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定义：三维空间中两个向量𝐚和𝐛的叉积𝐚 × 𝐛是与𝐚和𝐛都
垂直的向量，可以定义为：

𝐚 × 𝐛 = 𝐚 𝐛 sin 𝜃 𝐧
其中𝜃表示𝐚和𝐛的夹角 (0 ≤ 𝜃 ≤ 𝜋)。 𝐚 和 𝐛 是向量𝐚
和𝐛的模长，而𝐧则是一个与𝐚、𝐛所构成的平面垂直的单
位向量，方向由右手定则决定。
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𝐏𝑟
T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙



共面条件:
𝐏𝑟

T𝐑 𝐓× 𝐏𝑙 = 0

令 𝐄 = 𝐑 𝐓×

𝐏𝑟
T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙



共面条件:
𝐏𝑟

T𝐑 𝐓× 𝐏𝑙 = 0

令 𝐄 = 𝐑 𝐓×

𝐏𝑟
T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

𝐏在左、右两个视点中的坐标之间的约束关系



共面条件:
𝐏𝑟

T𝐑 𝐓× 𝐏𝑙 = 0

令 𝐄 = 𝐑 𝐓×

𝐏𝑟
T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

我们如何将这个约束关系修改成
图像点之间的关系？（在相机坐标系中）



共面条件:
𝐏𝑟

T𝐑 𝐓× 𝐏𝑙 = 0

令 𝐄 = 𝐑 𝐓×

𝐏𝑟
T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

回顾：𝐩 = 𝑓
𝐏

𝑍



共面条件:
𝐏𝑟

T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

回顾：𝐩 = 𝑓
𝐏

𝑍



共面条件:
𝐏𝑟

T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

𝐩𝑟𝑍𝑟

𝑓𝑟

T

𝐄
𝐩𝑙𝑍𝑙

𝑓𝑙
= 0

回顾：𝐩 = 𝑓
𝐏

𝑍



共面条件:
𝐏𝑟

T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

𝐩𝑟𝑍𝑟

𝑓𝑟

T

𝐄
𝐩𝑙𝑍𝑙

𝑓𝑙
= 0

化简

回顾：𝐩 = 𝑓
𝐏

𝑍



共面条件:
𝐏𝑟

T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

𝐩𝑟𝑍𝑟

𝑓𝑟

T

𝐄
𝐩𝑙𝑍𝑙

𝑓𝑙
= 0

化简

回顾：𝐩 = 𝑓
𝐏

𝑍



共面条件:
𝐏𝑟

T𝐄𝐏𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

𝐩𝑟𝑍𝑟

𝑓𝑟

T

𝐄
𝐩𝑙𝑍𝑙

𝑓𝑙
= 0

化简

回顾：𝐩 = 𝑓
𝐏

𝑍

𝐩𝑟
T𝐄𝐩𝑙 = 0



共面条件:
𝐩𝑟

T𝐄𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙



共面条件:
𝐩𝑟

T𝐄𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙



回顾：投影流程



𝛼𝑥𝑖𝑚

𝛼𝑦𝑖𝑚

𝛼
=

− Τ𝑓 𝑠𝑥 0 𝑜𝑥

0 − Τ𝑓 𝑠𝑦 𝑜𝑦

0 0 1

𝐑

−𝐑1
T𝐓

−𝐑2
T𝐓

−𝐑3
T𝐓

𝑋𝑤

𝑌𝑤

𝑍𝑤

1



𝛼𝑥𝑖𝑚

𝛼𝑦𝑖𝑚

𝛼
=

− Τ𝑓 𝑠𝑥 0 𝑜𝑥

