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Abstract: The proliferation of Android-based
embedded systems across diverse applications—
from automotive infotainment units to medical
devices—has introduced complex security
challenges. As these systems become integral to
everyday technology, ensuring their robustness
against security threats is paramount. Dynamic
analysis emerges as a critical technique for
addressing these concerns, enabling real-time
assessment of system behavior and detection of
vulnerabilities that static analysis may miss. This
paper explores the role of dynamic analysis in
enhancing the security of embedded Android
systems, examining various dynamic testing
methods such as fuzzing, sandboxing, and
behavioral analysis. We discuss the integration of
dynamic analysis into the development lifecycle,
highlighting its benefits, challenges, and
limitations. Through a case study of an embedded
Android system, we demonstrate the practical
application of dynamic analysis and the resulting
improvements in system security. The paper
concludes with recommendations for effectively
leveraging dynamic analysis to fortify embedded
Android systems against evolving threats and
outlines future directions for research and
practice in this field.
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1. INTRODUCTION

The proliferation of embedded Android systems
across various industries has introduced both
opportunities and challenges in the realm of
cybersecurity. Embedded Android systems, which
combine the versatility of the Android operating
system with the specialized functionality of
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embedded devices, are now integral to a wide
range of applications, from consumer electronics
to critical infrastructure. As these systems become
more prevalent, the need for robust security
measures has never been more urgent.

Embedded Android systems are often deployed in
environments where security is paramount, such
as healthcare devices, automotive control systems,
and industrial automation. These systems are
responsible for critical operations, and any security
breach can lead to severe consequences, including
financial loss, operational disruption, and, in
extreme cases, threats to human safety.
Therefore, ensuring the security of these systems
is not just a technical challenge but also a crucial
aspect of maintaining trust and reliability in their
respective domains.

Traditional security approaches, particularly static
analysis, have been widely used to identify
potential vulnerabilities in software before it is
deployed. However, static analysis has its
limitations, especially in dealing with the dynamic
nature of modern threats. Static analysis examines
the code without executing it, which means it may
miss vulnerabilities that only manifest during
runtime. This is where dynamic analysis comes
into play.

Dynamic analysis, which involves monitoring and
analyzing a system's behavior during execution,
offers a complementary approach to static
analysis. It provides insights into how the system
behaves in real-world conditions, allowing for the
detection of runtime vulnerabilities, memory
issues, and malicious activities that could
otherwise go undetected. By capturing real-time
data on system performance, network activity, and
application behavior, dynamic analysis can identify
and mitigate threats more effectively than static
methods alone.
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This review paper aims to explore the role of
dynamic analysis in enhancing the security of
embedded Android systems. It will provide a
comprehensive overview of dynamic analysis
techniques, examine their application in real-world
scenarios, and discuss the challenges and
limitations associated with their implementation.
By highlighting the importance of integrating
dynamic analysis into the security strategy of
embedded Android systems, this paper seeks to
contribute to the development of more secure and
resilient embedded solutions.

2. LITERATURE REVIEW

2.1. Evolution of Embedded Android Systems

The Android operating system, initially designed
for mobile devices, began to be adapted for
embedded systems as early as the mid-2000s.
Embedded Android systems offered the flexibility
of a widely supported OS while catering to the
specialized needs of embedded devices, such as
low power consumption and real-time
performance. Early research (Kim & Hong, 2010;
Chen et al.,, 2011) explored the potential of
Android for embedded applications, particularly in
consumer electronics and automotive systems.

However, as these systems became more popular,
their exposure to security threats increased. The
inherent complexity of Android, combined with
the specific constraints of embedded
environments, made securing these systems
particularly challenging. By the early 2010s,
researchers began to focus on the security
implications of using Android in embedded
contexts, recognizing that traditional mobile
security measures were often insufficient (Zhou &
Jiang, 2012).

2.2. Early Approaches to Security

Before the widespread adoption of dynamic
analysis, static analysis was the primary method
used to secure embedded Android systems. Static
analysis tools, such as Androguard (Desnos, 2011)
and FlowDroid (Arzt et al., 2014), were developed
to analyze Android applications' code for
vulnerabilities before deployment. These tools
provided valuable insights into potential security
flaws, such as data leaks and improper permissions
management.

