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学位论文中文摘要：
当前人们的生活几乎各个方面都依赖于软件和硬件设施，因此为保障人们的生命财产安全，使用形式化方法来保证软硬件系统的可靠性与安全性便显得尤为关键。形式化方法中一项重要技术便是模型检验，其通过遍历待验证系统状态空间来检查系统是否满足给定性质，如今已经广泛应用于硬件与软件系统的验证中。阻碍模型检验技术进一步应用于大规模并发系统的障碍便是著名的状态空间爆炸问题。基于学习的组合验证是当前受到越来越多关注的一种缓解状态空间爆炸问题的技术，其有两个重要的组件，分别是自动机学习与自动机取补。其中自动机学习组件首先会学习出能保持系统行为的一个较小的系统抽象表示，而自动机取补组件则会验证系统的抽象表示是否满足给定的性质描述。如果验证中考虑的是安全性质，则由于需要模拟系统的有穷行为，在验证中应使用接收有穷串的自动机，如确定性有穷自动机。而验证中考虑的是活性性质时，则需要使用接收无穷串自动机。

本文主要目标是提升基于学习的活性性质组合验证技术的效率和可扩展性。由于Büchi自动机是接收无穷串的标准自动机形式，故本文研究重点为Büchi自动机的学习与取补算法。
本文在Büchi自动机学习与取补领域所做出的贡献总结如下。首先提出了一种高效的基于确定性有穷自动机族和分类树的Büchi自动机学习算法，此算法相对于基于观察表的学习算法有线性更优的空间复杂度。此外，新的Büchi自动机学习算法在学习某类Büchi自动机识别的语言时比当前最好的算法的时间与空间复杂度要低指数量级。实验结果也表明本文提出的Büchi自动机学习算法相对于其他算法能完成最多的学习任务。

考虑到概率系统验证中要求出现的Büchi自动机具有极限确定性质，本文也提出了第一个针对极限确定Büchi自动机的学习算法。当前Büchi自动机的学习算法还没有广泛应用于模型检验领域的一个原因是缺少可供研究者使用的学习库软件。针对这种情况，本文还开发了Büchi自动机学习库ROLL，据作者所知这也是唯一一个开源的Büchi自动机学习库。

在学习到系统的更小抽象表示之后，接下来Büchi自动机取补组件将验证抽象表示是否满足给定性质。由于此取补问题在理论上的复杂度已经被证明为≈(0.76n)n，其中n为输入Büchi自动机的状态数目，因此本文另一个贡献在于提升取补算法的实际效率而非他们的理论复杂度。传统取补算法构造补自动机时只考虑输入自动机的图结构而忽略了更应该关注的补语言本身。有鉴于此，本文提出了第一个通过学习补语言的Büchi自动机表示来对Büchi自动机进行取补的算法。这样，基于学习的取补算法所构造的补语言的自动机表示就不再依赖于输入自动机的图结构。实验结果也证实基于学习的取补算法在实验中确实可以比传统算法得到更小的补自动机。

在程序终止性验证中，传统取补算法所得到的补自动机由于能够保留输入自动机状态中对验证过程有用的信息而通常得到应用。而考虑到极限确定Büchi自动机取补是基于自动机的程序终止性验证中的效率瓶颈之一，本文最后的一个贡献便是一个传统的极限确定Büchi自动机的取补算法。具体而言，本文给出了当前最好的极限确定Büchi自动机取补算法NCSB的一个优化版本。本文通过延迟NCSB算法当中的不确定性猜测来对其优化，这样的算法改动可能减少补自动机中的无用状态数目。实验结果也表明本文提出的NCSB的优化版本相对于NCSB算法有更少的运行时间且能构造出更小的补自动机。