0 − Τ𝑓 𝑠𝑦 𝑜𝑦

0 0 1

𝐑

−𝐑1
T𝐓

−𝐑2
T𝐓

−𝐑3
T𝐓

𝑋𝑤

𝑌𝑤

𝑍𝑤

1

外参矩阵
𝐌ext



𝛼𝑥𝑖𝑚

𝛼𝑦𝑖𝑚

𝛼
=

− Τ𝑓 𝑠𝑥 0 𝑜𝑥

0 − Τ𝑓 𝑠𝑦 𝑜𝑦

0 0 1

𝐑

−𝐑1
T𝐓

−𝐑2
T𝐓

−𝐑3
T𝐓

𝑋𝑤

𝑌𝑤

𝑍𝑤

1

外参矩阵
𝐌ext

内参矩阵
𝐌int



𝛼𝑥𝑖𝑚

𝛼𝑦𝑖𝑚

𝛼
=

− Τ𝑓 𝑠𝑥 0 𝑜𝑥

0 − Τ𝑓 𝑠𝑦 𝑜𝑦

0 0 1

𝐑

−𝐑1
T𝐓

−𝐑2
T𝐓

−𝐑3
T𝐓

𝑋𝑤

𝑌𝑤

𝑍𝑤

1

外参矩阵
𝐌ext

内参矩阵
𝐌int



𝛼𝑥𝑖𝑚

𝛼𝑦𝑖𝑚

𝛼
=

− Τ𝑓 𝑠𝑥 0 𝑜𝑥

0 − Τ𝑓 𝑠𝑦 𝑜𝑦

0 0 1

𝐑

−𝐑1
T𝐓

−𝐑2
T𝐓

−𝐑3
T𝐓

𝑋𝑤

𝑌𝑤

𝑍𝑤

1

外参矩阵
𝐌ext

内参矩阵
𝐌int



𝛼𝑥𝑖𝑚

𝛼𝑦𝑖𝑚

𝛼
=

− Τ𝑓 𝑠𝑥 0 𝑜𝑥

0 − Τ𝑓 𝑠𝑦 𝑜𝑦

0 0 1

𝐑

−𝐑1
T𝐓

−𝐑2
T𝐓

−𝐑3
T𝐓

𝑋𝑤

𝑌𝑤

𝑍𝑤

1

外参矩阵
𝐌ext

内参矩阵
𝐌int



回顾：投影流程



共面条件:
𝐩𝑟

T𝐄𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙



共面条件:
𝐩𝑟

T𝐄𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

我们有：

𝐩𝑙 = 𝐌int,𝑙
−1 ෥𝐩𝑙， 𝐩𝑟 = 𝐌int,𝑟

−1 ෥𝐩𝑟



共面条件:
𝐩𝑟

T𝐄𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

我们有：

𝐩𝑙 = 𝐌int,𝑙
−1 ෥𝐩𝑙， 𝐩𝑟 = 𝐌int,𝑟

−1 ෥𝐩𝑟

图像坐标



共面条件:
𝐩𝑟

T𝐄𝐩𝑙 = 0
我们有：

𝐩𝑙 = 𝐌int,𝑙
−1 ෥𝐩𝑙， 𝐩𝑟 = 𝐌int,𝑟

−1 ෥𝐩𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

代入



共面条件:
𝐩𝑟

T𝐄𝐩𝑙 = 0
我们有：

𝐩𝑙 = 𝐌int,𝑙
−1 ෥𝐩𝑙， 𝐩𝑟 = 𝐌int,𝑟

−1 ෥𝐩𝑟

代入

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

෥𝐩𝑟
T𝐌int,𝑟

−T 𝐄𝐌int,𝑙
−1 ෥𝐩𝑙 = 0



共面条件:

෥𝐩𝑟
T𝐌int,𝑟

−T 𝐄𝐌int,𝑙
−1 ෥𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙



共面条件:

෥𝐩𝑟
T𝐌int,𝑟

−T 𝐄𝐌int,𝑙
−1 ෥𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙



共面条件:

෥𝐩𝑟
T𝐌int,𝑟

−T 𝐄𝐌int,𝑙
−1 ෥𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

令 𝐅 = 𝐌int,𝒓
−T 𝐄𝐌int,𝒍

−𝟏



共面条件:

෥𝐩𝑟
T𝐌int,𝑟

−T 𝐄𝐌int,𝑙
−1 ෥𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

令 𝐅 = 𝐌int,𝒓
−T 𝐄𝐌int,𝒍

−𝟏



共面条件:

