com/api/qiskit/primitives
6Since the Generalized Gate-based Algorithm Execution Manager expects all solvers to return counts from the

solver.solve function call, enabling the use of the Estimator primitive for the IBMQ solver does not integrate
seamlessly with the curent architecture. Furthermore, modifying the GGAEM to accommodate this new
workflow would defeat the reusability of the manager.

36

https://docs.quantum.ibm.com/api/qiskit/primitives


4.3 Identification of Missing Features and Improvement Opportunities

of our library’s solver architecture, adding support for Qiskit 1.0.0 requires updates only
to the IBMQSolver class. After reviewing the new syntax rules, we identified the following
necessary updates for the IBMQ solver:

• Changes to the Qiskit IBMQ Provider Package: the package qiskit.providers.ibmq7

has been deprecated and its functionalities have been moved to the
qiskit_ibm_runtime8 package. These functionalities are essential for managing
communication with IBMQ servers.

• Aer Simulator: The Aer Simulator is now imported from the qiskit_aer9 package.

4.3.1.2 Amazon Braket

The Amazon Braket Python SDK is an open-source software package that provides a set
of tools for interacting with the Amazon Braket service [58]. This service grants access to
QPUs from companies such as IonQ, IQM, QuEra and Rigetti10, as well as cloud simulators
provided by AWS and classical computational resources for executing hybrid algorithms,
such as VQAs.

Amazon describes Braket as a managed service that facilitates quantum circuit execu-
tion on various devices. The SDK includes tools for building and executing quantum circuits
and offers lower-level functionalities tailored to specific quantum hardware, such as qubit
allocation on QPU devices11 and error mitigation on IonQs Aria QPU12, among others13.

Thus, our review of the Amazon Braket Python SDK identified the following extension
points in QPLEX:

• Amazon Hybrid Jobs14: Similar to Qiskit Runtime Sessions 4.3.1.1, Hybrid Jobs
provide a mechanism for optimizing the execution of multiple quantum circuits by
prioritizing them over regular quantum tasks in a QPUs queue. This is particularly
advantageous for executing VQAs, such as those supported by QPLEX, which require
iterative executions based on previous results. Additionally, Amazon Braket compiles
parameterized circuits only once, rather than for each iteration of the variational
algorithm, which further improves performance. This feature was also highlighted as
a potential future enhancement in the original thesis [15].

7https://github.com/Qiskit/qiskit-ibmq-provider
8https://github.com/Qiskit/qiskit-ibm-runtime
9https://github.com/Qiskit/qiskit-aer

10https://aws.amazon.com/braket/quantum-computers/
11https://github.com/amazon-braket/amazon-braket-examples/blob/main/examples/braket_features/

Allocating_Qubits_on_QPU_Devices.ipynb
12https://github.com/amazon-braket/amazon-braket-examples/blob/main/examples/braket_features/

Error_Mitigation_on_Amazon_Braket.ipynb
13https://github.com/amazon-braket/amazon-braket-examples/tree/main/examples/braket_features
14https://github.com/amazon-braket/amazon-braket-examples/blob/main/examples/hybrid_jobs/0_

Creating_your_first_Hybrid_Job/0_Creating_your_first_Hybrid_Job.ipynb
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• Provider-specific Execution Options: Since Amazon Braket itself is a wrapper for
the aforementioned providers, there are execution options that are accessible through
the Braket SDK, but not through QPLEX as of now. Support for these options would
enhance the flexibility of our library.

4.3.1.3 Ocean

The Ocean SDK [59] is a suite of open-source software tools developed by D-Wave, avail-
able on their GitHub repository.15 Similar to other SDKs designed for quantum problem-
solving, Ocean offers classes and functions for modeling problems and solving them using
both classical and quantum resources. D-Wave provides various solverscomputational re-
sources that accept problem formulations and return optimized solutionsthrough its Leap
platform. These solvers include hybrid solvers, which leverage both classical heuristics
and QPUs; quantum solvers, which utilize D-Waves Advantage QPUs; and purely classical
solvers.

The QPLEX library leverages Ocean’s modeling tools to translate the initial DOcplex
model into a compatible Ocean model. The Ocean SDK offers three distinct models: the
Binary Quadratic Model (BQM), which is unconstrained and uses binary variables; the Dis-
crete Quadratic Model (DQM), which is also unconstrained but includes discrete variables;
and the Constrained Quadratic Model (CQM), which supports constraints and allows real,
integer, and binary variables. Each model serves different use cases, and QPLEX auto-
matically selects the appropriate model based on the structure of the DOcplex input, as
mentioned in [15]. Notably, while the BQM can be submitted to the D-Wave quantum
solvers (e.g., Advantage) QPLEX currently supports submitting to the hybrid solver only.

Using our workflow and the feature matrix presented in this chapter as reference points,
our review of the Ocean SDK identified the following extension points in QPLEX:

• Quantum solvers support: D-Waves quantum solvers [60], often referred to as sam-
plers, are accessible through the Leap platform and leverage D-Waves quantum sys-
tems. Expanding QPLEX to support additional D-Wave solvers would enhance flex-
ibility, providing more options for benchmarking resultsan important practice when
solving CO problems using approximation techniques.

• Custom minor embedding: When using a quantum solver on the Leap platform, the
problem model must be mapped to the graph structure of the selected samplera pro-
cess known as minor embedding [61]. Minor embedding is computationally challeng-
ing for classical computers and has a direct impact on the solution quality produced
by the QPU [62]. D-Wave provides a default embedding when a custom one is not
specified; however, generic embeddings may not be optimal for all problem instances
and can sometimes compromise result quality. This limitation has motivated re-
searchers to develop custom embeddings tailored to specific problem types [63] [64].

15https://github.com/dwavesystems
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Adding support for custom minor embedding in QPLEX would significantly enhance
its experimental capabilities.

• Local classical solver support: Adding support for local classical solvers would be
valuable for benchmarking purposes. Classical solvers can serve as a baseline to com-
pare the performance and solution quality of quantum or hybrid quantum-classical
solvers. By integrating Ocean’s local classical solver support into QPLEX, users can
conduct side-by-side evaluations with yet another solver, which is essential for assess-
ing the advantages and limitations of quantum approaches in solving CO problems.

4.3.2 Improvements to the Algorithms Module

The QPLEX Algorithms module contains algorithmic specifications (i.e., OpenQASM3 string
representations) of the two gate-based quantum algorithms supported by the library. How-
ever, support for novel and promising methods in the CO field such as the Quantum Alter-
nating Operator Ansatz (QAOAnsatz) [65], as well as allowing for a custom VQE ansatz
would enhance the QPLEX library, allowing practitioners to experiment further.

4.4 Elicitation of Functional Requirements

After examining the SDKs supported by QPLEX and analyzing the algorithms module of
our library, we defined a set of functional requirements following established software
engineering methodologies [66]. These requirements serve as key artifacts from the anal-
ysis phase of this project, providing foundational input for the design and implementation
phases discussed in Chapter 6. Table 4.2 includes a mapping of these functional require-
ments to specific stages of the workflow outlined in Chapter 3, enhancing the clarity and
verifiability of the requirements within the context of QPLEX and CO. To ensure a systematic
approach to requirement development, we followed a structured process that considered
multiple factors in deriving and prioritizing these requirements.

4.4.1 Requirements Derivation Process

The elicitation of functional requirements emerged from a four-step analysis process:

First, we identified feature gaps by comparing QPLEX’s current capabilities against those
available in native SDKs. This comparison revealed several areas where QPLEX could be
enhanced to better support CO problem-solving. For example, while examining Qiskit’s
features, we found that QPLEX lacks support for Runtime Sessions, which could signifi-
cantly improve execution efficiency for variational algorithms. Second, we assessed the
user impact of each potential feature. This assessment considered how the feature would
enhance the practitioner’s ability to solve CO problems effectively. For instance, support for
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custom VQE ansatz would enable researchers to experiment with different quantum circuit
structures, potentially leading to better solutions for specific problem instances.

Third, we evaluated the technical feasibility of implementing each feature. This eval-
uation included considerations such as compatibility with QPLEX’s current architecture,
potential dependencies on other features, and the complexity of integration with existing
code. Features requiring substantial architectural changes were noted for their higher im-
plementation complexity.

Finally, we formulated specific functional requirements that captured the essential ca-
pabilities needed to address the identified gaps while considering both user needs and
technical constraints.

4.4.2 Functional Requirements

The following are the functional requirements (FR):

• FR-1: The system shall support executing combinatorial optimization formulations
on IBMQ QPUs via Qiskit Runtime Sessions.

• FR-2: The system shall support compatibility with Qiskit version 1.0.0.

• FR-3: The system shall support quantum circuit execution using Qiskits Sampler
primitive on IBM QPUs.

• FR-4: The system shall support quantum circuit execution using Qiskits Estimator
primitive on IBM QPUs.

• FR-5: The system shall support automatic circuit optimization through the Qiskit
transpiler with selectable optimization levels.

• FR-6: The system shall support executing combinatorial optimization formulations
on QPUs provided by the Amazon Braket service using Hybrid Jobs.

• FR-7: The system shall support provider-specific execution options accepted by the
quantum providers available through the Amazon Braket service.

• FR-8: The system shall support executing combinatorial optimization formulations
on D-Wave’s quantum solvers.

• FR-9: The system shall support custom minor embeddings for executing combinato-
rial optimization formulations on D-Wave quantum solvers.

• FR-10: The system shall support user-defined ansatz for the VQE algorithm.

• FR-11: The system shall support executing combinatorial optimization formulations
using the QAOAnsatz algorithm on gate-based providers.
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Table 4.2: Mapping of Functional Requirements to Workflow Stages with Rationale
Requirement Stage Rationale Workflow Im-

pact
FR-1: Runtime Sessions SI Reduces quan-

tum execution
queue times

Enables faster
experimentation
cycles

FR-2: Qiskit 1.0.0 GI Ensures compat-
ibility with lat-
est quantum SDK
features

Provides access
to improved
tools across all
workflow stages

FR-3, 4: Sampler, Estimator GI Implements
modern ap-
proach for circuit
execution and
measurement

Streamlines ex-
ecution process
across IBM back-
ends

FR-5: Circuit Optimization SI Improves circuit
efficiency

Enhances solu-
tion quality

FR-7: Provider Options SI Exposes
provider-specific
configuration
options to users

Allows fine-
tuning of quan-
tum executions
for better results

FR-8: D-Wave Solvers AS, SI Provides access
to quantum
annealing hard-
ware

Expands algo-
rithm options
and supports so-
lution validation

FR-9: Custom Embedding AS, SI Allows optimiza-
tion of problem
mapping to
quantum hard-
ware

Improves so-
lution quality
through better
hardware utiliza-
tion

FR-10: Custom VQE AS, SI Enables experi-
mentation with
different circuit
structures

Supports
problem-specific
algorithm cus-
tomization

FR-11: QAOAnsatz AS, SI Implements
state-of-the-art
variant of QAOA

Expands algo-
rithm options
and supports so-
lution validation

Legend:
SI - Solution and Iteration
AS - Algorithm Selection

GI - General Improvement to QPLEX

The table maps functional requirements to workflow stages while providing rationale for
the mapping and explaining the impact on the overall workflow.

41



Chapter 4 Evaluating the Completeness of the QPLEX Library

4.4.3 Requirement Prioritization

The prioritization of functional requirements followed a systematic evaluation framework
based on four key criteria:

1. User Value (40%): The direct impact on practitioners’ ability to solve CO problems
effectively. For example, FR-1 (Runtime Sessions) received a high score in this cate-
gory because it significantly reduces execution time for variational algorithms.

2. Implementation Complexity (30%): The technical effort and dependencies re-
quired for implementation. Requirements like FR-2 (Qiskit 1.0.0 compatibility)
scored well here as they primarily involve updating existing code rather than de-
veloping new architectural components.

