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“What kind of computer are we going to use to simulate physics?” It was Nobel laureate
Richard Feynman who raised this question in his visionary speech to the Department

of Physics at the California Institute of Technology in 1982, beginning the history of

quantum computing.'?

This question is rooted in a series of crises and
revolutions that shook the world of physics to its
foundations between 1900 and 1925. The result of
that tumultuous period was a theory of physics
that describes the behavior of nature at subatomic
levels: quantum mechanics.

In the 1980s, Yuri Manin and Feynman, among
others, were primarily concerned about the
difficulties of modeling quantum systems. In
such systems, the number of variables required
to represent them increases exponentially with
their complexity and with the number of particles
involved.®

In 1985, physicist David Deutsch, in his seminal
work, suggested a deeper connection between
computing and physics, stating a stronger
“physical version” of the Church-Turing thesis.*
This thesis, called the “Church-Turing-Deutsch
principle,” states that: “Every finitely realizable
physical system can be perfectly simulated by a
universal model computing machine operating by
finite means.”®

With this interpretation, Deutsch brought
attention to an often-neglected fact about
computation. Every algorithm is performed by
a physical system, whether that's an electronic
calculator, a mechanical apparatus, or a human
being. Computation is ultimately a physical
process, so a universal computer (that is also a
physical system) must be able to simulate the
dynamics of every possible physical system.
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The consequences of the physics revolution in the
early 20th century led scientists to postulate that
the fundamental nature of physics is ultimately
quantum mechanical. Unfortunately, classical
systems seem to be ineffective in efficiently
simulating quantum mechanical systems. Deutsch
then proposed a universal computing device based
on the principles of quantum mechanics to over-
come the limitations of classical computers, and
the quantum computer was born.
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Soon, the potential of quantum computers began
to be, as Deutsch surmised, far more impactful
than just simulating physical systems. In 1992,
Deutsch, in collaboration with Richard Jozsa,
formulated a problem that (even if of little prac-
tical interest) can be solved more efficiently by
quantum devices than by any classical or sto-
chastic algorithm. In 1993, Ethan Bernstein and
Umesh Vazirani proposed another problem that
showed the advantage of quantum devices over
classical ones, even when small errors are allowed.
In the same work, Bernstein and Vazirani designed
a quantum version of the Fourier transform.®
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In 1994, leveraging the quantum Fourier transform
and the work of Daniel Simon, who showed that

a quantum computer could find the period of a
function with an exponential speedup, Peter Shor
presented an efficient quantum algorithm for com-
puting discrete logarithms. Only a few days later,
Shor formulated an efficient quantum algorithm
for factoring large numbers, too. Both problems
are believed to be intractable on classical com-
puters and are commonly used in cryptographic
protocols.

Just two years later, Seth Lloyd proved quantum
computers could simulate quantum systems
without the exponential overhead presentin
classical simulations, confirming Feynman’s 1982
conjecture. In the same year, Lov Grover presented
a quantum algorithm achieving an optimal quad-
ratic speedup for unstructured search. Shor and
Grover's breakthroughs proved a strong impetus

to research quantum algorithms, demonstrating
the existence of useful problems that benefit from
a quantum speedup.

Meanwhile, research into working quantum com-
puters began in earnest. In 1993, Lloyd proposed

a method for building a potentially realizable
quantum computer through electromagnetic
pulses. In 1995, Juan Cirac and Peter Zoller sug-
gested an implementation of a quantum computer
employing cold ionized atoms. One year later,
David DiVincenzo formalized five minimal require-
ments for creating a working quantum computer.
They include the availability of scalable qubits
highly isolated from the external environment; the
ability to initialize, manipulate, and entangle their
state; and the ability to “strongly” measure the
state of each qubit.”® A further advance came from
Yasunobu Nakamura and collaborators between
1991 and 2001 in the form of a working, controllable
superconducting qubit.

During those years, however, decoherence
threatened to dash any hopes of ever having
usable quantum computers. Decoherence is the
phenomenon that, under typical conditions, pre-
vents complex many-particle quantum systems
from exhibiting quantum behavior for a long time,
stranding the dream of a quantum computer. Once
again, it was Shor who offered hope and brought
new life to the field. In 1995, he demonstrated that
it was possible to reduce the destructive effects
of decoherence through the quantum analogue of
error-correcting codes and fault-tolerant methods
for executing reliable quantum computations on
noisy quantum computers.'o"

The work of Shor and subsequent researchers
confirmed that it is possible, at least in principle,
to suppress the error rate of a quantum computer
to arbitrarily low levels, thanks to error correction
schemes (and as long as the error rate is below a
certain threshold).”? This is called the “threshold
theorem.”

Significant developments have been made since
those first steps in quantum software and hard-
ware. In 2011, the first commercially available
guantum computer was presented by D-Wave:
the D-Wave One, a 128-qubit quantum annealer.”™
In 2016, IBM put its first five-qubit, gate-based
superconducting quantum computer online,
making quantum computing publicly available
through the cloud.”
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In 2018, the first commercial quantum computer
employing trapped ions was launched by lonQ.

