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自然语言处理
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什么是自然语言处理？

p语言是思维的载体，是人类交流思想、表达情感最自然、最方便
的工具
p人类历史上大部分知识是以语言文字形式记载和流传的

p自然语言处理（Natural Language Processing，NLP）
p用计算机来理解和生成自然语言的各种理论和方法
p自然语言指的是人类语言，特指文本符号，而非语音信号



自然语言处理的代表性应用

机器翻译 智能助手 文本校对

舆情分析 智能教育 知识图谱



自然语言处理属于认知智能任务

p认知智能是人类和动物的主要区别之一
p需要更强的抽象和推理能力



自然语言处理的难点与特点

语言

歧义性

抽象性

组合性

进化性
非规范
性

主观性

知识性

难迁移
性

领导：“你这是什么意思？”

阿呆：“没什么意思，意思意思。”

领导：“你这就不够意思了。”

阿呆：“小意思，小意思。”

领导：“你这人真有意思。”

阿呆：“其实也没有别的意思。”

领导：“那我就不好意思了。”

阿呆：“是我不好意思。”



“人工智能皇冠上的明珠”

p自然语言处理成为制约人工智能取得更大突破和更广泛应用的瓶颈

Michael I. Jordan
美国双院院士、世界知名机器学习专家

“如果给我10亿美金，
我会用这10亿美金建
造一个NASA级别的自
然语言处理研究项目”

沈向洋
美国工程院院士、微软前全球执行副总裁

“下一个十年，懂语
言者得天下”

“深度学习的下一个大
的进展应该是让神经网
络真正理解文档的内容”

Geoffrey Hinton
图灵奖得主、深度学习之父

Yann LeCun
图灵奖得主、Facebook AI 负责人

“深度学习的下一个前
沿课题是自然语言理解”

图灵测试



自然语言处理任务层级

应用系统 (NLP+)

•教育，医疗，司法，金融，机器人等

应用任务

•信息抽取，情感分析，机器翻译，对话系统等

基础任务

•分词，词性标注，句法分析，语义分析等

资源建设

•语言学知识库建设，语料库资源建设等



自然语言处理任务类别

解析
Analysis

匹配
Matching

分类
Classification

生成
Generation



自然语言处理研究对象与层次

境

知

名实

形式

语义

推理

语用

(1)

(3)

(4)(2)

形式：名
语义：名+实
推理：名+实+知
语用：名+实+知+境

名：语言符号
实：客观事实、主观意见
知：知识
境：语言所处环境



“层次 x 任务”二维表

分类 解析 匹配 生成

形式 文本分类 词性标注
句法分析 搜索 机械式文摘

语义 情感分析 命名实体识别
语义角色标注 问答 机器翻译

推理 隐式情感分析 文本蕴含 写故事结尾

语用 反语 聊天



自然语言处理技术发展历史

p语义在计算机内部是如何表示的？

p根据表示方法的不同，自然语言处理技术经历了四次范式变迁

小规模专家知识
1950~1990

语料库统计模型
1990~2010

深度学习模型
2010~2017

大规模预训练模型
2018~至今



基于符号（字符串）表示的专家知识

p“土豆非常好吃。”的情感倾向性？

p如果：出现褒义词“好”“喜欢”等

p那么：结果为褒义

p如果：出现“不”

p那么：结果倾向性取反

p优点
p符合人类的直觉
p可解释、可干预性好

p缺点
p知识完备性不足
p需要专家构建和维护
p不便于计算

小规模专家知识
1950~1990

语料库统计模型
1990~2010

深度学习模型
2010~2017

大规模预训练模型
2018~至今



基于向量表示的统计模型

p使用高维、离散、稀疏的向量表示词
p维度为词表大小，其中只有一位为1，其余为0

p 土豆：[0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, …]

p马铃薯：[0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, …]

p缺点
p无法处理“多词一义”的现象

小规模专家知识
1950~1990

语料库统计模型
1990~2010

深度学习模型
2010~2017

大规模预训练模型
2018~至今

… 非常 土豆 马铃
薯 吃 好 …

… 1 1 0 1 1 …

?

土豆非常好吃。

语料库

特征提取

0.1
0.2 -0.1 0.9

0.2



p词嵌入表示的赋值方法
p通过优化在下游任务上的表现自动学习

基于嵌入表示的深度学习模型

p词嵌入（Word Embedding）
p直接使用一个低维、连续、稠密的

向量表示词（Bengio等2003）

马铃薯
计算机

电脑

土豆

土豆 非常 好 吃 。

深度学习模型

贬义

小规模专家知识
1950~1990

语料库统计模型
1990~2010

深度学习模型
2010~2017

大规模预训练模型
2018~至今



各种语言单元的统一嵌入表示

多粒度单语数据 多语言数据 多模态数据大数据

深度学习

我

喜欢

红

苹果

我

喜欢

红

苹果

我

喜欢

红

苹果

循环神经网络 卷积神经网络 递归神经网络

语义
嵌入空间

应用
迁移学习句法分析 文本分类

图片生成说明机器翻译 聊天系统 阅读理解

分词、词性标注
…



预训练模型获得更好的表示
小规模专家知识

1950~1990

语料库统计模型
1990~2010

深度学习模型
2010~2017

大规模预训练模型
2018~至今

未标注文本 语料库

模型训练数据标注

模型

预训练模型

精调
Fine-tune预训练

Pre-train

预训练 + 精调 = 自然语言处理新范式
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语言模型

p语言模型（Language Model，LM）
p描述一段自然语言的概率或给定上文时下一个词出现的概率

p𝑃 𝑤!, ⋯𝑤" ，𝑃(𝑤"#!|𝑤!, ⋯𝑤")
p以上两种定义等价（链式法则）

p广泛应用于多种自然语言处理任务
p机器翻译（词排序）

pP(the cat is small) > P(small the is cat)

p语音识别（词选择）
pP(there are four cats) > P(there are for cats)

<latexit sha1_base64="Qit2h3bdu5evi1LT6EZuyFdIW+E="></latexit>

P (w1w2 · · ·wl) = P (w1)P (w2|w1)P (w3|w1w2) · · ·P (wl|w1w2 · · ·wl�1)

=
lY

i=1

P (wi|w1:i�1)



N元语言模型

p使用最大似然估计概率

p随着i的增加，C(w1:i)变小甚至为0
p马尔科夫假设（Markov Assumption）

p下一个词出现的概率只依赖于它前面n-1个词

p又被称为N元语言模型

p语言模型的评价指标：困惑度（Perplexity，PPL）
p模型分配给测试集中每一个词的概率的几何平均值的倒数，越小越好

<latexit sha1_base64="Nd1aSJK3+qLNXdz4iI82shFYoxI=">AAACHHicbVDLSsNAFJ34rPUVdelmsAjtwpJYURGEYjcuK9gHtCFMppN26OTBzMRSYj7Ejb/ixoUiblwI/o2TNoi2Hhg4nHMud+5xQkaFNIwvbWFxaXllNbeWX9/Y3NrWd3abIog4Jg0csIC3HSQIoz5pSCoZaYecIM9hpOUMa6nfuiNc0MC/leOQWB7q+9SlGEkl2XqlXhzZ9H5kx+YFPTKTEryEXZcjHNeKUzEpJT88DSR5Wy8YZWMCOE/MjBRAhrqtf3R7AY484kvMkBAd0wilFSMuKWYkyXcjQUKEh6hPOor6yCPCiifHJfBQKT3oBlw9X8KJ+nsiRp4QY89RSQ/JgZj1UvE/rxNJ99yKqR9Gkvh4usiNGJQBTJuCPcoJlmysCMKcqr9CPECqGqn6TEswZ0+eJ83jsnlartycFKpXWR05sA8OQBGY4AxUwTWogwbA4AE8gRfwqj1qz9qb9j6NLmjZzB74A+3zG7hXn0Y=</latexit>

P (wi|w1:i�1) =
C(w1:i)

C(w1:i�1)

<latexit sha1_base64="I/Ejt14U4jRBMXU/3L+kl42ca58=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VoFy0ZFRVXRTcuK9gHtCFMptN26GQSZibWEvsbbvwVNy4Ucakr/8akDaKtBy4czrmXe+9xA86UtqwvI7OwuLS8kl3Nra1vbG6Z2zt15YeS0BrxuS+bLlaUM0FrmmlOm4Gk2HM5bbiDy8Rv3FKpmC9u9Cigtod7gnUZwTqWHNOqFoYOux86ETpnJTQuwjYOAunfwR+DlQqihIpTO+eYeatsTQDnCUpJHqSoOuZHu+OT0KNCE46VaiEr0HaEpWaE03GuHSoaYDLAPdqKqcAeVXY0+WwMD2KlA7u+jEtoOFF/T0TYU2rkuXGnh3VfzXqJ+J/XCnX3zI6YCEJNBZku6oYcah8mMcEOk5RoPooJJpLFt0LSxxITHYeZhIBmX54n9cMyOikfXR/nKxdpHFmwB/ZBASBwCirgClRBDRDwAJ7AC3g1Ho1n4814n7ZmjHRmF/yB8fkNdW2eDQ==</latexit>

P (wi|w1:i�1) ⇡ P (wi|wi�(n�1):i�1)



中文分词

p词（Word）
p最小的能独立使用的音义结合体
p以汉语为代表的汉藏语系，以阿拉伯语为代表的闪-含语系中不包含明显的
词之间的分隔符

p中文分词是将中文字序列切分成一个个单独的词
p分词的歧义

p如：严守一把手机关了
p严守一/ 把/ 手机/ 关/ 了
p严守/ 一把手/ 机关/ 了
p严守/ 一把/ 手机/ 关/ 了
p严守一/ 把手/ 机关/ 了
p……



子词切分（Subword）

p以英语为代表的印欧语系语言，是否需要进行分词？
p这些语言词形变化复杂

p如：computer、computers、computing等

p仅用空格切分的问题
p数据稀疏
p词表过大，降低处理速度

p子词切分
p将一个单词切分为若干连续的片段（子词）
p方法众多，基本原理相似

p使用尽量长且频次高的子词对单词进行切分



字节对编码

p字节对编码（Byte Pair Encoding，BPE）

子词词表构造示例



字节对编码

pBPE子词切分算法
1. 将子词词表按照子词的长度由大到小进行排序
2. 从前向后遍历子词词表，依次判断一个子词是否为单词的子串
3. 如果是则将该单词进行切分，然后继续向后遍历子词词表
4. 如果子词词表全部遍历结束，单词中仍然有子串没有被切分，那么这些

子串一定为低频串，则使用统一的标记，如'<UNK>'进行替换

p更多子词切分算法
pWordPiece
pUnigram Language Model（ULM）
pSentencePiece

phttps://github.com/google/sentencepiece

https://github.com/google/sentencepiece


句法分析

p分析句子的句法成分，如主谓宾定状补等
p将词序列表示的句子转换成树状结构

http://ltp.ai/demo.html

http://ltp.ai/demo.html


常用句法分析结构
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语义分析

p词义消歧（Word Sense Disambiguation，WSD）
p语义角色标注（Semantic Role Labeling，SRL）

p也称谓词论元结构（Predicate-Argument Structure）

p语义依存图（Semantic Dependency Graph）

՜ཻࡅ ӥ ༇

ෞԪ Ԫݑ Ԫݑ
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信息抽取

p信息抽取（Information Extraction，IE）
p从非结构化的文本中自动提取结构化信息

p输入
p10月28日，AMD宣布斥资350
亿美元收购FPGA芯片巨头赛
灵思。这两家传了多年绯闻的
芯片公司终于走到了一起。



情感分析

p情感分析（Sentiment Analysis）
p个体对外界事物的态度、观点或倾向性，如正面、负面等
p人自身的情绪（Emotion），如喜怒哀惧等

p输入
p这款手机的屏幕很不错，性能也还可以。



问答系统

p问答系统（Question Answering，QA）
p用户以自然语言形式描述问题，从异构数据中获得答案

p根据数据来源的不同，问答系统可以分为4种主要的类型
p检索式问答系统

p答案来源于固定的文本语料库或互联网，系统通过查找相关文档并抽取答案完成问答

p知识库问答系统
p回答问题所需的知识以数据库等结构化形式存储，问答系统首先将问题解析为结构化

的查询语句，通过查询相关知识点，并结合知识推理获取答案

p常问问题集问答系统
p通过对历史积累的常问问题集合进行检索，回答用户提出的类似问题

p阅读理解式问答系统
p通过抽取给定文档中的文本片段或生成一段答案来回答用户提出的问题



更多任务

p机器翻译（Machine Translation，MT）
p对话系统（Dialogue System）

任务型
Task

聊天
Chat

知识问答
Knowledge 

推荐
Recommen-

dation

目的 完成任务或动作 闲聊 知识获取 信息推荐

领域 特定域（垂类） 开放域 开放域 特定域

以话轮数评价 越少越好 话轮越多越好 越少越好 越少越好

应用 虚拟个人助理 娱乐、情感陪护 客服、教育 个性化推荐

典型系统
Siri、Cortana、

Google Assistant、
度秘

小冰、笨笨 Watson、
Wolfram Alpha 阿里小蜜



归结为四个基本问题

结构预测
问题

文本匹配
问题

文本分类
问题

序列到序
列问题



文本分类问题

p将输入文本映射为所属类别（预定义的封闭集合）
p最简单最基本的自然语言处理问题
p应用场景

p垃圾邮件过滤、情感分类等

p很多问题可以转化为文本分类问题

我 喜欢 打 篮球

词表示

文本表示计算（编码器）

文本表示

分类器

输出概率



文本匹配问题

p判断两段文本之间的匹配关系
p如复述关系、蕴含关系等

p解决方案
p双塔结构

p两段文本分别通过两个模型映射为
向量，然后判断两个向量之间的匹
配关系

p单塔结构
p将两段文本直接拼接，然后进行匹

配关系分类

我 喜欢 打 篮球

词表示

文本表示计算
（编码器）

文本表示

分类器

输出概率

我 喜欢 做 运动

文本表示计算
（编码器）

双塔结构示意图



结构预测问题

p输出类别之间具有较强的相互关联性
p自然语言处理的本质问题
p三种典型的结构预测问题

p序列标注
p为输入文本序列中的每个词标注相应的标签
p如词性标注：他/PN 喜欢/VV 下/VV 象棋/NN

p序列分割
p在文本序列中切分出子序列
p可以转化为序列标注问题

p图结构生成
p输入自然语言，输出以图表示的结构

Julia Hirschberg and Christopher D. Manning.
Advances in Natural Language Processing. Science 2015



结构预测问题：序列标注

p经典的序列标注模型
p条件随机场（Conditional Random Field，CRF）

p维特比（Viterbi）解码算法

𝑃 𝑦 !:# 𝑥 !:# ∝
1

𝑍$[":$]
'
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#
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结构预测问题：图结构生成

p基于图的算法
p计算图中任意两个节点之间连边的分数（类别）
p根据解码算法生成图（树）结构

p基于转移的算法
p将图结构的构建过程转化为状态转移序列

p如标准弧转移算法
p转移状态由一个栈和一个队列构成
p三种转移动作

p移进（SH）、左弧（RL）和右弧（RR）

p对旧状态执行一个移动作转换为新状态
p转移动作的选择本质上也是分类问题

…
分类

面向依存句法分析的标准弧转移算法示例



序列到序列问题

p将输入序列转换为输出序列
p输入和输出的序列不要求等长，也不要求词表一致
p泛化为“编码器—解码器”模型（Encoder-Decoder）

p本质上也是分类问题

p典型任务
任务 输入 输出

机器翻译 源语言 目标语言

文本摘要 原文 摘要

回复生成 用户语句 机器回复

图片描述生成 图片 文本描述

语音识别 语音 转写文本

I love you

(QFRGHU 'HFRGHU

֦౯ ᆽ

“编码器—解码器”模型示例



评价指标

p准确率（Accuracy）

pAcc =正确分类的样本数
测试样本总数

p不适用于针对某一类别的评价

pF值（针对某一类别）
p精确率（Precision）和召回率（Recall）加权调和平均

pF2 =
345
465， 𝑃 =正确识别的某类样本数目

识别出的该类样本总数
， 𝑅 = 正确识别的某类样本数目

测试数据中该类样本的总数



其它评价指标

p依存分析
p分析结果是树结构

p以词为单位，父节点识别的准确率
pUAS（Unlabeled Attachment Score）词的父节点被正确识别的准确率
pLAS（Labeled Attachment Score）同时考虑词与父节点的关系是否正确

p分析结果是图结构
pF值评价

p指代消解等聚类任务
p多种复杂的评价指标

p针对机器翻译等文本生成任务
pBLEU

p对话系统的评价仍然是一个开放问题
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基础工具集与常用数据

• NLTK
• LTP
• PyTorch

基础工具集

• Wikipedia
• Common Crawl

常用数据集



NLTK

pNatural Language Toolkit
phttps://www.nltk.org/

p多种语料库和词典资源
p生文本、PennTreebank样例
pWordNet

p基本的自然语言处理工具集
p分句
p标记解析
p词性标注
p句法分析

p更多英文自然语言处理工具集
pCoreNLP、spaCy等

https://data-flair.training/blogs/nltk-python-tutorial/

https://www.nltk.org/
https://data-flair.training/blogs/nltk-python-tutorial/


LTP

p语言技术平台（Language Technology Platform，LTP）
phttp://ltp.ai
p高效、高精度中文自然语言处理基础平台
p中文词法、句法、语义分析等6项自然语言处理核心技术

p2020年7月发布4.0版本
p基于预训练模型
p多任务学习机制

p安装
p$ pip install ltp

http://ltp.ai/


LTP调用示例



PyTorch

pFacebook开发的开源深度学习库
phttps://pytorch.org/

p基于张量（Tensor）的数学运算工具包
pGPU加速的张量计算
p自动进行微分计算

pPyTorch的优势
p框架简洁
p入门简单，容易上手
p支持动态神经网络构建
p与Python语言无缝结合
pDebug方便

https://www.asimovinstitute.org/neural-network-zoo/

https://pytorch.org/
https://www.asimovinstitute.org/neural-network-zoo/


PyTorch的三要素

张量（Tensor）

• 数据存储

• 支持GPU

表达式（Expression）

• 数据运算

• 自动微分计算

模块（Module）

• 神经网络层

• 支持自定义



张量（Tensor）

p又称为多维数组

p与Python列表的区别

p可表示现实世界中的各种数据
p表格、时间序列

p（彩色）图像

batch = torch.zeros(100, 3, 256, 256, dtype=torch.uint8)



PyTorch作为张量库

p支持各种张量操作（类似NumPy）
p创建张量
p索引、切片

p支持GPU
p快！

Numpy

PyTorch

𝑴 ∗𝑴 ∗𝑴 𝑀 ∈ ℝ&'''×&'''



表达式（Expession）

p通过计算图描述表达式
p如：e = (a + b) * (b - 2)

p计算图中每个节点执行一个运算
p前向运算（Forward）：根据输入获得输出

>>> a = torch.tensor([2.])
>>> b = torch.tensor([3.])
>>> c = a + b
>>> d = b - 2
>>> e = c * d
>>> print(c, d, e)
tensor([5.], grad_fn=<AddBackward0>) 
tensor([1.], grad_fn=<SubBackward0>) 
tensor([5.], grad_fn=<MulBackward0>)

a
a = 2

b
b = 3

c=a+b
c = 5

d=b-2
d = 1

e=c*d
e = 5



表达式（Expession）

p反向传播（Back-propagation）
p计算输出对每个输入的导数

p
'(
')
= 1, '(

'*
=6

p自动微分计算
>>> e.backward()
>>> print(a.grad, b.grad)
tensor([1.]) tensor([6.])

