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Abstract

Quantum computing is a paradigm shift in computational science, where computational tasks that cannot be
computationally tackled with binary computing systems can be tackled using quantum mechanics principles,
including superposition, entanglement, and quantum interference. The present paper gives a comprehensive
summary of the present condition of quantum computing, including the most advanced hardware systems, such
as topological qubits, photonics processors, trapped-ion systems and superconducting qubits, and their
corresponding advantages and technical challenges. Also, quantum algorithms, including the Quantum
Approximate Optimization Algorithm (QAOA) and the variational quantum eigen solvers (VQE), include a
summary of the first algorithm, Shor's factorization method, and the second algorithm, Grover's search
algorithm. Applications of such algorithms are evaluated in such areas as financial modeling, machine
learning, material science, drug discovery, and cryptography. Taking into account the information provided
by large research facilities and technology firms, the conditions under which quantum systems can outperform
conventional technology, such a concept as quantum advantage is given specific focus in this review.
Moreover, this paper pays particular attention to the key barriers to effective implementation, such as qubit
decoherence, large error rates, scalability issues, and the lack of fault-tolerant quantum devices that can be
sold commercially. Regarding the noisy intermediate-scale quantum (NISQ) devices that are expected to be
available in the near future, we discuss novel approaches to quantum error correction, especially surface code
and concatenated code. The quantum software industry, such as IBM Qiskit, Google Cirg, and Microsoft O,
and an evaluation of quantum workforce and research facility readiness across the globe is also discussed. In
the end, this work highlights essential potential future paths, such as standards for post-quantum
cryptography, hybrid quantum-classical computation, quantum networking and the quantum internet, and the
long-term aims for universal fault- tolerant quantum computers. The review should provide researchers,
graduate students, and practitioners with a systematic and up-to-date base to understand the fast-growing
discipline of quantum computing and its extensive implications on science and business.

Keywords: Examples of quantum technology include Quantum Computing, Qubits, Superposition, Quantum
Entanglement, NISQ Devices, Quantum Algorithms, Quantum Error Correction, Superconducting Qubits,
Quantum Advantage, Post- Quantum Cryptography, Hybrid Quantum-Classical Computing and Quantum
Machine Learning.

1. Introduction

The constraints of conventional computing have incredible since the invention of Turing Machine, and
driven scholars towards the consideration of entirely  the density of transistors has doubled every two
new paradigms of information processing. The years, as part of the Moore Law[1]. This traditional
development of modern day processors has been growth, however, has been faced with some basic
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physical constraints especially with the problem of
quantum tunneling as transistors are reduced to
atomic scales[2]. The introduction of quantum
computing is an important move out of binary logic
and into systems operating in the spirit of
probabilistic and nonlocal ideas of quantum
mechanics. Quantum computers make use of
quantum bits, or "qubits" as compared to current
computers, which manipulate information with bits,
which are represented by distinct states of 0 or 1.
Computationally, this difference might not be very
important, but has far reaching mathematical
consequences, as it opens up exponentially growing
computational possibilities with each added qubit,
rather than linearly growing ones[3].

1.1. Historical Context: From Feynman To

Modern Hardware

In 1981, physicist Richard Feynman delivered a
landmark speech at MIT, in which he wrote: The
nature of things is not classical, and in order to make
a simulation of nature, it must be quantum
mechanical. This may be regarded as the beginning
of quantum computing. Meanwhile, Yuri Manin and
Paul Benioff suggested theoretical models that
showed that computers could be able to run using
quantum phenomena[5]. This was followed shortly,
in 1985, by David Deutsch suggesting the concept of
the Universal Quantum Turing Machine, which states
that a quantum computer can effectively simulate any
physical process. In 1994, when Peter Shor published
an algorithm proving that quantum computing may
undermine the cryptographic underpinnings of the
internet, this theoretical interest turned into a question
of national security. Structured so that the amplitudes
of the correct responses are constructively
interfering, and the amplitudes of the incorrect
responses are destructively interfering[4].
2. Hardware Architecture Designs
Arguably, the greatest technological difficulty of our
day is putting quantum theory into practice. The
DiVincenzo Criteria is a strict set of criteria created
by David DiVincenzo that must be fulfilled by a
practical qubit. Having a solid backing of both
government and commercial enterprises, a myriad of
competing architectures has emerged[6].

