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Pinhole camera modelObject in front of camera
2

Camera model



sun ray
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Camera model



Sun ray is reflected from Lambertian surface in hemisphere
4

Camera model



Reflected ray (red) forms inverted image of the object
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Camera model
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Camera model
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Camera model
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Camera model



Pinhole camera model
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Albrecht Durer (1545), Hitachi Viewmuseum
10

Projection of 3D point in \camera on image plane 



se
ns

or

11

Camera model



Resulting image is represented as array



13

18 67 51 0 8

86 71 46 49 80

99 82 54 52 85

Values corresponds to the signal captured by fotosensitive elements





Each pixel contains 3 values:RGB
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Camera model
Infinitesimally small hole
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Light energy from rays traversed through pinhole is small
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Camera model
Infinitesimally small hole



Light energy from rays traversed through pinhole is small
18

Camera modelIf the capturing time is short, the resulting image is underilluminated



Light energy from rays traversed through pinhole is small
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Camera modelPostprocessing amplifies the noise



Light energy from rays traversed through pinhole is small
20

Camera modelPostprocessing amplifies the noise



If signal is integrated sufficiently long, the result is better





Light energy from rays traversed through pinhole is small
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Camera modelIf the object or cameras moves during the capturing, the result is blurred
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Light energy from rays traversed through pinhole is small
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Camera model
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Increasing hole size yields more energy but blurs image
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Camera model
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Increasing hole size yields more energy but blurs image
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Camera model
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Lens focus cone of light rays in a single point 
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Camera model
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Since source and target of these cones are points, we omit the lens geometry.  
28

Camera model

<latexit sha1_base64="sZyjZtCegxU4mtmbCAQvfWE8uvg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI+BXPSWgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Ma3O//YRK81g+mEmCfkSHkoecUWOlRq1fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqvdZHHk4g3O4BA9uoAp3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZrujNc=</latexit>

C

image plane
p

<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>
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Camera model

<latexit sha1_base64="sZyjZtCegxU4mtmbCAQvfWE8uvg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI+BXPSWgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Ma3O//YRK81g+mEmCfkSHkoecUWOlRq1fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqvdZHHk4g3O4BA9uoAp3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZrujNc=</latexit>

C

image plane
p

<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>



<latexit sha1_base64="sZyjZtCegxU4mtmbCAQvfWE8uvg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI+BXPSWgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Ma3O//YRK81g+mEmCfkSHkoecUWOlRq1fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqvdZHHk4g3O4BA9uoAp3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZrujNc=</latexit>

C

Projection 3D points on the image plane

30

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

image plane

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>yu
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>



C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

Projection 3D points on the image plane
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p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

image plane

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>yu
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>



Pinhole camera model: Projection of 3D points on the image plane

32

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Camera c.f.



Pinhole camera model: Projection of 3D points on the image plane

33

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image planeux
<latexit sha1_base64="x6ZRH/SzMjggOlmwLtAQH0lNZdI="></latexit>

uy

<latexit sha1_base64="+ppvqwjwoYsGH8Wo9Yx5ztMGllY=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7GyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/M7T6g0j+WjyRL0IzqSPOSMGis9pINsUK25dXcOskq8gtSgQHNQ/eoPY5ZGKA0TVOue5ybGz6kynAmcVvqpxoSyCR1hz1JJI9R+Pj91Ss6sMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HQqNgRv+eVV0r6oe5d17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEInuEV3hzhvDjvzseiteQUM8fwB87nD3WOjek=</latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Camera c.f.
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u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image planeux
<latexit sha1_base64="x6ZRH/SzMjggOlmwLtAQH0lNZdI="></latexit>

uy

<latexit sha1_base64="+ppvqwjwoYsGH8Wo9Yx5ztMGllY=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7GyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/M7T6g0j+WjyRL0IzqSPOSMGis9pINsUK25dXcOskq8gtSgQHNQ/eoPY5ZGKA0TVOue5ybGz6kynAmcVvqpxoSyCR1hz1JJI9R+Pj91Ss6sMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HQqNgRv+eVV0r6oe5d17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEInuEV3hzhvDjvzseiteQUM8fwB87nD3WOjek=</latexit>

f
<latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit>

ux = f
px
pz

<latexit sha1_base64="9yeoxgns26znVLvc5WkTa4SP8FM=">AAAAAHicbVDLSsNAFL2pr1pfUXHlZrAIrkoiBd0IRTcuK9gHtCFMppN26GQSZibSGgL+ihsXirj1O9z5N04fC209cC+Hc+5l7pwg4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mfitByoVi8W9HifUi3BfsJARrI3k20epP0JXYTeUmGSJP8pNe8x9u+xUnCnQMnHnpAxz1H37q9uLSRpRoQnHSnVcJ9FehqVmhNO81E0VTTAZ4j7tGCpwRJWXTc/P0alReiiMpSmh0VT9vZHhSKlxFJjJCOuBWvQm4n9eJ9XhpZcxkaSaCjJ7KEw50jGaZIF6TFKi+dgQTCQztyIywCYJbRIrmRDcxS8vk+Z5xa1W3LtquXY9j6MIx3ACZ+DCBdTgFurQAAIZPMMrvFlP1ov1bn3MRgvWfOcQ/sD6/AHLM5YI</latexit>

uy = f
py
pz

<latexit sha1_base64="C1+Mab8AEZD3XBXCoU8sbfU7uDE=">AAAAAHicbVDLSsNAFL2pr1pfUXHlZrAIrkoiBd0IRTcuK9gHtCVMppN26GQSZiZCDAF/xY0LRdz6He78G6dtFtp64F4O59zL3Dl+zJnSjvNtlVZW19Y3ypuVre2d3T17/6CtokQS2iIRj2TXx4pyJmhLM81pN5YUhz6nHX9yM/U7D1QqFol7ncZ0EOKRYAEjWBvJs48SL0VXQT+QmGSxl+amPeaeXXVqzgxombgFqUKBpmd/9YcRSUIqNOFYqZ7rxHqQYakZ4TSv9BNFY0wmeER7hgocUjXIZufn6NQoQxRE0pTQaKb+3shwqFQa+mYyxHqsFr2p+J/XS3RwOciYiBNNBZk/FCQc6QhNs0BDJinRPDUEE8nMrYiMsUlCm8QqJgR38cvLpH1ec+s1965ebVwXcZThGE7gDFy4gAbcQhNaQCCDZ3iFN+vJerHerY/5aMkqdg7hD6zPH85Tlgo=</latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Pinhole camera model: Projection of 3D points on the image plane

Camera c.f.
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u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image planeux
<latexit sha1_base64="x6ZRH/SzMjggOlmwLtAQH0lNZdI="></latexit>

uy

<latexit sha1_base64="+ppvqwjwoYsGH8Wo9Yx5ztMGllY=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7GyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/M7T6g0j+WjyRL0IzqSPOSMGis9pINsUK25dXcOskq8gtSgQHNQ/eoPY5ZGKA0TVOue5ybGz6kynAmcVvqpxoSyCR1hz1JJI9R+Pj91Ss6sMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HQqNgRv+eVV0r6oe5d17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEInuEV3hzhvDjvzseiteQUM8fwB87nD3WOjek=</latexit>

f
<latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit>

ux = f
px
pz

<latexit sha1_base64="9yeoxgns26znVLvc5WkTa4SP8FM=">AAAAAHicbVDLSsNAFL2pr1pfUXHlZrAIrkoiBd0IRTcuK9gHtCFMppN26GQSZibSGgL+ihsXirj1O9z5N04fC209cC+Hc+5l7pwg4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mfitByoVi8W9HifUi3BfsJARrI3k20epP0JXYTeUmGSJP8pNe8x9u+xUnCnQMnHnpAxz1H37q9uLSRpRoQnHSnVcJ9FehqVmhNO81E0VTTAZ4j7tGCpwRJWXTc/P0alReiiMpSmh0VT9vZHhSKlxFJjJCOuBWvQm4n9eJ9XhpZcxkaSaCjJ7KEw50jGaZIF6TFKi+dgQTCQztyIywCYJbRIrmRDcxS8vk+Z5xa1W3LtquXY9j6MIx3ACZ+DCBdTgFurQAAIZPMMrvFlP1ov1bn3MRgvWfOcQ/sD6/AHLM5YI</latexit>

