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AMPLIFY: OPENING STATEMENT

BY MARIO PIATTINI AND RICARDO
PEREZ-CASTILLO, GUEST EDITORS

The rapid acceleration of quantum computing
capabilities heralds a transformation in how computa-
tion is conceptualized, constructed, and governed. As
quantum devices evolve from experimental setups into
enterprise-relevant platforms, an urgent and profound
need arises: to engineer, manage, and govern quantum
software systems in ways that ensure their robustness,
scalability, and long-term value. This issue of Amplify
presents a curated collection of visionary yet grounded
contributions that illuminate the most pressing chal-
lenges and innovative solutions shaping the future of

quantum software engineering (QSE).

A clear conviction lies at the heart of this issue:
quantum software is not an extension of clas-
sical software. Rather, it represents a paradigm
shift demanding novel engineering, manage-
ment, and governance models. These articles
explore foundational issues, including the iden-
tification of suitable patterns and architectural
principles for quantum application development;
management of hybrid systems integrating clas-
sical and quantum components; establishment
of governance structures that promote secure,
sustainable, and cost-effective use of quantum
resources; and the implications of quantum-Al
convergence in the evolution of enterprise infor-
mation systems.

The issue opens with an authoritative contribu-
tion by Giuseppe Bisicchia, José Garcia-Alonso,
Juan Murillo, and Antonio Brogi. They lay the
historical and theoretical groundwork for under-
standing QSE as a discipline, tracing its origins
to Richard Feynman's call for quantum simu-
lation and following the evolution of quantum
algorithms from Peter Shor's and Lov Grover's
breakthroughs to today’s hybrid implementa-
tions. The article argues that QSE must strike

a balance between importing proven classical
software engineering practices and cultivating
quantum-specific innovations. Emphasis is
placed on the Talavera Manifesto as a founda-
tional document guiding the values and method-
ologies of the field.! The authors forecast a near
future in which hybrid pipelines, domain-specific
quantum languages, and automated toolchains
are vital for quantum-classical integration.
Through an insightful synthesis of theory, tools,
and prospective architectures, they establish a
comprehensive framework for this Amplify issue.
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Next, Michael Baczyk delves into the pressing
need for architectural rigor in quantum software
development. As enterprise adoption looms,
Baczyk proposes a three-layer taxonomy of pat-
terns (design, algorithmic, and architectural)
intended to address the complexity of hybrid
gquantum-classical systems. He highlights archi-
tectural constructs like the quantum resource
pool pattern, the hybrid microservices pattern,
and the asynchronous pipeline pattern, which
mirror and extend proven paradigms from cloud
and high-performance computing into the
quantum domain. His article connects these
technical insights with strategic imperatives,
urging practitioners and managers to embrace
pattern-driven design and prepare for standard-
ized frameworks capable of supporting quantum
algorithm deployment, especially in domains
like chemistry, logistics, and financial modeling.
Baczyk offers both a conceptual roadmap and a
pragmatic toolkit for organizations seeking to
build scalable, maintainable quantum systems.

QUANTUM
SOFTWARE IS NOT
AN EXTENSION
OF CLASSICAL
SOFTWARE

Our third piece, by Guido Peterssen and José
Luis Hevia, focuses on the operational and
organizational dimensions of quantum com-
puting. They provide a compelling call to action:
without robust governance, quantum computing
projects will likely spiral into unmanageable
complexity. Through a detailed case study of
Bizkaia Quantum Advanced Industries (BIQAIN),
the authors introduce the concept of the private
quantum hub as a model for resource coordina-
tion, lifecycle management, and cost control
across distributed quantum infrastructures.
Central to their argument is the necessity of
centralized governance platforms that integrate
service provisioning, management oversight,
and governance mechanisms, all tailored to
support complex, multiuser quantum environ-
ments. The authors argue that such systems

are indispensable for transforming quantum
computing from isolated experiments into

production-grade, value-generating ecosystems.

© 2025 ARTHUR D. LITTLE
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By offering technical, managerial, and business
insights, Peterssen and Hevia explain how gov-
ernance can become a catalyst for sustainable
innovation in quantum computing.

Closing out the issue, Joseph Byrum examines
the transformative intersection of quantum com-
puting and Al, contending that the convergence
is not merely technological. He explores five
innovation vectors — from quantum-enhanced
attention mechanisms and quantum compres-
sion techniques to Al-augmented quantum cir-
cuit design — demonstrating how each could
dramatically reshape computation, knowledge
processing, and enterprise workflows. Beyond
technical sophistication, the article proposes

a human-centric philosophy of computation

that emphasizes integration, uncertainty as a
resource, and ethical design. By advocating for
hybrid architectures, sustainable infrastructures,
and inclusive governance frameworks, Byrum
elevates the discussion to the strategic level,
suggesting that the institutions that thrive in
the quantum-Al era will be those that embed
quantum thinking into their operational DNA.

KEY THEMES

These insights offer a multifaceted perspec-
tive on the emerging domain of QSE. They range
from foundational theory to architectural prac-
tice, from operational governance to strategic
foresight. The diversity of approaches mirrors
the multiplicity of challenges and opportunities
that quantum software presents to industry,
academia, and society at large. Several themes
emerge:

- Hybridization is key. Each article recognizes the
centrality of hybrid quantum-classical systems
in current and near-term quantum applications.
Whether from an engineering, architectural, or
governance perspective, the ability to seamlessly
integrate classical and quantum components is
paramount.

- From tools to ecosystems. The transition from
individual quantum programs to large-scale
quantum ecosystems requires more than pro-
gramming tools. It demands comprehensive
infrastructure (governance models, profiling,
cost-control mechanisms, and management
dashboards) that can support distributed
development and usage.
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Engineering as a strategic lever. QSE is not a
technical afterthought but a strategic enabler.
These articles underscore that robust engineering
practices (patterns, testing, verification, and
lifecycle models) will determine the real-world
viability and scalability of quantum applications.

