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Abstract

Quantum computing has moved from a theoretical curiosity to a strategic technological priority for 
governments, hyperscale technology companies, and a fast-growing ecosystem of specialized start-ups. 
This survey provides a comprehensive, self-contained overview of the field as it stands in 2026. We 
first lay out the physical and mathematical foundations of quantum c omputation, superposition, 
entanglement, interference, and measurement, and contrast them systematically with classical com-
puting. We then survey the competing hardware modalities (superconducting, trapped-ion, photonic, 
neutral-atom, topological, and spin qubits) and the logic gates and circuit model that operate on them, 
before reviewing the canonical quantum algorithms that motivate the field. We classify the major 
computing paradigms (gate-based, annealing, adiabatic, measurement-based, and topological), and 
examine the current state of the market, the national strategies of leading countries, and the roles 
played by IBM, Google, Microsoft, Amazon, NVIDIA, and a cohort of pure-play companies. Dedicated 
sections map undergraduate and graduate education pathways, including specific universities offering 
quantum-focused degrees, the domains in which quantum computers are expected to create value, 
and the career paths now opening in the field. We close with an explicit three-phase roadmap TODAY, 
TOMORROW, and the FUTURE and a candid discussion of the open scientific and engineering problems 
that stand between the present noisy intermediate-scale quantum (NISQ) era and a fault-tolerant, 
utility-scale quantum computing industry.

Keywords: quantum computing; qubits; quantum algorithms; quantum hardware; quantum error 
correction; quantum industry; quantum education; quantum careers

1. Introduction
In 1981, Richard Feynman observed that simulating quantum mechanical systems on classical

computers appeared to require resources that grow exponentially with system size, and suggested that
a computer built from quantum mechanical components might not suffer the same penalty [1]. David
Deutsch formalized this intuition in 1985 with the universal quantum Turing machine [2], and within a
decade Peter Shor had shown that such a machine could factor large integers exponentially faster than
any known classical algorithm [3], placing the security of most deployed public-key cryptography on
notice. For the following twenty-five years, quantum computing remained largely a theoretical and
small-scale experimental discipline.

That balance has shifted decisively in the last five years. Superconducting processors have crossed
the 100–150 physical qubit mark with steadily improving gate fidelities; trapped-ion systems have
demonstrated some of the highest two-qubit fidelities ever recorded; and, most significantly, 2024–2026
produced the first convincing experimental demonstrations that quantum error correction can suppress
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errors below threshold, meaning that scaling up a error-corrected logical qubit genuinely reduces its
error rate rather than accumulating more noise. Google’s Willow processor and IBM’s roadmap toward
its Starling and Blue Jay systems, Quantinuum’s record-setting trapped-ion fidelities, and China’s
Jiuzhang and Zuchongzhi photonic and superconducting processors are all part of this inflection.

At the same time, quantum computing has become a matter of industrial and national strategy.
Governments have committed tens of billions of dollars to national programs; hyperscale technology
companies have built dedicated research divisions and cloud-accessible quantum services; and a cohort
of pure-play companies, several of them now publicly traded, compete to be the first to reach “quantum
advantage” on commercially meaningful problems. Universities have responded by launching the
first dedicated undergraduate degrees in quantum engineering and quantum information science, and
a distinct quantum computing labor market, with its own salary bands and skill requirements, has
emerged.

This survey is organized to give a reader; whether a student, Researcher, an engineer moving into
the field, an investor, or a policymaker, a single, comprehensive reference point. Section 2 covers the
conceptual and mathematical foundations of quantum computation and contrasts them with classical
computing. Section 3 surveys the competing hardware modalities and the gate model that operates on
them. Section 4 reviews the canonical quantum algorithms. Section 5 classifies the major computing
paradigms. Sections 6–8 examine today’s industry: the market, the leading national programs, and the
companies driving the field. Sections 9–11 map education pathways , including specific universities
offering undergraduate programs , domains of application, and career opportunities. Section 12 lays
out an explicit TODAY/TOMORROW/FUTURE roadmap, and Section 13 closes with a candid look at the
open problems that stand between the present and a fault-tolerant quantum computing industry.

2. Foundations of Quantum Computing
2.1. Core Quantum Concepts

This subsection follows the standard treatment found in quantum information science text-
books [6].

The Qubit

A classical bit is always in one of two definite states, 0 or 1. A quantum bit, or qubit, is a two-level
quantum system whose state is a vector in a two-dimensional complex Hilbert space, written in Dirac
notation as

|ψ⟩ = α|0⟩+ β|1⟩, |α|2 + |β|2 = 1,

where |0⟩ and |1⟩ are the computational basis states and α, β ∈ C are probability amplitudes. A
convenient geometric picture is the Bloch sphere, on which every single-qubit pure state corresponds to
a point on the surface of a unit sphere, with |0⟩ and |1⟩ at the poles; classical bits, by contrast, can only
ever sit at one of those two poles.

Superposition

Because α and β can be any complex numbers satisfying the normalization condition, a qubit can
exist in a superposition of |0⟩ and |1⟩ simultaneously, rather than being restricted to one or the other.
Superposition is what allows a register of n qubits to represent a combination of all 2n classical bit-
strings at once, which is the source of quantum computing’s potential parallelism , though, importantly,
this parallelism can only be harvested through algorithms that engineer useful interference, not by
simply “reading off” all 2n answers (see below).

Entanglement

Two or more qubits can be placed in entangled states in which the qubits’ properties are correlated
in ways that have no classical analogue. The canonical example is a Bell state such as 1√

2
(|00⟩+ |11⟩):

measuring the first qubit instantly determines the outcome of measuring the second, regardless of the
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physical distance separating them, even though neither qubit has a definite state on its own before
measurement. Entanglement is the resource that quantum teleportation, quantum key distribution,
and many quantum algorithms and error-correcting codes are built on.

Interference

Quantum amplitudes can add constructively or cancel destructively, just as waves do. Quantum
algorithms are, in essence, carefully choreographed sequences of operations that make the amplitudes
of wrong answers interfere destructively and the amplitudes of the right answer interfere constructively,
so that a measurement at the end of the computation returns the correct result with high probability.
This is the real mechanism behind quantum speedups, rather than brute-force parallel evaluation.

Measurement

Reading out a qubit forces its superposition to collapse probabilistically onto one of the basis
states, with probability |α|2 of obtaining |0⟩ and |β|2 of obtaining |1⟩. Measurement is irreversible
and destroys the superposition, which is why quantum algorithms must extract all the computational
advantage before the final measurement.

The No-Cloning Theorem

An arbitrary unknown quantum state cannot be copied exactly [5]. This rules out many classical
error-correction and debugging strategies (such as simply duplicating a bit) and is also what makes
quantum key distribution provably secure against passive eavesdropping.

Decoherence

Qubits are extremely sensitive to unwanted interaction with their environment , stray electro-
magnetic fields, vibrations, temperature fluctuations. This interaction, called decoherence, degrades
superposition and entanglement over time and is the central engineering obstacle in building useful
quantum hardware; it is quantified by coherence times (T1, energy relaxation, and T2, dephasing),
discussed further in Section 3.

2.2. Quantum Computing Versus Classical Computing

Table 1 summarizes the principal differences between classical and quantum computation. The
comparison is one of complements rather than strict superiority: quantum computers are not expected
to replace classical computers for everyday tasks such as word processing or web browsing, but to
serve as specialized accelerators for a narrow class of problems , certain optimization, simulation, and
cryptographic problems , where their unique properties confer an asymptotic advantage.
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Table 1. Classical computing versus quantum computing.

