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This Ph.D. thesis addresses the development and optimization of heuristic algorithms on 

quantum computers, with a focus on true quantum genetic algorithms. The novelty of the thesis 

is represented by the instantiation of the Reduced Quantum Genetic Algorithm (RQGA) [1] 

framework for solving NP-hard problems and by the introduction of a novel hybrid algorithm 

that combines a classical genetic algorithm with RQGA--referred to as Hybrid Quantum 

Algorithm with Genetic Optimization (HQAGO).  

 

In the first chapter I present the motivation and the thesis goals. Heuristic methods, particularly 

Genetic Algorithms (GA), have received significant research attention and are widely 

acknowledged as one of the most commonly used forms of evolutionary computation [2]. 

Genetic Algorithms (GA) represent computational methodologies inspired by natural selection, 

utilized to optimize problems [3] [2] [4]. On the other hand, quantum computation is very 

powerful in solving diverse problems owing to its distinctive properties and phenomena such 

as entanglement, interference, and exponential parallelism [2] [5]. As sustaining Moore's law 

becomes more challenging, the search for alternative solutions to meet power and performance 

demands has intensified [6]. Quantum computing has emerged as one of the most promising 

options. Thus, a merge between genetic algorithms and quantum computing appears to be 

beneficial [1]. By simulating quantum circuits implementing GA across various highly 

customizable noise models and executing Genetic Algorithms on real quantum computers, we 

can analyze this category of heuristic techniques within the quantum domain for NP-hard 

problems [5] [7]. 

 

Chapter 2, Background, is divided into two parts: Quantum Computation and Genetic 

Algorithms. Related to the quantum computation and quantum information, the literature 

provides numerous relevant references from which we pinpoint [5], [8], and [7], used in laying 

the foundation of the Section Quantum Computation. Quantum computing has the potential for 

significant speedups over conventional computing systems in a wide range of practical 

applications, from commerce [9], industry [10], and finance [11] to chemistry [12], biology 

[13], medicine [14], climate modeling [15], and even artificial intelligence [16].  

 

In the domain of genetic algorithms, we mention [2]and [17]as notable references, which 

provide inspiration for shaping Section Genetic Algorithms. 

 

Chapter 3 is dedicated to the state-of-the-art quantum genetic algorithms. The Reduced 

Quantum Genetic Algorithm (RQGA) [1] framework is introduced, as well as existing research 



 

on the use of quantum computing to solve the graph coloring problem [18].  

 

Chapter 4 defines a new quantum simulation library that uses behavioral modeling of quantum 

circuits, allowing the possibility of simulating complex circuits with a low memory footprint 

compared to other simulators based on structural modeling. In addition, this chapter presents 

the architectural view of this library. 

 

Chapter 5 is dedicated to the applications of Reduced Quantum Genetic Algorithm (RQGA) 

and the experimental results. The framework is implemented and tested by solving two NP-

complete problems, the knapsack and graph coloring problems, and the results are compared to 

other quantum solutions that solve the above-mentioned problems. Consequently, we introduce 

an instantiation of Reduced Quantum Genetic Algorithm (RQGA) capable of solving NP-hard 

graph coloring in 𝒪(√N). This proposed implementation handles both vertex and edge coloring 

and can ascertain the chromatic number (i.e., the minimum number of colors required to color 

a graph). We assess the outcomes, analyze algorithm's convergence, and measure the 

performance utilizing the Qiskit simulation framework. Our Reduced Quantum Genetic 

Algorithm (RQGA) circuit implementation and graph coloring outcomes show that quantum 

heuristics can address complex computational problems more efficiently compared to the 

conventional methods. Additionally, we instantiate the RQGA framework for resolving the 

knapsack problem, analyzing circuit complexity regarding the required number of qubits and 

the number of utilized quantum gates. 

 

In Chapter 6 the Hybrid Quantum Algorithm with Genetic Optimization (HQAGO) is 

introduced as an optimization of RQGA. The novel algorithm uses the genetic algorithm as a 

classical optimization of a fully quantum algorithm. Classical genetic algorithms are employed 

to fix specific qubits to a value, thus reducing the search space for the fully quantum algorithm. 

