Quantum Computing and AI: State of the Art,
Challenges, and Five-Year Outlook

Introduction

Advances in quantum computing and artificial intelligence (Al) are increasingly intertwined. Quantum
computers promise to tackle computations beyond classical reach by leveraging superposition and
entanglement, offering exponential parallelism for certain tasks 1 2 . Meanwhile, modern Al techniques
(especially deep learning and gradient-based optimization) are proving invaluable in overcoming quantum
hardware limitations. This paper explores the mutual feedback loop between these fields: how Al-driven
optimization (e.g. gradient flow and reinforcement learning) can boost quantum computing performance,
and conversely how quantum algorithms might accelerate neural network training. We review the state-of-
the-art in quantum hardware and software, identify roadblocks to quantum-accelerated Al highlight
examples of Al improving quantum systems, and survey expert forecasts on when quantum computing may
deliver practical speedups for training neural networks. Given rapid developments, we focus on the next
five years, outlining timelines for small-, medium-, and large-scale Al applications that could leverage
guantum parallelism or quantum-enhanced optimization.

State of the Art in Quantum Computing (Hardware & Software)

Quantum Hardware Progress: Quantum computing is in the Noisy Intermediate-Scale Quantum (NISQ)
era 3 . Today's leading platforms (superconducting circuits, trapped ions, photonics, neutral atoms) have
tens to a few hundred qubits, with notable improvements in qubit count and fidelity each year. For instance,
IBM’s latest superconducting processor “Condor” boasts 1,121 qubits - breaking the 1000-qubit barrier in
2023 4 .IBM's roadmap ambitiously targets a 1,386-qubit chip (“Kookaburra”) by 2025, which can be linked
in a modular architecture to form a 4,158-qubit system 5 .In parallel, IBM has drastically improved quality:
its 133-qubit “Heron” chip achieved 3-5x better performance (99.9% two-qubit fidelities) than prior
generations 6 . Google’'s quantum program, after achieving a 53-qubit “quantum supremacy”
demonstration in 2019 7 , is now focused on scalability and error correction, aiming for a useful error-
corrected quantum computer by 2029 & . Google's recent Willow processor prototype showed that adding
more physical qubits can suppress logical error rates - a milestone toward scalable quantum error
correction 9 . Other players are pushing different technologies: IonQ's trapped-ion systems reach lower
qubit numbers but extremely high fidelities (native two-qubit gate fidelity >99.9%). IonQ reports its current
36 “algorithmic qubit” system (IonQ Forte) and plans to surpass 100 physical qubits by 2025 10 11 [ IonQ
expects to achieve five-nines (99.999%) fidelity for logical two-qubit operations with error correction by end
of 2025 11 - an important threshold for fault-tolerant computing. Neutral-atom startup Pasqal already
operates 100+ atom qubits and projects a 10,000-qubit system by 2026, incorporating quantum error
correction at scale 2 13 . In quantum annealing (an analog form of quantum computing geared to
optimization), D-Wave's Advantage2 system now features over 4,400 qubits, which clients have applied to
real-world optimization (e.g. an 80% reduction in scheduling effort for a retail company) 4. These
advancements illustrate steady progress in qubit counts and error rates, though truly general-purpose
quantum computers with thousands of error-corrected qubits remain several years away. Leading roadmaps
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converge on achieving some form of fault-tolerance or “utility-scale” quantum computing by the end of this
decade 15 16,

Quantum Software and Algorithms: In tandem with hardware, the quantum software stack has matured.
Open-source frameworks like Qiskit, Cirg, and Pennylane enable programming quantum circuits and hybrid
quantum-classical algorithms. A key focus is error mitigation and shallow-circuit algorithms suitable for
NISQ devices. Variational quantum algorithms (VQASs) - where a quantum circuit's parameters are optimized
by a classical optimizer - are state-of-the-art for near-term applications such as quantum chemistry and
machine learning 17 18 . For example, variational quantum eigensolvers and quantum neural networks
(quantum circuits trained similarly to neural nets) are actively researched 19 20 . Another trend is dynamic
circuits and mid-circuit measurement, allowing limited feedforward and feedback during quantum
execution, which can reduce depth and assist error correction 21 22 . Quantum compilers have also
improved: notably, IBM introduced an Al-driven circuit transpiler that uses reinforcement learning to
optimize gate sequences, cutting two-qubit gate counts by 20-50% compared to human-tuned heuristics

23 24 This “Al transpilation” exemplifies how intelligent software can compensate for hardware limits by
finding shorter, error-minimizing circuits. Quantum error correction codes are another software milestone -
in 2023, Google demonstrated a logical qubit with error suppression as it grew the code size 9 . And just as
classical computing has metrics like FLOPS, quantum computing performance is tracked by composite
metrics such as quantum volume and algorithmic qubits; IonQ’s 36 algorithmic qubits and Quantinuum’s
guantum volume >2,000,000 (with 12 logical qubits achieved in 2024) indicate progress in usable quantum
capacity 10 25 . Qverall, the state-of-the-art suggests that within five years, we will see early integrated
quantum-classical workflows. Indeed, IBM believes that by 2025, quantum resources will be sufficiently
advanced to let “model developers explore quantum applications in machine learning, optimization, natural
sciences, and beyond” 26 . The hardware will still be mostly NISQ (noisy, not fully error-corrected), but
combined with better software (error mitigation, compilers, serverless cloud integration), it can start
addressing useful problems in a hybrid manner 27 .

