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Abstract: Quantum computing has emerged as one of the most transformative paradigms in computational 
science, promising to fundamentally redefine the boundaries of problem-solving capability across a broad 
spectrum of scientific and industrial domains. Drawing upon the principles of quantum mechanics — 
specifically superposition, entanglement, and quantum interference — quantum computers offer computational 
architectures that are architecturally and algorithmically distinct from their classical counterparts. This paper 
presents a comprehensive survey of the theoretical foundations, major algorithmic developments, practical 
applications, and prevailing challenges associated with quantum computing, with all analyses confined to 
research and developments available through 2019. The work provides a detailed examination of pivotal 
quantum algorithms, including Shor's algorithm for integer factorization, Grover's algorithm for unstructured 
search, and the Quantum Fourier Transform as a foundational subroutine. The paper further surveys the 
hardware landscape, discussing the state of IBM Q, D-Wave Systems, and Google's quantum research 
initiatives as of 2019. Comparative analyses are provided through structured tables to facilitate scholarly 
discourse on the relative merits and constraints of various quantum computing paradigms. The implications of 
quantum computing for cryptographic security, optimization, drug discovery, and machine learning are 
assessed critically. The persistent challenges of decoherence, gate error rates, and scalability are discussed 
alongside the then-current mitigation strategies. 
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1. INTRODUCTION 

The historical trajectory of computing hardware has 
largely been governed by Moore's Law — the 
empirical observation that transistor density on 
integrated circuits doubles approximately every two 
years [1]. Yet as transistor dimensions approach 
atomic scales, the fundamental physics of classical 
computation increasingly encounter thermodynamic 
and quantum mechanical barriers that cannot be 
overcome through conventional engineering 
refinements alone. Against this backdrop, quantum 
computing has attracted intense interdisciplinary 
attention as an alternative paradigm that does not 
merely scale classical architectures but rather 
exploits genuinely quantum phenomena to execute 
certain categories of computation in ways that are 
provably or conjecturally more efficient. 

The foundational concept of quantum computation 
was articulated by Richard Feynman in 1982, who 
proposed that a quantum mechanical simulator would 

be required to efficiently model quantum physical 
systems [2]. This insight was subsequently 
formalized by David Deutsch, who introduced the 
universal quantum computer and the first quantum 
algorithm in 1985 [3]. The theoretical framework 
was enriched considerably through the 1990s, most 
notably through Peter Shor's 1994 polynomial-time 
factorization algorithm [4] and Lov Grover's 1996 
quadratic-speed-up search algorithm [5]. These 
developments galvanized both academic research and 
commercial interest, prompting sustained investment 
from institutions including IBM, Google, Intel, 
Rigetti, D-Wave Systems, and various national 
laboratories. 

 

By 2019, the field had reached what researchers 
termed the Noisy Intermediate-Scale Quantum 
(NISQ) era — a phase characterized by devices 
possessing tens to hundreds of physical qubits yet 
lacking the fault-tolerance required for executing the 
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full suite of theoretically proposed quantum 
algorithms [6]. Despite these constraints, NISQ 
devices demonstrated genuine scientific utility for 
specific optimization, chemistry simulation, and 
machine learning tasks, lending urgency to 
systematic review of both the achieved capabilities 
and the outstanding barriers. 

 

This paper is organized as follows. Section 2 surveys 
the background and historical development of 
quantum computing. Section 3 elaborates on qubits 
and quantum gate operations. Section 4 reviews 
major quantum algorithms with technical detail. 
Section 5 explores the breadth of application 
domains. Section 6 addresses the key challenges and 
limitations. Section 7 examines cryptographic 
implications. Section 8 discusses leading research 
initiatives as of 2019. Section 9 outlines future scope. 
Section 10 concludes the paper. 

2. BACKGROUND OF 
QUANTUM COMPUTING 

Quantum computing is rooted in the mathematical 
formalism of quantum mechanics, principally in the 
Hilbert space representation of physical states and 
the unitary evolution of quantum systems. Unlike 
classical bits, which are deterministically binary, 
quantum bits or qubits can exist in a continuum of 
states defined by complex probability amplitudes. 
This property, known as superposition, permits a 
system of n qubits to simultaneously encode 2ⁿ 
states, creating a basis for the exponential 
information-processing density that motivates 
quantum computation [7]. 

