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Abstract

Traffic optimization remains a significant challenge in urban planning and transporta-
tion management. While efficient traffic optimization is crucial for enhancing urban
mobility, reducing congestion, and promoting environmental sustainability, traditional
computational methods often struggle with the complex, dynamic nature of traffic
systems. Recent advances in quantum computing, particularly quantum annealing,
offer promising new techniques that could revolutionize traffic flow optimization.
This work systematically reviews the literature, starting with search term formula-
tion and ending with the final set of articles. These articles are categorized into three
groups: (1) traffic signal control, (2) traffic flow optimization, and (3) routing problems
optimization (including vehicle routing problem and traveling salesman problem).
The review critically examines current studies on quantum annealing-based traffic
optimization, focusing on contributions, methods, solvers, problem suitability, key
findings, benchmark fairness, and limitations. It identifies key challenges and pro-
vides recommendations for future research. Insights from this work offer researchers
and practitioners a concise overview of current challenges and future directions in
traffic optimization.
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1 Introduction

With the growing number of vehicles on the road, optimizing traffic flow has become
a critical challenge for transportation engineers. Traditional solutions, such as road
expansions, are often costly and impractical in dense urban areas. Instead, advanced
optimization strategies offer a more effective approach to improving mobility, reduc-
ing travel time, and enhancing road safety. Recent technological advancements have
enabled more sophisticated traffic management models that consider various factors,
including traffic patterns, weather conditions, and driver behavior.

Urban population growth has intensified traffic congestion, resulting in significant
economic losses. According to the INRIX Global Traffic Scorecard [1], in 2022, con-
gestion cost US drivers $81 billion, UK drivers £9.5 billion, and German drivers €3.9
billion. London, Chicago, and Paris were among the most congested cities, with Lon-
don drivers losing 156 h annually. By 2023 [2], New York became the most congested
city, with drivers losing 101 h, followed by Mexico City, London, Paris, and Chicago.
The economic costs were $70.4 billion in the USA, £7.5 billion in the UK, and €3.3
billion in Germany. While congestion increased in most urban areas, delays grew
significantly in US cities, whereas downtown trips declined in the UK and Germany.
These trends underscore the urgent need for intelligent transportation systems (ITS) to
optimize traffic flow and minimize economic losses. Implementing real-time data ana-
Iytics, adaptive signal control, and integrated public transportation can help mitigate
congestion. Moreover, emerging technologies like quantum computing (QC), particu-
larly quantum annealing (QA) and digital annealing (DA), offer promising approaches
for solving complex traffic optimization problems, improving efficiency and reducing
congestion.

Traffic flow optimization is a critical challenge in modern cities, impacting both
transportation efficiency and urban quality of life [3]. Managing traffic in dense road
networks requires continuous redistribution of vehicles [4], yet the complexity and
dynamic nature of traffic patterns make optimization difficult. Traditional methods
struggle to handle these challenges, necessitating ITS that integrate advanced sensors,
communication networks, and data processing to analyze large-scale traffic data. This
increasing computational demand calls for innovative architectures, among which QA
has emerged as a promising solution [5].

In the past decade, QC has gained traction due to its potential to solve compu-
tationally intractable problems [6]. Recent studies propose QC, particularly QA, as
a powerful tool for tackling large-scale, highly constrained optimization problems,
including traffic optimization [7]. However, several challenges remain, such as scaling
quantum algorithms for real-world applications, enhancing efficiency, and improving
hardware performance [8]. Despite its potential, a comprehensive, up-to-date review
of QA’s role in traffic optimization is lacking. This paper aims to fill this gap by
systematically examining its applications in traffic signal control (TSC), traffic flow
optimization (TFO), and routing problems (RPs).

The paper’s structure is as follows: In Sect. 2, the discussion will focus on related
review papers that have concentrated on QA in diverse fields associated with opti-
mization problems. This endeavor seeks to identify the gaps that the present review
intends to tackle. Section 3 covers traffic management, offering a background on key
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elements and their interplay in addressing traffic optimization. Section 4 provides a
concise overview of QC. Section 5 explains the key elements of optimizing traffic flow,
emphasizing factors that require thoughtful consideration, and defines crucial traffic
optimization terms and concepts. Section 6 focuses on the SLR, discussing research
protocol, data analysis, and critical analysis of selected papers. Section 7 highlights
challenges, recommendations, and future directions. In Sect. 8, the conclusion of this
review paper is presented.

2 Existing review articles and current review contributions

In this section, related review articles will be explored, and the presented review paper’s
unique contributions to the field of QA-based traffic optimization will be highlighted.
Traditional optimization methods have limitations in effectively addressing the com-
plex and dynamic nature of traffic systems. QA, with its inherent ability to handle
large-scale optimization problems, has emerged as a promising alternative. Several
review papers have been published in the field of QC that are relevant to this review
paper. Previous review papers have explored various aspects of QC and its applications,
yet they often lack a specific focus on traffic optimization. For instance, reviews have
covered quantum routing protocols and metrics [5], metaheuristic algorithms inspired
by quantum mechanics [9], and the transition from classical to quantum-inspired meta-
heuristics [10]. Additionally, there are systematic studies of QC as it relates to routing
problems. Two such reviews, one concentrating on QA and related implementations
[7] and the other on TSP and VRP [4], are examples of this. [7]. Additional reviews
have provided insights into adiabatic evolution [11] and examined the applications of
QA in various industries [12]. Other reviews have looked at QC taxonomies and future
directions [13], quantum optimization and learning algorithms [14], and specific appli-
cations such as vehicle routing with limited qubits [15]. Moreover, traditional TSC
methods have been extensively reviewed [16], alongside general applications of QA
in NP-hard problems [17], and the impact of QC on evolutionary algorithms [18].
However, these reviews generally focus on broader optimization problems and do not
specifically address the application of QA for traffic optimization, leaving a significant
gap in the literature, as stated in Table 1.

Previous review studies have explored various aspects of QC, including the TSP,
VRP, quantum routing protocols, annealing, and metaheuristic algorithms. However,
none has specifically addressed QA-based traffic optimization. This review makes a
significant contribution by critically analyzing studies on QA applications in TSC,
TFO, and RPs (e.g., VRPs and TSP). It examines current research, identifies chal-
lenges, and explores future directions while addressing potential integration of QA
with RL for traffic optimization. The review contributes to the field by:

1) Providing a comprehensive analysis of QA-based traffic optimization, filling a
critical gap in the literature, and offering a valuable resource for researchers and
practitioners.
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Table 1 Overview of Existing and Current Review Papers: Focus, Insights, and Gaps

Ref Focus Areas Contributions and Gaps Identified

[4] QC, Routing Problems * The focus was on applying QC to routing
issues like TSP and VRP

[51 Quantum Routing Protocols ¢ The research primarily investigated
quantum routing protocols and metrics

[71 QA, Optimization Problems * The study was dedicated to QA and solving
optimization problems

[9] Quantum Metaheuristic Algorithms * This work is centered on quantum
metaheuristic algorithms

[10] Quantum-Inspired Metaheuristics * The study is mainly focused on the
evolution from classical to
quantum-inspired metaheuristics

[11] QA, Adiabatic Quantum Computation * The primary focus was on QA through
adiabatic evolution for tough optimization
problems

[12] QA, Industry Applications  The paper investigated the applications of
QA across different industries

[13] QC Taxonomy * This study provided an extensive review of
QC literature and its taxonomy

[14] Quantum Optimization, Quantum Learning * The main subject was quantum optimization

Algorithms and learning algorithms

[15] VRP, Quantum Path Integral * The research focused on vehicle routing
problems via quantum path integral

[17] QA, NP-Hard Problems * The emphasis was on QA applications for
NP-hard problems

[18] Quantum Genetic Algorithm Optimization * The work centered on quantum genetic and
evolutionary algorithms

Ours QC-based traffic optimization  This research investigates the use of QA to

optimize traffic in four areas: TSC, TF,
VRP, and TSP. It reviewed current research,
discussed challenges and future directions,
and compared QA with RL, evaluating their
strengths, weaknesses, and appropriateness
for different traffic optimization tasks

2) Highlighting future research directions to enhance QA’s effectiveness in traffic

management, guiding further advancements in this area, and addressing potential
integration of QA with RL for traffic optimization.

By addressing these gaps, this review enhances current understanding and estab-
lishes a foundation for future research and practical implementations in traffic
optimization using QA. The following section presents an overview of traffic man-
agement methods, forming the basis for integrating traffic engineering and quantum
optimization techniques.
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3 Traffic management: background

Traffic in the presented work refers to the movement of vehicles, bicycles, and pedes-
trians on roads and highways. It is an important aspect of transportation and is affected
by various factors such as population growth, urbanization, and economic develop-
ment. Traffic can be classified into different types, such as vehicular traffic, public
transport, pedestrian traffic, and bicycle traffic. To manage traffic, various strategies
and technologies are employed, such as traffic signals [16], roundabouts [19, 20], lane
markings [21], and traffic cameras [22]. In this review, we categorize existing research
on QA applications in traffic optimization into three main domains: TSC, TFO, and
routing problems (RPs), the latter comprising the VRP and TSP.

3.1 Traffic signal control

TSC regulates the duration of green, yellow, and red lights at intersections to optimize
traffic flow (TF), reduce congestion, and ensure safety for drivers, pedestrians, and
cyclists. The timing of signals depends on various factors, including traffic volume,
speed, pedestrian presence, road network topology, time of day, and day of the week.
Traffic engineers continuously monitor and adjust TSC to maintain optimal perfor-
mance. In real-world applications, TSC is complex, requiring expertise in both traffic
engineering and optimization to balance efficiency and safety.

In addition, itis essential to emphasize that traffic lights operate in a cyclical manner,
repeating their behavior at every predetermined duration of seconds. The entire cycle
repeats, maintaining order at intersections and ensuring the safe movement of both
vehicles and pedestrians. In this regard, TSC strategies are divided into fixed-time,
adaptive, and actuated approaches. Fixed-time control uses predetermined timings
all day. Adaptive control adjusts signal timings based on real-time traffic conditions,
reducing congestion and enhancing TF [23, 24]. Actuated control, a form of adaptive
strategy, detects vehicles with sensors and adjusts signals, especially effective in low-
traffic-volume zones [25, 26]. Furthermore, self-organizing traffic signal algorithms
aim to optimize TF during light traffic [26]. The following are the control parameters
that are used in TSC [16]:

1) Green Time: it refers to the duration for the green signal, which is determined by
traffic volume and intersection capacity.

2) Cycle Length: The time required to complete all signal phases at a junction, deter-
mined by green times and clearance intervals.

3) Phase Sequence: Order in which traffic movements receive the green signal, pri-
oritizing major flows and demand.

4) Green Wave (Offset): It describes timing coordination between consecutive inter-
sections, optimizing traffic progression.

5) Programs: Traffic light programs regulate signal timing based on traffic patterns
throughout the day. Morning peak hours prioritize longer green lights for com-
muters, afternoons focus on school zones and pedestrian crossings, evenings
balance commuter and leisure traffic, and nighttime programs optimize energy
efficiency. Each program adjusts signal timings to improve traffic flow.

@ Springer



296 Page6of 74 M. Q. Mohammed et al.

3.2 Traffic flow

TF is the movement of vehicles on roads and highways. It can be described by various
characteristics such as density (the number of vehicles per unit length of road), speed,
and flow [27] (the number of vehicles passing a point in each time period). It is a
complex system that is affected by various factors such as road conditions, weather, and
traffic volume, road design, traffic signals, and the presence of accidents or construction
[3]. Understanding and managing TF is essential for reducing congestion, improving
safety, and optimizing the use of resources. Various methods have been developed
to study and improve TF, such as mathematical models, simulation tools, and traffic
monitoring systems [28]. These tools and methods help traffic engineers and planners
make informed decisions about road infrastructure and traffic management strategies
[29].

In particular, TF models have been developed and used to understand, describe,
and predict TF since the beginning of the twentieth century. TF can be classified into
several categories based on different factors such as traffic density, traffic speed, or the
relationship between them [30]. The choice of model depends on research objectives
and the scale of the traffic system being studied. Here is an example of one possible
taxonomy of TF as discussed in [31] and [32]:

Fundamental Diagram [33]: The fundamental diagram illustrates the relationship
between TF, density, and speed within a system, divided into three regions: free flow,
congested, and capacity drop.

Microscopic [34]: Microscopic models simulate individual vehicle behavior, consid-
ering factors like acceleration, deceleration, and lane changes.

Macroscopic [35]: Macroscopic models describe traffic dynamics at an aggregated
level, focusing on variables like TF, density, and speed averaged over a road segment
or network.

Mesoscopic [36]: Mesoscopic models act as intermediaries between microscopic and
macroscopic models, grouping vehicles into clusters and studying their collective
behavior.

