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Universalization of Quantum Software Engineering 

 

The recent accelerated interest in quantum computing and engineering efforts towards the development 

of quantum hardware devices has motivated the need for devising algorithms to tap into the potential 

that quantum computing can offer for real world applications through software. Quantum computing 

exploits the non-intuitive laws of quantum mechanics like superposition, interference, and entanglement 

to perform computation using quantum bits. This offers parallelism and computational speedups 

enabling it to tackle some limitations of classical computing in solving certain difficult problems in 

domains like finance, pharmaceutics and bio-medicine, molecular chemistry, material sciences, and 

optimization of logistics and supply chain. This very special nature of quantum computation also makes 

the designing and engineering of quantum software, a non-trivial task. In order to convert our theoretical 

knowledge of the emerging field of quantum computing into useful real-world applications, the ability 

to build algorithms and implement them as software programs becomes crucial. However, the current 

state of quantum software lacks the universal acceptance of standard guidelines, methods, and 

principles, leading to inefficient and disjoint efforts in developing quantum software. As history has it, 

concepts in classical software engineering have evolved from the 1920s and this era demands the need 

for this history to repeat for the promising art of quantum software engineering! 

This whitepaper dives deep into Quantum Software Engineering, discussing the need for 

universalization and the potential pathway towards a standard for QSWE by analyzing the challenges, 

stakeholders, technological capabilities, and proposes a simple Quantum Software Development 

Lifecycle (QSDLC) model, calling for universalization of quantum software engineering and advocates 

for the development of a standardized hardware-agnostic and programming-language-agnostic 

approach to writing scalable, maintainable, interoperable, reliable, and efficient quantum software 

programs. In this whitepaper, we define the term “universalization” as finding a common ground among 

the contributions being made to the field in terms of being hardware and programming language 

agnostic, to guide efforts towards the ultimate goal of making quantum computers useful. We 

understand and in fact, encourage that this definition must evolve to a more specific and narrower 

context as the field progresses. 

Objectives of this Whitepaper: 

In this whitepaper, we aim to explore the following questions: 

● What is Quantum Software Engineering (QSWE)? 

● Why do we need a universal standard for QSWE? 

● Can we take inspiration from Classical Software Engineering? How different are Classical and 

Quantum SWE? 



 

● What can be a good model for QSDLC in a bigger picture perspective? 

● Call for action: How can we approach the Universalization of QSWE? Who are the 

stakeholders? 

What is QSWE? 

Quantum Software Engineering or QSWE is broadly the science of engineering a structured approach 

to design, implement, maintain, and evolve software for quantum computers based on systematic 

guidelines, principles, and theories.  

Implementation of quantum software as quantum algorithms is needed in order to make quantum 

computing practical and useful for real-life use cases. Implementation of quantum algorithms must be 

inspired from classical software engineering techniques to ensure it’s reliable. Moreover, it’s productive 

to learn from and adopt the concept of a software development life cycle (SDLC) for writing quantum 

software, involving the primary phases that we’re familiar with from classical SDLC – requirements 

analysis, architecture and design, development, testing, debugging, and maintenance. Such a SDLC for 

quantum software doesn’t currently exist and can be one of the stepping stones towards developing 

homogeneity in our approach to QSWE. [1] 

Ideally, Quantum Software Engineering is the art and science of being able to write software which is 

purely quantum in nature, to be executed on a purely quantum device. It’s obvious that this may not 

only be an overly-ambitious endeavour but scientists haven’t been able to prove that this might be a 

possibility. Thus, in this whitepaper, we will not consider this ideal approach to quantum software 

engineering. 

A more practical approach, currently accepted by the quantum industry is the Classical-Quantum 

Hybrid approach which involves fostering an interactive collaboration that sends specific parts of the 

problem to the best suited solver. This leverages the advantage that classical computing offers at specific 

stages and that quantum computing offers at other stages, to ultimately solve the problem iteratively. 

This has been found to be a good way to reach the potential of a near-term quantum computer as 

beautifully conveyed in various works including that by (Callison & Chancellor, 2022). The need for 

the coexistence of classical and quantum computing to enable near-term utility is unequivocal. 