𝜕𝑒
𝜕𝑎 = 1

𝜕𝑒
𝜕𝑏 = 6

𝜕𝑒
𝜕𝑐 = 1

𝜕𝑒
𝜕𝑑 = 5

𝜕𝑒
𝜕𝑒 = 1

𝜕𝑒
𝜕𝑐

= 1
𝜕𝑒
𝜕𝑑 = 5

𝜕𝑐
𝜕𝑎 = 1

𝜕𝑐
𝜕𝑏 = 1 𝜕𝑑

𝜕𝑏 = 1

a
a = 2

b
b = 3

c=a+b
c = 5

d=b-2
d = 1

e=c*d
e = 5



静态图与动态图



模块（Module）

包名 功能 描述

torch Tesnor / Expression 类似NumPy的张量库，支持GPU以及自动微分

torch.nn Module 灵活的神经网络库，提供多种神经网络层

torch.optim Module 多种优化算法

torch.utils Module 数据集、数据加载等辅助工具



大规模预训练数据集

p维基百科（Wikipedia）
p快照（2020年10月23日）https://dumps.wikimedia.org/

p处理流程
p纯文本抽取 à 中文繁简转换à 数据清洗

pCommon Crawl数据（https://commoncrawl.org/）
p大规模网络爬虫数据集
p使用Facebook的CC-Net工具下载和处理

phttps://github.com/facebookresearch/cc_net

https://dumps.wikimedia.org/
https://commoncrawl.org/
https://github.com/facebookresearch/cc_net
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感知器模型

p感知器（Perceptron）
p最简单也是最早出现的机器学习模型
p灵感直接来源于生产生活的实践

p面试评分
p𝑠 = 𝑥2 + 𝑥3 + 𝑥@ + 𝑥A

p如果𝑠 ≥ 𝑡则录用，否则不录用

p考虑面试官的经验（权重）
p𝑠 = 𝑤!𝑥! + 𝑤+𝑥+ + 𝑤,𝑥, + 𝑤-𝑥-

p感知器模型

𝑦 = #1 if ∑+𝑤+𝑥+ + 𝑏 ≥ 0
0 else

，其中 𝑏 = −𝑡

x4
x1 x2 x3



Logistic回归模型

p线性回归（Linear Regression）
p𝑦 = ∑B𝑤B𝑥B + 𝑏

pLogistic回归（Logistic Regression）
pLogistic函数

p设𝑧 = ∑B𝑤B𝑥B + 𝑏
pSigmoid函数（Logistic函数的特例）

p处理二元分类问题，y为输出的概率
p垃圾邮件过滤、褒贬识别

<latexit sha1_base64="i3SXk6ybbNz1XVEy1DfBpX4cUEc=">AAACE3icbVDJSgNBEO1xN25Rj14ag+CCYUZFvQiiFw8eFMwCSQw9nRpt0rPQXSPGZv7Bi7/ixYMiXr1482/sLAe3BwWP96qoqucnUmh03U9naHhkdGx8YjI3NT0zO5efXyjrOFUcSjyWsar6TIMUEZRQoIRqooCFvoSK3z7u+pUbUFrE0QV2EmiE7CoSgeAMrdTMr3foAa0HinFzmhmPbtA6wi0ayC7NZtus3tFNetd017Isa+YLbtHtgf4l3oAUyABnzfxHvRXzNIQIuWRa1zw3wYZhCgWXkOXqqYaE8Ta7gpqlEQtBN0zvp4yuWKVFg1jZipD21O8ThoVad0LfdoYMr/Vvryv+59VSDPYbRkRJihDx/qIglRRj2g2ItoQCjrJjCeNK2Fspv2Y2ILQx5mwI3u+X/5LyVtHbLW6f7xQOjwZxTJAlskxWiUf2yCE5IWekRDi5J4/kmbw4D86T8+q89VuHnMHMIvkB5/0LnJ2cwg==</latexit>

y =
L

1 + e�k(z�z0)

<latexit sha1_base64="y509vAJNTwW3RtVAllHE0a9FMV4=">AAACCHicbVDJSgNBEO1xN25Rjx5sDIIghhkV9SKIXjxGMAtkYujp1GiTnoXuGnEc5ujFX/HiQRGvfoI3/8bOctDog4LHe1VU1fNiKTTa9pc1Nj4xOTU9M1uYm19YXCour9R0lCgOVR7JSDU8pkGKEKooUEIjVsACT0Ld6571/PotKC2i8BLTGFoBuw6FLzhDI7WL6yk9pq6vGM+cPHPoNnUR7jCD/Crbuc/zdrFkl+0+6F/iDEmJDFFpFz/dTsSTAELkkmnddOwYWxlTKLiEvOAmGmLGu+wamoaGLADdyvqP5HTTKB3qR8pUiLSv/pzIWKB1GnimM2B4o0e9nvif10zQP2plIowThJAPFvmJpBjRXiq0IxRwlKkhjCthbqX8hplU0GRXMCE4oy//JbXdsnNQ3rvYL52cDuOYIWtkg2wRhxySE3JOKqRKOHkgT+SFvFqP1rP1Zr0PWses4cwq+QXr4xuEg5kP</latexit>

y =
1

1 + e�z

Sigmoid函数示意图



Softmax回归

p使用Softmax回归处理多元分类
pSoftmax函数

p其中𝑦B为第𝑖个类别的概率，𝑧B = ∑C𝑤BC𝑥D + 𝑏，
𝑤BC为第𝑖个类别所对应的第𝑗个输入的权重

<latexit sha1_base64="qbPlnaz3H2uxki/+/jURoOhFFd0="></latexit>

yi = Softmax(z)i =
ezi

ez1 + ez2 + · · ·+ ezm

<latexit sha1_base64="Cs44arn0oPFPNHoeqWEFrZZ2yJM=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5JIoR6LXjxWMLbQhrLZbtqlm03YfRFK6G/w4kFBvPp/vPlv3LY5aOvAwjDzhn1vwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vHJo0kyzbjPEpnobkgNl0JxHwVK3k01p3EoeSec3M79zhPXRiTqAacpD2I6UiISjKKV/P4wQTOo1ty6uwBZJ15BalCgPah+2RzLYq6QSWpMz3NTDHKqUTDJZ5V+ZnhK2YSOeM9SRWNugnyx7IxcWGVIokTbp5As1N+JnMbGTOPQTsYUx2bVm4v/eb0Mo+sgFyrNkCu2/CjKJMGEzC8nQ6E5Qzm1hDIt7K6EjammDG0/FVuCt3ryOulc1b1G3fPuG7XWTdFHGc7gHC7Bgya04A7a4AMDAc/wCm+Ocl6cd+djOVpyiswp/IHz+QOJKo77</latexit>. . .

<latexit sha1_base64="Cs44arn0oPFPNHoeqWEFrZZ2yJM=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5JIoR6LXjxWMLbQhrLZbtqlm03YfRFK6G/w4kFBvPp/vPlv3LY5aOvAwjDzhn1vwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vHJo0kyzbjPEpnobkgNl0JxHwVK3k01p3EoeSec3M79zhPXRiTqAacpD2I6UiISjKKV/P4wQTOo1ty6uwBZJ15BalCgPah+2RzLYq6QSWpMz3NTDHKqUTDJZ5V+ZnhK2YSOeM9SRWNugnyx7IxcWGVIokTbp5As1N+JnMbGTOPQTsYUx2bVm4v/eb0Mo+sgFyrNkCu2/CjKJMGEzC8nQ6E5Qzm1hDIt7K6EjammDG0/FVuCt3ryOulc1b1G3fPuG7XWTdFHGc7gHC7Bgya04A7a4AMDAc/wCm+Ocl6cd+djOVpyiswp/IHz+QOJKo77</latexit>. . .
<latexit sha1_base64="rswNFg9afLlgGIfVWfAMB+HbebI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9lIQY9FLx4r2A9ol5JNs21sNlmSrFKW/gcvHhTEq7/Hm//GtN2Dtj4YeLw3w8y8MBHcWN//9gpr6xubW8Xt0s7u3v5B+fCoZVSqKWtSJZTuhMQwwSVrWm4F6ySakTgUrB2Ob2Z++5Fpw5W8t5OEBTEZSh5xSqyTWk/9DONpv1zxq/4caJXgnFQgR6Nf/uoNFE1jJi0VxJgu9hMbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3TmlAGKlHYlLZqrvycyEhsziUPXGRM7MsveTPzP66Y2ugoyLpPUMkkXi6JUIKvQ7HU04JpRKyaOEKq5uxXREdGEWhdQyYWAl19eJe2LKq5VMb6rVerXeR5FOIFTOAcMl1CHW2hAEyg8wDO8wpunvBfv3ftYtBa8fOYY/sD7/AHXfo8f</latexit>w11

<latexit sha1_base64="wDieiSnQeB+tD1tVTr/tl+Ef5qg=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4KptS0GPRi8cK9gPapWTTbBubTZYkq5Sl/8GLBwXx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HNzO//ci04Ure20nCgpgMJY84JdZJrad+hqvTfqnsV/w50CrBOSlDjka/9NUbKJrGTFoqiDFd7Cc2yIi2nAo2LfZSwxJCx2TIuo5KEjMTZPNrp+jcKQMUKe1KWjRXf09kJDZmEoeuMyZ2ZJa9mfif101tdBVkXCapZZIuFkWpQFah2etowDWjVkwcIVRzdyuiI6IJtS6gogsBL7+8StrVCq5VML6rlevXeR4FOIUzuAAMl1CHW2hAEyg8wDO8wpunvBfv3ftYtK55+cwJ/IH3+QPZBI8g</latexit>w12

<latexit sha1_base64="CHp2sQbMnHWK8o+/NX2LTEK3nhM=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4Khst6LHoxWMF+wHtUrJpto3NJkuSVcrS/+DFg4J49fd489+YtnvQ1gcDj/dmmJkXJoIb6/vf3srq2vrGZmGruL2zu7dfOjhsGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemTacCXv7ThhQUwGkkecEuuk5lMvwxeTXqnsV/wZ0DLBOSlDjnqv9NXtK5rGTFoqiDEd7Cc2yIi2nAo2KXZTwxJCR2TAOo5KEjMTZLNrJ+jUKX0UKe1KWjRTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpQFah6euozzWjVowdIVRzdyuiQ6IJtS6gogsBL768TFrnFVytYHxXLdeu8zwKcAwncAYYLqEGt1CHBlB4gGd4hTdPeS/eu/cxb13x8pkj+APv8wfaio8h</latexit>w13

<latexit sha1_base64="SRh/MNoqlx6DA1JRcqq6iLlaUIg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9lIQY9FLx4r2A9ol5JNs21sNlmSrFKW/gcvHhTEq7/Hm//GtN2Dtj4YeLw3w8y8MBHcWN//9gpr6xubW8Xt0s7u3v5B+fCoZVSqKWtSJZTuhMQwwSVrWm4F6ySakTgUrB2Ob2Z++5Fpw5W8t5OEBTEZSh5xSqyTWk/9DMtpv1zxq/4caJXgnFQgR6Nf/uoNFE1jJi0VxJgu9hMbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3TmlAGKlHYlLZqrvycyEhsziUPXGRM7MsveTPzP66Y2ugoyLpPUMkkXi6JUIKvQ7HU04JpRKyaOEKq5uxXREdGEWhdQyYWAl19eJe2LKq5VMb6rVerXeR5FOIFTOAcMl1CHW2hAEyg8wDO8wpunvBfv3ftYtBa8fOYY/sD7/AE0e49c</latexit>w1n <latexit sha1_base64="6El4P8VqV1e36qzAEtsh4e5Y9wc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9lIQY9FLx4r2A9ol5JNs21skl2SrFKW/gcvHhTEq7/Hm//GtN2Dtj4YeLw3w8y8MBHcWN//9gpr6xubW8Xt0s7u3v5B+fCoZeJUU9aksYh1JySGCa5Y03IrWCfRjMhQsHY4vpn57UemDY/VvZ0kLJBkqHjEKbFOaj31M4mn/XLFr/pzoFWCc1KBHI1++as3iGkqmbJUEGO62E9skBFtORVsWuqlhiWEjsmQdR1VRDITZPNrp+jMKQMUxdqVsmiu/p7IiDRmIkPXKYkdmWVvJv7ndVMbXQUZV0lqmaKLRVEqkI3R7HU04JpRKyaOEKq5uxXREdGEWhdQyYWAl19eJe2LKq5VMb6rVerXeR5FOIFTOAcMl1CHW2hAEyg8wDO8wpsXey/eu/exaC14+cwx/IH3+QMzMY9b</latexit>wm1<latexit sha1_base64="fdQbqs2wiisc1EtunzLEnOQnhYw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4KptS0GPRi8cK9gPapWTTbBubTZYkq5Sl/8GLBwXx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HNzO//ci04Ure20nCgpgMJY84JdZJrad+VsXTfqnsV/w50CrBOSlDjka/9NUbKJrGTFoqiDFd7Cc2yIi2nAo2LfZSwxJCx2TIuo5KEjMTZPNrp+jcKQMUKe1KWjRXf09kJDZmEoeuMyZ2ZJa9mfif101tdBVkXCapZZIuFkWpQFah2etowDWjVkwcIVRzdyuiI6IJtS6gogsBL7+8StrVCq5VML6rlevXeR4FOIUzuAAMl1CHW2hAEyg8wDO8wpunvBfv3ftYtK55+cwJ/IH3+QPZBY8g</latexit>w21
<latexit sha1_base64="C0BGqUJ4f0ZSxlu5hMeKgmHQSYA=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4KptS0GPRi8cK9gPapWTTbBubTZYkq5Sl/8GLBwXx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HNzO//ci04Ure20nCgpgMJY84JdZJrad+Vq1O+6WyX/HnQKsE56QMORr90ldvoGgaM2mpIMZ0sZ/YICPacirYtNhLDUsIHZMh6zoqScxMkM2vnaJzpwxQpLQradFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10VWQcZmklkm6WBSlAlmFZq+jAdeMWjFxhFDN3a2Ijogm1LqAii4EvPzyKmlXK7hWwfiuVq5f53kU4BTO4AIwXEIdbqEBTaDwAM/wCm+e8l68d+9j0brm5TMn8Afe5w/ai48h</latexit>w22

<latexit sha1_base64="ISEpxy0CeLUveS2VBSE40+7RJJo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisYD+gXUo2zbax2WRJskpZ+h+8eFAQr/4eb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcpP5nUeqNJPi3kxj6kd4JFjICDZWaj8N0trFbFCuuFV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrzyUybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiWdWtWrVz3vrl5pXOd5FOEETuEcPLiEBtxCE1pA4AGe4RXeHOm8OO/Ox6K14OQzx/AHzucP3BGPIg==</latexit>w23

<latexit sha1_base64="lhgvWRLtCtGm5M5XjVHCLJbfMPs=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4KptS0GPRi8cK9gPapWTTbBubTZYkq5Sl/8GLBwXx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HNzO//ci04Ure20nCgpgMJY84JdZJrad+VpXTfqnsV/w50CrBOSlDjka/9NUbKJrGTFoqiDFd7Cc2yIi2nAo2LfZSwxJCx2TIuo5KEjMTZPNrp+jcKQMUKe1KWjRXf09kJDZmEoeuMyZ2ZJa9mfif101tdBVkXCapZZIuFkWpQFah2etowDWjVkwcIVRzdyuiI6IJtS6gogsBL7+8StrVCq5VML6rlevXeR4FOIUzuAAMl1CHW2hAEyg8wDO8wpunvBfv3ftYtK55+cwJ/IH3+QM2Ao9d</latexit>w2n
<latexit sha1_base64="frvRWNsqydjWSKgO4w37rqJRgXo=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0Q0GPQi8cI5gHJEmYns8mYeSwzs0pY8g9ePCiIV7/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8M/Pbj1QbpuS9nSQ0FHgoWcwItk5qPfUzUZ32S2W/4s+BVkmQkzLkaPRLX72BIqmg0hKOjekGfmLDDGvLCKfTYi81NMFkjIe066jEgpowm187RedOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW18FWZMJqmlkiwWxSlHVqHZ62jANCWWTxzBRDN3KyIjrDGxLqCiCyFYfnmVtKuVoFYJgrtauX6d51GAUziDCwjgEupwCw1oAoEHeIZXePOU9+K9ex+L1jUvnzmBP/A+fwA0t49c</latexit>wm2

<latexit sha1_base64="QBSr/Q4B3eBUyIIBKb1heCeCNd4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0N6DHoxWME84BkCbOT2WTMPJaZWSUs+QcvHhTEq9/jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtR6oNU/LejhMaCjyQLGYEWyc1n3qZuJj0SmW/4s+AlkmQkzLkqPdKX92+Iqmg0hKOjekEfmLDDGvLCKeTYjc1NMFkhAe046jEgpowm107QadO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18FWZMJqmlkswXxSlHVqHp66jPNCWWjx3BRDN3KyJDrDGxLqCiCyFYfHmZtM4rQbUSBHfVcu06z6MAx3ACZxDAJdTgFurQAAIP8Ayv8OYp78V79z7mrStePnMEf+B9/gA2PY9d</latexit>wm3 <latexit sha1_base64="qjYLu3TJvRZAIDwH4OZKrnwm5Ls=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI9BLx4jmAckS5idzCZj5rHMzCphyT948aAgXv0eb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4Zua3H6k2TMl7O0loKPBQspgRbJ3UeupnQk775Ypf9edAqyTISQVyNPrlr95AkVRQaQnHxnQDP7FhhrVlhNNpqZcammAyxkPadVRiQU2Yza+dojOnDFCstCtp0Vz9PZFhYcxERK5TYDsyy95M/M/rpja+CjMmk9RSSRaL4pQjq9DsdTRgmhLLJ45gopm7FZER1phYF1DJhRAsv7xK2hfVoFYNgrtapX6d51GEEziFcwjgEupwCw1oAoEHeIZXePOU9+K9ex+L1oKXzxzDH3ifP5Afj5g=</latexit>wmn

Softmax

<latexit sha1_base64="Cs44arn0oPFPNHoeqWEFrZZ2yJM=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5JIoR6LXjxWMLbQhrLZbtqlm03YfRFK6G/w4kFBvPp/vPlv3LY5aOvAwjDzhn1vwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vHJo0kyzbjPEpnobkgNl0JxHwVK3k01p3EoeSec3M79zhPXRiTqAacpD2I6UiISjKKV/P4wQTOo1ty6uwBZJ15BalCgPah+2RzLYq6QSWpMz3NTDHKqUTDJZ5V+ZnhK2YSOeM9SRWNugnyx7IxcWGVIokTbp5As1N+JnMbGTOPQTsYUx2bVm4v/eb0Mo+sgFyrNkCu2/CjKJMGEzC8nQ6E5Qzm1hDIt7K6EjammDG0/FVuCt3ryOulc1b1G3fPuG7XWTdFHGc7gHC7Bgya04A7a4AMDAc/wCm+Ocl6cd+djOVpyiswp/IHz+QOJKo77</latexit>. . .

