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Abstract
Quantum computing (QC) hinged upon the bedrock principles of quantum theory and
holds promise for reforming a large number of industries. The researcher in this area aims
to deliver a comprehensive understanding of the current state of the art and future tra-
jectories of QC. The authors have discovered that most academic studies have concen-
trated upon dissecting specific aspects of QC. This discernment underscores the exigency
of identifying challenges that might impede the seamless integration of QC within the
software industry. Moreover, it becomes crucial to ascertain the panoply of solutions/
practices required to overcome these barriers. A comprehensive multi‐vocal literature re-
view was performed and culled a total of 49 academic papers for data extraction. A total of
13 challenges encountered by organisations were identified during the adoption of QC.
Subsequently, these challenges were examined deeply and determined that five of them are
the most critical, these are ‘Lack of quantum specific algorithms, dev and testing meth-
odologies’, ‘Difficult compilation and debugging’, ‘Lack of development tools and tech-
nology’, ‘Lack of development guidelines & Quality Assurance Standards’ and ‘Lack of
professional expert’, together founding over 30% of occurrences. These challenges from
various perspectives were evaluated, including time frame, methodology, geographical
region and publication platform. To address these barriers and implement the QC in
software industry effectively, a total of 53 practices/solutions. This research aims to share
valuable knowledge to simplify and amplify quantum application development.
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1 | INTRODUCTION

The working of Quantum computing (QC) hinged upon the
bedrock principles of quantum theory [1], which were laid out by
eminent scholars Max Planck and Niels Bohr during the early
20th century, gravitates towards a distinctive [2, 3]. QC harnesses
quantum phenomena such as entanglement and superposition
to achieve enhanced computational speed. Entanglement per-
tains to the profound interconnection between objects without
direct interaction [4], whereas superposition enables objects to
exist in multiple states simultaneously [5]. Entangled qubits,
which serve as fundamental constituents of quantum systems,
demonstrate a peculiar quantum state in which alterations made

to one qubit exert an influence on the others, irrespective of
their spatial separation. Consequently, when measuring and
collapsing the superposition of one qubit into a singular state,
the remaining qubits within the system are subject to analogous
modifications [6].

Compared to classical computing (CC), QC provides a
substantial enhancement in information processing capabilities,
delivering significantly faster computational performance. QC
excels particularly in executing specific tasks with exponential
speed [7]. The potency of QC resides within the foundational
unit of computation, namely the qubit. It is crucial to
acknowledge that QC should not be perceived merely as an
incremental advancement of conventional computing systems.
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On the contrary, QC heralds a revolutionary breakthrough
poised to fundamentally reshape the very fabric of the
computing paradigm [8]. Traditional computing relies on bits,
which are binary digits capable of holding either a ‘0’ or a ‘1’ at
any given time, representing the ‘off’ or ‘on’ states of transistors
[9]. Classical computers are composed of interconnected wires
and circuits that process, store, and transmit information using
electrical power. In contrast, quantum computers utilise qubits
as the fundamental unit to encode and manipulate information,
departing from the conventional storage mechanism based on
0 and 1s. There exist diverse problem types that are computa-
tionally infeasible to solve efficiently using CC, requiring an
exponential amount of time and resources [10]. However,
employing quantum computations enables the achievement of
efficient solutions through a polynomial approach [11].

QC exhibits superiority over CC in two primary application
areas [12]. The first area pertains to tasks demanding significant
parallel computation, such as big data analysis, encryption,
machine learning, and optimisation [13–16]. The second
application area, such as those found in chemistry, materials
science, and physics [17–19].

Despite being in its nascent stage, QC is experiencing rapid
expansion. The market size for QC is projected to grow from
US $0.5 billion in 2021 to US $ 1.7 billion in 2026, showcasing
a remarkable compound annual growth rate of 30.2%. To
enable QC to effectively tackle real‐world challenges, the
development of high‐quality software with diverse capabilities
is paramount. Consequently, the exploration of integrating
Software Engineering (SE) principles into the QC community
becomes indispensable, as it aids QC developers in generating
larger and more robust code [20].

In recent years, the advancements and influence of QC
technology have undergone substantial growth, underscoring
its potential to revolutionise the field of SE. The significance of
QC is increasingly acknowledged within the domains of SE
and information science [21]. Given its tremendous potential,
both industry professionals and academic scholars are devoting
more attention to improving its reliability [22]. While research
on QC has expanded, the focus has predominantly been on
advancing technical components like quantum hardware and
software tools and technologies [23]. However, there exists a
dearth of research endeavours specifically aimed at identifying
the challenges and opportunities that lie ahead in expanding
QC knowledge, with insufficient emphasis placed on non‐
technical aspects [23].

Academic researchers possess limited understanding
regarding the potential applications of QC in diverse industrial
domains, including but not limited to project management,
quality enhancement, and service delivery [21]. The paucity of
research dedicated to comprehending the potential applications
of QC across a broad spectrum of sectors, including energy,
finance, and healthcare [24] is a critical gap that needs to be
addressed. This gap is of utmost importance as QC has the
potential to significantly enhance the effectiveness and effi-
ciency of various business processes [25]. For instance, quantum
technologies have the capability to expedite the development of

novel materials and pharmaceuticals, as well as drive advance-
ments in manufacturing processes [26].

Therefore, it is paramount to scrutinise the key factors that
QC applications encounter in real‐world scenarios. The eval-
uation and resolution of challenges posed by QC to the soft-
ware industry have not been extensively explored, receiving
inadequate attention and lacking a comprehensive under-
standing. In order to devise future strategies in this field, it is
imperative to comprehend the obstacles that impede the
effective utilisation of QC applications [27].

Addressing these challenges entails the consolidation of
fragmented knowledge on QC and the delineation of its limi-
tations. Furthermore, given that the practical implementation
of QC in everyday industrial operations is not yet fully com-
prehended, it is imperative to enhance our understanding of its
practical applications [28].

QC is an emerging field of research [29] that garners
attention from both academic and industrial researchers. A
plethora of knowledge pertaining to QC is available in diverse
forms of literature, encompassing published/formal literature
as well as grey literature (GL). Grey literature encompasses a
broad spectrum of sources, including blogs, videos, technical
reports, and white papers, which are not formally published in
journals or conferences [30]. The literature revealed that QC is a
newly emerging field for research [31]. Researchers, therefore,
necessitate insights into the present‐day advancements and
forthcoming guidelines in the domain of QC. The available
literature indicates that the majority of studies concentrate on
specific aspects or dimensions of QC, underscoring the
importance of identifying barriers that could hinder the adop-
tion of QC in the software industry.

In order to bridge these gaps, our initial approach involved
conducting a comprehensive multi‐vocal literature review
(MLR) with the aim of providing a thorough overview of the
challenges associated with the adoption of QC. Moreover, it is
imperative to explore potential solutions or practices that can
surmount these identified barriers. These solutions or practices
may entail the development of new algorithms, software, or
techniques that can be integrated into QC systems to achieve
specific objectives or address particular challenges.

The primary objective of our research work is to integrate
QC into the software industry, driven by the perceived benefits
that can be attained through its adoption. To pave the way for
QC, we have established the following two main objectives: (1)
Identification of the barriers encountered by the software in-
dustry in adopting QC. (2) Identification of solutions or prac-
tices to overcome these barriers in the implementation of QC in
the software industry. The following research questions have
been formulated to accomplish the aforementioned objectives.

RQ 1: What are the barriers, as identified through MLR,
in the adoption of QC technology in the context of
software industry?:
RQ 2: What are the solutions/practices, as identified
through MLR, for addressing the barriers, identified in
RQ‐ 1?:
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The paper is structured as follows: Section 2 provides a
background overview of the research. Section 3 outlines the
research methodology employed. Section 4 presents the out-
comes of the MLR, while Section 5 offers a detailed descrip-
tion of analysis and discussion. Finally, Section 6 concludes the
paper and provides insights into future directions.