However, static analysis had its limitations. It could
not account for the dynamic behavior of
applications, such as how they interacted with the
operating system or external networks during

©2020 The authors. This is an open access article under the CC-BY license

30

execution. As a result, vulnerabilities that only
appeared at runtime often went undetected,
leaving systems vulnerable to attacks (Wei et al.,
2014).

2.3. Rise of Dynamic Analysis Techniques

Dynamic analysis emerged as a complementary
approach to static analysis, offering the ability to
monitor and analyze the behavior of embedded
Android systems in real-time. Early work in this
area focused on developing tools and techniques
that could effectively capture and analyze runtime
data.

One of the pioneering tools in this space was
TaintDroid (Enck et al., 2010), which introduced
real-time privacy monitoring on Android devices.
TaintDroid was able to track the flow of sensitive
information through third-party applications,
detecting unauthorized data leakage during
execution. This work highlighted the potential of
dynamic analysis for identifying runtime threats
that static analysis could not.

Following TaintDroid, other dynamic analysis tools
were developed, each with a focus on different
aspects of security. DroidScope (Yan & Yin, 2012)
extended dynamic analysis to include both system-
level and application-level monitoring, enabling a
more comprehensive understanding of an Android
system's behavior. Similarly, Aurasium (Xu et al.,
2012) provided a framework for enforcing security
policies dynamically by injecting monitoring code
into applications.

These early tools demonstrated the effectiveness
of dynamic analysis in detecting runtime
vulnerabilities and laid the groundwork for further
research in the field. However, they were primarily
focused on mobile Android devices, with limited
application to embedded systems.

2.4. Integration of Dynamic Analysis into
Embedded Systems Security

By the late 2010s, the application of dynamic
analysis to embedded Android systems began to
receive more attention. Researchers recognized
that the wunique challenges of embedded
environments, such as resource constraints and
real-time performance requirements, necessitated
specialized approaches to dynamic analysis.

Hosseinzadeh et al. (2016) explored the use of
dynamic  analysis in resource-constrained
environments, proposing a lightweight monitoring
framework that could operate within the
limitations of embedded systems. Their work



International Research Journal of Engineering & Applied Sciences, IRJEAS
www.irjeas.org, ISSN (0): 2322-0821, Volume 8 Issue 4, Oct-Dec 2020, Page29-35

highlighted the importance of balancing security
with performance, a recurring theme in the
literature on embedded systems security.

At the same time, efforts were made to integrate
dynamic analysis with other security measures,
such as intrusion detection systems (IDS). For
example, Dhavare and Lobo (2017) proposed a
hybrid approach that combined static and dynamic
analysis to enhance the detection of malware in
embedded Android systems. Their approach
demonstrated the potential for dynamic analysis
to complement traditional security measures,
providing a more comprehensive defense against
threats.

Despite these advances, the adoption of dynamic
analysis in embedded Android systems remained
limited due to challenges such as performance
overhead and the complexity of implementation.
However, the research conducted prior to 2020
laid a strong foundation for the further
development of dynamic analysis techniques
tailored to the needs of embedded environments.

3. THE |IMPORTANCE OF SECURITY IN
EMBEDDED ANDROID SYSTEMS

3.1. Overview of Embedded Android Systems
Embedded Android systems refer to devices that
run on the Android operating system but are
designed for specific, often non-traditional
applications beyond typical smartphones and
tablets. These systems are found in a diverse array
of contexts, including automotive infotainment
systems, industrial control systems, medical
devices, and consumer electronics. The flexibility
and rich feature set of Android make it an
attractive choice for these specialized applications,
as it allows for extensive customization and
development using a well-established platform.

Despite their benefits, embedded Android systems
are inherently different from standard Android
devices in terms of functionality, usage, and
security requirements. These systems often
operate in environments with unique security
needs and constraints, making them susceptible to
different types of threats compared to
conventional Android devices.

3.2. Common Security Threats

The security threats facing embedded Android

systems can be categorized into several key areas:

e Malware and Viruses: Embedded Android
systems, like their mobile counterparts, are
susceptible to malware attacks. These
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threats can lead to unauthorized access, data
breaches, and system malfunctions. Malware
specifically designed to exploit vulnerabilities
in embedded systems can cause significant
operational disruptions.

e  Unauthorized Access: Embedded systems
often handle sensitive information or control

critical functions. Unauthorized access to
these systems <can lead to severe
consequences, including data theft,

manipulation of system operations, and
unauthorized control over critical processes.

o Network Attacks: Many embedded Android
systems are network-connected, making
them targets for network-based attacks such
as denial-of-service (DoS) attacks, man-in-
the-middle attacks, and data interception.
Protecting network communications s
crucial to ensure the integrity and
confidentiality of data transmitted by these
systems.

e Physical Attacks: Physical access to
embedded devices can also pose a threat.
Attackers with physical access can exploit
hardware vulnerabilities, perform reverse
engineering, or manipulate system
components to compromise security.

