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Abstract—Quantum Computing (QC), rooted in the principles
of superposition and entanglement, enables transformative
computational capabilities that surpass classical systems,
particularly in solving NP-hard combinatorial optimization,
simulation, and machine learning problems. These capabilities are
increasingly vital for smart cities, which depend on real-time data
from the Internet of Things (IoT) devices, Artificial Intelligence
(AI), and Urban Digital Twins (UDTs) to orchestrate complex
urban systems such as traffic, energy, logistics, and public safety.
As global urbanization accelerates, the demand for hyper-
efficient, secure, and adaptive infrastructure exceeds the limits of
classical computation. This study employs a multi-pronged
methodology that combines literature synthesis, algorithmic
mapping, and strategic roadmap design. This study investigates
the strategic alignment between QC and the computational
demands of next-generation urban environments, with a specific
focus on Saudi Arabia’s greenfield megaprojects, including
NEOM, The Line, and the Red Sea Project, within the Saudi
Vision 2030 framework. The analysis systematically maps urban
computational challenges to applicable quantum algorithm
families—Quantum Approximate Optimization Algorithm
(QAOA), Variational Quantum Eigensolver (VQE), and Quantum
Machine Learning (QML)—and synthesizes the technical,
organizational, financial, ethical, and regulatory prerequisites for
national deployment. The core contribution is the development of
a conceptual Hybrid Quantum-Classical Architecture (HQCA)
and a methodologically grounded three-phase deployment
roadmap, tailored to the Saudi context, mapping quantum
technical readiness to policy and infrastructure milestones in
Saudi Arabia. This framework positions Saudi Arabia to pioneer
quantum-accelerated urban systems, enabling resilient
infrastructure, sovereign digital capabilities, and globalleadership
in the emerging Quantum City paradigm.
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I.  INTRODUCTION

The development of Smart Cities (SC) represents a global
strategic shifttoward sustainable, hyper-efficient, and digitally
integrated urban living environments. These ecosystems rely on
the real-time processing of massive data streams generated by
the Internet of Things (IoT), sophisticated Artificial Intelligence
(AI) models, and comprehensive Urban Digital Twins (UDTs)
to manage everything from water distribution to public security

[11,[2], [3]. Designed to be adaptive and data-driven, smart
cities promise enhanced citizen well-being, resource
optimization, and resilient governance.

As smart cities evolve, they generate massive, complex, and
real-time datasets from millions of interconnected sensors and
systems. The management of these data requires advanced
computational methods capable of handling dynamic
multivariate environments. Many of the most pressing urban
management tasks, such as global traffic synchronization, real-
time energy grid balancing, and large-scale logistical
coordination, are classified as combinatorial optimization
problems. The computational complexity of these challenges
increases exponentially with scale, often rendering them
intractable, even for the most powerful classical supercomputers

(4], [5].

Althoughcclassical High-Performance Computing (HPC) has
facilitated the first generation of smart cities, the exponential
scaling of computational demands now presents a critical
bottleneck. Core operational problems in these hyperscale
environments, such as dynamic traffic and logistics routing
(Vehicle Routing Problem), complex energy grid load balancing
(QUBO), and full-fidelity UDT simulation, require solutions
that go beyond heuristic approximations, which often lead to
systemic inefficiencies and instability in critical infrastructure.

Quantum Computing (QC), grounded in the principles of
superposition and entanglement, unlocks new capabilities for a
paradigm shift in computational capability. Quantum
algorithms, including the Quantum Approximate Optimization
Algorithm (QAOA), Variational Quantum Eigensolver (VQE),
Quantum Annealing (QA), and Quantum Machine Learning
(QML), are particularly well-suited to address the bottlenecks
inherent in smart city operations [6],[7],[8]. Their integration
into smart city platforms and UDTs enables high-fidelity
simulations, predictive modeling of climate and energy
dynamics, and real-time decisionsupport forautonomousagents
[91, [10].

This opportunity is especially salient in the Kingdom of
Saudi Arabia, where Vision 2030 is driving the creation of
greenfield urban megaprojects such as NEOM, The Line, and
the Red Sea Project, whichare designed to be zero-carbon, high-
speed, and sovereign in terms of digital infrastructure [11], [12].
These developments require computational solutions that
exceed the current urban planning standards. Embedding
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quantum capabilities from inception offers Saudi Arabia a
unique opportunity to leapfrog legacy constraints and pioneer
the Quantum City paradigm.

Despite its compelling technical potential, a significant
research and policy gap remains: the absence of a concrete,
nation-specific, and phased architectural blueprint for QC
adoption in urban transformation initiatives. Most existing
studies focus on theoretical algorithmic advantages without
addressing the Hybrid Quantum-Classical Architecture (HQCA)
required for integration or the strategic framework involving
hardware investment, talent development, and regulatory
governance required for national deployment.

This study addresses this gap through two key contributions:
1) Architectural Blueprint: Development of the conceptual
Hybrid Quantum-Classical Architecture (HQCA) for managing
and executing quantum-tractable subproblems in complex smart
city operations, providing the necessary technical foundation for
integration. 2) Strategic Deployment Roadmap: A
methodologically grounded, three-phase roadmap tailored to
Saudi Arabia’s Vision 2030, guiding policymakersand technical
teams from foundational infrastructure readiness to operational
quantum advantage, linking technical requirements to strategic
policy milestones.

The remainder of this study is structured as follows:
Section Il provides a comprehensive review of the quantum
computing landscape and current smart city architectures,
identifying the key research gap this work addresses. Section III
detailsthemulti-pronged methodology, including the systematic
approach for algorithmic mapping and strategic roadmap
development, providing the necessary methodological rigor
requested by reviewers. Section [V introduces the foundational
Hybrid Quantum-Classical Architecture (HQCA) for smart
urban systems and clarifies the distinction between genuine
quantum and quantum-inspired methods. Section V presents the
strategic three-phase roadmap for integrating QC into Saudi
megaprojects, outlining specific use cases and readiness levels.
Finally, Section VI concludes the study and discusses future
research directions and policy implications.

II. LITERATURE REVIEW

This section critically examines the intersection of quantum
computing and smart city development and establishes the
theoretical and practical foundations of the proposed
framework. It begins by outlining the core principles and
architectural models of quantum computing, emphasizing their
relevance to urban optimization challenges. This review
explores the computational demands of smart cities,
highlightingthe limitations of classical systems and the strategic
imperative for quantum integration. Building on this, the
synergy between quantum technologies and smart city platforms
is analyzed, with particular attention paid to urban digital twins
and autonomous systems. Finally, theliterature converges onthe
contextof Saudi Arabia’s Vision 2030, presenting an integrated
architecture that aligns Smart City layers with quantum
capabilities. This progression identifies key research gaps and
sets the stage for the technical and strategic contributions of this
study to address them.
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A. Quantum Computing: Fundamentals and Architecture for
Urban Optimization

Quantum Computing (QC) represents a transformative shift
in computational paradigms, leveraging quantum-mechanical
principles such as superposition, entanglement, and interference
to process information in fundamentally different ways from
classical von Neumann architectures [8]. Unlike classical bits,
which encode data as either 0 or 1, quantum bits (qubits) can
exist in multiple states simultaneously. This property enables
quantum systems to explore exponentially larger solution spaces
in parallel, offering powerful capabilities for solving complex
urban challenges [4].

These principles underpin several algorithmic families that
are relevant to smart city applications. Quantum optimization
algorithms, such as the Quantum Approximate Optimization
Algorithm (QAOA) and quantum annealing, have shown
promise in solving traffic routing, resource allocation, and
scheduling problems [6], [14]. Quantum Machine Learning
(QML) enhances predictive modeling in domains such as
mobility, infrastructure, and public services [15], whereas
quantum simulation enables high-fidelity modeling of physical
systems such as climate, energy, and water networks [16].
Additionally, quantum-safe cryptographic protocols, including
Post-Quantum Cryptography (PQC) and Quantum Key
Distribution (QKD), are essential for securing municipal data
and IoT infrastructure [17], [18].

Although the potential of Quantum Computing (QC) is vast,
its current realization is characterized by the Noisy
Intermediate-Scale Quantum (NISQ) era [4]. This designation
describes today's hardware, which features a limited number of
physical qubits (typically 50 to a few hundred) and critically
lacks robust quantum error correction (QEC). The inherent noise
and limited qubit connectivity in NISQ devices impose severe
practical constraints on the complexity and runtime of quantum
algorithms, causing quantum states to decohere and
computational errors to accumulate rapidly.

For smart city applications, this reality mandates the use
of Hybrid Quantum-Classical Architectures (HQCAS),
particularly in algorithms such as the QAOA and VQE. In these
models, quantum processors handle computationally intensive
kernels (e.g., optimization components), whereas classical
supercomputers manage most data handling and iterative loop
control [19]. Furthermore, research efforts are intensely focused
on error mitigation techniques—methods that use existing noisy
hardware to produce statistically meaningful results by carefully
managing and analyzing error signatures rather than relying on
full-scale QEC, which remains years away. This pragmatic
hybrid approach s critical for the phased adoption outlined in
this study, ensuring that early-stage quantum pilots in
megaprojects are grounded in achievable computational gains,
rather than idealized future performance.

Quantum computing architectures are typically categorized
into gate-based systems and quantum annealers. Gate-based
architectures support universal quantum algorithms and are
programmable and scalable, making themsuitable for long-term
Smart City applications, such as urban simulation and
autonomous system coordination [ 7]. Quantum annealers, on the
other hand, are specialized for solving combinatorial
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optimization problems formulated as Quadratic Unconstrained
Binary Optimization (QUBO), which are common in traffic
signal coordination, smart grid balancing, and logistics routing
[14],and [10]. Fig. 1 illustrates the foundational structure of the
integrated Smart City framework, emphasizing the role of the
computational core in processing vast amounts of urban data.

D ific ithms for optimization, si and

P
©o cryptography.
‘Application
Quanwm Includes compilers, SDKs (e.g., Qiskit, Cirg), and
Software algorithm libraries.

Manages qubit coherence, gate fidelity, and
€rTor corTection routines.

Control & Calibration

Physical qubits via
superconducting circuits,

Quantum Hardware
trapped ions, or photonics.

Fig. 1. Architectural layers of quantum computing.