2.1. Superconducting Qubits
The foundation of the quantum programs started by
titans like IBM, Google, and Rigetti are
superconducting qubits, which are mostly made up of
specialized electrical circuits that have been cooled to
very low temperatures[7].
Mechanism: These circuits rely on the Josephson
effect. An anharmonic oscillator consisting of a
capacitor and a nonlinear inductor (a Josephson
junction) is a typical superconducting qubit. The state
of the qubit is controlled by the researchers using
carefully tuned microwave pulses targeting this
circuit[8].
Key Advantages: Superconducting qubits are
lithographically printed on the existing CMOS
manufacturing  platform, using  established
semiconductor manufacturing technologies during
the last few decades[10]. They have macroscopic
dimensions and therefore can operate on a short time
scale of gates, typically in the nanosecond range (
10-9 seconds)[9].
Technical Hurdles: The functionality of such chips
should be sustained in huge cryogenic dilution
refrigerators at temperatures approximately 10
millikelvin (colder than deep interstellar space).
Their coherence times can be as low as the
microsecond range, which restricts the amount of
instructions that can be completed[11].

2.2. Trapped-Ion Instruments
In trapped-ion computers, qubits are made out of the
fundamental building blocks of nature: individual
atoms. IonQ and Quantinuum companies are the
leaders in this strategy[12].
Mechanism: A trapped-ion processor is based on
using the changing electromagnetic fields to trap
isolated individual ionized atoms. Maps of data are
placed to constant electronic energy levels in each
atom. The ions are lit up with laser beams that are
precisely  concentrated to carry out the
operations[13].
Key Advantages: Trapped-ion systems are not
sensitive to the production flaws that afflict synthetic
circuits due to the fact that all atoms of a given
isotope are exactly the same. This leads to
tremendously long coherence times that can span
minutes at a time. Issues in Engineering: Laser gate
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rates are infamously slow, with tens to hundreds of
microseconds per gate, although fidelity is excellent.
2.3. Photonic Processors
Quantum photonic computers do not use fixed
materials to store information, but instead use the
light particles. This design is leading in innovation by
PsiQuantum and Xanadu[14].
Underlying Mechanism: The physical
characteristics of single photons are used to represent
qubits. Logical operations are implemented by
manipulating photons by directing them through a
complex interferometer, phase shifter, and beam
splitter arrangement[15].
Principal Benefits: Photons have a natural resistance
to  electromagnetic interference and  can,
theoretically, be operated at room temperature. They
are fully compatible with fiber optic systems and the
process of transition to distributed quantum
computing is simplified[16].
Difficulties in Engineering: It is nearly impossible
to realize deterministic two-qubit entangling gates
without the help of complex nonlinearities since
photons do not interact efficiently with each other.
2.4. Topological Qubits
The extraordinary states of matter topological
framework are highly supported by Microsoft Station
Q.
Mechanism: Non-Abelian anyons are quantum data
that are coded topologically in quasi-particles[17].
Major Benefits: They are physically hardened to
fault tolerance at the level of physical hardware.
Decoherence cannot be brought on by environmental
disruptions unless the anyons are physically un-
braided since the data is stored non-locally[18].
Engineering Issues: The definitive demonstration
and isolation of non-Abelian anyons in the laboratory
has become an unmatched challenge in physics[19].
2.5. Neutral Atoms And Silicon Spin Qubits
Novel approaches have lately drawn a lot of interest,
presenting a threat to the traditional top designs:
Silicon Spin Qubits: Intel and UNSW academics are
after these qubits, which store the information in the
spins of single electrons trapped in solid silicon. It
could be billions of them on a standard computer chip
since their size is the same as actual electrons, they
can be scaled up with standard lithography to very

large sizes.

