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Abstract

The Internet of Things (IoT) has transformed the relationship between people
and systems. Many IoT use embedded systems even for specialized applications.
The purpose of the research paper is to explore the importance and role of Unix-
based operating systems for embedded and IoT systems. In this paper, we ex-
plore the versatility and robustness of a Unix-based system, with its standby
issues; we also discuss the overall security, real-time performance, cloud and
edge integration, containerization, and power energy problems. This paper delves
into the different methods that provide security, such as the integration between
the cloud and the edge, virtualization, and energy consumption of Unix-based
systems for embedded systems related to IoT applications. It also examines
the current frameworks and enabling tools of the Unix-based system, which co-
vers a variety of frameworks and different tools. The conclusion of the research
paper is that IoT systems must take advantage of all the services based on
Unix-like operating systems. Ultimately, the proposed work considered Unix-
based systems in embedded and IoT devices as suitable candidates for the fu-
ture of embedded and IoT systems in limiting and improving areas.
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1. Introduction

An innovative idea that changes the way humans interact with systems and gadg-

ets in our environment, the Internet of Things (IoT), came into being during the
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Internet era. Embedded systems, which are computer systems built for specific tasks
and embedded in bigger devices, make up many of these gadgets. Embedded sys-
tems are the basis of most current Internet of Things (IoT) products and gadgets,
including smart refrigerators, thermostats, wearables, and even radios. Concurrently,
it can also refer to more intricate systems like industrial control systems or electrical
systems in automobiles. Recently, The International Center for Theoretical Phys-
ics (ICTP) developed an application that used IoT sensors to monitor the quality of
the drinking water from a river or stream in a developing nation, with the aim of
collecting the data set and using Artificial Intelligence (AI) to predict water quality
in the future.

There is an ever-increasing need for embedded systems that are quicker, stronger,
and more secure. Given the specifics of the issue, developers often gravitate toward
Unix-based operating systems. Systems that are based on the Unix philosophy have
been around for along time; the first version came out in the 1960s, and it has a proven
architecture. Reliability, security, scalability, and modularity are four important
qualities of an embedded system, and Unix-based OSs are known for all four [1].
This article explores the repurposing of Unix-based Operating Systems for use in
embedded and IoT systems, discussing their advantages, disadvantages, practical

uses, and prospects.

2. Literature Review

The Unix-based systems have evolved in the embedded and IoT devices as an an-
swer to the limitations of proprietary or custom operating systems for their par-
ticular hardware development. The embedded systems have turned to Unix-like
OS due to growing complexity and standard-driven demands for embedded soft-
ware, as well as challenges for cross-platform development. Comer and Shaughnessy
wrote an article about it all in 1997 “Unix and Embedded Systems” and stated that
Unix or Unix-like embeddable systems featured a number of considerable benefits.
In the article, regarding the embedded systems and Unix, they mentioned a great
scalability feature: “Unix scales with the needs of the designer” [1]. It makes the
development of software for hardware that supports the OS more of a flexible and
scalable process for developers.

Satyanarayanan’s work led to the development of Unix-like operating systems,
which today are used in the Internet of Things or IoT industry when embedded de-
vices can be connected to the Internet and controlled, monitored, and when nec-
essary, data can be shared remotely [2]. This industry’s growth spurred interest in
various problems in embedded and IoT systems that run Unix. According to Cor-
bet et al, the requirements for real-time performance in the latter application like
industrial control systems and robotics were explored, and it was determined that
the performance of Linux as a real-time operating system or RTOS can be improved
[3]. Specifically, the authors argued that time-critical apps that have used a Unix-
like OS require deterministic behavior and low-latency response time.

