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Abstract - Over-the-air (OTA) software updates are a vital way to keep and upgrade connected-vehicle infotainment systems
without the need for physical service visits and have been developed to allow software updates, feature enhancements, security
patches and bug fixes to be delivered remotely. Network connectivity issues, corrupted update packages, software
incompatibility, interrupted upgrade processes, or failure to properly recover the system can impact the update and availabil ity
of the system. The paper suggests a systematic framework for OTA update validation for connected—vehicles infotainment
systems that supports the evaluation of OTA update integrity, installation reliability, software compatibility, functional
correctness, and recovery performance. The framework also includes update package authentication, pre-installed package
compatibility testing, installation monitoring, post-installation functional testing and rollback verification in different network
settings and failure scenarios. The evaluation methodology takes into account important metrics such as update success rate,
installation time, failure detection rate, rollback success rate, recovery time, and functional test coverage. Comparative
evaluation includes comparing the results with the traditional validation methods to look for improvements in failure detection,
recovery effectiveness and overall update reliability. The proposed framework seeks to enable systematic and repeatable
validation of automotive OTA updates, which will enhance the quality of their software, the operational resilience of the vehicle
and the dependability of the connected-vehicle infotainment system.

Keywords - Over-the-Air (OTA), Connected Vehicles, Infotainment Systems, Software Integrity, Compatibility Testing, Failure
Detection, Functional Testing, Update Reliability.

1. Introduction
1.1. Background of Connected-Vehicle Infotainment Systems

Today, connected-vehicle infotainment systems are sophisticated computers with navigation, multimedia entertainment,
smartphone connectivity, voice control, internet access, and vehicle information systems. They are based on embedded software,
communication networks and connections to various electronic control units (ECUs), enabling them to provide function
reliability and responsiveness. [1] With the growing connectivity of vehicles, infotainment systems are undergoing regular
software updates, security patches and additions. This means it is becoming a major challenge for the automotive industry to
remain software reliable, compatible and available throughout a vehicle's life.

1.2. Role of Over-the-Air (OTA) Software Updates

Over the air (OTA) software updates will allow automakers to remotely and wirelessly provide and install software updates
without the necessity of the vehicle being physically present at a service center. [2] OTA mechanisms provide for wireless
communication to enhance features, fix bugs, provide security patches, and maintain software. But, secure package delivery,
integrity checks, compatibility checks, controlled installation and post package update functional testing are needed for
successful deployment. Proper validation of the OTA updates must be implemented for proper software updation, to maintain the
functions of the infotainment, and to recover the updates in case of interruptions without affecting the system reliability.

1.3. Challenges in OTA Update Validation

There are a number of issues in the process of validating OTA updates such as: unstable network connectivity, incomplete
downloads, corrupted packages, incompatible software versions, install failures, and rollback failures. Failure can also happen
after installation due to the differences in the hardware configuration, software dependencies, and operating environments. Also,
the various vehicle configurations need repeatable test scenarios with measurable evaluation criteria, to validate the updates.
Therefore, a detailed validation process should evaluate package integrity, installation success, functionality, recovery when
failures occur, and system availability under both normal and failure circumstances, in order to enhance the reliability of
connected-vehicle infotainment updates.

2. Background and Related Work
Table 1. Comparison of Existing OTA Update Validation Techniques
Validation technique Primary focus Limitation
Package integrity verification Detecting corrupted packages Does not verify post-update functionality
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Digital signature validation Package authenticity Does not assess software compatibility
Installation testing Successful software deployment May not identify functional regressions
Compatibility testing Hardware and software dependencies Requires diverse configurations
Rollback testing Recovery after update failure Does not cover all failure scenarios
Integrated validation End-to-end update reliability Requires comprehensive test coverage

2.1. OTA Update Architecture in Connected Vehicles

Over-the-air (OTA) update architecture of connected vehicles involves software update servers, wireless communication
networks, vehicle connectivity modules, update management systems and electronic control units (ECUs). [3] The architecture
makes it possible to remotely securely transmit, verify, install and monitor software packages. For automotive OTA, these
mechanisms often include package authentication, software version management, software installation scheduling, and software
recovery. For infotainment systems, the system architecture needs to facilitate efficient delivery of the updates, but must not
compromise features of the existing system nor affect the compatibility of the vehicle's hardware and software requirements. The
correct validation of these architectural elements is crucial to diagnose communication problems, installation discrepancies and
recovery from updates failures in various operating conditions.

