
�antum So�ware Engineering: A New Genre of Computing

Muhammad Azeem Akbar
azeem.akbar@lut.�

Department of Software Engineering, LUT University

Lappeenranta, Finland

Arif Ali Khan
arif.khan@oulu.�

M3S Empirical Software Engineering Research Unit,

University of Oulu

Oulu, Finland

Sajjad Mahmood
smahmood@kfupm.edu.sa

Information and Computer Science Department, King

Fahd University of Petroleum and Minerals

Dhahran, Saudi Arabia

Saima Ra�
s.ra�@napier.ac.uk

School of Computing, Engineering the Built Environment,

Edinburgh Napier University

EH10 5DT, Scotland

Abstract

The quantum computing (QC) �eld is rapidly moving beyond the

realm of pure science to become a commercially viable technol-

ogy that may be able to overcome the drawbacks of traditional

computing. Major technology tycoons have spent in building cod-

ing frameworks and hardware to create applications speci�cally

designed for quantum computing over the last few years. The devel-

opment of QC hardware is accelerating, however, the requirement

for software-intensive methodology, approaches, procedures, in-

struments, roles and responsibilities for creating industrial-focused

quantum software applications arises from operationalizing the

QC. This paper outlines the concept of quantum software engi-

neering (QSE) life cycle, which entails the engineering of quantum

requirements, design, implementation, testing and maintenance of

quantum software. This paper notably advocates for collaborative

e�orts between the industrial community and software engineer-

ing research to propose practical solutions to support the complete

activities for the development of quantum software. The proposed

vision makes it easier for researchers and practitioners to suggest

new procedures, reference designs, cutting-edge equipment, and

methods for utilizing quantum computers and creating the newest

and most advanced quantum software.

CCS Concepts

• Software and its engineering → Software development pro-

cess management.
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1 Introduction

Quantum computing (QC) uses quantum bits(qubits) instead of the

binary digits (bits) used in conventional electric computing, this

allows the processing of information exponentially rapidly than

it can by classical computers thanks to quantum physics proper-

ties like quantum entanglement and quantum states [16, 33]. Re-

searchers and businesses are starting to recognize some possible

uses for tenfold powerful processors than those already in use as

quantum supremacy, where a quantum computer can indeed be

demonstrated to process any work faster than a conventional com-

puter, approaches reality. These applications will soon be able to

raise our standard of living. It is inconceivable how machine learn-

ing enabled by quantum computers can enhance our quality of life

[1].

By simulating complicated physical systems or using machine learn-

ing techniques, QC promises to handle many issues more e�ectively

or accurately with conventional computers [2, 23]. The importance

of creating suitable quantum applications and software and incor-

porating them into current software architectures is rising as a

result of recent developments in creating more strong quantum

computers [13, 31]. However, the creation of such quantum applica-

tions is challenging and necessitates the expertise of specialists in

a number of disciplines, including mathematics, computer science,

and physics[24].

Quantum software Engineering (QSE) is a developing �eld of study

that looks at ideas, rules, and best practices for creating, maintain-

ing, and evolving quantum applications [6, 24]. It seeks to enhance

the reusability and quality of the resultant quantum applications by

methodically employing software engineering concepts through-

out every development stage, from the preliminary requirement

analysis till the completion of the program [25]. Software develop-

ment lifecycles (SDLC) are frequently used in traditional software

engineering to record the various stages of development that a soft-

ware or application artifact goes through [8, 28]. Moreover, such

SDLC lists the best practices, techniques, and technologies that can

be used in the di�erent phases[10, 39, 44]. As a result, they can

instruct new developers about develop process by giving a general

understanding or by acting as a starting point for collaboration
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with experts in other domain [3, 7].

Quantum algorithms must be implemented as software in order to

create useful and real-world QC applications. Taking a cue from

the world of traditional computing, creating reliable software ne-

cessitates adhering to an SDLC, which typically consists of phases

for requirements elicitation, design and architecture, building, test-

ing, deployment, and maintenance. Since the creation of quantum

software is still in its infancy, there is no speci�c SDLC for it. The

goal of this study is to de�ne a reliable quantum SDLC and to raise

awareness of the necessity of quantum software engineering in the

modern day.

