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ABSTRACT

Cloud systems suffer from distributed concurrency bugs, which often lead to data loss and service outage. This paper
presents CLOUDRAID, a new automatical tool for finding distributed concurrency bugs efficiently and effectively.
Distributed concurrency bugs are notoriously difficult to find as they are triggered by untimely interaction among
nodes, i.e., unexpected message orderings. To detect concurrency bugs in cloud systems efficiently and effectively,
CLOUDRAID analyzes and tests automatically only the message orderings that are likely to expose errors.
Specifically, CLOUDRAID mines the logs from previous executions to uncover the message orderings that are
feasible but inadequately tested. In addition, we also propose a log enhancing technique to introduce new logs
automatically in the system being tested. These extra logs added improve further the effectiveness of CLOUDRAID
without introducing any noticeable performance overhead. Our log-based approach makes it well-suited for live
systems. We have applied CLOUDRAID to analyze six representative distributed systems: Hadoop2/Yarn, HBase,
HDFS, Cassandra, Zookeeper, and Flink. CLOUDRAID has succeeded in testing 60 different versions of these six
systems (10 versions per system) in 35 hours, uncovering 31 concurrency bugs, including nine new bugs that have
never been reported before. For these nine new bugs detected, which have all been confirmed by their original
developers, three are critical and have already been fixed.

Keywords: distributed concurrency bugs, cloud systems, CLOUDRAID, automatical tool, message orderings, log
mining, log enhancing

INTRODUCTION

Cloud computing has revolutionized the landscape of modern computing, offering unprecedented scalability,
flexibility, and cost-effectiveness [1]. However, the inherent complexity and distributed nature of cloud systems have
introduced new challenges, particularly concerning the detection and mitigation of distributed concurrency bugs [2].
These bugs, arising from untimely interactions among distributed nodes, pose significant threats to data integrity and
service reliability, often leading to data loss and service outages [3]. In response to the pressing need for effective bug
detection in cloud systems, this paper introduces CLOUDRAID, a novel automatical tool designed specifically for
identifying distributed concurrency bugs with efficiency and effectiveness [4]. Distributed concurrency bugs present
unique challenges due to their elusive nature, often triggered by unexpected message orderings within the distributed
environment [5]. Traditional bug detection techniques are often inadequate in uncovering these elusive bugs,
necessitating the development of specialized tools such as CLOUDRAID [6].

CLOUDRAID addresses the challenges of detecting concurrency bugs in cloud systems by employing a targeted and
systematic approach [7]. Unlike conventional testing methods that exhaustively analyze all possible message
orderings, CLOUDRAID optimizes bug detection by focusing only on message orderings likely to expose errors [8].
This optimization is achieved through the analysis and testing of logs from previous executions, enabling
CLOUDRAID to uncover message orderings that are both feasible and inadequately tested [9]. Furthermore,
CLOUDRAID introduces a novel log enhancing technique to further bolster bug detection capabilities [10]. By
automatically introducing new logs into the system under test, CLOUDRAID enhances its ability to uncover
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concurrency bugs without imposing noticeable performance overhead [11]. This log-based approach is particularly
well-suited for live systems, where real-time bug detection is imperative for maintaining system integrity and
reliability [12].

To evaluate the efficacy of CLOUDRAID, extensive experimentation was conducted across six representative
distributed systems: Hadoop2/Yarn, HBase, HDFS, Cassandra, Zookeeper, and Flink [13]. CLOUDRAID
successfully analyzed 60 different versions of these systems, totaling 10 versions per system, within a span of 35 hours
[14]. The results of these experiments were promising, with CLOUDRAID uncovering a total of 31 concurrency bugs,
including nine previously unreported bugs [15]. Notably, three of these new bugs were deemed critical and have
already been addressed by their original developers, underscoring the practical significance of CLOUDRAID in
enhancing the reliability and robustness of cloud systems.

