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Abstract

Quantum computing is a rapidly advancing technology that has the potential to
revolutionize the automotive industry. This survey examines the potential impact
of quantum computing on the automotive industry, focusing on the challenges
that the industry faces and how quantum computing can address these chal-
lenges. The article also discusses the potential risks and limitations associated
with quantum computing in the context of the automotive industry. By a thor-
ough analysis of the relevant research and industry advances, this review aims
at offering understanding of the transforming role of quantum computing in the
future of the automotive industry.

Keywords: Quantum computing, automotive industry, traffic congestion, vehicle
safety, energy efficiency

1 Introduction

Quantum computing is a novel and fascinating area of science that unifies concepts
from quantum physics, computer science, and mathematics to offer a new model
of information processing [1]. It exploits the principles of quantum mechanics to
manipulate a huge amount of data at once and is thus able to provide unmatched
computational speed and efficiency, holding promise to become one of the most pow-
erful computing technologies and create a kind of revolution in many industries. The



Table 1: Key differences between quantum and classical

computers

Quantum Computing

Classical Computing

Qubits have the wunusual
capacity to represent both 0
and 1, in superposition.

Power rises
with qubits.

exponentially

Error rates in quantum com-
puters are high, and some
quantum computers require
extremely cold environments
in which to function.

Quantum computers excel in
solving optimization prob-
lems, analyzing data, and

Calculations are carried
out using transistors, whose
state stand for either 0 or 1
in digital representations.
Power increases in a 1:1 ratio
as the number of transistors
grows.

Traditional computers run
at ambient temperature.
They seldom make mistakes.

Classical computers are best
suited for routine processing
activities.

running simulations.

automotive industry is one sector that is set to gain substantially from this trans-
formational power, in diverse areas such as supply chain management, autonomous
drives, electric vehicles, and traffic optimization, through the development of advanced
simulation, optimization, and data processing quantum algorithms. In fact, while tech-
nological advancements are nothing new in the automotive industry, which always
moves forward to the ultimate of quality, safety, and eco-friendliness, classical com-
puters are nonetheless reaching their potential in addressing difficult computational
problems. With the instance size of such problems increasing, classically computable
solutions will likely continue to be suboptimal for the foreseeable future.

Table 1 shows the key differences between quantum and classical computers. Unlike
classical computers, which use binary bits to represent information as a 0 or a 1,
quantum computers use quantum bits, or qubits, which may exist in a superposition of
states, representing both 0 and 1 at the same time. This distinguishing feature enables
quantum computers to do certain computations significantly quicker than classical
computers, potentially leading to substantial advancements in a variety of sectors.

Figure 1 illustrates potential uses of quantum computing in the automotive sec-
tor. It provides a visualization of how quantum computing might alter crucial fields
such as autonomous driving, traffic management, mechanical design optimization, cost
effectiveness of materials, energy storage, and safety, by means of advanced simula-
tions and optimization approaches [2][3][4]. The importance of this research stems
from the possible benefits it might offer to the car industry, such as an increase in the
safety and efficiency of self-driving cars, the optimization of energy storage solutions
for electric vehicles, and the improvement of traffic control systems. These innovations
have the potential to significantly reduce accidents, energy consumption, and conges-
tion, therefore changing the future of transportation. Understanding the influence of
quantum computing on the automotive industry helps to the greater academic and
scientific conversation around quantum technologies and their real-world applications.
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Fig. 1: Application of Quantum Computing in the Automotive Industry

The objective of this survey is to explore the computational challenges faced by
the automotive industry, focusing on problems that are difficult to solve with classical
algorithms and techniques, on the potential of quantum computing in addressing
these challenges, and on the effectiveness of quantum computing in revolutionizing
the automotive sector and the evolution of its applications over time. The article also
discusses the limitations associated with quantum computing in the context of the
automotive industry. We made sure our results were reliable by searching several times
in the authoritative database of Scopus, and used the collected data from Scopus in
the VosViewer tool [5] [6] for building and displaying bibliometric networks.

The following sections of the paper provide a discussion of different aspects of
quantum computing in the automotive sector. In Section 2, literature review starts
with the analysis of the existing literature on quantum computing with a focus on its
use in vehicles. Then Section 3 focus on the principles of quantum computing with
an emphasis on gate-based quantum computing and quantum annealing and their
application in automotive optimization challenges. The discussion then turns to the
computational problems in the automotive industry, pointing out the need for better
methods in Section 4. The next Section 5 is the application of quantum techniques in
the automotive industry, where real-life computational problems are discussed. Next
in Section 6 focuses on the collaborations between automotive industry giants and
quantum startups to show how these are shaping up its future. Lastly in Section 7,
the conclusion highlights the possibilities of quantum computing and the difficulties



that need to be addressed to harness the advantages of quantum computing in the
automotive sector.

2 Literature overview

A comprehensive search was performed by utilizing the Scopus and Google Scholar
databases to acquire pertinent research publications. The Scopus search was narrowed
down to the term "quantum computing,” returning approximately 20,250 journal pub-
lications. The search provided insightful information about the involved fields, the
distribution of articles within these fields, and the countries engaged in quantum com-
puting research.Figure 2 displays the top 10 areas determined by the available data,
sorted by number of publications in different areas. With the exception of Astronomy,
Biochemistry and Genetics, these areas have a huge influence on the progress of the
automotive industry. Figure 3 shows a plot of the countries which are among the top
10 countries by number of cars produced or by number of Quantum Computing docu-
ments published. It highlights a significant correlation between the variables, showing
the potential for influence of Quantum Computing and the automotive industry and
for internal partnership between car manufacturers and quantum startups.

PUBLICATIONS WITH SUBJECT AREA
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Fig. 2: Top ten areas based on the available publications by Scopus on the query of
“Quantum Computing.”

The results of a search on the topic ’'Quantum Computing for Vehicles’ yielded a
total of 20254 publications. We are providing a quick overview of the most essential
and current research in this field. A Scopus database query used with both subjects
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Fig. 3: Plot of countries by number of quantum documents published (1923-2025,
Scopus) and thousands of car units produced (2023, International Organization of
Motor Vehicle Manufacturers)

to find the authors who have worked on quantum computing optimization in the last
ten years and to sort the results by document type in the areas of quantum computing
and the automotive industry. Figure 4 shows the results.

Meta-analysis is a collection of statistical methods used to aggregate the results
of the studies included in a systematic review. Statistical information in the research
literature is provided by meta-analysis as an estimate of the sample-weighted average
effect size across all studies [7]. We are not carrying out a meta-analysis of results,
that is, a pooling of the results obtained in the studies, because the reviewed studies
in our opinion are not homogeneous enough [8]. However, by adding a meta-analytic
component to evaluate the comparative impact of different quantum algorithms
in vehicular applications, we specifically extracted algorithm-specific records using
title and abstract keyword matching, calculated a normalized citation-based proxy
for effect size (log-transformed citations per year since publication), and performed
inverse-variance weighted meta-analyses using weighted least squares (WLS) models.
The most common quantum algorithms in vehicle applications, along with the number
of occurrences, are: Quantum Annealing (24), QAOA (11), Grover (4), VQE (4).
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Fig. 4: The document types show published paper categories retrieved from the Sco-
pus database. It illustrates the publishing source and its weight-age for Quantum
Computing with respect to automotive industry.

This approach allowed us to move beyond descriptive trends by estimating the rel-
ative scholarly impact of each algorithm. In Table 2, Quantum Annealing (Estimate =
0.35, p < 0.001) and QAOA (Estimate = 0.46, p = 0.003) showed significantly higher
normalized citation impacts, while VQE and Grover-based studies exhibited smaller
and statistically marginal effects. The analysis also included confidence intervals and
p-values to support interpretability and rigor.This analytical enhancement aligns with
recent trends in bibliometric meta-analysis, which aim to quantify knowledge maturity
and impact across technologies more robustly [9][10].

Table 2: Meta-Analysis Results by Algorithm

Rank | Algorithm Estimate | Lower CI | Upper CI | p-value | Studies
2 Grover 0.626759 -0.166268 1.419786 0.086541 4
1 QAOA 0.463236 0.197659 0.728813 0.003027 11
0 Quantum Annealing 0.353426 0.225810 0.481043 0.000008 24
3 VQE 0.312142 -0.071115 0.695399 0.080939 4

According to Figure 5, the research output explosion focuses primarily on contem-
porary fields, which are represented by the most frequent keywords machine learning,
artificial intelligence, blockchain, deep learning and Quantum computing in Figure 5a.



The number of publications increases dramatically in Figure 5b showing a slow growth
from 1980 until 2010 before entering a steep exponential growth phase in recent years.
The citation numbers in Figure 5¢ show that pre-2000 publications received fewer cita-
tions, but recent publications tend to receive more citations with significant variation
and some highly cited exceptions, indicating that the recent publication surge in trend-
ing keywords has produced influential research which will need time to accumulate
citations.
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Fig. 5: Research Trends: Publication Growth, Top Keywords, and Citation Patterns

In [11], the use of quantum computing to solve optimization problems is looked
into. The potential to solve NP-hard problems is emphasized in [12]. A software
approach for compiling quantum programs is discussed in [13], which contributes to
the creation of effective implementation of quantum computing.

In [24, 34], the authors look into the Paintshop problem and the best way to
route traffic and propose how it can be solved with quantum-based methods like
quantum annealing, VQE, QAOA, and ADMM. In [27], discuss the application of
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Fig. 6: Overview of the literature of quantum computing methods
in the automotive industry.
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and its applications

multi-knapsack quantum computing is discussed. This study highlights the wide vari-
ety of automotive optimization difficulties that quantum computing technologies may
handle as shown in Figure 6.

The collective research presented in the Proceedings of the 16th, 17th, and 18th

International Conferences on Quantum Physics and Logic (2020-2021) shows signifi-
cant progress in the mathematical underpinnings of quantum physics and computing
[30-32]. The conferences place a strong emphasis on structural perspectives, logical



methodologies, and organized algebraic frameworks, underscoring the significance of
using an interdisciplinary approach to enhance understanding of quantum systems.
Moreover, the incorporation of computer science methods underscores the increas-
ing convergence of computational approaches and quantum physics with the goal of
discovering new quantum technologies and formulas.