Neutral Atoms: Firms such as QuEra and Pasqal are
trapping neutral atoms of Rubidium or Strontium in
three-dimensional arrays with highly focused optical
tweezers. The interaction between these atoms is
through the Rydberg blockade mechanism, which has
excellent potential to be applied to specialized analog
quantum simulators capable of working with
hundreds of qubits without a large cabling
infrastructure. Neutral atoms have been established
as extremely programmable logical processing units
due to recent advancements in dynamic circuits[23].

2.6. Nitrogen-Vacancy (Nv) Centers

In Diamond
One well-known hardware platform is the Nitrogen-
Vacancy (NV) center. It is a flaw in a diamond lattice,
in which a carbon atom is replaced by a nitrogen atom
next to a lattice vacancy.
Underlying Process: Optical initialization and
microwave pulses can be used to manipulate qubits
by isolating the electron spin of the NV center, and
the nuclear spins of surrounding carbon-13
atoms[22].
Main Benefits: NV centers have room temperature
stability as a characteristic property. The
imperfection can be trapped within the diamond
lattice  with  remarkable  coherence  times
(milliseconds to seconds) and the defect does not
require the expensive cryogenic dilution refrigerators
(costing a million dollars)[21].
Difficulties in Engineering: A significant challenge
to direct large-scale clustering remains to synthesize
synthetic diamonds with specific locations of defects
accurately, and to be able to entangle isolated NV
centers over long distances physically via photonic
links[20].

2.7. Hardware Performance Measurement
Benchmarks should be uniformed in various
topologies in order to assess feasibility of current
devices. The logic gate fidelities and coherence
lifetimes are the two key indicators:

Tl and T2 times: Coherence limits of
superconducting chips, including the Google
Sycamore or IBM Condor architectures, are typically
100 to 300 microseconds. Captured-ion systems, such
as those offered by Quantinuum and IonQ, on the
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other hand, have very long T2 times, in the range of
seconds or even minutes[24].
Fidelity of the Gates: In order to offer useful fault-
tolerance, logic gates fidelity should always exceed
99.9% which is the standard of most surface code
algorithms. At present, single-qubit gates used in
superconducting technologies typically achieve
approximately 99.9% and two-qubit entangling gates,
such as the CZ or CNOT gates, can drop to between
98% and 99.5%. This presents important issues to the
achievable circuit depth of complete state
decoherence because of cross-talk. The popular target
of hardware manufacturing companies worldwide is
the 5 nines (99.999) target[25.
3. Quantum Algorithms
To develop quantum algorithms, data has to be
regarded as a wavefunction. Mathematical base on
which creators base is much different and it deals
with unitary matrices and manipulation of complex
vector space[26].

3.1. Basic Algorithms
Several important algorithms that defined the BQP
(Bounded-error Quantum Polynomial-time)
computational classification greatly aided in the
theoretical development of quantum computing[27].
Shor Algorithm (1994): Shor algorithm applies
Quantum Fourier Transform (QFT) to determine the
period of a modular exponential function and thus is
used to factor complex numbers into their prime
factors exponentially, resulting in exponential
improvements. This advancement is a major threat to
RSA and ECC cryptographic systems[28].
Grover Search Algorithm (1996): The algorithm of
Grover searches and finds the solution in O( N )
operations, and, in a sense, provides a quadratic
speedup to breaking hashes or searching symmetric
keys, in an unstructured dataset[29].
Quantum Phase Estimation (QPE): QPE is a
crucial subroutine, which is basically included in the
HHL and the Shor sub-algorithm. It can effectively
measure the eigenvalue (phase) of a unitary operator
on a quantum eigenvector. It is known as one of the
key processes in quantum science as the Inverse
Quantum Fourier Transform in QPE transforms it
into a highly accurate binary fractional readout[30].
HHL Algorithm for Linear Systems: An

exponential improvement in solving large linear
equation systems (solving Ax = b) is offered by the
HHL Algorithm of Linear Systems that was
developed by Harrow, Hassidim, and Lloyd in 2009.
With the underlying physics simulations, machine
learning, and engineering relying on huge linear
algebra matrices, the ability of HHL to invert an
exponentially large matrix fundamentally changes
the constraints of algorithms in practical applications.

