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 The convergence of emerging technologies such as Artificial Intelligence (AI), 
Machine Learning (ML), Blockchain, and the Internet of Things (IoT) has increasingly 
become a driving force behind technological advancements. This convergence 
facilitates the development of intelligent and autonomous systems across various 
domains such as supply chain management, smart cities, digital healthcare, and 
logistics, directly enhancing efficiency, decision-making, and system security. AI and 
ML, by analyzing big data and creating predictive algorithms, offer new capabilities 
for process optimization. On the other hand, IoT, by connecting devices and 
providing accurate, real-time data, enables fast and informed decision-making, while 
Blockchain offers enhanced security and transparency for data management and 
recording. 
Despite the significant opportunities these technologies provide, challenges such as 
Blockchain scalability, IoT computational constraints, data privacy concerns, and the 
lack of standardized protocols for implementation remain prevalent. This paper 
comprehensively explores these opportunities and challenges, evaluating the latest 
research findings and offering solutions for overcoming barriers to successful 
implementation across various industries. Additionally, a roadmap for future 
research in this field is presented, emphasizing the need for the development of 
international standards to facilitate global collaboration and coordination. 

 

 

*
Corresponding Author’s Email 

Address: 

Alireza.joshan.guilan@gmail.com 

 

Introduction 

In the present era, the emergence of innovative digital 
technologies has always marked a turning point in industrial 
and societal transformations. One of the key technologies that 
has attracted significant attention in recent years is the 
Internet of Things (IoT). This technology, by connecting billions 
of devices and sensors to a global network, enables the 
generation of massive real-time data streams. These data, if 
not intelligently processed and analyzed, may remain 
meaningless and become a vast accumulation of useless 
information rather than creating value. Therefore, the use of 
advanced tools such as Machine Learning (ML) and Artificial 
Intelligence (AI) to process and analyze this data has become a 
fundamental need in IoT ecosystems. These tools enable 
automated decision-making, pattern prediction, and process 
optimization, ultimately leading to the creation of smart and 
autonomous systems that can operate effectively with minimal 
human intervention [1]. 
A fundamental challenge in IoT ecosystems is data security and 
trustworthiness. The data generated within these networks, 

due to their sensitivity and high value, must be managed in a 
way that prevents fraud, tampering, or loss of information. In 
this context, Blockchain, as a distributed and immutable ledger, 
offers an effective solution. Blockchain, by providing 
transparency, traceability, and data integrity, ensures the 
security of data within IoT ecosystems [2]. This technology, by 
establishing a decentralized and tamper-resistant system, can 
help safeguard the integrity of data on a global scale and 
protect processes from external vulnerabilities and risks. 
The integration of AI, ML, IoT, and Blockchain can create 
autonomous and intelligent ecosystems where data is securely 
stored and processed, and decisions are made autonomously 
with minimal human intervention. Figure 1 is an infographic or 
concept image that shows how AI, ML, IoT, and Blockchain are 
merging to process data securely and intelligently. This 
convergence has shown  
 
remarkable applications in various fields such as global supply 
chains [3], digital healthcare [4], intelligent transportation [5], 
and smart cities [6]. For instance, in global supply chains, these 
technologies can enable more precise tracking of goods, 
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demand forecasting, and resource optimization. In healthcare, 
analyzing data produced by IoT devices and using ML 
algorithms can help predict diseases and assess patient 
conditions more quickly [7]. 
However, there are still limitations to the widespread 
implementation of these technologies. One such limitation is 
the scalability of public blockchains, which may be inadequate 
for processing the massive volumes of data generated by IoT 
devices [8]. Moreover, the computational constraints of IoT 
devices may prevent full utilization of the potential of these 
technologies, as many devices have limited processing power 
and cannot perform the complex computations needed for 
data analysis effectively. Additionally, regulatory and legal 
issues surrounding the protection of sensitive data, especially 
in sectors such as healthcare and banking, remain a significant 
obstacle to the widespread adoption of these technologies [9]. 

