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Abstract: The operating system is the core of the robot system. It is the key to ensuring the
safety, effectiveness, and intelligence of robot systems. This article takes the "Autonomous
Navigation Robot™ research project as the background and conducts practical research on
the robot operating system. The research background focuses on the limitations of some
robot operating systems, namely that current robot operating systems are not suitable for
robots working in resource limited environments, and the ability to adapt to dynamic
changes and unstructured environments is very important. The system adopts a modular
design concept, emphasizing real-time, robustness, and scalability. This article focuses on
human perception and cognitive technology, as well as the design of interaction between
people. During the system development process, work in conjunction with relevant
research work. A series of tests and evaluations were conducted on the independently
developed autonomous navigation robot operating system, including unit testing,
integration testing, and on-site testing. At the same time, a performance comparison
between the Robot Operating System (ROS) and Open Robot Control Software (ORCA)
systems, which are of great concern in relevant research literature, was presented. The
experimental results show that the autonomous navigation robot operating system exhibits
superiority in key performance indicators such as failure rate, delay time, and energy
efficiency ratio, especially achieving an excellent performance of up to 408 tasks/Wh in
energy efficiency ratio, significantly superior to ROS and ORCA systems. The conclusion
of this study is that the autonomous navigation robot operating system not only meets the
needs of current autonomous navigation robot research projects, but also has good
scalability and real-time performance, providing a solid technical foundation for the
development and application of future robotics technology.

1. Introduction

As the brain of robotics technology, the performance of the operating system directly affects the
overall work efficiency and intelligence level of robots. However, the performance limitations of
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existing robot operating systems in resource limited environments and the need for adaptability to
unstructured environments have become key factors restricting the further development of robot
technology. In response to this situation, this study aims to rely on the "Autonomous Navigation
Robot" research project to conduct in-depth practical analysis of robot operating systems, in order
to break through existing technological bottlenecks and promote the development of robot operating
systems towards more efficient and intelligent directions.

This article proposes a development method for robot operating systems based on modular
design principles, which effectively improves the performance and adaptability of the system by
emphasizing real-time and scalability. Secondly, this study employed a series of testing and
validation strategies to comprehensively evaluate the performance of the self-developed
autonomous navigation robot operating system compared to existing ROS and ORCA systems,
providing a scientific basis for the selection and optimization of robot operating systems.

The first part of the article is the introduction, which introduces the research background,
contributions, and structure of the article; The second part is related work, summarizing the research
status and development trends of robot operating systems; The third part is the methodology, which
provides a detailed introduction to the development methods and key technologies in the practical
process of robot operating systems; The fourth part is the testing and validation strategy, which
presents the testing process and results of a comprehensive evaluation of the autonomous navigation
robot operating system; The fifth part is the results and discussion, which compares and analyzes
the differences in key performance indicators between the autonomous navigation robot operating
system and ROS and ORCA systems, and explores their significance; The last part is the conclusion,
summarizing the main findings of this study and proposing prospects for future research directions.

2. Related Work

The safety, efficiency, and intelligence of robot systems have become a hot research topic. Lu
Jingjing aims to raise people's attention to the safety of robot systems and help them quickly
understand the security solutions of current mainstream robot operating systems. He adopted
in-depth analysis and classification research methods to systematically investigate and summarize
the security issues of existing robot operating systems [1]. Tu Qiu proposed a method to improve
the accuracy and real-time performance of image detection in traditional embedded systems, which
often limits the efficiency of communication and image transmission due to limited computing
resources [2]. Wu Xiaoze discussed the key technologies of industrial robot operating systems based
on hybrid key systems, proposed an architecture design for robots to address the technical
bottlenecks faced by robots in unstructured or semi-structured intelligent scenarios, and predicted
the future evolution direction of industrial robot operating systems [3]. Hou Renluan summarized
the research status of world robot operating systems from several aspects, including commercial
industrial robot operating systems, open-source robot operating systems, and cloud-based integrated
systems. He combines the current trend of integrating robots with artificial intelligence, 5G
communication and other technologies to propose the establishment of a future cloud edge
integrated collaborative intelligent robot operating system platform and the bottleneck problems
that need to be solved [4]. There is a certain difference between the data accuracy of Jiang
Hongmei's current navigation electronic map and the accuracy required for the actual driving
process. In order to provide ultra high precision navigation maps and object recognition, he
proposed the design of an autonomous driving car system based on ROS [5].

