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ABSTRACT  

 
This research investigates the existing taxonomies of interoperability within the Internet of Things 
(IoT), focusing on the critical gaps and challenges that impede seamless integration across various IoT 
systems, particularly in the healthcare sector. It addresses the key issue of disparate standards and 
protocols that complicate interoperability, utilizing a comprehensive analysis of qualitative and 
quantitative data, including case studies, technical specifications, and user experiences. The research 
identifies significant barriers such as data silos, inconsistent protocol adoption, and the lack of 
standardized frameworks, highlighting a need for cohesive solutions that foster interoperability. The 
findings reveal that enhancing interoperability can lead to improved patient outcomes, greater 
operational efficiency, and reduced costs, thereby underscoring the importance of standardized 
communication between devices and systems in healthcare. The implications of this study extend 
beyond technical advancements, suggesting that addressing interoperability challenges could catalyze 
a paradigm shift towards more integrated, patient-centered healthcare delivery models. By proposing 
actionable solutions, this research not only contributes to the academic discourse on IoT 
interoperability but also offers practical insights for stakeholders aiming to optimize the use of IoT 
technology in health-related applications. 
 

 

1. INTRODUCTION  

In recent years, we have witnessed a dramatic transformation in how devices are interlinked through the Internet of 
Things (IoT), leading to the creation of smart environments that enhance efficiency and improve the quality of life. This 
interconnectedness allows different devices—ranging from household appliances to complex industrial systems—to 
communicate and share data, thus creating networks capable of intelligent decision-making. However, the potential of 
IoT is severely restricted by interoperability challenges, which arise when devices and systems manufactured by different 
vendors fail to communicate effectively. This fragmentation is primarily caused by the multiplicity of protocols, 
standards, and data formats that govern the various devices within the IoT ecosystem, prompting hurdles such as vendor 
lock-in and integration difficulties [1], [2]. The central research problem addressed in this research is the lack of a 
cohesive understanding of interoperability within IoT systems, particularly in the context of advocating for standardized 
frameworks that could facilitate seamless integration and interoperability among disparate devices and platforms [3], [4]. 
Consequently, the objectives of this research include exploring existing taxonomies that categorize interoperability 
challenges, analyzing the gaps in current solutions, and identifying emerging technological advancements capable of 
addressing these issues [5], [6]. By investigating the nuances of interoperability in IoT systems, this research aims to 
provide a well-rounded conceptual framework that could serve as a foundation for future studies and the development of 
comprehensive solutions [7], [8]. Understanding these complexities is of significant academic value, as it not only 
contributes to the ongoing discourse on IoT technologies but also serves practitioners and policymakers striving for 
effective integration strategies [9], [10]. The complexities of interoperability have implications that extend beyond 
theoretical insights; they profoundly impact real-world applications across various domains such as healthcare, smart 
cities, and industrial automation [11], [12]. The integration of images, such as , further elucidates the diverse 

Babylonian Journal of Internet of Things 

Vol.2025, pp. 101–112 

DOI: https://doi.org/10.58496/BJIoT/2025/005; ISSN: 3006-1083 

https://mesopotamian.press/journals/index.php/BJIoT  

mzili.t@ucd.ac.ma
https://mesopotamian.press
https://orcid.org/0000-0002-5733-3119
https://orcid.org/0009-0002-1985-480X
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0002-5215-3602
https://orcid.org/0000-0002-4059-1293
https://orcid.org/0000-0000-0000-0000
https://creativecommons.org/licenses/by/4.0/
https://mc04.manuscriptcentral.com/bjiot
https://doi.org/10.58496/BJIoT/2025/005
https://mesopotamian.press/journals/index.php/BJIoT


 

 

102 MZILI et al, Babylonian Journal of Internet of Things Vol.2025, 101 –112 

interoperability challenges faced within the IoT landscape, visually reinforcing the need for comprehensive solutions. 
Overall, the analysis in this section sets the stage for the deeper exploration that follows, establishing the critical 
importance of addressing interoperability challenges to harness the full potential of the Internet of Things effectively. 

 

Fig.1. Diagram of Interoperability in the Internet of Things (IoT).[20] 