 

The theoretical underpinning of quantum gates as 
reversible, unitary transformations was established 
by Deutsch [3] and extended by Yao [8], who 
demonstrated that quantum circuits could efficiently 
simulate any quantum Turing machine. The Church-
Turing thesis, in its quantum generalization, 
postulates that any physically realizable computation 
can be simulated efficiently by a quantum computer, 
a claim supported by the universality of quantum 
gate sets such as the Hadamard gate, CNOT gate, and 
the T-gate [9]. 

 

Experimental realization of quantum computers 
began in earnest during the late 1990s. Chuang and 
colleagues demonstrated the first two-qubit quantum 
algorithm on a nuclear magnetic resonance (NMR) 
system in 1998 [10]. Subsequent hardware platforms 
evolved through liquid-state NMR, trapped ions, 
linear optical systems, and superconducting transmon 
qubits, each offering distinct trade-offs among 
coherence time, gate speed, and scalability. By the 
mid-2010s, superconducting qubits had become the 
dominant platform for large-scale quantum 

processors owing to their manufacturability and 
compatibility with microwave control electronics. 

 

Concurrently, the theoretical complexity-theoretic 
study of quantum computation established the 
complexity class BQP (Bounded-error Quantum 
Polynomial time), which contains problems that 
quantum computers can solve efficiently. The 
relationship between BQP and classical complexity 
classes — including P, NP, and PSPACE — remains 
an open problem, though it is widely conjectured that 
BQP is strictly larger than P and does not contain all 
of NP [11]. 

 

3. QUBITS AND QUANTUM 
GATES 

3.1 THE QUBIT 
A qubit is the fundamental unit of quantum 
information, mathematically represented as a vector 
in a two-dimensional complex Hilbert space, denoted 
|ψ� = α|0� + β|1�, where α and β are complex 
probability amplitudes satisfying the normalization 
condition |α|² + |β|² = 1 [7]. The Bloch sphere 
provides a geometric representation in which any 
single-qubit state corresponds to a point on the unit 
sphere. Multi-qubit systems introduce quantum 
entanglement, wherein the joint state of two or more 
qubits cannot be factored into individual qubit states. 
Entangled states — such as the Bell states |Φ ⟩⁺  = 
(|00� + |11�)/√2 — exhibit non-classical 
correlations central to quantum teleportation, 
superdense coding, and quantum error correction 
[12]. 

 

3.2 QUANTUM GATE OPERATIONS 
Quantum gates are the operational building blocks of 
quantum circuits, subject to the constraint of 
unitarity, which ensures reversibility. Single-qubit 
gates include the Pauli gates X, Y, and Z, the 
Hadamard gate H which creates superposition, and 
the phase rotation gates S and T. Two-qubit gates 
such as CNOT, CZ, and iSWAP are essential for 
generating entanglement and constitute the second 
tier of universal quantum gate sets. The Solovay-
Kitaev theorem guarantees that any unitary operation 
can be approximated to within error ε using 
O(log^c(1/ε)) gates from a finite universal set [13]. 
Gate fidelity is a critical performance metric, with 
leading superconducting processors achieving single-
qubit gate fidelities exceeding 99.9% and two-qubit 
fidelities above 99% in select implementations by 
2019 [14]. 
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3.3 QUANTUM MEASUREMENT 
Measurement in quantum computing is a non-
unitary, irreversible operation that collapses the 
quantum state into one of the computational basis 
states with probability determined by the 
corresponding amplitude magnitude squared. 
Measuring |ψ� = α|0� + β|1� yields outcome 0 with 
probability |α|² and outcome 1 with probability |β|². 
The probabilistic nature of measurement necessitates 
repeated circuit executions — typically hundreds to 
thousands of shots — to estimate output distributions 
accurately [7]. 

 

4. QUANTUM ALGORITHMS 

4.1 SHOR'S ALGORITHM FOR INTEGER 
FACTORIZATION 

Shor's algorithm, published by Peter Shor in 1994 
[4], provides a polynomial-time quantum algorithm 
for integer factorization, which underlies the security 
of widely deployed public-key cryptographic systems 
such as RSA. The algorithm proceeds in two stages. 
The classical stage reduces factoring to finding the 
period r of the function f(x) = aˣ mod N for a 
randomly chosen integer a coprime to N. The 
quantum stage employs the Quantum Fourier 
Transform (QFT) to identify r efficiently through 
constructive interference. The overall complexity is 
O((log N)² (log log N) (log log log N)) quantum gate 
operations, representing an exponential improvement 
over the best classical algorithm — the general 
number field sieve — which runs in sub-exponential 
time [4][15]. 