uy = f
py
pz

<latexit sha1_base64="C1+Mab8AEZD3XBXCoU8sbfU7uDE=">AAAAAHicbVDLSsNAFL2pr1pfUXHlZrAIrkoiBd0IRTcuK9gHtCVMppN26GQSZiZCDAF/xY0LRdz6He78G6dtFtp64F4O59zL3Dl+zJnSjvNtlVZW19Y3ypuVre2d3T17/6CtokQS2iIRj2TXx4pyJmhLM81pN5YUhz6nHX9yM/U7D1QqFol7ncZ0EOKRYAEjWBvJs48SL0VXQT+QmGSxl+amPeaeXXVqzgxombgFqUKBpmd/9YcRSUIqNOFYqZ7rxHqQYakZ4TSv9BNFY0wmeER7hgocUjXIZufn6NQoQxRE0pTQaKb+3shwqFQa+mYyxHqsFr2p+J/XS3RwOciYiBNNBZk/FCQc6QhNs0BDJinRPDUEE8nMrYiMsUlCm8QqJgR38cvLpH1ec+s1965ebVwXcZThGE7gDFy4gAbcQhNaQCCDZ3iFN+vJerHerY/5aMkqdg7hD6zPH85Tlgo=</latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Pinhole camera model: Projection of 3D points on the image plane

Camera c.f.
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u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image planeux
<latexit sha1_base64="x6ZRH/SzMjggOlmwLtAQH0lNZdI="></latexit>

uy

<latexit sha1_base64="+ppvqwjwoYsGH8Wo9Yx5ztMGllY=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7GyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/M7T6g0j+WjyRL0IzqSPOSMGis9pINsUK25dXcOskq8gtSgQHNQ/eoPY5ZGKA0TVOue5ybGz6kynAmcVvqpxoSyCR1hz1JJI9R+Pj91Ss6sMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HQqNgRv+eVV0r6oe5d17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEInuEV3hzhvDjvzseiteQUM8fwB87nD3WOjek=</latexit>

f
<latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit>

ux = f
px
pz

<latexit sha1_base64="9yeoxgns26znVLvc5WkTa4SP8FM=">AAAAAHicbVDLSsNAFL2pr1pfUXHlZrAIrkoiBd0IRTcuK9gHtCFMppN26GQSZibSGgL+ihsXirj1O9z5N04fC209cC+Hc+5l7pwg4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mfitByoVi8W9HifUi3BfsJARrI3k20epP0JXYTeUmGSJP8pNe8x9u+xUnCnQMnHnpAxz1H37q9uLSRpRoQnHSnVcJ9FehqVmhNO81E0VTTAZ4j7tGCpwRJWXTc/P0alReiiMpSmh0VT9vZHhSKlxFJjJCOuBWvQm4n9eJ9XhpZcxkaSaCjJ7KEw50jGaZIF6TFKi+dgQTCQztyIywCYJbRIrmRDcxS8vk+Z5xa1W3LtquXY9j6MIx3ACZ+DCBdTgFurQAAIZPMMrvFlP1ov1bn3MRgvWfOcQ/sD6/AHLM5YI</latexit>

uy = f
py
pz

<latexit sha1_base64="C1+Mab8AEZD3XBXCoU8sbfU7uDE=">AAAAAHicbVDLSsNAFL2pr1pfUXHlZrAIrkoiBd0IRTcuK9gHtCVMppN26GQSZiZCDAF/xY0LRdz6He78G6dtFtp64F4O59zL3Dl+zJnSjvNtlVZW19Y3ypuVre2d3T17/6CtokQS2iIRj2TXx4pyJmhLM81pN5YUhz6nHX9yM/U7D1QqFol7ncZ0EOKRYAEjWBvJs48SL0VXQT+QmGSxl+amPeaeXXVqzgxombgFqUKBpmd/9YcRSUIqNOFYqZ7rxHqQYakZ4TSv9BNFY0wmeER7hgocUjXIZufn6NQoQxRE0pTQaKb+3shwqFQa+mYyxHqsFr2p+J/XS3RwOciYiBNNBZk/FCQc6QhNs0BDJinRPDUEE8nMrYiMsUlCm8QqJgR38cvLpH1ec+s1965ebVwXcZThGE7gDFy4gAbcQhNaQCCDZ3iFN+vJerHerY/5aMkqdg7hD6zPH85Tlgo=</latexit>

�ux = fpx
<latexit sha1_base64="y/mkwIOn6y4Ir6C1aEMjJopkgEU="></latexit>

�uy = fpy
<latexit sha1_base64="gRxxvZIr2W84KDmnrE3yi3isyX4="></latexit>

� = pz
<latexit sha1_base64="TgnUYhGkxnFcMN4LZa+m9uqOvHs="></latexit>

)
<latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Pinhole camera model: Projection of 3D points on the image plane

Camera c.f.
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u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image planeux
<latexit sha1_base64="x6ZRH/SzMjggOlmwLtAQH0lNZdI="></latexit>

uy

<latexit sha1_base64="+ppvqwjwoYsGH8Wo9Yx5ztMGllY=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7GyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/M7T6g0j+WjyRL0IzqSPOSMGis9pINsUK25dXcOskq8gtSgQHNQ/eoPY5ZGKA0TVOue5ybGz6kynAmcVvqpxoSyCR1hz1JJI9R+Pj91Ss6sMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HQqNgRv+eVV0r6oe5d17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEInuEV3hzhvDjvzseiteQUM8fwB87nD3WOjek=</latexit>

f
<latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit>

ux = f
px
pz

<latexit sha1_base64="9yeoxgns26znVLvc5WkTa4SP8FM=">AAAAAHicbVDLSsNAFL2pr1pfUXHlZrAIrkoiBd0IRTcuK9gHtCFMppN26GQSZibSGgL+ihsXirj1O9z5N04fC209cC+Hc+5l7pwg4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mfitByoVi8W9HifUi3BfsJARrI3k20epP0JXYTeUmGSJP8pNe8x9u+xUnCnQMnHnpAxz1H37q9uLSRpRoQnHSnVcJ9FehqVmhNO81E0VTTAZ4j7tGCpwRJWXTc/P0alReiiMpSmh0VT9vZHhSKlxFJjJCOuBWvQm4n9eJ9XhpZcxkaSaCjJ7KEw50jGaZIF6TFKi+dgQTCQztyIywCYJbRIrmRDcxS8vk+Z5xa1W3LtquXY9j6MIx3ACZ+DCBdTgFurQAAIZPMMrvFlP1ov1bn3MRgvWfOcQ/sD6/AHLM5YI</latexit>

uy = f
py
pz

<latexit sha1_base64="C1+Mab8AEZD3XBXCoU8sbfU7uDE=">AAAAAHicbVDLSsNAFL2pr1pfUXHlZrAIrkoiBd0IRTcuK9gHtCVMppN26GQSZiZCDAF/xY0LRdz6He78G6dtFtp64F4O59zL3Dl+zJnSjvNtlVZW19Y3ypuVre2d3T17/6CtokQS2iIRj2TXx4pyJmhLM81pN5YUhz6nHX9yM/U7D1QqFol7ncZ0EOKRYAEjWBvJs48SL0VXQT+QmGSxl+amPeaeXXVqzgxombgFqUKBpmd/9YcRSUIqNOFYqZ7rxHqQYakZ4TSv9BNFY0wmeER7hgocUjXIZufn6NQoQxRE0pTQaKb+3shwqFQa+mYyxHqsFr2p+J/XS3RwOciYiBNNBZk/FCQc6QhNs0BDJinRPDUEE8nMrYiMsUlCm8QqJgR38cvLpH1ec+s1965ebVwXcZThGE7gDFy4gAbcQhNaQCCDZ3iFN+vJerHerY/5aMkqdg7hD6zPH85Tlgo=</latexit>

�ux = fpx
<latexit sha1_base64="y/mkwIOn6y4Ir6C1aEMjJopkgEU="></latexit>

�uy = fpy
<latexit sha1_base64="gRxxvZIr2W84KDmnrE3yi3isyX4="></latexit>

� = pz
<latexit sha1_base64="TgnUYhGkxnFcMN4LZa+m9uqOvHs="></latexit>

)
<latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit>

�
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5

<latexit sha1_base64="FlWsYkRX7FICzU2/3VDiK/zcUZc="></latexit>

)
<latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Pinhole camera model: Projection of 3D points on the image plane

Camera c.f.