To interface with smart city platforms, quantum
architectures must be extended using hybrid quantum-classical
systems, middleware abstraction layers, and quantum-safe
security modules. Hybrid Quantum-Classical Architectures
(HQCA) combine quantum solvers with classical infrastructure
to enable real-time decision support in Urban Digital Twins
(UDTs), traffic systems, and energy grids [11]. Middleware
translators convert Smart City variables into QUBO or
Hamiltonian formats for quantum processing [20], whereas
quantum-safe security modules embed PQC and QKD into IoT
and blockchain layers to ensure resilience against future
quantum threats [17], [18].

Although fault-tolerant quantum advantage is still a
medium-term objective, quantum-inspired algorithms and
hybrid workflows are already delivering near-term value. These
approaches enhance performance in targeted domains, such as
smart grid balancingand traffic optimization. Moreover, the rise
of QC necessitatesimmediate preparation for quantum threats to
current encryption standards, as algorithms such as RSA and
ECC are vulnerable to quantum attacks.

B. Smart Cities and the Computational Imperative for
Quantum Integration

Smartcities are dynamic ecosystems that integrate advanced
technologiesto enhanceurbanlife, optimize resource utilization,
and ensure sustainability. They represent the convergence of
physical infrastructure, digital intelligence, and human-centric
governance, orchestrated through interconnected systems [1],
[2]. At their core, smart cities rely on Information and
Communication Technologies (ICT), Internet of Things (IoT)
devices, Urban Digital Twins (UDTs), automated control
systems, and real-time analytics to deliver responsive, efficient,
and equitable services [3], [10].

The architecture of a smart city comprises multiple
interdependent layers, as shown in Fig. 2, including physical
infrastructure, sensor networks, connectivity, data management,
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service orchestration, and governance. These layers support
strategic pillars, suchas smart governance, smart mobility, smart
environments, and smart living. Each pillar involves solving
complex optimization problems, multivariate simulations, and
secure communications. For example, smart governance
demands the predictive modeling of policy outcomes and secure
data sharing [9], whereas smart mobility demands real-time
route planning and congestion prediction [14]. Smart
environments involve dynamic energy balancing and climate
resilience modeling [ 16], whereas smart living depends on the
orchestration of intelligent services and secure communications

Policy frameworks, privacy controls, cybersecurity, and ethical
4 oversight
iovernanc
& Security
Service Al-driven decision systems, automation engines, and citizen
Orchestration platforms
Data lakes, UDTs, and analytics platforms for
/ Data Management \ modelling and prediction
T 5G, Fiber optics, edge/cloud infrastructure for
/ Network & Connectivity \ plig et By
== Real-time data collection from traffic,
/ Sensor & loT \ environment, energy, and safety
. Roads, buildings, utilities,
Physical Infrastructure transport systems, and energy
grids

Fig.2. Architecture layers of smart cities.

The computational demands of these systems, particularly
for real-time optimization and high-fidelity simulations, are
rapidly outpacing the capabilities of classical computing. Many
of the most critical smart city tasks are NP-hard, meaning that
the time required to determine optimal solutions increases
exponentially with system complexity [4], [8]. Quantum
computing provides a novel approach for strategically
addressingthese bottlenecks. Algorithms suchas the QAOA and
quantumannealingsolve routingand scheduling problems more
efficiently [5], [6], while QML enhances predictive modeling,
and quantum simulation supports infrastructure planning and
resilience [15],[16]. Quantum-safe cryptography ensures long-
term data integrity and privacy across Smart City layers [17],
[18].

Saudi Arabia’s Vision 2030 presents a unique opportunity to
embed quantum technologies from inception into greenfield
megaprojects, such as NEOM, The Line, and the Red Sea
Project[21],[22]. These developments demand computational
solutions that exceed the current urban planning standards,
particularly in achieving zero-carbon, high-speed, and adaptive
operations.

C. Quantum Technologies and Smart City Synergy

The convergence of quantum technologies with smart city
systems marks a pivotal evolution in urban innovation. As cities
become increasingly complex and data-driven, classical
computational architectures struggle to meet the demands of
real-time optimization, predictive modeling, and secure
communication [4],[8]. The Quantum City paradigm introduces
a new computational model that leverages quantum physics to
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unlock hyper-efficiency, resilience, and intelligence in urban
domains [10].

Conventional smart city technologies—including loT, Al,
blockchain, and cloud computing—operate within
deterministic, binary frameworks. Although these systems have
enabled significant advancements in urban management, they
are inherently limited in solving large-scale combinatorial
problems and securing data against emerging threats [1], [2].
Quantum computing bridges this gap by accelerating complex
calculations using superpositions and entanglements. Quantum
annealing is ideal for solving QUBO problems, such as traffic
coordination and energy grid balancing [14], whereas gate-
based quantum computing supports universal algorithms, such
as QML, for predictive modeling [6], [15].

Quantum communication technology further enhances the
resilience of smart cities. Quantum Key Distribution (QKD)
provides provably secure encryption, and Post-Quantum
Cryptography (PQC) protects urban systems from future
quantum attacks (Mosca, 2018; Barletta et al., 2023). These
capabilities are especially critical for safeguarding IoT
networks, blockchain platforms, and cloud-based services.

Urban Digital Twins (UDTs) are among the most promising
applications of quantum technologies. Quantum-enhanced
UDTs enable accelerated simulations of traffic systems, climate
impacts, and energy demand (Georgescu et al., 2014). Quantum
Reinforcement Learning (QRL) trains autonomous agents, such
as traffic controllers and energy regulators, within UDT
environments, allowing them to adapt in real time and improve
system-wide performance [7]. By embedding quantum
capabilities into UDTs, Saudi Arabia can achieve predictive,
resilient, and intelligent urban systems that scale with
complexity and adapt to uncertainties.

D. Integrated Smart City Architecture with Quantum

Computing

To operationalize the convergence of smart city systems and
quantum technologies, this study presents an integrated
architectural framework that aligns urban infrastructure layers
with the corresponding quantum computing capabilities of the
latter. As cities evolve into complex, data-intensive ecosystems,
the limitations of classical computingare becoming increasingly
apparent, particularly in domains that require real-time
optimization, high-dimensional simulation, and secure
communication.

The proposed framework reflects the layered nature of smart
cities, as structured in Table I, beginning with the foundational
physical infrastructure and progressing through sensor
networks, connectivity, data management, service orchestration,
and governance. Each layer is mapped to a quantum counterpart,
illustrating how quantum hardware, algorithms, simulation
engines, and cryptographic protocols can be embedded in the
urban stack. For example, quantum hardware environments
support infrastructure-level integration, whereas quantum
sensors enhance data collection precision. Quantum
communication channels, such as QKD-secure network layers
and quantum simulation engines, enhance the data management
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systems. The QAOA, QML, and QRL enhance service
orchestration, whereas the PQC and ethical quantum
governance modules reinforce governance and security [10],
[11],[18].

To bridge classical and quantum systems, the architecture
includes integration middleware components, such as a Hybrid
Execution Manager, which routes tasks to either classical or
quantum processors based on complexity. The Quantum API
Gateway provides a unified interface for accessing Quantum-as-
a-Service (QaaS) platforms such as IBM and Pasqal, whereas
the Semantic Translator converts smart city variables, such as
traffic flows, energy loads, or policy constraints, into quantum-

compatible formats such as QUBO or Hamiltonians.

TABLE I. LAYERED ARCHITECTURE: CLASSICAL—QUANTUM
ALIGNMENT
Smart Ci
mart City Quantum Integration
Layer Components (Enhancement)
(Classical)
Policy frameworks, Post-Quantum Cryptography
Governance & privacy controls, (PQC), Quantum-safe
Security cybersecurity, Protocols, Ethical Governance
ethical oversight Modules
Automated control
. systems, intelligent | Quantum Algorithms (QAOA,
Service ice delive QML, QRL) for optimization
Orchestration service RE N p ’
multi-agency learning, and autonomy
coordination
Urban Digital . .
. t lat
Data Twins (UDTs), data Quap um Simulation
M . Engines and Quantum-
anagement lakes, Al-driven .
. Enhanced Data Processing
analytics platforms
fi i Lo
3G, fiber optics, Quantum Communication
Network & and edge/cloud
.. . Channels (QKD,
Connectivity infrastructure for
. Entanglement-based Networks)
data transmission
Real-time data
collection from Quantum sensors for ultra-
traffic, .
Sensor & [oT . precise measurements (e.g.,
environment, .
. magnetic fields, temperature)
energy, and public
safety
Roads, buildings, Quantum Hardware
Physical transport systems, Environments (Cryogenic
Infrastructure energy grids, and Systems, Superconducting
utilities Circuits, Photonics)

Fig. 3 illustrates the vertical alignment between the
conventional five-layer Smart City stack and the specific
Quantum Computing (QC) technologies designed to accelerate,
optimize, and secure each layer. The model highlights the use of
Post-Quantum Cryptography (PQC) and Quantum Key
Distribution (QKD) for foundational security, while Quantum
Machine Learning (QML) and optimization algorithms (QAOA,
VQE) provide the necessary computational speedup to manage
NP-hard problems in real-time city operations.
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Smart City Components

(Classical) Layer Quantum Integration (Enhancement)

Policy frameworks, privacy Post-Quantum Cryptography
controls, cybersecurity, ethical Goverance & Security (PQC), Quantum-safe protocols, Ethical
oversight Governance Modules

Automated control systems, Quantum Algorithms (QAOA, QML,
intelligent service delivery, multi- QRL) for optimization, learning, and
agent coordination autonomy

Service Orchestration

Urban Digital Twins (UDTs), data
lakes, Al-driven analytics
platforms

Quantum Simulation Engines and

Data Management Quantum-Enhanced Data Processing

Quantum Communication
Channels (QKD, Entanglement-based
Networks)

5G, fiber optics, edge/cloud

infrastucture for data Network & Connectivity

Real-time data collection from
traffic, environment, energy, and
public safety

Quantum Sensors for ultra-precise
measurements (e.g., magnetic fields,
temperature)

Sensor & loT

Quantum Hardware
Environments (Cryogenic Systems,
Superconducting Circuits, Photonics)

Roads, buildings, transport

. Physical Infrastructure
systems, energy grids, and utilities

Fig.3. Hybrid Quantum-Classical Architectures (HQCA) for urban systems.

E. Saudi Arabia: Quantum Computing Technologies and
Smart Cities Context

Saudi Arabia’s Vision 2030 positions the Kingdom as a
global leader in digital transformation and urban innovation.
Greenfield megaprojects, suchas NEOM, The Line,and the Red
Sea Project, are designed to be zero-carbon, high-speed, and
digitally sovereign, making them ideal testbeds for quantum
integration [11], [12]. The strategic imperative is clear: classical
systems cannot meet the computational demands of hyperscale
environments.