 

4.2 GROVER'S ALGORITHM FOR 
UNSTRUCTURED SEARCH 

Grover's algorithm [5], introduced in 1996, provides 
a quadratic speedup for searching an unstructured 
database of N items, accomplishing in O(√N) oracle 
queries what classically requires O(N) queries. The 
algorithm initializes an n-qubit register in equal 
superposition, then iterates the Grover diffusion 
operator — comprising an oracle phase flip of the 
target state and an inversion-about-the-mean 
operation — approximately π√N/4 times to 
concentrate amplitude on the target state. This 
procedure effectively halves the security level of 
symmetric encryption keys; a 128-bit key offers 
approximately 64-bit security against a quantum 
adversary. Beyond database search, Grover's 
algorithm serves as a subroutine in quantum 
algorithms for optimization, collision finding, and 
amplitude estimation [16]. 

 

4.3 QUANTUM FOURIER TRANSFORM 
The Quantum Fourier Transform (QFT) is the 
quantum mechanical analog of the discrete Fourier 

transform and is a subroutine central to many 
important quantum algorithms, including Shor's 
algorithm and quantum phase estimation. The QFT 
maps a quantum state |j� to a superposition in the 
Fourier basis: QFT|j� = (1/√N) Σₖ₌₀^(N-1) 
exp(2πijk/N)|k�. The classical FFT achieves this in 
O(N log N) operations, while the QFT requires only 
O((log N)²) quantum gate operations — an 
exponential improvement — accomplished through a 
sequence of Hadamard gates and controlled phase 
rotation gates [15]. Its power is realized only when 
embedded within a larger algorithm that exploits the 
transformed state without direct measurement, as in 
the phase estimation subroutine of Shor's algorithm 
[9]. 

 

4.4 ADDITIONAL NOTABLE ALGORITHMS 
The Harrow-Hassidim-Lloyd (HHL) algorithm [17], 
proposed in 2009, solves systems of linear equations 
Ax = b with an exponential improvement over 
classical methods for large, sparse, well-conditioned 
matrices, inspiring numerous quantum machine 
learning proposals. The Variational Quantum 
Eigensolver (VQE), introduced by Peruzzo et al. 
[18], uses a parameterized quantum circuit to 
minimize the expectation value of a Hamiltonian, 
targeting quantum chemistry applications. The 
Quantum Approximate Optimization Algorithm 
(QAOA), developed by Farhi et al. [19], applies 
similar variational principles to combinatorial 
optimization problems, providing approximate 
solutions with potential quantum advantage on near-
term hardware. 

 

5. APPLICATIONS OF 
QUANTUM COMPUTING 

5.1 CRYPTOGRAPHY AND SECURITY 
The most widely discussed impact of quantum 
computing pertains to cryptography. Shor's algorithm 
threatens the security of RSA, Diffie-Hellman, and 
elliptic-curve cryptography by enabling efficient 
factorization and discrete logarithm computation. 
Conversely, quantum key distribution (QKD), based 
on the BB84 protocol [20] and its successors, 
leverages quantum mechanical principles to achieve 
information-theoretically secure key exchange. By 
2019, QKD systems had been deployed in 
metropolitan optical networks across China, Europe, 
and Japan, demonstrating practical viability over 
distances exceeding 400 km via satellite-based 
channels [21]. 

5.2 DRUG DISCOVERY AND MOLECULAR 
SIMULATION 

Simulating molecular and chemical systems is 
exponentially hard for classical computers due to the 
quantum mechanical nature of electron interactions. 
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Quantum computers can represent molecular 
wavefunctions efficiently in their Hilbert spaces [22]. 
By 2019, VQE-based simulations of small molecules 
— including H₂, LiH, and BeH₂ — had been 
demonstrated on superconducting and trapped-ion 
quantum processors [18]. The long-term prospect is 
the simulation of complex drug-receptor interactions 
and catalytic reaction mechanisms, which could 
substantially accelerate the drug discovery pipeline 
and materials design processes. 