3.3 Routing problems

RPs constitute a critical category in the domain of traffic and logistics optimization and
include both VRP and its well-known special case, TSP. Although TSP is subsumed
within the broader VRP framework, it is frequently examined independently in the
quantum annealing (QA) literature due to its historical role as a canonical benchmark
problem. The TSP’s relatively simple structure and well-established QUBO formu-
lations have made it a primary target for early experimental validation on quantum
annealing hardware [70] [59]. In contrast, VRP encompasses a broader class of real-
world routing scenarios involving multiple vehicles and additional constraints, thereby
presenting increased complexity and practical relevance. By discussing these prob-
lems under a unified heading, we aim to maintain a conceptually coherent taxonomy
while also acknowledging the methodological and contextual distinctions that justify
the continued separate treatment of TSP in QA research.
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VRP refers to the process of determining optimal routes for a fleet of vehicles to
efficiently navigate or deliver goods and services to a set of destinations. It involves
finding the most cost-effective and time-efficient paths for vehicles to follow [37], con-
sidering factors such as distance, traffic conditions, delivery time windows, vehicle
capacity, and customer preferences. VRPs can vary in complexity, ranging from simple
cases with a single vehicle and a few stops to more complex scenarios with multiple
vehicles, multiple depots, and a large number of destinations [38]. In the optimization
and transportation communities, routing problems have garnered considerable atten-
tion [39—41]. The VR domain has piqued interest compared to the aforementioned two
traffic problems due to two primary factors, as stated in [4]. Firstly, routing problems
exhibit high computational complexity, rendering them challenging to address even for
medium-size instances [42]. Secondly, these problems have demonstrated their prac-
ticality in real-world business and logistics scenarios, as well as in leisure and tourism
contexts [43]. In essence, advancements in the development of efficient algorithms for
routing problems yield both economic and social advantages. Consequently, robust
methods specifically tailored to tackle routing problems have experienced a surge in
popularity. Various algorithms and optimization techniques, such as heuristic algo-
rithms [44], genetic algorithms [45], and mathematical programming models [46], are
used to solve VRPs and optimize the allocation of resources. Effective VR can reduce
transportation costs, improve customer service, and enhance operational efficiency for
businesses in industries such as logistics, transportation, and delivery services [43].

TSP is a prominent combinatorial optimization challenge that seeks to determine
the shortest possible route for a salesman to visit each city exactly once and return
to the starting point [47]. TSP is one of the most extensively studied problems in
combinatorial optimization. It involves finding the shortest tour that visits each node
in a given weighted complete graph exactly once and returns to the origin node. A
notable variant of the TSP is the clustered TSP (CTSP) [48], which was first explored
in [49]. CTSP is an extension of the TSP in which the cities are divided into clusters.
In the CTSP, the salesman must visit all the cities within each cluster consecutively
before moving on to the next cluster. When each cluster consists of only one city, the
CTSP reduces to the standard TSP. The difficulty of TSP arises from its combinatorial
nature, where the number of potential routes increases factorially with the number
of cities, making it increasingly computationally intensive to solve as the number of
cities grows. Unlike the VRP, which optimizes routes for multiple vehicles to service
a set of locations with specific constraints (such as capacity and delivery windows),
TSP focuses solely on finding the optimal route for a single traveler. VRP extends the
TSP by adding layers of complexity, including multiple vehicles, varying demands at
each location, and the need to optimize the overall fleet’s efficiency [50]. Numerous
studies have explored various approaches to address the complexity of TSP, leveraging
diverse methodologies to find efficient solutions [51] [52]. The ongoing research and
advancements in solving TSP and its variants demonstrate the problem’s significance
in both theoretical and practical applications, highlighting the continuous need for
innovative optimization techniques. The next sections will explore the fundamentals
of quantum computing, its classification, and the role of QA in optimization.
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4 Foundations of quantum computing and its application
in optimization

Quantum science spans quantum communication, sensing, and computing [53], all
leveraging entanglement and superposition to surpass classical limitations. While
quantum communication enhances encryption security and quantum sensing improves
precision in measurements, QC revolutionizes computation by solving problems
beyond classical capabilities, particularly in combinatorial optimization [53]. Utiliz-
ing qubits that exist in multiple states simultaneously, QC achieves quantum speedup
[54] through superposition, entanglement, and reduced computational steps [55].

QC is classified into digital and analog models. Gate-based quantum computing
(GBQC) operates through unitary gate manipulations, forming the foundation of quan-
tum algorithms and quantum machine learning applications [56]. On the other hand,
analog quantum computing relies on natural quantum state evolution, including adia-
batic quantum computing (AQC), quantum simulation (QS), and QA. AQC optimizes
solutions under adiabatic conditions [57] [58] [59]. Particularly, it utilizes the adia-
batic theorem of quantum mechanics to evolve a physical quantum computer from
an initial state that encodes the problem to a final state that provides the solution
[60—62], which is particularly effective for NP-complete and NP-hard problems [59,
63]. QS enables material science and physics simulations [64], while QA, central to
this discussion, excels in combinatorial optimization, leveraging quantum tunneling
for efficiency beyond classical methods [57].

QA has emerged as a powerful technique for solving combinatorial optimization
problems, leveraging quantum tunneling and thermal fluctuations to achieve faster
convergence compared to classical approaches [57]. QA operates under less stringent
adiabatic constraints, making it more feasible for current hardware implementations
[12, 65]. Furthermore, QA is less sensitive to noise and decoherence than other quan-
tum computing methods, making it particularly well suited for optimization tasks in
traffic signal optimization, vehicle routing, and the TSP. The extensive potential of
QA in solving complex optimization problems highlights its significance across vari-
ous fields. Thus, further research is necessary to fully realize the potential of QA and
its place in QC. [66, 67]. To effectively utilize QA, optimization problems must be
reformulated into mathematical structures compatible with quantum hardware, pri-
marily through (1) Ising model representation, where constraints are encoded into a
quantum Hamiltonian function, and (2) quadratic unconstrained binary optimization
(QUBO), which maps optimization problems onto binary variables with quadratic cost
functions.

The Hamiltonian is a mathematical representation of a system’s energy. In QA,
optimization problems are mapped to a Hamiltonian, where the system’s lowest energy
state corresponds to the optimal solution [68]. The basic idea of QA is to encode
the problem in such a way that it correlates with the Hamiltonian of the system,
so that the states of the quantum system correspond to different expressions in the
search space for the problem. Thereby, the system must be constructed in a way that
solutions of the optimization problem correspond to energetically optimal states of the
quantum system. To achieve this, the cost function of the optimization problem must be
expressed in terms of the total energy of the quantum system [69, 70]. The Hamiltonian
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consists of a driver Hamiltonian and a problem Hamiltonian. The driver Hamiltonian
[71] is a simple Hamiltonian that controls the time evolution of the quantum system in
QA, which describes the system’s energy landscape. The total Hamiltonian consists
of a driver Hamiltonian (Hd) responsible for quantum fluctuations and a problem
Hamiltonian (H p), which encodes the optimization function, as presented in (1). The
s(t) is a function controlling the gradual shift from exploration to convergence. If
this transition occurs slowly enough, the system remains in its lowest energy state,
yielding an optimal solution. The system transitions from the driver to the problem
Hamiltonian according to the annealing schedule:

H(t) = (1 —s@t))Hd +s(t)Hp 1

To represent problems in a form suitable for QA, they are often converted into a
quadratic unconstrained binary optimization (QUBO). QUBO is a type of optimization
problem represented by a quadratic objective function [72] [73] [74], involving binary
variables as presented in (2). The x is a binary vector (i.e., each element is either O or
1), QO is a symmetric matrix of real-valued coefficients, and c is a constant. It aims to
minimize the objective function while adhering to constraints that enforce the binary
nature of the variables.

fx)y=x"Qx+ec 2)

This formulation enables classical optimization problems to be efficiently mapped
onto quantum hardware for computation. By leveraging the inherent parallelism of
quantum systems, QA efficiently explores large solution spaces, making it a promising
approach for traffic optimization problems such as vehicle routing, traffic flow control,
and urban mobility planning.

The following section explores key elements and terminologies relevant to QA-
based traffic optimization, emphasizing the factors that must be considered in problem
formulation and implementation.

Mapping Optimization Problems to QUBO for Traffic Applications: QA to
traffic optimization involves systematically reformulating real-world challenges into
QUBO problems. Figure 1 illustrates this mapping process, which translates tasks such
as TSC, vehicle routing, and the traveling salesperson problem into a computational
framework compatible with quantum hardware. The process begins with identify-
ing problem-specific inputs. For TSC, this includes intersection layouts, traffic flow
data, and signal timings. VRPs require data on customer locations, delivery windows,
and vehicle capacities, while the traveling salesperson problem relies on graph rep-
resentations of cities, routes, and distances. These inputs define the objectives and
constraints essential for optimization. Next, these inputs are formulated into a mathe-
matical model, where the objective functions capture goals, such as minimizing travel
time or congestion. Constraints, such as vehicle capacities or signal timing limitations,
are incorporated to ensure practical solutions. This formulation is then encoded into
a QUBO objective function, consisting of linear terms for individual variables and
quadratic terms for interactions, with penalty terms enforcing constraints. The QUBO
function is translated into a matrix representation, where diagonal elements represent
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Fig. 1 Mapping Traffic Optimization Problems to QUBO Formulations

linear coefficients and off-diagonal elements encode pairwise interactions. This matrix
is essential for compatibility with QA solvers, which minimize the QUBO objective
function using quantum tunneling and parallelism. The resulting binary configurations
represent actionable strategies, such as optimized traffic signal timings or efficient
routing plans. By leveraging QA, this approach efficiently addresses the complexity
of NP-hard traffic optimization problems. Figure 1 provides a visual representation
of this workflow, linking theoretical principles with real-world applications in urban
mobility.

As a practical example, the problem of optimizing traffic signals is considered.
To encode the traffic signal optimization problem into a QUBO model, we define
binary variables x; ; € {0,1} indicating whether traffic phase i is active at time step
t. The objective is to minimize total vehicle waiting time across all intersections,
represented by Zi’tw,-,, e x; ; where w; ; is the predicted waiting time if phase i is
active at time ¢. Constraints such as "only one phase active at any time" are enforced
using quadratic penalties like th( YoiXii— 1)2, and minimum green duration is

enforced by penalizing phase switches within short intervals: A2} ; t(x,', r— Xit+ 1)2.

The full QUBO objective is then expressed as a weighted sum of the linear cost
function and all quadratic constraint terms, leading to a matrix Q suitable for quantum
annealing. (C3).
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5 Key elements and terminologies in quantum annealing and traffic
optimization

The process of traffic optimization using QA involves various elements that require
careful consideration to optimize traffic flow. These elements are not limited to the
ones mentioned in Fig. 2, but they provide valuable insights to researchers who seek a
comprehensive and clear understanding of the most critical factors to be considered,
as shown in Fig. 2.

1. Problem Formulation: Problem formulation is a crucial step in optimizing
traffic flow using QA. It involves defining: 1) The objective function may involve
minimizing total travel time, the number of stops at traffic signals, maximizing vehicle
throughput, or reducing congestion. 2) Constraints consider network physical limita-
tions, environmental factors, and safety requirements. 3) Input data includes traffic
flow rates, patterns, signal timings, and halting cars. 4) Solution representations can
include binary variables for signal timings, continuous variables for flow rates, or com-
binations of both. 5) Problem size handling may involve breaking up large networks
or optimizing regions separately. Thus, accurate problem definition enables effective
optimization using QA.

Key Elements of Optimizing Traffic
Flow using Quantum Annealing

Objective functions

Constraints

Quantum Annealing Hardware The Problem
. Input data
Classical Preprocessing Formulation
Quantum

Solution representations
Quantum Annealing Parameters ¥ Anneallng

Algorithm

Problem size

Hybrid Quantum-Classical Methods
Quantum Error Correction  ~ Geographic location

Network size and complexity
Traffic volume
Network Network structure
Traffic flow patterns
Topology Traffic flow patterns
Traffic speeds
Traffic Traffic density
Traffic density S s
Characteristics Road type
Traffic composition

Traffic incidents Implementation Challenges

——

Environmental conditions 7 Scalability

Real-world :
= = Integration with Existing Systems
Total travel time implementation
Cost-effectiveness

Number of vehicles moved

Performance Evaluation
Level of congestion Evaluation
Energy consumption Criteria

Safety

User satisfaction

Fig. 2 Key Elements of Optimizing Traffic Flow
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2. QA Algorithms: QA algorithms play a critical role in solving traffic optimiza-
tion problems. It is made up of the following parts: 1) QA hardware aspects are crucial
to take into account, including the particular QA processor, its architecture, and the
number of qubits; 2) the problem is encoded into appropriate representations such
as Ising or QUBO formulation as part of classical preprocessing; 3) QA parame-
ters, such as annealing time, schedule, temperature, and repetitions, can be tuned for
optimal results; 4) hybrid quantum—classical methods combine classical optimization
techniques and quantum-inspired classical algorithms to enhance performance; and 5)
quantum error correction techniques mitigate noise and errors through encoding into
larger logical qubit spaces and error mitigation techniques.

3. Network Topology: Network topology encompasses factors like geographic
location, network size and complexity, structure, traffic flow patterns, density, and
road types. These factors differ based on urban, suburban, or rural settings, ranging
from small-scale to large-scale networks, grid, hub-and-spoke, or ring structures, and
unidirectional, bidirectional, or multi-directional flow. Traffic density varies from low
to high, and road types include highways, arterial roads, and local roads. Considering
these factors is vital for creating an effective traffic flow management system.

4. Traffic Characteristics: Traffic characteristics such as volume, flow patterns,
speeds, density, composition, incidents, and environmental conditions require careful
consideration for traffic optimization. Traffic volume fluctuates based on time and other
factors. Flow patterns impact overall efficiency and can vary during the day. Speeds
are influenced by congestion, road conditions, and driver behavior. Traffic density
affects capacity and flow. Different vehicle types in traffic composition have unique
characteristics and space requirements. Incidents disrupt traffic flow, and environmen-
tal conditions like weather and visibility play a role. Considering these characteristics
helps create an effective traffic optimization strategy.