2 | BACKGROUND

It is imperative to examine the primary hurdles that arise in
practical situations when implementing QC applications. The
comprehensive exploration and evaluation of these challenges
posed by QC to the software industry have been lacking,
receiving inadequate attention and remaining incompletely
understood. To shape future strategies in this field, compre-
hending the barriers that impede the utilisation of QC appli-
cations becomes necessary [27]. Effectively addressing these
challenges entails consolidating fragmented knowledge on QC
and defining its boundaries. Moreover, considering the limited
understanding of the practical application of QC in everyday
industrial operations, it is essential to enhance our compre-
hension of its practical implementation [28].

Zanni Junior et al. [7] conducted a systematic mapping study
that primarily focused on the impact of quantum technologies
on the software development process. The study explored
various aspects of QC related to programming languages, such
as the programming platforms used for QC, potential ad-
vancements that quantum computers can bring to software
development, and identified domains where quantum com-
puters would be particularly suitable. However, it is important to
acknowledge that the study had a limited scope and did not
provide a comprehensive overview of the current state of QC
research or propose new directions for future research.

Piattini et al. [21] propose a roadmap for software engineers
to prepare for the emerging era of QC. They suggest that
software engineers should start by acquiring a solid under-
standing of the fundamental concepts of QC and its potential
applications. Additionally, they recommend collaborating with
experts in quantum physics and hardware to develop new
software development tools and techniques. The authors delve
into the potential impact of QC on SE, asserting that it will
revolutionise the field and open up new avenues for innovation.
The paper provides an overview of the fundamental principles
of QC and explores its potential applications in various do-
mains, including cryptography, machine learning, and optimi-
sation. The authors also address the challenges that software
engineers may encounter when developing software for quan-
tum computers, such as the lack of standardised development
tools and the need for specialised skills. The paper concludes by
emphasising the importance of investing in research and
development in both QC and SE. The authors argue that this
new era of QC presents a unique opportunity for software en-
gineers to create novel applications and solve complex problems
in areas such as finance, healthcare, and energy.

Awan et al. [27] conducted a literature review using a fuzzy
analytical hierarchy process (AHP) methodology to identify the

challenges faced by the software industry due to the emergence
of QC. The paper presents an approach that prioritises the
identified challenges through the application of fuzzy AHP.
Through a systematic literature review (SLR), the authors
identified six challenges in the software industry related to QC:
quantum algorithm design, quantum software development,
quantum hardware development, quantum simulation,
quantum‐safe cryptography, and quantum education and
training. The authors utilised the fuzzy AHP approach to rank
these challenges based on their significance.

The findings revealed that quantum algorithm design held
the highest level of importance, followed by quantum software
development, quantum hardware development, quantum
simulation, quantum‐safe cryptography, and quantum educa-
tion and training. The authors concluded that the software
industry should prioritise quantum algorithm design, quantum
software development, and quantum hardware development in
order to effectively address the challenges posed by QC.
Additionally, they recommended that companies invest in
training their employees in QC to maintain a competitive edge.

Jianjun Zhao [31] conducted a survey in the field of quan-
tum SE, aiming to investigate the current state of the art and
explore various stages of the quantum software life cycle. The
survey focused on different phases, including requirements,
design, coding, testing, maintenance, and software reuse, with
specific attention given to those phases that are unique to QC.

Laszlo Gyongyosi and Sandor Imre [32] conducted a survey
on QC technologies, wherein they identified various problem
types relevant to the field. These problems included: the
quantum machine learning, computational problems, imple-
mentation of quantum algorithms and optimisation problems.
The researchers proposed several algorithms tailored for QC,
leveraging the effects of quantum mechanics to achieve signif-
icant speed enhancements compared to classical algorithms,
both polynomial and exponential. They also highlighted that
certain problems that are currently unsolvable using classical
algorithms can be addressed through algorithms designed for
QC. The primary focus of their study revolved around the
conversion of classical algorithms into algorithms suitable for
quantum technology.

Weder et al. [33] conducted research in the field of quantum
software development life cycle (SDLC). The study unveiled
that the quantum SDLC consists of 10 distinct phases:
quantum‐classical splitting, hardware implementation indepen-
dency, quantum circuit enhancement, hardware‐independent
optimisation, quantum hardware selection, readout error miti-
gation preparation, compilation and hardware dependency
optimisation, execution, integration, and analysis of results.
Each phase was precisely defined in terms of its objectives,
methodologies, available tools, and potential inputs/outputs.
The primary aim of the study was to establish a hybrid SDLC
capable of operating independently of hardware, functioning on
both classical and QC platforms.

Garhwal et al. [34] conducted a literature survey with a
specific focus on quantum programming languages. The survey
analysed the high‐level characteristics and compared various
programming languages used in the context of quantum
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computers. The authors aimed to address inquiries regarding
the current status of programming languages in the field of
QC. However, it is important to acknowledge that this study
had a restricted scope, focusing solely on programming lan-
guages specifically designed for QC.

Piattini et al. [35] propose a novel approach to SE that
takes into account the unique characteristics of QC. They argue
that conventional SE methods are not well‐suited for the
development of quantum software and advocate for new ap-
proaches to ensure the reliability, maintainability, and scalability
of such software.

The paper begins by providing an overview of the current
state of QC and the challenges that must be addressed to create
practical quantum software. These challenges include the
development of new algorithms and data structures that
leverage the distinctive properties of QC, as well as resolving
issues related to quantum error correction, noise, and de‐
coherence. Subsequently, the authors present a new frame-
work for quantum SE that integrates principles from both
classical SE and quantum information science. This framework
consists of guidelines for designing, implementing, and testing
quantum software, along with a suite of tools and techniques to
manage complexity and ensure the reliability of quantum
software. Furthermore, the authors emphasise the significance
of collaboration between quantum information scientists and
software engineers in the development of quantum software.
They argue that effective collaboration between these two
communities is crucial for the success of quantum SE.

Akbar et al. [36] have proposed a new field of study called
‘Quantum Software Engineering (Q‐SE)’ that focuses on the
unique challenges and opportunities brought about by QC.
The paper emphasises the need for innovative methodologies
and tools to ensure the reliability and scalability of quantum
software. It also highlights the importance of collaboration
between quantum information scientists and software engi-
neers in the development of quantum software. While the
paper introduces a new perspective on SE for QC, it lacks
comprehensive practical guidelines or concrete examples for
implementing the proposed framework.

de la Barrera et al. [37] provide an overview of the current
state of quantum software testing and highlight the unique
challenges associated with testing quantum software due to the
complexity and unpredictability of quantum systems.

The paper discusses the limitations of classical software
testing methods for quantum software and proposes new
techniques and tools, such as randomised benchmarking, gate
set tomography, and quantum volume, for testing quantum
software. It also emphasises the importance of collaboration
between quantum information scientists and software engineers
in developing effective testing methods for quantum software.
However, the focus of the paper is primarily on summarising
existing approaches and proposals for quantum software
testing, and it does not provide detailed experimental results or
practical guidelines for implementing the proposed techniques.
Additionally, the paper does not address the issue of testing
quantum software in the presence of noise and de‐coherence,

which is a critical challenge in the development of practical
quantum software.

De Stefano et al. [38] conducted a survey on the current
state of SE for quantum programming and discussed the
progress and limitations in the field. The survey identified key
challenges in developing reliable and scalable quantum soft-
ware, including the need for new programming languages,
compilers, and testing techniques. The paper emphasised the
importance of collaboration between quantum information
scientists and software engineers to address these challenges
and accelerate progress in the field of quantum SE. However,
one limitation of the study is that it provided a broad survey of
the current state without delving into specific techniques or
tools for addressing the discussed challenges. Additionally, the
paper primarily focused on the technical challenges of quan-
tum software development and did not address broader issues
such as the societal and ethical implications of QC.

Moguel et al. [39] present an overview of the current state
of quantum service‐oriented computing, which is an approach
to developing distributed computing systems using quantum
resources. The paper discusses the challenges and opportu-
nities involved in developing quantum services, including the
need for new programming models and architectures that can
leverage the unique properties of QC.