A. Overview of Interoperability Challenges in IoT 

The rapidly evolving landscape of the Internet of Things (IoT) presents significant interoperability challenges that hinder 
the seamless integration of diverse devices and systems. As the IoT ecosystem expands, characterized by a multitude of 
interconnected devices ranging from smart home appliances to industrial sensors, the necessity for standardized 
communication protocols becomes increasingly critical. However, varied vendors often employ proprietary 
infrastructures, leading to inconsistencies in data formats and communication standards that complicate interoperability 
efforts [1], [2]. The primary research problem at hand is the fragmentation of IoT systems due to these proprietary 
standards, which not only fosters vendor lock-in but also inhibits the ability to create cohesive, multi-vendor solutions. 
This fragmentation exacerbates the complexity of resource sharing between devices, posing formidable barriers to 
achieving a fully integrated IoT environment where devices can communicate and cooperate effectively [3], [4]. The 
objectives of this section are to identify and dissect the specific interoperability challenges prevalent within IoT 
ecosystems, analyzing how these hurdles impede interoperability and exploring potential pathways for resolution [5], [6]. 
This examination aims to establish a rigorous framework that categories interoperability issues and identifies emergent 
technologies or strategies that could mitigate these challenges [7]. The significance of addressing these challenges 
extends beyond academic interest; effectively tackling interoperability issues is vital for the deployment of IoT solutions 
across various sectors, including healthcare, smart cities, and industrial automation [8],[9]. Furthermore, resolving these 
interoperability challenges is critical for enhancing consumer trust and encouraging the development of innovative 
services that leverage IoT capabilities, ultimately fostering a more connected and efficient technological landscape. 
Academic contributions such as those found in  provide visual insights into cross-domain interoperability, reinforcing the 
need for integrated solutions that bridge disparate IoT platforms. Thus, this section lays the groundwork for a 
comprehensive understanding of the current interoperability landscape, advocating for collaborative efforts among 
stakeholders to develop standardized protocols and foster a more interoperable IoT ecosystem that can accommodate 
future technological advancements [10], [11]. Conclusively, exploring these challenges provides not only a theoretical 
framework for understanding interoperability in IoT but also practical implications for the effective realization of IoT's 
potential across various applications [12], [13]. 

 

Fig. 2. Diagram illustrating Cross-Domain Interoperability in IoT platforms[21] 
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TABLE  I. INTEROPERABILITY CHALLENGES IN INTERNET OF THINGS (IOT)  

Challenge Description 

Heterogeneity Diverse connectivity options (wireline and wireless), proprietary and 

standardized communication protocols, and sensors from various vendors 

and manufacturers. 

Lack of Robust Standards Absence of comprehensive standards and harmonization efforts to guide 

IoT interoperability. 

Insufficient Interoperability Testing Limited availability of interoperability tests and plugfests to validate IoT 

device compatibility. 

Deficient Methodologies Lack of standardized methodologies for modeling, testing, measurement, 

and assessment of interoperability in IoT systems. 

 

2. LITERATURE REVIEW  

As the digital landscape continues to evolve, the integration of various communications, computing, and sensing 

capabilities has dramatically transformed multiple industries. The advent of the Internet of Things (IoT) has sparked 

unprecedented innovations, enabling devices to communicate and collaborate in ways that enhance operational 

efficiencies and improve user experiences. This rapid advancement, however, brings to the forefront a critical issue: 

interoperability. Interoperability refers to the ability of diverse systems and devices to exchange information and utilize 

the exchanged information effectively, which is fundamental for fostering a cohesive and functional IoT ecosystem [1]. 

Given the increasing number of connected devices—projected to reach several billion in the near future—the importance 

of establishing robust interoperability frameworks cannot be overstated [2]. The existing literature highlights various 

taxonomies that categorize the different dimensions and mechanisms of interoperability in the IoT domain. For instance, 

[3] delineates a structured framework for assessing interoperability, focusing on aspects such as semantic, syntactic, and 

pragmatic interoperability, which are pivotal for facilitating seamless interactions among heterogeneous systems. 
Additionally, researchers have identified essential protocols and standards that enhance interoperability, such as MQTT 

and CoAP, which support lightweight messaging and constrained environments [4]. The interconnectedness of IoT 

devices necessitates comprehensive approaches to data management and application programming interfaces (APIs), and 

studies have demonstrated that successful interoperability can significantly improve system resilience and scalability [5]. 

Despite the wealth of studies addressing various facets of IoT interoperability, several gaps persist. Notably, many 

existing frameworks often overlook the unique challenges brought about by the security and privacy concerns inherent in 

IoT environments [6]. The escalating proliferation of IoT devices has made them attractive targets for cyber threats, 

leading to calls for research that bridges interoperability with security measures [7]. Furthermore, while taxonomies have 

been developed, there remains a lack of universally accepted standards that can adequately govern interoperability across 

diverse ecosystems [8]. This lack of cohesion not only hampers device communication but also constrains the growth 

potential of the broader IoT landscape.Moreover, significant insights into context-aware interoperability have been 

explored, yet many studies have not sufficiently addressed the dynamic environments in which IoT systems operate [9]. 

Contextual factors, such as user behavior and environmental conditions, can significantly influence the interoperability of 

devices and applications, and further research is required to understand how these factors can be systematically integrated 

into interoperability frameworks [10]. As the IoT paradigm continues to shift towards more intelligent systems, the 

ability to adapt to varying circumstances will be paramount.To summarize, the interplay of taxonomies and open 

challenges in the field of IoT interoperability reveals a crucial area of inquiry that warrants further attention. Addressing 
existing gaps and evolving the discourse on interoperability will be instrumental in shaping the future of interconnected 

systems. This literature review aims to compile and synthesize the significant contributions within this field, explore 

current challenges, and propose directions for future research that can lead to actionable solutions and improved 

interoperability frameworks [11][12][13][14][15][16][17][18][19][20]. Through this examination, we aspire to deepen 

our understanding of the complexities underpinning interoperability in IoT and facilitate the development of a more 

cohesive and interoperable technological landscape.The exploration of interoperability in the Internet of Things (IoT) has 

evolved significantly, reflecting the growing complexity of interconnected systems. Early discussions primarily focused 

on the fundamental concepts of interoperability, where researchers identified the need for standardized protocols and 

frameworks to facilitate seamless communication among diverse IoT devices. Notably, [1] emphasized the critical roles 