5. Real-World Implementation: Real-world implementation of traffic optimiza-
tion using QA involves addressing critical elements for successful implementation.
Thus, implementation challenges may include technical, regulatory, or logistical hur-
dles. Scalability considers the method’s ability to adapt to different network sizes
and complexities. Integration with existing traffic management systems necessitates
addressing compatibility, data exchange protocols, and software and hardware con-
figurations. Cost-effectiveness compares the proposed method to traditional control
approaches. Performance evaluation involves testing the method on a real traffic net-
work and assessing metrics like travel time, flow, and congestion levels.

6. Evaluation Criteria: Evaluation criteria for traffic optimization include total
travel time, vehicle throughput, congestion levels, energy consumption, safety (acci-
dents and collision severity), and user satisfaction. These criteria provide a holistic
assessment of system performance.

In addition, Table 2 presents common terminologies related to QA and traffic
optimization. Highlighting these terms aims to provide researchers with a deeper
understanding of the intersection between QA and traffic optimization by defining the
terminologies and their key aspects. The following section will cover the SLR, detail-
ing the research protocol, data analysis, and critical analysis of the selected papers.
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Table 2 Terminologies Related to Quantum Computing and Traffic Optimization in Transportation Engi-

neering

Terminologies Definition Key Point

Ising Model * Mathematical model used to describe the Exploring Magnetic
behavior of magnetic materials in Behavior
statistical mechanics

Qubit  Basic unit of QC, capable of storing and Building Blocks of QC

Quantum Optimization

Annealing

QA Machine

Adiabatic QC

Traffic Flow

Traffic Congestion

Traffic Analysis

Capacity Analysis

Traffic Simulation

Intersection Geometry

Traffic Signal Detection

processing information in quantum states

Field of QC focused on finding optimal
solutions to given problems, such as
efficient routes in traffic optimization

Method in QC and traffic optimization to
find optimal solutions by gradually cooling
the system to a low-energy state

Quantum computers are designed to solve
optimization problems using the annealing
algorithm, such as finding optimal routes
in traffic optimization

Method of QC that uses the adiabatic
theorem to solve optimization problems,
such as finding optimal routes in traffic
optimization

Movement of vehicles on a roadway
system, measured by volume, speed, and
density

Occurs when demand for roadway
capacity exceeds supply, resulting in
slower speeds, longer travel times, and
increased delays for drivers

Study of traffic patterns and behavior on a
roadway system to identify trends and
improve traffic flow

Study of maximum number of vehicles
that can pass through a roadway section or
network under different traffic conditions

Use of computer models to simulate
vehicle movement on a roadway system,
optimizing signal timing and design factors
Physical layout of an intersection,
including lanes, turning lanes, islands, and
medians, impacting traffic flow and safety

Use of sensors to detect vehicle presence at
an intersection, adjusting signal timing to
optimize traffic flow and minimize delays

Seeking Optimal Solutions

Solving Complex Energy
Landscapes

Harnessing Quantum

Optimization

Leveraging the Adiabatic
Theorem

Modeling Vehicle
Movement

Mitigating Congestion

Studying Traffic Patterns

Evaluating Roadway
Capacity

Simulating Traffic
Dynamics

Analyzing Intersection
Layout

Monitoring Vehicle
Presence
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Table 2 (continued)

Terminologies Definition Key Point
Traffic signal control ¢ Management of traffic flow involves Managing Traffic Signal
optimizing the timing of traffic signals at Operations

intersections to minimize congestion. This
includes adjusting the duration of green,
yellow, and red phases in the traffic signal
cycle to enhance traffic flow and reduce
delays

Signal Phasing Timing and sequencing of traffic signals at ~ Coordinating Signal
an intersection, determining right-of-way Sequences

for different traffic directions

Traffic Signal Cycle Sequence of signal phases occurring at an Managing Signal Phase
intersection over time, enabling all traffic Sequences

movements to occur

Signal Coordination « Process of synchronizing traffic signals at Synchronizing Traffic
multiple intersections to create (e.g., green Signals
wave) for more efficient traffic movement

Traffic Signal Preemption ¢ System allowing emergency vehicles to Prioritizing Emergency
change TSC, clearing a path through Vehicles

intersections for quicker and safer response

6 The Systematic literature review and its elements

This section presents a systematic review of the literature on optimizing traffic in
transportation engineering using QA. The review followed a research protocol that
involved searching for relevant articles, selecting studies based on specific inclusion
criteria, and critically analyzing the quality of these studies.

6.1 Research protocol and the data analysis

This study follows a systematic literature review (SLR) approach to examine the role
of QA in traffic optimization. The objective is to review and analyze recent research
developments in traffic optimization using QA, identifying key contributions, trends,
and challenges in the field. A structured research protocol was employed to ensure a
comprehensive and rigorous review of relevant studies (see Fig A. in Appendix for
an overview of the research protocol). To retrieve relevant articles, a keyword-based
search strategy was implemented across four major scientific databases: IEEE Xplore,
ScienceDirect, Web of Science, and Scopus. The search focused on peer-reviewed
journal articles, conference proceedings, and review papers published between 2010
and 2024 to ensure coverage of recent advancements, while book chapters and non-
English language publications were excluded. The primary search keywords used were
designed to capture studies related to traffic optimization problems and their intersec-
tion with quantum computing. Specifically, the search included the terms: ("'Traffic
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Signal'' OR "Vehicle Routing' OR ''Traffic Flow'' OR "Traveling Salesman'') AND
(""Quantum Computing' OR "QA' OR "QUBO'" OR "DWAVE'" OR "Qiskit").

To ensure a comprehensive review, additional searches were conducted using four
inquiry-based search queries designed to further explore the intersection of traffic-
related topics and quantum computing. The first query focused on traffic signal
optimization by searching for studies related to ("' Traffic Signal'' OR "'Traffic Light"
OR "'Traffic Congestion'') AND ("'Quantum Annealing'' OR "'Adiabatic Quantum
Computing'' OR "Quantum Approximate Optimization' OR ''Simulated Quantum
Annealing'' OR "Quantum Metropolis'' OR ""QUBO"). The second query targeted
traffic flow studies, using ("' Traffic Flow' OR "Traffic Congestion'') AND (''Quan-
tum Computing'' OR ""Quantum Annealing'' OR ""Adiabatic Quantum Computing''
OR "Quantum Approximate Optimization'' OR '"'Simulated Quantum Annealing'
OR ""Quantum Metropolis' OR ""QUBO"). The third query addressed vehicle rout-
ing problems, employing the keywords (''Routing Problem' OR ''Vehicle Routing
Problem'' OR "Optimal Route Planning'' OR '"Routing'') AND (''Quantum Com-
puting" OR '"'Quantum Annealing' OR ''Adiabatic Quantum Computing' OR
"Quantum Approximate Optimization' OR ''Simulated Quantum Annealing'' OR
"Quantum Metropolis'"' OR "QUBQO'"). The fourth and final query focused on the
traveling salesman problem, using (''Traveling Salesman'' OR "Optimal Route Plan-
ning'') AND ("' Quantum Computing'' OR ""Quantum Annealing'' OR "Adiabatic
Quantum Computing'' OR "Quantum Approximate Optimization' OR "'Simulated
Quantum Annealing'' OR "'Quantum Metropolis'' OR "QUBO").

The retrieved articles were systematically screened by reviewing titles and abstracts
to remove duplicates and irrelevant studies. The remaining articles underwent a full-
text review and were classified based on their contributions to QA-based traffic
optimization. A total of 73 research articles were included in the final dataset and
divided into three main categories: TSC with 6 articles (8%), TFO with 11 articles
(15%), and RPs with 56 articles (77%), which were further split into VRP with 33
articles (45%) and TSP with 23 articles (32%). The publication trend over the last 14
years (2010-2024) indicates a significant rise in research on QA-based traffic opti-
mization, particularly in VRP and TSP applications. The highest number of articles
were published between 2020 and 2021, reflecting the growing interest in leveraging
quantum computing for transportation challenges.

6.2 Critical examination and discussion on related studies

In this section, an in-depth critical review of the related works is provided. According
to the protocol of the systematic review followed in this paper, the classification of
published articles on QA into three distinct groups highlights the different aspects of
traffic optimization that researchers have been exploring: 1) TSC; 2) TFO; and 3) RPs.

These four categories demonstrate the potential of QA to revolutionize the trans-
portation industry by improving the efficiency and sustainability of transportation
systems. With the ability to analyze and optimize traffic patterns, route planning,
and overall transportation networks, QA can enhance transportation efficiency, reduce
travel times, and improve the overall quality of life for commuters.
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6.2.1 Traffic signal control

TSC involves using QA to analyze real-time traffic data and adjust signal timings,
resulting in improved TF and reduced congestion.

Few studies have proposed the use of QA for TSC and optimization. For exam-
ple, in a study on TSC, Hussain et al. [75] have addressed the TSC problem using
QA. They formulated the problem as a QUBO and used QA with D-Wave to solve
the problem. At first, they have proposed six phases for an intersection, whereas the
phase selection is based on the number of halting cars, with the goal of clearing the
maximum number of vehicles waiting at any given time. The subsequent intersections
were coordinated by examining the phase’s influence j on intersection i and finding
compatible phases of nearby intersections. Besides that, they have considered synchro-
nizing nearby intersections by assigning coefficients A3 and A3/ to straight going and
straight/right turning modes, respectively, to achieve signal coordination and create
“green waves” for continuous TF. The travel time between intersections (Aw) for an

average car is calculated based on road segment length and speed limit. Parameters t;;/
ensure mode synchronizing only happens when a car has enough time to move from
intersection i to i’. Mode synchronizing occurs when the car is close to the signal at
the end of the segment, taking approximately 4 s to cross. Binary variables z;;» and C;;
were utilized, along with constant factors A,, A3, and A3/. To ensure at least one mode
is active at each intersection, a constraint term was added. The objective function,
as presented in (3), depended on the situation being modeled, allowing flexibility in
assigning values to A3 and A3/.

n 6 n 6
Obj =—x1 Y Y cijxij—22 Y Y cijxijlti.ars3CaraXar.a + T 23/Cor b X1 b
i=1 j=1 i=1 j=1

6 2

+ T, MCo o Xer e + T M /CaraXaral +ha Y | 1= xij
i j=1

3

In contrast to the problem optimization of traffic signals, as discussed in [75], the
issue addressed in [76] involved determining the optimal duration of each phase based
on the number of vehicles instead of the optimal phase. To achieve this, the problem is
also formulated as QUBO in [76]. At the beginning, the authors have used the QUBO
formulation to select the optimal phase as same as [75]. Then, the optimal phase is
compared to the current phase in order to determine the appropriate time duration.
Within the study, two predefined time durations were assigned for each phase: 20 s
and 40 s. For instance, if the current phase matches the optimal phase, the duration is
set to 20 s, whereas if they differ, the duration is set to 40 s. The objective function, as
expressed in (4), aims to minimize delay time and to maximize traffic flow. However,
it is important to note that the time selection process is hardcoded and not determined
through the QUBO algorithm. The role of the QUBO algorithm is solely to identify the
optimal phase, while the determination of the appropriate duration is handled through
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the hardcoding process.

2

Obj =" cyxij+ry_[1-) x;j 4)
i Jj i Jj

Inoue et al. [77] have attempted to address the problem of optimization of traffic
signal operation in a large-scale urban city to minimize the imbalance of traffic flows
in two orthogonal directions. In their study, a combinatorial optimization problem has
been formulated as an Ising Hamiltonian, which is compatible with QA machines.
This problem setting was basically following the study in [78]. The goal was to
find the optimal solution that achieves a global balance of traffic flows throughout
the entire city, which is a difficult problem due to the exponential computational
complexity of the combinatorial optimization. The key variables that have been
used to optimize the traffic signals are the traffic flow bias at each intersection,
represented by the quantityx;(s), and the signal state at each intersection, repre-

sented by the vector o := [01, e aLz]T. The traffic flow bias is computed using
the difference equation gij(f +1) = ¢;;(¢) + X‘T’( — 0 +ao j), where ¢;; represents
the number of vehicles in the traffic lane from intersection j toi, o := 2a — 1
and s;; € {£1} is the direction of the lane from node j toi. The traffic sig-
nal state at each intersection is determined by minimizing the objective function
Ho@®):=xt+ D) x@t+ 1) +nc@)—o@—1)T (o) —o(r — 1)), where x(1)
is the flow bias vector and 7 is a weight parameter for determining the ratio between
the two terms in the objective function. The objective function, as written in (5), is
then minimized to find the traffic signal state o7(t) that suppresses the flow bias during
the next time step at each intersection and prevents the traffic signal state from switch-
ing too frequently. However, the proposed method is demonstrated through numerical
experiments, and a theoretical basis for the correspondence between the local and
global control methods is established.