Key Roadblocks to Quantum-Accelerated Al

Despite rapid progress, major unsolved challenges prevent quantum computers from broadly accelerating
Al training today. Decoherence and Error Rates: Qubits are extremely fragile - environmental noise and
imperfect controls cause decoherence, introducing random errors in computations 28 29 . Without
correction, errors accumulate and quantum computations become unreliable long before a neural network
could be fully trained. State-of-the-art superconducting qubits have coherence times on the order of 100
microseconds and two-qubit gate fidelities around 99.5-99.9%; this sounds high, but executing thousands
of operations (as needed for large neural networks) without mistakes is currently impossible. Quantum
error correction (QEC) is the principled solution, but it is resource intensive - typically requiring dozens or
even thousands of physical qubits to encode a single /ogical qubit that can be kept error-free 30 31 . For
example, the surface code (a leading QEC code) may need ~1000 physical qubits per logical qubit for <1%
error rates 32 . This huge overhead means today's devices cannot yet support fully error-corrected
operations at scale. Recent breakthroughs (Google’s prototype with error rates improving as code size
increased 9 ) show progress, but achieving the error rates and qubit counts to train large neural networks
is still beyond a five-year horizon. Limited Qubit Count and Connectivity: Current quantum processors
have at most a few hundred qubits, and not all qubit pairs can interact directly (sparse connectivity). In
contrast, modern Al models often involve millions or billions of parameters. While quantum states can
encode very high-dimensional vectors in principle, the number of qubits limits the size of data or model
that can be represented at once. Encoding a moderately sized neural network layer (say thousands of
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weights) would require thousands of high-quality qubits - far beyond what 2025 hardware will offer.
Additionally, restricted connectivity means algorithms incur extra swap operations, adding noise and depth
that further constrain feasible circuit size for Al tasks.

Quantum Data Encoding (Input/Output Bottlenecks): Even if we had powerful quantum hardware,
feeding large classical datasets into a quantum computer is a non-trivial challenge. Neural network training
typically iterates over massive datasets - but a quantum speedup can be negated if converting each
training sample into a quantum state (and reading results out) takes too long. Preparing an arbitrary data
state of $n$ qubits generally requires $0(2~n)$ operations, or using specialized quantum random access
memory (QRAM) - neither is practical yet 33 34 | Researchers refer to this as the data loading problem.
While clever schemes like amplitude encoding pack $N$-dimensional data into $\log N$ qubits, they
demand complex superposition states that are time-consuming to create and fragile to maintain 35> 36 .
Moreover, any quantum advantage often assumes we can query the quantum state in superposition; but if
one must eventually measure outputs for each data point, a potential exponential speedup can collapse to
linear time. In essence, unless data encoding and readout are optimized, a quantum trainer might spend
more time loading data than it saves in computation. Research on quantum embeddings and feature maps
seeks to mitigate this by finding compact encodings of data that quantum circuits can exploit 36 37 , but
identifying general solutions remains an open problem.

Noisy Gradients and Deep Circuit Depth: Training neural networks is fundamentally an optimization
(finding weight updates via gradient descent or second-order methods). On quantum hardware, obtaining
gradients or loss function evaluations involves running parameterized circuits many times (with shot noise
from measurements) - essentially introducing statistical noise into the training loop. Current quantum
hardware would require a prohibitively large number of circuit repetitions to estimate gradients with high
precision, especially as the number of parameters grows 38 . Additionally, deep neural networks
correspond to deep quantum circuits if one tries to implement the whole training computation in quantum
form. But deep circuits are currently impractical due to decoherence constraints - only shallow circuits with
perhaps dozens of sequential two-qubit gates can run reliably on NISQ devices. This severely limits the
complexity of the neural network model or training algorithm one can directly map to a quantum computer
in the near term. In fact, many theoretical quantum machine learning speedups assume fault-tolerant long
circuits or oracles (e.g. a QRAM for loading data) that we do not have yet 39 40 . There is also the issue of
barren plateaus - flat optimization landscapes that can occur in both classical and quantum training. When
using quantum circuits as models, certain parameterizations can lead to gradients exponentially small in
the number of qubits, preventing effective learning. This phenomenon is analogous to vanishing gradients
in deep nets and has been identified as a serious hurdle for scaling up quantum neural networks. Recent
work by Google indicates quantum techniques might avoid some classical barren plateaus for specific
problems (by exploiting Fourier space structure) 41 42, but generally, ensuring trainable parameter
landscapes is a challenge.