Although Saudi Arabia has invested in AL, 5G, and IoT
infrastructure, quantum computing is an emerging frontier.
There is limited nationalliterature onphased QC adoption, talent
development, and regulatory alignment. This gap underscores
the need fora tailored Strategic Adoption Framework that maps
quantum capabilities to Saudi Arabia’s urban transformation
goals to ensure operational readiness and sovereign-technology
leadership.

III. METHODOLOGY

A. Overview of Methodological Framework

This study adopts a multi-layered methodological
framework to guide the strategic integration of quantum
computing (QC) into Saudi Arabia’s emerging smart city
ecosystem. The approach begins with a systematic literature
review synthesizing global advancements in quantum
technologies acrossurban domains. Peer-reviewed publications,
government reports, and pilot project documentation were
analyzed to benchmark the technical feasibility and deployment
patterns. This review was complemented by a thematic synthesis
of Saudi Arabia’s digital transformation agenda, particularly
Vision 2030 and the National Strategy for Data and Al, to
contextualize quantum integration within the national priorities.
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Building on this foundation, this study conducts a
comparative contextual analysis that juxtaposes international
quantum-smart city use cases with the unique characteristics of
Saudi greenfield megaprojects, such as NEOM, The Line, and
Qiddiya. These developments, unconstrained by legacy
infrastructure, present distinct requirements for low-carbon
efficiency, secure communications, and real-time urban
intelligence. Fromthis analysis, three high-impactdomains were
systematically selected:

e Traffic signal coordination, mapped to QAOA and
quantum annealing for optimization.

e Smart grid balancing, mapped to VQE for complex
simulation and optimization.

e Infrastructure simulation via Urban Digital Twins
(UDTs), mapped to QML and QRL for predictive
modeling and autonomous decision-making.

Hybrid quantum-classical workflows were designed using
platforms such as IBM Qiskit and D-Wave Leap, with problem
formulations translated into quantum-compatible formats like
QUBO and Hamiltonians.

The final phase of the methodology involved strategic
synthesis and roadmap design processes. Insights from the
literature and algorithmic mapping were consolidated into a
three-phase national roadmap—exploration, pilot deployment,
and scaled integration—each of which is aligned with technical,
organizational, and financial milestones. Key Performance
Indicators (KPIs) were defined to measure progress in
infrastructure readiness, talent development, regulatory
alignment, and cross-sector adoption. To wvalidate the
framework, evaluation criteria were applied across four
dimensions: computational efficiency, scalability, integration
feasibility, andstrategicalignment with Saudi Vision 2030. This
iterative process ensures that the proposed roadmap remains
adaptable to the evolving quantum capabilities and urban
planning priorities. Fig. 4 illustrates the overall iterative
methodology used in this study.

s )
Evaluation

State-of-the-

& Fut
Res:a::}f Art Review
4.
. Problem
Hybrid i
Dcéploymem B;:?gpoﬁ-lil:l%n?
Strategy uitability
3.
Strategic
Framework
Design

Fig. 4. Overall methodology.
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B. Methodological Grounding of Algorithmic Mapping and
Roadmap Design

This study adopts a systematic algorithmic mapping and
strategic foresight analysis approach to address the need for
greater methodological transparency and rigor in the mapping
and strategic design processes. This study adopts an approach of
systematic algorithmicmappingand strategic foresight analysis.
The criteria for use case selection, mapping scope, and roadmap
phasing were explicitly defined as follows.

First, the criteria for Use Case Selection and prioritization
were based on three synergistic factors that justify the strategic
investment in quantum resources. These factors are Strategic
Relevance, where cases were chosen based on their direct
alignment with the high-impact, technologically ambitious goals
of Saudi Vision 2030 megaprojects (e.g., NEOM’s cognitive
systems, high-speed logistics, and sustainable resource
management); Classical Bottleneck Justification, which
explicitly placed focus on problems identified as NP-hard (e.g,
complex combinatorial optimization, large-scale traffic
modeling, resource allocation) where current state-of-the-art
classical High-Performance Computing (HPC) or Al solutions
face known computational limitations, thereby justifying the
search for quantum acceleration; and Theoretical Quantum
Applicability, where use cases were confirmed against existing,
peer-reviewed literature demonstrating a theoretical fit with
known quantum algorithm families (e.g.,the QUBO formulation
required by QAOA or the linear algebra necessary for HHL).

Second, the Algorithmic Mapping and Technical Scope
section clarifies that the mapping presented is a conceptual
architectural blueprint rather than a formal complexity proof. It
links the class ofurban problems to the class of suitable quantum
algorithms. This is explicitly a strategic mapping intended to
both identify where potential quantum advantage could be
realized and inform the design ofthe Hybrid Quantum-Classical
Architecture (HQCA) discussed in Section IV. Formal
complexity analysis and empirical performance comparisons
against classical HPC are acknowledged as critical future work,
dependent on the scaling and maturity of fault-tolerant quantum
hardware. Therefore, this study provides the necessary
conceptual foundation for those future comparisons.

Third, the Roadmap Phasing and Readiness Assessment
explains that the three-phase roadmap adapts the conventional
Technology Readiness Level (TRL) framework to a Quantum
Readiness Level (QRL) relevant for strategic urban systems
deployment. The phasing is benchmarked against three factors:
QPU Scaling, which considers anticipated global timelines for
NISQ device maturity (e.g., 50+ effective qubits) and the
development of rudimentary fault-tolerant QPUs; Infrastructure
Maturity, encompassing the projected development schedule
and foundational readiness of the specific Saudi megaprojects;
and Goal Orientation, where each phase (Readiness, Pilot, and
Deployment) is structured to progressively move from
foundational research/quantum-inspired techniques to full
integrationoftrue QPU acceleration, providing a clear path from
current capabilities to future quantum advantage.
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IV. RESULTS

This section presents the analytical results and strategic
insights derived from the proposed methodology. It begins by
examining the international use cases of quantum computing in
smart cities and offers comparative benchmarks and insights.
The discussion then shifts to the Saudi Arabian context,
evaluating its current readiness and identifying the key
requirements for quantum integration. Based on this foundation,
a three-phase strategic roadmap is proposed to guide adoption
across national megaprojects. This section elaborates on a
holistic technical integration strategy and hybrid quantum-
classical software architecture designed to support scalable,
secure, and intelligent urban systems. Finally, this study
critically assesses the benefits and challenges of quantum
adoption, offering a balanced perspective on its feasibility,
impact, and future direction.

A. Use Cases from Around the World for Quantum
Computing Adoption in Smart Cities

Global pilot projects and proof-of-concept deployments
have demonstrated that quantum computing (QC) offers
tangible near-term value for smart cities, not by replacing
classical systems, but by augmenting them using hybrid
algorithms, simulation-based proofs, and targeted hardware
trials. These initiatives span a wide spectrum of domains,
including traffic optimization, energy grid management,
logistics, environmental sensing, cybersecurity, healthcare,
education, and digital governance. These pilots offer strategic
foresight for Saudi Arabia’s megaprojects, such as NEOM,
Qiddiya, and the Red Sea Project, especially in areas where
classical computational limits are likely to be reached owing to
the scale, complexity, and sustainability ambitions of these
developments.

In traffic and mobility optimization, quantum annealing and
quantum-inspired algorithms have been applied to complex
routing and scheduling problems, such as the Traveling
Salesperson Problem (TSP), enabling real-time traffic light
sequencing and congestion reduction. In energy grid
management, hybrid quantum-classical algorithms accelerate
unitcommitment and battery placement, enhancing grid balance
in renewable-heavy microgrids. Urban logistics and supply
chain routing have benefited from quantum formulations for
last-mile delivery and dynamic routing, thereby improving
freight efficiency in densely populated city environments.

In environmental modeling and sensing, quantum-enhanced
sensors and quantum machine learning (QML) enable high-
fidelity  anomaly detection and climate-resilience
forecasting. Cybersecurity pilots have deployed Quantum Key
Distribution (QKD) and post-quantum cryptography (PQC) to
secure municipal infrastructure and citizen data. Smart
healthcare modeling leverages quantum graph analytics and
probabilistic modeling to simulate disease spread and optimize
hospital logistics, thereby supporting national preparedness and
NEOM’s health systems.

Emerging domains are gaining popularity. Smart waste
managementuses quantum optimization for dynamic bin
scheduling and route planning, aligning with circular economy
goals in cities such as Medina. In education, quantum-enhanced
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clustering and recommendation systems enable personalized
learning paths and adaptive curricula, supporting NEOM’s
digital education platforms. Digital twin simulation integrates
quantum-enhanced multi-agent modeling for real-time urban
planning and resilience forecasting.  Finally, smart
tourism applications use quantum algorithms to optimize visitor
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flows and enhance cultural site management, which is critical
for destinations such as Alula, Diriyah, and Hajj logistics.

Table Il summarizes these global pilot projects, highlighting
their focus areas, enabling technologies, demonstrated
outcomes, and strategic relevance to Saudi Arabia’s Smart City
initiatives.