Ho@) :=xt+D) xt+D)+nc@)—c@t—1)" (@) —c@—1), (5)

Another study [79] developed Non-dominated Sorting Quantum Genetic Algorithm
(NSQGA), an improved algorithm that integrates QC and self-adaptation, to optimize
TSC plans at an isolated intersection and solve multi-objective optimization prob-
lems (MOOPs) in traffic systems. The existing NSGA-II algorithm cannot achieve
satisfactory results in saturation or oversaturation conditions, where the demand for
road space exceeds its capacity, causing a breakdown in traffic flow. NSQGA aims
to address this issue. In their mathematical model for optimizing signal timing at an
isolated two-phase intersection, four performance indexes are considered for opti-
mization: traffic capacity, stop times, vehicle delay time, and non-motorized traffic
delay time. A numerical simulation is conducted on MATLAB using the proposed
NSQGA algorithm to find the optimal solution. The capacity of the intersection (Q)
is expressed as a function of the saturation flow rate, effective green light time, and
cycle length. The stop time (H) is a function of the green split, vehicle flow ratio,
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and vehicle arrival rate. Delay time (D) is divided into vehicle delay time (Dy) and
non-motorized traffic delay time (Dy 7). Dy is a function of the vehicle arrival rate,
green split, and saturation flow rate, while Dy 7 is a function of the pedestrian and
bicycle arrival rate, saturation flow, and green split. The optimization problem can
be expressed as a multi-objective function, where the objective is to minimize Dy,
Dyyr, H, and maximize —Q, as written in (6).

The problem involves optimizing TSCs subject to constraints such as minimum and
maximum green times, green splits, yellow times, and cycle length. The key variables
are gimin»> &2min> &lmaxs 2max (Minimum and maximum green time during phase i),
Mmins Aamin (minimum of the green split during each phase), Cpin, Cppax (minimum
and maximum of the signal cycle), and 11, A, (yellow time during each phase). For
more information on the mathematical model and its implementation, please refer to
Ref [79].

min_DV(gl’ g2, C), Dnmr (g1, 82, C), H(g1, &2, C),]
_Q(gls 82, C)

8imin = 81 = &lmax
82min = 82 = &2max 6)
g1 = )\lminc
82 = AominC
Cmin = C =< Cmax
g1+ +r +r=C

s.t.

Building on the previous points, it is essential to briefly conclude by considering the
comparative analysis of quantum and classical approaches to TSC, which revealed sig-
nificant advancements and persistent limitations. For instance, the study [79] employed
aclassical NSQGA solver, demonstrating a 5.45% improvement in traffic capacity and
a23.08% reduction in stop times. The benchmark strength was moderate, as NSGA-II
was a robust multi-objective optimization algorithm, though not specifically tailored
for TSC. However, the study was limited by its focus on isolated intersections and lack
of real-world testing. Conversely, the study [75] leveraged D-Wave’s 2000Q quantum
annealer, achieving notable time savings with hybrid solvers. The benchmark strength
lay in the weak performance of fixed signal cycles, which were not adaptive and
failed to respond dynamically to fluctuating traffic conditions, leading to inefficien-
cies during peak times and underutilization during off-peak hours. Yet, this study’s
generalizability was restricted by assumptions of symmetric intersections and limited
modes per intersection.

The [76] emphasized QUBO cycles’ excellent flexibility with a 22.19% speed
improvement, but fixed cycles demonstrated poor adaptability and C-QUBO per-
formed moderately. However, it only included two intersection models and simulated
data. In [77], multiple methods improved synchronization and signal correlation, with
local control performing weakly and simulated annealing demonstrating substantial
flexibility but constrained by simulation-based results and uniform traffic assumption.
Finally, [80] highlighted QA’s improved traffic reduction and energy efficiency for
bigger networks, despite limited by quantum hardware scalability.
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Research studies demonstrated the promise of QA for TSC, but they also pointed
out its drawbacks. The complexity of traffic in the real world might not be captured by
simulations, and the high error rates and qubit restrictions of quantum annealers present
additional computational difficulties. Applicability is further limited by assumptions
of uniform traffic flow, underscoring the necessity of investigating quantum-based
TSC techniques for practical scenarios.

6.2.2 Traffic flow optimization

Traffic flow optimization is a multifaceted discipline that aims to enhance the effi-
ciency of transportation systems and alleviate congestion. Quantum algorithms offer
promising solutions to optimize traffic patterns and improve travel experiences. This
section critically examines various computational optimization problems that address
the challenges of traffic congestion, presenting a comprehensive review of related
studies and articles that proposed innovative solutions to optimize traffic flow.

Optimizing bike sharing systems (BSS) and effectively tackling the bike shar-
ing system rebalancing problem (BSS-RBP), for example, have garnered significant
attention from researchers and practitioners alike. In [81], Harikrishnakumar and
Nannapaneni employed the quantum approximate optimization algorithm (QAOA) to
address the resource planning problem in transportation networks, specifically focus-
ing on optimizing BSS and solving the BSS-RBP. The BSS-RBP involved a fixed
number of vehicles (k) and considered demand at different bike stations. The authors
formulated the problem as a QUBO and proposed an objective function, as in (7), to
minimize the distance traveled by the vehicles across all supply and demand stations,
with the aim of reducing travel time and congestion.

f ()= Min Z Djjxi; + Z Diixix

iel i £k
jeJ i,kel
+ Z Djhxjh+ZDiMi+ZDjnj
J#h iel jel
Joheld (N

where are indices i, j, k, and & to represent supply and demand bike stations, binary
variables x;;, xj, and x; to indicate bike station serving and vehicle traveling, u;
and n; to represent the first supply bike station served and last demand bike station
served before reaching the parking lot, and D;;, Djx, and D, to represent the dis-
tances between bike stations. In another study, Harikrishnakumar et al. [82] compared
QAOA and QA for rebalancing optimization across three bike stations, highlighting
the superiority of quantum optimization algorithms. However, the study acknowl-
edged some limitations that needed to be addressed, including the investigation of
error correction techniques and the conduct of a large-scale analysis on both QAOA
and QA frameworks. These areas of improvement would enhance the understanding
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and applicability of quantum optimization algorithms in addressing resource planning
challenges in transportation networks, particularly in the context of BSS.

Resource allocation optimization is another crucial optimization problem that plays
a pivotal role in addressing the lane reservation problem, contributing to the effective
management of traffic flow. The study by Wu et al. [83] has addressed the lane reser-
vation problem in transportation, with a specific focus on large sporting events. The
objective was to choose and reserve lanes in the existing transportation network exclu-
sively for time-guaranteed transportation tasks during these events while minimizing
the overall impact on normal traffic. Wu et al. have proposed a quantum evolutionary
algorithm (QEA) that leverages the principles of QC and has demonstrated exceptional
performance in solving combinatorial problems. The objective function was expressed
as ) ; jeaCijZij> which subjected several constraints, such as ensuring feasible paths,
lane reservation restrictions, and preventing the total travel time from exceeding the
deadline. For instance, the constraint x;;; < yijs, (i, j) € A, Vs € § ensures that a
reserved lane exists only if a travel path from the source node to the destination node
passes through the arc (i, j). The decision variables, namely x;;s, yijs, and z;;, repre-
sent the choices regarding lane reservation and path selection. In their study [83], three
scenarios with different destination nodes were tested. With a runtime of 520.167 s as
opposed to 1442.709 s for IBM CPLEX, the QEA algorithm obtained a solution gap
of 0.862%-3.344%. A simplistic model, static traffic assumptions, and a lack of vali-
dation were among the drawbacks, though. In order to compare different approaches
for lane reservation at major athletic events and enhance efficiency, scalability, and
practical application, more study is required.

Wang et al. [84] introduced an approach called QA and brain-inspired clustering
algorithm (QABICA) to optimize urban taxi stand locations for better accessibility
and traffic flow. Using location bias as a metric, QABICA outperformed K-means,
reducing bias by 83% (weekdays) and 57% (weekends) in Xi’an, and 42% and 81% in
Chengdu. Its advantage lies in avoiding local optima, improving clustering compared to
K-means. However, computational complexity remains a challenge. Further research
is needed to enhance its efficiency and impact on urban transportation.

In addition to that, Deng et al. [85] addressed the gate allocation problem in air-
ports, aiming to optimize passenger walking distances, balance gate idle time, and
maximize the use of large gates. They proposed an improved QEA, which com-
bines niche co-evolution and enhanced particle swarm optimization (PSO) techniques,
called improved population-based optimization quantum-inspired evolutionary algo-
rithm (IPOQEA). The study focused on optimizing gate allocation in airports with
multiple objectives and constraints. The method was validated using real data from
Baiyun airport and proves effective in addressing passenger needs and optimizing gate
allocation. The experimental comparison between ant colony optimization (ACO),
improved ACO, e.g., stochastic ant colony optimization (SACO), quantum-inspired
QEA, and the proposed IPOQEA revealed that the [POQEA achieved the highest gate
allocation rate (93.22%). It required the fewest iterations (average of 95) to find the
optimal value and demonstrated superior stability with the lowest standard deviation.
The proposed IPOQEA algorithm showed promising performance, but there are limita-
tions to consider. For example, the study relied on specific objectives and real operation
data from a single airport, which may limit generalizability to other airports. Future
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work should explore the dynamic nature of gate allocation and consider disruptions to
enhance the method’s robustness. Additionally, incorporating machine learning tech-
niques and data-driven approaches could improve optimization and adaptability to
diverse airport environments and changing operational requirements.

One crucial factor in mitigating traffic congestion is the effective management
of visitor routes. By tackling this optimization problem, significant improvements
can be made in traffic flow. For instance, a recent study utilized Ising machines to
address the issue of recommending visiting routes in amusement parks [86]. This
approach involved mapping the problem to a QUBO model and employing actual
simulated annealing to generate efficient solutions. The primary goal was to enhance
visitor satisfaction and experience by optimizing the attraction-visiting route, thereby
minimizing both waiting and traveling times. Ultimately, this optimization would
contribute to an overall improvement in visitors’ experiences. The proposed method
was evaluated using two samples based on real amusement parks. However, it is
worth noting that the comparison between the samples was not entirely fair due to
discrepancies in the experimental setups. Notably, the study did not consider waiting
time as a time-dependent variable or explore its efficient QUBO mapping, despite
its potential to enhance attraction experiences. These limitations must be carefully
addressed and overcome to ensure the effectiveness and practicality of the approach.

The study [87] addressed the limited connectivity between artificial spins in QA
on the chimera graph. To overcome this, the authors proposed an alternative approach
using the Hubbard—Stratonovich transformation or its variants from statistical mechan-
ics. This allows for solving large-scale optimization problems on the chimera graph
without embedding. The proposed method provides non-trivial results for optimization
problems with fully or partially connected spins. The approach was tested on partition
problems and traffic flow optimization in Sendai and Kyoto cities in Japan. Traffic
flow optimization was achieved through a combination of QUBO, neural networks,
and the D-Wave 2000Q quantum annealer. Binary variables,q,, ; , representroute selec-
tion for each car i and route . The constraints for route selection were decomposed

2
by substituting the quadratic term in foq) : f(q) — fo) = %Z,(ZM Gu,i — 1) ,
2
where foq) is expressed asfoq) = %Ze (Z# > Se,,u-qﬂ,i) . The original
2
quadratic term,y e( > i Su, i,eqw-> , was transformed into a decomposed quadratic

term,) v, ( Do Sﬂ,i,equ’i). Here, S,,,i . represented car i’s occupation of road seg-

ment e for route L. A was a large, predetermined parameter, and v, denoted Lagrange
multipliers. The effective Hamiltonian was simplified to an Ising model in local mag-
netic fields as written in (8).

The expected value of the effective Hamiltonian was obtained deterministically
as (qu.i) = Spu=pr where pj = argmax, (h W'). Different sampling methods were
compared to address the local minima issue, including the deterministic approach,
Gibbs—Boltzmann distribution, and D-Wave 2000Q quantum annealer. With 350 cars
and 3 candidate routes per car, the D-Wave 2000Q outperformed deterministic and
classical methods, achieving lower-energy solutions. The method was tested in Sendai
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and Kyoto cities, surpassing the shortest path policy and yielding superior results
compared to the Fujitsu digital annealer.

2
H(qv) ==Y huigui+ % > (Z Qi — 1) ®)
7 i I

Expanding on the insights regarding traffic flow optimization, it is essential to briefly
conclude by evaluating the implications of these findings and their potential impact
on future developments. For instance, the study [83] employed a hybrid quantum—
classical approach, demonstrating that while the QEA had a stable computation time
compared to CPLEX, the average gap for QEA was 2.203% relative to CPLEX. The
benchmark strength was strong due to CPLEX’s established efficiency and accuracy,
providing a robust baseline for evaluating QEA. However, the study lacked real-world
validation and was specific to isolated intersections. In another study [88], the improved
IQEA showed a reduced gap of 1.45% compared to CPLEX and outperformed both
QEA and CPLEX in computation time. The benchmark strength was effective, as both
QEA and CPLEX offered fair and reliable comparisons for assessing improvements.
Despite this, the study faced implementation challenges and relied on static traffic
assumptions.

Furthermore, studies such as [86] and [89] demonstrated significant improvements
in solution quality, computation time, and feasibility probability over simulated anneal-
ing (SA). The benchmark strength was fair, given the similar conditions and standard
metrics used for comparison. Nonetheless, the study did not consider waiting times,
which affected the fairness of the comparison. In [84], the QABICA algorithm showed
a 61.4% average improvement over the K-means algorithm in optimizing urban taxi
stand locations. The benchmark strength was moderate, as K-means, while widely
used, had limitations in handling complex spatial distributions. This study was lim-
ited by computational complexity and reliance on average location bias. Similarly,
the study [90] utilized QA approaches from D-Wave, Fujitsu, and NEC, showing
a 5% improvement in cargo load optimization and an 8% improvement in invest-
ment portfolio optimization. The benchmark strength was strong due to the significant
improvements observed in solving complex optimization problems. Even so, the study
faced emerging practical application limitations. In [82], the D-Wave hybrid solver
consistently outperformed QAOA on IBM Qiskit, achieving a minimum cost of 11 in
all tested scenarios. The benchmark strength was fair, as both quantum approaches
addressed the same optimization problem under similar conditions. Nevertheless, the
case study was limited to three bike stations.