Aspect Classical computing Quantum computing

Basic unit Bit (0 or 1) Qubit (superposition of |0⟩, |1⟩)

State space (n units) n bits, one of 2n states at a time n qubits, a superposition over all 2n

states

Core operations Boolean logic gates (AND, OR, NOT) Unitary, reversible quantum gates
(Section 3.2)

Information copying Trivial (bit copying) Forbidden for unknown states
(no-cloning theorem)

Determinism Deterministic (given fixed inputs) Probabilistic outcomes upon
measurement

Error behavior Errors are rare and independent Errors are frequent and can be
correlated; requires active correction

Parallelism source Multiple cores / threads (hardware
replication)

Superposition and interference (single
register)

Natural strength General-purpose, sequential and
control-heavy logic

Simulating quantum systems, specific
optimization and algebraic problems

Complexity class of interest P, NP BQP (bounded-error quantum
polynomial time)

Operating environment Room temperature

Often near absolute zero
(superconducting),
vacuum/laser-trapped, or specialized
optical benches

Maturity (2026) Mature, ubiquitous, trillion-dollar
industry

Early commercial (NISQ era), rapidly
maturing

It is worth emphasizing that quantum computers are not simply “faster classical computers.” They
are believed to offer an exponential or polynomial speedup only for specific problem classes with the
right mathematical structure (Section 4); for most everyday computational tasks, a quantum computer
would offer no advantage at all, and in practice quantum processors are operated as accelerators
attached to classical control systems in a hybrid quantum–classical architecture.

3. Quantum Computing Hardware
Building a physical qubit means engineering a quantum system that is simultaneously well

isolated from its environment (to preserve coherence) and easily controllable and measurable (to run
algorithms) , two requirements that pull in opposite directions. No single technology has yet won
this trade-off decisively, so several competing hardware modalities are being pursued in parallel by
different companies and countries.

3.1. Qubit Technologies and Hardware Modalities

Superconducting qubits use tiny circuits of superconducting metal containing Josephson junc-
tions, cooled in a dilution refrigerator to within a few hundredths of a degree above absolute zero,
where the circuit’s current or charge states behave quantum mechanically. This is the approach taken
by IBM, Google, and Rigetti. Superconducting qubits are fast to operate and benefit from mature
chip-fabrication techniques, but require elaborate cryogenic and microwave control infrastructure and
remain sensitive to material defects and crosstalk as chips scale up.

Trapped-ion qubits, used by Quantinuum and IonQ, encode information in the internal energy
states of individual ions suspended in electromagnetic fields and manipulated with laser or microwave
pulses. Because every ion of a given species is physically identical, trapped-ion qubits are highly
uniform and hold some of the longest coherence times and highest gate fidelities recorded to date, at
the cost of slower gate operation speeds and engineering complexity in scaling the number of trapped
ions and the optics needed to address them.

Photonic qubits encode information in properties of light, such as polarization or path, and can in
principle operate at room temperature and travel naturally down optical fiber, making them attractive
for networking. PsiQuantum and Xanadu are pursuing photonic fault-tolerant architectures, while
China’s Jiuzhang series of photonic processors has been used to demonstrate large-scale Gaussian
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boson sampling. The central challenge is that photons are difficult to store and to make interact
deterministically, so many photonic architectures rely on probabilistic gates and heavy multiplexing.

Neutral-atom qubits, pursued by QuEra, Pasqal, and Atom Computing, trap neutral atoms in
patterns of focused laser light called optical tweezers. This approach has demonstrated some of the
largest qubit counts of any platform, along with flexible, reconfigurable qubit connectivity, and is
progressing quickly on gate fidelity and mid-circuit measurement.

Topological qubits, the approach championed by Microsoft, aim to encode information in the
braiding of exotic quasiparticles (Majorana zero modes) whose topological properties would make
them intrinsically resistant to local noise. Microsoft’s Majorana 1 processor, announced in February
2025, is the most prominent public claim in this direction, though the broader physics community
continues to debate the strength of the experimental evidence for the underlying quasiparticles, and
no topological qubit has yet demonstrated logical error rates competitive with other modalities.

Silicon spin qubits, pursued by Intel, Diraq, and Silicon Quantum Computing, encode informa-
tion in the spin of a single electron or nucleus in a silicon device. Because they can leverage decades of
CMOS semiconductor fabrication expertise, spin qubits are attractive for long-term manufacturability
and can be extremely small, though achieving uniform, high-fidelity control across large arrays remains
a challenge.

NV centers and other solid-state defects (nitrogen-vacancy centers in diamond, and related color
centers) can operate with long coherence times even close to room temperature, making them attractive
for quantum sensing and small, ruggedized quantum devices, though they remain comparatively less
scalable for large processor arrays.

Quantum annealers, most prominently D-Wave’s superconducting-flux processors with several
thousand qubits, use a different physical operating principle from the gate-based modalities above:
rather than executing a universal sequence of logic gates, they let a specially engineered quantum
system settle into its lowest-energy configuration, which is made to correspond to the solution of an
optimization problem (see Section 5).

Table 2 compares these modalities across the dimensions that matter most for near-term progress.
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Table 2. Comparison of leading quantum hardware modalities.

Modality Operating environment Typical coherence time 2-qubit gate fidelity (2026) Key challenge Leading players

Superconducting (gate-based) Dilution fridge, ∼10–20 mK ∼100–500 µs >99.5% Wiring/crosstalk at scale; cryogenic
engineering IBM, Google, Rigetti

Superconducting (annealing) Dilution fridge, ∼10–20 mK N/A (annealing, not gate-based) N/A Limited to optimization-style
problems; not universal D-Wave

Trapped ion Room-temp vacuum chamber,
laser-cooled ions Seconds to minutes >99.9% (record 99.97%) Gate speed; ion shuttling/scaling Quantinuum, IonQ

Photonic Room temperature (optics); cryogenic
single-photon detectors

N/A (loss-limited, not
decoherence-limited) Improving; historically loss-limited Deterministic photon sources; photon

loss PsiQuantum, Xanadu, USTC

Neutral atom Ultra-high vacuum, laser-trapped
(optical tweezers) Seconds ∼99–99.5% Gate speed; atom reloading;

mid-circuit readout QuEra, Pasqal, Atom Computing

Topological Dilution fridge, ∼10–20 mK Theoretically very long (unproven at
scale) Not yet demonstrated at scale Unambiguous verification of

Majorana modes; material quality Microsoft

Silicon spin Dilution fridge (some “hot” qubits at
∼1 K)

Up to seconds (isotopically purified
Si) >99% Uniformity/yield at scale; dense

control wiring
Intel, Diraq, Silicon Quantum
Computing

NV / diamond defects Near room temperature possible Milliseconds Moderate Coupling distant defects
deterministically Academic groups, Quantum Brilliance
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3.2. Quantum Logic Gates and the Circuit Model

In the dominant circuit model of quantum computing, an algorithm is expressed as a sequence
of quantum gates , reversible, unitary operations applied to one or more qubits , followed by a mea-
surement. Unlike classical logic gates, quantum gates must be reversible (a classical AND gate, for
instance, is not, since two of its input combinations map to the same output). Table 3 lists the gates
most commonly used to build quantum circuits.

Table 3. Common single- and multi-qubit quantum logic gates.

