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Some materials borrowed from Matthew O’Toole, Kris Kitani, Lana Lazebnik, Derek Hoeim, Sanja Fidler



Today’s Agenda

● Coordinates & Axis

● Rigid Transforms & Rotations

● Camera Basics

● Perspective Geometry

● Homography



Prerequisite

● Vector

● Matrix

● Linear Transforms

● Dot Product

● Cross Product



Rigid Object
● How would you quantitatively represent the state of the vehicle?



Rigid Body Representation
● How would you represent the state of the vehicle?



Rigid Body Representation
● How would you represent the state of the vehicle?

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>



Rigid Body Representation
● How would you represent the state of the vehicle?

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x = (tx, ty)

<latexit sha1_base64="efurwWHRcJNgAaF9fLujGM2rJrM=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQgUpiVT0IhS9eKxgP6AtYbPdtEs3m7A7kZbQi3/FiwdFvPozvPlv3LQ9aPXBwOO9GWbm+bHgGhzny8otLa+sruXXCxubW9s79u5eQ0eJoqxOIxGplk80E1yyOnAQrBUrRkJfsKY/vMn85gNTmkfyHsYx64akL3nAKQEjefZBJyQw8IN0NMFXuATe6BSDNz7x7KJTdqbAf4k7J0U0R82zPzu9iCYhk0AF0brtOjF0U6KAU8EmhU6iWUzokPRZ21BJQqa76fSBCT42Sg8HkTIlAU/VnxMpCbUeh77pzM7Vi14m/ue1EwguuymXcQJM0tmiIBEYIpylgXtcMQpibAihiptbMR0QRSiYzAomBHfx5b+kcVZ2K+Xzu0qxej2PI48O0REqIRddoCq6RTVURxRN0BN6Qa/Wo/VsvVnvs9acNZ/ZR79gfXwDPUiViA==</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>



Rigid Body Representation
● How would you represent the state of the vehicle?

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>



Rigid Body Representation
● How would you represent the state of the vehicle?

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x = (tx, ty, ✓)

<latexit sha1_base64="cm43tmZV/JvQ/hJkET0Rdks2qT8=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0GIEMKuRPQiBL14jGAekF2W2clsMmT2wUyvJCw5evFXvHhQxKuf4M2/cZLsQRMLGoqqbrq7vFhwBab5bSwtr6yurec28ptb2zu7hb39pooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre4Gbitx6YVDwK72EUMycgvZD7nBLQkls4sgMCfc9Ph2N8hUvgDssY3FEZ29BnQE7dQtGsmFPgRWJlpIgy1N3Cl92NaBKwEKggSnUsMwYnJRI4FWyctxPFYkIHpMc6moYkYMpJp4+M8YlWutiPpK4Q8FT9PZGSQKlR4OnOydlq3puI/3mdBPxLJ+VhnAAL6WyRnwgMEZ6kgrtcMgpipAmhkutbMe0TSSjo7PI6BGv+5UXSPKtY1cr5XbVYu87iyKFDdIxKyEIXqIZuUR01EEWP6Bm9ojfjyXgx3o2PWeuSkc0coD8wPn8A2C+Ylg==</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>



Rigid Body Representation
● How would you represent the state of the vehicle?

○ State of a static rigid body = (Position, Orientation)

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x = (px, py, ✓)

<latexit sha1_base64="KAkpjdfb4ayqxWAsNqYOGAalues=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0GIEMKuRPQiBL14jGAekF2W2clsMmT2wUyvJCw5evFXvHhQxKuf4M2/cZLsQRMLGoqqbrq7vFhwBab5bSwtr6yurec28ptb2zu7hb39pooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre4Gbitx6YVDwK72EUMycgvZD7nBLQkls4sgMCfc9Ph2N8hUuxOyzj2B2VsQ19BuTULRTNijkFXiRWRoooQ90tfNndiCYBC4EKolTHMmNwUiKBU8HGeTtRLCZ0QHqso2lIAqacdPrIGJ9opYv9SOoKAU/V3xMpCZQaBZ7unJyt5r2J+J/XScC/dFIexgmwkM4W+YnAEOFJKrjLJaMgRpoQKrm+FdM+kYSCzi6vQ7DmX14kzbOKVa2c31WLtessjhw6RMeohCx0gWroFtVRA1H0iJ7RK3oznowX4934mLUuGdnMAfoD4/MHy6OYjg==</latexit>

x = (tx, ty, ✓)

<latexit sha1_base64="cm43tmZV/JvQ/hJkET0Rdks2qT8=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0GIEMKuRPQiBL14jGAekF2W2clsMmT2wUyvJCw5evFXvHhQxKuf4M2/cZLsQRMLGoqqbrq7vFhwBab5bSwtr6yurec28ptb2zu7hb39pooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre4Gbitx6YVDwK72EUMycgvZD7nBLQkls4sgMCfc9Ph2N8hUvgDssY3FEZ29BnQE7dQtGsmFPgRWJlpIgy1N3Cl92NaBKwEKggSnUsMwYnJRI4FWyctxPFYkIHpMc6moYkYMpJp4+M8YlWutiPpK4Q8FT9PZGSQKlR4OnOydlq3puI/3mdBPxLJ+VhnAAL6WyRnwgMEZ6kgrtcMgpipAmhkutbMe0TSSjo7PI6BGv+5UXSPKtY1cr5XbVYu87iyKFDdIxKyEIXqIZuUR01EEWP6Bm9ojfjyXgx3o2PWeuSkc0coD8wPn8A2C+Ylg==</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

2 [0, 2⇡)

<latexit sha1_base64="Qtn15XabYuuLw/nMqkaR0COVdsw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBQUpSKnosevFYwX5AEspmu2mXbjZxd1Moob/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMCxLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJRnczvzOmUrFYPOpJQv0IDwQLGcHaSL7HBHLtS1TzEnbRK1fsqj0HWiVOTiqQo9krf3n9mKQRFZpwrJTr2In2Myw1I5xOS16qaILJCA+oa6jAEVV+Nj96is6M0kdhLE0Jjebq74kMR0pNosB0RlgP1bI3E//z3FSHN37GRJJqKshiUZhypGM0SwD1maRE84khmEhmbkVkiCUm2uRUMiE4yy+vknat6tSrVw/1SuM2j6MIJ3AK5+DANTTgHprQAgJP8Ayv8GaNrRfr3fpYtBasfOYY/sD6/AGrqpC+</latexit>



Body Frame
● Parameters of the states also defines a local coordinate frame

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x = (tx, ty, ✓)

<latexit sha1_base64="cm43tmZV/JvQ/hJkET0Rdks2qT8=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0GIEMKuRPQiBL14jGAekF2W2clsMmT2wUyvJCw5evFXvHhQxKuf4M2/cZLsQRMLGoqqbrq7vFhwBab5bSwtr6yurec28ptb2zu7hb39pooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre4Gbitx6YVDwK72EUMycgvZD7nBLQkls4sgMCfc9Ph2N8hUvgDssY3FEZ29BnQE7dQtGsmFPgRWJlpIgy1N3Cl92NaBKwEKggSnUsMwYnJRI4FWyctxPFYkIHpMc6moYkYMpJp4+M8YlWutiPpK4Q8FT9PZGSQKlR4OnOydlq3puI/3mdBPxLJ+VhnAAL6WyRnwgMEZ6kgrtcMgpipAmhkutbMe0TSSjo7PI6BGv+5UXSPKtY1cr5XbVYu87iyKFDdIxKyEIXqIZuUR01EEWP6Bm9ojfjyXgx3o2PWeuSkc0coD8wPn8A2C+Ylg==</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>



Body Frame

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x = (tx, ty, ✓)

<latexit sha1_base64="cm43tmZV/JvQ/hJkET0Rdks2qT8=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0GIEMKuRPQiBL14jGAekF2W2clsMmT2wUyvJCw5evFXvHhQxKuf4M2/cZLsQRMLGoqqbrq7vFhwBab5bSwtr6yurec28ptb2zu7hb39pooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre4Gbitx6YVDwK72EUMycgvZD7nBLQkls4sgMCfc9Ph2N8hUvgDssY3FEZ29BnQE7dQtGsmFPgRWJlpIgy1N3Cl92NaBKwEKggSnUsMwYnJRI4FWyctxPFYkIHpMc6moYkYMpJp4+M8YlWutiPpK4Q8FT9PZGSQKlR4OnOydlq3puI/3mdBPxLJ+VhnAAL6WyRnwgMEZ6kgrtcMgpipAmhkutbMe0TSSjo7PI6BGv+5UXSPKtY1cr5XbVYu87iyKFDdIxKyEIXqIZuUR01EEWP6Bm9ojfjyXgx3o2PWeuSkc0coD8wPn8A2C+Ylg==</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>