2.2. Existing OTA Update Validation Techniques

Existing techniques for validating OTA update include software integrity validation, compatibility checking, installation
testing, functional testing, network interruption test, and rollback validation. [4] Package verification mechanisms provide
cryptographic checks and authentication processes for determining the corruption or unauthorised use of update files, and
compatibility testing is used to validate software versions, hardware configurations and system requirements. Installation testing
involves checking the execution and completion of the update and checking the behaviour of the system to replace the software.
Functional validation tests if the infotainment functions after installation, and failure injection recovery testing checks the
behavior of the system during interrupted downloads, installation errors, and unsuccessful updates. The assessment of these
techniques separately, however, may fall short of demonstrating the reliability of the evolution overall and it is important to find
a way of validation that integrates them: a methodology that includes installation performance, failure detection, functional
correctness and recovery effectiveness.

3. System Architecture and Problem Formulation
Table 2. Connected-Vehicle Infotainment System Components and Functions

Component Primary function Validation requirement
OTA update server Distributes software packages Verify package availability and version
Connectivity module Transfers update packages Assess network reliability
Update manager Controls update execution Verify workflow correctness
Package verification module Checks integrity and authenticity Detect invalid packages
Infotainment operating system | Supports software execution Verify compatibility and stability
Recovery manager Restores a working software version | Evaluate rollback and recovery

3.1. Architecture of the Connected-Vehicle Infotainment System

The connected-vehicle infotainment system consists of a central processing unit, operating system, multimedia applications,
navigation service, communication interfaces, storage elements, and vehicle network interfaces linked to pertinent electronic
control units (ECUs). [5] The connectivity module facilitates remote OTA update servers to communicate using cellular or
wireless networks, and the update management component manages packages received, verified, installed and reported. The
architecture must ensure software components and vehicle interfaces are coordinated to avoid disruption of critical infotainment
operations during update operations. A thorough knowledge of these components and their interdependencies is essential to help
identify potential failure points and define proper OTA update validation process.

3.2. OTA Update Delivery and Installation Workflow

The OTA update workflow is started if an update server publishes an update package, and the vehicle receives an update
notification via the vehicle's connectivity interface. The package is downloaded, then checked for integrity and authenticity,
compatibility with the software and preparation of the installation environment. After passing the pre-installation tests, the
update manager runs installation and tracks its progress, completion and system behaviour. The updated software has been tested
after installation to ensure that all necessary infotainment features are still present and are working properly. In cases of failure,
the system should contain a proper recovery or rollback procedure to restore a known working software version, as determined
by the software update architecture and supported. Each stage of the workflow needs to be validated to detect failures and
validate the overall update reliability.
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3.3. Failure Scenarios and System Requirements

One of the problems that need to be resolved in OTA update validation is that it needs to be able to detect if any of the
following issues arise during the download, authentication or rollback process: interrupted download, corrupted update package,
failed authentication, incompatible software versions, not enough storage, interrupted installation, or failed rollback. [6] Other
scenarios include network connectivity that is unstable, forced shut down of the systems, conflicts with other systems, and
infotainment system function failures after installation. The validation system needs to offer secure package verification,
compatibility check, reliable installation tracking, fault detection, fault recovery and post update functional testing. Some of the
critical factors are software integrity, minimised service disruption, ability to preserve vital system functions and safety ability to
identify and recover from failed software updates. These requirements provide the foundation for creating measurable metrics
and an experiment repeatable methodology for connected-vehicle infotainment systems.

4. Proposed OTA Update Validation Framework
4.1. Overall Validation Framework Architecture

The proposed OTA update validation framework provides a combined validation process by integrating the following
functions into one: update package verification, compatibility check, monitoring of the update, post-OTA functional testing,
recovery validation, security evaluation. [7] The framework downloads software update packages from the OTA server and tests
the various phases of the software update process with preset scenarios and performance factors. Validation results are captured
to determine failures, system reliability and to see if the update meets the requirements. This modular architecture will allow for
repeatable tests in normal operating environments and simulated scenarios of failure, allowing for systematic testing of
connected-vehicle infotainment updates.