Another interesting practical approach to quantum computation is a technique called quantum 

simulation. It would not be wrong to say that simulation is a prototype to gain insights into how a real 

quantum computation might work using techniques like tensor networks or Monte Carlo methods. This 

might also be a temporary solution to the lack of quantum hardware resources. Quantum simulations, 

however, is quintessential in the sense that it does not contain noise intrinsically. However, to navigate 

this, it is possible to build noise models which can then be artificially introduced into the system for 

practical purposes, to be able to simulate closest to how natural systems behave. 



 

Quantum simulations coupled with High Performance Computing (HPC) is essential for developing 

hybrid quantum-classical algorithms, such as variational quantum eigensolvers (VQEs) and quantum 

approximate optimization algorithms (QAOAs) which form the fundamental base of many industrial 

applications in pharma, biomedical, finance, logistics, chemistry, to mention few examples.  

In both cases, it can be clearly identified that the key challenge in the domain of quantum software 

engineering is to be able to rework and provide an extension to the whole of classical software 

engineering for a quantum mechanical domain so that programmers can manipulate quantum programs 

with the same ease and confidence that they manipulate today’s classical programs. [2]  

Quantum computing is not only to be perceived as a technological advancement, but also needs to be 

looked upon as an enterprising opportunity for developing and standardizing a new general-purpose 

paradigm of computation and more importantly, a strikingly unique realm of software development. 

This calls for new, quantum-specific, software engineering approaches. [3] Quantum software 

engineering methods provide the techniques for constructing quantum software. They consist of a wide 

range of tasks, including the design of data structures, program architecture, algorithm procedure, 

coding, testing, and maintenance. Quantum software engineering tools also provide automated or 

semiautomated support for these methods.  

QSWE processes are the foundation for quantum software engineering. Processes provide the glue that 

holds the methods and tools together and enables the rational and timely development of quantum 

software. They define the sequence in which methods would be applied: the deliverables, the controls 

that help quality assurance and change coordination, as well as the milestones that enable quantum 

software managers to access the progress. [3]  

In a special issue of Applied Sciences (ISSN 2076-3417) titled ‘Quantum Software Engineering and 

Programming’, by Professor Mario Piattini highlights the current state of quantum software 

development. “With the rise of the first quantum computers, several programming languages and 

quantum algorithms came up with promising results. Nevertheless, quantum software is not yet 

produced in a rigorous and industrial way. Software engineering and programming practices need to be 

brought into the domain of quantum computing” (Piattini, 2023). [4] 

It’s clear that origin of any discussion on quantum software must be with the quantum stack which 

might range from programming languages to compilers to operating systems in a top-down approach.  

This software stack requires tasks such as the design of quantum programs, implementation techniques 

for quantum algorithms, and testing and maintenance of quantum software at the topmost. But the 

inherent quantum characteristics of superposition and entanglement, disenable the usage of classical 

software engineering methods for practical quantum software. In addition, building quantum programs 



 

poses significant difficulties for software developers due to the need for switching to an entirely 

different programming mindset with such counterintuitive quantum principles. (Chen & Schoute, 2022) 

Thus, it becomes important that our entry-point to the quantum software stack, must be programming-

language agnostic, as a first step towards universalization. This would mean that a programmer with 

experience of Python or Java or any other language should be able to utilize their pre-existing skills to 

build quantum programs without the necessity to learn a particular language they might not be familiar 

with already. This ensures that the primary barrier to contributing to quantum computing is broken 

down. 

However, this alone does not mean that the developer would be free from the complexities and 

challenges posed by the quantum mechanical laws governing quantum computation. A potential 

solution to this problem would be to adopt, from the world of classical software engineering, the 

principle of abstraction to hide out the unnecessary details and deeper concepts of quantum physics 

which might be used in quantum programs. 

[5] Quantum computing being a young field, it is quite natural that very minimal work has been done 

to determine the challenges quantum software developers face and will face in the future as technology 

evolves. This step will play an important role in formulation of industry best practices. “To the best of 

knowledge, no empirical study has been conducted to explore the key challenging factors faced by QSE 

practitioners. Hence, we are motivated to conduct a study that can help the software organization to 

focus on challenging factors that could have significant negative influence on successful execution of 

QSE process.” (Liu & Yang, 2023) 

Although it is not clear what are all the challenges and opportunities of quantum computing facing the 

software engineering community, we have identified that lack of a programming-language-agnostic 

approach and universally accepted levels of abstraction could be key challenges that quantum 

computing researchers and engineers presently face.  