<latexit sha1_base64="dv0Czy5y0Ay02DoWw9RyOs2OEAk=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpGCnosevFYwdpCu5Rsmm1Dk+ySZIWy9C948aAgXv1B3vw3Zts9aOuDgcd7M8zMCxPBjfX9b6+0tr6xuVXeruzs7u0fVA+PHk2casraNBax7obEMMEVa1tuBesmmhEZCtYJJ7e533li2vBYPdhpwgJJRopHnBKbSxfhAA+qNb/uz4FWCS5IDQq0BtWv/jCmqWTKUkGM6WE/sUFGtOVUsFmlnxqWEDohI9ZzVBHJTJDNb52hM6cMURRrV8qiufp7IiPSmKkMXackdmyWvVz8z+ulNroOMq6S1DJFF4uiVCAbo/xxNOSaUSumjhCqubsV0THRhFoXT8WFgJdfXiWdyzpu1DG+b9SaN0UeZTiBUzgHDFfQhDtoQRsojOEZXuHNk96L9+59LFpLXjFzDH/gff4A53qN+A==</latexit>

+b1
<latexit sha1_base64="fcJ+2k/6yka1iHjGtJUT/nEGx0E=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFW5F0DJoYxnRmEByhL3NJlmyt3fszgnxyE+wsVAQW/+Qnf/GTXKFJj4YeLw3w8y8MFHSou9/e4WV1bX1jeJmaWt7Z3evvH/wYOPUcNHgsYpNK2RWKKlFAyUq0UqMYFGoRDMcXU/95qMwVsb6HseJCCI20LIvOUMn3T11abdc8av+DGSZ0JxUIEe9W/7q9GKeRkIjV8zaNvUTDDJmUHIlJqVOakXC+IgNRNtRzSJhg2x26oScOKVH+rFxpZHM1N8TGYusHUeh64wYDu2iNxX/89op9i+DTOokRaH5fFE/VQRjMv2b9KQRHNXYEcaNdLcSPmSGcXTplFwIdPHlZdI8q9LzKqW355XaVZ5HEY7gGE6BwgXU4Abq0AAOA3iGV3jzlPfivXsf89aCl88cwh94nz+lYY3b</latexit>z1

<latexit sha1_base64="KvUmPCjMWX137JVSRvZ5+3Y5SVs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FLx4rWltoQ9lsN+3SzSbsToQa+hO8eFAQr/4hb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRg4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfD3z249cGxGre5wk3I/oUIlQMIpWunvq1/rlilt15yCrxMtJBXI0++Wv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5J2rerVq553W680rvI8inACp3AOHlxAA26gCS1gMIRneIU3RzovzrvzsWgtOPnMMfyB8/kDpuaN3A==</latexit>z2
<latexit sha1_base64="YovOknlg3/IRKbQkV60n9GS0wKU=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnRmEByhL3NJlmyu3fszgnxyE+wsVAQW/+Qnf/GTXKFJj4YeLw3w8y8KJHCou9/e4WV1bX1jeJmaWt7Z3evvH/wYOPUMN5gsYxNK6KWS6F5AwVK3koMpyqSvBmNrqd+85EbK2J9j+OEh4oOtOgLRtFJd09d1S1X/Ko/A1kmQU4qkKPeLX91ejFLFdfIJLW2HfgJhhk1KJjkk1IntTyhbEQHvO2oporbMJudOiEnTumRfmxcaSQz9fdERpW1YxW5TkVxaBe9qfif106xfxlmQicpcs3mi/qpJBiT6d+kJwxnKMeOUGaEu5WwITWUoUun5EIIFl9eJs2zanBeDYLb80rtKs+jCEdwDKcQwAXU4Abq0AAGA3iGV3jzpPfivXsf89aCl88cwh94nz8AnI4X</latexit>zm

<latexit sha1_base64="B4QnyIDL5dam+Ud7O0VH4xmtB9I=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXCnosevFYwdpCu5Rsmm1Dk+ySZIWy9C948aAgXv1B3vw3Zts9aOuDgcd7M8zMCxPBjfW8b1RaW9/Y3CpvV3Z29/YPqodHjyZONWVtGotYd0NimOCKtS23gnUTzYgMBeuEk9vc7zwxbXisHuw0YYEkI8UjTonNpYtwIAfVmlf35sCrxC9IDQq0BtWv/jCmqWTKUkGM6fleYoOMaMupYLNKPzUsIXRCRqznqCKSmSCb3zrDZ04Z4ijWrpTFc/X3REakMVMZuk5J7Ngse7n4n9dLbXQdZFwlqWWKLhZFqcA2xvnjeMg1o1ZMHSFUc3crpmOiCbUunooLwV9+eZV0Lut+o+77941a86bIowwncArn4MMVNOEOWtAGCmN4hld4QxK9oHf0sWgtoWLmGP4Aff4AQrWONA==</latexit>

+bm
<latexit sha1_base64="u73dvG1ZRmPSi4E+a9EXVIBzCu0=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBEEoeyWgh6LXjxWsLbQLiWbZtvQJLskWaEs/QtePCiIV3+QN/+N2XYP2vpg4PHeDDPzwkRwYz3vG62tb2xubZd2yrt7+weHlaPjRxOnmrI2jUWsuyExTHDF2pZbwbqJZkSGgnXCyW3ud56YNjxWD3aasECSkeIRp8Tm0mU4qA8qVa/mzYFXiV+QKhRoDSpf/WFMU8mUpYIY0/O9xAYZ0ZZTwWblfmpYQuiEjFjPUUUkM0E2v3WGz50yxFGsXSmL5+rviYxIY6YydJ2S2LFZ9nLxP6+X2ug6yLhKUssUXSyKUoFtjPPH8ZBrRq2YOkKo5u5WTMdEE2pdPGUXgr/88irp1Gt+o+b7941q86bIowSncAYX4MMVNOEOWtAGCmN4hld4QxK9oHf0sWhdQ8XMCfwB+vwB6P+N+Q==</latexit>

+b2

<latexit sha1_base64="Bc0IwNbSmXFJnwKrf0PHdWrbLdE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqWykoMeiF48VrS20S8mm2TY0m12SrLAs/QlePCiIV/+QN/+NabsHbX0w8Hhvhpl5QSKFsZ73jUpr6xubW+Xtys7u3v5B9fDo0cSpZrzNYhnrbkANl0LxthVW8m6iOY0CyTvB5Gbmd564NiJWDzZLuB/RkRKhYNQ66T4bkEG15tW9OfAqIQWpQYHWoPrVH8YsjbiyTFJjesRLrJ9TbQWTfFrpp4YnlE3oiPccVTTixs/np07xmVOGOIy1K2XxXP09kdPImCwKXGdE7dgsezPxP6+X2vDKz4VKUssVWywKU4ltjGd/46HQnFmZOUKZFu5WzMZUU2ZdOhUXAll+eZV0LuqkUSfkrlFrXhd5lOEETuEcCFxCE26hBW1gMIJneIU3JNELekcfi9YSKmaO4Q/Q5w+j2o3a</latexit>y1
<latexit sha1_base64="Cxx9vqJtZcVRP0HmrXRvz4NqwSA=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHoxWNFawttKJvtpl262YTdiRBCf4IXDwri1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7dJOeXdv/+CwcnT8aOJUM95msYx1N6CGS6F4GwVK3k00p1EgeSeY3Mz8zhPXRsTqAbOE+xEdKREKRtFK99mgPqhU3Zo7B1klXkGqUKA1qHz1hzFLI66QSWpMz3MT9HOqUTDJp+V+anhC2YSOeM9SRSNu/Hx+6pScW2VIwljbUkjm6u+JnEbGZFFgOyOKY7PszcT/vF6K4ZWfC5WkyBVbLApTSTAms7/JUGjOUGaWUKaFvZWwMdWUoU2nbEPwll9eJZ16zWvUPO+uUW1eF3mU4BTO4AI8uIQm3EIL2sBgBM/wCm+OdF6cd+dj0brmFDMn8AfO5w+lX43b</latexit>y2

<latexit sha1_base64="osyIbLNewC7XzsOOzurMUhES9rQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lIQY9FLx4rWltol5JNs21okl2SrLAs/QlePCiIV/+QN/+NabsHbX0w8Hhvhpl5YSK4sb7/7ZXW1jc2t8rblZ3dvf2D6uHRo4lTTVmbxiLW3ZAYJrhibcutYN1EMyJDwTrh5Gbmd56YNjxWDzZLWCDJSPGIU2KddJ8N5KBa8+v+HGiV4ILUoEBrUP3qD2OaSqYsFcSYHvYTG+REW04Fm1b6qWEJoRMyYj1HFZHMBPn81Ck6c8oQRbF2pSyaq78nciKNyWToOiWxY7PszcT/vF5qo6sg5ypJLVN0sShKBbIxmv2NhlwzakXmCKGau1sRHRNNqHXpVFwIePnlVdK5qONGHeO7Rq15XeRRhhM4hXPAcAlNuIUWtIHCCJ7hFd484b14797HorXkFTPH8Afe5w//Bo4W</latexit>ym

<latexit sha1_base64="GZTWOlzBFAK3vDrkp8Tkm0Wyn/Y=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFW5F0DJoYxnRmEByhL3NJlmyt3fszonhyE+wsVAQW/+Qnf/GTXKFJj4YeLw3w8y8MFHSou9/e4WV1bX1jeJmaWt7Z3evvH/wYOPUcNHgsYpNK2RWKKlFAyUq0UqMYFGoRDMcXU/95qMwVsb6HseJCCI20LIvOUMn3T11abdc8av+DGSZ0JxUIEe9W/7q9GKeRkIjV8zaNvUTDDJmUHIlJqVOakXC+IgNRNtRzSJhg2x26oScOKVH+rFxpZHM1N8TGYusHUeh64wYDu2iNxX/89op9i+DTOokRaH5fFE/VQRjMv2b9KQRHNXYEcaNdLcSPmSGcXTplFwIdPHlZdI8q9LzKqW355XaVZ5HEY7gGE6BwgXU4Abq0AAOA3iGV3jzlPfivXsf89aCl88cwh94nz+iU43Z</latexit>x1
<latexit sha1_base64="MxUv0s9VtBtvT/RMhhoU3KYgiWA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FLx4rWltoQ9lsN+3SzSbsTsQS+hO8eFAQr/4hb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRg4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfD3z249cGxGre5wk3I/oUIlQMIpWunvq1/rlilt15yCrxMtJBXI0++Wv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5J2rerVq553W680rvI8inACp3AOHlxAA26gCS1gMIRneIU3RzovzrvzsWgtOPnMMfyB8/kDo9iN2g==</latexit>x2

<latexit sha1_base64="56H9Q4ycl9UTEuCabrewz+wyrW0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48VrS20oWy2m3bpZhN2J2IJ/QlePCiIV/+QN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgorq2vrG8XN0tb2zu5eef/gwcSpZrzJYhnrdkANl0LxJgqUvJ1oTqNA8lYwup76rUeujYjVPY4T7kd0oEQoGEUr3T31znvlilt1ZyDLxMtJBXI0euWvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/NTp2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjpZ0IlKXLF5ovCVBKMyfRv0heaM5RjSyjTwt5K2JBqytCmU7IheIsvL5PWWdWrVT3vtlapX+V5FOEIjuEUPLiAOtxAA5rAYADP8ApvjnRenHfnY95acPKZQ/gD5/MHpV2N2w==</latexit>x3
<latexit sha1_base64="A/JQg+qjGudDgZSg100vJUdYEB8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI9FLx4rWltoQ9lsN+3SzSbsTsQS+hO8eFAQr/4hb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRg4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfD3z249cGxGre5wk3I/oUIlQMIpWunvqq3654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R9UfVqVc+7rVUaV3keRTiBUzgHD+rQgBtoQgsYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4A/wSOFg==</latexit>xn

<latexit sha1_base64="nnIDlIpqUItUmLqUevAfl3aJ8i8="></latexit>2

6664

y1
y2
...
ym

3

7775
= Softmax

0

BBB@

w11x1 + w12x2 + · · ·+ w1nxn + b1
w21x1 + w22x2 + · · ·+ w2nxn + b2

...
wm1x1 + wm2x2 + · · ·+ wmnxn + bm

1

CCCA

<latexit sha1_base64="0cWBKvOGnj1WN6LnsrEVNbRPi7E="></latexit>2

6664

y1
y2
...
ym

3

7775
= Softmax

0
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2

6664

w11, w12, · · · , w1n

w21, w22, · · · , w2n
...

wm1, wm2, · · · , wmn

3

7775
·

2
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x1

x2
...
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3

7775
+

2
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b1
b2
...
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3

7775

1

CCCA

<latexit sha1_base64="q21DT5qaMycwLEmyz9NCHNF8AHA=">AAACOXicbVDLSgMxFM34tr6qLt0Ei1ARyoyKuhFENy4r2lboDCWTZjQ0MxmSO9IyzG+58S/cCW5cKOLWHzDTdtGHB0JOzrmX3Hv8WHANtv1mzczOzS8sLi0XVlbX1jeKm1t1LRNFWY1KIdW9TzQTPGI14CDYfawYCX3BGn7nKvcbT0xpLqM76MXMC8lDxANOCRipVay6vhRt3QvNlfYyfI5dYF1Ib2UAIelm5VG/keHRZzfDB2OCn+0XWsWSXbH7wNPEGZISGqLaKr66bUmTkEVABdG66dgxeClRwKlgWcFNNIsJ7ZAH1jQ0IiHTXtrfPMN7RmnjQCpzIsB9dbQjJaHOhzOVIYFHPenl4n9eM4HgzEt5FCfAIjr4KEgEBonzGHGbK0ZB9AwhVHEzK6aPRBEKJuw8BGdy5WlSP6w4J5Wjm+PSxeUwjiW0g3ZRGTnoFF2ga1RFNUTRM3pHn+jLerE+rG/rZ1A6Yw17ttEYrN8/YiSvBw==</latexit>

y = Softmax(Wx+ b)



多层感知器

p多层感知器（Multi-layer Perceptron，MLP）
p堆叠多层感知器（线性回归+非线性激活函数）
p可解决线性不可分问题

p使用MLP解决异或（XOR）问题

ᬌف੶

ᵌތ੶�

ᬌڊ੶

ᵌތ੶�

<latexit sha1_base64="i/WWJl5UMeXA/fAzBMqITNyls4g=">AAACEnicbVDLSgMxFM3UV62vUZduglVQkDLjA10W3LisYB8wHUsmk2lDM8mQZIQyzDe48VfcuFDErSt3/o1pO4taPRByOOde7r0nSBhV2nG+rdLC4tLySnm1sra+sbllb++0lEglJk0smJCdACnCKCdNTTUjnUQSFAeMtIPh9dhvPxCpqOB3epQQP0Z9TiOKkTZSzz7uBoKFahSbL2vn95l35ucns2JQiD276tScCeBf4hakCgo0evZXNxQ4jQnXmCGlPNdJtJ8hqSlmJK90U0UShIeoTzxDOYqJ8rPJSTk8NEoIIyHN4xpO1NmODMVqvKCpjJEeqHlvLP7neamOrvyM8iTVhOPpoChlUAs4zgeGVBKs2cgQhCU1u0I8QBJhbVKsmBDc+ZP/ktZpzb2oObfn1fpBEUcZ7IF9cARccAnq4AY0QBNg8AiewSt4s56sF+vd+piWlqyiZxf8gvX5A7fOnqg=</latexit>

W [3], b[3]

<latexit sha1_base64="GM0Tn7JV1nfJu+b7IH4L9GZL85o=">AAACEnicbVDLSgMxFM34rPU16tJNsAoKUmaKosuCG5cV7AOmY8lkMm1oJhmSjFCGfoMbf8WNC0XcunLn35hpZ1FbD4QczrmXe+8JEkaVdpwfa2l5ZXVtvbRR3tza3tm19/ZbSqQSkyYWTMhOgBRhlJOmppqRTiIJigNG2sHwJvfbj0QqKvi9HiXEj1Gf04hipI3Us8+6gWChGsXmy9rjh8yr+ePzWTEoxJ5dcarOBHCRuAWpgAKNnv3dDQVOY8I1Zkgpz3US7WdIaooZGZe7qSIJwkPUJ56hHMVE+dnkpDE8MUoIIyHN4xpO1NmODMUqX9BUxkgP1LyXi/95Xqqjaz+jPEk14Xg6KEoZ1ALm+cCQSoI1GxmCsKRmV4gHSCKsTYplE4I7f/IiadWq7mXVubuo1I+LOErgEByBU+CCK1AHt6ABmgCDJ/AC3sC79Wy9Wh/W57R0ySp6DsAfWF+/tK2epg==</latexit>

W [2], b[2]

<latexit sha1_base64="Evgm7zFSZ5ebkvbUV82d6P5FqCI=">AAACHnicbVDLSsNAFJ34rPUVdekmWAUXUhKx6LLgxmUF+4Amlslk0g6dPJi5kZaQL3Hjr7hxoYjgSv/GSZtFHx4Y5nDOvdx7jxtzJsE0f7WV1bX1jc3SVnl7Z3dvXz84bMkoEYQ2ScQj0XGxpJyFtAkMOO3EguLA5bTtDm9zv/1EhWRR+ADjmDoB7ofMZwSDknp6zXYj7slxoL60nT2mNtARpKNBll3MWu6c1dMrZtWcwFgmVkEqqECjp3/bXkSSgIZAOJaya5kxOCkWwAinWdlOJI0xGeI+7Soa4oBKJ52clxlnSvEMPxLqhWBM1NmOFAcyX1NVBhgGctHLxf+8bgL+jZOyME6AhmQ6yE+4AZGRZ2V4TFACfKwIJoKpXQ0ywAITUImWVQjW4snLpHVZtWpV8/6qUj8t4iihY3SCzpGFrlEd3aEGaiKCntErekcf2ov2pn1qX9PSFa3oOUJz0H7+ALO0pTw=</latexit>