Several studies have focused on Unix-based systems and their security features
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and methodologies because security is a major problem in the IoT arena. Zaddach
et al. examined the security architecture of Linux-based IoT devices and identified
vulnerabilities and potential solutions. They found that secure communication
protocols, kernel hardening, and secure boot processes were the most important
ways to protect IoT devices from hackers and ensure the confidentiality and authen-
ticity of data [4]. Over the past few years, the embedded and IoT industries have
experienced a dramatic increase in the development of virtualization and contain-
erization technologies for Unix-based systems. Morabito et a/ identify some of the
many reasons for using the containers in IoT applications, such as lightweight vir-
tualization, efficient resource usage, and the easier deployment and maintenance
of applications.

Working with Unix-like operating systems, the authors investigate how contain-
erization could ameliorate some of the heterogeneity and resource limitations of
IoT devices. New horizons are opened, and old problems are resolved with the bur-
geoning use of Unix-based systems in embedded and IoT applications. Improving
energy efficiency, bolstering security to handle new kinds of attacks, and simplifying
integration with cloud and edge computing systems are priorities. The IoT technol-

ogy aims to unify everything in our world under a common infrastructure, giving

us not only control of things around us, but also keeping us informed of the state

) Mulfi-tasking OS
o =

of the things [5].

TYPES OF
EMBEDDED .=

OPERATING SYSTEMS

Figure 1. Types of embedded OS.

Figure 1 above depicts types of embedded Operating Systems (OSs), which are
integral to powering dedicated non-computer devices. There are multitasking OS
like Linux that can handle several processes simultaneously, ideal for complex sys-
tems. Real-Time Operating Systems (RTOSs) are designed for tasks requiring im-
mediate response, which is vital for safety-critical applications. Single-task OS like
Android manages one operation at a time and is used for simpler devices. Lastly,
Rate Monotonic OS prioritizes tasks by frequency, ensuring timely execution for
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Figure 2. Architecture.

Figure 2 above represents the illustration of an embedded system architecture.
The very heart of the image is the kernel of Real-Time Operating System, while
around it, there are support elements: C/C++ libraries, device drivers, debugging
facilities. All of which are interfaced to the Board Support Package (BSP), which
interacts directly with the target hardware. Further, there is an application layer
on top of the RTOS that is designed to manage networking, file systems, etc. In
other words, it is responsible for making the embedded system run dedicated ap-
plications.

Connected embedded or IoT systems typically implement some form of over-
the-air update procedure, which requires robust checks, to avoid installing mali-
cious or untrustworthy updates to the system. Other securities mechanisms such
as Trusted Platform Modules (TPMs) or similar hardware security modules, facil-
itate secure storage of keys as well as carrying out cryptographic operations, and
attestation capabilities in hardware contribute to the security of the embedded or
IoT system.

Figure 3 illustrates the concept of edge computing within the IoT. As shown, IoT
devices embedded in sensor objects, including cars, buses, solar panels, and in-
dustrial machinery all connected to local edge computing nodes. These nodes per-
form some data analysis close to the data source, in near real time, before resulting
data is transmitted to the central cloud or remote data center. Edge computing im-
proves efficiency as the work is offloaded from the central servers, and the trans-
mission times are reduced.

Furthermore, it is also possible for the developers to use the cloud-based plat-
form to design simple control interfaces, dashboards, and visualization for the
easy monitoring and control of their embedded or IoT devices. Through such in-

terfaces, the status, performance, sensor and other information, and settings can
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Figure 3. Integration with cloud and edge computing.

be monitored. Moreover, the edge node equipment can analyze the information and
make some decisions with the help of information obtained from the other equip-
ment also connected to cloud, thus, reducing the latency and bandwidth.

Containerization and Virtualization Support: Madakam et a/. suggest the use
of containerization and virtualization in embedded systems and IoT. Implemen-
tation requires lightweight runtimes environment as well as Virtual Machines (VMs),
ensuring refined resource usage, separation of different environments, and broader
solution scalability. In this solution, the kernel layer is optimized and adapted to the
specifics of container technology such as Docker and Kubernetes. Standard con-
tainer software development tools can be used to manage the deployment, scaling,
and resource separation aspects of packing apps into lightweight containers for em-
bedded and IoT systems.