2 BACKGROUND

Innovative methods, procedures, tools, and strategies that specif-

ically target creating software applications consist of quantum

physics are required for quantum software developers. Fundamen-

tal quantum physics properties like entanglement and superposi-

tion make it di�cult to design a quantum software algorithm. Since

designing quantum software is the most crucial stage in creating

QS systems, there is a tremendous need for new principles and

approaches [1].

2.1 Importance of Quantum in Emerging

Technologies

QC is a new �eld with enormous potential, particularly in optimiza-

tion issues. The software technique for QC di�ers from conventional

computing, QC also uses a distinct mechanism. A wide range of

social and industrial problems that require expensive computations

can be solved via QC. A few notable applications are the develop-

ment of vaccines and drugs more quickly, portfolio management,

�nancial optimization, and complicated physics simulations to bet-

ter understand the world. QC success will therefore unavoidably

have a substantial impact on our daily lives and transform the ma-

jority of industries across numerous disciplines. As examples, the

implications of QC in emerging technologies are discussed below

[11, 41, 45].

(1) QC in Smart Cities

Future fully connected and automated smart cities would be one

use of QC-based Iot application. This would regulate the creation

and distribution of energy, the handling of trash, the movement of

people and things, lighting, and even the regulation of the atmo-

sphere [32]. Cities are expanding along with the human species,

and in order to prevent the consequences of climate change on

ecological systems, the future cities will be required to manage an

increasing number of people. QC might make it possible for city

dwellers to retain a high standard of living despite the expectations

of large local populations[29].

(2) QC in Smart Road Networks

Road accidents might be liminated, fuel consumption could be

managed for e�ciency, and tra�c congestion could be drastically

reduced with the help of smart cars and, in the coming days, self-

driving automobiles interconnected to an IoT using QC principles

[15, 19]. Thus, QC gives a potential solution for managing auto-

matic driving in a vehicle in everything context.

(3) QC in Smart Air Tra�c Control

Similarly, QC could be used to process air tra�c control. This would

result in signi�cant increases to accuracy (and, thus safety), as well

as a more manageable ATC network size [42]. This is required

in future in order for crewless aircraft (drones) to replace several

physical delivery jobs that are currently being ine�ectively carried

out by people travelling on roadways. It will make it possible to

improve quality of life by providing fast, individualized delivery of

new goods, medications, and even travelers to locations outside of

major cities [30].

(4) QC in Smart Factories

Suppose that the automated manufacturing sector can bene�t from

the speed of QC. If so, factories in the future would become incred-

ibly e�cient and capable of taking over an increasing number of

the menial activities currently carried out or managed by humans

[21]. Economic bene�ts would result from this, and human labour

would be free to investigate other ful�lling ways to pass the time

[38].

(5) QC in Smart Power Supply and Distribution

The distribution system and energy supply will be made more ef-

�cinet with a QC-enabled power grid connected to the IoT, which

should reduce human energy comsumption while preserving mod-

ern standards of living[27]. Forecasting and modeling with QC

support. Quality of life advancements have already been made in

the 20th century as a result of traditional computers modelling

intricate human and environmental systems (such as the planet’s

atmosphere and stock markets) and utilizing there models and sim-

ulators to accurately anticipate the future. This is referred to as

’forecasting. These can be signi�cantly improved by introducing

QC, gathering and taking inputs across entire complex systems,

processing them, and predicting how they will interact[43].

(6) QC-enabled Machine Learning

Unimaginable latest applications for systems could result from

machine learning, which allows computers to learn and recon�g-

ure themselves for higher accuracy or e�ciency in accomplishing

task[14]. Future quantum computers will be far more powerful,

which will allow machine learning to improve quickly. This, along

with modelling and forecasting that are supported by QC, has the

ability to enhance medicine and eradicate numeroud diseases, de-

liver e�ective treatment, and promptly detect and treat illness (sup-

ported by the IoT)[14]. Further, as computers begin to adapt and

learn themselves to ensure human aims of exixtence, compatibility

with the earth’s ecosystems, and opulent and e�ortless lives, QC-

enabled machine learning will also improve our life quality in ways

we cannot now envision[18].