In this section, we have surveyed the difficulties of quantum software engineering and hinted towards 

potential solutions, which we will discuss in more detail in the coming sections. We argue that there is 

an urgent need for standardization that is independent of hardware and programming languages, that 

standardization organizations, in collaboration with researchers from academia, industry, and quantum 

hardware providers, must work to develop more rigorous and efficient ways of expressing useful 

quantum programs for applications that will serve humankind. As discussed, since the majority of 

classical software engineering standards do not apply to QSWE, it is essential to include and involve 

all relevant stakeholders in the quantum community in order to create a standard for QWSE and pave 

the path towards universalization. This will ensure that the developers of quantum software only need 

to adhere to that process rather than worry about various arrays of quantum technologies, hardware, or 

toolkits, that one can choose from at the moment. 



 

We, therefore, propose that there exists a dire need for a sustained effort towards creating a standard to 

formulate a layer interfacing the quantum software architecture (QSA) and quantum hardware 

architecture (QHA). The Quantum Software Engineering Life Cycle Model (shown in Fig 1) is thus 

proposed towards such a QSA-QHA standard.  

 

Fig. 1 QSDLC, QHA, and QSA: The Bigger Picture 

Diagram Terminology: 

Quantum Hardware Architecture (QHA): 

QHA is the blueprint of how a quantum device is organized such that its components work well together 

to perform tasks like quantum computation, quantum memory management, and input and output (I/O) 

management. 

Quantum Software Architecture (QSA): 

QSA is a more abstract concept that dictates how decisions are made and gives a design structure, and 

defines the components and relationships among them. QSA is expected to enable quantum developers 

to achieve higher level abstraction. 

Quantum Operating System (Quantum OS): 

A term introduced as QOS by (Giortamis, Romão, Tornow, & Bhatotia, 2024) in their work titled 

“QOS: A Quantum Operating System.”, is defined as the system stack that helps manage quantum 

resources. 



 

 

Control: 

Control is a layer in the quantum computing stack that involves the translation of quantum operations, 

for example gates application into analog signals. It acts as a mediator between the quantum and 

classical worlds. 

Universal Quantum Compiler: 

We define a universal quantum compiler as a compiler that translates high level quantum programs to 

control level (quantum operations to analog signals) and then map them to hardware level pulses to 

manipulate qubits 

Quantum Software Development Lifecycle (QSDLC): 

As briefly described in the first section of this whitepaper, QSDLC is a cycle similar to the one we are 

familiar with in classical software engineering, starting from requirements analysis to maintenance. 

However, each of these phases itself wouldn’t be similar to their classical counterparts due to inherent 

nature of the science that we use for quantum computation. This means that although we can take 

inspiration from classical SWE, we must adapt the phases of our cycle, which can position us to create 

just as reliable, scalable, and efficient software as is possible with classical SWE if not better. 

Stakeholders: 

Current state-of-the-art Quantum Computing: Software, Hardware, Stakeholders 

I. Quantum Hardware – Technologies & Vendors 

Developers of quantum hardware and computing technologies face several critical challenges, including 

scalability, error correction, decoherence, temperature requirements, and system integration. 

Effectively addressing these challenges is vital for advancing quantum computing towards practical and 

scalable applications. This section will discuss various quantum computing hardware technologies and 

highlight companies focussing on developing these technologies and associated quantum processing 

units (QPUs). 

Superconducting 

Superconducting qubit-based systems utilize superconducting circuits to generate and control qubits, 

which are the fundamental units of quantum information. Operating at ultra-low temperatures to achieve 

superconductivity, these circuits enable precise manipulation of quantum states. Superconducting 

qubits are favoured in quantum computing for their scalability, rapid gate operations, and relatively 



 

well-characterized error rates. Companies in this field, including IBM, Google, Intel, Rigetti, and 

Quantum Circuits Inc., are focussing on the development of superconducting quantum hardware. 