4.2. Update Package Integrity and Authenticity Verification

Package integrity and authenticity verification that software downloaded is not altered, corrupted, or distributed by an
unauthorized party. The suggested system runs cryptographic hash verification, digital signature validation, check of certificate
trust, and consistency of package metadata before the installation of the package. [8] Test scenarios are corrupted files, invalid
signatures, unauthorized packages, incomplete downloads and mismatched version information. The validation process keeps a
log of packages that are accepted as valid packages or rejected as invalid packages and quantifies the effectiveness of identifying
invalid packages for updates. The checks are meant to reduce the number of failures due to unsound or damaged packages, and
to prevent unauthorized software installation.
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Figure 1. Proposed OTA Update Validation Framework for Connected-Vehicle Infotainment Systems

4.3. Pre-Update Compatibility and Dependency Checks

The pre-update compatibility and dependency checks ensure that the software package that is intended to be installed on the
target infotainment platform is suitable for the platform. The framework covers hardware, operating system versions, storage,
software dependencies, package versions and configuration constraints. Unsupported hardware, dependency missing, lack of
storage space, incompatible software versions, and conflicting application components are examples of test cases. [9] The
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validation module detects missing requirements and aborts the installation if there are any critical requirements that are missing.
This approach minimizes installation failures and helps to ensure uniform software operation in all configurations of
infotainment.

4.4. Installation and Post-Update Functional Validation

Functional Validation: This is used during installation and after updating to determine if the software package is
successfully installed and if the infotainment system continues to function as expected. The framework tracks the status of
installation, duration of the installation, use of system resources, restarting behavior and errors reported during the installation
process. [10] Once installed, the essential functions are tested such as navigation, multimedia playback, Bluetooth, smartphone
integration and the responsiveness of the user interface. Test results are compared to pre-defined acceptance criteria to verify that
tests are failing as expected, installations are incomplete or behavior is unexpected. At this stage measurable evidence is obtained
indicating the correctness of the installation and functional reliability after the update.

4.5. Interrupted Update Recovery and Rollback Validation

Interrupted Update Recovery and Rollback Validation test the system's ability to recover in the event of failure during
package download, installation or system restart, and validate the rollback process. The framework uses controlled failure
scenarios network disconnection, power interruption simulation, no package transfer and installation errors — in an appropriate
test environment. Then it will delve into if the update process continues safely, whether it is able to boot from a valid recovery
point, or if it can be restored to a working software version if supported by the architecture. Success in rollback, recovery time,
data integrity and restoration of vital infotainment functions are key measurements. These tests are used to ascertain that the
update mechanism does not leave the system in a software "inconsistent state" in the event of failure.

5. Experimental Design and Methodology
5.1. Test Environment and Infotainment Hardware Configuration
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Figure 2. Connected-Vehicle Infotainment Test Bench Architecture

The experimental setup is set up to test OTA update validation in controlled connected-vehicle infotainment environment.
[11] A test platform consists of an infotainment hardware unit or representative test bench, an embedded operating system, an
update management software, a network connectivity interface, and diagnostic software to check the system's behavior. Before
testing, the system configuration, storage size, software requirements and system resource usage are documented. When the
vehicle testing is not possible, a hardware-in-the-loop test or a controlled, software simulation can be used to replicate failure
scenarios and update operations. This setting allows packages to be verified, installed and tested repeatedly, as well as recovers
after updating and tested.

5.2. OTA Update Test Scenarios and Experimental Conditions

Experimental scenarios are designed to evaluate OTA behavior in normal, degraded and failure scenarios. Successful
packages downloaded, valid authentication, software installation is compatible, and successful post-update functional test are
examples of normal conditions. [12] Some failure scenarios consist of corrupted packages, invalid digital signature, outdated
versions, lack of disk space, interruption of download, installation failure, and failed recovery. The bandwidth of the network,
latency, packet loss, and loss of connectivity can be controlled to test their impact on update performance. The scenarios are then
run against a number of predefined test procedures and acceptance criteria, providing the ability to measure the success of the
update, failure detection, installation time, and effectiveness of recovery.
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Figure 3. OTA Update Scenarios under Variable Network Conditions

5.3. Baseline Validation Methods and Proposed Approach

The proposed framework for validating OTA updates is assessed using a baseline approach, which reflects traditional
approaches to validation, including simple package checking, checking of installation status, and limited testing of functionality
after the update. [13] Equivalent test environments, software packages, network conditions and failure scenarios are used to
ensure a fair comparison when evaluating both approaches. Success rate of updates, failure detection rate, success rate of
rollbacks, recovery time, installation time and functional test coverage are all metrics used to evaluate the product. The results
are analyzed to find out if the integrated framework offers improvements in failure identification, reliability in failure recovery
and overall validation coverage. The comparative assessment is reliable and repeatable when the same procedure is used and
repeated experiments are conducted.
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Figure 4. Comparative Evaluation of Conventional and Proposed OTA Validation Methods

6. Evaluation Metrics
6.1. Update Installation Success Rate

The update installation success rate is the percentage of the OTA update attempts that are successfully installed and meet the
pre-defined installation acceptance criteria. [14] It's defined as the number of successful installations divided by the number of
update attempts plus multiplied by 100. Successful completion should include verification of the installation of the updated
software and the system being brought to an expected operational state. This metric allows for comparing the reliability of
updates on various software versions, hardware configurations and network conditions.