Resource Requirements and Algorithmic Uncertainty: Finally, there's the high-level uncertainty of what
quantum-accelerated Al will look like. Will it be quantum computers directly training large classical-like
neural nets faster? Or quantum-inspired algorithms solving parts of the training (e.g. faster linear algebra,
more efficient combinatorial optimization for architecture search)? Many early proposals for quantum
speedups in machine learning have later been “de-quantized” - equivalent classical algorithms were found
that perform similarly 43 44 | This has tempered some prior optimism. For example, quantum algorithms
for recommendation systems and linear systems promised exponential speedups, but analysis showed that
when realistic data access costs are included, the advantage is at best polynomial or comparable to classical
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methods. Thus, it remains an unsolved problem to identify which AI workloads truly benefit from quantum
computing and justify the overhead. As a 2023 review noted, “we desperately need progress in developing
quantum error correction, qubit connectivity, and circuit optimization” to make quantum machine learning
viable at scale 45 46 . In summary, the next five years must overcome significant hurdles in hardware
scalability, error reduction, data interfacing, and algorithm design before quantum computing can
substantially speed up mainstream neural network training.

How AI is Advancing Quantum Computing

While quantum hardware isn't yet speeding up Al, the converse is already true: Al techniques are critical for
improving quantum systems. Modern machine learning excels at high-dimensional optimization and
pattern recognition, which maps naturally onto many quantum control and error correction problems.
Several avenues of “Al for Quantum” have emerged:

* Error Correction and Noise Mitigation: Al is being deployed to enhance quantum error correction
(QEC), which is vital to combat decoherence. Traditional QEC decoding (figuring out what error
occurred and how to correct it from syndrome measurements) is computationally hard for large
codes. Machine learning offers a powerful alternative. Neural network decoders have shown superior
accuracy and speed compared to classical decoding algorithms for surface codes 47 . By training on
simulated error patterns, a neural net can learn to instantly predict the correction, effectively
automating part of the QEC pipeline. Reinforcement learning (RL) is also used to adapt error-
correcting strategies on the fly 47 . In one comprehensive survey of Al for QEC, researchers note
these methods “often show superior efficiency and accuracy... compared to conventional methods” and
can better handle the complexity of large-scale, dynamic quantum error patterns 48 49 . For
example, Google’s Quantum Al team recently demonstrated an ML-enhanced decoder for their
surface code experiments, contributing to the milestone where logical qubit error rates improved
with system size 9 . Beyond decoding, Al helps error modeling: sparse, high-dimensional error data
can be analyzed with machine learning to identify subtle noise correlations and drift over time 50

51 . This informs better error mitigation strategies. Overall, by automating error correction and
learning from data, Al is accelerating progress toward fault-tolerant quantum computing.

Quantum Control and Calibration: Operating a quantum computer involves numerous analog
control parameters - microwave pulse shapes, laser frequencies, voltages, etc. Fine-tuning these to
maximize gate fidelity and qubit coherence is an enormous optimization task. Here, Al (especially
reinforcement learning and deep neural networks) has demonstrated remarkable success. A notable
example is using deep RL to perform quantum optimal control. In a 2019 study, an RL agent learned
to shape control pulses for two-qubit gates, achieving a 100x reduction in average gate error
relative to standard gradient-based pulse optimization, while also reducing gate time by 10x 52 53,
The agent effectively found faster and more error-resilient gate implementations that human
engineers hadn't - a testament to Al's ability to navigate complex, high-dimensional control
landscapes. These improvements in fidelity and speed directly help mitigate decoherence (shorter
gates mean less time for noise to act, and higher fidelities mean fewer errors to correct) 54 55 .
Similarly, researchers have applied neural-network-based optimal control to tasks like qubit reset
and calibration, outperforming manual heuristics. Reinforcement learning controllers have been
used to adaptively tune quantum experiments (for instance, stabilizing a quantum bit in an optical
trap by continuously adjusting laser settings). In short, gradient flow optimization methods from Al are
helping overcome decoherence and gate errors by finding control solutions that push hardware to its
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physical limits. This is a prime example of gradient-based Al techniques (like policy optimization or
differentiable programming) directly improving quantum gate fidelity, a prerequisite for any
quantum advantage.

