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Abstract: - The rapid expansion of the Industrial Internet of Things (IIoT) has revolutionized modern technological
infrastructure, generating unprecedented volumes of data through massive sensor deployments. However, extracting
actionable value from this data remains a critical challenge due to the computational, networking, and storage constraints
inherent to edge-level IoT devices. This paper investigates an integrated framework that unifies IToT, Cloud Computing and
Big Data Analytics to overcome these limitations and drive advanced smart infrastructure development. Within this
paradigm, Cloud Computing serves as a scalable, cost-effective platform for data management, while Big Data Analytics
processes complex datasets to enable real-time monitoring, predictive modelling, and intelligent decision-making. Despite
the transformative potential of this tri-tier integration for seamless automation, deployment faces distinct bottlenecks,
particularly within emerging economies. This study critically examines these barriers, which include technological
limitations, high initial infrastructure costs, and heightened privacy and security concerns. Ultimately, this paper outlines
actionable future directions and strategic frameworks aimed at mitigating these challenges, offering a roadmap for
sustainable, secure, and scalable smart infrastructure optimization.
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INTRODUCTION:

The speedy global shift towards urban living presents both unprecedented opportunities and significant challenges for city planners
and residents alike. With over half the world's population now residing in urban areas, cities are under immense pressure to evolve,
providing modern facilities, improved living conditions, and smart, connected infrastructure. However, this growth also intensifies
existing problems such as traffic congestion, waste management, pollution, and insufficient housing. Addressing these complex
issues requires innovative approaches, leading to the rise of the "smart city" concept.

A smart city is more than just a technologically advanced urban center; it's an architectural design aimed at fostering economic
growth and enhancing citizens' quality of life. This vision is increasingly realized through the integration of cutting-edge
technologies like Big Data Analytics (BDA) and the Internet of Things (IoT). The digital transformation defining our modern world
highlights the need for sophisticated technological connections, with Big Data, the Industrial Internet of Things (IloT), and Cloud
Computing emerging as crucial pillars to enhance our daily existence. [2] By leveraging these scientific advancements, cities can
build secure, economically efficient, and sustainable infrastructures that effectively tackle the challenges of smart infrastructure
development.

SMART INFRASTRUCTURE:

Smart infrastructure, a cornerstone of smart development, is a data-driven system designed to enhance decision-making. It operates
on a feedback loop, continuously monitoring, measuring, analyzing, communicating, and acting based on data collected by sensors.
This intelligent system comprises its physical structure and four core principles: data, analytics, feedback, and adaptability.
Researchers have categorized these infrastructures based on their level of autonomy, distinguishing between systems that rely on
human-in-the-loop intervention and those capable of autonomous decision-making through advanced sensing and actuation.

The taxonomy of smart infrastructure and the resulting operational advantages form a central theme in urban planning research.
Scholars frequently categorize these infrastructures based on a tiered model of decision-making autonomy, which serves as a
benchmark for evaluating the maturity of a smart city’s digital integration.At the baseline level, semi-intelligent infrastructure
functions primarily as a data-gathering layer. In this capacity, systems monitor structural behaviour and environmental metrics but
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rely entirely on external human intervention to interpret the findings and execute subsequent actions. This level is characterized by
diagnostic visualization, such as real-time dashboards reflecting traffic density or pollution indices, which provide situational
awareness without prescriptive capability.

Advancing toward intelligent infrastructure, the system gains the ability to process and interpret data to support human decision-
making. These frameworks move beyond simple monitoring by providing actionable insights such as recommending alternative
traffic routes based on congestion detection thereby reducing the cognitive load on human operators while keeping them firmly in
the loop. The pinnacle of this development is found in smart infrastructure, which utilizes autonomous control loops to execute
dynamic responses without human intervention. These systems integrate sensing, processing, and actuation to manage complex
urban assets, such as smart grids and automated public utility networks, in real-time.The scholarly literature underscores that this
tiered progression toward autonomous infrastructure delivers systemic benefits that extend well beyond technological novelty. The
primary advantage cited is the significant enhancement in decision-making precision and self-control. By leveraging continuous
data streams, these systems improve the accuracy and speed of urban management, transitioning services from reactive to predictive.
Furthermore, smart infrastructures are recognized for driving substantial cost efficiencies; by optimizing resource allocation such
as the automated regulation of energy consumption municipalities can achieve higher service levels with significantly reduced waste.

