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学位论文中文摘要：

正则表达式被广泛地应用于各种不同的领域，不同的应用需要对正则表达式进行不同的扩展。我们关注如下的扩展正则表达式：支持计数的正则表达式、支持无序的正则表达式及同时支持计数和无序的正则表达式。它们是含有计数操作符或无序操作符的一类正则表达式，并且能够比标准正则表达式更简洁地描述语言，但同时具有在学习算法和成员资格判定方面的难度。在本文，对于上述扩展正则表达式，我们研究相应的学习算法以实现 XML 模式推断，研究相应的高效的成员资格判定算法以便于处理基于成员资格查询的任务。针对以下两个问题：（1）对于支持计数的正则表达式，目前还缺乏相关学习算法的研究，以及对于支持无序的正则表达式，相关学习算法的研究还不够充分；（2）对于支持无序的正则表达式，一致性的成员资格判定问题至少是 NP-hard，我们系统地研究了上述扩展正则表达式的实用子类的学习算法和成员资格判定算法。

扩展正则表达式的学习是通过学习相应的有限自动机来实现的。首先，我们设计出相应的有限自动机，使得这个有限自动机可以用于学习相应的扩展正则表达式。然后，对于给定的有限正例样本，我们学习相应的有限自动机。最后，将学到的有限自动机转换为相应的正则表达式。扩展正则表达式的实用子类的成员资格也是通过构造相应等价的有限自动机来判定的。本文主要的研究工作如下：

支持计数的正则表达式的学习算法。我们提出了适用于机器学习场景的可计数的有限自动机（CFAs）。我们通过学习CFAs来推断支持计数的正则表达式的子类：ECsores和RCsores。实验结果表明，ECsores的学习算法对于较大的样本具有较高的精确率。RCsores的学习算法不仅对于较小样本具有更好的泛化能力，而且对于任意样本具有更高的召回率，还能够更高效地处理大数据集。

支持无序的正则表达式的学习算法。支持无序的正则表达式要么是支持无序连（%）的正则表达式，要么是支持洗牌（&）的正则表达式。首先，我们提出了无序可推导的计数有限自动机（uCFAs）。我们通过学习uCFAs来推断支持无序连接的正则表达式的子类：uSOREs。实验结果表明，对于较大的样本，我们的算法可以有效地推断出具有较好泛化能力的uSORE。然后， 我们提出了支持洗牌的有限自动机（FAFs）。相比于已有的支持洗牌的有限自动机，FAFs没有呈指数增长的状态数，没有空转移且能够适用于机器学习的场景。我们通过学习FAFs来推断支持洗牌的正则表达式的子类：SOREFs。相比于已有的工作， 学习到的SOREFs对洗牌操作符的使用没有限制。实验结果也表明我们的算法不仅能够获得一个简洁的表达式，而且在泛化能力，准确率和时间性能方面均是最优的。

同时支持计数和无序的正则表达式的学习算法。由于在uCFAs中没有无序连接的标记且计数器的功能仅支持推导无序连接操作符，我们首先提出了同时支持计数和无序连接的有限自动机（FACUs）。FACUs是首次提出的同时带有计数器标记和无序连接标记的自动机模型，并且相比于识别同时支持计数和无序连接的正则表达式类所表示语言的有限自动机，FACUs能够适用于机器学习的场景且易于转换为同时支持计数和无序连接的正则表达式。我们通过学习FACUs来推断同时支持计数和无序连接的正则表达式的子类：SORECUs。实验结果表明我们的算法能够高效地获得一个简洁，有较强表达能力和较好泛化能力的结果。然后，我们也提出了新的同时支持计数和洗牌的有限自动机（FACFs）。相比于在FAFs中加计数器所组成的有限自动机，FACFs的状态数较少，并且相比于已有的同时支持计数和洗牌的有限自动机，FACFs没有呈指数增长的状态数，没有空转移且能够适用于机器学习的场景。我们通过学习FACFs来推断同时支持计数和洗牌的正则表达式的子类：SORECFs。实验结果表明我们的算法能够高效地获得一个简洁和有较好泛化能力的结果。

支持洗牌的正则表达式和同时支持计数和洗牌的正则表达式的成员资格判定算法。由于对于这两类，一致性的成员资格判定分别是一个NP-complete 问题和一个 PSPACE-complete 问题，我们关注了支持洗牌的正则表达式的实用子类和同时支持计数和洗牌的正则表达式的实用子类的成员资格判定问题。首先，对于确定性 FAFs 和确定性 FACFs，我们证明了一致性的和非一致性的成员资格均可在多项式内判定。然后，我们证明了确定性 FAFs 和确定性 FACFs 分别能够识别相应的强确定性正则表达式类所表示的语言。最后，利用上述这些结论，我们证明了，对于支持洗牌的强确定性正则表达式，一致性的和非一致性的成员资格均可在多项式内判定，并且通过构造等价的 FAFs，给出了相应的多项式的成员资格（一致性的）判定算法。我们也证明了，对于同时支持计数和洗牌的强确定性正则表达式，一致性的和非一致性的成员资格也均可在多项式内判定，并且通过构造等价的 FACFs，给出了相应的多项式的成员资格（一致性的）判定算法。
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学位论文英文摘要：
Regular expressions are widely applied in various fields, and different applications require different ways to extend regular expressions. We focus on the following extended regular expressions: regular expressions supporting counting, regular expressions supporting unorder, and regular expressions supporting counting and unorder. They are regular expressions with counting operators or unorder operators, and can describe languages more succinct than standard regular expressions, but mean while have difficulties in learning algorithms and membership problem. In this thesis, for the above extended regular expressions, we study the corresponding learning algorithms for XML schema inference,  and study the corresponding efficient membership algorithms for facilitating processing tasks based on membership queries. Regarding the following two problems: (1) For regular expressions supporting counting, the corresponding learning algorithm is currently lacking, and for regular expressions supporting unorder, the researches on the corresponding learning algorithms are still insufficient; (2) For regular expressions supporting unorder, the uniform membership problem is at least NP-hard, we systematically study the learning algorithms and the membership algorithms for practical subclasses of the above extended regular expressions.