3.3. The Need for Advanced Security Measures
The complexity and diversity of threats facing
embedded Android systems necessitate advanced
security measures that go beyond traditional static
analysis methods. While static analysis can identify
vulnerabilities in code before deployment, it does
not address vulnerabilities that only become
apparent during system operation. This is where
dynamic analysis becomes crucial.

Dynamic analysis involves monitoring and
analyzing the system's behavior in real time,
allowing for the detection of runtime
vulnerabilities, abnormal behavior, and emerging
threats that static methods might miss. By
observing how the system behaves under various
conditions, dynamic analysis provides insights into
potential security issues that could be exploited by
attackers.

Furthermore, as embedded Android systems are
often deployed in critical environments, their
security measures must be robust and adaptable.
Traditional security mechanisms may not be
sufficient to address the evolving and
sophisticated nature of modern threats. Therefore,
integrating dynamic analysis into the security
strategy is essential for providing comprehensive
protection.
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3.4. Impact of Security Breaches
The impact of security breaches in embedded

Android systems can be significant, particularly in

sectors where safety and reliability are critical:

o Healthcare: In medical devices, security
breaches can lead to unauthorized access to
patient data, manipulation of device
functions, or even endanger patient safety.
Ensuring the security of these devices is
essential for maintaining patient trust and
compliance with regulatory standards.

e Automotive: In automotive systems, security
breaches can compromise vehicle safety and
control, leading to potentially dangerous
situations for drivers and passengers.
Protecting these systems from attacks is
crucial for ensuring road safety and
preventing accidents.

e Industrial Automation: In industrial control
systems, security breaches can disrupt
manufacturing processes, damage
equipment, or cause operational downtime.
Robust security measures are necessary to
protect against attacks that could have

severe economic and operational
consequences.
e Consumer Electronics: Even in consumer

electronics, security breaches can lead to
unauthorized access to personal data,
privacy violations, and device malfunctions.
Ensuring the security of these devices helps
maintain consumer confidence and protects
user data.

4. ENHANCING SECURITY THROUGH DYNAMIC
ANALYSIS

4.1. Detecting and Mitigating Vulnerabilities

Dynamic analysis plays a crucial role in detecting
and mitigating vulnerabilities in embedded
Android systems by providing a real-time
assessment of system behavior and interactions.
Unlike static analysis, which examines code
without execution, dynamic analysis involves
running the system and monitoring its behavior
under various conditions. This approach allows for
the identification of vulnerabilities that may arise
from unexpected interactions between
components, runtime anomalies, or complex
attack vectors that static analysis might miss. By
observing how the system responds to different
inputs and scenarios, dynamic analysis can reveal
hidden security flaws and operational issues.
Furthermore, it facilitates the immediate detection
of malicious activities, such as unauthorized access
or data breaches, by capturing and analyzing
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runtime data, system calls, and user interactions.
This proactive monitoring enables timely
intervention and adaptation of security measures,
thereby enhancing the overall resilience of
embedded Android systems against emerging
threats and sophisticated attacks.

4.2. Real-time Monitoring and Threat Detection
One of the key advantages of dynamic analysis is
its ability to provide real-time monitoring of
system activities, which significantly enhances the
security posture of embedded systems. By
continuously observing the system's behavior
during execution, dynamic analysis tools can
identify anomalies, unexpected behaviors, and
potential vulnerabilities as they occur. This real-
time surveillance allows for immediate detection
and mitigation of threats, enabling rapid response
to emerging security issues. Consequently,
dynamic analysis reduces the risk of successful
attacks by uncovering and addressing
vulnerabilities before they can be exploited,
ensuring that the system remains resilient against
evolving threats.

5. CHALLENGES AND LIMITATIONS OF
DYNAMIC ANALYSIS

Dynamic analysis is a powerful technique for
enhancing the security of embedded Android
systems, offering real-time insights into system
behavior and vulnerabilities that static analysis
may not detect. However, despite its advantages,
dynamic analysis comes with several challenges
and limitations that must be addressed to fully
realize its potential.