3. Workflow Alignment (20%): How well the requirement supports multiple stages of
the CO workflow. Requirements that enhance both algorithm selection and solution
iteration stages, such as FR-8 (D-Wave solvers), received higher scores.

4. Resource Availability (10%): The feasibility of implementation given current project
constraints and expertise. This criterion helped ensure the selected requirements
could be implemented within the project timeline.

Each requirement was scored against these criteria using a weighted scoring system.
For example, FR-1 received a high overall priority because:

• It offers significant user value by reducing execution times (40% Œ 9/10)

• It has moderate implementation complexity as it builds on existing Qiskit functional-
ity (30% Œ 7/10)

• It primarily impacts the solution iteration stage but indirectly benefits algorithm se-
lection (20% Œ 7.5/10)

• Implementation expertise is readily available (10% Œ 8/10)

• Final weighted score: 8/10

Based on this evaluation, we selected requirements FR-1, FR-2, FR-3, FR-5, FR-7, FR-8,
FR-9, and FR-11 for implementation in this iteration of the project. This selection pro-
vides a balanced set of improvements across different workflow stages while remaining
feasible within project constraints. The remaining requirements will be addressed in future
iterations of the project.
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Table 4.3: Functional Requirements Prioritization Analysis

Requirement UV IC WA RA Score Decision

FR-7: Provider Options 7.5 10.0 10.0 8.0 8.8 Selected

FR-5: Circuit Optimization 8.0 10.0 7.5 9.0 8.6 Selected

FR-11: QAOAnsatz 10.0 6.0 10.0 7.0 8.5 Selected

FR-8: D-Wave Solvers 8.0 8.0 10.0 8.0 8.4 Selected

FR-9: Custom Embedding 8.0 8.0 10.0 7.0 8.3 Selected

FR-1: Runtime Sessions 9.0 7.0 7.5 8.0 8.0 Selected

FR-2: Qiskit 1.0.0 8.0 9.0 5.0 9.0 7.8 Selected

FR-3: Sampler Primitive 7.0 7.0 7.5 9.0 7.3 Selected

FR-10: Custom VQE 7.0 7.0 7.5 5.0 6.9 Future

FR-6: Hybrid Jobs 9.0 4.0 7.5 4.0 6.7 Future

FR-4: Estimator Primitive 7.0 3.0 7.5 6.0 5.8 Future

UV - User Value (40%) WA - Workflow Alignment (20%)

IC - Implementation Complexity (30%) RA - Resource Availability (10%)

Requirements were scored on a scale of 1-10 for each criterion. The final score is calculated
using the weighted sum of all criteria. Requirements with scores above 7.0 were selected
for implementation in this iteration.

4.5 Chapter Summary

This chapter detailed our approach to validating the completeness of the QPLEX library.
It included an overview of the librarys current scope and the identification of features
to enhance QPLEXs combinatorial optimization capabilities, some of which are currently
accessible only through the underlying SDKs. These features were elicited as functional re-
quirements using traditional software engineering practices. Additionally, a subset of these
requirements was selected for implementation in this project, with prioritization decisions
explained, while the remaining requirements were left for future work.

This chapter concludes the first half of the analysis stage of this project, resulting in
the functional requirements list as a key artifact. This artifact will serve as a foundation
for the design and implementation stages described in Chapter 6. The following chapter,
Chapter 5, continues with the second part of our analysis and validation process, focusing
on the extensibility of the QPLEX library.
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Chapter 5

Examining the Extensibility of the
QPLEX Library

In software engineering, extensibility is a quality attribute that describes a software sys-
tems ability to incorporate additional features or enhancements with minimal disruption
to existing functionality [20]. A highly extensible system is architected to facilitate effi-
cient implementation of new features, enabling developers to extend the software without
significant modifications to its core structure.

However, several factors other than software architecture can affect extensibility by
complicating the process of implementing new features. These include code documenta-
tion, test coverage, and CI/CD pipelines. In the case of documentationparticularly in open-
source projectsinsufficient or poorly maintained documentation can make it challenging
to understand the codebase, especially in modularized systems with interconnected logic.
Similarly, high test coverage is critical to ensuring that new features do not compromise es-
tablished functionalities. Finally, CI/CD pipelines optimize and accelerate the development
process by promoting frequent, reliable releases.

This chapter evaluates the extensibility of the QPLEX library through a framework that
examines these four key areas:

• Documentation: The quality and availability of contributor-facing resources that sup-
port code understanding and extension.

• Test Coverage: The breadth and depth of tests ensuring software correctness when
implementing new functionalities.

• CI/CD Pipelines: The robustness of automation in testing, integration, and deploy-
ment processes.

• Software Architecture: The modularity and scalability of the codebase, enabling ease
of modification and integration.

In the following sections, we analyze each of these aspects to evaluate the extensibility
of the QPLEX library. Building on this analysis, we elicit a set of non-functional require-
ments aimed at enhancing QPLEXs extensibility.
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5.1 Documentation

Contributor-facing documentation is essential for ensuring software quality and extensi-
bility [67]. Effective documentation minimizes errors when developing and maintaining
code, whereas poor or incomplete documentation contributes to technical debt. As a project
grows in size and complexity, the importance of well-maintained documentation becomes
increasingly evident.

Although the upfront cost of creating high-quality documentation may seem prohibitive,
its benefitssuch as reduced debugging time and increased developer productivityfar out-
weigh the initial investment, as highlighted by Zhi et al. [68]. In their paper, the authors
identified five key attributes of highly usable and effective documentation: completeness,
consistency, accessibility, readability, and up-to-date-ness. These attributes are crucial for
supporting extensibility in a software tool like QPLEX.

To evaluate and improve QPLEXs documentation, this thesis considers these attributes
alongside best practices for documenting Python code, as outlined in PEP 257 and PEP
8 [69], [70].

5.1.1 Documentation of QPLEX Prior to This Work

During the initial development of QPLEX, functional requirements were prioritized over
documentation due to resource constraints. As a result, the documentation coverage prior
to this work was limited. For instance, only a few comments were included in select files, as
illustrated in Figures 5.1, 5.2 and 5.3. These figures highlight the state of documentation
in QPLEX before our contributions, showing that most modules, classes, functions, and
methods lacked detailed descriptions, and only abstract classes were fully documented.

Figure 5.1|: A code snippet showing the documentation in the Algorithms module init file
prior to this work

This lack of coverage hindered the librarys extensibility by creating barriers for new
contributors attempting to modify or extend the codebase. Addressing this gap was im-
portant for supporting the integration of new quantum providers and algorithms and, in
general, facilitating future open-source contributions.

In the following subsection, we outline specific improvements to enhance QPLEX’s doc-
umentation. These include introducing comprehensive module-level and function-level
docstrings and integrating automated tools for generating API documentation.
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Figure 5.2|: A code snippet showing part of the documentation in the abstract Algorithm
class prior to this work

5.1.2 Improving the Documentation of QPLEX

To enhance the completeness and usability of the QPLEX documentation, all modules,
classes, methods, and functions should include consistent, detailed, and readable doc-
strings. These docstrings should clearly describe the functionality, inputs and outputs of
each code element, adhering to standard documentation practices such as those outlined
in PEP 257 [69].

Moreover, an API specification is useful for improving navigation and accessibility. This
specification should provide users with a searchable interface for exploring available classes
and methods. The development of this platform can be largely automated using existing
software tools for documentation generation (e.g., Sphinx1 or MkDocs2).

Furthermore, the integration of new documentation into the API specification page can
be incorporated into the librarys CI/CD pipeline, discussed in 5.3. This ensures that any
updates or additions to the codebase are automatically reflected in the documentation.

1https://www.sphinx-doc.org/en/master/
2https://www.mkdocs.org/
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Figure 5.3|: A code snippet showing part of the documentation in the abstract Solver class
prior to this work

However, this automation relies on the presence of complete and properly formatted doc-
strings within the codebase.

Lastly, to support this workflow, a standardized contribution guideline should be es-
tablished, requiring that all new classes, methods, and functions include comprehensive
docstrings. This requirement will ensure consistency across the library and maintain high
documentation quality as QPLEX evolves.

In summary, the proposed improvements include:

• The addition of consistent, detailed, and readable docstrings to all current and new
modules, classes, methods, and functions.

• The creation of an API specification page that integrates CI/CD to automatically up-
date when new documentation is added.

• The establishment of a standardized contribution guideline to ensure consistency and
maintainability.
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5.2 Test Coverage

Software testing is a critical stage of the software development life cycle (SDLC) aimed
at verifying that implemented features function as intended and validating that the soft-
ware meets the specified requirements. It plays a key role in ensuring software quality by
detecting and correcting errors introduced during development or maintenance [71].

The testing process is carried out in a controlled environment using test cases designed
with specific preconditions (inputs) and expected postconditions (outputs). These test
cases systematically assess different aspects of the software to identify potential issues.
To achieve comprehensive testing, various types of testing methodologies are employed,
such as unit testing, integration testing, and end-to-end testing, and each type focuses on
a particular scope or level of functionality.

Unit tests, in particular, are cost-effective to automate using testing frameworks. They
validate the internal functionality of individual functions or methods, assuming correct in-
puts are provided [72]. Established software testing practices recommend that the majority
of tests in a system should be unit tests. These tests form the foundation of the overall test
architecture, ensuring software correctness at the unit level (i.e., individual functions and
methods) and providing a robust basis for higher-level tests [73], [74].

Moreover, test coverage is a vital metric for evaluating the extent to which the codebase
of a software product is verified and validated by the existing test cases. However, achiev-
ing and maintaining sufficient test coverage requires careful planning and ongoing effort,
especially in a library as dynamic as QPLEX.

Test coverage is commonly expressed as the percentage of total items tested, as defined
in Equation 5.1. The term item is subjective and can vary between projects, depending
on their context and goals. Commonly used definitions include lines of code, functions,
branches, or requirements [75]. In this work, we define branch coverage as the test cover-
age item or metric to be used in QPLEX. This metric evaluates the total number of logical
branches (e.g., if statements) in the codebase and compares it to the number of branches
explored by the test cases. Given the size and complexity of QPLEX, this approach pro-
vides an effective estimation of test coverage. The execution of a CO formulation using
QPLEX involves multiple possible branches, which are determined by the execution config-
uration. Branch coverage ensures that these variations are thoroughly tested, enhancing
the robustness of the library.

Test Coverage (%) =

(
Items Tested
Total Items

)
× 100 (5.1)

This section evaluates the state of test coverage in QPLEX, as left by previous contribu-
tors, and proposes strategies for improvement, including the selection and implementation
of a testing framework, the adoption of automated tools for coverage analysis, and the
enforcement of test coverage thresholds as part of the new development workflow.

48



5.2 Test Coverage

5.2.1 Test Coverage of QPLEX Prior to This Work

Prior to this work, the QPLEX library lacked an established testing framework, and no
tests had been designed or implemented in the available codebase. A testing framework
ensures consistency and facilitates the implementation of tests. This absence of testing hin-
dered the librarys extensibility by increasing the workload for contributors developing new
features, as they were required to perform manual testing to verify that existing function-
ality remained intact after their changes. Addressing this technical debt by implementing
automated tests for the existing codebase is critical to enhancing the librarys robustness
and extensibility. A comprehensive test suite will act as a safety net, ensuring that new
contributions follow a consistent structure when designing and implementing tests.

5.2.2 Enhancing the Test Coverage of QPLEX

Several testing frameworks are available for Python software projects, including Unittest3,
Pytest4, and Nose5. Each has its own advantages and trade-offs. For example, Unittest is in-
cluded with standard Python installations, eliminating the need for external dependencies
and reducing the librarys footprint. Pytest, however, requires installation as a dependency
but offers extensive features with minimal code overhead, such as parameterized tests,
and plugin support. These features are particularly beneficial for testing the multiple log-
ical branches commonly encountered in QPLEX. Moreover, Pytest is actively maintained
and supported by comprehensive documentation, making it a strong candidate for QPLEX’s
testing framework. For these reasons, Pytest was chosen as the testing framework for
QPLEX.

