学位论文中文题目： 量子程序的期望资源分析与形式化验证
学位论文作者中文姓名： 刘君毅
学位论文中文摘要：量子计算是一种利用量子力学原理进行信息处理的新型计算模式，它具有超越经典计算的潜力，对于解决一些难以用经典算法高效求解的问题有着重要的应用价值。然而，当前量子程序的设计和实现面临着诸多挑战，包括资源受限、程序编写易错等，这些问题将严重影响量子程序的可靠性。本文将试图通过量子程序理论的方法来解决这些问题。本文的主要贡献包括两个方面。
其一，本文建立了量子程序期望资源的理论。首先，本文形式化地定义了量子程序的期望资源，并给出了量子程序期望资源函数的可观测量表示。然后，本文提出了一种针对量子程序期望资源的量子最弱前置条件演算，这一演算可以根据量子程序的结构来计算其期望资源函数的可观测量表示。基于此，本文证明了在有限维Hilbert空间中，量子程序以$1$的概率终止等价于所需的期望资源有限。特别地，本文还给出了一种高效计算量子循环期望资源的方法。利用这一方法，本文解决了一个公开的难题，即计算带吸收壁的量子随机游走的期望运行时间。
其二，本文在交互式证明系统Isabelle/HOL中实现了一套形式化验证量子程序正确性的框架。其中，本文在Isabelle/HOL中定义了量子程序的语法和语义，形式化了量子最弱自由前置条件和量子Hoare逻辑，并验证了量子Hoare逻辑中关于量子程序部分正确性的证明系统的可靠性和相对完备性。利用这一框架，本文首次在交互式证明系统中验证了Grover算法的正确性。
本文为量子程序的期望资源分析建立了基础的理论，并为量子程序的形式化验证实现了重要的基础设施。 
学位论文中文关键词：量子计算；量子程序；程序分析；形式化验证
学位论文英文题目：Expected Resource Analysis and Formal Verification of Quantum Programs
学位论文作者英文姓名：Junyi Liu
学位论文英文摘要：Quantum computing is a novel computing paradigm that utilizes the principles of quantum mechanics for information processing. It has the potential to surpass classical computing in solving problems that are hard to efficiently solve using classical algorithms. However, the design and implementation of quantum programs face many challenges, including limited resource and error-prone programming, which seriously reduce the reliability of quantum programs. This dissertation aims to solve these problems with quantum programming theory. The main contributions of this dissertation are twofold.

First, we establish a theory for the expected resources of quantum programs. We formally define the expected resources of quantum programs and provide an observable representation of the expected resource function. Furthermore, we propose a quantum weakest precondition calculus for the expected resource observables of quantum programs, which can be used to calculate the observable according to the structure of the program. Based on this, we show that in finite-dimensional Hilbert space, a quantum program terminates with probability $1$ if and only if the expected resources are finite. Moreover, we also present an efficient method for computing the expected resources of quantum loops. Using this method, we solve an open problem: computing the expected runtime of quantum random walks with absorbing boundaries.

Second, we implement a formal verification framework in the interactive proof system Isabelle/HOL to verify the correctness of quantum programs. In particular, we define the syntax and semantics of quantum programs in Isabelle/HOL, formalize the quantum weakest liberal precondition and quantum Hoare logic, and verify the soundness and relative completeness of the proof system for partial correctness of quantum programs. Using this framework, we develop the first formal verification of the correctness of the Grover's algorithm in an interactive proof system.

In summary, we establish a fundamental theory for the expected resource analysis and implement an important infrastructure for the formal verification of quantum programs.
学位论文英文关键词：quantum computing, quantum program, program analysis, formal verification
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