Moreover, the study [81] employed IBM Qiskit, showing a 15% reduction in overall
distance traveled compared to classical methods. The benchmark strength was strong
due to well-established classical methods, with the hybrid QAOA approach demon-
strating significant improvements in efficiency and distance minimization. This study
did not address any specific limitations. Finally, [91] utilized Fixstars Amplify anneal-
ing engine and D-Wave advantage, achieving an 86% improvement in POI satisfaction
and a 64% improvement in trip cost. The benchmark strength was robust, as Bao etal.’s
[92]’s and Atobe et al.’s [93] methods provided rigorous standards for comparison.
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However, the study was limited by input size constraints of Ising machines and depen-
dence on subQUBO partitioning quality.

In conclusion, the reviewed studies demonstrated the potential of quantum algo-
rithms in optimizing various aspects of transportation systems, as highlighted in Table
III. QAOA and QA have shown promise in addressing resource planning challenges in
BSS [81, 82], lane reservation problems [83], urban taxi stand locations [84], and gate
allocation in airports [85]. These quantum optimization algorithms offer improved
solutions compared to classical techniques, although further research is needed to
address limitations such as error correction, computational efficiency, scalability, and
practical implementation challenges. Additionally, studies leveraging Ising machines
and QA have showcased their effectiveness in optimizing visitor routes and traffic flow
[86, 87]. However, certain limitations, such as fair comparisons and the consideration
of time-dependent variables, need to be addressed to ensure the practicality and effec-
tiveness of these approaches. Overall, these studies provide valuable insights and lay
the foundation for future research in QA for traffic flow optimization.

6.2.3 Routing problems

This section critically examines studies that apply QA to RPs, encompassing both VRP
and TSP. Although TSP is a special case of VRP, it has been extensively investigated
in QA research due to its algorithmic simplicity, benchmark status, and compatibility
with QUBO formulations. Conversely, VRP instances present increased complexity
and practical relevance, often involving multiple vehicles, capacity constraints, and
dynamic conditions.

VRP is a highly challenging task in scheduling and optimization [94]. VRP is an
NP-Hard optimization problem that has been widely studied over the last decades
due to its wide practical applications. Researchers have been drawn to VRP due to its
potential for significant cost reduction in transportation and logistics distribution [43,
95]. VRP aims to find the optimal route for a fleet of vehicles to serve a set of customers
[96]. Various variations of VRP have been proposed, introducing constraints such as
time [97], capacity [98], and distance [99]. While several algorithms have been pro-
posed to solve VRP problems [37], classical approaches tend to be computationally
intensive and inefficient for larger problem sizes. In recent years, there has been a
growing interest in leveraging QC to address VRP [100, 101]. General-purpose quan-
tum algorithms like variational quantum eigensolver (VQE) [102] and QAOA [100]
have been investigated for solving VRP on quantum computers. Due to the complexity
of the problem, solvers are usually designed for specific variants and do not generally
scale well to larger problem instances [103].

In a study conducted by Syrichas and Crispin [104], QA was proposed as a solution
for VRP. Their approach aimed to simplify the tuning process of control parame-
ters by utilizing runtime behavior measurements. This empirical method successfully
reduced the number of control parameters to just one and achieved new, best-known
solutions for large-scale VRP instances. However, to enhance the applicability of their
approach, further analysis of fitness clouds and exploration of heterogeneous fleets
are necessary. By leveraging the power of QA, Syrichas and Crispin demonstrated
the potential for addressing complex VRPs at scale. In another research paper by
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Tlili et al. [105], a simulated annealing-based decision support system (SDSS) was
developed to solve VRPs by integrating Geographic Information Systems (GIS) and
optimization techniques. The architecture of the SDSS effectively combined GIS data
with simulated annealing, resulting in favorable performance in terms of computation
time and solution quality. By incorporating a mathematically formulated objective
function and considering various constraints, the SDSS demonstrated robustness in
solving VRPs. Moreover, the practical applicability of the SDSS was enhanced by
implementing the simulated annealing algorithm on standard computing hardware.
Tlili et al. highlighted the effectiveness of integrating GIS and simulated annealing
for optimized vehicle routes, showcasing the potential of such approaches in solving
VRPs efficiently.

The studies by Syrichas and Crispin [104] and Tlili et al. [105] represent two
different approaches to tackling VRPs. While Syrichas and Crispin focused on the
potential of QA for addressing large-scale VRP instances, Tlili et al. highlighted the
effectiveness of SDSS that integrates GIS and optimization techniques. These studies
contribute to the ongoing advancements in the field of VRPs by exploring diverse
techniques and methodologies. Future research could explore the interplay between
QA and simulated annealing-based approaches, considering their respective strengths
and limitations, to develop comprehensive solutions for a wide range of VRP scenarios.
In recent years, several studies have explored the application of QA techniques in
solving network routing and optimization problems. One notable approach is the use
of QUBO, which can be mapped to the Ising model. Irie et al. [106], Bao et al. [107], and
Ahmed and Mahonen [108] have employed QUBO to tackle various routing problems,
demonstrating the potential of QA in this domain. For instance, Bao et al. proposed an
Ising machine-based algorithm to address the VRP with balanced pickup (VRPBP) in
real-world postal item pickup services. Their algorithm consisted of load balancing and
distance optimization phases, utilizing an extended knapsack problem, and solving the
TSP. The study showcased successful load balancing, shorter route distances compared
to baselines, and improved execution time. However, it encountered challenges with
large-scale problems and routing time.

Suen et al. [109] addressed constrained routing problems in transportation and
logistics using Fujitsu’s quantum-inspired CMOS-based digital annealer (DA). They
formulated the problem as a QUBO and compared the scalability and solution quality
of the DA with an exact solver and a greedy heuristic. The DA showed promise as a
more robust option than heuristics and a more scalable alternative to the exact solver.
However, it had limitations regarding the complexity of problems it could handle, and
the quality of solutions obtained for small-size instances. Another application of QA
in routing problems was demonstrated by Nourbakhsh et al. [110]. They focused on
minimizing the risk of COVID-19 exposure during city journeys in the context of the
VRP. Using D-Wave solvers and various quantum techniques, they achieved solutions
in significantly less time compared to classical solvers. While the proposed model
resulted in a better distribution of vehicles on the road network, the study lacked real
trajectory datasets and a comprehensive comparison with existing methods.

Chen et al. [111] explored the use of QA processors for energy-efficient routing
in wireless sensor networks. Their comparison between D-Wave quantum processing
units (QPUs) and classical solvers revealed superior runtime performance of the QPUs
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for small network routing problems. They also proposed strategies for embedding net-
work optimization problems in quantum processors, highlighting the potential of QA
in enhancing network algorithm efficiency. However, the study acknowledged limita-
tions, such as the QPUs’ inability to handle larger problems and the challenges posed
by limited qubit availability. In the context of the airport taxiway routing problem, Qian
et al. [112] presented a collaborative quantum-inspired ant colony algorithm (CQI-
ACA) as a potential solution. They claimed that CQIACA outperformed traditional
approaches in terms of efficiency and effectiveness but lacked detailed information on
its implementation and performance in larger airport environments. Further research
and empirical validation are needed to fully assess the capabilities of CQIACA. Over-
all, these studies highlight the progress made in utilizing QA for network routing
and optimization problems. While the results are promising, there are still challenges
to overcome, such as scalability, hardware limitations, and real-world applicability.
Further research in these areas is necessary to fully leverage the potential of QA in
network computation problems.

In addition to the aforementioned studies, another domain that has garnered consid-
erable attention and interest in recent studies is the capacitated vehicle routing problem
(CVRP). This particular problem poses its own unique set of challenges and complex-
ities, further enriching the field of research. By exploring the intricacies of CVRP,
researchers have sought to develop efficient and effective solutions that address the
optimization of vehicle routes while considering capacity constraints. Thus, delving
into the realm of CVRP provides valuable insights and contributes to the broader under-
standing of logistics and transportation optimization. CVRP is a fundamental variant
of the VRP that has been extensively studied in the field of optimization. It involves
determining optimal routes for a fleet of vehicles with limited capacity to deliver goods
or services to a set of customers located at different locations. The objective is to min-
imize the total distance traveled while ensuring that each customer’s demand does not
exceed the vehicle’s capacity. The CVRP is known to be an NP-Hard problem [38,
41, 94], and solving it efficiently poses significant challenges. In recent years, there
has been growing interest in exploring quantum-inspired and QC approaches to tackle
combinatorial optimization problems like CVRP. Researchers have proposed various
algorithms and formulations leveraging quantum techniques to address the CVRP and
its variants. These works aim to leverage the inherent parallelism and optimization
capabilities of QC to potentially provide more efficient and effective solutions.

Harwood et al. [113] have proposed an approach that introduces four quantum algo-
rithms specifically designed for solving the CVRP with time windows (CVRPTWs).
These algorithms utilize different formulations, such as QUBO-based and variational
methods, to handle CVRPTWs with different characteristics. While these quantum
algorithms show promising developments, their effectiveness is currently limited by
the available quantum hardware. The scalability and efficiency of these algorithms
heavily depend on the capabilities of the quantum devices. Therefore, further research
is needed to enhance algorithms, explore algorithmic improvements, advance the
hardware capabilities, and validate their applicability on real-world CVRP instances.
Another notable work by Xu et al. [103] has focused on leveraging the Fujitsu DA,
a quantum-inspired specialized hardware, to address the scalability of solving the
CVRP. By combining the capabilities of the DA with existing solvers, the authors
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demonstrated near-optimal solutions for significantly larger CVRP instances com-
pared to traditional solvers. However, the limited scalability of the quantum-inspired
digital annealer and the reliance on specialized hardware availability present prac-
tical implementation challenges. Additionally, the generalizability of this approach
to other optimization problems requires further exploration. Future research direc-
tions should aim to improve the algorithm, advance hardware capabilities, explore
hybrid approaches combining classical solvers and quantum-inspired hardware, and
extensively validate the proposed method on real-world CVRP instances.

Furthermore, studies have also investigated the use of QA for solving the CVRP.
One such study by [114] has proposed a QACVRP algorithm that utilizes the QA
capabilities to generate near-optimal solutions. The experiments show that tuning the
algorithm’s parameters can significantly impact its performance, and a specific param-
eter setting yields a 100% success rate. However, the scalability of the QACVRP
algorithm to larger CVRP instances and its practical applicability in real-world sce-
narios require further investigation. Future research should focus on evaluating the
algorithm on a broader range of problem instances and exploring its practical usage.
Additionally, other studies have explored alternative formulations, such as QUBO, to
tackle the CVRP. The work presented by [106] introduced a novel QUBO formulation
that incorporates time-related constraints and capacity adjustments. While successful
results are obtained for small-size QUBO systems, the practical application of this for-
mulation necessitates a larger number of logical qubits, which is currently limited by
the capabilities of QA technology. Future research should aim to evaluate the formu-
lation on digital Ising machines and develop efficient hybrid algorithms that combine
classical, and quantum approaches to enhance their practical usage.

The work presented in [115] has introduced hybrid algorithms, including DBSCAN
solver and solution partitioning solver, for solving VRP and its variant, CVRP, using
QA. Experimental tests have demonstrated promising performance, with the hybrid
methods achieving solutions of similar or better quality compared to classical algo-
rithms. However, there are limitations, such as the restricted applicability of the full
QUBO solver on QPU for larger test cases and inferior results from classical solver
QBSolv as the number of vehicles increases. In summary, recent studies have made sig-
nificant progress in leveraging quantum-inspired and QA techniques to address CVRP
and its variants. These works demonstrated the potential of QA to provide more effi-
cient and effective solutions for combinatorial optimization problems. Moreover, in the
realm of optimization algorithms, QAOA [116] has emerged as a compelling area of
research. The QAOA combines principles from QA with classical optimization tech-
niques to tackle complex optimization problems. By leveraging the inherent properties
of quantum systems, such as superposition and entanglement, the QAOA aims to find
approximate solutions to optimization problems efficiently. QAOA leverages the vari-
ational principle and the mapping of NP-hard combinatorial optimization problems to
the minimization of an Ising Hamiltonian, making it applicable to near-term quantum
devices [117]. Its potential lies in its ability to handle combinatorial problems with
a large solution space, where traditional classical algorithms often struggle to find
optimal solutions within a reasonable time frame. Researchers are actively explor-
ing different aspects of the QAOA, such as its performance under different problem
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settings, optimization of the algorithm’s parameters, and integration with classical
optimization approaches.

In astudy by Azad et al. [100], QAOA was implemented on the IBM Qiskit platform
to solve VRP within ITS and logistics management. The authors presented the QUBO
formalism and Ising formulation for VRP and compared the performance of QAOA
with classical solvers such as CPLEX on small VRP instances. They defined decision
variables to represent the problem’s solution and formulated VRP as a minimization
problem. The findings highlighted the dependence of QAOA’s performance on factors
like the classical optimization routine, quantum circuit depth, parameter initialization,
and specific problem instances. While QAOA showed potential in solving combinato-
rial optimization problems like VRP, challenges related to scalability and the need for
further research and improvement were acknowledged. In another study by Alsaiyari
and Felemban [102], the capability of state-of-the-art quantum computers in solving
VRP was assessed by implementing two variational quantum algorithms, VQE and
QAOA, using IBM Qiskit. The authors compared the performance of both algorithms
in solving VRP instances of increasing complexity by systematically varying the size
of the problem instances, configurations, and constraints. The evaluation focused on
time complexity and revealed that current noisy intermediate-scale quantum (NISQ)
devices can only handle small VRP instances, with QAOA outperforming VQE as the
problem size increases. However, hardware limitations, such as the number of qubits
and the lack of error correction, hinder scaling up for larger VRP cases. The authors
emphasized the need for significant developments in both hardware and software to
overcome these limitations and enhance current quantum algorithms for complex VRP
scenarios.

