
前 言

具有缺失等复杂结构的数据很普遍, 这类数据的分析方法很快地被应
用到生物、医学及相关的研究领域. 绝大多数微观数据都不可避免地存
在数据缺失问题. 有部分研究者可能会选择直接删掉有数据缺失的样本,
利用剩余完全观测样本完成后续研究. 这样的处理方法也称为完全事例
(complete cases,CC) 方法. 虽然 CC 方法操作简单, 易于理解, 但在绝大
多数实际数据缺失问题中, 由于直接忽略缺失样本, CC 方法建模往往会
导致估计结果出现偏差, 影响后续实证分析. 可见, 如何更好地规避缺失
数据带来的估计问题是亟待解决的难题, 在理论研究与实践应用中具有重
要的研究意义. 数据缺失的外在表现形式可以分为单变量缺失、多变量
缺失、单调缺失、非单调缺失等. 数据缺失的内在生成机制 [也称为缺失
机制 (missing mechanism)] 同样包含很多类型, 如完全随机缺失 (missing
complete at random, MCAR)、随机缺失 (missing at random,MAR)、非随
机缺失 (missing not at random, MNAR)、基于随机效应的缺失以及在纵向
数据中出现的 ‘‘掉队’’ 与 ‘‘间歇式缺失’’ 等 (Rubin,1976). 针对不同缺失机
制下的缺失数据, 需要使用不同的缺失数据处理方法, 如 CC 方法仅适用于
完全随机缺失机制. 本书主要关注随机缺失机制与非随机缺失机制. 关于
缺失数据 (无回答) 的处理涉及很多方面, 如从抽样设计角度出发, 可以通
过设计适合的抽样框降低无回答发生的可能性. 本书将在第 2 章与第 3 章
从事后建模推断角度出发, 基于分位回归模型在不同的缺失机制下提出新



· ii · 缺失数据稳健建模

的估计方法, 规避缺失数据带来的不良影响, 提高模型参数的估计效果.
本书全面、系统、严格地阐明缺失分位回归建模理论与方法, 并尽力反

映复杂缺失数据分析国际前沿研究. 本书所选取的缺失分位回归的主要内
容包括缺失分层线性分位回归模型、缺失广义线性分位回归模型、缺失非

线性分位回归模型、缺失分层半参数分位回归模型等内容.
一方面, 具有复杂缺失结构特征的数据普遍存在于现实世界中. 离开数

据的这一缺失异质性, 常常会使传统的统计分析方法效果不佳, 甚至失效.
缺失结构数据分析是近年来迅速发展起来的一个分支, 在各学科领域越来
越受到重视, 相关的研究显得异常活跃. 另一方面, 分位回归是一种稳健的
统计建模方法, 它旨在对条件分位函数进行统计推断. 正如基于误差平方和
最小化的经典线性回归方法能估计条件均值函数一样, 分位回归方法提供
了一种估计条件分位函数的机制. 目前非常缺少全面、系统地介绍缺失分
位回归建模理论与方法方面的书, 更谈不上找到尽力反映复杂删失缺失数
据分析国际前沿研究的专著了. 本书正朝着这个目标努力, 用严格的数学语
言对缺失数据分位模拟的现代面貌进行较为详细的介绍.
本书针对复杂缺失分位回归的统计建模问题, 从理论、模拟和实证方面

进行了分析论证, 主要创新点、学术价值以及应用价值如下.
(1) 在分位回归的响应变量存在不可忽略缺失的情形下, 引入半参数

指数倾斜模型刻画应答概率, 在此基础上提出三种卷积平滑分位数回归估
计方程: 逆概率加权 (inverse probability weighting, IPW)、估计方程插
补 (estimation equation imputation,EEI) 和增强逆概率加权 (augmented
IPW, AIPW), 并在经验似然框架下得到倾斜参数和分位回归系数的估计
量. 在理论上证明了三种分位回归估计量等价的渐近正态性和对应调整对
数经验似然比函数的渐近 χ2 性质. 数值模拟比较了上述估计量的有限样本
表现, 验证了估计量的稳健性. 所提出方法应用于 HIV–CD4 数据分析, 考
察不同治疗组中缺失机制的差异以及基线和前期的 CD4 和 CD8 细胞水平
对当期 CD4 细胞水平的影响.

(2) 在随机缺失机制假定下, 从模型推断角度出发, 针对线性缺失分
位回归模型, 提出逆概率多重加权 (inverse probability multiple weighted,
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IPMW) 估计, 是在逆概率加权估计的基础上, 结合倾向得分匹配及模型平
均思想, 经过多次估计加权确定最终参数估计结果, 适用于绝大多数缺失场
景. 经过模拟研究发现, IPMW 估计量在继承 IPW 估计量的优势上具有更

稳健的性质. 最后, 将该方法应用于含有缺失数据的微观调查数据中, 研究
了经济较发达的准一线城市中等收入群体消费水平的影响因素, 对比两种
估计方法的估计结果及置信带, 发现逆概率多重加权估计量的标准偏差更
小, 估计结果更稳健.