Reliability and resilience emerge as equally critical outcomes of this technological integration. Smart systems are noted for their
capacity to minimize downtime through predictive maintenance, effectively mitigating the risks associated with human error or
unforeseen natural disasters. Beyond purely technical advantages, these infrastructures also facilitate a higher degree of user
interaction and empowerment. Through the deployment of citizen-facing applications and adaptive services, municipalities can
foster a more connected urban experience. Finally, the role of smart infrastructure in promoting sustainability is widely established,
as these systems provide the granular control necessary to optimize waste management, water distribution, and energy grids,
ultimately supporting the long-term environmental viability of rapidly growing urban centers.

The role of Big Data Analytics is frequently cited as the primary driver for extracting actionable intelligence from the
massive, heterogeneous data streams generated by IoT deployments. Academics highlight that traditional data processing
architectures are largely insufficient for the volume, velocity, and variety characteristic of urban sensing environments.
Consequently, the focus has shifted toward scalable storage solutions and machine learning-driven pattern recognition to support
applications ranging from predictive maintenance of municipal utilities to sophisticated anomaly detection for enhanced public
security. [2] This shift is further bolstered by the utilization of Cloud Computing, which researchers identify as the essential
infrastructure layer for providing the necessary computational power, elastic scalability, and secure, centralized management of
urban data.

Furthermore, the Industrial Internet of Things (IIoT) has emerged as a specialized paradigm within this framework, particularly for
critical infrastructure sectors like energy grids, water distribution, and transit systems. Despite the promise of these technologies,
the literature consistently acknowledges persistent challenges, most notably regarding the cybersecurity of expanded network
endpoints, the technical difficulties of retrofitting legacy municipal systems, and the imperative for standardized interoperability.
Ultimately, the consensus among scholars is that the synergistic application of these technological pillars is essential for fostering
urban environments that are not only economically efficient but also resilient and sustainable in the face of ongoing demographic
and environmental pressures.

The integration of the Industrial Internet of Things (IloT), Big Data Analytics (BDA), and Cloud Computing serves as the
cornerstone of contemporary urban development, often conceptualized as the transition toward "Smart Cities." [1] Scholarly
discourse identifies these pillars as essential for transforming urban environments from static, resource-intensive areas into dynamic,
autonomous ecosystems [8]. This technological triad enables cities to pivot from reactive management to proactive, autonomous
governance by creating a sophisticated digital feedback loop between physical infrastructure and computational systems.

THE INDUSTRIAL INTERNET OF THINGS (IIOT)

The IIoT acts as the foundational layer, responsible for the continuous monitoring of urban assets such as energy grids, water
networks, and transit systems. Unlike general consumer IoT, IIoT is distinguished by its emphasis on reliability, low-latency
communication, and the capacity to interface with legacy industrial machinery. Scholars emphasize that the strength of IIoT lies in
its ability to deploy heterogeneous sensors that collect high-fidelity data regarding structural health, environmental conditions, and
operational parameters. Unlike conventional IoT, IloT emphasizes high-reliability communication and the integration of legacy
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machinery with advanced digital layers [8]. Research highlights that the efficacy of these systems relies on the seamless collection
of heterogeneous data streams, which are then processed to optimize industrial and municipal operational efficiency [9]. By
incorporating edge computing, [loT frameworks ensure that critical, time-sensitive data is processed locally, reducing the reliance
on central bandwidth and facilitating rapid, autonomous responses to potential failures or fluctuations in urban services.
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BIG DATA ANALYTICS (BDA)

As the volume, velocity, and variety of data streams from urban sensors continue to escalate, traditional data processing
methodologies have become largely obsolete. Big Data Analytics has emerged as the essential framework for extracting meaningful
insights from these chaotic, unstructured datasets. Recent academic inquiry into BDA highlights its capacity to move beyond mere
descriptive reporting toward predictive and prescriptive modelling. Through the application of advanced machine learning and data
mining techniques, BDA allows municipal planners to identify latent patterns in consumer behaviour and utility usage. Instead,
current research focuses on machine learning and predictive modelling—often categorized as the "Al of Things" (AloT) to facilitate
automated decision-making and anomaly detection [10]. By synthesizing unstructured data, BDA enables proactive infrastructure
maintenance and real-time situational awareness, which are critical for addressing urban challenges like congestion and resource
scarcity [10].

