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Abstract: The integration of Real-Time Operating Systems (RTOS) with embedded camera systems has
significantly advanced industrial inspection tools, offering deterministic performance, precise control, and
support for complex imaging tasks. This review explores the architecture, performance, and challenges
associated with RTOS-based camera firmware. Through a comparative analysis of key RTOS platforms and
experimental results, the review highlights how these systems enable efficient defect detection, edge Al
processing, and real-time responsiveness. Despite the progress, issues such as hardware abstraction, power
optimization, and Al integration remain key areas for development. The review concludes with future
directions aimed at enhancing scalability, adaptability, and intelligence in industrial vision systems.

Index Terms - RTOS, Embedded Firmware, Industrial Inspection, Camera Control, Edge Al, Real-Time
Systems, Image Processing, FreeRTOS, Zephyr, VxWorks.

Introduction

In the era of Industry 4.0, automation and real-time data acquisition are driving transformative changes across
manufacturing, quality assurance, and infrastructure monitoring domains. One of the pivotal technologies
enabling this shift is industrial vision systems, particularly those that employ embedded cameras for real-
time inspection and defect detection. These systems play a crucial role in enhancing product quality,
ensuring safety, and improving operational efficiency [1].

To meet the growing demands for precision, low latency, and reliability, many embedded vision
applications are now being built around Real-Time Operating Systems (RTOS). RTOS platforms offer
deterministic task scheduling, real-time responsiveness, and modular architecture—attributes essential for
synchronizing image capture, processing, and system communication in industrial environments [2]. Unlike
general-purpose operating systems, RTOS solutions provide tight control over system timing and resources,
which is critical for high-speed inspection tools that require frame-accurate synchronization and low power
consumption [3].

The integration of RTOS with camera control firmware has opened new frontiers in machine vision, enabling
robust and adaptive firmware solutions for handling complex tasks such as dynamic exposure control,
autofocus mechanisms, multi-sensor coordination, and interface management (e.g., USB, MIPI, Ethernet).
These capabilities are especially significant in industrial inspection applications, where environmental
variability, high-throughput demands, and zero-error tolerance define the operating constraints [4].
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Despite rapid advancements, the current research landscape reveals several gaps. Firmware portability, real-
time image processing constraints, latency management, and security in connected RTOS environments
remain ongoing challenges [5]. Furthermore, the proliferation of heterogeneous hardware (e.g., ARM Cortex-
M, RISC-V, and custom SoCs) requires camera control stacks that are both hardware-agnostic and
performance-optimized [6].

This review aims to provide a comprehensive overview of the state-of-the-art RTOS-based camera control
firmware used in industrial inspection tools. We analyze key architectural patterns, review popular RTOS
platforms (such as FreeRTOS, Zephyr, and VxXWorks), and examine how real-time requirements are addressed
across hardware abstraction layers, middleware, and application layers. Additionally, we highlight the
limitations of current solutions and propose future directions for research in this rapidly evolving field.

Summary of Key Research on RTOS-Based Camera Control Firmware

Year Title Focus Findings (Key
Results and
Conclusions)

2014 Real-Time Image | Real-Time Processing | Demonstrated
Processing with efficient task
FreeRTOS in scheduling for basic
Embedded Vision image filtering
operations on ARM
Cortex-M with
FreeRTOS.
2015 Modular  Firmware | Firmware Proposed a layered
Architecture for | Architecture firmware structure for
Industrial Camera better ~ maintenance
Systems and scalability in

industrial settings.

2016 Integration of USB [ Driver Integration Achieved low-latency
Camera Drivers in image acquisition
Real-Time OS through optimized
USB stack integration
with RTOS.
2017 Comparison of RTOS | RTOS Benchmarking | Compared
Platforms for FreeRTOS, VxWorks,
Machine Vision and QNX, concluding

that VxWorks offers
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superior latency
control.

2018 RTOS-Based Auto- | Auto-Focus Control Implemented real-
Focus Algorithms in time autofocus loop in
Embedded Cameras RTOS, improving

response time by
30%.

2019 Embedded Vision in | Robust Design Highlighted
Harsh Industrial robustness of Zephyr
Environments OS for environmental

variability and
hardware faults.

2020 Secure Firmware | Security Introduced encrypted
Update Mechanisms OTA updates with
in RTOS Camera rollback safety in
Systems camera firmware

using FreeRTOS.

2021 Low-Power Power Optimization | Used dynamic voltage
Scheduling in Real- scaling and task sleep
Time Camera modes - to  reduce
Applications power by 22%.

2022 MIPI-CSI Integration | Interface Integration | Achieved stable high-
in RTOS-based speed image capture
Camera Systems over MIPI-CSI using

RTOS-managed
buffers.

2023 Al-Assisted  Defect | Edge Al Integration | Combined lightweight
Detection  Firmware Al inference with
for Smart Cameras RTOS scheduling to

enable on-device
defect classification.
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Proposed Theoretical Model for RTOS-Based Camera Control Firmware

Camera

RTOS Driver Image Al Defect Control

Capture Detection Interface
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The proposed theoretical model for an RTOS-based camera control firmware system is designed to meet the
stringent demands of real-time image processing, industrial robustness, and edge intelligence. The
architecture consists of five core modules, each managed under the supervision of a Real-Time Operating
System (RTQOS), such as FreeRTOS or Zephyr. This modular structure ensures deterministic performance,
low latency, and scalability—essential qualities in modern industrial inspection tools [16].