The authors emphasise the importance of collaboration
between quantum information scientists and software engi-
neers in the development of quantum services and explore
potential applications of quantum service‐oriented computing
in areas, such as finance, cryptography, and optimisation.
However, the paper does not delve into the technical imple-
mentation details of quantum service‐oriented computing,
such as specific algorithms, data structures, or programming
languages.

The literature [23, 40, 41] on QC reveals dreams, such as
improved cyber security, machine learning, optimised and stable
artificial intelligence, accurate and timely weather forecasting,
transportation route optimisation, environment friendly energy
efficient systems, driverless automobiles, timely prediction of
market instability, design automation, and fast estimation/pre-
diction of financial risks, improvements in healthcare and
medicine such as fast radiotherapies, virtual labs for discovery of
new drugs, improved disease detection, non‐invasive and high‐
precision surgeries, and creation of vaccines (like COVID‐19).
Similarly improved simulations of complex molecules, new
materials discoveries and advanced molecular design in the field
of Chemistry. These dreams, if come true, will change and
improve the life style of human society. The available literature
indicates that QC is an emerging field of research [31]. Conse-
quently, researchers seek to gain insights into the current state of
the art and future prospects within the realm of QC. It has been
observed that the majority of studies concentrate on specific
aspects or dimensions of QC, highlighting the necessity to
identify barriers that could impede the adoption of QC within
the software industry. Additionally, there is a need to identify
corresponding solutions or practices that can effectively address
the identified barriers.
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3 | METHODOLOGY

We have conducted our research using the concept of MLR,
which involved a comprehensive examination of relevant
literature to identify the factors or challenges faced in the
adoption of QC in the software industry. Moreover, it was also
our objective to identify effective practices or solutions that
can be employed to overcome these factors or challenges.

MLR is an emerging trend in SE and is a type of SLR. It
encompasses not only published literature such as conference
papers and journal articles but also include informal literature
such as blog posts, videos, and white papers. MLR differs from
both SLR and ordinary literature reviews because it aims to be
unbiased.

MLR provides significant advantages in specific fields of
SE where there are ongoing developments and a lack of
institutional studies.

Garousi et al. [42] highlighted the importance of con-
ducting MLR as primary studies, particularly in the field of SE.
They emphasised that developers in SE heavily rely on GL as a
common way to disseminate knowledge, guidance, and prac-
tices related to new methods, methodologies, and skill‐driven
advancements. Relying solely on traditional research literature
may result in the exclusion of significant up‐to‐date data on
rapidly evolving real‐world occurrences of interest.

MLR has the potential to bridge the gap between industry
and academic research by incorporating a wider range of
sources and perspectives [42]. MLRs are valuable for re-
searchers and practitioners alike as they present a summary of
both the current state‐of‐the‐art & state‐of‐practice in a
particular field [43, 44]. The primary motivations for including
GL in our research are lack of intuitional research in the area
[44] of QC as it is an emerging research area & complementary
suggestion in GL. White papers and articles available on the
Internet are the main sources of GL data used. Table 1 pre-
sents different types of literature that is, Published, Grey and
Black literature.

We present a standard MLR procedure in Figure 1, which
is based on the SLR method described in the guidelines by
Kitchenham and Charters [45]. We have adopted three phases
for conducting MLRs from the SLR guidelines [45], as they
have been proven to be well‐organised and pertinent. The
three phases include Review Planning, Carrying out the review,
and reporting the results of the review.

3.1 | Constructing search term

Kai Petersen and the research team [46] developed a meth-
odology known as PICO, an acronym representing ‘Popula-
tion’, ‘Intervention’, ‘Comparison’, and ‘Outcomes’, to
facilitate the identification of keywords [47]. The framework,
recommended by Kitchenham and Charters in 2007, was
employed to devise search terms or strings aligned with the
research questions under investigation. In the following sec-
tions, we outline a selection of terms that will aid us in con-
structing the search terms for our research questions.

Population: Software Engineering & QC.
Interventions: Challenges/risks/factors/problems.
Outcome of relevance: Smooth adoption of QC in
software industry.
Experimental design: MLR, empirical studies, case
studies, theoretical studies and expert opinions.

3.2 | Search strategy and searching

The steps involved in the MLR are as follows:

� Determine the population, intervention, and outcome to
create search terms.

� Identify alternative spellings and synonyms.
� Verify the keywords in any relevant papers.

TABLE 1 Range of white, grey and black literature.

Publish/white literature
Unpublished/
grey literature

Black
literature

Formal literature
Published journal papers conference
proceedings
Books

Audio‐video (AV) media
Blogs data sets
e‐Prints
Lectures
Preprints
Reports
Technical

Concepts
Feelings
Ideas
Opinions
Thoughts

F I GURE 1 Process steps for multi‐vocal literature review (MLR).
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� Employ Boolean Operators.
� Reduce the search string into a summarise form if necessary.

To create the search string for resource searching, we uti-
lised Boolean operators (OR and AND) to combine the key-
words. The ‘OR’ operator was used to link synonyms and
alternative spellings, while the ‘AND’ operator was used to
connect the main terms. Consequently, the following search
string was formulated: ((‘Quantum Computing’) AND (Soft-
ware OR Programming OR ‘Software Development’ OR
‘Application Development’) AND (Challenge OR Barrier OR
Risk OR Threat OR Solution OR Practice)).

3.3 | Selection of literature resources

In order to identify literature resources for this research, we
divided this step into two sub‐steps: searching for white liter-
ature (WL) resources and searching for GL resources.

3.3.1 | Resources to be searched for WL

Following the guidelines outlined by Kitchenham and Charters
in 2007, two search approaches will be employed to find
relevant GL. Firstly, an automated search will be conducted
using digital databases. Additionally, the snowballing technique
will be utilised as an additional method for gathering relevant
sources.

3.3.2 | Automatic search (digital database)

We have selected ‘IEEE Xplore’, ‘ACM Portal’, ‘ScienceDir-
ect’, ‘SpringerLink’, and ‘Wiley Online Library’ as the digital
libraries, databases, and search engines for searching published
resources. These databases were chosen because they provide
access to content that aligns with the services offered by our
institution. Additionally, these databases encompass a wide
range of impactful full‐text journals and conference pro-
ceedings, providing comprehensive coverage of the field of SE
as a whole (Kitchenham & Charters, 2007).

Snowballing
In accordance with the guidelines established by Kitchenham
and Charters (2007) for SLRs, both forward and backward
snowballing techniques utilised and ensured the inclusion of all
relevant sources to the maximum extent possible.

Resources searched for grey literature
To identify suitable literature resources, we adopted a specific
search strategy for GL [48], following the guidelines proposed
by Garousi et al. in their MLR guidelines [43]. The strategy
involves an advanced search on both the regular Google search
engine and digital database the ‘ProQuest Dissertations and
Thesis Global’ database to identify relevant PhD and master's
theses.

3.4 | Criteria for the selection of the
literatures

Figure 2 presents the criteria for the selection of articles. The
selection of publications is based on the objective of including
only those that are directly relevant to the research questions.
Our focus is specifically on papers related to QC software/
applications, while excluding any papers that primarily deal
with QC. The selection process involved assessing titles, ab-
stracts, reading full‐text articles, and evaluating their quality.
The aim was to gather a comprehensive set of papers that meet
specific criteria for inclusion and exclusion, ensuring their
relevance to our MLR. We have defined a set of inclusion and
exclusion criteria, which are illustrated in the accompanying
Figure 2, to guide the publication selection process.

3.5 | Primary selection

The first step we have performed in selecting key sources for the
study was assessing their titles, keywords, and abstracts. The
objective was to eliminate any irrelevant results and concentrate
solely on those that are directly related to the research questions
and the area of interest. After this initial selection process, the
chosen primary sources was then passed from thorough evalu-
ation where a comprehensive review of their full text conducted,
taking into account the inclusion and exclusion criteria specified
below. In situations where there was uncertainty about whether a
particular source should be included or excluded, we directly
referred it to a secondary reviewer for further assessment.