Quantum Compiler and Architecture Search: The process of compiling abstract quantum
algorithms into low-level gate sequences benefits greatly from AL IBM's Al transpiler mentioned
earlier is one such tool - using reinforcement learning to iteratively refine circuit mappings, it was
able to cut gate counts nearly in half on benchmark circuits 23 24 . Fewer gates means less
accumulated error, effectively extending quantum circuit depth capabilities on current hardware.
Another emerging idea is quantum architecture search (analogous to neural architecture search in
classical ML), where AI algorithms design optimal quantum circuit structures or even physical qubit
layouts for a given task. A recent study introduced KANQAS (Kolmogorov-Arnold Networks for
Quantum Architecture Search), an Al-driven approach to automatically generate circuit ansatze for
problems like quantum chemistry. By using a special neural network (KAN) and curriculum RL, the
method produced parameterized circuits that achieve 2-5x higher success probability in preparing
target quantum states (compared to circuits designed by standard deep learning), and with greater
robustness to noise 56 57 . It also managed to reduce the number of two-qubit gates and circuit
depth needed for the same task 58 59 . This shows that Al can intelligently explore the huge space
of circuit designs, finding more efficient architectures than brute force or human intuition. Such Al-
designed circuits can be critical for implementing quantum neural network layers or variational
algorithms that will later train Al models - essentially AI helping to optimize the very quantum
algorithms that might run AL On the hardware side, Al is being considered for designing qubit layouts
and crosstalk mitigation strategies (treating chip design as an optimization problem under
manufacturing constraints).

Predictive Maintenance and Noise Diagnostics: Maintaining a large quantum system'’s
performance is an ongoing challenge - qubit qualities drift, crosstalk appears, components age. Al
can analyze logs of qubit performance, error rates, and environmental sensor data to predict when a
qubit needs recalibration or identify subtle sources of noise. Early experiments in “quantum
computer autopilot” have used machine learning to schedule calibrations at optimal times and
suggest corrective actions, reducing downtime. While less publicized than the above topics, this use
of Al for operations will be vital as quantum processors scale to hundreds or thousands of qubits,
where manual tuning would be infeasible.

In summary, Al techniques - from neural networks to reinforcement learning agents - are accelerating the
quantum hardware roadmap. They help in automating error correction, squeezing out more fidelity from
devices, and even conceptualizing better quantum circuits. As one survey put it, machine learning offers
“significant potential to transform QEC... automating detection and correction of quantum errors with lower
overhead” 47 . Thanks to these Al-driven innovations, some of the major roadblocks (noise, gate fidelity,
scalability) are being addressed faster than they otherwise would, bringing the era of reliable quantum
computing closer.
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Quantum Computing for Accelerating Al

The ultimate payoff of this synergy is when quantum computers begin to enhance AI - speeding up the
training or execution of machine learning models. While still largely theoretical, there are multiple pathways
for quantum-accelerated AI that could materialize in coming years:

* Quantum Speedups in Optimization: Many Al problems boil down to optimization, and quantum
algorithms like Grover’s search or quantum annealing can potentially accelerate certain optimization
tasks. Quantum annealers (like D-Wave's systems) have already been tested on simplified neural
network training problems. For example, early work showed a D-Wave quantum annealer could
sample from Boltzmann distributions to train a restricted Boltzmann machine (an unsupervised
neural net) faster than a classical sampler in some cases. Today's annealers are being used in hybrid
workflows: e.g. optimizing the placement of weights in a binary neural network or doing
combinatorial feature selection, where the problem is mapped to a quadratic unconstrained binary
optimization (QUBO) that the annealer solves. While not a general solution, these quantum
optimizers can provide speedups on specific hard instances of tuning problems in AL. D-Wave's latest
Advantage2 with 5000+ qubits is marketed with AI/ML use cases in mind, and clients like Mastercard
have experimented with quantum-hybrid algorithms for fraud detection and other tasks 60 61 .
Another approach is the Quantum Approximate Optimization Algorithm (QAOA), a gate-model
method that prepares an ansatz state to encode solutions to optimization problems. QAOA (which
can be seen as a variational form of quantum annealing) might help with discrete optimization tasks
in machine learning, such as hyperparameter tuning or network architecture search. If hardware
improves, QAOA could potentially handle larger problem sizes than classical heuristics by exploiting
quantum parallelism in the state search.