(3) 考虑到有关随机缺失机制的研究已经很丰富, 以及随机缺失机制的
假定过于强, 为了更加接近实际数据缺失的情形, 提出一种非随机缺失机制
下的缺失数据处理方法. 首先总结梳理了分析非随机缺失问题的一般框架,
并在其中定义了更加一般化的倾向得分函数 (回答概率). 基于定义的倾向
得分函数, 借助非参数工具变量函数, 提出了一种非参数逆概率加权缺失数
据处理方法并证明估计量的渐近性质. 进一步, 考虑到分位回归下有关非随
机缺失数据的问题研究较少, 继续将该方法拓展到分位回归模型中, 提出非
随机缺失机制下的逆概率加权与增广逆概率加权分位回归估计量并证明回

归系数估计量的渐近性质. 再进一步, 考虑到非随机缺失机制下缺失变量条
件分布与总体分布不一致, 为了更加充分地利用已知信息, 尝试对前面提出
的逆概率加权估计方法进行校准再加权. 在模拟研究中, 通过对比所提出的
方法与所有已有方法, 发现所提出的方法在有限样本下估计效果更好. 在实
证分析部分, 针对含有缺失数据的公共部门男性工资数据研究了是否有编
制对工资水平的影响.

(4) 在响应变量非随机缺失假设下, 提出基于半参数指数倾斜应答模型
的三种渐近无偏的分位回归估计方程和平滑经验似然估计方法, 证明了倾
斜参数轮廓经验似然估计量和三种分位回归系数估计量等价的渐近正态性

和相应对数似然比函数的渐近 χ2 加权和性质.
(5) 基于半参数指数倾斜应答模型, 进一步考虑了工具变量未指定的情

况, 利用充分降维方法构造工具变量识别模型参数, 避免多元核回归造成的
维数灾难, 提出降维的 IPW、核辅助估计方程插补和 AIPW 渐近无偏分位

回归估计方程, 并证明了与分位回归系数平滑经验似然估计量等价的渐近
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正态性和对数经验似然比函数的渐近 χ2 加权和性质.
(6) 基于半参数指数倾斜应答模型和观测部分的工作模型, 利用重要性

重抽样方法提出插补分位回归估计方程和稳健的 AIPW 分位回归估计方

程, 证明了模型正确指定情况下, 回归系数估计量的渐近服从正态分布, 对
数经验似然比函数的渐近服从 χ2 加权和分布, 以及在工作模型错误指定情
况下, AIPW 估计方程的稳健性.

(7) 利用惩罚样条估计响应变量对缺失机制的非参数影响, 提出基于半
参数 logistics(逻辑) 二项似然的 Pólya–Gamma(波利亚-伽马) 表示和非对
称拉普拉斯分布正态混合表示的贝叶斯分位回归方法, 给出缺失响应变量
的 Metropolis-adjusted Langevin 贝叶斯高效插补方法和未知参数后验分
布的 Gibbs(吉布斯) 抽样算法.

(8) 在半参数非随机缺失假设下, 探讨 AIDS 研究队列中不同治疗组的
缺失机制差异, 研究了 CD4 和 CD8 两种生物标志物之间的关系, 提出基于
分位回归的 CD4 细胞数水平的预测模型; 考察了不同分位水平下的治疗臂
效应和个体治疗效果的其他影响因素.

(9) 在纵向响应变量对缺失机制存在非参数影响的假设下, 比较了不同
分位点上精神分裂症利培酮疗法的治疗效果随时间变化的规律, 探讨了感
兴趣响应变量对缺失机制的影响形式.
本书内容全新、理论性强, 介绍了近年来国际上关于缺失数据分位回归

建模理论与方法的许多新成果. 其中不乏作者本人在该领域研究中取得的
一些成果. 本书取材全部来自国际一流学术期刊杂志上的代表性文章, 信息
量大、内容权威.
自 2004 年中国人民大学统计学院在全国首开 ‘‘分位回归’’ 课程以来,

本书作者一直担任本课程的主讲老师. 本书的大部分材料在课堂上讨论过.
本书在写作过程中, 参加过翻译辅助工作的有 (不分先后): 杨澜、张若璇、
苏鹏、刘一鉴、余颖、钱曼玲、张陶陶、陶丽、刘烨、王春雨、周雨菡、贾

燕飞、邰凌楠、闫懋博、周照亚、芮荣祥、侯健、周旭、孟丽君、张丽平、

刘林军; 参与过校对辅助工作的有 (不分先后): 张永霞、白永昕、梁晋雯、
马少沛、王芝皓、郭婧璇、芮荣祥、虞祯、彭坤、杨鸣、姚雨薇、张馨月、
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周照亚、周梦雨、曹苏周、梁永玉、侯健、周旭、张丽平、孟丽君、刘林军、

刘硕、赵欣怡、刘淼柔、孟坦、徐宗文、胡晓雪等. 在此对他们表示衷心的
感谢！

由于本人水平有限, 疏漏和不足在所难免, 甚望读者批评指正！

田茂再

2025 年 6 月 17 日





 
 
