学位论文中文题目： 并发对象的正确性研究
学位论文作者中文姓名： 贾巧雯
学位论文中文摘要：
随着多核处理器的诞生与普及，共享内存并发程序受到高度关注。由于并发程序比串行程序远为复杂，不仅其设计与实现更为困难，而且传统的串行程序正确性的分析与验证方法也不能直接应用于并发程序。
论文研究并发程序与并发对象的正确性问题，在分析并发对象及其实现特点的基础上，提出并实现了保障正确性的检测方法。其中涉及并发对象正确性中的两个标准，分别是可线性化和强可线性化。可线性化是并发对象正确性的事实上的标准。由于可线性化检测的复杂度高，因而难以应用于复杂并发对象的正确性检测。强可线性化是一种比可线性化更严格的正确性标准。强可线性化的正确性需要考察的是全部历史的集合而不是单条历史，因此判别并发对象满足强可线性化性质或者违反强可线性化都相当困难。论文重点研究复杂并发对象的可线性化检测问题和强可线性化的判别方法。主要工作包括：
（1）设计并实现了可线性化检测工具VeriLin。
在以往的研究中，可线性化检测多集中于简单并发对象的检测，对于程序逻辑更加复杂的并发对象，则缺乏相关研究。本文提出了基于历史区段划分的可线性化检测算法，并提出了使用不同拓扑顺序、分离只读-更新等策略进行加速。为了解决复杂并发对象的可线性化性质检测涉及到的执行历史集合极为庞大的困难，进一步提出了可逆方法、顺序执行历史的检测和微调操作内外延迟等在实践中行之有效的技术。开发的检测工具VeriLin集成了上述的算法、策略和技术，并且在与其他可线性化检测工具在几个基准并发对象上的对比测试中取得领先的效果。以列车售票系统的多个不同实现为例，VeriLin在这些实现的可线性化检测上取得了较好的查错效果，并且在大规模历史上的运行效率较高。
（2）多核操作系统内核任务管理与调度模块的可线性化检测。
应用VeriLin对一个工业界实际使用的多核操作系统内核的任务调度与任务管理模块进行验证。该模块的代码超过4,500行，其中共享变量有20余个。首先对该模块进行建模。由于该系统包含核间中断，我们提出了宏方法将核间中断的语句置于程序的执行历史中，使用了微调延迟技术来适配大规模历史，并在并发历史中对其进行识别和处理来验证核间中断机制。在应用VeriLin对该模块进行可线性化检测过程中，发现并改正了多处建模错误，找到并确认了2处原始设计中的缺陷。这是第一次将可线性化检测成功用于带核间中断的多核操作系统验证。
（3）强可线性化的判别方法。 
目前关于强可线性化的研究主要关注于如何通过不同寄存器构造强可线性化对象上，对于常见的并发对象的强可线性化性质的直接判别方法几乎空白，对并发对象违反强可线性化也缺乏直接的证明方法。这部分的研究主要包含两个方面：一、在程序模型上定义了固定点函数和固定生效点的概念，证明了存在固定生效点的并发对象是满足强可线性化的。通过对历史中固定生效点的检测，提出了一个判断并发对象满足强可线性化的测试算法。二、从强可线性化的定义出发，通过构造反例的方式证明了Herlihy & Wing队列、单读单写寄存器和并发快照这3个并发对象不满足强可线性化性质，第一次提出了并发对象违反强可线性化的直接证明方法。基于这种构造性证明方法，我们还发现了违反强可线性化性质的并发对象的通用性质，并提出了相关猜想。
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学位论文英文摘要：
With the birth and growing popularity of multi-core processors, shared-memory concurrent programs have been attracting more and more attentions. Concurrent programs are far more complicated than sequential programs. Their designs and implementations are much more difficult than those of sequential programs. Moreover, the traditional approaches of analyzing and verifying the correctness of sequential programs can not be applied to concurrent programs directly.

In this thesis, we study the correctness verification problems of concurrent programs and concurrent objects, analyze the features of concurrent objects and their implementations, and further develop the automated testing approaches for their correctness. Two correctness criteria of concurrent programs are considered in this thesis, i.e., linearizability and strong linearizability. Linearizability is the DE facto criterion for the correctness of concurrent objects. Due to the high complexity of linearizability checking, it is hard to check the correctness of complex concurrent objects. Compared with linearizability, strong linearizability is a more strict correctness criterion. Because strong linearizability checking need analyze the set of all histories of a concurrent object, instead of its a single history, it is very hard to check if the concurrent object satisfies or violates strong linearizability. We focus on the linearizability checking and the strong linearizability decision algorithms for complex concurrent objects. The main contributions of this thesis are summarized as follows:

(1) Design and implementation of VeriLin, a linearizability checker

In previous studies, linearizability checking mainly focused on simple concurrent objects, and paid less attentions on concurrent objects with complex program logic. VeriLin, a linearizability checking algorithm based on history segmentations, is proposed and implemented, which also adopts acceleration strategies including different topological ordering, separating read-only and update operations. To adaptively increase VeriLin's performance in checking complex concurrent objects and their large-scale histories, specific techniques including reversible methods, sequential execution history checking, and fine-tuning of internal/external delays of operations, are also adopted. Case studies on several benchmark concurrent objects show that VeriLin achieves the leading performance compared with other linearizability checking tools. In addition, a more realistic evaluation, conducted on the concurrent objects implemented for a train ticketing system, shows that VeriLin achieves high effectiveness in error detection and high efficiency in processing large-scale histories.

(2) Linearizability checking of the task management and scheduling module in a multi-core operating system

VeriLin is used to verify the task management and scheduling module of an industrial multi-core operating system kernel. The subject module has more than 4,500 lines of code and more than 20 shared variables. The module is firstly modeled. Given that the system contains inter-core interrupts, we propose a macro method to integrate the calls of the inter-core interrupts into the execution histories of the module, use the delay fine-tuning technique to adapt the large-scale histories, and further identify and process them in the concurrent histories to verify the inter-core interrupt mechanism. Through the linearizability checking of the module with VeriLin, several modeling errors are found and corrected, and two 

flaws in the original system design are discovered and confirmed. This is the first time that linearizability checking is successfully applied for the verification of a multi-core operating system with inter-core interrupts. 

(3) Decision algorithm for strong linearizability

Previous studies on strong linearizability mainly focused on how to construct strong linearizable objects based on various types of registers. However, the strong linearizability checking problem of common concurrent objects is rarely studied, and there is no direct method to prove the violation of strong linearizability of concurrent objects as well. Herein, our research mainly includes the following two aspects. Firstly, the concepts of fixed point function and fixed effective point are defined in the program model, and concurrent objects with fixed effective points are proved to be strongly linearizable. Through the detection of fixed effective points in histories, an algorithm is proposed for checking strong linearizability. Secondly, based on the definition of strong linearizability, we prove that the Herlihy & Wing queue, a Single-Read Single-Write register, and a concurrent snapshot are not strongly linearizable by constructing counterexamples, which is the first direct method to prove the violation of strong linearizability of concurrent objects. Based on this constructive proof method, we also conjecture the general properties of concurrent objects that violate strong linearizability.
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