This analytical depth is critical for applications such as proactive infrastructure maintenance, where potential system failures are
predicted before they manifest, and for optimizing urban resource allocation to foster long-term sustainability.

BIG DATA BIG DATA ANALYTICS

Documents  gongors

Social Media i
N 7’
\I\, Emauls - = @ -
Transactions >
/)
«®

LOTS OF DATA Videos

EXPLORE ANALYZE ACT
Find patterns Understand Make better
and trends what it means decisions
N i

@ @ @ ﬁm;:comes @j

STORE EVERYTHING

0)))

o

Fig 2: Big Data and BDA (Big Data Analytics)

1JERTV15I S090572 Page 3
(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)



Published by : International Journal of Engineering Research & Technology (IJERT)
https://lwww.ijert.org/ ISSN: 2278-0181
An International Peer-Reviewed Journal Vol. 15 Issue 09, September - 2026

CLOUD COMPUTING

Cloud Computing serves as the primary enabling architecture that grants these data-intensive systems the necessary flexibility,
scalability, and accessibility. [11] By offering a centralized, virtual environment, cloud platforms permit cities to store and analyse
the vast quantities of data generated by IloT deployments without the limitations of on-premises hardware. The shift toward cloud-
based models has facilitated a transition from capital-intensive infrastructure investments to more efficient, pay-as-you-go
operational models. Furthermore, the cloud provides the interoperable environment required for diverse stakeholders such as
government agencies and private service providers to collaborate securely. Recent scholarly surveys emphasize that cloud platforms
also facilitate cross-sector collaboration by providing secure environments for data sharing between public agencies and private
enterprises [9]. Furthermore, cloud-native frameworks are increasingly integrated with edge computing to minimize latency for
time-sensitive applications, ensuring that autonomous city systems remain resilient and responsive [8]. This capability is paramount
for breaking down data silos, allowing for a holistic view of the city’s operational health and ensuring that services are accessible
and responsive across diverse geographical locations.

USERS & DEVICES SERVICES: WHAT CLOUD PROVIDES

Servers
Run applications

s Storag:
' S safely

CLOUD
COMPUTING

Appllcatlons
-

Security
Keep data protected

-~ DEPLOYMENT: WHERE CLOUD LIVES -
¢ | Performance
E @ High speed & reliable

Private C\uud Publu: Cloud Nyhnd Cluud

For one organizatior eryone

V
'@' Access your data and applications anytime, anywhere, on any device.

Fig 3: cloud computing architecture and services

The transformation of static urban centers into intelligent, responsive ecosystems is underpinned by a "foundational trinity":
the Industrial Internet of Things (IloT), Cloud Computing, and Big Data Analytics. [3] This triad functions not merely as a collection
of separate tools, but as an integrated architecture where the physical world is digitized, processed, and optimized through
computational intelligence.

THE FOUNDATIONAL PILLARS OF SMART INFRASTRUCTURE

The architecture of this system is best understood through its functional layers. The IIoT acts as the sensory system of the smart
city, consisting of a vast array of interconnected devices, sensors, and actuators embedded within the urban fabric. [5] These
components continuously monitor granular physical parameters such as structural integrity, energy load, water pressure, and traffic
flow while simultaneously facilitating automated, real-time interventions, such as adjusting utility valves or traffic signal timings
during periods of high demand.

To manage the massive, heterogeneous data streams generated by these sensors, Cloud Computing provides a scalable, on-demand
backbone. Its utility spans a four-layer architecture—encompassing perception, networking, data processing, and application
interfaces—which allows for the aggregation of distributed data into a centralized, accessible environment. By integrating edge
computing, modern systems can perform localized data processing for mission-critical tasks, ensuring that time-sensitive operations
occur with minimal latency, while sending summarized intelligence to the cloud for deeper, long-term analysis.