3.2. Heuristic And Near-Term (Nisq)

Algorithms

The advanced fault-tolerant algorithms are reducing
to noise in the present Noisy Intermediate-Scale
Quantum (NISQ) regime. Consequently, the field is
moving towards the direction of heuristic hybrid
quantum-classical methods[31].
Variational Quantum Eigensolver (VQE): VQE is
a method that uses a classical optimizer to update the
parameters of a parameterized quantum state
(Ansatz). With VQE converging to the last ground
state calculations in molecular chemistry, the
environmental noise is significantly reduced since the
quantum circuit only requires short-term evaluations
at the beginning of each iteration[32].
Quantum Approximate Optimization Algorithm
(QAOA): QAOA is an algorithm, which entails a
series of exchanges between quantum and classical
processors to approximate solutions to NP-hard
optimization problems. Such issues are crucial to the
industries such as logistics, network design, and
finance[33].
4. Applications
Quantum computing 1is a highly disruptive
technology, and could change various areas of the
world economy and science due to the theoretical
benefits offered by algorithms like Shor, Grover,
VQE, and QAOA[34].

4.1. Cryptography And The Post-Quantum

Era

Due to the difficulty of modern public key
infrastructure  (PKI) being based on the
computational challenge of factorizing numbers
(RSA) or solving discrete logarithmic equations
(ECC), a quantum computer sufficiently advanced to
execute the algorithm suggested by Shor could break
nearly all secure digital online communications. An
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entirely new area, called Post-Quantum
Cryptography (PQC), or sometimes Y2Q or the
Cryptopocalypse, is a response to this imminent
reality. PQC is based on fundamentally different
mathematical concepts, and is theoretically resistant
to both classical and quantum cryptography attacks,
unlike RSA and ECC. The following salient options
have been the main concern of organizations such as
the US National Institute of Standards and
Technology (NIST):
Lattice-Based Cryptography: is used to create
structures such as CRYSTALS-Kyber using the
Shortest Vector Problem (SVP) in high-dimensional
lattices[35].
Hash-Based Signatures: Digital claims in both
stateful and stateless forms using massive Merkle
Trees, like SPHINCS+. The international initiative to
adopt PQC systems is now being implemented with
an understanding of the so-called Store Now, Decrypt
Later threat model whereby the attackers are
currently amassing encrypted information that will be
decrypted in the future by quantum computer[36].

4.2. Quantum Chemistry, Pharmaceutical

Discovery

Nature is not classical, but quantum in its very
essence, and this is what the great physicist Richard
Feynman said in the 1980s. The depiction of a
molecule needs a quantum computer to be done
accurately. Variational Quantum Eigensolver (VQE)
is a method scientists hope to use to simulate the
correct ground state energies of reaction paths. By
accurately simulating the activity of a target protein
in the presence of thousands of diverse ligand
structures, pharmaceutical companies can potentially
vastly speed up the production of targeted treatments,
innovative vaccinations and highly personalized
medicine, without wasting time in unproductive
biochemical production. The large approximation
errors that are often found in traditional Density
Functional Theory (DFT) calculations are eliminated
by this method[37].

4.3. High Materials Science
It is now possible to select special materials with
special physical properties by designing materials
scientists with special physical properties by
precisely simulating atomic and subatomic

interactions, as in the drug discovery field. The
quantum consortiums are currently engaged in
working on projects that involve:
Enhancing Battery Life Chemistry: Simulating
cathode decay and studying constant lithium-sulfur
densities.
High-Temperature Superconductors: Discovering
the rules of superconductivity at room temperature to
allow the transfer of electricity losslessly around the
globe.
The Haber-Bosch Process and Nitrogen Fixation:
Theoretically bypassing the highly carbon-intensive
industrial Haber-Bosch process by naturally
reproducing the exact catalytic reaction that takes
place in nitrogenase enzymes[38].