Ethics, sustainability, and human values. This
issue emphasizes the ethical and philosophical
dimensions of quantum computing. Sustainability
in training and inference, security of quantum ser-
vices, and the role of humans in the quantum-Al
loop are treated not as peripheral concerns but as
design imperatives.

Toward standards and community. Across this
issue, there is a clear call for shared principles,
reference taxonomies, and governance frame-
works. Establishing a cohesive, interoperable, and
mature quantum software ecosystem will depend
on sustained collaboration across disciplinary
boundaries, industry sectors, and international
contexts.

This issue of Amplify makes a timely and
substantial contribution to the discourse on
quantum software. We hope it serves as a
catalyst for deeper research, more ambitious
collaborations, and responsible innovation in
quantum software development, management,
and governance.

REFERENCE
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Giuseppe Bisicchia, José Garcia-Alonso,
Juan M. Murillo, and Antonio Brogi

“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.

© 2025 ARTHUR D. LITTLE

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.

EVERY ALGORITHM
IS PERFORMED

BY A PHYSICAL
SYSTEM, WHETHER
THAT'S AN
ELECTRONIC
CALCULATOR,

A MECHANICAL
APPARATUS, OR

A HUMAN BEING



70

AMPLIFY

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.®

W\
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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.”

VOL. 38, NO.



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.

© 2025 ARTHUR D. LITTLE
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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.

77
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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

VOL. 38, NO. 3



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:

© 2025 ARTHUR D. LITTLE
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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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The quantum computing landscape has reached a critical inflection point, transitioning
from theoretical research to practical business implementation. As technology giants
like IBM, Google, Microsoft, AWS, and Nvidia expand their quantum offerings, and com-
panies secure billion-dollar investments for quantum development, the industry faces a
fundamental challenge: bridging the gap between quantum computing capabilities and

enterprise-ready software architecture.

This challenge stems from several factors. The
complexity of developing scalable quantum algo-
rithms, the need for precise control of quantum
resources, and the fundamental differences in
computational models require new approaches
to software design. Additionally, most practical
quantum applications will be hybrid systems,
demanding seamless integration between clas-
sical and quantum components. This creates
unprecedented architectural challenges around
resource optimization, system scalability, and
error reduction.

Quantum software development faces three

key challenges. First, organizations require
standardized architectural patterns that can
guide the development of reliable, maintainable
quantum software systems. Second, these pat-
terns must address the full spectrum of integra-
tion challenges between quantum and classical
components. Third, they must provide concrete
approaches for managing quantum resources and
ensuring reliability in real-world implementations.

This article introduces a comprehensive taxonomy
of architectural patterns specifically designed for
quantum software engineering (QSE).! The frame-
work addresses the full spectrum of enterprise
needs (from low-level circuit design to high-Llevel
system architecture), with particular emphasis

on hybrid quantum-classical interactions that
characterize real-world implementations.

© 2025 ARTHUR D. LITTLE

MOST PRACTICAL
QUANTUM
APPLICATIONS
WILL BE HYBRID
SYSTEMS,
DEMANDING
SEAMLESS
INTEGRATION
BETWEEN
CLASSICAL

& QUANTUM
COMPONENTS

Drawing from both theoretical foundations and
practical implementations, we demonstrate how
these patterns facilitate modular design, improve
maintainability, and enhance system reliability
while addressing the key challenges of quantum
software development in production environments.
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BUILDING A BRIDGE
BETWEEN CLASSICAL
& QUANTUM

Think of quantum computing as adding a pow-
erful specialized processor to your existing IT
infrastructure, similar to how GPUs enhanced
classical computing for specific tasks. Just as
cloud computing requires new ways to design
software systems, quantum computing demands
fresh architectural approaches — but it doesn’t
replace your current systems.

To put this in perspective:

- Classical computers excel at everyday business
operations.

- GPUs revolutionized graphics and Al processing.

- Quantum systems will transform specific
computationally intensive tasks.

Today's most successful quantum implementa-
tions aren’t standalone systems; they're hybrid
architectures that intelligently combine classical
and quantum processing. For example, Microsoft
has developed an end-to-end workflow for
quantum chemistry calculations that integrates
high-performance computing, Al, and quantum
computing.?2 Table 1 shows how computing has
evolved.

There are three differences between cloud and
gquantum computing:
1. Specialized processing

Quantum computers solve specific
problems exponentially faster.

Not all tasks benefit from quantum
processing.

Strategic selection of quantum-
appropriate workloads is crucial.

2. Resource constraints

Quantum processing time is limited
and expensive.

Current quantum processors have high
error rates.

Access is primarily through cloud services.
3. Hybrid operations

Most applications combine classical and
quantum computing.

Existing business systems need clean
integration points.

Data must flow seamlessly
between classical and quantum
components.

BUILDING BLOCKS
FOR QSE SUCCESS

Software patterns represent proven, reusable
solutions to recurring problems in software design
and architecture. In QSE, patterns serve as essen-
tial building blocks that help developers and archi-
tects create reliable, maintainable, and scalable
quantum software systems.

A software pattern typically consists of:
- Context — the situation and constraints under

which the pattern applies

- Problem — the recurring design challenge being
addressed

- Solution — a proven architectural approach that
resolves the problem

- Consequences — the benefits, trade-offs, and
implications of implementing the pattern

ERA PRIMARY CHALLENGE ARCHITECTURAL SOLUTION

Pre-cloud Hardware management On-premise data centers

Cloud Resource scalability Microservices architecture

Quantum Hardware constraints Hybrid quantum-classical patterns

Table 1. Evolution of computing paradigms
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When examining patterns in QSE, we can identify
three fundamental layers that address various
aspects of quantum system development.?

1. DESIGN PATTERNS

Design patterns focus on low-level quantum
circuit implementation and quantum gate opera-
tions. These patterns provide reusable solutions
for common quantum programming challenges,
such as:

- Quantum state preparation and initialization

- Gate-level optimizations

- Circuit composition and decomposition

These patterns are crucial for developers working
directly with quantum circuits and qubits, forming

the foundation for more complex quantum algo-
rithms (more on this below).