Gate Qubits Effect

Pauli-X 1 Bit-flip; quantum analogue of the
classical NOT gate

Pauli-Y 1 Combined bit- and phase-flip

Pauli-Z 1 Phase-flip; leaves |0⟩ unchanged,
sends |1⟩ → −|1⟩

Hadamard (H) 1
Creates an equal superposition from a
basis state; the standard way to
initialize superposition

Phase (S) and π/8 (T) 1
Apply a fractional phase rotation;
T-gates are the “expensive” resource in
most fault-tolerant architectures

CNOT (CX) 2
Flips a target qubit if and only if a
control qubit is |1⟩; the standard way
to create entanglement

Controlled-Z (CZ) 2 Applies a phase flip conditioned on
both qubits being |1⟩

SWAP 2 Exchanges the states of two qubits

Toffoli (CCNOT) 3
Doubly controlled NOT; used to
implement reversible classical logic
within a quantum circuit

Any quantum computation can be built from a small universal gate set (for example, Hadamard, T,
and CNOT), in the same sense that NAND alone is universal for classical Boolean logic. In practice,
compilers translate high-level quantum algorithms into the small set of native gates that a given
hardware platform can execute directly, then further translate those into the still lower-level pulse
sequences (microwave, laser, or voltage pulses) that physically drive the qubits.

4. Quantum Algorithms
A quantum algorithm is only interesting if it solves a problem faster, or with fewer resources, than

the best known classical algorithm. A handful of algorithms, developed over the last three decades,
define the field’s theoretical promise and continue to guide hardware and software development
priorities today.

Deutsch–Jozsa algorithm. The earliest algorithm to provably separate quantum from classical
computation, Deutsch–Jozsa determines whether a black-box function is constant or balanced in a
single query, versus the multiple queries a classical algorithm would need. It has little direct practical
use but was historically important in showing that quantum speedups were possible at all.

Shor’s algorithm. Peter Shor’s 1994 algorithm factors large integers, and solves the related
discrete logarithm problem, in polynomial time [3], compared with the sub-exponential but still
infeasible best classical methods. Because the security of RSA, Diffie–Hellman, and elliptic-curve
cryptography rests on the assumed hardness of these problems, a sufficiently large, fault-tolerant
quantum computer running Shor’s algorithm would break most of today’s public-key infrastructure ,
the motivation behind the global migration to post-quantum cryptography discussed in Section 10.

Grover’s algorithm. Grover’s algorithm searches an unsorted database of N items in roughly√
N steps, a quadratic speedup over the N steps a classical computer would require [4]. The speedup

is more modest than Shor’s exponential advantage, but Grover’s algorithm and its generalizations
(amplitude amplification and estimation) apply to a very broad class of search and optimization
problems.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 August 2026 doi:10.20944/preprints202608.0864.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202608.0864.v1
http://creativecommons.org/licenses/by/4.0/


8 of 24

Quantum Fourier Transform (QFT). The QFT is the quantum analogue of the discrete Fourier
transform and can be computed exponentially faster than its classical counterpart. It is not typically
used as a stand-alone algorithm but is the key subroutine inside Shor’s algorithm and quantum phase
estimation.

Variational Quantum Eigensolver (VQE). VQE is a hybrid quantum–classical algorithm that uses
a quantum computer to prepare and measure trial quantum states while a classical optimizer adjusts
the trial parameters to minimize an energy expectation value. It is the leading near-term approach for
computing molecular ground-state energies in quantum chemistry and materials science, precisely
because it can tolerate some hardware noise.

Quantum Approximate Optimization Algorithm (QAOA). QAOA is a similarly hybrid algorithm
aimed at combinatorial optimization problems (such as routing, scheduling, and portfolio selection),
alternating layers of problem-specific and mixing operations whose parameters are tuned classically.

HHL algorithm. Named for Harrow, Hassidim, and Lloyd, the HHL algorithm solves certain
systems of linear equations exponentially faster than classical methods, subject to important caveats
about how the input and output are encoded and read out; it underlies many proposed quantum
machine learning speedups.

Quantum machine learning algorithms. A growing family of algorithms , quantum support
vector machines, quantum neural networks, and quantum generative models , attempt to use quantum
circuits as trainable models or to accelerate specific linear-algebra subroutines inside classical machine
learning pipelines. As of 2026, provable, unconditional quantum advantage for practically relevant
machine learning tasks remains an open research question rather than an established result.

Table 4 summarizes these algorithms alongside the type of speedup they offer and their practical
maturity.

Table 4. Canonical quantum algorithms and their speedups.

Algorithm Problem solved Speedup type Maturity (2026)

Deutsch–Jozsa Constant-vs-balanced
function test Exponential (query model) Pedagogical

Shor’s algorithm Integer factoring, discrete
log Exponential

Needs fault tolerance; not
yet cryptographically
relevant

Grover’s algorithm Unstructured search Quadratic Runnable on NISQ
hardware at small scale

Quantum Fourier Transform Frequency/period finding
(subroutine) Exponential Subroutine within larger

algorithms

VQE Molecular/ground-state
energy estimation Problem-specific, heuristic Active near-term use

(chemistry, materials)

QAOA Combinatorial optimization Problem-specific, heuristic Active near-term use
(logistics, finance)

HHL Linear systems of equations Exponential (with caveats) Mostly theoretical; I/O
bottlenecks remain

Quantum ML algorithms Classification, generative
modeling Heuristic / unproven Early-stage research

5. Types of Quantum Computing
Beyond the choice of physical qubit (Section 3), quantum computers differ in the underlying

computational model they implement , the question of what kind of computation is being carried out,
independent of the hardware used to carry it out.

Gate-based (circuit model) quantum computing is the universal model described in Section 3.2:
an algorithm is compiled into a sequence of discrete quantum logic gates. It is universal, in the sense
that it can, in principle, run any quantum algorithm, and it is the model implemented by IBM, Google,
Rigetti, IonQ, and Quantinuum’s processors.

Quantum annealing is a special-purpose model designed specifically to solve combinatorial
optimization problems by encoding them as the lowest-energy configuration of a physical system,
then slowly evolving the system’s parameters so that it settles into (ideally) that lowest-energy state.
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Quantum annealers, such as D-Wave’s, are not universal quantum computers and cannot run Shor’s
or Grover’s algorithms, but can scale to thousands of qubits because they tolerate more noise than
gate-based designs.

Adiabatic quantum computing (AQC) is the theoretical generalization of annealing: the adiabatic
theorem guarantees that a quantum system prepared in the ground state of a simple Hamiltonian will
remain in the ground state of a more complex, problem-encoding Hamiltonian if that Hamiltonian is
changed slowly enough. AQC has been shown to be polynomially equivalent to the gate model in
computational power, though building a universal adiabatic machine is as hard as building a universal
gate-based one.

Measurement-based (“one-way”) quantum computing takes a different approach: instead of
applying a sequence of gates to qubits over time, it starts by preparing a large, highly entangled
resource state (a cluster state) and then drives the computation forward purely through a sequence of
single-qubit measurements, with the choice of each measurement basis depending on the outcomes
of earlier ones. This model is a natural fit for photonic architectures, where entangled cluster states
of light can be generated and measured directly, and underlies much of PsiQuantum’s and Xanadu’s
approach.

Topological quantum computing encodes information not in the state of individual particles but
in the global, topological properties of a many-body system, and performs computation by physically
braiding quasiparticles called anyons around one another. Because the outcome of a braid depends
only on its topology, not on the precise path taken, this model is, in principle, intrinsically protected
against many local sources of noise , the appeal behind Microsoft’s approach, discussed in Section 3.1.