W xh, bxh

0

0

1

1

0

0

1

1

<latexit sha1_base64="GZTWOlzBFAK3vDrkp8Tkm0Wyn/Y=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFW5F0DJoYxnRmEByhL3NJlmyt3fszonhyE+wsVAQW/+Qnf/GTXKFJj4YeLw3w8y8MFHSou9/e4WV1bX1jeJmaWt7Z3evvH/wYOPUcNHgsYpNK2RWKKlFAyUq0UqMYFGoRDMcXU/95qMwVsb6HseJCCI20LIvOUMn3T11abdc8av+DGSZ0JxUIEe9W/7q9GKeRkIjV8zaNvUTDDJmUHIlJqVOakXC+IgNRNtRzSJhg2x26oScOKVH+rFxpZHM1N8TGYusHUeh64wYDu2iNxX/89op9i+DTOokRaH5fFE/VQRjMv2b9KQRHNXYEcaNdLcSPmSGcXTplFwIdPHlZdI8q9LzKqW355XaVZ5HEY7gGE6BwgXU4Abq0AAOA3iGV3jzlPfivXsf89aCl88cwh94nz+iU43Z</latexit>x1

<latexit sha1_base64="MxUv0s9VtBtvT/RMhhoU3KYgiWA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FLx4rWltoQ9lsN+3SzSbsTsQS+hO8eFAQr/4hb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRg4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfD3z249cGxGre5wk3I/oUIlQMIpWunvq1/rlilt15yCrxMtJBXI0++Wv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5J2rerVq553W680rvI8inACp3AOHlxAA26gCS1gMIRneIU3RzovzrvzsWgtOPnMMfyB8/kDo9iN2g==</latexit>x2

<latexit sha1_base64="issJAUNqEq3jSj4TOc0cjYawdXs="></latexit>

z = W [1]x+ b[1]

h = ReLU(z)

y = W [2]h+ b[2]

<latexit sha1_base64="GZTWOlzBFAK3vDrkp8Tkm0Wyn/Y=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFW5F0DJoYxnRmEByhL3NJlmyt3fszonhyE+wsVAQW/+Qnf/GTXKFJj4YeLw3w8y8MFHSou9/e4WV1bX1jeJmaWt7Z3evvH/wYOPUcNHgsYpNK2RWKKlFAyUq0UqMYFGoRDMcXU/95qMwVsb6HseJCCI20LIvOUMn3T11abdc8av+DGSZ0JxUIEe9W/7q9GKeRkIjV8zaNvUTDDJmUHIlJqVOakXC+IgNRNtRzSJhg2x26oScOKVH+rFxpZHM1N8TGYusHUeh64wYDu2iNxX/89op9i+DTOokRaH5fFE/VQRjMv2b9KQRHNXYEcaNdLcSPmSGcXTplFwIdPHlZdI8q9LzKqW355XaVZ5HEY7gGE6BwgXU4Abq0AAOA3iGV3jzlPfivXsf89aCl88cwh94nz+iU43Z</latexit>x1
<latexit sha1_base64="MxUv0s9VtBtvT/RMhhoU3KYgiWA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FLx4rWltoQ9lsN+3SzSbsTsQS+hO8eFAQr/4hb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRg4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfD3z249cGxGre5wk3I/oUIlQMIpWunvq1/rlilt15yCrxMtJBXI0++Wv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5J2rerVq553W680rvI8inACp3AOHlxAA26gCS1gMIRneIU3RzovzrvzsWgtOPnMMfyB8/kDo9iN2g==</latexit>x2

<latexit sha1_base64="j1EjwoX2wwO/RFQQ22Zp6E3PgZ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKoR6LXjxWtLbQhrLZTtqlm03Y3Qgl9Cd48aAgXv1D3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnjzpOFcM2i0WsugHVKLjEtuFGYDdRSKNAYCeY3Mz9zhMqzWP5YKYJ+hEdSR5yRo2V7seD2qBccavuAmSdeDmpQI7WoPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx6oxcWGVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE175GZdJalCy5aIwFcTEZP43GXKFzIipJZQpbm8lbEwVZcamU7IheKsvr5NOrerVq553V680r/M8inAG53AJHjSgCbfQgjYwGMEzvMKbI5wX5935WLYWnHzmFP7A+fwBi2iNyg==</latexit>

h2
<latexit sha1_base64="uoMgapDLIX/aCR8LTp61IcNO+Tc=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFW4loGXQxjKiMYHkCHubvWTJ3t6xOyeEkJ9gY6Egtv4hO/+Nm+QKTXww8Hhvhpl5YaqkRd//9gpr6xubW8Xt0s7u3v5B+fDo0SaZ4aLJE5WYdsisUFKLJkpUop0aweJQiVY4upn5rSdhrEz0A45TEcRsoGUkOUMn3Q97tFeu+FV/DrJKaE4qkKPRK391+wnPYqGRK2Zth/opBhNmUHIlpqVuZkXK+IgNRMdRzWJhg8n81Ck5c0qfRIlxpZHM1d8TExZbO45D1xkzHNplbyb+53UyjK6CidRphkLzxaIoUwQTMvub9KURHNXYEcaNdLcSPmSGcXTplFwIdPnlVdK6qNJaldK7WqV+nedRhBM4hXOgcAl1uIUGNIHDAJ7hFd485b14797HorXg5TPH8Afe5w+J443J</latexit>

h1

<latexit sha1_base64="pxbXhdCqc0FLKxbIyD0fl9NEoGg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWrC20oWy2k3btZhN2N0II/QVePCiIV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777ZTW1jc2t8rblZ3dvf2D6uHRg45TxbDNYhGrbkA1Ci6xbbgR2E0U0igQ2AkmtzO/84RK81jemyxBP6IjyUPOqLFSKxtUa27dnYOsEq8gNSjQHFS/+sOYpRFKwwTVuue5ifFzqgxnAqeVfqoxoWxCR9izVNIItZ/PD52SM6sMSRgrW9KQufp7IqeR1lkU2M6ImrFe9mbif14vNeG1n3OZpAYlWywKU0FMTGZfkyFXyIzILKFMcXsrYWOqKDM2m4oNwVt+eZV0LureZd3zWpe1xk2RRxlO4BTOwYMraMAdNKENDBCe4RXenEfnxXl3PhatJaeYOYY/cD5/AH3ejTY=</latexit>y

1
1 1

1

+0 -1

1 -2

+0

0

0

1

1

0

0

1

<latexit sha1_base64="uoMgapDLIX/aCR8LTp61IcNO+Tc=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFW4loGXQxjKiMYHkCHubvWTJ3t6xOyeEkJ9gY6Egtv4hO/+Nm+QKTXww8Hhvhpl5YaqkRd//9gpr6xubW8Xt0s7u3v5B+fDo0SaZ4aLJE5WYdsisUFKLJkpUop0aweJQiVY4upn5rSdhrEz0A45TEcRsoGUkOUMn3Q97tFeu+FV/DrJKaE4qkKPRK391+wnPYqGRK2Zth/opBhNmUHIlpqVuZkXK+IgNRMdRzWJhg8n81Ck5c0qfRIlxpZHM1d8TExZbO45D1xkzHNplbyb+53UyjK6CidRphkLzxaIoUwQTMvub9KURHNXYEcaNdLcSPmSGcXTplFwIdPnlVdK6qNJaldK7WqV+nedRhBM4hXOgcAl1uIUGNIHDAJ7hFd485b14797HorXg5TPH8Afe5w+J443J</latexit>

h1

<latexit sha1_base64="j1EjwoX2wwO/RFQQ22Zp6E3PgZ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKoR6LXjxWtLbQhrLZTtqlm03Y3Qgl9Cd48aAgXv1D3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnjzpOFcM2i0WsugHVKLjEtuFGYDdRSKNAYCeY3Mz9zhMqzWP5YKYJ+hEdSR5yRo2V7seD2qBccavuAmSdeDmpQI7WoPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx6oxcWGVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE175GZdJalCy5aIwFcTEZP43GXKFzIipJZQpbm8lbEwVZcamU7IheKsvr5NOrerVq553V680r/M8inAG53AJHjSgCbfQgjYwGMEzvMKbI5wX5935WLYWnHzmFP7A+fwBi2iNyg==</latexit>

h2

2

2



多层感知器PyTorch实现

p引入PyTorch模块
p>>> from torch import nn

p线性层 p激活函数
p>>> from torch.nn import functional as F



多层感知器PyTorch实现

p自定义神经网络实现

https://colab.research.google.com/drive/1EMJJf
fsmlSlqO3KwuG5WlP-IxyNVXTrK?usp=sharing

https://colab.research.google.com/drive/1EMJJffsmlSlqO3KwuG5WlP-IxyNVXTrK?usp=sharing


卷积神经网络

p全连接的多层感知器无法处理输入的偏移情况
p图像分类

p情感分类
p我喜欢自然语言处理。 vs. 我非常喜欢自然语言处理。

p解决方案
p使用小的全连接层抽取局部特征（又称卷积核或滤波器）

p如遍历文本中的N-gram等
p使用多个卷积核提取不同种类的特征
p使用池化层将特征进行聚合（最大、平均、求和等）
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https://colab.research.google.com/drive/1HaPOfEj8
wrLkqeUDuirtS-cNKGxeRdY5?usp=sharing

https://colab.research.google.com/drive/1HaPOfEj8wrLkqeUDuirtS-cNKGxeRdY5?usp=sharing


循环神经网络

p卷积神经网络无法处理任意长度的依赖

p循环神经网络的解决方案
p每个时刻的隐状态依赖于当前时刻的输入以及上一时刻的隐状态

p每个时刻的参数共享（“循环”的由来）
p每个时刻也可以有相应的输出（序列标注）

…ᬌف੶
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…

<latexit sha1_base64="XqHAmQOJeknP6guLOQAPCyyPoAU=">AAAB+nicbVDNSgMxGPy2/tX6t+rRS7AInspGBD0WvXisYG2hXZZsNm1Ds5slyRbL0jfx4kFBvPok3nwbs+0etHUgZJj5PjKZMBVcG8/7dipr6xubW9Xt2s7u3v6Be3j0qGWmKGtTKaTqhkQzwRPWNtwI1k0VI3EoWCcc3xZ+Z8KU5jJ5MNOU+TEZJnzAKTFWCly3H0oR6Wlsr/xpFuDArXsNbw60SnBJ6lCiFbhf/UjSLGaJoYJo3cNeavycKMOpYLNaP9MsJXRMhqxnaUJipv18nnyGzqwSoYFU9iQGzdXfGzmJdRHOTsbEjPSyV4j/eb3MDK79nCdpZlhCFw8NMoGMREUNKOKKUSOmlhCquM2K6IgoQo0tq2ZLwMtfXiWdiwa+bGB8f1lv3pR9VOEETuEcMFxBE+6gBW2gMIFneIU3J3denHfnYzFaccqdY/gD5/MHmDuUFw==</latexit>x1
<latexit sha1_base64="DDBG7eQOyIyBQI8+wHUKFvPJrsc=">AAAB+nicbVBPS8MwHP11/pvzX9Wjl+AQPI12DPQ49OJxgnODrZQ0TbewtClJOhxl38SLBwXx6ifx5rcx3XrQzQchj/d+P/LygpQzpR3n26psbG5t71R3a3v7B4dH9vHJoxKZJLRLBBeyH2BFOUtoVzPNaT+VFMcBp71gclv4vSmVionkQc9S6sV4lLCIEayN5Nv2MBA8VLPYXPnT3G/6dt1pOAugdeKWpA4lOr79NQwFyWKaaMKxUgPXSbWXY6kZ4XReG2aKpphM8IgODE1wTJWXL5LP0YVRQhQJaU6i0UL9vZHjWBXhzGSM9ViteoX4nzfIdHTt5SxJM00TsnwoyjjSAhU1oJBJSjSfGYKJZCYrImMsMdGmrJopwV398jrpNRtuq+G69616+6bsowpncA6X4MIVtOEOOtAFAlN4hld4s3LrxXq3PpajFavcOYU/sD5/AJnAlBg=</latexit>x2

<latexit sha1_base64="wLg7J3e4z+aCAwEQbTuEAdsuWJE=">AAAB/nicbVDNS8MwHE3n15xf9ePmJTgEL45GBnocevE4wbnBVkqapltYmpYkFWcp/itePCiIV/8Ob/43plsPuvkg5PHe70denp9wprTjfFuVpeWV1bXqem1jc2t7x97du1NxKgntkJjHsudjRTkTtKOZ5rSXSIojn9OuP74q/O49lYrF4lZPEupGeChYyAjWRvLsg4Ef80BNInNlD7mXiVOUe3bdaThTwEWCSlIHJdqe/TUIYpJGVGjCsVJ95CTazbDUjHCa1wapogkmYzykfUMFjqhys2n6HB4bJYBhLM0RGk7V3xsZjlQR0ExGWI/UvFeI/3n9VIcXbsZEkmoqyOyhMOVQx7CoAgZMUqL5xBBMJDNZIRlhiYk2hdVMCWj+y4uke9ZAzQZCN81667LsowoOwRE4AQicgxa4Bm3QAQQ8gmfwCt6sJ+vFerc+ZqMVq9zZB39gff4ArqSV0g==</latexit>xn�1
<latexit sha1_base64="x5NRV/4qqfVYPToTR8MlD+eKGOE=">AAAB/HicbVBPS8MwHP11/pvz35xHL8UheBqtDPQ49OJxgnODrZQ0TbewNClJKhulX8WLBwXx6gfx5rcx3XrQzQchj/d+P/LygoRRpR3n26psbG5t71R3a3v7B4dH9ePGoxKpxKSHBRNyECBFGOWkp6lmZJBIguKAkX4wvS38/hORigr+oOcJ8WI05jSiGGkj+fXGKBAsVPPYXNks9zOe+/Wm03IWsNeJW5ImlOj69a9RKHAaE64xQ0oNXSfRXoakppiRvDZKFUkQnqIxGRrKUUyUly2y5/a5UUI7EtIcru2F+nsjQ7Eq4pnJGOmJWvUK8T9vmOro2ssoT1JNOF4+FKXM1sIuirBDKgnWbG4IwpKarDaeIImwNnXVTAnu6pfXSf+y5bZbrnvfbnZuyj6qcApncAEuXEEH7qALPcAwg2d4hTcrt16sd+tjOVqxyp0T+APr8wfGUJVg</latexit>xn

<latexit sha1_base64="aX2Vgz8qbWrsqct4A/d+zNIxwjg=">AAAB9nicbVDNSgMxGPy2/tX6V/XoJVgET2VXCnosevFYwVqhXUs2m21Ds8mSZJVl6Xt48aAgXn0Wb76N2XYP2joQMsx8H5lMkHCmjet+O5WV1bX1jepmbWt7Z3evvn9wp2WqCO0SyaW6D7CmnAnaNcxwep8oiuOA014wuSr83iNVmklxa7KE+jEeCRYxgo2VHgaB5KHOYnvl2XRYb7hNdwa0TLySNKBEZ1j/GoSSpDEVhnCsdd9zE+PnWBlGOJ3WBqmmCSYTPKJ9SwWOqfbzWeopOrFKiCKp7BEGzdTfGzmOdRHNTsbYjPWiV4j/ef3URBd+zkSSGirI/KEo5chIVFSAQqYoMTyzBBPFbFZExlhhYmxRNVuCt/jlZdI7a3qtpufdtBrty7KPKhzBMZyCB+fQhmvoQBcIKHiGV3hznpwX5935mI9WnHLnEP7A+fwB8HuTQw==</latexit>y

<latexit sha1_base64="mCbe+AlhtUlKUSbREIBNMK9PuNo=">AAAB+nicbVDNSgMxGPy2/tX6t+rRS7AInspGCnosevFYwdpCuyzZbNqGZrNLki2UpW/ixYOCePVJvPk2Zts9aOtAyDDzfWQyYSq4Np737VQ2Nre2d6q7tb39g8Mj9/jkSSeZoqxDE5GoXkg0E1yyjuFGsF6qGIlDwbrh5K7wu1OmNE/ko5mlzI/JSPIhp8RYKXDdQZiISM9ie+XjeYADt+41vAXQOsElqUOJduB+DaKEZjGThgqidR97qfFzogyngs1rg0yzlNAJGbG+pZLETPv5IvkcXVglQsNE2SMNWqi/N3IS6yKcnYyJGetVrxD/8/qZGd74OZdpZpiky4eGmUAmQUUNKOKKUSNmlhCquM2K6JgoQo0tq2ZLwKtfXifdqwZuNjB+aNZbt2UfVTiDc7gEDNfQgntoQwcoTOEZXuHNyZ0X5935WI5WnHLnFP7A+fwBf7uUBw==</latexit>

h1
<latexit sha1_base64="eRCiw6mzegM16XrJSUfbnSv86Cg=">AAAB+nicbVDNSgMxGPy2/tX6t+rRS7AInspuKeix6MVjBWuFdlmy2bQNzSZLki2UpW/ixYOCePVJvPk2Zts9aOtAyDDzfWQyUcqZNp737VQ2Nre2d6q7tb39g8Mj9/jkUctMEdolkkv1FGFNORO0a5jh9ClVFCcRp71oclv4vSlVmknxYGYpDRI8EmzICDZWCl13EEke61lir3w8D5uhW/ca3gJonfglqUOJTuh+DWJJsoQKQzjWuu97qQlyrAwjnM5rg0zTFJMJHtG+pQInVAf5IvkcXVglRkOp7BEGLdTfGzlOdBHOTibYjPWqV4j/ef3MDK+DnIk0M1SQ5UPDjCMjUVEDipmixPCZJZgoZrMiMsYKE2PLqtkS/NUvr5Nes+G3Gr5/36q3b8o+qnAG53AJPlxBG+6gA10gMIVneIU3J3denHfnYzlaccqdU/gD5/MHgUCUCA==</latexit>

h2
<latexit sha1_base64="Ut/zN2jG0J7V52Y04+N3GZe/VWk=">AAAB/nicbVBLSwMxGMz6rPW1Pm5egkXwYtlIQY9FLx4rWFtolyWbTdvQbLIkWaEui3/FiwcF8erv8Oa/MdvuQVsHQoaZ7yOTCRPOtPG8b2dpeWV1bb2yUd3c2t7Zdff277VMFaFtIrlU3RBrypmgbcMMp91EURyHnHbC8XXhdx6o0kyKOzNJqB/joWADRrCxUuAe9kPJIz2J7ZWN8iATZygP3JpX96aAiwSVpAZKtAL3qx9JksZUGMKx1j3kJcbPsDKMcJpX+6mmCSZjPKQ9SwWOqfazafocnlglggOp7BEGTtXfGxmOdRHQTsbYjPS8V4j/eb3UDC79jIkkNVSQ2UODlEMjYVEFjJiixPCJJZgoZrNCMsIKE2MLq9oS0PyXF0nnvI4adYRuG7XmVdlHBRyBY3AKELgATXADWqANCHgEz+AVvDlPzovz7nzMRpeccucA/IHz+QOV5JXC</latexit>

hn�1

<latexit sha1_base64="XdKJ+E4ri/nDaprjPll9QCKDLgI=">AAAB/HicbVBPS8MwHP11/pvzX51HL8UheBqtCHocevE4wbnBVkqapltYmpQkFUfpV/HiQUG8+kG8+W1Mtx5080HI473fj7y8MGVUadf9tmpr6xubW/Xtxs7u3v6Bfdh8UCKTmPSwYEIOQqQIo5z0NNWMDFJJUBIy0g+nN6XffyRSUcHv9SwlfoLGnMYUI22kwG6OQsEiNUvMlU+KIOdFYLfctjuHs0q8irSgQjewv0aRwFlCuMYMKTX03FT7OZKaYkaKxihTJEV4isZkaChHCVF+Ps9eOKdGiZxYSHO4dubq740cJaqMZyYTpCdq2SvF/7xhpuMrP6c8zTThePFQnDFHC6cswomoJFizmSEIS2qyOniCJMLa1NUwJXjLX14l/fO2d9H2vLuLVue66qMOx3ACZ+DBJXTgFrrQAwxP8Ayv8GYV1ov1bn0sRmtWtXMEf2B9/gCtsJVQ</latexit>

hn

<latexit sha1_base64="zIxTCG0eGi9sgPEV3xFe3PVWDx4=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjFl0W3LisYB/QjiWTpm1oZjIkd6RlmC9x46+4caGI4Er/xkw7iz48EHI4517uvccLBddg279Wbm19Y3Mrv13Y2d3bPygeHjW0jBRldSqFVC2PaCZ4wOrAQbBWqBjxPcGa3ug29ZtPTGkugweYhMz1ySDgfU4JGKlbrHQ8KXp64psvbiaPcQfYGOLxMEku5i1vweoWS3bZngKvEicjJZSh1i1+d3qSRj4LgAqidduxQ3BjooBTwZJCJ9IsJHREBqxtaEB8pt14el6Cz4zSw32pzAsAT9X5jpj4Ol3TVPoEhnrZS8X/vHYE/Rs35kEYAQvobFA/EhgkTrPCPa4YBTExhFDFza6YDokiFEyiBROCs3zyKmlclp1K2b6/KlVxFkcenaBTdI4cdI2q6A7VUB1R9Ixe0Tv6sF6sN+vT+pqV5qys5xgtwPr5A7KApTg=</latexit>