TABLEII.  GLOBAL QUANTUM COMPUTING PILOT PROJECTS FOR SMART CITIES
Focus Area Technology & Mechanism Outcome Saudi Applicability Technical Enhancement Ref.
Traffic Signal Quantum Annealing (QUBO | Adaptive signal NEOM and Riyadh Quantum-assisted leaming | 1531 154
.= . control, reduced automata for dynamic
Optimization formulation) . traffic systems .. [25]
congestion timing
. . Qua‘ntllxm-llnsp 1re.d. Llowe1r truck travel Jeddah and Dammam Hybrid QUBO for multi- [26]
Port Logistics & Routing [ Optimization (Digital time, reduced CO: . . .
L logistics hubs modal freight routing [27]
Annealer) emissions
. . timi It . . tum-enh
. Hybrid Quantum-Classical Optimized voltage Saudi smart grid Quan um-en anced [28], [29],
Grid Battery Placement . control and battery . simulation for energy
Algorithms . expansion . [30]
siting resource planning
Urban Mobility Quantum Machine Learning Improved traffic Riyadh and NEOM Al Quantum-enhanced time [31], [32],
Forecasting (QML) on traffic sensor data | prediction accuracy mobility platforms series forecasting [33]
Emergency Response Quantum annealing for Eﬁitf;tﬁozﬁf NEOM autonomous Quantum scheduling for (341, [35]
Optimization multi-agent dispatch coordination emergency systems emergency logistics
Infrastructure Quantum-Inspired Mu} tljvar%able NEOM and Qiddiya QiEA restarts and swarm [36], [37],
S - . optimization for traffic | . . . -
Optimization Evolutionary Algorithms infrastructure planning intelligence [38]
and energy
Energy & Water Quan‘tum'mmulatlop for fmproved modeling of Red Sea Project and Qu.antum-enhanced digital (391, [40],
M desalination and grid NEOM water-energy twin for resource
anagement . water-energy nexus . [41]
modeling systems optimization
. Quantum Key Distribution .. PQC rollout across . .
Cybersecurity (QKD) and Post-Quantum Secured municipal data Saudi smart city Integmthn of QKD wqh [42], [43]
Infrastructure links blockchain-based services
Cryptography (PQC) platforms
Simulated policy NEOM governance and | Quantum scenario

Urban Governance
Simulation

Quantum-enhanced agent-

. outcomes across
based modeling

complex urban systems

Vision 2030 policy
planning

simulation for zoning, [13]
taxation, and incentives

Quantum simulation for
climate and disaster

Climate Resilience High-resolution

prediction of floods

Quantum-enhanced

Coastal and desert . .
microclimate and extreme

[39], [41]

Forecasting modeling and heatwaves urban adaptation event modeling
Smart Healthcare Quantum graph analytics and Dlseas_e spread . NEOM health Quantum-enhanced [44], [45],
. o . modeling, hospital infrastructure and . . . . .
Modeling probabilistic modeling loisti L . epidemiological simulation | [46], [47]
ogistics optimization national preparedness
Digital Identity & Que'intun'l-secure identity . Segure e-gO\I.anment, National digital identity PQC-based auth'eptlcatlon [42], (48],
.2 . verification and blockchain voting,and citizen data .. and encrypted citizen
Citizen Services . . and civic platforms . [49], [50]
integration platforms services
Smart Waste Quantum optimization for Dynamic scheduling, NEOM mrcular Quantum-enhanced logistics
route planning and bin reduced fuel and economy, Medina o [51], [52]
Management . .. . for sanitation networks
prediction overflow municipal services
Smart Education & Quantqm—enhanced Personallz‘ed learning NEOM educaFlon Quantum machine leaming
. R clustering and paths, curriculum platforms, national e- . . [53], [54]
Learning Analytics . A . for adaptive education
recommendation systems optimization leaming
Digital Twin & Urban Quantum simulation for Real-time city-scale NEOM, Qiddiya, Red Quant.um-enhanc.e.d
. . . . .. . R planning and resilience [55], [56]
Simulation multi-agent urban modeling digital twins Sea infrastructure .
modeling
. Quantum-enhanced Optimized visitor . .. .
Smart Tourism & recommendation and crowd experience, congestion AlUla, Diriyah, Hajj Quantum algorithms for [57], [58]

Cultural Heritage

flow modeling prediction

logistics cultural site management

These benchmarks inform the technical and strategic
directions for quantum adoption in Saudi Arabia. The following
subsections explore three representative use cases in greater
depth, illustrating how quantum algorithms address specific
Smart City challenges and how these solutions translate into
measurable impacts within the Saudi context.

1) Energy grid load balancing and optimization: An
excellent example of a combinatorial -optimization problem is

managing scattered urban energy systems heavily reliant on
renewable sources. In smart cities, such as NEOM, where
energy systems are built around 100% renewable sources, a
considerable amount of computer power is required to balance
thereal-time energy flow, predicthow demand will change, and
schedule battery storage among thousands of dynamic nodes.
Quadratic Unconstrained Binary Optimization (QUBO) models
typically address these issues. Classical solvers use heuristics
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to solve them; however, these heuristics become less accurate
and slower as the system becomes more complex.

Quantumcomputing is an intriguing alternative to classical
computing methods. The Quantum Approximate Optimization
Algorithm (QAOA) and Variational Quantum Eigensolver
(VQE) are two examples of algorithms that can solve QUBO
problems by converting them into quantum circuits. These
circuits examine extensive solution spaces in superposition and
identify near-optimal configurations for load distribution and
storage scheduling. The VQE and QAOA can determine the
optimal times to charge and discharge a quantum system by
lowering its energy state. This reduces energy loss and
maximizes the use of renewable sources.

In Saudi Arabia, this ability immediately helps the Line and
other megaprojects achieve their goal of carbon neutrality.
Recalibrating the grid in real time makes operations more
reliable, reduces energy waste, and makes the system more
sustainable in the long run. Improvements in computing
efficiency can lead to significant reductions in costs and
emissions, demonstrating the importance of quantum integration
in national energy planning.

2) Dynamic traffic and logistics routing: In hyper-
connected cities, urban logistics and mobility systems require
route optimization that is always on and can predict the next
event. As Saudi Arabiamoves toward fleets of self-driving cars
and public transit networks that function together, managing
real-time traffic flow and supply chains becomes increasingly
difficult. These problems are usually modeled as different
versions of the Vehicle Routing Problem (VRP) or the
Traveling Salesperson Problem (TSP). Both problems are NP-
hard and scale poorly in classical computations.

Quantum Annealing (QA) is a powerful way to solve these
kinds of problems. QA enables a quantum system to anneal
toward its lowest-energy state by introducing routing constraints
and objectives in theenergy landscape. This is the most efficient
method for setting up routes. This approach offers significant
speed-ups over classical heuristics, such as simulated annealing,
particularly in high-dimensional and time-sensitive scenarios.

Quantum-enhanced routing can guarantee zero-latency
mobility and logistics in smart cities in Saudi Arabia. This is a
basic prerequisite for NEOM's autonomous infrastructure.
Efficient routing reduces fuel consumption, minimizes battery
drainage, and lowers the environmental emissions. Moreover,
quantum scheduling can support multi-agent coordination
across emergency response systems, freight hubs, and public
transit, makingboth operationsmoreefficientand improving the
experience of citizens.

3) Urban digital twin (UDT) simulation and forecasting:
Urban Digital Twins (UDTs) are central to predictive
governance in smart cities, enabling planners to simulate and
evaluate infrastructure, environmental, and social systems
before implementation. Planners can test and assess
infrastructure, environmental, and social systems using UDTs
prior to construction. However, for UDTs to work well, they
must simulate complicated, interconnected tasks, such as fluid
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dynamics, air quality, population mobility, and material
behavior. These tasks involve solving large systems of
equations and modeling high-dimensional physical processes,
which often exceed the capabilities of classical computing.

Quantum Simulation and Quantum Machine Leaming
(QML) are two methods that work well together to solve
problems. Quantum simulation uses quantum mechanics to
represent physical systems at an exponential speed, making it
ideal for simulating chemical reactions and designing materials.
In contrast, QML excels at extracting patterns fromnoisy sensor
data, enabling accurate forecasting and predictive maintenance
of urban infrastructure.

Quantum-enhanced UDTs can transform static planning
tools into dynamic engines for resilience and foresight in Saudi
Arabia. Forexample, they can be used to forecast water demand
under stress conditions, simulate the structural integrity of new
materials, and predict the spread of airborne pollutants. These
capabilities aid in proactive governance, smart capital planning,
and the long-term success of urban transformation initiatives,
especiallyin areas susceptibleto climate change, such as the Red
Sea Coast and NEOM.

B. Quantum Computing Adoption for Smart Cities in Saudi
Arabia

Saudi Arabiais undergoinga profoundtransformationunder
the Vision 2030 framework, with smart city development as the
national cornerstone. The Kingdomdesires to build smart, zero-
carbon, and hyper-efficient cities using advanced technologies
such as Artificial Intelligence (Al), the Intemet of Things (IoT),
and quantum computing (QC). NEOM, The Line, Riyadh Smart
City, and the Red Sea Project are some of the most important
projects that demonstrate this goal in Saudi Arabia.

These projects differ because of their massive size and
"greenfield" design, which allows quantum-readiness to be
embedded into the infrastructure and data architecture from the
start. This strategic advantage enables Saudi cities to bypass
outdated integration challenges and utilize the most advanced
computational models from the beginning. In this case, three
imperatives drive the adoption of QC. First, the absence of
legacy systems allows the native integration of quantum
technologies, thereby avoiding costly retrofitting. Second, the
optimization-critical nature of energy, water, and mobility
systems requires computational capabilities that exceed the
classical limits. Third, the Kingdom's ability to invest and its
long-term commitment to Vision 2030 make it possible to
continue investing in quantum infrastructure, talent
development, and ecosystem creation.

Quantum computing is particularly important for Saudi
Arabia’s initiatives. NEOM is a $500 billion cognitive megacity
designed to integrate Al, quantumtechnologies, and self-driving
systems to improve sustainability and operational efficiencies.
The Line is a 170-kilometer-long city in NEOM
that aims to have no cars and no carbon emissions, which
means it needs real-time smartsystemsto manage different
types of transportation. The Red Sea Project and Qiddiya are
large-scale tourism and entertainment hubs that require smart
infrastructure for logistics, resource management, and the
provision of tailored services. Owing to their size and
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complexity, these projects are likely to reach -classical
computational limits sooner than retrofitted cities. Therefore,
quantum computing is not a luxury upgrade but a strategic
necessity for real-time multimodal optimization across the
energy, water, mobility, and security domains.

Saudi Arabia has initiated the development of a local
quantum ecosystem to facilitate such changes. The Quantum
Valley Initiative is a partnership between the King Abdulaziz
City for Science and Technology (KACST), the Saudi Data and
Al Authority (SDAIA), IBM, and Pasqal. Its goal is to create a
national center for quantum research, hardware hosting, and
application development. Early-stage quantum security pilots in
NEOM are working on quantum-secured [oT and blockchain
frameworks to ensure cityresilience and maintain data integrity.
There are national talent programs underway to teach more than
50 graduate students in Quantum Information Science (QIS) and
provide more than 200 IT professionals with certificates in
quantum computing and post-quantum cryptography (PQC). In
addition, hybrid pilots are used in the energy, logistics, and
water sectors to test quantum-classical operations and help
shape regulatory frameworks.