Body Frame

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x = (tx, ty, ✓)

<latexit sha1_base64="cm43tmZV/JvQ/hJkET0Rdks2qT8=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0GIEMKuRPQiBL14jGAekF2W2clsMmT2wUyvJCw5evFXvHhQxKuf4M2/cZLsQRMLGoqqbrq7vFhwBab5bSwtr6yurec28ptb2zu7hb39pooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre4Gbitx6YVDwK72EUMycgvZD7nBLQkls4sgMCfc9Ph2N8hUvgDssY3FEZ29BnQE7dQtGsmFPgRWJlpIgy1N3Cl92NaBKwEKggSnUsMwYnJRI4FWyctxPFYkIHpMc6moYkYMpJp4+M8YlWutiPpK4Q8FT9PZGSQKlR4OnOydlq3puI/3mdBPxLJ+VhnAAL6WyRnwgMEZ6kgrtcMgpipAmhkutbMe0TSSjo7PI6BGv+5UXSPKtY1cr5XbVYu87iyKFDdIxKyEIXqIZuUR01EEWP6Bm9ojfjyXgx3o2PWeuSkc0coD8wPn8A2C+Ylg==</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

Pedestrian's location in body frame:  
<latexit sha1_base64="qzQZkxpwUNX/vvW6auc8iwRkNkY=">AAACGHicbVDNS8MwHE3n15xfVY9egkOYILOVoV6EoRePE/YFa1fSLN3C0jYkqVjK/gwv/itePCjidTf/G9utB918EHh57/cjec/ljEplGN9aYWV1bX2juFna2t7Z3dP3D9oyjAQmLRyyUHRdJAmjAWkpqhjpckGQ7zLSccd3md95JELSMGiqmBPbR8OAehQjlUqOfm75SI1cL+GTvsUF9Qm8gRXuPOW3M8idOOen/WbJ0ctG1ZgBLhMzJ2WQo+HoU2sQ4sgngcIMSdkzDa7sBAlFMSOTkhVJwhEeoyHppTRAPpF2Mgs2gSepMoBeKNITKDhTf28kyJcy9t10MoshF71M/M/rRcq7thMa8EiRAM8f8iIGVQizluCACoIVi1OCsKDpXyEeIYGwSrvMSjAXIy+T9kXVvKzWHmrl+m1eRxEcgWNQASa4AnVwDxqgBTB4Bq/gHXxoL9qb9ql9zUcLWr5zCP5Am/4A6PCfqg==</latexit>

p0 = (p0x, p
0
y)

T

● Can we get the pedestrian’s position in the world frame?



Rigid Transform between Frames

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x = (tx, ty, ✓)

<latexit sha1_base64="cm43tmZV/JvQ/hJkET0Rdks2qT8=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0GIEMKuRPQiBL14jGAekF2W2clsMmT2wUyvJCw5evFXvHhQxKuf4M2/cZLsQRMLGoqqbrq7vFhwBab5bSwtr6yurec28ptb2zu7hb39pooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre4Gbitx6YVDwK72EUMycgvZD7nBLQkls4sgMCfc9Ph2N8hUvgDssY3FEZ29BnQE7dQtGsmFPgRWJlpIgy1N3Cl92NaBKwEKggSnUsMwYnJRI4FWyctxPFYkIHpMc6moYkYMpJp4+M8YlWutiPpK4Q8FT9PZGSQKlR4OnOydlq3puI/3mdBPxLJ+VhnAAL6WyRnwgMEZ6kgrtcMgpipAmhkutbMe0TSSjo7PI6BGv+5UXSPKtY1cr5XbVYu87iyKFDdIxKyEIXqIZuUR01EEWP6Bm9ojfjyXgx3o2PWeuSkc0coD8wPn8A2C+Ylg==</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>

Step 1: rotate by theta Step 2: translate

p = Rp0 + t =


cos ✓ � sin ✓
sin ✓ cos ✓

� 
p0x
p0y

�
+


tx
ty

�

<latexit sha1_base64="6ljP5IcMCzPIOCEho/A4TeMKwQM="></latexit>

<latexit sha1_base64="qzQZkxpwUNX/vvW6auc8iwRkNkY=">AAACGHicbVDNS8MwHE3n15xfVY9egkOYILOVoV6EoRePE/YFa1fSLN3C0jYkqVjK/gwv/itePCjidTf/G9utB918EHh57/cjec/ljEplGN9aYWV1bX2juFna2t7Z3dP3D9oyjAQmLRyyUHRdJAmjAWkpqhjpckGQ7zLSccd3md95JELSMGiqmBPbR8OAehQjlUqOfm75SI1cL+GTvsUF9Qm8gRXuPOW3M8idOOen/WbJ0ctG1ZgBLhMzJ2WQo+HoU2sQ4sgngcIMSdkzDa7sBAlFMSOTkhVJwhEeoyHppTRAPpF2Mgs2gSepMoBeKNITKDhTf28kyJcy9t10MoshF71M/M/rRcq7thMa8EiRAM8f8iIGVQizluCACoIVi1OCsKDpXyEeIYGwSrvMSjAXIy+T9kXVvKzWHmrl+m1eRxEcgWNQASa4AnVwDxqgBTB4Bq/gHXxoL9qb9ql9zUcLWr5zCP5Am/4A6PCfqg==</latexit>

p0 = (p0x, p
0
y)

T



Properties of Rigid Transform

p = Rp0 + t =


cos ✓ � sin ✓
sin ✓ cos ✓

� 
p0x
p0y

�
+


tx
ty

�

<latexit sha1_base64="6ljP5IcMCzPIOCEho/A4TeMKwQM="></latexit>

Step 1: rotate by theta Step 2: translate

p = Rp0 + t =


cos ✓ � sin ✓
sin ✓ cos ✓

� 
p0x
p0y

�
+


tx
ty

�

<latexit sha1_base64="6ljP5IcMCzPIOCEho/A4TeMKwQM="></latexit>

Please validate the two properties offline



Properties of Rigid Transform

● Euclidean distance between any pair of two points is preserved:

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

(a� b)T (a� b) = (a0 � b0)T (a0 � b0)

<latexit sha1_base64="szrfF6kznDidyFg2+i2TkcRBvms=">AAACcHicfVHLSgMxFM2Mr1pf1W4EFaNFqIJlRiq6EYpuXFboCzptyaSZNjTzIMkIZZi1/+fOj3DjF5hpR+hDvRA4Oefc5ObEDhgV0jA+NH1ldW19I7OZ3dre2d3L7R80hB9yTOrYZz5v2UgQRj1Sl1Qy0go4Qa7NSNMePSV685VwQX2vJscB6bho4FGHYiQV1cu9FS0XyaHtRCiG1/BnY8eX3dqfEnyAM1rXCjh1yZwl5eYP+c/YyxWMkjEpuAzMFBRAWtVe7t3q+zh0iScxQ0K0TSOQnQhxSTEjcdYKBQkQHqEBaSvoIZeITjQJLIYXiulDx+dqeRJO2NmOCLlCjF1bOZNJxaKWkL9p7VA6952IekEoiYenFzkhg9KHSfqwTznBko0VQJhTNSvEQ8QRluqPsioEc/HJy6BxUzLLpduXcqHymMaRAUfgHBSBCe5ABTyDKqgDDD61vHasnWhf+qF+qp9NrbqW9uTBXOlX3xtsvHE=</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>



Properties of Rigid Transform

● Orientation-preserving or no reflection: any rotation between vectors is 
preserved:

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>



Homogenous Coordinate
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<latexit sha1_base64="XmI0VMsFp3rzkWQp+Dc5sgo25HI="></latexit>


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<latexit sha1_base64="F4gzoJix7SkDwyL2N5h21MJq6Z0="></latexit>

Why matters?
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<latexit sha1_base64="XmI0VMsFp3rzkWQp+Dc5sgo25HI="></latexit>


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
cos ✓ � sin ✓
sin ✓ cos ✓
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<latexit sha1_base64="F4gzoJix7SkDwyL2N5h21MJq6Z0="></latexit>



Homogenous Coordinate

p̂ = Tp̂0 =


R t
0T 1

�
p̂0

<latexit sha1_base64="ZSy3Ch2QNnci9Oefpp7P11aFJ8A="></latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

x 0, y 0

<latexit sha1_base64="ZBfB+pQRR+5f7nszLFn7yNVslSg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSSEWXRTcuK9gLtLFMpift0MkkzEzEUOqruHGhiFsfxJ1v46TNQlt/GPj4zzmcM78fc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3yd1dsPIBWLxJ1OY/BCMhQsYJRoY/Xt8uN9L5YshFOc5lTq2xWn6syEl8HNoYJyNfr2V28Q0SQEoSknSnVdJ9behEjNKIdpqZcoiAkdkyF0DQoSgvIms+On+Ng4AxxE0jyh8cz9PTEhoVJp6JvOkOiRWqxl5n+1bqKDS2/CRJxoEHS+KEg41hHOksADJoFqnhogVDJzK6YjIgnVJq8sBHfxy8vQOqu6ter5ba1Sv8rjKKJDdIROkIsuUB3doAZqIopS9Ixe0Zv1ZL1Y79bHvLVg5TNl9EfW5w8SUJRm</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a0,b0, c0