Lately, in addition to these existing methods, many quantum-based optimization
strategies are also being explored. Feld et al. [118] and Bennett et al. [119] utilized
QA and quantum walks, respectively, to solve CVRPs. However, these quantum-based
techniques are currently unsuitable for noisy quantum devices due to the large circuit
depths required for their realization. As a result, there has been a significant effort
in using hybrid quantum—classical optimization algorithms. For instance, Azad et al.
[100] investigated the use of QAOA to solve the general-purpose variant of VRP,
showcasing its potential in this domain.

Building on the examination of vehicle routing optimization, it is essential to sum-
marize the key findings and their potential impact on future research directions. Vehicle
routing optimization has also attracted researchers’ attention, with intensive efforts to
address the VRP in different studies using quantum and classical approaches, revealing
notable improvements and specific limitations. For instance, IBM Qiskit was employed
for VQE simulations, demonstrating that while QSVM effectively reached classical
minima for VRP and outperformed conventional methods in some scenarios, it was
efficient only for small-size QUBO systems [106]. The benchmark strength lays in
evaluating the performance of various QSVM encoding schemes, though the study was
limited by its complexity and hardware capabilities. Similarly, Fujitsu’s CMOS digi-
tal annealer improved load balancing by up to 98.4% and significantly reduced route
distances and execution times [107]. The benchmarks used, K-means with Clarke and
Wright’s savings algorithm and Christofides algorithm, were of moderate strength,
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suitable for initial comparisons but not representing the most advanced methods,
although the routing phase may take longer for certain datasets.

The problem of scalability has been addressed by Fujitsu’s digital annealer, which
showed superior performance over CPLEX, particularly in larger instances [109].
While CPLEX provided better solutions for smaller instances, its performance dropped
significantly with increasing problem size. The baselines, CPLEX and NN heuris-
tics, offered moderate strength benchmarks, but the study was limited by hardware
capabilities. Another evaluation using IBM Qiskit for VRP with VQE across various
noisy quantum channels found that COBYLA was the most effective optimizer despite
significant noise impacts [120]. Although this comparison of different noise models
provided valuable insights, the study was restricted to smaller instances. Moreover,
QAOA was assessed against CPLEX for VRP, showing that QAOA, especially at
higher depth values, approached the performance of CPLEX, indicating its potential
in solving VRP [100]. CPLEX served as a strong benchmark, known for its efficiency
and accuracy, though QAOA exhibited limitations such as a lack of optimality guaran-
tees and sensitivity to noise. Additionally, Fujitsu demonstrated strong scalability and
near-optimal solution quality for CVRP and CVRPTW [103], using existing optimal
solutions from CVRPLIB as strong baselines. However, the method was limited by the
number of variables the hardware could handle. The D-Wave quantum annealer show-
cased significant speed and efficiency advantages over classical solvers like QBSolv,
although the study was limited by the scalability of quantum solvers for larger prob-
lems [110]. Furthermore, for VRPTW, VQE generally outperformed QAOA in terms
of success probability and feasibility, suggesting that VQE with constrained optimiza-
tion by linear approximations (COBYLA) might be the most reliable approach [113].
However, this study was restricted by current quantum hardware capacities. In another
case, Fujitsu’s digital annealer demonstrated substantial improvements in optimality
gaps for CVRP using a data-driven multi-start algorithm [121]. The strong base-
line comparison with the standard DA algorithm indicated consistent improvements,
yet performance enhancement was dependent on effective tuning of the algorithm’s
parameters.

Moreover, an evaluation of QAOA and VQE for VRP showed that QAOA out-
performed VQE for VRP with larger variables due to better iteration and Ansatz (a
parameterized quantum state used as an initial guess, optimized through quantum—clas-
sical iterations) handling [102]. Classical optimizers provided a moderate benchmark
but were limited by NISQ devices. A QA algorithm using path integral Monte Carlo
outperformed simulated annealing, improving success rates [114], though scalability
remained a challenge. A study showed higher accuracy and scalability over classical
methods, but complexity increased with problem size [15]. D-Wave’s hybrid solver
excelled in clustering and lower-energy solutions [122] and outperformed CPLEX in
MDCVRPTW solution quality and processing time, though constrained by quantum
hardware [123].

There have been notable efforts to address TSP using QA and optimization tech-
niques. For instance, in one study, a modified quantum-inspired genetic algorithm was
implemented on an IBM quantum computer to solve the TSP [124]. Another study
focused on providing a benchmark specifically for quantum optimization algorithms
applied to the TSP [125]. The Chinese postman problem (CPP) was investigated on
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a quantum annealer in a separate study [126]. Additionally, an improved quantum
ant colony algorithm has been proposed for solving the TSP [127]. Another study
aimed to design an improved quantum-inspired evolutionary algorithm for transporta-
tion problems in logistics systems [128]. Finally, a hybrid cellular genetic algorithm
was developed for solving the TSP [129]. These studies contribute to the exploration
and advancement of quantum-inspired and QA approaches for optimizing the TSP.
On the other hand, several studies that have been concerned with optimizing the TSP
have used QUBO as a mathematical optimization framework to solve the TSP. QUBO
represents the problem as a quadratic function of binary variables and then solves the
problem by finding the binary values that minimize this function. For instance, the
study presented in [130] explored the mapping of TSP to D-Wave quantum machines
and obtained optimal solutions using classical QUBO and simulated quantum environ-
ments. In [131], a QUBO formulation was proposed for the TSP with time windows
(TSPTW), enabling its solution on D-Wave computers. Gonzalez-Bermejo et al. [132]
aimed to solve the TSP by developing a QUBO formulation with minimal variables and
qubits for implementation on a quantum computer. Jain [52] has presented a QUBO-
based approach for solving TSP on a quantum annealer and discussed the challenges
of execution time and accuracy.

A comprehensive analysis of various solvers for the symmetric TSP was presented
in a case study conducted by Warren [51]. The study aimed to assess the performance
of four software programs in solving the TSP using a quantum annealer. The authors
successfully demonstrated the potential of leveraging both classical and QA platforms
to optimize TSP solutions. To ensure consistency in the analysis, they introduced
a uniform structure and designed a software experiment specifically for evaluating
the effectiveness of the D-Wave quantum computer in achieving optimal TSP solu-
tions. The study shed light on the challenges associated with variable embedding
and emphasized the importance of incorporating applications for the asymmetric
TSP in future experiments. These findings contribute to the understanding of the
capabilities and limitations of different solvers for TSP optimization. In addition, Sto-
giannos et al. [133] have investigated the matrix formulation for the Hamiltonian cycle
problem (HCP) and the TSP, contributing to the seamless integration of benchmark
instances in quantum platforms and min-max normalization for TSP Hamiltonian
coefficients. Quantum-inspired ant colony optimization (Qi-ACO) was employed in
[134] to address the sustainable four-dimensional TSP and analyze carbon emissions
based on conveyance type, route, and vehicle combination. Salehi et al. [135] have
focused on the TSPTW and presented three different formulations, highlighting the
advantages of both edge-based and node-based approaches. Bao et al. [92] proposed
an Ising machine-based method for multi-day travel planning (MTPP), considering
factors like point of interest satisfaction, travel expenses, and time limits. The success-
ful application of hybrid quantum computing—tabu search algorithm (QTA) to solve
the asymmetric TSP (ATSP) was discussed in [136, 137], marking the first QC-based
solution for this problem.

TSP, considered a part of vehicle routing optimization in terms of finding the most
efficient and cost-effective routes for salespersons, has also attracted researchers’
attention. Intensive efforts to address TSP using quantum and classical methods have
revealed notable progress and certain limitations. In light of these findings on TSP, it
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is important to briefly conclude by examining the implications of these advancements
and their future potential. For instance, a study on TSPTW introduced a new QUBO
formulation using D-Wave digital annealer, effectively addressing time constraints,
though it was limited to small instances due to scalability issues [131]. Similarly, an
improved noise QA method (INQA) showed enhanced search capabilities over stan-
dard QA, but its efficacy was dependent on precise tuning of noise parameters [131].
Mapping TSP to QUBO using D-Wave digital annealer demonstrated effective results,
although it faced higher execution times for smaller graphs and size limitations [130].
Another study used Ising Hamiltonian on D-Wave digital annealer for solving TSP but
underperformed compared to classical solvers, handling only small problems [52].

Additionally, research focused on multi-day travel planning using an Ising Machine,
which improved solution quality and execution time but was restricted to small-scale
applications [92]. Moreover, a quantum tabu search for asymmetric TSP efficiently
handled larger ATSP instances, though it was limited to symmetric instances and small
problem sizes [136, 137]. A new QUBO formulation for both TSP and VRP using
D-Wave quantum annealers introduced an efficient model, yet it was not tested on gate-
based quantum computers and primarily focused on variable reduction [132]. Another
study integrated benchmark instances with a novel matrix formulation using D-Wave
quantum annealers and hybrid solvers, highlighting the superior qubit utilization of
the advantage system 4.1 but facing limitations with incomplete graphs and hardware
capabilities [133].

A detailed analysis and quantum optimization for TSPTW on D-Wave quantum
annealer demonstrated practical applications but was limited to small instances and
faced scalability challenges [135]. Research on sustainable 4D TSP using a quantum-
inspired heuristic (Qi-ACO) efficiently balanced cost and emissions but struggled
with larger sizes and computational complexity [134]. A novel QUBO formulation for
selective TSP (sTSP) using D-Wave 2000Q quantum annealer marked the first attempt
to address sTSP within a QUBO framework, though scalability was constrained by
current quantum hardware [138].

Further, a QUBO formulation and QAOA were used for m-TSP on NISQ devices,
enhancing solution search capabilities but limited by NISQ hardware [139]. Quantum
phase estimation and modified Grover algorithm applied to TSP via Qiskit simulation
achieved quadratic speedup but faced limitations from current quantum hardware
capabilities [140]. Finally, Grover’s quantum algorithm for TSP and spanning tree
problems was implemented on Qiskit, achieving a full circuit implementation, but its
effectiveness was still bound by the current limits of QC [141].

6.3 Discussion summary of reviewed studies

This review systematically analyzed the literature across four key domains of QA-
based traffic optimization, namely TSC, TFO, VRP, and TSP. The goal of this
discussion is to consolidate findings, analyze development trends, and suggest future
research directions that can further enhance the application of QA in traffic opti-
mization. Table 3 summarizes the key findings, methods, solvers, benchmarks, and
limitations of each study, illustrating the potential and challenges of using QA in traffic
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optimization. Therefore, the comparative analysis of quantum and classical approaches
in TSC, vehicle routing optimization, the TSP, and traffic flow optimization reveals
significant advancements as well as persistent challenges.

A critical evaluation of the reviewed TSC studies reveals varying levels of per-
formance and scalability. Among the methods discussed, the study by Hussain et al.
[75] demonstrated the most effective reduction in waiting times, achieving a 33.7%
improvement compared to fixed-time signal cycles using D-Wave’s hybrid solver.
However, this approach assumes symmetric intersections and lacks real-world deploy-
ment. Singh et al. [76] focused on real-time control, increasing average flow speed
by 22.19%, but its findings were based solely on simulations, limiting real-world
applicability. In contrast, Inoue et al. [77] applied QA with Ising Hamiltonian to a
multi-intersection network, showing superior signal synchronization and scalability.
Although promising, this approach also lacks empirical validation. As a classical alter-
native, Qiao et al. [79] introduced the NSQGA, which improved traffic capacity by
5.45% and reduced vehicle stop times by 23.08%. This approach, while effective, is
not quantum-based but remains a robust option. Considering these comparisons, the
best approach for small-scale TSC applications appears to be Hussain et al., while
Inoue et al. is more suited for multi-intersection scalability. However, to achieve fur-
ther improvements, researchers should focus on integrating hybrid RL-QA methods to
leverage RL’s adaptability and QA’s combinatorial optimization power. Additionally,
future studies should emphasize large-scale implementations, real-world testing, and
hybrid quantum—classical solutions that balance accuracy with computational effi-
ciency.

In the domain of traffic flow optimization, the reviewed studies demonstrated that
QA-based approaches are showing promise in optimizing bike sharing systems, lane
reservations, and urban taxi stand placements. The study by Harikrishnakumar &
Nannapaneni [81] applied QAOA for bike sharing system rebalancing, achieving a
15% reduction in overall vehicle travel distance. Wu et al. [83] implemented a quan-
tum evolutionary algorithm (QEA) to optimize lane reservations for major events,
reducing travel disruptions by 2.2% compared to CPLEX. Wang et al. [84] introduced
the QABICA model, which optimized urban taxi stand placements and reduced taxi
location bias by 61.4%. While these studies highlight the advantages of QA-based
optimization, they also face practical implementation challenges due to hardware
limitations and error rates. Moreover, RL-based adaptive traffic management has
demonstrated superior real-time adaptability, whereas QA remains more effective
in solving static combinatorial problems. Future research should prioritize hybrid
quantum-—classical solvers to improve scalability and adaptability, enabling real-time
decision-making in large-scale urban networks.