Apart from establishing a testing framework, the design and implementation of unit test
cases for all QPLEX modules is essential for enhancing test coverage. Additionally, incor-
porating a test coverage report into the software development workflow would provide an
objective metric for assessing the effectiveness of the implemented tests. This report can
guide contributors in identifying untested portions of the codebase and ensuring compre-
hensive validation.

To reinforce testing standards, CI/CD automation tools, discussed in the next section,
should execute all tests, generate test coverage reports, and enforce integration policies.
These policies would prevent contributors from integrating new features into the existing
codebase unless (1) all tests pass and (2) the established test coverage threshold is met.
Such automation ensures consistency, reduces manual effort, and maintains the robustness
of the library as it evolves, ultimately enhancing its extensibility.

To summarize, the proposed enhancements include:

• The establishment of a testing framework, leveraging tools such as Pytest for its rich
features and active maintenance.

3https://docs.python.org/3/library/unittest.html
4https://docs.pytest.org/en/stable/
5https://pypi.org/project/nose/
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• The design and implementation of comprehensive unit tests for all QPLEX modules.

• The incorporation of a standardized test coverage metric, along with a coverage
threshold enforced through CI/CD automation tools.

5.3 CI/CD Pipelines

CI/CD is a widely used term in the software development industry that encompasses two
distinct but related practices: continuous integration (CI) and continuous delivery (CD).
These strategies align with DevOps principles, aiming to deliver value to clients as quickly
and frequently as possible [76].

5.3.1 Continuous Integration

The primary goal of CI is to enhance developer productivity and improve software quality
by promoting frequent integration of code into a shared repository. This practice enables
teams to receive timely and actionable feedback, reducing bottlenecks in the development
process [76].

CI achieves this by automating key tasks such as code compilation, testing, and build
creation, ensuring that each code contribution is validated early in the development cy-
cle. By bridging the gap between development and deployment, CI minimizes the risk of
integration conflicts and helps maintain a deployable state of the codebase [76], [77].

5.3.2 Continuous Delivery

CD builds upon the foundation of CI by automating the process of packaging and deploying
production-ready versions of a software system. The goal of CD is to ensure that software
can be reliably and seamlessly delivered to users at any time, adding value frequently and
minimizing the time between development and deployment [78]. By incorporating these
automated steps, CD reduces the risk of errors being introduced during manual deploy-
ments and provides a consistent mechanism for delivering updates [76].

5.3.3 Automation Pipelines

GitHub Actions6 is a platform for creating CI/CD automation workflows, seamlessly inte-
grating with code stored in GitHub repositories [79]. These workflows can be configured
to automatically build, test, and deploy code changes submitted through pull requests. Pull
requests are a collaborative mechanism where developers propose changes to a repository,
enabling reviews that help maintain code quality and consistency across the project [80].

6https://github.com/features/actions
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By leveraging GitHub Actions, projects can automate critical CI tasks such as code com-
pilation and test execution. Additionally, CD workflows can be configured to build and
deploy successful pull requests, creating production-ready artifacts that are immediately
usable by end users. This reduces the manual workload for contributors, allowing them to
focus on feature development and bug fixes rather than repetitive validation tasks.

Since the QPLEX source code is stored in a GitHub repository, GitHub Actions is a natu-
ral and effective choice for automating its CI/CD workflows. Its seamless integration with
the repository enables efficient validation of code contributions, fostering a streamlined
and collaborative development process.

The integration of CI and CD pipelines through automation tools like GitHub Actions
enhances the extensibility of a software project. By streamlining the validation and delivery
processes, these pipelines reduce the cognitive and operational load on contributors while
maintaining the robustness and reliability of the codebase. For QPLEX, this is particularly
important as it evolves to support additional quantum providers and algorithms.

5.3.4 CI and CD in QPLEX Prior to This Work

Prior to this work, the QPLEX library lacked any CI/CD strategies. Without a testing frame-
work or test cases in place, continuous integration was not prioritized by the original au-
thors. Additionally, as the library was still in its early stages of development, no efforts
were made to release it as a packaged solution for end-users.

The absence of CI/CD hindered the integration of new features by requiring manual
verification and testing, increasing the workload for contributors. Similarly, end-users in-
terested in using the library faced significant barriers, as they were required to manually
download the source code and build it themselves.

To address these issues, CI/CD pipelines should be implemented to automate the inte-
gration and deployment of new software versions. Moreover, QPLEX should be deployed to
the Python Package Index (PyPI),7 the official repository for third-party Python packages.
This would allow users to easily install the library using the Pip8 package manager. Even
at an early stage of development, making QPLEX accessible through PyPI would lower the
adoption barrier and enable valuable user feedback to inform future improvements.

5.3.5 Proposed Improvements

The proposed improvements for CI/CD strategies and the integration of the GitHub Actions
automation platform include the following:

7https://pypi.org/
8https://pypi.org/project/pip/
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• Creation of Automated Workflows: Develop dedicated GitHub Actions workflows
to automate key stages of the SDLC, including code compilation, testing, building,
and deployment. These workflows will adhere to CI/CD best practices, ensuring that
every pull request and code contribution is automatically verified and prepared for
integration. Automation will reduce manual effort, enhance consistency, and improve
overall development efficiency.

• The deployment of QPLEX to PyPI: Package and deploy QPLEX to PyPI. This will
make the library accessible via the Pip package manager, allowing users to install
it with a simple command. Deploying to PyPI will not only enhance the librarys
accessibility but also encourage user adoption and feedback, which can drive further
improvements in functionality and usability.

5.4 Software Architecture

The architecture of a software system plays a critical role in its extensibility. It serves
as the foundation for incorporating new features by defining extension points and inter-
faces that enable the addition of functionalities without disrupting existing ones [81]. A
well-designed architecture not only facilitates the integration of new components but also
ensures the system remains maintainable and scalable as it grows.

In the case of QPLEX, the library implements a modular design with clear interfaces
and abstractions for core components such as Algorithm and Solver. These interfaces act as
well-defined extension points, allowing developers to introduce new quantum algorithms
and solvers for additional quantum providers. By adhering to the patterns defined in the
Algorithm and Solver abstract classes, contributors can seamlessly integrate new features
into the library while maintaining consistency with the existing architecture.

The library’s current architecture includes a Solver Factory, which implements the Fac-
tory Method design pattern [82] to create appropriate solver instances based on the se-
lected quantum provider. This decoupling of solver creation from the rest of the system
enhances extensibility by allowing new solvers to be added without modifying existing
code. The factory pattern effectively isolates the implementation details of different solvers
while providing a unified interface for their creation and use.

Furthermore, the modularized design of QPLEX separates the logic and data handling
of the algorithms and solvers from other library components. This separation ensures that
modifications to one module can be made independently, provided the interfaces between
modules remain consistent. Such a design minimizes the risk of cascading changes across
the codebase, thereby reducing maintenance overhead and improving stability.

This architectural approach also supports scalability. Minimal interdependence between
modules enables the effortless addition or modification of components, allowing the library
to grow alongside evolving user needs and technological advancements. Additionally, this
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modularity facilitates parallel development, where teams or contributors can work on dif-
ferent modules simultaneously, improving productivity and enabling more frequent deliv-
eries while minimizing conflicts.

While the current architecture provides a solid foundation for extensibility, it could be
further enhanced by introducing an Algorithm Factory similar to the existing Solver Factory.
This addition would decouple the Generalized Gate-based Algorithm Execution workflow
and potential future workflows from the specific algorithm implementations. An Algorithm
Factory would provide a centralized mechanism for creating algorithm instances, making
it easier to add new algorithms and execution workflows without modifying existing code.
This architectural improvement would further strengthen the library’s extensibility by pro-
viding a more flexible and maintainable approach to algorithm management. The design
and implementation of this enhancement as well as others related to the general design of
the library’s modules are detailed in Section 6.2.

5.5 Elicitation of Non-functional Requirements

Building on the extensibility analysis presented in this chapter and the workflow outlined
in Chapter 3, we identified key areas for improvement and followed established software
engineering methodologies to elicit non-functional requirements [66].

Unlike functional requirements, which define the specific capabilities of a system, non-
functional requirements specify constraints or quality attributes that the system must sat-
isfy. These requirements address aspects such as performance, scalability, maintainability,
and usability, which are critical for ensuring the long-term effectiveness of a software sys-
tem.

As with the functional requirements discussed in Section 4.4, these non-functional re-
quirements are vital artifacts from the analysis stage of this work. They serve as guiding
principles for the design and implementation phase, detailed in Chapter 6.

5.5.1 Non-functional Requirements

The following are the non-functional requirements (NFR):

• NFR-1: The system shall have consistent, detailed and readable documentation for
all modules, classes, methods, and functions by including comprehensive docstrings
that adhere to established standards (e.g., PEP 257) for clarity and maintainability.

• NFR-2: The system shall provide an API specification page that is automatically up-
dated through CI/CD workflows whenever new documentation is added, ensuring
the documentation remains current and accessible.
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• NFR-3: The system shall include a standardized contribution guideline to ensure
consistency and maintainability across the library, providing clear instructions for
developers contributing to QPLEX.

• NFR-4: The system shall include the design and implementation of comprehensive
unit tests to cover all QPLEX modules, following a testing framework and ensuring
the robustness and reliability of the library.

• NFR-5: The system shall incorporate a standardized test coverage metric, accompa-
nied by a coverage threshold enforced through CI/CD automation tools, to guarantee
adequate validation of the codebase.

• NFR-6: The system shall implement GitHub Actions workflows to automate key
stages of the software development life cycle, including code compilation, testing,
building, and deployment.

• NFR-7: The system shall package and deploy QPLEX to PyPI, enabling users to install
the library via the Pip package manager.

5.6 Chapter Summary

This chapter detailed our approach to analyzing the extensibility of the QPLEX library.
It included an evaluation of the librarys current state across four critical aspects: docu-
mentation, test coverage, CI/CD pipelines, and software architecture. Using the workflow
outlined in Chapter 3 as a foundation, we identified areas for improvement that impact the
librarys extensibility. These aspects were assessed using established software engineering
practices, leading to the elicitation of non-functional requirements.

This chapter concludes the second half of the analysis stage of this project, resulting in a
non-functional requirements set as a key artifact. This artifact will serve as a foundation for
the design and implementation stages described in Chapter 6. The following chapter tran-
sitions from analysis to design and implementation, detailing how the identified functional
and non-functional requirements will be implemented to enhance QPLEXs capabilities and
extensibility.
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Chapter 6

Extending QPLEX: Design and
Implementation

6.1 Introduction

Building on the foundational understanding of the QPLEX library introduced in Chapter 2
and guided by the functional and non-functional requirements selected in Chapter 4 and
Chapter 5, this chapter advances the development process by detailing the design and
implementation of these requirements. Additionally, it highlights general design changes
aimed at reducing the complexity of the software librarychanges that, while not explicitly
tied to any specific requirement, are nonetheless significant and deserve discussion.

The chapter is organized into three main parts:

• System Design: Discusses modular-level design changes (e.g., updates to classes and
file structures), explaining how these modifications reduce the librarys complexity
and facilitate future contributions.

• Functional Requirements: Explores the design and implementation of functional
requirements, categorized by their impact on different modules of QPLEX.

• Non-functional Requirements: Addresses non-functional requirements, with sec-
tions dedicated to Documentation, Testing, and CI/CD.

By presenting the design and implementation in this structured manner, the chapter
provides a comprehensive overview of the technical contributions of this thesis as embodied
in the QPLEX library.

6.2 System Design

As outlined in Chapter 2, QPLEX was designed with a modular architecture, separating logic
and concerns into distinct classes and files that interact to achieve the library’s objectives.
Figure 2.1 illustrates the modules that comprised QPLEX prior to this work.