Given these challenges and opportunities, a comprehensive 
review of the current status, opportunities, and challenges of 
these converging technologies is essential. This paper provides 
a critical analysis of recent research, offering insights into the 
current state of the field and identifying future research 
directions. The research not only helps to better understand 
the synergy of these technologies but also paves the way for 
developing new, reliable models for their application across 
various industries[10-12]. 
Ultimately, the aim of this paper is to investigate the 
convergence of AI, ML, IoT, and Blockchain as an integrated 
solution that can accelerate digital transformation in various 
sectors and enhance efficiency, security, and service quality. 
Moreover, this paper seeks to address the existing limitations 
and challenges in this path and proposes solutions to overcome 
them in order to make these technologies more effective in 
different industries.  

 

Fig.1: Integration of AI,ML,IoT,and Blochchain in smart Ecosystems 

Background and Definitions 

 

A. Artificial Intelligence (AI) and Machine Learning (ML) 

Artificial Intelligence (AI) is the branch of computer 

science that aims to build systems capable of performing 

tasks that would typically require human intelligence, 

such as reasoning, problem-solving, pattern recognition, 

and autonomous decision-making [2]. Within AI, 

Machine Learning (ML) is a core discipline that enables 

systems to improve their performance by learning from 

data rather than relying solely on explicit programming. 

ML can be categorized into supervised learning, where 

models are trained on labeled datasets; unsupervised 

learning, which identifies hidden patterns in unlabeled 

data; and reinforcement learning, where agents learn 

optimal behaviors through interaction with an 

environment [3]. The combination of AI and ML provides 

the analytical and predictive power necessary to handle 

the massive and heterogeneous data streams generated 

by IoT devices. 

Recent advances have made AI and ML indispensable 

in various fields. In healthcare, Google’s AlphaFold 

system applied deep learning models to predict protein 

structures with near-experimental accuracy, enabling 

breakthroughs in biomedical research [12]. In smart 

cities, ML algorithms have been deployed to process IoT 

sensor data for traffic management. For instance, the 

city of Hangzhou in China implemented an AI-driven 

traffic optimization system that reduced congestion 

levels by over 15% by dynamically adjusting traffic 

signals based on real-time conditions [13]. In agriculture, 

ML has been combined with IoT soil sensors to predict 

soil quality and optimize irrigation schedules, leading to 

higher yields with reduced water consumption [15]. 

These examples highlight that AI and ML not only 

provide the capability to analyze big data but also 

translate such analysis into actionable decisions that 
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directly impact efficiency, cost reduction, and 

sustainability. 

B. Blockchain Technology 

Blockchain is a distributed ledger technology (DLT) 

that records transactions across decentralized networks 

of computers, ensuring transparency, immutability, and 

tamper resistance [3]. Unlike traditional centralized 

databases controlled by a single authority, blockchain 

relies on consensus mechanisms such as Proof-of-Work 

(PoW) or Proof-of-Stake (PoS) to validate transactions, 

making it highly secure and resistant to fraud. Each 

transaction is cryptographically linked to the previous 

one, forming a continuous chain of blocks, hence the 

name blockchain. 

Beyond its initial use in cryptocurrencies such as 

Bitcoin, blockchain has found widespread applications 

across industries. In supply chain management, Walmart 

and IBM collaborated on the Food Trust Blockchain to 

track agricultural products from farms to retail shelves, 

reducing the time to trace contaminated food from 

seven days to only 2.2 seconds *14+. In healthcare, MIT’s 

MedRec project employed blockchain to manage 

electronic medical records, ensuring secure data 

exchange between patients and healthcare providers 

while maintaining transparency and accountability [15]. 

In governance and identity management, the European 

Blockchain Services Infrastructure (EBSI) initiative, 

supported by the European Commission, aims to 

develop cross-border blockchain-based public services, 

including secure digital identities [6,16]. 

Nevertheless, blockchain faces major challenges, 

particularly in scalability and energy consumption. Public 

blockchains such as Bitcoin and Ethereum suffer from 

low transaction throughput and high latency, making 

them less suitable for high-volume IoT data [9]. Energy-

intensive consensus mechanisms, such as PoW, also 

raise environmental sustainability concerns, leading to 

ongoing research into more efficient alternatives such as 

Proof-of-Authority (PoA) and Proof-of-History (PoH). 

Despite these limitations, blockchain remains a 

cornerstone for building trust in decentralized IoT 

systems. 

C. Internet of Things (IoT) 

The Internet of Things (IoT) is a network of 

interconnected physical objects embedded with sensors, 

processors, and communication technologies that enable 

them to collect and exchange real-time data [1]. By 

bridging the physical and digital worlds, IoT empowers 

industries to monitor environments, automate 

operations, and provide context-aware services. 