 

5.3 OPTIMIZATION PROBLEMS 
A large class of industrially significant problems — 
including supply chain logistics, portfolio 
optimization, traffic flow scheduling, and vehicle 
routing — belong to the family of combinatorial 
optimization problems that are computationally 
intractable for classical computers at scale. Quantum 
annealing, as implemented by D-Wave's QPU, 
formulates these as QUBO instances and finds low-
energy solutions through adiabatic state evolution 
[23]. By 2019, initial demonstrations on real-world 
optimization benchmarks produced results 
competitive with classical heuristics for small 
problem instances, though definitive quantum 
advantage remained to be demonstrated [6]. 

 

5.4 MACHINE LEARNING 
The intersection of quantum computing and machine 
learning had by 2019 generated significant 
theoretical interest alongside early experimental 
demonstrations. Quantum-enhanced clustering, 
classification, and principal component analysis 
algorithms have been proposed, building on the HHL 
algorithm and amplitude encoding techniques [24]. 
Rebentrost et al. [25] proposed a quantum support 
vector machine with exponential speedup for high-
dimensional classification, though practical speedup 
depends critically on the quantum random access 
memory (qRAM) model, whose physical 
implementation remains an open challenge. 

 

5.5 FINANCIAL MODELING 
The financial industry has identified quantum 
computing as a potentially disruptive technology for 
risk analysis, derivative pricing, and portfolio 
optimization. Quantum algorithms for Monte Carlo 
simulation offer a quadratic speedup via quantum 
amplitude estimation, reducing required samples 
from O(ε⁻²) to O(ε⁻¹) [26]. Woerner and Egger [27] 
demonstrated quantum risk analysis on an IBM Q 
device in 2019, computing value-at-risk and 
conditional value-at-risk for small-scale financial 
models — one of the first application-oriented 
demonstrations on commercially available quantum 
hardware. 

 

5.6 QUANTUM COMMUNICATION AND 
NETWORKS 

Beyond computation, quantum systems enable novel 
communication protocols exploiting entanglement 
and no-cloning. The vision of a quantum internet — 
a network of quantum nodes connected by entangled 
links — was outlined by Kimble [29] in 2008 and 
remained an active research programme by 2019, 
with milestones such as entanglement distribution 
over metropolitan distances and quantum repeater 
demonstrations serving as key stepping stones [28]. 

 

Table 1: Comparative Analysis of Classical 
Computing and Quantum Computing 

Feature Classical 
Computing 

Quantum 
Computing

Basic Unit Bit (0 or 1) 
Qubit 

(superposition of 0 
and 1)

Processing Sequential / parallel 
(limited) 

Massively parallel 
via superposition

Error Rate Very low (mature 
technology) 

High (decoherence, 
gate errors)

Memory Classical registers 
(RAM)

Quantum registers 
(fragile)

Speed 
(Factoring) 

Exponential time 
(sub-exponential 

best)

Polynomial time via 
Shor's Algorithm 

Search Speed O(N) linear O(√N) via Grover's 
Algorithm

Operating 
Temp.

Room temperature Near absolute zero 
(~15 mK)

Programming
Classical languages 
(C++, Python, etc.) 

Quantum circuit 
model, Qiskit, Q#

Maturity Highly mature, 
widespread 

Early-stage, 
experimental (as of 

2019)

 

Table 2: Summary of Major Quantum 
Algorithms — Problem Domains and Complexity 

Algorith
m 

Problem 
Domain 

Classical 
Complexity 

Quantum 
Complexit

y / 
Advantage

Shor's 
Algorithm

Integer 
Factorization 

Sub-
exponential: 
exp(n^1/3) 

Polynomial
: O((log 
N)³) — 

exponential 
speedup

Grover's 
Algorithm

Unstructured 
Database 
Search

O(N) 
O(√N) — 
quadratic 
speedup
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Quantum 
Fourier 

Transform 

Frequency 
Analysis / 

Phase 
Estimation 

O(N log N) 
(FFT) 

O((log N)²) 
— 

exponential 
speedup

HHL 
Algorithm 

Linear 
Systems 
(Ax=b) 

O(N s κ / ε) 