38

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image plane

f
<latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit>

)
<latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit>
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5

<latexit sha1_base64="DP69gc9J0EvVDESz/fkWAK1v0P0="></latexit>

ux = ox + sxf
px
pz

<latexit sha1_base64="gDA9yd8pZ9SC4Vsic4DCWzAEbbQ=">AAAAAHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFHQjFN24rGAf0A5DJs20oZlkSDLSOszSjb/ixoUibv0Ed/6NaTsLbT2Qy+Gce7m5J4gZVdpxvq3C0vLK6lpxvbSxubW9Y+/uNZVIJCYNLJiQ7QApwignDU01I+1YEhQFjLSC4fXEb90Tqajgd3ocEy9CfU5DipE2km8fJv4IXkJh6ilU/ijshhLhNPZHmSkPmW+XnYozBVwkbk7KIEfdt7+6PYGTiHCNGVKq4zqx9lIkNcWMZKVuokiM8BD1ScdQjiKivHR6SAaPjdKDoZDmcQ2n6u+JFEVKjaPAdEZID9S8NxH/8zqJDi+8lPI40YTj2aIwYVALOEkF9qgkWLOxIQhLav4K8QCZJLTJrmRCcOdPXiTNs4pbrbi31XLtKo+jCA7AETgBLjgHNXAD6qABMHgEz+AVvFlP1ov1bn3MWgtWPrMP/sD6/AFDzJmH</latexit>

uy = oy + syf
py
pz

<latexit sha1_base64="YPgZ4Lb95v5yBBRLqLmK+/DV8QM=">AAAAAHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFHQjFN24rGAf0A5DJs20oZlkSDLCOMzSjb/ixoUibv0Ed/6NaTsLbT2Qy+Gce7m5J4gZVdpxvq3S0vLK6lp5vbKxubW9Y+/utZVIJCYtLJiQ3QApwignLU01I91YEhQFjHSC8fXE79wTqajgdzqNiRehIachxUgbybcPEz+Fl1CYegqVn4b9UCKcxX6am/KQ+3bVqTlTwEXiFqQKCjR9+6s/EDiJCNeYIaV6rhNrL0NSU8xIXuknisQIj9GQ9AzlKCLKy6aH5PDYKAMYCmke13Cq/p7IUKRUGgWmM0J6pOa9ifif10t0eOFllMeJJhzPFoUJg1rASSpwQCXBmqWGICyp+SvEI2SS0Ca7ignBnT95kbTPam695t7Wq42rIo4yOABH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TFrLVnFzD74A+vzB0okmYs=</latexit>

[ox, oy]

<latexit sha1_base64="4ElCg+1Djm9RpXFIvhdCJI0lL5E=">AAAAAHicbVBNS8NAEJ34WetX1aOXxSJ4kJJIQY9FLx4r2A9MQ9hsN+3SzW7Y3Ygl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5UcqZNq777aysrq1vbJa2yts7u3v7lYPDtpaZIrRFJJeqG2FNORO0ZZjhtJsqipOI0040upn6nUeqNJPi3oxTGiR4IFjMCDZWevBl+HSOZDgOwkrVrbkzoGXiFaQKBZph5avXlyRLqDCEY619z01NkGNlGOF0Uu5lmqaYjPCA+pYKnFAd5LOLJ+jUKn0US2VLGDRTf0/kONF6nES2M8FmqBe9qfif52cmvgpyJtLMUEHmi+KMIyPR9H3UZ4oSw8eWYKKYvRWRIVaYGBtS2YbgLb68TNoXNa9e8+7q1cZ1EUcJjuEEzsCDS2jALTShBQQEPMMrvDnaeXHenY9564pTzBzBHzifP/YHkHM=</latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Pinhole camera model: Projection of 3D points on the image plane

Camera c.f.
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u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image plane

f
<latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit>

)
<latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit>
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<latexit sha1_base64="DP69gc9J0EvVDESz/fkWAK1v0P0="></latexit>

ux = ox + sxf
px
pz

<latexit sha1_base64="gDA9yd8pZ9SC4Vsic4DCWzAEbbQ=">AAAAAHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFHQjFN24rGAf0A5DJs20oZlkSDLSOszSjb/ixoUibv0Ed/6NaTsLbT2Qy+Gce7m5J4gZVdpxvq3C0vLK6lpxvbSxubW9Y+/uNZVIJCYNLJiQ7QApwignDU01I+1YEhQFjLSC4fXEb90Tqajgd3ocEy9CfU5DipE2km8fJv4IXkJh6ilU/ijshhLhNPZHmSkPmW+XnYozBVwkbk7KIEfdt7+6PYGTiHCNGVKq4zqx9lIkNcWMZKVuokiM8BD1ScdQjiKivHR6SAaPjdKDoZDmcQ2n6u+JFEVKjaPAdEZID9S8NxH/8zqJDi+8lPI40YTj2aIwYVALOEkF9qgkWLOxIQhLav4K8QCZJLTJrmRCcOdPXiTNs4pbrbi31XLtKo+jCA7AETgBLjgHNXAD6qABMHgEz+AVvFlP1ov1bn3MWgtWPrMP/sD6/AFDzJmH</latexit>

uy = oy + syf
py
pz

<latexit sha1_base64="YPgZ4Lb95v5yBBRLqLmK+/DV8QM=">AAAAAHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFHQjFN24rGAf0A5DJs20oZlkSDLCOMzSjb/ixoUibv0Ed/6NaTsLbT2Qy+Gce7m5J4gZVdpxvq3S0vLK6lp5vbKxubW9Y+/utZVIJCYtLJiQ3QApwignLU01I91YEhQFjHSC8fXE79wTqajgdzqNiRehIachxUgbybcPEz+Fl1CYegqVn4b9UCKcxX6am/KQ+3bVqTlTwEXiFqQKCjR9+6s/EDiJCNeYIaV6rhNrL0NSU8xIXuknisQIj9GQ9AzlKCLKy6aH5PDYKAMYCmke13Cq/p7IUKRUGgWmM0J6pOa9ifif10t0eOFllMeJJhzPFoUJg1rASSpwQCXBmqWGICyp+SvEI2SS0Ca7ignBnT95kbTPam695t7Wq42rIo4yOABH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TFrLVnFzD74A+vzB0okmYs=</latexit>

[ox, oy]