A year later, Google claimed the achievement of
quantum supremacy with Sycamore, its 54-qubit,
superconducting processor.”® However, doubts
arose shortly afterward and, eventually, classical
devices beat Google's result.

The last record in the quantum race was set in
2023 by IBM, which announced evidence for the
utility of quantum computing even with noisy
hardware, showing it is possible to produce reliable
results even without fault-tolerant quantum com-
puters and at a scale beyond brute-force classical
computation. However, the scientific community
does not entirely agree.

Although the supremacy and utility of quantum
computers have not yet been established beyond
a shadow of a doubt, there is no denying we are at
the gates of a new era.

Even if quantum and classical computers fea-
ture the same computational power (i.e., they can
solve the same class of problems), it is believed
(and some evidence has arisen) that quantum
computers can solve some problems asymptot-
ically faster than what is possible with classical
resources.

In fact, cutting-edge applications are emerging,
promising to revolutionize numerous industries
and sectors (and with a potentially immeasurable
impact on society). Among the most researched
areas are medicine, chemistry and pharmacy,
biology and agriculture, engineering, energy and
logistics, economy and finance, meteorology,
manufacturing, and cybersecurity.

THE DAWN OF QSE

Despite recent progress, current quantum
computers cannot scale beyond dimensions of

a few tens (or in the best cases, hundreds) of
qubits. Quantum devices are also very sensitive
to external interference (noise), which can easily
disrupt an ongoing computation. Because of
these limitations, quantum computers are usually
referred to as "noisy intermediate-scale quantum
devices,” highlighting their capacity to execute
only quantum programs featuring a small number
of qubits and consecutive steps.
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However, this is not the first time in history that
computer scientists have faced limitations on
computing devices. Several authors compare the
current quantum computing landscape to that of
classical computing during the 1960s and argue for
a similar roadmap.'®

The idea is to view the primary role of quantum
software engineering (QSE) as exploiting the

full potential of commercial quantum computer
hardware when it arrives.” In that role, QSE will
define the best quantum software development
and application management lifecycles. It will also
coherently employ and operate quantum method-
ologies and tools as they are developed.

Researcher and quantum expert Jianjun Zhao
emphasizes that adopting proven engineering
methods in quantum software isn't just about
technology — it's a strategic move for businesses.
Organizations can transform complex quantum
capabilities into reliable, efficient, profitable
solutions by carefully designing, building, and
managing quantum software with discipline and
purpose. This empowers companies to tap into
quantum computing's full potential, translating
innovation into tangible competitive advantage
and sustained business growth while delivering
real-world impact.”®

Some experts believe quantum computing will
lead to a golden age of software engineering.

They believe software engineering already pro-
vides proven methods and best practices that

can accelerate quantum software development.
Businesses entering the quantum space should
certainly leverage these established approaches
to reduce risks and enhance productivity. However,
quantum software has unique challenges, creating
opportunities to develop specialized techniques.
Recognizing this balance between proven prac-
tices and innovation is key to success in QSE.”

A good example is the “Talavera Manifesto for
Quantum Software Engineering and Programming,”
a foundational document summarizing essen-

tial principles and commitments that guide the
emerging field of QSE. Its importance lies in clearly
defining the conceptual framework and best
practices for developing robust, reliable quantum
software, thus providing a common ground for
researchers and practitioners worldwide.
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The manifesto is considered by many researchers
as a milestone because it marks one of the earliest
organized efforts to formalize the core values,
goals, and standards within the relatively young
discipline of QSE. Researchers and practitioners
can leverage the Talavera Manifesto by adopting
its principles as a baseline, extending its guide-
lines, and systematically applying them to future
quantum software development projects as a way
to push QSE toward greater maturity and prac-
tical impact.2®?'|t has been signed by more than
200 researchers and practitioners from more than
20 countries.??

THE FUTURE OF QSE

QSE will not replace classical software engi-
neering; it will coexist and integrate with it. As
quantum computers progress from research
prototypes to production-ready platforms, we
anticipate hybrid quantum-classical pipelines
becoming standard practice. Thus, developing
robust methodologies and frameworks that seam-

lessly combine the two paradigms will be essential:

- Hybrid architectures and workflows. Many
quantum algorithms depend on iterative proce-
dures in which a classical computer is used to
run optimization loops that feed results back to
a quantum device. Formalizing best practices in
designing, implementing, and optimizing these
hybrid workflows could help unify quantum and

classical software engineering. This might include

new software lifecycle models that explicitly
account for quantum-classical feedback and
optimize data exchange between the two worlds.

- APl standardization. With multiple quantum
hardware manufacturers offering cloud-
based APIs, there is a clear need for interop-
erability standards.?® Standardized APIs and
data exchange protocols for quantum backends
could lower the learning curve and prevent
vendor lock-in, accelerating broader adoption
of quantum solutions.