When it comes to solving complex optimization problems, quantum annealing
has been proposed as a novel approach to address the shortcomings of traditional
algorithms. A novel method has been suggested, for instance, to resolve optimiza-
tion problems on chimera graphs, which represent the intricacy of connections in
urban transportation networks [23]. Also, research using quantum annealing has shown
promising outcomes for managing real-time traffic patterns at urban intersections and
traffic control systems [21], which makes it easier for cars and scooters to move around.
Furthermore, by using a D-Wave quantum annealer to optimize square grid traffic
signs, quantum computing has the potential to significantly reduce traffic inequalities
and improve global traffic control [22]. This study demonstrated how, by outper-
forming classical methods in solving the binary paint shop problem, the Quantum
Approximate Optimization Algorithm (QAOA) greatly improved industrial process
optimization. to boost productivity [26]. Research on optimal QAOA programs and
quantum annealing techniques has also yielded valuable insights into the relative
effectiveness of different annealing schedules, opening up possibilities for strategy opti-
mization in situations similar to multi-car paint shops [35]. Furthermore, dynamic
multi-depot capacity can be addressed using the quantum annealing approach. The
vehicle routing problem itself demonstrates the wide range of quantum optimization
methods and illustrates its role in solving logistical issues akin to paint shop optimiza-
tion [25]. Exploring quantum-inspired algorithms for solving the classical 0-1 knapsack
problem that enhance optimization efficiency, particularly in scenarios with numerous
dimensions. A novel hybridization strategy has been proposed, which blends quantum-
inspired differential evolution with the grey wolf optimizer. This method emphasizes
the ability to combine quantum computational principles with nature-inspired opti-
mization strategies to solve complex computational problems [26]. However, testing
adiabatic quantum optimization on the D-Wave 2000Q quantum computer shows that
it cannot fully solve the integer-weight knapsack problem. This shows how different
quantum algorithms perform compared to traditional ones and how hard it is to make
quantum solutions fit specific optimization problems [35]. Furthermore, the develop-
ment of a hybrid quantum genetic algorithm that merges quantum crossover processes
and quantum gate approaches presents a novel strategy for addressing problems. This
approach demonstrates enhanced efficiency in tackling knapsack problems by ensuring
a wider range of solutions [25].

The automotive industry faces different complex problems in the production
cycle. Applications of quantum computing may be effectively used throughout the
automotive value chain to solve problems related to optimization, simulation, and
machine learning. Of particular significance, quantum computing advances technologi-
cal advancement by offering better solutions for important problems like the chemistry
of batteries in electric vehicles [36].



3 Quantum Computing

Quantum computing can be understood as a broad field that encompasses two main
approaches: gate-based quantum computing and quantum annealing. Gate-based
quantum computing is a sequential processing of information that performs a sequence
of operations, represented as quantum gates, on an initial quantum state, but with
the ability to exploit quantum phenomena like superposition and entanglement to
process a potentially exponential amount of information in parallel. Quantum anneal-
ing, on the other hand, is a process that attempts to look for the right solution to
a given problem by looking for the quantum state of a system that is at its lowest
energy level. As we have already stated, Gate-based quantum computing can be used
to implement a broad range of quantum algorithms which require precise control of
the quantum state, while quantum annealers are best suited for optimization prob-
lems, for instance, searching for the shortest path in a network or optimal resource
allocation. These approaches make quantum computing a very versatile set of tools to
address many computational tasks, and this makes the field of quantum computing
rather robust and diverse [37].

3.1 Qubits

A classical bit represents either of the two mutually exclusive states, denoted by 0
and 1, of a usually electronic elementary device. The device’s state can be retrieved
at any moment, as a 0 or 1 bit value, without altering it. A register of n classical bits
can be in any of 2” mutually exclusive states, which can likewise be non-destructively
read. The states are denoted as the n-bit strings 00...0,00...1, ..., 11...1.

A qubit is an element of a 2-dimensional vector space on complex numbers, with
basis vectors denoted by |0) and |1). A qubit can thus be expressed as a linear combi-
nation |9y = «|0) 4+ B]1), where o and § are complex. For any qubit, its coordinates
a and S must satisfy the normalization condition |04|2 +|B |2 = 1, therefore a qubit
is always a unit vector. The basis vectors |0) and |1) are the quantum analogues of 0
and 1, and represent the base states of a quantum system, e. g., the spin states of a
subatomic particle. Since a qubit is a linear combination of |0) and |1), it is said to be
in a state of superposition of the basis vectors, in contrast with classical bits whose
states are exclusive.

While a qubit in general exists in a superposition state, when the state of the
underlying quantum system is measured, the result is randomly either |0) or |1), and
the measurement operation irreversibly collapses the system to the base state that
corresponds to the result. The probability amplitudes of measuring the superposition
as 0) or |1) are |a|® and |B|?, respectively [33]. The normalization condition there-
fore simply imposes the unit probability of the sample space. Writing coordinates in
polar form, a qubit is || =% [0) 4 |8] =9 |1), where ¢ and ¢; are the arguments, or
phases, of o and (. Since only the phase difference between ¢y and ¢; is physically
meaningful, and recalling the normalization condition |a|> +|5]> = 1, a qubit can be
also written as the vector function cos(#/2) |0) +sin(#/2) =¢[1) of only two real num-
bers # and ¢, with 0 < 0 < 7, 0 < ¢ < 2x. In this form, a qubit can be mapped to
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point (sin 0 cos ¢, sin @ sin ¢, cos #) on the three-dimensional sphere, and such geometric
representation is known as the Bloch sphere (Fig. 7).
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Fig. 7: The Bloch sphere representation of a qubit.

A multi-qubit system consists of multiple qubits in a quantum register, which is
also an element of a Hilbert space. If the register consists of n qubits, one would expect
the dimensionality of such a space to be 2n; instead, it is dramatically higher. In fact,
the combined system’s state is represented by the tensor product ¥y ®@¥1 ® - - R p_1
of the individual qubits’ states g, 1, ..., 1¥,_1; therefore, its dimensionality is 2™.
Its basis vectors are all tensor products bg @ by ® - -+ ® by_1, with by € {|0), |1)}.

For example, for a three-qubit system, the combined state |¥) = [1)g) @ |1)1) @ |1h2)
is given by:

|0) = aparas |0) @ [0) ® |0) + apai B2 ]0) @ [0) @ 1) + -+ BoBife 1) @|1) @ [1)
writing [bob1b2) for |by) ® |b1) ® |ba)

= Qo122 |000> + aoalﬂg |001> + -+ 50ﬂ1ﬂ2 |].].].>
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Again, the system exists in a superposition of all possible states |000),]001),...,]111)
simultaneously. Generalizing, the state of an n-qubit system is

W) = > byby.by_y [bob1 - bno1)
b;€{0,1}

or more compactly

2" —1

= i),

=0

where integers i are shorthand for their binary representations, and the a; are complex
amplitudes that satisfy the normalization condition 212;6 "Jo;|? = 1. When measuring
a multi-qubit system, the state |¥) collapses to one of the base states |i) with a
probability equal to |a;|?. Therefore, instead of just existing in one of the states
|i), the system can be in a superposition across an exponentially large number of
possibilities, each associated with a complex number «;, representing an amount of
information that is exponential in the number of qubits. This feature indicates a
potential exponential speed-up of quantum computers over classical ones, because
state changes occur simultaneously for the system as a whole. Moreover, qubits can
become entangled, meaning that the state of one qubit is directly linked to the state of
another, no matter how far apart they are. This leads to correlations that we simply
don’t see in classical systems. An example is the two-qubit Bell state

1
V2

On measurement, this system collapse to either |00) or |11) each with a 50%
probability. This example demonstrates how multi-qubit systems can exhibit entangle-
ment and probabilistic outcomes, which are fundamental characteristics in quantum
computation and information processing.

|@7) = —=(100) + [11))

3.2 Quantum gates

Quantum gates distinguish themselves from traditional logic gates due to their capac-
ity to create superposition and entanglement. Quantum gates, such as Pauli-X, Y, Z,
Hadamard (H), and CNOT, shown in Table 3, play a crucial role in controlling the
states of qubits. Applying the Hadamard gate to a state represented by |0), yields

1
V2

demonstrating the formation of a superposition [38]. Quantum circuits consist of
a series of quantum gates that are applied to qubits. The crux of quantum compu-
tation resides in the choice and configuration of these gates. Circuit diagrams utilize
horizontal lines to represent qubits and employ distinct symbols for gates [39].

H[0) = —=(10) + 1))
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3.3 Computational complexity

Many computational problems arising in the automotive industry are optimization
problems belonging to the class of non-deterministic polynomial hard (NP-hard) prob-
lems, for which no known deterministic polynomial algorithm exists [40]. Usually,
they are search variants of well-known decision problems. For example, the INDE-
PENDENT SET decision problem requires determining the existence of a subset of
the vertices of a graph of size greater than a given threshold, with the property that
any two vertices in the subset are not connected by and edge. The optimization vari-
ant of the problem requires finding a subset of the vertices of maximum size with
the same property, and it is called the MAXIMUM INDEPENDENT SET problem
(MIS). The optimization of sensor placement on vehicles has been formalized as a
MIS problem [41], in which each sensor represents a vertex, and an edge represents
potential interference or overlap between sensors. The goal is to find the largest set
of sensors (vertices) that can be placed without interference (edges).

Formalizations of numerous other problems in the automobile sector include opti-
mization problems such as the TRAVELING SALESMAN OPTIMIZATION problem
(TSO), the MAX CUT problem, and the PARTITION problem. TSO can be described
as follows: INSTANCE: A set C of m cities, a distance d(c,¢’) for each pair of cities
¢,/ € C. SOLUTION: A tour of all the cities of minimum total length, that is,

arggin d(y(1),7(2)) + -+ +d(y(m — 1),7(m)) + d(v(m),~(1))

where T' is the set of tours, that is, all bijections v: {1,...,m} = C.