3.6 | Inclusion criteria

We have established specific criteria to determine the literature
to be used for data extraction based on our search terms. Only

F I GURE 2 Publication selection criteria.
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formal and informal papers related to QC and software/ap-
plications, written in English, were considered. The focus was
on studies that:

� Discuss the general development of quantum applications.
� Describe the challenges faced by developers in adopt-

ing QC.
� Describe the solutions and challenges related to the adop-

tion of QC.
� The search included both published and unpublished GL

available online.
� Research papers, articles, books, white papers, & review

papers written in English were included in the search.

3.7 | Exclusion criteria

To identify which literature will be excluded or disregarded
from the search results, the following exclusion criteria were
established:

� Research that does not address the research questions.
� Research that does not outline the challenges related to QC

from a software perspective.
� Studies that do not meet the criteria specified in the inclu-

sion criteria mentioned earlier.
� Duplicate articles found through multiple search engines

and resources were identified and removed from the final set
of papers selected for analysis.

� Publications that are not written in English, but in another
language, were excluded.

3.8 | Quality assessment

All the papers included in the final selection underwent a
thorough quality evaluation. We established specific criteria for
assessing the quality and used a three‐point Likert scale (‘yes’,
‘partially’, ‘no’) to rate each component of the reviewed articles.
To ensure meaningful and consistent results, we assigned a
value of 2 to ‘yes’, 1 to ‘partially’, and 0 to ‘no’ for each
component. Any paper that achieved an average score of ≥0.5
was considered to have acceptable quality and was included in
the MLR. The quality list containing the relevant questions is
provided in Table 2.

3.9 | Procedure for study selection

To refine the research articles and papers identified through
search strings in digital libraries and relevant websites for GL,
we employed the tollgate approach as recommended by Afzal
et al. [49] in our MLR study. This approach consists of five
phases:

� We conducted searches in digital libraries and databases to
locate relevant articles.

� We assessed the titles and abstracts of the papers to deter-
mine their inclusion or exclusion.

� We reviewed the introduction and conclusions of the papers
to make further decisions regarding inclusion or exclusion.

� We thoroughly read the full text of the papers to determine
their suitability for our study.

� We selected the primary studies and papers that would be
included in the MLR study.

After executing the search strings and applying the inclu-
sion and exclusion criteria, a total of 10,366 research publica-
tions were extracted from online digital libraries, databases, and
websites. Figure 3 presents the detailed process of the finally
selected articles.

The selection process consisted of two stages. In the first
stage, the papers were initially screened based on their titles
and abstracts, resulting in the identification of 400 articles/
papers that had the potential to meet the selection criteria. The
second stage involved a comprehensive reading of the full text

TABLE 2 Criteria for quality assessment.

S.
No. Criteria for quality assessment

Likert
scale

Q.1 Is the sample size of the study being conducted is
appropriate?

Yes = 2

Partially = 1

No = 0

Q.2 Does the paper point out any challenge/factor
regarding QC?

Yes = 2

Partially = 1

No = 0

Q.3 Solutions to overcome the challenges faced by the QC
during adoption?

Yes = 2

Partially = 1

No = 0

Abbreviation: QC, quantum computing.

F I GURE 3 Final literature selection phases.
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of the papers that passed the initial screening, and the final
selection was made from this list.

The final selection from the MLR consisted of 49 articles
that were chosen to address the research questions mentioned
above, as depicted in Table 3 below, detailed list of these ar-
ticles is affixed in Appendix A for ready reference.

3.10 | Data extraction

The purpose of this phase is to extract the necessary data from
the selected papers to address the research questions. The
papers that successfully met the inclusion, exclusion, and
quality assessment criteria discussed above resulted in a final
set of N = 49 publications. The data extraction process fol-
lowed a predefined data extraction form, which include fields
such as Serial Number, Paper‐ID, Review‐Date, Title of the
paper, Author's name, Reference, Database, Methodology
(survey, report, interview, case study etc.), Population, Orga-
nisation Type, Company Size (small/medium/large), Analysis
Location/Country, Publication Year, and Challenges faced by
organisations in adopting QC in the software industry.

3.11 | Data storage

We have stored the challenges/factors and solutions recog-
nised from every paper in MS Word electronically.

3.12 | Data synthesis

The extracted data was synthesised, leading to the identifica-
tion of 37 challenges. Following this, some of specific chal-
lenges were grouped, ultimately 13 distinct challenges were
then finalised. The detail overview is shown in Table 4.

4 | RESULTS

In this section, we present the outcomes of the MLR and
analyse the identified challenges. The results are then examined
to address Research Question‐1 (RQ1) and Research Question‐

2 (RQ2) as discussed in Section 1. Further subsections provide
more detailed information about these findings.

4.1 | Challenges identified in the adoption of
QC in software industry through MLR

Upon the culmination of the MLR process, our discerning
analysis brought to the fore 13 formidable challenges that
organisations may confront during their quest for QC adop-
tion. These challenges, standing as daunting impediments,
necessitate immediate and sagacious intervention to foster the
broad‐based embrace of QC.

These challenges were prioritised based on their frequency
within the selected publications. The chart in Figure 4 repre-
sents the visible 13 threatening challenges along with highest
frequency. The subsequent section delves into a comprehen-
sive exploration of these challenges encountered by organisa-
tions throughout the development process of quantum
application.

4.1.1 | Challenge # 1: Lack of quantum specific
algorithms, dev and testing methodologies

According to our study, the most significant challenge identi-
fied among the 13 factors is the ‘Lack of quantum‐specific
algorithms, development, and testing methodologies’, with

TABLE 3 Total number of finally selected papers.

S. No. Resource Final selection

1. ACM portal 14

2. IEEE eXplore 12

3. Springer‐link 06

4. Science‐direct 02

5. Wiley online library 01

6. Google search engine 11

7. Snowballing 03

Total papers finally selected 49

TABLE 4 List of challenges.

S.
No. Name of challenge Freq.

%
Age

1 Lack of quantum specific algorithms, dev and testing
methodologies

32 65

2 Difficult compilation and debugging 20 41

3 Lack of development tools and technology 19 39

4 Lack of development guidelines and Quality
Assurance Standards

17 35

5 Lack of professional expert 15 31

6 Lack of management support and incorporation of
QC in the curriculum

14 29

7 Challenging design and validation process 14 29

8 Limited development environment and resources
availability

11 22

9 Huge dev, deployment, maintenance, operation and
sustainability cost

9 18

10 Lack of QC API & UI 8 16

11 Quantum domain complexity 8 16

12 Scalability, portability, integration and interoperability
issues

8 16

13 Lack of roadmap for migration from classical to QC 8 16

Abbreviations: API, application programming interface; QC, quantum computing; UI,
user interface.
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65% frequency. This indicates that the progress on QC is
impeded not only by hardware limitations but also by software,
particularly the algorithms that facilitate the effective operation
of the software. It is essential to develop methodologies,
techniques, and tools for reusing quantum software systems in
order to advance in the field [31]. Furthermore, the specifi-
cation, verification, debugging, and testing of quantum pro-
grams are extremely challenging tasks [50].

4.1.2 | Challenge # 2: Difficult compilation and
debugging

The second most significant barrier in the field of QC, with a
frequency of 41%, is the challenging process of compilation
and debugging. Debugging and verification of quantum pro-
grams are identified as the primary barriers in the adoption of
QC, as highlighted in previous studies [38, 51]. Additionally,
issues related to cost optimisation, compilation time, memory
usage, and compile time checking are prevalent concerns in
this field [52].

4.1.3 | Challenge # 3: Lack of development tools
and technology

Another barrier that severely affects the software industry in
embracing QC is the availability of suitable programming
languages, tools, and techniques. The development of quantum

software is significantly hindered by these obstacles. The lack
of development tools and technology ranks as the third highest
critical challenge, with 35% frequency. The need for new tools
arises from the requirement to write quantum algorithms in the
form of program code. Currently, there is no comprehensive
methodology or lifecycle that encompasses all the relevant
phases occurring during the development and execution pro-
cess [33, 53, 54].