- Toolchain integration. Transitioning from
proof-of-concept quantum code to enter-
prise-grade applications will require tight inte-
gration of quantum development tools (e.g.,
high-level domain-specific languages, simula-
tors, and compilers) into established continuous
integration/continuous delivery pipelines.?*
Ensuring compatibility with classical develop-
ment tools (e.g., continuous integration servers,
version-control systems, and automated testing
suites) will reduce friction for developers and
enable more mature software engineering
practices in the quantum domain.

LANGUAGE ABSTRACTIONS
& HIGHER-LEVEL PRIMITIVES

To build on the impetus to move away from
low-level gate operations, QSE will need
domain-specific languages and libraries that
cater to specific application areas, ranging from
quantum chemistry simulations to quantum
machine learning (ML):

- Domain-specific quantum languages.
Specialized libraries for guantum chemistry,
finance, ML, or cryptography will eliminate the
need for developers to understand the details
of quantum gate manipulation. Developers will
benefit from libraries that speak the domain’s
“language,” making quantum development more
accessible to subject matter experts without
deep quantum expertise.

Declarative quantum programming. Instead of
explicitly describing how to manipulate qubits
and gates, developers will be able to focus on

the “what” of the problem. Declarative quantum
languages (in which one specifies the desired out-
come or high-level algorithmic structure) could
help shift quantum coding from a specialized skill
to a more universally approachable paradigm.

- Automation and optimization. High-level
abstractions will inevitably be matched with
sophisticated compilers and optimizers capable
of translating abstract quantum instructions into
efficient gate-level operations. These compilers
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may use Al-driven optimizations, iteratively
learning to compile code for different quantum
architectures and hardware constraints.

QUANTUM SOFTWARE
DEBUGGING, VISUALIZATION
& VERIFICATION

Although debugging on quantum hardware remains
intrinsically challenging, continued research may
yield innovative approaches that enable practical,
rigorous testing:

- Advanced visualization techniques. Beyond
standard circuit diagrams, we may see the devel-
opment of 3D or interactive visual models that
depict qubit interactions, entanglement patterns,
and error propagation in real time. Such immer-
sive techniques could aid developers in pin-
pointing the root causes of unexpected behavior.

- Probabilistic debugging methods. Given the
nondeterministic nature of quantum measure-
ment, debugging tools could rely on statistical
methods to gather information about the sys-
tem'’s state. This approach may involve repeated
runs of the same circuit under different condi-
tions or sampling a subset of qubits to minimize
measurement disturbances.

- Formalverification for quantum systems.
Borrowing principles from classical formal ver-
ification, quantum program verification could
involve the use of formal logic systems and model
checking specialized for quantum. The aim would
be to mathematically prove certain properties
(correctness, security, or reliability) without
requiring a full measurement of the quantum
state. As quantum programs scale in complexity,
such methods may become indispensable to
ensure correctness in safety-critical applications.

DISTRIBUTED &
HETEROGENEOUS
QUANTUM COMPUTATIONS

As quantum computers diversify in qubit imple-
mentation (e.g., superconducting, ion-trap,
photonic), harnessing that heterogeneity through
distributed quantum computing could become a
crucial strategy:
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- Networked quantum environments. Research
on quantum networks and interconnects is
already advancing, pointing to a future where
qubits can be transferred or teleported between
remote quantum processors. Such quantum net-
works would enable multi-computer protocols,
distributed entanglement, and resource sharing,
effectively increasing overall computational
capacity.

- Task-oriented compilers and schedulers. In a
world where multiple quantum backends exist,
each with unique advantages (speed, fidelity,
qubit count, connectivity), specialized compilers
and schedulers could dynamically partition pro-
grams.?® Some qubits or tasks could be offloaded
to a superconducting processor for specific gates;
others might be reserved for an ion-trap system
that excels at different operations. This approach
has parallels to high-performance computing
frameworks in which tasks are distributed among
central processing units, graphics processing
units, and other accelerators.

- Runtime adaptation. Quantum hardware

is prone to noise and varying fidelity across
qubits. A future quantum runtime environment
might adapt in real time — monitoring error

rates and automatically routing subtasks to the
most reliable qubits or devices across a distrib-
uted network.?® This adaptive orchestration could
significantly enhance performance and reliability.

INTO THE QUANTUM
FUTURE

As quantum hardware advances, the demand for
robust, scalable, developer-friendly tools and
practices will intensify. Tackling these challenges
will require a concerted effort across academia,
industry, and government and between physicists,
computer scientists, and software engineers. The
pathways we've outlined (high-level language
abstractions, distributed quantum systems, adap-
tive runtime environments, and quantum DevOps)
hint at the multifaceted nature of this emerging
discipline.
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In the next few years, breakthroughs in quantum
hardware fidelity and qubit count will undoubt-
edly usher in unanticipated applications. To

clear these hurdles, QSE will need to stay agile,
incorporating novel computational models and
addressing newly uncovered ethical and security
concerns. Successful paradigm shifts in computing
tend to be driven by accessible abstractions,
robust tooling, and a rich ecosystem of supportive
infrastructures. For quantum computing, creating
this ecosystem is not merely a challenge, itis a
profound opportunity to shape a new technolog-
ical frontier.
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