Once the data resides in the cloud, Big Data Analytics serves as the intelligence layer, applying machine learning algorithms and
sophisticated statistical models to derive actionable insights. This layer represents a shift from reactive to predictive operations. [3]
For instance, by analyzing historical wear patterns of machinery, analytics can anticipate structural failures before they manifest, a
practice known as predictive maintenance. Simultaneously, these models identify systemic inefficiencies, such as power loss within
smart grids or congestion bottlenecks, enabling urban planners to utilize simulations for data-driven, long-term city development.

IJERTV 151 S090572 Page 4
(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)



Published by : International Journal of Engineering Research & Technology (IJERT)
https://lwww.ijert.org/ ISSN: 2278-0181
An International Peer-Reviewed Journal Vol. 15 Issue 09, September - 2026

Cloud Computing

= 8 ©

Business Value
& Applications

lloT Devices

Smart
Manufacturing

Machines Compute Storage Services

\ Scalable < Reliable ¢ On-demand e Predictive
N Data Analytics Maintenance
Collection & Insights
Sensors - Energy
Secure Connection é ;
Management
marT (TLS / VPN / 1AM) v °
____________________________________ ashboards > uality
HTTP /, ¢ e ) @ Control
Soriollers ! Big Data Platform \ e
i o0Opg | [:b Supply Chain
eee ; o ] Reports Optimization
|
! ? ||IQ
: | g ] ‘ /‘ Better Decisions
: Industrial & ! —_— Data Processing | | - I Lower Costs
svonmen | Data Ingestion Data Lake & Analytics } Alerts ull Higher Efficiency
= i
[ Stream + Batch Store « Clean « Organize ML / Al / Analytics |
I’ A
'
'
' '
' '
Foundation
Security = Governance Scalability Reliability Cost Optimization
Protect devices, = @ Policies, compliance {b Grow with High availability Efficient use of
data & access & standards your business & backup resources

lloT Devices Generate Data —>  Cloud Stores & Connects —>  Big Data Analyzes —> Insights Drive Action
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OPERATIONAL ADVANTAGES AND STRATEGIC INTEGRATION

The integration of these three technologies offers significant operational advantages. Organizations benefit from increased efficiency
through remote monitoring and streamlined facilities management, coupled with the cost-effectiveness of pay-as-you-go cloud
models, which eliminate the burden of maintaining expensive, on-premises storage hardware. Furthermore, the centralized nature
of these platforms fosters enhanced cross-departmental collaboration, allowing disparate teams to access unified data for
synchronized decision-making.

From a security and reliability perspective, cloud-integrated I1oT systems bolster urban resilience. [11] Advanced cloud platforms
ensure the integrity and availability of sensitive municipal data through robust security protocols and automated software updates,
which mitigate the risks of human error and cyber threats. Ultimately, the collaborative synergy of IIoT’s sensing capability, the
cloud’s scalable processing, and the analytical power of Big Data creates a feedback loop that continuously optimizes resource
allocation. [6] This unified framework is essential for modernizing urban and industrial environments, ensuring they remain
sustainable, efficient, and capable of adapting to the evolving demands of growing populations.

The integration of the Industrial Internet of Things (IIoT), Big Data Analytics (BDA), and Cloud Computing has moved
beyond experimental phases into large-scale urban implementation. However, this transition is increasingly hampered by a series of
structural, technical, and socio-economic barriers that complicate the vision of a seamless smart city.