෥𝐩𝑟
T𝐌int,𝑟

−T 𝐄𝐌int,𝑙
−1 ෥𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

令 𝐅 = 𝐌int,𝒓
−T 𝐄𝐌int,𝒍

−𝟏



共面条件:

෥𝐩𝑟
T𝐌int,𝑟

−T 𝐄𝐌int,𝑙
−1 ෥𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

令 𝐅 = 𝐌int,𝒓
−T 𝐄𝐌int,𝒍

−𝟏



共面条件:

෥𝐩𝑟
T𝐌int,𝑟

−T 𝐄𝐌int,𝑙
−1 ෥𝐩𝑙 = 0

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐏𝑟𝐏𝑙

令 𝐅 = 𝐌int,𝒓
−T 𝐄𝐌int,𝒍

−𝟏

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



备注：

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



备注：
基础矩阵捕获两个视点间的投影几何

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



备注：
基础矩阵捕获两个视点间的投影几何

与场景结构无关

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



备注：
基础矩阵捕获两个视点间的投影几何

与场景结构无关

可以通过匹配对应点计算，而不需要事先知道相机的
内参和外参

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



备注：
基础矩阵捕获两个视点间的投影几何

与场景结构无关

可以通过匹配对应点计算，而不需要事先知道相机的
内参和外参

在齐次坐标系中是确定的，但不约束尺度因子

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



备注：
基础矩阵捕获两个视点间的投影几何

与场景结构无关

可以通过匹配对应点计算，而不需要事先知道相机的
内参和外参

在齐次坐标系中是确定的，但不约束尺度因子

秩为2

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



备注：
基础矩阵捕获两个视点间的投影几何

与场景结构无关

可以通过匹配对应点计算，而不需要事先知道相机的
内参和外参

在齐次坐标系中是确定的，但不约束尺度因子

秩为2

极点是左、右零空间：𝐅𝐞𝑙 = 𝟎和𝐞𝑟
T𝐅 = 𝟎

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



备注：
基础矩阵捕获两个视点间的投影几何

与场景结构无关

可以通过匹配对应点计算，而不需要事先知道相机的
内参和外参

在齐次坐标系中是确定的，但不约束尺度因子

秩为2

极点是左、右零空间：𝐅𝐞𝑙 = 𝟎和𝐞𝑟
T𝐅 = 𝟎

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎



𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏 𝐞𝑙



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏 𝐞𝑙



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏 𝐞𝑙



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏 𝐞𝑙

代入 𝐄 = 𝐑 𝐓×



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏 𝐞𝑙

代入 𝐄 = 𝐑 𝐓×

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓× 𝐌int,𝑙

−𝟏 𝐞𝑙



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏 𝐞𝑙

代入 𝐄 = 𝐑 𝐓×

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓× 𝐌int,𝑙

−𝟏 𝐞𝑙



给定3 × 1向量𝐚 = 𝑎1, 𝑎2, 𝑎3
T和𝐛 = 𝑏1, 𝑏2, 𝑏3

T

𝐚 × 𝐛 =

0 −𝑎3 𝑎2

𝑎3 0 −𝑎1

−𝑎2 𝑎1 0

𝑏1

𝑏2

𝑏3

= 𝐚× 𝐛



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏 𝐞𝑙

代入 𝐄 = 𝐑 𝐓×

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓× 𝐌int,𝑙

−𝟏 𝐞𝑙



𝐅 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏

𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐄𝐌int,𝑙

−𝟏 𝐞𝑙

代入 𝐄 = 𝐑 𝐓×

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓 × 𝐌int,𝑙

−𝟏 𝐞𝑙

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓× 𝐌int,𝑙

−𝟏 𝐞𝑙



𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓 × 𝐌int,𝑙

−𝟏 𝐞𝑙



𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓 × 𝐌int,𝑙

−𝟏 𝐞𝑙



𝐚 × 𝐛

𝐛

𝜃

定义：三维空间中两个向量𝐚和𝐛的叉积𝐚 × 𝐛是与𝐚和𝐛都
垂直的向量，可以定义为：

𝐚 × 𝐛 = 𝐚 𝐛 sin 𝜃 𝐧
其中𝜃表示𝐚和𝐛的夹角 (0 ≤ 𝜃 ≤ 𝜋)。 𝐚 和 𝐛 是向量𝐚
和𝐛的模长，而𝐧则是一个与𝐚、𝐛所构成的平面垂直的单
位向量，方向由右手定则决定。