Continuous-variable (CV) quantum computing encodes information not in discrete two-level
qubits but in continuous properties of a quantum system, such as the amplitude and phase of a
light field. CV architectures, pursued by Xanadu, can use well-established optical squeezing and
homodyne detection techniques, and are a variant most naturally paired with photonic hardware and
measurement-based computation.

Table 5 summarizes these six paradigms.

Table 5. Computing paradigms in quantum computing.

Paradigm Core principle Universal? Hardware and best-fit
problems

Gate-based (circuit model) Discrete sequence of unitary
logic gates Yes

IBM, Google, Rigetti, IonQ,
Quantinuum;
general-purpose

Quantum annealing
Relaxation to the ground
state of a problem
Hamiltonian

No D-Wave; combinatorial
optimization

Adiabatic quantum
computing

Slow evolution of a
Hamiltonian (adiabatic
theorem)

Yes (theoretically) Largely theoretical; related
to annealing

Measurement-based /
one-way

Entangled cluster state +
adaptive single-qubit
measurements

Yes PsiQuantum, Xanadu;
photonic architectures

Topological
Braiding of anyons in a
topologically ordered
system

Yes (theoretically) Microsoft; long-term fault
tolerance

Continuous-variable Continuous quadratures of
a bosonic (light) field

Yes (with non-Gaussian
resources)

Xanadu; photonic,
networked architectures

6. Current State of the Industry and Market
6.1. Where the Technology Stands: the NISQ Era

As of 2026, quantum computing is firmly in what is commonly called the noisy intermediate-scale
quantum (NISQ) era [7]: processors with tens to a few thousand physical qubits, without full error
correction, that are useful for research, algorithm development, and a growing number of narrow
commercial pilots, but not yet for large-scale, broadly reliable computation. The defining event of the
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last two years has been the first credible demonstrations that quantum error correction can operate
below threshold , that adding more physical qubits to a logical qubit genuinely reduces its error rate
instead of just adding more noise sources [8]. This milestone, achieved on superconducting hardware
in late 2024 and extended since, is the technical precondition for everything described in the roadmap
of Section 12.

6.2. Market Size and Growth

Market research firms differ substantially in their estimates of the quantum computing market,
reflecting different definitions of what counts (hardware only, versus hardware plus software plus
services) and different assumptions about the pace of commercialization. As Figure 1 shows, most
estimates place the 2025–2026 global market between roughly $1.5 billion and $3.5 billion, growing
at compound annual growth rates typically estimated between 20% and 35%, with year-2030–2035
projections ranging from about $7 billion at the more conservative end to over $40 billion at the more
aggressive end [14–17]. Beyond the direct market for quantum hardware, software, and services,
McKinsey’s 2026 Quantum Technology Monitor estimates that quantum computing could unlock
as much as $2.7 trillion in broader economic value by 2035, concentrated in the chemicals, financial-
services, and travel and logistics sectors, with most of that value materializing after 2030 [18].

Figure 1. Global quantum computing market size, according to four independent analyst projections, 2025–2035.
Estimates vary widely by methodology and market definition.

6.3. Investment and Workforce

Investment in quantum computing flows through three main channels: corporate R&D budgets
at large technology companies; venture capital into pure-play start-ups; and direct government
funding and, increasingly, direct government equity stakes (Section 7). The workforce remains small
relative to the scale of ambition: the Quantum Economic Development Consortium (QED-C) counted
approximately 16,000 people employed at pure-play quantum computing companies worldwide at the
end of 2025, alongside roughly 8,000 new quantum-related job openings posted during the year [19] , a
talent gap discussed further in Section 11.

6.4. The Public and Private Company Landscape

A distinguishing feature of the 2025–2026 period is that quantum computing has, for the first time,
become a public-market asset class in its own right. IonQ and Rigetti Computing both trade on U.S.
exchanges; D-Wave Quantum, the annealing pioneer, is also public; and IQM Quantum Computers
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became, on July 2, 2026, the first European quantum computing company to list on a major U.S.
exchange. Quantinuum, formed from the merger of Honeywell’s quantum business and Cambridge
Quantum, remains private but has raised financing at a valuation near $10 billion, with NVIDIA
among its investors, and is widely reported to be preparing for a future public listing. Table 6 lists a
representative cross-section of companies active in the field as of 2026.

Table 6. Selected quantum computing companies and their market position (2026).

Company Primary approach Status Notable 2025–26 position

IBM Superconducting Public (diversified) Roadmap to fault tolerance
by 2029 (Section 8)

Google Superconducting Public (diversified)
Willow chip; first
below-threshold error
correction

Microsoft Topological Public (diversified)
Majorana 1 processor;
Azure Quantum cloud
access

Amazon Multiple (cat qubits, cloud) Public (diversified) Braket multi-vendor cloud;
Ocelot prototype

IonQ Trapped ion Public (pure-play)
Multi-billion-dollar market
capitalization; commercial
QPU interconnect demo

Quantinuum Trapped ion Private (pure-play) ∼$10B valuation; record
2-qubit fidelity

Rigetti Computing Superconducting Public (pure-play) Cepheus-1 (108 qubits);
foundry partnership

D-Wave Quantum Superconducting annealing Public (pure-play) Thousands of qubits;
optimization-focused

IQM Quantum Computers Superconducting Public (pure-play)
First European quantum
firm on a major U.S.
exchange

PsiQuantum Photonic Private (pure-play)
Large government-backed
funding for fault-tolerant
photonics

Xanadu Photonic /
continuous-variable Private (pure-play) Cloud-accessible photonic

processors

NVIDIA Not a qubit vendor; classical
accelerator Public (diversified)

CUDA-Q and NVQLink
hybrid quantum–GPU
platform

7. Nations Leading the Quantum Race
Quantum computing is widely viewed by governments as a dual-use strategic technology ,

valuable for economic competitiveness and, through Shor’s algorithm’s implications for cryptography,
for national security , and this has produced a wave of national funding programs over the last five
years. Figure 2 compares publicly reported commitments across ten leading countries and blocs,
compiled from national program announcements and industry trackers [21,22]; China’s figure, though
the most frequently cited in industry trackers, remains an estimate rather than an official government
disclosure.
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Figure 2. Selected national quantum technology investment commitments, blending historical spending and
multi-year forward pledges as publicly announced.

United States. The National Quantum Initiative Act, first passed in 2018 and reauthorized with
roughly $1.8 billion for 2025–2029, funds a network of national research centers through the Department
of Energy and the National Science Foundation. In May 2026, the U.S. government took the unusual
step of converting part of its support into direct equity stakes in quantum companies, investing roughly
$2 billion in return for stakes in IBM, GlobalFoundries, D-Wave, Rigetti, and Infleqtion, alongside
continued CHIPS Act-adjacent semiconductor investment relevant to quantum control electronics.

China. China treats quantum information science as a top-tier national science and technology
priority. The Chinese Academy of Sciences, through the University of Science and Technology of China
(USTC) in Hefei, has produced a rapid cadence of headline results, including the Jiuzhang line of
photonic processors and the Zuchongzhi line of superconducting processors, alongside a growing
commercial ecosystem led by firms such as Origin Quantum. Total state investment is widely estimated
in the tens of billions of dollars, although Beijing does not publish a single consolidated figure.

United Kingdom. The UK’s National Quantum Strategy commits £2.5 billion over 2024–2034, and
the government announced a further £2 billion package in March 2026 aimed at commercialization and
procurement (the “ProQure” initiative), making the UK’s combined commitment among the largest in
the world on a per-capita basis.