The Multiple Traveling Salesmen Optimization problem (MTSO) is a generaliza-
tion of TSO in which more than one salesman is employed to visit the cities. In addition
to multiple salesmen, a further variant introduces multiple depots, from which the
salesmen must depart, and to which they must return.

Quantum computing has proven to be effective in solving some NP-hard problems.

3.4 Quantum Algorithms

There are different approaches to writing general algorithms of quantum comput-
ing. The Quantum Approximate Optimization Algorithm (QAOA), which solves
combinatorial optimization problems in approximately a polynomial time, works by
formulating the problem as an input to a quantum circuit and then fine-tuning the
parameter response to the cost function. It is a superb fit for problems like MAX CUT
maximization, on which it has performed very well in simulations of near-term inter-
mediate scale quantum computers [42]. Moreover, Quantum Neural Networks (QNN)
may use QAOA to improve the learning process, and the performance has been proved
to be convergent with lower times than classical learning [43].

There are other important quantum-inspired algorithms, which include the Quan-
tum Particle Swarm Optimization (QPSO), that is the improved variant of the
classical particle swarm optimization that has been developed through integration of
some quantum behavior, hence possesses better search capability for global space and
better convergence rates in most of the generic optimization problems [44]. Quantum

13



Table 3: The most widely used quantum logic
gate symbol, represented by their operator, gates
and matrix.

Operator Gate Matrix
Pauli-X (X) —x 193]
Pauli-Y () [0%]
Pauli-Z (Z) T} [§2]
Hadamard (H) % H —11]
Phase (S, P) _E_ [(1) (ZJ:I

10
/8 (T) - [ocme]
Controlled Not — (1) (1J 8 8
(CNOT, CX) S N 0010
Controlled Z j: (1) (1) 8 8
) e 8089,
Y
SWAP [ }
> = 0100
10000000
wa || [idE
(CCNOT, — 00001000
CCX, TOFF) L 00000001
— 00000010

Genetic Algorithm (QGA) and QNN are also important; QGA applies the Genetic
Algorithm (QG) to improve GA capacity for global optima search in multisearch
spaces and QNNs are other types of neural networks that have the potential to be
implemented with quantum computation surpassing normal NN in data processing
and analysis [43]. These algorithms as a whole form the current cutting edge of
quantum computing in the field of optimization and machine learning, the technolo-
gies which aimed to disrupt industries requiring heavy data for the processing and
optimization.



4 Computational Challenges in the Automotive
Industry

In the following paragraphs, we highlight the computational aspects along with the
inherent complexities of the different optimization problems dealt in the context of
the automotive industry also visual in Figure 8 . These challenges entail the solution
of NP-hard combinatorial problems such as the Multiple Traveling Salesman Opti-
mization problem and the Vehicle Routing Problem, and other problems that require
a computationally expensive search for an optimal solution.

Automated Path Optimization

The application scenario requires optimizing robot pathways in multiple areas of a
manufacturing facility, such as bodyshop, paint shop, assembly, and logistics. The
major focus is on factories with a large number of robots, particularly in the body and
paint departments. The goal is to improve efficiency and production by optimizing the
paths that these robots follow. Among the many applicable approaches and strategies,
motion planning is a necessary component, for multi-robot systems which may require
solving hard sub-problems, such as the multiple depot MTSO problem with colli-
sion constraints, to find optimal collision-free paths between task nodes of the graph
of possible motions [45]. Their is another work in which authors improved A* algo-
rithm for autonomous vehicle path planning which combines turning penalty functions
with obstacle coefficients to enhance adaptability and safety [46].The method reduces
both computational complexity and path length while showing better performance in
complex traffic environments.

Automotive Supply Chains

In an automotive supply chain, the management of inventory parts like engines, tires,
and electronics is crucial, and its optimization presents a significant challenge, primar-
ily due to the need to balance cost efficiency with maintaining high service levels. The
core problem lies in the inherent complexity and variability of supply chains, where
fluctuations in demand and supply can lead to either excess inventory or stock-outs
[47]. Excess inventory results in higher holding costs and tying up valuable capi-
tal, while stock-outs can disrupt production lines, leading to delays and increased
operational costs.

The complexity of this problem can expressed in a multi-objective optimization
framework, where the goal is to minimize the total inventory cost while maximizing
the service level: .

minimize » (H;-I;)—X-S
i=1
where H; is the holding cost per unit for inventory item ¢, I; is the inventory level
of item ¢, S is the overall service level, and A is a weighting factor that balances the
trade-off between minimizing costs and maximizing service levels.

The general problem in manufacturing has been tackled by traditional and
AT methods. For example, in [47], the authors focus on the multi-echelon, multi-
period, single-product, and single-market inventory management problem (IMP) with
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uncertain stationary demand, using deterministic and multi-stage stochastic linear
programming, and reinforcement learning. In the automotive sector, in [48] the authors
use a genetic algorithm that enables the exploration of numerous potential inven-
tory strategies in order to find the ideal balance that reduces costs and produces
efficient and responsive supply chain operations. It is important to examines how
advanced logistics technologies and digital transformation are changing automotive
supply chains by highlighting the need for real-time visibility, predictive analytics,
and integrated logistics networks to build supply chain resilience [49].

Classification of Vehicles

Vehicle classification, or vehicle segmentation, is a key component of traffic monitoring
applications, which, in turn, are fundamental parts of any Intelligent Transportation
System. A variety of sensor types and placements are employed and a hand-crafted
or trained classifier processes the generated data to output one of a few broad vehicle
classes [50]. Recently, vehicle classification has been extended to other tasks, such
as traffic surveillance, access control, and security, for which a finer grained vehicle
categorization from images is required [51], up to the differentiation between similar
vehicle models, often under various and often extreme conditions. Orthogonally, the
geographic coverage of vehicle classification has been extended by leveraging GPS
data, to classify vehicles for traffic analysis [52].

EV Battery Swapping Station

In [53], authors propose a bi-level optimization framework to explain the coordination
challenges between micro-grids (MG) and battery swapping stations (BSSs). The main
objective is to minimize the total cost, which is expressed as:

J =Y Cuc(t) + Crss(t)

teT

Cwuc () represents the operational cost of the micro-grid at time ¢, and the Cpgg(t)
denotes the cost of battery swapping station operations which includes battery degra-
dation and service reliability costs. In more detail, the minimization problem can be
expressed as:

24
minimize E CiWG_DSO + CtMG_BSS + CtMT + C’tPV + C’tL
=1

where C’tM G=DS0 5 the cost of power exchange between the microgrid operator and
the distribution system operator, C’tM G=BSS 5 the cost of power exchange between
battery swapping stations and the microgrid operator, and the last three terms are
the costs related to the micro turbines, photovoltaic, and loads.

By using a hybrid probabilistic approach which is used to model the uncertainties
like load demand and market prices, combined with an Alternative Direction Method
of Multipliers (ADMM)-based algorithm, which gives the significant cost savings,
faster convergence, and improved reliability. The framework provides balancing for the



conflicting objectives between MG and BSS, which offers a scalable and efficient solu-
tion. Another optimization framework introducded which uses data to determine EV
battery swapping station locations and sizes while using modular battery systems. The
model enhances operational efficiency and user convenience by solving computational
challenges that occur during urban deployment and fleet management [54].

Electric Vehicle Charging Stations

The increasing trend of the number of electric vehicles (EVs) circulating in cities calls
for a proportionate development of the charging infrastructure. However, increasing
the number of charging stations alone cannot meet the increased demand for charging:
the range of EVs is still limited, thus the placement of charging stations must be
optimized so that EVs do not run out of charge. The charging station location problem
(CSLP) is a family of related optimization problems, which differ by the type of
demand (node-based or flow-based), the function to optimize, the customer coverage
degree, among other variables [55]. For example, in [56] the objective to minimize is
the total cost associated with the installation and operation of charging stations while
ensuring adequate coverage for EV users:

n m
minimize Z fi -z + Z 9j " Yj
i=1 j=1
m
subject to Zyj~dij2n Vi=1,2,...,n
j=1

where f; represents the fixed cost of placing a charging station at location i, z; is
a binary variable indicating whether a charging station is placed at location ¢, g; rep-
resents the operational cost associated with each station, y; indicates the operational
status of the station, d;; is the distance between location ¢ and demand point j, and
r; is the required coverage level at each demand point. The authors compare a general
mixed-integer programming solution, an exact mixed-integer programming solution
subject to a restriction, a greedy algorithm, and the Chemical reaction optimiza-
tion (CRO) metaheuristic, showing that no approach is superior along all dimensions.
Notably, both exact solutions failed to terminate due to out of memory errors for as
few as 200 stations, with a projected time of several days for the general solution.
In another study, the authors solved the multiobjective problem in which they inte-
grated the optimization model for EV charging infrastructure that combines vehicle
routing and charging station allocation with power grid constraints. The approach
reduces operational costs and optimizes grid utilization while addressing the compu-
tational challenges of deploying the system at scale. The inherent complexity indicates
that additional improvements in computational efficiency or solution quality are still
required. [57].



Paint Shop Optimization for Vehicle Bodies

One current problem often faced by the automotive industry is how to coordinate
the throughput of vehicles for painting in such a manner as to insist on a short
color changeover time while at the same time achieving high quality in the paint job.
This is because any car may need a different color, necessitating a different set of
equipment, and the process of changing from one color to another is often involved
because the surface of the equipment needs to be cleansed and prepared, a process
that is time consuming and costly. From a computational viewpoint, optimising paint
shop operations is a relatively new kind of scheduling problem, which was shown in
[58] to be NP-complete in the general case. This problem can be modeled using a
scheduling optimization framework where the objective is to minimize the total cost
C, which includes both the processing time 7T; for each vehicle ¢ and the transition cost

Si; to switch between color ¢ and color j. The goal is to find a permutation p1,...,pn,
of ncars 1,2,...,4,...,n with assigned colors ¢(i) that minimizes cost:
n n—1
m;flinzl)ize C= ZT’ + Z Sepi)e(pist)
e i=1 i=1

For instance, if a paint shop paints a series of vehicles where the first vehicle is red,
the second vehicle is blue, and the third is red again, then the transition cost is very
high. If one could arrange the entire sequence such that the number of such transitions
is minimized (for instance, by painting all the red vehicles in a sequence), then the
overall cost C could be reduced significantly. However, for a large number of vehicles
and a large color space, determining the best sequence poses significant computational
difficulties, making it a challenging optimization problem to solve efficiently. A similar
study addressed the bi-objective optimization of automotive paint shops, focusing on
minimizing pollutant emissions while meeting production deadlines. . The authors
created a multi-objective particle swarm optimization algorithm to tackle this intricate
scheduling problem by integrating environmental and operational objectives. The NP-
hard nature of the problem highlights an opportunity for improvement using more
efficient techniques. [59].