The virtualization layer is useful for lightweight virtualization and not full vir-
tualization as required by hypervisors such as Xen and KVM. Such a layer allows
for the construction of safe and isolated spaces where several different operating
systems or applications can be held and run at the same time [6]. This comes in
handy when apps must rely on each other, yet they cannot coexist, or they must be
segregated owing to health, legal, or public policy requirements. The virtualization
layer offers paravirtualization and hardware-assisted virtualization to ensure effi-
ciency in embedded systems with minimal capabilities. Suitable tools may also assist
in the virtual machine management process as well as snapshot creation and live

migration procedures.
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Figure 4. Containerization and virtualization support.

Figure 4 above shows a comparison of virtual machine virtualization and con-
tainerization. The main difference between the two is that VMs have their indi-
vidual dedicated guest operating system above the hypervisor and the rest of the
infrastructure, which is isolated but requires many resources. Containers use the
OSI kernel managed by the container engine which is lightweight. VMs and Con-
tainers execute the applications using their binaries and libraries, however, Con-

tainers use resources more effectively.

3. Versatility and Robustness of Unix-Based Systems

Based on the knowledge gained from previous research and the problems that Unix-
based systems faced within embedded and IoT applications, this section of the paper
examines the use of Unix-like OSs for embedded and IoT systems. While also dis-
cussing how to address the common drawbacks of Unix-like OSs. The goal is to form
a sound, secure, and high-performance basis for the subsequent development of em-
bedded and IoT systems using Unix-like OSs. This means that the proposed ap-
proach can facilitate the effective development of various systems that account for
real-time performance, security issues, resource efficiency, and staying in cadence
with other emerging technologies [7]. Flexible and Simplified Architecture Unix-
based systems are notorious for their modular structure, which allows developers
to adjust the OS according to specific hardware configurations and user needs. In
contrast to employing a single modular OS structure, Unix-like OSs allow embed-
ded and IoT systems to benefit from the composition layered approach to the de-
sign of systems.

Many embedded and IoT devices rely on a slim, hardened Linux kernel, as most
critical functions are running within the kernel. Indeed, the emphasis is on the se-
curity and efficiency of the designed system. To enhance the security and resistance
to the attacks that commonly involve bypasses and code injections, several mech-

anisms such as Data Execution Prevention and Position Independent Executables
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have been implemented by the kernel, as well as immutable access control, secure
booting, and Kernel Address Space Layout Randomization (KASLR).

The middleware layer described is modular and located over the kernel. This layer
employs a set of reused components and libraries, which are domain-specific and
developed for the needs of multiple applications. Those domains include home
automation, industrial automation, automotive systems, and consumer electron-
ics [8]. Consequently, a lower application overhead has been achieved through the
modular layered form of the middleware, combined with selective inclusion of pro-
vided components and exclusion of those that are not useful for the application. A
final measure used in the middleware layer is the integrated security framework,
which is an engine that executes cryptographic functions, techniques and supported
communication protocols.

The highest level is the application layer, where developers can create and de-
ploy their embedded or IoT apps using provided frameworks and APIs [9]. Such
separation of concerns makes the code more reusable and thus easier to maintain,
reducing the complexity of development. Application deployment, management,
and monitoring utilities and tools are integrated into the application layer for a has-
sle-free operational and development experience.

Steps to Enhance Safety: One of the significant concerns that is associated with
embedded and IoT devices is improving their safety, as these devices operate val-
uable systems, control important infrastructure, or handle sensitive data. Any ar-
chitecture that enforces an extensive and layered security strategy provides an an-
swer to this issue efficiently.

Hardened Linux kernel provides advanced security features by using security
measures such as KASLR, secure boot procedures, MAC mechanisms, etc., to pre-
vent attacks and solve vulnerabilities. Secure boot process ensures the possibility
to run only verified and trusted code during the boot process to avoid any tampering
and addition of malicious codes. The middleware layer includes a security frame-
work, which helps to manage both cryptographic operations and access to secure
communication protocols and security policies. This security framework uses se-
cure communication protocols and the industry’s accepted encryption schemes to
ensure that data remain secure and confidential during their transmission and stor-
age.