Saudi smart cities are in a unique position to profit from
quantum computing because they utilize Urban Digital Twins
(UDTs), maintain expansive loT networks, and implement
blockchain-based infrastructure. UDTs require real-time
simulation and optimization of multimodal systems, whereas the
rapid growthof'sensor networksnecessitatesthe use of PQC and
QKD for secure data transmission. QC also complements
blockchain platforms by enhancing data integrity and cyber
resilience. In this perspective, NEOM and The Line are worthy
examples of the quantum imperatives. Because they require
operational complexity and demand QC for predictive
modeling, resource allocation, and coordinating autonomous
systems, the Kingdom's smart city future will be based on
quantum computing.

C. Requirements of Quantum Computing Adoption for Smart
Cities in Saudi Arabia

As Saudi Arabia accelerates its smart city transformation
under the Vision 2030 framework, quantum computing (QC) is
becoming a strategic enabler, creating urban settings that are
zero-carbon, hyper-efficient, and cognitively adaptive urban
environments. NEOM, The Line, and the Red Sea Project are
major projects that require computing power greater than that
provided by traditional methods, particularly for tasks such as
real-time optimization, secure data sharing, and accurate
simulation. To harness quantum technologies effectively, a
multidimensional ~ understanding of the  technical,
organizational, financial, legal, ethical, and regulatory
requirements is essential. Saudi Arabia has a unique position for
quantumintegrationbecause it offers a greenfieldad vantage, the
ability to invest in its quantum ecosystem, and a commitment to
its development.

Drawing on global governance frameworks and strategic
roadmaps, including those from the World Economic Forum,
Stanford Law, Cambridge University Press, and UK
government publications, this section outlines the key
prerequisites for QC adoption in Saudi Arabia’s Smart Cities.
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Technical Requirements. Quantum adoption requires
robust hybrid architecture, secure communication
protocols, and middleware integration. To ensure data
sovereignty, Saudi Arabia must move from quantum-as-
a-service (QaaS) models to sovereign Hybrid Quantum-
Classical Architectures (HQCA). Itis critical to integrate
QC into NEOM’s digital twin and smart grid platforms,
along with standardized Post-Quantum Cryptography
(PQC) across IoT and blockchain systems. Mitigation
strategies include investing in sovereign infrastructure,
collaborating with global vendors for localized
deployments, and launching a national standards body
under the KACST and SDAIA.

Social and Human Capital Requirements. Quantum-
literate staffand public trust are foundational elements of
quantum governance. Addressing talent shortages in
Quantum Information Science (QIS), engaging citizens
in data governance, and localizing QIS curricula are
essential steps. Initiatives such as the Quantum Talent
Initiative (QTTI), public engagement campaigns, and joint
academic programs with King Abdullah University of
Science and Technology (KAUST), King Abdulaziz
University (KAU), and other international institutions
support inclusive and sustainable capacity building.

Organizational Requirements. Effective QC adoption
requires agile governance, inter-agency coordination,
and collaboration. Aligning the governance structures of
SDAIA, KACST, the Ministry of Education,and NEOM
will make it possible to prototype and deploy quickly.
Institutionalizing quantum innovation requires the
establishment of a National Quantum Steering
Committee, the use of regulatory sandboxes, and the
hiring of Chief Quantum Officers (CQOs) within
megaprojects.

Financial Requirements. Long-term sovereign
investments and private-sector incentives are vital.
Leveragingthe Public Investment Fund (PIF) and Vision
2030 resources, attracting Foreign Direct Investment
(FDI), and modeling the Return on Investment (ROI) in
hybrid deployments will ensure financial sustainability.
The Quantum Innovation Fund, tax credits, and cost-
benefit frameworks for pilot evaluation are
recommended as mitigation strategies.

Regulatory Requirements. Saudi Arabia must define a
national quantum policy, align it with international
compliance standards, and regulate quantum-enhanced
services. Ensuring adherence to global PQC and QKD
protocols, addressing dual-use concems, and being
consistent with Gulf Cooperation Council (GCC) and
Organization for Economic Cooperation and
Development (OECD) digital regulations are all
important considerations. Developing a National
Quantum Regulatory Framework and participating in
working groups for the International Organization for
Standardization/International Electrotechnical
Commission (ISO/IEC) and the  European
Telecommunications Standards Institute (ETSI) would
aid regulatory maturity.
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Ethical Requirements. Responsible innovation must lead
to quantum Al deployment. Ethical risks in predictive
policing, facial recognition, and behavioral modeling
must be addressed in accordance with Islamic principles
and Vision 2030 standards. A National Quantum Ethics
Board will be established, WEF Quantum Governance
Principles will be adopted, and fairness audits of
quantum algorithms will be mandated to ensure
transparency and cultural sensitivity.

Legal Requirements. Legal frameworks must be adjusted
to accommodate these technologies. It is important to
update intellectual property laws, define liability in
quantum-enhanced decision-making systems, and clarify

TABLE III.
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data ownership and cross-border flows. Saudi Arabia
must safeguard its sovereign rights over quantum-
generated insights, oversee quantum-enhanced public
services, and guarantee adherence to national data
protection laws, such as the Personal Data Protection
Law (PDPL). Mitigation strategies include amending
cybersecurity laws, drafting hybrid AI/QC legal
frameworks, and defining thresholds for quantum
automation.

Table Il summarizes a structured overview of the key
requirements for adopting quantum computing in Saudi smart

QUANTUM COMPUTING ADOPTION REQUIREMENTS FOR SMART CITIES IN SAUDI ARABIA

Requirement Category

Key Requirements

Specific Requirements for Saudi
Arabia

Mitigation Strategy

Technical

Develop Hybrid Quantum-
Classical Architectures (HQCA)
Implement Post-Quantum
Cryptography (PQC) standards.
Build middleware for UDT-QC
integration.

Establish benchmarking and error
mitigation protocols.

Transition from QaaS to sovereign
HQCA for data sovereignty
Integrate QC into NEOM’s digital
twin and smart grid platforms.
Standardize PQC across smart city
IoT and blockchain systems.

Invest in sovereign quantum
infrastructure.

Collaborate with global QC vendors for
localized deployments.

Launch a national QC standards body
under KACST/SDAIA.

Social / Human Capital

Build a quantum-literate
workforce.

Promote public awareness and
trust.

Ensure inclusive access to quantum
education.

Address QIS talent shortages in
academia and industry.

Engage citizens in smart city data
governance.

Localize QIS curricula in Arabic
and align with Vision 2030
education reforms.

Expand the Quantum Talent Initiative
(QTI).

Launch public engagement campaigns.
Partner with KAUST, KAU, and
international institutions for joint
programs.

Establish inter-agency coordination
frameworks.
Create agile pilot governance

Align SDAIA, KACST, MoE, and
NEOM governance structures.

Form a National Quantum Steering
Committee.
Use regulatory sandboxes for pilot

Embed quantum innovation units Zonesv ploy ¥ Appoint Chief Quantum Officers (CQOs)
in city planning bodies. ’ in megaprojects.
Secure long-term sovereign ..
. Leverage PIF and Vision 2030 funds . .
}EZ:;i?/?;L.private sector R&D and for infrastructure. gsftfgfltlj)}(l grgduiizl ;‘:(ril ;:r(l)t\;aft;: ggulgch
Financial Attract FDI in quantum ventures. .
startups. Justify QC investment through Develop cost-benefit frameworks for pilot
?i/i;(]ij;/r}:)gitgor hybrid QC energy, logistics, and security gains. evaluation.
Define national quantum policy Ensure compliance with global PQC | Draft a National Quantum Regulatory
and standards. and QKD standards. Framework.
Resulat Align with international export Address dual-use concerns in Participate in ISO/IEC and ETSI quantum
cgulatory controls and compliance. defense and energy sectors. working groups.
Regulate quantum-enhanced Harmonize with GCC and OECD Create a regulatory sandbox for quantum
services and data flows. digital regulations. pilots.
i’rr]%rrtl;t:;e;fe(;rémble innovation Address ethical risks in predictive git:fdhsh a National Quantum Ethics
. Prevent nrl)isuse (}:f quantum- policir}g, facial ref;ognition, and Adopt.WEF Quantum Governance
Ethical . behavioral modeling. L.
enhanced surveillance. . . . . . Principles.
Ensure cultural and social Align with Islamic ethical principles Require explanations and fairness audits
PR and Vision 2030 values. 4 P .
sensitivity in deployment. for quantum algorithms.
Update IP laws for quantum Protect sovereign I:lg.hts 0}:/ o Amend IP and cybersecurity laws to
algorithms and hardware. quantum-generated insights. . include quantum domains.
Leeal Define liability in quantum- Regplate quantum-enhanced public Draft legal frameworks for hybrid AI/QC
ga services (e.g., traffic, energy, and

enhanced decision systems.
Clarify data ownership and cross-
border data flows.

health).
Ensure compliance with Saudi data
protection laws (e.g., PDPL).

systems.
Define legal thresholds for quantum-
enhanced automation.
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D. Proposed Strategic Three-Phased Roadmap for QC
Adoption in Saudi Arabia’s Smart Cities

1) Proposed strategic three-phased roadmap for QC
adoption: The quantum computing roadmap for Saudi Arabia's
smart cities is designed to evolve from foundational capability
building to full operational deployment, in alignment with the
Saudi Vision 2030 mandates for human capital development,
digital transformation, and sovereign technological leadership.
The roadmap is divided into three strategic phases and includes
key pillars, focus areas, and measurable milestones to guide the
Kingdom’s transition from pilot experimentation to global
quantum leadership. Fig. 5 presents the proposed three-phase
roadmap for QC adoption in smart cities in Saudi Arabia. The
three phases are detailed as follows:

e Phase I: Foundation and Preparation (0—3 years). This
initial phase focuses on establishing a foundational
ecosystem required for the adoption of quantum
computing. Activities include the publication of a
National Quantum Strategy and the development of
ethical, legal, andsocial implications (ELSI) frameworks
to guide responsible innovations. Talent development is
prioritized through the launch of the Quantum Talent
Initiative, which aims to retrain IT professionals and
reform university curricula to include Quantum
Information Science (QIS). Early access to quantum
resources is secured via quantum-as-a-service (QaaS)
contracts, and pilot-scale post-quantum cryptography
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(PQC) is deployed on noncritical smart city subsystems
to test the security protocols.

e Phase II: Pilot and Integration (3—7 years). This phase
emphasizes hybrid system validation and integration
with Urban Digital Twins (UDTs). Quantum-classical
pilots are launched in high-impact domains, such as
smart grid optimization and traffic control, leveraging
algorithms such as Quantum Reinforcement Learming
(QRL). A middleware is developed to abstract the UDT
variables into the QUBO format, enabling compatibility
with quantum solvers. Cyber resilience is enhanced by
mandating post-quantum cryptography (PQC) across
IoT and blockchain frameworks within pilot zones to
ensure secure data flows and infrastructure integrity.

e Phase III: Deployment and Leadership (7+ years). The
final phase focuses on full-scale operationalization and
positioning Saudi Arabia as a global leader in quantum-
smart-city innovation. Proven hybrid quantum
algorithms are integrated into core operational systems
in major cities. A National Quantum Hardware Center
has been set up to provide local optimization tools, like
quantum annealers, to enhance the country's computing
power. By hosting international forums and advancing
research on next-generation concepts, such as quantum
digital twins, Saudi Arabia further solidifies its
leadership.