Trapped ion 

Trapped ion quantum computers utilize electrically charged ions confined within electromagnetic traps 

as qubits. These ions are precisely manipulated using lasers to execute quantum operations. This 

technology is distinguished by its high precision and low error rates, attributed to the isolation of the 

ions. Trapped ion systems are recognized for their robust quantum gate operations and extended 

coherence times, positioning them as a prominent candidate for scalable quantum computing. 

Companies such as IonQ and Quantinuum focus on developing trapped ion-based quantum computing 

technologies. 

Annealing 

Quantum annealing is not per se a qubit technology but is a certain way of using the technology which 

is employed in quantum computers to address optimization problems by identifying the lowest energy 

state of a system. This approach involves initializing a quantum system in a superposition of states and 

progressively evolving it to minimize a specified objective function. Unlike gate-based quantum 

computing, quantum annealing is tailored for optimization tasks and is particularly effective for 

navigating complex, rugged problem landscapes. D-Wave Systems is one of the companies in this 

domain, focussing on the development of quantum annealing hardware. 

Photonic 

Photonic quantum computers use photons to represent and process quantum information. They leverage 

the quantum properties of light, such as superposition and entanglement, to perform computations. This 

technology benefits from high-speed data transmission and low error rates, as photons are less 

susceptible to decoherence compared to other qubit types. Companies like Xanadu and PsiQuantum are 

focussing on developing photonic quantum computing technologies. 

 

 



 

NV centers in diamonds 

Quantum computing technologies using nitrogen-vacancy (NV) centers in diamonds utilize these 

defects in diamond crystals as qubits. NV centers exhibit quantum properties that can be manipulated 

using optical and microwave techniques. This approach benefits from high precision, long coherence 

times, and operational stability at room temperature. Companies like Quantum Brilliance, Infleqtion are 

focussing on this technology for its potential in robust and scalable quantum computing. 

Quantum Simulators 

Although quantum simulators are not technically “quantum hardware”, we would like to give it 

a special mention. 

Quantum simulators are classical computing systems engineered to emulate quantum computers and 

their algorithms. These simulators enable researchers to test and develop quantum algorithms on 

classical hardware by replicating quantum phenomena. Although they cannot fully capture the 

performance of actual quantum computers, they offer critical insights into quantum algorithms and 

assist with debugging and optimization. Quantum simulators are vital for bridging the gap between 

theoretical quantum computing and practical hardware implementation. Companies such as NVIDIA 

and Atos are focussing on quantum simulation technologies. 

Other notable quantum hardware use technologies like neutral atoms and NMR (nuclear magnetic 

resonance) to perform quantum computation. 

II. Quantum Software – Proprietary and Open Source 

Proprietary quantum software 

Proprietary quantum software development toolkits for creating quantum software and algorithms 

include, Rigetti Forest [6], Hewlett Packard Enterprise (HPE) Quantum Simulator [7], D-Wave Ocean 

[8], IonQ’s Quantum Cloud [9], Classiq SDK (offers both enterprise and open source) [10], QC Ware’s 

Promethium [11], Multiverse Computing’s Singularity SDK [12] and others. Some of the below stated 

open-source quantum software like Pennylane by Xanadu, Qiskit IBM Quantum Experience, Cirq for 

particularly Google Quantum AI, also offer some advanced features as proprietary components, that 

help build upon their open-source offering for more complex, often business-scale applications. 

 



 

Open-Source Quantum Software 

In addition, several open-source toolkits support the development of quantum software and algorithms. 

These include Qiskit (IBM) [13], Cirq (Google) [14], Microsoft Quantum Development Kit (QDK) [15] 

Q-CTRL Python Open Controls [16], Quantify by Qblox and Orange Quantum Systems [17], Intel 

Quantum Simulator [18] Berkeley Quantum Synthesis Toolkit [19], SILQ (ETH Zürich) [20], Qibo 

[21], Bluqat [22], TensorFlow Quantum [23], Qbsolv (D-Wave) [24], LIQUi|> (Microsoft) [25], 

PennyLane by Xanadu [26], Pasqal’s pasqal-cloud [27], Rigetti pyquill [28] and among others. 