(7) QC in 6G Technology

Quantum computing (QC) is poised to revolutionize 6G technol-

ogy. Its unparalleled computational power will optimize network

infrastructure, enhance data transmission e�ciency, and bolster

cybersecurity. QC-driven machine learning algorithms promise to

revolutionize network management and predictive analytics. As

QC evolves, it will unlock new frontiers in telecommunications,

shaping the future of 6G and beyond[4].

2.2 Why quantum software Engineering

QC has captured the attention of the general public, scientists, and

engineers over the last few decades. Quantum computers have
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enormous processing capacity because they can conduct numer-

ous parallel computations using quantum superposition that are

not achievable with conventional computers[22]. By utilizing this

capacity, quantum software and QC enable applications that are

normally not possible with conventional computing, like speedier

arti�cial intelligence (AI) methods and drug discovery[17]. There

are currently several technologies being used to create quantum

computers, including ion trapping and superconducting[17]. While

government organizations invest in quantum technology, private

corporations like IBM and Google are creating their own quantum

computers[37]. For instance, according to the websites for Euro-

pean Union’s (EU) Quantum Flagship Project, the EU commission

is investing €100 million on quantum technologies. Their primary

objective is to minimize hardware �aws that prevent the usage of

quantum computers in real-world applications. Whether or if tech-

nology ultimately wins the war for quantum hardware, quantum

program is the primary tool for developing QC applications[24].

A stack of quantum software that includes compilers, programming

languages, and operating systems is required to support quantum

software [37]. Conventional software engineering techniques can-

not be used to create realistic applications based on quantum soft-

ware due to the intrinsic properties of quantum computing, such

as entanglement and superposition. Moreover, the transition to a

completely di�erent programming paradigm with counterintuitive

quantum concepts presents substantial di�culties for software en-

gineers when creating quantum programmers[44].

QSE needs to provide methods for developing quantum software.

QSE requires tasks such as the design of quantum programs, im-

plementation techniques for quantum algorithms, and testing and

maintenance of quantum software [44]. QSE should eventually tran-

sition to an incremental, iterative, and agile development process,

following the conventional thinking in software programming, that

nearly began with hard-wired, hardware focused methodologies in

the 1950s and later developed into current agile, iterative develop-

ment [40]. Therefore, we must develop new QSE approaches (with

tool supportive) that encompass various QSE stages. Building on

the principles of traditional software engineering, creating reliable

software necessitates adhering to an SDLC, which typically con-

sists of phases for requirement gathering, design and architecture,

coding, testing and maintenance.

3 QUANTUM SOFTWARE DEVELOPMENT

PHASES

To create and imagine quantum software systems, QC is a revolu-

tionary technology that necessitates a new paradigm for software

engineering [44]. In QSE , developing a quantum software code

is not the top priority problem, however, the problems of design

and requirements are far more prevalent and require correction [5].

Therefore, additional aspects of QSE should receive more attention

that just quantum coding concerns when discussing quantum soft-

ware development methodologies[34]. The promise that quantum

software development approaches have for achieving design and

analysis reuse and reducing di�culty during analysis and design in

considerable[40]. A entirely new approach, including a life cycle,

must be employed to address these other issues if it is understood

that the development of quantum software entails more than just

quantum programming.

QSE is the application of solid engineering principles to the cre-

ation, deployment, and regular maintenance of quantum programs

and any related documentation in order to obtain reasonably priced

quantum software that operates e�ectively on quantum comput-

ers[? ]. Therefore, QSE asks for unique approaches, instruments,

procedures, and methods that speci�cally target the creation of

software applications based on quantum physics. In the following

sections, we brie�y discuss the quantum software development

life-cycle phases (i.e., quantum software requirements engineer-

ing, quantum software design, quantum software implementation,

quantum software testing, and quantum software maintenance)

[20, 24, 40, 44]. Table 1 presents the important artifacts of QSE life

cycle, and a series of activities for quantum software development

derived from[24] and presented in Figure 1.

3.1 Quantum Software Requirements

Engineering

We believe that quantum requirements engineering will be like

requirements engineering process done for classical computing due

to focus on requirement elicitation and management aspect of the

phase. However, quantum requirements engineering will need new

modeling and speci�cation techniques to model QC aspects such as

login functions and state. We believe that requirements engineering

research community need to extend classical use cases, user stories

and goal modeling techniques to support quantum requirements

engineering process[40, 44].