2. ALGORITHM FAMILIES

Although not strictly patterns, algorithm families
represent essential quantum computing para-
digms that solve specific classes of problems.
They encompass:

- Optimization algorithms combining quantum
and classical processing

- Search algorithms

- Factoring algorithms

Developers can adapt these form templates for

specific applications while maintaining the core
quantum advantage.

3. ARCHITECTURAL PATTERNS

Architectural patterns address system-wide
design decisions in quantum computing
environments. They focus on:

- Integration between quantum and classical
components

- Resource management and allocation strategies

- Scalability and distributed quantum computing

- System-level error handling and fault tolerance

© 2025 ARTHUR D. LITTLE
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Architectural patterns are crucial in hybrid
quantum-classical systems, where orchestration
and resource management become key concerns —
yet they remain one of the most under-researched
areas in QSE. In these systems, architectural pat-
terns often incorporate multiple design patterns,
while algorithm families can influence both design
and architectural choices.

Viewing these layers hierarchically helps practi-
tioners manage complexity by providing struc-
tured solutions at varying levels of abstraction.
This categorization underscores current gaps in
QSE research, especially the need for more work

on hybrid system design and quantum-specific
architectures. For practitioners and early adopters,
focusing on these emerging architectural patterns
is paramount, as they will have the greatest impact
on successfully deploying and scaling quantum
solutions. For example, Microsoft's Azure Quantum
orchestrates quantum algorithms executed on
quantum hardware within classical workflows.*

BUSINESS IMPACT

Understanding and applying QSE patterns offers
significant business advantages, including:

- Reduced development time and costs through
reusable solutions

- Improved system reliability and maintainability

- Enhanced team communication and knowledge
sharing

- Betteralignment between technical
implementation and business requirements

- Increased agility in responding to
quantum technology advances

Although quantum software is still at an early
stage, the naked objects pattern exemplifies how
established design patterns can yield measur-
able improvements in efficiency and agility. It
was first deployed by Ireland’'s Department of
Social Protection many years ago and is noted for
significantly reducing development time while
promoting widespread reuse of domain objects
across numerous applications.’
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EXAMPLES OF QSE PATTERNS

Just as cloud computing introduced patterns like
microservices and containerization, quantum com-
puting brings its own set of architectural patterns.
Below are a few examples:

- The quantum resource pool pattern —
addresses managing scarce quantum resources
through centralized management, intelligent
scheduling, and automated optimization.® It helps
organizations efficiently allocate and manage
quantum computing resources while maintaining
system performance.

- The hybrid microservices pattern — adapts
traditional microservices architecture for
quantum computing environments.’ It enables
integration between quantum and classical
components through standardized APIs and
automated orchestration, making hybrid systems
more maintainable and scalable.

- The asynchronous pipeline pattern —
manages the flow between classical and quantum
processing through parallel execution and effi-
cient data streaming.® It is particularly effective
for variational quantum algorithms and optimi-
zation problems, in which continuous interaction
between classical and quantum components is
essential.

- The quantum auto-tuning framework —
implements continuous optimization of quantum
system parameters, resource usage, and algo-
rithm performance.® It reduces the complexity
of managing quantum systems by automating
parameter optimization and resource-allocation
decisions.

LANDSCAPE OVERVIEW

Implementation requires careful consideration of
cost management, technical requirements, and
business impact.’® Organizations must balance
quantum-processing costs, integration needs,
error-correction capabilities, and team expertise.

Assessment begins with identifying quantum-
suitable workloads and evaluating existing archi-
tecture. Pattern selection must align with specific
use cases and hybrid requirements, followed by
iterative deployment and continuous optimization.

The quantum software architecture landscape
continues to evolve, with patterns emerging for
distributed computing, quantum-Al integration,
and enhanced security."

EXPANDING FRONTIERS:
QUANTUM ALGORITHMS &
INDUSTRY APPLICATIONS

The growing convergence of academic research
and industry investment in quantum algorithms

is signaling a significant shift. The landscape of
guantum computing is no longer confined to spec-
ulation; instead, it is actively being shaped by the
discovery and optimization of quantum algorithms,
potentially leading to real-world applications in
finance, chemistry, optimization, and beyond.
Industry leaders, national laboratories, and
start-ups alike are investing heavily in algorithm
discovery and development, with an increasing
focus on identifying situations where the quantum
advantage could bring the most value.

For instance, quantum computing offers proven
exponential advantages for molecular simulation
in drug discovery. The PsiQuantum-Boehringer
Ingelheim collaboration is estimated to accelerate
electronic structure calculations for complex mol-
ecules (Cytochrome P450, FeMoco) by 200x using
photonic quantum algorithms, demonstrating
guantum computing’'s projected capability to
transform pharmaceutical research through dra-
matically reduced computational time for crucial
molecular interactions.”
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A TYPOLOGY OF QUANTUM
ALGORITHMS

Recent efforts have classified more than 130
quantum algorithms based on the fundamental
mathematical problems they solve, the computa-
tional models they employ, and their real-world
applicability. The taxonomy developed by quantum
computing expert Pablo Arnault and his collabora-
tors reveals distinct families of such algorithms:™

- Quantum Fourier transform and phase
estimation. These are foundational tools used
in algorithms like Shor's factoring algorithm and
quantum chemistry simulations.

- Variational quantum algorithms. These include
the variational quantum eigensolver and quantum
approximate optimization algorithm, which
are particularly relevant in near-term quantum
devices.

- Quantum walks and sampling algorithms.
These include boson sampling, which may offer
quantum supremacy in specialized problems.

- Quantum linear algebra methods. These include
gquantum singular value transformation and
quantum linear systems algorithms, which accel-
erate solutions to matrix and graph problems.

- Adiabatic and annealing algorithms. These are
used for combinatorial optimization, with applica-
tions in logistics and financial modeling.

