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学位论文中文摘要：

CCS 是英国学者 Robin Milner 为了描述、分析并发系统而在 20 世纪 80 年代 提出的进程代数模型。该代数模型通过使用通信，而不是共享存储，作为进程之 间相互作用的基本手段，表现出面向交互式并发系统的特征。它提出的本质是希 望能成为描述并发系统的核心演算。CCS 作为通信进程演算的重要分支，在理 论和应用上都具有十分重要的研究价值。作为 CCS 理论中一个非常重要的名词， 互模拟由 Milner 和 Park 提出。直观上来看，两个系统是互模拟的当且仅当它们 可以做相同的动作序列到达互模拟相等的状态。关于互模拟已经有很多深入的 研究，由于其不仅定义各种各样的等价关系，还为这些等价关系提供验证方法， 使得互模拟成为并发理论中很重要的概念。发散性(divergence)是程序非常重 要的性质，它不仅与程序能否终止有关，还与等待返回(pending)的函数调用最 终是否会返回有关。所以互模拟的概念提出后，就涌现出很多关于保持发散性的 互模拟等价的研究。
 然而目前文献中引入的保持发散性的互模拟等价关系是通过直接将发散性 当做一个基本观察加入定义中得出的，发散性不同于普通动作，作为条件难于进 行观察和后续研究。因此在证明相关理论和验证时面临难题。本文围绕互模拟等 价关系，主要研究内容涉及保持发散性的互模拟等价、相关模态逻辑刻画和有限 状态进程完备公理系统。
在对现存工作进行广泛了解和研究的基础上，本文工作主要贡献和创新点 主要包括以下三个方面: 
1. 定义出保持发散性的互模拟等价并为它们提供验证方法。首先我们提出 发散保持弱互模拟的定义，证明所有该互模拟的并集是等价关系，我们将该等价 关系称作发散保持弱互模拟等价。并且通过新方法(归纳定义的方法)为该互模 拟等价提供简单易用的验证方法。此外，以类似的方法为现存的发散保持分支互 模拟等价(branching bisimilarity with explicit divergence )和弱发散保持弱互模拟 等价(divergence preserving weak bisimilarity)提供验证方法。作为应用实例，用 归纳定义的验证方法验证 HSY 栈和 Treiber 栈的正确性。
2. 提出刻画发散保持弱(分支)互模拟等价的模态逻辑。随着互模拟等价关系的提出，刻画这些互模拟等价关系的模态逻辑也相应出现。比较著名的有Hennessy 和 Milner 用 HML 来刻画弱互模拟等价。我们通过扩展 HML 模态逻辑， 应用新的模态逻辑算子，提出刻画发散保持弱互模拟等价的模态逻辑。进一步提 出刻画互模拟等价框架中发散保持分支互模拟等价的模态逻辑。
3. 提出弱互模拟同余、delay互模拟同余、eta-互模拟同余和分支互模拟同余的 完备公理系统，并用全新的证明策略证明它们的完备性。对于有限状态进程 (即 进程构造中允许递归与变量的存在)，现存工作中有由 Milner 和 van Glabbeek 分 别为弱互模拟等价和分支互模拟等价提出的完备公理系统，而关于 delay 互模拟 同余和 eta-互模拟同余的公理系统在目前的研究文献中尚未涉及。我们将就有限 状态进程提出这些同余关系的完备公理系统。进一步引入标准表达式(canonical expressions)的概念，并在标准表达式辅助下给出证明公理系统完备性的新策略， 应用新策略证明上述公理系统完备性。对比传统策略，我们的策略应用标准表达 式，可以产生更短的推理过程，在应用方面更有价值。
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学位论文英文摘要：
In order to describe and analyze behaviors of concurrent systems, a process algebra model named CCS is proposed by Robin Milner in the 1980s. It takes communication instead of shared memory as a basic means of interaction between processes, which makes it to be a core calculus for describing concurrent systems. As an important branch of communication process calculus, the research on the theory and application of CCS is quite valuable. Bisimulation is introduced by Park and Milner , which is an important notion in the theory of CCS. Intuitively, two systems are bisimilar if and only if they can perform the same sequence of actions to reach some bisimilar states. Bisimulation not only can be used to define various equivalences, but also provides verification techniques for these equivalences. Divergence is an important property of programs. It not only has a lot to do with the termination of programs, but also has to do with whether eventually one of the pending procedure calls will be returned. Since divergence is a well-known topic, there are many divergence preserving variations of bisimulation equivalences.
However in the current literatures, a common approach to obtain the divergence preserving version of bisimulation equivalences is to include divergence preservation as a basic observation in the definition. Unlike ordinary actions, divergence is hard to observe as it involves infinite behaviors. Because of that, regarding divergence preservation as a basic observation makes it difficult to develop relative conclusions and verification techniques for these equivalences. The thesis focuses on the divergence preserving version of bisimulation equivalences, relative modal characterization and complete axiomatizations for finite-state processes. 
 With the extensive understanding of existing results, the main contributions and innovations of our work include the following three areas: 
1. Define bisimulation equivalences which preserve divergence, and provide verification methods for them. Firstly, we propose a divergence preserving weak bisimulation and show that the union of all of the bisimulation is an equivalence, named weak bisimilarity with explicit divergence. Then we provide a new verification method which is inductive defined for weak bisimilarity with explicit divergence. In addition, we show that this method can also be used for two existing divergence preserving equivalences, i.e. branching bisimilarity with explicit divergence and the usual divergence preserving weak bisimilarity. As case studies, we verify the correctness of HSY Collision Stack and Treiber Stack using inductive methods mentioned above. 
2. Propose modal characterization for weak and branching bisimilarities with explicit divergence. With the proposition of various bisimulation equivalences, there are many modal characterizations for these equivalences. It is well known that weak bisimilarity can be characterized by HML introduced by Hennessy and Milner. We will extend HML with a new divergence modality to obtain the modal characterization for weak bisimilarity with explicit divergence. Further, we will extend the above logic to obtain the modal characterization for branching bisimilarity with explicit divergence. 
3. Propose complete axiomatizations for branching congruence, delay congruence, eta-congruence and weak congruence, and proving their completeness by a new strategy. For finite-state processes, complete axiomatizations for weak congruence and branching congruence are devised by Milner and van Glabbeek respectively, while such axiomatizations for delay congruence and eta-congruence are not found in the literature. We will propose complete axiomatizations for finite-state processes with respect to these four congruences. For proving their completeness, we will use a new strategy by introducing the notion of canonical expressions. Compared to the traditional strategy, with the help of canonical expressions, our strategy produces shorter inferences for a pair of congruent expressions, which is valuable for application.
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