VRPs have been widely explored in the context of QA due to the NP-hard nature
of route optimization. The reviewed studies demonstrated that while QA significantly
enhances logistics optimization, classical solvers such as CPLEX still perform bet-
ter in large-scale cases. Among the notable findings, Suen et al. [109] showed that
Fujitsu’s Digital Annealer outperformed CPLEX for multi-destination vehicle sharing
problems, achieving 100% feasibility while significantly reducing computation time.
Azad et al. [100] evaluated QAOA for VRP optimization and found that, at higher
quantum circuit depths (p = 10), QAOA provided solutions comparable to CPLEX,
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proving its potential for scalability. Xu et al. [103] implemented hybrid QA algorithms
for solving CVRP and found near-optimal solutions for large datasets. Despite these
advancements, scalability remains a key limitation, as current quantum hardware is
not yet capable of handling large instances. Classical solvers such as CPLEX remain
superior in larger datasets, and RL-based vehicle routing models provide better real-
time adaptability. Future research should explore hybrid approaches that integrate QA
with ML-based methods, ensuring optimal performance while addressing real-world
routing constraints.

The TSP is another domain where QA has been applied to optimize route planning.
Several studies have examined the feasibility of using QA-based solutions, but they
remain constrained by the problem size. Gonzalez-Bermejo et al. [132] proposed a
QUBO-based TSP formulation designed to minimize qubit usage on quantum pro-
cessors, demonstrating feasibility on D-Wave systems for small problem sizes. Jain
[52] compared D-Wave’s quantum annealer with classical TSP solvers and found that
the quantum approach produced suboptimal performance for larger problem instances
due to hardware constraints. Osaba et al. [136, 137] introduced a hybrid QA-tabu
search (QTA) algorithm, which reduced computational overhead by 84-91% compared
to classical solvers. Despite these developments, the limitations of current quantum
hardware prevent TSP solutions from being scalable for larger logistics applications.
While QA shows promise in improving computational speedups, classical heuristic
algorithms remain dominant in real-world routing tasks. Future studies should focus on
developing noise-resistant quantum algorithms and better hardware scaling to enhance
the applicability of QA for large-scale TSP optimization.

In conclusion, QA offers significant advantages in computational efficiency and
combinatorial optimization, but its limitations require hybrid solutions incorporating
classical and RL-based methods. Addressing scalability, real-time adaptability, and
refining quantum algorithms will enhance QA’s role in traffic optimization. In TSC,
the main challenges include the lack of multi-intersection deployments and adaptabil-
ity to dynamic traffic fluctuations. For TFO, high error rates in quantum computations
affect lane allocation and urban taxi optimizations. In VRP, QA still lags behind
CPLEX for large-scale route optimization, necessitating hybrid models. TSP applica-
tions face qubit constraints that limit scalability. Overcoming these challenges requires
integrating quantum techniques with classical and RL-based models. Research trends
indicate a growing shift toward hybrid approaches, citywide quantum traffic manage-
ment models, and advancements in quantum error correction for scalability. Future
studies should focus on hybrid RL-QA algorithms, real-world pilot projects, and inte-
grating quantum optimization into ITS, ensuring its viability for large-scale traffic
optimization.

7 Challenges, recommendations, and future directions
The field of traffic optimization presents a range of challenges that must be addressed
to pave the way for more efficient and sustainable transportation systems. These chal-

lenges can be broadly categorized into general issues shared across various domains
of traffic optimization, as well as specific problems unique to each area. By thoroughly
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understanding these barriers, researchers and practitioners can leverage emerging tech-
nologies, such as quantum algorithms (QA), to enhance traffic flow and overcome
the limitations of traditional methods. Furthermore, identifying these challenges also
opens up avenues for future research and innovation. This includes exploring advanced
computational models, integrating real-time data analytics, and developing scalable
solutions that can adapt to dynamic urban environments. In this section, the chal-
lenges and potential future directions within the domains of TSC, TFO, and RPs will
be discussed.

7.1 Challenges
7.1.1 Scalability and hardware limitations

One of the primary categories of challenges in applying QA to traffic optimization
relates to scalability and hardware limitations. Despite its potential, QA faces sev-
eral limitations in traffic optimization. Scalability remains a key issue, as existing
quantum hardware has limited qubits and connectivity, restricting the size of solvable
problems [83, 85, 113]. While quantum annealing offers a promising approach for
solving combinatorial optimization problems, current hardware such as the D-Wave
Advantage system faces notable scalability constraints. The Advantage architecture
supports over 5,000 qubits, yet due to the Pegasus topology and limited qubit con-
nectivity (each qubit connects to at most 15 others), the effective problem size is
significantly smaller. Studies show that embedding a fully connected graph with n
logical variables require approximately O(n?) physical qubits, drastically reducing
practical capacity [142]. Furthermore, the demand for logical qubits poses a general
challenge, surpassing the current capabilities of QA technology and impeding the
scalability and widespread adoption of the QUBO formulation. High computational
costs and hardware accessibility remain significant barriers [84, 87], particularly when
deploying QA-based solutions at scale. The scalability of quantum formulations, such
as the QUBO formulation, also becomes a challenge as problem size increases, hin-
dering the efficient discovery of solutions within reasonable timeframes. From an
implementation perspective, current quantum models can handle small- to medium-
scale VRP instances but struggle with citywide, real-time dynamic routing due to
qubit limitations. TSC optimization studies are similarly constrained, as most focus
on single-intersection optimization, limiting their applicability to citywide networks.
Expanding QA techniques to multi-intersection traffic management requires more
scalable quantum models capable of handling larger datasets and interdependencies
across intersections.

7.1.2 Error Sensitivity and model stability
Another prominent set of issues involves error sensitivity and model stability. Error

mitigation and noise sensitivity impact the reliability of QA-based solutions, necessi-
tating advancements in error correction and noise-resilient algorithms to ensure stable
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performance [82, 84]. High error rates in quantum computation remain a fundamen-
tal issue, as quantum models are prone to noise and decoherence, which negatively
impact real-time traffic flow predictions. Unlike classical solvers, quantum-based opti-
mization models lack stability, leading to inaccuracies in traffic forecasting and flow
adjustments. Limitations in quantum approximation algorithms, like QAOA, affect
their ability to reach solutions close to the global optima due to their approximate
nature, limited optimization steps, and issues with premature convergence, local min-
ima, constraint violations, and noise-based errors [100].

7.1.3 Lack of real-time adaptability

A third major theme is the lack of real-time adaptability in QA-based systems.
Many current QA studies rely on simplified problem models that fail to incorpo-
rate real-world complexities, such as dynamic congestion, multimodal transport, and
unpredictable disruptions [83, 85, 87]. QA solutions are often precomputed, making
them less adaptive to real-time traffic fluctuations compared to RL-based models.
Real-time adaptability is a crucial limitation in TSC, where QA solutions typically
rely on precomputed optimizations, making them less flexible than RL-based signal
control models that dynamically adjust to changing traffic conditions. QA-generated
routes in routing problems tend to be static, lacking the ability to adapt dynamically
to real-time traffic conditions. Real-world transportation networks require continuous
re-optimization based on fluctuating demand and congestion patterns.

7.1.4 Insufficient real-world validation

A further area of concern is the insufficient real-world validation of QA-based
approaches. Most QA-based studies focus on narrow case applications, such as airport
traffic [85] or amusement park logistics [86], limiting their applicability to broader
urban settings. Ensuring real-world feasibility requires extensive benchmarking and
pilot implementations across diverse traffic environments. The limited validation of
QA-based models on real-world urban networks presents another major challenge, as
most existing studies rely on synthetic traffic datasets, making it difficult to evaluate
the feasibility of quantum-based approaches in actual urban environments. Field test-
ing and integration with real-time sensor data are essential for improving the reliability
and effectiveness of quantum-enhanced TFO models.

7.1.5 Optimization and algorithmic limitations

Optimization and algorithmic limitations also pose notable challenges. The effective-
ness of QA is influenced by hyperparameter tuning, where manual selection remains
inefficient, requiring the development of automated tuning techniques to enhance
adaptability [75] [114]. Additionally, limitations in quantum approximation algorithms
constrain their ability to efficiently explore complex solution landscapes, especially in
large-scale applications. Existing classical heuristic algorithms, such as tabu search,
simulated annealing, and genetic algorithms, still outperform QA when applied to
complex TSP instances.
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7.1.6 Integration and hybridization

Finally, there are challenges related to integration and hybridization with classical
methods. Hybrid approaches that combine QA with classical solvers offer a promising
direction but still face scalability bottlenecks and computational inefficiencies [115].
Future research should focus on optimizing hybrid models to balance computational
power and adaptability, making them viable for large-scale applications such as TSC,
VRP, and urban traffic management. Future research should also focus on developing
hybrid quantum—classical VRP solvers, integrating QA with classical dynamic re-
routing algorithms to improve adaptability and scalability in real-world applications.
Similarly, developing hybrid quantum heuristics that combine classical evolutionary
algorithms with quantum-inspired search techniques can improve the feasibility of
QA for large-scale TSP applications.

In the aforementioned critical review and discussion, QC, specifically QA, was
explored in the context of optimizing TSC, TF, and RPs, all of which are considered
combinatorial problems. Combinatorial optimization, a subfield of mathematical opti-
mization, focuses on finding the best solution from a finite set of possibilities, typically
involving discrete or reducible sets of feasible solutions [143]. QA has demonstrated
promising results in optimizing traffic flow, and numerous studies have been conducted
in this domain. However, the majority of research in this area has primarily focused
on vehicle routing optimization and TSP, with less emphasis on TSC. In the presented
review study on QA-based traffic optimization, different challenges within this domain
have been previously discussed, as well as some recommendations. Addressing the
challenges in traffic optimization and considering the recommendations provided, sev-
eral key future directions can be outlined. The efforts in addressing the aforementioned
challenges will pave the way for reliable and practical solutions, such as optimizing
traffic signals, improving vehicle routing, and enhancing overall traffic flow. The full
potential of quantum-based traffic optimization can be unlocked, and the development
of efficient and sustainable transportation systems can be driven by investing in these
directions.

7.2 Case study: QA for traffic signal optimization

TSC is a critical aspect of urban traffic management, with significant implications for
congestion mitigation and transportation efficiency. Traditional traffic signal optimiza-
tion methods rely on heuristic or rule-based models, which often fail to adapt efficiently
to dynamic traffic patterns. As an emerging computational paradigm, QA presents an
alternative approach by leveraging quantum principles to solve combinatorial opti-
mization problems more efficiently than classical methods. This case study examines
the application of QA in TSC optimization, highlighting key findings, challenges, and
future research directions.

A study conducted by Hussain et al. [75] utilized D-Wave’s hybrid quantum—clas-
sical solver to optimize traffic signal timings. The TSC problem was formulated as a
quadratic unconstrained binary optimization (QUBO) model, allowing it to be mapped
onto QA hardware. The primary objective was to minimize vehicle waiting times and
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enhance overall traffic efficiency by identifying optimal signal configurations. The
study demonstrated that the QA-based approach achieved significant improvements
in computational performance and traffic flow optimization compared to conventional
fixed-time control strategies.

7.2.1 Key findings and performance evaluation

The results of the study indicate that QA can provide meaningful enhancements in
TSC. First, the QA-based approach led to a 33.7% reduction in vehicle waiting times
compared to traditional fixed-time signal control methods, demonstrating its poten-
tial to optimize signal timing efficiently. Additionally, the hybrid quantum—classical
model exhibited faster convergence rates toward near-optimal solutions compared to
purely classical heuristic approaches. This acceleration in computational efficiency is
particularly valuable in traffic scenarios where real-time decision-making is crucial.
Furthermore, the simulation results highlighted notable improvements in traffic effi-
ciency, particularly in congestion-heavy urban intersections, suggesting that QA could
play a role in intelligent traffic management systems.

7.2.2 Challenges and limitations

Despite the promising results, several limitations hinder the large-scale deployment
of QA in TSC applications. One of the primary challenges is scalability, as the study’s
approach was effective for optimizing single-intersection control but remains con-
strained when extended to multi-intersection networks due to the current limitations
of quantum hardware. Furthermore, real-time adaptability is a critical concern, as QA
solutions are typically precomputed and static, whereas RL-based models dynamically
adjust to fluctuating traffic conditions. This lack of adaptability limits the effectiveness
of QA in highly dynamic urban environments. Additionally, hardware accessibility and
cost constraints present a barrier to practical implementation, as D-Wave’s QA proces-
sors are not widely available and require significant computational resources. Lastly,
the study suggests that a hybrid approach integrating QA with RL-based optimization
techniques could enhance adaptability while retaining the combinatorial problem-
solving advantages of quantum computing.

7.2.3 Future research directions

To address these challenges and advance the application of QA in traffic signal
optimization, future research should focus on several key areas. First, scalability solu-
tions must be explored to enable the deployment of QA-based TSC models across
multi-intersection urban networks. This may involve partitioning large-scale traffic
optimization problems into smaller subproblems that can be effectively processed by
current quantum hardware. Second, the integration of hybrid RL-QA models should
be investigated to enhance real-time adaptability while leveraging the optimization
efficiency of QA. Third, research should emphasize hardware accessibility and cost
reduction, as advances in quantum hardware and cloud-based quantum computing ser-
vices could facilitate broader adoption of QA-based solutions. Finally, real-world pilot
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deployments should be conducted to validate the practical effectiveness of QA-based
TSC systems and explore their integration into existing ITS.

