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学位论文中文摘要：
随着嵌入式技术、计算机技术和网络技术的飞速发展，信息物理系统作为一种新型智能系统应运而生，掀起了新一轮的信息技术改革。尤其伴随着物联网的兴起，涌现出了越来越多与人类社会生活息息相关的安全攸关系统，发展和研究保障安全攸关系统可靠性的理论和技术已经成为当前科学发展的迫切要求和必然趋势。信息物理系统作为离散行为和连续行为相结合的混成系统，其计算组件与物理组件相互紧密集成，使得传统的测试、仿真等技术无法满足系统错误零容忍的设计需求。在形式化方法基础上发展而来的控制合成理论和技术则支持“构造即正确”，这使得设计开发后的系统不仅直接满足给定的需求性质，而且有效地避免了测试、形式化验证过程中反复发现错误、改正错误带来的人力物力消耗。然而，目前混成系统的控制合成方面工作仍存在缺乏适用性和可扩展性等问题，且考虑到实际工业生产和自然现象中不可避免的扰动影响，保障安全的混成系统设计和分析具有极大的挑战。

       本论文围绕混成系统安全性设计和分析问题，重点研究反馈控制器合成、切换控制器合成和重置控制器合成三种混成系统设计，以及时延扰动混成系统的可达-规避性分析，同时探索相关方法在典型混成系统中的应用。本论文的研究方法主要基于严格的数学模型及形式推理，因而具有严格的准确性，对混成系统的可靠性保障起重要作用。

       本论文的研究成果和创新性贡献主要有以下几点：

       一、 提出了用于刻画非均匀扰动的数学模型以及基于抽象的反馈控制器合成方法。该方法利用“假设-保证”形式来计算状态演变和误差估计，得到更精确的抽象系统模型，从而增强了控制器合成的有效性。而在已有的基于抽象控制器合成技术中，由于采用扰动的最大保守上界，容易导致有效控制器合成失败，我们的工作从根本上解决了这一问题，非均匀扰动模型依赖于系统状态和控制输入，能够细致地刻画系统在不同状态的扰动值，从而降低了建模的保守性，实现了受扰动混成系统反馈控制器的自动化合成。

       二、基于混成系统非均匀扰动模型，提出了高效的混成系统自适应控制器合成算法。我们对已有控制器进行局部增量式更新，提出了应对外界环境变化的自适应控制算法，从而避免了从零开始合成控制器的重复。此外，我们提出了适用于并行化工具实现的半局部式自适应控制器合成算法，同时证明了全局式、局部式和半局部式三种自适应控制方法的等价性。

       三、针对涉及时延扰动的混成系统，提出了时滞微分方程的可达-规避性分析方法。首先我们推导出时延系统的当前状态和时滞状态之间的差异估计值，并构造了满足可达-规避性集合的约束条件；然后将其转化为半定规划问题进行求解，从而使得从下近似集合出发系统在有穷时间内一定会进入给定的目标区域，且在到达目标区域之前一直保持在指定的安全集合内。据我们所知，这是迄今第一个计算时滞微分方程可达-规避集下近似的工作。

       四、 基于可达-规避性分析，提出了混成系统的安全重置控制器合成算法。首先我们证明了不安全混成系统的安全重置控制器合成问题等价于可达-规避集下近似计算问题；然后推广时滞微分方程的可达-规避性分析方法到常微分方程，提出了常微分方程可达-规避集下近似计算方法；进一步借助微分不变式生成将此方法扩展到一般混成系统，且两种方法都可进一步归结为凸优化问题，最后利用现有的求解器进行有效地求解。

       五、 提出了用于刻画时延现象发生在混成行为中的形式化模型，称为时延混成自动机，并提出了时延混成系统的安全切换控制器合成算法。基于Metzler矩阵稳定性理论，首先我们利用线性化和球收敛性分析技术证明时延动态系统的微分不变量生成问题可以归结于有界时间上的可达集计算问题；然后，我们利用向后可达集下近似计算得到时延切换控制器，从而完成基于不变式和后向可达集的安全切换控制器合成算法。据我们所知，这是首次考虑时延现象同时存在于混成系统连续演化和离散跳转中的研究工作。

      基于上述理论，我们分别实现了相应算法的原型工具，并应用到交通、生物、电子等领域典型混成系统模型中，实验结果展示了相应方法良好的有效性和可扩展性。值得一提的是，我们实现了自适应算法的并行化工具，从而扩大了该方法适用的系统规模。
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学位论文英文摘要：
With the rapid development of embedded technology, computer technology and network technology, cyber-physical systems as a new type of intelligent systems came into being and triggered another round of revolution of information technology.  Especially with the rise of the Internet of Things, more and more safety-critical systems have emerged into people's livelihood. 