4.4. Non-Cryptographic National

Implications

The development of quantum sensing poses a
significant challenge to international security
infrastructure, despite the concern of decryption
being the most significant popular issue.
Theoretically, quantum radar technology, utilizing
entangled microwave particles, reduces the
effectiveness of current stealth camouflage
techniques by identifying the small, radar-absorbing
shapes of the technology employed in aerospace
systems today with ease. Also, very sensitive
quantum accelerometers and magnetometers also
offer navigation systems which do not rely on the
satellite GPS systems, which means that submarines
can move through the deep water without necessarily
having to surface up strategically to determine their
location[39].
5. Quantum Advantage
An important technological breakthrough is called
quantum advantage (or quantum supremacy), a point
at which a quantum machine can perform a
computational  task that no  conventional
supercomputer is likely to be able to perform in a
reasonable time. With its 53-qubit superconducting
processor, dubbed "Sycamore," Google achieved a
well-publicized milestone in 2019. Sycamore was
given the task of producing samples of a random
quantum circuit. This quantum processor, according
to Google, made the sampling task in 200 seconds.
They estimated that they would require over 10,000

Security
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years to run the same simulation on the most
powerful classical supercomputer, the Oak Ridge
Summit system. This claim was subsequently
validated by experiments using photonic networks,
including the Jiuzhang quantum computer by Chinese
scholars, capable of accomplishing Gaussian boson
sampling tasks in a minute or two, compared to
billions of years on classical computers. The caveat
to the acceptance of random circuit sampling as a real
advantage, however, must be made. Though these
demonstrations of concept confirm the mathematics
of quantum amplitude manipulation over large
matrices, they work on problems, which are
essentially impossible to solve in practice. The
present aim is to prove a viable quantum advantage,
which would entail proving a situation where a
quantum system performs better than classical
techniques in a commercially significant problem,
say finding out the specific binding energy of an
essential pharmaceutical enzyme[40].

6. Implementation Difficulties

Even with the blistering advancement, physical
challenges that make modern prototypes
commercially feasible computers are still numerous.
Nowadays, we are in the Noisy Intermediate-Scale
Quantum (NISQ) era, where a computer contains
enough qubits, but lacks any active fault
tolerance[41].

Qubit Decoherence (Short T1 and T2 times):
Qubits are extremely fragile and are therefore easily
broken. The uncontrollable interaction with the
environment, even a single photon strike or thermal
noise or a noisy electromagnetic field can cause the
quantum state to collapse to classical determinism at
any particular point in time. Two variables, TI
(relaxation time) and T2 (dephasing time, at which
the phase relationship between superposed states is
disrupted), are used to measure decoherence[42].
High Gate Error Rates and Cross-Talk: Small
variations in computation are due to the tiny
inconsistencies in control equipment that arise when
a qubit is interacted with by a microwave pulse or
laser. Quantum amplitudes are continuous, as
opposed to conventional digital computing, where
voltage variations might happen without changing a
defined 0 or 1. Errors are introduced by each

operation, crippling circuit depth. Moreover, in a
dense configuration, the condition of altering a single
qubit can accidentally cause disturbance to adjacent
qubits, a condition referred to as crosstalk.
Cryogenic Thermal Loads and Scalability Limits:
A significant technical difficulty in developing a
processor with a million qubits is to make it
cryogenic. Each qubit in superconducting designs
typically has a dedicated coaxial communication line
that passes through room temperature generators,
through a cryogenic dilution refrigerator stage. This
direct point-to-point technology, scalable to millions
of qubits, causes unnecessary thermal loads (heat
leakage of large copper wiring) that puts the 10-
millikelvin environment perilously near boiling.