Table IV summarizes the detailed milestones, duration, and
strategic objectives for each phase of the quantum computing
roadmap.

G )
Ph PHASE 1 PHASE 2 PHASE 3
ases . . s : .
Foundation & Preparation Pilot & Integration Deployment & Leadership
-
Focus . o Hybrid System Proving & UDT Full Operationalization &
Capacity Building & Governance Y y VI pen -
Integration Sovereign Capability
\ /
3
Pillars Strategy Access & Talent Cyber uDpT Hybrid Pilots Full Sovereign Global
& Policy Security Development Resilience Integration Y Deployment Hardware Leadership
- J
: . Organizational o
Requirement Regulatory T Social wonls N Organizational
C(,]atﬁ " Ethical T;'Ithm.:'u' Human R;;Il-xlnlury Technical Technical Technical _[‘,mm‘:m' Social
gory Legal ecurity Capital ecurity Technical Regulstory
\.
Publish Deploy PQC Train 50 QIS Achieve 15% Integrate QC Finalize PQC Quantum Launch first Host Global
Ke National on two non- graduate cfficiency gain into NEOM's across NEOM algorithms drive sovereign Forum on
, Y Quantum critical smart students; certify over classical digital twin transport and 10% of quantum Urban
Milestones Strategy city 2001T benchmarks module energy layers optimization computer in Quantum
subsystems professionals decisions KSA Applications
-
Timeline Year | zcar 2 xcar 3 I ' Year 5 icar 15 ' Year 15 I

Fig. 5.
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A proposed strategic three-phased roadmap for QC adoption for smart cities within Saudi Arabian environments.
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TABLEIV. QUANTUM COMPUTING ROADMAP FOR SAUDI SMART CITIES
. . . . Strategic Objectives /
Phase Duration Primary Focus Key Pillars Requirement Category Milestones
Strategy & Policy Regulatory Year 1: Publish the National
Ethical Quantum Strategy and ELSI
(Governance, ELSI)
Legal framework.
1. Foundation & Capacity Building & Talent Development Social Year 3: Traln .50 QIS graduate
Preparati 0-3 Years | (Human Capital) Fuman Capital students; certify 200 IT
reparation overnance P P professionals in QC/PQC.
Access & Security (QaaS, Technical Year 2 De}floy PQ(.: on two
PQC) Security non-critical smart city
subsystems.
. 1 0,
Hybrid Pilots (Smart Grid, ) Year 7: Achievea 15%
Technical efficiency gain over classical
Traffic)
benchmarks.
II. Pilot & Hybrid System Proving UDT Integration (QUBO . Year 5: Integrate QC into
Integration 37 Years & UDT Integration Middleware) Technical NEOM’s digital twin module.
Cyteresoncs pacn | Qo ity e PO s
IoT/Blockchain) .
Security layers.
Full Deployment . Y;ar 10: Quanturp glgopthms
Citywide QC Integrati Technical drive 10% of optimization
(Citywide ntegration) decisions.
1II. Deployment 7Y Full Operationalization Sovereign Hardware Financial :fj;riiz:;‘aﬁzrcl?u?;ecgit uter
& Leadership cars & Sovereign Capability (National QC Center) Technical inKS Ag q P
Global Leadership Orggmzatlonal Year 15: Host Global Forum
(Research & Policy) Social on Urban Quantum
Y Regulatory Applications.

E. Holistic Technical Quantum—Smart City Integration
Strategy

To ensure a cohesive execution plan, a holistic integration
strategy is necessary to synchronize the architectural elements
of urban infrastructure with relevant quantum capabilities along
the national roadmap. This section delineates a detailed structure
that correlates each smart city domain with its quantum
computingequivalent, situated within the strategic prioritiesand
Greenfield advantages of Saudi Arabia.

The framework has eleven architectural levels, starting with
fundamental infrastructure and progressing through data
systems, decision-making platforms, and governance structures.
Each layer correspondsto a distinct quantum capability and is
associated with one of three roadmap phases. This matrix allows
technologists, urban designers, and policymakers to visualize
the incremental integration of quantum technologies into the
urban framework.

The integration strategy is governed by the following phase
objectives:

e Phase I (Foundational Exploration): Focuses on
foundational exploration, including cloud-based
quantum-as-a-service (QaaS) access, feasibility studies
for localized quantum hardware, and early pilot
deployments in sensing and simulation, often leveraging
quantum-inspired classical methods.

e Phase II (Hybrid Integration): Emphasizes hybrid
integration, deploying genuine quantum-enhanced
algorithms in high-impactareas like traffic, energy, and

logistics systems, and embedding middleware for Urban
Digital Twin (UDT) compatibility.

e Phase IlI (Governance Maturity): Targets infrastructure
maturity and governance, including the Post-Quantum
Cryptography (PQC) rollout, quantum-secure identity
systems, and the establishment of national ethics and
regulatory frameworks.

Saudi Arabia's greenfield advantage enables the integration
of quantum technologies without the limitations of legacy
infrastructure. This strategic positioning supports the
Kingdom’s ambition to lead quantum-enhanced urban
innovation. Table V details the holistic integration strategy,
mapping specific smart city components and their
corresponding quantum technologies to the strategic phases of
the Saudi Adoption Roadmap, ensuring all components are
properly addressed.

TABLE V. HOLISTIC INTEGRATION STRATEGY FOR QUANTUM-SMART
CITY MAPPED TO THE SAUDI ADOPTION ROADMAP
Smart City Quantum Saudi
Layer Component Computing Roadmap
P Component Phase
Quantum
Ro'ad's, hardware Phase I: QaaS
. buildings, .
1. Physical environments access,
transport . s
Infrastructure (cryogenics, feasibility
systems, and . .
enerey arids superconducting studies.
gy gras. circuits).
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Real-time data Phase I-1I: :
. . Quantum Computing
2 Sensor & from traffic, Quantum Sensors Research Smart City Components Saudi Roadmap phases Components
' environment, for ultra-precise partnerships,
IoT Layer . .
and public measurements. pilot PhyscalInfrastructure Quantum hardware
safety. deployments. ’ environments
5G. fib t Quantum . ﬁlas? I.H: 1 Sensor & IoT Layer Quantum sensors for ultra-
3 Network & , fiber optics, | communication unicipa y Phase I precise measurements
C e and edge/cloud channels (QKD, QKD pilots,
onnectivity . .
infrastructure. entanglement infrastructure Quant .
. Network & Cﬂnnt(ﬁ"ity uantum communication
networks). planning. Phase LI channels
.. uantum
Urpan dlgltal Simulation Phase II: Data Management Layer tum simulati i
4. Data thnS, data X X Qllﬂll um simulation engines
engines, Middleware
Management lakes, and . .
Layer analytics qule;ntumd— dat gl]t)e]gra.tllotn, Urban Al & Decision Phase II Quantum Machine Learning
platforms. enhanced data priots. Systems QML)
processing.
Phase II: . . Quantum algorithms
predicti QuaEFHmI ) Deploy Service Orchestration Phase 1Tl (QAOA, QML, QRL)
5 Urban Al & redictive machine learning QML/QRL in
Decision analytics, (QML) and traffic, energy. o - A
autonomous quantum ’ ’ Resilience & Simulation Quantum simulation
Systems . and
agents. reinforcement emergency
learning (QRL). systems. Disital Tdentitv & Trust Phase III Quantum-resistant identity
& ty protocols
Quantum Phase II:
Intelligent algorithms Hybrid ) Post-Quantum
6. Service service delivery, | (QAOA, QML, deployments Governance & Security Phase I-IIT Cryptography (PQC)
Orchestration multi-agent QRL) for in traffic,
coordination. optimization and energy, and : .
LT Ethics & Regulatory Layer Quantum ethics frameworks
autonomy. logistics.
l’CnlCtglealtlfl Quantum Phase II-11I: Talent & Innovation Quantum education
7. Resilience di & simulation for QDTs for Ecosystem programs, research centres
. . 1saster . s
& Simulation multivariable resilience
relsllaq?lrilze urban systems. planning. Fig. 6. Holistic integration strategy fora quantum-smart city mapped to the
pa g Saudiadoption roadmap.
Identity Quantum- Phase III:
8. Digital management, resistant PQC F. Hybrid Quantum-Classical Sofiware Architecture (HQCA)
Identity & authentication, protocols, zero- integration, . . .
Trust and trust knowledge quantum trust The Hybrid Quantum-Classical Software Architecture
frameworks. proofs. models. (HQCA) offers a secure, closed-loop operational framework for
Policy. privac POC. quantum- Phase III: integrating specialized quantum computing'resour(.:es into the
. ationa mar 1 €Chnolo, stack. 1S engineere
Y, privacy, -4 National Smart City technol tack. HQCA d to
9. Govemance | cybersecurity, safe protocols, policy, PQC solve computationally intractable optimization kernels
& Security ethical ethical oo eth: Ve compu y ! pll )
oversight. governance. {)Ooa‘r’(;‘ » GLICS recognized by traditional modeling engines, ensuring that
: quantumresourcesareutilized judiciously—exclusively inareas
: : where the rovide a true computational benefit—whereas the
, Data Quantum ethics | Lrase Il here th deat tational benefit—wh th
11{0‘ Etlhics & glove‘f‘t]}?“c,e’ frameworks, Elthtl,csl board, classical infrastructure handles most of the sensing, modeling,
egulatory algorithmic A globa L . . .
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Fig. 6 showsthe

sequential

integration of quantum

computing capabilities with smart city elements in Saudi
Arabia's national roadmap. A specific quantum technology and
deployment stage align with every urban domain, from
infrastructure and IoT to governance and innovation. The
central roadmap column guides the sequence from fundamental
exploration (Phase I) to hybrid integration (Phase II) and
governance maturity (Phase III).

traditional software environment of smart cities. It comprises
five layers:

e Layer 1: Data, Sensing, and Streaming. Stream-
processingengines, such as Kafka and Spark, ingest real-
time data from IoT sensors, edge gateways, and
infrastructure via stream-processing engines (e.g., Kafka
and Spark). Data integrity is verified using blockchain or
Distributed Ledger Technologies (DLT).
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Layer 2: Context and Modeling (Urban Digital Twin).
The Urban Digital Twin (UDT) maintains a high-fidelity
real-time model of the city. Classical AI/ML engines
perform predictive modeling and anomaly detection,
supported by Explainable Artificial Intelligence (XAI)
components to ensure transparency. The UDT identifies
optimization kernels, such as traffic scheduling and
energy balancing, which require quantum acceleration.