W xh, bxh
<latexit sha1_base64="zIxTCG0eGi9sgPEV3xFe3PVWDx4=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjFl0W3LisYB/QjiWTpm1oZjIkd6RlmC9x46+4caGI4Er/xkw7iz48EHI4517uvccLBddg279Wbm19Y3Mrv13Y2d3bPygeHjW0jBRldSqFVC2PaCZ4wOrAQbBWqBjxPcGa3ug29ZtPTGkugweYhMz1ySDgfU4JGKlbrHQ8KXp64psvbiaPcQfYGOLxMEku5i1vweoWS3bZngKvEicjJZSh1i1+d3qSRj4LgAqidduxQ3BjooBTwZJCJ9IsJHREBqxtaEB8pt14el6Cz4zSw32pzAsAT9X5jpj4Ol3TVPoEhnrZS8X/vHYE/Rs35kEYAQvobFA/EhgkTrPCPa4YBTExhFDFza6YDokiFEyiBROCs3zyKmlclp1K2b6/KlVxFkcenaBTdI4cdI2q6A7VUB1R9Ixe0Tv6sF6sN+vT+pqV5qys5xgtwPr5A7KApTg=</latexit>

W xh, bxh
<latexit sha1_base64="zIxTCG0eGi9sgPEV3xFe3PVWDx4=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjFl0W3LisYB/QjiWTpm1oZjIkd6RlmC9x46+4caGI4Er/xkw7iz48EHI4517uvccLBddg279Wbm19Y3Mrv13Y2d3bPygeHjW0jBRldSqFVC2PaCZ4wOrAQbBWqBjxPcGa3ug29ZtPTGkugweYhMz1ySDgfU4JGKlbrHQ8KXp64psvbiaPcQfYGOLxMEku5i1vweoWS3bZngKvEicjJZSh1i1+d3qSRj4LgAqidduxQ3BjooBTwZJCJ9IsJHREBqxtaEB8pt14el6Cz4zSw32pzAsAT9X5jpj4Ol3TVPoEhnrZS8X/vHYE/Rs35kEYAQvobFA/EhgkTrPCPa4YBTExhFDFza6YDokiFEyiBROCs3zyKmlclp1K2b6/KlVxFkcenaBTdI4cdI2q6A7VUB1R9Ixe0Tv6sF6sN+vT+pqV5qys5xgtwPr5A7KApTg=</latexit>

W xh, bxh
<latexit sha1_base64="zIxTCG0eGi9sgPEV3xFe3PVWDx4=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjFl0W3LisYB/QjiWTpm1oZjIkd6RlmC9x46+4caGI4Er/xkw7iz48EHI4517uvccLBddg279Wbm19Y3Mrv13Y2d3bPygeHjW0jBRldSqFVC2PaCZ4wOrAQbBWqBjxPcGa3ug29ZtPTGkugweYhMz1ySDgfU4JGKlbrHQ8KXp64psvbiaPcQfYGOLxMEku5i1vweoWS3bZngKvEicjJZSh1i1+d3qSRj4LgAqidduxQ3BjooBTwZJCJ9IsJHREBqxtaEB8pt14el6Cz4zSw32pzAsAT9X5jpj4Ol3TVPoEhnrZS8X/vHYE/Rs35kEYAQvobFA/EhgkTrPCPa4YBTExhFDFza6YDokiFEyiBROCs3zyKmlclp1K2b6/KlVxFkcenaBTdI4cdI2q6A7VUB1R9Ixe0Tv6sF6sN+vT+pqV5qys5xgtwPr5A7KApTg=</latexit>

W xh, bxh

<latexit sha1_base64="AiUQHY0grlecbVFLuRjR9k2nGfQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAgupCRi0WXBjcsK9gFNLJPJtBk6eTBzI5aQL3Hjr7hxoYjgSv/GSdtFHx4Y5nDOvdx7j5cIrsCyfo2V1bX1jc3SVnl7Z3dv3zw4bKk4lZQ1aSxi2fGIYoJHrAkcBOskkpHQE6ztDW8Kv/3IpOJxdA+jhLkhGUS8zykBLfXMmuPFwlejUH9ZO3/IHGBPkAVBnp/PWt6c1TMrVtUaAy8Te0oqaIpGz/x2/JimIYuACqJU17YScDMigVPB8rKTKpYQOiQD1tU0IiFTbjY+L8enWvFxP5b6RYDH6mxHRkJVrKkrQwKBWvQK8T+vm0L/2s14lKTAIjoZ1E8FhhgXWWGfS0ZBjDQhVHK9K6YBkYSCTrSsQ7AXT14mrYuqXatad5eVOp7GUULH6ASdIRtdoTq6RQ3URBQ9o1f0jj6MF+PN+DS+JqUrxrTnCM3B+PkDf/ClGA==</latexit>

W hh, bhh
<latexit sha1_base64="AiUQHY0grlecbVFLuRjR9k2nGfQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAgupCRi0WXBjcsK9gFNLJPJtBk6eTBzI5aQL3Hjr7hxoYjgSv/GSdtFHx4Y5nDOvdx7j5cIrsCyfo2V1bX1jc3SVnl7Z3dv3zw4bKk4lZQ1aSxi2fGIYoJHrAkcBOskkpHQE6ztDW8Kv/3IpOJxdA+jhLkhGUS8zykBLfXMmuPFwlejUH9ZO3/IHGBPkAVBnp/PWt6c1TMrVtUaAy8Te0oqaIpGz/x2/JimIYuACqJU17YScDMigVPB8rKTKpYQOiQD1tU0IiFTbjY+L8enWvFxP5b6RYDH6mxHRkJVrKkrQwKBWvQK8T+vm0L/2s14lKTAIjoZ1E8FhhgXWWGfS0ZBjDQhVHK9K6YBkYSCTrSsQ7AXT14mrYuqXatad5eVOp7GUULH6ASdIRtdoTq6RQ3URBQ9o1f0jj6MF+PN+DS+JqUrxrTnCM3B+PkDf/ClGA==</latexit>

W hh, bhh
<latexit sha1_base64="AiUQHY0grlecbVFLuRjR9k2nGfQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAgupCRi0WXBjcsK9gFNLJPJtBk6eTBzI5aQL3Hjr7hxoYjgSv/GSdtFHx4Y5nDOvdx7j5cIrsCyfo2V1bX1jc3SVnl7Z3dv3zw4bKk4lZQ1aSxi2fGIYoJHrAkcBOskkpHQE6ztDW8Kv/3IpOJxdA+jhLkhGUS8zykBLfXMmuPFwlejUH9ZO3/IHGBPkAVBnp/PWt6c1TMrVtUaAy8Te0oqaIpGz/x2/JimIYuACqJU17YScDMigVPB8rKTKpYQOiQD1tU0IiFTbjY+L8enWvFxP5b6RYDH6mxHRkJVrKkrQwKBWvQK8T+vm0L/2s14lKTAIjoZ1E8FhhgXWWGfS0ZBjDQhVHK9K6YBkYSCTrSsQ7AXT14mrYuqXatad5eVOp7GUULH6ASdIRtdoTq6RQ3URBQ9o1f0jj6MF+PN+DS+JqUrxrTnCM3B+PkDf/ClGA==</latexit>

W hh, bhh
<latexit sha1_base64="AiUQHY0grlecbVFLuRjR9k2nGfQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAgupCRi0WXBjcsK9gFNLJPJtBk6eTBzI5aQL3Hjr7hxoYjgSv/GSdtFHx4Y5nDOvdx7j5cIrsCyfo2V1bX1jc3SVnl7Z3dv3zw4bKk4lZQ1aSxi2fGIYoJHrAkcBOskkpHQE6ztDW8Kv/3IpOJxdA+jhLkhGUS8zykBLfXMmuPFwlejUH9ZO3/IHGBPkAVBnp/PWt6c1TMrVtUaAy8Te0oqaIpGz/x2/JimIYuACqJU17YScDMigVPB8rKTKpYQOiQD1tU0IiFTbjY+L8enWvFxP5b6RYDH6mxHRkJVrKkrQwKBWvQK8T+vm0L/2s14lKTAIjoZ1E8FhhgXWWGfS0ZBjDQhVHK9K6YBkYSCTrSsQ7AXT14mrYuqXatad5eVOp7GUULH6ASdIRtdoTq6RQ3URBQ9o1f0jj6MF+PN+DS+JqUrxrTnCM3B+PkDf/ClGA==</latexit>

W hh, bhh

<latexit sha1_base64="iOMAmHnNfvxlUpwq9C8NzCPq264=">AAACHnicbVDLSsNAFJ34rPVVdelmsAgupCRi0WXBjcsK9gFNLZPppB06yYSZGzGEfIkbf8WNC0UEV/o3Ttou+vDAMIdz7uXee7xIcA22/WutrK6tb2wWtorbO7t7+6WDw6aWsaKsQaWQqu0RzQQPWQM4CNaOFCOBJ1jLG93kfuuRKc1leA9JxLoBGYTc55SAkXqlqutJ0ddJYL60lT2kLrAnSIdJlp3PWt6c1SuV7Yo9Bl4mzpSU0RT1Xunb7UsaBywEKojWHceOoJsSBZwKlhXdWLOI0BEZsI6hIQmY7qbj8zJ8apQ+9qUyLwQ8Vmc7UhLofE1TGRAY6kUvF//zOjH4192Uh1EMLKSTQX4sMEicZ4X7XDEKIjGEUMXNrpgOiSIUTKJFE4KzePIyaV5UnGrFvrss1/A0jgI6RifoDDnoCtXQLaqjBqLoGb2id/RhvVhv1qf1NSldsaY9R2gO1s8ftYelOg==</latexit>

W hy, bhy

<latexit sha1_base64="TYLD56CpES1fPcj+Xl2hEyYIFgU="></latexit>

ht = tanh(W xhxt + bxh +W hhht�1 + bhh)

y = Softmax(W hyhn + bhy)

<latexit sha1_base64="27nIL3povTJkRw7xJbRQuNfOkT0=">AAAB9nicbVDNSgMxGPy2/tX6V/XoJVgET2VXCnosevFYwdpCu5ZsNtuGZpMlyapl6Xt48aAgXn0Wb76N2XYP2joQMsx8H5lMkHCmjet+O6WV1bX1jfJmZWt7Z3evun9wp2WqCG0TyaXqBlhTzgRtG2Y47SaK4jjgtBOMr3K/80CVZlLcmklC/RgPBYsYwcZK9/1A8lBPYntlT9NBtebW3RnQMvEKUoMCrUH1qx9KksZUGMKx1j3PTYyfYWUY4XRa6aeaJpiM8ZD2LBU4ptrPZqmn6MQqIYqkskcYNFN/b2Q41nk0OxljM9KLXi7+5/VSE134GRNJaqgg84eilCMjUV4BCpmixPCJJZgoZrMiMsIKE2OLqtgSvMUvL5POWd1r1D3vplFrXhZ9lOEIjuEUPDiHJlxDC9pAQMEzvMKb8+i8OO/Ox3y05BQ7h/AHzucP7vWTQg==</latexit>x

<latexit sha1_base64="Xgw/sdVIrokBXpM5bmS8xGGhmV8=">AAAB9nicbVDNSgMxGPy2/tX6V/XoJVgET2VXCvVY9OKxgrWFdi3ZbLYNzSZLklXK0vfw4kFBvPos3nwbs+0etHUgZJj5PjKZIOFMG9f9dkpr6xubW+Xtys7u3v5B9fDoXstUEdohkkvVC7CmnAnaMcxw2ksUxXHAaTeYXOd+95EqzaS4M9OE+jEeCRYxgo2VHgaB5KGexvbKxrNhtebW3TnQKvEKUoMC7WH1axBKksZUGMKx1n3PTYyfYWUY4XRWGaSaJphM8Ij2LRU4ptrP5qln6MwqIYqkskcYNFd/b2Q41nk0OxljM9bLXi7+5/VTE136GRNJaqggi4eilCMjUV4BCpmixPCpJZgoZrMiMsYKE2OLqtgSvOUvr5LuRd1r1D3vtlFrXRV9lOEETuEcPGhCC26gDR0goOAZXuHNeXJenHfnYzFacoqdY/gD5/MH1pWTMg==</latexit>

h

<latexit sha1_base64="aX2Vgz8qbWrsqct4A/d+zNIxwjg=">AAAB9nicbVDNSgMxGPy2/tX6V/XoJVgET2VXCnosevFYwVqhXUs2m21Ds8mSZJVl6Xt48aAgXn0Wb76N2XYP2joQMsx8H5lMkHCmjet+O5WV1bX1jepmbWt7Z3evvn9wp2WqCO0SyaW6D7CmnAnaNcxwep8oiuOA014wuSr83iNVmklxa7KE+jEeCRYxgo2VHgaB5KHOYnvl2XRYb7hNdwa0TLySNKBEZ1j/GoSSpDEVhnCsdd9zE+PnWBlGOJ3WBqmmCSYTPKJ9SwWOqfbzWeopOrFKiCKp7BEGzdTfGzmOdRHNTsbYjPWiV4j/ef3URBd+zkSSGirI/KEo5chIVFSAQqYoMTyzBBPFbFZExlhhYmxRNVuCt/jlZdI7a3qtpufdtBrty7KPKhzBMZyCB+fQhmvoQBcIKHiGV3hznpwX5935mI9WnHLnEP7A+fwB8HuTQw==</latexit>y

<latexit sha1_base64="Evgm7zFSZ5ebkvbUV82d6P5FqCI=">AAACHnicbVDLSsNAFJ34rPUVdekmWAUXUhKx6LLgxmUF+4Amlslk0g6dPJi5kZaQL3Hjr7hxoYjgSv/GSZtFHx4Y5nDOvdx7jxtzJsE0f7WV1bX1jc3SVnl7Z3dvXz84bMkoEYQ2ScQj0XGxpJyFtAkMOO3EguLA5bTtDm9zv/1EhWRR+ADjmDoB7ofMZwSDknp6zXYj7slxoL60nT2mNtARpKNBll3MWu6c1dMrZtWcwFgmVkEqqECjp3/bXkSSgIZAOJaya5kxOCkWwAinWdlOJI0xGeI+7Soa4oBKJ52clxlnSvEMPxLqhWBM1NmOFAcyX1NVBhgGctHLxf+8bgL+jZOyME6AhmQ6yE+4AZGRZ2V4TFACfKwIJoKpXQ0ywAITUImWVQjW4snLpHVZtWpV8/6qUj8t4iihY3SCzpGFrlEd3aEGaiKCntErekcf2ov2pn1qX9PSFa3oOUJz0H7+ALO0pTw=</latexit>

W xh, bxh

<latexit sha1_base64="QvbVF8tZD4NrA2oXUu7jn3YtKXg=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSq4kJKIRZcFNy4r2Ac0sUwmk2bo5MHMjVhCvsSNv+LGhSKCK/0bJ20XfXhgmMM593LvPW7CmQTT/NVKK6tr6xvlzcrW9s7unr5/0JZxKghtkZjHoutiSTmLaAsYcNpNBMWhy2nHHd4UfueRCsni6B5GCXVCPIiYzwgGJfX1uu3G3JOjUH1ZJ3/IbKBPkAVBnp/PWu6c1derZs0cw1gm1pRU0RTNvv5tezFJQxoB4VjKnmUm4GRYACOc5hU7lTTBZIgHtKdohEMqnWx8Xm6cKsUz/FioF4ExVmc7MhzKYk1VGWII5KJXiP95vRT8aydjUZICjchkkJ9yA2KjyMrwmKAE+EgRTARTuxokwAITUIlWVAjW4snLpH1Rs+o18+6y2jiZxlFGR+gYnSELXaEGukVN1EIEPaNX9I4+tBftTfvUvialJW3ac4jmoP38AYEkpRw=</latexit>

W hh, bhh

<latexit sha1_base64="s96M2B4hjJ9QI+n7+/f/9oo1p98=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSq4kJKIRZcFNy4r2Ac0sUwmk3bo5MHMjRhCvsSNv+LGhSKCK/0bJ20XfXhgmMM593LvPW7MmQTT/NVKK6tr6xvlzcrW9s7unr5/0JZRIghtkYhHoutiSTkLaQsYcNqNBcWBy2nHHd0UfueRCsmi8B7SmDoBHoTMZwSDkvp63XYj7sk0UF/WyR8yG+gTZMM0z89nLXfO6utVs2aOYSwTa0qqaIpmX/+2vYgkAQ2BcCxlzzJjcDIsgBFO84qdSBpjMsID2lM0xAGVTjY+LzdOleIZfiTUC8EYq7MdGQ5ksaaqDDAM5aJXiP95vQT8aydjYZwADclkkJ9wAyKjyMrwmKAEeKoIJoKpXQ0yxAITUIlWVAjW4snLpH1Rs+o18+6y2jiZxlFGR+gYnSELXaEGukVN1EIEPaNX9I4+tBftTfvUvialJW3ac4jmoP38Aba7pT4=</latexit>