Arnault's classification highlights the dependen-
cies between quantum algorithms, identifying core
primitives that are repeatedly used as subroutines
in broader algorithmic frameworks. This genealogy
of quantum algorithms helps track the evolution of
methods and identifies where breakthroughs are
likely to emerge (see below).

QUANTUM ALGORITHMS
IN ACTION

Early research in quantum computing focused

on abstract computational advantages,

but the field is rapidly transitioning toward
domain-specific applications. A comprehensive
survey of quantum algorithmic applications by
author Alexander Dalzell and his collaborators
maps out how quantum algorithms integrate

into complete workflows, considering the entire
computational stack from input data to end-user
results.”
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QUANTUM CHEMISTRY
& MATERIALS SCIENCE

Use case — simulating electronic structures
for drug discovery, material design,
and reaction mechanisms

- Algorithms used. Quantum phase estimation
and variational quantum eigensolvers allow the
precise calculation of molecular energies.

- Industry impact. Major pharmaceutical com-
panies and material science labs are investing
in these techniques to accelerate molecular
simulations.

OPTIMIZATION PROBLEMS

Use case — solving large-scale combinatorial
optimization tasks in logistics, finance, and
manufacturing

- Algorithms used. The quantum approximate
optimization algorithm and quantum annealing
techniques optimize solutions to graph problems.

- Industry impact. Leading banks and automotive
companies are exploring quantum solutions for
operational efficiency.’s®

ML & DATA PROCESSING

Use case — speeding up core tasks, such as
clustering, regression, and classification

- Algorithms used. This includes quantum support
vector machines and quantum k-means clustering
for enhanced pattern recognition.

- Industry impact. Companies are exploring
the benefits of quantum machine learning (ML)
methods’ potentially higher expressivity for small
datasets.

CRYPTANALYSIS &
CYBERSECURITY
Use case — breaking classical encryp-

tion schemes and developing post-quantum
cryptographic methods

Algorithms used. Shor's algorithm threatens
RSA (Rivest-Shamir-Adleman) encryption.

Industry impact. Governments and cybersecurity
firms are preparing for the post-quantum era.
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FINANCIAL MODELING
& RISK ANALYSIS

Use case — Monte Carlo simulations for portfolio
optimization and risk assessment

- Algorithms used. Quantum Monte Carlo and
amplitude estimation algorithms provide a quad-
ratic speedup over classical Monte Carlo methods.

- Industry impact. Financial institutions are
exploring quantum-powered risk modeling for
investment strategies.

These applications demonstrate that quantum
computing is no longer a purely academic pursuit.
However, integrating quantum algorithms into
enterprise workflows requires robust architectural
frameworks.

CONCLUSION

Quantum computing is entering a phase

marked by accelerating algorithm discovery and
pioneering application development. As techno-
logical advancements and commercial interest
expand, businesses must proactively engage

in quantum software architecture planning to
maintain a strong competitive position.

Developing quantum software patterns is not an
abstract notion; it's an urgent priority that organ-
izations should address immediately to seize the
full potential of quantum computing. Early movers
who choose to act now will secure a leading role
in the forthcoming era of computing innovation.
ClOs should establish focused assessment teams
to identify industry-specific quantum opportu-
nities, form strategic partnerships with quantum
providers, and identify high-value problems for
potential pilot programs, with accelerated time-
lines for computing-intensive sectors.

Finally, given the rising pressure from both
industry and academia to create and deploy
quantum algorithms, the establishment of
quantum software architecture standards can
no longer be postponed.
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We are entering a new era in which quantum computing will provide enormous advan-
tages to companies in sectors such as healthcare, banking, agriculture, logistics, life
sciences, security, and many more. The integration of quantum computing, Al, and clas-
sical computing into hybrid multicloud workflows is set to drive the most significant

computing revolution in 60 years.'

However, to successfully leverage this technology,
a significant number of risks and challenges must
be considered. These include: lack of qualified
quantum workers; non-user-friendly graphical
user interfaces; incompatibility between quantum
systems; diversity of quantum programming
languages; difficult compilation and debugging;
integration of classical and quantum IT; migration
of classical software to quantum applications;
scalability, portability, integration, and interop-
erability issues; development, deployment, main-
tenance, operation, and sustainability costs; and
complex design and validation processes.?® These
challenges must be addressed to create a quantum
ecosystem that goes beyond experiments and
proofs of concept.

From a business perspective, quantum soft-
ware engineering (QSE) should first focus on
making quantum computing accessible to devel-
opers and users through appropriate processes,
methods, and tools. It should also facilitate hybrid
quantum computing through a combination of
classical software engineering and QSE.* By
addressing these challenges and using emerging
business models like quantum computing as a
service (QCaaS) and quantum software as a ser-
vice (QSaaS), the industry will be able to take
advantage of quantum innovations and monetize
quantum software.®

© 2025 ARTHUR D. LITTLE

MANAGING QUANTUM
ECOSYSTEMS

Each quantum hardware vendor provides pro-
prietary elements that must be understood and
controlled to build quantum solutions. Each vendor
has its own Web portals, compliance requirements,
technologies/frameworks, constraints, and coding
(note that refactorings and updates are contin-
uous and carry the risk of breaking solutions due to
compatibility issues and code dependencies).®

QUANTUM
SOFTWARE
ENGINEERING
SHOULD FIRST
FOCUS ON
MAKING QUANTUM
COMPUTING
ACCESSIBLE TO
DEVELOPERS

& USERS
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Currently, there are two main advanced techno-
logical approaches (quantum gates and annealing)
plus novel, highly specialized machines sepa-

rate from the main groups that will eventually
converge with the mainstream ones or give rise to
new approaches.

Additionally, since resources are scarce, access to
remote quantum processors/simulators depends
on execution queues that must be controlled in
order to not lose the experiment — exponentially
increasing the complexity of managing the
quantum process.

Each supplier sets up functionalities to manage
the process in its closed environment, always
from its specific prism, without considering
other suppliers’ platforms. Customers who work
with multiple quantum hardware suppliers must
manage consumption and assets with each
vendor according to their rules and controls. The
more suppliers and users, the less efficient the
management.