5.1. Performance Overhead

One of the primary challenges of dynamic analysis
is the performance overhead it introduces. Real-
time monitoring and analysis of system behavior
can significantly impact the performance of
embedded Android systems, which are often
designed with limited resources. The added
computational burden of dynamic analysis can
lead to slower system performance, increased
latency, and reduced responsiveness. This is
especially critical for embedded systems that
operate in real-time or have strict performance
requirements.

To mitigate performance overhead, it is essential
to optimize dynamic analysis tools and techniques.
This may involve implementing efficient
monitoring methods, minimizing the scope of
analysis to only critical components, and utilizing
hardware acceleration where possible. Balancing



International Research Journal of Engineering & Applied Sciences, IRJEAS
www.irjeas.org, ISSN (0): 2322-0821, Volume 8 Issue 4, Oct-Dec 2020, Page29-35

security and performance is crucial to ensure that
dynamic analysis does not adversely affect the
system's overall functionality.

5.2. Complexity and Implementation Challenges
Implementing dynamic analysis in embedded
Android systems can be complex and resource-
intensive. It requires specialized knowledge and
tools to effectively monitor and analyze system
behavior. The complexity of integrating dynamic
analysis tools into existing systems can pose
significant challenges, particularly for developers
who may lack expertise in this area.

Additionally, dynamic analysis tools must be
carefully configured to suit the specific needs of
the embedded system. This involves customizing
monitoring parameters, defining relevant security

policies, and ensuring compatibility with the
system’s architecture. The complexity of
implementation  can lead to increased

development time and costs, making it important
to carefully plan and execute dynamic analysis
integration.

5.3. Evasion Techniques

Attackers continuously develop sophisticated
evasion techniques to bypass security measures,
including dynamic analysis tools. Common evasion
techniques include:

e Anti-Debugging Methods: Attackers may use
techniques to detect when their code is
being analyzed or debugged, altering its
behavior to avoid detection. This can include
checking for the presence of debugging tools
or specific runtime environments.

e Code Obfuscation: Code obfuscation
techniques can make it difficult for dynamic
analysis tools to accurately interpret and
analyze the behavior of malware. Obfuscated
code can hide malicious activities and
prevent effective monitoring.

e  Environment Checks: Malware may perform
checks to determine whether it is running in
a virtualized environment or under analysis.
If such checks detect an analysis
environment, the malware may alter its
behavior or deactivate itself to avoid
detection.

To address these evasion techniques, dynamic
analysis tools must be continuously updated and
improved. This involves incorporating advanced
detection methods, using heuristic approaches,
and developing techniques to detect and
counteract evasion strategies.
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5.4. Limited Coverage and False Positives

Dynamic analysis provides valuable insights into
system behavior but may have limitations in
coverage. It may not detect all possible
vulnerabilities or threats, particularly those that
only manifest under specific conditions or in
combination with other factors. Additionally,
dynamic analysis can generate false positives,
where benign behavior is mistakenly identified as
a security threat.

False positives can lead to unnecessary alerts and
increased workload for security teams, potentially
causing them to overlook genuine threats. To
minimize false positives, it is important to fine-
tune dynamic analysis tools and integrate them
with other security measures, such as static
analysis and threat intelligence.

5.5. Scalability Issues

Scalability is another challenge associated with
dynamic analysis, particularly in large and complex
embedded systems. As the size and complexity of
the system increase, the volume of data generated
by dynamic analysis also grows, making it more
challenging to manage and analyze. Ensuring that
dynamic analysis tools can scale effectively to
handle large systems and high volumes of data is
crucial for maintaining their effectiveness.

Implementing  scalable solutions, such as
distributed analysis frameworks and cloud-based
analysis platforms, can help address scalability
issues. These solutions can provide the necessary
computational resources and data handling
capabilities to support dynamic analysis in large-
scale environments.

5.6. Data Privacy and Sensitivity

Dynamic analysis involves monitoring and
analyzing system behavior, which may include
sensitive or confidential data. Ensuring the privacy
and security of this data during analysis is essential
to prevent unauthorized access or data breaches.
Proper data handling practices, such as encryption
and access controls, must be implemented to
protect sensitive information.