<latexit sha1_base64="0iBWHAPsPfheIwR5avC96lpCozA=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZkUpdFt24rGAv0BlLJs20oUlmSDJCGfoobnwVNy4U0Z0+jZl2Ctr6Q+DnO+eQc/4gZlRpx/myCiura+sbxc3S1vbO7p69f9BSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdZ/X2A5GKRuJOj2PiczQQNKQYaYN6ds3jSA+DMEWTey+WlJMzOEfBMsJz1LPLTsWZCi4bNzdlkKvRsz+9foQTToTGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGusQJwoP50eOIEnhvRhGEnzhIZT+nsiRVypMQ9MZ7aoWqxl8L9aN9HhpZ9SESeaCDz7KEwY1BHM0oJ9KgnWbGwMwpKaXSEeIomwNpmWTAju4snLpnVecauVi9tquX6Vx1EER+AYnAIX1EAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PWgpXPHII/sr5/AIBwpG4=</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>

a,b, c

<latexit sha1_base64="uSK9dcMcINmvwNmEkbb61K74DoE=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUtFl0Y3LCvYCbSiT6aQdOpmEmYlQQvdufBU3LhRx6wu4822ctBFq6w8DH/85hznn92POlHacb2tldW19Y7OwVdze2d3btw8OmypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdZvfVApWKRuNfjmHohHggWMIK1sXp2qRtiPfSDFE/O0C/7c0wmPbvsVJyp0DK4OZQhV71nf3X7EUlCKjThWKmO68TaS7HUjHA6KXYTRWNMRnhAOwYFDqny0uktE3RinD4KImme0Gjqzk+kOFRqHPqmM9tQLdYy879aJ9HBlZcyESeaCjL7KEg40hHKgkF9JinRfGwAE8nMrogMscREm/iKJgR38eRlaJ5X3Grl4q5arl3ncRTgGEpwCi5cQg1uoQ4NIPAIz/AKb9aT9WK9Wx+z1hUrnzmCP7I+fwAV9JsX</latexit>



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

Which direction for z?



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

Roboticists and CVers mostly use right hand



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>

How many numbers do we need to represent a 3D rigid transform?



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>

x = [tx, ty, tz,↵,�, �]

<latexit sha1_base64="XqNV/Y71HSBwqoE8FZkYYnnlXYU=">AAACHHicbVDLSgMxFM3Ud31VXboJFsFFKTM+0I0gunGpYFVoh+FOmmlDk5khuSPWoR/ixl9x40IRNy4E/8ZM7UKrF5J7OOdeknPCVAqDrvvplCYmp6ZnZufK8wuLS8uVldVLk2Sa8QZLZKKvQzBcipg3UKDk16nmoELJr8LeSaFf3XBtRBJfYD/lvoJOLCLBAC0VVHZaCrAbRvntgB7SJga3NYpBv7juarQFMu2C7SHHonVAKfCDStWtu8Oif4E3AlUyqrOg8t5qJyxTPEYmwZim56bo56BRMMkH5VZmeAqsBx3etDAGxY2fD80N6KZl2jRKtD0x0iH7cyMHZUxfhXaysGLGtYL8T2tmGB34uYjTDHnMvh+KMkkxoUVStC00Zyj7FgDTwv6Vsi5oYGjzLNsQvHHLf8Hldt3bre+d71aPjkdxzJJ1skG2iEf2yRE5JWekQRi5J4/kmbw4D86T8+q8fY+WnNHOGvlVzscXRTegPQ==</latexit>



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>

p̂ = Tp̂0 =


R t
0T 1

�
p̂0

<latexit sha1_base64="ZSy3Ch2QNnci9Oefpp7P11aFJ8A="></latexit>

<latexit sha1_base64="IPadseRnQV2Zk7V6A29YJIl6QT8=">AAACLXicbZBPS8MwGMbT+W/Of1OPXoJDmCCjlaFehKEePE7Y5mDtSpqlW1jahiQVa9kX8uJXEcHDRLz6NWy3InPzhcAvz/u+JM/jcEal0vWxlltaXlldy68XNja3tneKu3stGYQCkyYOWCDaDpKEUZ80FVWMtLkgyHMYuXeG12n//oEISQO/oSJOLA/1fepSjFQi2cUbc4BUbHpIDRw35qNR1+SCegRewjK3H7PbCeR2NMNPv2wcdxsFu1jSK/qk4CIYGZRAVnW7+Gb2Ahx6xFeYISk7hs6VFSOhKGZkVDBDSTjCQ9QnnQR95BFpxRO3I3iUKD3oBiI5voITdXYjRp6Ukeckk6ktOd9Lxf96nVC5F1ZMfR4q4uPpQ27IoApgGh3sUUGwYlECCAua/BXiARIIqyTgNARj3vIitE4rxlmlelct1a6yOPLgAByCMjDAOaiBW1AHTYDBM3gFY/ChvWjv2qf2NR3NadnOPvhT2vcPIDan9g==</latexit>

p̂0 = (p0x, p
0
y, p

0
z, 1)

T



3D Rigid Transform

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Body

<latexit sha1_base64="4J87J1z0YngLyjcFp3RktApscWc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkosdSLx4r2A9oQ9lstu3S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf7vSeqNIvko0lj6gs8kWzMCDa51IrCdFStuXV3AbROvILUoEB7VP0ahhFJBJWGcKz1wHNj42dYGUY4nVeGiaYxJjM8oQNLJRZU+9ni1jm6sEqIxpGyJQ1aqL8nMiy0TkVgOwU2U73q5eJ/3iAx41s/YzJODJVkuWiccGQilD+OQqYoMTy1BBPF7K2ITLHCxNh4KjYEb/XlddK9qnuN+vVDo9ZsFXGU4QzO4RI8uIEm3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf/AY44</latexit>

p̂ = Tp̂0 =


R t
0T 1

�
p̂0

<latexit sha1_base64="ZSy3Ch2QNnci9Oefpp7P11aFJ8A="></latexit>

World to Body?



Inverse of Rigid Transform

Try to verify the correctness! 

<latexit sha1_base64="ZXBh/um775Ut9MqW9YIr6zUc4XI="></latexit>

T�1 =


R t
0T 1

��1

=


RT �RT t
0T 1

�

<latexit sha1_base64="9vCVpYilJ2QBPQRShxg9ceOFn5s=">AAACLHicbVDLSgMxFM3UV62vqks3wSK40DIjRd0IxW5cVukLOmPJpJk2NJMZk4xQhvkgN/6KIC4s4tbvMG0H6cMDgZNz7uXee9yQUalMc2RkVlbX1jeym7mt7Z3dvfz+QUMGkcCkjgMWiJaLJGGUk7qiipFWKAjyXUaa7qAy9pvPREga8JoahsTxUY9Tj2KktNTJV2wfqb7rxQ/JY3xuJfAGzii1s79fLfVtTp7mxFrSyRfMojkBXCZWSgogRbWTf7e7AY58whVmSMq2ZYbKiZFQFDOS5OxIkhDhAeqRtqYc+UQ68eTYBJ5opQu9QOjHFZyosx0x8qUc+q6uHG8pF72x+J/XjpR37cSUh5EiHE8HeRGDKoDj5GCXCoIVG2qCsKB6V4j7SCCsdL45HYK1ePIyaVwUrcti6b5UKN+mcWTBETgGp8ACV6AM7kAV1AEGL+ANfIKR8Wp8GF/G97Q0Y6Q9h2AOxs8vDJCoIw==</latexit>

R�1 = RT ,T�1 6= TT



Rotation Matrix

Orthogonal Right hand coordinate system



Rotation Matrix

Orthogonal Right hand coordinate system

● Preserving Length: 

● Preserving Orientation: 

kRvk = kvk

<latexit sha1_base64="7o7glNvYkGY0WivegeU3X/XjT3c=">AAACEnicbZDLSsNAFIYnXmu9RV26GSyCbkoiFd0IRTcuq9gLNKFMppN26GQSZiaFkuYZ3Pgqblwo4taVO9/GSRtRWw8MfPz/Ocw5vxcxKpVlfRoLi0vLK6uFteL6xubWtrmz25BhLDCp45CFouUhSRjlpK6oYqQVCYICj5GmN7jK/OaQCElDfqdGEXED1OPUpxgpLXXMY2fsBEj1PT+5Tb9pmDpjeAF/rEzomCWrbE0KzoOdQwnkVeuYH043xHFAuMIMSdm2rUi5CRKKYkbSohNLEiE8QD3S1shRQKSbTE5K4aFWutAPhX5cwYn6eyJBgZSjwNOd2Y5y1svE/7x2rPxzN6E8ihXhePqRHzOoQpjlA7tUEKzYSAPCgupdIe4jgbDSKRZ1CPbsyfPQOCnblfLpTaVUvczjKIB9cACOgA3OQBVcgxqoAwzuwSN4Bi/Gg/FkvBpv09YFI5/ZA3/KeP8Cps6eug==</latexit>