During this project, the QPLEX architecture was analyzed with an emphasis on reduc-
ing complexity and enhancing maintainability. This analysis, as well as the development
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Figure 6.1|: Updated system design of QPLEX

of the functional requirements elicited in this thesis, led to the refactored system design
shown in Figure 6.1. The updated design diagram includes unseen classes in some exist-
ing modulesone of which, constants.py, was previously present in the QPLEX codebase
but was omitted in the original manuscriptas well as the introduction of a new module
called Workflows. In the diagram, the modules are represented as rectangles labeled in the
top-left corner, while submodules (e.g., classes or files within a module) are depicted as
colored rectangles with rounded edges. Furthermore, the arrows in the diagram represent
associations between modules.

The following subsections provide a detailed explanation of the design changes made
to QPLEX, highlighting their purpose and impact on the overall architecture.

6.2.1 Execution Config Class

The purpose of the QModel class is to enable users to model a combinatorial optimization
problem and solve it using a specified execution configuration (e.g., algorithm, shots, back-
end device, quantum provider, etc.). These execution options must be passed as arguments
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Figure 6.2|: Signature of the solve method of the QModel class, prior to this work.

to the solve method, the primary method users call to solve a formulation. Given that
QPLEX supports flexible execution configurations across multiple algorithms, providers,
and backend devices, the number of required arguments can become large for highly cus-
tomized execution instances.

Prior to this work, the solve method accepted all execution options as individual param-
eters in its method signature, as shown in Figure 6.2. This design increased complexity by
making the method harder to understand and maintain [83], [84]. Moreover, while default
values could be assigned to each parameter to offer flexibility, the need to validate these
arguments within the solve method (e.g., ensuring values are within valid ranges) further
compounded its complexity, as it extended the method’s responsibilities beyond solving the
problem formulation.

To address these issues, a dedicated ExecutionConfig class1 was introduced to encap-
sulate execution parameters. This solution simplifies the solve method by reducing its pa-
rameter list and delegating argument validation to the Options class, making the codebase
easier to read, maintain, and extend [84].

Figures 6.3 and 6.4 illustrate the difference between the solve method signature before
and after the addition of the ExecutionConfig class, respectively. Notably, the syntax for
users remains largely unchanged, with the only addition being the instantiation of the
Options class. This design choice minimizes friction for existing users while improving the
maintainability and scalability of QPLEX’s codebase.

6.2.2 OptimizationCallback Class and Custom Callbacks

Another addition to the QPLEX codebase is the OptimizationCallback class and support
for custom callback functions. Callback functions are valuable in optimization routines be-
cause they allow users to monitor the progress of an algorithm in a customized manner.
By creating their own callback functions, users can perform tasks such as custom logging
of algorithm progress, generating visualizations, or dynamically adjusting algorithm hy-
perparametersdepending on the library’s callback implementation. This feature is widely
adopted by popular libraries such as MATLAB,2 TensorFlow,3 PyTorch,4 and SciPy.5

1The source code is available at https://github.com/JuanGiraldo0212/QPLEX/blob/main/qplex/model/
execution_config.py

2https://www.mathworks.com/help/imaq/creating-and-executing-callback-functions.html
3https://www.tensorflow.org/api_docs/python/tf/keras/callbacks/Callback
4https://pytorch.org/tnt/stable/framework/callbacks.html
5https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.minimize.html
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Figure 6.3|: Call to the solve method of the QModel class, prior to this work. The values
of the execution_params dictionary are unpacked and passed as arguments to
the solve method using the dictionary unpacking operator.

Figure 6.4|: Call to the solve method of the QModel class after the addition of the
ExecutionConfig class

58



6.2 System Design

Figure 6.5|: Code snippet showing the use of a custom callback function for the solve

method

Prior to this work, QPLEX did not provide any user feedback during the optimization
process. The absence of intermediate outputs made the process opaque, reducing visi-
bility and making the optimization subroutine resemble a "black box." Results were only
displayed after the optimization was complete. Introducing more verbose output, with
progress reports or logs, enhances the user experience by increasing transparency. Addi-
tionally, enabling custom callback functions further improves flexibility by allowing users
to tailor the output to their needs.

As previously mentioned, QPLEX leverages the SciPy library for access to state-of-the-
art optimizers. The SciPy optimization subroutine natively supports a callback function
parameter, which was integrated into QPLEX in this thesis. Users can now pass a callable
function to the solve method, which SciPy will invoke during the optimization process.
The callback function follows the SciPy framework, reducing the learning curve for users
already familiar with the library.

If a user does not provide a custom callback function, QPLEX defaults to using an in-
stance of the newly added OptimizationCallback class. This class provides basic logging
functionality, such as tracking the iteration number and the current parameters. In the code
snippet shown in Figure 6.5, a custom callback function is passed to the solve method. Fig-
ure 6.6 depicts the resulting console output during execution.

6.2.3 Workflows Module

The concept of workflows in QPLEX was initially limited to the Generalized Gate-Based
Algorithm Execution (GGAE) workflow, This workflow is responsible for orchestrating three
key steps:

1. Instantiating the selected algorithm to solve the model
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Figure 6.6|: Console output during the execution of a QModel formulation using a custom
callback that logs the current optimization parameters
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2. Initiating the optimization process

3. Returning the optimal counts upon convergence or reaching the maximum number
of iterations

However, while designing FR-1 (support for Qiskit Runtime Sessions), it became ev-
ident that this feature was incompatible with the GGAE workflow. Qiskit Runtime Ses-
sions replicate the functionality of the GGAE workflow by instantiating a Session from the
qiskit_ibm_runtime package. This Session handles the optimization process, including
repeated calls to the QPU, while ensuring prioritized access to the queue.

Given these characteristics, Qiskit Runtime Sessions could not be integrated into the
GGAE workflow or the IBMQSolver for two reasons:

1. Provider specificity: The functionality is not generalizable to all quantum providers,
making it unsuitable for inclusion in a generalized workflow.

2. Solver interface incompatibility: Adding Qiskit Runtime Sessions to the IBMQSolver

class would conflict with the base Solver interface.

As a result, the idea of modeling Qiskit Runtime Sessionsand similar methods such as
Amazon Hybrid Jobsas a distinct workflow emerged. This new workflow and the possible
addition of more workflows in the future motivated the creation of the Workflows module
within QPLEX.

6.2.4 Algorithm Factory Class

Prior to this work, algorithm instantiation was handled directly within the GGAE workflow.
This approach worked initially since QPLEX only supported two gate-based algorithms,
keeping the complexity manageable. However, this design created tight coupling between
the workflow and algorithm initialization logic.

The introduction of the Qiskit Runtime Sessions workflow highlighted a potential main-
tenance challengeany new workflow would need to replicate the algorithm instantiation
logic. This duplication would not only violate the DRY (Don’t Repeat Yourself) principle [85]
but also increase the risk of inconsistencies as the codebase evolved.

To address these concerns, we introduced the Algorithm Factory class, implementing
the Factory Method design pattern. This pattern provides an interface for creating objects
but allows subclasses to alter the type of objects that will be created. In our context,
the Algorithm Factory encapsulates the logic for creating algorithm instances, providing a
clean interface that workflows can use without needing to know the specific initialization
requirements of each algorithm.

As shown in Figure 6.7, the original implementation tightly coupled algorithm creation
with the workflow logic. Each algorithm had different initialization requirements, making
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Figure 6.7|: The algorithm instantiation code in the GGAE workflow, prior to this work

Figure 6.8|: The Algorithm Factory class implementation
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Figure 6.9|: The updated algorithm instantiation code in the GGAE workflow

the code difficult to maintain and extend. The new Algorithm Factory class, shown in
Figure 6.8, provides a cleaner separation of concerns:

This refactoring provides several benefits:

• Workflows can request algorithm instances through a unified interface

• Algorithm initialization logic is centralized and easier to maintain

• Adding new algorithms requires changes only to the factory class

• Testing becomes more straightforward as algorithm creation is isolated

Additionally, this pattern mirrors the existing Solver Factory in QPLEX, creating a consis-
tent approach to object creation throughout the library. Just as the Solver Factory manages
the creation of different quantum provider solvers, the Algorithm Factory handles the in-
stantiation of various quantum algorithms.

The simplified workflow implementations in Figures 6.9 and 6.10 demonstrate how the
Algorithm Factory reduces complexity in the workflow layer while maintaining flexibility
for future extensions.

6.2.5 Utils Submodules

The submodules with a utils suffix, short for utilities, encapsulate functions that are shared
across multiple classes in other modules. There are two such submodules in QPLEX:
circuit_utils.py and workflow_utils.py. As their names suggest:
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Figure 6.10|: The algorithm instantiation code in the IBM Session workflow
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• circuit_utils.py provides functionalities related to quantum circuits, which are
utilized by all algorithms in the Algorithms module.

• workflow_utils.py contains auxiliary functions that support all workflows in the
Workflows module, such as GGAE and IBM Session workflows.

• model_utils.py contains logic to analyze constraint types in the QModel and au-
tomatically select an appropriate mixer. For a detailed description, refer to Sec-
tion 6.3.3.

Most of the functionalities encapsulated in the utility submodules existed in the QPLEX
codebase prior to this work but were scattered across multiple files or redundantly imple-
mented in different classes. The primary purpose of these utility submodules is to prevent
code repetition by centralizing commonly used functions. This approach reduces complex-
ity by improving code readability, maintainability, and reusability across the library.

6.3 Functional Requirements

For clarity and ease of reference, the functional requirements mentioned in this chapter,
previously introduced in Chapter 4, are reiterated below. For the full list, including re-
quirements left for future iterations of the project, refer to Section 4.4.

• FR-1: The system shall support executing combinatorial optimization formulations
on IBMQ QPUs via Qiskit Runtime Sessions.

• FR-2: The system shall support compatibility with Qiskit version 1.0.0.

• FR-3: The system shall support quantum circuit execution using Qiskits Sampler
primitive on IBM QPUs.

• FR-5: The system shall support automatic circuit optimization through the Qiskit
transpiler with selectable optimization levels.

• FR-7: The system shall support provider-specific execution options accepted by the
quantum providers available through the Amazon Braket service.

• FR-8: The system shall support executing combinatorial optimization formulations
on D-Waves quantum solvers.

• FR-9: The system shall support custom minor embeddings for executing combinato-
rial optimization formulations on D-Wave quantum solvers.

• FR-11: The system shall support executing combinatorial optimization formulations
using the QAOAnsatz algorithm on gate-based providers.

The following subsections group requirements into the respective QPLEX module they
impact.
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Figure 6.11|: Qiskit Runtime Session UML Sequence Diagram

6.3.1 Workflows Module

FR-1: Qiskit Runtime Sessions

As mentioned in Subsection 6.2.3, Qiskit Runtime Sessions were implemented as a
new workflow similar to the existing GGAE workflow. The workflow was implemented
as a function that receives three arguments: (1) the QModel instance to be solved, (2) an
instance of the IBMQSolver class and (3) an instance of the Options class, described in
Subsection 6.2.1. The workflow instantiates the selected algorithm using the given options
and model instance. It then proceeds to utilize the solver instance to parse the algorithm
circuit into the desired input for the selected IBM backend device. Afterward, it defines
the cost function and opens the Qiskit Runtime Session that performs the optimization
loop and returns the optimal counts. Figure 6.11 shows a diagram with this sequence of
actions.
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Figure 6.12|: Code snippet for the __init__ method of the IBMQ solver, prior to this work

6.3.2 Solvers Module

FR-2: Support for Qiskit 1.0.0 and FR-3: Qiskit Sampler Primitive

The last contribution to QPLEX prior to this work was made on October 28, 2023.6 At
that time, the Qiskit SDK was at version 0.25.3.7 Since then, IBM has released Qiskit 1.0.0,
a milestone update introducing significant changes to enhance the library’s scalability, sta-
bility, and extensibility. This update included major refactoring of the library’s modules
and introduced updated components, such as version 2 of the Sampler and Estimator prim-
itives [86].