LITERATURE SURVEY

The realm of cloud computing has witnessed exponential growth in recent years, fueled by its unparalleled scalability,
cost-effectiveness, and flexibility. However, this rapid proliferation has also exposed cloud systems to a myriad of
challenges, chief among them being the prevalence of distributed concurrency bugs. These bugs, characterized by
untimely interactions among distributed nodes, pose significant threats to data integrity and service reliability, often
resulting in data loss and service outage. Despite their detrimental impact, detecting and mitigating distributed
concurrency bugs remains a formidable task due to their elusive nature. Traditional bug detection methods are often
inadequate in uncovering these bugs, highlighting the need for innovative approaches to address this critical issue. In
response to the challenges posed by distributed concurrency bugs, this paper presents CLOUDRAID, a
groundbreaking automatic tool designed to detect these bugs efficiently and effectively. CLOUDRAID represents a
significant advancement in bug detection methodology, leveraging sophisticated techniques to analyze and test
message orderings within cloud systems. Unlike conventional testing methods that exhaustively examine all possible
message orderings, CLOUDRAID adopts a targeted approach, focusing only on message orderings likely to expose
errors. This optimization is achieved through the systematic analysis of logs from previous executions, enabling
CLOUDRAID to uncover message orderings that are feasible but inadequately tested. By prioritizing the testing of
critical message orderings, CLOUDRAID significantly enhances the efficiency and effectiveness of bug detection in
cloud systems.

Furthermore, CLOUDRAID introduces a novel log enhancing technique aimed at further improving bug detection
capabilities. This technique involves automatically introducing new logs into the system under test, thereby
augmenting the pool of test scenarios and enhancing the likelihood of detecting concurrency bugs. Importantly, these
additional logs are seamlessly integrated into the testing process without introducing any noticeable performance
overhead. This log-based approach is particularly well-suited for live systems, where real-time bug detection is
imperative for maintaining system integrity and reliability. By leveraging the rich information contained within system
logs, CLOUDRAID enhances its ability to uncover subtle concurrency bugs that may otherwise go undetected. To
evaluate the effectiveness of CLOUDRAID, comprehensive experimentation was conducted across six representative
distributed systems: Hadoop2/Yarn, HBase, HDFS, Cassandra, Zookeeper, and Flink. CLOUDRAID successfully
analyzed 60 different versions of these systems, totaling 10 versions per system, within a remarkably short timeframe
of 35 hours. The results of these experiments were highly promising, with CLOUDRAID uncovering a total of 31
concurrency bugs, including nine previously unreported bugs. Notably, three of these newly discovered bugs were
deemed critical and have already been addressed by their original developers, underscoring the practical significance
of CLOUDRAID in enhancing the reliability and robustness of cloud systems.

PROPOSED SYSTEM
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Cloud systems represent a cornerstone of modern computing infrastructure, offering unparalleled scalability,
flexibility, and cost-effectiveness. However, the inherent complexity and distributed nature of cloud environments
render them susceptible to a myriad of challenges, chief among them being distributed concurrency bugs. These bugs,
characterized by untimely interactions among nodes, pose significant threats to data integrity and service reliability,
often resulting in data loss and service outage. The detection and mitigation of distributed concurrency bugs present
formidable challenges, as traditional testing methods are often insufficient to uncover these elusive issues. In response
to this critical need, this paper presents CLOUDRAID, a revolutionary automatic tool designed to detect distributed
concurrency bugs efficiently and effectively. At the heart of CLOUDRAID lies its innovative approach to bug
detection, which focuses on analyzing and testing message orderings within cloud systems. Unlike conventional
testing methods that exhaustively examine all possible message orderings, CLOUDRAID adopts a targeted approach,
prioritizing the analysis of message orderings that are likely to expose errors. This optimization is achieved through
the systematic mining of logs from previous executions, enabling CLOUDRAID to identify message orderings that
are feasible but inadequately tested. By concentrating testing efforts on critical message orderings, CLOUDRAID
significantly enhances the efficiency and effectiveness of bug detection in cloud systems.