1. RTOS Kernel

The RTOS acts as the backbone of the system, managing multitasking, inter-process communication, and
hardware abstraction. It ensures time-bound execution of image capture, processing, and control loops.
Deterministic scheduling and interrupt handling are critical for accurate timing and sensor coordination in
high-speed production lines [17].

2. Camera Driver

The camera driver layer interfaces directly with the imaging sensor (e.g., MIPI-CSI or USB cameras),
handling low-level data acquisition and synchronization. Optimized drivers enable low-latency data
streaming, precise frame triggering, and auto-configuration of image parameters such as gain, exposure, and
white balance [18].

3. Image Capture Engine

This module buffers incoming frames and performs preprocessing such as image cropping, normalization, or
noise filtering. Real-time buffer management using double or ring buffers ensures zero-frame loss and frame
order integrity [19].
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4. Al Defect Detection Module

A lightweight Al model (e.g., quantized CNN or SVM) runs on embedded compute resources to analyze
captured images for surface defects, dimensional mismatches, or product irregularities. The RTOS handles
task prioritization between critical and non-critical analysis operations to maintain system responsiveness
[20].

5. Control Interface

This component communicates inspection results, error logs, or status updates to the host system (e.g., a PLC
or SCADA system) over Ethernet, CAN, or UART. Real-time messaging protocols (e.g., MQTT, Modbus)
are often used for system interoperability [21].

In-text Citations

This architecture reflects best practices in embedded firmware design for industrial vision, where RTOS-
based systems are increasingly used for balancing real-time demands and intelligence at the edge [16],
[17]. Several studies highlight the effectiveness of modular firmware and real-time task coordination in
improving inspection efficiency and reducing false positives [18], [19]. Furthermore, the integration of
lightweight Al algorithms into RTOS environments has been shown to enhance inline decision-making
without the need for external compute resources [20], [21].

Discussion of Experimental Results

Performance Comparison of RTOS-Based Camera Systems

Metric FreeRTOS Zephyr VxWorks
Frame Rate (fps) 30 28 35
Latency (ms) 25 22 18

CPU Utilization (%) |55 52 48

Power Consumption | 220 210 250
(mW)
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Performance Comparison of RTOS-Based Camera Systems
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The experimental evaluation compares three RTOS-based embedded camera control systems: FreeRTOS,
Zephyr, and VxWorks. The comparison is based on four critical performance metrics: frame rate, latency,
CPU utilization, and power consumption.

Frame Rate (fps): VxWorks achieved the highest frame rate (35 fps), making it suitable for high-
speed inspection tasks [22].

Latency (ms): VxWorks also demonstrated the lowest latency (18 ms), indicating faster response and
image processing turnaround time [22].

CPU Utilization (%): VxWorks showed slightly lower CPU usage compared to FreeRTOS and
Zephyr,  suggesting more  efficient  task ~ scheduling = and = resource  handling.

Power Consumption (mW): Zephyr consumed the least power (210 mW), making it more suitable
for low-power, battery-operated inspection devices [23].

Future Directions

1.

Integration of Edge Al Accelerators: The growing demand for inline defect detection is pushing
manufacturers to integrate Al capabilities directly into embedded camera systems. Future firmware
should leverage NPUs and dedicated Al accelerators while maintaining real-time constraints under
RTOS management [25].

RTOS-Agnostic Middleware Development: As the diversity of hardware platforms increases,
middleware that abstracts RTOS APIs and hardware-specific calls can facilitate firmware portability
and reduce development time [26].

Energy-Adaptive Scheduling Algorithms: Industrial environments are increasingly prioritizing
energy efficiency. RTOS-based systems must implement smarter task scheduling algorithms that
dynamically adapt based on thermal profiles and workload intensity [27].
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4. Security-First RTOS Camera Frameworks: With connected cameras becoming more prevalent in

IloT systems, securing firmware through trusted boot, encrypted OTA updates, and runtime anomaly
detection will be vital [28].

5. Cloud-Integrated Inspection Feedback Loops: Future systems may feature hybrid architectures
where critical tasks are managed locally by the RTOS, while long-term trend analysis and model
retraining occur in the cloud. This can drive continuous improvement in inspection algorithms [29].

Conclusion

RTOS-based camera control firmware plays a pivotal role in enhancing the responsiveness, reliability, and
intelligence of modern industrial inspection systems. Through real-time task management, efficient driver
integration, and support for edge Al, RTOS platforms enable scalable and deterministic vision solutions
tailored for high-throughput environments. However, challenges persist in areas such as hardware abstraction,
low-power design, and firmware security. By addressing these through modular architecture and next-
generation scheduling, RTOS-enabled cameras can further evolve into adaptive, intelligent nodes within the
broader Industry 4.0 ecosystem. This review underscores the need for collaborative development across
hardware, firmware, and Al disciplines to build future-ready inspection tools.
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