Sensor Placement Optimization

In [60], the authors tackle the problem of determining the optimal placement of road-
side sensors for autonomous vehicle safety. The authors develop a model that simulates
real-world road environments, using raycasting to estimate sensor coverage. By con-
structing a visibility matrix, the coverage of various sensor positions is calculated. The
core solution involves solving a Binary Integer Programming (BIP) optimization prob-
lem, aiming to minimize the number of sensors while maintaining maximum coverage
of the road network. The constraints ensure adequate sensor visibility while avoiding
sensor overlap, optimizing for urban environments with obstructions like buildings.

This approach, for example, could be applied to an urban street with lamp posts,
where sensors are positioned to ensure visibility despite buildings or parked cars
obstructing the line of sight. The goal is to cover as much of the road network as
possible while using the minimum number of sensors.



Traffic Signal Control

In the Intersection Traffic Signal Control Problem (ITSCP), the phase and duration
of traffic signals at one or multiple intersections must be scheduled optimally to maxi-
mize traffic flow. ITSCP has been the subject of many research works over six decades,
and a large number of solutions have been proposed, with different problem settings.
Solution methods encompass simulation, mathematical programming, genetic algo-
rithms, reinforcement and Q-learning, multi-agent systems, dynamic programming,
neural networks and heuristics. The computational complexity of ITSCP is dependent
on multiple factors: the road network type, the number of intersections and lanes con-
sidered, the real-time strategy used, the objective to minimize, and the constraints on
the cycle length, the green phase duration and the phase sequence. Many solutions
consider small networks with three-legged or four-legged intersections, and application
to large, generalized networks is a direction for future research [61].

5 Integration of Quantum Techniques in Automotive
Applications

Table 4 provides a summary of quantum computing in automotive sector, its appli-
cation in the design of the cars, logistics, self-driving software, traffic regulation, and
batteries. The following are some of the advancements that demonstrate how quan-
tum computing has helped the automotive industry in aspects such as light weighting
and strengthening of materials, manufacturing at a cheaper cost, safety and even
environmentally friendly vehicles.

It provides a comprehensive assessment of the role of quantum computing in
vehicle design, supply chain logistics optimization, and autonomous driving algo-
rithms improvement and further evaluates these use cases based on their deployment
feasibility and alignment with three criteria: Hybrid (compatibility with hybrid
quantum-classical approaches), NISQ (suitability for current Noisy Intermediate-Scale
Quantum systems), and Speed (potential performance gains over classical meth-
o0ds).The symbols used v', —, and letter codes like E, U, and P — defined in a table key:
v" indicates applicability, — denotes not applicable , F stands for early-stage potential,
U for under development or pilot tested, and P for proven in prototype or experimen-
tal settings. Quantum algorithms have played a huge role in automotive manufacturers
material science for lighter and stronger vehicle parts, cost-effective production pro-
cesses, and safety features. Furthermore, the table shows quantum-inspired traffic flow
optimization and battery technology development leading to reduced carbon emission
and cleaner transportation solutions. This integration amplifies quantum computing
as the real disruptor of the automotive industry and demonstrates innovation in the
utilization of quantum mechanics in practical and critical situation.

Combinatorial Optimization

The diagram in Figure 9 depicts the relationships between theoretical computational
problems and their practical realization in quantum computing.

These problems can be formally expressed using approaches such as Quadratic
Unconstrained Binary Optimization (QUBO), Polynomial Unconstrained Binary
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Fig. 9: Illustrating the progression from complexity to quantum solutions: The
flowchart of NP-hard problems regarding SAT, TSP, Max-Cut problem, Graph
partitioning, and the maximal independent set problem to their representations, math-
ematical and graphical too (QUBO, PUBO, graph representations).

Optimization (PUBO), and graph representations. Several quantum computing algo-
rithms, such as the Quantum Approximate Optimization Algorithm (QAOA), the
Quantum Adiabatic Algorithm (QAA), [62-64], are used to solve these kinds of opti-
mization problems. In Figure 9, these algorithms take advantage of the unique features
of quantum systems to effectively search and utilize the huge solution space. These
algorithms seek to find optimum solutions for complicated optimization issues in
the automotive sector by exploiting quantum computing’s intrinsic parallelism and
quantum superposition.

5.1 Quantum Optimization Algorithms

Electric Vehicle Charging Stations Placement

The problem discussed in [79] is to propose a solution for the efficient scheduling and
location of electric vehicle (EV) charging stations in a power distribution grid. This
is a complex, multi-objective optimization challenge, as it requires balancing various



Table 4: Summary of the

applications of quantum computing to

the automotive

industry
Automotive Quantum Practical Challenges and Impact Hybrid NISQ Speed
application solution implications limitations
Vehicle Routing Quantum Improves efficiency Scalability and Enhanced route v v P
Optimization [65] Approximate and speed of quantum hardware management and
Optimization routing decisions  dependency reduced
Algorithm (QAOA) operational costs
Sensor Placement  Quantum-classical Optimizes sensor  Integration with Improved data ' - U
Optimization [41]  hybrid methods deployment for classical systems;  accuracy and
functionality and ~ hardware vehicle safety
coverage limitations
Enhancing V2I Lattice-based Secures Implementation Robust security - v B
Security [66] cryptography for ~ communication complexity and protocols
post-quantum against quantum  overhead safeguarding V2I
security attacks communications
EV Charging Quantum SWARM Enhances charging Quantum solution Better resource - v E
Station algorithm station efficiency =~ maturity and management and
Management [67] real-world service availability
application
EV Battery Quantum Particle Efficient energy Scalability and Cost-effective - v P
Swapping Station Swarm coordination real-time scheduling
[53] Optimization system constraints improvements
Algorithm
Secure Quantum Free-space Optical Offers Alignment and Ensures v E
Communications Quantum Key quantum-secure atmospheric unbreakable
for V2I [68] Distribution communications conditions affect encryption for
(FSO-QKD) performance vehicle
communications
Quantum Quantum Potentially faster =~ Quantum hardware Improved real-time - v E
Computing in algorithms for processing of visual development is still decision making in
Autonomous computer vision data nascent autonomous
Driving [69] vehicles
Production Quantum-Inspired Reduces costs and Adaptation to Streamlined - v E
Planning for Hybrid Algorithm enhances specific operations and
Automotive production manufacturing reduced lead times
Manufacturing [70] efficiency environments
6G-V2X Quantum Key Enhances Technical Future-proof secure - v E
Communication Distribution communication challenges in communication
[71] (QKD) security deployment and networks
scalability
Quantum Software Quantum Simplifies the Steep learning Accelerates the v E
Development for programming development of curve and limited integration of
Automotive [72] frameworks quantum expert availability ~quantum solutions
applications in automotive
Multi-Car Paint Quantum Optimizes the Scalability with Reduced v - U
Shop Optimization Annealing painting process for large vehicle operational costs
[24] efficiency batches and increased
throughput
Production of Test Hybrid Constrained Enhances efficiency Complexity in Streamlined - v E
Vehicles [73] Quantum in test vehicle implementation production
Annealing production and integration processes and
with existing reduced time to
systems market
Traffic Signal Quantum Improves traffic Dependency on Enhanced traffic - v E
Control [74] Annealing signal control accurate real-time flow and reduced
dynamically traffic data congestion
Powertrain Quantum Genetic  Optimizes Quantum Improved energy - v E
Optimization for Algorithm powertrain algorithm stability efficiency and
EVs [75] configurations for  and reliability performance in EVs
performance
Supply Chain Quantum and Enhances logistics Integration with More efficient v - U
Logistics [76] Classical Annealing operations in the  current logistics logistics and
supply chain systems; quantum reduced
resource operational costs
requirements
Robot-Trajectory  Hybrid Quantum  Optimizes path Computational Increased efficiency v - U
Planning [77] Algorithms planning for overhead and and precision in
industrial robots hardware robotic operations
limitations
Car Classification ~ Hybrid Quantum  Enhances the Stability and Improved ' - U

with Hybrid
Quantum Neural
Networks [78]

Neural Networks

accuracy and speed
of car classification
systems

scalability of hybrid
quantum systems

automation and
reliability in vehicle
manufacturing
processes




conflicting goals: reducing installation costs, reducing power losses, and providing high
quality service to the users of electric vehicles. The challenge is to find the optimal
locations for these charging stations that would meet all these goals at once taking into
account the limitations of the power system. The authors [79] introduce a new quan-
tum inspired optimization algorithm to solve the problem of planning electric vehicle
(EV) charging station. The solution involves developing a Multi-objective Quantum
Atom Search Optimization (MQASO) to search for potentially ideal locations to install
EV charging stations bearing in mind some objectives such as installation costs, power
loss and quality of service. This approach improves the convergence property of the
algorithm so as to arrive at a set of best solutions acceptable from the Pareto optimal
solutions perspective.

EV Battery Swapping Station

Coordinating the operational efficiency between isolated micro-grids and a battery
swapping station is one the problem currently facing in automotive sector. The
researchers improve the effectiveness and dependability of energy systems, which are
adopting renewable sources to an increasing extent [67]. They use the Quantum Behav-
ior Particle Swarm Optimization (QPSO) algorithm to address the optimization of
energy storage and distribution, which is important for stabilizing power supply and
minimizing operating costs in isolated microgrids combined with battery swapping
facilities [67].

