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Abstract: In order to avoid the conflict between software systems and improve the overall coordination performance of
software, an automatic detection method of distributed software system compatibility in cloud computing is proposed. Build
the basic architecture of cloud computing and explore various service modes provided by cloud computing in software
compatibility detection; The basic particle swarm optimization model is established, and the weights and learning factors
are adjusted. This article explores the challenges of ensuring software compatibility for distributed systems in a cloud
computing environment and describes methods for integrating particle swarm optimization algorithms for compatibility
testing. Based on the analysis of distributed software system characteristics, existing compatibility testing methods and
distributed system compatibility testing tools, a collaborative application of TLA+ and Jepsen methods is proposed to
improve the compatibility testing practice in cloud computing environment. The methodology of integrated particle swarm
optimization is described in detail, including initialization, fitness evaluation, particle updating, convergence detection,
dispersion adjustment and fitness function modification, and the effectiveness of the algorithm in improving compatibility
coverage, efficiency and robustness is verified by experimental results. Finally, the role of integrated particle swarm
optimization algorithm in optimizing software performance and reliability in cloud computing environment is summarized,
and its importance to improve the seamless and compatibility of software operation is emphasized.
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1. INTRODUCTION

Cloud computing, as defined by the US National Institute of Standards and Technology, revolutionizes the way
we access and utilize computing resources. It enables users to tap into a configurable pool of resources
conveniently and on demand, minimizing management workload and service provider involvement. In essence, it
merges the concept of "cloud" with "computing,” where computing represents the action of processing and
calculating information, akin to human brain thinking.

In the modern era, computing heavily relies on resources, encompassing hardware like GPUs, CPUs, memory, and
software such as operating systems, databases, and applications [1]. This reliance has spurred the development of
distributed systems, powering massive applications like the ubiquitous B/S framework. Unlike centralized systems,
distributed systems leverage multiple subsystems working together, sharing information and enhancing computing
power.

The hallmark of distributed systems lies in their heterogeneity, openness, and fault independence. However,
ensuring compatibility among diverse software components is crucial for optimal performance. Compatibility
ensures that software seamlessly interacts, coordinating operations [2-4] and ensuring stability. As software
development complexity increases, instances of incompatibility rise, leading to frequent system disruptions. Thus,
thorough software compatibility testing emerges as an indispensable process in distributed system development.In
this context, the integration of cloud computing with distributed systems marks a paradigm shift in computing,
demanding meticulous attention to software compatibility to harness the full potential of these technologies.

2. RELATED WORK

2.1 Characteristics of Distributed Software Systems
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A distributed cloud computing platform is a system of multiple computer nodes that work together to provide
efficient computing and storage capabilities. Its architecture is designed to achieve high availability, scalability,
and fault tolerance to meet the needs of users for cloud computing. Distributed operating system is a special
operating system, essentially belongs to the multi-machine operating system, is the development and extension of
the traditional stand-alone operating system [5]. It is the division of a computer system into multiple independent
computing units (or nodes), which are deployed to each computer, and then connected by the network, and
maintain a continuous state of communication. In a distributed operating system, each node can perform local
computing tasks independently like a stand-alone operating system, or it can be combined with each other to
perform larger computing tasks in [6] a distributed cooperative parallel manner. This provides users with more
computing power, higher scalability, and redundant fault tolerance.

A general purpose distributed operating system should have the following basic characteristics:

Modular: The distributed operating system adopts the modular design idea, dividing the system into multiple
functional modules, each module is responsible for completing a specific task. This design makes the system easier
to maintain and upgrade.

Parallel processing: Distributed operating systems support a variety of parallel processing models, such as the
shared memory model, the messaging model, and the client/server model. These models can make full use of the
performance of multi-core processor and improve the processing power of the system. If the client/server is further
extended together, a new client/cluster model is derived [7]. This is the fundamental reason why distributed
operating systems can provide powerful computing power.

Fault tolerance: Distributed operating systems have strong fault tolerance and can automatically recover when
nodes fail. This mainly depends on redundancy design and fault detection and diagnosis mechanism in distributed
system.