3.2 Quantum Software Design

Like classical software development, quantum software design in-

volves two major phases, i.e., architectural and detail design. Archi-

tectural design is quantum software’s abstract-level design, where

the main components’ interactions are described [20]. The detailed

design explicitly describes the data structure, algorithms, and inter-

faces for module interactions. Developing algorithms for quantum

software design is challenging compared to classical software sys-

tems because of some fundamental quantum computing features,

including superposition and entanglement[24].

3.3 Quantum Software Implementation

Some work has been done to develop quantum programming lan-

guages [14]. There are several quantum programming languages,

i.e., C (QCL), C++ (Sca�od), C# (Q#), Python (ProjectQ, Qiskit,

Forest), F# (LIQUi|〉), Scala (Chisel-Q), and Haskell (Quiper) [14,

41]. However, research community need to focus on developing

commercial integrated development environments to support the

implementation of quantum software.

3.4 Quantum Software Testing

The testing phase begins to �nd defects and verify the system’s

behavior. It might be possible that the programmers make various

mistakes when performing the quantum software testing because

di�erent characteristics of quantum computers include entangle-

ment, superposition, and the absence of cloning, which make it

challenging to predict the quantum software’s behavior [40, 44].

There is a strong need for di�erent testing tools and techniques

3
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that consider the quantum computing characteristics such as read-

ing intermediate states[12], handling probabilistic test oracles and

facing the decoherence problems.

3.5 Quantum Software Maintenance

Themaintenance phase includes updating, changing, andmodifying

the quantum software to meet customer needs. This is an emerging

research area in quantum software engineering, speci�cally focus-

ing on re-engineering the available classical information systems

and their integration with quantum algorithms[12]. In the short

term, quantum computers might not be able to give full-�edged

features because of the high cost and lack of processes, tools, and

techniques [40, 44]. However, migrating the quantum algorithms

to the existing classical information systems is the best option[36].

Therefore, it is important to revisit the reengineering (maintenance)

concepts to deal with the migration process.

4 CALL FOR ACTION

Awide range of complex computational industrial and societal prob-

lems are subject to solution via quantum computing. A few notable

examples are the development of vaccines and quick drugs discov-

ery, portfolio management, �nancial optimization, and intricate

physics simulators to better comprehend the world[? ]. Therefore,

the success of QC will unavoidably and signi�cantly a�ect our

daily lives and transform the majority of industries across many

disciplines. Such in�uence must be achieved through quantum

software, whose development must be systematically supported

through quantum software engineering[44]. QSE o�ers new re-

search topics to develop practical applications by establishing re-

search societies across domains (such as physics, mathematics, soft-

ware engineering, and computer science) and collaborations with

some other disciplines, such as business, medicine, and chemistry.

The rise of QC is revolutionizing many facets of society. It will

alter how we perceive and address complex issues and challenges.

The methodical and economic development of tomorrow’s robust,

trustworthy, and useful QC applications depends on QSE[36, 44].

Despite recent improvements in tools for quantum programming,

quantum software developers still face two major obstacles. First, it

seems sense to be afraid of betting on platforms or languages that

might be terminated. Second, the classical software engineering

methods, principles and knowledge of quantum programming must

be understood by quantum computer scientists[26]. Similarly, the

complexity of writing quantum software is another challenge. A

working knowledge of quantum physics, a command of mathemat-

ics, and expertise od quantum information theories are require-

ments for quantum programmers[26, 35]. As a result, organizations

face problems developing QSE teams[26, 35, 40, 44].

In the software development process, requirements engineering

works as a foundation and steers quality software development

as per expectations[5]. Quantum software requirements engineer-

ing requires a team aware of quantum mechanisms’ computation

and working style. Similarly, the requirements analysis team needs

to develop quantum software engineering methods that specify

the stakeholders’ needs, quantum characteristics, and quantum

attributes[44]. Features and properties of quantum, which are cur-

rently unclear, must be de�ned to perform functional and non-

functional activities of a system. No guidelines on quantum me-

chanics are available to structure complex models. There is a need

to develop new and e�ective hybrid (quantum-classic) guidelines to

assist the requirement engineering to consider quantum mechanics

while analyzing the requirement and developing the use case and

associated UML models.