Layer 3: Classical Pre-Processing. HPC/GPU resources
are used to clean, normalize, and reduce problem data
(e.g., via Principal Component Analysis) and prepare
them for quantum translation.

Layer 4: Classical Post-Processing. The raw quantum
outputs are validated and converted into actionable,
classical commands.

Layer 5: Infrastructure Control. City control systems
(e.g., SCADA, Traffic Management System (TMS), and
Distribution Management System (DMS)) execute
optimized commands and provide feedback to the
sensing layer, completing the operational cycle.

2) Hybridorchestration layer: The Secure, Iterative Bridge

This middleware layer enables seamless, secure, and low-
latency interactions between classical and quantum domains. It
includes:

Problem Abstraction and Software Toolchain. A
Quantum Software Development Kit (SDK) and
compiler suite translate classical optimization problems
into quantum-native formats (e.g., QUBO and Ising). A
quantum kernel generator encodes classical data into
quantum states for quantum machine learning (QML)
tasks.

Resource Management and Execution Control. Jobs are
directed to the optimal backend, that is, quantum-as-a-
service (QaaS) or sovereign QC hardware, through a
low-latency interconnect. The orchestration layer
manages job queues and execution scheduling and
incorporates a Quantum Error Mitigation (QEM) module
to enhance the result fidelity.

Security Gateway. Post-Quantum Cryptography (PQC)
secures data in transit, whereas Quantum Key
Distribution (QKD) ensures ultra-secure communication
across the classical-quantum interface.

Quantum Computing Stack: Specialized Acceleration
and Solution Output

This zone functions as a dedicated accelerator that solves
the optimization kernels identified by UDT. It includes:

Execution Backend. Quantum solvers (e.g., annealers,
gate-based systems) execute algorithms such as QAOA,
QML, and QRL. A hardware-specific transpiler
optimizes quantum circuits for physical qubit topologies.

Physical Control Interface. Qubit control electronics and
cryogenics handle basic tasks by changing logical gates
into microwave pulses and laser controls.
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Solution Output and Validation. The quantum system
produces an optimal bit string that represents resource
assignments or scheduling variables. These results are
securely transmitted back to the classical stack, where
they are validated and refined through iterative feedback
until convergence is achieved. The final outputs were
translated into actionable infrastructure commands,
closing the loop via the sensing layer.

3) HOCA operational flow: Fig. 7 presents a modular

three-layer architecture designed to

integrate quantum

computinginto smart city operations. The system comprises the
following components:

Layer 1: Classical SmartCity Stack. Responsible for data
ingestion, modeling, and control, this layer includes IoT-
based edge processing, blockchain-secured data streams,
and Urban Digital Twin (UDT) platforms powered by
classical AI/ML engines. HPC/GPU accelerators handle
the initial data processing, whereas post-processing
modules check the results from quantum computing and
convert them into useful information for smart city
services, such as improving traffic flow and managing
infrastructure.

Layer 2: Hybrid Orchestration Layer. Serving as an
intelligent bridge, this layer manages problem
decomposition, algorithm selection (e.g., QAOA and
VQE), and resource allocation across quantum and
classical domains. It includes a quantum software
development kit/compiler suite, real-time pre/post-
processing accelerators, and a secure job submission
system. The Physical Control Electronics interface
directly with the quantum hardware, whereas the
Security Gateway ensures encrypted communication via
PQC and QKD protocols.

Layer 3: Quantum Computing Software Stack. Thislayer
functions as a dedicated accelerator for solving
intractable computational issues. It includes quantum
solvers (annealers and gate-based systems), execution-
dispatchmodules,and hardware-specific transpilers. The
red dashed feedback loop illustrates the iterative
optimization process typical of Variational Quantum
Algorithms (VQAs), where quantum outputs are
measured, refined, and re-executed until convergence is
achieved.

Together, these layers form a secure closed-loop system
capable of translating complex urban challenges into quantum-
native formats, executing them on specialized hardware, and
reintegrating optimized solutions into real-world Smart City
operations.

4) Clarifying the quantum-classical divide and the HOCA
role: To ensure technical clarity and address the potential
overstatement of near-termrelevance, it is crucial to explicitly
distinguish between genuinely quantum-accelerated methods
and quantum-inspired classical techniques within the HQCA
framework:
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e Genuine Quantum Acceleration: This refers exclusively
to algorithms (e.g., QAOA, VQE, HHL) executed on a
dedicated Quantum Processing Unit (QPU) that leverage
superposition and entanglement. Thesemethods offerthe
potential for exponential or polynomial speedups over
the best-known classical algorithms for specific problem
classes. Our long-term strategic goal (Phase III) is
predicated on this capability.

e Quantum-Inspired Techniques: These are classical,
hardware-accelerated optimization and simulation
algorithms (e.g., Digital Annealing (DA), Simulated

Vol. 16, No. 12, 2025

Annealing, and coherence-based methods) that are
inspired by quantum principles but run entirely on
conventional or specialized classical hardware (like
FPGAs or specialized CMOS). While highly effective
for near-term NP-hard optimization, they are not
quantum computing. The HQCA explicitly allows for the
incorporation of quantum-inspired algorithms in the
initial phases (Readiness/Pilot) to build computational
maturity and realize immediate-term optimization gains,
thereby serving as a critical bridge and an essential
component of the classical side of the hybrid
architecture.
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Fig. 7.

G. Benefits and Challenges of QC Adoption in Smart Cities

Quantum computing presents a fundamentally different
computational paradigm that offers significant benefits for smart
cities in terms of optimization, simulation, cybersecurity, and
strategic competitiveness. Its ability to address large-scale
combinatorial problems facilitates exceptional performance in
areas such as traffic management, logistics, and resource
distribution. Quantum algorithms, particularly those tailored for
near-optimal real-time decision-making, surpass conventional
systems in urban mobility and energy balance, where
complexity and latency are significant limitations.

In simulations, quantum methods offer high-fidelity
modeling of intricate urban systems, encompassing climate
dynamics, infrastructure stress testing, and materials science for

Hybrid Quantum-Classical Architecture for smart city optimization.

sustainable construction. These capabilities boost planning
accuracy and resilience, especially in megaprojects such as
NEOM and The Line. Quantum technologies enhance
cybersecurity. Quantum-safe cryptography and Quantum Key
Distribution (QKD) provide robust protection for critical
infrastructure, IoT networks, and municipal data systems,
reducing their vulnerability to quantum-enabled attacks.

Quantum optimization enhances energy systems by
augmenting smart grid efficiency and optimizing the
incorporation ofrenewable sources such as solar and wind. This
aligns with the sustainability objectives of Saudi Arabiaoutlined
in Vision 2030. The strategic deployment of quantum
technology has established the kingdom as a regional leader in
innovation. By aligning quantum projects with national
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priorities, Saudi Arabia may attract international investment,
expertise, and collaborations, thereby enhancing its competitive
advantage.

Despite its potential, quantum computing faces several
challenges in smart-city environments. Technologically,
quantum hardware functions inside the Noisy Intermediate-
Scale Quantum (NISQ) era, which is defined by constrained
qubit numbers and vulnerability to decoherence. Fault-tolerant
systems are several years away from realization. The worldwide
shortage of quantum scientists, engineers, and programmers
further limits adoption, particularly in emerging ecosystems
such as Saudi Arabia.

Cost and accessibility are also major hurdles. Quantum
hardware is costly and is generally accessed through cloud
services, which constrain experimentation and implementation.
Establishing a definitive return on investment (ROI) for early-
stage pilot projects remains challenging. The development of
algorithms is complicated, necessitating specific knowledge to
transform classical issues into quantum-native representations
of the problem.

Integrating current Smart City platforms, such as Urban
Digital Twins (UDTs), sensor networks, and control systems,
necessitates thedevelopment of new middleware, standards, and
hybrid quantum-classical architectures (HQCA). Concerns
regarding governance and security continue to revolve around
data privacy, regulatory frameworks, and secure
communications. Financial and infrastructure costs, including
chilled environments and quantum-safe channels, add further
complications. Table VIsummarizes the benefits and challenges
of adopting quantum computing in smart cities.

Vol. 16, No. 12, 2025

Saudi Arabia's most significant megaprojects, NEOM, The
Line, and the Red Sea Project, offer greenfield potential for the
integration of quantum capabilities from the outset. These
projects are intended to function at an unprecedented scale and
complexity, necessitating computing systems that surpass
classic thresholds [12], [59].The aspiration to create cognitive
cities characterized by real-time responsiveness and predictive
intelligence immediately corresponds to the capabilities of
quantum-enhanced optimization and simulation [10].

The establishment of a quantum-ready smart city is not
merely a singular technology implementation but rathera whole,
interconnected ecosystem propelled by strategic coherence and
continuousadvancement. As illustrated in Fig. 8, the central goal
of achieving a quantum-ready smart city, a core pillar of the
Saudi Vision 2030 megaprojects, is supported by several critical
and interdependent components.