The Qiskit 1.0.0 release is incompatible with previous versions, rendering older im-
plementations non-functional without updates. Consequently, since QPLEX had not been
maintained beyond version 0.25.3 of Qiskit, it became incompatible with the new release.
To enable QPLEX to remain relevant and capable of interfacing with the latest features of
the Qiskit library, it was essential to add support for Qiskit 1.0.0.

Fortunately, the modular design of the QPLEX library minimizes overall complexity,
making it easier to refactor or modify individual modules. For instance, the Solvers module,
which includes the IBMQSolver class responsible for interacting with IBM QPUs through the
Qiskit API, could be updated to add support for Qiskit 1.0.0 without the need for modifying
other modules.

The QPLEX IBMQSolver class manages configuring the IBM Quantum account to be
used to submit quantum circuits for execution on IBM QPUs via the cloud. Previously, this
was achieved using the IBMQ class from the qiskit.providers.ibmq package. Figure 6.12
illustrates the __init__ method of the IBMQSolver class prior to this work, showing the
usage of the IBMQ class. However, this package hierarchy required all Qiskit installations
to include the providers module, even when users did not intend to submit circuits to IBMQ
hardware.

As noted in the Qiskit 0.40 release notes, Qiskit has transitioned to a model where the
qiskit package contains only the core functionality for building and compiling quantum
circuits, programs, and applications. Any functionality related to specific hardware or sim-
ulators is now encapsulated in separate packages [87]. Consequently, all IBMQ-related
functionalities were moved to the qiskit_ibm_runtime package, which can be installed
independently of the core qiskit package. This updated workflow implemented in QPLEX’s

6https://github.com/JuanGiraldo0212/QPLEX/commit/d7b644403e3e5f5bbe5af1685dfdfbcc5238842c
7https://github.com/Qiskit/qiskit/releases/tag/0.25.3
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Figure 6.13|: Code snippet for the updated __init__ method of the IBMQ solver.

IBMQSolver is depicted in Figure 6.13 and involves the use of the QiskitRuntimeService

class from the qiskit_ibm_runtime package. An instance of this class, referred to as service,
is created and subsequently used throughout the IBMQSolver class to facilitate communi-
cation with the IBMQ cloud.8

Migrating to the QiskitRuntimeService class required updates to the workflow for sub-
mitting circuits to the IBMQ cloud. Specifically, modifications to the solve method of the
IBMQSolver class were required. Previously, this method utilized the execute function
from the qiskit package to submit circuits, as shown in Figure 6.14. However, IBM now rec-
ommends using the Sampler and Estimator primitives for running circuits and retrieving
results. Given that the interface of the base Solver class of the QPLEX library requires the
solve method to return execution counts for a given circuit, the Sampler primitive was the
logical choice. As shown in Figure 6.15, the updated solve method instantiates the Sam-
pler and delegates circuit execution to an auxiliary run method, introduced for improved
simplicity and modularity, depicted in Figure 6.16. The updated solve method returns ex-

8Qiskit provides a migration guide for transitioning from the qiskit.providers workflow
to the qiskit_ibm_runtime workflow: https://docs.quantum.ibm.com/migration-guides/
qiskit-runtime-from-ibmq-provider
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Figure 6.14|: Code snippet for the solve method of the IBMQ solver, prior to this work

ecution counts in the same format as the previous implementation, ensuring compatibility
with other QPLEX modules.

Additionally, the select_backend method was updated to utilize the QiskitRuntimeSer-
vice class and consider the qubits argument, which specifies the number of qubits required
by the circuit to be executed. As noted in Chapter 4, this parameter was previously ignored.
The updated method, shown in Figure 6.17, ensures that the selected QPU meets the cir-
cuits qubit requirements. With these updates, the IBMQSolver class is fully compatible with
Qiskit 1.0.0 and adheres to the design principles of QPLEX.

FR-5: Automatic Qiskit Circuit Optimization

The Qiskit framework provides a PassManager class, which can be used to transpile a
quantum circuit with a specific optimization level tailored to a target backend. According
to IBM’s documentation,9 the optimization levels are described as follows:

• Level 0: no optimization

• Level 1: light optimization

• Level 2: heavy optimization

• Level 3: even heavier optimization

Higher optimization levels typically result in longer transpilation times due to the in-
creased computational effort required.

In this work, Qiskit circuit optimization was integrated as an execution option config-
urable via the QModel’s solve method. During execution, this option is accessed as an
instance variable of the IBMQSolver class. Line 81 in Figure 6.15 illustrates the use of the
optimization_level field during the circuit transpilation process.

FR-7: Amazon Braket Execution Options

The solve method of the Amazon Braket solver class, BraketSolver, interfaces with the
braket library’s API to manage the process of input parsing, circuit execution, and response
parsing. The implementation of this method is shown in Figure 6.18.

9https://docs.quantum.ibm.com/api/qiskit/0.43/qiskit.transpiler.preset_passmanagers.
generate_preset_pass_manager
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Figure 6.15|: Code snippet for the updated solve method of the IBMQ solver
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Figure 6.16|: Code snippet for the newly added run method of the IBMQ solver

Figure 6.17|: Code snippet for the updated select_backend method of the IBMQ solver
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Figure 6.18|: Code snippet for the updated solve method of the Amazon Braket solver

To submit circuits for execution, the BraketSolver utilizes the run method of the
AwsDevice class. This method accepts an argument called device_parameters, which al-
lows users to specify configuration parameters unique to the selected quantum device. The
use of this argument is evidenced in line 60 of Figure 6.18. Since the quantum devices
available through the Braket platform support different configurable parameters, it is rec-
ommended to refer to the respective device documentation for details on their usage.

These execution options are now configurable through QPLEX when calling the QModel’s
solve method.

FR-8: D-Wave Quantum Solvers Support

To enable the execution of D-Wave models on the Leap platform’s quantum solvers, such
as the Advantage QPU, it was necessary to distinguish between QPUs and Hybrid Solvers
as separate backends for execution. To achieve this, an instance variable called backend

was added to the DWaveSolver class, allowing users to specify the intended backend (i.e.,
a QPU or a Hybrid Solver). Additionally, a configuration field for selecting a QPU based on
its topology was introduced to enhance flexibility.

The updated initializer method of the DWaveSolver class is depicted in Figure 6.19.
Prior to this work, the default initializer was used since instance variables were considered
unnecessary for the implementation of this class. In Figure 6.19, we can also evidence other
configuration fields such as time_limit, num_reads and embedding. These fields further
enhance the flexibility of the execution of combinatorial optimization formulations on D-
Wave hardware through the QPLEX interface. The time_limit field configures the time
limit for the hybrid solver to work on the problem, while num_reads specifies the number
of times the quantum annealing process is repeated for a given problem. The embedding
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Figure 6.19|: Code snippet for the updated __init__ method of the D-Wave solver

parameter allows users to use a custom minor embedding for the current problem. This is
further discussed in the next part, where the design and implementation of FR-9 (Custom
Minor Embedding Support) is explained in detail.

• The time_limit field specifies the maximum time the hybrid solver can spend solving
the problem.

• The num_reads field defines the number of times the quantum annealing process is
repeated for a given problem.

• The embedding parameter allows users to provide a custom minor embedding for the
problem, which is discussed in detail in the next section on the design and implemen-
tation of FR-9 (Custom Minor Embedding Support).

Once all execution options have been configured, the solve method10 of the
DWaveSolver class proceeds with the standard workflow: parsing the input, executing the
formulation on the selected device, and parsing the response. However, an additional step
has been introduced to select the appropriate backend based on the users configuration.

This selection process is handled by the newly added select_backend method, shown
in Figure 6.20. As illustrated, the method instantiates the appropriate sampler depending
on the specified configuration and returns it to the solve method for execution.

10The source code for the DWaveSolver class, including the solve method, is available at https://github.
com/JuanGiraldo0212/QPLEX/blob/development/qplex/solvers/dwave_solver.py
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Figure 6.20|: Code snippet for the newly added select_backend method of the D-Wave
solver

FR-9: Custom Minor Embedding Support

The use of a D-Wave Sampler requires embedding the problem graph onto the connec-
tivity graph of the selected device. As discussed in Chapter 4, enabling users to supply a
custom embedding enhances the versatility of the QPLEX library, as it allows for greater
flexibility compared to relying solely on the default embedding algorithm provided by the
Ocean SDK.

The Ocean SDK offers various classes, referred to as composites, for wrapping a D-
Wave Sampler object to perform embeddings. These composites differ in their embedding
approaches. For instance:

• The AutoEmbeddingComposite11 submits the binary quadratic model directly to the

11https://docs.ocean.dwavesys.com/projects/system/en/stable/reference/composites.html#
autoembeddingcomposite
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sampler and attempts to embed the problem only if an exception is raised, indicating
that the model’s graph is incompatible with the sampler’s connectivity graph.

• The FixedEmbeddingComposite12 allows users to specify a custom minor embedding
for the sampling process. This composite is particularly useful for manually control-
ling the embedding or reusing a known good embedding for a given problem.

After evaluating the available composites13, the FixedEmbeddingComposite and
AutoEmbeddingComposite were identified as suitable for implementing FR-9. As shown on
line 282 in Figure 6.20, the FixedEmbeddingComposite wraps the initialized DWaveSampler

and applies the custom embedding. This embedding, configured as an instance variable
of the DWaveSolver class, can be specified as an execution parameter when calling the
QModel’s solve method.

If the user does not provide a custom minor embedding, the AutoEmbeddingComposite

is used as the default.

6.3.3 Algorithms Module

FR-11: QAOAnsatz

The Quantum Alternating Operator Ansatz (QAOAnsatz) generalizes the original QAOA
algorithm by allowing flexible mixer operators beyond the standard transverse field mixer.
In QAOA, the mixer Hamiltonian enables transitions between different states in the solu-
tion space through quantum operations. The conventional QAOA implementation uses a
transverse field mixer composed of RX rotations, as shown in Equation 6.1:

UM (β) = e−iβHM =
n−1∏
i=0

RXi(2β) (6.1)

where n is the number of qubits and β is the mixing angle parameter.

The QAOAnsatz framework extends this approach by allowing mixer operators that re-
spect the constraints of the optimization problem while enabling efficient exploration of
the feasible solution space. This flexibility can potentially improve the algorithm’s perfor-
mance for certain problem classes by incorporating domain knowledge into the quantum
operations.

The relationship between QAOA and QAOAnsatz naturally influenced our software de-
sign decisions. Since QAOAnsatz generalizes QAOA by allowing flexible mixer operators,
we implemented this as a single class where the mixer operator is configurable. This design

12https://docs.ocean.dwavesys.com/projects/system/en/stable/reference/composites.html#
fixedembeddingcomposite

13https://docs.ocean.dwavesys.com/projects/system/en/stable/reference/composites.html
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Figure 6.21|: The UML class diagram for the MixerFactory class and other classes that it
interacts with throughout its lifecycle

choice makes the mixer an instance attribute of the QAOA class, enabling users to instan-
tiate the class with either the conventional RX mixer for standard QAOA or alternative
mixers for QAOAnsatz implementations.

To achieve this flexibility while maintaining clean separation of concerns, we introduced
the abstract QuantumMixer class. This class defines a common interface that all mixer
implementations must follow by implementing a single method: generate_circuit. This
method produces the mixer portion of the quantum circuit as an OpenQASM3 string, which
the QAOA algorithm class then incorporates into the complete circuit.

Figure 6.21 provides a UML class diagram illustrating the relationships between the
key components after these additions. The diagram shows the abstract QuantumMixer class
hierarchy, including its concrete implementations, and demonstrates how it integrates with
the larger QPLEX architecture through the factory pattern.

At the center of this design is the MixerFactory class, which follows the same factory
pattern used elsewhere in QPLEX for algorithms and solvers. The MixerFactory works
with the AlgorithmFactory to create fully configured QAOA instances. This interaction is
particularly important when handling the automatic selection of appropriate mixers based
on problem constraints.