European Union. The EU’s Quantum Flagship, funded through Horizon Europe, commits
roughly €1.9 billion over five years to pan-European quantum research and industry consortia, on top
of substantial national programs in individual member states.

Germany and France. Germany has committed more than €3 billion to quantum technologies, the
largest national program in continental Europe, while France’s National Quantum Strategy commits
€1.8 billion, both emphasizing sovereign hardware capability alongside software and applications.

India. India’s National Quantum Mission, approved in 2023 with a budget of INR 6,003.65 crore
(roughly $730–750 million) over eight years, funds four thematic technology hubs spanning computing,
communication, sensing, and materials, coordinating work across dozens of research institutions.
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Japan. Japan has declared 2025 the “first year of quantum industrialization” and combined
quantum computing with its broader semiconductor strategy, committing roughly $900 million in
quantum-specific research funding plus dedicated support for start-ups, alongside RIKEN’s supercon-
ducting quantum computer program.

Other notable programs. The Netherlands (Quantum Delta NL, €615 million), Australia (National
Quantum Strategy, with a AUD 1 billion Critical Technologies Fund and the world-first UNSW
undergraduate quantum engineering degree described in Section 9), Canada (National Quantum
Strategy), and Israel (a multi-year national program) round out a group of more than twenty countries
with formal quantum technology strategies.

Table 7 summarizes the flagship program and stated focus of each.

Table 7. Selected national quantum technology programs.

Country / bloc Flagship program Commitment Focus / flagship result

United States National Quantum Initiative
+ 2026 equity stakes ∼$3B+ federal Basic research centers; direct

equity in hardware firms

China State quantum S&T priority
(USTC-led) Est. $15B+ (unconfirmed)

Jiuzhang (photonic),
Zuchongzhi
(superconducting)

United Kingdom National Quantum Strategy
+ ProQure £4.5B (∼$5.7B) Commercialization and

public-sector procurement

European Union Quantum Flagship (Horizon
Europe) €1.9B / 5 yrs Pan-EU research and

industry consortia

Germany National quantum
technology program €3B+ Largest single European

national program

France National Quantum Strategy €1.8B Sovereign hardware and
applications

India National Quantum Mission INR 6,003.65 cr (∼$0.75B)
Four thematic hubs
(compute, comms, sensing,
materials)

Japan Quantum industrialization
strategy ∼$0.9B (quantum-specific) RIKEN superconducting

program; start-up support
Netherlands Quantum Delta NL €615M QuTech ecosystem, Delft

Australia National Quantum Strategy AUD 1B (critical tech fund)
World-first undergraduate
quantum engineering
degree

8. Tech Giants and Leading Quantum Companies
8.1. The Hyperscalers

IBM has pursued the most detailed and consistently updated public roadmap in the industry.
Having reached 156 qubits with its Heron R2 processor, IBM’s plan calls for a sequence of processors
, Nighthawk and Loon in 2025, Kookaburra in 2026, and Cockatoo in 2027 , culminating in Starling,
targeted for 2029 with roughly 200 error-corrected logical qubits capable of 100 million quantum
operations, and Blue Jay, targeted for 2033 with roughly 2,000 logical qubits and a billion operations [9].
IBM’s error-correction strategy leans on quantum low-density parity-check (qLDPC) codes, which it
argues can cut the physical-qubit overhead of error correction by roughly 90% relative to the more
familiar surface code.

Google Quantum AI produced the field’s most closely watched result of the period with its
Willow chip, announced in December 2024: a 105-qubit superconducting processor that demonstrated,
for the first time, quantum error correction operating below the break-even threshold, meaning that a
larger error-corrected logical qubit had a lower error rate than a smaller one [8]. Google’s long-term
public ambition is a processor with roughly one million physical qubits.

Microsoft has staked its long-term strategy on topological qubits, announced via its Majorana 1
processor in February 2025 [10], and has structured its roadmap around three stages it calls Foun-
dational, Resilient, and Scale, with an eventual goal of a million-qubit chip. Microsoft also operates
Azure Quantum, a cloud platform providing access to hardware from multiple partner companies
rather than only its own.
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Amazon takes a multi-vendor cloud-access approach through Amazon Braket, while its in-house
hardware research produced the Ocelot chip in early 2025 [12], a prototype exploring “cat qubits”
designed to suppress one dominant error type in hardware, potentially reducing the error-correction
overhead needed for a full logical qubit.

NVIDIA does not build qubits at all, but has become an increasingly important infrastructure
player through CUDA-Q, an open, QPU-agnostic software platform for hybrid quantum–classical
programming, and NVQLink, an open architecture (with a public API introduced in 2026) that connects
quantum processors directly to NVIDIA GPU supercomputers for the real-time classical processing ,
error decoding, calibration, and hybrid algorithms , that every leading quantum hardware effort now
depends on [13].

Intel continues to develop silicon spin qubits, leveraging its semiconductor manufacturing ex-
pertise, with a longer-term view that CMOS-compatible fabrication could ultimately offer a more
manufacturable path to large qubit counts than approaches requiring more exotic materials or compo-
nents.

8.2. Pure-Play and National Champions

Among trapped-ion specialists, Quantinuum (formed from Honeywell’s quantum unit and
Cambridge Quantum) leads on gate fidelity, having demonstrated a record 99.97% two-qubit fidelity
and 48 logical qubits on its Helios system in late 2025 [11], and has announced plans to reach roughly
two million physical qubits by 2030 following its acquisition of Oxford Ionics; IonQ has pursued
both algorithmic performance and, notably, the first commercial demonstration of interconnecting
two separate quantum computers, a step toward networked, modular quantum computing. Among
superconducting pure-plays, Rigetti Computing has progressed from its 84-qubit Ankaa-3 to a 108-
qubit Cepheus-1 system in early 2026, backed by a manufacturing partnership with Taiwan’s Quanta
Computer, while D-Wave Quantum remains the clear leader in quantum annealing at multi-thousand-
qubit scale. In photonics, PsiQuantum and Xanadu both pursue fault-tolerant, measurement-based
architectures, with PsiQuantum backed by large government-linked funding rounds; in neutral atoms,
QuEra, Pasqal, and Atom Computing are the leading names. IQM Quantum Computers, based in
Finland, became in July 2026 the first European quantum computing company to list on a major U.S.
stock exchange.

China’s quantum computing ecosystem is led on the hardware side by state-linked research
institutes , principally USTC in Hefei , and increasingly by commercial spin-offs such as Origin
Quantum, which operates China’s leading superconducting cloud-computing platform, alongside
QuantumCTek, a leader in quantum key distribution hardware, and growing quantum software and
cloud efforts at Baidu and Alibaba.

Figure 3 maps the public roadmaps and recent milestones of the leading hardware players onto a
single timeline, and Table 8 classifies the wider set of organizations active in the field.
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Figure 3. Selected hardware milestones and public roadmaps across major quantum computing organizations,
2024–2033. Future dates are company targets, not guarantees.

Table 8. Taxonomy of organizations active in quantum computing (2026).