Ra⇥Rb = R(a⇥ b)

<latexit sha1_base64="tjsNvNOiRgEE+qgN7zA4J4eY4fA=">AAACRHicdVDLSsNAFJ34rPUVdelmsBTqpiRS0Y1QdOOyin1AE8pkOmmHTiZhZiKUkI9z4we48wvcuFDErThpI9RWDwwczpnDvfd4EaNSWdazsbS8srq2Xtgobm5t7+yae/stGcYCkyYOWSg6HpKEUU6aiipGOpEgKPAYaXujq8xv3xMhacjv1DgiboAGnPoUI6Wlntl1AqSGnp/cpj8MpdBRNCASLnpeCi9m5Mr/GS897pklq2pNABeJnZMSyNHomU9OP8RxQLjCDEnZta1IuQkSimJG0qITSxIhPEID0tWUIz3QTSYlpLCslT70Q6EfV3CiziYSFEg5DvQF5WxFOe9l4l9eN1b+uZtQHsWKcDwd5McMqhBmjcI+FQQrNtYEYUH1rhAPkUBY6d6LugR7/uRF0jqp2rXq6U2tVL/M6yiAQ3AEKsAGZ6AOrkEDNAEGD+AFvIF349F4NT6Mz+nXJSPPHIBfML6+AWVDs3E=</latexit>

Could you prove these?



Rotation Matrix
● Rotating a Vector:

● Composition:

● Not compact: 3x3 numbers vs 3-DoF. 
● Optimization/interpolation is not straightforward:

p0 = Rp

<latexit sha1_base64="G0M5wKnNqJYodB6VvbiMrEv+09U=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiSi6EYounFZxT6giWUynbRDZyZhZiKUkF9w46+4caGIW3fu/BunbURtPXDhcM693HtPEDOqtON8WoWFxaXlleJqaW19Y3PL3t5pqiiRmDRwxCLZDpAijArS0FQz0o4lQTxgpBUML8Z+645IRSNxo0cx8TnqCxpSjLSRunbF40gPgjCNs1svlpQTeAa/tevsx+3aZafqTADniZuTMshR79ofXi/CCSdCY4aU6rhOrP0USU0xI1nJSxSJER6iPukYKhAnyk8nH2XwwCg9GEbSlNBwov6eSBFXasQD0zm+UM16Y/E/r5Po8NRPqYgTTQSeLgoTBnUEx/HAHpUEazYyBGFJza0QD5BEWJsQSyYEd/bledI8rLpH1eOro3LtPI+jCPbAPqgAF5yAGrgEddAAGNyDR/AMXqwH68l6td6mrQUrn9kFf2C9fwGI8p4b</latexit>

R0 = R1R2

<latexit sha1_base64="z8peyxS6esP1ukn4UpE0OVWllXM=">AAACFXicbZDLSsNAFIYn9VbrLerSzWARXEhJSkU3QtGNyyr2Ak0Mk+mkHTqZhJmJUEJfwo2v4saFIm4Fd76NkzZgbf1h4OM/5zDn/H7MqFSW9W0UlpZXVteK66WNza3tHXN3ryWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3iV1dsPREga8Ts1iokboj6nAcVIacszT5wQqYEfpLfjeycWNCTwAv56nj3DVc8sWxVrIrgIdg5lkKvhmV9OL8JJSLjCDEnZta1YuSkSimJGxiUnkSRGeIj6pKuRo5BIN51cNYZH2unBIBL6cQUn7uxEikIpR6GvO7Md5XwtM/+rdRMVnLsp5XGiCMfTj4KEQRXBLCLYo4JgxUYaEBZU7wrxAAmElQ6ypEOw509ehFa1Ytcqpze1cv0yj6MIDsAhOAY2OAN1cA0aoAkweATP4BW8GU/Gi/FufExbC0Y+sw/+yPj8AbNynyg=</latexit>

R1 +R2

<latexit sha1_base64="OvedVsueGqiPGvahhB3T6UOKRRk=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBZBEEpSKrosunFZxT6gDWEynbRDJw9mJkIJXbjxV9y4UMStH+HOv3HSZlFbDwycOede7r3HizmTyrJ+jMLa+sbmVnG7tLO7t39gHh61ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccb32R+55EKyaLwQU1i6gR4GDKfEay05JrlfoDVyPPT+6lro3O08K25ZsWqWjOgVWLnpAI5mq753R9EJAloqAjHUvZsK1ZOioVihNNpqZ9IGmMyxkPa0zTEAZVOOjtiik61MkB+JPQLFZqpix0pDqScBJ6uzHaUy14m/uf1EuVfOSkL40TRkMwH+QlHKkJZImjABCWKTzTBRDC9KyIjLDBROreSDsFePnmVtGtVu169uKtXGtd5HEUowwmcgQ2X0IBbaEILCDzBC7zBu/FsvBofxue8tGDkPcfwB8bXL7BYl30=</latexit>

R2R1

<latexit sha1_base64="nJHQm5SkyK7jNfpQbTI1vgyNWU0=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCK5KUiq6LLpxWcVeoA1hMp20QyeTMDMRSqgbX8WNC0Xc+hbufBsnbRfa+sPAx3/OYc75g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Dqvtx+oVCwW93qcUC/CA8FCRrA2lm8f9SKsh0GY3U386i92fbvsVJyp0DK4cyjDXA3f/ur1Y5JGVGjCsVJd10m0l2GpGeF0UuqliiaYjPCAdg0KHFHlZdMLJujUOH0UxtI8odHU/T2R4UipcRSYznxHtVjLzf9q3VSHl17GRJJqKsjsozDlSMcojwP1maRE87EBTCQzuyIyxBITbUIrmRDcxZOXoVWtuLXK+W2tXL+ax1GEYziBM3DhAupwAw1oAoFHeIZXeLOerBfr3fqYtRas+cwh/JH1+QOLKZb0</latexit>



Euler Angles
● Three elemental rotations sequentially applied on each axes.

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>

yaw : �, roll : ↵, pitch : �

<latexit sha1_base64="L9MgQKB4Si4ncC//UvF/dlKZASg=">AAACEHicbVA7SwNBEN7zGeMrammzGEQLCXcSUayCNpYRzAOSEOY2m2TJ7t2xO6ccIT/Bxr9iY6GIraWd/8ZNcoUmDix8jxlm5/MjKQy67rezsLi0vLKaWcuub2xubed2dqsmjDXjFRbKUNd9MFyKgFdQoOT1SHNQvuQ1f3A99mv3XBsRBneYRLyloBeIrmCAVmrnjhJ4uKTNHigFJ1SHUloGMupbFglkfUt9jtDO5d2COyk6D7wU5Ela5Xbuq9kJWax4gEyCMQ3PjbA1BI2CST7KNmPDI2AD6PGGhQEoblrDyUEjemiVDu2G2r4A6UT9PTEEZUyifNupAPtm1huL/3mNGLsXraEIohh5wKaLurGkGNJxOrQjNGcoEwuAaWH/SlkfNDC0GWZtCN7syfOgelrwioWz22K+dJXGkSH75IAcE4+ckxK5IWVSIYw8kmfySt6cJ+fFeXc+pq0LTjqzR/6U8/kDpnabug==</latexit>

[↵,�, �]

<latexit sha1_base64="dF1w79W27ZqBPUewGm6apcaNSfE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJVHRZdOOygn1AEsrNdNIOnUnCzEQopW78FTcuFHHrX7jzb5y0WWjrgcs9nHMvM/eEKWdKO863tbS8srq2Xtoob25t7+zae/stlWSS0CZJeCI7ISjKWUybmmlOO6mkIEJO2+HwJvfbD1QqlsT3epTSQEA/ZhEjoI3UtQ89H3g6gDPsh1TnrQ9CQFDu2hWn6kyBF4lbkAoq0OjaX34vIZmgsSYclPJcJ9XBGKRmhNNJ2c8UTYEMoU89Q2MQVAXj6QUTfGKUHo4SaSrWeKr+3hiDUGokQjMpQA/UvJeL/3lepqOrYMziNNM0JrOHooxjneA8DtxjkhLNR4YAkcz8FZMBSCDahJaH4M6fvEha51W3Vr24q1Xq10UcJXSEjtEpctElqqNb1EBNRNAjekav6M16sl6sd+tjNrpkFTsH6A+szx+cF5W2</latexit>



Euler Angles: Order Matters

● Need to specify the order. In total there are twelve valid combinations. 