7. Quantum Error Correction (Qec)

The error-free transmission in traditional computing
requires redundancy, which involves the creation of
a copy. Yet, quantum mechanics has a strong No-
Cloning Theorem that forbids the cloning of any
unknown quantum state. Quantum Error Correction
(QEC) overcomes this restriction by distributing the
quantum information of one "logical qubit"
throughout a vast structure composed of many very
flawed "physical qubits."

The Surface Code Algorithm: The main design
concept is the topological surface code. Physical
qubits are organized in a checkerboard pattern in two
dimensions. In this setup, the qubits of data and the
qubits of measure/syndrome switch. At this time, the
system uses parity stabilizer tests on the surrounding
syndrome qubits instead of necessarily testing the
sensitive data qubits. The software can observe the
correction process and find out the position of the
phase or bit flip using classical decoders such as
Minimum Weight Perfect Matching algorithms to
identify which syndrome qubits indicate errors. The
Surface Code has a major drawback in that it requires
a large amount of resources. The latest estimation is
that the balancing of 1,000 to 10,000 imperfect
physical qubits is required to generate a perfect
logical qubit, which can survive trillions of
operations. For this reason, millions of actual
processor arrays are required to operate a Shor's
architecture.

Concatenated Codes and Classical Parallels: In the
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pre- topological era, concatenated codes used
recursively with error-correction logic. Two good
examples are the seven- qubit code of Steane and the
nine-qubit code of Peter Shor, which could be
connected with the classical Hamming codes.
Without these related codes, the Threshold Theorem,
which says that massive calculations can be done as
long as the physical noise is kept below some
tolerance threshold cannot be proven. However, in
the scaling techniques of solid-state systems,
topological structures like Surface and Color codes
are favored because they only need nearest- neighbor
connections inside of big 2D grids.

8. Software And Ecosystem

Hardware development is only the initial step; to use
it successfully requires retraining the world
workforce and state-of-the-art algorithmic compilers.
The Hybrid Cloud Software Stack: With quantum
accelerators being provided to major technology
firms (e.g., AWS Braket, IBM Quantum, and
Microsoft Azure Quantum) through the integration of
quantum accelerators with existing cloud systems,
they have been able to succeed in making them
available.

IBM Qiskit: This popular open-source Python
platform enables algorithms written in traditional
imperative programming to be translated into
accurate microwave QASM (Quantum Assembly)
pulses which can be executed in upstate New York.
Google Cirq: The exact physical calibration which
NISQ (Noisy Intermediate-Scale Quantum) hardware
architectures need is the main focus of this platform.
Microsoft Q# and QDK: This is a special
programming language that is used to write only to
translate complex unitary matrices and phase
operations into current Visual Studio syntax.

The Looming Quantum Talent Bottleneck: The
growing engineering practice is soon to face a
quantum bottleneck in the human resources sector
with billions of dollars being invested in new
companies and research centers. One needs a good
background in theoretical condensed matter physics
and must be able to work and innovate in this area,
but requires a background in low level electrical
engineering and computer science compilers.
Changing undergraduate programs is now the focus

of major international grants.

9. Future Directions

The future development of quantum computing will
be determined by three different convergence areas
with the traditional networking in the next two
decades:

Modular Supercomputing Interconnects: In the
state- of-the-art computing systems, quantum units
will not be used to execute traditional CPU logic, but
instead implement specialized deep circuit
accelerators in place of more conventional GPUs.
Quantum Networking and the Entangled
Internet: On fiber-optic channels (with protocols
such as BB84), the entanglement networks are used
by definition to thwart any attempts of
eavesdropping: because the measurement of a
quantum state is irreversible. The photon's condition
is immediately destroyed by any attempt by a
possible interceptor to see the results, which alerts the
receiver. The main engineering objective is to create
sophisticated "Quantum Repeaters" that are
necessary to combat optical "Quantum Repeaters"
that are necessary to combat optical absorption over
huge ocean distances, hence laying the groundwork
for a Quantum Internet that is impenetrable
worldwide.