4.1.4 | Challenge # 4: Lack of development
guidelines and quality assurance standards

Developing new methodologies and performance standards
that focus on modularity, maintainability, and portability is
essential for the successful implementation of quantum pro-
grams. Furthermore, it is necessary to establish recommenda-
tions and exemplary methods for programming quantum
applications.

4.1.5 | Challenge # 5: Lack of professional expert

Since QC is a relatively new field of study, there is a scarcity of
qualified professionals in the domain, which hampers and
slows down the progress of QC. Due to the limited under-
standing of SE methodologies among quantum computer
scientists, there is a higher likelihood of repeating mistakes and
experiencing costly ‘rediscoveries’ [55, 56]. A programmer will

F I GURE 4 Challenges with higher frequency from bottom to top.
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not have the fundamental understanding of how to write code
without bugs. The ability of testers to create adequate test cases
is lacking [57].

4.1.6 | Challenge # 6: Lack of management
support and incorporation of QC in the curriculum

Organisational barriers to the adoption of QC include the need
for stable management that can effectively drive the organi-
sation's long‐term research and development vision [8]. Un-
fortunately, management often prioritises short‐term profits
over making long‐term commitments, leading to a short‐
sighted approach. Additionally, in the field of QC, a signifi-
cant issue is the lack of collaboration and communication
between academia and industry [27, 36, 58]. Experts predict
that the next generation of software development may face a
shortage of resources, as many universities and institutions still
lack a framework to integrate QC into their curriculum. This
limited integration results in a constrained pool of resources
for the industry to compete [12].

4.1.7 | Challenge # 7: Challenging design and
validation process

One of the key challenge preventing the software industry
from embracing QC is the absence of engineering designs for
modernising QC software and inadequate resources for soft-
ware development that is, insufficient resources are available
for software design [21]. Only a limited number of research
studies have addressed the design and validation challenges
associated with QC technologies [59]. Many design issues,
including simulation, compilation, verification and validation,
exist in the field of QC [58].

4.1.8 | Challenge # 8: Limited development
environment and resources availability

As QC is a recent and rapidly evolving field, it faces numerous
challenges, among one of them is the limited accessibility of
quantum development environments. While there may be a
pool of resources available within certain organisations, they
are still scarce, which raises concerns regarding the early
adoption of QC [8]. A notable resource disparity persists be-
tween practical quantum algorithms and actual machines also
affecting the adoption of QC.

4.1.9 | Challenge # 9: Huge development,
deployment, maintenance, operation and
sustainability cost

Since the QCs are expensive [60], they suffer due to the lack
of allocation of stable budget and long‐term planning.
The development, deployment, maintenance, operation, and

sustainability of QC are the key challenges that hinder its
implementation in the software industry.

4.1.10 | Challenge # 10: Lack of QC API & UI

Creating user interfaces and application programming interfaces
(APIs) for quantum programming languages would require a
significant amount of time and money [60]. QC faces similar SE
challenges as other domains, such as issues related to API usage
and changes. Additionally, the lack of established tools to aid in
quantum program development is a significant concern [61].

4.1.11 | Challenge # 11: Quantum domain
complexity

The interdisciplinary nature of QC adds to the domain
complexity challenge [31, 55]. Furthermore, the new complexity
introduced in quantum programming makes it difficult to find
bugs in the quantum source code [62]. Testing quantum pro-
grams is particularly difficult because of the intricate nature of
quantum features such as superposition and entanglement.
Moreover, writing quantum software is a complex task.

4.1.12 | Challenge # 12: Scalability, portability,
integration and interoperability issues

QC faces significant challenges related to scalability, technology
for reliable and realistic implementation [63], the integration of
QC systems with classical computer systems [38], the creation
and integration of libraries, and the lack of code portability [52].

4.1.13 | Challenge # 13: Lack of roadmap for
migration from classical to QC

The lack of a clear plan for transitioning from classical to
quantum SE can lead to changes in project management [64].
This is because there are currently no tools or frameworks
available to assess an organisation's readiness to transition from
traditional to quantum software development methods. In the
maintenance phase, quantum software may require adjustments,
modifications, or updates to meet customer requirements. A
new research area in quantum SE is re‐engineering, which seeks
to integrate classical information systems with quantum algo-
rithms [65].

4.2 | Solutions and practices to overcome
the identified challenges/barriers in
implementation of QC within the software
industry

Our assiduous inquiry has engendered the recognition of
53 salient practices, gleaned from an expansive and
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all‐encompassing MLR. These practices, undergirded by
sagacity and innovation, span a diverse gamut of pragmatic
approaches and strategies, effectively furnishing organisations
with the wherewithal to circumnavigate the obstacles
encountered during the adoption of QC. By adeptly imple-
menting these astute solutions and practices, organisations

actively involved in quantum application development shall
be endowed with the fortitude and acumen to forge ahead,
ultimately engendering a pantheon of auspicious quantum
applications that augur a propitious future. The list of prac-
tices for each of the 13 challenges is presented in
Tables 5–17.

TABLE 5 Practices for challenge # 1: Lack of quantum specific algorithms, dev and testing methodologies.

Practice no. Practice (total = 14)

MLR (%)

Frequency
N = 49
Paper ID

P# 1.1 QC systems require appropriate structures and frameworks to facilitate the formulation,
verification, and coordination of quantum algorithms

10, 14, 13, 61 (4)

P# 1.2 Eigenvalues and eigenvectors can be used to forecast code quality and identify high risk
applications

3 (1)

P# 1.3 The static analysis, statistical assertion, and runtime assertion scheme methods are suggested to
detect errors in quantum programs. These approaches can aid in guaranteeing platform accuracy
and reducing the likelihood of bugs in QC

5, 8 (2)

P# 1.4 It has been suggested that the LoC metric is useful for determining the size of quantum software
as well as the development effort. This is similar to how LoC is used to evaluate classical software

26 (1)

P# 1.5 At each stage of the creation of the application, the software engineer must apply the most
suitable quantum software technique

61 (1)

P# 1.6 The influence of faults in the quantum programme is reduced using a readout errors mitigation
method

8 (1)

P# 1.7 When fitting data in SE applications like cost estimate, software reliability predictions, and defect
prediction, the least squares method is effective

3 (1)

P# 1.8 Testing quantum programs by utilising metamorphic relations to solve the quantum
measurement problem is proposed

19 (1)

P# 1.9 QuCAT (QUantum CombineAtorial Testing) [21] and (QUantum InpuTOutput coverage) [26]
and ‘QuSBT [49]’, Quito [26] and quantum software mutation‐based testing method [62], fault
model [61] are techniques proposed for verifying the correctness of quantum programs through
systematic and automated testing. Its aim is to ensure the accuracy of quantum programs

21, 31, 49, 61 (4)

P# 1.10 Researchers should advise the QC sector to give open source software top priority in order to
promote QC innovation, dissemination, and adoption

38 (1)

P# 1.11 In order to extend the advantages of cloud and service computing to quantum software and
services, it is necessary to create new methodologies, tools, and techniques

42 (1)

P# 1.12 We propose that CBQSE might be a promising strategy for the design and creation of systems
based on quantum computers

61 (1)

P# 1.13 To include the effects of QC in software architectures, it may be necessary to devise novel
techniques for defining the characteristics, functionalities, constraints, and attributes attributed to
architectural components

61 (1)

P# 1.14 It is essential to create a community for quantum SE that is focused on coming up with effective
strategies, instruments, and procedures for creating quantum software systems

61 (1)

Abbreviations: CBQSE, Component‐Based Quantum Software Engineering; LoC, lines of code; MLR, multi‐vocal literature review; QC, quantum computing; SE, software engineering.

TABLE 6 Practices for challenge # 2: Difficult compilation and debugging.

S. No. Practice (total practices = 1)

MLR (%)

Frequency
N = 49
Paper ID

P# 2.1 It is essential to create a quantum ecosystem that includes a consistent quantum programming
language, compilers, and debuggers, as well as a quantum hardware abstraction layer. This will
enable the compilation of a single programme for numerous quantum hardware platforms

41 (1)

Abbreviation: MLR, multi‐vocal literature review.
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TABLE 7 Practices for challenge # 3: Lack of development tools and technology.