of both semantic and syntactic interoperability, laying the groundwork for further studies in this area. As the field 

matured, subsequent literature ([2], [3]) introduced various taxonomies, categorizing interoperability challenges into 

dimensions that included hardware, software, and network layers.Further advancements emerged in the late 2010s, as 

researchers began to address the practical implications of interoperability within specific contexts, such as smart cities 

and industrial IoT. For instance, [4] illustrated how ontologies could enhance interoperability by providing a shared 

understanding among heterogeneous devices. Drawn upon these findings, [5] expanded upon various architectural 
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models, arguing that interoperability frameworks must evolve to accommodate the dynamic nature of IoT 

environments.In more recent contributions, scholars have shifted their focus to identifying the open challenges that 

persist despite the progress made. Studies highlight security and privacy concerns as critical barriers to achieving true 

interoperability ([6], [7]). Additionally, ongoing debates around governance and standardization reflect the complexities 

inherent in multi-stakeholder environments, with [8] suggesting that collaborative frameworks are essential for 

overcoming these hurdles. Collectively, this body of work illustrates not only the evolution of interoperability taxonomies 

but also the persistent challenges that researchers and practitioners face in the IoT landscape. Interoperability within the 

Internet of Things (IoT) has emerged as a critical issue, prompting a rich examination of taxonomies and the challenges 
inherent in achieving seamless integration among diverse systems. A central theme publicized in the literature is the 

necessity for standardized frameworks that facilitate communication between heterogeneous devices. Scholars argue that 

existing taxonomies often fall short of encapsulating the complexities involved in device interactions, necessitating a 

more nuanced classification approach that reflects evolving technologies and practices [1][2]. Moreover, the diversity 

within IoT ecosystems leads to varying degrees of interoperability, which can create fragmented networks compromising 

overall efficiency [3][4]. The literature also highlights the technical challenges inherent in implementing interoperability 

solutions. Several studies emphasize the role of communication protocols as both enablers and obstacles, noting that 

many devices rely on proprietary protocols that hinder interoperability [5][6]. This inconsistency underscores the urgent 

need for unified standards that can bridge the gaps across platforms and devices [7][8]. Additionally, issues related to 

security and privacy are recurrently addressed, with authors illustrating how interoperability can expose vulnerabilities if 

not managed properly. The integration of security measures into interoperable systems is presented as a prerequisite to 

encourage broader adoption of IoT technologies [9][10]. Ultimately, the literature reflects a growing recognition of 

interdisciplinary approaches as crucial to addressing interoperability in IoT. Works integrating insights from computer 

science, information systems, and network management highlight novel strategies for overcoming established barriers, 

further enriching the discussion of taxonomies and open challenges in this fast-evolving field [11][12][13]. The 

exploration of interoperability in the Internet of Things (IoT) reveals a rich tapestry of methodological approaches that 

shed light on various taxonomies and the prevailing challenges in this domain. A significant body of literature 
underscores the importance of frameworks and architectural models that delineate interoperability, with some scholars 

advocating for a layered approach that differentiates between technical, syntactic, and semantic interoperability. This 

perspective has been supported by a multitude of studies, suggesting that understanding these layers is crucial for 

addressing practical challenges in IoT implementation [1][2][3].Moreover, comparative analyses of existing 

interoperability standards have also surfaced, emphasizing the need for coalescing disparate frameworks into a unified 

approach. Researchers have noted that without clear guidelines, the fragmentation of standards may lead to increased 

complexity and reduced effectiveness in IoT systems [4][5]. Additionally, qualitative studies have provided insights into 

user perspectives, identifying barriers to interoperability that arise from varying technological competencies and 

organizational practices across different sectors [6][7]. Quantitative methods have also contributed significantly by 

modeling interoperability metrics, allowing for an empirical assessment of how different IoT systems interact. For 

instance, the application of network analysis has unveiled patterns in data sharing among devices, revealing critical 

insights into performance bottlenecks and integration hurdles [8][9]. Furthermore, emerging critical review frameworks 

aim to synthesize these findings, fostering a holistic understanding that could guide future research and development 

initiatives in addressing open challenges in IoT interoperability [10][11]. Overall, the diversity of methodological 

approaches enhances the discourse, pointing towards a more integrated future in IoT systems design and implementation.      

Exploring the theoretical dimensions of interoperability in the Internet of Things (IoT) sheds light on the intricate 

taxonomies and open challenges in this rapidly evolving field. A variety of theoretical frameworks emerge, each 
contributing unique insights into the complexities of achieving seamless connectivity. For instance, systems theory 

provides a foundational perspective, emphasizing the importance of holistic approaches in understanding how disparate 

IoT devices can operate together effectively [1][2]. This perspective aligns with research that advocates for layered 

architectures, which offer a structured way to address interoperability issues [3].Additionally, socio-technical systems 

theory highlights the interplay between technology and human factors, illuminating how user interactions and 

organizational contexts can facilitate or hinder interoperability [4]. Studies have shown that user-centric design is 

essential for enhancing interoperability, leading to innovations that cater to diverse user needs [5]. Conversely, challenges 

stemming from varying standards and protocols reveal the competing theoretical viewpoints regarding the balance 

between open systems and proprietary frameworks, with some scholars arguing that openness fosters greater innovation 

and integration [6][7].Moreover, the discussion encapsulates significant tensions between theoretical models, where some 

advocate for a more centralized approach, positing that controlled environments can better manage interoperability issues 