The study of the theory and technology for the reliability assurance of safety-critical systems has become urgent demand and an inevitable trend of current scientific development. As cyber-physical systems are hybrid systems that combine discrete and continuous behaviors, and the computing and physical components are tightly integrated, traditional technologies, e.g., testing and simulation, cannot meet the desired specifications that system errors are zero-tolerant.  Based on formal methods, correct-by-construction controller synthesis not only makes the design and development of the system directly to satisfy the given specifications but also effectively avoids resource consumption from the repeated cycle of testing, formal verification, and correcting errors.

Nevertheless, there are still some open problems in the control synthesis of hybrid systems, such as the lack of applicability and scalability. Meanwhile considering the inevitable disturbance in industrial production and natural phenomena, it is a great challenge to design and analyze hybrid systems for safety specifications.

      This dissertation focuses on the design and analysis of hybrid systems to guarantee safety specifications, while particularly addressing feedback controller synthesis, switching controller synthesis and reset controller synthesis, as well as reach-avoid analysis for hybrid systems in a time-delay context, with applications in a typical set of hybrid systems benchmarks.

     The main achievements and innovative contributions of this dissertation are summarized as follows.

    1. A mathematical model for describing non-uniform disturbances and an abstraction-based controller synthesis (ABCS) method are proposed. This method requires a subtle assume-guarantee

style computation of the state evolution and the estimation of the error, so as to get an accurate abstract model, greatly improving the possibility of synthesizing a controller. While existing ABCS techniques assume a global (state-independent) and uniform upper bound on disturbances. 

This can be overly pessimistic, resulting in a failure to find a controller. And our work fundamentally solves this problem, so as to achieve the goal of automatic controllers synthesis for hybrid systems with non-uniform disturbances.

    2. Based on the non-uniform disturbance model of the hybrid system, an efficient adaptive controller synthesis algorithm is proposed. In order to deal with the changing environment for the continuous evolution dynamics, a local incremental algorithm for updating existing controllers is proposed, meanwhile avoiding the waste of synthesizing controllers from scratch. Additionally, we propose a semi-local adaptive controller synthesis algorithm for parallel implementation, and prove the equivalence of these methods.

    3. A semi-definite programming method to address reach-avoid problems for time-delay systems is proposed. The reach-avoid problem of interest is to compute an inner-approximation of a reach-avoid set, which is the set of initial functions enabling the time-delay system to eventually enter a desirable target set while remaining inside a specified safe set till the target hit.  We first derive an estimate of discrepancies between current states and delayed ones for the time-delay system and then construct a semi-definite program for inner-approximating the reach-avoid set via incorporating the discrepancy estimate. The incorporation of discrepancy estimates facilitates the reduction of conservativeness in computing inner-approximations.  To the best of our knowledge, this is the first work on studying the reach-avoid problem over open time horizons akin to delay differential equations.

    4. Based on reach-avoid analysis, a safe reset controller synthesis algorithm for hybrid systems is proposed. Such a problem essentially corresponds to how to compute the initial set associated with each mode such that from which any trajectory either reaches the jumping set of the mode eventually or always stays inside the mode subject to the safety constraint. The first case can be reduced to a reach-avoid problem for continuous systems, which can be solved by the method extended from time-delay systems to inner-approximate the reach-avoid set.  while the second case can be addressed by solving the differential invariant generation problem. Both resulted problems can be further reduced to convex optimization problems, which can be efficiently solved with existing semi-definite programming solvers.

    5. A new formal model, called delay hybrid automata, which can capture time-delay disturbances occurring in continuous evolution and discrete transitions, is proposed, and a safe switching controllers synthesis algorithm for delay hybrid systems under perturbations is presented. Based on the Metzler matrix stability theory, we first proved that the generation of differential invariants for a class of time-delay systems is sufficient to reduce to the computation of reachable sets in bounded time, by means of linearization and ball-convergence analysis techniques. Meanwhile, a global invariant is generated based on fixed-point iteration, then backward reachable sets for discrete jumps by taking delays into account are computed using the symbolic method. To the best of our knowledge, this is the first approach catering for considering both kinds of delays in a hybrid system.

     We have implemented the corresponding prototypical tools for the aforementioned methods and demonstrated their effectiveness and scalability over typical hybrid system models in transportation, biology, electronics, and other fields. It is worth noting that we have implemented a parallelization tool for the adaptive algorithm, which greatly improves the scalability of the algorithm.
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