S. No. Practice (total practices = 7)

MLR (%)

Frequency
N = 49
Paper ID

P# 3.1 The vendors should coordinate their efforts to solve the industry's lack of skilled workers
problem by offering suitable tools and trained staff

1 (1)

P# 3.2 Platform independence and the ability to perform numerous functions, such as the production,
validation, and verification of quantum codes, are requirements for quantum software models

14 (1)

P# 3.3 Quantum modelling notations like QML or architectural languages [9] can be used to describe
the model in a semi‐formal manner

30 (1)

P# 3.4 To support quantum software, one needs a quantum software stack that consists of operating
systems, compilers, and programming languages

63 (1)

P# 3.5 Google's Cirq, Xanadu's Pennylane, and IBM's Qiskit are examples of software development kits
for QC. These kits enable developers and researchers to use a common language that can be
implemented on different quantum platforms. Essentially, they provide a standardised way for
people to work with quantum computers, regardless of the specific hardware they are using

73, 11 (2)

P# 3.6 To carry out computational experiments and validate language and algorithm designs, it is crucial
to have reliable quantum computer simulators in place

77, 19, 71 (3)

P# 3.7 Presently, there is a requirement for a fresh programming approach and software stack to enable
the implementation of QC

78 (1)

Abbreviations: MLR, multi‐vocal literature review; QC, quantum computing.

TABLE 8 Practices for challenge # 4: Lack of development guidelines and quality assurance standards.

S. No. Practice (total = 4)

MLR (%)

Frequency
N = 49
Paper ID

P# 4.1 Professional associations should assess their methods, techniques, and practices and incorporate
the principles of quantum SE to an appropriate extent. Furthermore, they can contribute to
promoting the field by disseminating information about its advantages and challenges

1 (1)

P# 4.2 Guidelines are needed to enable the development of well‐engineered quantum software systems
given the maturity of quantum software development approaches

61 (1)

P# 4.3 Practitioners and the research community must focus on standardising representations for
quantum software components

63 (1)

P# 4.4 To avoid spending time on unnecessary effort, quantum computer scientists need to comprehend
modern SE ideas and practices

82 (1)

Abbreviations: MLR, multi‐vocal literature review; SE, software engineering.

TABLE 9 Practices for challenge # 5: Lack of professional experts.

S. No. Practice (total = 5)

MLR (%)

Frequency
N = 49
Paper ID

P# 5.1 The lack of skilled workers in the disciplines of QC and quantum SE should be addressed by
educational institutions

1, 2, 38, 73, 80, 81 (6)

P# 5.2 Governments should encourage educational institutions to offer training in quantum SE and
computing, physics, linear algebra, and mathematics

1, 2, 3, 8, 65 (5)

P# 5.3 Technical specialists are required to create a QC‐friendly atmosphere and a robust ecosystem that
can transcend organisational boundaries

38 (1)

P# 5.4 It is suggested that practitioners begin understanding the fundamentals of QC 65 (1)

P# 5.5 It is advised that cooperation between businesses and academia must be promoted along with an
integrated strategy for the study and creation of quantum hardware and software. A good
example of such a collaboration is the project ‘Quantum’

38, 79, 83 (3)

Abbreviations: MLR, multi‐vocal literature review; QC, quantum computing; SE, software engineering.
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The underlying impetus driving this research endeavour
resides in the dissemination of invaluable knowledge, poised to
simplify and amplify the process of quantum application
development. By doing so, it is envisaged that this body of
knowledge will afford practitioners enhanced convenience and
efficacy in their pursuit of realising the potential of QC.

5 | ANALYSIS AND DISCUSSION

This section presents diverse analyses of the challenges that
hinder in the adoption of QC in the software industry, gathered
through a MLR. These analyses consider various characteristics
such as continent/country, methodologies mentioned in the

TABLE 10 Practices for challenge # 6: Lack of management support and incorporation of QC in the curriculum.

S. No. Practice (total = 4)

MLR (%)

Frequency
N = 49
Paper ID

P# 6.1 The degree programs for SE and other related fields of study should include courses and
curricula related to quantum SE

1, 2 (2)

P# 6.2 Quantum SE should be included in the strategic plans of the government and funding agencies,
with adequate funding and dissemination programs provided to support its development

1 (1)

P# 6.3 A quantum programming language must provide high‐level abstractions to shorten the
development time and enable portability across diverse quantum hardware backbends

37 (1)

P# 6.4 It is essential for countries to collaborate with the private sector and other friendly nations to
tackle the key challenges facing QC. Additionally, there should be an increase in financial support
for the advancement of this technology

38, 69 (2)

Abbreviations: MLR, multi‐vocal literature review; QC, quantum computing; SE, software engineering.

TABLE 11 Practices for challenge # 7: Challenging design and validation process.

S. No. Practice (total = 4)

MLR (%)

Frequency
N = 49
Paper ID

P# 7.1 The cross‐talk‐aware algorithm is a method for lowering the quantum programmers' mistake rate 19 (1)

P# 7.2 By analysing programs, the identification of bug patterns can aid in the creation of effective
methods for locating bugs in the source code of quantum programs

23 (1)

P# 7.3 In order to make quantum software and services more accessible through cloud and service
computing, it is necessary to create new approaches, tools, and methods

42 (1)

P# 7.4 Since it is currently unclear what debugging methods are best for QC, new strategies must be
developed

61 (2)

Abbreviations: MLR, multi‐vocal literature review; QC, quantum computing.

TABLE 12 Practices for challenge # 8: Limited development environment and resources availability.

S. No. Practice (total = 4)

MLR (%)

Frequency
N = 49
Paper ID

P# 8.1 The utilisation of QSA allows creators and developers of quantum software to establish
connections between the actions of qubits and the various architectural components and
connectors necessary for implementing quantum software

30 (1)

P# 8.2 Tools for evaluating architecture (as exemplified by the Software Architecture Analysis Method
or SAAM) are employed to perform an objective assessment of the architecture and identify any
defects or inconsistencies present in its source code

30 (1)

P# 8.3 We propose that CBQSE may be an effective strategy for the design and creation of systems
based on quantum computers

61 (1)

P# 8.4 To enhance understanding, design, and implementation, design techniques for visualising Q‐
algorithm execution must be used

77 (2)

Abbreviations: CBQSE, Component‐Based Quantum Software Engineering; MLR, multi‐vocal literature review; QSA, Quantum Software Architecture.
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TABLE 13 Practices for challenge # 9: Huge dev, deployment, maintenance, operation and sustainability cost.

S. No. Practice (total = 3)

MLR (%)

Frequency
N = 49
Paper ID

P# 9.1 It is important for individuals involved in the QSE lifecycle, such as algorithm designers and code
developers, to have a good understanding of the software tool chains used in the process

30 (1)

P# 9.2 Technical specialists are required to create a QC‐friendly atmosphere and a robust ecosystem that
can transcend organisational boundaries

38 (1)

P# 9.3 As QC computing is a rapidly evolving field, it requires new engineering methodologies to
address issues such as unforeseen changes in requirements and restricted budgets, which are
often encountered in scientific software projects

61 (1)

Abbreviations: MLR, multi‐vocal literature review; QC, quantum computing; QSE, Quantum Software Engineering.

TABLE 14 Practices for challenge # 10: Lack of quantum computing API & UI.

S. No. Practice (total = 1)

MLR (%)

Frequency
N = 49
Paper ID

P# 10.1 The focus of the research community should be on developing integrated development
environment which is commercially viable and can aid in the implementation of quantum
software

63 (1)

Abbreviations: API, application programming interface; MLR, multi‐vocal literature review; UI, user interface.

TABLE 15 Practices for challenge # 11: Quantum domain complexity.

S. No. Practice (total = 1)

MLR (%)

Frequency
N = 49
Paper ID

P# 11.1 It is recommended to develop a readiness model to support software development organisations
in evaluating, modifying, and enhancing their workflow as they transition from the conventional
to the quantum software development paradigm. The preparedness model will consist of the
assessment portion, which includes factors such as process areas, challenges, and enablers as well
as the rules portion

47 (1)

Abbreviation: MLR, multi‐vocal literature review.

