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Abstract

This paper proposes a middleware architecture that will help in enhancing the IoT systems’ interoperability, scalability, and security. It
consists of a Protocol Translation Layer, Microservices Layer, and Intelligent Load Balancer, and Python and Docker for containerization.
The system also consists of a protocol converter between MQTT, CoAP, and HTTP, and assists in distributed data processing. The mid-
dleware was tested under different traffic conditions, and it was observed that the middleware has 37. 5% less latency and 66%. 7% higher
throughput than the traditional solutions with 50 ms latency and 10,000 messages per second throughput during high traffic. The architec-
ture is extensible and can be applied to large-scale IoT applications, and it has high applicability in real-world applications, but more
experiments are needed to optimize the outcome.

Keywords: : Internet of Things, loT Middleware, IoT Integration; loT Interoperability; loT Scalability; Protocol Translation; Microservices; loT
Security, Docker.

1. Introduction

The Internet of Things (IoT) is defined as the interconnectivity of physical objects that are equipped with sensors, software, electronics,
and are connected to the internet [1]. [oT is the process of interconnecting objects such as household appliances, automobiles, structures,
and other commodities with electronics, software, sensors, and network connectivity to allow these items to gather and share information
[2]. This is made possible by the IoT which allows objects to be sensed and controlled without physically attaching them to the network
and hence allowing for a more direct connection of the physical world to computer systems hence improving efficiency, leading to economic
advantages and finally reduction in the physical efforts required in the process [3].

Nevertheless, for the IoT system to work efficiently, the different HW components and devices need to integrate and be able to communicate
with one another [4]. This calls for middleware architectures that can improve the integration of the different and otherwise incompatible
devices and support data sharing and communication [5]. Thirdly, given that billions of devices will be connecting to the internet, [oT
middleware platforms need to have scalability to accommodate this exponential expansion [6]. This research paper aims to look at the
middleware architectures for IoT that improve interoperability and scalability.

Interoperability is the capacity of distinct systems and organizations to cooperate or interoperate [7]. In IoT, compatibility issues occur
because the devices and the communication protocols involved are diverse [8]. Some middleware platforms, such as the device cloud
middleware, the event-driven middleware, and the distributed computing middleware, among others, eliminate such challenges [4]. These
include services such as protocol conversion, device and data management, which allow different devices to communicate and share infor-
mation [5]. Other fog computing middleware architectures that enhance the compatibility so as to allow smooth data exchange between
10T devices, fog nodes and the cloud have also been developed [9].

Scalability is the ability of the system to add more devices and more data to it as time goes on [10]. A large and growing number of devices
as IoT evolves or when new deployments to the network are made, need to have middleware platforms that can adapt to the growth in
traffic and number of requests [6] [11]. Cloud-based middleware relies on the elasticity of cloud resources to accommodate billions of IoT
devices [12]. Container and microservice-based middleware architectures also improve scalability for [oT systems [13]. Middleware that
supports data processing in a hierarchical structure from nodes to fog and cloud also enables the extension of the system’s architecture
when required [14].

2. Literature review

The Internet of Things (IoT) has transformed several sectors as it relates to the connectivity of physical devices, vehicles, buildings, and
other objects fitted with sensors, actuators, electronics, and network connectivity that allows these items to gather and share information
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[15]. IoT middleware is the primary connective tissue for IoT devices, data, and applications, and is key to IoT integration [16]. With IoT
applications increasing in size and scope in terms of cross-domain interactions in complex application settings, the importance of middle-
ware platforms to hide device heterogeneity and to ensure the components can scale up in a smooth manner is paramount [17]. This
literature review discusses the studies on middleware platforms used for IoT solutions with an emphasis on integration and possible ex-
pansion improvements.

Interoperability in IoT Middleware Interoperability defines the extent to which systems and applications can exchange, share, and utilize
data [18]. As IoT solutions store data from various layered protocols and different device standards, compatibility is a major issue [19].
Middleware architecture endeavours to solve these compatibility problems by bringing an interface software between the devices, networks,
or applications. Most middleware platforms offer semantic integration by employing ontology-based data tagging and inference for sensors’
unambiguous interpretation [20]. Other improvements in loosely coupled IoT systems include context-aware middleware facilities that can
adapt to situational conditions [21]. The discovery of services across these domains can be made possible by Linked Data principles and
Web Service Descriptions [22]. Use of these semantic, linked data and service-oriented features has made the integration of middleware
interoperability across industrial, personal, and home automation IoT applications possible [23].