In addition, Chen L proposed a ubiquitous operating system based on parallel driving theory,
named Parallel Driving Operating System. Specifically, the system architecture includes hardware
layer, kernel layer, functional layer, and application layer, which can respectively achieve
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heterogeneous hardware support, ubiquitous resource management, algorithm optimization, and
ubiquitous application development [6]. Haddadin S explored three different operating interfaces:
Desk, Robot Integrated Development Environment, and Franka Control Interface. He provided
guidance on how to use these interfaces for task programming, creating robot skills, application
development, and integrating external sensors [7]. Jin X addresses the challenges of vascular
intervention surgery by developing a tactile sensing robot assisted system. The design of the system
allows surgeons to perform surgical operations under lower X-ray exposure. In order to verify the
effectiveness of the system, he conducted a series of in vitro experiments to test the accuracy and
safety of the system in collaborative operations [8]. Montero E E adopts deep reinforcement
learning methods to improve the navigation ability of robots in crowded environments. He proposed
the concept of a dynamic warning zone, which forms a circular sector around a person based on
their step size and speed, in order to enhance the robot's ability to avoid collisions [9]. Chang Y has
integrated a single robot front-end interface that adapts to different odometer sources and LiDAR
configurations to support closed loop detection between robots and within robots in large-scale
environments and multi-robot teams [10]. Although the above research has achieved significant
results in the security, communication efficiency, and architecture design of robot operating systems,
the performance of existing systems may be limited in resource limited environments, and there is
still room for improvement in their adaptability to unstructured environments. The purpose of this
study is to conduct in-depth practical analysis of robot operating systems based on scientific
research projects. The research can focus on building an efficient, secure, highly adaptable, and
scalable robot operating system, exploring the advantages and disadvantages of existing robot
operating systems, and proposing improvement solutions for the identified problems.

3. Method
3.1. Selection and Evaluation of Scientific Research Projects

This study chooses the development of an operating system for autonomous navigation robots as
the core of the research project, and conducts practical analysis of robot operating systems [11-12].
This study first clarified the specific objectives of the project, including achieving path planning in
complex environments, obstacle identification and avoidance, and autonomous decision-making
functions. These goals are the key basis for evaluating the compatibility of robot operating systems.

This work compares the project requirements with the functions currently provided by the robot
operating system in more detail to calculate the consistency between the functional requirements
and the existing functions [13-14]. In addition, the application scenarios of the project (such as the
adaptability of the robot to different ground conditions during indoor and outdoor navigation) have
also been fully considered to ensure that the selected operating system can meet the requirements of
the given working environment. Technical feasibility analysis focuses on the technical maturity of
robot operating system, including collecting and analyzing performance data of operating system,
user feedback and analyzing server environment activities. At the same time, the research also
describes several technical resources needed for project implementation, such as professional
software tools, hardware platforms, development documents, etc., and checks whether these
resources can be used to support project implementation. The study also discussed the human
resources needed for the project, including the technical feasibility and expertise of the team. In
addition, it also tries to find out the potential technical risks, problems and challenges that may be
encountered, and formulate countermeasures against these potential risks.
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3.2. Development Methods for Robot Operating Systems

Based on the principle of modular design, this paper constructs a robot operating system. The
system is divided into several independent functional modules, such as sensor input module, path
planning module, navigation control module and so on. This design method makes the system clear,
easy to maintain, and convenient for team cooperation, so that each team member can concentrate
on developing the module he is responsible for [15-16]. Moreover, modular design is also beneficial
to the stability of the system. Each functional module is relatively independent, and can be updated
and optimized independently according to its own needs, without affecting the stability of other
modules. Real-time is an important feature of autonomous navigation robot operating system. The
system can respond to the sensor input and complete the navigation task within a predetermined
time as required. Therefore, the real-time operating system is selected to ensure the real-time
performance of the system. In the system design, the real-time requirements of the system, such as
task mode, priority scheduling and interrupt handling, are fully considered. From the perspective of
scalability, the system aims to be compatible with future hardware updates and functional expansion.
For example, reserved interfaces are reserved for new sensors and actuators, and flexible data
structures and communication protocols are designed according to the specific navigation
environment and task requirements. It adopts standardized module interface and open source
plug-in architecture design, which can effectively avoid a lot of investment in new module
development, and can simply integrate new functional modules to adapt to the changes of
autonomous navigation technology.