It’s worth noting that some of these quantum software service providers interestingly have both 

proprietary, enterprise solutions and open-source SDKs, allowing not only researchers and academics 

but also the general quantum enthusiast to build solutions using their quantum software tools. There 

exist additional hardware dependencies which are imposed on the software tool to restrict users to 

execute only on their quantum hardware offerings, which make the lines of open-source versus 

proprietary blurry and often comes with a cost to execute on their hardware, when building more 

scalable applications and working on larger-scale projects, which necessitate large number of qubits. 

III. Universities and Research Institutions: Quantum Algorithms, Quantum 

Computing, Quantum Software Engineering 

Globally, several universities are at the forefront of quantum algorithms and software development. 

These institutions are advancing quantum computing technologies through extensive research and 

development in quantum algorithms and software. Notable examples include: 

● University of California, Berkeley (quantum algorithms, quantum software development, 

quantum error correction) [29] 

 

● University of Cambridge (quantum computing algorithms, quantum information, and related 

fields) [30] 

 

● Massachusetts Institute of Technology (MIT) (quantum computing, quantum algorithms, 

quantum machine learning, quantum simulations, and quantum complexity theory) [31] 

 

● Harvard University (quantum algorithms, quantum error correction, and quantum 

information processing) [32] 

 

● University of Oxford (quantum algorithms, quantum information theory, and quantum 

software development) [33] 

 



 

● University of Waterloo (quantum algorithms and software development) [34] 

 

● University of Toronto (quantum algorithms, quantum machine learning, and quantum 

software) [35] 

 

● University of Copenhagen (quantum computing theory and algorithms) [36] 

 

● ETH Zurich (quantum algorithms, quantum information theory, and quantum software 

development) [37] 

 

● California Institute of Technology (Caltech) (quantum algorithms, quantum error correction, 

and quantum information theory) [38] 

 

● Carnegie Mellon University (Software Engineering Institute) (quantum computing, quantum 

software architecture) [39] 

These universities, among others, are significantly contributing to the progress and innovation in the 

field of quantum computing, quantum algorithms, and quantum software development. 

IV. Quantum Computing – Practical Applications and Industry Specific QSWE 

Quantum computing offers substantial potential across a variety of industrial applications, including; 

Pharmaceuticals and Healthcare: Quantum computing has the potential to significantly accelerate 

drug discovery and development by simulating molecular interactions with unprecedented speed and 

accuracy. This capability could lead to substantial advancements in personalized medicine and the 

development of new therapies. It’s a known fact that quantum computing promises substantial 

advantages for applications and challenging open scientific problems like drug discovery, protein 

folding, genetics research, and more biomedical and pharma applications. As a prominent example, 

quantum simulation has been found to have the potential to enable faster and more accurate 

characterizations of molecular systems than existing quantum chemistry methods. [40] 

Finance: Quantum algorithms have the potential to improve risk analysis, optimize trading strategies, 

and enhance portfolio management by processing complex financial models and large datasets with 

greater efficiency than classical computers. [41] 

Materials Science: Quantum computing facilitates the discovery and design of new materials with 

specific properties, such as high-temperature superconductors or advanced polymers, by enabling the 

simulation of atomic and molecular structures. [42] 



 

Logistics and Supply Chain: Quantum algorithms can optimize complex supply chain and logistics 

challenges, including route planning and inventory management, thereby enhancing efficiency and 

reducing costs. [43] 

Cryptography: Quantum computing has the potential to compromise existing cryptographic protocols, 

necessitating the development of quantum-resistant encryption methods to safeguard sensitive data. 

[44] 

Artificial Intelligence and Machine Learning: Quantum computing can advance machine learning 

algorithms by enabling faster data processing and more efficient training of complex models, resulting 

in enhanced pattern recognition and decision-making capabilities. [45] 

Energy Sector: Quantum computing has the potential to optimize energy grids, enhance materials for 

energy storage, and simulate chemical processes, thereby improving energy production and 

management. [46] 

Chemistry: Quantum simulations can enhance our understanding of chemical reactions and processes, 

facilitating advancements in fields such as catalysis and synthetic chemistry. [47] 

Aerospace and Defence: Quantum computing aids aerospace and defence by optimizing satellite 

networks, enhancing cryptographic security, developing advanced materials, improving simulations for 

design, refining signal processing, and solving complex optimization problems more efficiently. [48] 

These applications underscore the transformative potential of quantum computing across diverse 

industries, promising significant enhancements in efficiency, accuracy, and innovation. 