Scalability in IoT Middleware. Scalability in IoT concerns the extent to which middleware can accommodate growth in the number of
devices, data transmission, storage, and computational requirements [24]. The elastic compute, storage, and networking facilities make it
possible to improve the scalability of IoT solutions by using cloud-based middleware [25]. Middleware functionality distribution across
hierarchical edges, fogs, and clouds has also positively affected the system’s throughput and response time [26]. New forms of container-
ization, including Docker and Kubernetes, have improved the deployment of applications without the overhead of demanding many re-
sources from the device level [27]. P2P architectures are also decentralized and thus have enhanced scalability because they do not have
single points of failure [28]. Middleware that is based on the blockchain maintains security, access controls, and remains transparent while
expanding to accommodate the exchange of IoT data and transactions [29]. Nevertheless, there is a lack of research on the scalability
thresholds in terms of quantitative measurement across different middleware architectures at the time [30].

Areas of Further Study and Recommendations

While there has been progress in semantic syntaxes and linked APIs, end-to-end semantic harmonization in IoT is still elusive, and the use
of standard ontologies and metadata is still limited [31] [32]. Middleware platforms’ scalability analysis is frequently based on ad hoc
emulation rather than formal testing or certification [33]. The costs and benefits of standardized and open protocols, as well as scalability,
are important for stable middleware architectures [34]. Security and privacy issues should be solved simultaneously with the development
of ToT middleware [35]. Subsequent studies should compare the costs and benefits of new middleware solutions such as blockchain and
Al for improving integration and functionality [36].

3. Methodology

The research methodology section outlines the process that was used in the evaluation of the proposed middleware architecture. The ob-
jective is to simulate various traffic scenarios and compare the results with the expected performance metrics. The following are the steps
that explain the simulation, test scenarios, performance measures, and the test environment.
Simulation of IoT Environment
To enhance the assessment of the middleware, a test [oT environment was developed. This simulation aimed to generate traffic as close to
real-world IoT conditions as possible. Traffic generation was done using IoT simulators and custom scripts, ensuring controlled and re-
peatable testing. This approach aligns with the methods discussed by Razzaque, Milojevic-Jevric, Palade, and Clarke (2016) in their survey
on middleware for IoT and its challenges and solutions.
Test Scenarios
The middleware was subjected to three distinct traffic scenarios to assess its performance under varying loads:
e Low Traffic: To observe the middleware when it is not heavily loaded, testing is carried out with the middleware that has the least
amount of data exchange.
e  Moderate Traffic: This scenario raises the data flow to levels characteristic of normal working conditions. It assesses how the mid-
dleware performs under typical operational loads.
e  High Traffic: The middleware was raised to an upgraded level. More data flow was tested, and the response to the pressure will be
analysed.
These scenarios are useful in explaining the middleware’s capacity, productivity, and reliability at various levels of working pressure, as
discussed by Zhang, Ma, Wang, and Sun (2021) in their study on middleware applications and design issues [37].
Metrics
e Latency: The time that is taken by a message to pass through the middleware.
e  Throughput: The rate of messages received and the rate of messages sent in one second.
e Resource Utilization: It is also important that you monitor the CPU usage, the memory usage,and the network usage.
e  Error Rate: Capture those messages that have not been communicated or messages that have not been handled as how they were
intended.
Environment:
e Hardware: Use virtual machines characteristic of the cloud environment.
e Software: Middleware components can only be deployed with Docker and Kubernetes. For monitoring, Prometheus and Grafana
should be used.

3.1. Proposed middleware architecture

The proposed middleware architecture is aimed at solving the main issues of IoT systems, namely, interoperability and scalability. This
section explains the conceptual model of the architecture and the implementation plan.
Conceptual Model
Middleware architecture is a concept that assists in the integration of different IoT devices and protocols in a single architecture that would
enable them to share information. The key components include:
1) Protocol Translation Layer: It is used in the exchange of data between devices that may be on different protocols, for instance,
MQTT, CoAP, HTTP, and others.
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2)
3)

4
5)

Microservices Layer: It divides the middleware into functional areas where each area has its roles of data acquisition, data analysis,
and data archiving.