TABLE 16 Practices for challenge # 12: Scalability, portability, integration and interoperability issues.

S. No. Practice (total = 1)

MLR (%)

Frequency
N = 49
Paper ID

P# 12.1 Quipper is a declarative, higher‐order quantum programming language designed for usability,
scalability, and correctness, and addressing the shortage of practical quantum programming
languages. It has a monadic operational semantics, and offers scalability, expressiveness, and a
sound theoretical foundation

13 (1)

Abbreviation: MLR, multi‐vocal literature review.

TABLE 17 Practices for challenge # 13: Lack of roadmap for migration from classical to QC.

S. No. Practice (total = 2)

MLR (%)

Frequency
N = 49
Paper ID

P# 13.1 To ensure a successful transition from classic to quantum software development, practitioners
need a dependable roadmap and guidelines. The readiness model serves as a crucial tool for
software development organisations to aid in this process

47 (1)

P# 13.2 In order to facilitate requirement engineering, particularly in integrating quantum mechanics into
requirement analysis, the development of use cases, and the corresponding UML models, there is
a need for novel and effective hybrid guidelines

63 (1)

Abbreviations: MLR, multi‐vocal literature review; QC, quantum computing; UML, unified modeling language.
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research papers, publication's venue and time/period of pub-
lication. The objective of these studies is to investigate the
consistency of the identified success variables across different
continents, research methods, venue and period wherein the
papers published techniques, in order to explore any variations.

We conducted four distinct analyses on the factors, each
aiming to examine them from a unique perspective. To analyse
the data, we utilised a linear‐by‐linear chi‐square test (LBL‐
CST) in SPSS, considering the ordinal nature of the collected
data. Research literature suggests that this test is preferred and
more effective than the Pearson chi‐square test when assessing
differences between ordinal variables. The following theory
was tested:

� Null hypothesis (H0): There is no statistically significant
difference in the occurrence of communication and coor-
dination issues across different study approaches employed
for a specific task.

� Alternative hypothesis (H1): There is a statistically signifi-
cant difference in the occurrence of communication and
coordination issues among the different study approaches
employed for a specific subject. If the p‐value exceeds 0.05,
we will accept the null hypothesis (H0) and focus on
studying the problems clients encounter in quantum soft-
ware development. Conversely, if the p‐value is equal to or
<0.05, we reject the null hypothesis (H0) and consider the
alternative hypothesis (H1) as supported.

5.1 | Continent‐based analysis of the
identified challenges

In our study, the analysis of our research indicates that the
selected articles were sourced from diverse continents. The
study involves a comparison of challenges identified in Asia,
Europe, and North America by examining 49 research papers.
Table 18 and the visual representation mentioned in Figure 5
displays the distribution of these papers, among them 5
selected from Asia, 25 from Europe, 18 from North America
and only one from other continents. The primary objective of
this study is to explore potential variations in these challenges
among different continents. By understanding similarities and
differences, developers and organisations can effectively
address these challenges in specific regions. To identify sig-
nificant differences across the three continents, the study
employed the linear‐by‐linear association chi‐square test. The
analysis reveals that the challenges exhibit more similarities
than differences among these continents. The only notable
difference found is the ‘Lack of a roadmap for migration from
classical to QC’.

The most common challenges identified across all three
continents are the ‘Lack of quantum‐specific algorithms,
development, and testing methodologies’, ‘Lack of professional
experts’, and ‘Challenging design and validation process’.

In Europe and North America, additional common chal-
lenges includes ‘Lack of development tools and technology’,
‘Limited development environment & resource availability’, and

‘Huge development, deployment, maintenance, operation, and
sustainability costs’. Table 18 highlights that organisations in
North America and Europe face challenges such as ‘Scalability,
portability, integration, and interoperability issues’, ‘Huge
development, deployment, maintenance, operation, and sus-
tainability costs’, and ‘Lack of management support and
incorporation of QC in the curriculum’. In the software industry
of North America, challenges also include ‘Lack of development
guidelines and Quality Assurance Standards’, ‘Lack of profes-
sional experts’, and ‘Limited development environment and
resource availability’. On the other hand, in Europe, the most
common challenges for software development organisations are
‘Huge development, deployment, maintenance, operation, and
sustainability costs’, ‘Challenging design and validation process’,
and ‘Scalability, portability, integration, and interoperability is-
sues’. Meanwhile, the adoption of QC in Asia presents the
challenge of ‘Lack of quantum‐specific algorithms, develop-
ment, and testing methodologies’.

5.2 | Methodology‐based analysis of the
identified factors

The challenges have been categorised into four commonly
employed research methodologies as outlined in Table 19.
Methodologies consist upon experiments, ordinary literature
review (OLR); survey/case study/empirical study, and others,
which encompass websites, reports, and exploratory studies
mentioned graphically in Figure 6. Based on our examination of
49 research papers, we observed that OLR was the most
frequently employed methodology, occurring 16 times. The
second most utilised methodology was survey, case study, and
empirical study, with a frequency of 13. Experiments were
conducted in 9 papers, while other methodologies were
employed in 11 papers.

To address Research Question‐1 (RQ‐1), we have exam-
ined the identified challenges using a range of research meth-
odologies, including experiments, case studies, empirical
research, surveys, interviews and questionnaires. A Linear‐by‐
Linear Chi‐Square test was conducted to determine if there
were any significant differences among the challenges identi-
fied through these various research strategies/methodologies.

Our analysis revealed a single significant difference, which
pertained to the challenge of ‘Challenging Design and valida-
tion process’. The first three challenges, namely ‘Lack of
quantum‐specific algorithms, development, and testing meth-
odologies’, ‘Difficult compilation and debugging’, and ‘Lack of
development tools and technology’, were identified as critical
across all utilised methodologies.

Our findings indicate that a total of 13 critical challenges
were identified through the literature review. However, certain
methodologies did not encompass all these critical challenges,
as their frequencies in specific challenges were 0. Challenges
with a frequency of 40% or higher were considered common
challenges, including ‘Lack of quantum‐specific algorithms,
development, and testing methodologies’, reported by all four
groups of methodologies in Table 19.
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The challenges among 13 with frequencies exceeding 40%
are considered common challenges. The context of the
experiment methodology were ‘Lack of quantum‐specific al-
gorithms, development, and testing methodologies’ (78%),
‘Challenging Design and validation process’ (56%), ‘Lack of
development tools and technology’ (44%), and ‘Scalability,
portability, integration, and interoperability issues’ (44%).

5.3 | Time‐based analysis

Table 20 presents a categorised compilation of identified chal-
lenges based on specific time periods. In order to gain insights
into the range of challenges during distinct intervals, we
examined two time periods: 2010–2015 and 2016–2023, and
analysed the challenges identified within each period as shown
in the chart mentioned in Figure 7. The linear‐by‐linear asso-
ciation chi‐square test was utilised to assess if any significant
differences existed among the challenges identified through the
various research strategies and methodologies mentioned
earlier.

Our analysis unveiled two notable differences related to the
challenges of ‘Challenging Design and Validation Process’ and
‘Limited Development Environment and Resource Availabil-
ity’. Out of the 49 selected research papers, only 4 fell within
the 2010–2015 timeframe, while 45 were published during the
2016–2023 period mentioned in chart in Figure 7. This in-
dicates that QC remains a relatively new and emerging field of
research, warranting further investigation and exploration.

Based on the criteria used to identify critical challenges, we
have identified a total of 13 challenges. The challenge of ‘Lack of
quantum‐specific algorithms, development, and testing meth-
odologies’ emerged as the most critical challenge in both pe-
riods, with frequencies of 75 and 62, respectively. However, it is
noteworthy that the frequency of this challenge decreased in the
second period, suggesting that it has garnered more attention
from researchers and practitioners. Similarly, the challenge of
‘Lack of development tools and technology’, with frequencies of
50 and 20 in the two periods, indicates that this area has also
received attention from researchers and developers. However,

its higher frequency implies that it remains a critical challenge
that necessitates solutions for wider adoption of QC.