The new algorithm and the classical optimization are detailed in this chapter. In addition, we 

introduce the theoretical analysis of space and time complexities and the experimental results 

that confirm our assessments.  

 

Quantum Genetic Algorithms (QGAs) integrate genetic programming and quantum computing 

to address search and optimization problems. Most QGA approaches add quantum features to 

operators of genetic algorithms, such as selection, crossover, or mutation [3]. In contrast, 

Reduced Quantum Genetic Algorithm (RQGA) differs as a fully quantum algorithm [1] [3], 

encoding the entire search space (population) as a superposition of all potential solutions 

(chromosomes) using the individuals' quantum register. The fitness function operates on the 

individuals' quantum register to derive corresponding fitness values within the superposition of 

chromosomes. RQGA employs Grover's algorithm to find the best fitness value and its 

corresponding chromosome (i.e., the solution or one of the solutions).  Grover's algorithm [19] 

exhibits a complexity of 𝒪(√N), where N represents the number of superposed individual 

chromosomes. However, RQGA operates within an exponentially large search space (N = 2n, 

with n as the number of qubits in the individuals' quantum register), resulting in an exponential 

runtime of 𝒪(2n/2). Therefore, we propose an optimization solution for RQGA to control 

algorithm's complexity by selecting a limited number of qubits in the individuals' register and 

fixing the remaining ones as classical values ('0' and '1') using a genetic algorithm. Additionally, 

we enhance RQGA's performance by eliminating unfit solutions and constraining the search to 

the valid individuals' area. Combining these approaches, we introduce a novel quantum genetic 

algorithm, Hybrid Quantum Algorithm with Genetic Optimization (HQAGO), capable of 

solving search problems in 𝒪(2(n−k)/2) oracle queries, where k denotes the number of fixed 



 

classical bits in the individuals' register.  

 

Chapter 7 elaborates on methods for using quantum computing and quantum algorithms for 

applications in Big Data. The chapter is divided into two sections. Section Quantum random 

number generator introduces a framework that interacts with the IDQ's Quantis Appliance 

network-attached device [20] and is easy to introduce in research and embedded projects. The 

framework consists of a library implemented in the C programming language, Python bindings 

through a C extension interface, a Python module for creating pools of true random numbers, 

and a command-line application for immediate requests of random numbers. The second 

section, Analyzing drug datasets using quantum technologies, is dedicated to the analysis of 

drug complex networks built with information from the DrugBank database [21]. 

 

Chapter 8 is dedicated to conclusions, stating contributions to state-of-the-art research, and 

envisioning future work. I outline the implementation of the Reduced Quantum Genetic 

Algorithm (RQGA) to tackle the graph coloring problem using the Qiskit toolchain [22] [23]. 

In doing so, I present a purely quantum heuristic approach that solves the problem in 𝒪 (√
2n

M
) 

Grover oracle queries. Additionally, we offer innovative and efficient solutions for the graph 

node coloring problem, the edge coloring problem, and determining the chromatic number of a 

graph. Additionally, I instantiate the framework for addressing the knapsack problem and 

examine the circuit complexity concerning the required number of qubits and quantum gates 

utilized. 

 

I introduce an innovative quantum genetic algorithm, based on RQGA, that controls the 

complexity of the quantum algorithm by reducing its search space. Consequently, the proposed 

Hybrid Quantum Algorithm with Genetic Optimization (HQAGO) solves NP-hard problems in 

𝒪(√2n−k) oracle queries. Therefore, the algorithm enables the solution of complex problems 

using fewer qubits at the cost of adding additional circuitry to instantiate conventional Genetic 

Algorithm (GA). I implement a framework for interacting with IDQ’s Quantis Appliance 

network-attached device for requesting quantum random numbers and tackle the optimization 

of Big Data processing with quantum technologies. Possible research paths emerged for the use 

of our new hybrid algorithm, HQAGO, in molecular docking to predict the conformations 

bound of flexible ligands to macromolecular targets and to tune the structure and parameters of 

neural networks. Another possible research path that is of great interest involves tackling the 

domain of evolvable quantum circuits and reconfigurable quantum networks. 
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