𝐚



𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓 × 𝐌int,𝑙

−𝟏 𝐞𝑙



𝐞𝑙 𝐞𝑟

𝐏

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

𝐅𝐞𝑙 = 𝐌int,𝑟
−T 𝐑 𝐓 × 𝐌int,𝑙

−𝟏 𝐞𝑙

𝐅𝐞𝑙 = 𝟎



备注：
基础矩阵捕获两个视点间的投影几何

与场景结构无关

可以通过匹配对应点计算，而不需要事先知道相机的
内参和外参

在齐次坐标系中是确定的，但不约束尺度因子

秩为2

极点是左、右零空间：𝐅𝐞𝑙 = 𝟎和𝐞𝑟
T𝐅 = 𝟎

基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎





𝐩𝑟
T𝐅𝐩𝑙 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑙 , 𝑦𝑙 , 1 T



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

令 𝐤 = 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

令 𝐤 = 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐤 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

令 𝐤 = 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐤 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

令 𝐤 = 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐤 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

令 𝐤 = 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐤 = 0

𝐩𝑟
T𝐤 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

令 𝐤 = 𝐅 𝑥𝑙 , 𝑦𝑙 , 1 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐤 = 0

搜索空间被缩小到一条直线

𝐩𝑟
T𝐤 = 0





𝐩𝑟
T𝐅𝐩𝑙 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝐅𝐞𝑙 = 0



基础矩阵约束：෥𝐩𝑟
T𝐅෥𝐩𝑙 = 𝟎

备注：
基础矩阵捕获两个视点间的投影几何

与场景结构无关

可以通过匹配对应点计算，而不需要事先知道相机的
内参和外参

在齐次坐标系中是确定的，但不约束尺度因子

秩为2

极点是左、右零空间：𝐅𝐞𝑙 = 𝟎和𝐞𝑟
T𝐅 = 𝟎



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝐅𝐞𝑙 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝐅𝐞𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝟎 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝐅𝐞𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝟎 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝐅𝐞𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝟎 = 0

所有极线都穿过极点



𝐨𝑟

P

𝐨𝑙

𝐩𝑙 𝐩𝑟



𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P



𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3



𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3



𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T

𝐩𝑟
T𝐑 𝐓× 𝐩𝑙 = 0



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T

𝐩𝑟
T𝐑 𝐓× 𝐩𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝐑 𝐓× 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

化简



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T

𝐩𝑟
T𝐑 𝐓× 𝐩𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝐑 𝐓× 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

化简



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T

𝐩𝑟
T𝐑 𝐓× 𝐩𝑙 = 0

𝑥𝑟 , 𝑦𝑟 , 1 𝐑 𝐓× 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

化简

𝑥𝑟 , 𝑦𝑟 , 1 𝐓× 𝑥𝑙 , 𝑦𝑙 , 1 T = 0



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐓× 𝑥𝑙 , 𝑦𝑙 , 1 T = 0



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐓× 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

展开并化简

𝐓× =
0 0 0
0 0 −𝐵
0 𝐵 0



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐓× 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