Applications of IoT span across smart cities, industrial 

automation, healthcare, agriculture, and logistics, 

making it a foundational component of Industry 4.0. 

Real-world deployments demonstrate IoT’s 

transformative potential. In urban environments, 

Barcelona implemented an IoT-based smart city platform 

to optimize waste collection, monitor air quality, and 

manage parking systems, leading to significant 

improvements in service efficiency and environmental 

sustainability [17]. In healthcare, wearable IoT devices 

such as Fitbit and Apple Watch continuously collect 

patient vital signs and transmit them to medical 

platforms for preventive monitoring, while during the 

COVID-19 pandemic, IoT-enabled telehealth solutions 

facilitated remote diagnosis and treatment [4,18]. In 

industrial manufacturing, Siemens developed its 

MindSphere IoT platform to connect machines and 

equipment, enabling predictive maintenance and 

minimizing downtime [19,23]. 

However, IoT also introduces significant challenges. 

Devices are often resource-constrained in terms of 

computational capacity, memory, and battery life [10]. 

This makes it difficult to implement strong security 

mechanisms, leaving IoT networks vulnerable to 

cyberattacks such as distributed denial-of-service (DDoS) 

or unauthorized access. Additionally, the heterogeneity 

of IoT devices complicates interoperability, while the 

lack of unified global standards further limits large-scale 

deployment. These limitations make the integration of AI 

for intelligent processing and blockchain for secure 

communication critical to IoT’s future success. 

D. Convergence of AI, ML, Blockchain, and IoT 

While AI, ML, blockchain, and IoT each deliver 

transformative benefits individually, their convergence 

produces synergistic ecosystems that are secure, 

intelligent, and autonomous. AI and ML bring 

intelligence by analyzing IoT-generated data and making 

predictive or prescriptive decisions. Blockchain ensures 

that this data is secure, immutable, and transparently 

shared across networks. IoT provides the data-

generating backbone that fuels the entire ecosystem. 

Practical implementations illustrate this convergence. 

In intelligent transportation systems, IoT sensors 

embedded in vehicles and infrastructure collect traffic 

and environmental data; ML algorithms process this 

information for route optimization and congestion 

reduction; and blockchain secures the communication 

between vehicles and control centers to prevent data 

tampering [7]. In supply chains, IoT devices track 

shipments in real time, ML models forecast demand and 

optimize inventory management, and blockchain 

guarantees product authenticity and traceability [5]. In 

healthcare, wearable IoT sensors monitor patient health 

continuously, ML models analyze these signals to detect 

early signs of disease, and blockchain ensures that 

sensitive patient data remains private and accessible 

only to authorized stakeholders [6]. Cutting-edge 
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projects have begun experimenting with federated 

learning combined with blockchain, where ML models 

are trained across decentralized IoT nodes without 

centralizing raw data, thereby protecting privacy while 

enabling collective intelligence [20,22,43]. These 

examples highlight that the convergence of the four 

technologies has the potential to create truly 

autonomous, secure, and adaptive digital ecosystems 

Which is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2: Convergence of blockchain, IoT, Artificial Intelligence, and other digital technologies  

 

In summary, AI and ML provide the analytical 

intelligence to transform raw IoT data into meaningful 

insights, blockchain guarantees the security and 

trustworthiness of digital interactions, and IoT serves as 

the data-generating infrastructure that connects the 

physical and digital worlds. Their convergence marks a 

paradigm shift in digital transformation, opening 

opportunities in domains such as supply chains, 

healthcare, transportation, and smart cities. However, 

the challenges of scalability, security, and 

interoperability highlight the need for continued 

research and innovation. The next section describes the 

methodology used in this review to systematically 

examine the applications, challenges, and opportunities 

arising from these converging technologies. 

Research Methodology 

This study adopts a systematic review methodology to 

provide a comprehensive understanding of the 

convergence of AI, ML, IoT, and blockchain technologies. 

The methodology consists of the following steps: 

A. Literature Search 

A systematic search of academic databases was 

conducted, including IEEE Xplore, ScienceDirect, 

SpringerLink, MDPI, and Frontiers. The search strategy 

involved combinations of keywords such as: 

A.“Artificial Intelligence AND Blockchain AND IoT” 

B. Machine Learning AND IoT AND Blockchain” 

C.“AI AND Smart Cities AND IoT” 

D.“Digital Healthcare AND Blockchain AND ML” 

The search was limited to peer-reviewed journal articles 

and conference papers published between 2017 and 

2025 to ensure the inclusion of recent advancements. 