Organization HQ region Category Primary technical approach

IBM United States Diversified tech Superconducting gate-based
Google United States Diversified tech Superconducting gate-based

Microsoft United States Diversified tech Topological (+ multi-vendor
cloud)

Amazon United States Diversified tech Cat qubits (+ multi-vendor
cloud)

NVIDIA United States Diversified tech Classical accelerator /
hybrid platform (non-qubit)

Intel United States Diversified tech Silicon spin
IonQ United States Pure-play (public) Trapped ion
Quantinuum United States / UK Pure-play (private) Trapped ion
Rigetti Computing United States Pure-play (public) Superconducting gate-based
D-Wave Quantum Canada Pure-play (public) Superconducting annealing
IQM Quantum Computers Finland Pure-play (public) Superconducting gate-based
PsiQuantum United States Pure-play (private) Photonic

Xanadu Canada Pure-play (private) Photonic /
continuous-variable

QuEra Computing United States Pure-play (private) Neutral atom
Pasqal France Pure-play (private) Neutral atom
Origin Quantum China Pure-play (private) Superconducting gate-based

QuantumCTek China Pure-play (public, domestic) Quantum key distribution
hardware

USTC / Chinese Academy
of Sciences China National laboratory Photonic and

superconducting

9. Education and Career Pathways
9.1. A Widening Talent Gap

Every major workforce study of the field agrees on one point: demand for quantum-literate talent
is growing faster than the education system can supply it. QED-C’s 2025–2026 data (Section 6) shows
thousands of open quantum-related positions against a global pure-play workforce still numbered in
the tens of thousands, and industry surveys report that a large majority of applicants to specialized
quantum roles do not yet meet the technical bar employers expect. This gap has driven a wave of new
degree programs, specializations, and certificates over the last five years.
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9.2. Undergraduate Pathways

Dedicated, named undergraduate degrees in quantum computing are still uncommon relative to
established fields such as computer science, but a first generation of such programs now exists, along-
side a much larger number of universities offering quantum information science as a specialization,
minor, or elective track within existing physics, computer science, or engineering majors.

The world’s first dedicated undergraduate quantum engineering degree was launched in 2020 by
the University of New South Wales (UNSW Sydney), Australia: a four-year Bachelor of Engineering
(Honours) in Quantum Engineering, built in partnership with the university’s quantum computing
research institutes [23]. In the United States, the University of Chicago, through its Pritzker School
of Molecular Engineering, offers an undergraduate degree track in Quantum Information Science
and Engineering (QISE), one of the first of its kind at a major U.S. research university [24]. Miami
University in Ohio offers a dedicated 124-credit-hour Bachelor of Science in Quantum Computing,
including a senior design project carried out with industry partners, while the University of Pittsburgh
offers a joint B.S. in Physics and Quantum Computing.

A larger group of universities offer quantum information science as a specialization within an
existing major: the University of Maryland offers a quantum information track within its computer
science undergraduate degree (alongside one of the world’s leading quantum research institutes,
QuICS); the University of Texas at Dallas offers an undergraduate quantum information science
certificate; Syracuse University and Indiana University both offer undergraduates direct research
pathways into quantum information science, the latter through an accelerated combined bachelor’s-to-
master’s track; and the University of Wisconsin–Madison pairs undergraduate coursework with an
accelerated one-year, course-based master’s degree through its Wisconsin Quantum Institute.

Finally, a number of universities do not offer a named “quantum computing” undergraduate
degree but nonetheless provide unusually deep undergraduate access to the field through affiliated
research institutes , most notably the University of Waterloo, home to the Institute for Quantum
Computing (IQC), which gives undergraduates in its physics, mathematics, and engineering faculties
direct access to one of the world’s largest quantum research clusters, alongside strong undergraduate
quantum coursework and research opportunities at institutions such as MIT, Caltech, Stanford, UC
Berkeley, and TU Delft (home of the QuTech research center) within their physics, applied physics,
and electrical engineering programs. Table 9 summarizes these pathways.
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Table 9. Selected universities offering undergraduate quantum computing pathways.

University Country Program type Notable feature

UNSW Sydney Australia B.Eng. (Hons), Quantum
Engineering

World’s first dedicated
undergraduate quantum
engineering degree (2020)

University of Chicago USA B.S. track, Quantum Info.
Sci. & Eng.

Pritzker School of Molecular
Engineering

Miami University (Ohio) USA B.S., Quantum Computing 124-credit dedicated degree
with industry senior design

University of Pittsburgh USA B.S., Physics and Quantum
Computing Joint dual-subject major

University of Maryland USA B.S. specialization track
Undergraduate track
alongside QuICS research
institute

UT Dallas USA Undergraduate certificate Quantum information
science certificate

Indiana University USA Accelerated BS–MS
Combined
bachelor’s-to-master’s in
QIS

Univ. of
Wisconsin–Madison USA B.S. + accelerated M.S. Wisconsin Quantum

Institute

Syracuse University USA B.S. + research track Undergraduate QIS research
opportunities

University of Waterloo Canada B.S./B.Eng. + institute
access

Institute for Quantum
Computing (IQC)

MIT, Caltech, Stanford, UC
Berkeley USA Coursework/minor within

physics or EECS

Deep undergraduate
research access, primarily
graduate-focused overall

TU Delft Netherlands Coursework within Applied
Physics/EE

Home of the QuTech
research center

9.3. Graduate Pathways

At the graduate level, dedicated master’s and PhD programs in quantum information science,
quantum engineering, or quantum computing are now offered by dozens of universities worldwide,
typically housed within physics, electrical engineering, or computer science departments, or within
dedicated interdisciplinary institutes (such as QuICS at Maryland, IQC at Waterloo, and QuTech at
Delft). Graduate study remains the dominant route into quantum hardware and algorithm-research
roles specifically, given the depth of quantum mechanics, condensed matter physics, or advanced
computer science typically required.

9.4. Online Courses and Industry Certificates

Outside formal degree programs, several vendor-backed and academic certificate programs
have become de facto industry credentials: IBM’s Qiskit-based certification and open-source learning
materials; Microsoft’s Azure Quantum and Q# learning paths; NVIDIA’s CUDA-Q academic and
developer resources; and university-affiliated offerings such as MIT xPRO’s quantum computing
fundamentals course, alongside a growing catalogue of quantum computing courses on edX and
Coursera. These are widely used both by students supplementing a degree and by working software
or hardware engineers transitioning into the field from adjacent disciplines.

9.5. Core Skills for a Quantum Career

Across all of these pathways, a common technical core recurs: linear algebra and complex num-
bers (the mathematical language of quantum states); probability theory; the fundamentals of quantum
mechanics (bra-ket notation, operators, measurement); classical computer science foundations, espe-
cially computational complexity; and programming proficiency, typically in Python, with one or more
quantum software development kits such as Qiskit (IBM), Cirq (Google), Q# (Microsoft), PennyLane
(Xanadu), or CUDA-Q (NVIDIA). Hardware-track roles additionally require cryogenic, RF/microwave,
or photonics engineering skills, depending on the modality (Section 3.1).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 August 2026 doi:10.20944/preprints202608.0864.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202608.0864.v1
http://creativecommons.org/licenses/by/4.0/


18 of 24

10. Domain Applications
Cryptography and cybersecurity. Shor’s algorithm’s threat to public-key cryptography (Sec-

tion 4) has already reshaped cybersecurity practice today, well before a cryptographically relevant
quantum computer exists, because encrypted data captured now can be stored and decrypted later
once such a machine is available , the “harvest now, decrypt later” threat model. In response, the U.S.
National Institute of Standards and Technology (NIST) finalized its first post-quantum cryptography
standards (FIPS 203, 204, and 205) in August 2024 [20], with U.S. federal migration milestones running
through 2030 (deprecating RSA-2048 and equivalent classical schemes for new systems) and 2035 (full
migration), and equivalent efforts underway internationally; major cloud and browser providers have
already begun deploying hybrid post-quantum encryption to billions of users. At the same time, the
estimated hardware resources needed to actually run Shor’s algorithm against RSA-2048 have fallen
sharply in successive research estimates, from roughly 20 million physical qubits in 2019 to under one
million in more recent analyses, adding urgency to the migration timeline even though no such attack
is possible with today’s hardware.