由于本文在开发Büchi自动机的算法理论时没有任何其他背景理论的假设，因此本文提出的Büchi自动机学习与取补算法不仅可用于提升组合验证的效率和可扩展性，还可以应用到其他需要使用Büchi自动机学习与取补算法的问题。
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学位论文英文题目：Novel Learning and Complementation Algorithms for Büchi Automata
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学位论文英文摘要:
Currently people depend on hardware and software systems in almost every aspect of their daily lives. In order to protect people's lives and property, it is of great necessity to leverage formal methods to ensure the reliability and safety of hardware and software systems. One of the main techniques in formal methods is model checking. Model checking is a technique that checks whether a system satisfies a given property by means of traversing the state space of the given system; it has currently been widely applied to the verification of hardware and software systems. The main obstacle in applying model checking to large concurrent systems is the well-known state space explosion problem. Among the approaches proposed in literature to combat the state space explosion problem, learning-based compositional verification is a prominent technique which has attracted more and more attention recently. There are two crucial components in learning-based compositional verification, namely automata learning and automata complementation. The automata learning component first tries to learn an abstract representation of the system that is smaller than the original model while preserving its behavior. The automata complementation component then verifies whether the abstract representation of the system satisfies the given property. When the properties to be verified are safety properties, the automata accepting finite words are used to model the finite behaviors of the systems, such as deterministic finite automata (DFAs). While the automata that accept infinite words will be employed for the verification of liveness properties.

Our main aim is to improve the efficiency and scalability of learning-based compositional verification for liveness properties. Since Büchi automata are a standard formalism for liveness properties, the main focus of this work lies in the algorithms for the learning and complementation of Büchi automata. In summary, the contributions to the area of Büchi learning and complementation made in this thesis are the following. We propose an efficient learning algorithm for Büchi automata based on family of DFAs and classification trees, which has linearly better space complexity than its counterpart based on observation tables. For some family of languages recognized by Büchi automata, our novel learning algorithm for Büchi automata can be exponentially better than the state-of-the-art Büchi learning algorithm regarding the time and space complexity. The experimental results have shown that our Büchi automata learning algorithm has the best performance among others regarding the number of solved learning tasks.

Since the verification of probabilistic systems requires the involved Büchi automata to be limit deterministic, we also develop the first learning algorithm for limit deterministic Büchi automata. One reason why learning algorithms for Büchi automata are not widely used in the model checking community is that there is a lack of learning libraries available for researchers. Motivated by that, this work develops, to the best of our knowledge, the only publicly available library for learning Büchi automata, named ROLL.

Once an abstract representation of the system has been learned, the complementation component will verify the abstract representation against the given property. The complexity of Büchi complementation has already been proved to be ≈(0.76n)n where n is the number of states in the input automaton. Another contribution of this work is about the practical performance of the complementation algorithms rather than their theoretical complexity. Traditional complementation algorithms construct a complement automaton based on the graph structure of the input Büchi automaton, which does not take into consideration the complement language itself. Inspired by that, we propose the first algorithm that complements a Büchi automaton by means of learning a Büchi automaton accepting its complement language. In this way, our complementation algorithm is able to decouple the constructed automata representation of the complement language from the graph structure of the automaton we seek to complement. The experimental results also confirm that the complement automata produced by our learning-based complementation algorithm are smaller than those constructed by traditional techniques.

Note that traditional complementation algorithms are  usually employed in program termination analysis since their constructed complement automata preserve the information in the states of the input automaton that is used by the analysis procedure. Since the complementation of limit deterministic Büchi automata is one of the most expensive operations in automata-based termination analysis of programs, the last contribution of this thesis is a traditional complementation algorithm for limit deterministic Büchi automata. More precisely, we propose an optimized version of the NCSB algorithm, which is the state-of-the-art complementation algorithm for limit deterministic Büchi automata. Our optimization improves the state of the art by delaying the nondeterministic guesses in NCSB algorithm, which permits to reduce the amount of useless states constructed in the complement automata. The experimental results show that our optimized NCSB algorithm outperforms NCSB algorithm in terms of runtime and the size of the constructed complement automata.

Note that the learning and complementation algorithms of Büchi automata proposed in this work are not only able to improve the efficiency and scalability of compositional verification, but also can be applied to other problems that need to learn and complement Büchi automata.
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