● (Roll, Pitch, Yaw) is a special case: 



Euler Angles: Gimbal Lock
● Loss of one degree of freedom in a three-dimensional, three-gimbal 

mechanism
Rotation along y and z becomes the same!



Axis-angle
● 4-number representation (3d unit vector + 1d angle)
● Ambiguities: (-angle, -axis) is the same as (angle, axis)
● Minimal version: Euler vector (3d arbitrary vector)
● Conversion to rotation (Rodriguez formula):

Could you derive it?



Axis-angle
● Suffer from the “edges”

Actual angular difference is only 2 deg.

● Interpolation and composition is hard. 
● Rotating a vector is not straightforward. We have to convert it back to matrix. 



Unit Quaternions
● Quaternion:

● Unit Quaternion as Rotation Representation:

Pros:
● Continuous 
● Numerically stable
● Relatively compact
● Rotating a vector is efficient

q = q0 + q1i+ q2j+ q3k

<latexit sha1_base64="FUw8db06PRSe2YLwWKbjAews44Y=">AAACLHicbZBLS8NAEMc39VXrK+rRy2IRBKEktaIXodiLxwr2AW0om+2mXbt5dHcjlJAP5MWvIogHi3j1c7hJY9HWgV3+/GaGmfnbAaNCGsZUy62srq1v5DcLW9s7u3v6/kFT+CHHpIF95vO2jQRh1CMNSSUj7YAT5NqMtOxRLcm3HgkX1Pfu5SQglosGHnUoRlKhnl7rukgObScax/AajnsGPFO/CX8wjVNQnoOHGTifg1Hc04tGyUgDLgszE0WQRb2nv3b7Pg5d4knMkBAd0wikFSEuKWYkLnRDQQKER2hAOkp6yCXCitJjY3iiSB86PlfPkzClvzsi5AoxcW1VmWwoFnMJ/C/XCaVzZUXUC0JJPDwb5IQMSh8mzsE+5QRLNlECYU7VrhAPEUdYKn8LygRz8eRl0SyXzErp4q5SrN5kduTBETgGp8AEl6AKbkEdNAAGT+AFvIOp9qy9aR/a56w0p2U9h+BPaF/f61amPA==</latexit>

https://en.wikipedia.org/wiki/Quaternions_and_spatial_rotation

imagery Real

||q|| = 1



Rotations Cheat Sheet

Parameters Singularities Composition and Action

Matrix 9, orthogonality constraints No Easy

Euler Angle 3, [0, 2pi] or [0, pi] Gimbal lock Hard

Axis-Angle 4, unit axis vector theta = 0 Hard

Rotation Vector 3, || v || < pi Double representation Hard

Quaternions 4, unit quaternion Double representation, q -q Easy

http://motion.cs.illinois.edu/RoboticSystems/3DRotations.html

http://motion.cs.illinois.edu/RoboticSystems/3DRotations.html


Camera: History

Chinese philosopher Mozi 
(470 to 390 BC)

First mention …

景光之人煦若射，下者之入也高，高者之入也下
——- 墨子

The shadow resembles the human figure. Light that hits the feet 
passes through a small hole and projects upward, forming an 
image above. Light that hits the head passes through the hole and 
projects downward. 



Camera: History

Chinese philosopher Mozi 
(470 to 390 BC)

First mention … First camera …

Greek philosopher Aristotle
(384 to 322 BC)



Early Cameras

View from the Window at Le Gras (1825), 
the earliest surviving photograph

Kodak (1888) roll-film hand 
camera

Rectaflex, the first pentaprism SLR for eye-
level viewing



digital sensor 
(CCD or 
CMOS)

real-world 
object

Pinhole Camera

Image credit: Kris Kitani



digital sensor 
(CCD or 
CMOS)

real-world 
object

What does the image on the sensor look like?

Pinhole Camera

Image credit: Kris Kitani



All scene points contribute to all sensor pixels

Bare-Sensor Imaging

Image credit: Kris Kitani



Pinhole Camera

digital sensor 
(CCD or 
CMOS)

real-world 
object

most rays 
are 

blocked

one 
makes it 
throughAny drawbacks?

Image credit: Kris Kitani



Pinhole Camera

digital sensor 
(CCD or 
CMOS)

real-world 
object

most rays 
are 

blocked

one 
makes it 
through

Image credit: Kris Kitani
What does the sensor image look like now?



Pinhole Camera

Image credit: Kris Kitani
Any drawbacks?



Pinhole Camera

Image credit: Kris Kitani



real-world 
object

object projection becomes 
blurrier

Pinhole Camera

Image credit: Kris Kitani



Lens Camera

Focal Length

Image credit: Kris Kitani



Lens can vary

Image credit: Pentax



Choose the right focal length for your project

Camera detecting front vehicles in highway beyond 200m. Drone navigate in cluttered environment

Focal Length: Short or Long?

Image credit: glfcat



Depth of focus

Image credit: https://digital-photography-school.com/



Aperture size

Image credit: https://digital-photography-school.com/



Aperture size

Image credit: B&H

599 USD 1798 USD



Short or Long?



Digital Camera Imaging Process

Optical Process: Light Transport Image Signal Processing

Image credit: pentax, wikiipedia



Camera Models



Camera Models
xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

3D object
Sensor Pinhole Camera

Upside down



Camera Models
xyz
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<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

3D object
Pinhole CameraSensor Virtual Plane



Camera Models
A camera is a mapping from the 3D world to a 2D image

xyz
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World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

3D object
Pinhole Camera Virtual Plane

xyz
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xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Image

<latexit sha1_base64="TdGNGSD4iCtJrtzeipJUFVRb3Nc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXvRWwbWFdinZNGtDs9klmRXK0t/gxYMiXv1B3vw3pu0etPVB4OW9mWTmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DB5NkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4up767SeujUjUPY5THsT0UYlIMIpW8m/tlferNbfuzkCWiVeQGhRo9atfvUHCspgrZJIa0/XcFIOcahRM8kmllxmeUjayb3ctVTTmJshnw07IiVUGJEq0PQrJTP3dkdPYmHEc2sqY4tAselPxP6+bYXQZ5EKlGXLF5h9FmSSYkOnmZCA0ZyjHllCmhZ2VsCHVlKHNp2JD8BZXXiYPZ3WvUT+/a9SaV0UcZTiCYzgFDy6gCTfQAh8YCHiGV3hzlPPivDsf89KSU/Qcwh84nz+mWo6X</latexit>

Camera Center



Camera Models
A camera is a mapping from the 3D world to a 2D image
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World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

3D object

Image Plane

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Image

<latexit sha1_base64="TdGNGSD4iCtJrtzeipJUFVRb3Nc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXvRWwbWFdinZNGtDs9klmRXK0t/gxYMiXv1B3vw3pu0etPVB4OW9mWTmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DB5NkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4up767SeujUjUPY5THsT0UYlIMIpW8m/tlferNbfuzkCWiVeQGhRo9atfvUHCspgrZJIa0/XcFIOcahRM8kmllxmeUjayb3ctVTTmJshnw07IiVUGJEq0PQrJTP3dkdPYmHEc2sqY4tAselPxP6+bYXQZ5EKlGXLF5h9FmSSYkOnmZCA0ZyjHllCmhZ2VsCHVlKHNp2JD8BZXXiYPZ3WvUT+/a9SaV0UcZTiCYzgFDy6gCTfQAh8YCHiGV3hzlPPivDsf89KSU/Qcwh84nz+mWo6X</latexit>

Camera Center



camera
matrix

3D world 
point

2D image 
point

What are the dimensions of each variable?

homogeneous coordinates

Camera as a Coordinate Transform



homogeneous
world coordinates

4 x 1

homogeneous
image coordinates

3 x 1

camera projection
matrix
3 x 4

Camera as a Coordinate Transform

<latexit sha1_base64="xibbbJtTp1hH2aqEvwm2QMwFk4I="></latexit>2
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Camera Models
Now let’s introduce the camera coordinate frame 

3D object

Image Plane

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Image

<latexit sha1_base64="TdGNGSD4iCtJrtzeipJUFVRb3Nc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXvRWwbWFdinZNGtDs9klmRXK0t/gxYMiXv1B3vw3pu0etPVB4OW9mWTmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DB5NkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4up767SeujUjUPY5THsT0UYlIMIpW8m/tlferNbfuzkCWiVeQGhRo9atfvUHCspgrZJIa0/XcFIOcahRM8kmllxmeUjayb3ctVTTmJshnw07IiVUGJEq0PQrJTP3dkdPYmHEc2sqY4tAselPxP6+bYXQZ5EKlGXLF5h9FmSSYkOnmZCA0ZyjHllCmhZ2VsCHVlKHNp2JD8BZXXiYPZ3WvUT+/a9SaV0UcZTiCYzgFDy6gCTfQAh8YCHiGV3hzlPPivDsf89KSU/Qcwh84nz+mWo6X</latexit>