Embedded and IoT devices can leverage the middleware-integrated security frame-
work for secure over-the-air updates/upgrades. This method is important because
software upgrading is crucial for deploying the fixes, security vulnerabilities being
patched, and designing systems lifetime support [10].

Constraints on Time and Accuracy: Deterministic behavior and real-time per-
formance are common requirements for various embedded and IoT applications,
such as safety-critical systems, industrial control systems, and others. The Linux
Kernel can be extended to provide a comprehensive environment for real-time
application development. Currently, with the PREEMPT_RT patch added to the

base kernel layer, it becomes possible to have a fully preemptible kernel and min-
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imum-latency response times. In general, this patch can enhance the real-time ca-
pacities of the Linux kernel, making them more responsive with lower latencies. It
can be vital for applications that rely on exact time [11]. The PREEMPT_RT patch
can help speed up the Linux kernel to make it more responsive to real-time appli-
cations.

Moreover, the PREEMPT_RT patch provides a real-time framework in the mid-
dleware layer that comprises APIs and tools for developing and testing real-time
applications. More specifically, this allows developers to use techniques that make
the behavior of the system predictable and deterministic. Those techniques include
priority inheritance, rate-monotonic scheduling, and resource access control. In ad-
dition, the middleware includes profiling, debugging, and performance analysis
tools. In such a way, developers can optimize their real-time applications and meet
timing requirements. Techniques that are used to boost performance in resource-
constraint scenarios include real-time task scheduling, handling interrupts effec-
tively, and priority-based resource management. The use of these techniques will
enable scheduling and allocating resources to the most critical real-time tasks and,
at the same time, reduce latencies and jitter.

Integration with Cloud and Edge Computing: The Internet of Things was made
more significant and incorporated into our lives as the development of IoT devices
and their use with cloud and edge computing. The integrated security framework
provides a thin and protected communications layer enabling remote control, mon-
itoring, analysis, and data sharing. Therefore, the embedded devices can use it to
communicate with each other within a few seconds [12].

Moreover, the data can be effectively transferred from the embedded devices to
cloud or edge computing, and, as a result, the variety of Internet of Things related
application and services can be found. The implementation has involved, for exam-
ple, such things as secure authentication, encryption, and data integrity verification,
and some API of the implementation can support many communication protocols
[13]. Also, many libraries and tools have been implemented over the integrated se-
curity framework to make the data marshalling and unmarshalling apparent. It can
be used with various data formats, such as Protocol Buffers, FlatBuffers, and JSON.
For instance, it is possible to easily reconfigure it to deal with the low-power device
constraints and reduce the processing overhead and bandwidth demands.

Development Tools and Ecosystem: Unix-based OSs take advantage of the vast
ecosystem of development tools, libraries, and configurations that are available in
Unix-based systems. For example, Linux (a Unix-based), systems contain hundreds
of tools and utilities that make development processes much easier. They are also
well known for their power and being an open-architecture system. IoT and embed-
ded systems development framework build on this rich ecosystem to provide a uni-
fied set of development tools and utilities that simplify development and save de-
velopers’ time. For example, developers can use a proper Integrated Development
Environment (IDE) for their embedded and IoT applications [14]. In Linux, sev-
eral IDEs focus on cross-platform development, allowing developers to write code

that can run on various types of hardware architectures and operating systems.
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IDE facilitates application development and testing by providing tools for text
editing, debugging, and profiling: the complexity of the device makes most of the
application development tools unsuitable. In addition, the framework ships with
a set of libraries and frameworks that can be used for networking, device drivers,
sensor integration, data processing, machine learning, etc.—all the usual tasks in
the embedded and IoT industry. Designed for resource efficiency, these libraries
comply with all rules of performance security and best practice in the industry. A
hardware emulator/simulator supports rapid prototyping of the system, leading to
a fast development process [15]. Software engineers no longer need to worry about
cost and time of buying the dedicated environment: they can create a virtualized
environment to test. the system and the application that runs on top of it. For the
development and testing of an application, that facilitating function uses capabil-
ities for automated testing and integrated and continuous deployment.