This situation is becoming increasingly common,

in part because of the growing supply of quantum
hardware services. It's also due to the increased
adoption of quantum computing by complex
organizations with large numbers of users (e.g.,
universities, research centers, public institutions,
and large enterprises), resulting in a need to simul-
taneously use multiple technologies and quantum
approaches.

Quantum computers are scarce and expensive,

and they don't yet work with full accuracy. Many
critical questions must be answered at the begin-
ning of the quantum development process, and
complex analyses must be performed to determine
how to achieve the desired quantum advantage.

However, large quantum computing projects, as
currently managed, are increasingly unwieldy. Not
only do these projects involve quantum computers
from multiple providers, a variety of technologies,
and complex cost tracking, but each is accessed
by as many organizational units, teams, and users.
Without intermediate mechanisms that allow
centralized management of access, resources,
and consumption, costs tend to spiral out of con-
trol and can lead to project failure. Attempts to
measure, analyze, and control costs tend to be iso-
lated in user-defined micro-silos, which is a huge
impediment to thorough analysis and cost control.

This situation also affects the technical level,
where the assets developed in the creation
process tend to be hosted in a large number of
developed environments managed in a specific
way. This results in a lack of control over quantum
solutions, which threatens the ability of companies
to offer QSE as a (profitable) service.

PRIVATE QUANTUM
HUBS AS A SOLUTION

Companies, institutions, and individuals will need
to work together to find ways to securely and
efficiently manage quantum computing resources
while maintaining quality and ensuring scalability.
We believe private quantum hubs (PQHSs) are an
effective way to address this need, provided they
are supported by a specialized organization that
applies an effective governance system.

PQHs allow complex organizations with mul-
tiple users, customers, suppliers, and projects to
experiment with various quantum technologies in
private environments. A PQH lets organizations
access services and quantum computing either in
the cloud, through their own quantum computing
centers, or in a hybrid format.
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The success of large quantum computing pro-
jects largely depends on efficiently managing and
unifying resources. Current examples include AWS
and Microsoft, which developed PQHs (Braket and
Azure Quantum, respectively) that offer quality,
unified access to quantum platforms from a
variety of manufacturers. For similar reasons, but
on a different scale, companies and institutions
that create PQHs also need tools and methods to
manage projects.

QUANTUM GOVERNANCE
SYSTEMS

Centralized governance of a PQH is a complex
undertaking. First, the governance system must
encompass and control a broad framework of
disparate activities and tools. Second, it must
function as part of a system that includes:

- Integration of multiple quantum devices and
technologies and their limitations, security
definitions, and costs

- Platforms and tools for on-premise quantum and
hybrid software development

- Tools for deploying and managing QSaaS

- The ability to adapt to multiple deployment con-
texts and platform usage over the PQH'’s lifetime

We don't have the space to go into each of these
elements in depth in this article, but we note that
the viability of complex PQHs depends on having
a tailor-made management strategy (see Figure 1),
with the following elements as a minimum:

Service Management

model

model

©Quantum Software Technology, S.L. All rights reserved.
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- Service model. This must be designed for large
institutions and companies with complex organ-
izational structures to ensure quantum data and
assets are isolated, protected, processed, pack-
aged, and transmitted as efficiently as possible in
a secure, non-shared, private environment.

- Management model. This facilitates centralized
management of remote access to the hub's var-
ious quantum platforms, enabling traceability of
all PQH activities.

- Dedicated governance software. This must
meet the needs of everyone in the PQH, including
hub administrators, business users, and
researchers.

Currently, there are only a few platforms for
quantum software development that include
defined, specialized systems for managing private
quantum nodes.

The cloud services platforms of Amazon, Google,
and Microsoft Azure include functionality for
managing general situations, but they were not
designed as specialized services for quantum soft-
ware hubs, making it difficult to take control of
each one, even for a short time.

There are several third-party quantum software
development platforms, but they were designed as
end-user development tools, so they don't include
the basic elements needed for lifecycle manage-
ment, hybrid system architecture, or quantum
software ecosystems.’

We believe the solution is a centralized system
that specializes in governing complex quantum
ecosystems with multiple actors (technology
providers, customers, customers' users, develop-
ment teams with multiple roles, business users,
researchers, and individuals).

Quantum
governance
system

Governance
software

Figure 1. Elements of a robust quantum governance system
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USE CASE: BIZKAIA
QUANTUM ADVANCED
INDUSTRIES

Bizkaia Quantum Advanced Industries (BIQAIN), an
industry-focused quantum ecosystem in Spain’s
Basque Country, uses a centralized PGH govern-
ance tool.® It was developed to:

- Offer quantum services to companies with the
aim of connecting supply and demand, so that
companies of all sizes in Bizkaia can learn about
the possibilities of this technology by creating
and testing potential market solutions

- Provide training and capacity-building services
for companies and society

- Stimulate cooperation between research centers,
universities, and businesses

BIQAIN provides remote access to various quantum
platforms to promote the development/operation
of hybrid quantum/classical systems, including:

- Companies seeking proofs of concept to demon-
strate the usefulness of quantum computing for
daily activities

- Universities and research centers aiming to
expand quantum knowledge in the region

- Vendors offering quantum computing services
(e.g., Amazon Braket, D-Wave Systems, IBM, IQM,
Microsoft Azure Quantum, and Fujitsu)

- Start-ups and larger companies providing sup-
port services for business adoption of quantum
computing

As arequirement of the Bizkaia Provincial Council's
support, the BIQAIN ecosystem must guarantee
an isolated connection to quantum hardware for
each business, research organization, and expert
member that uses it. BIQAIN must also provide
analytical tools to help users determine how to
achieve their desired quantum advantage, along
with tools for cost control. For example, the
BIQAIN technical office can set a cost threshold
for each project and receive a warning from the
system when it is about to exceed it (or even block
access to payment resources). This function-

ality can be extended to individual users of each
project.