This is especially useful in cases of complex non-linear optimization problems in
energy systems where the algorithm has to deal with many operational and envi-
ronmental constraints. The methodology includes simulation of different operational
scenarios to get the optimal configurations in terms of minimizing energy waste and
cost as well as maximizing system reliability and efficiency [67]. The output of imple-
menting QPSO algorithm show its efficiency in achieving substantial improvements
in system performance. The algorithm also operates on optimizing the allocation
of capacity between the microgrid and the battery swapping station and on han-
dling the fluctuations in renewable energy outputs [67]. As a result, a more stable
and cost effective energy supply system is established, mostly in areas where tradi-
tional energy infrastructure is either lacking or inadequate. The research gives the
detailed assessment of QPSO performance that it surpasses traditional methods, both
in include characteristics of operational efficiency and cost-effectiveness, which makes
it an attractive solution of future energy management system in isolated microgrids
[67].

Production Planning for Automotive Manufacturing

The scholars explored a new approach to the optimization of manufacturing processes,
where planning and scheduling are united in a single activity in order to increase
efficiency and decrease operational delays [70]. This is especially critical in dynamic
manufacturing environments where on-the-fly responses to changes are of utmost
importance. The research presents a quantum-inspired hybrid algorithm, which com-
bines features of quantum computing with well-known optimization methods for
solving integrated process planning and schedule (IPPS) problems efficiently [70]. The



methodology employs a hybrid-coding representation that amalgamates numerical
and Q-bit representation that enables the quantum-inspired evolutionary algorithm
to take advantage of the features of quantum computation such as superposition and
entanglement to explore and optimize the solution space effectively. Customized con-
version and repairing rules are used to create feasible solutions, whereas population
evolution is made using Q-gate rotation strategies and group leader optimization
techniques that improve the speed of convergence. The performance of this quantum-
inspired hybrid approach in solving IPPS instances was assessed and it was found
that it yielded better results than conventional methods. The study confirms the fact
that the suggested algorithm leads to the substantial minimization of the makespan
thereby reconciling the complexities of process planning with the requirements of the
job shop scheduling [70]. This method not only demonstrates practical application of
the principles of quantum computational in the traditional production processes but
also opens new perspective for the increase of efficiency and quick response of the
production systems.

5.1.1 Open problems in Quantum Optimization

There is one major open problem that is related to the field of quantum optimization
algorithms and it is scalability and applicability of the quantum optimization algo-
rithms to the real-world problems in large complex multi-objective domains such as
automotive industry. Although successful solutions have been shown in ideal scenar-
ios such as the QAOA for vehicle routing or QGA for powertrain optimization, these
methods have many drawbacks when implemented in complex, actual-world problems.
The enhancement of Battery Management Systems (BMS) in electric vehicles, energy
management in microgrids and integrated process planning and scheduling (IPPS)
in manufacturing industries all require quantum algorithms that can solve multiple
objectives, dynamic environments, and large datasets. However, the incorporation of
these quantum algorithms with the current classical approaches in a quantum-classical
combined structure is still a topic for further research, especially to solve problems
such as the speed of convergence, stability, and the computational complexity of
quantum solutions. Mitigating these challenges would be important for the unlock-
ing of quantum optimization algorithms in revolutionizing the automotive and related
industries.

5.2 Quantum Annealing

Automated path optimization

Many of the conventional optimization techniques prove unsuitable for the path plan-
ning of robots especially when there are many robots involved and the environment is
nonlinear and full of obstacles. In manufacturing on how to make robotic movements
economical and efficient, especially as automotive manufacturers which enhance the
speed and exactness of production lines. The authors [80] suggest a quantum anneal-
ing, a technique for quantum computing, to reduce costs associated with millions of
movements of robots in the manufacturing industry. Many of the conventional opti-
mization techniques prove unsuitable for the path planning of robots especially when



there are many robots involved and the environment is nonlinear and full of obsta-
cles. This challenge can result in some movements being inefficient which subsequently
increases time taken to produce a product and increases the cost of operations.

The core problem in optimizing robotic movement can be mathematically for-
mulated as minimizing a cost function C(z), where x represents the sequence of
movements for the robot. The objective is to minimize the total distance traveled and
the time taken while avoiding collisions and ensuring the robot follows a feasible path.
The cost function can be expressed as [80]:

Co) = [ (£(a(0)3(6) + g(a®))dt

Here, z(t) denotes the position of the robot at time ¢, @(t) denotes the velocity of
the robot at time ¢, f is a function that quantifies the efficiency of movement con-
sidering both distance and speed, and g accounts for additional costs such as energy
consumption or deviation from a predefined path.

Minimize the following cost function:

n m o
minimize C(z) = Zdi + )\th + ,chk
i=1 j=1 k=1

where:

* d; represents the distance components,

* t; represents the time components,

* i, represents the collision avoidance components,

* X and p are weighting factors that adjust the importance of time and collision
components relative to the distance.

Lets consider a case in which several robots are used in a car assembling line
and their purpose is to assemble car parts. The traditional approach to planning can
generate suboptimal paths in which the robots might chose longer paths or wait for
other robots to clear the area before moving and thus be inefficient. When using an FA
based on quantum annealing, the work derives the best correspondences in movements
that entail the smallest distance and time required from the start for the robots while
avoiding the rebooting of other robots during their operation. The process of quantum
annealing is actually a process of exploring a truly immense number of possibilities
and finding the most efficient paths, which are not identifiable using other approaches.

Multi-Car Paint Shop Optimization

It is a complex problem of minimizing the number of color changes between con-
secutive cars in a production line , an NP-hard problem critical to the efficiency of
automotive production. To solve this problem, the researchers utilize quantum anneal-
ing, employing the D-Wave 2000Q and Advantage quantum processors to represent
and solve this problem as an Ising Hamiltonian. This quantum scheme is pitted against



either classical solvers or D-Wave Systems provided quantum-classical hybrid algo-
rithm [24]. The problem can be expressed as minimizing an objective function C(z),
where = represents the sequence of vehicles, and the function includes terms for both
the total painting time T'(x) and the number of color transitions S(z):

n—1
minimize C(z) =T(z) + o Z S(zi, Tiv1)

i=1

In this equation, T'(z) represents the total time required to paint all vehicles in
sequence x, S(x;,x;y1) represents the cost (in terms of time and resources) of chang-
ing from the paint color required by vehicle z; to that required by vehicle x;1, and
« is a weighting factor that balances the trade-off between minimizing total time and
reducing the number of color transitions.

The methodology is based on the fact that the MCPS problem is encoded with the
use of real data from a factory in Wolfsburg, Germany, and solved by the way of quan-
tum annealing, which is a new way of solving the optimization challenges due to the
properties of quantum bits (qubits) to look for their lowest energy states. The study
highlighted that quantum annealing is most appropriate for small problems, however,
its performance approaches a simple greedy algorithm as sizes increase, reflecting the
limitations of current quantum technologies to scale to more complex problems [24].
However, the analysis does offer good information as to the quantum annealing as
an appropriate tool for the industrial application revealing that it well reduces the
expenses for a frequent color changing at the car production. This research does not
only suggest the potential of quantum computing in revolutionizing the traditional
manufacturing processes, but it also says that the quantum technology should be
pushed further to realize its full potential for big-scale industrial applications [24].

Sensor Placement Optimization

It is a challenging problem of indicator-positioning optimization on vehicles which are
critical to achieving desired performance and safety levels, which are especially impor-
tant in autonomous driving system context. The operation of this work is through a
qubit-based hybrid of quantum computing and classical computing which is formidable
enough to greatly improve this optimization problem. The study combines a quantum
algorithm of higher power with the classical counterpart in the context of strategic
segmentation of the sensor placement and superiority of the technique in the solu-
tion to small problems that the classical algorithm can fail to solve [81]. The base
quantum methodology considers the Quadratic Unconstrained Binary Optimization
(QUBO) problem as this is fed to the quantum algorithm. It solves the optimal sen-
sor configuration problem when classical methods are computationally expensive due
to the exponential growth of the number of possible combinations when adding a
new dimension and or a constraint. The process hybridization provides substantially
supplement to speed and quality and also reports the accuracy improvement in both
the vehicle sensors performance and the blind spot optimization [81]. Through this
process, it achieves the employment costs reduction. This study s main point is that



the quantum computing can be a revolutionary factor in the optimization of automo-
tives. It also proffers us a peek at what sort of a world there would be for the next
generation cars with improved performance and safety.

Traffic Signal Control

Quantum annealing can be employed in an innovative way to optimize traffic light
control and thus improve traffic flow in grid-structured road networks [74]. This study
is focused on real-time traffic management, which is an important problem for urban
centers everywhere. Quantum annealing is used through the representation of the traf-
fic signal control problem as a Quadratic Unconstrained Binary Optimization (QUBO)
problem, which is naturally adequate for processing on quantum annealers because of
its equivalence with the Ising model in statistical mechanics [74]. The approach takes
advantage of DWave Systems’s quantum annealer, one of its strengths being that it
has the ability to find ground states of intricate energy landscapes, which are the best
suited traffic signal settings that reduce traffic jam. The present quantum hardware
has a limited number of qubits and connectivity, therefore, a hybrid classical-quantum
approach is used. This method of traffic signal optimization is based on periodically
updating the QUBO model with live traffic data and solving it using the quantum
annealer and, therefore, it offers a dynamic solution to the problem [74].

This problem is aggravated by the dynamic state of traffic flow, which includes
different intensity levels of traffic and the presence of emergency automotives. The
problem can be expressed as minimizing the total delay D. This delay D must be
minimized across all intersections while considering factors that enhance the free flow
of traffic and the safety of users. The objective function can be expressed as:

n m
minimize D = Z ZwijTZ—j
i=1 \j=1

Here, D represents the total delay across all intersections, Tj; is the delay at
intersection 7 for traffic phase j, and w;; is a weight factor that reflects the importance
of minimizing delay at that specific phase or intersection.

Lets assume about a system of intersections where every intersection has several
stages for example for straight vehicles, turning left or right, or crossing the pedestrian
walkway. That is, the question is how long each phase should last at each intersection
to minimize the total time loss. As pointed out by the authors, the timing sequences
can be easily and efficiently sought by quantum annealing for this kind of combinato-
rial optimization problem because it can generate a tremendous number of sequences.
Using concepts of quantum annealing, the right set of signal timings can be obtained
and the flow of traffic through the network may be enhanced to a large extent, with
concomitant improvement in travel times.

