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学位论文中文摘要：
随着当今世界的信息化、智能化程度不断提高，软硬件系统的可靠性与安全性越发重要。形式化方法中的模型检验技术通过状态空间搜索和不动点计算等方式验证系统的模态性质。由于其高自动性、反例路径的提供能力等优点，成为了验证系统可靠性与安全性的重要手段，应用面广泛，受到了高度的关注和研究。阻碍模型检验技术进一步应用于当代大规模系统的主要原因有两个：其一是所谓“状态空间爆炸”的问题。面对相对于系统规模呈指数增长的状态数量，可以通过符号化模型检验、组合验证等方法一定程度上缓解这个问题；其二是表达能力的瓶颈。为此，研究人员逐渐提出了新的表达能力更强的时序逻辑，如CTL* ，𝜇-演算等。
现代软硬件系统越来越多地出现概率行为，如随机算法、对环境变化的概率预测来提高风能发电的规划、城市运维等复杂系统的建模等等。本文关注概率系统。为了突破时序逻辑表达概率行为能力方面的瓶颈，本文着重研究𝜇-演算的概率扩展。𝜇-演算通过引入最大/最小不动点算子，其表达能力较很多传统时序逻辑更强，可以描述更复杂的程序行为，包括循环、嵌套、递归、迭代等特性，近年来已有诸多研究，对其性质的了解已经较为全面且深入。𝜇-演算的概率扩展可以很好的描述系统的概率行为，并且对概率行为之间的影响与关联进行定量地刻画，对于概率程序有很好的表达能力。概率𝜇-演算作为𝜇-演算的一种直观自然的概率扩展，能够保持𝜇-演算的诸多优良性质，例如有限模型性质，可满足性问题可以归约为奇偶博弈等。
本论文的贡献便是首次建立了一套概率𝜇-演算的可靠且完备的公理系统。本文基于前人给出的一个概率𝜇-演算的语法和语义，首先给出了方便证明此概率𝜇-演算公理系统的一种解析树方法。此方法更易于揭示概率𝜇-演算公式的可满足性与公式的解析树结构、解析树上定义的奇偶博弈之间的关系。基于此解析树方法，本文首次给出了这种概率𝜇-演算的公理系统，包括针对概率公式的全新公理和推理规则。对于其中核心的推理规则，通过分析将其中的概率推算归约到一种线性优化问题，提出一条方便实际计算的等价推理规则，并给出等价性的证明。最终，本文证明了新公理系统的可靠性和对非合取型公式的完备性。
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学位论文英文题目：An Axiomatisation of the Probabilistic 𝜇-Calculus
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学位论文英文摘要：
In the digital era we live today, the reliability and security of hardware and software systems are a challenging task. Among the main branches of formal methods, model checking technology has become a useful framework because of its high automatic and the ability to provide counterexamples. It has been thus widely applied and become very popular. However, there are two main reasons of model checking techniques. One is the so-called state space explosion problem, namely it faces exponentially increasing states space relative to the system size. This problem can be avoided to some extent by means of symbolic model checking, and compositional verifications. The second bottleneck is the expressibility. To this end, researchers have gradually proposed more expressive temporal logics, such as CTL*, 𝜇-calculus, etc. 

Modern systems often exhibit probabilistic behaviors, such as randomized algorithms, the prediction of environment changes to maximize utilization in wind energy systems, the modeling of complex systems like urban operation and maintenance systems. In this thesis, we focus probabilistic temporal logic for specifying properties of probabilistic systems. In more detail, we consider probabilistic extension of 𝜇-calculus. By introducing the fixed-point operator, the expressibility of 𝜇-calculus covers many traditional temporal logics. It can describe more complex program behaviors, including loop, nesting, recursion, iteration, etc. The logic has been extended to capture probabilistic behavior of the systems. As an intuitive and succinct extension of the 𝜇-calculus, probabilistic 𝜇-calculus preserves many useful properties such as finite model property and its satisfiability problem can be reduced to a parity game.

The main contribution made of this thesis is the first sound and complete axiom system for probabilistic 𝜇-calculus. We first provide a tableau method for probabilistic 𝜇-calculus, which is used later to prove the axiom system. This tableau method allows us to establish the relation between the satisfiability of a probabilistic 𝜇-formula and the parity game defined on the tableau structure of the formula. We then introduce the axiom system for probabilistic 𝜇-calculus, including brand new axioms and inference rules for probabilistic formulae. In its core inference rule, the probability calculation is reduced to a linear optimization problem. Further, we provide an equivalent inference rule which is more convenient for practical usage. Finally, we show the soundness of this axiom system and the completeness of the axiom system on aconjunctive formulae.
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