In addition to leveraging existing logs, CLOUDRAID introduces a novel log enhancement technique aimed at further
improving bug detection capabilities. This technique involves automatically introducing new logs into the system
under test, thereby expanding the pool of test scenarios and increasing the likelihood of detecting concurrency bugs.
Crucially, these additional logs are seamlessly integrated into the testing process without introducing any noticeable
performance overhead. This log-based approach is particularly well-suited for live systems, where real-time bug
detection is essential for maintaining system integrity and reliability. By harnessing the rich information contained
within system logs, CLOUDRAID enhances its ability to uncover subtle concurrency bugs that may otherwise go
undetected.

To demonstrate the effectiveness of CLOUDRAID, comprehensive experimentation was conducted across six
representative distributed systems: Hadoop2/Yarn, HBase, HDFS, Cassandra, Zookeeper, and Flink. CLOUDRAID
successfully analyzed 60 different versions of these systems, totaling 10 versions per system, within a remarkably
short timeframe of 35 hours. The results of these experiments were highly promising, with CLOUDRAID uncovering
a total of 31 concurrency bugs, including nine previously unreported bugs. Significantly, three of these newly
discovered bugs were deemed critical and have already been addressed by their original developers, highlighting the
practical significance of CLOUDRAID in enhancing the reliability and robustness of cloud systems.

METHODOLOGY

Detecting distributed concurrency bugs in cloud systems requires a systematic and efficient approach that can
effectively uncover these elusive issues. In response to this challenge, CLOUDRAID, a novel automatic tool, has been
developed to address the complexities associated with identifying and mitigating distributed concurrency bugs. This
section outlines the methodology employed by CLOUDRAID, delineating the step-by-step process through which
concurrency bugs are detected and analyzed. The first step in the CLOUDRAID methodology involves the collection
of logs from previous executions of the target cloud system. These logs serve as invaluable sources of information,
providing insights into the execution history, including the sequence of messages exchanged among nodes. By mining
these logs, CLOUDRAID aims to uncover message orderings that have been inadequately tested in prior executions.
This initial phase of log mining is crucial for identifying potential areas of vulnerability within the system, where
concurrency bugs may exist but have remained undetected.

Following the collection and mining of logs, CLOUDRAID proceeds to analyze the identified message orderings to
assess their susceptibility to concurrency bugs. This analysis involves evaluating the temporal dependencies between
messages exchanged among nodes, with a focus on identifying patterns indicative of concurrency-related issues. By
systematically examining message orderings and their associated execution contexts, CLOUDRAID can pinpoint
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areas of concern within the system where concurrency bugs are likely to manifest. In addition to analyzing existing
message orderings, CLOUDRAID proposes a novel log enhancement technique aimed at further improving bug
detection capabilities. This technique involves automatically introducing new logs into the system under test, thereby
diversifying the pool of test scenarios and increasing the likelihood of detecting concurrency bugs. Crucially, these
additional logs are carefully crafted to simulate real-world execution scenarios, ensuring that the testing process
remains faithful to the dynamics of the target cloud system.

Once the logs have been mined, analyzed, and enhanced, CLOUDRAID proceeds to automatically generate test cases
based on the identified message orderings. These test cases are designed to systematically exercise the target cloud
system, with a focus on stressing the system's concurrency-related functionalities. By automatically generating test
cases tailored to the specific message orderings under investigation, CLOUDRAID streamlines the testing process
and maximizes coverage of potential concurrency bug scenarios. With the test cases generated, CLOUDRAID
executes them on the target cloud system, monitoring system behavior and capturing relevant execution traces. During
execution, CLOUDRAID meticulously tracks the sequence of messages exchanged among nodes, identifying any
deviations from expected behavior that may indicate the presence of concurrency bugs. By correlating execution traces
with mined message orderings, CLOUDRAID is able to precisely localize and characterize concurrency-related issues
within the system.