3.3. Key Technologies in the Practice Process

Perceptual cognitive technology is the robot's ability to perceive the environment. In the
decision-making process, the robot uses sensor data to determine the position of obstacles, measure
the distance between the robot and obstacles, and identify landmarks [17-18]. In this study, the
combination technology of machine vision, laser radar and ultrasonic sensor is used to realize
high-precision environmental perception. The mathematical model of data fusion for multi-sensor
fusion is expressed as:

pcombined = f(pvisiom pLiDAR’ pultrasonic) (1)

Peombined s the fused perception data, Pision | Puioar ang Putirasonic g perception data from

f is a fusion function used to

machine vision, LIiDAR, and ultrasonic sensors, respectively.
integrate these data.

Cognitive technology is a robot that processes and recognizes perceptual data, such as scene
analysis, decision-making and behavior prediction. In this study, deep learning algorithm is used to
improve the cognitive level of robots, so that robots can make reasonable decisions in complex
environments. Secondly, the research pays attention to the intuition and friendliness of the
interactive interface to ensure that ordinary people can interact with the robot easily, and adjust the
design according to different habits and hobbies of different people. The research also integrates
natural language processing (NLP) technology to enable robots to understand and execute natural
language instructions, which is also a step towards natural interaction. At the same time, in the
design process, considering the user's skills and cognitive limitations, the design process can be
reflected in the following formal iterative model:

Dn+1:h(Dn1Fn’Un) (2)
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D D F

nl is the n+th iteration, ~n is the interaction design after the ~th iteration, and " is the

user feedback collected after the nth iteration. U, is the user satisfaction after the nth iteration,

and D is an update function used to improve design based on user feedback and satisfaction.
3.4. Testing and Verification Strategy

The testing and validation strategy is a crucial step in ensuring system reliability and
performance meets expectations, and unit testing is aimed at testing each independent module in the
robot operating system [19-20].

Unit testing uses assertions to verify the correctness of code, ensuring that each function or
method produces the expected output under a given input. For unit testing of path planning modules,
it can be represented as:

T stanning ={test_caseputput= planning_tinction(irput,parameers) verify(ouput)} 3)
Taming Is the set of test cases for the path planning module, nput s 4 single test case, which
is the test input, and OUPUL s the output. Parameters test_case

is the module parameter,

is the path planning function, €'Y s the validation function, which is used
to check whether the output meets expectations.

Integration testing is conducted after unit testing to verify the interfaces and interactions between
different modules. This study adopted a step-by-step integration strategy, which involves integrating
one or several modules at a time to gradually build a complete system. At each integration stage,
integration testing is performed to ensure that newly added modules do not compromise the
functionality of existing modules:

T ={(M;, M test_case)| M; AM; ainteraction_test(M;, M, test_case)}

integration

planning_tinction

(4)
M

Tinegratio is the set of integration test cases, ' and M, are the modules involved in

integration, and 'MEractin_test o ihe testing function used to test the interaction between
modules.

On site testing is conducted in practical application environments to verify the performance and
stability of the robot operating system under real working conditions. The results of on-site testing
are used for the final adjustment and optimization of the system. The mathematical model for

on-site testing can be expressed as:

Traa ={scenario|erformance metrics(scenario)> threshold}

(®)

field js a set of on-site testing scenarios, SC€NAri0 js a single testing scenario,
performane_metrics

threshold.

Through these three stages of testing and verification, this study can ensure that the robot
operating system meets the requirements of scientific research projects in terms of functionality,
stability, and performance, and provide solid technical support for the practical application of
autonomous navigation robots. As shown in Table 1, the system test data is as follows:

The table lists the key performance indicators of the robot operating system during unit testing,
integration testing, and on-site testing stages. These data collectively constitute a comprehensive

is a performance metric function, and threshold s a performance
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perspective for evaluating the performance of robot operating systems, helping developers identify
the advantages and improvement points of the system, and providing a basis for subsequent product
optimization. At the same time, the project management team can also use this data to monitor
project progress and ensure that the final delivered product quality meets established standards.

Table 1: System test data

i Avg. System
Test Phase|Test Cases Passed Failed Response | Stability Defects Remarks
Cases Cases . Found
Time (ms)| (hrs)
. High
unit g0 | 147 3 25 : 5 | coverage
Testing .
testing
Inteqration Inter-module
g 80 72 8 40 ; 8 interaction
Test
test
Field Real-world
. 30 27 3 35 48 3 environment
Testing . .
simulation

4. Results and Discussion

The purpose of this comparative experiment is to evaluate and compare the differences in key
performance indicators between the self-developed robot operating system (autonomous navigation
robot operating system) and the existing two mainstream systems - ROS and ORCA.. Specifically,
this study can focus on three core comparative indicators: failure rate, delay time, and energy
efficiency ratio.