Data consistency: A distributed operating system must ensure data consistency among nodes. This is usually
achieved through the use of techniques such as transactions, locks, and coordinators.

Resource management: Distributed operating systems need to effectively manage hardware resources in the system,
including memory, disk space, and [8-11] CPU time. This is usually achieved by using techniques such as resource
scheduling algorithms and priority scheduling policies.

The fundamentals of cloud computing encompass a paradigm shift in accessing and utilizing computing resources,
facilitated by distributed software systems. These systems leverage multiple computer nodes to provide efficient
computing and storage capabilities, ensuring high availability, scalability, and fault tolerance. However,
harnessing the full potential of distributed software systems entails addressing challenges in compatibility testing.
Ensuring seamless interaction among diverse software components is crucial for optimal performance, requiring
techniques such as modular design, parallel processing support, fault tolerance mechanisms, data consistency
enforcement, and effective resource management. These fundamentals underscore the critical importance of
compatibility testing in overcoming hurdles and maximizing the benefits of cloud computing and distributed
software systems.

2.2 Existing Methods for Compatibility Testing

Compatibility testing is a type of software test used to ensure the compatibility of a built
system/application/website with various other objects (such as other web browsers, hardware platforms, users,
operating systems, etc.). This type of testing helps to understand how a product will perform in a particular
environment. Compatibility testing is a test method to test [12] whether software or website can run and display
normally under different environments, the main purpose is to ensure that the function, performance and user
experience of software meet the expected standards under various conditions.

The scope of compatibility testing includes the following aspects:
Browser compatibility: Test whether the software or website can display and interact correctly on different

browsers (such as Chrome, Firefox, IE, etc.) and browser versions, and whether there are problems with layout,
style, scripting, etc.
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System compatibility: Test whether the software or website can be installed and run correctly on different operating
systems (such as Windows, Mac, Linux, etc.) [13] and operating system versions, and whether there are
compatibility errors or warnings.

Resolution compatibility: Test whether the software or website can adapt and optimize the display at different
screen resolutions (such as 1024x768, 1920x1080, etc.) and screen proportions (such as 4:3, 16:9, etc.), as well as
whether there are problems with occlusion, misalignment, scaling, etc.

Network compatibility: Test whether the software or website can be accessed and loaded normally under different
network environments (such as wired, wireless [14], 5G, 4G, etc.) and network speeds (such as high speed, low
speed, unstable, etc.), and whether there are delays, packet loss, disconnection and other problems.

Device compatibility: Test whether the software or website can be used and adapted to different devices (such as
PCS, mobile phones, and tablets) and device models (such as Huawei, Apple, and Xiaomi), and whether there are
compatibility problems or exceptions.

There are several methods for compatibility testing:

Manual testing: [15] Through manual operation of different environments and equipment, software or website
compatibility testing, observation and record test results and problems, the advantage is intuitive and flexible, the
disadvantage is low efficiency and high cost.

Automated testing: By writing test scripts or using test tools, software or website compatibility testing, automatic
execution and inspection of test results and problems, the advantage is high efficiency and low cost, the
disadvantage is not intuitive and flexible.

Cloud testing: Through the use of cloud testing platform, to provide a variety of environments and equipment
virtualization or real machine, software or website compatibility testing, combined with manual and automated
ways, the advantage is wide coverage and convenient, the disadvantage is the need for network and cost.

2.3 Compatibility testing between distributed systems

In the realm of distributed system testing, two prominent tools, TLA+ and Jepsen, play crucial roles akin to
deduction and induction or white-box and black-box testing methodologies [16]. TLA+ demands a deep
understanding of the distributed system under scrutiny, requiring test writers to meticulously abstract its intricacies.
By meticulously modeling the system's logic and traversing through various state spaces, TLA+ aims to validate
the system's correctness against defined rules. It's akin to having a detailed map with key information, enabling
the creation of a precise roadmap for navigating the real-world system.

On the other hand, Jepsen takes a more external approach, focusing on the system's provided interface. It constructs,
operates, and intentionally injects errors into the system to observe its behavior. By analyzing the system'’s
responses to error injection scenarios, Jepsen uncovers discrepancies that deviate from established rules. It's akin
to assembling scattered puzzle pieces, experimenting with various configurations until a coherent pattern emerges.