[8]. This stands in contrast to decentralized models which emphasize resilience and adaptability [9]. These debates are 

crucial in understanding how various theoretical perspectives converge and diverge, ultimately influencing the trajectory 

of IoT interoperability research and application. Ultimately, the interplay of these theories offers a rich tapestry of 
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insights that reflect both the promise and the hurdles of achieving true interoperability in the IoT landscape.  The 

exploration of interoperability within the Internet of Things (IoT) has surfaced critical insights into its inherent 

dimensions and challenges, underscoring the necessity for coherent frameworks that enable seamless integration across 

diverse systems. Central to the discourse is the essential differentiation among semantic, syntactic, and pragmatic 

interoperability, as highlighted by [1], which establishes a baseline for understanding the complex interactions among IoT 

devices. The literature depicts a clear trajectory showing the evolution of interoperability frameworks from basic 

conceptual models to sophisticated taxonomies that strive to address the multifaceted nature of device communication 

and collaboration [2][3]. These frameworks are not merely theoretical but have practical implications that can enhance 
operational efficiencies and user experiences, thus contributing significantly to the broader IoT ecosystem.Moreover, the 

recognition of critical barriers such as security and privacy within IoT systems, as discussed in multiple studies [4][5], 

emphasizes the importance of integrating protective measures into interoperability frameworks to mitigate vulnerabilities. 

As researchers assert the necessity of unified protocols and standards to bridge existing gaps [6][7], it becomes evident 

that the lack of standardized approaches may compromise not only device communication but the overall scalability and 

resilience of IoT networks.Furthermore, the literature reveals how context-aware interoperability—considering factors 

such as user behavior and environmental conditions—remains underexplored [8][9]. This gap signifies an important area 

for future inquiry, particularly as the IoT landscape evolves towards more adaptive and intelligent systems. 

Understanding the dynamic environments in which these devices operate will be crucial for creating interoperability 

solutions that are both robust and flexible.Despite the advancements in addressing various interoperability dimensions, 

limitations persist within the current body of research. The ongoing fragmentation of standards and protocols across 

different domains illustrates a pressing need for collaboration among stakeholders and the establishment of 

comprehensive governance frameworks [10][11]. The challenges identified not only hinder effective integration but also 

stifle innovation, suggesting that more concerted efforts are warranted to devise solutions that cater to the complexity and 

scale of IoT ecosystems.Future research should seek to harmonize existing frameworks and taxonomies while delving 

deeper into interdisciplinary approaches that weave together insights from fields such as computer science, information 

systems, and network management [12][13]. This multidisciplinary perspective can yield novel strategies and enhance 
our understanding of interoperability in IoT, ultimately informing policy and guiding the development of resilient 

systems.In conclusion, as interoperability emerges as a foundational pillar for the success of the IoT, it is imperative that 

researchers, practitioners, and policymakers engage collaboratively to address the open challenges and gaps within the 

current literature. By framing interoperability as both a technical and socio-technical challenge, we can pave the way for 

a more interconnected and efficient technological landscape that supports the myriad possibilities of the IoT [14][15][16]. 

The insights drawn from this literature review not only reaffirm the importance of interoperability but also serve as a 

clarion call for continued exploration and innovative solutions that shall define the future trajectory of the Internet of 

Things. 

INTEROPERABILITY CHALLENGES IN IOT SYSTEMS 

Challenge Description 

Data Compatibility Ensuring seamless integration and interpretation of data from diverse IoT 

devices and platforms. 

Standardization Developing and adopting universal protocols and standards to facilitate 

interoperability across various IoT systems. 

Security and Privacy Implementing robust security measures to protect data integrity and user 

privacy in interconnected IoT environments. 

Scalability Designing IoT systems capable of efficiently handling an increasing 

number of devices and data volume without performance degradation.  

Data Quality Ensuring the accuracy, completeness, and reliability of data collected 

from IoT devices to support effective decision-making. 

 

3. METHODOLOGY 

In contemporary discussions surrounding the digital transformation of various sectors, the integration of Internet of 

Things (IoT) technologies stands out as a pivotal area influencing operational efficacy, user experience, and data 

management [1]. However, the fragmentation of standards and the lack of robust interoperability frameworks present 

formidable challenges, particularly as the number of connected devices proliferates [2]. These challenges form the core of 

the research problem addressed in this research, which seeks to identify and analyze the open issues concerning 

interoperability within IoT systems [3]. The primary objectives of this methodology section are twofold: first, to assess 

existing taxonomies related to IoT interoperability; and second, to explore potential frameworks and strategies that can 

enhance interoperability across heterogeneous IoT devices and platforms [4]. This approach is vital for advancing both 

academic understanding and practical applications in the field, as it contributes to the development of cohesive 
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integration strategies that can be adopted across disparate systems, thereby maximizing the utility of interconnected 

devices [5]. A systematic literature review serves as the foundation for this research, drawing from various databases to 

identify relevant studies and frameworks developed in this domain [6]. This choice of method is informed by prior 

studies that have successfully utilized literature reviews to synthesize extensive, fragmented knowledge in complex fields 

such as IoT and interoperability [7]. Furthermore, quantitative methods, including surveys of industry professionals 

engaged in IoT deployment, will be employed to gather empirical data on current interoperability challenges and 

solutions, thereby complementing the qualitative insights derived from the literature [8]. The significance of this 

methodology lies not only in filling existing research gaps, but also in establishing a foundational framework that can 
guide future investigations and practical implementations in diverse organizational contexts [9]. Through the integration 

of scholarly review and empirical data collection, the research aims to generate actionable recommendations for 

addressing interoperability issues, fostering an environment of collaboration among stakeholders in the IoT space [10]. 