Quantum Linear Algebra for AI: Training neural networks involves heavy linear algebra -
multiplying large matrices, solving linear systems (for second-order methods), computing large
vector dot products, etc. Quantum algorithms offer exponential speedups for certain linear algebra
tasks under ideal conditions (HHL algorithm for solving linear systems, quantum Fourier transforms
for convolution, etc.). For instance, there are quantum algorithms for principal component analysis
(PCA) that in theory run in polylogarithmic time in the matrix size 19 . In practice, these algorithms
face big overheads (condition number dependence, data loading as discussed), but they hint at how
a future fault-tolerant quantum computer could crunch through the linear algebra of Al faster than
any classical machine. A recent theoretical breakthrough by Google researchers showed that a
quantum algorithm could learn a certain class of neural network (essentially a two-layer periodic
activation network) in polynomial time, whereas any classical gradient-based training takes
exponential time on the same problem 62 63 . In their result, the quantum method uses a
Quantum Fourier Transform to find hidden frequencies in the data that classical training struggles
to detect (because the loss landscape is too flat) 41 42 . This translates to an exponential speedup
in learning those “hidden period” weights 64 63 . Importantly, the advantage held even for natural
data distributions (like Gaussians) 64, not just contrived cases. Although it's a theoretical finding -
requiring special quantum states not yet available and no near-term hardware implementation 65

66 - it provides a concrete example where quantum computers could outlearn classical algorithms
on a machine learning task. It also showcases how quantum linear algebra tricks (Fourier analysis,
phase estimation) might tackle AI challenges (like flat gradients) in novel ways. Other proposals
involve quantum acceleration of stochastic gradient descent by sampling from distributions or using
amplitude amplification to estimate gradients faster. For example, researchers have considered
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guantum analogues of Newton’s method where the Hessian inversion is done via quantum linear
system solvers 67 68 . If one could efficiently perform those subroutines on a quantum co-
processor, it might speed up convergence of training, particularly for very large models where
second-order methods are currently too slow classically.

Quantum Neural Networks and Hybrid Models: Rather than speeding up classical neural
networks, another paradigm is creating quantum neural networks (QNNs) that run inherently on
quantum hardware. These are essentially variational quantum circuits with parameters that can be
trained similar to neural nets. The hope is that QNNs might be more expressive or require fewer
resources than classical networks for certain tasks, or that a QNN with $n$ qubits can represent
patterns that would classically require $2An$ neurons (by exploiting superposition). In the next five
years, we expect to see QNNs used as components in hybrid models - for example, a quantum
circuit acts as a feature mapper or kernel function feeding into a classical model. Already, quantum
kernel methods have been explored: a small quantum circuit maps data to a high-dimensional
Hilbert space, and classical SYM or regression then works in that space. Some experiments on
synthetic data have shown quantum kernels can outperform classical kernels, hinting at a potential
“quantum feature” advantage under the right conditions 37 €9 . In the near term, these benefits
will likely be task-specific and modest, but they pave the way for tighter quantum-classical
integration in Al workflows. For instance, by 2025-2026, one could see a medium-scale application
where a quantum subroutine computes something like the kernel matrix for thousands of data
points in a way that's faster or more memory-efficient than classical, thus accelerating a learning
algorithm. Another possibility is using small quantum circuits to generate synthetic data or initialize
machine learning models (quantum random states might provide rich distributions to train
generative models). While fully training a deep network end-to-end on a quantum computer is not
imminent, quantum enhancements to parts of the training pipeline are within reach.

Enhanced Parallelism and Sampling: Quantum computers can in principle evaluate a function on
many inputs simultaneously (via superposition) and interfere the results to highlight optimal
solutions. For search or sampling-based AI algorithms, this could be transformative. For example,
Grover's algorithm provides a quadratic speedup for unstructured search, which might accelerate
hyperparameter search or finding a specific data example. More relevantly, quantum sampling could
accelerate probabilistic models: a quantum device can sample from a probability distribution
encoded in a quantum state potentially faster or from a richer family of distributions than classical
methods. This might benefit training of probabilistic graphical models or Bayesian neural networks
where sampling a posterior is the bottleneck. As an illustration, quantum Monte Carlo algorithms
could speed up the estimation of expected gradients in reinforcement learning or variational
inference. Additionally, certain combinatorial machine learning tasks (like clustering or graph-based
learning) might be sped up by quantum algorithms analogous to amplitude amplification or better
random walk mixing. These applications are speculative but under active study - researchers are
examining quantum speedups for clustering, kernel ridge regression, and recommendation systems
(with some promising theoretical results, but also caveats from dequantization as mentioned).

It must be stressed that none of these quantum advantages have been realized experimentally yet - current
quantum processors are too limited. However, expert sentiment is that in niche cases we may see
quantum-accelerated AI demonstrations within five years. Likely early targets are small-scale problems:
e.g., using a quantum optimizer to train a toy neural network faster than brute force, or a quantum kernel
method classifying a dataset slightly more accurately or efficiently than a classical model (taking into
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account the quantum overhead). Public statements reflect this cautious optimism. IBM, for instance,
predicts that by next year researchers will prototype quantum software for machine learning and other
domains, and that by 2025 quantum resources will meaningfully augment Al applications in areas like
optimization 27 . Similarly, IonQ’s former CEO Peter Chapman argued that quantum tech will be “pivotal for
commercial quantum advantage” by mid-decade, emphasizing that one should count algorithmic qubits
(problem-solving capacity) rather than raw physical qubits 70 71 . These algorithmic qubits could be
applied to Al-relevant computations such as climate modeling with Al or large-scale optimization. On the
flip side, some experts remain skeptical of imminent quantum speedups in Al beyond specialized tasks.
Theoretical studies like Google's periodic neuron result are encouraging 6 62, but they also highlight
requirements (special quantum states, fault-tolerance) that won't be met in 5 years. Therefore, the
consensus is that quantum computing will enhance Al in stages: first in minor or assistive roles (hybrid
workflows, quantume-inspired methods), then in medium-scale niche advantages, and ultimately in large-
scale general acceleration once fault-tolerance and thousands of logical qubits are available.