At the time of writing, only two concrete mixer implementations have been fully real-
ized: the standard Rx mixer used in the original QAOA algorithm and the XY mixer, an
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implementation shown to preserve the subspace of one-hot states [88], [89]. The addi-
tional mixer classes shown in Figure 6.21 (such as PartitionMixer and Inequality) are not
yet implemented but are included in the diagram to illustrate the extensibility of the Fac-
tory design pattern. These placeholder classes represent potential future mixers that could
be developed for specific constraint types.

To support this automatic selection, we introduced a utility function in the new
model_utils.py14 module that analyzes constraint patterns within a QModel. As shown
in Figure 6.8, this analysis occurs within the AlgorithmFactory’s get_algorithm method.
On line 89, the method first extracts constraint information from the model using these
utility functions. Then, on line 98, it passes this information to the MixerFactory, allowing
it to instantiate the most appropriate mixer for the given problem structure.

While this automatic selection handles many common cases, the design remains flex-
ible enough to accommodate custom implementations. Users can create specialized mix-
ing strategies by extending the QuantumMixer class and overriding the generate_circuit

method, giving them full control over the mixing operations while maintaining compatibil-
ity with the broader QPLEX framework.

To further clarify this sequence of actions, the UML sequence diagram depicted in Fig-
ure 6.22 shows the process of getting an algorithm instance orchestrated by a QPLEX work-
flow. In the diagram, the workflow calls the get_algorithm method from the algorithm
factory and receives the ready-to-use instance at the end. The diagram illustrates several
key design patterns working in concert: the Factory pattern handles object creation, while
inheritance relationships ensure type safety through polymorphism. When creating a QAO-
Ansatz instance, the factory coordinates with a secondary factory (the mixer factory) to
construct appropriate mixer operators based on the problem constraints. This two-factory
approach allows QPLEX to decouple the algorithm configuration from the constraint han-
dling logic, making it easier to extend the framework with new types of constraints or mix-
ers without modifying the core algorithm implementations. The sequence concludes with
the initialization of the base Algorithm class before returning the concrete QAOA instance
to the workflow.

This modular design maintains full compatibility with QPLEX’s existing Algorithm inter-
face while introducing powerful customization capabilities. Users can now experiment with
different mixing strategies optimized for their specific combinatorial optimization prob-
lems, potentially improving solution quality or convergence speed.

14The source code can be found at https://github.com/JuanGiraldo0212/QPLEX/blob/development/qplex/
utils/model_utils.py

77

https://github.com/JuanGiraldo0212/QPLEX/blob/development/qplex/utils/model_utils.py
https://github.com/JuanGiraldo0212/QPLEX/blob/development/qplex/utils/model_utils.py


Chapter 6 Extending QPLEX: Design and Implementation

Figure 6.22|: The UML sequence diagram showing the process of getting an algorithm in-
stance orchestrated by a QPLEX workflow
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6.4 Non-Functional Requirements

Similarly, for clarity and ease of reference, the non-functional requirements mentioned in
this chapter, previously introduced in Section 5.5.1, are reiterated below.

• NFR-1: The system shall have consistent, detailed and readable documentation for
all modules, classes, methods, and functions by including comprehensive docstrings
that adhere to established standards (e.g., PEP 257) for clarity and maintainability.

• NFR-2: The system shall provide an API specification page that is automatically up-
dated through CI/CD workflows whenever new documentation is added, ensuring
the documentation remains current and accessible.

• NFR-3: The system shall include a standardized contribution guideline to ensure
consistency and maintainability across the library, providing clear instructions for
developers contributing to QPLEX.

• NFR-4: The system shall include the design and implementation of comprehensive
unit tests to cover all QPLEX modules, following a testing framework and ensuring
the robustness and reliability of the library.

• NFR-5: The system shall incorporate a standardized test coverage metric, accompa-
nied by a coverage threshold enforced through CI/CD automation tools, to guarantee
adequate validation of the codebase.

• NFR-6: The system shall implement GitHub Actions workflows to automate key
stages of the software development life cycle, including code compilation, testing,
building, and deployment.

• NFR-7: The system shall package and deploy QPLEX to PyPI, enabling users to install
the library via the Pip package manager.

The following subsections group non-functional requirements into categories.

6.4.1 Documentation

NFR-1: Code Documentation

Prior to this work, as discussed in Section 5.1, the QPLEX codebase lacked comprehen-
sive documentation. To address this limitation, we implemented a thorough documentation
process following the PEP 257 standard before proceeding with the functional requirements
described in this chapter. This documentation effort encompassed all classes, methods, and
modules, with additional inline comments added where complex logic warranted further
clarification.

The documentation process adhered to the following standards:
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• Triple-quoted Strings: All docstrings must use triple-quoted string syntax, ensuring
consistent parsing and formatting.

• Summary Lines: Each class and method documentation begins with a single-line
summary that concisely describes its purpose.

• Parameters and Returns: Method documentation includes explicitly defined sec-
tions for parameters and return values, complete with type hints. These sections are
clearly demarcated with section titles followed by dashed lines.

• Exceptions: Methods must declare any exceptions they might raise, ensuring users
understand potential error conditions.

This documentation standard has been integrated into the project’s development work-
flow. All new contributions must adhere to these documentation requirements before merg-
ing, ensuring the codebase maintains consistent and comprehensive documentation. This
requirement facilitates automatic inclusion of new functionality documentation in the API
specification, which is detailed in the following section.

Figures 6.23 and 6.24 illustrate the impact of this documentation effort through a com-
parison of the IBMQSolver class before and after documentation.15

NFR-2: API Specification

To enhance accessibility and maintainability of QPLEX’s documentation, we imple-
mented an automated API specification generation process using Sphinx, a powerful doc-
umentation generator chosen for its extensive documentation and minimal configuration
requirements.

Sphinx operates by analyzing docstrings within the codebase to generate a structured
API documentation tree. The tool is installed as a Python dependency through standard
package managers, after which it requires configuration to properly parse and format the
documentation. Sphinx provides a quickstart utility that streamlines this configuration
process through an interactive prompt, generating the necessary configuration files based
on user responses.

The Sphinx configuration process establishes a standardized directory structure within
the project folder, as illustrated in Figure 6.25. This structure includes the docs organiza-
tional directoriy and ReStructuredText (.rst) files that contain the documentation for each
module in the library. The resulting directory hierarchy directly influences the structure
and navigation of the generated API documentation.

The effectiveness of Sphinx’s documentation generation depends entirely on the pres-
ence and quality of docstrings throughout the codebase, underscoring the importance of
maintaining comprehensive documentation standards as described in NFR-1.

NFR-3: Standardized Contribution Guideline
15The complete source code for the IBMQSolver class can be found at.https://github.com/JuanGiraldo0212/

QPLEX/blob/main/qplex/solvers/ibmq_solver.py
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Figure 6.23|: A code snapshot of the IBMQSolver class, prior to this work
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Figure 6.24|: An image showing two code snapshots of the IBMQSolver class side by side
after implementing the contributions described in this thesis. The code is
read from left to right and top to bottom.
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Figure 6.25|: The directory and ReStructuredText file structure for the documentation files
generated by the Sphinx tool to produce the API specification page
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Figure 6.26|: An example of the documentation docstrings for a method following PEP257
and the standard style used throughout QPLEX

To further facilitate extensions to the QPLEX library, a comprehensive and structured
contribution guide was documented in the repository’s CONTRIBUTING.md file, as is custom-
ary in open-source software projects. The topics covered in this document are:

Development Environment Setup

• Instructions for creating a virtual environment

• Required dependencies and their versions

Code Style and Documentation Standards

• Adherence to PEP 8 for Python code style

• Mandatory comprehensive docstrings following PEP 257

• Required module-level, class-level, and function-level documentation

• Examples of properly documented code, such as the code snapshot depicted in Fig-
ure 6.26

Testing Requirements

• Instructions for running the test suite using pytest

• Guidelines for writing new tests
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Figure 6.27|: An example of the unit test structure for a method in QPLEX

• Required test coverage thresholds (minimum 80% branch coverage)

• Examples of well-structured tests, such as the code snapshot depicted in Figure 6.27

Pull Request Process

• Branch naming conventions (e.g., feature/, bugfix/, docs/)

• Required elements in PR descriptions

• CI/CD pipeline requirements that must pass

• Merge strategy preferences

6.4.2 Testing

NFR-4: Unit Tests

Testing Framework Selection

As mentioned previously in Chapter 5, various testing frameworks were considered for
implementing unit tests in QPLEX. Pytest was chosen due to its simplicity (i.e., it does not
require a lot of code overhead to implement tests), robustness and up-to-date documenta-
tion. Moreover, Pytest allows the use of the built-in Python testing module Unittest, taking
advantage of its mocking features, which were essential when testing QPLEX modules such
as the Solvers module.
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Figure 6.28|: An example of how to exclude a method from the test coverage metric
through comments

Test Organization Approach

In order to maintain a clear directory structure, the unit tests were implemented inside
a dedicated tests directory at the same level as the QPLEX source code directory. The
tests directory mirrors the structure found in our package’s source folder for enhanced
discoverability and maintenance.

The test structure, mentioned earlier in the previous section and depicted as a generic
example in Figure 6.27 follows a one-to-one approach for classes, methods and functions.
In summary, all classes in the QPLEX library that contain one or more methods and all func-
tions that are part of some QPLEX module must have their own test class, with dedicated
tests for each method and function deemed worth testing. Methods and functions that act
as interfaces for calling external libraries or modules do not need to be tested since they do
not add functionality beyond a function call. In order to maintain the desired test coverage
of 80%, methods and functions that do not need to be tested must be annotated with the
"# pragma: no cover" comment on the method or function signature. This also applies
to abtract classes that do not include an implementation for their methods as shown in
Figure 6.28. This figure shows a method of the abstract Solver class.

Test Design Principles

As evidenced in the example shown in Figure 6.27, tests were designed following the
Arrange-Act-Assert pattern, with a focus on specific functionalities (unit tests) while mini-
mizing dependencies. For classes with complex initialization requirements, Pytest fixtures
were utilized to reduce code duplication across test cases. Moreover, mocking was used
to avoid calling external modules. Figure 6.29 illustrates a representative test case for the
IBMQSolver class, demonstrating how the parse_input method is verified.

Another example in Figure 6.30 shows a test for the Algorithm Factory’s ability to gen-
erate appropriate algorithm instances based on configuration parameters.

Integration with Development Workflow

The design and implementation of unit tests was integrated into the development work-
flow as a requirement for successful code merges into the development branch of the li-
brary’s repository. This requirement is verified automatically by a GitHub Action described
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Figure 6.29|: A code snippet showing the test_parse_input unit test as part of the
TestIBMQSolver test class
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Figure 6.30|: A code snippet showing the test_get_algorithm_qao_ansatz unit test as
part of the TestAlgorithmFactory test class
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Figure 6.31|: The code found in the pytest.ini file. This file helps configure the testing
process when using Pytest, including test paths and desired test coverage.

in Section 6.4.3 and to pass this check the proposed changes must include passing tests for
all new methods and functions and they must maintain the required 80% test coverage.

NFR-5: Test Coverage Metric

For our testing framework, branch coverage was selected as the primary test coverage
metric because it provides a more comprehensive assessment of execution paths compared
to line coverage. This approach ensures that conditional logic branches throughout the
codebase are adequately tested. Being a wrapper for several quantum providers and algo-
rithm implementations, QPLEX contains various logical paths that can be taken depending
on the execution parameters chosen by the user. Thus, evaluating the coverage of tests
based on the number of possible paths constitutes a solid choice.

A minimum threshold of 80% branch coverage was established as a balance between
comprehensive testing and development efficiency. While higher coverage percentages
are theoretically desirable, they often yield diminishing returns beyond a threshold of 80-
90% [90].

The coverage requirement was implemented using the pytest-cov16 plugin, which inte-
grates seamlessly with our existing Pytest framework. Figure 6.31 shows the configuration
in pytest.ini that enforces this coverage threshold on line 6.

When tests are executed, Pytest generates a coverage report that details covered and
missed branches, as shown in Figure 6.32.