 
 
 

目  录 
 
 
 
 
 

第一部分 缺失均值回归模型理论方法 

第 1 章 缺失协变量回归 ··························································································· 3 

1.1 概述 ·············································································································· 3 

1.2 方法 ·············································································································· 5 

1.3 渐近理论 ····································································································· 7 

1.4 两阶段病例对照研究中的应用 ································································ 9 

1.5 模拟研究 ··································································································· 11 

1.6 实例 ············································································································ 18 

1.7 本章小结 ··································································································· 22 

第二部分 缺失分位回归模型理论方法 

第 2 章 缺失数据下的有效分位回归分析 ···························································· 27 

2.1 概述 ············································································································ 27 

2.2 分位回归与缺失数据 ··············································································· 31 

2.3 主要结论 ··································································································· 35 

2.4 数值模拟 ··································································································· 43 



2.5 实证研究 ··································································································· 50 

2.6 本章小结 ··································································································· 56 

2.7 主要结果证明 ··························································································· 57 

第 3 章 不可忽视缺失分位回归 ············································································ 65 

3.1 概述 ············································································································ 65 

3.2 方法 ············································································································ 67 

3.3 模拟研究 ··································································································· 75 

3.4 应用研究 ··································································································· 81 

3.5 本章小结 ··································································································· 85 

3.6 附录 ············································································································ 85 

第 4 章 缺失协变量分位回归 ················································································ 99 

4.1 概述 ············································································································ 99 

4.2 分位回归导论 ························································································· 101 

4.3 协变量缺失加权分位回归 ····································································· 102 

4.4 统计性质 ································································································· 105 

4.5 模拟 ·········································································································· 107 

4.6 医疗成本数据分析的应用 ····································································· 110 

4.7 本章小结 ································································································· 113 

4.8 附录 ·········································································································· 115 

第 5 章 缺失纵向中位数回归 ·············································································· 116 

5.1 概述 ·········································································································· 116 

5.2 记号与框架 ····························································································· 118 

5.3 估计与推断 ····························································································· 120 

5.4 CD4+细胞计数数据中的应用 ······························································· 124 

5.5 模拟研究 ································································································· 126 

5.6 关联参数估计的扩展 ············································································· 129 

5.7 本章小结 ································································································· 130 

第 6 章 部分缺失协变量复合分位回归 ······························································ 131 

6.1 概述 ·········································································································· 131 

· viii · 缺失数据稳健建模



6.2 研究方法 ································································································· 133 

6.3 EL 方法 ···································································································· 137 

6.4 模拟研究 ································································································· 138 

6.5 定理证明 ································································································· 141 

第 7 章 非响应不可忽略缺失复合分位回归 ······················································ 148 

7.1 概述 ·········································································································· 148 

7.2 带有不可忽略的缺失数据的加权 CQR ··············································· 150 

7.3 模拟研究与实例分析 ············································································· 156 

7.4 本章小结 ································································································· 165 

7.5 定理证明 ································································································· 165 

第 8 章 随机缺失机制下的缺失分位回归 ·························································· 175 

8.1 概述 ·········································································································· 175 

8.2 模型与方法 ····························································································· 177 

8.3 渐近性质 ································································································· 183 

8.4 模拟研究 ································································································· 184 

8.5 实证分析 ································································································· 191 

8.6 本章小结 ································································································· 197 

8.7 证明 ·········································································································· 198 

第 9 章 非随机缺失机制下的缺失分位回归 ······················································ 205 

9.1 概述 ·········································································································· 205 

9.2 MNAR 缺失问题的一般分析框架 ························································ 206 

9.3 MNAR 下的非参数 IPW 方法 ······························································· 210 

9.4 基于 MNAR 的缺失分位回归 ······························································· 217 

9.5 校准逆概率再加权方法 ········································································· 221 

9.6 模拟研究 ································································································· 223 

9.7 实证分析 ································································································· 235 

9.8 本章小结 ································································································· 237 

9.9 定理证明 ································································································· 238 

 

目 录 · ix ·



第 10 章 半参数应答模型不可忽略缺失分位回归 ··········································· 258 

10.1 概述 ········································································································ 258 

10.2 理论性质 ······························································································· 261 

10.3 数值模拟 ······························································································· 263 

10.4 实证分析 ······························································································· 275 

10.5 证明定理 ······························································································· 278 

10.6 定理 ········································································································ 294 

10.7 本章小结 ······························································································· 299 

第 11 章 非参数缺失分位回归 ············································································ 300 

11.1 概述 ········································································································ 300 

11.2 具有缺失数据的非参数分位数回归 ·················································· 302 

11.3 增广逆概率加权方法 ··········································································· 304 

11.4 计算 ········································································································ 305 

11.5 主要结果 ······························································································· 308 

11.6 模拟研究 ······························································································· 322 

11.7 实际数据分析 ······················································································· 326 

11.8 结论 ········································································································ 327 
参考文献 ···················································································································· 331 

· x · 缺失数据稳健建模
