<latexit sha1_base64="4ElCg+1Djm9RpXFIvhdCJI0lL5E=">AAAAAHicbVBNS8NAEJ34WetX1aOXxSJ4kJJIQY9FLx4r2A9MQ9hsN+3SzW7Y3Ygl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5UcqZNq777aysrq1vbJa2yts7u3v7lYPDtpaZIrRFJJeqG2FNORO0ZZjhtJsqipOI0040upn6nUeqNJPi3oxTGiR4IFjMCDZWevBl+HSOZDgOwkrVrbkzoGXiFaQKBZph5avXlyRLqDCEY619z01NkGNlGOF0Uu5lmqaYjPCA+pYKnFAd5LOLJ+jUKn0US2VLGDRTf0/kONF6nES2M8FmqBe9qfif52cmvgpyJtLMUEHmi+KMIyPR9H3UZ4oSw8eWYKKYvRWRIVaYGBtS2YbgLb68TNoXNa9e8+7q1cZ1EUcJjuEEzsCDS2jALTShBQQEPMMrvDnaeXHenY9564pTzBzBHzifP/YHkHM=</latexit>

K 2 R3⇥3
<latexit sha1_base64="rLuFLuykmfJHeZeNDrQ6if/qqXw=">AAACDXicbVC7TsMwFL3hWcqrwMhiUZCYqoQiwVjBgsRSEH1ITagc12mtOk5kO0hVlB9g4VdYGECIlZ2Nv8FNO0DLkSwdn3Ov7r3HjzlT2ra/rYXFpeWV1cJacX1jc2u7tLPbVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vBz7rQcqFYvEnR7F1AtxX7CAEayN1C0duiHWAz9IrzOXifxDME9vs/u06moWUoWqWbdUtit2DjRPnCkpwxT1bunL7UUkCanQhGOlOo4day/FUjPCaVZ0E0VjTIa4TzuGCmzmeGl+TYaOjNJDQSTNExrl6u+OFIdKjULfVI7XVbPeWPzP6yQ6OPdSJuJEU0Emg4KEIx2hcTSoxyQlmo8MwUQysysiAywx0SbAognBmT15njRPKk61Yt+clmsX0zgKsA8HcAwOnEENrqAODSDwCM/wCm/Wk/VivVsfk9IFa9qzB39gff4AH12cMw==</latexit>

upper-triangular,  
regular matrix with 

intrinsic parameters  
of the camera

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Pinhole camera model: Projection of 3D points on the image plane

Camera c.f.
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u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image plane

f
<latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit>

)
<latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit><latexit sha1_base64="KInroaFcX0G7cv2m2JrNRfEHKNg="></latexit>
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<latexit sha1_base64="DP69gc9J0EvVDESz/fkWAK1v0P0="></latexit>

ux = ox + sxf
px
pz

<latexit sha1_base64="gDA9yd8pZ9SC4Vsic4DCWzAEbbQ=">AAAAAHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFHQjFN24rGAf0A5DJs20oZlkSDLSOszSjb/ixoUibv0Ed/6NaTsLbT2Qy+Gce7m5J4gZVdpxvq3C0vLK6lpxvbSxubW9Y+/uNZVIJCYNLJiQ7QApwignDU01I+1YEhQFjLSC4fXEb90Tqajgd3ocEy9CfU5DipE2km8fJv4IXkJh6ilU/ijshhLhNPZHmSkPmW+XnYozBVwkbk7KIEfdt7+6PYGTiHCNGVKq4zqx9lIkNcWMZKVuokiM8BD1ScdQjiKivHR6SAaPjdKDoZDmcQ2n6u+JFEVKjaPAdEZID9S8NxH/8zqJDi+8lPI40YTj2aIwYVALOEkF9qgkWLOxIQhLav4K8QCZJLTJrmRCcOdPXiTNs4pbrbi31XLtKo+jCA7AETgBLjgHNXAD6qABMHgEz+AVvFlP1ov1bn3MWgtWPrMP/sD6/AFDzJmH</latexit>

uy = oy + syf
py
pz

<latexit sha1_base64="YPgZ4Lb95v5yBBRLqLmK+/DV8QM=">AAAAAHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFHQjFN24rGAf0A5DJs20oZlkSDLCOMzSjb/ixoUibv0Ed/6NaTsLbT2Qy+Gce7m5J4gZVdpxvq3S0vLK6lp5vbKxubW9Y+/utZVIJCYtLJiQ3QApwignLU01I91YEhQFjHSC8fXE79wTqajgdzqNiRehIachxUgbybcPEz+Fl1CYegqVn4b9UCKcxX6am/KQ+3bVqTlTwEXiFqQKCjR9+6s/EDiJCNeYIaV6rhNrL0NSU8xIXuknisQIj9GQ9AzlKCLKy6aH5PDYKAMYCmke13Cq/p7IUKRUGgWmM0J6pOa9ifif10t0eOFllMeJJhzPFoUJg1rASSpwQCXBmqWGICyp+SvEI2SS0Ca7ignBnT95kbTPam695t7Wq42rIo4yOABH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TFrLVnFzD74A+vzB0okmYs=</latexit>

[ox, oy]

<latexit sha1_base64="4ElCg+1Djm9RpXFIvhdCJI0lL5E=">AAAAAHicbVBNS8NAEJ34WetX1aOXxSJ4kJJIQY9FLx4r2A9MQ9hsN+3SzW7Y3Ygl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5UcqZNq777aysrq1vbJa2yts7u3v7lYPDtpaZIrRFJJeqG2FNORO0ZZjhtJsqipOI0040upn6nUeqNJPi3oxTGiR4IFjMCDZWevBl+HSOZDgOwkrVrbkzoGXiFaQKBZph5avXlyRLqDCEY619z01NkGNlGOF0Uu5lmqaYjPCA+pYKnFAd5LOLJ+jUKn0US2VLGDRTf0/kONF6nES2M8FmqBe9qfif52cmvgpyJtLMUEHmi+KMIyPR9H3UZ4oSw8eWYKKYvRWRIVaYGBtS2YbgLb68TNoXNa9e8+7q1cZ1EUcJjuEEzsCDS2jALTShBQQEPMMrvDnaeXHenY9564pTzBzBHzifP/YHkHM=</latexit>

K 2 R3⇥3
<latexit sha1_base64="rLuFLuykmfJHeZeNDrQ6if/qqXw=">AAACDXicbVC7TsMwFL3hWcqrwMhiUZCYqoQiwVjBgsRSEH1ITagc12mtOk5kO0hVlB9g4VdYGECIlZ2Nv8FNO0DLkSwdn3Ov7r3HjzlT2ra/rYXFpeWV1cJacX1jc2u7tLPbVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vBz7rQcqFYvEnR7F1AtxX7CAEayN1C0duiHWAz9IrzOXifxDME9vs/u06moWUoWqWbdUtit2DjRPnCkpwxT1bunL7UUkCanQhGOlOo4day/FUjPCaVZ0E0VjTIa4TzuGCmzmeGl+TYaOjNJDQSTNExrl6u+OFIdKjULfVI7XVbPeWPzP6yQ6OPdSJuJEU0Emg4KEIx2hcTSoxyQlmo8MwUQysysiAywx0SbAognBmT15njRPKk61Yt+clmsX0zgKsA8HcAwOnEENrqAODSDwCM/wCm/Wk/VivVsfk9IFa9qzB39gff4AH12cMw==</latexit>

�u = Kp

<latexit sha1_base64="rU6mbRtyzK2nPMf1db3bAz/CT3A="></latexit>

upper-triangular,  
regular matrix with 

intrinsic parameters  
of the camera

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Pinhole camera model: Projection of 3D points on the image plane

Camera c.f.
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u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p
<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

C
<latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit><latexit sha1_base64="/9k1Jv5/ArFaNoalXd7NEFzrfuc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryu1uzyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AleWMxw==</latexit>

image plane

f
<latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit><latexit sha1_base64="EhH2kURhB0s12puhlZPu3MPyDzo="></latexit>

[ox, oy]