In QSE, the design phase gives a foundation to construct a hybrid

structure of a software system. Hence, it is an essential step to

model the quantum-classic characteristics of a software application.

In hybrid software design, It is crucial to think of the system as a col-

lection of parts or modules with distinct behaviors and boundaries

for each module[24]. A hybrid design should be correct, complete,

e�cient, �exible, consistent, and maintainable[24]. However, in

this new genre of QSE, there is a need to build an understanding

of architecting hybrid design software at both high- and low-level

abstraction. To make the hybrid design e�cient and complete, there

is a need for new methods and tools to de�ne abstract speci�ca-

tions, develop quantum modules, describe the functionality of each

module, and understand the constraints and elements of quantum

gates.

Similarly, low-level abstraction, including data structure design,

quantum circuit, algorithm design, quantum interface design, and

module communications, are the areas that need the attention of

practitioners and the scienti�c community to develop common rep-

resentations for elements of quantum software.

The implementation phase concerns software translating hybrid

design speci�cations into the quantum source code. For quantum

programming, the programmer requires a basic understanding of

the quantum mechanism and software engineering [24, 44]. Using

traditional software implementation methods is rare as we deal

with circuits and quantum programming languages. We are in the

early stage of quantum software implementation. We need more

actions in terms of developing tools and technologies, quantum sim-

ulators, executing programs on servers, designing circuit diagrams,

and developing of quantum programming roadmap. By putting

the coding quality standards into practice, many issues and the

possibility of project failure reduces. Thus, there is a call for action

for developing quantum programming standards and programming

guidelines.

Software testing is very important in ensuring system quality con-

trol. It must ensure that the requested expectations of quantum

software stakeholders have been satis�ed[8]. The testing phase is

also important to detect the errors of early phases that are related

to project success as it directly re�ects the project budget, time, and

resources. As QSE is a new branch of software engineering, where

quantum software has di�erent characteristics such as no cloning,

entanglement, and superposition, which makes it challenging to

predict the behavior of quantum software [24, 44]. Dealing with

quantum software testing using classical testing techniques and

tools is not enough to make the quantum software error-free and up

to the mark. This paper call for action to the development of testing

tools, techniques, processes, and standards guidelines considering

the quantum characteristics of the software system.

4
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Table 1: Quantum Software Development Process

QS Requirements Engineering
Functional

De�ne quantum
features

Focus on user
requirements with

quantum

Capture quantum
mechanism in the use

case

Authentication and
authorization levels

Non-Functional
De�ne quantum

properties

Focus on user
expectations with

quantum

Capture quantum as a
quality attribute

Usability, reliability,
scalability,

performance

Quantum Software Design
High-level design

Quantum abstract
speci�cation

Develop Quantum
Modules

Describe the
functionality of each

module

Understanding of
quantum gates

Low-level design
Quantum data
structure design

Quantum Circuit and
Algorithm design

Quantum interface
design

Module
communication

Quantum Software Implementation
Translating quantum

circuit diagrams
Specify Quantum

programming language
Program; speci�es the

quantum circuit
Test using Quantum

simulator
Execute program on

server

Quantum Software Testing Develop test plans Test design description Test case description Test reports and logs Measuring the Qubits

Quantum Software Maintenance
Determination of
maintenance need

Determination of
maintenance scope

Quantum Architectural
Design Maintenance

Quantum Modules
Maintenance

Unit and acceptance
testing

Figure 1: Quantum software development activities

Quantum software maintenance refers to the modi�cations cre-

ated by correcting, inserting, deleting, extending, and enhancing

the baseline of quantum software for successful maintenance, it

is obligatory to estimate the demanded maintenance and the im-

pact of change [9, 40]. There is a need for a quantum software

experts-based change control board to identify, and verify the root

cause, and e�ects of requested maintenance. As quantum software

engineering is a new paradigm, there is a lack of quantum-oriented

tools, techniques, and matrices to measure the scope of request

maintenance. Hence, there is a demanding need for the develop of

a set of tools, techniques, matrixes, and standards guidelines for

the quantum software maintenance process.
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