CYBERSECURITY AND VULNERABILITY LANDSCAPES

The primary barrier to modern infrastructure is the expansion of the "attack surface." By connecting critical municipal utilities such
as energy grids, traffic management, and water supply to the cloud, cities have inadvertently created high-value targets for cyber-
adversaries. The prevalence of botnet activities and Distributed Denial of Service (DDoS) attacks poses a persistent threat, as
compromised IoT devices can be leveraged to cripple entire urban networks [7]. Furthermore, the risk of data falsification or
tampering with sensors necessitates the development of sophisticated intrusion detection systems that are both robust enough to
protect the cloud and lightweight enough to run on resource-constrained edge devices.
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INTEGRATION WITH ANTIQUATED INFRASTRUCTURE

The legacy debt remains a significant bottleneck for urban planners. Many municipal systems were designed decades ago and lack
the native connectivity required for modern digital integration. Modernizing these assets involves a complex hybrid state where new
cloud-native applications must coexist with aging mainframes. This creates substantial technical debt, requiring robust middleware
to bridge the gap between traditional industrial protocols and modern digital frameworks [8]. Organizations often find themselves
trapped in a starvation cycle, where an overwhelming majority of the IT budget is dedicated to merely maintaining these legacy
systems, leaving insufficient resources for innovative, growth-oriented initiatives.

DEVICE FRAGMENTATION AND INTEROPERABILITY

The current smart city ecosystem is characterized by extreme fragmentation. A lack of universal standardization across
manufacturers, operating systems, and communication protocols has led to the emergence of walled gardens. When devices from
different vendors cannot communicate directly, it hinders the development of a cohesive network. This lack of interoperability
necessitates costly, custom software development and increases the complexity of system-wide management. Without unified
communication protocols, the vision of a holistic, synchronized urban digital environment remains fragmented across disconnected
silos.

DATA GOVERNANCE AND QUALITY CHALLENGES

For Big Data Analytics to function effectively, it requires high-velocity, clean data. However, cities often struggle with data silos,
where information is trapped within departmental containers, preventing the cross-sector correlation necessary for predictive urban
management. Furthermore, the sheer volume of unstructured data gathered from urban sensors creates a significant quality
challenge. Ensuring the accuracy, integrity, and privacy of this information especially when managing sensitive citizen records or
health metrics is a daunting regulatory hurdle. As data protection legislation becomes more stringent, administrations are under
constant pressure to implement rigorous governance frameworks that can balance transparency with security [9].

ECONOMIC AND HUMAN CAPITAL CONSTRAINTS

The economic barrier is multifaceted, involving not only high initial capital expenditure for hardware and integration but also
unpredictable recurring costs for maintenance, connectivity, and security patching[14]. The long-term return on investment (ROI)
is often obscured by the slow pace of urban transformation, making it difficult to secure consistent funding. This is compounded by
a profound talent paradox: a critical shortage of professionals who possess the interdisciplinary skills required to bridge the gap
between physical hardware programming and advanced cloud-based analytics. As demand for these roles outstrips supply, smart
city projects frequently face stalled timelines and operational inefficiencies.

OVERCOMING THE BARRIERS

A generalized, high-level framework for smart infrastructure development often referred to as a Holistic Urban Transformation
Model moves away from fragmented, technology-led initiatives toward an integrated, outcome-oriented ecosystem [14, 15]. In its
most generalized form, the successful implementation of smart infrastructure follows a four-phase cyclical framework:

1. The Foundational Phase: Strategy & Consensus
Before technical deployment, cities must establish a "Theory of Change" that aligns technology with human-centric needs.

e Stakeholder Alignment: Establishing a central coordinating office to bridge disparate municipal agencies (e.g., energy,
water, transit) and private partners.

o Need Assessment: Identifying "pain points" (e.g., traffic congestion, water leakage) rather than starting with a specific
technology stack.

e Policy Foundation: Updating regulatory frameworks to facilitate digital transformation, ensuring data privacy, and
defining clear ownership roles.

2. The Developmental Phase: Architecture & Design
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This phase focuses on creating the "digital skeleton" of the city, emphasizing interoperability and future-readiness.

e Data Interoperability: Mandating open-source, vendor-neutral standards to avoid walled gardens and ensure that future
devices can communicate with legacy systems.

e Hybrid Connectivity & Storage: Deploying an Edge-to-Cloud architecture—utilizing edge nodes for time-sensitive,
local processing and cloud centers for historical analysis and long-term storage[ 15].

o Digital Twin Modelling: Using virtual replicas of city infrastructure to simulate outcomes before physical deployment,
reducing the risk of costly, large-scale implementation errors.