<latexit sha1_base64="4ElCg+1Djm9RpXFIvhdCJI0lL5E=">AAAAAHicbVBNS8NAEJ34WetX1aOXxSJ4kJJIQY9FLx4r2A9MQ9hsN+3SzW7Y3Ygl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5UcqZNq777aysrq1vbJa2yts7u3v7lYPDtpaZIrRFJJeqG2FNORO0ZZjhtJsqipOI0040upn6nUeqNJPi3oxTGiR4IFjMCDZWevBl+HSOZDgOwkrVrbkzoGXiFaQKBZph5avXlyRLqDCEY619z01NkGNlGOF0Uu5lmqaYjPCA+pYKnFAd5LOLJ+jUKn0US2VLGDRTf0/kONF6nES2M8FmqBe9qfif52cmvgpyJtLMUEHmi+KMIyPR9H3UZ4oSw8eWYKKYvRWRIVaYGBtS2YbgLb68TNoXNa9e8+7q1cZ1EUcJjuEEzsCDS2jALTShBQQEPMMrvDnaeXHenY9564pTzBzBHzifP/YHkHM=</latexit>

�u = Kp

<latexit sha1_base64="rU6mbRtyzK2nPMf1db3bAz/CT3A="></latexit>

Applications: 
• 3D->2D projecting 3D PCL on image plane (colorizing) 
• 2D->3D raycasting (projecting detections into 3D map) 
• RGBD->3D PCL 
• field-of-view, focal length and spatial resolution

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Pinhole camera model: Projection of 3D points on the image plane

Camera c.f.
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\camera

\lidar_q

q
<latexit sha1_base64="WNu78XHlq8x8IZQO2+XIrTASjFU="></latexit>p

<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

Let us have one lidar and one camera

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y



Projection from lidar to image plane consists of two steps: 
• transform of 3D point in \lidar_q             to \camera 

44

\camera

p 2 R3
<latexit sha1_base64="2i7lvnKIiir8aV7rMxkgGnKp70I="></latexit>

\lidar_q

q 2 R3
<latexit sha1_base64="hu3Gu8HeSJ80wCMyJbt1GtW7Jvc="></latexit>

q
<latexit sha1_base64="WNu78XHlq8x8IZQO2+XIrTASjFU="></latexit>p

<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

Camera

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p = Rq+ t
<latexit sha1_base64="EIVswU1tI7doSEEMAxj7qLwOgbc=">AAACF3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBb0IRS8eq9gHtKFstpt26ebh7kQoId/Ci1/FiwdFvOrNb+OmTUVbBxZ++58ZZubvRoIrsKwvY25+YXFpubBSXF1b39g0t7brKowlZTUailA2XaKY4AGrAQfBmpFkxHcFa7iDyyzfuGdS8TC4hWHEHJ/0Au5xSkBLHbOM2z6BvuslUYrPfz436YTu0sMJQoo7ZskqW6PAs2DnUEJ5VDvmZ7sb0thnAVBBlGrZVgROQiRwKlhabMeKRYQOSI+1NAbEZ8pJRneleF8rXeyFUr8A8Ej93ZEQX6mh7+rKbEU1ncvE/3KtGLwzJ+FBFAML6HiQFwsMIc5Mwl0uGQUx1ECo5HpXTPtEEgrayqI2wZ4+eRbqR2X7uGxdn5QqF7kdBbSL9tABstEpqqArVEU1RNEDekIv6NV4NJ6NN+N9XDpn5D076E8YH99326Ag</latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y



Projection from lidar to image plane consists of two steps: 
• transform of 3D point in \lidar_q             to \camera  
• projection of 3D point in \camera on image plane 
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\camera

p 2 R3
<latexit sha1_base64="2i7lvnKIiir8aV7rMxkgGnKp70I="></latexit>

\lidar_q

q 2 R3
<latexit sha1_base64="hu3Gu8HeSJ80wCMyJbt1GtW7Jvc="></latexit>

q
<latexit sha1_base64="WNu78XHlq8x8IZQO2+XIrTASjFU="></latexit>p

<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

Camera

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

u 2 R2
<latexit sha1_base64="FbA5k8hrG2H8q0XCvSES8IaTcAk="></latexit>

�u
=
K
p

<latexit sha1_base64="rU6mbRtyzK2nPMf1db3bAz/CT3A="></latexit>

p = Rq+ t
<latexit sha1_base64="EIVswU1tI7doSEEMAxj7qLwOgbc=">AAACF3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBb0IRS8eq9gHtKFstpt26ebh7kQoId/Ci1/FiwdFvOrNb+OmTUVbBxZ++58ZZubvRoIrsKwvY25+YXFpubBSXF1b39g0t7brKowlZTUailA2XaKY4AGrAQfBmpFkxHcFa7iDyyzfuGdS8TC4hWHEHJ/0Au5xSkBLHbOM2z6BvuslUYrPfz436YTu0sMJQoo7ZskqW6PAs2DnUEJ5VDvmZ7sb0thnAVBBlGrZVgROQiRwKlhabMeKRYQOSI+1NAbEZ8pJRneleF8rXeyFUr8A8Ej93ZEQX6mh7+rKbEU1ncvE/3KtGLwzJ+FBFAML6HiQFwsMIc5Mwl0uGQUx1ECo5HpXTPtEEgrayqI2wZ4+eRbqR2X7uGxdn5QqF7kdBbSL9tABstEpqqArVEU1RNEDekIv6NV4NJ6NN+N9XDpn5D076E8YH99326Ag</latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y



Lidar to camera projection equation
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�u = K
⇥
R t

⇤
| {z }

P

q

<latexit sha1_base64="7loDziREVR8uiMzJRKnqO3cd638="></latexit>

\camera

\lidar_q

q
<latexit sha1_base64="WNu78XHlq8x8IZQO2+XIrTASjFU="></latexit>

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

P
=
K
[R

t]

<latexit sha1_base64="c1xr0TGik2qvjfyAtovU2lmgz4w="></latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y



…………….. intrinsic parameters

             …… extrinsic parameters
…………….. camera projection matrix
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K 2 R3⇥3
<latexit sha1_base64="rLuFLuykmfJHeZeNDrQ6if/qqXw=">AAACDXicbVC7TsMwFL3hWcqrwMhiUZCYqoQiwVjBgsRSEH1ITagc12mtOk5kO0hVlB9g4VdYGECIlZ2Nv8FNO0DLkSwdn3Ov7r3HjzlT2ra/rYXFpeWV1cJacX1jc2u7tLPbVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vBz7rQcqFYvEnR7F1AtxX7CAEayN1C0duiHWAz9IrzOXifxDME9vs/u06moWUoWqWbdUtit2DjRPnCkpwxT1bunL7UUkCanQhGOlOo4day/FUjPCaVZ0E0VjTIa4TzuGCmzmeGl+TYaOjNJDQSTNExrl6u+OFIdKjULfVI7XVbPeWPzP6yQ6OPdSJuJEU0Emg4KEIx2hcTSoxyQlmo8MwUQysysiAywx0SbAognBmT15njRPKk61Yt+clmsX0zgKsA8HcAwOnEENrqAODSDwCM/wCm/Wk/VivVsfk9IFa9qzB39gff4AH12cMw==</latexit>

K 2 R3⇥3
<latexit sha1_base64="rLuFLuykmfJHeZeNDrQ6if/qqXw=">AAACDXicbVC7TsMwFL3hWcqrwMhiUZCYqoQiwVjBgsRSEH1ITagc12mtOk5kO0hVlB9g4VdYGECIlZ2Nv8FNO0DLkSwdn3Ov7r3HjzlT2ra/rYXFpeWV1cJacX1jc2u7tLPbVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vBz7rQcqFYvEnR7F1AtxX7CAEayN1C0duiHWAz9IrzOXifxDME9vs/u06moWUoWqWbdUtit2DjRPnCkpwxT1bunL7UUkCanQhGOlOo4day/FUjPCaVZ0E0VjTIa4TzuGCmzmeGl+TYaOjNJDQSTNExrl6u+OFIdKjULfVI7XVbPeWPzP6yQ6OPdSJuJEU0Emg4KEIx2hcTSoxyQlmo8MwUQysysiAywx0SbAognBmT15njRPKk61Yt+clmsX0zgKsA8HcAwOnEENrqAODSDwCM/wCm/Wk/VivVsfk9IFa9qzB39gff4AH12cMw==</latexit>