At the beginning of the experiment, a unified testing environment was established for the
autonomous navigation robot operating system, ROS, and ORCA systems to ensure that all systems
were tested under the same hardware and software conditions. Then, ROS and ORCA systems were
installed and configured. At the same time, a self-developed autonomous navigation robot operating
system can be deployed, and 25 sets of test cases can be developed for each comparative indicator,
including stability testing, real-time testing, and energy consumption testing. Stability testing
records the number of failures and running time of each system by running test cases for a long time,
while real-time testing tests the delay time of the system through specific real-time tasks. Energy
consumption testing monitors and records the energy consumption data of each system during the
execution of the same task, collects data generated during the testing process using automated tools,
and ensures the accuracy and completeness of the data. Subsequently, statistical analysis can be
conducted on the collected data to determine the performance of each system on various indicators.

4.1. Failure Rate

The failure rate, as an important indicator of system stability, can reflect the frequency of
problems and failures encountered by various operating systems during long-term operation. The
comparison results are shown in Figure 1:
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Figure 1: Comparison of failure rates

According to the data in the graph, it can be observed that the failure rates of the three robot
operating systems are all maintained at a relatively low level. This indicates that the performance of
autonomous navigation robot operating systems, ROS, and ORCA systems is relatively good.
Specifically, the autonomous navigation robot operating system studied in this article has a lower
failure rate compared to ROS and ORCA. The highest failure rate of the autonomous navigation
robot operating system is only 1.09%, but ROS and ORCA reach 1.48% and 1.69% respectively.
This result indicates that autonomous navigation robot operating systems have greater advantages in
terms of stability. In practical applications, this means that autonomous navigation robot operating
systems may require less manual intervention and less downtime for maintenance and repair, which
is of great significance for improving production efficiency and reducing operating costs.

4.2. Delay Time

The delay time defines the time interval between the system receiving the input signal and
generating the corresponding output response, as shown in Figure 2:
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Autonomous Navigation
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Figure 2: Delay time comparison

As shown in the figure, the latency of the autonomous navigation robot operating system is the
lowest, reaching 120ms, but the ROS and ORCA are the lowest, reaching 220ms and 326ms,
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respectively. The highest values even reached 309ms and 503ms, indicating that autonomous
navigation robot operating systems can process sensor inputs and make decisions faster, thereby
improving the robot's reaction speed and overall performance.

4.3. Energy Efficiency Ratio

Energy efficiency ratio is an important indicator for measuring the energy efficiency
performance of a system, which reflects the efficiency of energy utilization during the execution of
tasks. The high or low energy efficiency ratio directly affects the endurance and operating cost of
robots, especially in energy-saving situations such as mobile robots or remotely operated robots.
The specific experimental data is shown in Figure 3:
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Figure 3: Energy efficiency comparison

As shown in the figure, in each test case, the energy efficiency ratio of the autonomous
navigation robot operating system is significantly higher than ROS and ORCA, with a maximum
energy efficiency ratio of 408 tasks/Wh. In the same situation, the highest ROS is only 287
tasks/Wh, and the ORCA is only 289 tasks/Wh. This result indicates that, under the same amount of
task execution, the autonomous navigation robot operating system can complete more tasks with
less energy consumption or with the same amount of energy consumption.

5. Conclusions

This study conducted a comprehensive practical analysis and performance evaluation of the
robot operating system based on the "Autonomous Navigation Robot" research project. By adopting
modular design principles, considering real-time and scalability, and applying key technologies, this
study successfully developed and tested an independently developed autonomous navigation robot
operating system. In comparative experiments with existing ROS and ORCA systems, the
autonomous navigation robot operating system has shown significant advantages in key
performance indicators such as failure rate, delay time, and energy efficiency ratio.

In addition, the stability test results of the system further demonstrate the reliability of the
autonomous navigation robot operating system, which is particularly important for long-term robot
tasks. Real-time testing reveals the system's ability to respond quickly, which is crucial for
application scenarios that require immediate feedback. The results of this study not only provide
new perspectives and methods for the development of robot operating systems, but also lay a solid
foundation for the innovation and application of future robot technology.
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