Camera Center at Camera 
Frame: (0, 0, 0)

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Camera

<latexit sha1_base64="FtyPPnIYHMzmxa+6nhWXZvtEEr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY/FXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHjZn/8MS04Ure20nCgpgMJY84JdZJ7QaJmSb9csWrenPgVeLnpAI5mv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVS6LSbI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqaV9U/Vr18q5Wqd/kcRThBE7hHHy4gjrcQhNaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/Z6+PBw==</latexit>



Camera Models
Points along the same projection ray maps to the same 2D point

3D object

Image Plane

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Image

<latexit sha1_base64="TdGNGSD4iCtJrtzeipJUFVRb3Nc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXvRWwbWFdinZNGtDs9klmRXK0t/gxYMiXv1B3vw3pu0etPVB4OW9mWTmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DB5NkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4up767SeujUjUPY5THsT0UYlIMIpW8m/tlferNbfuzkCWiVeQGhRo9atfvUHCspgrZJIa0/XcFIOcahRM8kmllxmeUjayb3ctVTTmJshnw07IiVUGJEq0PQrJTP3dkdPYmHEc2sqY4tAselPxP6+bYXQZ5EKlGXLF5h9FmSSYkOnmZCA0ZyjHllCmhZ2VsCHVlKHNp2JD8BZXXiYPZ3WvUT+/a9SaV0UcZTiCYzgFDy6gCTfQAh8YCHiGV3hzlPPivDsf89KSU/Qcwh84nz+mWo6X</latexit>

Camera Center at Camera 
Frame: (0, 0, 0)

focal length f =1

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Camera

<latexit sha1_base64="FtyPPnIYHMzmxa+6nhWXZvtEEr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY/FXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHjZn/8MS04Ure20nCgpgMJY84JdZJ7QaJmSb9csWrenPgVeLnpAI5mv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVS6LSbI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqaV9U/Vr18q5Wqd/kcRThBE7hHHy4gjrcQhNaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/Z6+PBw==</latexit>



Similar Triangles

Image credit: Andre Zisserman



Relationship from similar triangles:

General camera model in homogeneous coordinates:

What does the pinhole camera projection look like?

Similar Triangles

<latexit sha1_base64="xibbbJtTp1hH2aqEvwm2QMwFk4I="></latexit>2
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How does the camera matrix change?

In particular, the camera origin and image origin may be different:

image coordinate system

image 
plane

Perspective Projection

camera center projected onto 
image plane along z-axis



How does the camera matrix change?

In particular, the camera origin and image origin may be different:

camera center projected onto 
image plane along z-axis

image coordinate system

image 
plane

Perspective Projection

principal point



We can decompose the camera matrix like this:

(homogeneous) perspective projection 
from 3D to 2D, assuming principal axis is 
z-axis, perpendicular to image plane

(homogeneous) transformation from 
2D to 2D, accounting for not unit 
focal length and origin shift

Also written as: where

Decomposition



Camera Models
Now let’s consider the rigid world to camera transform

3D object

Image Plane

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Image

<latexit sha1_base64="TdGNGSD4iCtJrtzeipJUFVRb3Nc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXvRWwbWFdinZNGtDs9klmRXK0t/gxYMiXv1B3vw3pu0etPVB4OW9mWTmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DB5NkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4up767SeujUjUPY5THsT0UYlIMIpW8m/tlferNbfuzkCWiVeQGhRo9atfvUHCspgrZJIa0/XcFIOcahRM8kmllxmeUjayb3ctVTTmJshnw07IiVUGJEq0PQrJTP3dkdPYmHEc2sqY4tAselPxP6+bYXQZ5EKlGXLF5h9FmSSYkOnmZCA0ZyjHllCmhZ2VsCHVlKHNp2JD8BZXXiYPZ3WvUT+/a9SaV0UcZTiCYzgFDy6gCTfQAh8YCHiGV3hzlPPivDsf89KSU/Qcwh84nz+mWo6X</latexit>

Camera Center at Camera 
Frame: (0, 0, 0)

focal length f =1

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Camera

<latexit sha1_base64="FtyPPnIYHMzmxa+6nhWXZvtEEr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY/FXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHjZn/8MS04Ure20nCgpgMJY84JdZJ7QaJmSb9csWrenPgVeLnpAI5mv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVS6LSbI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqaV9U/Vr18q5Wqd/kcRThBE7hHHy4gjrcQhNaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/Z6+PBw==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

[R|t]

<latexit sha1_base64="lsZDKNxEfcEp3EYWIs5NjXqwbwY=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBVUmkosuiG5dV7APSUCbTSTt08mBmIpQY3Pgrblwo4tavcOffOGkjaOuBgTPn3Mu993gxZ1JZ1pexsLi0vLJaWiuvb2xubZs7uy0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kaXud++o0KyKLxV45i6AR6EzGcEKy31zH2nG2A19Pz0JkP36OejMrdnVqyqNQGaJ3ZBKlCg0TM/u/2IJAENFeFYSse2YuWmWChGOM3K3UTSGJMRHlBH0xAHVLrp5IQMHWmlj/xI6BcqNFF/d6Q4kHIceLoyX1HOern4n+ckyj93UxbGiaIhmQ7yE45UhPI8UJ8JShQfa4KJYHpXRIZYYKJ0amUdgj178jxpnVTtWvX0ulapXxRxlOAADuEYbDiDOlxBA5pA4AGe4AVejUfj2Xgz3qelC0bRswd/YHx8A2e3l3M=</latexit>



extrinsic 
parameters

intrinsic 
parameters

3D rotation 3D translation

Projection Matrix from World to Image



extrinsic 
parameters

intrinsic 
parameters

3D rotation 3D translation

Projection Matrix from World to Image



Be careful and camera coordinate definition!



https://x.com/3dvconf



https://x.com/3dvconf



Camera Distortion

Image credit: OpenCV



Camera Distortion
● Remember to cv2.undistort the image if you want to reason in 3D.

Image credit: OpenCV



Understanding perspectives helps recognition

D. Hoiem, A.A. Efros, and M. Hebert, "Putting Objects in Perspective", CVPR 2006. 



What’s new: more generic (but over-parameterized) 
camera model

Linyi Jin, Jianming Zhang, Yannick Hold-Geoffroy, Oliver Wang, Kevin 
Matzen, Matthew Sticha, David F. Fouhey Perspective Fields for Single 
Image Camera Calibration. CVPR 2023.



How to fail a 3D vision project?

• Use addition for rotation composition.
• Transpose a rigid transform and pretend you did an inversion.
• Do not know which 3D coordinate system was used.
• Use distorted images.
• ... many others



Homography
What if a planar object projected onto the camera plane?



Homography
What if a planar object projected onto the camera plane?

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

Planar object
Image Plane

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Image

<latexit sha1_base64="TdGNGSD4iCtJrtzeipJUFVRb3Nc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXvRWwbWFdinZNGtDs9klmRXK0t/gxYMiXv1B3vw3pu0etPVB4OW9mWTmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DB5NkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4up767SeujUjUPY5THsT0UYlIMIpW8m/tlferNbfuzkCWiVeQGhRo9atfvUHCspgrZJIa0/XcFIOcahRM8kmllxmeUjayb3ctVTTmJshnw07IiVUGJEq0PQrJTP3dkdPYmHEc2sqY4tAselPxP6+bYXQZ5EKlGXLF5h9FmSSYkOnmZCA0ZyjHllCmhZ2VsCHVlKHNp2JD8BZXXiYPZ3WvUT+/a9SaV0UcZTiCYzgFDy6gCTfQAh8YCHiGV3hzlPPivDsf89KSU/Qcwh84nz+mWo6X</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Camera

<latexit sha1_base64="FtyPPnIYHMzmxa+6nhWXZvtEEr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY/FXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHjZn/8MS04Ure20nCgpgMJY84JdZJ7QaJmSb9csWrenPgVeLnpAI5mv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVS6LSbI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqaV9U/Vr18q5Wqd/kcRThBE7hHHy4gjrcQhNaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/Z6+PBw==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>



Homography
What if a planar object projected onto the camera plane?

homogeneous
world coordinates

4 x 1

homogeneous
image coordinates

3 x 1

camera projection
matrix
3 x 4

<latexit sha1_base64="xibbbJtTp1hH2aqEvwm2QMwFk4I="></latexit>2

4
x
y
z

3

5 =

2

4
p1 p2 p3 p4
p5 p6 p7 p8
p9 p10 p11 p12

3

5

2

664

X
Y
Z
1

3

775

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>



Homography
What if a planar object projected onto the camera plane?