R 2 SO(3), t 2 R
3

<latexit sha1_base64="w5CTWLpHJ/1k27j8XevQheEuogs=">AAACInicbVDLSgMxFM3UV62vUZdugkWoIGXGCuqu6MadtdoHdGrJpJk2NJMZkoxQhvkWN/6KGxeKuhL8GDNtFW09EDg5517uvccNGZXKsj6MzNz8wuJSdjm3srq2vmFubtVlEAlMajhggWi6SBJGOakpqhhphoIg32Wk4Q7OU79xR4SkAb9Rw5C0fdTj1KMYKS11zFPHR6rvenE1cSiHox9GLL6+TAql/QP4bavU/nGryW2pY+atojUCnCX2hOTBBJWO+eZ0Axz5hCvMkJQt2wpVO0ZCUcxIknMiSUKEB6hHWppy5BPZjkcnJnBPK13oBUI/ruBI/d0RI1/Koe/qynRJOe2l4n9eK1LeSTumPIwU4Xg8yIsYVAFM84JdKghWbKgJwoLqXSHuI4Gw0qnmdAj29MmzpH5YtEtF6+ooXz6bxJEFO2AXFIANjkEZXIAKqAEM7sEjeAYvxoPxZLwa7+PSjDHp2QZ/YHx+Acv5pHA=</latexit>

P 2 R3⇥4
<latexit sha1_base64="fAROSyqE/wP1VvxQdp890Y4s9zY=">AAACDnicbVC7TsMwFHXKq5RXgZHFoqrEVCVQCcYKFsaC6ENqSuW4TmvVcSL7BqmK8gUs/AoLAwixMrPxN7hpBmg5kqXjc+7Vvfd4keAabPvbKqysrq1vFDdLW9s7u3vl/YO2DmNFWYuGIlRdj2gmuGQt4CBYN1KMBJ5gHW9yNfM7D0xpHso7mEasH5CR5D6nBIw0KFfdgMDY85Nm6nKJsx8lIrlN75MzF3jANK6ng3LFrtkZ8DJxclJBOZqD8pc7DGkcMAlUEK17jh1BPyEKOBUsLbmxZhGhEzJiPUMlMXP6SXZOiqtGGWI/VOZJwJn6uyMhgdbTwDOVs3X1ojcT//N6MfgX/YTLKAYm6XyQHwsMIZ5lg4dcMQpiagihiptdMR0TRSiYBEsmBGfx5GXSPq05ZzX7pl5pXOZxFNEROkYnyEHnqIGuURO1EEWP6Bm9ojfryXqx3q2PeWnBynsO0R9Ynz+G75xj</latexit>

P 2 R3⇥4
<latexit sha1_base64="fAROSyqE/wP1VvxQdp890Y4s9zY=">AAACDnicbVC7TsMwFHXKq5RXgZHFoqrEVCVQCcYKFsaC6ENqSuW4TmvVcSL7BqmK8gUs/AoLAwixMrPxN7hpBmg5kqXjc+7Vvfd4keAabPvbKqysrq1vFDdLW9s7u3vl/YO2DmNFWYuGIlRdj2gmuGQt4CBYN1KMBJ5gHW9yNfM7D0xpHso7mEasH5CR5D6nBIw0KFfdgMDY85Nm6nKJsx8lIrlN75MzF3jANK6ng3LFrtkZ8DJxclJBOZqD8pc7DGkcMAlUEK17jh1BPyEKOBUsLbmxZhGhEzJiPUMlMXP6SXZOiqtGGWI/VOZJwJn6uyMhgdbTwDOVs3X1ojcT//N6MfgX/YTLKAYm6XyQHwsMIZ5lg4dcMQpiagihiptdMR0TRSiYBEsmBGfx5GXSPq05ZzX7pl5pXOZxFNEROkYnyEHnqIGuURO1EEWP6Bm9ojfryXqx3q2PeWnBynsO0R9Ynz+G75xj</latexit>

Example 1: Project point to a given camera.

Projection 3D points on the image plane

Example 2: What is a ray of a pixel?

�u =

2

4
sx so ox
0 sy oy
0 0 1

3

5

2

4
f 0 0
0 f 0
0 0 1

3

5 ⇥
R t

⇤
q

<latexit sha1_base64="UmsbgGUv2Zdsu3yW95Rv7z/E0pQ="></latexit>

Example 3: Depth to 3D point-cloud?



Estimate this
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�u = K
⇥
R t

⇤
| {z }

P

q

<latexit sha1_base64="7loDziREVR8uiMzJRKnqO3cd638="></latexit>

camera c.f.

lidar c.f.

q
<latexit sha1_base64="WNu78XHlq8x8IZQO2+XIrTASjFU="></latexit>

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

P
=
K
[R

t]

<latexit sha1_base64="c1xr0TGik2qvjfyAtovU2lmgz4w="></latexit>

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

Camera to lidar calibration
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\camera

\lidar_q

q
<latexit sha1_base64="WNu78XHlq8x8IZQO2+XIrTASjFU="></latexit>

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

�u = Pq
<latexit sha1_base64="PfnlcJafNOpSvOh/8DkYIXOkJH8="></latexit>

unknown

P
=
K
[R

t]

<latexit sha1_base64="c1xr0TGik2qvjfyAtovU2lmgz4w="></latexit>

calibration from 2D-3D correspondences

<latexit sha1_base64="CFu9sZzZdELEqrJEtUCDkZqUHCc=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmItSQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPw9Eoso=</latexit>z

<latexit sha1_base64="Ab8LdFXG4q8GLna9YiwUh9ueKpM=">AAACGnicbVDLSsNAFJ34rPUVdelmsBRclURFXRbc6K6CfUATw2Q6aYdOMnFmIpaQ73Djr7hxoYg7cePfOGlT0NYDA4dz7r1z7/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dluSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/eFF7rfviZCURzdqFBM3RP2IBhQjpSXPtJ0QqYEfpA9ZdUrjzDu+dRSPHa5b88np1LrLMs+sWDVrDDhP7IJUQIGGZ346PY6TkEQKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVfTCIVEuun4tAxWtdKDARf6RQqO1d8dKQqlHIW+rsxXlLNeLv7ndRMVnLspjeJEkQhPPgoSBhWHeU6wRwXBio00QVhQvSvEAyQQVjrNsg7Bnj15nrSOavZpzbo+qdSvijhKYB8cgENggzNQB5egAZoAg0fwDF7Bm/FkvBjvxsekdMEoevbAHxhfPwvsosg=</latexit>x

<latexit sha1_base64="XMAbnJnEVyylJYDKpvCW9DmlDDA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQq6rLgRncV7AOaGibTSTt0kokzEyGEfIcbf8WNC0XciRv/xkmbgrYeGDicc++de48XMSqVZX0bpaXlldW18nplY3Nre8fc3WtLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8caXud95IEJSHt6qJCL9AA1D6lOMlJZc03YCpEaenyZZbUajzD25cxSPHK5b88npzLrPMtesWnVrArhI7IJUQYGma346A47jgIQKMyRlz7Yi1U+RUBQzklWcWJII4TEakp6mIQqI7KeT0zJY08oA+lzoFyo4UX93pCiQMgk8XZmvKOe9XPzP68XKv+inNIxiRUI8/ciPGVQc5jnBARUEK5ZogrCgeleIR0ggrHSaFR2CPX/yImkf1+2zunVzWm1cF3GUwQE4BEfABuegAa5AE7QABo/gGbyCN+PJeDHejY9packoevbBHxhfPw2Yosk=</latexit>y

(1) Get rid of lambda

Solution:Camera to lidar calibration

(2) Express lin.eq. for P

(0) Get (u,q) corresponds.



