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学位论文中文摘要：
混成系统是既包括离散行为又包括连续行为的系统，可用于描述现实生活中的信息物理融合系统。对于应用在安全攸关领域的信息物理融合系统，如航天器、高速列车、医疗设备等，一旦系统出现漏洞或故障，将造成人员伤亡等严重后果，因此，使用形式化的方法严格地验证混成系统的性质尤为重要。定理证明是指通过逻辑推理的方式验证系统性质，不需要面临在模型检验方法中的状态空间爆炸的问题，但往往验证的自动化程度较低，一般需要用户提供大量的证明细节，验证步骤较为繁琐复杂。

本文设计并实现了高自动化的混成系统定理证明验证工具——HHLPy（Hybrid Hoare Logic Python），可实现对于由顺序混成CSP（Hybrid Communicating Sequential Processes，HCSP）程序所建模的混成系统的性质验证。顺序HCSP程序中的微分方程语句具有确定性的终止条件，能更自然地描述实际混成系统的行为。HHLPy基于霍尔逻辑，可实现对于由霍尔三元组所表示的混成系统性质的验证。本文的主要研究内容为：

为了实现对顺序HCSP程序的验证，首先，本文在已有的经典霍尔规则的基础上，加入了针对HCSP中微分方程语句的证明规则。本文分别为HCSP的微分方程语句设计了基于不变式的证明规则和基于微分方程的解的证明规则，这些规则借鉴了微分动态逻辑中微分方程语句的证明规则的思想，并根据微分动态逻辑与HCSP中微分方程语句的语义的不同而转化得来。

在上述证明规则的基础上，本文将经典的霍尔逻辑的验证条件生成算法扩展至顺序HCSP程序，实现了对于包含顺序HCSP程序的霍尔三元组的高自动化验证。

为便于用户使用工具，本文为工具设计了标号机制和高亮机制。标号机制用于区分验证条件，进而存储每条验证条件所使用的求解器。高亮机制用于高亮产生每条验证条件的代码块，如执行语句、不变式、前置-后置条件等，为用户修改代码错误提供指导。

最后，本工作测试了工具在Simulink/Stateflow模型和KeYmaera X测试集上的验证能力和自动化程度。HHLPy可与已有的Simulink/ Stateflow模型转化工具构成工具链，实现了对Simulink/Stateflow模型的性质验证。本文分别验证了巡航控制系统的Simulink模型和锯齿波Stateflow模型的性质。此外，本文还测试了HHLPy在KeYmaera X测试集上的验证结果，HHLPy展现出有竞争力的验证能力和自动化程度。
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学位论文英文题目：HHLPy: A Verification Tool of Hybrid Systems using Hoare Logic
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学位论文英文摘要：
Hybrid systems refer to systems that combine discrete behavior with continuous behavior. They can be used to describe the behavior of cyber-physical systems (CPS) used in industry. For CPSs applied in safety-critical areas, such as aircraft, trains and medical devices, even a small bug in the systems may result in serious disasters. Therefore, it is important to rigorously verify the properties of hybrid systems using formal methods. Theorem proving is one of the major approaches to formally verify hybrid systems through logical reasoning. It avoids the state space explosion problem occurred in verification by model checking. However, verification through theorem proving generally has low degrees of automation, requiring the users to offer a lot of proof details.

This paper presents a highly-automated theorem prover, called HHLPy (Hybrid Hoare Logic Python), for verification of hybrid systems expressed in the sequential fragment of Hybrid Communicating Sequential Processes (HCSP). Specifically, the ordinary differential equation (ODE) statement used for describing continuous evolution in HCSP has a deterministic semantics on its termination, which can be used to naturally capture hybrid systems in real life. HHLPy is based on Hoare logic, verifying the properties of a sequential HCSP program encoded in a Hoare triple. The main contributions of this paper are as follows:

First, we added the proof rules for the ODE statement in HCSP into the set of classical Hoare logic rules in order to verify sequential HCSP programs. Both of the rules based on invariants and the rules based on solutions of the ODEs are provided. The rules are inspired from those in Differential Dynamic Logic (dL), but are adapted for HCSP due to the semantics difference of ODE statement between dL and HCSP.

Based on the above rules, we extended the verification generation algorithm in classical Hoare logic to sequential HCSP programs, which helps to achieve highly-automated verification of Hoare triples containing sequential HCSP program.

We also designed labelling and highlighting mechanisms to make the tool more user-friendly. Labels are used to distinguish verification conditions, storing the solvers used for each verification condition under their labels. Highlighting mechanism visualizes the code fragments, such as the traversed statements, related invariants, pre- and postconditions, that contribute to each verification condition when hovering on it. Highlighting mechanism can help users to debug the code.

Finally, we evaluated the performance of the tool on verification of Simulink/Stateflow models and on KeYmaera X benchmarks. HHLPy can form a tool chain with previous work on Simulink/Stateflow model translation, achieving the verification of properties of Simulink/Stateflow models. This paper presents case studies on a cruise control system modeled in Simulink and a sawtooth wave generation system modeled in Stateflow. Furthermore, this paper presents the performance of HHLPy on KeYmaera X benchmarks. HHLPy shows competitive verification results and level of automation.
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