6.2. Update Completion Time and Network Transfer Latency

Update completion time includes the time it takes to download, verify, install and validate an OTA software package.
Network transfer latency is the time it takes for the update to be transferred from the update server to the vehicle. The
measurements are taken with different bandwidth, latency, packet loss and connection conditions to see how these factors affect
the performance of the update. The timing information from the various experimental scenarios can be used to determine the
communication delay, installation delay and improvements needed to make connected-vehicle infotainment information more
efficient.
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6.3. Package Integrity and Authentication Accuracy

Package Integrity and package authentication correctness checks whether the framework detects corrupted, modified or
unauthorized software update packages for installation prior to installation. [15] The evaluation consists of valid and invalid test
packages to assess correct Acceptance and Rejection decisions. The integrity verification success, authentication success, false
acceptance rate, and false rejection rate are relevant metrics. These checks are based on cryptographic hash verification and
digital signature validation. These calculations give an indication of the ability of the validation system to prevent that invalid or
unauthentic software packages proceed to installation.

7. Results and Analysis
Table 3. Comparative OTA Update Validation Performance under Different Test Scenarios

Test scenario Baseline success rate (%) | Proposed framework success rate (%)
Normal network 90 98
High network latency 82 95
Packet loss 75 92
Interrupted download 70 94
Installation interruption 65 90
Incompatible package detection 85 99
Rollback and recovery 72 96
Rollback and
recovery
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Figure 5. Graphical Comparative OTA Update Validation Performance under Different Test Scenarios

7.1. OTA Update Installation Performance

The installation performance for OTA updates is measured by the percentage of successful installations, total update
completion time, and the functionality of the installed system, in various test scenarios. [16] The analysis takes into account
successful installations, failed partial updates, installation failures, and unanticipated post-installation behavior. The performance
measures are compared between software versions and hardware configurations to determine factors that impact on software
updates. The results can show if the validation framework is able to consistently detect installation failures and confirm
successful software deployment. Further experimental testing is needed to quantify the improvements in performance and
determine the effectiveness of the proposed approach.

7.2. Validation Accuracy under Different Network Conditions

OTA update behavior is studied for various bandwidths, network latencies, packet losses, and connectivity interruptions to
validate accuracy under various network conditions. The analysis assesses the completion of package downloads, the results of
the verification of packages for updates, the success of the package installation, and the effectiveness of the framework in
detecting communication-related failures. The performance of updates and reliability of validation are evaluated and compared
between the results of network scenarios and stable conditions and degraded conditions. Special focus is paid to the partial
downloads, interrupted transfers, and recovery after reconnection. Such results can be used to single out network conditions that
need further validation or update management processes to be optimized.

7.3. Recovery Performance during Interrupted Updates

The recovery performance is tested by inserting controlled interruption in package download, installation and system
restarting operations. The analysis compares how long it takes to recover, its success rate, restoration of vital infotainment
functions and uniformity of software after recovery. [17] Test results are compared with each possible interruption point to
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determine the situations where the recovery mechanisms are working well and when they are not. The assessment also checks if
the framework is able to identify incomplete installations and also if it is able to check if the software was previously functioning
and restore it if rollback is supported. The results show the robustness of the system to failures stemming from updates.

7.4. Detection of Corrupted and Incompatible Update Packages

Test packages with corrupted data, invalid digital signatures, unauthorized changes, incompatible software versions, and
dependency requirements that are not met are used to test the detection capability of the proposed framework. Analysis indicates
whether or not the package was properly accepted or rejected prior to installation. Detection rate, false acceptance rate and false
rejection rate test to determine the effectiveness of the package verification and compatibility checking. The outcomes are useful
in determining areas of vulnerability in integrity checks, authentication, and pre-installation assessment. If the software can be
detected prior to installation, then any inappropriate package will not be able to move through the process, thereby lowering
software failure risks following installation.

7.5. Comparative Evaluation of Validation Methods

The comparative evaluation compares the proposed integrated validation framework to an approach of using equivalent test
environments, update packages, network, and failure scenarios as a baseline. [18] The comparison of performance is done by the
success rate for updating, failure detection rate, roll back success rate, recovery time and functional test coverage of the updates.
The analysis compares the performance of each method with respect to three aspects: the ability to detect failures on software
updates, the ability to validate software functionality, and the ability to recover from a software installation that was interrupted.
Outcomes will indicate if package verification, compatibility testing, monitoring installation and recovery validation is a
measurable benefit over traditional testing practices. Improvements, if any, should be backed up by reported experimental data.