3. The Operational Phase: Deployment & Integration
The focus here shifts to execution, system management, and real-time operational excellence.

e Phased Rollouts: Utilizing Regulatory Sandboxes or large-scale pilots to test technologies in controlled environments,
allowing for iterative refinement before full-city implementation.

e Unified Data Governance: Creating Sovereign Data Spaces where information from various sectors (e.g., waste, energy,
traffic) can be safely shared across government and private stakeholders.

e Cybersecurity-by-Design: Implementing a Zero-Trust architecture where every endpoint and data packet is
authenticated, coupled with automated lifecycle management for patching vulnerabilities in aging equipment.

4. The Sustenance Phase: Monitoring & Adaptive Governance
Smart infrastructure development is not finished project but evolving system. This phase ensures longevity.

o Innovative Financing: Shifting from heavy capital expenditure (CAPEX) to "Infrastructure-as-a-Service" (IaaS)
operational models, leveraging Public-Private Partnerships (PPPs) to distribute maintenance and upgrade costs.

e Talent Cultivation: Building cross-disciplinary internal teams capable of managing the intersection of urban planning,
cybersecurity, and data science.

o Feedback Loops: Continuously monitoring performance metrics against social, economic, and environmental goals to
trigger automated or policy-led adjustment

Table 1: smart infrastructure development general summary

General Implementation Summary Table
level Core Objectives | Key Action
Strategy Alignment Build cross-sector partnerships & define social outcomes.
Design Interoperability | Standardize communication protocols & model via Digital twins
Execution Resilience Implement Zero-Trust security & hybrid edge-cloud storage.
Sustainability | Evolution Use As-a-Service financing & adaptive governance

feedback.

This generalized approach ensures that the smart infrastructure development transition remains resilient (protected against threats),
equitable (accessible to all citizens), and sustainable (economically and environmentally viable for the long term). The integration
of the Industrial Internet of Things (I IoT), Big Data Analytics (BDA), and Cloud Computing has moved beyond experimental pilot
projects to become the operational backbone of smart infrastructure. This technological convergence enables cities to shift from
reactive, static management to autonomous, data-driven governance. By bridging physical infrastructure with digital intelligence,
these systems allow for real-time optimization of critical services, from energy grids and water management to public safety and
transportation.
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CONCLUSION: A MATURING ECOSYSTEM

The synthesis of these technologies provides a powerful feedback loop that addresses the core pressures of global urbanization.
Through the I1oT’s sensory capabilities, the cloud’s scalable processing, and the analytical depth of BDA, modern infrastructure has
achieved a new level of resilience and efficiency. However, as the industry matures, the focus has shifted from the mere acquisition
of hardware to the orchestration of data-driven ecosystems. While the benefits cost savings, improved citizen services, and
environmental sustainability are substantial, the full realization of these smart environments is still hindered by legacy debt,
cybersecurity vulnerabilities, and the need for more robust governance frameworks.

FUTURE RESEARCH AND DEVELOPMENT DIRECTIONS

As we move further, the focus of both academic research and municipal implementation is evolving toward more human-centric
and sustainable models. Future development is shifting toward Agentic Urban Planning, predictive planning, that allows for
automated, multi-decade urban foresight. Research is increasingly focused on pushing intelligence closer to the source through
advanced Edge Al. This decentralization is critical for ensuring low-latency responses in mission-critical sectors and reducing the
bandwidth strain on centralized cloud infrastructure, particularly in emerging economies with limited connectivity. Future research
is prioritizing the development of federated, trusted frameworks that allow government agencies and private enterprises to share
data securely without compromising citizen privacy or violating data sovereignty mandates. Future inquiry is focused on building
security into the hardware itself, ensuring that even a single compromised sensor cannot cascade into a wider system failure.
Economic research is moving toward innovative financing models, such as payment based on energy savings and fractional asset
ownership. These models help de-risk projects and align private sector incentives with long-term urban sustainability goals.
Ultimately, the smart infrastructure is no longer just a feat of engineering; it is a collaborative, cross-sector effort. The path forward
lies in harmonizing these technological pillars with human-centric policy, ensuring that as cities grow smarter, they also become
more equitable, inclusive, and resilient in the face of environmental and demographic shifts.
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