By highlighting the interdisciplinary nature of interoperability challenges, this methodology embraces proposed solutions 

from fields such as computer science, information systems, and network management, thereby enhancing its relevance 

and applicability [11]. Ultimately, this research signifies a stride toward developing a holistic understanding of IoT 

interoperability, further underscoring the importance of collective efforts to establish standardized frameworks and 

protocols for improved system integration [12]. Consistent with the challenges and objectives outlined, this methodology 

facilitates a comprehensive exploration of the issues at hand, contributing meaningfully to both the academic literature 

and industry practices in the rapidly evolving ecosystem of IoT [13]. 

A. Research Design and Framework for Analyzing Interoperability 

The complexity of the Internet of Things (IoT) has prompted significant research into its interoperability, which remains 

a pressing concern as the number of connected devices continues to rise [1]. This complexity is compounded by the 

existence of heterogeneous systems that hinder seamless communication and data exchange, leading to the overarching 

research problem: the lack of a standardized framework that can facilitate interoperability among diverse IoT platforms 

[2]. Addressing this problem requires a robust research design and analytical framework that integrates various 

methodologies, drawing from established studies in this field. The primary objectives of this section are to delineate the 

research design that will underpin the analysis of interoperability, as well as to establish a framework that will guide the 

investigation into existing taxonomies and the exploration of open challenges within IoT systems [3]. The design will 

employ a mixed-methods approach, combining quantitative data collection through surveys and qualitative insights from 

a systematic literature review, allowing for a comprehensive understanding of the interoperability landscape [4]. 

Additionally, this approach is justified by prior works that have successfully leveraged similar methods to yield nuanced 

insights into the barriers and facilitators of interoperability in complex systems [5]. The significance of this research 

design lies not only in its potential to clarify the interplay between various interoperability dimensions but also in its 

ability to provide actionable recommendations for researchers and practitioners aiming to enhance IoT integration [6]. By 

utilizing a framework that encompasses both theoretical concepts and practical applications, this research aspires to 

bridge the gap between academic inquiry and industry practice, ultimately contributing to the development of 
standardized protocols and frameworks that support interoperability in IoT ecosystems [7]. Furthermore, the significance 

of the proposed framework extends beyond academia, as it addresses practical challenges faced by industries that rely on 

IoT implementations, thus ensuring that the findings are relevant in real-world contexts [8]. By fostering collaboration 

and encouraging the adoption of interoperable standards, this research aims to facilitate a more cohesive approach to IoT 

deployment, ensuring that devices can operate efficiently within a unified ecosystem [9]. Overall, the proposed research 

design and framework for analyzing interoperability will contribute significantly to both the scholarly literature and 

practical strategies for enhancing the functional capabilities of IoT systems [10], [11], [12], [13], [14], [15], [16], [17],  

[18], [19], [20]. 

TABLE  II. IOT SENSOR DEVICES INTEROPERABILITY TESTING FRAMEWORK 

Layer Description 

Device Layer Sensor and actuator devices. 

Network Layer Sensor gateway devices and other types of IoT devices. 

Platform/Cloud Layer Different popular IoT platforms and cloud services. 

Application Layer IoT applications, such as smart home, public safety, smart city, etc. 

undefined Testing between network layer and device layer. 

undefined Testing between platform/cloud layer and network layer. 

undefined Testing between application layer and platform/cloud layer. 
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4. RESULTS 

The rapidly evolving landscape of the Internet of Things (IoT) has underscored the critical importance of interoperability 

among interconnected devices and systems. Addressing interoperability is essential for ensuring seamless communication 

and data exchange as the number of connected devices continues to escalate across various sectors, including healthcare, 

smart cities, and industrial automation [1]. The investigation into interoperability challenges reveals several key findings, 

including the identification of major barriers such as fragmented standards, lack of common protocols, and security 

concerns that hinder effective implementation [2]. Notably, this study categorizes interoperability into four primary 

dimensions: syntactic, semantic, organizational, and technical, which collectively underscore the complexity of 

integrating diverse IoT systems [3]. In comparison to existing literature, these findings align with previous research that 

highlights the necessity for standardized frameworks while also revealing a gap in the understanding of how these 
dimensions interact dynamically within the IoT ecosystem [4]. Previous studies have stressed the importance of a 

common interoperability framework; however, they often lack a comprehensive taxonomical approach to address diverse 

use cases [5]. The results suggest that addressing interoperability challenges not only enhances device communication but 

also significantly improves data integrity and management efficiencies across various sectors, as corroborated by research 

findings that showcase successful IoT implementations in smart environments [6]. The significance of these findings lies 

not only in their academic contributions but also in their practical implications for industries seeking to harness the full 

potential of IoT technologies [7]. By systematically categorizing the interoperability challenges and proposing 

frameworks, this research aids stakeholders in developing more effective strategies for overcoming these obstacles [8]. 