7.2.4 Conclusion

This case study demonstrates the potential of QA in optimizing TSC by reducing
vehicle waiting times, improving traffic flow, and enhancing computational efficiency.
However, its current limitations, including scalability constraints, lack of real-time
adaptability, and hardware accessibility issues, necessitate further research. Future
advancements in hybrid quantum—classical models, hardware scalability, and real-
world validation will be essential for enabling the widespread adoption of QA-based
traffic optimization solutions. The integration of QA into citywide intelligent traffic
management systems represents a promising avenue for future exploration in quantum-
powered transportation research.

7.3 Future directions and recommendations

To address the challenges discussed in this section, several key research directions must
be pursued to enhance the practical applicability of QA in traffic optimization. One
critical area is the advancement of hybrid RL and QA models. While QA is highly
effective in solving combinatorial optimization problems, RL excels in adapting to
dynamic environments. Future research should focus on developing hybrid RL-QA
frameworks that integrate the computational efficiency of QA with the adaptabil-
ity of RL to optimize real-world transportation networks [144]. Another significant
challenge lies in scalability and hardware limitations. Current quantum processors
face constraints related to qubit count and noise interference, which hinder large-scale
deployment. Future work should emphasize advancements in quantum hardware archi-
tectures, including improved error correction techniques and noise-resistant quantum
circuits, to enhance QA’s computational power and enable its use in large-scale traffic
management applications [145].

A major limitation of existing QA-based traffic optimization models is their reliance
on static precomputed solutions rather than real-time data streams. To improve
real-world applicability, future research should explore the integration of real-time
sensor data, adaptive decision-making mechanisms, and predictive traffic models.
This would enable QA-based solutions to dynamically adjust to changing traffic con-
ditions, making them more effective in smart city applications [17]. Despite promising
advancements, much of the research on QA remains simulation-based, with limited
real-world implementation. Bridging the gap between theory and practice requires pilot
studies and real-world deployments in urban traffic networks. Collaborative projects
between academia, industry, and government agencies could provide valuable insights
into the feasibility, efficiency, and impact of quantum-based traffic optimization in
real-world scenarios [146].

Furthermore, the development of more robust quantum algorithms is crucial for
enhancing the efficiency and reliability of QA-based solutions. Future research
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should focus on designing noise-resistant algorithms, hybrid computational tech-
niques, and scalable optimization frameworks that ensure the broader adoption of
quantum approaches in transportation systems [146]. Ultimately, QA has the poten-
tial to reshape traffic flow optimization by offering superior computational power for
TSC, vehicle routing, and urban congestion management. Recent studies highlight its
role within ITS, where it could revolutionize path planning, traffic operation manage-
ment, and infrastructure optimization. The ability of QA to efficiently solve large-scale
optimization problems suggests that it could outperform classical methods in manag-
ing complex transportation networks, contributing to more adaptive and sustainable
urban mobility solutions [147, 148]. Conversely, machine learning, particularly RL,
has gained significant attention in ITS applications, particularly in TSC and adaptive
routing strategies. While extensive research has been conducted in this area, existing
studies exhibit methodological variations in intersection modeling, traffic monitoring
technologies, and neural network architectures. Given the limitations of both tradi-
tional traffic optimization techniques and standalone RL models, there is a growing
need to explore innovative approaches [146]. In light of the comprehensive review,
it is clear that traditional methods face limitations in optimizing complex traffic sys-
tems. Consequently, the next section explores innovative approaches, specifically the
integration of QA and RL, as a promising future direction in traffic optimization.

Toward a Hybrid QA-RL Framework for Traffic Optimization: The integration
of QA and RL represents a promising frontier for traffic optimization. This section
examines how combining QA and RL addresses modern traffic system complexities.
Neumann et al. [149] compared QA, gate-based quantum computing (QC), and classi-
cal RL to identify optimal grid traversal policies. Using the D-Wave quantum annealer
and Qiskit with deep RL, QA outperformed both classical and gate-based methods in
efficiency. The upcoming analysis highlights key comparative aspects of QA and RL
within traffic optimization, with a focus on traffic signal control (TSC) to illustrate their
impact in intelligent transportation systems (ITS). In TSC, RL adapts signal timings
to real-time traffic flow [150]. Effective RL deployment requires defining states (e.g.,
queue length, vehicle position/speed), actions, rewards, and network architecture. The
control unit observes the current state, selects an action via a deep RL policy, receives
feedback, and iteratively improves the policy to minimize intersection congestion. RL
has yielded a variety of strategies for optimizing TSC.

Numerous studies have applied RL in traffic light control (TLC). For instance,
the study [151] has introduced a policy gradient method to reduce vehicle distribu-
tion deviation. In [152], the off-policy rainbow algorithm utilized real-time data to
optimize signal phases, outperforming traditional and deep RL methods. The dou-
ble deep Q-network (DDQN) in [153] highlighted queue length importance in phase
decisions with environmental considerations. The actor—critic model in [154] used
real-time queues and temporal data to enhance phase transitions, contrasting fixed and
self-organizing timings. Study [155] employed deep Q-network (DQN) and DDQN
with vehicle position data for comprehensive phase control. Lastly, Meess et al. [156]
focused on narrowing the domain gap to improve real-world applicability of RL in
TSC. These studies collectively underscore the evolving role of RL in intersection
management. Recent advancements in QA and RL have sparked considerable inter-
est in their application across various optimization challenges. Adapting quantum
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Boltzmann machines (QBMs) for Q-value approximation in multi-agent environments
significantly reduces the convergence time compared to conventional RL methods, as
demonstrated in [157]. Another approach involves a hybrid actor—critic model, which
combines QC enhancements with RL algorithms to optimize the training of policy and
value functions, as demonstrated at CERN’s beam lines in [158]. Additionally, the use
of Monte Carlo tree search algorithms augmented with neural networks for scheduling
QA provides a novel way to enhance QA schedules, making the process more efficient,
as discussed in [159]. Moreover, the study [160] demonstrated the effective employ-
ment of QUBO and RL in solving complex, multi-objective optimization problems
in antenna scheduling at NASA’s Deep Space Network. This success highlights the
potential adaptability and scalability of these methods for traffic management opti-
mization.

The techniques applied across domains, e.g., antenna scheduling, where QA and
deep RL were used to manage multiple conflicting objectives efficiently, suggest a
promising avenue for deploying hybrid quantum—classical computational strategies
to enhance real-time decision-making and reduce congestion in urban traffic systems.
Together, these studies provide a solid foundation for proposing new research direc-
tions in traffic management using advanced quantum and RL techniques. Although
there are multiple studies that have integrated QA and RL across different domains,
as illustrated in Table 4, these methodologies have yet to be implemented in traffic
transportation optimization.

Roadmap for Implementing QA and RL in Traffic Systems: In addition, there
is also a future direction to explore how to combine and utilize both approaches in a
single approach. This integration of RL and QA can open up new directions for future
research and development in the field of traffic management and optimization. Com-
bining RL and QA might provide a comprehensive and robust solution that leverages
the advantages of both approaches. RL algorithms excel in learning optimal policies
through trial and error, adapting to changing environments, and exploring large action
spaces. On the other hand, QA techniques focus on ensuring the quality and reliability
of systems by detecting and mitigating errors or anomalies. For instance, one possible
scenario for integrating RL and QA is to use RL as the main framework for learning
and decision-making while incorporating QA techniques as a validation and safety
mechanism. RL can be employed to learn traffic control policies based on rewards
and interactions with the environment, considering factors such as traffic volume,
congestion levels, and pedestrian flow. This RL-based system can continually adapt
and improve its policies through iterative learning. To incorporate QA, the RL system
can be equipped with monitoring and verification mechanisms. These mechanisms
can continuously assess the performance of the RL policy, detect any anomalies or
deviations from expected behavior, and trigger corrective actions if necessary. QA
techniques can involve the use of rule-based checks, anomaly detection algorithms,
statistical analysis, or even human-in-the-loop validation to ensure the system’s relia-
bility and safety. Thus, integrating RL and QA into a single approach for traffic flow
optimization holds promise as a new direction for future research.

In RL, the actor—critic framework stands out as a popular architecture, consisting
of two primary components: the actor and the critic. The actor assumes the respon-
sibility for decision-making, while the critic evaluates the actor’s actions, providing
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feedback on their effectiveness. Its role is pivotal in guiding the actor toward improved
decisions, with specific emphasis on long-term goals. The critic facilitates learning the
value of various states and actions. Exploring an alternative direction in integrating
QA and RL, one can consider utilizing QA as an actor within the RL (actor—critic)
framework. In this scenario, QA serves as an actor, responsible for proposing actions in
the environment. In contrast, the critic in the deep RL framework takes on the respon-
sibility of adapting to real-world data and concentrating on long-term goals. This
involves evaluating the actions suggested by the QA actor and guiding the learning
process. The QA actor is specifically focused on maximizing the current traffic state
based on the recommendations provided by the critic. For example, in the proposed
hybrid framework, QA serves as a state space optimization layer that reformulates the
RL environment into QUBO model. For each episode, the current state—action graph
is converted into a QUBO matrix, and D-Wave’s QA solver is employed to identify
high-quality state—action sequences with minimized cumulative cost. These sequences
inform the policy network in the RL agent by biasing action selection probabilities,
effectively narrowing the exploration space. Conversely, the RL agent feeds back
reward statistics and policy gradients, which dynamically update the penalty weights
in the QUBO formulation. This closed-loop optimization ensures that QA sampling
becomes progressively targeted toward policy-relevant regions.

In this context, QA proves particularly valuable for swiftly identifying optimal
solutions for short-term traffic conditions. This synergy establishes a framework where
the deep RL component excels in long-term planning and adapting to real-world data,
while the QA component optimizes immediate traffic conditions based on the critic’s
guidance. In summary, this integration effectively harnesses the strengths of deep
RL for long-term planning and adaptation to real-world data, with QA efficiently
maximizing the current traffic state based on the critic’s recommendations within the
RL framework.

8 Conclusion

In conclusion, this systematic review has provided a comprehensive overview of the
current research on utilizing QA for traffic optimization. The analysis of the literature
has shed light on the theoretical foundations, methodological approaches, empirical
findings, challenges, and future research opportunities in this emerging field.

The findings indicated that QA offers a unique and promising approach to address-
ing the complex computational problems associated with traffic congestion in urban
areas. By leveraging the principles of quantum mechanics, QC can potentially opti-
mize traffic flow, reduce congestion, and minimize emissions, contributing to the
development of more sustainable and efficient transportation systems. However, sev-
eral challenges and limitations have been identified that need to be addressed for the
practical implementation of QA in traffic optimization. The scalability of QA systems,
limited connectivity between qubits, and the current hardware constraints pose sig-
nificant obstacles in handling larger-scale and more complex TSC problems. Efforts
should be directed toward advancing QA technology, including the development of
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more powerful quantum processors with increased qubit counts and improved con-
nectivity.

Moreover, the high error rates and calibration requirements of quantum devices
necessitate the development of robust error mitigation techniques to ensure the relia-
bility and accuracy of optimization results. The real-time and dynamic nature of traffic
conditions require the design of efficient algorithms that can handle continuous data
flow and make timely adjustments to signal timings. This calls for the integration of
real-time data processing and the development of algorithms that provide near-optimal
solutions within short time frames. Furthermore, the formulation of the optimization
problem itself represents a critical aspect that needs further exploration. The current
models used in the literature often oversimplify the complexity and heterogeneity of
real-world traffic conditions. Future research should focus on developing more accu-
rate and realistic models that consider various factors influencing traffic flow, such as
different vehicle types, pedestrians, cyclists, and public transportation.

In terms of VRP, the application of QA techniques faces challenges related to
scalability, efficiency, limitations of quantum algorithms, logical qubit demand, and
parameter tuning. Addressing these challenges requires advancements in quantum
hardware capabilities, the development of scalable algorithms specific to VRP, opti-
mization of parameter tuning, and the exploration of hybrid algorithms that combine
classical and quantum approaches.

To make significant progress in the field of quantum-based traffic optimization,
collaboration between researchers, traffic engineers, and policymakers is crucial. Such
collaboration will facilitate the effective implementation of quantum-based techniques
in real-world scenarios, ensuring that the advancements in QA translate into practical
benefits, including improved traffic flow, reduced congestion, and enhanced urban
mobility. In conclusion, while there are still challenges to overcome, the utilization of
QA techniques holds immense potential for revolutionizing traffic management and
optimizing transportation systems. Future research should continue to explore and
overcome the identified challenges, paving the way for more effective and sustainable
traffic management strategies.

This review was intentionally focused on qualitative analyses of strategies designed
to reduce traffic congestion and enhance traffic flow rather than on quantitative com-
parisons such as speed benchmarks or power consumption. This approach was rooted
in the complexity and variability of traffic systems, where qualitative assessments
were found to provide deeper insights into the effectiveness and practicality of various
solutions. It is important to note that many of the studies reviewed were prioritized for
their innovative approaches to improve traffic management, which are often difficult
to quantify directly in terms of speed or power efficiency. The analysis was aimed
at synthesizing these qualitative outcomes to offer a broad perspective on potential
improvements in traffic systems, emphasizing the strategic value of the proposed
solutions over numerical metrics. Future research is encouraged to explore both quan-
titative and qualitative impacts of these strategies to provide a more comprehensive
understanding of their benefits.
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Appendix

See appendix Fig. 3.
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