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学位论文中文摘要：
多智能体系统是当前人工智能领域中的研究热点之一，并且已经在学术界

和工业界得到了广泛应用。随着应用场景变得更为复杂，多智能体系统需要不断扩展其建模能力，所以更多的因素被添加了进来，其中比较重要的两个是部分可观测性和概率行为。部分可观测性描述了智能体在选择动作时只能使用自己的局部信息，这是十分自然的约束：由于硬件或者规则的限制，智能体往往无法获得系统的全部信息。概率行为则描述了动作产生的结果的不确定性，例如发送消息会以一定概率丢失、服务器在未来一段时间内会以一定概率宕机等等。这些因素的加入使得多智能体系统的分析变得困难起来，然而保证系统的正确性至关重要。

本文旨在研究部分可观测的概率多智能体系统中的验证技术，其中研究的

系统包含四种特性：概率行为、非确定性动作选择、多智能体参与和部分可观测性，研究的逻辑包括概率计算树逻辑、认知逻辑以及与奖励相关的逻辑。本文分析了相关模型检验问题的复杂度，并对可判定的问题子类提出了模型检验算法和工具。这些工作对于保障多智能体系统的正确性具有重要意义。

本文的研究成果和创新性贡献是：

一、本文给出了在部分可观测的概率多智能体系统中，概率认知时序逻辑的模型检验问题的复杂度。该问题在通常情况下是不可判定的，而如果将策略集合限制为无记忆策略后，该问题是可判定的，本文给出了该复杂度的上下界。

二、对于可判定的问题子类，本文给出了相应的算法。其基本思路与马尔可夫决策过程中概率计算树逻辑的模型检验算法相同。我们提出将 Until 算子的可满足状态集合的计算转换为混合整数非线性规划问题，然后使用 SMT（Satisfiability Modulo Theories）求解器求解。实验结果证实了该算法的有效性，同时也显示出了 SMT 求解器是该算法的瓶颈。现阶段文献中已有的工作主要集中在理论分析层面，据我们所知，这是解决该问题的第一个具体的算法。

三、对于基于混合整数非线性规划的算法依赖 SMT 求解器表现的问题，本文提出了基于 UCT（the Upper Confidence bounds applied to Trees）算法的近似算法。该算法需要使用者设定深度参数，而这需要对模型和性质都有一定了解。为了避开这个限制，本文提出了不需要深度参数的近似算法，其基本原理是通过状态是否被访问过来确定是否继续搜索。实验结果表明，这两个算法能够比基于混合整数非线性规划的算法处理更大规模的问题。

四、本文提出了带奖励的概率认知时序逻辑，研究了部分可观测的概率多智能体系统中该逻辑的模型检验问题，其中考虑的奖励包括三种：瞬时奖励、累加奖励和到达奖励，并给出了相应的模型检验算法，该算法也是基于 UCT 算法的近似算法。我们通过实验证明了算法的有效性。

五、本文提出了部分可观测的概率多智能体系统中的模型检验工具 EPMC-PETL 。该工具基于开源的概率模型检验工具 EPMC 开发，实现了上述所有算法。据我们所知，这是第一个支持验证部分可观测的概率多智能体系统的工具。
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学位论文英文题目：Verification of Partially Observable Probabilistic Multi-agent Systems
学位论文作者英文姓名：FU Chen
学位论文英文摘要：
Multi-agent systems are among the current research hotspots in the field of artificial intelligence and have found many applications in both academia and industry. As the applications get more complicated, more factors are considered in multi-agent systems,

two of which are partial observations and probabilistic behaviors. Partial observations describe that every agent makes its own decisions based only on the limited information it has. This is a natural requirement: agents usually cannot get the whole information due to the hardware or regulations. Probabilistic behaviors describe the uncertainty of the consequence of actions, for example, messages may be lost with a probability and servers may break down in the future with a probability. These factors make the analysis of multi-agent systems hard, while the correctness of the systems is of great importance.

This thesis focuses on the verification of partially observable probabilistic multi-agent systems. This kind of system contains four factors: probabilistic behaviors, non-deterministic choices of actions, multiple agents, and partial observations. The logic we

study contains probabilistic computation tree logic, epistemic logic, and logic related to rewards. We have analysed the complexities of corresponding model checking problems, and proposed algorithms and the tool. This work is significant for the verification

of multi-agent systems.

The main contributions are as follows:

1. We give a set of complexity results for model checking probabilistic epistemic temporal logic in partially observable probabilistic multi-agent systems. It is undecidable in the general case and becomes decidable when restricted to memoryless schedulers, then we give the upper and lower bounds for the decidable case.

2. We propose a model checking algorithm for the decidable case. The basic idea is the same as the one of model checking probabilistic computation tree logic in Markov decision processes. We propose an algorithm reducing the computation of the set of

satisfied states for the Until operator to a mixed integer non-linear programming problem, which can then be solved with an SMT (Satisfiability Modulo Theories) solver. The experimental results confirm the validity of the algorithm, and also show that the

SMT solver is the bottleneck. In the literature, the work mainly focuses on theoretical analysis. To the best of our knowledge, this is the first algorithm for this problem.

3. The algorithm based on mixed integer non-linear programming highly relies on the performance of the SMT solver, therefore we propose an approximate algorithm based on the UCT (the Upper Confidence bounds applied to Trees) algorithm. This algorithm needs the user to provide the parameter for the search depth, which requires that the user has some knowledge about the system and the property. To avoid this requirement, we propose another approximate algorithm, which does not need the parameter for the search depth. Its basic idea is to decide to stop the rollouts or not based on whether the states have been searched. The experiment results show that these two algorithms outperform the one based on mixed integer non-linear programming.

4. We propose the logic of probabilistic epistemic temporal logic with rewards, and then study the problem of model checking rewards-related properties in partially observable probabilistic multi-agent systems, where we consider three kinds of proper
ties, namely instantaneous rewards, cumulative rewards, and reachability rewards. We propose the corresponding algorithms, which are also based on the UCT algorithm. We show the validity of the algorithms by experiments.

5. We propose the model checker EPMC-PETL. This tool is based on the open-source probabilistic model checker EPMC, and all aforementioned algorithms have been implemented. To the best of our knowledge, EPMC-PETL is the first tool to enable model checking in partially observable probabilistic multi-agent systems.
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