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学位论文中文摘要：
嵌入式系统广泛应用于各种应用场景中，如汽车、航空航天、医疗设备等领域。其中有些是安全攸关系统，这类系统的任何运行错误都可能带来严重后果。现代嵌入式系统的规模越来越庞大，行为也越来越复杂，各种离散控制与连续物理环境深度融合，这给系统设计带来了新的挑战。传统的嵌入式系统开发方法已不能满足现代嵌入式系统的需求。近年来，基于模型的开发方法被成功应用于嵌入式系统的实际开发中：开发者首先根据系统的需求构造出系统的抽象模型，在模型层次对系统进行分析和形式化验证，从而在系统的早期设计阶段能够及时发现并避免系统错误；然后，将抽象模型逐步精化并最终转换成可执行代码，其中，模型转换的正确性用于保障最后生成代码的可靠性。

Matlab/Simulink 是由Mathworks 研制的基于模型的嵌入式系统图形开发环境，用于建立、模拟和分析动态系统的行为，常用于系统级设计，是工业界开发嵌入式系统的事实标准。Stateflow 是Simulink 下的一个组件，使用层次化状态、迁移等对事件驱动的控制系统进行建模。Stateflow可以与Simulink 集成(以下称为Simulink/Stateflow)，使得系统运行的物理环境和控制逻辑能够进行联合建模和分析。Simulink/Stateflow 为用户提供强大的仿真功能，在航空航天、汽车和自动化等领域具有广泛的应用。然而，由于仿真的不完备性，Simulink/Stateflow 开发方法无法保证系统的可靠性。这也就限制了Simulink/Stateflow 在航空航天、自动驾驶等安全攸关领域中的应用。

形式验证作为仿真的补充，是保障系统可靠性的有效方法，其中形式语义是形式验证的前提。然而，Simulink/Stateflow 的行为十分复杂，缺少官方的形式语义，其官方指导手册使用自然语言以及仿真实例解释模型的执行行为，系统的行为和安全性难以严格定义。一个常用的手段是将Simulink/Stateflow 模型转换到其他的形式语言进行形式化分析和验证，然而这里转换的正确性以及Simulink/Stateflow 模型与目标语言的等价性是难以保证的。基于上述情况，本文定义了Simulink和Stateflow的形式语义，并在定理证明工具Isabelle下进行了严格的形式化。该形式语义为模型的形式验证提供了语义基础，并为证明基于Simulink 和Stateflow 的系统模型转换到其他形式语言的正确性以及系统代码生成的可靠性提供了语义基础。

针对Simulink和Stateflow的形式化，本文的工作主要包括：定义了Simulink模型的离散模块、连续模块及其组合，以及各类子系统的形式语义，并证明了该语义的存在性和唯一性，保证了语义的正确性；定义了Stateflow模型一个广泛特征子集的形式语义，该子集涵盖了Stateflow 的重要特征包括层次化状态和迁移、事件广播、提前返回、时序逻辑等，并证明了语义的确定性。以上模型的语法、语义以及相关的证明均在Isabelle定理证明器中进行了形式化。此外，对于Stateflow控制模型，我们还在Isabelle中实现了Stateflow模型自动执行语义的策略，并在python 中实现了将Stateflow 模型转换为Isabelle语法的翻译器。这个工具可以高效地执行Stateflow模型的形式语义。我们测试了涵盖所有允许的特征子集的Stateflow模型的运行，这些测试表明了本文定义的语义在Isabelle下的执行结果与Stateflow仿真结果的一致性。
学位论文中文关键词：嵌入式系统，Simulink，Stateflow，形式语义，定理证明
学位论文英文题目：Formalization of Simulink/Stateflow in Isabelle
学位论文作者英文姓名：Shicheng Yi
学位论文英文摘要：
Embedded systems are widely used in a variety of situations, such as automotive, aerospace and medical equipment etc. Some of these applications are safety-critical, where any errors could result in serious consequences. The size and complexity of modern embedded systems are increasing, and the deep integration of discrete controls and continuous physical environments brings new challenges to system design. Traditional methods for developing embedded systems can no longer meet the requirements of modern embedded systems. In recent years, model-driven development methods have been successfully applied in the development of embedded systems: developers first construct an abstract model of the system based on its requirements, analyze and formally verify the system at the model level, which can detect and avoid system errors in the early stages of design; then, refine the abstract model step by step and ultimately transform it into executable code. The correctness of the model transformation is crucial to ensure the reliability of the generated code.
Matlab/Simulink is a model-based graphical development environment for embedded systems developed by Mathworks. It is used to build, simulate, and analyze the behavior of dynamic systems, and is commonly used for system-level design. It is the de-facto standard tool for the design of embedded control systems. Stateflow is a component of Simulink that models event-driven control systems using hierarchical states, transitions etc. Stateflow can be integrated with Simulink (referred to as Simulink/Stateflow below), allowing for joint modeling and analysis of the physical environment and control logic of a system. Simulink/Stateflow provides users with powerful simulation capabilities and has a wide range of applications in aerospace, automotive, and automation etc. However, due to the incompleteness of simulation, Simulink/Stateflow development cannot guarantee the reliability of systems, which limits its application in safety-critical aeras such as aerospace and automotive.
As a complement to simulation, formal verification is an effective method to ensure the reliability of a system, and formal semantics is a premise for formal verification. However, the behavior of Simulink/Stateflow is complex, and they lack official formal semantics. The official user guide uses natural language and simulation examples to explain the execution behavior of the model, making it difficult to define the behavior and safety of the system. One common approach is to transform Simulink/Stateflow models to other formal languages for formal analysis and verification, but it is difficult to ensure the correctness of the transformation and the equivalence between the Simulink/Stateflow model and the target language. For this purpose, the thesis defines the formal semantics of Simulink and Stateflow, and formalize them in Isabelle theorem prover. The formal semantics provides a foundation for formal verification. It also provides a semantic foundation for proving the correctness of the transformation from Simulink and Stateflow to other formal languages, as well as the reliability of system code generation.

The work in this thesis focuses on the formalization of Simulink and Stateflow. First, we define the formal semantics of discrete, continuous blocks, subsystems as well as their combinations in Simulink, and prove the existence and uniqueness of the semantics to ensure the correctness. Second, we define the formal semantics for a large subset of Stateflow, covering important features such as hierarchical states and transitions, event broadcasts, early return, temporal operators and so on, and then prove the determinacy of the semantics. The syntax, semantics, and related proofs of the models are all formalized in the Isabelle theorem prover. Moreover, for Stateflow models, an automatic execution tactic is implemented in Isabelle, and a translator is implemented in python to transform Stateflow models into Isabelle syntax. Based on this tool, the formal semantics of Stateflow models can be executed efficiently. We tested the execution of Stateflow models covering all allowed features, and these tests demonstrate consistency between the execution results defined in Isabelle and the simulation results of Stateflow.
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