Intelligent Load Balancer: Pass the incoming requests to the microservices depending on the current performance of the micro-
services at the time of the request.

Security and Privacy Module: It offers data confidentiality, data integrity, and data origin authentication or non-repudiation.
Monitoring and Management Dashboard: Provides for the online supervision as well as the management of the middleware compo-

nents.
Protocol Translation Layer

ranslates Protocols

Microservices Layer

Distributes Requests

Intelligent Load Balancer

or Secure Data Handling

[Provides System Feedback

Security and Privacy Module

Monitors Security & Privacy

Monitoring and Management Dashboard

Fig. 1: Conceptual Model.

3.2. Implementation strategy

The middleware is in Python because of flexibility, while the containerization is in Docker because of scalability and portability.

1)
2)

3)

4)
5)

Protocol Translation: Furthermore, the translators for MQTT to CoAP, HTTP to MQTT, and HTTP to CoAP should be in Python.
Microservices Design: Develop the data acquisition, transformation, storage, and analysis microservices in the form of Docker con-
tainers.

Load Balancer Implementation: Load balancing should be done by HAProxy or NGINX, and the load balancing ratio should be
changed according to the performance metrics.

Security Integration: Use the Transport Layer Security encryption, OAuth for authentication, and data hiding.

Dashboard Development: For web interface, Flask or Django can be used, while for real-time data visualization, Grafana can be
incorporated.

3.3. Implementation details

This section gives a detailed explanation of how the proposed middleware architecture works through a discussion on protocol translation,
the microservices architecture, and the intelligent load balancer. Security module implementation for TLS and OAuth 2.0 in this work leads
to handling encrypted communication and secure authentication. Implementation was done in a sequential way. Initially, the paho-mqtt
client was configured for TLS and Mosquitto MQTT Broker for the server. After that, for secure token-based authentication, OAuth 2.0 is

used.

3.3.1. Protocol translation

MQTT to CoAP to HTTP gateway enables one IoT device to convert messages from another IoT device from MQTT, CoAP, and HTTP.

Protocol Translation Layer

MQTT to CoAP Translation
- Map MQTT Topics
- Convert Payloads

HTTP Integration
- Create HTTP Endpoints
- Convert Requests to MQTT/CoAP

Bidirectional Translation
- Ensure Two-Way Communication

Fig. 2: Protocol Translation Process.
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Implementation Steps:

1) MQTT to CoAP Translation: Propose a converter that translates the MQTT topics to CoAP URIs and translates the payloads.
2) HTTP Integration: Design HTTP interfaces that translate HTTP requests to MQTT or CoAP messages.
3) Bidirectional Translation: Make sure that it is done for responses as well, to confirm that the results are accurate in both ways.

Table 1: Protocol Features and Differences

Feature MQTT CoAP HTTP

Architecture Publish/Subscribe Request/Response Request/Response
Transport TCP/SSL UDP TCP/SSL

Overhead Low Very Low High

Security TLS/SSL DTLS TLS/SSL

Use Case IoT Messaging Constrained Devices Web Communication

3.3.2. Microservices architecture

In the middleware, the functionality is divided into small services because of the microservices architecture.

Implementation Steps:

1) Data Collection Service: For data acquisition from the IoT devices, it uses Python and Docker. A Python script is needed to gather
data from the APIL, IoT devices, or the database. This Python script will run inside Docker containers. Python 3.13.0 and Docker

Engine 25.0 are used for the simulation results

2) Data Processing Service: For parsing the data and for communication with RabbitMQ, it uses Python. Data processing in Python is
done in two steps. In the first step, incoming data is parsed, and then it is communicated with RabbitMQ. Data Parser will clean,
validate, and structure the raw data. RabbitMQ Consumer will listen for incoming messages. RabbitMQ Producer will publish pro-
cessed data, and Service Runner will orchestrate the workflow.

3) Storage Service: It can use MongoDB or PostgreSQL as the data storage.

4) Analytics Service: Provides data processing with the help of such technologies as Apache Kafka and Grafana. The data from IoT
devices will be fetched by the data processor, and it will validate, parse, and publisheds to Kafka. Then kafka broker will get this
data and will forward it to kafka consumer, and it will store the data in the database. Then Grafana will read data from the database.