Expert Forecasts and Timeline Estimates

Industry roadmaps and expert surveys provide a timeframe for when quantum computing might noticeably
benefit neural network training and other AI workloads:

+ Short Term (Now to ~2026): In this period, we expect small-scale integration of quantum methods in
AL Quantum hardware will remain NISQ, with tens to low hundreds of qubits, and no error
correction at scale. Experts foresee proof-of-concept quantum advantage in narrow tasks. For
example, D-Wave's CEO stated that their annealers are already delivering customer value for
optimization (a subset of Al) today 72, though this is debateable as a “quantum” advantage since
classical methods can often catch up. Rigetti, a superconducting qubit company, is targeting >100
qubits by end of 2025 with 99%+ fidelities, and specifically aims for practical applications in machine
learning and optimization with that scale 73 74 . By 2025, IBM intends to offer quantum-centric
computing as part of its cloud, allowing AI developers to offload certain tasks to quantum
processors with minimal friction 75 76 . These tasks could include calling a quantum kernel or
running an optimization subroutine. We might see a quantum processor accelerate a component of
an Al pipeline (like a generative model sampling or a combinatorial feature selector) such that the
end-to-end process is faster than without quantum - a “quantum utility” case by 2025. However,
any gains will be problem-specific and require careful orchestration of classical and quantum
resources (IBM emphasizes a hybrid cloud approach where CPUs, GPUs, and QPUs work together)

7778 _ In terms of neural network training, a likely scenario is small hybrid quantum-classical
models trained on small datasets to demonstrate a speed or accuracy edge, perhaps using <50 qubit
circuits. Companies like Quantinuum (Honeywell + Cambridge Quantum) and Pasqal predict that by
2025, hardware-accelerated algorithms will start entering production for specialized uses 79 80,
though not necessarily for deep learning - more likely for optimization within industrial workflows or
quantum chemistry (which can assist Al-driven drug discovery, for instance). In summary, 2023-2026
will see pioneering demonstrations of quantum in Al but likely no broad adoption yet. A general
neural network (like a deep CNN or transformer) running faster on a quantum computer than a GPU
is not expected in this window.

Medium Term (2027-2030): This phase is where experts anticipate tangible quantum advantages
emerging for certain medium-scale Al applications, assuming hardware trends hold. By 2028 or so,
we may have early fault-tolerant qubits or at least significantly larger quantum systems with error
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mitigation that can outperform classical algorithms in some tasks. Google's roadmap explicitly aims
for an error-corrected quantum computer by 2029 8 . If achieved, that could open the door to
reliable deep circuits and thus more complex algorithmic speedups. Google’s CEO Sundar Pichai has
suggested quantum computing could start solving important problems (climate, materials, etc.) in
the five to ten year timeframe 8 , and one can include Al problems in that list. Dr. Hartmut Neven of
Google Quantum Al is confident in hitting the 2029 goal and expects “transformative impacts in AI and
simulations” once a useful quantum computer is operational 8 . Likewise, Microsoft, betting on
topological qubits, has stated a bold plan to build a million-qubit machine within “years, not decades,”
with their CEO Satya Nadella calling quantum a fundamental shift that will unlock new discoveries

82 83  Bill Gates even predicted “practical uses [of quantum computing] within five years” (from 2023)

82, which would put it around 2028 if he’s right. By 2030, companies and analysts foresee the
quantum computing market (including Al applications) growing dramatically - a Boston Consulting
Group report noted most experts peg the breakthrough of quantum advantage in the early 2030s,
potentially unleashing a trillion-dollar quantum industry 84 16 . Concretely, by 2030 we could see
medium-scale Al tasks accelerated by quantum: for instance, training a machine learning model with,
say, millions of parameters (instead of billions) faster via quantum subroutines. Quantinuum’s CEO
Rajeeb Hazra expects scientific and commercial advantage by 2030, specifically claiming they have
the most credible path to universal fault-tolerant quantum computing by then 8> 86 _If a few dozen
logical (error-corrected) qubits are online by 2028-2030, that might handle small instances of
problems like linear system solves of moderate dimension or faster kernel evaluations - enough to
show a measurable Al speedup in areas like finance (quantum-optimized trading algorithms) or
materials science (quantum-accelerated simulations feeding into AI models). Pasqal’s 10,000-qubit
2026 goal also falls in this period 13 ; if realized and coupled with error mitigation, such a machine
might perform analog quantum simulations useful for generative AI models (e.g. simulating physics
processes to generate training data far faster than classical HPC could). In summary, the late 2020s
are expected to bring the first practical quantum advantages for Al - limited in scope, but enough
to prove the value. These could include speedups in training specific models (like quantum SVMs on
certain datasets), or the ability to train models of a certain size that classical computers of equivalent
cost cannot.