V. Governments as Stakeholders in Quantum Computing 

Governments around the world are making substantial investments and taking active roles in the 

development of quantum computing. Notable examples include: 

 

 

 

 

 

 

 

 



 

Fig 2: Public Investments in Quantum Computing. Retrieved from https://www.bcg.com/publications/2024/long-term-forecast-for-quantum-

computing-still-looks-bright 

United States: The U.S. government has committed significant funding through initiatives such as the 

National Quantum Initiative Act and investments by agencies like the Department of Energy (DOE) 

and National Science Foundation (NSF). [49] 

European Union: The EU has launched the Quantum Flagship program, a 10-year initiative aimed at 

advancing quantum technologies and fostering collaboration across member states. [50] 

As a part of EU, The Netherlands government is actively supporting quantum computing through 

substantial funding for research and development to advance quantum technologies and foster 

collaboration among academic institutions, industry, and government agencies. [51] 

China: China is investing heavily in quantum research through initiatives like the National Laboratory 

for Quantum Information Sciences and various government-backed research projects. [52] 

Canada: The Canadian government supports quantum research through programs such as the Quantum 

Flagship and investments in institutions like the University of Waterloo’s Institute for Quantum 

Computing. [53] 

United Kingdom: The UK government’s National Quantum Technologies Programme focuses on 

funding research and development in quantum technologies, including computing. [54] 

Australia: Australia is investing in quantum research and development through initiatives like the 

Australian Research Council (ARC) and collaborations with institutions like the University of Sydney. 

[55] 

Singapore: Singapore is actively advancing quantum computing through significant investments in 

research and aims to foster innovation, enhance its technological capabilities, and contribute to global 

advancements in quantum computing. [56][57] 

These investments reflect the strategic importance of quantum computing in advancing technological 

capabilities and maintaining global competitiveness. 

Inspiration from Classical Software Engineering 

As it is the case with classical software engineering, envisioning a quantum software stack that might 

range from programming languages to compilers to operating systems to hardware control would serve 

as a good starting point. 

An interesting aspect of classical software engineering for quantum software engineering is the avenue 

of formal verification, which is a challenging sub-component as much as an important one. This sub-

component is used to check if programs are correct using model checking, formalisms, and techniques 

https://www.bcg.com/publications/2024/long-term-forecast-for-quantum-computing-still-looks-bright
https://www.bcg.com/publications/2024/long-term-forecast-for-quantum-computing-still-looks-bright


 

like theorem proving. Verification of quantum programs becomes particularly important in the quantum 

setting due to the sheer difficultly in programming complex algorithms “correctly”, given resource-

constrained and error-prone quantum hardware devices.  [58] 

One of the primary differentiators between quantum computing and classical computing is the 

architecture of hardware devices used for computation. Classical computers have evolved over the years 

from the simple abacus to Charles Babbage’s infamous Analytical Engine to the modern computers that 

we use today. It will not be wrong to say that the evolution has stabilized over these decades to formalize 

the present universal modern computer. However, this is not yet the case for quantum computers. 

Researchers and engineers building such quantum devices come from different schools of thought, 

paving the way for multiple quantum architectures which mainly vary depending on the type of qubits 

used. 

Moreover, in contrast to quantum software engineering, clear standards have been developed, evolved, 

and accepted in classical software engineering over the years since the 1960s. It’s noteworthy that the 

stabilization and establishing of standards has taken years of research and efforts which allows classical 

software with high levels of quality to be written, shipped, and maintained today. ISO/IEC TR 

19759:2015 highlights the best practices in a Software Development Life Cycle starting from Software 

Requirements Analysis, Software Design, Software Construction, Software Testing and Maintenance, 

which has enabled seamless development of classical software applications. While a model for a QSWE 

SDLC might not be as straightforward as the classical SDLC, ISO/IEC TR 19759:2015 [59] inspires 

similar standardization efforts for quantum software applications.  

Years of research and efforts to create, implement, and uphold a broad range of these software 

development standards, driving the creation, deployment, and maintenance of software applications by 

standardization organizations like the ISO (International Organization for Standardization), IEEE 

(Institute of Electrical and Electronics Engineers), and the IEC (International Electrotechnical 

Commission) on software development standards have culminated into an universal approach to 

classical software engineering. Such standardizations have enabled programming languages to act in a 

hardware agnostic manner, allowing them to operate on several different hardware without much 

changes.  