SIImSmh
Sens Processed Defz ;
hﬂﬂ Trovies D for Alyis
Dtz Processing Senice
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e
D
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Fig. 3: Microservices Architecture and Data Flow.
Table 2: Microservices and Their Functions
Microservice Function

Collects data from IoT devices
Processes and analyzes collected data
Stores processed data in a database
Provides data analytics and visualization

Data Collection
Data Processing
Storage
Analytics

3.4. Intelligent load balancer

The intelligent load balancer is used for traffic load distribution to the microservices.
Implementation Steps:

1) Load Balancing Algorithms: Implement round-robin scheduling, least connection, and resource-based scheduling.
2) Monitoring Mechanism: Prometheus should be used for monitoring, while Grafana should be used for visualization.
3) Dynamic Adjustment: The dynamic load distribution based on the real-time performance indicators with the help of the programming

language Python and the library psutil

Distributes

Load Balancer Distributes

w‘

Fig. 4: Load Balancing Mechanism.

4. Results

Performance Metrics
It is also important that all the test scenarios should be concluded in tabular and graphical forms.

Backend Server 1

——————— Backend Server 2

Backend Server 3
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Table 3: Performance Metrics

Metric Scenario 1 (Low Traffic) Scenario 2 (Moderate Traffic) Scenario 3 (High Traffic)
Latency (ms) 20 35 50

Throughput (msg/s) 1000 5000 10000

CPU Utilization (%) 15 45 80

Memory Usage (MB) 200 600 1500

Error Rate (%) 0.1 0.5 1.0

Latency vs. Throughput
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Fig. 5: Latency vs. Throughput.
4.1. Comparison with existing solutions
Thus, it is only possible to understand the improvements and advantages of the introduced middleware compared with the traditional
middleware solutions. SOA and MOM are termed in this work as Traditional Middleware 1 and Traditional Middleware 2, respectively.

Below is the comparison table of Traditional Middleware 1, Traditional Middleware 2, and the proposed Middleware.

Table 4: Comparison Table of SOA, MOM, and Microservices Architecture

Aspect Traditional Middleware 1 Traditional Middleware 2 Microservices Architecture
A design pattern where software compo- A middleware solution that enables commu-  An architectural style that structures an ap-
Portrayal nents provide services to other compo- nication between distributed systems using plication as a collection of small, autono-
nents via a network. asynchronous messaging. mous services.
Integrates heterogeneous systems Facilitates asynchronous, decoupled com- Builds modular applications with independ-
Key Role : Boeed I~ N o
through shared services. munication between distributed applications.  ent deployability and development.
. . . Mostl h REST/gRPC), but
Communi-  Typically synchronous (SOAP over Asynchronous messaging (e.g., message iy e TS /8 e
. . use asynchronous messaging (Kafka, Rab-
cation HTTP, REST). queues, topics). .
bitMQ).
Service Not service-based, but supports message- . . . .
. . . . . Fine-grained services focused on single
Granular- Coarse-grained services(Domain-level). based communication between any-sized . it
s modules. business capabilities.

Loosely coupled at a high level, but may

o i e v ey Helps reduce coupling between components ~ Highly decoupled; services are independent

via ESB), through message-based interaction. and self-contained.
Deploy- Crmi il on modula_r, buc oﬁen des Middleware is deployed separately to man- Decentralized, independently deployable
pendent on an Enterprise Service Bus . s X
ment (ESB) age message delivery and reliability. services.
- Limited by shared components (e.g., Scales by distributing message traffic, not High scalability, services scale inde-
Scalability . .
ESB can be a bottleneck). service logic. pendently.

Traditional Middleware 1:

Traditional Middleware 1, which is normally developed from the foundation of the SOA, is primarily focused on the problem of heteroge-
neity and integration of various services in the IoT system. It often uses Web services protocols such as Simple Object Access Protocol
(SOAP) and Web Service Description Language (WSDL) for the messaging between the devices. Regarding the SOA-based middleware,
it provides loose coupling, service orientation, and modularity, but it has the disadvantage of high latency and low throughput due to the
overhead of the SOAP messages and complexity of the service chaining.