Long Term (2031 and beyond): Beyond 2030, the vision is large-scale integration of quantum
computing into mainstream AI workflows. This would coincide with the advent of fully fault-tolerant
quantum computers with hundreds of thousands or millions of physical qubits (on par with
projections from IBM, Google, etc., if extended into the 2030s). At that point, quantum computers
could handle deep networks and large datasets end-to-end. For example, one could imagine training
a deep neural network with billions of weights where the heavy linear algebra and optimization
steps are offloaded to a quantum backend that runs orders of magnitude faster than any classical
supercomputer. By the mid-2030s, if hardware scales, it's conceivable to have quantum accelerators
in data centers working alongside GPUs/TPUs, each specialized for different parts of AI computation
(with QPUs handling things like enormous matrix operations or global optimization). IBM refers to
this future as “quantum-centric supercomputing,” where quantum resources are woven into the
computing fabric just as GPUs are today 87 88 . In such a scenario, Al models could grow even
more complex, driven by quantum’s capacity to simulate larger state spaces. The hope is that
entirely new Al algorithms will emerge that explicitly leverage quantum mechanics (not just porting
classical ones), perhaps blending ideas from quantum physics (like amplitude amplification or
entangled representations) into learning algorithms. By this stage, the distinction between
“quantum algorithm” and “Al algorithm” may blur - they will be hybrid by default, using whichever
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resource (quantum or classical) best suits the task. Achieving this vision depends on surmounting all
the challenges discussed (robust error correction, scalable architectures, etc.). Many experts are
cautious about exact timing: a common refrain is that fully fault-tolerant quantum computing is at
least a decade away. Indeed, an analysis by Intel's research team suggested useful quantum
computers were consistently “ten years away” and that by 2035-2040 we might expect broad
applications to be within reach &9 . Still, optimism persists: for instance, Oxford Ionics - which works
on modular trapped-ion tech - outlined a plan to reach >1 million qubits by late 2020s using chip-to-
chip links and electronic qubit control, aiming for “real-world impact” at that scale % 91 | If that
were achieved, the floodgates for large-scale quantum Al would open.

In summary, experts forecast a gradual but accelerating influence of quantum on AL small-scale
demonstrations in the mid-2020s, valuable medium-scale advantages by 2030, and large-scale, general-purpose
benefits in the longer term. Notably, this aligns with broader industry predictions. IBM's Arvind Krishna
envisions quantum computing as a “key differentiator” for businesses in the coming years, enabling new
optimization and simulation algorithms 92 . Google’s Sundar Pichai sees a 5-10 year horizon for quantum'’s
arrival, specifically citing its role in tackling problems like climate modeling (which often involve AI) 8! . And
CEOs like IonQ's Peter Chapman and Quantinuum’s R. Hazra are publicly confident that by 2025-2030, we
will hit important milestones in quantum advantage that will likely include Al use cases 70 16 . Of course,
there is healthy skepticism in the community too, reminding us that each step (from 100 qubits to 1,000 to
1,000,000) faces steep engineering and scientific challenges. But given the synergy we have detailed - Al
helping to overcome those challenges, and those advances in turn feeding back to Al - the trajectory
suggests that within five years we will at least witness the first glimmers of quantum-accelerated neural
network training, on a small scale and for carefully chosen problems, laying the groundwork for more
widespread quantum-Al integration in the decade beyond.

Conclusion

The coming five years will be pivotal in determining the role of quantum computing in the future of Al
Today’s reality is that general-purpose quantum computers cannot yet outperform classical GPUs in
training neural networks; the hardware is too noisy and limited. Key roadblocks like decoherence, error
correction overhead, input/output bottlenecks, and algorithm maturity need continued innovation.
However, the ongoing advances give reason for optimism. Al itself is expediting many of those advances -
from machine learning-enhanced error correction that inches us toward fault tolerance 47 , to Al-optimized
control that boosts gate fidelities 52 , to automated circuit design that squeezes more out of each qubit 56 .
As quantum devices improve, we expect an expanding feedback loop: better hardware enables new
quantum algorithms for machine learning, which in turn drive demand for even larger quantum
computation. Expert forecasts indicate a realistic timeline where, within five years, we'll see hybrid
quantum-classical Al prototypes delivering speedups in niche areas (e.g. quantum-optimized combinatorial
ML tasks), and within a decade perhaps one or two breakthrough use cases where a quantum machine
trains an AI model faster than any classical alternative. By the mid-2030s, if current roadmaps hold,
guantum computing could become an integral accelerator for Al workloads, working alongside classical
compute to push the frontiers of what Al systems can learn and solve.