Human
Capital

Resilience &
Risk
Management
Public

Awareness &
Engagement

Strategic
Deployment

Governance
Quantum- & Ethics
Ready Smart

City Vision

. Technical &
International Infrastructure
Collaboration

Readiness

TABLE VI. SUMMARY OF BENEFITS AND CHALLENGES OF QC ADOPTION
IN SMART CITIES

Benefits Challenges &Su%minahility Industrial
. Superior optimization. | & Technological maturity Hament L

P P | (NISQ era).
. Advanced simulation . Talent shortage in
fidelity. quantum fields. Fig. 8. Interconnected ecosystem of a quantum-ready smart city.
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. Real-time resource . Governance, privacy, and The framework's arrows demonstrate the interconnectedness of
allocation. regulatory concems. these dimensions, establishing crucial feedback loops.
. Climate and . _ Financial and ROI Successful strategic deployment influences the economic
infrastructure modelling. uncertainty. continuous resilience and risk

V. DISCUSSION

The shift to quantum-ready smart cities in Saudi Arabia is
not simply a technology enhancement; it is a strategic
cornerstone of the Kingdom's economic diversification initiative
under Vision2030. As urban systems become moreintricate and
data-driven, traditional computational architectures encounter
constraints in addressing large-scale optimization, simulation,
and security problems. Quantum computing (QC), which
leverages superposition and entanglement, presents a
transformative solution to these challenges [4], [5].

impact, supported by
management, thereby ensuring a secure and sustainable
transition that aligns with national environmental and economic
objectives.

A. Human Capital as the Strategic Bottleneck

Despite substantial government investment capabilities, the
foremost challenge is human capital. The acknowledged global
deficiency of quantum-fluent engineers and scientists
necessitates that Saudi Arabia swiftly develops a homegrown
talent pool. This includes the initiation of the Quantum Talent
Initiative, modification of university curricula to incorporate
Quantum Information Science (QIS), and the establishment of
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collaborative research centers with international quantum
leaders [21]. The localization of quantum education through
Arabic-language resources is crucial for guaranteeing
accessibility and long-term sustainability [22].

B. Strategic Deployment and Intermediate Steps

Considering the existing limitations of quantum technology
in the Noisy Intermediate-Scale Quantum (NISQ) era, Saudi
Arabia should implementa gradual deployment approach. In the
short term, utilizing quantum-as-a-service (QaaS) platforms
through cloud access facilitates experimentation without
infrastructure overheads. The Kingdom should simultaneously
invest in hybrid quantum-classical algorithms designed for
urban optimization challenges, middleware for Urban Digital
Twin (UDT) integration, and pilot initiatives in areas where
quantum advantage is anticipated [20].

Energy grid optimization is a promising area in which
quantum algorithms have demonstrated efficacy in unit
commitment and load balancing [60]. Quantum annealing has
been employed to enhance traffic signal optimization in Sendai,
Japan, and to improve port logistics in Hamburg, Germany [61],
[62]. Secure communications provide a strategic opportunity, as
demonstrated by the Quantum Key Distribution (QKD) pilots in
[63],whichserveas examples of protectingmunicipal networks.
These fields provide quantifiable benefits and evident Return on
Investment (ROI), facilitating the justification of long-term
R&D commitments and infrastructure investments.

C. Governance, Ethics, and Strategic Alignment

Quantum deployment requires guidance through
coordinated governance frameworks that synchronize cross-
agency agendas and guarantee ethical and secure
implementation. The World Economic Forum [64] emphasizes
the significance of ethical governance, transparency, and
stakeholder engagement in quantum innovation. Saudi Arabia
should formulate a national quantum policy, create a Quantum
Ethics Board, enforce PQC compliancein IoT and blockchain
systems, and engage with international standards organizations
such as the ISO/IEC and ETSI [18].

D. Technical and Infrastructure Readiness

The adoption of quantum computing depends on the
advancement of hardware and software systems. Saudi Arabia
mustassess its readiness to meet various technical requirements.
Initially, it is essential to develop hardware infrastructure,
including cryogenic environments, quantum laboratories, and
secure data centers capable of accommodating quantum
processors or interfacing with cloud-based quantum-as-a-
service (QaaS) platforms [60]. Second, middleware and
integration layersmustbe created to convert smart city variables
into quantum-compatible representations, including QUBO and
Hamiltonians [20]. Third, interoperability with current urban
platforms must be guaranteed via standardized APIs and
modular architecture to facilitate easy integration with digital
twins, loT networks, and Al systems [18].

E. Economic and Industrial Impact

The adoption of quantum technology may
anticipate a sectoral revolution in industries such as logistics,
energy, construction, and cybersecurity, which will benefit from
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quantum-enhanced modelingand optimization. To facilitate this
shift, Saudi Arabia should encourage quantum startups,
incubators, and collaborations with international entities to
expedite the development of its domestic capabilities [21].
Moreover, quantum-related roles, which vary from algorithm
development to hardware engineering, facilitate the objectives
of Vision 2030 concerning advanced employment and less
reliance on oil [59].

F. Environmental and Sustainability Alignment

Quantum computing supports Saudi Arabia's climate
initiatives and sustainability goals through various channels.
Quantum algorithms can enhance smart grid operations,
minimize energy waste, and facilitate the integration of
renewable sources such as solar and wind [16]. High-fidelity
quantum simulations facilitate predictive planning for climate
resilience, water management, and infrastructure stress testing
[10]. Moreover, quantum-enhanced materials science may
accelerate the advancement of sustainable construction
materials and energy-storage technologies, fostering low-carbon
innovations.

G. Ethical, Legal, and Cultural Dimensions

In addition to governance, more profound ethical and
cultural considerations require further attention. Data
sovereignty is essential for ensuring that quantum data
processing meets national privacy regulations and upholds
citizens’ rights. Cultural localization is crucial, necessitating the
adaptation of quantum education, interfaces, and policy
frameworks to align with Saudi cultural norms and language
[22]. Saudi Arabia must engage in international quantum ethics
discussions to influence the standards of transparency,
accountability, and equal access [64].

H. International Collaboration and Geopolitical Positioning

Quantumtechnologies are becoming essential resources for
global innovation and security purposes. Saudi Arabia's
engagement in global quantum research collaborations,
standards organizations, and bilateral partnerships may
accelerate knowledge transfer and access to advanced quantum
computingplatforms. This positionallowsthe Kingdomto serve
as a regional leader in quantum diplomacy and reduces the risk
oftechnological isolation by conforming to global standards and
protocols [64].

1. Public Awareness and Citizen Engagement

Quantum computing is complex and is frequently
misinterpreted. Public trust and comprehension are important
for the successful implementation of smart cities in the GCC.
Saudi Arabia should initiate public education campaigns to
elucidate quantum technology and advocate citizen-oriented
applications such as secure identity management and traffic
optimization to showcase concrete advantages. Transparency in
data utilization, particularly in quantum-enhanced surveillance
or decision-making systems, will cultivate a culture of informed
participation and diminish opposition to technology
development.

J. Resilience and Risk Management

Quantum systems present novel operational concerns that
require proactive management. Hardware fragility is a
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significant issue because qubits are susceptible to noise,
temperature fluctuations, and electromagnetic interference.
Transition risks in cybersecurity emerge during the migration to
post-quantum cryptography (PQC) and quantum key
distribution (QKD), necessitating meticulous phasing to prevent
these vulnerabilities. Moreover, quantum hardware frequently
depends on specialized components and global suppliers,
resulting in supply chain dependencies. Saudi Arabia must
formulate contingency plans, establish redundancy mechanisms,
and conduct risk audits to guarantee resilience in quantum-
enabled infrastructure (QEI) systems.

VI. CONCLUSION AND FUTURE RESEARCH

As cities worldwide pursue unprecedented levels of
efficiency, resilience, and sustainability, Saudi Arabia’s Vision
2030 megaprojects, suchas NEOM, The Line, and the Red Sea
Project,areattheforefront of this transformation. These projects
are large and ambitious, and they aim to develop cities from the
ground up that are both smart and carbon-free. However, the
computational demands of these environments, particularly
when solving NP-hard issues related to energy management,
traffic routing, and Urban Digital Twin (UDT) simulation, are
rapidly outpacing the capabilities of classical systems. Heuristic
approximations and traditional algorithms fall short of
delivering real-time, scalable solutions, which could put
advanced urban designs at risk in the long run.

This study establishes Quantum Computing (QC) as a
fundamental technology for next-generation smart cities. QC is
notjust a future upgrade, but a strategic necessity that enables
the development of hyper-efficient urban intelligence systems
by overcoming classical bottlenecks. This study's core
contribution is the establishment of the Hybrid Quantum-
Classical Architecture (HQCA) and a methodologically
grounded strategic roadmap, which together serve as the
foundational blueprint for this transition. Two key contributions
support this proposition: First, mapping core Smart City
challenges to quantum algorithmic strengths: energy grid load
balancing aligns with QAOA and VQE, dynamic traffic routing
with quantum annealing, and UDT simulation with quantum
machine learning. These mappings provide a clear technical
rationale forthe targeted deployment of quantum technologies.
Second, this study proposes a phased adoption framework
tailored to Saudi Arabia’s strategic context. The framework is
grounded in four pillars: talent development, infrastructure
readiness, governance and ethics, and targeted pilots. The
roadmap offers a structured pathway for embedding QC into the
national innovation ecosystem in the next decade.

Severalresearch directions are critical for realizing the full
potential of quantum-accelerated smart cities (QASCs), building
directly upon the strategic framework proposed here.
Specifically addressing the need for evidence-based analysis,
the immediate technical priorities are defined in two key areas.
The first is formal problem formulation, which involves
developing precise mathematical (e.g., QUBO or Hamiltonian)
formulations for the key urban optimization problems identified
(e.g., large-scale dynamic vehicle routing and real-time energy
dispatch). This transition from problem classto formal quantum-
compatible model is the essential next technical step. The
secondis Initial Benchmarkingand Comparative Studies, where
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empirical benchmarking of hybrid quantum-classical algorithms
must evaluate the performance ofthese models against state-of-
the-art classical supercomputing solutions using realistic urban
datasets, such as traffic networks with millions of nodes and
energy grids with thousands of dynamic variables.

These benchmarks will endorse quantum advantage claims
and guide the selection of algorithms for deployment in the
future. Another area of focus is the mitigation of decoherence in
quantum systems that operate in Internet of Things (IoT)-rich
environments. Devices from the NISQ era are highly sensitive
to noise, and urban sensor networks generate vast and volatile
data streams. A robust middleware that can manage these
interactions while preserving fidelity and minimizing latency is
essential for the practical integration of these technologies.

Future research should investigate the socioeconomic
aspects of quantum computing adoption. In addition to
computational measures, it is essential to evaluate the
comprehensive return on investment (ROI), which encompasses
the effects on the quality of life, environmental sustainability,
and long-term infrastructure expenses. Measuring these
advantages will facilitate the justification of ongoing
investments and connect quantum activities to national
development objectives. Strategically addressing these
difficulties will position Saudi Arabia to surpass traditional
computational paradigms and establish itselfas a global leader
in quantum-enhanced urban innovation.
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