\camera to \lidar_q calibration
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�q>

i 0> uxiq
>
i

0> �q>
i uyiq

>
i

�

| {z }
A[2⇥12]

2

4
p1

p2

p3

3

5

| {z }
p[12⇥1]

= 0[2⇥1]

<latexit sha1_base64="q8GHCKaIuZzeply5O8VFulEx5rM="></latexit>

Each 2D-3D correspondence yields two equations:

For N 2D-3D correspondences, we obtain  
(2Nx12) homogeneous linear system Ap = 0

<latexit sha1_base64="0c7D39KDP+SzdtoKbe/P3/O8lbE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJCroRqm5cVrAPaEuZTCft0MkkzEyEErPwV9y4UMStv+HOv3HSRtDWAwOHc+7lnjlexJnSjvNlFRYWl5ZXiqultfWNzS17e6ehwlgSWichD2XLw4pyJmhdM81pK5IUBx6nTW90nfnNeyoVC8WdHke0G+CBYD4jWBupZ+91AqyHnp9cRunFD3fSnl12Ks4EaJ64OSlDjlrP/uz0QxIHVGjCsVJt14l0N8FSM8JpWurEikaYjPCAtg0VOKCqm0zyp+jQKH3kh9I8odFE/b2R4ECpceCZySyhmvUy8T+vHWv/vJswEcWaCjI95Mcc6RBlZaA+k5RoPjYEE8lMVkSGWGKiTWUlU4I7++V50jiuuCcV5/a0XL3K6yjCPhzAEbhwBlW4gRrUgcADPMELvFqP1rP1Zr1PRwtWvrMLf2B9fAMv8JYz</latexit>

Assuming  
• i.i.d. measurements and  
• gaussian noise between left-hand-side and right-hand-side

p⇤ = argminkApk subject to kpk = 1
<latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit>



\camera to \lidar_q calibration
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�q>

i 0> uxiq
>
i

0> �q>
i uyiq

>
i

�

| {z }
A[2⇥12]

2

4
p1

p2

p3

3

5

| {z }
p[12⇥1]

= 0[2⇥1]

<latexit sha1_base64="q8GHCKaIuZzeply5O8VFulEx5rM="></latexit>

Each 2D-3D correspondence yields two equations:

For N 2D-3D correspondences, we obtain  
(2Nx12) homogeneous linear system Ap = 0

<latexit sha1_base64="0c7D39KDP+SzdtoKbe/P3/O8lbE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJCroRqm5cVrAPaEuZTCft0MkkzEyEErPwV9y4UMStv+HOv3HSRtDWAwOHc+7lnjlexJnSjvNlFRYWl5ZXiqultfWNzS17e6ehwlgSWichD2XLw4pyJmhdM81pK5IUBx6nTW90nfnNeyoVC8WdHke0G+CBYD4jWBupZ+91AqyHnp9cRunFD3fSnl12Ks4EaJ64OSlDjlrP/uz0QxIHVGjCsVJt14l0N8FSM8JpWurEikaYjPCAtg0VOKCqm0zyp+jQKH3kh9I8odFE/b2R4ECpceCZySyhmvUy8T+vHWv/vJswEcWaCjI95Mcc6RBlZaA+k5RoPjYEE8lMVkSGWGKiTWUlU4I7++V50jiuuCcV5/a0XL3K6yjCPhzAEbhwBlW4gRrUgcADPMELvFqP1rP1Zr1PRwtWvrMLf2B9fAMv8JYz</latexit>

Assuming  
• i.i.d. measurements and  
• gaussian noise between left-hand-side and right-hand-side

p⇤ = argminkApk subject to kpk = 1
<latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit>



p⇤ = argminkApk subject to kpk = 1
<latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit>

L(p,�) = kApk+ �(1� kpk) = p>A>Ap+ �(1� p>p)
<latexit sha1_base64="vPryRC52R+Z2sCT68LWyHSjNp0E="></latexit><latexit sha1_base64="vPryRC52R+Z2sCT68LWyHSjNp0E="></latexit><latexit sha1_base64="vPryRC52R+Z2sCT68LWyHSjNp0E="></latexit><latexit sha1_base64="vPryRC52R+Z2sCT68LWyHSjNp0E="></latexit>

Lagrange function:

@L(p,�)

@p
= 2A>Ap� 2�p = 0

<latexit sha1_base64="y88Qi61kBzzk3Qox0AQpWe3AmXY="></latexit><latexit sha1_base64="y88Qi61kBzzk3Qox0AQpWe3AmXY="></latexit><latexit sha1_base64="y88Qi61kBzzk3Qox0AQpWe3AmXY="></latexit><latexit sha1_base64="y88Qi61kBzzk3Qox0AQpWe3AmXY="></latexit>

@L(p,�)

@�
= 1� p>p = 0

<latexit sha1_base64="puL/DaJ0yX/JcfrGnq5LnKSMh7k="></latexit><latexit sha1_base64="puL/DaJ0yX/JcfrGnq5LnKSMh7k="></latexit><latexit sha1_base64="puL/DaJ0yX/JcfrGnq5LnKSMh7k="></latexit><latexit sha1_base64="puL/DaJ0yX/JcfrGnq5LnKSMh7k="></latexit>

Critical points:

First equation is characteristic equation (A>A� �I)p = 0
<latexit sha1_base64="iR84k6S0sVZCUd0eyqyrwUDitGA="></latexit><latexit sha1_base64="iR84k6S0sVZCUd0eyqyrwUDitGA="></latexit><latexit sha1_base64="iR84k6S0sVZCUd0eyqyrwUDitGA="></latexit><latexit sha1_base64="iR84k6S0sVZCUd0eyqyrwUDitGA="></latexit>

Every eigen-vector of        is the critical point=>A>A
<latexit sha1_base64="CqOu+E8+XQXY4XWFYEvEA+OBQg8="></latexit><latexit sha1_base64="CqOu+E8+XQXY4XWFYEvEA+OBQg8="></latexit><latexit sha1_base64="CqOu+E8+XQXY4XWFYEvEA+OBQg8="></latexit><latexit sha1_base64="CqOu+E8+XQXY4XWFYEvEA+OBQg8="></latexit>

choose one
Cost function in these eigen vectors is equal to eigen-values

kApk = p>A>Ap = p>�p = �p>p = �kpk = �
<latexit sha1_base64="l+yB2B+ZX4am/GBhEdwcyKq72xE="></latexit><latexit sha1_base64="l+yB2B+ZX4am/GBhEdwcyKq72xE="></latexit><latexit sha1_base64="l+yB2B+ZX4am/GBhEdwcyKq72xE="></latexit><latexit sha1_base64="l+yB2B+ZX4am/GBhEdwcyKq72xE="></latexit>

Solution is the eigen-vector of          with  
the smallest eigen-value

A>A
<latexit sha1_base64="CqOu+E8+XQXY4XWFYEvEA+OBQg8="></latexit><latexit sha1_base64="CqOu+E8+XQXY4XWFYEvEA+OBQg8="></latexit><latexit sha1_base64="CqOu+E8+XQXY4XWFYEvEA+OBQg8="></latexit><latexit sha1_base64="CqOu+E8+XQXY4XWFYEvEA+OBQg8="></latexit>
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Summary camera calibration
• Manually estimate 2D-3D correspondences 
• Build matrix 

 
 
 

• Find eigen-values and eigen-vectors of 
(python: numpy.linalg.eig)  

• Reshape the eigen-vector                  with the smallest  
eigen-value to camera matrix 

• Scale does not matter: 
• Optionally decompose:

p 2 R12⇥1
<latexit sha1_base64="1p8YKAV9ROE+zzTioZeWLlPkE4Q="></latexit><latexit sha1_base64="1p8YKAV9ROE+zzTioZeWLlPkE4Q="></latexit><latexit sha1_base64="1p8YKAV9ROE+zzTioZeWLlPkE4Q="></latexit><latexit sha1_base64="1p8YKAV9ROE+zzTioZeWLlPkE4Q="></latexit>
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A =

2

66664

�q> 0> uxq>

0> �q> uyq>

. . .

