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学位论文中文摘要：
不变量是程序和混成系统验证中的重要工具，提供合适的不变量往往是整个验证流程中最重要的步骤之一。然而，实际的验证工作中，绝大多数不变量都需要领域专家手动提供。这大大提高了形式化方法的人力成本和时间成本。如果一部分验证所需的不变量能够被自动生成，形式化验证方法将能被应用到更多的实际系统中，为它们提供更高的安全保障。
本论文主要研究了如何自动生成程序和混成系统的不变量。针对现有的程序不变量生成方法往往无法兼备足够的泛用性、可扩展性和完备性的问题，我们从可达集计算方法和基于模板和约束求解的不变量生成框架等角度入手，改进了已有的不变量生成过程，引入了新颖的约束求解技术，对经典的理论框架进行了进一步的完善和细化，并且据此提出了一系列新颖的不变量自动生成方法。

本论文的主要内容包括：
一、 针对一类带扰动的多项式动力系统，由经典的哈密尔顿-雅可比可达性分析方法出发，我们设计了一种特殊的哈密尔顿-雅可比-贝尔曼偏微分方程，使系统的鲁棒不变量可以对应到该方程的粘性解上，从而使得系统的鲁棒不变量可以通过求解该偏微分方程得到。除了直接使用偏微分方程求解器对该方程进行数值求解之外，我们还提供了一种用于这类方程的、基于平方和规划的新颖求解方法，这种方法在系统的维数较高时有更好的性能表现。

二、 针对混成系统验证中常用的障碍函数方法，我们设计了一种新的不变量障碍函数条件，并且证明它相对已有的条件能应用到更多的系统中。之后，我们使用了平方和多项式相关理论，将生成不变量障碍函数的问题转化为了求解一些双线性矩阵不等式约束的问题。最后，我们设计了一种基于差分凸规划的双线性矩阵不等式约束的求解方法，并且通过实验说明其在生成不变量障碍函数时相比已有方法有更好的性能表现。

三、 我们提出，在基于模板的不变量生成框架中，得到对未知参数的约束之后，可以设计一系列容易求解的约束来近似原来的、相对难以求解的约束。此外，我们设计的这些约束可以通过一个层次的半定规划进行求解，并且这一系列近似约束的可行集随着规模上升收敛于原约束的可行集。我们进一步指出，对这些约束进行求解的结果可以看成一种生成不变量时的中间产物（我们称之为不变量簇）。这些结果可以在程序和需验证性质发生变化时被再次利用，从而避免重复整个不变量生成过程。
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学位论文英文题目：Automatic Synthesis of Invariants for Programs and Hybrid Systems
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学位论文英文摘要：
Invariants are important tools in the verification of programs and hybrid systems,providing suitable invariants is usually the most crucial step in the whole verificationprocess. However, in practical verification tasks, most invariants need to be suppliedby domain experts manually. This dramatically increase the demand for manpower andtime to apply formal methods. If some of the needed invariants can be synthesized automatically, then formal methods will be able to be deployed in more practical systems,providing more safety guarantees for them.
This thesis mainly investigates how to automatically synthesize invariants for programs and hybrid systems. In order to deal with the problem that existing invariant synthesizing methods lack either enough generality, scalability or completeness, we start from the reachability computation methods and invariant synthesizing methods based templates and constraint solving, improve on existing invariant synthesis procedure, further refine the classical theoretical framework of invariant synthesis. Based on that, we propose a number of novel approaches to invariant synthesis based on ideas such as reachable set computation and template-based invariant synthesis. 
The main content of this paper includes:
1. For a class of perturbed polynomial dynamical systems, based on the classicalHamilton-Jacobi reachability framework, we design a special type of Hamilton-Jacobi-Bellman equations, the viscosity solutions of which correspond to robust invariants of the system, which allows synthesizing robust invariants of the system by solving these partial differential equations (PDEs). Other than directly solving these equations using numerical PDE solver, we also provide a novel approach based on sum-of-squares programming for such equations, which performs better when the system has a relatively high dimension.
2. For the widely used barrier certificate methods in verification of hybrid systems, we design a novel invariant barrier-certificate condition, and prove that it allows more systems to be verified, compared with existing conditions. After that, we transform the problem of synthesizing invariant barrier certificates into the program of solving a set of bilinear matrix inequalities (BMIs) based on theories related to sum-of-squares polynomials. Finally, we design an algorithm that solves such BMI constraints based on difference-of-convex programming and show that it outperforms existing methods when synthesizing invariant barrier certificates.
3. We propose, in the template-based invariant synthesis framework, after the constraints on unknown parameters are derived, a series of easy-to-solve constraints can be constructed to approximate the original, harder to solve constraint. Moreover, the constructed constraints can be solved by a hierarchy of semidefinite programming, and the feasible sets of those approximating constraints converge to the feasible set of the original constraint as the degree increases. We further point out that the results obtained by solving those approximated constraints (called the invariant cluster) can be seen as intermediate products of invariant synthesis. Such results can be re-used when the programs and specifications are changed so that we may avoid repeating the entire invariant synthesis process.
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