B. Inclusion and Exclusion Criteria 

To maintain quality and relevance, the following 

inclusion criteria were applied: 

A. Focus on at least two converging technologies among 

AI, ML, IoT, and blockchain. 

B. Clearly defined applications, challenges, or 

opportunities in real-world or simulated environments. 

C. High citation impact or publication in reputable 

journals or IEEE conferences. 

Exclusion criteria included: 

A. Studies lacking technical depth or empirical evidence. 

B. Non-English publications. 

C. Duplicate studies reporting the same dataset without 

additional insights. 

C. Data Extraction and Categorization 

After filtering, the selected studies were thoroughly 

reviewed, and the following data were extracted: 

A. Authors, year of publication, and country of study. 

B. Technologies involved and their combination. 
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C. Application domain (e.g., supply chain, smart cities, 

healthcare, transportation). 

D. Identified challenges and proposed solutions. 

E. Methodology used (simulation, case study, or field 

deployment). 

The extracted data were then categorized into three 

main domains: 

A. Applications – highlighting use cases and benefits of 

technology convergence. 

B. Challenges – addressing technical, security, privacy, 

and standardization issues. 

C. Opportunities and Future Directions – identifying 

research gaps and potential advancements. 

D. Analysis Approach 

A qualitative synthesis was conducted, focusing on 

trends, patterns, and critical gaps in the existing 

literature. The narrative approach allowed for the 

integration of heterogeneous studies, including 

conceptual, simulation-based, and empirical research, 

providing a holistic view of the current state of AI, ML, 

IoT, and blockchain convergence. 

The analysis also involved comparative evaluation using 

tables to illustrate applications, challenges, and research 

status, allowing clear visualization of trends and 

identifying areas for further research. 

Applications and Challenges of Technology 

Convergence 

The convergence of innovative technologies such as the 

Internet of Things (IoT), Machine Learning (ML), Artificial 

Intelligence (AI), and Blockchain has created immense 

potential in various industrial and societal domains. By 

integrating these technologies, organizations are able to 

enhance their operations, improve efficiency, and create 

new value. However, while the opportunities are 

evident, many of the current applications remain at the 

pilot or conceptual stage, and several fundamental 

challenges limit large-scale adoption [13,14]. In this 

context, some of the key applications of this 

convergence are examined, along with a critical 

discussion of the challenges that must be overcome for 

their optimal utilization, as illustrated in Figure 3. 

In the field of Global Supply Chains, the integration of 

IoT, Blockchain, and ML has significantly optimized 

processes. Blockchain ensures the authenticity of 

products by creating a distributed and immutable ledger, 

preventing fraud and counterfeiting [13]. IoT serves as a 

tool for real-time tracking of goods, where sensors can 

monitor conditions such as temperature and humidity 

during transportation [14]. ML algorithms provide 

demand forecasting, supporting more efficient inventory 

management and reducing shortages and overstocking 

[15]. Although these applications highlight clear 

advantages, practical deployment faces barriers such as 

Blockchain scalability and high transaction costs. The 

root cause lies in consensus mechanisms like Proof-of-

Work, which limit throughput and energy efficiency. 

Solutions such as Proof-of-Stake and sharding have been 

proposed, but evidence from real-world 

implementations remains scarce [27]. 

In Digital Healthcare, IoT sensors can continuously 

collect patient data, supporting early diagnosis or 

disease prevention [16]. ML algorithms analyze this data 

to predict health conditions, while Blockchain secures 

sensitive medical records and prevents unauthorized 

access [17]. Projects like Healthereum demonstrate the 

feasibility of this convergence [18]. Yet, privacy 

protection and legal compliance remain unresolved 

challenges. Although methods such as homomorphic 

encryption and permissioned Blockchains have been 

suggested, they introduce high computational overhead 

and lack harmonized international regulations [29]. This 

indicates that legal and ethical frameworks, rather than 

technology itself, are the primary barriers in this domain. 