3. The Road to FTQC: The overall ambition is
to transcend the heuristic NISQ models and design
Universal Fault- Tolerant Quantum Computers
(FTQC). These state-of-the- art devices will
revolutionize the frameworks of algorithms that we
can currently not understand through logic error rates
between 10—15 in multiple logical qubits.
Concluding Remarks

The most frenzied and strategically salient
multidisciplinary engineering competition in the
twenty-first century is surely beginning with the
emergence of quantum computing out of the
theoretical physics realm. The quantum structures
provide incomparable abilities to solve complicated
molecular, optimisation, and cryptographic issues by
the special manipulation of the multi-dimensional
wave functions, and conventional systems remain the
primary tool of ordinary structural processes.
Globally, the trend is towards a gradual and
progressive progress, despite the challenges of
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engineering roadblocks such as thermodynamic
cabling constraints, limited coherence times, and the
prohibitive cost of surface code infrastructure, which
now manifests as a gap between current NISQ
technologies and groundbreaking fault- tolerant
designs. The strategic adjustments to implement a
fully scalable infrastructure are urgent: a post-
quantum cryptography must be introduced as a
conceptual part of the infrastructure to address the
possible "Decrypt Later" risks, a new layer of
quantum software development tools should be
created, and much money must be invested in the
adaptation of hybrid hardware systems. There are
three major shifts in the overall scientific approaches,
which are required to be prepared to the quantum era.
Appendix A
Quantum logic gates should be analyzed in detail so
that we can fully understand the process of executing
such algorithms like the Shor Algorithm and VQE.
These gates are unitary matrices which operate on
state vectors of Hilbert space.
The Pauli Matrices: The single-qubit Pauli gates
model rotations along the axes of the Bloch sphere
which geometrically models the state space of a
qubit.
Pauli-X (Bit-Flip): It flips  the
probability amplitudes of |0) and |1), much like the
traditional NOT gate.

X=[011 0]
Pauli-Y: In conjunction with a bit flip, it introduces
a phase shift.

Y=[0 —ii 0]
Pauli-Z (Phase-Flip): Flips the phase of leaves
state of computational basis |0) fixed.

Z=[100 —1]
The Hadamard Gate (H): The Hadamard Gate,
which is required to implement the superposition,
transforms the basic basis states into equal
superposition. It generates a uniform superposition of
all 2n possible states when used on a qubit register
that is initialized to 10).

1
Hz——[ 11 -1
Controlled-NOT (CNOT): This is the basic

component of quantum entanglement, the
Controlled-NOT (CNOT). The CNOT gate consists

of two qubits: one of them is the control qubit and the
other is the target qubit. Only when the control qubit
is in the state | 1) does it change the target qubit's state
(implement Pauli-X).

CNOT=(L 0 0 00 1 0 00 0 O 10 0 1 0)

12.  APPENDIX B

Any suggested hardware design should comply with

the five criteria that David DiVincenzo proposed in

his seminal article of 2000, to qualify as a full-fledged
universal quantum computer. Physical requirements:

The following need to be satisfied:

e A Scalable Physical System with Well-Defined
Qubits: The system should be scalable to
increase the number of qubits without greatly
increasing the error rates or the physical
architecture. It's also essential to have a thorough
understanding of the qubit's internal Hamiltonian.

e The Capacity to Prepare the State of the
Qubits: Each time a calculation is to be done, the
entire register should always be brought into a
clean state, especially to the [000...0) state.

e Long Relevant Decoherence Times (T1 and
T2): The duration of time a qubit can be run
without becoming vulnerable to environmental
noise must be much longer than the duration of
time needed to run a logic gate. To create
successful fault-tolerant error correction, ideally
the coherence times must be 104 or 105 times
slower than the speed of gate operations.

e Quantum Gate Collection that is Universal:
The design must be capable of actually
implementing a collection of gates which can
simulate any random unitary transformation.
This can be best achieved when the system can
produce the Hadamard, Phase, n/8 (T-gate) and
CNOT gates in a way that is consistent.

e A Measurement Capacity Unique to Qubits: The
system should have the ability to measure certain
qubits to classical states with very high precision
at the output of the algorithm, without affecting
the other unmeasured qubits nearby.