展开并化简

𝑦𝑟 = 𝑦𝑙



𝐩𝑟
T𝐄𝐩𝑙 = 0

𝐩𝑙 𝐩𝑟

𝐨𝑙 𝐨𝑟

P

𝐑 = 𝐈3×3

𝐓 = 𝐵, 0,0 T

𝑥𝑟 , 𝑦𝑟 , 1 𝐓× 𝑥𝑙 , 𝑦𝑙 , 1 T = 0

展开并化简

𝑦𝑟 = 𝑦𝑙



𝑓

𝑦

𝑥𝑧



𝑓

𝑦

𝑥𝑧

𝐓



𝑓

𝑦

𝑥𝑧

𝐓



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T



𝐄 = 𝐑 𝐓×

𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T



𝐄 = 𝐑 𝐓×

𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

= 𝐈3×3

0 −𝑡𝑧 0
𝑡𝑧 0 0
0 0 0



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

𝐄 =
0 −𝑡𝑧 0
𝑡𝑧 0 0
0 0 0



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

𝐄 =
0 −𝑡𝑧 0
𝑡𝑧 0 0
0 0 0



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

𝐄 =
0 −𝑡𝑧 0
𝑡𝑧 0 0
0 0 0

=
0 −1 0
1 0 0
0 0 0



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

𝐄 =
0 −1 0
1 0 0
0 0 0



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

𝐄 =
0 −1 0
1 0 0
0 0 0

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

𝐄 =
0 −1 0
1 0 0
0 0 0

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

𝐄 =
0 −1 0
1 0 0
0 0 0

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0



𝑓

𝑦

𝑥𝑧

𝑓

𝑦

𝑥𝑧

𝐓

𝐑 = 𝐈3×3

𝐓 = 0,0, 𝑡𝑧
T

𝐄 =
0 −1 0
1 0 0
0 0 0

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0



𝑜

x

初始图像

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0



𝑜

x

初始图像

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0

𝑜

第二个相机



𝑜

x

初始图像

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0

𝑜

第二个相机

𝐥′



𝑜

x

初始图像

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0

𝑜

第二个相机

𝐥′

x



𝑜

x

初始图像

𝐥′ = 𝐄𝐱 =
0 −1 0
1 0 0
0 0 0

𝑥
𝑦
1

=
−𝑦
𝑥
0

𝑜

第二个相机

𝐥′

x



超空间跳跃





vs.

单应矩阵 基础矩阵



𝐱′ = 𝐇𝐱
单应矩阵将一个点映射到一个点



𝐥′ = 𝐅𝐱
基础矩阵将一个点映射到一条直线



估计基础矩阵



Nature, 1981



Nature, 1981

8点算法



𝐩𝑟
T𝐅𝐩𝑙 = 0



𝑥𝑟 , 𝑦𝑟 , 1

𝐹11 𝐹12 𝐹13

𝐹21 𝐹22 𝐹23

𝐹31 𝐹32 𝐹33

𝑥𝑙

𝑦𝑙

1
= 0

𝐩𝑟
T𝐅𝐩𝑙 = 0



𝐩𝑟
T𝐅𝐩𝑙 = 0

𝑥𝑟𝑥𝑙 , 𝑥𝑟𝑦𝑙 , 𝑥𝑟 , 𝑦𝑟𝑥𝑙 , 𝑦𝑟𝑦𝑙 , 𝑦𝑟 , 𝑥𝑙 , 𝑦𝑙 , 1

𝐹11

𝐹12

𝐹13

𝐹21

𝐹22

𝐹23

𝐹31
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SVD
奇异值分解

（Singular Value Decomposition）
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x 𝟎A =

𝑚 × 𝑛

𝑛 × 1

𝑚 × 1

𝐱∗ = arg min
𝐱

𝐀𝐱  2 subject to 𝐱 = 1
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𝑥𝑟1𝑥𝑙1, 𝑥𝑟1𝑦𝑙1, 𝑥𝑟1, 𝑦𝑟1𝑥𝑙1, 𝑦𝑟1𝑦𝑙1, 𝑦𝑟1, 𝑥𝑙1, 𝑦𝑙1, 1
⋮

𝑥𝑟𝑛𝑥𝑙𝑛, 𝑥𝑟𝑛𝑦𝑙𝑛, 𝑥𝑟𝑛, 𝑦𝑟𝑛𝑥𝑙𝑛, 𝑦𝑟𝑛𝑦𝑙𝑛, 𝑦𝑟𝑛, 𝑥𝑙𝑛, 𝑦𝑙𝑛, 1
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𝐀