To enhance cloud computing distributed testing practices, a synergy between these approaches could be beneficial.
Combining TLA+'s exhaustive modeling with Jepsen's [17] practical error injection and analysis could provide a
comprehensive understanding of a distributed system's behavior. This integrated approach ensures both theoretical
correctness and practical robustness, thus improving the overall quality and reliability of distributed systems in
cloud computing environments.
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Figure 1: Conformance verification capabilities provided by Jepsen distributed testing

Both TLA+ and Jepsen testing methodologies face distinct challenges. TLA+ confronts the hurdle of ensuring the
correctness of deduction. Models crafted with [18-22] TLA+ must impeccably align with both the abstract system
and its real-world implementation. Any inconsistency could impede the verification process, potentially
overlooking critical issues present in the actual system. Conversely, Jepsen encounters difficulties in synthesizing
errors based on historical test cases. Its inductive nature inherently limits its ability to encompass all possible
abnormal scenarios. Linear consistency, in particular, poses a formidable challenge in the induction process and
serves as a focal point of Jepsen's testing. Validating system linear consistency emerges as a critical feature of
Jepsen, further complicating the testing process. Efforts to improve these methodologies should focus on
addressing these respective challenges to enhance the efficacy and comprehensiveness of distributed system testing
in cloud computing environments.

The existing methods for compatibility testing in cloud computing's distributed systems have their strengths but
also notable limitations [23]. Manual testing allows for intuitive observation but is hindered by low efficiency and
high costs. Automated testing offers efficiency and cost-effectiveness but may lack flexibility. Cloud testing
provides wide coverage but requires network infrastructure and incurs additional expenses.

However, these methodologies overlook critical aspects of distributed systems in cloud computing environments.
They may not adequately address interactions between distributed nodes, data consistency, fault tolerance, and the
full spectrum of compatibility challenges [24]. Overcoming these limitations requires innovative approaches that
integrate advanced techniques and consider the unique characteristics of cloud computing. By doing so,
compatibility testing can better ensure the reliability and performance of distributed systems in cloud environments.

3. METHODOLOGY

3.1 Cloud computing architecture

Generally, cloud computing includes four types: private cloud, community cloud, public cloud and hybrid cloud.
Private cloud allows users to clearly understand the basic structure of the cloud and improve service security;
Community cloud has multiple management organizations, the main task is to ensure scheduling security; Public
cloud can provide external services and can be owned by users. A hybrid cloud represents a combination of
multiple clouds that hold critical data. The structure of cloud computing is shown in Figure 1.The service mode is
divided into the following three types:

(1) Infrastructure services

The lowest service in the cloud architecture! Virtualization technology is used to provide computing and storage
functions, so that users can run software.

(2) Platform services [25]

Built on the infrastructure services layer as the core, users can develop software in this service, and can deploy the
operating environment they want, and do not have to understand the underlying technology.

(3) Software services
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At the top of the service layer, users can use the client to realize the adjustment and control of this layer of services,
and at the same time, they can customize the software services according to their actual needs.

3.2 Integrated particle swarm algorithm software compatibility since Dynamic detection

Suppose there are N particles in the t generation population, then and Is the orientation and velocity information
of the I-th particle; In the determined search range, p is the best position obtained by particle search, that is,
individual optimal. 8 "e is the sweet spot found by a certain group, the sweet spot. When optimizing, particle
velocity and position are updated using the following formula:

o = @* vl of rand (pi — 28+
¢ rand (Gies — 1) D
i =z +

Is the moving speed of particle i; o is the weight of the current particle swarm; ¢ and c: both are learning factors
of particle swarm; Is the position of particle i; rand () is a random number in the range (0,1). 2.2 Improvement of
particle swarm optimization algorithm based on dispersion adjustment.