In conclusion, while quantum computing will not replace GPUs for deep learning in the next few years, it is
on track to augment Al in ways that surmount some classical limitations (such as getting trapped in poor
local minima or struggling with certain high-dimensional patterns) 41 42 . The partnership of Al and
quantum is a two-way street: Al is making quantum computing more viable, and quantum computing -

10


https://introtoquantum.org/essentials/timelines/#:~:text=The%20timelines%3A%20when%20can%20we,be%20within%20reach%20around%202035%E2%80%932040
https://thequantuminsider.com/2025/05/16/quantum-computing-roadmaps-a-look-at-the-maps-and-predictions-of-major-quantum-players/#:~:text=,the%20UK%E2%80%99s%20National%20Quantum%20Computing
https://thequantuminsider.com/2025/05/16/quantum-computing-roadmaps-a-look-at-the-maps-and-predictions-of-major-quantum-players/#:~:text=fidelity%2C%20targeting%20commercial%20applications%20such,putting%20these%20devices%20into%20the
https://thequantuminsider.com/2025/05/16/quantum-computing-roadmaps-a-look-at-the-maps-and-predictions-of-major-quantum-players/#:~:text=scaling%20beyond%202025%2C%20emphasizing%20quantum,in%20chemistry%20and%20materials%20science
https://thequantuminsider.com/2025/05/16/quantum-computing-roadmaps-a-look-at-the-maps-and-predictions-of-major-quantum-players/#:~:text=,impacts%20in%20AI%20and%20simulations
https://thequantuminsider.com/2025/05/16/quantum-computing-roadmaps-a-look-at-the-maps-and-predictions-of-major-quantum-players/#:~:text=Microsoft%2C%20and%20Google%20Cloud.%20,leading%20in%20fidelity%20and%20scalability
https://thequantuminsider.com/2025/05/16/quantum-computing-roadmaps-a-look-at-the-maps-and-predictions-of-major-quantum-players/#:~:text=scientific%20workflows.%20,tolerant%20quantum%20computing.%E2%80%9D
https://arxiv.org/html/2412.20380v1#:~:text=potential%20to%20transform%20QEC,67
https://www.nature.com/articles/s41534-019-0141-3?error=cookies_not_supported&code=ed3588c1-97b3-43ae-9050-2dbe95f04a86#:~:text=by%20adding%20control%20noise%20into,term%20quantum%20devices
https://arxiv.org/abs/2406.17630#:~:text=their%20efficiency%20in%20the%20task,learnable%20parameters%20compared%20to%20MLPs
https://thequantuminsider.com/2025/03/31/google-researchers-say-quantum-theory-suggests-a-shortcut-for-learning-certain-neural-networks/#:~:text=One%20reason%20for%20the%20difficulty,a%20%E2%80%9Cbarren%20plateau%E2%80%9D%20in%20optimization
https://thequantuminsider.com/2025/03/31/google-researchers-say-quantum-theory-suggests-a-shortcut-for-learning-certain-neural-networks/#:~:text=Quantum%20machines%2C%20by%20contrast%2C%20can,effects%20like%20interference%20and%20entanglement

once matured - promises to make Al even more powerful. The next five years will likely deliver pioneering
instances of this partnership, marking the dawn of an era where quantum-AI synergy moves from theory
to practice. Each incremental milestone - a slightly deeper quantum circuit made possible by Al-based error
mitigation, or a small neural network trained via a quantum routine - will build toward the ultimate vision:
general-purpose quantum computers accelerating the training and deployment of Al across scales and
domains. The road is long, but the progress is accelerating, and the destination - a world where quantum
computers and Al co-evolve to solve problems previously unsolvable - is steadily coming into view.

Sources: Peer-reviewed research and surveys 47 52, industry roadmaps and blog posts (IBM, Google,
IonQ, etc.) 26 81, and public statements from leading quantum computing companies 8 70 have been
cited throughout to substantiate the state-of-the-art and projections discussed. These reflect the consensus
and aspirations as of 2025, though the field is rapidly evolving. The timelines and milestones cited (e.g.
IBM’'s 2025 quantum supercomputer goals 5 , Google's 2029 error-corrected quantum computer target

8 , IonQ's fidelity and qubit scaling plans 11 10 ) provide a grounded basis for anticipating when and how
quantum computing may begin to tangibly accelerate AL
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