Moreover, this has given a structured approach to creating quality software applications which the 

industry can follow, to support features like reusability, reliability, scalability, portability, and 

compatibility, which enhance the calibre of the software. Some important ISO standards have been 

established for classical software engineering which we are discussing in ISO/IEC/IEEE 15288:2023 

[60]. Systems and software engineering is a standard in classical software engineering that has given an 

universal framework for the creation and sustenance of software applications throughout their life which 

included the conceptual model of the software’s architecture that addresses the higher level description 



 

of processes involved. As established through ISO IEC 42010 [61], Software Architecture gives a bird’s 

eye view and blue print of the software application that describes the components and their connectors 

while abstracting out the lower-level implementation aspects. Often, the Software Architecture is 

expected to include the architecture viewpoints and description languages while also solidifying 

programming conventions and other common methodologies of describing software architectures.  

Since the quantum computing industry has already started to leverage the power of quantum mechanics 

for more efficient computation of certain special problems, it only becomes crucial now to research the 

best practices for QSWE. Although the risk maturity is relatively low, with the field of quantum 

computing itself in its infancy stages, efforts towards proposing approaches to universalize QSWE are 

a promising bet for shorter and longer terms. Quantum computing is the future and it’s going to be 

possible through Quantum Software Engineering. Thus, it’s crucial to focus efforts on standardization 

and universalization in the present.  

The short-term benefits may include cost cutting and reducing development hours for startups and 

quantum software development companies as seen in classical software engineering; but also the 

prospects of filling the three major gaps in this field – 1) Lack of a talented workforce, 2) Same piece 

of code often cannot be executed on multiple hardware architectures and 3) Too many hardware, 

programming language, and vendor dependent quantum computing SDKs and frameworks to learn.  

Quantum computing’s current limitation of only being capable of hybrid classical-quantum execution 

rather than a purely quantum computational model is to be taken into account while proposing such 

standards. It’s becoming increasingly important to introduce such standards for quantum software 

engineering although it’s currently only an emerging area of research within the field of quantum 

computing. This paper strongly invites and urges the stakeholders - Standardization organizations 

(NIST, ISO, IEEE, IEC, et al), Academic researchers, Quantum Computing Software Development and 

Applications companies, to play a role in the path ahead in this unexplored area of research to pave the 

way for remarkable impacts in the world of quantum computing to solve real-world problems through 

QSWE.   

Like classical computers, quantum computers have hardware and software components. The field of 

QSWE and Quantum Software Development is an expeditiously evolving field that works towards 

exploiting the power of quantum computing for various applications. Quantum Software Development 

also faces many challenges, such as scalability and interoperability, in addition to noise and error 

correction. These challenges are mainly due to the different types of quantum hardware and 

technologies prevailing today.  

Quantum hardware consists of three vital components. The first and the key one is Quantum Data Plane 

and is the crucial component that “includes the physical qubits and corresponding structures to hold 

them together”, as defined by Amazon Web Services (AWS). The control and measurement plane turn 



 

the control processor’s digital signals, which specify what quantum operations are to be performed, to 

the analog control signals needed to perform the operations on the qubits in the quantum data plane. 

The control processor plane operates at a lower level of abstraction and it converts compiled code to 

commands for the control and measurement layer. Designing and manufacturing the control processor 

plane is very complex and today it is entirely vendor specific as it involves various technologies. The 

Quantum Processing Unit (QPU) is developed using, among others, superconducting, trapped ion, 

photonic, neutral atom and annealing based technologies. Every vendor and technology has its own 

approach and proprietary software development tool kits which makes quantum software development 

even more challenging. Though there are benefits to specific applications by choosing a specific 

technology to design the quantum computing platform, in the long run, standardisation of quantum 

software development will become even more challenging. 