3.3 Dispersion adjustment

The above particle swarm model relies too much on the weight ® in the search process, which increases the
possibility of local optimality and shadow the search energy, which is not easy to obtain accurate detection results.
Therefore, this paper improves the above model on the basis of [26] dispersion adjustment. In order to accurately
grasp the degree of convergence, it is necessary to determine the convergence dimension, that is, the particle swarm
dispersion. This value can not only accurately judge the precocious phenomenon, but also realize the dynamic
tracking of particles. The degree of dispersion can accurately reflect the degree of convergence between particles.
If the algorithm does not meet the constraint conditions and the degree of dispersion is small, it indicates that it
has entered a precocious state and needs to be processed. When the precocious phenomenon occurs, the weight
value should be increased to strengthen the global search performance and ensure that the particles have more
diverse characteristics. Reduce the influence of global extreme values on particles and improve the detection
accuracy.

After adjusting the dispersion, it is necessary to construct the ideal fitness function in the form of branching path
coverage. Since the branch path coverage includes two [27] different elements: nesting and predicate, the deeper
the nesting, the less easy it is to achieve full coverage. Therefore, this paper uses nested weights Q... (b..) To
determine whether the nesting depth is reasonable. Set b to some penny; Ima and Im are the maximum and
minimum nesting depth, respectively. Is the depth of nesting at this stage. Therefore, the nested weight expression
is

l—' - Zmin
Q.. (bu) = m §

Finally, the fitness function is established for the detection program P as follows:

f(P)= Zm,' X f (b)) (3)

s is the number of branches; a: is the inertia weight; f(b.i) is the fitness function of branch 6. It can be seen that
after adding branch weights, the fitness function can reflect all the information covered by each path, and improve
the transparency of particle swarm search.

3.4 Cloud Computing Environment Setup
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In the process of detection, the ideal value of coverage is obtained by adjusting the radius of the collision region
according to the theory of collision region. Use the above improved particle swarm optimization algorithm to
iteratively process test cases and quickly establish a set of test cases with good compatibility.

Ensure that the key reference value of the compatibility test data variable is within a certain range. To determine
the parameter range from the test data, you must obtain the reference value of the software parameter under test.

After calculating the collision radius [28], it is necessary to further count the number of collisions. If the number
of collisions is higher than the set run value, it indicates that a large number of test cases are generated in this
parameter area. In this case, the collision radius should be reduced to reduce the detection collision domain.

The main purpose of adjusting the collision radius is to improve the down speed of the collision radius when the
parameter range is wide, so as to avoid too many iterations of the particle swarm optimization algorithm.

By adding modified test cases to the sample set and getting good use cases in each generation of the particle swarm
algorithm, the iterative process helps generate detection use cases with high coverage.

A AT A ST TN 2
Q= @ |:Q Al + Q ((,:) 1) hy ](hiu) (4)

@1

Where, A is the iteration period; h. And ¢ are operators in the iterative process; pl and p; All parameters are
modified. When the excellent test cases are iterated, the two parameters of the newly generated use case and the
use case with high coverage rate are transformed to generate the new use case. The generated sample set is iterated
several times until the test result of software compatibility is given and the iteration is stopped.

3.5 Particle Swarm Optimization for Compatibility Testing
The integrated particle swarm algorithm for software compatibility testing involves several steps:

Initialization: Initialize the population of particles with random positions and velocities within the search space
defined by the compatibility testing parameters.

Fitness Evaluation: Evaluate the fitness of each particle based on its position in the search space. Fitness evaluation
is typically done by executing the software under test in different compatibility scenarios and measuring its
performance.

Particle Update: Update the position and velocity of each particle according to Eq. (1), taking into account the
current position, velocity, individual best position, and group best position.

Convergence Detection: [29] Monitor the convergence of the particle swarm by calculating the degree of
dispersion among particles. If the dispersion falls below a certain threshold, it indicates premature convergence,
and adjustments to the algorithm parameters are needed.

Dispersion Adjustment: Adjust the dispersion of the particle swarm to prevent premature convergence and promote
diverse search trajectories. This adjustment involves modifying the weight parameter ® in Eq. (1) based on the
degree of dispersion and other convergence indicators.

Fitness Function Modification: Modify the fitness function to incorporate branch path coverage metrics, such as
nesting depth and predicate evaluation. This modification ensures that the particle swarm explores all possible
compatibility scenarios comprehensively.