6.4.3 Continuous Integration and Continuous Deployment

NFR-6: GitHub Actions Workflows

As mentioned previously, GitHub Actions was selected as the CI/CD platform for QPLEX
due to its seamless integration with the GitHub repository and minimal configuration re-
quirements. The CI/CD implementation follows a multi-staged approach, separating test-
ing, documentation generation, and deployment into distinct workflows. These workflows
are configured in YAML17 files stored in the project repository.

The test workflow, shown in Figure 6.33, executes on every push and pull request to
the development branch. It runs the test suite on a Python environment with version 3.10

16https://pypi.org/project/pytest-cov/
17https://yaml.org/
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Figure 6.32|: The output of running all tests using Pytest
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Figure 6.33|: The contents of the tests.yaml file

and enforces the 80% branch coverage requirement established in NFR-5. If one ore more
tests fail or if the required coverage is not met, the workflow is tagged as failed, inhibiting
the merge.

Similarly, the documentation workflow in Figure 6.34 regenerates the API documenta-
tion using Sphinx whenever changes are made to docstrings or documentation files. This
API specification is coded into HTML pages that are automatically deployed on the conve-
nient GitHub Pages service, also integrated into the GitHub platform. This deployment is
also performed automatically by the same workflow.

The creation and deployment of these CI/CD workflows help maintain code quality
standards throughout the development process.

NFR-7: Deployment to PyPI

For the final non-functional requirement, the process of deploying QPLEX to PyPi re-
quired the creation of one of the two standardized files for publishing on the index: a
Python file commonly named setup.py and the more modern pyproject.toml file. Both
options are viable, but the latter has become the new standard so it was chosen for QPLEX
given that the librar has not been published before. The purpose of this configuration file is
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Figure 6.34|: The contents of the deploy-docs.yaml file
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Figure 6.35|: The contents of the pyproject.toml configuration file

to define the package’s metadata, dependencies and installable components in Tom’s Obvi-
ous Minimal Language (TOML)18 format, a configuration file format meant to be readable
for humans. A snapshot of the contents of this file is shown in Figure 6.35, where various
details about the library can be observed.

With this configuration set in place, a dedicated deployment workflow implemented as
a GitHub Action, triggered on the merge of a pull request into the main repository branch,
handles the automated packaging and uploading to PyPI as illustrated in Figure 6.36.

This workflow builds both source and wheel distributions before uploading them to
PyPI using secure credentials stored as GitHub Secrets.

Users can now install QPLEX directly using pip: pip install uvic-qplex. This PyPI

18https://toml.io/en/
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Figure 6.36|: The contents of the publish.yaml GitHub Action configuration file
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deployment significantly reduces the barrier to entry for new users, eliminating the need
to clone the repository and build the package manually.

6.5 Chapter Summary

This chapter detailed the design and implementation of enhancements to the QPLEX li-
brary based on the requirements identified in earlier Chapters 4 and 5. It began with gen-
eral design changes aimed at reducing the library’s complexity, including the introduction
of an ExecutionConfig class to encapsulate execution parameters and the development
of the OptimizationCallback class to enable custom progress monitoring. The chapter
then explored the creation of a new Workflows module to better support specialized ex-
ecution patterns like Qiskit Runtime Sessions. The implementation of functional require-
ments is organized by module, showing how features like Qiskit Runtime Sessions support,
compatibility with Qiskit 1.0.0, and quantum solver flexibility were incorporated into the
codebase. The chapter also covered the implementation of non-functional requirements
through comprehensive documentation, a testing framework with a high coverage metrics,
and CI/CD pipelines that streamline development and deployment. These enhancements
collectively strengthen QPLEX’s capabilities for solving combinatorial optimization prob-
lems across multiple quantum platforms.

The implementations described in this chapter resulted in the addition of multiple ex-
ecution options to the QPLEX framework. These options, which can be selected by users
when calling the solve method, all have a default value, similar to the original set of op-
tions described in [15]. Table 6.1 completes the original set by including the newly added
fields and their respective default values.

19When the D-Wave API token is available.
20The default workflow refers to the GGAE workflow.
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Table 6.1: List of execution options available for the solve method

Option Purpose Default Value
provider The quantum hardware provider "d-wave" 19

workflow The QPLEX workflow to be used for the
execution

"default" 20

verbose Determines whether the cost function will
print the current cost

False

backend The specific quantum device Calculated
provider_options Provider-specific options to be passed

down to the chosen provider for the ex-
ecution

{}

algorithm The quantum algorithm to use "qaoa"
ansatz The ansatz circuit for VQE Layered Ansatz
p The p value for the QAOA algorithm 2

mixer The QuantumMixer instance to be used
during the QAOA algorithm execution

None

layers The number of layers for the VQE algo-
rithm

2

optimizer The classical optimizer "COBYLA"
callback The callback function for the classical op-

timizer
OptimizationCallback

tolerance The tolerance value for the optimizer 1e− 10

max_iter The maximum number of optimizer itera-
tions

1000

penalty The penalty constant used for the QUBO Calculated
shots The total number of shots 1024

seed The execution random seed 1
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Chapter 7

Validation and Discussion

7.1 Introduction

This chapter presents the framework for validating the functional requirements imple-
mented in this thesis. Following traditional software engineering practices, the goal of
the validation stage is to ensure that the implemented features correctly address the re-
quirements elicited during the analysis phase.

Our validation approach follows a systematic methodology for each functional require-
ment, consisting of:

1. Implementation Verification: Validating that the implementation correctly fulfills
the requirement

2. Usability evaluation: Evaluating the requirement’s accessibility in terms of ease of
use from the user’s perspective

Moreover, a performance analysis was included for a subset of the requirements.

This chapter begins with an individual validation of each implemented functional re-
quirement, concluding with a discussion of the findings and implications for the QPLEX
library’s effectiveness in enabling quantum-based CO.

7.2 Validation of Individual Functional Requirements

7.2.1 FR-1: Support for Qiskit Runtime Sessions

Qiskit Runtime Sessions provide prioritized access to quantum hardware, reducing queue
waiting times between the iterative steps of variational quantum algorithms. As Runtime
Sessions are a premium feature, validation focused on verifying the correct implementation
structure and integration with the Qiskit API.
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Figure 7.1|: Excerpt from test_ibm_session_workflow.py

Implementation Verification

The implementation of the IBM Session Workflow was validated through comprehensive
unit tests that mock the interactions with the Qiskit Runtime service. The test suite,1 as
shown in Figure 7.1, verifies that:

• The workflow correctly instantiates a Qiskit Runtime Session with appropriate pa-
rameters

• The Sampler primitive is properly initialized within the session context

• The optimization loop correctly binds parameters to the quantum circuit

• Results from the quantum execution are properly processed and returned

The implementation structure was validated against IBM’s official documentation for
Qiskit Runtime Sessions.2 Key validation points included:

• Session Creation: The implementation correctly creates a Session object using the
QiskitRuntimeService and the selected backend

• Session Context Management: The implementation uses Python’s context manage-
ment protocol with the Session object.

• Primitive Usage: Within the session context, the code correctly instantiates and uses
the Sampler primitive.

1The source code for the IBMQSolver, where the test suite resides, is available at https://github.com/
JuanGiraldo0212/QPLEX/blob/main/tests/solvers/test_ibmq_solver.py

2https://docs.quantum.ibm.com/api/qiskit-ibm-runtime/session
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• Parameter Binding: Circuit parameters are correctly bound for each iteration of the
optimization.

Usability Evaluation

The Qiskit Runtime Session workflow can be easily accessed by specifying it as the
desired workflow to be used during execution as part of the arguments of the solve method
call. This ensures that users can access the feature through a simple interface and provides
a foundation for future workflows to be added to the QPLEX library.

7.2.2 FR-2: Support for Qiskit 1.0.0

Implementation Verification

This requirement was validated implicitly through the successful execution of tests for
FR-1 (Qiskit Runtime Sessions) and FR-3 (Qiskit’s Sampler Primitive) with Qiskit 1.0.0
installed as the active version in the testing environment. All IBMQ-related tests completed
successfully, confirming the compatibility of the updated IBMQSolver implementation with
the new version of the Qiskit library.

Usability Evaluation

The migration to Qiskit 1.0.0 is completely transparent to end users, requiring no
changes to existing code that uses the QPLEX library. This backward compatibility ensures
a smooth transition for users.

7.2.3 FR-3: Support for Qiskit’s Sampler Primitive

Implementation Verification

The implementation of the Sampler primitive was validated through unit tests that
verify:

• The IBMQSolver correctly instantiates the Sampler primitive

• Circuit execution requests are properly routed through the Sampler

• The results returned by the Sampler are correctly parsed into the expected format

To validate the functional behavior, a simple MaxCut problem was solved using both the
previous execution mechanism and the new Sampler primitive on a local simulator. The
results demonstrated a similar average objective value between the two approaches using
the QAOA algorithm with the p parameter set to 4, compared to the classical result using
the CPLEX solver, as seen in Figure 7.2.

99



Chapter 7 Validation and Discussion

Figure 7.2|: Average objective values for the MaxCut problem with the Sampler primitive,
without the Sampler primitive and using the classical CPLEX solver
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Usability Evaluation

The Sampler primitive is now the only method used to run Qiskit code on simulators
and IBM quantum machines. The change is transparent to users, requiring no adjustments
in existing code or practices.

7.2.4 FR-4: Support for Automatic Circuit Optimization

Implementation Verification

To validate this requirement, a knapsack problem formulation was used to create a
QModel with the following parameters:

values = [10, 5, 18, 12, 15, 1, 2, 8, 4, 5, 6, 7]

weights = [4, 2, 5, 4, 5, 1, 3, 5, 4, 1, 2, 3]

capacity = 15

The model was mapped to a QAOA circuit with p=8 and transpiled multiple times, each
with a different circuit optimization level (0-3), targeting the IBM Sherbrooke processor,
which has 127 qubits. The objective was to verify that:

• The optimization level parameter was correctly passed to the IBMQSolver instance

• Each optimization level produced different circuit configurations

Analysis of the transpiled circuits confirmed significant differences between optimiza-
tion levels, as shown in Table 7.1. Notably, while all optimization levels replaced CNOT
gates with hardware-native gates, higher optimization levels progressively reduced the to-
tal gate count. Interestingly, optimization levels 2 and 3 made different trade-offs between
gate count and circuit depth compared to level 1.

Table 7.1: Circuit metrics after transpilation with different optimization levels
Configuration Gate Count CNOT Count Circuit Depth
Original Circuit 3,152 1,920 441
Optimization Level 0 61,212 0 7,780
Optimization Level 1 24,602 0 3,250
Optimization Level 2 24,155 0 3,516
Optimization Level 3 21,824 0 4,278

These results confirmed that the optimization level parameter was correctly imple-
mented and that different optimization levels produce meaningfully different circuit tran-
spilations.

Usability Evaluation
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The optimization level can be specified as a parameter in the solve method call, with a
default value of 1 (light optimization) if not specified. This provides users with a simple
interface to control the trade-off between transpilation time and circuit efficiency based on
their specific needs.

7.2.5 FR-7: Support for Provider-Specific Execution Options with Amazon
Braket

Implementation Verification

The implementation of this requirement was validated through unit tests3 that verify:

1. Provider-specific options are correctly passed from the QModel’s solve method to the
BraketSolver

2. These options are properly integrated into the device_parameters dictionary when
making API calls

Usability Evaluation

This feature can be accessed as an execution configuration parameter for the solve
method, similar to other enhancements presented in this work. This ensures consistency
and maintains a simple interface for customizing and orchestrating execution.