𝐟



𝑥𝑟1𝑥𝑙1, 𝑥𝑟1𝑦𝑙1, 𝑥𝑟1, 𝑦𝑟1𝑥𝑙1, 𝑦𝑟1𝑦𝑙1, 𝑦𝑟1, 𝑥𝑙1, 𝑦𝑙1, 1
⋮
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𝐀

𝐟

arg min
𝐟

𝐀𝐟  2 

并服从如下约束

𝐟 = 1
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⋮
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𝑥𝑟1𝑥𝑙1, 𝑥𝑟1𝑦𝑙1, 𝑥𝑟1, 𝑦𝑟1𝑥𝑙1, 𝑦𝑟1𝑦𝑙1, 𝑦𝑟1, 𝑥𝑙1, 𝑦𝑙1, 1
⋮
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𝑥𝑟1𝑥𝑙1, 𝑥𝑟1𝑦𝑙1, 𝑥𝑟1, 𝑦𝑟1𝑥𝑙1, 𝑦𝑟1𝑦𝑙1, 𝑦𝑟1, 𝑥𝑙1, 𝑦𝑙1, 1
⋮
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෨𝐅∗ = arg min
෨𝐅

෨𝐅 − ෠𝐅  2 subject to det ෨𝐅 = 0



3
主要步骤



步骤1
计算SVD



𝐅 = 𝐔𝚺𝐕T



步骤2
调整奇异值



𝚺 =

𝜎1 0 0
0 𝜎2 0
0 0 𝜎3



𝚺′ =
𝜎1 0 0
0 𝜎2 0
0 0 0



步骤3
重新组合基础矩阵



𝐅′ = 𝐔𝚺′𝐕T



1. 计算𝐅的SVD



1. 计算𝐅的SVD

2. 将𝐅最小的奇异值设为0



1. 计算𝐅的SVD

2. 将𝐅最小的奇异值设为0

3. 重新计算𝐅
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# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



𝑥𝑟1𝑥𝑙1, 𝑥𝑟1𝑦𝑙1, 𝑥𝑟1, 𝑦𝑟1𝑥𝑙1, 𝑦𝑟1𝑦𝑙1, 𝑦𝑟1, 𝑥𝑙1, 𝑦𝑙1, 1
⋮

𝑥𝑟𝑛𝑥𝑙𝑛, 𝑥𝑟𝑛𝑦𝑙𝑛, 𝑥𝑟𝑛, 𝑦𝑟𝑛𝑥𝑙𝑛, 𝑦𝑟𝑛𝑦𝑙𝑛, 𝑦𝑟𝑛, 𝑥𝑙𝑛, 𝑦𝑙𝑛, 1
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𝐹31
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𝐹33
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𝐟

𝐩𝑟
T𝐅𝐩𝑙 = 0



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



𝑥𝑟1𝑥𝑙1, 𝑥𝑟1𝑦𝑙1, 𝑥𝑟1, 𝑦𝑟1𝑥𝑙1, 𝑦𝑟1𝑦𝑙1, 𝑦𝑟1, 𝑥𝑙1, 𝑦𝑙1, 1
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# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



𝐹11 𝐹21 𝐹31

𝐹12 𝐹22 𝐹32

𝐹13 𝐹23 𝐹33



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



𝐹11 𝐹12 𝐹13

𝐹21 𝐹22 𝐹23

𝐹31 𝐹32 𝐹33



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T



# build constraint matrix

A = np.stack([x2[:, 0]*x1[:, 0], x2[:, 0]*x1[:, 1], \

    x2[:, 0], x2[:, 1]*x1[:, 0], x2[:, 1]*x1[:, 1], x2[:, 1], \

    x1[:, 0], x1[:, 1], np.ones(npts)], axis=1)

# compute SVD matrix factorization

U, D, V = np.linalg.svd(A)

# extract Fundamental Matrix from the column of V

# corresponding to the smallest singular value

F = V[:, -1]

F = F.reshape(3, 3).T

# Enforce rank 2 constraint

U, D, V = np.linalg.svd(F)

F = U @ np.diag([D[0], D[1], 0]) @ V.T
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