Drug discovery and healthcare. Pharmaceutical companies are among the most active near-term
adopters of quantum computing for molecular simulation. Roche has reported using quantum-
powered molecular simulation to help identify Alzheimer’s disease drug candidates in roughly 18
months, compared with a typical four-to-six-year discovery timeline, and quantum-classical hybrid
simulations have been used in medical-device and materials modeling in collaboration with classical
high-performance computing.

Finance. Banks and asset managers are piloting quantum and quantum-inspired algorithms
for portfolio optimization, derivatives pricing, credit-risk modeling, and fraud detection, where the
underlying mathematics often maps naturally onto QAOA-style optimization or Monte Carlo-style
estimation; JPMorgan Chase is among the financial institutions publicly collaborating with quantum
hardware and software providers.

Logistics and supply chain. Vehicle routing, airline crew and fleet scheduling, and warehouse and
network optimization are widely cited as a natural fit for quantum and quantum-inspired optimization,
with pilot studies reporting efficiency gains in the range of 10–30% on specific constrained problems,
though most deployments to date still run on quantum-inspired classical solvers rather than quantum
hardware itself.

Materials science, chemistry, and energy. Because quantum computers are natively suited to
simulating quantum systems, materials discovery (new battery chemistries, catalysts, and supercon-
ductors) and industrial chemistry are considered among the highest-value long-term applications;
ExxonMobil and IBM, for example, have collaborated on quantum algorithms relevant to carbon
capture and next-generation battery materials, and Quantinuum has used its Helios system to simulate
magnetic and high-temperature superconductivity-related physics.

Climate and weather modeling. Improved simulation of complex, chaotic physical systems is
an active long-term research target for quantum algorithms, with potential applications in climate
projection and weather forecasting, though this remains one of the more scientifically speculative
application areas relative to chemistry and optimization.

Artificial intelligence and quantum machine learning. Quantum computing and artificial
intelligence are increasingly discussed together in two distinct ways: using quantum computers to
accelerate specific machine learning subroutines (Section 4), and, more concretely in the near term,
using classical AI and GPU acceleration (Section 8) to control, calibrate, and error-correct quantum
hardware in real time.

Aerospace and defense. Aerospace manufacturers such as Airbus and defense contractors
including Northrop Grumman have run quantum-computing pilots on structural optimization, sensor
and materials problems, and secure communications, reflecting both the sector’s optimization-heavy
engineering problems and the strategic, security-driven motivation described in Section 7.
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Table 10 summarizes these domains alongside representative organizations and a rough expected
timeline to meaningful impact.

Table 10. Domain applications of quantum computing.

Domain Representative use case Example organizations Timeline to impact

Cryptography /
cybersecurity

Post-quantum migration;
long-term data protection

NIST, global cloud
providers

Today (defensive); 2030s
(offensive risk)

Drug discovery / healthcare Molecular and protein
simulation Roche, IonQ + Ansys Near-term pilots; broader

impact 2028–2032

Finance Portfolio optimization, risk,
fraud detection JPMorgan Chase Near-term pilots; scaling

2028+

Logistics / supply chain Routing and scheduling
optimization

Multiple logistics and
airline pilots

Near-term
(quantum-inspired);
quantum 2028+

Materials / chemistry /
energy

Catalysts, batteries, carbon
capture

ExxonMobil + IBM,
Quantinuum

Medium-term; high
long-term value

Climate / weather Complex system simulation Academic and national-lab
research

Long-term, more
speculative

AI / quantum ML Hybrid ML acceleration;
AI-assisted error correction

NVIDIA, all major
hardware vendors

Ongoing (AI-for-QC today);
QML longer-term

Aerospace / defense Structural optimization,
secure comms Airbus, Northrop Grumman Near- to medium-term

pilots

11. Career Opportunities
11.1. Role Types

The quantum computing labor market has matured enough to support a recognizable set of
distinct roles, rather than a single undifferentiated “quantum scientist” job title. Quantum hardware
engineers design, fabricate, and characterize physical qubits and the cryogenic, RF, or photonic
systems around them. Quantum algorithm researchers design and analyze new algorithms and error-
correcting codes, typically holding a PhD in physics, computer science, or mathematics. Quantum
software engineers build the compilers, SDKs, and cloud infrastructure (Qiskit, Cirq, CUDA-Q,
and similar) that connect algorithms to hardware. Quantum systems and control engineers bridge
hardware and software, building the classical control electronics and firmware that drive qubits.
Quantum applications scientists work with domain experts in chemistry, finance, or logistics to map
real business problems onto quantum or quantum-inspired algorithms. Quantum error-correction
specialists form an increasingly distinct, high-demand specialization as the field moves from NISQ
devices toward fault tolerance. Beyond technical roles, growing numbers of technical sales, solutions-
architecture, standards, and policy positions have opened at both hardware vendors and government
agencies.

11.2. Compensation

Compensation in quantum computing carries a premium over comparable classical software or
hardware engineering roles, reflecting both the specialized skill set required and the current talent
shortage. Figure 4 shows indicative U.S. base salary ranges by role, drawing on multiple 2026 industry
salary surveys [25,26]; total compensation at large technology companies, including equity, is often
substantially higher than these base figures. Reported premiums over equivalent classical software
engineering roles typically run in the range of 15–30%, with the financial services and defense sectors
among the highest payers for quantum-skilled specialists.
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Figure 4. Indicative U.S. base salary ranges by quantum computing role, 2026. Total compensation, including
equity, is often materially higher at large technology companies.

11.3. The Talent Gap and How to Break In

As discussed in Section 9, demand for quantum-skilled workers continues to outpace supply:
industry surveys report several open quantum positions for every qualified candidate, and a majority
of applicants to specialized roles do not yet meet employers’ technical expectations. For newcomers,
the most common entry routes are: an undergraduate or graduate degree in physics, computer science,
electrical engineering, or mathematics, supplemented with quantum-specific coursework or one of the
university programs listed in Table 9; a vendor certification or online course (Section 9) paired with
hands-on projects using an open-source SDK; or a lateral move from an adjacent discipline , classical
HPC, semiconductor device engineering, photonics, or cryogenic engineering , into a quantum-specific
team at a hardware company. Table 11 summarizes typical backgrounds and representative employers
for each role type.

Table 11. Quantum computing role types, backgrounds, and representative employers.

Role Typical background Key skills Representative employers

Quantum hardware
engineer

Physics, EE, applied physics
(BS–PhD)

Cryogenics, RF/microwave
or photonics, fabrication

IBM, Google, Quantinuum,
IonQ

Quantum algorithm
researcher

Physics, CS, or math
(typically PhD)

Complexity theory, linear
algebra, error correction

IBM, Google, Quantinuum,
academia

Quantum software engineer CS or software engineering
(BS–MS)

Python; Qiskit, Cirq, Q#,
CUDA-Q; compilers

All major vendors and
cloud providers

Quantum systems / control
engineer

EE, physics, computer
engineering

FPGA/firmware, control
theory, signal processing

Hardware vendors (all
modalities)

Quantum applications
scientist

Domain field (chemistry,
finance) + quantum training

Domain modeling,
QAOA/VQE, classical HPC

Pharma, banks, national
labs

Quantum error-correction
specialist Physics or CS (PhD) Stabilizer/qLDPC codes,

decoding algorithms
IBM, Google, Quantinuum,
PsiQuantum

12. The Roadmap: Today, Tomorrow, and the Future
Drawing together the hardware trajectories (Section 8), the state of error correction (Section 6),

and the applications and workforce discussion above, it is useful to compress the field’s outlook into
three broad phases. Figure 5 presents this as a single timeline; Table 12 adds detail to each phase.
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Figure 5. The quantum computing roadmap: today’s NISQ era, tomorrow’s early fault tolerance, and the future
utility-scale, fault-tolerant era.