The extended regular expressions are learned by learning the corresponding finite automata. First, we devise the corresponding finite automata, such that they can be used to learn the corresponding extended regular expressions. Then, for the given finite positive-samples, we learn the corresponding finite automata. Finally, the learned automata are transformed into the corresponding regular expressions. The membership problems for practical subclasses of extended regular expressions are also decided by constructing the corresponding equivalent finite automata. The main research works in this thesis are as follows:

Learning algorithms for regular expressions supporting counting. We propose countable finite automata (CFAs), which can be applied to machine learning scenarios. By learning CFAs, we infer the subclasses of regular expressions supporting counting: ECsores and RCsores. Experimental results show that, the learning algorithm for ECsores has higher precision for a larger sample. The learning algorithm for RCsores not only has better generalization ability for a smaller sample, but also has higher recall for any sample and is more efficient for processing a larger sample.

Learning algorithms for regular expressions supporting unorder. Regular expressions supporting unorder either are regular expressions supporting unordered concatenation (%) or regular expressions supporting shuffle (&). First, we propose unorder-derivable counting finite automata (𝑢CFAs). By learning 𝑢CFAs, we infer the subclass of regular expressions supporting unordered concatenation: 𝑢SOREs. Experimental results present that, for a larger sample, our algorithm can efficiently infer an 𝑢SORE with better generalization ability. Then, we propose finite automata supporting shuffle (FAFs). Compared with the existing finite automata supporting shuffle, FAFs, where the numbers of states will not increase exponentially, have no 𝜀-transitions and can be applied to machine learning scenarios. By learning FAFs, we infer the subclass of regular expressions supporting shuffle: SOREFs. Compared with the existing works, the learned SOREFs have no restrictions on the usages of shuffle operators. Experimental results also demonstrate that, our algorithm not only can obtain a concise regular expression, but also is optimal in terms of generalization ability, accuracy and efficiency.

Learning algorithms for regular expressions supporting counting and unorder. As 𝑢CFAs have no markers for unordered concatenation and counters are only used to derive unordered concatenation, we first propose finite automata supporting counting and unordered concatenation (FACUs). FACUs are the first automata with markers for counters and unordered concatenation, and compared with the finite automata which recognize the languages represented by regular expressions supporting counting and unordered concatenation, FACUs can be applied to machine learning scenarios and can be more easily converted into regular expressions supporting counting and unordered concatenation. By learning FACUs, we infer the subclass of regular expressions supporting counting and unordered concatenation: SORECUs. Experimental results illustrate that our algorithm can efficiently infer a concise SORECU with stronger expressive power and better generalization ability. Then, we also devise new finite automata supporting counting and shuffle (FACFs). Compared with the automata formed by adding counters into FAFs, FACFs have fewer states, and compared with the existing automata supporting counting and shuffle, FACFs, where the numbers of states will not increase exponentially, have no 𝜀-transitions and can be applied to machine learning scenarios. By learning FACFs, we infer the subclass of regular expressions supporting counting and shuffle: SORECFs. Experimental results illustrate that our algorithm can efficiently obtain a concise SORECF with better generalization ability.

The algorithms for membership checking over regular expressions supporting shuffle and regular expressions supporting counting and shuffle. Since the uniform membership problem for these two classes are NP-complete and PSPACE-complete, respectively, we turn to focus on the membership problems for practical subclasses of deterministic regular expressions supporting shuffle and the membership problems for practical subclasses of deterministic regular expressions supporting counting and shuffle. First, for deterministic FAFs and deterministic FACFs, we prove that both the uniform and non-uniform membership problems are decidable in polynomial time. Then, we prove that deterministic FAFs and deterministic FACFs can respectively recognize the languages represented by the corresponding strongly deterministic regular expressions. Finally, according to the above conclusions, we prove that, for strongly deterministic regular expressions supporting shuffle, both the uniform and non-uniform membership problems are decidable in polynomial time, and present the corresponding polynomial membership (uniform) algorithm by constructing equivalent FAFs. We also prove that, for strongly deterministic regular expressions supporting counting and shuffle, both the uniform and non-uniform membership problems are decidable in polynomial time, and present the corresponding polynomial membership (uniform) algorithm by constructing equivalent FACFs.
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