In the domain of Smart Cities, AI analyzes large-scale 

data (e.g., from cameras, sensors, and social media) to 

simulate and predict urban trends [19]. IoT supports 

intelligent resource management in areas such as water 

and energy [20], while Blockchain ensures secure and 

transparent handling of public and financial data [21]. 

Barcelona’s data exchange initiative demonstrates 

practical progress [22]. However, these projects often 

remain city-specific and fragmented. The lack of global 

standards and interoperability frameworks makes 

replication at scale difficult, limiting broader impact [31]. 

In Intelligent Transportation, IoT, AI, ML, and Blockchain 

contribute to route optimization, fleet management, and 

secure data exchange. Autonomous vehicles rely on AI 

for decision-making [23], ML for traffic prediction [24], 

IoT for V2V and V2I communication [25], and Blockchain 

for securing transport-related data [26]. Despite their 

promise, cybersecurity threats and the scarcity of 

extensive field experiments highlight a gap between 

theoretical models and practical deployment [30]. 

Lightweight Blockchain designs have been proposed to 

address latency and security, but large-scale validation 

remains limited. 

However, the convergence of these technologies faces 

several challenges that must be addressed for effective 

implementation. One of the main challenges is 

Blockchain scalability. Public Blockchain systems such as 

Bitcoin and Ethereum suffer from low transaction 

throughput and high energy consumption, which hinder 

their widespread adoption in IoT-based applications [27]. 

Additionally, the resource constraints of IoT devices, 

such as limited computational power and battery life, 

restrict the execution of complex ML and AI algorithms 

locally on these devices [28]. Furthermore, data privacy 
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and security concerns, especially regarding sensitive and 

personal data, remain a significant challenge [29]. While 

Blockchain can enhance data security, its transparency 

can itself become problematic for sensitive applications, 

and numerous cybersecurity threats must still be 

mitigated [30]. Lastly, the lack of global standards has 

resulted in fragmented technical and regulatory 

frameworks across different countries, creating barriers 

for large-scale, international implementations [31]. 

Establishing unified standards and regulations is 

essential to streamline and expand adoption [32]. 

 

 

 

Fig.3: Smart applications of proposed conceptual framework based on blockchain, IoT, Artificial Intelligence,and other digital 
technologies 

 

Findings and Critical Analysis 

Analysis of the literature reveals several key 

observations regarding the convergence of IoT, ML, AI, 

and Blockchain: 

A. Single-dimensional focus: Many studies focus on 

combinations of only two technologies (e.g., IoT + 

Blockchain), while comprehensive four-technology 

integration remains limited [33,35]. This limitation 

suggests that current research often overlooks potential 

synergies among all four technologies, which may 

restrict the discovery of more effective solutions in 

complex industrial and societal applications. 

B. Lack of field experiments: Most research is conceptual 

or simulation-based, with limited real-world deployment 

[37]. This gap indicates that although theoretical models 

show potential, practical challenges such as system 

scalability, device constraints, and cybersecurity risks are 

not fully addressed. Consequently, the effectiveness and 

feasibility of proposed approaches remain uncertain 

when applied in real environments. 

C. Standardization issues: The absence of unified 

protocols reduces interoperability across platforms [38]. 

While some frameworks have been proposed, they are 

often limited to specific domains or pilot projects. This 

fragmentation can prevent large-scale integration and 

slows the adoption of converged technologies across 

industries and regions. 

D. Ethical and legal challenges: Storing sensitive medical 

or personal data on Blockchain requires robust legal 

frameworks [34]. Current studies highlight privacy-

preserving methods, but they often increase 

computational complexity and do not fully resolve cross-

border legal compliance issues. This indicates that 

addressing ethical and regulatory concerns is as critical 

as technological development. 

 

Table 1: Comparative Analysis of Studies 



Artificial Intelligence, Blockchain, and the Internet of Things in the Age of Machine Learning: Opportunities, Challenges, and Future Perspectives 

 

7 

 

Domain Opportunities Challenges Research Status Sample 
References 

Supply Chain Transparency, product tracking, 
demand prediction 

Blockchain 
scalability 

Advanced 
simulations 

[33], [37] 

Digital Healthcare Data confidentiality, ML analytics Privacy, legal 
issues 

Predominantly 
theoretical 

[34] 

Smart Cities Data analytics, resource 
sustainability 

Standardization Limited pilot studies [36], [38] 

Intelligent 
Transportation 

Route optimization, cost 
reduction 

Scalability, 
security 

Limited field tests [35], [37] 

 

While the table summarizes existing research, a deeper 

analysis shows that most studies do not examine the 

root causes of challenges. For example, Blockchain 

scalability issues in supply chains stem from consensus 

mechanisms, while privacy challenges in digital 

healthcare often arise from inadequate regulatory 

harmonization. Moreover, ethical and legal concerns are 

rarely integrated into experimental designs, leaving gaps 

between theoretical potential and practical application. 