The outcomes of this research demonstrate a significant decrease in average traffic
delay times, thus, providing a practical ability of quantum annealing to tackle dynamic
and complex urban traffic management issues. The study identifies an opportunity
of quantum computing technologies to bring a deep impact to real-life applications,
introducing the new methods of preventing the overcrowding of cities and enhancing
urban mobility [74].



Vehicle Arrangement

The application of quantum annealing to optimize the production scheduling of test
vehicles is known as a difficult problem to solve due to the complexity of manufactur-
ing processes [73]. This research also combines constrained quantum annealing with
classical optimization methods to create a solid hybrid model, which improves effec-
tiveness and flexibility of production planning. The methodology utilized is based on a
hybrid quantum-classical approach where quantum annealing is implemented to solve
the strongly non-linear and restrictive parts of the scheduling problem, whereas classi-
cal methods are used to improve and validate the solutions produced by the quantum
process. This strategy enables the solution of certain production constraints, such as
line balancing and resource allocation since these are hard to be optimized by classical
techniques only because of their combinatorial complexity [73]. Solving combinatorial
optimization problems aims to reduce the total amount of time it takes to produce
the product, utilize resources optimally, and incorporate imposed constraints. Stating
the problem mathematically, we have to work with an objective function F'(z), where
x represents the set of decisions such as scheduling and the resources that must meet
a set of constraints C;(x):

minimize F(z) = Z Ti(x) + A Z Pj(x)

=1

Here, T;(x) represents the production time for test vehicle i, Pj(z) represents the
penalty for violating constraint j, and A is a penalty weight that balances between
minimizing time and constraint violations.

For instance, if there is a need to design a production time table to assemble
certain test vehicles where an organization has few opportunities to access some test-
ing hardware and specific components then the hybrid quantum approach will assist
to determine the best feasible time table that will decrease production downtimes
and different resources clashes. The presented approach is an integration of quantum
annealing into the problem solving, which allows to search through a wider solution
space than classical algorithms in reasonable time, which could open way to improv-
ing the automotive production planning. The findings of this hybrid model show an
enhancement in the optimization of production timelines and resource utilization as
well as a decline in the overall production costs. [73].

5.2.1 Open problems in Quantum Annealing

Another major concern of the quantum annealing in the automotive industry is the
scalability and real-time applicability of the same in complex and dynamic systems.
Quantum annealing has been found to be effective in optimizing specific tasks like path
planning for multiple robots, paint shop for multiple cars, and production schedul-
ing but its performance reduces with increase in size and complexity of problem.
The current quantum hardware architecture constraints in the number of qubits and
the connectivity between them prevent the scaling of these solutions to more com-
plex, practical problems. Furthermore, some of these problems have been solved using



quantum-classical combination, but they lead to the growth of additional computa-
tional time and do not reveal the full potential of quantum annealing. For quantum
annealing to be a useful tool for large scale optimization in industries, there is need
for improvement in both the physical implementation of the quantum annealer as well
as the algorithms that can be implemented on the quantum annealer due to the expo-
nential growth in the number of possibilities. This includes the enhancement of the
approach of incorporating quantum annealing with classical optimization algorithms
to address intricate systems such as traffic control, vehicle manufacturing scheduling,
and robot motion planning in real-world manufacturing environments.

5.3 Quantum Secure Communications

Secure Quantum Communications for V2I

The scholars incorporate the Quantum Key Distribution (QKD) in vehicle-to-
infrastructure (V2I) communications as a means of improving security against
quantum computing threats [68]. which is critical because it is expected that the
current cryptography would become obsolete in view of the innovations in quan-
tum computing. The methodology integrates QKD, a quantum-secure communication
protocol based on the laws of quantum mechanics for producing secure keys, with
Software-Defined Networking (SDN) to dynamically and effectively manage network
resources [68]. The integration ensures the development of an adaptable and effective
propagation of secure communication channels in V2I networks making it a critical
factor for security of future connected and autonomous vehicles (CAVs). The system
introduced uses QKD to shield data transmissions from quantum and classical compu-
tational hazards, thus, guaranteeing multi-level security sustainability [68]. The study
introduces an innovative design which accommodates the incorporation of QKD sys-
tems into an SDN framework thus ensuring simplified security management among
other network performance improvements. According to the findings, this method is
effective in developing a scalable and secure network architecture to meet the high-
security requirements of the future transport systems. The implementation ensures
that V2I communications are not only secure from likely quantum attacks, but it also
optimizes for speed that such a combination of quantum security technologies and
traditional network notions is achieved is a significant step forward [68].

Quantum Computing in Autonomous Driving

There is a problem of Traffic data occlusion in Computer vision algorithms. This
problem influences the accuracy of traffic management and analysis algorithms, as the
vehicles or other objects are only partially visible in video streams. This researchers
proposes a novel approach that merges the DeepSORT algorithm (a leading method
for object tracking in computer vision) with the quantum computing techniques that
enable improving processing powers and eliminating limitations of classical comput-
ing [69]. The method is realized by the aid of quantum computing to accelerate some
computationally intensive tasks in the DeepSORT framework particularly in solving
the data association problem where the algorithm is required to associate detected
objects across frames in a video sequence. Through the parallel processing function-
ality of quantum computers, the modified DeepSORT algorithm handles occlusions



better and can classify objects that are too close to each other or overlayed with a
higher degree of accuracy [69]. The results of the performed research indicate high
growth in the precision of tracking and uniformity of the system, even in heavy traffic
situations where blockage is very common. In more detail, quantum-enhanced Deep-
SORT algorithm revealed the improved precision and recall measures in comparison
to the corresponding classical version, which was the less number of false positives
and general stability of the traffic monitoring system [69]. The application of quan-
tum computing in the analysis of traffic data solves both the short-term problem of
occlusion and represents the first step in a long journey of quantum technologies in
very sophisticated real-world problems of computer vision and even beyond.

5.3.1 Open problems in Quantum Secure Communications

A current major issue in Quantum Secure Communications, especially concerning
V2I systems, has been the issue of how to incorporate QKD into massive, real-time
networks that are also complex and efficient. While QKD provides a theoretically
impregnable way of protecting the communication against quantum attacks, it is not
easy to implement it in real-world scenarios like CAVs. These are the high resource
consumption in QKD, the requirement of a proper physical layer that can support
the physical layer needs such as line of sight in free space optical system, and the
compatibility of the proposed solution with other current network architectures such
as SDN without the compromise of performance. Further, there is an urgent need to
come up with solutions that can address the current QKD technology limitations such
as the latency and bandwidth of the current technology, especially when it comes to
networks that involve up to thousands of vehicles that are communicating at the same
time. To unlock the potential of quantum-secure communications in the automotive
industry and to safeguard the future transport systems from the new age of quantum
threats, these challenges have to be addressed.

5.4 Quantum Neural Networks

Supply Chain Logistics

The optimization of supply chain logistics in the automotive industry is a formidable
challenge, particularly due to the complexity and scale of operations involved. The
article by [82] explores the use of Quantum Neural Networks (QNNs) as a novel
approach to address this challenge. Traditional methods often struggle with the
massive data sets and intricate relationships between variables in supply chain logis-
tics, leading to inefficiencies and increased costs. The dynamic nature of supply
chains, where demand, supply, and transportation conditions can change quickly and
necessitate real-time adjustments, exacerbates the problem.

In this context, QNNs offer a promising solution by leveraging quantum computing
to handle the vast amounts of data and complex optimization problems more efficiently
than classical methods [82]. The mathematical foundation of this approach can be
expressed through the optimization of a cost function C, which represents the total
logistics cost, including transportation, inventory holding, and penalty costs for delays.
The objective function can be defined as:



n
minimize C = Z (Ty - di + Hy - I; + P; - Ly)
i=1
Here, T; represents the transportation cost per unit distance for item 4, d; is the
distance traveled, H; is the holding cost per unit for item ¢, I; is the inventory level,
P; is the penalty cost per unit delay for item ¢, and L; is the delay in delivery.
The challenge lies in optimizing this cost function while accounting for the complex
inter-dependencies and real-time data within the supply chain.

Car Classification with Hybrid Quantum Neural Networks

Tuning hybrid quantum neural networks (HQNNs) for vehicle classification tasks is
a difficult problem. This research is critical as it combines quantum computing capa-
bilities with neural network approaches to solve problems of classification, which are
usually computationally expensive and resource-consuming so the researchers uses a
hybrid quantum-classical model where quantum circuits are combined with classical
neural network layers to adjust the model’s hyperparameters efficiently [78].

The optimization problem can be described as minimizing the loss function L(6),
where 6 represents the vector of hyperparameters that influence the training process.
The objective function is defined as:

minimize L(6) = % Z C(f(xi;0),y:)
i=1

In this equation, L(f) represents the average loss across the training dataset, ¢ is
the loss function (such as cross-entropy), f(z;;0) is the output of the hybrid QNN
given the input x; and hyperparameters 6, and y; is the true label for the i-th sample.
The aim is to find the optimal set of hyperparameters #* that minimizes this loss
function, thereby enhancing the classification accuracy of the model.

A quantum-enhanced optimization algorithm is the main technique used, aiming
to reconcile the phases of exploration and exploitation throughout the training process
thereby seeking to find an optimal set of hyperparameters that decreases error rates
and improves classification accuracy [78]. The results show that this method is not only
more accurate compared to purely classical or quantum methods but also provides
computational efficiency enhancement. With the parameter space effectively reduced
as well as the time for convergence being shortened, HQNNs outperform traditional
deep learning models in speed and accuracy for vehicle classification tasks [78]. This
move highlights the possibility of quantum technologies to change machine learning
related tasks through the provision of more effective and powerful instruments of
handling huge and sophisticated dataset [83].