Today (the NISQ era, roughly 2019–2027). Quantum computers today have tens to a few
thousand noisy physical qubits, operate primarily through hybrid quantum–classical algorithms such
as VQE and QAOA, and have demonstrated narrow, task-specific quantum advantage (most famously
in random-circuit sampling and boson sampling) rather than broad commercial advantage. Error
mitigation techniques, rather than full error correction, are the norm, though 2024–2026 produced the
first below-threshold error-correction demonstrations that make the next phase credible.

Tomorrow (early fault tolerance, roughly 2027–2032). The next phase, targeted by essentially
every major hardware roadmap surveyed in Section 8, is the arrival of processors with hundreds
of genuinely error-corrected logical qubits, built using more efficient error-correcting codes such
as qLDPC codes, alongside modular architectures that network multiple smaller QPUs together
(foreshadowed by IonQ’s 2026 interconnect demonstration). This is the phase in which the first
commercially meaningful, if still narrow, quantum advantage is expected in chemistry, materials, and
optimization niches.

The Future (fault-tolerant, utility-scale computing, 2032 and beyond). The long-run vision
shared, in broad strokes, by IBM, Google, and Microsoft alike is a fault-tolerant quantum computer with
thousands of logical qubits (and, on the most aggressive roadmaps, chips with on the order of a million
physical qubits), delivering broad quantum advantage across chemistry, materials, optimization, and
cryptanalysis. This phase is also expected to bring tighter integration between quantum processors,
GPU-based classical supercomputing, and AI (continuing the NVQLink-style architecture already
emerging today), as well as the early stages of a quantum internet built on entanglement distribution
and quantum repeaters.

Table 12. The three-phase quantum computing roadmap.

Phase Approx. timeframe Key capability Representative milestones

Today , NISQ era ∼2019–2027
50–5,000 noisy physical
qubits; hybrid algorithms;
narrow advantage

Willow below-threshold
QEC; Heron/Nighthawk;
Helios; Jiuzhang 4.0

Tomorrow , Early fault
tolerance ∼2027–2032

Hundreds of logical qubits;
modular/networked QPUs;
niche commercial advantage

Starling (IBM, 2029); Apollo
(Quantinuum, 2029);
qLDPC codes at scale

Future , Utility-scale,
fault-tolerant 2032 and beyond

Thousands of logical qubits;
million-qubit chips; broad
advantage

Blue Jay (IBM, 2033);
million-qubit visions
(Google, Microsoft);
quantum internet
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Two cross-cutting trends run through all three phases. First, quantum computing is increasingly
being architected with classical accelerated computing rather than in opposition to it: platforms such
as NVIDIA’s CUDA-Q and NVQLink treat the QPU as one more accelerator inside a larger GPU-
based supercomputing and AI stack, a pattern likely to deepen rather than disappear as processors
scale. Second, standardization and benchmarking , common software interfaces, agreed performance
metrics (such as algorithmic qubits and quantum volume), and, eventually, formal certification of
cryptographically relevant capability , are becoming as important to the field’s trajectory as the
underlying physics.

13. Challenges and Open Problems
Despite the genuine progress described above, a candid survey must also record the substantial

engineering and scientific obstacles that separate today’s NISQ devices from the fault-tolerant future
outlined in Section 12.

• Decoherence and noise. Every physical qubit modality remains far noisier than a classical transistor;
preserving superposition and entanglement for long enough, and across enough qubits, to run
useful algorithms is still the field’s central physics problem.

• Error-correction overhead. Encoding a single logical, error-corrected qubit currently requires many ,
often dozens to hundreds of , physical qubits, depending on the code used. Reducing this overhead,
through codes such as qLDPC, is essential to reaching the logical qubit counts targeted in Section 12.

• Scalability and manufacturing. Moving from tens or hundreds of qubits to the thousands or millions
envisioned by 2030s roadmaps requires solving hard engineering problems in wiring, packaging,
cryogenic cooling capacity, and, for solid-state modalities, fabrication yield and uniformity.

• Control system complexity. Every additional qubit typically requires additional classical control
channels (microwave, laser, or voltage lines); scaling control electronics without a proportional
explosion in cost, footprint, and heat load is an unsolved systems-engineering problem at the
million-qubit scale.

• Talent shortage. As detailed in Sections 9 and 11, the specialized, interdisciplinary skill set the field
requires is in short supply relative to hiring demand, and remains a binding constraint on how
quickly companies and governments can execute their roadmaps.

• Cost and access. Cryogenic, laser, and ultra-high-vacuum systems remain expensive and specialized,
concentrating hardware development among well-funded companies, national laboratories, and a
handful of universities, even as cloud access has broadened who can use quantum hardware.

• Standardization and benchmarking. The field still lacks fully agreed, vendor-independent metrics
for comparing processors across modalities, making it genuinely difficult for outside observers ,
including investors and policymakers , to compare competing claims of progress.

• Managing expectations. Finally, the gap between long-term potential and near-term reality remains
a recurring source of both over-optimistic hype and, in reaction, excessive skepticism; the most de-
fensible position, and the one this survey has tried to take, is that quantum computing is progressing
rapidly on genuine scientific and engineering merit, while broad, decisive commercial advantage
over classical computing for most problems remains a matter of years, not months.

14. Conclusion
Quantum computing in 2026 occupies an unusual position: mature enough that its foundational

physics, hardware modalities, and core algorithms are well understood and taught in a growing
number of dedicated university programs; commercial enough to support public companies, a multi-
billion-dollar market, and a distinct professional labor market; and strategically important enough to
command tens of billions of dollars in national investment across more than twenty countries. At the
same time, it remains, by its own leading practitioners’ admission, in an early, noisy intermediate-scale
phase, with the harder engineering problems of fault tolerance, scalability, and cost still substantially
unsolved.
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The throughline of this survey has been the three-phase roadmap of Section 12: a NISQ-era today
defined by hybrid algorithms and narrow advantage; a tomorrow, likely arriving toward the end of this
decade, defined by the first genuinely error-corrected logical qubits and modular architectures; and a
longer-term future of fault-tolerant, utility-scale quantum computers deeply integrated with classical
and AI-accelerated supercomputing. Which specific companies, countries, and hardware modalities
lead at each stage remains genuinely open , this is precisely why the field continues to support parallel,
well-funded bets on superconducting, trapped-ion, photonic, neutral-atom, topological, and spin-qubit
approaches alike.

For the student, engineer, investor, or policymaker using this survey as a reference point, the
practical takeaway is that quantum computing now rewards serious, sustained engagement rather
than either uncritical hype or dismissal: the foundational skills (Section 9), the domain knowledge
of where value is likely to appear first (Section 10), and a clear-eyed view of the remaining obstacles
(Section 13) are all now well enough established to build a career, a research program, or a strategy on ,
even as the field’s most consequential chapters remain, appropriately for a technology still finding its
footing, still ahead of it.
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