Addressing these gaps will require multi-dimensional 

studies that test full-scale integration, consider 

standardization frameworks, and incorporate ethical and 

legal compliance mechanisms alongside technological 

development. 

A. Comparative analysis and motivational insights 

Our study demonstrates several distinctive strengths 

compared to existing research in the domains of IoT, 

blockchain, and artificial intelligence. For instance, while 

certain works such as [44] examine the potential 

benefits and challenges of integrating blockchain and AI 

within IoT, our research goes further by offering a 

thorough analysis of specific synergies and presenting 

concrete solutions to address the identified challenges. 

Moreover, whereas studies like [45] primarily focus on 

security issues using machine learning, AI, and 

blockchain technologies, our contribution is 

distinguished by an in-depth examination of 

standardized security protocols and advanced 

cryptographic methods. 

Another key contribution of our work lies in its 

comprehensive analysis of interoperability. Unlike prior 

research such as [46], which emphasizes general 

technical challenges, we propose frameworks that 

enable smoother integration between these 

technologies. Furthermore, we advance practical 

solutions to overcome the limitations of scalability, 

including scalable blockchain architectures specifically 

tailored for IoT. 

While the review presented in [48] provides a 

comprehensive taxonomy and discussion of the 

challenges and opportunities associated with integrating 

blockchain and decentralized AI for cybersecurity, our 

study moves beyond this by proposing tangible solutions 

to both scalability and security concerns, as well as 

policy recommendations for the responsible deployment 

of these technologies. 

Importantly, our analysis is not restricted to a single 

domain; instead, it extends across multiple sectors, 

thereby enhancing the breadth and applicability of our 

findings. 

 
 Table 2: List of related review works 

Reference Year Topic of review Contribution 

[44] 2023 Integration of blockchain 

and AI in the IoT 

Explores how blockchain and 

AI can be used to improve the 

performance of IoT systems. 

Focuses on the potential 

benefits, limitations, 

challenges, and future 

research directions in this 

emerging field. 

[45] 2020 Security challenges and 

solutions in IoT: A review 

of ML, AI, and blockchain 

integration 

Addresses security challenges 

in IoT through systematic 

study of ML, AI, and BCT 

technologies. 

[46] 2024 Convergence of IoT with 

blockchain and ML: 

Overview and challenges 

Provides a comprehensive 

overview of the convergence 

of IoT with blockchain and ML 
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algorithms, addressing 

technical challenges such as 

architecture, hardware, 

privacy and security, 

scalability, interoperability, 

and heterogeneity issues. 

[47] 2024 Integration of edge 

computing and blockchain 

into IoT: Challenges and 

opportunities 

Conducts a review of the 

integration of edge computing 

and blockchain into IoT 

systems, covering aspects of 

system architectures, 

categories of blockchain-

based edge deployment, 

security requirements, and 

potential applications. 

Discusses challenges and 

insights into the future 

directions of blockchain-based 

edge IoT systems. 

[48] 2024 Integration of blockchain 

with decentralized AI for 

cybersecurity: A 

systematic literature 

review 

Offers a systematic literature 

review on the integration of 

BCT with decentralized AI 

within cybersecurity, providing 

a comprehensive taxonomy, 

analyzing the challenges and 

opportunities, and discussing 

real-world applications and 

future research directions. 

[49] 2024 Integration of AI, IoT, 

Blockchain, and 

Nanotechnology in 

Colorectal Cancer 

Diagnosis and Treatment 

Discusses the potential of 

integrating advanced 

technologies to improve 

diagnostic accuracy and 

treatment efficacy in 

colorectal cancer care, 

emphasizing the importance 

of a multidisciplinary approach 

in healthcare innovations. 