7.2.6 FR-8: Support for D-Wave Quantum Solvers

Implementation Verification

Due to access limitations to the D-Wave Leap platform, validation was performed using
mock objects that mimic the behavior of D-Wave’s quantum solvers. This validation is part
of the unit tests for the DWaveSolver class:4

1. Mock DWaveSampler and EmbeddingComposite classes were created to capture and
validate parameter passing

2. Test cases verified that:

• The solver correctly distinguishes between hybrid and quantum solver selections

• Problem models are properly formatted for submission to quantum solvers

• The topology parameter is correctly used when initializing the DWaveSampler

3The source code is available at https://github.com/JuanGiraldo0212/QPLEX/blob/main/tests/solvers/
test_braket_solver.py

4The source code for the tests is available at https://github.com/JuanGiraldo0212/QPLEX/blob/main/
tests/solvers/test_dwave_solver.py
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Usability Evaluation

Users can now pass an additional parameter to the solve method when using D-Wave
as the provider: the backend parameter. Through the use of this new parameter, they can
select between hybrid and quantum solvers, ensuring that the interface for accessing this
new feature requires minimal overhead for practitioners.

7.2.7 FR-9: Support for Custom Minor Embedding for D-Wave Quantum
Solvers

Implementation Verification

Similar to FR-8, custom embedding support was validated using mock objects that ver-
ify:

1. Custom embeddings provided as parameters are correctly passed to the
FixedEmbeddingComposite

2. When no custom embedding is provided, the system correctly defaults to
AutoEmbeddingComposite

Usability Evaluation

Users should refer to the most recent Ocean SDK documentation for the ex-
pected embedding format. Provided that they use a format accepted by the
FixedEmbeddingComposite class, practitioners can simply provide the embedding dictio-
nary as an extra execution option to the solve method. This adds flexibility to the execution
while maintaining a simple interface that aligns with the established QPLEX architecture.

7.2.8 FR-11: Support for QAOAnsatz

Implementation Verification

To validate the implementation of the QAOAnsatz algorithm, we solved a con-
strained optimization problem using both standard QAOA with the default Rx mixer and
QAOAnsatz with an XY mixer, executed on a local simulator. The problem was an instance
of the portfolio optimization problem with cardinality constraints limiting the number of
stocks in the portfolio. Our verification confirmed that the framework successfully detects
constraint types and instantiates the appropriate built-in mixer implementations.

Performance Analysis

Testing revealed the following insights:

• The standard Rx mixer provided good results across most executions, reflecting its
ability to explore the full solution space.
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• The XY mixer produced comparable results but exhibited certain limitations, likely
due to its more restrictive exploration of the feasible solution space.

Table 7.2 presents results from 100 executions of each algorithm alongside baseline
results from a CPLEX Solver. The execution configuration used was:

• p: 4

• Shots: 8,192

• Max iterations: 500

As shown in the table, both quantum approaches achieved similar average objective
values and both successfully reached the maximum objective value found by the classical
CPLEX solver. The difference in average execution time between QAOA and QAOAnsatz can
be primarily attributed to the additional computational overhead required by QAOAnsatz to
identify constraint types in the problem model before circuit creation in each experimental
run.

Performance Metrics (valid solutions only)
Algorithm Average objective value Maximum objective value Average execution time
CPLEX Solver 3100.00 3100.00 0.01 seconds
QAOAnsatz 2082.86 3100.00 74.32 seconds
QAOA 2173.02 3100.00 43.71 seconds

Table 7.2: Comparison of QAOA implementations performance metrics

The observed variability in performance highlights the challenges in practical imple-
mentations of generic constraint-preserving mixers, which remains an active area of re-
search in QC.

Usability Evaluation

The implementation provides users with two options for mixer selection:

• Automatic selection based on problem constraints (default)

• Explicit mixer specification, allowing users to override the automatic selection

This hybrid approach balances convenience with flexibility, accommodating both prac-
titioners seeking a built-in solution and those requiring precise control over the quantum
algorithm’s behavior. The ability to override automatic selection is particularly valuable for
complex constraint types where generic implementations may not capture the full problem
structure.

Nevertheless, the modular architecture of our implementation ensures that as better
mixer alternatives become available for given constraint types they can be integrated into
our library.
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7.3 Discussion

The validation demonstrates that the implemented features correctly address the elicited
functional requirements, extending the QPLEX library’s capabilities for solving CO problems
using quantum resources, even within the constraints of limited hardware access.

7.3.1 Limitations of the Validation Approach

While the validation approach was effective given the constraints, some limitations were
evidenced:

1. Hardware-specific Behavior: Without access to actual quantum hardware,
hardware-specific behaviors and performance characteristics could not be directly
validated.

2. Edge Cases: Some edge cases that might only manifest on actual hardware may not
have been captured by the validation process.

7.3.2 Implications for QPLEX Users

Despite these limitations, the validation confirms that QPLEX users can benefit from the
newly implemented features:

1. Enhanced Provider Support and Greater Flexibility: Users now have access to
a wider range of execution options available on the supported quantum resources
through a consistent interface, allowing for greater control over execution.

2. Improved Efficiency: The support for Qiskit Runtime Sessions provide theoretical
performance improvements for variational algorithms.

7.4 Conclusion

This chapter presented a comprehensive validation of the functional requirements imple-
mented in the QPLEX library in this thesis. The validation results demonstrate that the
enhancements have successfully addressed the identified functional requirements, extend-
ing the QPLEX library’s capabilities for solving CO problems using quantum resources.

The implemented features provide users with greater flexibility in accessing different
quantum resources, more efficient execution workflows, and enhanced algorithms for han-
dling constrained optimization problems. These improvements collectively advance the
QPLEX library toward its goal of becoming a versatile platform-agnostic tool for quantum-
based CO.
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As quantum hardware continues to improve and quantum algorithms evolve, the en-
hanced QPLEX library and its extensible architecture provide a solid foundation for explor-
ing and leveraging quantum resources for CO problems.
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Chapter 8

Conclusions

This thesis has followed a structured software engineering approach to validate and ex-
tend the QPLEX library, a platform-agnostic solution for solving combinatorial optimization
problems using both quantum and classical resources. The work builds upon the foundation
established by the original authors, who successfully took the first step toward developing
a platform-agnostic library for solving CO problems using quantum and classical resources,
creating an abstraction layer for practitioners to be able to introduce QC into their opti-
mization workflow. However, in the rapidly evolving landscape of quantum computing and
software technologies, continuous improvement and adaptation are essential to maintain
relevance and usefulness.

This thesis aimed to take the next step toward an extensible quantum platform-agnostic
CO library. It emphasized high standards for extensibility, a crucial quality attribute in open-
source quantum software, and enhanced the existing QPLEX library by providing greater
control over the execution and richer experimentation.

8.1 Summary of the Software Engineering Process

This thesis adopted a systematic software engineering lifecycle approach, beginning with
a thorough analysis phase that examined both the completeness and extensibility of the
QPLEX library. The analysis yielded two key artifacts: a set of functional requirements ad-
dressing gaps in the library’s capabilities, and a set of non-functional requirements focusing
on improving its extensibility as an open-source project.

The design phase translated these requirements into concrete architectural decisions,
including the introduction of new modules such as Workflows, the creation of specialized
classes like ExecutionConfig and OptimizationCallback, and the implementation of de-
sign patterns like the Factory Method. These design decisions were documented through
various artifacts, including UML class diagrams, sequence diagrams, and updated system
architecture diagrams, providing a clear blueprint for the implementation phase.

During implementation, the design was realized through code, resulting in enhance-
ments to the QPLEX library. The implementation extended the library’s functionality with
support for Qiskit Runtime Sessions, QAOAnsatz framework, D-Wave quantum solvers with
custom minor embedding capabilities, and many other features that collectively enhanced
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the library’s usefulness for CO practitioners. Simultaneously, improvements to documen-
tation, testing infrastructure, and CI/CD pipelines strengthened the library’s extensibility,
setting a solid foundation for future open-source contributions.

8.2 Contributions

The contributions of this thesis directly address the research questions posed at the begin-
ning of this work:

RQ1: What are the key components in a workflow for solving combinatorial opti-
mization problems using classical and quantum approaches?

Contribution 1: This thesis provided a review and synthesis of the CO process, re-
sulting in a general high-level workflow that organizes the process into four key stages:
Problem Analysis, Problem Abstraction and Modeling, Algorithm Selection, and Solution
and Iteration. This workflow served as a conceptual framework for understanding the CO
process and guided the extension of QPLEX.

RQ2: How can these workflow insights be applied to analyze and enhance the
QPLEX library’s completeness and extensibility, ensuring it effectively supports a wide
range of quantum providers and facilitates future developments in hybrid quantum-
classical optimization?

Contribution 2: This thesis mapped QPLEX’s capabilities to the general CO workflow
components introduced in Chapter 3, revealing specific gaps in completeness and exten-
sibility. The workflow analysis highlighted that the library’s strengths resided primarily
in the Problem Modeling stage, while lacking critical capabilities in the Algorithm Se-
lection and Solution and Iteration stages. This guided the elicitation of requirements:
functional requirements targeted enhancing algorithm diversity, execution flexibility, and
performance optimization. Non-functional requirements addressed extensibility barriers
through comprehensive documentation, modular design patterns, automated testing, and
CI/CD pipeline implementation. This workflow-driven approach ensured that enhance-
ments were prioritized to address the most critical gaps in QPLEX’s support for the complete
CO process, rather than implementing features in isolation.

RQ3: To what extent do the newly implemented features in QPLEX improve
its functionality in solving combinatorial optimization problems using quantum re-
sources and enhance its extensibility, facilitating future development?

Contribution 3: The implementation and validation of new features in QPLEX demon-
strated significant enhancements to the library’s functionality, performance, and extensibil-
ity. On the functional side, several key improvements were made: (1) Qiskit Runtime Ses-
sions improved execution efficiency by reducing queue wait times for iterative algorithms;
(2) QAOAnsatz with flexible mixer operators expanded the library’s problem-solving ca-
pabilities for constrained optimization problems; and (3) support for D-Wave’s quantum
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solvers with custom minor embedding provided users with more advanced control over the
quantum annealing process.

Equally important were the extensibility enhancements implemented through software
engineering practices: comprehensive documentation following established standards, ex-
tensive unit tests achieving 80% branch coverage, automated CI/CD pipelines for contin-
uous validation, and deployment to PyPI for simplified accessibility. These improvements
establish a solid foundation that enables future contributors to extend the library more
efficiently, while maintaining code quality and compatibility.

Together, these functional and non-functional enhancements have transformed QPLEX
into a more versatile, accessible, and maintainable platform-agnostic combinatorial opti-
mization library.

8.3 Future Work

While this thesis made substantial progress in advancing the QPLEX library, several avenues
for future work remain:

Implementation of Remaining Requirements: Some functional requirements iden-
tified in the analysis phase were not implemented within the scope of this thesis. These
include FR-4 (Support for Qiskit’s Estimator primitive), FR-6 (Support for Amazon Braket
Hybrid Jobs), and FR-10 (Support for user-defined ansatz in VQE). An evaluation of these
requirements and their subsequent implementation in the future would further enhance
QPLEX’s completeness and flexibility.

Integration with Generative AI: The rise of generative AI presents opportunities to
simplify problem modeling in QPLEX. Future work could explore integrating AI assistants
that help users translate their real-world problems into mathematical formulations com-
patible with QPLEX’s modeling interface. This could significantly lower the barrier to entry
for practitioners without extensive mathematical optimization knowledge.

Experimentation Module: A dedicated module for structured experimentation would
be valuable for researchers and practitioners exploring the performance of different algo-
rithms and hyperparameters. This module could automate the process of executing multi-
ple runs with varying configurations, collecting performance metrics, and analyzing results
to identify optimal settings for specific problem classes.

Visualization Library Integration: Enhancing QPLEX with integrated visualization ca-
pabilities would improve the interpretability of optimization results and algorithm perfor-
mance. Visualizations could include solution quality over iterations, energy landscapes,
and comparative performance across different algorithms or quantum providers.

Extended Provider Support: While QPLEX currently supports three major quantum
providers (IBM Quantum, D-Wave, and Amazon Braket), expanding support to include
emerging providers would increase the library’s versatility.
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