5.4.1 Open problems in Quantum Neural Networks

Among the most important unsolved issues related to QNNs and their further enhance-
ment and implementation, it is possible to mention the following: The questions of
QNNs’ scalability and their integration into real-time big data systems with the focus
on the automotive industry, especially in the sphere of supply chain management



and classification. Despite the fact that QNNs have demonstrated the capability of
efficiently processing large datasets and optimizing problems with many variables as
compared to the traditional approaches, the application of QNNs is restricted by the
number of qubits and error rates in the current quantum hardware. Also, the fine-
tuning of QNNs to achieve the right trade-off between exploration and exploitation
during the learning process, particularly when QNNs are used in conjunction with
classical NNs in the form of the hybrid models, is still a problem. This is important
for operations that involve real time decision making such as in supply chain man-
agement, especially in the routing and scheduling of deliveries. The open problem is
focused on further enhancement of the QNN architectures and algorithms that can be
easily incorporated into the existing systems, whose performance will be enhanced in
various applications without limitations of the present quantum technologies. Solving
these issues is crucial for achieving the intended purpose of QNNs in the industries
that require massive data analysis and intricate decision-making.

5.5 Quantum Frameworks and Software Development

Quantum Software Development for Automotive

Design and application of quantum framework based on automotive embedded
operating system, presented an innovative solution for increasing the automotive
embedded application systems reliability and performance through a quantum frame-
work approach [72]. One of the main difficulties in this study is presentation of various
complex design tasks of embedded systems and their insurance against prospective
damages that may occur under the harsh conditions of applications in the automo-
tive industry. The approach choice uses a quantum framework that is able to cover
the entire embedded operating system and make sure that it can keep track of all the
aspects very well such as the active objects and hardware interrupt service routines
[72]. This method is then followed for dealing with asynchronous events along with
resources, which eventually results in optimal management of critical issues like dead-
lock among other hazards common to multitask automotive software. The obtained
results prove the system showed a significant performance improvement and great reli-
ability as the framework outperforms traditional systems in terms of handling more
concurrency and resource management This quantum-based format not only offers a
more resilient platform for the development and deployment of vehicle applications,
but could be the springboard toward the application in other high demand areas such
as aerospace industry and others [72]. The research strongly substantiates that the
quantum technologies may play a key role in automotive developments of tomorrow
enabling them to be more advanced, sophisticated and problem solving.

5.5.1 Open problems in Quantum Frameworks and Software
Development

An important open question in the field of Quantum Frameworks and Software Devel-
opment remains the development of sound quantum frameworks that can efficiently
and robustly address the challenges and requirements of embedded systems in auto-
motive and other critical domains. As mentioned above, there are several ongoing



advancements made in creating quantum-based frameworks for automotive embedded
operating systems that improve the reliability, performance, and concurrency man-
agement of the system, there are still challenges that have to be addressed. These are,
for example, the control of the quantum instability and errors, the real-time control
in case of time-sensitive applications, and the integration with other existing classical
systems. Moreover, the creation of quantum software that would be able to organize
asynchronous events and resources and avoid problems like deadlock in the multitask
operations is also an important topic for the further study. When moving forward
in the development of quantum technologies, it will be important to design software
frameworks that will not only take advantage of quantum computing features but will
also solve such practical problems, so that quantum enhanced systems could be used in
the automotive industry and other fields. This will require surmounting present hard-
ware constraints, developing efficient quantum-classical architectures that are easy to
integrate, and guaranteeing that these systems are robust to the hostile environment
characteristic of automotive as well as aerospace settings.

5.6 Technology Readiness Levels

The development status of quantum technology in automotive sector is demonstrated
the Technology Readiness Levels (TRLs) in Table 5 . The applications include traf-
fic flow optimization and sensor placement and battery material simulation and
autonomous vehicle perception with TRLs between 3 and 7. The development stages
of quantum technologies are shown through these levels which start with early-stage
research and simulation and progress to demonstrated use in pilot projects and indus-
try trials. The readiness descriptions show the exact advancements achieved in each
field through validation of industry datasets and prototype development and ongoing
research. The TRL definitions use the standard NASA/EC scale from 1 to 9 which
begins with basic research at TRL 1 and reaches full commercialization at TRL 9.

The unified evaluation framework is propose that provide a scoring matrix to rank
and prioritize various quantum computing applications in the automotive industry
which assesses them based on four criteria in Table 6:

e Feasibility: Whether the problem is tractable using current or emerging quantum
methods.

* Readiness: Maturity of the associated quantum technique and its alignment with
available hardware.

e Impact: Potential effect on performance, cost reduction, efficiency, or innovation
within the automotive domain.

Each application area is rated on a scale from 1 to 5, where a higher score indicates
better performance in the respective category. The table shows the relative priority of
these applications based on their combined scores, which provides a strategic view of
where quantum technologies could have the most significant impact in the automotive
sector.



Table 5: Technology Readiness Levels (TRLs) of Quantum Applications in the

Automotive Sector.

Application Area Quantum Approach TRL (1-9)

Readiness Description

Traffic Flow Quantum Annealing 5-6
Optimization (D-Wave)
Multi-Car Paint Shop  QAOA / Quantum 5
Scheduling Annealing
Sensor Placement Hybrid 4-5
Optimization Quantum-Classical

QUBO
Battery Material Quantum Chemistry 34
Simulation (EVs) Simulations (VQE,

QML)
Autonomous Vehicle Quantum Neural 3-4
Perception Networks (QNNs)

Vehicle-to-Infrastructure QKD (Quantum Key 4-5
(V2I) Secure Comms Distribution)

Production Planning / Quantum-Inspired 6-7
Scheduling Algorithms (Hybrid

QGA)
Charging Station & Quantum Swarm 4-5
Battery Swapping Optimization, QPSO
Optimization
Supply Chain & Hybrid Quantum 56
Logistics Annealing, QNN

Demonstrated in simulated and pilot
settings (e.g., Lisbon quantum routing by
Volkswagen)

Validated with industry datasets;
early-stage trials, not yet
production-ready

Prototypes and small-scale
implementations in simulated vehicle
environments

Early-stage lab validation; significant
hardware and algorithmic limitations
remain

Research and simulation phase;
experimental integration with classical
vision pipelines

Field-tested in other domains (e.g.,
telecom); limited but growing automotive
integration

Demonstrated in realistic manufacturing
contexts with near-term benefits observed

Algorithm-level validation using real
datasets; some deployment feasibility
demonstrated

Validated in simulation; partnerships with
OEMs show early traction

Note: TRLs are adapted from the standard 1-9 NASA/EC definitions [84], where TRL 1
indicates basic research, and TRL 9 indicates full commercial deployment in operational

settings.

Table 6: Score Matrix of Quantum Computing Applications in the Automotive

Industry

Application Area Quantum Method Feasibility (1-5)  Readiness (1-5) f‘ote)ntia] Impact Overall Priority
1-5

Traffic Signal Control Quantum Annealing 5 4 4 1

Vehicle Routing QAOA 4 3 5 2

Optimization

Paint Shop Scheduling QAOA 4 3 4 3

V2X Secure Lattice/QKD 3 3 4 4

Communications

Sensor Placement Hybrid 3 2 4 5

Battery Design (Quantum Quantum Sim. 2 2 5 6

Simulation)

Note: Feasibility, Readiness, and Potential Impact are rated on a scale of 1 to 5, with 5
being the highest rating. The Overall Priority reflects the combined assessment based on

these scores.

6 Collaborations in Quantum Computing: Addressing
Optimization Issues in the Automotive Industry

Automobile manufacturers and quantum computing startups are working together to
enhance aspects such as battery longevity and car setup. Quantum computing’s trans-
formative potential is receiving more attention, as already discussed in the quantum

solution section.



Volkswagen

Volkswagen are leading in the research of the vast possibilities of quantum comput-
ing, With a focus on diverse applications that could immensely change the automotive
industry. They have concentrated on creating smart and effective transport solutions,
for example, the ability to find the nearest charging station for an electric car or avail-
able parking space [85]. Substantial resources have been devoted to quantum research
to address challenging optimization issues; their Quantum Routing project in Lisbon
enhanced the effectiveness of public transportation through dynamic traffic man-
agement [24]. Furthermore, Volkswagen is moving forward with battery production
through the use of quantum computing with institutions such as Cambridge Quantum
Computing and Google Quantum AI. Their long-term goal also includes protecting
automotive systems from future quantum threats.

Toyota

In 2017 Toyota collaborated with D-Wave Systems to investigate the application
of quantum computing in improving the future cars. This partnership was a major
milestone in using quantum computing’s huge computational capabilities for the auto-
motive sector. In 2022, Toyota Tsusho, Toyota’s trading company, entered into a
partnership with Quantum Machines to develop quantum technologies in Japan with
the goal of incorporating them in Toyota’s cars [86]. Toyota has been involved in hybrid
electric vehicles and battery technology through the Prius model and is now using
quantum computing to model and find better materials for EV batteries that may
enhance energy storage, charging, and battery life [87][88]. These initiatives demon-
strate Toyota’s commitment to innovation and its smart decision to use quantum
computing in its upcoming automotive developments.

Ford

Ford Motor Company has adopted quantum computing by partnering with Quantin-
uum to work on the future of electric vehicle (EV) battery. Ford’s research team has
been able to gain a lot of insights into lithium-ion battery chemistry using Quantin-
uum’s InQuanto quantum chemistry platform [89]. Their research is to predict and find
new materials for the next generation of EV batteries with improved energy density
and stability. Also, Ford is working on creating specific quantum algorithms for traffic
management that can help minimize traffic issues in cities, consumption of fuel, and
emissions, thus contributing to the achievement of sustainable development objectives
worldwide [90]. Ford’s investment in quantum computing places them in the right side
of history when it comes to the development of batteries and smart cities [91].

BMW

BMW, a pioneer in automotive manufacturing, is already on the lookout for quan-
tum computing to transform mobility services and production lines. In 2022, BMW
collaborated with Amazon Web Services (AWS) to host the ‘Quantum Computing
for Automotive Challenges’ where experts used quantum computing to solve intricate
optimization issues, which is in line with BMW’s focus on innovation. Also, BMW’s



strategic collaboration with PASQAL, a quantum processor maker, is to employ quan-
tum computing in modeling metal forming in manufacturing to advance materials
science and manufacturing effectiveness [92]. These measures show that BMW is a
pioneer in the progressive development of new technologies and the adaptation of the
car industry, as well as the creation of new standards for environmental friendliness
and performance.