[50] 2024 Application of Blockchain, 

IoT, and AI in Logistics and 

Transportation 

Reviews how these 

technologies can enhance 

efficiency, transparency, and 

security in logistics operations, 

providing insights into their 

collaborative potential for 

optimizing supply chain 

management. 

[51] 2023 Challenges and Solutions 

for Implementing AI, IoT, 

and Blockchain in 

Construction 

Identifies key barriers to the 

adoption of these 

technologies in the 

construction sector and 

proposes strategic solutions to 

facilitate their integration, 

thereby enhancing project 

management and operational 

efficiency. 
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[52] 2024 Blockchain-Federated 

Learning for Enhancing 

IoT Security 

Discusses the innovative 

approach of using federated 

learning combined with 

blockchain to bolster security 

measures in IoT systems, 

addressing vulnerabilities 

while ensuring data privacy 

and integrity. 

 

 

In contrast to reviews that concentrate exclusively on 

individual sectors such as logistics [50], construction 

[51], or colorectal cancer treatment [49], our study 

introduces integrated and standardized frameworks 

designed to be applicable across diverse industries. 

Within this context, we identify critical challenges in 

scalability and data management, and put forward 

targeted solutions to effectively address these issues. 

Moreover, our research extends beyond the scope of 

existing reviews (e.g., [52]) by not only discussing the 

challenges but also offering concrete solutions and 

policy recommendations. Specifically, we emphasize 

scalability and security through the integration of 

advanced cryptographic techniques and robust data 

privacy frameworks. This comprehensive approach 

supports both the responsible deployment and the 

innovative advancement of IoT, blockchain, and AI 

technologies. 

 

Roadmap for Future Research and Implementation 
The convergence of Artificial Intelligence (AI), Machine 

Learning (ML), Blockchain, and the Internet of Things 

(IoT) is still in its formative stage. While numerous 

theoretical frameworks and pilot projects have 

demonstrated the potential of these technologies, large-

scale deployment requires a clear roadmap that 

addresses technical, regulatory, and societal challenges. 

This section proposes a research and implementation 

roadmap divided into short-term, medium-term, and 

long-term priorities. 

A. Short-Term Priorities (1–3 years) 

In the short term, research should focus on overcoming 

the most immediate barriers that hinder real-world 

deployment. First, lightweight AI/ML algorithms must be 

developed to operate effectively on resource-

constrained IoT devices, enabling on-device analytics and 

reducing reliance on cloud computing [39-42]. Second, 

energy-efficient blockchain protocols such as Proof-of-

Authority (PoA) and Proof-of-History (PoH) should 

replace energy-intensive consensus models to support 

scalability and environmental sustainability. Third, 

interoperability standards need to be established to 

facilitate seamless communication among 

heterogeneous IoT devices and blockchain platforms. 

These initiatives are expected to accelerate the 

transition from conceptual studies to small-scale pilot 

implementations in sectors such as healthcare 

monitoring, intelligent transportation, and smart grid 

management. 

B. Medium-Term Priorities (3–7 years) 

Over the medium term, the focus should shift toward 

integrating these technologies into cross-domain 

ecosystems. For example, smart city platforms could 

simultaneously manage healthcare, transportation, and 

energy infrastructure using convergent AI–IoT–

Blockchain architectures. At this stage, federated 

learning combined with blockchain is anticipated to play 

a crucial role in preserving data privacy while enabling 

collaborative AI model training across distributed IoT 

nodes. Additionally, legal and ethical frameworks must 

be established to govern the storage and exchange of 

sensitive data, particularly in sectors such as healthcare 

and finance. Regulatory sandboxes at the national and 

regional levels could support experimentation while 

ensuring compliance with emerging standards. Pilot 

studies should evolve into larger-scale deployments 

across metropolitan regions, supported by public–

private partnerships. 

C. Long-Term Priorities (7–15 years) 

In the long term, the goal is the creation of fully 

autonomous and adaptive ecosystems where AI, ML, 

Blockchain, and IoT operate seamlessly at global scale. 

These ecosystems will leverage self-learning AI models 

embedded in IoT devices, quantum-safe blockchain 

protocols to ensure resilience against advances in 

quantum computing, and globally harmonized regulatory 

frameworks. Smart cities may evolve into cognitive 

cities, where real-time AI-driven decision-making 

governs transportation, healthcare, energy, and 

governance systems simultaneously. At this stage, the 

focus should also include sustainability considerations, 

ensuring that technological integration aligns with global 

goals such as carbon neutrality and equitable digital 

access.