In Table 20, Challenge number 5, which is the ‘Lack of
development guidelines and Quality Assurance Standard ex-
hibits a frequency of 0 and 18 in the respective time periods’.

The challenge ‘Lack of professional experts’ has a fre-
quency 25 in 2010–2015 period and 29 in 2016–2023 period.
This analysis indicates that as research and practical work
expanded during the second period, the demand for profes-
sional experts and the need for guidelines and quality assurance
standards also increased over time. If these challenges are not
effectively addressed on time then they could become more
critical in the adoption of QC in the software industry.

The challenges ‘Challenging Design and validation process’
(100 and 29), ‘Lack of development tools and technology’ (50
and 20), and ‘Scalability, portability, integration, and interop-
erability issues’ (75 and 18) in both time periods indicate that
they were significant challenges in the initial period but were
significantly and actively addressed in the later period. This
suggests that organisations recognised the importance of these
challenges and made efforts to tackle them. However, as time
progresses, these challenges will require continued attention
and focus.

Certain challenges, such as ‘Difficult compilation and
debugging’ (0 and 20) and ‘Huge Dev, deployment, mainte-
nance, operation, and sustainability cost’ (25 and 33), are
considered critical issues in both time periods and continue to
present obstacles in the implementation of QC.

5.4 | Analysis of the identified challenges
based on the venue of the publications

Table 21 presents an analysis of the publication outlets
examined in our study. Out of the 49 selected papers used for
data extraction through MLR, we found that these papers
were published in various channels, including journals, work-
shops, conferences, and symposiums. To facilitate analysis, we
categorised these channels into three groups: conferences,
journals/workshops/symposiums, and ‘other’ (referring to
GL, reports, website/webpages, and white papers). Table 21
indicates that the majority of our sample papers were pub-
lished in conferences, followed by journals, workshops, and
symposiums.

Based on the distribution of papers across these three
channel groups, we identified several challenges. Our findings
indicate that 22 papers in our study were related to conferences,
13 were related to journals/workshops/symposiums, and 14 fell
into the ‘other’ category. We conducted a Linear‐by‐Linear Chi‐
Square test to identify significant differences among these
challenges and found only one significant difference related to
the ‘lack of development guidelines and quality assurance
standards’. According to our analysis shown in Table 21, the
challenges of ‘Lack of quantum specific algorithms, dev and
testing methodologies’ (73, 54 and 57), ‘Difficult compilation
and debugging’ (23, 15 and 14), and ‘Lack of development tools
and technology’ were found in research papers published in all

F I GURE 5 Continent based analysis of challenges.
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three categories of publications, making them the most com-
mon challenges.

To compare these challenges between the categories of
conferences and journals/workshops/symposiums, the most
critical challenges reflected in most of the research papers are
‘Lack of development tools and technology’ (27, 23), ‘Lack of
development guidelines and Quality Assurance Standards’ (27,
15), ‘Lack of professional experts’ (32, 31), ‘Challenging Design
and validation process’ (32, 62), ‘Huge Dev, deployment,
maintenance, operation, and sustainability cost’ (41, 38), and
‘Lack of roadmap for migration from classical to QC’ (27, 38).

6 | CONCLUSION AND FUTURE WORK

In this research, we performed a comprehensive review of
existing white and grey literatures, known as a MLR, with the
aim to identify the range of factors and challenges that hinder
in the adoption of QC in software industry. Furthermore, we
explored different practice and strategies to tackle these chal-
lenges. To address the research question RQ‐1, we outlined a
total of 13 challenges encountered by organisations during the
adoption of QC. Subsequently, we examined these challenges
deeply and determined that 5 of them were most critical. The
critical challenges are the ‘Lack of quantum specific algorithms,
dev and testing methodologies’, ‘Difficult compilation and
debugging’, ‘Lack of development tools and technology’, ‘Lack
of development guidelines & Quality Assurance Standards’ and
‘Lack of professional expert’, together founding over 30% of
occurrences. Moreover, we evaluated these challenges from

F I GURE 6 Methodology based analysis of challenges.

TABLE 20 Time based analysis of challenges.

Time based analysis of challenges

S. No. Challenges

2010–
2015
(N = 4)

2016–
2023
(N = 45)

Chi‐square test
(linear‐by‐linear
association)
α = 0.05, df = 1

F % F % χ2 P

1. Lack of quantum specific algorithms, dev and testing methodologies 3 75 28 62 0.253 0.615

2. Difficult compilation and debugging 0 0 9 20 0.960 0.327

3. Lack of development tools and technology 2 50 9 20 1.860 0.173

4. Lack of development guidelines and Quality Assurance Standards 0 0 8 18 0.833 0.362

5. Lack of professional expert 1 25 13 29 0.027 0.870

6. Lack of management support and incorporation of QC in the curriculum 0 0 8 18 0.833 0.362

7. Challenging design and validation process 4 100 13 29 8.031 0.005

8. Limited development environment and resources availability 3 75 11 24 4.507 0.034

9. Huge dev, deployment, maintenance, operation and sustainability cost 1 25 15 33 0.114 0.736

10. Lack of quantum computing API & UI 2 50 6 13 3.541 0.060

11. Quantum domain complexity 1 25 7 16 0.235 0.628

12. Scalability, portability, integration and interoperability issues 3 75 8 18 1.561 0.152

13. Lack of roadmap for migration from classical to QC 0 0 14 31 1.707 0.191

Abbreviations: API, application programming interface; QC, quantum computing; UI, user interface.

F I GURE 7 Time base analysis.
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various perspectives, including time frame, methodology,
geographical region, and publication platform. To answer the
research question RQ‐2, we discovered a total of 53 practices
from published as well as from GL. The identification of these
challenges will help the software industry to tackle them seri-
ously. Moreover, the industry may adapt the practices that we
identified for addressing these challenges.

Our research was limited only to literatures review and this
enabled us to light on various challenges and practices/solu-
tions. However, our knowledge about the challenges faced by
organisation/industries in practice while adopting QC is defi-
cient. It is our future plan to carry out an empirical study and
overcome this deficiency. Existing literature suggests a
shortage of development tools and technologies for the prac-
tical implementation of QC, along with lack of suitable quan-
tum SDLC and models, which are largely non‐existent.
Consequently, our future plans also involve the development of

a model for quantum software development life cycles to cover
these gaps.
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TABLE 21 Publication venue based analysis of challenges.

Publication venue based analysis

S. No. Challenges

Conference
(N = 22)

Journal
workshop/
symposium
(N = 13)

Others
(N = 14)

Chi‐square test
(linear‐by‐linear
association)
α = 0.05, df = 1

F % F % F % χ2 P

1 Lack of quantum specific
algorithms, dev and testing
methodologies

16 73 7 54 8 57 1.049 0.306

2 Difficult compilation and
debugging

5 23 2 15 2 14 0.441 0.507

3 Lack of development tools and
technology

6 27 3 23 2 14 0.788 0.375

4 Lack of development guidelines
and Quality Assurance Standards

6 27 2 15 0 0 4.554 0.033

5 Lack of professional expert 7 32 4 31 3 21 0.407 0.524

6 Lack of management support and
incorporation of quantum
computing in the curriculum

6 27 1 8 1 7 2.820 0.093

7 Challenging design and validation
process

7 32 8 62 2 14 0.617 0.432

8 Limited development environment
and resources availability

7 32 4 31 3 21 0.407 0.524

9 Huge dev, deployment,
maintenance, operation and
sustainability cost

9 41 5 38 2 14 2.472 0.116

10 Lack of quantum computing
API & UI

3 14 4 31 1 7 0.100 0.752

11 Quantum domain complexity 5 23 1 8 2 14 0.593 0.441

12 Scalability, portability, integration
and interoperability issues

3 14 4 31 1 7 0.100 0.752

13 Lack of roadmap for migration
from classical to QC

6 27 5 38 3 21 0.071 0.790

Abbreviations: API, application programming interface; QC, quantum computing; UI, user interface.
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