homogeneous
world coordinates

4 x 1

homogeneous
image coordinates

3 x 1

camera projection
matrix
3 x 4

<latexit sha1_base64="/Vif/+hci7hpA0YjSrMRirxD0Hk="></latexit>2

4
x
y
z

3

5 =

2

4
p1 p2 p3 p4
p5 p6 p7 p8
p9 p10 p11 p12

3

5

2

664

X
Y
0
1

3

775

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>



Homography
What if a planar object projected onto the camera plane?

homogeneous
world coordinates

4 x 1

homogeneous
image coordinates

3 x 1

camera projection
matrix
3 x 4

<latexit sha1_base64="/Vif/+hci7hpA0YjSrMRirxD0Hk="></latexit>2

4
x
y
z

3

5 =

2

4
p1 p2 p3 p4
p5 p6 p7 p8
p9 p10 p11 p12

3

5

2

664

X
Y
0
1

3

775



Homography
What if a planar object projected onto the camera plane?

homogeneous
planar coordinates

3 x 1

homogeneous
image coordinates

3 x 1

homography
matrix
3 x 4

<latexit sha1_base64="I+I896Bj+SBtcm2vz8X8o4zeZaU="></latexit>2

4
x
y
z

3

5 =

2

4
h1 h2 h3

h4 h5 h6

h7 h8 h9

3

5

2

4
X
Y
1

3

5



Homography

NFL Nintendo



Homography

Bai et al. IROS 18



Homography
<latexit sha1_base64="I+I896Bj+SBtcm2vz8X8o4zeZaU="></latexit>2

4
x
y
z

3

5 =

2

4
h1 h2 h3

h4 h5 h6

h7 h8 h9

3

5

2

4
X
Y
1

3

5

<latexit sha1_base64="sHWU/CH4+HyYqiRXPt8Py6mENOA=">AAACI3icbZDLSgMxFIYz9VbrrerSTbAIglBmarFVEIpuXFawF+mMQybNtKHJzJBkxDL0Xdz4Km5cKMWNC9/FtJ2Fth4I+fn+c0jO70WMSmWaX0ZmaXlldS27ntvY3Nreye/uNWUYC0waOGShaHtIEkYD0lBUMdKOBEHcY6TlDa4nfuuRCEnD4E4NI+Jw1AuoTzFSGrn5i6cHOxKUE3gJbV8gnPRdC7bhCey7JXg/vU9HGlZSWE3h+cjNF8yiOS24KKxUFEBadTc/trshjjkJFGZIyo5lRspJkFAUMzLK2bEkEcID1CMdLQPEiXSS6Y4jeKRJF/qh0CdQcEp/TySISznknu7kSPXlvDeB/3mdWPlVJ6FBFCsS4NlDfsygCuEkMNilgmDFhlogLKj+K8R9pJNSOtacDsGaX3lRNEtF66xYvi0XaldpHFlwAA7BMbBABdTADaiDBsDgGbyCd/BhvBhvxtj4nLVmjHRmH/wp4/sHAtigIg==</latexit>

x0 =
h1X + h2Y + h3

h7X + h8Y + h9

<latexit sha1_base64="nxUTaUJaOVIZVyh1PedCSv5SyrI=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhyCIIxW5jYFYejF4wT3ImstaZZuYWlaklQYZd/Fi1/FiwdlePHgdzHbetDNB0L+/P7PQ/L8/ZhRqSzry1haXlldW89t5De3tnd2zb39powSgUkDRywSbR9JwignDUUVI+1YEBT6jLT8wc3Ebz0RIWnE79UwJm6IepwGFCOlkWdeDh+dWNCQwCvoBALhtO+VYBuewr53Dh+md3mkYSWD1QxejDyzYBWtacFFYWeiALKqe+bY6UY4CQlXmCEpO7YVKzdFQlHMyCjvJJLECA9Qj3S05Cgk0k2nO47gsSZdGERCH67glP6eSFEo5TD0dWeIVF/OexP4n9dJVFB1U8rjRBGOZw8FCYMqgpPAYJcKghUbaoGwoPqvEPeRTkrpWPM6BHt+5UXRPCva5WLprlSoXWdx5MAhOAInwAYVUAO3oA4aAINn8ArewYfxYrwZY+Nz1rpkZDMH4E8Z3z8TR6As</latexit>

y0 =
h4X + h5Y + h6

h7X + h8Y + h9



Homography

H?

(16, 9)

(100, 30)

(950, 750)

(0, 0)



Homography

<latexit sha1_base64="sHWU/CH4+HyYqiRXPt8Py6mENOA=">AAACI3icbZDLSgMxFIYz9VbrrerSTbAIglBmarFVEIpuXFawF+mMQybNtKHJzJBkxDL0Xdz4Km5cKMWNC9/FtJ2Fth4I+fn+c0jO70WMSmWaX0ZmaXlldS27ntvY3Nreye/uNWUYC0waOGShaHtIEkYD0lBUMdKOBEHcY6TlDa4nfuuRCEnD4E4NI+Jw1AuoTzFSGrn5i6cHOxKUE3gJbV8gnPRdC7bhCey7JXg/vU9HGlZSWE3h+cjNF8yiOS24KKxUFEBadTc/trshjjkJFGZIyo5lRspJkFAUMzLK2bEkEcID1CMdLQPEiXSS6Y4jeKRJF/qh0CdQcEp/TySISznknu7kSPXlvDeB/3mdWPlVJ6FBFCsS4NlDfsygCuEkMNilgmDFhlogLKj+K8R9pJNSOtacDsGaX3lRNEtF66xYvi0XaldpHFlwAA7BMbBABdTADaiDBsDgGbyCd/BhvBhvxtj4nLVmjHRmH/wp4/sHAtigIg==</latexit>

x0 =
h1X + h2Y + h3

h7X + h8Y + h9

<latexit sha1_base64="nxUTaUJaOVIZVyh1PedCSv5SyrI=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhyCIIxW5jYFYejF4wT3ImstaZZuYWlaklQYZd/Fi1/FiwdlePHgdzHbetDNB0L+/P7PQ/L8/ZhRqSzry1haXlldW89t5De3tnd2zb39powSgUkDRywSbR9JwignDUUVI+1YEBT6jLT8wc3Ebz0RIWnE79UwJm6IepwGFCOlkWdeDh+dWNCQwCvoBALhtO+VYBuewr53Dh+md3mkYSWD1QxejDyzYBWtacFFYWeiALKqe+bY6UY4CQlXmCEpO7YVKzdFQlHMyCjvJJLECA9Qj3S05Cgk0k2nO47gsSZdGERCH67glP6eSFEo5TD0dWeIVF/OexP4n9dJVFB1U8rjRBGOZw8FCYMqgpPAYJcKghUbaoGwoPqvEPeRTkrpWPM6BHt+5UXRPCva5WLprlSoXWdx5MAhOAInwAYVUAO3oA4aAINn8ArewYfxYrwZY+Nz1rpkZDMH4E8Z3z8TR6As</latexit>

y0 =
h4X + h5Y + h6

h7X + h8Y + h9

<latexit sha1_base64="Yzzp4oZaXtO8G3wxbuJa5DQp9Wc="></latexit>

h1X + h2Y + h3 � x0(h7X + h8Y + h9) = 0
<latexit sha1_base64="polpJIuXy9SyGRnK+P/L82AFlOA=">AAACInicbVDLSgMxFM34rPVVdenmYhEqYpmRatuFUHTjsoJ9SDsOmTRtQzMPkoxQSr/Fjb/ixoWirgQ/xnQ6C209EHJyzr3c3OOGnEllml/GwuLS8spqai29vrG5tZ3Z2a3LIBKE1kjAA9F0saSc+bSmmOK0GQqKPZfThju4mviNByokC/xbNQyp7eGez7qMYKUlJ1PuOwVowjH0nTO4i+8iwMnwvh0K5tHc5NmEWC9pPyblI7gA08lkzbwZA+aJlZAsSlB1Mh/tTkAij/qKcCxlyzJDZY+wUIxwOk63I0lDTAa4R1ua+tij0h7FK47hUCsd6AZCH19BrP7uGGFPyqHn6koPq76c9Sbif14rUt2SPWJ+GCnqk+mgbsRBBTDJCzpMUKL4UBNMBNN/BdLHAhOlU03rEKzZledJ/TRvnecLN4Vs5TKJI4X20QHKIQsVUQVdoyqqIYIe0TN6RW/Gk/FivBuf09IFI+nZQ39gfP8AZ+idaQ==</latexit>