3.6 Iterative Optimization Process

To validate the effectiveness of the integrated particle swarm algorithm for compatibility testing in cloud
computing environments, a series of experiments were conducted. These experiments involved applying the
algorithm to real-world software systems deployed on various cloud architectures, including private, public, and
hybrid clouds.
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Particle Initialization: Initially, a population of particles was randomly initialized within the predefined search
space, which encapsulated the parameters relevant to compatibility testing, such as browser versions, operating
systems, screen resolutions, network environments, and device types. Fitness Evaluation: The fitness of each
particle was evaluated by [30] executing the software under test in different compatibility scenarios. This involved
simulating various combinations of browsers, operating systems, resolutions, network conditions, and devices to
assess the software's performance and user experience.

Particle Update: Based on the fitness evaluation results, the positions and velocities of particles were updated using
the particle swarm optimization formula (Eg. 1). This step aimed to guide the particles towards regions of the
search space that yielded better compatibility outcomes. Convergence Detection: Throughout the iterative process,
convergence was monitored by calculating the degree of dispersion among particles. If the dispersion fell below a
predefined threshold, indicating premature convergence, adjustments were made to the algorithm parameters to
encourage further exploration.

Dispersion Adjustment: To mitigate premature convergence and promote diverse search trajectories, the dispersion
of the particle swarm was dynamically adjusted based on convergence indicators. This adjustment involved fine-
tuning the weight parameter ® in Eq. (1) to balance exploration and exploitation.

Fitness Function Modification: The fitness function [31-32] was continuously refined to incorporate additional
compatibility metrics and criteria, such as the depth of nested compatibility scenarios and the complexity of
compatibility interactions. This modification aimed to enhance the sensitivity and specificity of compatibility
testing.

3.7 Results and Observations

Through multiple iterations of the compatibility testing process using the integrated particle swarm algorithm,
several key observations and results were obtained:

Improved Coverage: The iterative refinement of the particle swarm algorithm led to improved coverage of
compatibility scenarios, including edge cases and corner scenarios that were previously overlooked.

Enhanced Efficiency: By dynamically adjusting the dispersion of the particle swarm and fine-tuning the fitness
function, the efficiency of compatibility testing was significantly enhanced, reducing the time and resources
required for comprehensive testing.

Robustness in Diverse Environments: The [33] algorithm demonstrated robustness in diverse cloud computing
environments, including variations in cloud architectures, network configurations, and resource allocations. This
robustness underscored the adaptability and versatility of the integrated particle swarm algorithm.

The iterative compatibility testing process using the integrated particle swarm algorithm proved to be effective in
optimizing software performance and reliability in cloud computing environments. By continuously refining the
search space and adapting to evolving compatibility challenges, the algorithm provided a systematic and efficient
approach to compatibility testing, ensuring the seamless operation of software systems across diverse cloud
architectures and configurations.

4. CONCLUSION

In conclusion, the integration of cloud computing with distributed systems presents both opportunities and
challenges for software compatibility testing. Through the development and application of the integrated particle
swarm optimization algorithm, this study has demonstrated significant advancements in improving compatibility
coverage, efficiency, and robustness in cloud computing environments. By addressing the complexities of
distributed software systems and leveraging the power of cloud computing resources, we have achieved a more
comprehensive and effective approach to compatibility testing. However, the journey towards seamless software
operation in cloud environments is ongoing. Future research should focus on refining the algorithm further,
exploring new techniques for compatibility testing, and adapting to the evolving landscape of cloud computing
technologies. With continued innovation and collaboration, we can pave the way for enhanced reliability,
performance, and compatibility in distributed systems within the dynamic realm of cloud computing.
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The integration of particle swarm optimization algorithms offers a promising avenue for addressing the complex
challenges associated with software compatibility. Looking ahead, the future of distributed systems in the cloud
holds immense potential for innovation and growth. As cloud computing continues to evolve, compatibility testing
methodologies must adapt to meet the changing demands of modern software development. Future research
directions include exploring novel approaches to compatibility testing, harnessing the power of machine learning
and artificial intelligence, and enhancing collaboration between academia and industry. By embracing these
opportunities, we can unlock new possibilities for seamless and reliable software operation in the era of cloud
computing.
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