W hy, bhy

…ᬌف੶

ᵌތ੶

ᬌڊ੶

…

<latexit sha1_base64="XqHAmQOJeknP6guLOQAPCyyPoAU=">AAAB+nicbVDNSgMxGPy2/tX6t+rRS7AInspGBD0WvXisYG2hXZZsNm1Ds5slyRbL0jfx4kFBvPok3nwbs+0etHUgZJj5PjKZMBVcG8/7dipr6xubW9Xt2s7u3v6Be3j0qGWmKGtTKaTqhkQzwRPWNtwI1k0VI3EoWCcc3xZ+Z8KU5jJ5MNOU+TEZJnzAKTFWCly3H0oR6Wlsr/xpFuDArXsNbw60SnBJ6lCiFbhf/UjSLGaJoYJo3cNeavycKMOpYLNaP9MsJXRMhqxnaUJipv18nnyGzqwSoYFU9iQGzdXfGzmJdRHOTsbEjPSyV4j/eb3MDK79nCdpZlhCFw8NMoGMREUNKOKKUSOmlhCquM2K6IgoQo0tq2ZLwMtfXiWdiwa+bGB8f1lv3pR9VOEETuEcMFxBE+6gBW2gMIFneIU3J3denHfnYzFaccqdY/gD5/MHmDuUFw==</latexit>x1
<latexit sha1_base64="DDBG7eQOyIyBQI8+wHUKFvPJrsc=">AAAB+nicbVBPS8MwHP11/pvzX9Wjl+AQPI12DPQ49OJxgnODrZQ0TbewtClJOhxl38SLBwXx6ifx5rcx3XrQzQchj/d+P/LygpQzpR3n26psbG5t71R3a3v7B4dH9vHJoxKZJLRLBBeyH2BFOUtoVzPNaT+VFMcBp71gclv4vSmVionkQc9S6sV4lLCIEayN5Nv2MBA8VLPYXPnT3G/6dt1pOAugdeKWpA4lOr79NQwFyWKaaMKxUgPXSbWXY6kZ4XReG2aKpphM8IgODE1wTJWXL5LP0YVRQhQJaU6i0UL9vZHjWBXhzGSM9ViteoX4nzfIdHTt5SxJM00TsnwoyjjSAhU1oJBJSjSfGYKJZCYrImMsMdGmrJopwV398jrpNRtuq+G69616+6bsowpncA6X4MIVtOEOOtAFAlN4hld4s3LrxXq3PpajFavcOYU/sD5/AJnAlBg=</latexit>x2

<latexit sha1_base64="wLg7J3e4z+aCAwEQbTuEAdsuWJE=">AAAB/nicbVDNS8MwHE3n15xf9ePmJTgEL45GBnocevE4wbnBVkqapltYmpYkFWcp/itePCiIV/8Ob/43plsPuvkg5PHe70denp9wprTjfFuVpeWV1bXqem1jc2t7x97du1NxKgntkJjHsudjRTkTtKOZ5rSXSIojn9OuP74q/O49lYrF4lZPEupGeChYyAjWRvLsg4Ef80BNInNlD7mXiVOUe3bdaThTwEWCSlIHJdqe/TUIYpJGVGjCsVJ95CTazbDUjHCa1wapogkmYzykfUMFjqhys2n6HB4bJYBhLM0RGk7V3xsZjlQR0ExGWI/UvFeI/3n9VIcXbsZEkmoqyOyhMOVQx7CoAgZMUqL5xBBMJDNZIRlhiYk2hdVMCWj+y4uke9ZAzQZCN81667LsowoOwRE4AQicgxa4Bm3QAQQ8gmfwCt6sJ+vFerc+ZqMVq9zZB39gff4ArqSV0g==</latexit>xn�1
<latexit sha1_base64="x5NRV/4qqfVYPToTR8MlD+eKGOE=">AAAB/HicbVBPS8MwHP11/pvz35xHL8UheBqtDPQ49OJxgnODrZQ0TbewNClJKhulX8WLBwXx6gfx5rcx3XrQzQchj/d+P/LygoRRpR3n26psbG5t71R3a3v7B4dH9ePGoxKpxKSHBRNyECBFGOWkp6lmZJBIguKAkX4wvS38/hORigr+oOcJ8WI05jSiGGkj+fXGKBAsVPPYXNks9zOe+/Wm03IWsNeJW5ImlOj69a9RKHAaE64xQ0oNXSfRXoakppiRvDZKFUkQnqIxGRrKUUyUly2y5/a5UUI7EtIcru2F+nsjQ7Eq4pnJGOmJWvUK8T9vmOro2ssoT1JNOF4+FKXM1sIuirBDKgnWbG4IwpKarDaeIImwNnXVTAnu6pfXSf+y5bZbrnvfbnZuyj6qcApncAEuXEEH7qALPcAwg2d4hTcrt16sd+tjOVqxyp0T+APr8wfGUJVg</latexit>xn

<latexit sha1_base64="mCbe+AlhtUlKUSbREIBNMK9PuNo=">AAAB+nicbVDNSgMxGPy2/tX6t+rRS7AInspGCnosevFYwdpCuyzZbNqGZrNLki2UpW/ixYOCePVJvPk2Zts9aOtAyDDzfWQyYSq4Np737VQ2Nre2d6q7tb39g8Mj9/jkSSeZoqxDE5GoXkg0E1yyjuFGsF6qGIlDwbrh5K7wu1OmNE/ko5mlzI/JSPIhp8RYKXDdQZiISM9ie+XjeYADt+41vAXQOsElqUOJduB+DaKEZjGThgqidR97qfFzogyngs1rg0yzlNAJGbG+pZLETPv5IvkcXVglQsNE2SMNWqi/N3IS6yKcnYyJGetVrxD/8/qZGd74OZdpZpiky4eGmUAmQUUNKOKKUSNmlhCquM2K6JgoQo0tq2ZLwKtfXifdqwZuNjB+aNZbt2UfVTiDc7gEDNfQgntoQwcoTOEZXuHNyZ0X5935WI5WnHLnFP7A+fwBf7uUBw==</latexit>

h1
<latexit sha1_base64="eRCiw6mzegM16XrJSUfbnSv86Cg=">AAAB+nicbVDNSgMxGPy2/tX6t+rRS7AInspuKeix6MVjBWuFdlmy2bQNzSZLki2UpW/ixYOCePVJvPk2Zts9aOtAyDDzfWQyUcqZNp737VQ2Nre2d6q7tb39g8Mj9/jkUctMEdolkkv1FGFNORO0a5jh9ClVFCcRp71oclv4vSlVmknxYGYpDRI8EmzICDZWCl13EEke61lir3w8D5uhW/ca3gJonfglqUOJTuh+DWJJsoQKQzjWuu97qQlyrAwjnM5rg0zTFJMJHtG+pQInVAf5IvkcXVglRkOp7BEGLdTfGzlOdBHOTibYjPWqV4j/ef3MDK+DnIk0M1SQ5UPDjCMjUVEDipmixPCZJZgoZrMiMsYKE2PLqtkS/NUvr5Nes+G3Gr5/36q3b8o+qnAG53AJPlxBG+6gA10gMIVneIU3J3denHfnYzlaccqdU/gD5/MHgUCUCA==</latexit>

h2
<latexit sha1_base64="Ut/zN2jG0J7V52Y04+N3GZe/VWk=">AAAB/nicbVBLSwMxGMz6rPW1Pm5egkXwYtlIQY9FLx4rWFtolyWbTdvQbLIkWaEui3/FiwcF8erv8Oa/MdvuQVsHQoaZ7yOTCRPOtPG8b2dpeWV1bb2yUd3c2t7Zdff277VMFaFtIrlU3RBrypmgbcMMp91EURyHnHbC8XXhdx6o0kyKOzNJqB/joWADRrCxUuAe9kPJIz2J7ZWN8iATZygP3JpX96aAiwSVpAZKtAL3qx9JksZUGMKx1j3kJcbPsDKMcJpX+6mmCSZjPKQ9SwWOqfazafocnlglggOp7BEGTtXfGxmOdRHQTsbYjPS8V4j/eb3UDC79jIkkNVSQ2UODlEMjYVEFjJiixPCJJZgoZrNCMsIKE2MLq9oS0PyXF0nnvI4adYRuG7XmVdlHBRyBY3AKELgATXADWqANCHgEz+AVvDlPzovz7nzMRpeccucA/IHz+QOV5JXC</latexit>

hn�1

<latexit sha1_base64="XdKJ+E4ri/nDaprjPll9QCKDLgI=">AAAB/HicbVBPS8MwHP11/pvzX51HL8UheBqtCHocevE4wbnBVkqapltYmpQkFUfpV/HiQUG8+kG8+W1Mtx5080HI473fj7y8MGVUadf9tmpr6xubW/Xtxs7u3v6Bfdh8UCKTmPSwYEIOQqQIo5z0NNWMDFJJUBIy0g+nN6XffyRSUcHv9SwlfoLGnMYUI22kwG6OQsEiNUvMlU+KIOdFYLfctjuHs0q8irSgQjewv0aRwFlCuMYMKTX03FT7OZKaYkaKxihTJEV4isZkaChHCVF+Ps9eOKdGiZxYSHO4dubq740cJaqMZyYTpCdq2SvF/7xhpuMrP6c8zTThePFQnDFHC6cswomoJFizmSEIS2qyOniCJMLa1NUwJXjLX14l/fO2d9H2vLuLVue66qMOx3ACZ+DBJXTgFrrQAwxP8Ayv8GYV1ov1bn0sRmtWtXMEf2B9/gCtsJVQ</latexit>

hn

<latexit sha1_base64="AhEwKPBpCXslxX1IFzfH/VxV+JY=">AAAB+nicbVBPS8MwHE3nvzn/VT16CQ7B02hkoMehF48TnBtspaRpuoWlSUnSQSn7Jl48KIhXP4k3v43p1oNuPgh5vPf7kZcXppxp43nfTm1jc2t7p77b2Ns/ODxyj0+etMwUoT0iuVSDEGvKmaA9wwyng1RRnISc9sPpXen3Z1RpJsWjyVPqJ3gsWMwINlYKXHcUSh7pPLFXkc8DFLhNr+UtANcJqkgTVOgG7tcokiRLqDCEY62HyEuNX2BlGOF03hhlmqaYTPGYDi0VOKHaLxbJ5/DCKhGMpbJHGLhQf28UONFlODuZYDPRq14p/ucNMxPf+AUTaWaoIMuH4oxDI2FZA4yYosTw3BJMFLNZIZlghYmxZTVsCWj1y+ukf9VC7RZCD+1m57bqow7OwDm4BAhcgw64B13QAwTMwDN4BW9O4bw4787HcrTmVDun4A+czx+Zw5QY</latexit>y1
<latexit sha1_base64="Dmu5I9MwdfWra8RWHzi29mQnk3M=">AAAB+nicbVBPS8MwHP11/pvzX9Wjl+AQPI12DPQ49OJxgnPCVkqapltYmpYkHZSyb+LFg4J49ZN489uYbj3o5oOQx3u/H3l5QcqZ0o7zbdU2Nre2d+q7jb39g8Mj+/jkUSWZJLRPEp7IpwArypmgfc00p0+ppDgOOB0E09vSH8yoVCwRDzpPqRfjsWARI1gbybftUZDwUOWxuYp87rd9u+m0nAXQOnEr0oQKPd/+GoUJyWIqNOFYqaHrpNorsNSMcDpvjDJFU0ymeEyHhgocU+UVi+RzdGGUEEWJNEdotFB/bxQ4VmU4MxljPVGrXin+5w0zHV17BRNppqkgy4eijCOdoLIGFDJJiea5IZhIZrIiMsESE23KapgS3NUvr5NBu+V2Wq5732l2b6o+6nAG53AJLlxBF+6gB30gMINneIU3q7BerHfrYzlas6qdU/gD6/MHm0iUGQ==</latexit>y2

<latexit sha1_base64="HqxwIZ7l9xGyGCb574W5N0iwzus=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgEL45WFD0OvXic4D5gKyVNsy0sTUqSCrUU/xUvHhTx6v/hzf/GdOtBNx+EPN77/cjLC2JGlXacb6uytLyyulZdr21sbm3v2Lt7HSUSiUkbCyZkL0CKMMpJW1PNSC+WBEUBI91gclP43QciFRX8Xqcx8SI04nRIMdJG8u2DQSBYqNLIXFma+xk/dXPfrjsNZwq4SNyS1EGJlm9/DUKBk4hwjRlSqu86sfYyJDXFjOS1QaJIjPAEjUjfUI4iorxsmj6Hx0YJ4VBIc7iGU/X3RoYiVQQ0kxHSYzXvFeJ/Xj/RwysvozxONOF49tAwYVALWFQBQyoJ1iw1BGFJTVaIx0girE1hNVOCO//lRdI5a7gXDefuvN68LuuogkNwBE6ACy5BE9yCFmgDDB7BM3gFb9aT9WK9Wx+z0YpV7uyDP7A+fwATkJWe</latexit>yn�1
<latexit sha1_base64="jDsVXwYtp6/118XY94xIXmjBpJo=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabSi6HHoxeME9wFbKWmabmFpUpJULKX/ihcPinj1H/Hmf2O69aCbD0Ie7/1+5OUFCaNKO863VVtb39jcqm83dnb39g/sw2ZfiVRi0sOCCTkMkCKMctLTVDMyTCRBccDIIJjdlv7gkUhFBX/QWUK8GE04jShG2ki+3RwHgoUqi82VZ4Wf88K3W07bmQOuErciLVCh69tf41DgNCZcY4aUGrlOor0cSU0xI0VjnCqSIDxDEzIylKOYKC+fZy/gqVFCGAlpDtdwrv7eyFGsynhmMkZ6qpa9UvzPG6U6uvZyypNUE44XD0Upg1rAsggYUkmwZpkhCEtqskI8RRJhbepqmBLc5S+vkv55271sO/cXrc5NVUcdHIMTcAZccAU64A50QQ9g8ASewSt4swrrxXq3PhajNavaOQJ/YH3+ACualSw=</latexit>yn…

<latexit sha1_base64="zIxTCG0eGi9sgPEV3xFe3PVWDx4=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjFl0W3LisYB/QjiWTpm1oZjIkd6RlmC9x46+4caGI4Er/xkw7iz48EHI4517uvccLBddg279Wbm19Y3Mrv13Y2d3bPygeHjW0jBRldSqFVC2PaCZ4wOrAQbBWqBjxPcGa3ug29ZtPTGkugweYhMz1ySDgfU4JGKlbrHQ8KXp64psvbiaPcQfYGOLxMEku5i1vweoWS3bZngKvEicjJZSh1i1+d3qSRj4LgAqidduxQ3BjooBTwZJCJ9IsJHREBqxtaEB8pt14el6Cz4zSw32pzAsAT9X5jpj4Ol3TVPoEhnrZS8X/vHYE/Rs35kEYAQvobFA/EhgkTrPCPa4YBTExhFDFza6YDokiFEyiBROCs3zyKmlclp1K2b6/KlVxFkcenaBTdI4cdI2q6A7VUB1R9Ixe0Tv6sF6sN+vT+pqV5qys5xgtwPr5A7KApTg=</latexit>

W xh, bxh
<latexit sha1_base64="zIxTCG0eGi9sgPEV3xFe3PVWDx4=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjFl0W3LisYB/QjiWTpm1oZjIkd6RlmC9x46+4caGI4Er/xkw7iz48EHI4517uvccLBddg279Wbm19Y3Mrv13Y2d3bPygeHjW0jBRldSqFVC2PaCZ4wOrAQbBWqBjxPcGa3ug29ZtPTGkugweYhMz1ySDgfU4JGKlbrHQ8KXp64psvbiaPcQfYGOLxMEku5i1vweoWS3bZngKvEicjJZSh1i1+d3qSRj4LgAqidduxQ3BjooBTwZJCJ9IsJHREBqxtaEB8pt14el6Cz4zSw32pzAsAT9X5jpj4Ol3TVPoEhnrZS8X/vHYE/Rs35kEYAQvobFA/EhgkTrPCPa4YBTExhFDFza6YDokiFEyiBROCs3zyKmlclp1K2b6/KlVxFkcenaBTdI4cdI2q6A7VUB1R9Ixe0Tv6sF6sN+vT+pqV5qys5xgtwPr5A7KApTg=</latexit>

W xh, bxh
<latexit sha1_base64="zIxTCG0eGi9sgPEV3xFe3PVWDx4=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjFl0W3LisYB/QjiWTpm1oZjIkd6RlmC9x46+4caGI4Er/xkw7iz48EHI4517uvccLBddg279Wbm19Y3Mrv13Y2d3bPygeHjW0jBRldSqFVC2PaCZ4wOrAQbBWqBjxPcGa3ug29ZtPTGkugweYhMz1ySDgfU4JGKlbrHQ8KXp64psvbiaPcQfYGOLxMEku5i1vweoWS3bZngKvEicjJZSh1i1+d3qSRj4LgAqidduxQ3BjooBTwZJCJ9IsJHREBqxtaEB8pt14el6Cz4zSw32pzAsAT9X5jpj4Ol3TVPoEhnrZS8X/vHYE/Rs35kEYAQvobFA/EhgkTrPCPa4YBTExhFDFza6YDokiFEyiBROCs3zyKmlclp1K2b6/KlVxFkcenaBTdI4cdI2q6A7VUB1R9Ixe0Tv6sF6sN+vT+pqV5qys5xgtwPr5A7KApTg=</latexit>

W xh, bxh
<latexit sha1_base64="zIxTCG0eGi9sgPEV3xFe3PVWDx4=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjFl0W3LisYB/QjiWTpm1oZjIkd6RlmC9x46+4caGI4Er/xkw7iz48EHI4517uvccLBddg279Wbm19Y3Mrv13Y2d3bPygeHjW0jBRldSqFVC2PaCZ4wOrAQbBWqBjxPcGa3ug29ZtPTGkugweYhMz1ySDgfU4JGKlbrHQ8KXp64psvbiaPcQfYGOLxMEku5i1vweoWS3bZngKvEicjJZSh1i1+d3qSRj4LgAqidduxQ3BjooBTwZJCJ9IsJHREBqxtaEB8pt14el6Cz4zSw32pzAsAT9X5jpj4Ol3TVPoEhnrZS8X/vHYE/Rs35kEYAQvobFA/EhgkTrPCPa4YBTExhFDFza6YDokiFEyiBROCs3zyKmlclp1K2b6/KlVxFkcenaBTdI4cdI2q6A7VUB1R9Ixe0Tv6sF6sN+vT+pqV5qys5xgtwPr5A7KApTg=</latexit>