Table 3: Roadmap Summary Table 

Timeframe Research & Technical Priorities Industrial/Practical Focus Expected Outcomes 

Short-Term 

(1–3 yrs) 

Lightweight ML for IoT; Energy-

efficient blockchain protocols; 

Interoperability standards 

Small-scale pilots in 

healthcare, transportation, 

smart grids 

Feasibility studies; 

validated prototypes 

Medium-Term 

(3–7 yrs) 

Cross-domain integration; Federated 

learning with blockchain; Legal & 

ethical frameworks 

City-level smart systems; 

national regulatory sandboxes 

Regional deployment; 

privacy-preserving AI 

ecosystems 

Long-Term (7–

15 yrs) 

Fully autonomous ecosystems; 

Quantum-safe blockchain; Global 

interoperability standards 

Cognitive cities; industrial-

scale automation 

Global-scale adoption; 

sustainable and adaptive 

digital ecosystems 

 

 

Fig.4:  Research and Implementation Roadmap 

Conclusion 
A comprehensive examination of the convergence 

between Artificial Intelligence (AI), Machine Learning 

(ML), the Internet of Things (IoT), and blockchain 

technologies demonstrates that this integration holds 

the capacity to generate profound transformations 

across diverse sectors. The combined application of 

these technologies in areas such as supply chain 

transparency, healthcare data security, urban resource 

management, and transportation optimization can lead 

to significant improvements in system efficiency, 

security, and autonomy. These advancements not only 

enhance operational productivity but also contribute 

meaningfully to improving the overall quality of life. 

Nonetheless, realizing the full potential of this 

technological synergy requires addressing several critical 

challenges. Among the most pressing are the scalability 

limitations of blockchain, primarily due to restricted 

transaction throughput and high energy consumption. 

Likewise, the limited computational resources and 

hardware constraints of IoT devices hinder the 

deployment of complex machine learning algorithms. 

Beyond technical barriers, the absence of universally 

adopted international standards, along with persistent 

concerns regarding legal frameworks and data privacy, 

pose significant obstacles that call for coordinated, 

cross-border collaboration. 

Overcoming these challenges necessitates parallel 

efforts in both technological innovation and policy 

development. On the technological front, the creation of 

lightweight and resource-efficient machine learning 

algorithms tailored to the limitations of IoT devices, 

along with the design of energy-efficient and scalable 

consensus protocols for blockchain systems, are 

essential priorities. Simultaneously, from a policy 

perspective, the establishment of comprehensive 

international legal frameworks to ensure robust data 

privacy and cybersecurity alongside the development of 

globally accepted standards will be key to enabling the 

sustainable and responsible deployment of these 

technologies. Moreover, given that current research in 

these domains is still predominantly theoretical and 

reliant on simulations, there is a pressing need to 

conduct real-world field studies and urban pilot projects 

to evaluate practical feasibility and uncover real-life 

implementation challenges. 

In this context, future research and development must 

focus on several strategic directions. First, machine 

learning algorithms should be optimized to operate 
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efficiently within the resource-constrained environments 

of IoT devices. Second, blockchain consensus 

mechanisms need to evolve to become more scalable 

and energy-efficient, thus overcoming current 

performance bottlenecks. Third, robust international 

legal and regulatory frameworks must be developed to 

safeguard data privacy and facilitate cross-jurisdictional 

cooperation and trust. Finally, practical experimentation 

through urban-scale pilot programs and field 

deployments should be prioritized over exclusive 

reliance on simulated models, ensuring that 

technological solutions are grounded in real-world 

applicability. 

By integrating these technological and policy-oriented 

approaches, the path can be paved for the widespread, 

effective, and sustainable adoption of AI, ML, IoT, and 

blockchain technologies ultimately enabling the 

development of intelligent, secure, and resilient systems 

at a global scale. 

 

Table 4. Summary of Conclusions 

Aspect Key Findings Future Recommendations 

Applications Supply chains, healthcare, smart cities, transportation Expand real-world pilot studies 

Challenges Scalability, security, standardization Develop new protocols and standards 

Opportunities Transparency, trust, optimization Apply in industrial and urban scale 

Research Mostly theoretical and simulation-based Conduct integrative and practical studies 
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