Case Studies

Some corporate projects which exhibit quantum

utility are discussed in a manner that further brings

out the industrial implications that are discussed in
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Section 4.

Case Study 1: JPMorgan Chase and Quantum Risk
Analysis

To explore the possibility of using the Quantum
Approximate Optimization Algorithm (QAOA) in
quantitative finance, JPMorgan Chase has been
collaborating with IBM Quantum. The researchers
have shown that the quantum amplitude estimation
had the potential to analyze financial derivatives with
a quadratic enhancement over traditional Monte
Carlo techniques by encoding the European Option
pricing models into quantum circuits. This
fundamental study, although currently limited by the
depth capabilities of NISQ devices, indicates that the
incorporation of quantum computing into the
infrastructure of high-frequency trading and full-risk
assessment is more than an idea, but is systematically
implemented into the banking process.

Case Study 2: Mercedes-Benz and Quantum
Battery Design

Mercedes-Benz, the market leader in the automotive
industry, applied quantum simulations in a very close
partnership with IBM to investigate the dipole
moment of lithium-sulfur battery interactions. The
number of electrons involved in the interaction is
astronomically large, thus making the analysis of the
interactions of so many electrons such enormous
combinatorial problems that a standard computer
cannot adequately simulate the exact molecular
binding energy of these systems. Mercedes-Benz
used the supply chain management, as well as in
dynamic urban transportation.

Case Study 4: Biogen, Accenture, and
Neurodegenerative Simulation
Biogen, a biotech company, partnered with

Accenture in a major collaboration in the biomedical
sector integrating quantum chemistry and healthcare,
and specifically on the molecular biology of
neurodegenerative  diseases and, specifically,
research on treatments of Alzheimer and Parkinson
diseases. Combinatorial quantum methods were
applied to understand the interactions between
different ligand modifications with complex
receptors in the brain, discovering molecules with an
identical structure with varied isotopes. This
approach performs better than traditional chemical

discovery approaches by reducing the time, it takes to
discover drugs, by years to months, and finds highly
effective therapies to complex protein misfolding
disorders.
Appendix C:
Transform (Qft)
An essential subroutine that enables exponential
speedups in computing is the Quantum Fourier
Transform (QFT), which is required in key
algorithms such as Quantum Phase Estimation and in
the algorithm of Shor. Unlike the traditional Fast
Fourier Transform (FFT), which operates on vectors
with a complexity of O(N log N ) and where N = 2n
, the QFT performs the same transformation directly
on the probability amplitudes of superimposed states
with a much simpler circuit depth of just O(n2)
quantum logic gates.

Mathematical Representation: The QFT acts on
any given n-qubit basis state |x) in a transversal
manner; that is, the following conventional formula
is used:

Quantum Fourier

_i.lu'mﬂ-ﬂ_l —
QFTI) = _ > e«ly)
% _.r.:.]

In this case, x and y are different states of
computation in the framework of a system with 2n
dimensions.
Circuit Application: Iteratively connecting two
popular gate types throughout the quantum processor
is essential in order to actually carry out the QFT:
Hadamard (H) Gates: This method is used to
produce the fundamental, uniform superposition by
applying this method systematically to the qubit
register.
Controlled Phase Shift Rotations (Rk): Entangling
operations that can perform precise complex
fractional rotations. Particularly, an Rk gate causes a
relative phase change of e2mi/2k which depends on
the state of the control qubit. When configured
symmetrically the final, unmeasured output is a
reflection of the phase-encoded fourier basis
representation of the original input matrix.
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