O(log(N) s² 
κ² / ε) — 

exponential 
speedup in 

N

QAOA 
Combinatoria

l 
Optimization 

NP-hard 
(classical 
heuristics) 

Variational 
hybrid; 

potential 
polynomial 
advantage

VQE 
Quantum 
Chemistry 
Simulation 

Exponential 
(exact 

diagonalization
) 

Polynomial 
in small 

systems — 
near-term 
feasibility

 

6. CHALLENGES AND 
LIMITATIONS 

6.1 DECOHERENCE AND ENVIRONMENTAL 
NOISE 

The most fundamental obstacle confronting practical 
quantum computation is decoherence — the process 
by which a quantum system loses its quantum 
properties through uncontrolled interaction with its 
environment. Decoherence causes the superposition 
and entanglement of qubits to degrade over time, 
introducing errors that accumulate as quantum 
circuits grow in depth. As of 2019, state-of-the-art 
superconducting qubits achieved T₂ dephasing times 
on the order of 50–100 microseconds, while gate 
operations required roughly 20–50 nanoseconds, 
limiting circuit depth to approximately 10³ operations 
before errors became unmanageable without error 
correction [14]. 

 

6.2 QUANTUM ERROR CORRECTION 
Quantum error correction (QEC) protects quantum 
information against decoherence and gate errors. 
Unlike classical error correction, QEC must contend 
with the no-cloning theorem — which prohibits 
direct copying of quantum states — and with the 
continuous nature of quantum errors. The threshold 
theorem establishes that fault-tolerant quantum 
computation is achievable provided the physical 
error rate per gate falls below approximately 10⁻² to 
10⁻³ for the surface code [30]. Achieving this at scale 
requires hundreds to thousands of physical qubits per 
logical qubit, placing full fault-tolerant computation 
well beyond the capabilities of 2019-era hardware 
[6]. 

6.3 SCALABILITY 

Scaling quantum processors while preserving qubit 
quality presents profound engineering challenges. 
Each additional qubit must be isolated from 
environmental disturbances while simultaneously 
being controllable and entangleable with other 
qubits. In superconducting architectures, on-chip 
wiring and microwave control lines must be 
multiplexed for large qubit counts, and the cryogenic 
infrastructure must maintain millikelvin temperatures 
across increasingly complex chips [14]. Trapped-ion 
systems offer high-fidelity operations but face 
challenges in achieving fast gate speeds and large-
scale ion chain stability. 

 

6.4 LIMITED QUANTUM SOFTWARE 
ECOSYSTEM 

The quantum software stack encompassing 
programming languages, compilers, simulators, and 
debugging tools was still in an early formative stage 
as of 2019. IBM's open-source Qiskit framework 
[31] provided Python-based access to IBM Q 
devices, while Rigetti's Forest SDK, Microsoft's Q# 
language, and various academic frameworks offered 
alternative development environments. The absence 
of mature high-level quantum programming 
abstractions, the lack of standardized benchmarks, 
and the challenge of debugging probabilistic 
quantum programs all represented significant barriers 
to broad developer adoption. 

 

6.5 THE MEASUREMENT PROBLEM 
Extracting classical outputs from quantum 
computations requires measurement, which collapses 
quantum superpositions stochastically. For many 
quantum algorithms, the desired answer is encoded 
in the probabilities of measurement outcomes, 
necessitating repeated circuit executions — typically 
hundreds to thousands of shots. Moreover, mid-
circuit measurements and classical feed-forward 
operations, required for adaptive algorithms and error 
correction, place additional demands on hardware 
that many 2019-era systems could not fully 
accommodate. 

 

Table 3: Comparison of Quantum Hardware 
Platforms (Status as of 2019) 

Platform Technol
ogy 

Leading 
Org. 