To write a piece of code for a quantum computer, one needs to understand quantum mechanics, 

mathematics and computer science, and be skilled in programming languages like Python. But the 

present scenario demands the developer to learn different vendor specific hardware and technologies 

and also software development toolkits. This paper proposes a standard to be formulated to ensure a 

quantum software developer need to know only a programming language (Python, for instance), 

quantum mechanics and linear algebra. A piece of code developed with this knowledge should be able 

to be executed on all types of quantum computers, irrespective of the QPU and type of technologies 

used. Present quantum hardware vendors encourage learning on one specific type of hardware and SDK. 

This implies that it will be very challenging for the quantum software development field and for the 

industry to have a skilled workforce of quantum computing software developers in general. A quantum 

software developer should be enabled by standards so that his or her code works on any quantum 

computer. 

This necessitates a standard layer which needs to be adhered by all the quantum computer/QPU 

manufacturers. This will enable anyone to develop quantum software with only the understanding of 

quantum mechanics and a standard programming language like Python.  

Call for Action 

As quantum computing rapidly advances, the development and adoption of quantum software 

engineering stand as critical pillars in transforming this groundbreaking technology from theoretical 

promise to practical reality. The time has come to unite our efforts and drive a concerted push towards 

the universalization of quantum software engineering. We strongly urge stakeholders of the quantum 

computing ecosystem to come together in this important effort of universalization and development of 

standards for quantum software engineering. We urge standard organizations, research institutions, 

quantum software vendors, quantum hardware vendors, and universities to collaborate in establishing 

comprehensive and cohesive frameworks that will guide the development, evaluation, and integration 



 

of quantum software. Such frameworks are essential to ensuring interoperability, reliability, and 

security across diverse quantum computing platforms. Call for action from identified stakeholders is 

summarized in the table below. 

 

 

Stakeholders Call for Action 

Standardization Organizations Create and endorse standardization practices for industry 

consistency and benchmarking. 

Research Institutions Prioritize efforts towards implementation of quantum algorithms 

using the best practices and contributing to addition of new best 

practices. 

Quantum Software Vendors (QSV) Adopt and advocate best practices for building innovative solutions. 

Quantum Hardware Vendors (QHV) Collaborate with QSV to embody and complement best practices. 

Universities Integrate Quantum Software Engineering in Higher Education 

specifically aimed at creating the quantum workforce. 

Table 1: Call for Action 

Standard Organizations: We call on standardization organizations to lead the effort in creating and 

endorsing standardized practices and protocols for quantum software development whose role is crucial 

in setting benchmarks that will foster consistency and facilitate the broader adoption of quantum 

technologies. 

Research Institutions: We encourage research institutions to prioritize research that addresses both the 

theoretical and practical challenges of quantum software engineering whose innovative work will pave 

the way for breakthroughs that will shape the future of quantum computing. Active involvement in 

structured the best practices to help influence the decisions or policies made by standardization body 

will add immense value and bridges any technical gaps.  

Quantum Software Vendors: We urge quantum software vendors to adopt and advocate for best 

practices in quantum software engineering. By aligning with emerging standards and contributing to 

developing robust software tools, software vendors can help accelerate the deployment of practical 

quantum solutions. Mostly, they act as adopters of best practices although at this stage, may also have 

secondary influence in the standardization bodies policies although some might try to push their 

technology to be the norm, as it has been the case in universalization of any other technology. On the 

other hand, their on-the-ground expertise in implementing working quantum software tools or 

algorithms would certainly help in closing the loop in the context of how effective it actually might be 

to adopt certain best practices and whether it is actually feasible to apply for implementation of real-

world applications. 



 

Quantum Hardware Vendors: The collaboration of quantum hardware vendors with software vendors 

is vital in ensuring that quantum software and hardware are designed to complement each other 

seamlessly. This is possible by engaging in dialogue with software developers to address compatibility 

issues and optimize performance. 

Universities: We appeal to universities and institutions of higher learning to integrate quantum software 

engineering into your curriculum and research agendas. By equipping the next generation of engineers 

and scientists with the knowledge and skills needed, universities will drive innovation and ensure a 

continuous pipeline of talent. 

Together, this council urges the stakeholders to work with us towards a unified approach that will not 

only enhance the efficacy of quantum software but also drive its widespread adoption. The future of 

quantum computing depends on our collective commitment to advancing this critical field. We stand 

on the brink of a new era in technology—let us seize this opportunity to lead with vision and purpose. 
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