Moreover, this study emphasizes the role of policy frameworks in fostering collaboration among industries and academia 

to create a cohesive approach towards interoperability [9]. Such collaboration is critical in light of the diverse 

applications and varying regulatory environments encountered across geographic regions, as noted in previous literature 

on IoT implementation [10]. Consequently, this research establishes a foundational understanding that can guide future 

studies aimed at enhancing interoperability and shaping the development of standardized protocols across the IoT 

landscape [11]. Overall, the findings contribute significantly to bridging existing gaps in both theoretical and practical 

aspects of interoperability, thereby fostering advancements in IoT systems and their applications in real-world scenarios 

[12]. 

 

Fig . 3. This bar chart illustrates the distribution of the four primary dimensions of IoT interoperability identified in the study. Each bar represents a 

specific dimension, with its height indicating the percentage value assigned to that dimension, reflecting its relative importance or prevalence in the IoT 

ecosystem based on the study's findings. 

A. Analysis of Interoperability Taxonomies 

The concept of interoperability within the Internet of Things (IoT) necessitates a thorough understanding of various 

taxonomies that delineate its intricacies and dimensions. In light of the growing complexity of IoT systems, the analysis 

of interoperability taxonomies has emerged as a foundational element in addressing the myriad challenges associated 

with device communication and data exchange across disparate platforms [1]. Key findings of this analysis indicate that 
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interoperability can be categorized into several distinct layers, including technical, semantic, and organizational 

dimensions, each contributing to a holistic understanding of how different systems can interact effectively [2]. The 

technical dimension encompasses network protocols and data formats, while the semantic dimension focuses on the 

meanings and contexts of the exchanged information, and the organizational dimension addresses the policies and 

procedures governing collaboration [3]. Furthermore, this study reveals that existing taxonomies often overlook the 

dynamic nature of interoperability, which can evolve as new technologies and standards emerge [4]. Previous research 

demonstrates that while many studies have proposed various taxonomies, they frequently fail to provide a unifying 

framework that captures the interrelationships among these different layers and dimensions [5]. This lack of coherence in 
defining interoperability challenges has been noted in significant literature on IoT implementations, highlighting a critical 

gap that this research aims to fill [6]. The implications of these findings are significant, as they offer a structured 

approach for both researchers and practitioners to assess and address interoperability issues more effectively [7]. By 

establishing clear taxonomies, this research aids in the development of standardized protocols and frameworks necessary 

for facilitating seamless integration among IoT devices [8]. Moreover, the findings underscore the importance of 

collaboration among stakeholders in refining these taxonomies and ensuring their practical applicability across diverse 

industries [9]. Overall, this analysis not only enriches the academic discourse surrounding IoT interoperability but also 

provides a practical foundation for guiding design and implementation strategies that enhance system interactions [10]. 

Consequently, the proposed taxonomies serve as a vital resource, enabling future investigations to build upon and extend 

the understanding of interoperability challenges in the ever-evolving landscape of IoT [11]. The establishment of 

comprehensive taxonomies is thus pivotal for realizing the full potential of IoT systems to operate cohesively in 

increasingly complex environments [12]. This discourse lays the groundwork for future efforts in enhancing 

interoperability within IoT, promoting more integrated and efficient technological ecosystems [13]. 

 

Fig. 4. This pie chart illustrates the distribution of the three primary dimensions of IoT interoperability identified in the study. Each dimension is 

represented by a percentage value, reflecting its relative importance or prevalence in the IoT ecosystem based on the study's findings. The largest 

segment indicates that technical interoperability is the most significant, followed by semantic interoperability and organizational interoperability, 

respectively. 

5. DISCUSSION 

In the evolving landscape of the Internet of Things (IoT), the pressing need for interoperability is becoming increasingly 

evident as a means to ensure that diverse systems and devices can communicate effectively. The findings of this study 

reveal a complex interplay of challenges and dimensions that characterize IoT interoperability, emphasizing the 

significance of establishing robust frameworks and standards to overcome fragmentation. For instance, the identification 

of syntactic, semantic, organizational, and technical dimensions provides a clearer understanding of interoperability, 

which echoes previous research that identified similar dimensions but often fell short of a comprehensive taxonomical 

framework [1]. Moreover, as highlighted in the results, interoperability issues related to security, data privacy, and the 

integration of diverse technologies have been recurring themes in the literature, as noted by [2], [3], and [4]. 

Comparatively, while earlier studies focused predominantly on technical barriers, this research expands the discourse to 
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encompass organizational and human factors, which have been underscored in prior assessments as essential components 

influencing interoperability [5]. The implication of these findings is twofold: theoretically, they contribute to the 

literature by refining our understanding of the complexities involved in achieving interoperability within IoT ecosystems; 

practically, they offer a roadmap for stakeholders in industries such as healthcare, manufacturing, and intelligent 

transportation systems to devise strategies that enhance inter-device communication and data sharing [6], [7]. 

