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学位论文中文摘要：
随着科学技术的快速发展，马尔可夫模型广泛应用于网络协议传输、强化学习等重要前沿科技领域。在实际部署马尔可夫模型时，其转移概率可能会受到外部因素的影响而产生变化，参数化马尔可夫模型通过引入参数对状态转移概率进行描述和控制，在一些灵活多变的应用场景中具有更高的适用性。参数化马尔可夫模型作为一种概率模型，其决策结果会受到系统参数的影响。为了避免参数化马尔可夫模型的决策失误对社会和个人造成重大损失，保证其安全性和可靠性显得极为重要。 
现有的验证参数化马尔可夫模型的算法主要是将待验证的性质用逻辑语言进行描述，采用模型检验工具和算法计算出参数化马尔可夫模型关于该性质的有理函数，再验证该有理函数是否满足待验证性质。通常情况下，精确地计算此类有理函数是 NP-难问题，将会消耗大量的计算资源和时间。而在实际应用中，我们往往允许一定的误差，而无需保证某个性质绝对成立。 
本文基于场景优化方法提出了一种适用于参数化马尔可夫模型的函数逼近框架，并基于此实现了验证参数化马尔可夫模型的原型工具 PACScenario。本文主要在以下几个方面做出了贡献： 
– 针对参数化马尔可夫模型中的复杂有理函数，我们基于场景优化方法计 算出低次数的多项式作为有理函数的逼近，并且提供概率近似正确（Probably Approximately Corret, PAC）保证。在一定的误差范围内，我们以较高的置信度保证多项式与原始的有理函数是非常接近的。 
– 我们可以灵活设定置信度和错误率来求解多项式逼近函数，在有效降低 时间复杂度的同时最大化地保证计算精度。此外，我们的黑盒学习算法无需先验获得原始的有理函数的形式。 
– 实验数据展示，在通用的基准测试中，与现有的主流概率模型验证工具 PRISM 和 Storm 相比，PACScenario 能够成功计算出更多的多项式，证明了我们的方法在求解函数的效率上具有明显的优越性。 
– 我们提出参数空间的安全性、可达性概率的积分等待验证性质，并展示如何利用多项式逼近对参数化马尔可夫模型中原始有理函数的性质进行验证。实验表明，当适当地选取显著性水平和错误率的值时，利用多项式逼近能够有效地证明原始函数的性质。我们将多项式逼近方法拓展到了参数化马尔可夫奖励过程的性质验证上，且展示了我们方法的有效性。 
– 我们将多项式逼近与泰勒展开逼近的精度进行了比较，实验数据展示，原始有理函数与多项式逼近的 ℓ2 范数误差将比与泰勒展开式的误差小一到三个数量级。
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学位论文英文题目：Scenario Optimization Approach for Parametric Markov Models
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学位论文英文摘要：
With the rapid development of science and technology, Markov models are widely used in cutting-edge fields such as network protocol transmission and reinforcement learning. In practical implementation, the transition probability of Markov models can be influenced by external factors, making parametric Markov models more applicable in flexible and changeable application scenarios. As probability models, the decision of parametric Markov models can be affected by system parameters. To avoid significant damage to individuals and society caused by decision-making errors, it is crucial to ensure their safety and reliability. 
Existing algorithms for verifying parametric Markov models describe the properties to be verified using logical language, then use model-checking tools and algorithms to calculate the rational functions of the parametric Markov model regarding those properties. However, calculating these rational functions accurately is typically an NP-hard problem, requiring significant computational resources and time. In real-world applications, an acceptable margin of error can be tolerated, without needing to ensure that a property holds absolutely. This thesis proposes an approximation framework for parametric Markov models using scenario optimization approach, which implements the PACScenario prototype tool for verifying these models. Our main contributions are: 
– To address the complex rational functions in the parametric Markov models, we use a scenario optimization approach to compute low-degree polynomials as approximations of the rational functions, with a Probability Approximately Correct (PAC) guarantee. Within a certain range of errors, we provide a high degree of confidence that the polynomials are very close to the original rational functions. 
– We can flexibly set the confidence level and error rate to solve polynomial approximation functions, effectively reducing time complexity while maximizing computational accuracy. Additionally, our black-box learning algorithm does not require a priori knowledge of the original rational function form. 
– Experiments demonstrate that, in a commonly used benchmark test, PACScenario is capable of computing more polynomials compared to existing state-of-art probabilistic model checking tools PRISM and Storm, which proves that our approach has a significant advantage in solving functions efficiently. 
– We propose properties to be verified, including the integration of security and reachability probabilities in the parameter space. We demonstrate how to utilize polynomial approximation to verify the properties of primitive rational functions in the parametric Markov Models. The experiments show that when the values of significance level and error rate are appropriately selected, the polynomial approximation can effectively prove the properties of primitive functions. We extend the polynomial approximation approach to verify the properties of the parametric Markov Reward Processes and demonstrate the effectiveness of our approach. 
– We compared the accuracy of polynomial approximation with Taylor series approximation. The experimental data showed that the ℓ2 norm error between the original rational function and the polynomial approximation is one to three orders of magnitude smaller than the error with Taylor series expansion.
学位论文英文关键词：Parametric Markov models, Model Checking, Scenario Optimization, Model Learning, Polynomial Approximation
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