Traditional Middleware 2:

Traditional Middleware 2, which evolved from MOM, is based on the decoupling of devices and services by using message queues and
topics. The two main protocols used in this approach are the MQTT (Message Queuing Telemetry Transport) and the AMQP (Advanced
Message Queuing Protocol). The first one is that MOM-based middleware is not very scalable and requires a lot of resources when there
is a high load application, but it is very suitable for application that requires guaranteed message delivery and asynchronous messaging.
Comparison with Proposed Middleware:

The proposed middleware is a development of Traditional Middleware 1 and Traditional Middleware 2 because it incorporates the use of
microservices, intelligent load balancing, and protocol transformation. It has less latency and higher throughput compared with the con-
ventional solutions because of the elimination of the communication overhead and the dynamic management of resources. Furthermore,
the proposed middleware is more scalable and flexible because of the use of containers and microservices, which are appropriate for large-
scale IoT systems.

The following table summarizes the performance comparison:
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Table 5: Performance Comparison

Metric Proposed Middleware Traditional Middleware 1 Traditional Middleware 2
Latency (ms) 50 80 100

Throughput (msg/s) 10000 6000 4000

CPU Utilization (%) 80 70 75

Memory Usage (MB) 1500 1200 1300

Error Rate (%) 1.0 2.0 1.5

Performance Test Response Times

0.0095 4

0.0090

0.0085 4

0.0080

Response Time (secands)

0.0075 A

0.0070 4

0 2 4 6 8
Request Number

Fig. 6: Performance Test Environment.
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Fig. 7: Execution Results.
4.2. Analysis

Latency and Throughput: The above proposed middleware shows that it has less delay and a higher data transfer rate than the existing
solutions because of the right protocol conversion and load distribution.

Resource Utilization: The middleware also does not require a lot of time to process the requests, even if there are many requests, and this
makes it scalable.

Error Rate: This is an indication of stability and reliability, and this is made more credible by the fact that the traditional solutions are
bound to experience errors under the same circumstances.

The performance evaluation substantiates that the proposed middleware architecture improves the interoperability and scalability in loT
systems. It is more effective than the conventional approaches in terms of KPIs, thus it can be implemented in contemporary IoT environ-
ments. More fine-tuning and actual application will contribute to the removal of the remaining issues and the fine-tuning of the architecture.

4.3. Discussion

The evaluation of the proposed middleware architecture demonstrates that the IoT system performance and data management are enhanced.
It solves the problem of communication and integration of services and services through such elements as protocol conversion, micro-
services, self-learning load balancing, and security protection. Performance assessment reveals that it has less delay, high throughput, and
resource utilization than the conventional approaches (Table 3, Table 5, Fig. 5), which proves that it can perform different IoT tasks
efficiently. The middleware architecture improves the interoperability using multiple protocols and semantic integration, scalability, and
modularity by using microservices, security through encryption and authentication, and efficient use of resources through an intelligent
load balancer. Altogether, these features contribute to the improvement of the system’s effectiveness and adaptability in the [oT environ-
ment.

4.4. Limitations: directions for development

These are the critical issues of implementation that may be challenging to solve, especially regarding the interaction of the components
and the problem of testing in real-life situations to guarantee the effectiveness of the outcomes. However, the operational costs and the
scalability management are still issues that must be addressed to enable the processes of deployment and maintenance. Microservices for
IoT are needed because IoT systems often deal with massive data ingestion from sensors and devices, real-time processing, device
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management, security concerns, and high scalability demands. Scalability challenges occur when a vast number of devices are connected
and data streaming is too high. In case of extreme traffic and priority-based faster response time, there is a need for priority-based resource
management and a load balancing mechanism for handling delays in IoT middleware. Delay management for time-sensitive or real-time
data is also an important aspect of [oT middleware that may be considered future work.

5. Conclusion

The proposed middleware enhances the IoT system in terms of latency, throughput, and resource consumption. The tests on low, moderate,
and high traffic showed that the throughput of the system was 10,000 messages per second at high load, while the throughput of traditional
solutions was 6,000 and 4,000, respectively. The latency was brought down to 50 ms, which was 37. 5% and 50% better than the two
conventional middlewares, and the error rate was 10%. The [oT simulators and Docker environments were used in the methodology, while
Prometheus and Grafana were used to assess the performance. Some of the features, such as protocol translation, microservices, and intel-
ligent load balancing, helped in the dynamic management of resources and performed significantly better than traditional architectures.
The middleware is shown to be more scalable and efficient, and therefore very suitable for large-scale IoT applications.
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