W xh, bxh

<latexit sha1_base64="AiUQHY0grlecbVFLuRjR9k2nGfQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAgupCRi0WXBjcsK9gFNLJPJtBk6eTBzI5aQL3Hjr7hxoYjgSv/GSdtFHx4Y5nDOvdx7j5cIrsCyfo2V1bX1jc3SVnl7Z3dv3zw4bKk4lZQ1aSxi2fGIYoJHrAkcBOskkpHQE6ztDW8Kv/3IpOJxdA+jhLkhGUS8zykBLfXMmuPFwlejUH9ZO3/IHGBPkAVBnp/PWt6c1TMrVtUaAy8Te0oqaIpGz/x2/JimIYuACqJU17YScDMigVPB8rKTKpYQOiQD1tU0IiFTbjY+L8enWvFxP5b6RYDH6mxHRkJVrKkrQwKBWvQK8T+vm0L/2s14lKTAIjoZ1E8FhhgXWWGfS0ZBjDQhVHK9K6YBkYSCTrSsQ7AXT14mrYuqXatad5eVOp7GUULH6ASdIRtdoTq6RQ3URBQ9o1f0jj6MF+PN+DS+JqUrxrTnCM3B+PkDf/ClGA==</latexit>

W hh, bhh
<latexit sha1_base64="AiUQHY0grlecbVFLuRjR9k2nGfQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAgupCRi0WXBjcsK9gFNLJPJtBk6eTBzI5aQL3Hjr7hxoYjgSv/GSdtFHx4Y5nDOvdx7j5cIrsCyfo2V1bX1jc3SVnl7Z3dv3zw4bKk4lZQ1aSxi2fGIYoJHrAkcBOskkpHQE6ztDW8Kv/3IpOJxdA+jhLkhGUS8zykBLfXMmuPFwlejUH9ZO3/IHGBPkAVBnp/PWt6c1TMrVtUaAy8Te0oqaIpGz/x2/JimIYuACqJU17YScDMigVPB8rKTKpYQOiQD1tU0IiFTbjY+L8enWvFxP5b6RYDH6mxHRkJVrKkrQwKBWvQK8T+vm0L/2s14lKTAIjoZ1E8FhhgXWWGfS0ZBjDQhVHK9K6YBkYSCTrSsQ7AXT14mrYuqXatad5eVOp7GUULH6ASdIRtdoTq6RQ3URBQ9o1f0jj6MF+PN+DS+JqUrxrTnCM3B+PkDf/ClGA==</latexit>

W hh, bhh
<latexit sha1_base64="AiUQHY0grlecbVFLuRjR9k2nGfQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAgupCRi0WXBjcsK9gFNLJPJtBk6eTBzI5aQL3Hjr7hxoYjgSv/GSdtFHx4Y5nDOvdx7j5cIrsCyfo2V1bX1jc3SVnl7Z3dv3zw4bKk4lZQ1aSxi2fGIYoJHrAkcBOskkpHQE6ztDW8Kv/3IpOJxdA+jhLkhGUS8zykBLfXMmuPFwlejUH9ZO3/IHGBPkAVBnp/PWt6c1TMrVtUaAy8Te0oqaIpGz/x2/JimIYuACqJU17YScDMigVPB8rKTKpYQOiQD1tU0IiFTbjY+L8enWvFxP5b6RYDH6mxHRkJVrKkrQwKBWvQK8T+vm0L/2s14lKTAIjoZ1E8FhhgXWWGfS0ZBjDQhVHK9K6YBkYSCTrSsQ7AXT14mrYuqXatad5eVOp7GUULH6ASdIRtdoTq6RQ3URBQ9o1f0jj6MF+PN+DS+JqUrxrTnCM3B+PkDf/ClGA==</latexit>

W hh, bhh
<latexit sha1_base64="AiUQHY0grlecbVFLuRjR9k2nGfQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAgupCRi0WXBjcsK9gFNLJPJtBk6eTBzI5aQL3Hjr7hxoYjgSv/GSdtFHx4Y5nDOvdx7j5cIrsCyfo2V1bX1jc3SVnl7Z3dv3zw4bKk4lZQ1aSxi2fGIYoJHrAkcBOskkpHQE6ztDW8Kv/3IpOJxdA+jhLkhGUS8zykBLfXMmuPFwlejUH9ZO3/IHGBPkAVBnp/PWt6c1TMrVtUaAy8Te0oqaIpGz/x2/JimIYuACqJU17YScDMigVPB8rKTKpYQOiQD1tU0IiFTbjY+L8enWvFxP5b6RYDH6mxHRkJVrKkrQwKBWvQK8T+vm0L/2s14lKTAIjoZ1E8FhhgXWWGfS0ZBjDQhVHK9K6YBkYSCTrSsQ7AXT14mrYuqXatad5eVOp7GUULH6ASdIRtdoTq6RQ3URBQ9o1f0jj6MF+PN+DS+JqUrxrTnCM3B+PkDf/ClGA==</latexit>

W hh, bhh

<latexit sha1_base64="iOMAmHnNfvxlUpwq9C8NzCPq264=">AAACHnicbVDLSsNAFJ34rPVVdelmsAgupCRi0WXBjcsK9gFNLZPppB06yYSZGzGEfIkbf8WNC0UEV/o3Ttou+vDAMIdz7uXee7xIcA22/WutrK6tb2wWtorbO7t7+6WDw6aWsaKsQaWQqu0RzQQPWQM4CNaOFCOBJ1jLG93kfuuRKc1leA9JxLoBGYTc55SAkXqlqutJ0ddJYL60lT2kLrAnSIdJlp3PWt6c1SuV7Yo9Bl4mzpSU0RT1Xunb7UsaBywEKojWHceOoJsSBZwKlhXdWLOI0BEZsI6hIQmY7qbj8zJ8apQ+9qUyLwQ8Vmc7UhLofE1TGRAY6kUvF//zOjH4192Uh1EMLKSTQX4sMEicZ4X7XDEKIjGEUMXNrpgOiSIUTKJFE4KzePIyaV5UnGrFvrss1/A0jgI6RifoDDnoCtXQLaqjBqLoGb2id/RhvVhv1qf1NSldsaY9R2gO1s8ftYelOg==</latexit>

W hy, bhy
<latexit sha1_base64="iOMAmHnNfvxlUpwq9C8NzCPq264=">AAACHnicbVDLSsNAFJ34rPVVdelmsAgupCRi0WXBjcsK9gFNLZPppB06yYSZGzGEfIkbf8WNC0UEV/o3Ttou+vDAMIdz7uXee7xIcA22/WutrK6tb2wWtorbO7t7+6WDw6aWsaKsQaWQqu0RzQQPWQM4CNaOFCOBJ1jLG93kfuuRKc1leA9JxLoBGYTc55SAkXqlqutJ0ddJYL60lT2kLrAnSIdJlp3PWt6c1SuV7Yo9Bl4mzpSU0RT1Xunb7UsaBywEKojWHceOoJsSBZwKlhXdWLOI0BEZsI6hIQmY7qbj8zJ8apQ+9qUyLwQ8Vmc7UhLofE1TGRAY6kUvF//zOjH4192Uh1EMLKSTQX4sMEicZ4X7XDEKIjGEUMXNrpgOiSIUTKJFE4KzePIyaV5UnGrFvrss1/A0jgI6RifoDDnoCtXQLaqjBqLoGb2id/RhvVhv1qf1NSldsaY9R2gO1s8ftYelOg==</latexit>

W hy, bhy
<latexit sha1_base64="iOMAmHnNfvxlUpwq9C8NzCPq264=">AAACHnicbVDLSsNAFJ34rPVVdelmsAgupCRi0WXBjcsK9gFNLZPppB06yYSZGzGEfIkbf8WNC0UEV/o3Ttou+vDAMIdz7uXee7xIcA22/WutrK6tb2wWtorbO7t7+6WDw6aWsaKsQaWQqu0RzQQPWQM4CNaOFCOBJ1jLG93kfuuRKc1leA9JxLoBGYTc55SAkXqlqutJ0ddJYL60lT2kLrAnSIdJlp3PWt6c1SuV7Yo9Bl4mzpSU0RT1Xunb7UsaBywEKojWHceOoJsSBZwKlhXdWLOI0BEZsI6hIQmY7qbj8zJ8apQ+9qUyLwQ8Vmc7UhLofE1TGRAY6kUvF//zOjH4192Uh1EMLKSTQX4sMEicZ4X7XDEKIjGEUMXNrpgOiSIUTKJFE4KzePIyaV5UnGrFvrss1/A0jgI6RifoDDnoCtXQLaqjBqLoGb2id/RhvVhv1qf1NSldsaY9R2gO1s8ftYelOg==</latexit>

W hy, bhy
<latexit sha1_base64="iOMAmHnNfvxlUpwq9C8NzCPq264=">AAACHnicbVDLSsNAFJ34rPVVdelmsAgupCRi0WXBjcsK9gFNLZPppB06yYSZGzGEfIkbf8WNC0UEV/o3Ttou+vDAMIdz7uXee7xIcA22/WutrK6tb2wWtorbO7t7+6WDw6aWsaKsQaWQqu0RzQQPWQM4CNaOFCOBJ1jLG93kfuuRKc1leA9JxLoBGYTc55SAkXqlqutJ0ddJYL60lT2kLrAnSIdJlp3PWt6c1SuV7Yo9Bl4mzpSU0RT1Xunb7UsaBywEKojWHceOoJsSBZwKlhXdWLOI0BEZsI6hIQmY7qbj8zJ8apQ+9qUyLwQ8Vmc7UhLofE1TGRAY6kUvF//zOjH4192Uh1EMLKSTQX4sMEicZ4X7XDEKIjGEUMXNrpgOiSIUTKJFE4KzePIyaV5UnGrFvrss1/A0jgI6RifoDDnoCtXQLaqjBqLoGb2id/RhvVhv1qf1NSldsaY9R2gO1s8ftYelOg==</latexit>

W hy, bhy



长短时记忆网络（LSTM）

p序列过长时，原始的循环神经网络容易导致信息损失
p梯度爆炸或梯度消散

p新的加性隐状态更新方式

p相当于直接将 𝒉. 与 𝒉/（𝑘 < 𝑡）进行了跨层连接
p 𝒉! = 𝒉!"# + 𝒖! = 𝒉!"$ + 𝒖!"# + 𝒖! = 𝒉% + 𝒖%&# + 𝒖%&$ +⋯+ 𝒖!

p进一步改进
p遗忘门：考虑旧状态 𝒉/0! 和新状态 𝒖/ 的贡献

p输入门：独立控制 𝒉/0! 和 𝒖/ 的贡献

p输出门：对输出进行控制

<latexit sha1_base64="zQTCqCDxkGLjSi8ItCV+qKexVnc="></latexit>

ut = tanh(W xhxt + bxh +W hhht�1 + bhh)

ht = ht�1 + ut

<latexit sha1_base64="GGtsxLW4BzNeu/ylAJCQWiL7D30="></latexit>

f t = �(W f,xhxt + bf,xh +W f,hhht�1 + bf,hh)

ht = f t � ht�1 + (1� f t)� ut

<latexit sha1_base64="2uT3iJD8wLUykk5YQzASn8LCC2Y="></latexit>

it = �(W i,xhxt + bi,xh +W i,hhht�1 + bi,hh)

ht = f t � ht�1 + it � ut

<latexit sha1_base64="j0aBTtn9Se8UIK35NzZM1BgF2HY="></latexit>

ot = �(W o,xhxt + bo,xh +W o,hhht�1 + bo,hh)

ct = f t � ct�1 + it � ut

ht = ot � tanh(ct)

long term short term



循环神经网络的应用

p双向循环神经网络

p堆叠循环神经网络
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p序列到序列模型
p也称“编码器—解码器”模型
p机器翻译等多种应用

I love youᬌف੶
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Ray Mooney

You can’t cram the 
meaning of a whole 

%&!$ing sentence into 
a single $&!*ing vector!



注意力机制（Attention Mechanism）

p当前状态除和前一个状态及输入相关外，还应关注原序列的状态

p打分公式

%26

I love youᬌف੶

ᵌތ੶

ᖫᎱ

౯

ᥴᎱ

"౯ᬌڊ੶

0.3 0.6
0.1

<latexit sha1_base64="E3oXNa/csWlzmh9krVlwXYwgW60="></latexit>

↵̂s = attn(hs,ht�1)

↵s = Softmax(↵̂)s
<latexit sha1_base64="NOTHI9VjwQF34ytW30meYh4vtz8="></latexit>

attn(q,k) =

8
>>>><

>>>>:

w> tanh(W [q;k])

q>Wk

q>k
q>kp

d



自注意力模型

p通过某一输入与周围输入的相关性（注意力）来更新该输入
p“观其伴、知其义”

p输入：n个向量构成的序列𝒙2, 𝒙3, ⋯𝒙E
p输出：每个向量对应的新向量𝒚2, 𝒚3, ⋯𝒚E
p𝒚B = ∑CF2E 𝛼BC𝒙C， 𝛼BC为 𝒙B 与 𝒙C之间的注意力值



Transformer

pVaswani et al., Attention Is All You Need,
NIPS 2017

pTransformer的翻译
p变压器？
p变形金刚？

p自注意力模型还需要解决的几个问题
p没有考虑输入的位置信息
p输入向量 𝒙B 同时承担三种角色，不易学习

p计算注意力权重时的两个向量以及被加权的向量

p只考虑了两个输入向量之间的关系，无法建模多
个向量之间的更复杂关系

p自注意力计算结果互斥，无法同时关注多个输入



融入位置信息

p位置嵌入（Position Embeddings）
p类似词嵌入，每个绝对位置赋予一个连续、低维、稠密的向量表示
p向量参数参与模型学习

p位置编码（Position Encodings）
p直接将一个整数（位置索引值）映射为一个向量

p输入向量 = 词向量 + 位置嵌入/编码

<latexit sha1_base64="EkBg0p9HzNkjnfGCZ+9l2UkBuBo="></latexit>

PosEnc(p, i) =

8
<

:
sin( p

10000
i
d
) if i is even

cos( p

10000
i�1
d

) else



赋予输入向量角色信息

p输入向量的三种角色
p查询（Query）
p键（Key）
p值（Value）

p分别对输入向量进行线性映射
p𝒒1 = 𝑾2𝒙1
p𝒌1 = 𝑾3𝒙1
p𝒗1 = 𝑾4𝒙1

p新的自注意力模型

Key

Query
Value

<latexit sha1_base64="yhjcYLLiefZiKgwI2tIqbDGkhV8="></latexit>

yi =
nX

j=1

↵ijvj

↵ij = Softmax(↵̂i)j

↵̂ij = attn(qi,kj)



多层自注意力

p原始自注意力模型仅考虑了任意两个向量之间的关系
p如何建模高阶关系？

p直接建模高阶关系导致模型复杂度过高
p堆叠多层自注意力模型（消息传播机制）

p增强模型的表示能力——增加非线性
p增加非线性的多层感知器模型（MLP）

p使模型更容易学习
p层归一化（Layer Normalization）
p残差连接（Residual Connections）

Layer
Norm

Layer
Norm

MLP

MLP

MLP

MLP

Self
Attention

Transformer Block ᬌڊᬌف

+ +

x1

<latexit sha1_base64="Nn9OF5hNYMI/d1dlKOTYDYYnwEQ=">AAAB+XicbVC7TsMwFL0pr1JeAUYWiwqJqUoQCMYKFsYi0YfURpHjOK1Vx4lsp6KK+icsDCDEyp+w8Tc4bQZoOZLlo3PulY9PkHKmtON8W5W19Y3Nrep2bWd3b//APjzqqCSThLZJwhPZC7CinAna1kxz2kslxXHAaTcY3xV+d0KlYol41NOUejEeChYxgrWRfNseBAkP1TQ2V/40813frjsNZw60StyS1KFEy7e/BmFCspgKTThWqu86qfZyLDUjnM5qg0zRFJMxHtK+oQLHVHn5PPkMnRklRFEizREazdXfGzmOVRHOTMZYj9SyV4j/ef1MRzdezkSaaSrI4qEo40gnqKgBhUxSovnUEEwkM1kRGWGJiTZl1UwJ7vKXV0nnouFeNq4eLuvN27KOKpzAKZyDC9fQhHtoQRsITOAZXuHNyq0X6936WIxWrHLnGP7A+vwB/mqT5g==</latexit>

x2

<latexit sha1_base64="ctDr1G7+r09tJ/AlMLYNIM4v4ew=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUqqIhgrWBiLRB9SG0WO47ZWHTuynYoq6p+wMIAQK3/Cxt/gtBmg5UiWj865Vz4+YcKo0q77bZU2Nre2d8q7lb39g8Mj+/iko0QqMWljwYTshUgRRjlpa6oZ6SWSoDhkpBtO7nK/OyVSUcEf9SwhfoxGnA4pRtpIgW0PQsEiNYvNlT3Ng3pgV92au4CzTryCVKFAK7C/BpHAaUy4xgwp1ffcRPsZkppiRuaVQapIgvAEjUjfUI5iovxskXzuXBglcoZCmsO1s1B/b2QoVnk4MxkjPVarXi7+5/VTPbzxM8qTVBOOlw8NU+Zo4eQ1OBGVBGs2MwRhSU1WB4+RRFibsiqmBG/1y+ukU695jdrVQ6PavC3qKMMZnMMleHANTbiHFrQBwxSe4RXerMx6sd6tj+VoySp2TuEPrM8f/+6T5w==</latexit>

x3

<latexit sha1_base64="1JUvtgZlmZbzS/3KF4iATq59KbQ=">AAAB+XicbVC7TsMwFL0pr1JeAUYWiwqJqUqgCMYKFsYi0YfURpHjuK1VJ45sp6KK+icsDCDEyp+w8Tc4bQZoOZLlo3PulY9PkHCmtON8W6W19Y3NrfJ2ZWd3b//APjxqK5FKQltEcCG7AVaUs5i2NNOcdhNJcRRw2gnGd7nfmVCpmIgf9TShXoSHMRswgrWRfNvuB4KHahqZK3ua+Ze+XXVqzhxolbgFqUKBpm9/9UNB0ojGmnCsVM91Eu1lWGpGOJ1V+qmiCSZjPKQ9Q2McUeVl8+QzdGaUEA2ENCfWaK7+3shwpPJwZjLCeqSWvVz8z+ulenDjZSxOUk1jsnhokHKkBcprQCGTlGg+NQQTyUxWREZYYqJNWRVTgrv85VXSvqi59drVQ73auC3qKMMJnMI5uHANDbiHJrSAwASe4RXerMx6sd6tj8VoySp2juEPrM8fAYGT6A==</latexit>