BIQAIN was created using a customized ver-

sion of QuantumPath, a platform for developing
hybrid classical/quantum solutions.® BIQAIN uses
QIPrivateHub as the service model, QIMGMTmodel
for management, and QlGovCenter for governance.

The service model was created to meet the needs
of the BIQAIN ecosystem, taking into account
the complexity of its organizational structure.

It includes 12 quantum platforms and incorpo-
rates tools from various vendors for industrial
quantum software development, industry-ready
hybrid quantum/classical software development,
implementation/management of a future QSaas,
and a centralized governance model. The service
model provides:

- Aprivate, secure environment, deployed within
the IT infrastructure of participating organiza-
tions (e.g., companies, universities, and research
centers)

- Sizing and scaling of the service according to
changing needs

- Definition and implementation of policies for
digital governance

- Professional managed services

- Basic training on the use of hub services and
technical support

- Marketing to promote the service and
encourage use

- Dashboards on user usage and activities

The quantum hub management model shown in
Figure 2 comprises the following:

Technical Hub

office projects

A

Hub
Hub
telemetry
. assets
analysis

©Quantum Software Technology, S.L. All rights reserved.

Figure 2. Quantum hub management model
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1. Technical office. This is the top functional unit of
the management model, providing participating
organizations with access to each platform and
all project services (e.g., general service manage-
ment parameters, customer management, and
budgeting). Experts in quantum software devel-
opment management run the technical office.

2. Hub projects. The technical office registers
isolated spaces for each organization. The project
model defines the scope of work for each organ-
ization's team and its users, including security,
costs, and policies.

3. Hub assets. These are created by use-case devel-
opment teams through the creation of quantum
assets such as circuits, flows, applications, direct
code, and the development of n-layer clients that
can run on simulators or quantum processing
units. Results can be analyzed multiple times,
democratizing access to quantum processing
units.

4. Hub telemetry analysis. This focuses on
accessing product telemetry information and
indicators, allowing access to all data associ-
ated with lifecycle and execution. This makes it
possible to access process information (asset life-
cycle length, supplier benchmarking, execution
times and costs, estimated energy consumption,
and more).

AMPLIFY

Figure 3 shows how QIGovCenter provides tools for
the unified management of the BIQAIN ecosystem,
including how organizations participate in the hub
with their respective users, requesters, suppliers,
etc. QlGovCenter allows the BIQAIN technical
office to define general and specific policies to

be applied to each organization and its adminis-
trators and centrally assign contracts, quantum
providers, and service requesters; approve pro-
jects; and set tariffs and consumption limits. Once
the organization is created, BIQAIN's administrator
uses QlGovCenter to assign resources and policies
(equipment, user-access permissions, assigned
guantum processing units, assets created by

the organization, authorized actions, quantum/
classical integrations with quantum service-
oriented architecture, and access to assigned
quantum platforms).

QlGovCenter also facilitates analysis of the
ecosystem, using a telemetry model. An analysis
dashboard (by organization) benchmarks various
hardware and simulators, both on cost/time and
the sustainability of each option.

Each organization can use tools that support and
automate management of its work teams (users,
roles, permissions); quantum processing units (with
their credentials and connection requirements);
assets (complete solutions, circuits, resources);
and compilation, transpilation, and execution
tracking.

— Resources
QGovCenter
— System
BIQAIN Technical Office
— Tutorials

Subscriptions

Organizations
Management

" — Providers
Telemetry Operations
— Customers
L— Other services
Management* Management Management Management

*Management of organizations: team, quantum processing units, assets, actions, gSOA, apps, etc.
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Figure 3. A quantum hub architecture
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QlGovCenter also assists with two key aspects
of Bizkaia Provincial Council's business-related
strategy:

1. Management and control of the lifecycle of
quantum/classical hybrid systems development
projects, essential for the successful application
of quantum computing in business.”®

2. The metrics of processes, methods, and tools
that, following QSE best practices, directly affect
the productivity of projects and the quality of
quantum and hybrid systems. This helps keep
costs under control and facilitates practical appli-
cations of the quantum advantage to businesses."

CONCLUSION

A good governance system is fundamental to a
complex quantum ecosystem with multiple actors.
It must consider each hub’s needs and growth
plans in order to provide:

- Aservice managed by experts in quantum
computing services

- The technical knowledge to create a quantum
enterprise network

- Implementation of the infrastructure needed to
operate and grow the hub

- Unified management of organizations, users,
and suppliers

- Centralized control of pay-per-use quantum
computing budget line items

- Professional consulting to define, size, and
customize the hub as needed

- Quantum software services using a QSaaS model

- Access to unified, real-time usage reports for all
hub computers and simulators, as well as member
satisfaction surveys

- Security of intellectual property and all elements
needed to ensure safe access to an organization'’s
assets

We believe this is the best way to move quantum
computing from the experimental stage to fully
tested solutions that businesses can leverage.
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Some technology convergences arrive not as incremental innovations but as a
fundamental rethinking of our relationship to computation and intelligence. For
example, the convergence of quantum computing and large language models will lead
us to question the concept of how machines process and interpret the rich complexity

of human knowledge and experience.

We are witnessing a rapid evolution in Al capa-
bilities, with models like GPT-4 and DeepSeek-V3
performing natural language processing tasks that
were once considered impossible.! This progress,
however, comes with significant costs. The training
of GPT-3 cost approximately US $4.6 million, while
its successor, GPT-4, required around $78 million.
In contrast, DeepSeek-V3 was trained for less

than $6 million, demonstrating that innovative
approaches can reduce these costs substantially.

Nevertheless, the true challenge lies in the
sustainability of our current technological path.
Even with reduced training costs per model, the
increasing number of models and continuous
demand for larger, more powerful Al systems mean
that the overall energy consumption and environ-
mental impact remain substantial issues to be
addressed.