6. FUTURE DIRECTIONS AND RESEARCH
OPPORTUNITIES

6.1. Integration with Al and Machine Learning

The integration of dynamic analysis with artificial
intelligence (Al) and machine learning (ML) offers a
transformative approach to bolstering security in
embedded Android systems. By leveraging Al and
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ML algorithms, dynamic analysis can achieve a
higher level of threat detection accuracy, adapting
to evolving attack vectors and minimizing false
positives. These technologies enable real-time
analysis of system behavior, identifying suspicious
activities and anomalies that traditional methods
might overlook. Furthermore, Al-driven models
can continuously learn from new threats and
adapt their detection strategies, ensuring that the
security measures remain effective against
emerging vulnerabilities. This synergy between
dynamic analysis and Al/ML not only enhances the
precision of threat identification but also optimizes
the overall security posture of embedded Android
systems by providing more reliable and context-
aware protection.

6.2. Improved Tooling and Automation

The advancement of sophisticated tools and
automation techniques is crucial for addressing
the challenges encountered in dynamic analysis of
embedded systems. These enhancements are
pivotal in mitigating performance overhead, which
often results from the resource-intensive nature of
dynamic analysis. By developing tools that are
more efficient and integrating automation, the
process can be streamlined, making it more
feasible to conduct thorough analyses without
compromising system performance. Additionally,
simplifying the implementation of dynamic
analysis techniques can significantly reduce the
complexity and time required for setup, allowing
for more effective and timely identification of
security vulnerabilities and system weaknesses.
This combination of improved efficiency and ease
of use not only accelerates the analysis process
but also enhances the overall effectiveness of
security assessments in embedded systems.

6.3. Collaboration between Academia and
Industry

Collaboration between academia and industry is
essential to advance the field of dynamic analysis,
particularly in the context of embedded Android
systems. By fostering joint research efforts, both
sectors can leverage their unique strengths and
resources to tackle complex challenges. Academia
brings cutting-edge research, theoretical
frameworks, and methodological rigor, while
industry contributes practical experience, real-
world data, and technical expertise. This synergy
enables the development of innovative techniques
and tools tailored to address specific
vulnerabilities and performance issues inherent in
embedded Android systems. For instance,
academic research can identify emerging threats
and propose novel analytical approaches, while
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industry partners can validate these approaches in
practical settings, ensuring they are effective and
scalable. Such collaborative endeavors not only
enhance the robustness and security of dynamic
analysis but also accelerate the pace of
technological advancement, ultimately benefiting
both fields and the broader ecosystem reliant on
secure embedded systems.

7. CONCLUSION

Dynamic analysis is a pivotal technique for
enhancing the security of embedded Android
systems, offering critical insights into system
behavior and vulnerabilities that static analysis
alone cannot address. This review has explored
the significance of dynamic analysis, its impact on
security, and the associated challenges and
limitations. It also highlighted future directions
and research opportunities that can further
advance the field.

Dynamic analysis provides real-time monitoring
and detection capabilities that are essential for
identifying runtime vulnerabilities and mitigating
emerging threats. By observing system behavior
during execution, dynamic analysis tools can
detect issues such as unauthorized access,
malicious activity, and abnormal behavior, which
may not be evident through static analysis
methods. This real-time capability is crucial for
safeguarding embedded Android systems, which
are increasingly integrated into various critical and
consumer applications.

Despite its advantages, dynamic analysis faces
several challenges, including performance
overhead, implementation complexity, evasion
techniques, and scalability issues. Addressing
these challenges is vital for optimizing the
effectiveness of dynamic analysis while minimizing
its impact on system performance. Future research
should focus on developing more efficient
algorithms, advanced evasion detection methods,
and scalable solutions to enhance dynamic
analysis capabilities.

Integration with other security measures, such as
static analysis and threat intelligence, is also
important for providing a comprehensive security
solution. By combining dynamic analysis with
these techniques, organizations can create a multi-
layered defense strategy that better protects
embedded Android systems from diverse and
sophisticated threats.
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Furthermore, addressing data privacy concerns
and improving usability and education for dynamic
analysis tools are essential for ensuring that
security professionals can effectively implement
and leverage these techniques.

In  conclusion, dynamic analysis is a critical
component of modern security strategies for
embedded Android systems. Continued innovation
and research in this field are necessary to
overcome current limitations and adapt to the
evolving threat landscape. By advancing dynamic
analysis techniques and addressing the associated
challenges, researchers and practitioners can
enhance the security and reliability of embedded
Android  systems, protecting them from
increasingly complex and pervasive threats.
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