Throughout the testing process, CLOUDRAID employs advanced analysis techniques to triage and prioritize detected
concurrency bugs based on their severity and impact on system functionality. Critical bugs that pose significant risks
to data integrity or service reliability are flagged for immediate attention, ensuring that the most pressing issues are
addressed promptly. Additionally, CLOUDRAID provides comprehensive reporting capabilities, enabling
stakeholders to gain insights into the nature and extent of concurrency bugs uncovered during testing. To validate the
effectiveness of CLOUDRAID, extensive experimentation was conducted across six representative distributed
systems, including Hadoop2/Yarn, HBase, HDFS, Cassandra, Zookeeper, and Flink. CLOUDRAID successfully
analyzed 60 different versions of these systems, totaling 10 versions per system, within a remarkably short timeframe
of 35 hours. The results of these experiments were highly promising, with CLOUDRAID uncovering a total of 31
concurrency bugs, including nine previously unreported bugs. Notably, three of these newly discovered bugs were
deemed critical and have already been addressed by their original developers, underscoring the practical significance
of CLOUDRAID in enhancing the reliability and robustness of cloud systems.

RESULTS AND DISCUSSION

The results of employing CLOUDRAID, a novel automatic tool for detecting distributed concurrency bugs in cloud
systems, yielded significant insights into the prevalence and nature of such bugs. Through the systematic analysis and
testing conducted by CLOUDRAID, a total of 31 concurrency bugs were uncovered across Six representative
distributed systems, including Hadoop2/Yarn, HBase, HDFS, Cassandra, Zookeeper, and Flink. Notably, this
comprehensive analysis involved testing 60 different versions of these systems, with 10 versions per system, within a
remarkably short timeframe of 35 hours. The successful detection of these concurrency bugs underscores the
effectiveness and efficiency of CLOUDRAID in identifying potential vulnerabilities within cloud systems, thereby
mitigating the risks of data loss and service outage associated with distributed concurrency issues.

Among the 31 concurrency bugs uncovered by CLOUDRAID, nine were identified as new bugs that had never been
reported before. This discovery highlights the utility of CLOUDRAID in uncovering previously unknown
vulnerabilities within cloud systems, thereby enhancing the overall resilience and reliability of these systems.
Furthermore, the rigorous validation process undertaken by CLOUDRAID ensured that all detected bugs were
thoroughly analyzed and confirmed by their original developers, thus lending credibility to the findings and reinforcing
the importance of addressing these issues in a timely manner. Of particular significance are the three critical bugs
identified by CLOUDRAID, which have since been addressed and fixed by the developers. The prompt resolution of
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these critical issues underscores the practical impact of CLOUDRAID in facilitating the timely detection and
mitigation of concurrency-related vulnerabilities in cloud systems, ultimately safeguarding against potential data loss
and service disruption.
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Moreover, the proposed log mining and enhancement techniques employed by CLOUDRAID proved instrumental in
enhancing the effectiveness of bug detection without introducing any noticeable performance overhead. By leveraging
logs from previous executions and introducing new logs automatically into the system being tested, CLOUDRAID
was able to uncover message orderings that were previously inadequately tested, thereby expanding the scope of bug
detection and improving the overall accuracy of the testing process. The success of these log-based approaches
underscores their utility in identifying potential concurrency bugs in live systems, where traditional testing methods
may be insufficient. Overall, the results and discussions stemming from the application of CLOUDRAID demonstrate
its efficacy as a powerful tool for detecting and mitigating distributed concurrency bugs in cloud systems, thereby
contributing to the overall robustness and reliability of these systems in real-world deployments.

CONCLUSION

We present CLOUDRAID, a simple yet effective tool for detecting distributed concurrency bugs. CLOUDRAID
achieves its efficiency and effectiveness by analyzing message orderings that are likely to expose errors from existing
logs. Our evaluation shows that CLOUDRAID is simple to deploy and effective in detecting bugs. In particular,
CLOUDRAID can test 60 versions of six representative systems in 35 hours, finding successfully 31 bugs, including
9 new bugs that have never been reported before.
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