PHILOSOPHICAL
IMPLICATIONS

Quantum computing is less a technological
advancement than a paradigmatic change in

how we think about information processing and
computability.? Classical computing is based on
binary certainties (ones and zeroes, true and false).
Quantum computing exists in a realm with many
possibilities, where probabilities and interference
are not obstacles to be overcome but computa-
tional resources to be exploited.

© 2025 ARTHUR D. LITTLE

This change mirrors a philosophical shift

in enterprise problem solving. Just as quantum
systems leverage superposition and entanglement
to simultaneously explore immense spaces of
potential solutions, today's enterprises must act
across multiple dimensions of entangled prob-
lems in the complex business environment. The
quantum perspective shows that uncertainty and
entanglement, long considered weaknesses, are, in
fact, sources of increased computational potency.

THE TRUE
CHALLENGE

LIES IN THE
SUSTAINABILITY
OF OUR CURRENT
TECHNOLOGICAL
PATH

A TIPPING POINT

We stand at a tipping point in the evolution of Al.
As our models grow capable of achieving parity
with human performance, they require exponen-
tially greater computational resources to train and
deploy. Recent research shows that conventional
optimization methods, though useful, can yield
incremental improvements in efficiency at best.?
This is not merely a technological limitation —

it's a philosophical imperative to reconsider our
concept of computation.
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If computational demands keep doubling every 10
years, by 2025, the amount of energy required to
train our most advanced Al systems will be on par
with that of a small nation-state. This unsustain-
able path requires us to ask the following ques-
tions: What is computation? What is intelligence?
How much are we willing to invest in the develop-
ment of artificial minds?
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Interference. Quantum interference provides

a mechanism to amplify desired computational
outcomes while suppressing unwanted results,
creating an information-processing para-

digm that is closer to the nuanced interplay of
possibilities found in human cognitive processes.

A NEW PHILOSOPHY
OF COMPUTATION

The convergence of quantum computing and Al
represents a profound shift in how computers
process information, create meaning, and generate
knowledge. The five innovative methods described
below are both revelations about technolog-

ical change and potential ways to understand
computation and intelligence.

1.

QUANTUM-ENHANCED

ATTENTION MECHANISMS:
REDEFINING MACHINE
UNDERSTANDING

The breakthrough in quantum algorithms for
attention computation transforms how machines
comprehend data relationships.® The reduc-

tion in computational complexity from O(n2d) to
0O(n™.5k*0.5d + nkd) represents more than mere
efficiency — it enables a more nuanced, contex-
tually aware form of machine comprehension. This

MOVING BEYOND BINARY

Quantum computing is not an information-
processing advancement; it's a divergence from
classical models. Noisy intermediate-scale
quantum hardware, now in early development,
demonstrates performance gains that funda-
mentally dispute our conventional computation

advancement means:

Enhanced semantic processing that better
mirrors human contextual understanding

Dramatic reductions in power consumption,
advancing sustainable Al

models.? To grasp this shift, we need to delve
into the three principles that underlie quantum
computing:

- Improved coherence maintenance across
extended information sequences

1. Superposition. Classical bits exist in binary
states; quantum bits inhabit a realm of simulta-
neous possibilities. This enables quantum com-
puters’ unique ability to explore vast solution
spaces in parallel, revolutionizing our approach
to complex problem solving.

2. QUANTUM IMPLEMENTATION
OF LANGUAGE MODELS: A NEW
COMPUTATIONAL GRAMMAR

The incorporation of transformer models into
quantum systems is perhaps the most ambitious
redesign of language processing yet.® This feat

2. Entanglement. Entanglement allows quantum goes beyond traditional computation in that it:

computers to process information in ways that
surpass classical capabilities. This is achieved
through the phenomenon known as “spooky
action at a distance,” which creates correlations
between particles that have no classical equiva-
lent, enabling quantum computers to explore new
frontiers in computational problem solving. -

- Harnesses quantum superposition to explore
multiple linguistic possibilities simultaneously

- Uses entanglement to capture subtle semantic
relationships

Implements hybrid quantum-classical architec-
tures for optimal efficiency
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3. QUANTUM COMPRESSION
TECHNIQUES: REIMAGINING
KNOWLEDGE REPRESENTATION

By finding new applications for quantum circuits
and tensor networks, researchers have accom-
plished what was once thought to be impossible:
successful compression of language models
without reducing their fundamental capabilities.”
This breakthrough allows:

- Graceful performance degradation despite 90%
memory reduction

- Novel knowledge-encoding approaches that
challenge classical information theory

- Applied implementation strategies that balance
theoretical potential with real-world practice

4. MULTIMODAL QUANTUM
PROCESSING: EMBODYING
HUMAN PERCEPTUAL
INTEGRATION

Quantum models capable of processing text
and visual data alike are a manifestation of the
increased understanding of integrated human
perception. This allows for:

- Integrated processing of heterogeneous data
types that captures natural human cognition

- Enhanced pattern recognition that transcends
classical modal limitation

- Richer modeling of complex, multidimensional
relationships

5. AI-AUGMENTED QUANTUM
COMPUTING: A SYMBIOTIC
INTELLIGENCE ALLIANCE

One of the more intriguing developments is the
nascent symbiotic alliance between quantum
computing and Al. Modern language models aid in
the optimization and design of quantum circuits,
thereby creating a virtuous cycle of innovation.
This enables:

- Anew paradigm for human-machine-quantum
collaboration
- Automated discovery of quantum advantages

- Democratized access to quantum computing
fundamentals

© 2025 ARTHUR D. LITTLE
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BUSINESS IMPLICATIONS

The practical applications of quantum-Al conver-
gence (greater computing power, sophisticated
analytics, and accelerated innovation) extend

far beyond theoretical interest, representing a
fundamental transformation in how organiza-
tions process information and address their most
challenging problems.