x4

<latexit sha1_base64="WQ2inoOTcJ2F4int8O0PzHA4EqE=">AAAB+XicbVC7TsMwFL3hWcorwMhiUSExVQkqgrGChbFI9CG1UeQ4TmvVcSLbqaii/gkLAwix8ids/A1OmwFajmT56Jx75eMTpJwp7Tjf1tr6xubWdmWnuru3f3BoHx13VJJJQtsk4YnsBVhRzgRta6Y57aWS4jjgtBuM7wq/O6FSsUQ86mlKvRgPBYsYwdpIvm0PgoSHahqbK3+a+Q3frjl1Zw60StyS1KBEy7e/BmFCspgKTThWqu86qfZyLDUjnM6qg0zRFJMxHtK+oQLHVHn5PPkMnRslRFEizREazdXfGzmOVRHOTMZYj9SyV4j/ef1MRzdezkSaaSrI4qEo40gnqKgBhUxSovnUEEwkM1kRGWGJiTZlVU0J7vKXV0nnsu426lcPjVrztqyjAqdwBhfgwjU04R5a0AYCE3iGV3izcuvFerc+FqNrVrlzAn9gff4AAwWT6Q==</latexit>

y1

<latexit sha1_base64="DIvC4FRb9Oq0ABJrSmSzc0GJg1k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJtB06mYSZSSGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOFMacf5tiobm1vbO9Xd2t7+weGRfXzSVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvS/83oxKxWLxpLOEehEeCzZiBGsj+bY9DGIeqiwyV57Nfde3607DWQCtE7ckdSjR9u2vYRiTNKJCE46VGrhOor0cS80Ip/PaMFU0wWSKx3RgqMARVV6+SD5HF0YJ0SiW5giNFurvjRxHqghnJiOsJ2rVK8T/vEGqR7dezkSSairI8qFRypGOUVEDCpmkRPPMEEwkM1kRmWCJiTZl1UwJ7uqX10n3quE2G9ePzXrrrqyjCmdwDpfgwg204AHa0AECM3iGV3izcuvFerc+lqMVq9w5hT+wPn8AAACT5w==</latexit>

y2

<latexit sha1_base64="ryQnZFYiZ+HSEsvEsHnQsZdUXfM=">AAAB+XicbVBPS8MwHP11/pvzX9Wjl+AQPI12TPQ49OJxgpuDrZQ0zbawNC1JOihl38SLB0W8+k28+W1Mtx5080HI473fj7y8IOFMacf5tiobm1vbO9Xd2t7+weGRfXzSU3EqCe2SmMeyH2BFORO0q5nmtJ9IiqOA06dgelf4TzMqFYvFo84S6kV4LNiIEayN5Nv2MIh5qLLIXHk295u+XXcazgJonbglqUOJjm9/DcOYpBEVmnCs1MB1Eu3lWGpGOJ3XhqmiCSZTPKYDQwWOqPLyRfI5ujBKiEaxNEdotFB/b+Q4UkU4MxlhPVGrXiH+5w1SPbrxciaSVFNBlg+NUo50jIoaUMgkJZpnhmAimcmKyARLTLQpq2ZKcFe/vE56zYbbalw9tOrt27KOKpzBOVyCC9fQhnvoQBcIzOAZXuHNyq0X6936WI5WrHLnFP7A+vwBAYST6A==</latexit>

y3

<latexit sha1_base64="84jGCuOEjo250kNKgnQTgmJGfxE=">AAAB+XicbVBPS8MwHP11/pvzX9Wjl+AQPI1WJ3ocevE4wbnBVkqaZltY2pQkHZSyb+LFgyJe/Sbe/DamWw+6+SDk8d7vR15ekHCmtON8W5W19Y3Nrep2bWd3b//APjx6UiKVhHaI4EL2AqwoZzHtaKY57SWS4ijgtBtM7gq/O6VSMRE/6iyhXoRHMRsygrWRfNseBIKHKovMlWcz/9K3607DmQOtErckdSjR9u2vQShIGtFYE46V6rtOor0cS80Ip7PaIFU0wWSCR7RvaIwjqrx8nnyGzowSoqGQ5sQazdXfGzmOVBHOTEZYj9WyV4j/ef1UD2+8nMVJqmlMFg8NU460QEUNKGSSEs0zQzCRzGRFZIwlJtqUVTMluMtfXiVPFw232bh6aNZbt2UdVTiBUzgHF66hBffQhg4QmMIzvMKblVsv1rv1sRitWOXOMfyB9fkDAwiT6Q==</latexit>

y4

<latexit sha1_base64="6IL1fIv571Pl51KZKd47fxQupqc=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw295u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcNtNq4fm/XWXVlHFc7gHC7BhRtowQO0oQMEpvAMr/Bm5daL9W59LEcrVrlzCn9gff4ABIyT6g==</latexit>



p由于Softmax函数的性质，无法使得多个自注意力分数趋近于1

p使用多组自注意力模型产生多组不同的注意力结果
p设置多组输入映射矩阵
p类似使用多个卷积核提取不同的特征

多头自注意力

the cat walks on the streetx =

v =

y =

1

1



Transformer的优缺点

• 直接建模更长距离的依赖关系

•更快的训练速度（与RNN相比）
优点

• 参数量过大导致模型不容易训练

•需要基于大规模数据预训练
缺点



神经网络模型的训练

p寻找一组优化的模型参数
p又叫做模型训练或学习

p损失函数（Loss Function）
p评估参数好坏的准则
p为什么不直接使用准确率等指标进行评估？

p两种常用的损失函数
p均方误差（Mean Squared Error，MSE）

p交叉熵（Cross-Entropy，CE）

<latexit sha1_base64="RD+PsNgtor7bsqrQ8kKtAym+zy8="></latexit>

MSE =
1

m

mX

i=1

(ŷ(i) � y(i))2

<latexit sha1_base64="C8I1kHJkw2NagJYiWsKvpoA9EmY="></latexit>

CE = � 1

m

mX

i=1

cX

j=1

y(i)j log ŷ(i)j

<latexit sha1_base64="PB6/bVHFPvJvjhTFA+oQcXYS89A="></latexit>

CE = � 1

m

mX

i=1

log ŷ(i)t
负对数似然损失
Negative Log Likelihood，NLL



梯度下降

p梯度（Gradient）
p以向量的形式写出的对多元函数各个参数求得的偏导数
p是函数值增加最快的方向
p沿着梯度相反的方向，更加容易找到函数的极小值

p梯度下降算法（Gradient Descent，GD）

p小批次梯度下降法（Mini-batch Gradient Descent）
p每次随机采样小规模的训练数据来估计梯度
p提高算法的运行速度



PyTorch代码示例

https://colab.research.google.com/drive/1v-4G7WgiEhV_wOuOC_2IoSIVNzRHQlnP?usp=sharing

https://colab.research.google.com/drive/1v-4G7WgiEhV_wOuOC_2IoSIVNzRHQlnP?usp=sharing
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什么是词向量？

p词的一种机内表示形式，便于计算
p传统使用one-hot词向量表示词

p高维、稀疏、离散
p导致严重的数据稀疏问题
p所有向量都是正交的

马铃薯

[0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, …]

[0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, …]

土豆

sim(土豆, 马铃薯) = 0 词袋模型 (Bag of Words Model)



传统解决方案

p增加额外的特征
p词性特征：名词、动词、形容词
p前后缀特征：re-、-tion、-er

p语义词典
pWordNet、HowNet等
p如词的上位信息表示语义类别
p需要解决一词多义问题
p收录的词不全且更新慢

p词聚类特征
p如Brown Clustering (Brown et

al., CL 1992)



词的分布语义假设

p分布语义假设（Distributional semantic hypothesis）
p词的含义可由其上下文词的分布进行表示

pYou shall know a word by the company it keeps -- Firth J.R. 1957



词的分布（Distributional）表示

p分布词向量

p语义相似度通过计算向量相似度获得

p仍然存在高维、稀疏、离散的问题

shinning bright trees dark look
moon 38 45 2 27 12

cucumber

moon
star



分布表示的加权

p降低高频词的权重
p点互信息（Pointwise Mutual Information，PMI）

<latexit sha1_base64="Ocw/yx0SkeeRIAw/l7dxqG+zPfE=">AAACHnicbZDLSsNAFIYnXmu9RV26GSxCC1KSet0IRTe6ECLYCzQhTKaTdujkwsxEKSFP4sZXceNCEcGVvo2Ttgtt/WHg4z/ncOb8XsyokIbxrc3NLywuLRdWiqtr6xub+tZ2U0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wWVeb90TLmgU3slhTJwA9ULqU4ykslz92A6Q7PMgtW6us/LDAcQVeA5tFvXcGrR9jnBqje0shwq0ygpdvWRUjZHgLJgTKIGJLFf/tLsRTgISSsyQEB3TiKWTIi4pZiQr2okgMcID1CMdhSEKiHDS0XkZ3FdOF/oRVy+UcOT+nkhRIMQw8FRnfoyYruXmf7VOIv0zJ6VhnEgS4vEiP2FQRjDPCnYpJ1iyoQKEOVV/hbiPVCZSJVpUIZjTJ89Cs1Y1T6qHt0el+sUkjgLYBXugDExwCurgCligATB4BM/gFbxpT9qL9q59jFvntMnMDvgj7esHs0qftg==</latexit>

PMI(w, c) = log2
P (w, c)

P (w)P (c)

我 喜欢 自然 语言 处理 。
我 爱 深度 学习 。
我 喜欢 机器 学习 。



分布表示的降维

p避免稀疏性，反映高阶共现关系
p奇异值分解（Singular Value Decomposition，SVD）



分布式（Distributed）词表示

p分布表示的缺点
p训练速度慢，增加新语料库困难
p不易扩展到短语、句子表示

p分布式表示直接使用低维、稠密、连续的向量表示词
p通过“自监督”的方法直接学习词向量
p也称词嵌入（Word Embedding）

p发展历程
LSA

(Deerwester et al., 1990)

LDA
(Blei et al., 2003)

NNLM
(Bengio et al., 2003)

HLBL
(Minh and Hinton, 2009)

SENNA
(Collobert et al., 2011)

RNNLM
(Mikolov et al., 2010)

Word2vec
(Mikolov et al., 2013)

GloVe
(Pennington et al., 2014)



神经网络语言模型（NNLM）

pNeural Network Language Models (Bengio et al., JMLR 2003)
p根据前n-1个词预测第n个词（语言模型）
p模型结构为前向神经网络
p通过查表，获得词的向量表示

pWord Embeddings/Vectors
p支撑图灵奖的重要工作

p通过梯度下降优化词向量表示

 .  .  .  .  .  .  .  .  . .  .  .

 .  .  .  .  .  .

 .  .  .  .  .  .

Index for wt-2Index for wt-n+1 Index for wt-1

e(wt-1)e(wt-2)e(wt-n+1)

tanh

softmax

i-th output = P(wt = i|context) 

shared parameters
across words

Matrix E
Table

look-up
In E

词向量
表示



SENNA

pSemantic/syntactic Extraction using a Neural Network Architecture
pNatural Language Processing (Almost) from Scratch (Collobert et al., JMLR 2011)

p“换词”的思想
p一个词和它的上下文构成正例
p随机替换掉该词构成负例

p优化目标
pscore(cat sits on a mat) > score(cat sits Harbin a mat)
pscore的计算方式

p训练速度慢，在当年的硬件条件下需要训练1个月

cat sits on a mat

cat sits Harbin a mat

cat         sits        on         a        mat



Word2vec

phttps://code.google.com/archive/p/word2vec/
pMikolov et al., ICLR 2013

pCBOW (Continuous Bag-of-Word)
p周围词向量加和预测中间的词

pSkip-Gram
p中间词预测周围词

p训练速度快
p可利用大规模数据
p弥补了模型能力的不足

wt

<latexit sha1_base64="AN+E1YdOPqI83bAr4hHEr4XGPDc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2g9oQ9lsN+3SzSbsTpQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFK90897JUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4aWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enV3Xqld53EU4QiO4RQ8uIAa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wdzlo3u</latexit>

wt�2

<latexit sha1_base64="QfMDSHdFxxUKEQNazy3+J0E33U4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbAuot6MVjBPOAZAmzk0kyZHZ2melVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTRMlmvEGi2Sk2wE1XArFGyhQ8nasOQ0DyVvB+Hbmtx65NiJSDziJuR/SoRIDwShaqfXUS/GiMu0VS27ZnYOsEi8jJchQ7xW/uv2IJSFXyCQ1puO5Mfop1SiY5NNCNzE8pmxMh7xjqaIhN346P3dKzqzSJ4NI21JI5urviZSGxkzCwHaGFEdm2ZuJ/3mdBAdXfipUnCBXbLFokEiCEZn9TvpCc4ZyYgllWthbCRtRTRnahAo2BG/55VXSrJS9avn6vlqq3WRx5OEETuEcPLiEGtxBHRrAYAzP8ApvTuy8OO/Ox6I152Qzx/AHzucPFnePbQ==</latexit>

wt�1

<latexit sha1_base64="e8v5vTcNfp2J1YjgpSDaD2bN6ls=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG9FLx4r2A9oQ9lsN+3SzSbsTpQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791iPXRsTqAccJ9yM6UCIUjKKVWk+9DM+9Sa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZuRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqEijYEb/HlZdK8qHjVyvV9tVy7yeMowDGcwBl4cAk1uIM6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz8U8o9s</latexit>

wt+1

<latexit sha1_base64="aorXGrkiz+ikemmoltzkod6+tV0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN6KXjxWsB/QhrLZbtqlm03YnSgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rUeujYjVA44T7kd0oEQoGEUrtZ56GZ57k16p7FbcGcgy8XJShhz1Xumr249ZGnGFTFJjOp6boJ9RjYJJPil2U8MTykZ0wDuWKhpx42ezcyfk1Cp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2d9IXmDOXYEsq0sLcSNqSaMrQJFW0I3uLLy6R5UfGqlev7arl2k8dRgGM4gTPw4BJqcAd1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8AEeaPag==</latexit>

wt+2

<latexit sha1_base64="ljkOeZwWxrRxs89VDFr9gSL48Rg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3BNRb0IvHCOYByRJmJ5NkyOzsMtOrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcRSGHTdbye3tr6xuZXfLuzs7u0fFA+PmiZKNOMNFslItwNquBSKN1Cg5O1YcxoGkreC8e3Mbz1ybUSkHnAScz+kQyUGglG0Uuupl+JFZdorltyyOwdZJV5GSpCh3it+dfsRS0KukElqTMdzY/RTqlEwyaeFbmJ4TNmYDnnHUkVDbvx0fu6UnFmlTwaRtqWQzNXfEykNjZmEge0MKY7MsjcT//M6CQ6u/FSoOEGu2GLRIJEEIzL7nfSF5gzlxBLKtLC3EjaimjK0CRVsCN7yy6ukWSl71fL1fbVUu8niyMMJnMI5eHAJNbiDOjSAwRie4RXenNh5cd6dj0VrzslmjuEPnM8fE2uPaw==</latexit>

ᬌف੶

ݻᰁ੶

ᬌڊ੶

CBOW模型示意图

wt

<latexit sha1_base64="AN+E1YdOPqI83bAr4hHEr4XGPDc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2g9oQ9lsN+3SzSbsTpQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFK90897JUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4aWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enV3Xqld53EU4QiO4RQ8uIAa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wdzlo3u</latexit>

wt�2

<latexit sha1_base64="QfMDSHdFxxUKEQNazy3+J0E33U4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbAuot6MVjBPOAZAmzk0kyZHZ2melVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTRMlmvEGi2Sk2wE1XArFGyhQ8nasOQ0DyVvB+Hbmtx65NiJSDziJuR/SoRIDwShaqfXUS/GiMu0VS27ZnYOsEi8jJchQ7xW/uv2IJSFXyCQ1puO5Mfop1SiY5NNCNzE8pmxMh7xjqaIhN346P3dKzqzSJ4NI21JI5urviZSGxkzCwHaGFEdm2ZuJ/3mdBAdXfipUnCBXbLFokEiCEZn9TvpCc4ZyYgllWthbCRtRTRnahAo2BG/55VXSrJS9avn6vlqq3WRx5OEETuEcPLiEGtxBHRrAYAzP8ApvTuy8OO/Ox6I152Qzx/AHzucPFnePbQ==</latexit>

wt�1

<latexit sha1_base64="e8v5vTcNfp2J1YjgpSDaD2bN6ls=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG9FLx4r2A9oQ9lsN+3SzSbsTpQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791iPXRsTqAccJ9yM6UCIUjKKVWk+9DM+9Sa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZuRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqEijYEb/HlZdK8qHjVyvV9tVy7yeMowDGcwBl4cAk1uIM6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz8U8o9s</latexit>

wt+1

<latexit sha1_base64="aorXGrkiz+ikemmoltzkod6+tV0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN6KXjxWsB/QhrLZbtqlm03YnSgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rUeujYjVA44T7kd0oEQoGEUrtZ56GZ57k16p7FbcGcgy8XJShhz1Xumr249ZGnGFTFJjOp6boJ9RjYJJPil2U8MTykZ0wDuWKhpx42ezcyfk1Cp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2d9IXmDOXYEsq0sLcSNqSaMrQJFW0I3uLLy6R5UfGqlev7arl2k8dRgGM4gTPw4BJqcAd1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8AEeaPag==</latexit>

wt+2

<latexit sha1_base64="ljkOeZwWxrRxs89VDFr9gSL48Rg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3BNRb0IvHCOYByRJmJ5NkyOzsMtOrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcRSGHTdbye3tr6xuZXfLuzs7u0fFA+PmiZKNOMNFslItwNquBSKN1Cg5O1YcxoGkreC8e3Mbz1ybUSkHnAScz+kQyUGglG0Uuupl+JFZdorltyyOwdZJV5GSpCh3it+dfsRS0KukElqTMdzY/RTqlEwyaeFbmJ4TNmYDnnHUkVDbvx0fu6UnFmlTwaRtqWQzNXfEykNjZmEge0MKY7MsjcT//M6CQ6u/FSoOEGu2GLRIJEEIzL7nfSF5gzlxBLKtLC3EjaimjK0CRVsCN7yy6ukWSl71fL1fbVUu8niyMMJnMI5eHAJNbiDOjSAwRie4RXenNh5cd6dj0VrzslmjuEPnM8fE2uPaw==</latexit>

ᬌف੶

ݻᰁ੶

ᬌڊ੶

Skip-gram模型示意图

https://code.google.com/archive/p/word2vec/


词向量的应用

词义相似度计算 词类比关系计算

知识图谱补全 推荐系统



一词多义现象

p静态词向量假设一个词由唯一的词向量表示
p无法处理一词多义现象

“上下文”信息混乱

我喜欢吃土豆
我刚刚在土豆看视频 马铃薯

爱奇艺

优酷

红薯

土豆
我是谁？

我喜欢吃土豆#2
我刚刚在土豆#1 看视频 马铃薯

爱奇艺

优酷

红薯

土豆#2

土豆#1

如何获得词义信息？
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