. . .

. . .

3

77775

<latexit sha1_base64="r610aWEC/o75eSjdpSHkJbNS1+8="></latexit>

P 2 R3⇥4
<latexit sha1_base64="fAROSyqE/wP1VvxQdp890Y4s9zY=">AAACDnicbVC7TsMwFHXKq5RXgZHFoqrEVCVQCcYKFsaC6ENqSuW4TmvVcSL7BqmK8gUs/AoLAwixMrPxN7hpBmg5kqXjc+7Vvfd4keAabPvbKqysrq1vFDdLW9s7u3vl/YO2DmNFWYuGIlRdj2gmuGQt4CBYN1KMBJ5gHW9yNfM7D0xpHso7mEasH5CR5D6nBIw0KFfdgMDY85Nm6nKJsx8lIrlN75MzF3jANK6ng3LFrtkZ8DJxclJBOZqD8pc7DGkcMAlUEK17jh1BPyEKOBUsLbmxZhGhEzJiPUMlMXP6SXZOiqtGGWI/VOZJwJn6uyMhgdbTwDOVs3X1ojcT//N6MfgX/YTLKAYm6XyQHwsMIZ5lg4dcMQpiagihiptdMR0TRSiYBEsmBGfx5GXSPq05ZzX7pl5pXOZxFNEROkYnyEHnqIGuURO1EEWP6Bm9ojfryXqx3q2PeWnBynsO0R9Ynz+G75xj</latexit>

A>A
<latexit sha1_base64="KW9fybtiOMLuIMOyU9exsInC3hg="></latexit>

P = [KR|{z}
B

Kt|{z}
c

] = [B c]

<latexit sha1_base64="VJWZWOctR0qInFwss8tfRiGy8kE="></latexit>

K,R = qr(B)
<latexit sha1_base64="jYirGHUEnFxdRPut7SF1EE8/stE=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsICVRQTdCqRvBTRX7gDaUyXTSDp1M4sxEKCGf4MZfceNCEbcu3fk3TtoUtHpg4Mw593LvPW7IqFSW9WXk5uYXFpfyy4WV1bX1DXNzqyGDSGBSxwELRMtFkjDKSV1RxUgrFAT5LiNNd3iR+s17IiQN+K0ahcTxUZ9Tj2KktNQ19zs+UgPXi6+SQzjlNwk8h3eiNP1Xk4OuWbTK1hjwL7EzUgQZal3zs9MLcOQTrjBDUrZtK1ROjISimJGk0IkkCREeoj5pa8qRT6QTjw9K4J5WetALhH5cwbH6syNGvpQj39WV6Ypy1kvF/7x2pLwzJ6Y8jBTheDLIixhUAUzTgT0qCFZspAnCgupdIR4ggbDSGRZ0CPbsyX9J46hsH5et65NipZrFkQc7YBeUgA1OQQVcghqoAwwewBN4Aa/Go/FsvBnvk9KckfVsg18wPr4BvD+cYQ==</latexit>

t = K�1c
<latexit sha1_base64="4eKs6RxW7JFgduHJ1EgdgfGPY60=">AAACD3icbVDLSsNAFJ34rPUVdelmsChuLIkKuhGKbgQ3FewD2lgm00k7dPJg5kYoIX/gxl9x40IRt27d+TdO2hS09cDAuefcy9x73EhwBZb1bczNLywuLRdWiqtr6xub5tZ2XYWxpKxGQxHKpksUEzxgNeAgWDOSjPiuYA13cJX5jQcmFQ+DOxhGzPFJL+AepwS01DEP2j6BvuslkOILPClu0vvkyE4nJU07ZskqWyPgWWLnpIRyVDvmV7sb0thnAVBBlGrZVgROQiRwKlhabMeKRYQOSI+1NA2Iz5STjO5J8b5WutgLpX4B4JH6eyIhvlJD39Wd2YZq2svE/7xWDN65k/AgioEFdPyRFwsMIc7CwV0uGQUx1IRQyfWumPaJJBR0hEUdgj198iypH5ftk7J1e1qqXOZxFNAu2kOHyEZnqIKuURXVEEWP6Bm9ojfjyXgx3o2Pceuckc/soD8wPn8AREiczg==</latexit>

(python: numpy.linalg.qr) 

P = P/k[p31, p32, p33]
>k

<latexit sha1_base64="sFyzI2j0UpZiZtjcqlwEVt1Ydm4="></latexit>



Summary
lidar-lidar calibration from 3D-3D correspondences
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\lidar_p

\lidar_q

q
<latexit sha1_base64="WNu78XHlq8x8IZQO2+XIrTASjFU="></latexit>p

<latexit sha1_base64="2hBF3DfW4/5rXvCpzKdM5I+bqYc="></latexit>

Solution: R⇤ = VU>
<latexit sha1_base64="lQbVZKyAHtskKbPweaZSYD65eqA="></latexit>

t⇤ = eq�R⇤ep
<latexit sha1_base64="MsjMwUhHxZe4FGIqtMXxgMXOnS4="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRpi + t� qik22
<latexit sha1_base64="gU75VV50dQal6+r8h1IxqCvLyL8="></latexit>

     Solve:

R, t
<latexit sha1_base64="FUEbv7mZ3JAKpa7vs4EN/KeC74s=">AAAB83icdVDNSgMxGMzWv1r/qh69BIvgQZZsu7T1VvTisYqthe5Ssmm2Dc1mlyQrlKWv4cWDIl59GW++jdm2gooOBIaZ7+ObTJBwpjRCH1ZhZXVtfaO4Wdra3tndK+8fdFWcSkI7JOax7AVYUc4E7WimOe0lkuIo4PQumFzm/t09lYrF4lZPE+pHeCRYyAjWRvK8COtxEGY3Z3o2KFeQfd6sV906RDZCDafq5KTacGsudIySowKWaA/K794wJmlEhSYcK9V3UKL9DEvNCKezkpcqmmAywSPaN1TgiCo/m2eewROjDGEYS/OEhnP1+0aGI6WmUWAm84zqt5eLf3n9VIdNP2MiSTUVZHEoTDnUMcwLgEMmKdF8aggmkpmskIyxxESbmkqmhK+fwv9Jt2o7NRtdu5XWxbKOIjgCx+AUOKABWuAKtEEHEJCAB/AEnq3UerRerNfFaMFa7hyCH7DePgFowpHu</latexit>



Summary
camera-lidar calibration from 2D-3D correspondences
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\camera

\lidar_q

u
<latexit sha1_base64="TCPCx5Emvxf5ChSya8hEZuE0ywo="></latexit>

p⇤ = argminkApk subject to kpk = 1
<latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit><latexit sha1_base64="7CiJ4toUEIDn2sEiTl5CiOE52Kc="></latexit>

Solve:

q
<latexit sha1_base64="WNu78XHlq8x8IZQO2+XIrTASjFU="></latexit>

Solution: smallest eigen-vector of A>A
<latexit sha1_base64="KW9fybtiOMLuIMOyU9exsInC3hg="></latexit>

P
=
K
[R

t]

<latexit sha1_base64="c1xr0TGik2qvjfyAtovU2lmgz4w="></latexit>


