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学位论文中文摘要：
    多智能体系统是人工智能领域中的一个重要分支，它可以被视为无中控且连接多个智能体的松耦合网络。因此系统中的智能体必须具备一个重要特性:自主性。智能体本身必须具有明确的目标，且具备根据目标自主规划其行为的能力。同时各个智能体之间不仅会进行简单的信息交换，还应具有一些社会性的交互行为，包括合作、协作、谈判协商等。近年来，随着计算机、互联网、人工智能技术的发展，多智能体系统被应用到社会、生活、军事等诸多场景中，例如：电子商务和电子交易市场、交通系统中包括无人车或无人机的自主规划、电子娱乐与交互游戏的设计、复杂社会现象的调查与模拟，以及近年来受到较多关注的军事资源的调配和工作部署等。上述很多场景都属于对安全有严格要求的领域，因此，为了构建安全严格的多智能体系统，我们需要引入形式化方法来帮助我们验证多智能体系统的各种性质。我们希望相应的形式化理论能从多方面描述系统性质，包括智能体的动作、知觉、相信、知识、目标、意图、共有知识和常识等群体性质，以及一些多智能体系统框架下特有的现实性性质等，并对这些性质进行验证。 
    本文主要围绕多智能体系统的形式验证问题进行研究。我们重点关注多智能体系统中两种实用的智能体架构:反应式智能体和BDI(belief-desire-intention，相信-目标-意图)智能体，研究不同架构下多智能体系统交互性质与认知性质的验证问题，以及BDI多智能体系统现实性性质的验证问题，探索传统的形式验证方法在多智能体系统上的扩展与应用。本文工作主要基于模态逻辑与模型检测方法，这类方法对多智能体系统性质的形式验证起到重要作用。本论文的成果和创新性贡献有以下几点: 
    一、针对反应式多智能体系统的时序认知性质，我们提出一种基于限界模型检测的验证方法。多智能体系统一般由解释性系统来描述，我们首先将解释性系统转换为Kripke模型，并使用CTLK(computation tree logic of knowledge，包含知识的计算树逻辑)进行形式化说明，进而采用模型检测的方法验证系统性质。我们在Kripke模型上根据智能体的认知等价关系定义知识路径，并将 CTLK 的传统语义和限界语义都定义在知识路径上以简化验证过程。由于多智能体系统的行为一般通过一系列无限长的动作来描述，为了避免验证无限序列，我们扩展传统的限界模型检测方法对反应式多智能体系统进行验证。我们在实现阶段采用QBF(Quantified Boolean Formula，量化布尔公式)求解技术，并在多个实例上应用我们的方法，通过实验数据证明了该方法的可行性与有效性。 
    二、针对BDI架构的多智能体系统，我们提出一种符号模型检测方法验证其性质。我们采用CTLBDI(computation tree logic of BDI，包含BDI的计算树逻辑)对多智能体系统进行形式说明，用可能世界分支时间树模型描述系统，将系统与性质转换为布尔公式，使用符号模型检测的方法进行验证。分支时间树包含无限时间点，这使得符号模型检测方法受到制约。通过实例观察，对于多种文献中和实际中使用的实例类型，我们发现这些类型的实例中，无限时间点集合可以根据时间点的行为性质进行分类，从而能够适用于符号模型检测方法。另外，我们将可能世界与时间点的有序对作为情况进行统一编码，并在工具上实现了该方法。我们通过一些多智能体系统的经典实例展示了该方法的效果。 
   三、针对BDI多智能体系统，我们扩展符号模型检测方法以验证其强、弱现实性性质。我们讨论现实性性质对认知性质的影响，归纳总结出相应的推论并进行证明。我们对BDI多智能体系统的实例进行实验，增加了对系统强、弱现实性性质的验证，并讨论现实性性质使得系统的一些认知性质验证问题得以简化，证明了该方法的可行性。 
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学位论文英文摘要：
    Multi-Agent Systems (MAS) are of great importance in the field of artificial intelligence. MAS can be regarded as a loosely coupled network connecting multiple interacting agents without a central control. Therefore, the agents in the system always possess an important characteristic: autonomy. Agents themselves must have clear goals and the ability to autonomously plan its behavior according to the goals. Meanwhile, agents interact with others with different kind of social behaviors, such as cooperation, collaboration, negotiation and so on. With the development of computer science, the Internet, and artificial intelligence technologies, MAS have been widely applied to many scenarios, such as e-commerce and electronic trading markets, transportation systems including unmanned vehicles, electronic entertainment and interactive games, simulation of complex social phenomena, and deployment of military resources. Many of the above scenarios are safety-critical. Therefore, we may introduce formal methods to describe and verify the properties of MAS in different aspects, including the actions, perceptions, beliefs, knowledge, goals, intentions, as well as group properties such as mutual knowledge and common knowledge. 

     This thesis focuses on the formal verification of MAS. We consider two practical agent architectures in MAS: reactive MAS and BDI (belief-desire-intention) MAS. We study both the interactive nature and the cognitive nature of MAS under these two different architectures. We adapt traditional formal verifications approaches to MAS. Our work is mainly based on modal logic and model checking. 

     The main contributions and novelties of this thesis are summarized as follows. 

     1. We propose a verification method based on bounded model checking to verify the temporal epistemic properties of reactive MAS. Reactive MAS are described using interpreted systems. We convert the interpreted system to a Kripke model and we use CTLK (computation tree logic of knowledge) to describe the properties of the system. We define some knowledge paths on the Kripke model based on the epistemic equivalence relations of agents. Then we develop the semantics of CTLK using knowledge paths so that the verification process can be simplified. Since the behaviors of MAS are always described with infinitely long sequences of actions, we may extend the traditional bounded model checking approach to verify reactive MAS. We use QBF(Quantified Boolean Formula) technologies to encode the model and the logic formulas. At last, we show the feasibility and effectiveness of our approach through experimental data. 

    2. We propose a symbolic model checking approach to verify BDI MAS. We use CTLBDI(computation tree logic of BDI) to formally describe the temporal epistemic properties of MAS. We model the system with possible world branching-time tree structure. The model and the properties are encoded into Boolean formulas and verified by symbol model checking. The challenge is that the branching-time trees are constructed with infinite time points. We realize that althogh the set of time points is infinite, but the behaviors of the time points can be classified into a finite set. Thus we can modify the model into a finite one and apply symbolic model checking to verify the system. In addition, we encode possible worlds and time points into a set of pairs called situation. We implement our approach on several test cases, and the experimental data show that our approach is able to handle models with a fairly large number of possible worlds. 

     3. We extend the symbol model checking approach to verify the strong and weak realisms of BDI Multi-Agent Systems. We discuss the impact of the realisms on the epistemic properties of the systems. The corresponding theorems are concluded and proved. We have experiments on several test cases of BDI Multi-Agent Systems. We check the strong and weak realisms of the system, and discuss how the realisms simplify the verification of certain epistemic properties of the system. In this way, we show the feasibility of the method. 
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