Qubit 
Count 

(≤2019) 

Key 
Limitati

on

Supercondu
cting 

Josephso
n 

junctions

IBM, 
Google, 
Rigetti 

Up to 72 
qubits 

(Google 
Bristleco

ne) 

Cryogeni
c cooling

Trapped Ion
Laser-

controlle
IonQ, 

Honeyw
~11 

qubits 
Slow 
gate 
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d ions ell (high 
fidelity) 

speed

Quantum 
Annealing 

Adiabati
c 

evolution 

D-Wave 
Systems 

2,048 
qubits 

(D-Wave 
2000Q) 

Limited 
to 

optimizat
ion

Photonic Optical 
qubits 

Xanadu, 
PsiQuant

um 

Small 
scale 

(research
) 

Probabili
stic gates

Topological 
Majoran

a 
fermions 

Microsof
t 

Pre-qubit 
stage 

(2019) 

Unprove
n 

physical 
realizatio

n

 

Table 4: Summary of Key Challenges in Quantum 
Computing and Mitigation Strategies (pre-2019) 

Challenge Description 
Mitigation 

Approaches (pre-
2019)

Decoherence 

Loss of quantum 
state due to 

environmental 
interaction 

Cryogenic isolation, 
error correction codes 

Gate Error 
Rates 

Imperfect qubit 
manipulation 

increases noise 

Fault-tolerant 
architecture, 
calibration

Scalability 

Adding qubits 
without 

degrading 
coherence 

Modular designs, 
error-corrected logical 

qubits 

Qubit 
Connectivity 

Limited 
coupling 
topology 

increases circuit 
depth

All-to-all coupling 
(trapped ion), SWAP 

networks 

Algorithm 
Design 

Few known 
quantum-

advantaged 
algorithms 

Active research; 
NISQ variational 

methods 

Software/Tools 

Immaturity of 
quantum 

programming 
ecosystems 

Qiskit (IBM), Forest 
(Rigetti), Q# 
(Microsoft) 

 

7. SECURITY AND 
CRYPTOGRAPHY 
IMPLICATIONS 

The cryptographic implications of quantum 
computing constitute one of the most pressing 
concerns for information security policy globally. 
The security of virtually all deployed asymmetric 
cryptographic systems — including RSA, DSA, and 
Elliptic Curve Cryptography — rests upon the 

computational hardness of integer factorization and 
the discrete logarithm problem. Shor's algorithm 
reduces both problems to polynomial-time quantum 
computations, rendering these cryptographic systems 
theoretically insecure in the presence of a sufficiently 
large fault-tolerant quantum computer [4]. 

Symmetric-key cryptographic systems such as AES 
are less severely threatened but are nonetheless 
weakened by Grover's algorithm, which provides a 
quadratic speedup for key search. A 256-bit AES key 
retains approximately 128-bit effective security 
against a quantum adversary — an acceptable 
security margin [5]. Consequently, the primary near-
term cryptographic concern is the replacement of 
public-key cryptosystems rather than symmetric 
systems. 

 

The response has taken two principal forms. Post-
quantum cryptography (PQC) aims to develop 
classical cryptographic algorithms resistant to 
quantum attacks. NIST launched a standardization 
process for post-quantum cryptographic algorithms 
in 2016, with 26 candidate algorithms — including 
lattice-based, hash-based, code-based, and 
multivariate polynomial schemes — advancing to 
Round 2 evaluation by 2019, with standardization 
anticipated in the early 2020s [32]. Quantum Key 
Distribution (QKD) provides a complementary 
approach grounded in physical principles rather than 
computational complexity [20]. The concept of 
'harvest now, decrypt later' attacks underscores the 
urgency of migration to quantum-resistant 
infrastructure, particularly for governmental, 
medical, and financial data with long-term 
confidentiality requirements [33]. 

 

8. STATUS OF LEADING 
QUANTUM RESEARCH 

INITIATIVES (AS OF 2019) 

8.1 IBM Q 
IBM's quantum computing programme, publicly 
branded as IBM Q, established itself as the most 
accessible quantum research platform through the 
IBM Quantum Experience cloud service, launched in 
2016. By 2019, IBM Q offered processors ranging 
from 1 to 20 publicly accessible qubits, with a 53-
qubit system available to commercial partners [31]. 
IBM's research encompassed hardware 
improvements in qubit coherence, the development 
of quantum volume as a holistic performance metric, 
and validation of quantum error mitigation 
techniques. The quantum volume metric [34] 
encapsulated qubit count, connectivity, gate fidelity, 
and circuit depth into a single dimensionless figure 
of merit, reaching a value of 16 for IBM's leading 
system in 2019. 
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8.2 D-WAVE SYSTEMS 
D-Wave Systems pursued quantum annealing based 
on the adiabatic quantum computation model. D-
Wave's 2000Q processor, released in 2017, housed 
2,048 qubits arranged in a Chimera graph 
connectivity topology [23]. D-Wave machines were 
designed specifically for QUBO and Ising model 
problems, finding applications in discrete 
optimization across logistics, financial modeling, 
machine learning, and materials sciences. By 2019, 
the scientific community had not reached consensus 
on whether D-Wave devices exhibited quantum 
speedup for practical optimization problems, though 
their utility as specialized optimization co-processors 
was acknowledged [35]. 