Energy Efficiency and Power Management: Most embedded and Internet-of-
Things devices are battery or solar-powered since they can function in areas that
lack access to conventional power sources. As a result, the framework includes de-
signs for power management and energy-efficient ways of preventing the battery
from dying as quickly. Power management methods are available at the kernel level.
Intelligent task scheduling, S3 and S4 modes, and dynamic CPU frequency scaling
are examples. The system can vary its energy consumption based on the workload
and the resources required to complete the task due to these methods and imple-
mentations. As a result, it does not overuse power. Additional power management
tools for controlling energy consumption are also implemented at the middleware
level. Developers will be able to create apps that adhere to energy-saving standards
using the included APIs and libraries. An example of this is duty cycling, which the
developer can use when power is needed on an on-demand basis to flip power-hun-
gry components on and off. Finally, hardware developers prefer low-power com-
ponents and power-aware scheduling.

Moreover, alternative energy sources such as solar panels, thermoelectric gen-
erators, and kinetic energy harvesters are easily integrated. You can use either of
these techniques for charging the battery or even replacing it in some IoT devices.
To enhance the energy-efficiency, we can also implement Machine Learning (ML)
and Artificial Intelligence (AI) frameworks and APIs for workload prediction and
resource optimization. The system considers all available data and usage trends, so
that it could predict a workload and decide which components would most prob-
ably be used.

4. Conclusions

The flexibility, robustness, and open-source nature have made Unix/Linux a pre-
ferred choice OS for developers as well as corporations. As we focus on IoT and Al,
Unix/Linux role becomes increasingly very important. Unix-based systems are a vi-
able and dependable solution for embedded and IoT devices. Developing such sys-
tems may have both benefits and drawbacks regarding their characteristics in some

areas, such as security, reliability, scalability, and performance.

DOI: 10.4236/ijcns.2025.182002

23 Int. J. Communications, Network and System Sciences


https://doi.org/10.4236/ijcns.2025.182002

H. Chaudhary et al.

Embedded and IoT systems running Unix-like operating systems have unique
challenges, which were discussed and addressed in this paper. The Unix-based OSs
are highly configurable and flexible to adapt to embedded and IoT environments,
as well as to address security issues and propose methods of higher energy-aware
design, implemented from a security-oriented standpoint. The modular design ena-
bles users to create systems that work with their hardware and improves performance
optimization and resource management [16]. There are several security mechanisms
and system architectures at different levels available, and they are highly configu-
rable.

A great number of embedded applications depend primarily on the system’s built-
in determinism technology and the real-time operating system to ensure the system’s
activity is aligned with definitions and reliably predictable all the time. Furthermore,
the technology presents an exciting possibility of administering applications in the
cloud and on the edge, providing a seamless and IoT application-focused approach.

Every application is always isolated, meaning that each program can signal the
outside world as needed, including sending and receiving data. With virtualization
systems, it is possible to install several applications in multiple small computers and
use the same piece of hardware to operate them all. A variety of factors contribute
to spin-offs and the faster development of embedded and IoT solutions, such as higher
energy efficiency, software configuration all in one place, easier development, de-
veloped development ecosystems, and frameworks.

It should be noted that the system’s ability to meet the requirements stems from
the fact that the world is increasingly becoming more connected. As a result, the
demand for IoT and embedded solutions will only grow. The knowledge makes all
the necessary conditions exist for it to be integrated successfully by businesses and
research, easing the integration of embedded devices with all types of sensors and
peripherals. Researchers and businesses are at a clear advantage by using this sys-
tem, as it satisfies almost all the ideal conditions for ensuring IoT serviceability, in-
cluding high flexibility, modularity, and customization, alongside cloud services and
containerization processes. For this reason, the number of landmark innovations

changing how embedded systems impact the IoT will only increase.
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