Furthermore, the emphasis on the need for policy frameworks and collaborative efforts among technology developers, 

researchers, and government entities aligns with the conclusions drawn from prior studies advocating for a 

multidisciplinary approach in addressing interoperability challenges [8]. Importantly, this research underscores the 
necessity for empirical validations of proposed interoperability solutions, which have often been overlooked in the 

existing body of research, as seen in the systematic review of [9]. The insights gathered also reveal gaps in understanding 

how emerging technologies such as blockchain and artificial intelligence can further facilitate interoperability in IoT 

environments [10], [11]. Thus, the findings serve as a foundation for future research directions that explore the efficacy 

of these technologies in improving interoperable frameworks and tackling the significant barriers identified throughout 

this study [12]. Additionally, the integration of comprehensive taxonomies and actionable strategies presents 

opportunities for creating more resilient IoT systems, signaling a crucial step towards the realization of truly 

interconnected smart environments as emphasized by [13], [14], and [15]. Overall, this discussion not only connects the 

identified challenges to existing literature but also highlights avenues for future inquiry, critical for advancing the field of 

IoT interoperability [16], [17], [18], [19], [20]. 

TABLE  III. IOT INTEROPERABILITY CHALLENGES AND SOLUTIONS  

Challenge Description 

Heterogeneity of Devices Devices in IoT networks often operate on different standards and 

technologies, leading to integration difficulties. This includes variations in 

hardware capabilities, communication protocols, and data formats. 

Data Format Inconsistencies IoT devices generate data in various formats, such as CSV, JSON, XML, 

and raw data, complicating data integration and analysis processes. 

Communication Protocol Variations Diverse communication protocols used by IoT devices can hinder 

seamless data exchange and interoperability.  

undefined Implementing a unified ontology schema can map data from different 

formats to standardized patterns, facilitating integration and improving 

query performance. This approach has been tested on real data consisting 

of approximately 160,000 readings from various sources, generating 

960,000 RDF triples, with average query response times around 0.144 

seconds on different servers. 

undefined Utilizing Linked Data principles enhances interoperability by referencing 

common identifiers and ontologies. A study demonstrated that this method 

improved storage efficiency and query performance by over three orders 

of magnitude on lightweight computers compared to traditional Linked 

Data stores. 

A. Interpretation of Findings 

In the rapidly advancing domain of the Internet of Things (IoT), the critical assessment of interoperability serves as a 

cornerstone for understanding how diverse technologies can synergize effectively. The findings presented in this research 

highlight multiple interoperability dimensions, namely syntactic, semantic, organizational, and technical aspects, which 

contribute significantly to the overall functionality of IoT ecosystems. These dimensions not only reflect the complexity 

of integrating various IoT devices and platforms but also reveal the persistent challenges that arise from proprietary 
standards and incomplete frameworks [1]. The study's findings resonate with extant literature, as noted by [2] and [3], 

which underscores similar challenges in achieving seamless communication and data sharing among disparate systems. 

However, unlike prior studies that often treated interoperability as a purely technical issue, this research broadens the 

understanding to include organizational and human factors, thereby emphasizing the multifaceted nature of the 

interoperability challenge [4]. Moreover, this investigation illustrates how interoperability impacts sectors such as 

healthcare, smart cities, and industrial automation, each of which relies heavily on interconnected devices to enhance 

operational efficiency [5]. The implications of these findings extend beyond theoretical discourse; they present actionable 

insights for practitioners aiming to implement IoT solutions that are robust and effective. The emphasis on developing 

standardized frameworks and the necessity for collaboration across diverse stakeholders, including industry leaders, 

policymakers, and researchers, aligns with the earlier calls for comprehensive interoperability strategies made in the 

literature [6]. Furthermore, the acknowledgment of significant barriers, such as data security and privacy concerns, as 

highlighted by [7], reinforces the need for interdisciplinary approaches to foster interoperability.By synthesizing insights 
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from various studies, this research contributes to the ongoing dialogue about IoT interoperability and suggests that future 

research should not only address technical solutions but also explore how regulatory frameworks can facilitate integration 

efforts, as seen in [8]. Ultimately, the findings present a significant opportunity to redefine interoperability standards in 

the IoT ecosystem, aligning with similar calls for enhanced implementation strategies that have been discussed in prior 

literature [9]. This research thereby sets a foundation for practical methodologies that can effectively bridge the gaps 

identified, paving the way for future innovations in the IoT landscape [10]. Addressing these gaps will be crucial for 

enabling a more seamless integration of technologies and improving overall IoT performance within various application 

sectors [11], [12], [13]. Through continued exploration of these themes, as the findings suggest, we can better understand 
the complex interplay of systems involved in achieving true interoperability within the IoT domain [14], [15], [16], [17], 

[18], [19], [20]. 