Mercedes-Benz

A team at Mercedes-Benz Research and Development North America (MBRDNA) is
using quantum computing to transform multiple automotive fields, such as batteries,
aerodynamics, and production lines. Founded in 2018, this team based in Silicon
Valley works with such giants as IBM and Google to create software and algorithms
that can solve problems that were previously considered to be unsolvable [93]. Their
work is dedicated to improving battery technology using quantum computing to help
advance the creation of better and greener battery systems [94]. Lithium-sulfur (Li-
S) batteries are also being developed by Daimler as they have higher energy density
than lithium-ion batteries, which can enhance the range and efficiency of electric
vehicles [95, 96]. Quantum computing helps to model the intricate chemical processes
that occur and thus advances the battery materials and construction [94, 97, 98].
Furthermore, Mercedes-Benz is using quantum-powered modeling in manufacturing
to increase accuracy, minimize losses, and optimize production, which will further
establish them as leaders in the automotive industry and their dedication to a better
and more efficient future [99-101].

Hyundai

Hyundai Motor Group, a South Korean car manufacturer, has joined forces with IonQ),
a trapped-ion quantum processors company, to develop new electric vehicle (EV)
technologies through quantum computing. This pioneering partnership is expected to
transform battery science by creating novel quantum algorithms to simulate lithium
materials and their chemical interactions. Quantum simulations allow for detailed
study of battery performance during charge and discharge cycles, improving battery
durability, capacity, and safety [102]. While quantum computing is still a relatively
young field, its applicability in the automotive industry is gradually being realized,
as evidenced by this collaboration. More partnerships are anticipated as OEMs keep
on venturing into quantum computing. According to McKinsey, by 2030, quantum
computing could generate a major economic effect on the automotive industry, ranging
from 2 billion to 3 billion, and provide great opportunities for pioneers and leaders
[103].

7 Conclusion

Quantum computing is on the cutting edge of game-changing technologies. It is set to
tackle the toughest challenges that the automotive industry faces in terms of complex-
ity and computational demands. By applying the principles of quantum mechanics,



this new area holds promise to offer exciting progress in many key application areas,
with its capacity to handle intricate problems across diverse dimensions.

The automotive industry is experiencing a transformative change through quantum
computing which solves complex problems that classical methods cannot handle. The
report shows how quantum technologies are currently used in vehicle design and clas-
sification, transportation infrastructure, power distribution, self-driving technology,
supply chain logistics, embedded systems and battery optimization and demonstrate
improvements compared to classical computers in several dimensions: better accu-
racy, faster training times, better reliability in multitasking operations under limited
resource conditions, and efficient simulation of physical systems, e. g., of chemical
compounds, beyond what is possible classically.

The readiness and feasibility assessment of Technology Readiness Levels across
different applications in Table 5 shows a range from 3 to 7, which indicates research
activities, pilot trials and early-stage implementations. The feasibility-readiness-
impact matrices show that traffic optimization and battery swapping applications
have the highest potential impact.

Since quantum computing technology is still under intense development, as the
publication trend in Figure 5b and the correlation between citations and publication
years in Figure 5c¢ indicate, and not yet fully mature (see Table 5), the use of quan-
tum computing in the automotive industry is still understandably at an early stage
of development and its solutions are not widely implemented in practical applica-
tions yet. As a matter of fact, the current quantum devices used, mostly referred to
as Noisy Intermediate Scale Quantum (NISQ) systems, face limitations such as noise
interference, decoherence issues, and a restricted capacity of qubits, which hinder
their ability to solve large-scale problems encountered in industrial settings. Further-
more, the expected improvements in processing speed through quantum algorithms
rely heavily on the existence of fault-tolerant quantum systems, but it is anticipated
that such systems may not be available for another ten years or more. Despite these
shortcomings, progress in quantum technology is advancing quickly owing to compa-
nies like IBM and Google making strides in the field alongside D-Wave Systems, and
the obstacles are diminishing for the automotive industry as they journey towards
implementing quantum powered solutions on a practical level.

Directions in Quantum Computing for Automotive Applications

Technical obstacles remain substantial including the quantum hardware constraints
above (noise, scalability, fabrication variability), despite the significant progress the
field has made, and in order to fully harness the power of quantum computing,
in the automotive sector several key technical and research areas need to be given
top priority. The current open problems in QNNs and software frameworks demon-
strate the immediate requirement for better hybrid quantum-classical architectures
together with robust error correction and workload distribution middleware solu-
tions. Combinatorial Optimization encompasses challenges in the automotive sector,
like route optimization and traffic flow control in supply chain logistics operations,
that are crucially significant. Cutting-edge algorithms such as the Quantum Approxi-
mate Optimization Algorithm (QAOA) and Variational Quantum Eigensolver (VQE)



hold potential for overcoming these hurdles, especially when employed in a blend of
quantum and classical computing environments, as analyzed in Table 2. Dynamic
programming techniques have the potential to elevate fleet management system effi-
ciency and enhance real-time routing for vehicles through Quantum enhanced dynamic
programming strategies.

In principle, material design for batteries and energy systems can leverage sim-
ulations to predict interactions and advance the creation of durable yet lightweight
materials. One prominent example is the modeling of a Lithium-ion battery solid elec-
trolyte interphase that forms at its anode, which is still unsatisfactory due to the
limitations of current techniques. A quantum computer could simulate accurately the
dynamics of the system. However, quantum algorithms for the simulation of key prop-
erties of Lithium-ion batteries are constrained to be fault-tolerant [104], or designed
for NISQ devices [105].

Quantum computing plays a role in managing energy by optimizing the distri-
bution of power within electric vehicle charging networks and designing effective
power systems for streamlined vehicle-to-grid (V2G) operations. Autonomous systems
involve the use of quantum-enhanced machine learning algorithms that can speed up
the training of vehicle systems by enhancing decision-making abilities and improving
object detection and predictive analytics tasks effectively and efficiently. Another perk
is that optimization emulation, through QML techniques, can simulate optimization
procedures to facilitate quicker development cycles for vehicle software creation.

Quantum error correction is an area of interest to minimize errors and enhance the
reliability of computations in the quantum realm. Surface codes and robust quantum
gates play a role in enabling quantum algorithms to be practical for use in industries.
Adopting noise circuit designs and incorporating hybrid quantum classical approaches
are crucial steps in overcoming the current obstacles presented by NISQ systems.

Specialized quantum algorithms designed for automotive purposes, like optimiz-
ing real-time operations in autonomous systems or predicting maintenance needs
in manufacturing, play a crucial role in fully utilizing quantum systems potential
benefits. Hardware-specific innovations, such as cryogenic interfaces for automo-
tive environments, can enhance the integration of quantum systems into existing
workflows.

Integration and Collaboration Strategies

For the foreseeable future, hybrid systems that partition tasks between classical
and quantum computing will dominate. Research should focus on middleware solu-
tions that facilitate this integration and optimize workload distribution between the
two paradigms. Automotive manufacturers must partner with quantum computing
experts and academic institutions to conduct pilot projects that explore quantum
applications. For instance, projects could investigate traffic optimization at a city-
wide scale or simulate complex scenarios in vehicle design. Establishing benchmarks
for automotive-specific quantum computing problems is critical to measure progress
and guide algorithm development. Metrics like quantum volume and circuit layer
operations per second (CLOPS) should be contextualized for automotive applica-
tions to track advancements effectively [106]. The ethical and societal issues emerging



from quantum powered systems, such as data privacy risks, cybersecurity threats,
and potential workforce displacements, need to be dealt with by policymakers. Open
research efforts and national projects for quantum infrastructure are crucial to guaran-
teeing access to this revolutionary technology. Regulations should consider the effects
as well when it comes to quantum systems impact on energy usage for big tasks; while
quantum technology may save energy on a large scale job level, the power needs of
quantum devices, like cooling necessities, must have eco-friendly solutions in place too
for sustainability purposes. The quantum energy initiative programs aim to create
power structures that support global sustainability objectives by integrating quantum
computing capabilities effectively.

Regulatory, Ethical, and Societal Implications

From a perspective, it is important for the regulations concerning quantum-assisted
automotive technology to progress and adapt accordingly. There are concerns sur-
rounding liability issues, judgment, and privacy of data in the context of autonomous
systems that utilize quantum computing. It is vital for policymakers and experts to
work together in order to set guidelines that ensure safety, transparency, and equity
in quantum-powered innovations.

Moreover, the environmental consequences of producing and using quantum hard-
ware are worth considering. It will be crucial to create energy quantum chips and
adopt sustainable manufacturing methods to reduce the environmental impact of this
technology.

Vision for the Future

In the future, a world where quantum computing could reshape the way we think
about transportation and mobility as a whole; envision vehicles that are not just
intelligent but also seamlessly interconnected within ever-evolving transit networks.
Imagine traffic systems fine-tuned by quantum technology to eradicate gridlock and
cut down on emissions—ushering in a new era of city planning and design. Further-
more, progress in quantum simulation might bring about eco-friendly vehicles that
prioritize safety and comfort alongside sustainability. Achieving this goal will involve
making investments and working together across different fields while staying dedi-
cated to research and innovation efforts over time. Creating quantum systems tailored
to the automotive industry’s requirements can open up new possibilities for progress
and expansion like never before.

In conclusion, quantum computing represents an innovation with the potential to
revolutionize the automotive sector significantly. Its capacity to address optimization,
security, and simulation challenges presents possibilities for improving vehicle effi-
ciency, environmental impact, and safety. Yet the path to putting this technology into
practice is riddled with technical, social, and regulatory obstacles. By tackling these
hurdles through targeted research and cross-disciplinary teamwork, the automotive
field can fully leverage the power of quantum computing. The merging of quantum
technologies with advancements in the industry is set to usher in a new era of smart
and eco-friendly transportation systems that will reshape the way we perceive mobility
moving forward.
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