QUANTUM MODELS
CAPABLE OF
PROCESSING
TEXT & VISUAL
DATA ALIKE ARE A
MANIFESTATION
OF THE INCREASED
UNDERSTANDING
OF INTEGRATED
HUMAN
PERCEPTION

GREATER COMPUTING POWER

- Optimized operational efficiency. Quantum
algorithms’ reduction of computational com-
plexity from O(n2d) to O(n*1.5k*0.5d + nkd) for
attention mechanisms translates directly to
operational cost savings. This dramatic efficiency
improvement lets organizations process larger
workloads without proportional infrastructure
investment increases.

- Sustainable computing solutions. It took
approximately $100 million of electricity to
train ChatGPT-3 (with doubling anticipated
each decade). Quantum-boosted systems
have the potential to conserve energy by up
to 90% through quantum compression and
enhanced processing methods. This is due to the
natural ability of quantum systems to process
certain operations in parallel, which significantly
reduces the energy required for every computa-
tional result.
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Scalable Al deployment. Quantum deploy-
ments leverage amplitude encoding and
purpose-designed circuits to perform data
processing more efficiently than binary encoding,
enabling organizations to scale Al function
without linear resource expansion. Processing of
larger datasets and more complex models can be
done with reduced or equivalent resource needs.

SOPHISTICATED ANALYTICS

Multidimensional data analysis. The capacity of
quantum systems to concurrently process various
data types while maintaining structural rela-
tionships enables the identification of patterns
and correlations that were previously undetect-
able. This remarkable capability arises from the
distinctive ability of quantum systems to analyze
multiple data dimensions simultaneously, as
opposed to sequentially.

- Real-time market analysis. Quantum systems
enable real-time portfolio optimization and risk
calculation, enabling real-time market response
capabilities. The hybrid quantum-classical
approach lets organizations analyze intricate
market interactions without compromising
operational stability.

- Improved predictive modeling. Quantum
superposition enables simultaneous investiga-
tion of several future situations, resulting in more
complex predictive models involving an exponen-
tially greater number of variables than classical
systems.

ACCELERATED INNOVATION

- Enhanced product design. Quantum devices can
easily manage high-level simulations that would
be computationally demanding on a classical
system, accelerating product design cycles. This
advantage is highest in industries that use molec-
ular modeling or materials science modeling.

- Enhanced customer insights. Quantum sys-
tems provide higher accuracy rates (79.25% for
unstructured data and 68.75% for structured data)
while enhancing the interpretability of results.
Deeper, more actionable customer insights result
from processing various data sources in parallel
without sacrificing analytical transparency.

- Optimized R&D. Quantum-Al creates a virtuous
cycle in which Al optimizes quantum circuits and
quantum computing optimizes Al, accelerating
R&D activities by parallel exploration of possibili-
ties and solution optimization.

PREPARING FOR A
QUANTUM-AI FUTURE

The quantum-Al revolution demands a funda-
mental rethinking of how organizations approach
computation, intelligence, and human potential.
Companies should consider infrastructural prepar-
edness, human capital development, and an ethical
framework as they prepare.
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STRATEGIC INFRASTRUCTURE
EVOLUTION

Quantum-enabled Al systems require a redesign
of the enterprise architecture, including:

- Developing a hybrid classical-quantum architec-
ture for effective resource management

- Developing coherence-enabled, quantum-ready
data-processing pipelines

- Creating an infrastructure capable of supporting
future quantum capabilities

HUMAN CAPITAL DEVELOPMENT

Quantum-Al requires practitioners who compre-
hend not only the mechanics of the systems but
their philosophical dimensions. This means:

- Forming cross-disciplinary competencies
encompassing quantum physics, computer
science, and application awareness

- Establishing an intuitive understanding
of quantum principles and their business
applications

- Discovering areas in which quantum and classical
methods complement one another

ETHICAL FRAMEWORK
& GOVERNANCE

Advanced quantum-Al systems raise ethical issues,
such as compromising data security, enabling
malicious activities, and widening the digital
divide. Organizations must have:

- Well-defined governance frameworks for
deploying quantum-enabled Al

- Ethical frameworks that balance technological
possibilities with human values

- Clear decision-making processes for quantum-Al
applications
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EMBRACING QUANTUM
POSSIBILITY

The intersection of quantum computing and

Al has the potential to completely reimagine
human-machine interaction and what we know of
intelligence. This requires business leaders to:

1. Embrace uncertainty. In the quantum model,
uncertainty is a source of computing power rather
than a weakness. This shift means organizations
should:

Embed probabilistic reasoning within
decision-making models for business
information systems.

Develop quantum-enhanced
information-processing systems
that leverage quantum potential.

Develop enterprise strategies that accom-
modate multiple concurrent futures based
on quantum computational models.

2. Promote integration. The most powerful uses
of quantum-Al technology will come from an
intentional integration with legacy systems and
human workflows, requiring:

Hybrid approaches that leverage both
classical and quantum strengths across
organizational information systems.

Intuitive interfaces that reveal quantum
functionality to business users without
requiring specialized knowledge.

Enterprise information system designs
that enhance rather than replace human
decision-making.

3. Uphold human centricity. Irrespective of the
unparalleled technical capabilities of quantum-Al
systems, human creativity and intelligence
cannot be substituted. Organizations must:

Prioritize human values in system
development and deployment.

Ensure quantum-Al systems conform
to human desires and wants.

Emphasize augmenting rather than
replacing human capability within
enterprise computing environments.
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THE DAWN OF A NEW ERA

As we approach the dawn of the quantum-Al era,
we face fundamental questions about the nature
of intelligence, computation, and human potential.
Success in this era will rely on institutions that
can embed quantum Al in their DNA, using it not
as an enabling technology but as a revolutionary
approach to problem solving and information
processing.

This journey will demand courage, creativity, and
an unwavering dedication to human values. The
moment has arrived to leverage the potential

of quantum computing and Al to expand human
ability and understanding for the welfare of all
humanity.

This revolution will challenge us to reconsider what
computers are capable of and the nature of human
realities in the era of quantum possibility.

THIS JOURNEY
WILL DEMAND
COURAGE,
CREATIVITY &
AN UNWAVERING
DEDICATION TO
HUMAN VALUES
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