7.6. Statistical Analysis of Experimental Results

Repeated experimental trials are conducted and statistical analysis is used to evaluate the consistency and significance of the
observed OTA validation results. The completion time for updates, the time to recover and other continuous measures of
performance can be summarized using descriptive statistics such as a mean, standard deviation, minimum value, and maximum
value. Validation methods can be compared, appropriate statistical analysis tests should be chosen based on data distribution and
experimental design (paired t-test or Wilcoxon signed-rank test). Confidence intervals and effect sizes can offer further
information on the size and the uncertainty of observed differences. This analysis is helpful to the objective interpretation of the
results and to making the results more reproducible.

8. Discussion
8.1. Interpretation of Experimental Findings

The experimental results are analyzed to evaluate the capability of the proposed OTA update validation framework to
enhance the update reliability, failure detection and recovery performance. Success rates of the installation, accuracy of the
package verification, correctness of the post-update functionality, and recovery results under various operating conditions are
being analyzed. Comparisons are made with baseline validation methods to identify benefits of multiple validation stages
incorporated into a single process. The findings should also identify the most difficult test scenarios from the software update
failure detection perspective, and the most important validation components. The analysis of these interpretations should be
based on the experimental data gathered.

8.2. Reliability and Safety Implications for Connected Vehicles

To ensure the stability, security and availability of connected-vehicle infotainment systems, updates must be validated with
reliability. Failure to verify packages, incompatible software installation into the vehicle, or a failure in recovery may affect the
navigation, multimedia, smartphone connectivity, and other driver-focused features. The proposed approach mitigates these risks
by verifying authenticity, assessing compatibility, monitoring installation and performing functional validation after updating.
While infotainment validation helps to ensure vehicle dependability, it should not replace separate safety validation of safety
critical automotive systems. Systematic OTA testing throughout the software development process can help to minimize failures
associated with software updates and improve software maintenance.

8.3. Limitations and Threats to Validity

Validation approach proposed might be constrained by the variety of hardware configuration, software versions, network
conditions and failure scenarios covered in the experiments. Simulations or lab test benches results may not be fully
representative of the actual operating conditions of the vehicle, including long-term system behavior and interactions between
various vehicle components. The quality of the test cases, reliability of measurement tools, and representativeness of the baseline
method are also important for the accuracy of the evaluation. In addition, the results of a small number of infotainment platforms
might not be representative of automotive architectures. Future work should examine a larger number of hardware
configurations, more failure scenarios and real-world controlled experiments to augment the generalizability and usefulness of
the results.
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9. Conclusion and Future Work
9.1. Summary of the Proposed Validation Approach

This paper introduces a systematic framework for validating the integrity and authenticity of OTA software updates, the
compatibility, reliability during software update, the correctness of software functionality after updates, and failure recovery for
connected-vehicle infotainment systems. It combines the pre-installation checks, installation monitoring, functional testing and
rollback validation into one overall evaluation process. The experimental procedure proposed is to measure the performance of
the updates under the following conditions: normal operation, network variability, controlled failure scenarios. This integrated
solution offers a structured basis to determine OTA update failure detection, review recovery strategies and enhance software
deployment reliability in connected-vehicle infotainment.

9.2. Key Research Contributions and Findings

The main research work that was carried out is the creation of an integrated validation approach that considers several
aspects of the OTA update lifecycle instead of just a successful installation. The framework is based on a unified experimental
framework that includes security verification, software compatibility testing, functional evaluation, and recovery evaluation. The
effectiveness can be measured by the success rates for installations, failure detection, package authentication, failure to roll back,
recovery time, and functional test coverage. Comparative experimental analysis can be used to determine how much better the
proposed approach is at achieving a higher degree of validation completeness and failure identification than baseline approaches.
Only when experimental measurements are taken and analyzed, should specific improvements or results of research be reported.

9.3. Future Research Directions

The proposed framework can be expanded for future research by testing the framework with a large scale across various
embedded OS and automotive software architectures and infotainment hardware platform. Further studies could include
automatic generation of test cases, intelligent failure analysis, predicting future failure hazards after applying the update and
ongoing tracking of system behavior after the update. Hardware-in-the-loop testing and controlled real-world vehicle testing
integrate with the evaluation to boost reliability of updates under realistic operating conditions. Additional work can also
consider secure multi-component updates, dependency-aware deployment techniques, and advanced recovery techniques for
interrupted installs. The developments could help to create more comprehensive, scalable and reliable OTA update validation for
next generation of connected vehicles.
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