TABLE  IV. PERFORMANCE EVALUATION OF IOT PROTOCOLS 

Protocol ROM (KB) RAM (KB) Request Size (bytes) Response Size 

(bytes) 

Response Latency 

(ms) 

PUCK over Bluetooth 8.48 13.15 0 0 0 

TinySOS 11.72 11.33 0 0 0 

SOS over CoAP 29.13 10.36 0 0 0 

OGC SensorThings 26.11 10.21 0 0 0 

Simple Web Service 16.08 9.54 350 0 0 

 

6. CONCLUSION 

In conclusion, this research has effectively articulated the multifaceted dimensions of interoperability in the Internet of 

Things (IoT), providing a comprehensive overview of existing taxonomies and identifying critical challenges that hinder 

seamless integration across diverse systems. Through an extensive literature review, key issues related to syntactic, 

semantic, organizational, and technical interoperability were systematically examined. This exploration illuminated the 

complexity of ensuring effective communication between heterogeneous devices, thereby addressing the initial research 

problem regarding the constraints posed by these interoperability barriers. The findings of this study hold significant 

implications for both academia and industry; academically, they contribute to the evolution of interoperability 

frameworks by enriching existing literature with a structured taxonomy, while practically, they provide actionable 

insights for developers and policymakers aiming to foster more cohesive IoT ecosystems [1]. Moreover, the emphasis on 

the necessity of collaboration among stakeholders reiterates the importance of a multidimensional approach to solving 

interoperability challenges [2]. The research highlights urgent considerations such as data privacy, security, and 

standardization, which must be prioritized as technology continues to advance at an unprecedented pace [3]. Future work 

should focus on empirical validation of the proposed frameworks as well as the development of robust interoperability 

standards that can meet the evolving demands of IoT applications [4]. Additionally, exploring potential integrations of 

emerging technologies like blockchain and artificial intelligence could yield innovative solutions to deepen 
interoperability [5]. Investigating these avenues can shed light on facilitating greater interoperability, thus contributing 

significantly to both technological progress and societal benefits within smart environments, including smart cities and 

healthcare [6]. To fully realize the potential of these capabilities, the research community is encouraged to engage in 

interdisciplinary collaborations that unify expertise across computer science, engineering, and social sciences [7]. In 

summary, this research not only affirms the critical importance of interoperability in IoT but also serves as a foundational 

platform for future research that can advance the field and ultimately contribute to the creation of more integrated and 

efficient systems [8]. As the IoT landscape continues to expand and evolve, addressing the outlined challenges will be 

instrumental in achieving the next generation of interconnected environments [9]. Such efforts are paramount to ensuring 

that stakeholders can effectively navigate the intricacies of IoT interoperability, fostering a sustainable digital future [10]. 

A. Reflection on Interoperability Challenges and Implications 

Throughout this research, the topic of interoperability within the Internet of Things (IoT) was thoroughly analyzed, 

focusing on various taxonomies, challenges, and potential solutions. The discussion illuminated critical dimensions of 

interoperability, such as syntactic and semantic barriers, technical inconsistencies, and the absence of standardized 

protocols that hinder efficient communication between heterogeneous devices [1]. The research problem of 

understanding and addressing the fragmentation in IoT systems was resolved through a comprehensive examination of 

existing literature, combined with a proposed taxonomy that elucidates the different facets of interoperability challenges 

and their interdependencies [2]. This framework provides stakeholders with clearer insights into the complex 

interoperability landscape, ultimately guiding them in the creation of more inclusive and cohesive solutions [3]. The 
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implications of the findings are substantial; academically, they contribute to the growing body of knowledge around IoT 

interoperability, offering a structured approach for researchers and industry professionals to understand and navigate the 

intricate challenges presented by diverse systems [4]. Practically, the results underscore the need for increased 

collaboration among device manufacturers, software developers, and standards organizations to foster an environment 

where interoperability can thrive, ultimately enhancing the capabilities and efficiencies of IoT applications across various 

domains such as smart cities and healthcare systems [5]. Moving forward, further research is necessary to empirically 

validate the proposed taxonomy and address the pressing challenges identified throughout this study. Future 

investigations should consider the integration of emerging technologies, such as blockchain and artificial intelligence, 
which may offer innovative solutions to bolster interoperability in IoT environments [6]. Increased focus on policy 

frameworks that advocate for standardized interoperability practices will also be essential in guiding future developments 

in the IoT ecosystem [7]. Moreover, as technology rapidly evolves, dynamic models that adapt to changes in user needs 

and technological advancements should be explored [8]. It is imperative for researchers to engage in interdisciplinary 

dialogues, fostering greater collaboration between academia, industry, and governmental bodies to identify and address 

the identified challenges effectively [9]. Overall, with the ongoing evolution of IoT technologies and solutions, the 

reflections presented in this research serve as a foundation for advancing interoperability initiatives—ensuring that the 

IoT landscape becomes increasingly integrated and capable of supporting the demands of future applications [10]. 

TABLE  V. INEROPERABILITY CHALLENGES IN INTERNET OF THINGS (IOT) 

Challenge Description 

Device Heterogeneity IoT devices come from various manufacturers, leading to differences in 

protocols, data formats, and communication standards, which complicates 

seamless integration. 

Scalability The vast number of IoT devices, potentially reaching billions, necessitates 

systems that can efficiently manage and process large-scale data without 

performance degradation. 

Security and Privacy Ensuring secure communication and protecting user data across diverse 

IoT devices is complex, as vulnerabilities can be exploited to compromise 

entire networks. 

Standardization The lack of universally accepted standards for IoT devices and protocols 

hinders interoperability, making it difficult for devices from different 

vendors to work together effectively. 

Data Management IoT generates massive amounts of data, requiring robust systems for 

storage, processing, and analysis to extract meaningful insights. 
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