h4X + h5Y + h7 � y0(h7X + h8Y + h9) = 0



Homography
<latexit sha1_base64="Yzzp4oZaXtO8G3wxbuJa5DQp9Wc="></latexit>

h1X + h2Y + h3 � x0(h7X + h8Y + h9) = 0
<latexit sha1_base64="polpJIuXy9SyGRnK+P/L82AFlOA=">AAACInicbVDLSgMxFM34rPVVdenmYhEqYpmRatuFUHTjsoJ9SDsOmTRtQzMPkoxQSr/Fjb/ixoWirgQ/xnQ6C209EHJyzr3c3OOGnEllml/GwuLS8spqai29vrG5tZ3Z2a3LIBKE1kjAA9F0saSc+bSmmOK0GQqKPZfThju4mviNByokC/xbNQyp7eGez7qMYKUlJ1PuOwVowjH0nTO4i+8iwMnwvh0K5tHc5NmEWC9pPyblI7gA08lkzbwZA+aJlZAsSlB1Mh/tTkAij/qKcCxlyzJDZY+wUIxwOk63I0lDTAa4R1ua+tij0h7FK47hUCsd6AZCH19BrP7uGGFPyqHn6koPq76c9Sbif14rUt2SPWJ+GCnqk+mgbsRBBTDJCzpMUKL4UBNMBNN/BdLHAhOlU03rEKzZledJ/TRvnecLN4Vs5TKJI4X20QHKIQsVUQVdoyqqIYIe0TN6RW/Gk/FivBuf09IFI+nZQ39gfP8AZ+idaQ==</latexit>

h4X + h5Y + h7 � y0(h7X + h8Y + h9) = 0

<latexit sha1_base64="Q9YcqjWObKGypboLJdbhRsanipA=">AAAC73icbVJNb9QwEHUChRK+tnDkYrECcWmUlIqPA1IFF45FYtutNiFyvJONVccJ9gRtFO2f4MIBhLjyd7jxb3B2U7Hb7khPfvPG8zKxnVZSGAyCv4577frOjZu7t7zbd+7euz/Ye3BiylpzGPFSlnqcMgNSKBihQAnjSgMrUgmn6fm7rn76BbQRpfqITQVxwWZKZIIztFKy5+xEEjKceFEKM6FapjVrFi2/iIUX0Kf0AmOLM4vQYr/5FFVaFLBU/2dnG1kUeetN62b78w2D+YbBfM0gAjXtB/MiLWY5xt72qRdenoRdS54crJbn3eL7/ip7vc2LvqFBMhgGfrAMepWEPRmSPo6TwZ9oWvK6AIVcMmMmYV BhbJ1RcAnWuzZQMX7OZjCxVLECTNwu72tBn1hlSrNSWyikS3W9o2WFMU2R2p0Fw9xcrnXittqkxuxV3ApV1QiKrz6U1ZJiSbvLp1OhgaNsLGFcCzsr5TnTjKN9Ip49hPDyL18lJwd++MI//HA4PHrbH8cueUQek2ckJC/JEXlPjsmIcEc6X53vzg/3s/vN/en+Wm11nb7nIdkI9/c/eUXcTQ==</latexit>


0 0 0 X Y 1 �y0X �y0Y �y0

X Y 1 0 0 0 �x0X �x0Y �x0

�

2

66664

h1

h2

h3

...
h9

3

77775
= 0



Homography

<latexit sha1_base64="hUkRJJVd0DRE++udxr4EOf64P/4="></latexit>2

6666666666664

0 0 0 X1 Y1 1 �y01X1 �y01Y1 �y01
X1 Y1 1 0 0 0 �x0

1X1 �x0
1Y1 �x0

1

0 0 0 X2 Y2 1 �y02X2 �y02Y2 �y02
X2 Y2 1 0 0 0 �x0

2X2 �x0
2Y2 �x0

2

0 0 0 X3 Y3 1 �y03X3 �y03Y3 �y03
X3 Y3 1 0 0 0 �x0

3X3 �x0
3Y3 �x0

3

...
0 0 0 Xn Yn 1 �y0nXn �y0nYn �y0n
Xn Yn 1 0 0 0 �x0

nXn �x0
nYn �x0

n

3

7777777777775

2

6666666666664

h1

h2

h3

h4

h5

h6

h7

h8

h9

3

7777777777775

= 0



Homography
<latexit sha1_base64="+YYbsoB0dCouIn8RiKvkcIbGQtI=">AAACC3icbVDLSsNAFL2pr1pfUZduhhbBVUmkqBuh6sZlBfuANpTJdNIOnTyYmQglZO/GX3HjQhG3/oA7/8ZJG0VbDwycOede7r3HjTiTyrI+jcLS8srqWnG9tLG5tb1j7u61ZBgLQpsk5KHouFhSzgLaVExx2okExb7LadsdX2V++44KycLgVk0i6vh4GDCPEay01DfLPR+rkeslFyn6pqMUnf98rLRvVqyqNQVaJHZOKpCj0Tc/eoOQxD4NFOFYyq5tRcpJsFCMcJqWerGkESZjPKRdTQPsU+kk01tSdKiVAfJCoV+g0FT93ZFgX8qJ7+rKbEM572Xif143Vt6Zk7AgihUNyGyQF3OkQpQFgwZMUKL4RBNMBNO7IjLCAhOl4yvpEOz5kxdJ67hqn1RrN7VK/TKPowgHUIYjsOEU6nANDWgCgXt4hGd4MR6MJ+PVeJuVFoy8Zx/+wHj/AqirmtA=</latexit>

Ah = 0
Homogeneous linear equations 

<latexit sha1_base64="orMjiMdiTgZbBJzOdNUbn13FljE=">AAACK3icbVDLSgMxFM3UV62vUZdugkWoIGVGiroRat24rGgf0Cklk2ba0GRmSDKFMsz/uPFXXOjCB279D9N2CrX1QODknHu59x43ZFQqy/o0Miura+sb2c3c1vbO7p65f1CXQSQwqeGABaLpIkkY9UlNUcVIMxQEcZeRhju4HfuNIRGSBv6jGoWkzVHPpx7FSGmpY1YcjlTf9eJacgZn3HmgPY7mhHoCr6cfwWM57CaFmXOTnHbMvFW0JoDLxE5JHqSodsxXpxvgiBNfYYakbNlWqNoxEopiRpKcE0kSIjxAPdLS1EecyHY8uTWBJ1rpQi8Q+vkKTtT5jhhxKUfc1ZXjFeWiNxb/81qR8q7aMfXDSBEfTwd5EYMqgOPgYJcKghUbaYKwoHpXiPtIIKx0vDkdgr148jKpnxfti2LpvpQvV9I4suAIHIMCsMElKIM7UAU1gMETeAHv4MN4Nt6ML+N7Wpox0p5D8AfGzy//4agp</latexit>

U,⌃,V = svd(A)

last singular vector in V (corresponding to smallest singular values)
<latexit sha1_base64="+YYbsoB0dCouIn8RiKvkcIbGQtI=">AAACC3icbVDLSsNAFL2pr1pfUZduhhbBVUmkqBuh6sZlBfuANpTJdNIOnTyYmQglZO/GX3HjQhG3/oA7/8ZJG0VbDwycOede7r3HjTiTyrI+jcLS8srqWnG9tLG5tb1j7u61ZBgLQpsk5KHouFhSzgLaVExx2okExb7LadsdX2V++44KycLgVk0i6vh4GDCPEay01DfLPR+rkeslFyn6pqMUnf98rLRvVqyqNQVaJHZOKpCj0Tc/eoOQxD4NFOFYyq5tRcpJsFCMcJqWerGkESZjPKRdTQPsU+kk01tSdKiVAfJCoV+g0FT93ZFgX8qJ7+rKbEM572Xif143Vt6Zk7AgihUNyGyQF3OkQpQFgwZMUKL4RBNMBNO7IjLCAhOl4yvpEOz5kxdJ67hqn1RrN7VK/TKPowgHUIYjsOEU6nANDWgCgXt4hGd4MR6MJ+PVeJuVFoy8Zx/+wHj/AqirmtA=</latexit>

Ah = 0
Steve Brunton: Singular Value Decomposition: Overview; Wikipedia



Today’s Agenda

● Coordinates & Axis

● Rigid Transforms & Rotations

● Camera Basics

● Perspective Geometry

● Homography



TODOs 

● Join Slack: https://shorturl.at/jV1NL

● Fill in a quick survey form: https://forms.gle/mUmMZbx8ZwgUkT5W9

● Mini Quiz 1: Draw a diagram about rotations: https://forms.gle/sF1yLkbgRNmWwcyX7

https://shorturl.at/jV1NL
https://forms.gle/mUmMZbx8ZwgUkT5W9
https://forms.gle/sF1yLkbgRNmWwcyX7