 

8.3 GOOGLE QUANTUM AI 
Google's Quantum AI research group pursued 
quantum supremacy as a concrete near-term 
milestone. The group developed the Bristlecone 72-
qubit superconducting processor in 2018, at the time 
the highest qubit count among gate-model 
superconducting quantum processors [36]. The 
culmination of this effort was a 2019 manuscript 
describing a 53-qubit Sycamore processor 
completing a random circuit sampling task in 200 
seconds that would require approximately 10,000 
years on Summit, the world's most powerful classical 
supercomputer at the time — a claim that initiated 
considerable scientific debate [37]. This event, 
whether or not it constituted unambiguous quantum 
supremacy, marked a significant symbolic milestone 
for the field [38]. 

 

9. FUTURE SCOPE 
(PERSPECTIVE FROM 2019) 

As of 2019, the quantum computing field stood at a 
pivotal transition point between purely theoretical 
promise and the emergence of hardware capable of 
genuine scientific utility. The NISQ era, as 
characterized by Preskill [6] [42], was expected to 
serve as both a validation platform for near-term 
quantum algorithms and a critical stepping stone 
toward fault-tolerant quantum computation. 

In the near term, the most realistic prospects for 
quantum advantage were anticipated in quantum 
chemistry simulation, where the natural encoding of 
molecular Hamiltonians on quantum registers 
provides a structural advantage relatively insensitive 
to modest gate error rates. Variational algorithms 
such as VQE were expected to demonstrate practical 
utility for simulation of small molecules relevant to 
drug design and materials science. QAOA was 
projected to yield approximate solutions of 

competitive quality for logistics and scheduling 
problems accessible to near-term devices [39]. 

 

In the medium term, the successful demonstration of 
quantum error correction at increasing scales was 
identified as the most critical technical milestone. 
Achieving logical qubit error rates below 10⁻⁶ — 
requisite for running Shor's algorithm at 
cryptographically relevant problem sizes — would 
require arrays of hundreds of physical qubits per 
logical qubit [30] [40]. The quantum software 
ecosystem was expected to mature significantly, with 
standardization of programming languages, quantum 
compilers capable of automatic optimization and 
noise-aware transpilation, and integration of quantum 
co-processors into hybrid classical-quantum 
workflows. The convergence of quantum computing 
with artificial intelligence was identified as a 
potentially transformative frontier [24] [41]. 

 

10. CONCLUSION 

This paper has presented a comprehensive survey of 
the applications and challenges of quantum 
computing, grounded entirely in theoretical 
developments and empirical results available through 
2019. The discussion has traversed the mathematical 
foundations of qubit physics and quantum gate 
operations, the technical depth of foundational 
algorithms including Shor's algorithm, Grover's 
algorithm, and the Quantum Fourier Transform, and 
the breadth of application domains ranging from 
cryptography and molecular simulation to 
optimization and machine learning. 

 

The analysis of hardware platforms — encompassing 
superconducting, trapped-ion, and quantum 
annealing technologies as represented by IBM Q, 
Google's Bristlecone and Sycamore processors, and 
D-Wave's 2000Q annealer — reveals a field 
characterized by rapid hardware progress alongside 
persistent engineering challenges. Decoherence, gate 
error rates, limited scalability, and an immature 
software ecosystem collectively define the NISQ 
landscape that constituted the state of the field in 
2019. 

 

Collectively, the evidence surveyed in this paper 
supports the assessment that quantum computing, as 
of 2019, had transitioned from a purely theoretical 
curiosity to an engineering reality with demonstrable 
scientific utility on near-term devices. The trajectory 
toward fault-tolerant, large-scale quantum 
computation remained a long-term aspiration subject 
to significant technical uncertainty, but the pace of 
progress — particularly in qubit quality, system 
scale, and algorithmic development — justified 
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sustained investment and research engagement across 
academia, industry, and government. 
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